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TECHNICAL OVERVIEW

Our experimental results on pulsed power genc-
ration” and vacuum electromagnetic emergy
transport indicated that the basis for produc-
ing a 1 MJ output on EBFA has been confirmed.
Our theoretical understanding of the magneti-
cally insulated transmission line (MITL) has
improved considerably and an improved theore-
tical design tool is now available. The
acceletrator itself and the new facility are
progressing on schedule and we have begun the
neceasary long lead steps to prepare for the
upgrade cf EBFA to be carried out after the
Eirst two years of operation. We have made
progress in reliably producing focused elec~
tron beams at current densities in excess of
10¢ A/cm® and are prepared for more definitive
deposition physice experiments and the start
of multiple beam studies., Qur studies of lon
beaw diodes have been extended to a new and
efFficient approach which was demonstrated on
Proto I and theoretically modeled using numeri-
cal techniques. Both electron and ion beams
are of continuing interest as drivers of mag-
natiecally insulated targets and Improved de-
signs are emphasizing higher gains at the
relatively low beam power densities whish are
presently eavisioned. The emphasis of our
systems studies was changed from that of
econcmics to a preliminary consideration of a
specific reactor concept. We investigated the
requirements for a compact, modular, gas-filled
reactor "combustion chamber" which appears to
be economically compatible with our low cost
and efficient technology. If we succeed with
produ-*ion of moderate pellet gains {(~ 20)
wicth :.-1iable high average pover versions of
our prisent devices, it may be possible to
produce a relatively inexpensive demonstration
power reactor as a first step on the road to a
practical power reactar. The requisite repeti-
tive pulse switches and power conditioning
components meeded for such an experiment are
sti1l In their infaircy but Lnitial results
indicate that flowing gas spark gap switches
will satisfy our requirements.

The key tcechnleal milestones achieved during
this reporting period are summarized below:

1. The principie of efficlent energy trans-
port at high power densities in magnetically
insulated transmission lincs was demonstrated.

2. The EBFA prototype pulse forming lines
and their output switches vere demunstrated
at a level which extrapolates to an EBFA out~
puc of 1 MJ.

3. A conceptual deasign study of a 1981-
1983 upgrade of EBFA to the 2 MI level was
completed and a request was made to the Office
of Laser Fusion for FY'79-FY'80 plant engineer-
ang and design funds.

4. Magnetic target design studies were ex-
tended to include eryogenic DT fuel predicting
relatively high gains (> 50) at low power
levels (%50 TW),

5. Electron beam diode optimization on
Proto I (with particular emphasis on prepulse
reduction) has pormitted us to increase the
available current density for thin foll experi-
ments from the 5 to 10 MA/cmZ range to the
14 to 17 MA/cem? range.

6. A magnetically insulated ion diode was
tested for the first time on Proto I demon-
strating 80 percent ion production efficiency
and ion focusing to > 30 kaA/cm<.

7. A study of a multiple stage fon accel-
eration coucept (Pulselac), which is based
on the principle of interstage beam space
charge neutralizatiom, was initiated.

8. Numerical models of preheated magneti=~
cally insulated targets were tested verifying
the assumed initial conditions for previous
neutron producing experiments.

9. A short pulse (3 ns) DT neutron source
has been developed and used to compare mea-
sured defector response with a neutron trans-
port code.

10. A continuous run of over 106 shots was
carried out on the high average power test
facility (RTF-1) yielding data which indicates
Teliable and long life output switch behavior
(estimated 11fetime > 109 shots).

11. An initial conceptual design study for a
gas-filled particle beam fusion reactor com=
bustion chamber was begun indficating that



chamber sizing could be predicated on a4 blast
aver pressure and that the radius could be

< 3 m for a 100 MW, pure fusion design and

< 1.5 w for a hybrid design,

n April 1, 1978, 72 people were assigned
to the Particle Beam Fusion Program with
an FY'78 operating budget level of $8.7 M.



” PULSED POWER RESEARCH

OVERVIEW

Important data showing the transport of
clectrical power in the terawatt range
over 6,° meters with a power transport
efficiency of 100 percent and an energy
transport efficicacy of 90 percent were
obtained. These results were required
for EBFA and demonstrated the feasi~
bility of the vacuum faterface, magaeti~
cally insulated line, and diode concept.
The results exceeded expectations and
provided a 2 ns rise From zero to peak
of & .4 MA current. Magaetically insu-
1aﬁd peugr flov densities exceeding

10** 4/cn® were achieved over shorter
digtances. These results indicate that
a ruch smaller beam drift distance to
the pellet could be possibie. Although
about 50 percent of the electron current
Clows external to the conductor boundary
during the 6.5 meter transport, all of
the current was recaptured and most was
focused to a few mm spot during these
experigents,

The MITE (EBFA prototype) continues to
function .01l with a new set of stacked
lines simultaneously switching into a
cormon transoclssion line. The vacuunm
interface 1s operating well. The first
duplicate of an EBFA module will be con-
structed by using the similar Marx gen—
erator, lines, switches, interfaces and
vacuum lines, The same drawings will be
used to order the EBFA modules, This
device constructed as a modification of
Hydra (Hydra Mite) will provide a valuable
ERFA proof test while providing a needed
research tool for beam focusing, trans-
port, and concentration. Many of the
EBFA details have oeen resolved during
this period by providing the new
zecelerator.

Figare 1 shows the preseant EBFA design.
The main changes are I{n the location of
the water energy storsge capacitors, the
pulse forming line configuration ond the
magnetically insulated transport lines.
These changes are based on salid dielec~
tric capacitor data and the new lina
stacking techniques.

Table 1 shows the present EBFA per—~
formance analysis, 1t is based on the
MITE data, Proto II tests, the Hydra
Marx tests and computer runs on the
projected water capacitors., For

Fig, 1. EBFA I
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{ the peint of
MITE is giveo and then the projeztion to
& 36 vodule ESFA I {s done. The minimua
output projectiors are based on 70 kV
charge on the Marx generator. The medium
projection curve on a 50 kV charge and
‘the maximum is 100 kV charge voltoge.

The present operating poinv om MITE i3
95 kv Marx charge.

Proto LI contfnuea to fuaction well and
was used on power concentration magnetic
insulation experiments reported elsewhere
with good results. A new prepulse isola-
tion scheme was proposed and tested and
Initial parameter studies were completed
to reverge the output pulse polarity.

MITE~-SELF~MAGNETICALLY INSULATED VACUUM
TRANSMISSION LINE EXPERIMENT

Introduction

High current relativistic particle beam
accelerators for inertial :onfinement
fusion require the trassport of power
from the pulse Eorming lines located at
9 meters frgu the pellet and delivering
~0,05 GW/cm® to the A-K zap, located at
0.5 weters_and delivering power at

>100 GW/cm®. We have shown that this
pover traansport and spatial power com~
pression can be dome with the MITE com—
bination of 2 meter long water dielectric
transoission line, vacuum Insulastor, and
6.5 meter long self-magnetically insu=
lated, vacuum triplate line.

The long, self~magnetically insulated
vacuun transmission line experiment

MITE was assembled and tested at full
power, Initially only 60 percent of the
energy was trousported to a calorimeter
6 meters from the diode. The losses
were caused by an apparent instability
in the electron flow and by an aziwuthal
asyometry in the pagnetic field at the
input to the line, The injection geomr
etry was changed to prevent these losses
and 90 percent energy transport at

~100 percent power transport were
achieved. The power and emergy require—
ments for cne module of EBFA were
exceeded by modest amounts. The average
power density in 58“‘ sevin meter long
line was 1.6 x 10'Y w/em”, Pinch experi-
ments with a modified parapotentfal
cathode produced a well centered heole
all the way through s 1.27 cu thick
aluninum zpode, High electric fleld

stress experiments In the A-K feed were
conducted with a 0,34 ca gap between the
ianer and outer cosxial conductors of a
2 = 7.6 Q2 feed. The A~K gap shorted
after 20 ns under these conditions but
the high stressed feed showed no signs
of breskdown at this 6 MV/cn level wﬁh
an ayerage power density of 1.3 x 10
W/cm®, Higher stress experiwents require
the development of small cathodes that
can avaid shortiag while cperating at
~4.5 Q and 0.8 ™.

Apparatus

The schematic diagram of the experiment
is shown in Fig., 2. The power flow
succeasively through the vacuum insula~
tor, the vacuum feed region, the & meter
long self-magnatically insulated triplate
transmission line, a taper~d transition
gection, & coaxial A-K feed, and finally
to the output through a focused flow
diede, The cross sections of the experi-
ment at various poiuts are shown aud the
arca through shich power flows are shown
ag shaded reglons, Both the inner and
outer lines are sprayed with carbon to
facilitate electron emission. The moni-
tors for measuring (a) total current

Iy Tpys Ipg, and Try) (b} boundary

Yo

i Fe, R 2 s
A A
o ‘o1 's2 'e3

6cm?

Schematic diagram of the experi-
ment., The cross-sectional areas
through which power flows at the
vacuum insulator, triplate lipe,
and A-K feed are shown.



CURRENTS (KA)

IMPEDANCE ()

current flowing in the inner conductor
s and I ), {c) diode voltege

vo), .33 () the electron loss cutrent
deuuy of the electron flov to the wvall
(FC1, FC2) are aleo shovn, In addition,
the l4ne can be broken at several loca~
tions to accomxodate & Child-langeuir
epace charge linited dicde, The C-L
diode has a total stopping carbon calori-
meter to measure total energy transport
and a magnetic spectrometer to weasire
the tize integrated energy spectrum of
the electrons crossicg the A-K gap,
X~ray pinhole cameras view the lines and
the anode. The time histor; of the
x~ray dose and the tite integrated polar
diagram are recorded at the cutput with
a collimated rIN dicde and a collimsted
TLD array.

The dats is recorded on & combimation of
Tektrenix 7912 transient digitizers and
fast oscilloscopes. The 7912 svstem
allows the data to be reduced and com-
pared to theory quickly. Typical cur—
rent, corrected voltage, impedance and
power waveforms at the {nput to the
transmission line are shovn im Flg. 3,
The total energy input is typically

32 k1.
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Fig. 3. Typical data at the input to

the MITE triplate lipe Ls shown,

Power and Energy Transport Experiments

The MITE triplate experiment wss cos—
ducted in the negative polarity mode.
The input current and ocutput current

traces are shown vith the loss current
densfcy data in Fig. 4. The load is the
unpinched C-L diode with the caloriseter
and usgeetic spectrometer ¢a the ancde.
In this sode, the lice is terminated in
ite matched, self-linmited impedance.
The peak current transport effficiency is
70 percent and the total ecergy trans-—
port efficlency is 60 percent. However,
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Fig. 4. Transported total currents and

the loss current densities
measured at the input and out-—
put of the MITE triplate line
are shown.



the loss current occurs only during the
rising portion of the pulpe at the
begicuing and end of the line, 20 a con~
tinuous, uniform loss can not be used to
explain the inefficient transport.

"In order to locate the loss, calorimeter

data was taken at 0.4 meters, 1.4 meters,
and 6 megers from the injection points

' by uning different lengths of inner con—

ductor line. The data 18 summarized in
Fig. 5. X-ray pinhole photograshs of
the diode showed a well~defined loss at
the injection region as shown in Fig. 5.
¥ell-defined striations along the full
width of the inner (uegative) triplate
line were observed with an axial extent
of approximately a centimeter. They
occurred at the following positions in
centimeters from the beginning of the
1 ¢m spacing {n the rranemission line:
$3%1,5,86%2 92+1,95%1, cm,
99 + 1, 102,5 + 1, 107 £ 0.5, 111 £ 1,
116 + 1, and 221 * 1,

T2 MOD ) _oo%
MoD ) 60%
g 3 3 F ¥

DISTANCE FROM PELLET {(m}

Celorimeter measurements of
energy transport are shown as
& function of distance from
the beginning of the line,

Fig. 5.

A photachromfc film pack behind a 7 mg/cﬂ2
Al filter at one of these sites showed
that the damage was caused by either

>85 keV electrons or >1.5 MeV ions,

There was no voltage reversal in these
experiments because the load was well
=atched, and the insulator fleshed soon
after the main pulse was over.

The dicde current, input current aud gut-
put current are shown in Fig, 6. The data
shows a loss in the diode injection as

20 40 60 801J0120140160180200
TIME (NSEC)

I
5 1.0 W, (MeV) 1.5

Schematic diapram of the first
injection geomerry and the
corresponding current trans—
port and time integrated elec~
tron energy distribution.

well as one in the main line. In Fig. 6,
the time integrated electron energy dis-
tribution 4t the output is compared to
the input spectrum ¢ lculared from the
diode and voltage monitors on & later
shot, number 110, which showed no losses.
‘The comparison is thus one between the
output and a good input. The voltage s
reduced by a substantial fraction. The
peak corrected voltage and the impedance
at peak power were 1.95 t 0.15 MV and

4.2 £ 0.2 0 respectively for this series
of shots,

The data {s {nd{cative of two losses.
One in the diode before the I moniter,
and a second between 0.4 w and 1.4 o,
The second loss is consistent with an
instability that hss a spatfal growth
length of 0.53 o in the lab frame and
has average electric fields of at least
85 kV/cm or ~5 percent of the mean field



100

in the line. The instability loat
11 £ 1 kJ or ~30 purcent energy loss and
cauged o gubstantial (~25 percent) degra—

datian in the geak valtage. Sowe of )
Liage istice a cichotyon
instability, However, the theory for this

particular cnse hag not been investigated,
o the nature of the ingtability has not
yet been determined. The localization of
the loss weat the input suggests that the
{nstability and {ts losses may be caused
by the perturbation of the electron flow
in the injection veglon. The geowetry

of the injection region ig also shown

{n Fig. 6.

To test thie hypothesis, the injection
feomatry was altered to that showm in

Fig. 7. Espsentially, the 1 cm spacing
was ccatinued ail the way ro the beginning
of the line. The current and electron
energy dats sre also shown in Fig. 7.

The current transport through the line
indicates the instability was controlled

4 i — .
30 40 60 80 100120140160180
TIME (NSEC)

P —
5 1.0 W, {(Mev) 1.5 20
Fig., 7. The Tesults of the tests with

the second injection geometry
are summarized.

by reducing the perturbation iua the line
geoaetry. However, the current lost
before the input current nonitor has
increased. The energy transport was

18 + 1,1 kJ or 56 percenr of the total
energy passiog through the vacuwm fmsu-
lator sad 73 percent of the ezergy
injected into the line. The peak volt-
age at the output was 76 percent of the
peak corrected volts and the imput
impedance wus 3.7 2, The outer com
ductor was damagrd st the piddle of the
line in the firet 15 cm. The loss was
confirmed by pinhole photography of the
fnjection region sud occurred at the
position shown in Fig. 7.

The magnetic field distribution in the
line at the injection region was peasured
with a sovable B probe at low voltage
levels and s shown in Fig, 3. The
field distribution 30 cm further down—
stream is shown for comparison. The
loss occurred where the magnetic field
wag 20 percent below that in the main
line. This magnetic field is insuf-
ficient to trap the electroms. Since
the top and bottom of the triplate are
closer to the vacuum insnlator, the
effective inductance for current flow—
ing to the top and bottea is less than
that for current flowing to the middle.
The current bunching at the top and
bottom then causes the reduced magnetic
fleld in the middle.

O\OKJ

LOss

The distribution of magnetic
field between the transmission
line gap at the injection regioa
{eol1d line) and 30 tm into the
line (dotted 1ine) are shown
opposite the line profile.

Fig. 8.




This azivethal asymperry of the magnetic parturbation even though the energy

field was then corrected by usiny; a transport was much better. The line
£lux shaper to oqualize the inducktance impedance at injection was 4.6 * 0.4 Q
for every current path. A uniforu B which was consistenc with very little
field discribution to within 4.0 percent losses in parallel with the line at

at low voltage was obtained, The injection.

‘geometry ond tha trapsport data are

ehown in Fig. 9. The diode losees Another approach to the injection prob— .
were decreased, and the ensrgy trans-— lem is ghown in Fig. 10. 1he electric
port was ioproved to 85 % 3 percent. field was relieved at the injector where
The voltage ¥ was also {mp d. the magnetic field {s nea-uniforam.
However, the flux shaper decreased the cvansition section is extended from the
feed region gap irom 5.4 cm to 1,27 cn original 4 cm to 15 cm. The transport
at its ¢losest separation. The feed was excellent, as shown in Fig. 10,
consequently emitted electrons and the The currents and the electron energy
electron flow had a perturbatien as distributions at the input and the cut—
shown in Fig. %. The striations were put agree. The energy trapgport

again present but were 15 cam further efficlency i8 90 & 4 percert and the
upstrean, Since the perturbation had power transport efficiency is ~100 per-
been moved 15 cm, the first striation cent withiu experiwental error of

was again 53 em downstrean from the ~10 percent. fongequently, by shaping

the magnetic field distribution at
injection, one 3svolds the losses near
the injector and by making the transi-
tion in electron flow very gentle the
fnstability losses can be avoided.
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Fig. 9. Summary of data acquired with " " N
the third injection geometry .5 i.0 We(MeV) 1.5 2.0
which employed a flux shaper
to improve the magnetic field
uniformity at the injection Fig. 10. Summary of data acquired with
point. the fourth injectlon geometry.



It is possible that the losses observed
in the negative polarity, coax experiment
at Physies Internationzl® (PI) before
the input monitor were caused by remov-
ing parte of the input grouad feed. The
alteration was done to accommodate an
iaput voltage monitor after the positive
polarity experiments were completed.

The alternation perturbed the symmetry
of the current flow to the coax, reduced
the B field on one side, and led to a
loss. The instability loss may explain
the observed polarity effect in the PI
experiments, The difference between the
PI positive and negative polarity is the
severity of the perturbatfon in electron
flow as shown in Fig. 1l. If thie
hypothesis is true, the growth length of
the instability must be ~300 cm at iaput
parameters of 148 kA, 1.9 MV, and gap
spacings af 1,95 em. The reduction of
growth length with increased power or
decreased gap spacings suggests that this
loss mechanism could be important in con-
voluting many magnetically insvlated
lines together.

NEGATIVE POSITIVE

\—_
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20° NON-ADIABATIC

20° ELECTRON
ELECTRON TRAJECTORY

TRAJECTORY
Fig. 11. The severity of the change in
the electron flow as it enters
the vacuum transmission lines
is i{llustrated for positive and
negative geometries.

Comparison with Theory

The measured vacuum impedance of the MITE
triplate at low voltage was Z, = 7.6 1.
The 1-D analytical theories o? paragyz
tential floux and steady state EJowI"
predict a functional relation

F{(Ip, Igs VO) = 0 among the tatal cur-
rent Iy, the boundary current Iy (which

equals the total cuvrent miaus the
electron current), and the voltage across
the gap for a given line geometry, The
theories give similar resglts for the
non-saturated flow cases,’ i.e., when
the boundary current is sufficiently
large to keep the electron flow well
away from the wall, The results of
experiments with short and long lices
show that the flo!i ’ss\msututatnd for
voltage V > ] MV.*»/» Since the
parapotential formulation is easy to
wanipulate and thte others give very
similar results, we have chosen to com
pare the experiments to the parspoten—
tial theory.

‘The parapotential forwulation can be
reduced to

0.51E6
Z

Ipe Iy (Vg T = Yo

Jo = Ya

e 02 - % +

Ty = I/l

vO
Yo " STiEs 1

for a line with & vacuum impedance z, and
v, volts applied across it, The waveforms
for Iy and Ip at the input and at the out-
put are shown in Fig. 12. The measure—
ments were made with self-integrating
Rogowskii coils with the output waveforms
time shifted - 17 np to compensate for
the 1light transit tice between the two
wmonitor locations. The erosion aad
sharpening of the pulse front are evident
and gredicted by a semiemperical circuit
code” and a full two-dimensional, t:u-f
depeadent, PIC, electromagnetic code. °
The input boundary current follows the
total current until the electron ewmission
becomes fmportant at E = 450 kV/cm and

10 ne after the pulge begins. The
boundary current then oscillates for
approximately 13 ns and settles drwn at
(55 + 4) percent of the total curzen*,
The amplitude of the boundary current
excursion is reduced by ~50 percent by
coating the inner line with graphice.
There is no similar excursion on the
output currents, because the voltage
percursor moving down the line ahead of
the main pulse must turr on electron
emission from the cathode, The velocity
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Fig. 12. Total and boundary currents
are given at the input (solid
1ines) and output (dashed
11nes) of the magnetically
insulated 1ine.

of the pulse at 67 percent of V was
(.71 % .05)c. The line impedance, I,
Ig, and front velocity ige in excellent
agreemzent with the code results.

The actual and computed total input cuv-—
rents are shown in Fig. 13. The points
A and B refer to the beginning of signi-
ficant electron emigsion and the stabili-
zation of the boundary current, respec—
tively. Before the flow settles down,
the agreenent is poor, After it settleg
down, the agreement is excellent.

Since a voltage monitor that can operate
at 2 to 6 MV/cm stresses with electron
flow in the gap has not been developed,
we can not run a similar comparison at
the output, FHowever, the analysis can
be inverted to give V as

CURRENT [KA)

~e-THEGRY
-—DATA

'S

g

4 (1]
TIME {NSEC)

Fig. id. The measured inpur current
(80114 1line) is compared with
the unsaturated parapotential
theory I (T‘n, 'Yo) at the
1line inptit.

Voup = 0.511E6 (Yo, = 1)

ITzo 1

Yout ™ Ta * TooTiEs (L - 32
m

- 02 -0 ey, + o - DY,

and the results are showm in Fig. 4.
The sgreement with the imput voltage is
appropriate for ~100X]0 percent trans-
port, The impedance Z = ¥/I. and power
P = I,V are in excellent agreement with
the input impedance and power. The
time integrated power agrees with the
output energy to within 10 perceat.

The pinched beam had an impedance Zy,.4
greater than the watched load lwpedance
Z,» The current not absorbed in the
load was dissipated to the sides of the
feed., Consequently, the line ran rL its
self-limited value 2., as indicated by
this analysis, This analysis is also
appropriate for a short circult but we
have not demonstrated that it is zdequate
to describe the interrediate loads Zj
with 0 < 2y, < Zoatched*

Conical Transition to the A-K Feed

The transition from the triplate cross
section to a coaxial feed to the A-K gap
i5 a short tapered line like those shown
scheaatically in Fig. 15. Since the
higher angled tapers give a shorter
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Fig. 14, Output waveforms based on

Iy and Iy and the parapotential
t{eory .
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Fig. 15. Schematic diagrams of variocus
tapered Feeds chat were

investigated.

transition region, they present less
inductance to the power flow. However,
if the taper is too abrupt, current
flows near the center of the line into
the coaxial feed. The B field at the
edges 1s cousequently relfeved and magne—
tic insulation is lost. The values of
IE] and IB| were neasured with D and B
probes when low voltage pulses wera
applied to these tapered lines. Shaded
regions in Fig. 15 correspond to areas
in which the ratio of |EI/IB| in the gap
between the lines was less than or equal
to JEI/IB! in the triplate line. 4s a
result of these tests, only the 45° ang
30° tapers were built, The 30° tapers
was installed and some damage was found

on the top and bottom of the outer con—
ductor at the begiuning of the transi-—
tior. The gap between conductors was
enlarged to from 1 co to 2 cu at these
points, as shown in Fig. 15 as Mod II.
No additional damage was observed after
the modification.

High Stress a-K Feed Experiments

A liner was placed in the A-K feed to
reduce the gap between the funer and
outer conductor to 0.36 cm. This lowered
the vacuum imredance of the line to

2 = 7.6 2, which i1s the same as that of
tge triplate 1fne. The cathode should,
therefore, be etressed to a vacuum fleld
of 6 MV/cm at 2 MV. The boundary currenis
in the A-K feed and in the triplate line
at the taper were equal, which indicated
the high stress coax functioned very well
in the self-limited mode. Approximately
half the current vas in electron flow,
which was concistent with the unsaturated
flow models. The anode electric field
was calculated to be ~11 MV/cm and the
average nguer density In the feed was

130 GW/em“.

After 20 to 30 ms, the A-X gap shorted.
Aluninum debris was cansistently sprayed
into the A-K feed on the south side.
However, there was no electron damage in
the feed and the x~ray pinhole photo-
graphs of the feed did not show any
significant emission., The early shorting
of the gap was tentatively attributed to
the following:

a. The prepulse of 6 kV causes early
shorting when cie electric field during
the prepulse exceeded 20 kV/cm. The E
fields in the A=K feed and A-K gap were
17 kV/cm and 20 kV/cm, respectively.
Additional increases in the power density
achievable requires the suppression of
prepulse.

b. The anode damage indicated that the
beau was never well pinched, This could
have been caused by plaswma formation
during the prepulse or by failure of the
A-K structure to trap and Jfocus the elec—
tronc flowing cut of the coaxlal feed.

¢. The center conductor was later found
to move horizentally (0.179 % 0.03 cm)
to the south and vertically 0.010 ¢m
upward when the line is evacuated. This
was not a problem with a one centimeter

21



line spacing but certainly could have
been a problem in the high stress experi-
ment. The movement explains the pre-
dominance of debris on the south side of
the coax. The retractable support will
be installed to keep the line centered

" for nigh stress experivents.

Pinched Beam Studies

Various cathodes have been used to pinch
the beam and wany have been succeasful.
Approximately 15 mm dizmeter holes
through 12,7 om thiek zluninum anodes
have been reliably produced from 5.4 co
and 3.8 cr diameter cathodes. ‘fhese
studies are just beginuing so it is pre-
mature to quote peak power d=nsities or
pinch efficlencies. The reseacch on
pinching is directed towards producing
{a) the minimum diameter cathode that
operates at ~4.5 { for the full power
pulse, and (b) the maximum power denaity
in the pinch with the minimum diameter
cathode.

EBFA

Pulge Forming Lines and Switches

Flat plat pulse forming lines were con-
structed from the MITE Blumlein trans—
@mission lines and tested to 2.4 MV.
Figure 16 is a diagran of the lines.

The two parallel 2.2 Q2 pulse forming
lines have a capacity of 16 nF and store
46 kJ at 2.4 MV. Two sets of five pre-
pulse suppression switches transfer the
stored energy to the vacuum interface

/—mm Swincnss
/—nsmvu A

\
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Fig. 16. EBFA pulse forming section.

along the transition section. These
self breakdown weter switches allow two
or move pulge forming lines to be easily
paralleled by mixing the electromagnetic
waves from each pulse forning 1 ne.
Tests, where one set of switches was
removed, showed that equsl waves on each
side of the transition gection were pro-
duced from omnly one of the pulse forming
lines., The reduced capacitve coupling
across these switches gives a measured
prepulse of only 7 kV, .3 percent of the
pulse forming line charge voltage. To
further reduce the prepulse level, a set
of prepulse suppression swltches lecated
At position A (Fig. 16) will be incorpo-
rated in the EBFA design and will be
installed aud tested on MITE,

Fipgure i7a shows a 2.3 MV charging wave~
form on the pulse forming lines, The
cransfer time fram the intermediate

store to the lines is 270 ns. Figure 17b
is the voltage waveform at the input to
the transition section, The apparent
voltage increase of the 43 ns FWHM pulse
1s due to the proximity of the voitage
monitor to the switches and the non-
planer wave that exists in this region,

a. Pulse forming line charging
voltage .74 MV/div, SO ns/div,

b. Pulse forming line output
voltage .63 MV/div, 50 ns/div,

Fig. 17.

Trigatron Switches

Locating the intermediate storage capaci-
tor in the water section of EBFA required
locating the gas insulated trigatron



switch in the same water section. The
new switeh location provides a lower
inductance. The result is a faster line
one charge tize or alternatively the
capability of producing a longer pulse
into the diode thereby providing greater
EBFA flexibility. In general, the reli-
abili.y of gas ewitches in water is less
than in ¢il due to trapped air bubbles
along the insulator, Streamers can close
late in time and have enough energy to
fracture the pressure housing. The prob-
lem is alleviated by alternating ineu-
lator sections with metal grading rings
and making the switch insulator stack
longer. The EBFA switch is the sawe as
used in Proto II but with the insulator
length increased from 12 to 17 inches.
Connections te the switch will be such
that the switeh may be removed without
draining the water tank. By doing this
the lengthy process of removing bubbles
from the underside of all gwitches after
maintenance of one is eliminated and
provision is made for preventive main-
tenance during an experimental program
to obtain accelerator wodule synchroni-
zation.

Marx Generator Test Results

The EBFA Marx generator which resulted
from a mechanically redesiganed Prote IT
Marx has been tested. The redesign was
done to lower the EBFA procurement costs.
The resultant Marx was installed and
tested in the Hydra tank to provide an
upgraded Marx for Hydra. The tests
showed that the redesigned Marx performed
similar to the Proto II Marxes and will
be acceptable for EBFA I. In additfion

to this verification, two new Marx erec-—
tion phenomena were identified and

traced to their causes. A memo is being
written to explain the phenomena in more
detail and will be published later.

One explained phenomena was causing the
high frequency prepulse signature of
Hydra. The prepulse was lowered from

15 kV tu about 8 kV on Hydra during the
study. The other phenomena 13 causing up
to 0,15 energy transfer loss by an inter—
action between the Marx, stray capacities,
and the Hydra line, A modification con-
sisting of triggering the Marx in the
center will provide less prepulse and
better efficlency. The modiffcatian
could be incorporated on EBFA IT,

Intermediate Storage Capacitor

Since the veliability of solid dielec-
tric capacitors were found too low for
use in EBFA, a water insulated 19,5 of
intermediate storage capacitor has

been designed. The EBFA design will be
an open unit in the water section of tie
tank and use the same deionized water as
the purlse forming lines as opposed to
separate capacitors in the il section
of Proto II. A benefit of locating the
capacitor in the water seetion is that
the oil/water feed thru barrier also
serves as the capacitor insulator feed-
turough and thus reduces the number of
insulators., In addition the problem of
f28 generation and leakage is reduced.
The 45 inch diawmeter inner capacitor
electrode is cantilevered from the insu-
lator and the 60 inch diameter outer
electrode 18 mounted to the water tank
wall which provides a low inductance
feed from the oil section to the water
capacitor.

A unit cell approach based on equipoten—
tials generated by the JASON code was
used to calculate a total storage
capacity for the assembled water capaci-
tor of 21,4 nF which includes the fring~
ing fields. Figure 18 is a plot of the
electric field strength parallel to the
insulacor surtace alaong the water side
of the barrier. Peak fields are within
10 percent of those on the Proto II
capacitors. Mean field strengths on the
inner and outer electrode surfaces are
183 kV/cm and 137 kV/cm respectively for
a 3 MV charge on the capacitor, These
field strengths are 7 aud 27 percent
recuced from those on the Proto Il water
capacitors,

Gai Pressure Transducer Readouts

A remote gas pressure measuring systen

was designed, built and tested on Proto II
anl MITE. The system employs a commer-
eially available pressure transducer, a
small amount of circuitry and a digiral
voltmeter readout. The system is cali-
brated to read pressure directly in psig.
Tte testing on Proto II and MITE has shown
the system to be insensitive to the EMR
produced by those machines. The design
has been turned over to the Control/
Monitor System engineers to be incor-
porated in the EBFA control system.
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Proto II1 = Reverse Polarity and Prepulse

Level

A requirement for lower prepulse and a
negative high voltage output for the
multiple electron beam experiment resulted
in a study to determine the reverse
polarity operation of Proto II and the
effectiveness of the prepulse reduecing
ground planes described in the last pro-
gress report. The results show that a
decrease of prepulse fram 40 kV to less
than 10 kV should be obtained on Proto II.

A single Proto 1I line was isolated in the
Proto II water tank and a series of experi-
ments were performed with and without the
ground planes in position fur various
spacings of switch one and switch two. A
small pulser unit provided input pulses
and the feedthrough voltage (prepulse)

was measured. Static system capacities
were thus determined at low voltages. 4
set of prototype ground planes were fabri-
cated; the Marx generator polarity was
reversed; the water capaciiors were
reversed and a series of tests at full
negative polarity voltage were performed
t.o check plate spacings, breakdown levels
and waker switching gaps, The ground
planes also act as line crowbar switches

and 1solate the load from the water
capacitors. They breakdown at longer
time scales but will also break during
the main voltage pulse if the voltage is
too high. The ground plane spacing is
thus a compromise between crowbar effec~
tiveness and the racge of operating
voltages anticipated. The spacing chosen
will allow operation at the previous out-
put levels.

The prepulse comes from at least two
parts. First, 1s the capacitive coupling
between lines. This coupling is greatly
decreased by the ground shield instal-
lation. The second contribution comes
from the dc/dt term as the switching
arc streamers close the gup rather late
in the switching process. The shields
are less effective for the de/dt te m.
The shields than change the prepuls :
amplitude along with the duration.
Preliminary results indicate that ./3
of the valtage comes from the de/dt
term witih the remainder from the cepaci-
tive coupling. In summation, the pre-
pulse level on Proto II should be less
than 10 kJ after the shields are
installed.

2-0t Calibration Pulser

A method to decrease the time for moni-
tor calibration on EBFA and Proto II has
been proposed. Monitors will be stan-
dardized, than calibrated on a separate
pulser, and then placed in the accele-
rator. To accomplish the calibration a
2 0 pulser has been bulit that generates
a 4 &V, 40 ns pulse across 2 fl loads with
less than 1 ne risetime capable of caii~
brating the monitors. A 2 €1 Mylar etrip-
1ine is pulse charged in 150 na to 8 kV
and then switched through a 10 nil spark
gap lngulared with FC 77 Freon liguid and
Kapton onto sixteen, 31 1! detonator type
cables which distribute tne pulse to the
machine and monitors being calibrated.
The Freon-Kapton gap cleoses with 10 or
more channels which results in a sub-
aanosecond pulse risetime. Ways of
using this and similar pulsers and cali-
bration fixtures which duplicate local
field configurations at various monitor
locations in the EBFA are being investi-
gated as a means of reducing the time
needed for monitor calibration and could
eliminate most in-situ calibratien pro-
cedures.,



Magnetic Flashover ¥nhibition Using an
Externslly Applied Magoetic Field

The goal of these experiaents is to
deternine the effects of maguetic fields
on the process of vacuum fmsulator sur~
face flash + Past exp have
indicated that eurface flashover phe—
nomena is caused by a secondsry electron
avalanche for electric field insulator

ongles from -60 to +30 degrees., Theoreti- "- o

cal studies indicate that & magnetic
£ield could arrest this avalanche pro-
cess and hopefuﬁyﬂreven: vacuum sur-
face flashover.**?

The experiment consists of a two ohm
coaxial pulse forming line that applies
a radial electric field to a plexiglass
diaphram insulator coated with DC704
pnmp oil, & parallel capacitor bank is
then uged to generate a theta magnetic
field on the diaphram. The magnitude and
polarity of these fields can now be
varied independently, The experimental
arrang and di. ics have been
descri in detail in earilier
l.'eport:e.iL?‘S

Tests are completed on the 15 degree
insulator for both positive and nega-
tive polarity electric fields. When
the magnetic field was in the directicn
drift cause electron into the insulator
surface, breakdown occurred immedistely.
For the data included, the magnetfic
field caused electron ExB drift awsy
from the insulator surface, Figure 19
18 a plot of the imsulator digk equi-
potent{als for one megavolt applied
potential, Fig. 20 plots the value of
E;y and the angle between the electric
f181d and the insulator surface., The
value of Ey, to the insulator surface
is the improtant parameter in the theory
of magnetic flashover inhibition (MFI).
The experimental dats is analyzed by
plotting the time to breakdown vs.
E;;/cB (in MKS units). The anede
eiectric and magnetic fields were used
for the plot shown in Fig, 2la. This
data suggests that the critical value
of Eyy/eB 18 a function of voltage
polarity. Figure 21b is a replot of
21a but uses the cathode electric and
magnetic fields. With this data iater~
pretation, there is no polarity effect
and the maynetic fleld effect takes
place at a value of En/cB = 07,
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Fig. 13, Equipotential plots fn MFI
diode.
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Fig. 20. E parallel and angle of total
electric field slome fmsulator
surface.
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electric and cathode fleld.

b.

Magoetic fnhibition theory of vacuunm
surface flashover shows that Eu/ca -
1.233 E;fEge By (in eV) is the energy
on the secondary electron emmission
curves ot vwhich the yleld first exceeds
one and (in e¥) 18 the nean energy
of the exirted secondary electrons.
Heasurements of E, for DC?04 and DC705
pump oil were made but the E; measure~
ment ig difficult aud has not been
made. Ey probudly ranges between

»5 and 2 electron volte and E) between
10 and 50 electron volts, Figure 22 is
a plot of Ey/cB ve, Ey for various
values of Ege The uhaied area between
the curves is the raage of uncecrtaiaty
for the values of Eg and E;. One musc
be at a value of Ey,/cB at some pofnt
within thic range to utilize magnetic
inhibition. The horfzonal line is the
value of Eyj/cB at which the experimeat
shows the onset of magnetic insulation.
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Fig. 22.

Plot of Ey;fcB as a function
of materlai prop-rties for
S.E.E. required for magnetic
fusion fnsulation.

These experiments show that the maximum

electric field on a vacuun insulator sur—

face can be increased by a properly
oriented magnetic field for electric
field to Insulator angles ketween —45 to
+20 degrecs. The data shows that the
cathode values for the electric and
magnetic fields are the fmportaat

g. The hode fleld d d

pa
1s consistent with stopping the electron
avalanche at the source of electron



supply to prevent plaspa formation on
the insulator surface. These vesults
are consistent with the theory of
secondary electron avalanche being thz
controlling factor. Experiments st a
+45 degree angle between the electric
field and the insulator 1ndicate33no
improvement with magnetic field.

These facts and other experiments indi~
cate that the breakdown prnfgus for
these cases 1s ion related.

These experiments have successfully
defined the criterion for designing
self magnetically inhibited flsshover
insulators and have provided insight
inta vacuum insulator breakdown preocess
physics.
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EBFA PROJECT

P
OVERVIEW

An engloeering project affice was
established during the fall of 1976
to manage and coordinate al)) of the
activities of the Electron Beam Fusion
Project. The goal of the project is
to develop the Electron Beam Fusion
Accelerator (EBFA) and its supporting
systema, and integrate these systems
into the new Electron Beam Fusion
Facility (EBFF), Supporting systems for
EBFA include a control/monitor system,
a data acquisition/automatic data
processing system, tne liquid transfer
systems, the insulsting gas transfer
sycteas, etc. Englneers and technicians
were assigned to the project office to
carry out the enginecoring desiga, initiate
procurement, monitor the fabricatiom,
perform the assembly and to assist the
pulsed power research group in the acti-
vation of the EGFA. The EBFA Project
tean is structured =3 shswn in Fig. l.
The project team consists of separate
working groups consist of 1) accelerator
electrical systems, 2} accelerator
mechanical systems, 3) data handling
systems, and 4) the control/monitor
system. A s2all team of engineers headed
by a project engineer is responsible for
each of these basic areas of the praject.

PROJECT MILESTONE SUMMARY

A summary of the major milestones
achieved by the EBFA Project during the
reporting period are as follows:

1. The construction of the facility
is approximately 70% complete with the
erection of both the laboratory and
office buildings.

2. The EBFA tank structure con—
tract wag awarded to Gaddis Machige
Service of Albuquerque and approxi—
mately 5% of the pre—fabrication 1s
complete. Assembly of EBFA will start
by August 1978 at the facility site.

3. A prototype EBFA Marx generator
was assembled to verify the mechanical
fit of all redesigned parts, the utility
of the new handling equipment, and the
*ransportation philosophy. This Marx
generator was also tested electrically
to verify its design parameters, All
Marx generator hardware has been procured.

4. The power Slow concept of ueing
Magnetically Insulated-Vacuum Trans-
wission Lines to transeit power from a
low electrical stress area of EBFA into
the zentral high electrical stress area
to circumvent the insulator flashover
problem has been demonstrated on the
MITE accelerator.

5. Radiction shielding calculations
were conducted to establish the uecessary
shielding requizemeants ro provide a safe
operating envi for EBFA 1

6. The EBFA-II conceptual design
study was performed, documented and trans~
mitted to the Office of Laser Fusion. It
vae requeated that Plant Eogioeering and
Design funds be provided during FY/9 and
Fi80 for Title 1 and Title II design
of the EBFF-Phage Il. These funds will
also be used to complete approximately 35
to 50% of the engineering design of the
EBPA-1I before the Congressicnal budget
hearinge in the Spring of 1780. The pro-
posed FYBL line item project would have a
total estimated cost of $27.5M,

EBFF
OVERVIEW

During the reporting period, signi~
ficant progress has been made on the
construction of the new Fusion Research
Facility (EBFF) by the general contracter
R. E. McKee. The present status of con-
struction can be seen in the aerial
photograph of the new facilities shown
ia Fig. 2. The eatimated percentage of
completion has gone from 30 on October
1, 1977 to 72% on April 1, 1978, based
on a revised schedule. The construction
schedule was reviged to accommodate a
41-day exteusion to the completion date
granted by DOE/ALO because of changes
requested by Sandia. However, the con-
tractor still recognizes August 1), 1978
as the High Bay Laboratory beneficial
occupancy date for the initial assembly
of the EBFA tank structure.

It can be seen in Fig. 2 that both
the office and laboratory builidings are
constructed entirely of precast concrete
tee sections. Shortages of high quality
cement in the Albuquerque area during
the summer of 1977 delayed the inftial
rouring and eventually the erection of

29



111

. A%
o5 N SRS 4~.<A\J
S.VINAY TwaN Al e

(EERNIDCD
TOMART

= ol :‘:L.{;L wils.
POWER CONLENTR WL R —— - W BT TR ATU G-
| & <,‘;WA 1 [ 52, Q7O URLwAN ZAL
!
TAR™ET

NILORER

.\.“.r:w'-i-:

.\—-U \ ._'2.5' VB

WJ -\uwvi-"‘f(

U AN AN
STLEEE AMALYEIS
- JAL-

oo
LOL TOR

4o =akCiEON

L BES-T Sredeer g

ar




i€

wrial

Ve,



32

 operation until March.

thege concrete tee sections several
months. This in tuin delayed the time
period for the installation of the
finished waterproof roof on the labor—
atory uatil January, Adverse weather
conditions further delayed the roofing
At that tiee the
roofing contractor wae able to praceed
with finishiug the roofs on the Low

Bay and the High Bay,

EBFA/EBFF Radiation Calculacions

A radiation eafety/hazards study was
conducted during Janvary/February 1978.
The radiation protection required for
personnel in an ICF accelerator test
faciliey such as EBFF can be divided
into two fundaumentally different parts:
1) the prompt environment, and extremely
intense lecalized, but short lived,
burst of vadiation; and 2) the delayed
environmeant, a relatively low level,
but distributed and poseible long
1lived radiation source. For EBFA-I,
these envi may be ch: erized
as follows:

Prompt Bremsstrahlung - X-rays

generated by the slowing down of
charged particles. Bremsstrahlung
will be emitted by every accelerator
pulse involving the generation and
deposition of electrons. The actual
source characteristics will be deter—
uined by the eaergy of the electroms,
the beam current, and the target
material. To be conservative, the
calculations were based on the assump—
tion of 1 MJ of 2.5 MeV electron
deposited on a gold target two times

a day. For an unshielded source, the
whole-body tissue dose to personnel
present in the control room will be
approximately 100 mrem/shot or about
50 rem per year. Thus, it Is apparent
that x-ray shielding will be necessary
on EBFA~I. A removable segmented
shielding wall has been designed inte
the accelerator near the central pellet
chamber. The shield will be 4=inch
thick steel mounted on the work plat-
form supports. This shield wall will
reduce the exposurc in the control
rooo to less than 1.0 rem/year.

Prompt Neutrons — Neutrons emitted

From D-D or D-T fusion reactions. It
was assumed for the calculations that
EBf&—I would be capable of producing
10°° D-T neutrons per shot with one

shot per day. This source contri-
buted less thin 50 mrem/year to the
radiation dose in the control room,
even without considering suy shleld-
ing, and thus Bay be neglected.

Delayed Gamma Radiation - Gsmma rays

eaitted from radloactive species
produced by neutron reactions in the
structure and materials around the
source point. Delayed radistion will
be present in the EBFA only following
shots which produce a sign!.ff:l;ant
nu“et of neutroms, i.e., 10"/ to
0"". When these high level shots
occur, structures near the source
point will be activated by the
neutrons to the exteat determined by
the total source strength and :nergy
spectrum of the noutrons, and by the
chemical compositicn of the materials
concerned., The resulting radiatfon
field will vary spatially aud will
decreaee in intensity with time. For
a long series of neutron shots spaced
wore or less un{formly in time, a
long-term but relatively low-level
background radiation may build up.
However, with the low level of
neutrons gxpected with EBFA-I,

teee, 10! s mo delayed radiation
source ig expected and no shielding
is anticipated at this time,

EBFA Supporting Systems

To support the operation ~f the
EBFA presontly being designed, several
specialized systems must be designed
and incorporated into the facility.
These systems include:

1. Transformer 011 Transfer and

Storage SthBﬂ

The transformer oil tranefer and
atorage system was designed by the A-E,
W. C. Kruger and Assoclates, and included
in che initial construction contract for
the facility and site iuprovemeuts.

The initial er‘’teria provided to the
A-E for this syst. : requested a 500,000
gallon storage capability to support the
possibility of a completely ail-insulated
accelerator, a maximun transfer time
of onc hour, and the capability to filter
the oil and maintain its temperature at
the ineide ambient air temperature of the
high bay. The present system consists of
two 250,000 gallon above ground storage



tanks placed in a concrete recovery besin.
The oil 1s pumped between the storage
tanks and the accelerator via 20" diameter
lines by two 150 HP electrically driven
punps at approximately 10,000 gpm. The
total quantity of trangformer oil needed
By EBFA-I in the present "April 78 Base-
1line" configuration is approximately
300,000 galloas with a less than 40-
minute £i11 time. The future requirement
for oil storage capability to support the
upgraded EBFA~IX will be approximately
430,000 gallons. The oil storage tamk
farm, fncluding piping and valves up to
the building, was completed and turned
over to Sandia in December 1977 for oil
atorage. The firet shipment of the
required 300,000 gallons was received

and stored at the facility site during
January. The remaining portions of the
aystem, i,e., the interior piping, the
filters, the oil heater, the two main
pumps, and the two smaller recirculate
pumps have been installed. Power will
not be available until July 1978 to
perform the necessary syatems tests.

2, Delonized Water System

The deionized water system will be
designed by the A~E’s mechanical subcon—
tractor, Allison Engineering, Require~
ments for one hour or less tramsfer time
of 200,000 gallons of water between the
EBFA taunk and storage nave been estab—
lished. Tn addition, the water will be
continually circulated through the resin
beds to maintain the desired quality at
approximately 200 gpme The engineered
design should provide a certain amount
of flexibility for the basic delonized
water system with the provision for
adding filtration, varfous water treat—
ments and additional storage when the
need has been identified.

3. Insulating Gas Systems

The Marx genmerator gap switches,
the main energy transfer tripgered gas
switch, and several cowponents on the
trigger pulse generation system require
sulpher hexafluoride (§Fg) or a mixture
of high purity nitrogen and oxygen
known as artificial air as an insulating
medium, Accelerator wide systems for
distribution of gases have been epecified
for the EBFF. Poasible health hazards
and an anticipated annual cost of over
$100,000 for SFg in a use and waste
system led to a search for a recireu-

lation and repurification system, Pro-
jected asnnual cost for artificial air
of less than $2,000 and no known heai:h
hazards make a use and waute eystem
econorically feasible for that gas. A
commercially availsble 5F; reclaiming
system similar to those in wide use by
the electric utility industry vas found
to provide the required flow (27 SCFM},
pressure (up to 300 psig), and economy
to provide EBFA with a continuous supply
of cleen SFq.

The SFg reclaiming vnit consists of
a vacuum pump, compressor, L0 micron
particle filter, soda lime and activated
alumina chemical filter, refrigerated
cooling system, heating coils and storage
tank., It also includes appropriate valves
and controls to route the SF, through the
plumbing circuit to filter, clean,
liquify, store and then regasify and
deliver the clean SFg back to the EBFA.

A unit was purchased for the existinog
TA-V accelerator complex where operating
experlence will be obtetined with a svstem
identical to that plauned for EBFA. This
system will be operational about June 1,
1978, and final installation specifications
for the EBFA are planned to be writtea and
released by September 1978.

4, EBFA Data Acquisitfon System

1..e EBFA data acquisition system will
initially have 44 Tektronix 7912 AD fully
programmable tramsient digitizers. These
digitizers wf'l be used for recording
signals that require high tiwe (.2 ns per
sample) and awplitude (8 bit) resclution.

The 7912 AD's will initially be used
to fine tune and characterize the accel-
erator performance. They will then be
dedicated to supporting experimental
diagnostics. It will be necessary to
monitor acceleratar power levels and
vaveform timing at several stages along
each of the 36 modules on every shot,
Recording requirements for acquiring
these signals are 1 ~ 5 ne per sample
time resolution, 4 - 6 bit amplitude
resolution, and 200-word record leugth.
Several hundred channels will be required.
Existing off-the-shelf digitizers are
prohibitively expensive for the large
number of channels. We have examined
the possibility of developing special
multichannel, low-resolution recorders
to monitor accelerator performance., A
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Request for Information for such a device
was sent out to various electronic equip-
ment manufacturers in January 1978. The
replies were encouraging, The specifica-
tions have been rewritten and a RFQ will
be released in June 1978. We are hoping
to get 40 channels per mafnframe at a
cost of §1 ~ 2K per channel. We ghould
have oune or two operational recorders by
June 1980.

The data acquisition system and the
control/monitor system will have fndi-
vidual minl 8. The two ]
will be tied together by a serial commu~
nications link. Both computers will be
purchased on the same contract via a
competitive procurement, The final
specifications have been approved by
DOE. The contract should be placed late
summer 1978, Both computers should be
installed in the acreen rooms by the end
of February 1979, A block diagram of
the propased coutrol/mnnitor and data
acquisition systems is shown in Fig, 3.

The final drawings and specifications
for the screen room to house the EBFA
coutrol/monitor system, data acquisition
systen and laser interferometer have been
completed by Plant Engineering., The
screen room enclosure is 15' x 105" and
will be divided {intc three separately
shielded rooms, one for each system. The
control reom will occupy the first 25
feet, the data acquisition system the
next 65 feet and the last 15 feet is
reserved for laser interferometer system.
The shielding effectivenegs will be
tested by a second contractor independent
of the manufacturer.

5. Control/Monitor System

The design definition fer the EBFA
control/monitor system has been completed.
The system will be a distributed micro—
processor system with a mini-computer for
overall system control aund moniter. A
screen room will be used to protect the
sensitive electronic components from EMP.
Filters and transient suppressors will
be used to prevent EMP from entering the
sereen room on cables. Fiber optics will
be used for EMP protection of some sub-
systems.

An EMP measurement program usang
the MITE accelerator as the source has
been completed and documentation is in
progress,

Preliminary software studiss have
been carried out to determine wini-
computer tequirements, The mini-
compater is in the procuremeat cycle.

A microprocessor card “family” has
beer selected and a breadboard system of
four microprocessors is being cometructud
to check out the mini-computer interface.
One of the four microprocessors will be
built into an SF, control system and
tested on an existing accelerator to check
out the EMP protection plan, Software
studies are in procese to select a micro-
processor software development systen.

Preliminary design of the control/
monitor cable way gysten {s being done.
Cable ways and junction boxes for the
control/monitor system will be Installed
as part of the facility occupanecy contract.

EBFA-T

“April 78 Baseline“ Deafgn

The “July 77 Baseline™ design con-
figuration for EBFA-1 has experfenced
several modifications durfng the reporting
periode The present EBFA-I configuration
is shown in Fig. 4, This "April 78 Base-
1ine" design for consists of 36 individual
particle beam acclerators arranged in a
radfal geometry around a central experi-
mental chamber, all within a concentric
set of tank structures. Simultaneous
operation of the 36 accelerators is accom~
plished by wecane of two firing systems —
the Marx generator firing system and the
gas switch trigger system. For discussion
purposes, one can divide the accelerator
fato four sections: (1) the energy storage
section, (2) the pulse forming section,
(3) the power flow section, and (4) the
front-gnd experimental section.

The energy storage section consists
of 16, 116KJ Marx geunerator nodules
with an output voltage of approximately
3.2 magavolts, power supplies to charge
the capacitors in the Marx generator,
and the Marx generator firing system.
These components are submerged in
approximately 300,000 gallons of trans—
former oil for electrical insulation.
The charging of the Marx generator
capacitors requires approximately 90
seconds., The firing system consfists of
a pulser trigger unit firtng 9 identicel
main pulser units which in turn each
fires 4 Marx Genmerators. Remotely
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operated trausfer switches have been
incorporated into the firing system to
provide protection to the experimental
set-up in the event of a premsiure
discharge of either the Marx firing
system or the Marx generator, In the
dafe position, all of the transfer
switches are connected to resistive
loads capable of dissipating the energy
of the driving unit., These traunsfer
owitches al  2llow either the Marx
firing ayst. ir the combired Marx
firing system/Marx generator to be
charged up and fired for a pretest
ekack~out without injeeting a pulse
into the pulse forming section, The
normal operating wode for the energy
storage section would be to charge up
the Marx firing syetem components and
the Marx generator capacitors before
moving the transfer switches from the
safe position to the arm position. At
t=o, the fire signal leaves the control
room and fires the pulsar trigger unit,
which sends out nine simultaneous pulses
to the main pulser wnits, each sending
out four simultaneous pulses to the Marx
generators, Each of these pulses fires
the first row of spark gaps to rearrange
the circuitry of the Marx generator from
parallel to series to provide & voltage
multiplying effect to accur during the
discharge of the capacitors. The energy
flows out of the Marx generator to a
feed-through located in a High Voltage
Barrier which sep: es the

oi) insulated energy storage section
from the water insulated pulse forming
gsection.

The pulse forming section consists
of a water insulated intermediate storage
capacitor, a triggered gas switch, two
parallel flat plate pulse forming lines
each with self-breakdown switches, and
a transformer line adapting the pulse
forming lines to the vacuum interface.

A self-breakd prepulse P ion
switch is located in the transformer
section. These components are submerged
in deionized water with a resistivity
greater than 1.0 MQ-cm for electrical
insultation, The normal mode of opera-
tion of this section starts when the
energy flows out of the Marx gemera ir
and resonantly charges the {ntermediate
storage capacitor to near 3.0 megavolts
in approximately 750 ns. At this time
the gas switches are command triggered,
and the energy is transferred to the pulse
forming lines in approximately 200 ns.

The self-breakdown water switches
between the pulse foraing line and the
transformer section break down in a
oultichannel disch further 8=
ing the energy pulse to approximately
40 or 50 ns, After passing through

the pre—pulse suppression switch, the
energy pulse passes through a trane-
former section to the vacuum interface.
Thie tranaforuer section is designed to
match the iopedance of the load and
provide a physical transition from the
parallel plate geometry of the pulse
forming Idnes to the cylindrical con-
figuration oi the vacuum interface
insulator.

The power flow Bection consists of
the vacuum interface awd the Magnetically
Insulated-Vacuum Transmisalon iLine (MI-
VIL). The MI-VTL concept for power flow
was successfully demonstrated during
this reporting period and is reported in
detail in the pulsed power sectton of
this report. The MI-VTL consists of two
concentric racetrack-shaped hollow con—
ductors approximately 17 feet long
separated on each side by a 1,0 centi-
meter gap and approximately 2.5 centi-
meters gap at the top and bottom. The
center conductor ia cantilevered off the
back plate of the vacuum interface.
Approximately 50% of the energy flowing
out of the pulse forming sectien into
the vacuum interface is converted into
electrons at this location, Great care
is taken to inject these electrons
properly into the MI~VIL so that the
proper magnetic field is established.

The electrons will then be trapped half-
way between the center negatively charged
conductor and the outside vacvum envelope
which is at ground potential. The remain—
ing 50% of the energy is transported along
the MI~VTL with the tranped electrons in
the {sra of an electromagnetic wave.

The frount end experimental se-tion
consists of an experimental chaober
capable of either being evacuated or
pregsurized. The MI-VTLs enter the
chamber in a horizontal plane around
the equator. Inside the chamber ecch
center conductor necks down through a
trangition section to a cylindrical
geometry approximately 2" in diameter.
The Multiple Electron Beam (MEB)
approach of peneration, focusing,
and transport of the electron beam 18
still the most praomising pellet irradi-
ation concept. The MEB concept involves
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using the center conductor of the MI-JTL
pulge charged negative w.r.t. ground.

The energy delivered to the end of the
HMI-VTL is conve.ted inte 36 individual
electron beaws hetween the cylindrical
cathodes and the anudes which are formed
by closing the outside vacuum envelope

of the HMI-VIL aver the ead of the ceater
conductors. The tightly pinched electron
beams then penetrate the thin anode foil
located approximately 1B inches frow the
center of the pellet chamber, Each beam
of electrons thea follows a low density
prelonized chaunel in a background gas

to the pellet. The low densiry charnel
is established by discharging a capacitor
along # wire between the anode foil and
the pellet just prior to the arrival of
the electromagnetic wave at the cathode.

Several different pellet irradiation
concepts ave presently under investigatien.
A review of the concepts is scheduled for
July 1978 to determine the most probable
First experimental configuration to be
installed on ESFA-1. However, the initial
operational status of EBFA~I will be exper-
iment independent, i.e., the transition
sectlons and the anode/cathode hardware
for the end of the MI-VTL will be provided
for the initial check-out and verification
of the various parameters of the acceler~
ator,

The overall engineering design of the
pulse forming and power flow sections was
reviewed and approved during February 1978.
This engineering design is based on the
experimental vesults obtained using the
MITE accelerator. These results are
reported in detail in the pulse power
secetion of this report. The MITE acceler—
ator was developed as a physics test bed
and naot as a protatype for EBFA, There-
fere, In order to minimize the risk
associated with the EBFA, ft was decided
to use the first set of fabricated hardware
made from the EBFA engineering drawing
to assemble a single line exact mock-up
of EBFA from the Marx generatoer to the
front-end for englneering evaluation and
performance characterization. This accel-
erator, called HYDRAMITE, will also be
used (1) to demonstrate the mechanical
aspects of assembly and operation, (2) to
develop and verify the varfous accelerator
diagnostizs for EBFA, and (3) to verify
the “Baseline” beam transpert and focusing
concept using the exact EBFA electriral
characteristics. After the EBFA hardware
design has been verified, authorization

will be given to obtain the total quaatity
of hardware neceseary to assemble ESFA.
The EBFA schedule calls for assembling
HYDRAMITE during November/December 1978,
performing the initfal pulse power and
power flow tests during the Janvary/
February 1979 tine frame. Authorization
to Fabricate the EBFA hardware during
January/February 1979 with assembly of
this hardware into the EBFA tank structure
starting in June/July 1979, The initial
pulsed power tests for EBFA are presently
scheduled for October 1979,

‘The EBFF/EBFA project milestone chart
has been Tevised to account for the
assembly and engineering evaluation of
the first set of EBFA hardware into the
demonstration experiment HYDRAMITE. This
revised milestone chart showing the
schedule and status of each major system
of the project is shouwn im Fig. 5. The
engineering status of each of these major
components or subsystems of the accelerator
will be discussed in the fallowing para-
graphs of this sectioen,

EBFA Tank Structure

The EBFA structure serves the dual
function of providing (1) a frame for
all of the other accelerator components
and (2) several vessels to contain the
transformer oil and deionized water used
for insulation and dielectric purposes.
Dictated by the basic concept of radially
inward flow of energy in the EBFA, the
tank structure has taken the form of
progressively smaller concentric circular
tanks sharing common walls, The structure
4s 100 feet in diameter and is 16 feel
high. It holds 300,000 gallons of Erans—
former oil and 150,000 gallons of deion—
ized water in the EBFA~I version. About
600,000 1bs. of steel will be required in
fabricatian. A design philosophy was
followed which will allow a wide range
of changes to the accelerator components
over the life of EBFA without major
nodifications to the tank structure.

The design definition package has
been approved. Purchase activities were
inftiated which led to award of a fabri-
cation coatract on January 20, 1978,
Planned activities for the next six
months are prefabrication of the structure
at the contractor's plant and start of
on-site assembly work on or hefore Auguet
11, 1978.
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Marx Generator

A redesign of a large portion of the
Marx generator hardware was undertaken
in a successful effort to package the
generator as an easily transportable
plug-in module and to cut total Marx
generator cost., Present Marx cost eati-
mates of $0.24 per joule seem justifted.
A prototype of the EBFA Marx was assembled
and tested for mechanical handling and
electrical ch eristics. The
ful electrical tests performed in the
Hydra accelerator demonstrated no conflict
between the mechanical redesign and che
high voltage characteristics of the
generator. Plans for the Marx assembly
1line, szorage area and transportation to
the EBFA facility were developed. Events
of the frmediate future include purchase
and delivery of all Marx components and
start of assembly.

Charging System

The system will charge 1152 capacitors
(420 microfarads) in the Marx generators
using a dual polarity 100 kV system.
Charging time will be from 60 to 90 seconds.
The system will be a 220 kilowalt # dual
polarity grounded midpoint supply with a
maximum charging current capability of one
ampere, The specification will be written
9o that two high voltage putput urics will
be furnished with each one contributiang
half of the total charging current, This
will permit using either one of the high
voltage units to independently charge the
systen 1n 2 somewhat longer time.

Marx Generator Tripger System

Criteria for the Marx generator trig-
ger system have been determined, detailed
specificiations %ave been written, and
procurement activitles initiated. The
trigger system will have nine high voltage
pulsers each to trigger four Marx genera-
tors, a pulser tcigger unit to initiate
the firing of the nine pulsers, and a
control system capable of remote control
and firing of the aystem, Consideratiom
of expanding the system to trigger 72
Marx generatots in EEFA II was given,

Transfer Switches

For system high voltage protection in
case of prefires, outputs from the Marx
genetator trigger system aud the Harx
generators will be connected to resistive

loads during the charging of these comr
ponents., Hydraulically actvated transfer
switches will connect the outputs te
thelr appropriate high voltage terminale
only seconds before shot time, Pressure
transducers will be used to sense switch
position to provide infermation to the
control/monitor system. Preliminary
layouts of the swiltches were shown to be
feasible and work is proceeding to desipgn
and order the switches.

Intermediate Stores

Preliminary layouts and sketches of
the water insulated intern=diate storage
capacitors were complered and approved.
The capacitor geometry will be cylindri-
cal, simllar to the proven design used
on Proto II, but 7111 employ the feed—
through on the High Voltage Barrier

P ing the mer oll from the
deionized water as a mechanical support
for the inner capacitor electrode
instead of using a separace insulator.
Detailed design and the initiation of
purchase activities are scheduled to
occur before September 1978.

Trigatron Switches

Locating the intermediate storage
capacitor in the water section of EBFA
required locating the gas fnsulated
trigatron switch in that section also.
The EBFA switch will be the same as is
used in Proto II, but with the insulator
length increased from 12 to 17 inches to
provide an increased tracking length due
to the watex dielectric. Comnections to
the switch will be such that the switch
may be removed without draining the water
tank. By doing this, the lengthy process
of removing bubbles from the underside of
the switches after maintenance has been
eliminated.

Pulse Forming ard
Pulse Transforming Lines

The pulse forming lines (PFL) are flat
plate transmission lines which receive
energy from the triggered switch, shape
the energy pulse and suppress the prepulse.
Results of 1lines operated on Proto IT and
MITE have lead to criteria layouts for
the PFL foxr ERFA. Designe using aluminum
plate, angle and channel shapes bent and
welded by standard sheet metal shop
techniques are under considerarioa. The
pulse transforming lines (PTL) transform




impedance and connect the output of

the flat PFL to the ciicular vacuum
interface. Al.ng with many other EBFA
components, the PFL and PTL may be
completely assembled away from the
accelerator and installed as a module.
Both lines will be detailed and purchased
within the next few wontha.

Power Flow

The power flow sectfon of EBFA is
composed of a vacuum interface and a
vacuum power flow line, The vacuum
interface penetrates a wall of th: EBFA
structure tank at the 40 foot diameter.
The outer conductor of the power flow line
is mechanically supported by the vacuum
intecrface at its outer end and by a central
structure at the other end about 6 feet
from the center of the accelerator. The
outer end of the inner conductor is canti-
levered from the vacuum interface to the
center of the accelerator where it is
aligned with the outer conductor elas—
tically. The power flow line conductors
are fabricated from hollow aluminum
extrusiong. Each vacuum interface and
power flow line set form an independent
vacuum chamber which communicates with
each other only through the ring-sheped
wanifold located under the tank floor.
Detail design of both tha vacuum interface
and power flow line is expected to be
completed by June 1, 1978.

Front End

The EBFA Front End 1s envieioned as
accepting the inboard end of the power-
flow lines in a manner which will allow
a great deal of experimental flexibility.
Clean breaks in the structure at dia-
meters of about 36, 44 and 84 inches will
allow various front end configurations to
be used in the future. Features to per-
nit 36 individual witness plates or 36
plasma chanaels to the pellet are to be
designed.

EBFA-IT

A conceptual design study defining
our initial approach to EBFA-II was
performed during the reporting peried.
With this conceptual design, the proce-
drre to acquire funding for a FY81 com
structivn line item project has been
started. The procedure requires that
Plant Engincering and Deeign (PE&D)
funds be provided during FY79 and FY80

to do the Title I and Title II design
of the new facilities. These funds would
algo be used to complete approximately 35
to 50% of the engineering design of the
accelerator before the Congressional
budget hearings fn the spring of 1980.
The first step In thie procedure will be
taken during April by completing the

1 desiga proposal for EBFA~IIL
and transoitting 1t to the Offfce of laser
Fusion with a request for the nceded FY79
and FY80 PE&D funds, If the funds ($2.5
million} are provided, an architect/
engineer firm will be contracted to du the
Title I and Title II design during FY79.
The Title I enginzering design of the
accelerator will be accomplished in
parallel with the facility design by the
EBFA-I1 Project Team.

The present plan io to upgrade EBFA-1
uvsing the: existing tank structure, the
existing 1liquid transfer system only
increasing the storage capability where
necessary, expadding the control/monitor
system and the Jata acquisition/data
processing systen necesaary to handle
the iucreased capability of the upgraded
accelerator, The construction of the new
facilities requested to support and con-
solidate the Fuston Research effort will
begin in October 1980 with an esti{mated
completion date of July 1982,

The conoponents necessary for the up-
grade of EBFA will be procured during FY81
and assembled into modular units during
FY82, EBFA-1 will become operationzl in
June 1980 and it is presently planned to
operate for twe full years witk a shut-
down for modifications scheduled for July
1982. The upgrade of the accelerator
and all of the supporting systems is
expected to require approximately 9 to 12
months. EBFA-TII is expected to be operz-
tional by July 1983, A cross~section ot
EBFA 1s ghown in Fig. 6 with the 30TW,
IMJ, EBFA-I on the left and the upgraded
60TW, 2MJ, EBFA-II on the right. The
T.E.C. for the proposed FY8l line item
is estimated at $27.5M,

a1
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Fig. 6. EBFA cross-section,



THEORETICAL RESEARCH

OVERVIEW

Theoretical work on magnetically insulated
targets has continued as a major effort. An
important new phenomenon, cailed beam pre-
conditioniug, has been identified. Earlier
magnetic target work concentrated on fuel
preheating by the passage of a current direct-
ly through the fuel region. By contrast, beam
preconditioning relies ou the self-field of
the beam to induce a local return current im
the fuel region. This return current can pro-
vide all of the required heating and magnetic
insulation for small targets, and can play an
important role in boosting the temperature in
larger tatgets preheated in the conventional
way.

New high gain targets for electrons and ions
based on the central igniter principle have
also been studied. These targets use a
cryogenic DT fuel layer which surrounds a
low-density magnetic central igniter. The

ion version produced a computed gain of 75

at 45 TW; earlier conventional (nonmaznetic)
ion targets required about 60 TW for breakeven.

Near-term target design work for Proto II has
been expanded to include 2-D caleculations for
studying the preheat phase. One-dimensional
implosion computations based on the 2-D pre-
heat results predict greater than 10Y neutrons
for a variety of assumptions about initial
conditions. The 2-I} preheat calculations
wer. compared against results from the LLL
ANIMAL code provided by T. Lindemuth. These
comparisons confirmed the gualitative picture
predicted earlier, namely that a low density,
high temperature core is formed by the preheat
process, Implosion calculations with ANIMAL
also predicted neutron yields consistent with
earlier estimates.

‘The most recent designs for electron beam
fusion reactors employ many separate diodes
located around the outside of a spherical
target chawber. An electron bearm is produced
and focused in each diode and injected into
a plasma channel of sufficient density and
temperature to neutralize the self-fialds of
the beam. Magnetic fields are present in the
channels to confine the electron flow and
allow the beams to propagate to & common tar—
get. These fields are produced by externally
supplied currents driven by a capacitor bank.

Experimental results have been obtained which
show that beams of about 300 to 400 kA can be
propagated distances of 0.5 to 1.0 m with up

to 80 percent efficiency. The scaling of these
results, which used the HYDRA acceleratur, will
soon be tested on the 8 TW Proto II accelerator.
Theoretical work in this are2 has included diode
code calculations to investigate ecam focusing
and injection into the channel and a study of
return current effects. The reverse electric
field which is induced by the beam can in some
cases lead to a spreading of the beanm, as well
as the vsual ohmic energy loss. Return current
heating was found to be a way to tncrease the
channel conductivity and reduce the losses.

Theoretical diode physics work related to fast
opening plasma switches has concentrated on
the formation and behavior of double sheaths.
These sheaths are thought to play an important
role in the time evolution of the switch cur-
rent. Additional computational studies of
magnetic insulation in coaxial lines have been
performed to compare with the Physics
International experiments. Measurements of
the total current at three locations along
the 10-m line agreed well with 2-D electro~
pagnetic code simulations.

The enhanced deposition of electrons, whereby
the self-fields of the beam are used to in-
crease the specific deposition in thin targets,
has been an attractive possibility for sore
time. A new tool has heen constructed to
study the problem of enhanced deposition in
diodes by zombining a collisinnal Monte Carlo
model with the PIC diode code. This code
provides the first self-consistent treatment
which includes the diode fields, self-field .,
and collisional effects. The initial applica-
tion of the code to HYDRA (0.1-0.2 TW) diodes
found that simple scattering effects could
not account for the pinch broadening seen
experibentally, but scattering frem expanded
blow off regions near the axis was a possible
explanation.

Other diode code applications included studies
of the HERMES-II and Proto I ion diode experi-
pents. The latter work showed that a good
virtual cathode formed and that electron
leakage was minimal. Studies of beam diver~
gence and ways for controlling it .re beginning.
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FUSION TARGET PHYSICS

Beam Preconditioned Magmetic Targets

A new, simpler type of REB target, which in-
corporates maghetic thermoinsulation and pre~
heated Fuel as the result of passage of a
high current densicy REB through the target

is under inveccigation. This approach, which
is referred to as "beam preconditioning," is
a variation of previously gescribed "dis-
charge pteconditioning"l which can be provided
by either machine prepulse current or by a
separate power supply., Beam preconditioning
following discharge preconditfoning can =%
nificantly enkance or boost the fuel tempera-—
ture and {T over that of either mechanism
separately. We refer to this combined effect
as "bteam boosting." For the cases described
here, the beam causes preheat from ohmile
heating due to an induced conduction current
in the fuel and the magnetic field results
from an imbalance between beam and conduetion
ecurrent, which Is due in part to resistive
decay of the conduction current. The ap-
proaches di d here are ptually
different than that previously reported by
Mzeker, et al.Z in the method of preheat and
field production. The following will describe
the concept as well as results from a series
of preconditioning ealculations which look
encouraging for high current density REB
accelerators.

Beam preconditioning requires a target whose
shell thickness is thin to electrons, which
allows passage of the electrons through the
fuel without substantial scattering in the
shell, such as shown in Fig. 1. The diode
configuracion is similar to that used pre-
viously. »3 for singla beam irradiation.

In such cases the target is irradiated nearly
uniformly with the beam behaving as a stag-
nated, hot electron gas with an axial current
flow given by electron drift motion. During
the early portion of the main beam pulse, it
is assumed that the fuel 1s ionlzed to some
degree either by direct electron deposition,
shock heating or by breakdown from large
diode electric fields. As a consequence,
the fuel is a conductor and provides some
degree of current neutralization by establish-
ing an induced conduction current from the
beam.4 The induced conduction current then
ohmically heats the fuel which increases the
conductivity which in turn inereases the
induced current. The nlasma conduction
curvent in the fuel can be described appro-
ximately by

ar__
L d:e =-LR, 1)

where L = inductance/length, Ip = plasma <ur-
rent, Ip = beam current, I .. = Ip + 1, and
R = resistance/length. The plasma current
rather than the net current decays resistively
whici: gives rise to net current and magnetic
field in the fuel. The process s complicated
by the dependence of the plasma resistance on
temperature or the amount of heating which
further depends upon the induced current.

BEAM PRECONDITIGHED MAGNEVIC TARGET

REG CURRENT FLOWY

Conductlion Return

Thin Explading
Shetl Current Flow

ARQDE

Fig. 1. Beam preconditioning configuratiom.

Sevexal calculat’ons were done using 3 zevo-D
model with average fuel parameters for a cylin-
drical fuel volume of specified radius ry.

The model includes two temperatures, Saha
ionization, electron-fon equilibratiom, ohmic
heating with Qt corrections, electron thermal
conduction with (1 corrections, ion thermal
conduction, and free-free and free~bound radia-
tion loss. The time evolution of Ty, Tj, QT,
and other quantities are then calculated for a
given beam currcnt, fuel demsity, fuel composi-
tion, and r,. The plasma current is computed
from Eq. 1 with L based on a uniform current
density assumption.

The paramecers for the sample DT fuel caleula~
tions shown here are the beam current Iy =

I, t/tg, the rise time tg = 20 ns. For beam
preconditioning only, we assume an initial
temperature T, = 0.5 eV, and for beam boosting
caleulations T, is chosen larger (T, < 16 eV).
We chose ry = 0.1 cm.



Plotted in Fig. 2 are T, and Ty (at t = 20 ns,
prior to implosion) vs. the denaity p for
several I, values. Tg = 0.5 eV, 10-6¢ p,

£ 1073, and Jp = I/vr\'g (amps/cml). Note that
beam precounditivning Is more effective at
lower densities where ohmic heating is more
effective, although electron~inn equilibra~
tion becomes a problen for very low densities
because of the fast heating rate. The heating
process 1s in some sense a boorstrapping pro-
cess in that as the fuel becomes hot, more
return curreat is induced which leads to
further heating. We see beam preconditioning
begine to become effective for beam current
densities J ~ 3 MA/co? and produces very
large preheat for J 2 10 MA/cmZ, Not shown
are the correspouding values of Qv which are
2 1 for the large temperature T > 10 eV,

Te = Ty portion of each curve.
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Fuel temperzture at 20 ns vs. fuel
density for several beap current
densities.

For presenr accelerators, it may be difficult
to obtain the high carrent density needed for
beam preconditioning alone and thus beam
boosting mway be required. To investigate this
we conslder a fixed [p = 107 amps, rp = D.1
cm, and calculate fuel temperature at t = tp
= 20 ns for various . To model prior dis~
charge preconditioning, we simply start the
problem wirh az initial temperature 0.5 eV
< To £ 16 eV as shown in Fig. 3. Shown are
Ty at £ = 20 ns. T, departs from Ty for

P < 1077, Note in ull casas considerable
increase over T, is obtained and considerable
increase over the Ty = 0.5 case (beam pre~
canditioning only) is seea for T, > 2 ev.

AR T T

Thus gome slight preheat due to a low level
discharge improwves the performance consid~
erably. Reducing the discharge current may
permit smaller electrodes and improved implo-
alon symmetry. We also calculate 1t 2 1 for
the cases which resulted in high tepperature.

2 4amah

Fig. 3. TFuel ion tempzzatures at 20 ns vs.
fuel density for several faftial
temperature values with beam current

density fixed.

Next we calculate neurvon yields for several
conditions given in Fig. 3 using a hydracode.
These are tabuleted in Table I. The inner
target radius ig 0.15 em and shell thickness
is 0.0288 gn/cm? of plastic. The depositinn
in the target was chosen consistent with mag-
netic enhanced deposition due to self beam
fields for various amounts of incident beam
current which is limited ‘o that available on
the Hydra and Proto I accelerators. The fuel
density 1s 10~5 gm/cm3 for all cases.

Scaling of Targers Employing Magmetic

Thermoinsulation for Prote IIL

Recent experiments> have tested the concept
of a particle beam fusion target which uti-
lizes the passage of an electrical current
through the fuel co both preheat the Fuel and
to establish a magnetic field in the fuel,
before implosion of the target. The success
of che experiments in producing ~ 106 therms-~
nuclear neutrons emphasizes the need to deter-
mine the scaling of the concept for higher
power. near-future accelerators to breakeven
power levels, and finally to high gain designs

4



TABLE 1

To(ev’ Te(ev) Ti(ev) Pm(m/ 2) Neutrons 106
1 0.5 4,05 3.9 16 1.97
2 0.5 4,05 3.69 32 10.80
3 2.0 18,70 14,60 16 9.76
4 2.0 18.70 14,60 32 46,20
5 8.0 27,40 20.50 16 16.30
3 8.0 27.40 20,50 32 71.40
which may be suitable for reactor use. :
o CURRENY PULSE:1 4 SINE WAVE,

The Proto IT accelerator opens the possibility
of driving electron beam targets at > 1 TW ab-
sorbed power, assuming that suitable pinching
of the beam can be obtained., Extending the
exploding shell "¢" target design to that
higher power level implies a largey tarpet
radius ro efficiently utilize the avail.ole
energy.6 Matching to expected Proto II para-
meters (> 1 TW absorbed, 50 ns, ~ 1 MV} leads
to a target of ~ 7 mm dlameter, having the
sgme shell thickne s as the previous target
(or = 0.03 g/em?).

We have assumed an initial fill density for
this target of 5 x 1074 gfcn3 of DT gas.
Using the 2-D MHD Eulerian hydrocode BEMAG,
and postulating o 1/4 sine wave current pulse,
20 A in amplitude and 2 usec in duration for
the preconditioning pulse, we obtain the pre-
conditions shown in Fig. 4. Current flows
from top to bottom im this flgure, for which
density contours and Br contours are plotted.
The Br lines correspond to envelopes of [ixed
enclosed current. Temperaturgs in the lowest
density region, p< 1075 g/cm3, are calculated
to be 15 to 30 eV, while the temperature 1o
the higher deasity region, p > 5 x 10-4 g.’cma,
is less than 0.5 eV. The pressure across the
target is uniform to within a factor of three.

This calculation is wade assuming that the
targer contains a known total currenc, but the
current path, resistive heating, and hydrodyna-
mics are treated self-consistently. The gas

is assumed initially electrieally coaducting,
that is, the details of the breakdowm process
have not been considered.
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Preconditions established in )1 TW
target as calculated using BEMAG.

Fig. 4.

Using a 1-D hydrocode we have modeled the
implosion, with the initial volumes of low
and high density fuel chosen to be contis-
tent with the fuel conditions determined using
BEMAG. We find that the yleld exceeds 10%
neutrons for a variety of assumptions about
the initial conditions, For the 1 TW target,
we find a maximum temperature of 600 eV, a
maximum density in the low density region of
0.035 g/emd, and a yleld of 2 x 109 neutrons.

In Fig. 5, we have plotted the curve of yleld
vs. pcwer far the target. The yleld curve
corresponds approximately to a cuble function
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Fig. 5. Scaling of the @ IW electron beam

target with absorbed power.

of the absorbed power. It is noteworthy that
the lowcr end of the curve, which corresponds
to 5 TW/g or approximately present specific
power levels produces 2 107 neutrons for this
larger target., If a pinch of the Proto II
beam can be formed at dimensions comparable
to the target, at the much greater current of
that machine, considerably higher specific
power may be expected.

Utilizing the preimplosion couditions predict~
ed by the BRMAG code, we have begun to study
the 2-D aspects of the implosion using a
Lagrangian code. Although the modeling of 3
the full implosion has not yet been accom-
plished, two significant results have been
obralned which tend to confirm our predictions
using 1~D modeling. The code first of all con-
firms that the magnetic field is retained in
the preheated fuel and Is cowpressed dJuring
the implosion to produce the large wt condition
required for successful utilization of the
magnetic thermoinsulation concept. Finally,
the nonuniform initial distyibution of fuel
density leads to a radial deformation eof the
exploding shell late in time (see Figs. 6 and
7}, bar for the conditions tested {(~ factor of
20 variations in fuel densicy) the pusher
appears to remain intact uncil after tempera-
ture and pressure conditions are obtained which
avre similar to the maxima obtained in 1-D cal~
culations.

Initial mesh used for Investigation
of 1 TW target.

Fig. 7. Note

Mesh of 1 TW target at 50 as.
pusher asymmetry, which leads to
eventual breakup of pusher.

Breakeven and High Gain Magnetic Taxrgets

The targets discussed thus far have been of
the exploding shell type. In order to scale
to breakeven or net energy gain, ir is neces-
sary to employ thick-walled, ablatively driven
shells. Shown in Fig, B are ablatively driven
e-beam and fon beam targets which utilize
strong magnetic flelds to inhibir thermal con~
duetion losses, and for which the breakeven
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Fig. 8. Electron and ion beam breakeven

targets,

power is lower by a factor of 6-7 than siwmilar
targets without magnetic flelds. Scaling to
breakeven requires a magnetic field sufficient
not only to reduce the thermal condictivicy,
but also to retain the a-particle fusion energy
in the veacting fuel as well. This leads ta
the requirewent BR >> 0.5 T-m at full compres-
sion.

Scaling of the targets beyound breskeven with
increased power is not rapid, as can be seen
from Fig. 9 for ion targets. The competing
needs of low density for reduced radiative
losses and high density (actuaily high <pR>)
for large burnup fraction sre responsible for
this relatively poor gcaling beyond breakeven.
Even with this slow scaling, targets containing
magnetic fields show gains of about three at
powers lower than the breakeven power for more
conventional targets.

To obtain higher yields it is necessary to
utilize more fuel in the targetr, either by
increasing the target size while retaining
the low demsity, low energy-loss feature of
these targets, or by adding a high density
layer of fuel around the magnetically therwmo-
insulated region. This latter approach is

11lustrated in the ion target of Meeker, dis-
cussed by Bangerter and Meeker,’ a version of
which is shown in Fig. 10. Shown in the same
figure 15 an electron-beam driven target
employing the same concept, which ia derived
from the earlier elcetron driven breakeven
target by adding a thin layer of solid density
DT dbetween the gold pusher and the low density,
preheated and magnetically thermoinsulated
fuel, and by relaxing the wagnetic fiela re-
quirement 80 that particles escape the re-
acting central veglon te igntte the surrounding
high density region. The power required to
drive each of these targets is sigrificantly
Teduced by using the technique of voltape
shaping, which is discussed in the next section.
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Fig. 9. Scaling of breakeven iopn target with

power.

Central Igniter Magnetic Targets with Voltage
Shaping

Ultimately, targets with ne: energy gain coa—
sidoerably greater than one, but with relatively
wodest input amergy and power requirements,
will be nceded for commercial inertial confine-
went fusion veactors. Ablatively-driven
electron-beam and ion-beam fusion targets which
contain preheated low-gensity fuel and a strong
magnetic field to trap alrha particles and
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Fig. 10, High yield electron and ion targets.

inhibit thermal conduction losses are pre-
dicted® to achleve breakeven at powers 6-7
times lower than similar iargets without
magnetic thermal insulation, however, the
power reduction possible is limited because
as an ablative implosion proceeds, the pr of
the shell increases and energy is deposited
further out in the sblator and is therefore
used less =fficiently late in time. Further~
more, scaling to & gain greater than 3 is
difficultr for these magnetic tarpets because
of the competing needs of low density for
reduced radiative losses and high pr for
good burn-up efficiency.

We have investigated a class of high gain
fusion rargers which ewploy direct beam
deposition (Fig. 11). The targets have a
solid DT fuel layer outside a low-density
magnetic central igniter.g' Propagating
burn resuwlts because alpha particle energy
from the magnetic core is deposited in the
outer solid-density fuel layer. We find
that the thickness of the solid fuel layer
is crucial to target behavior. If the layer
is too thick, the low-density central-igniter
region reaches maximva temperature before the
solid fuel is sufficiently compressed to trap
alpha particles and reach ignition tempera-
tures. If the layer is too thin, irs or will
not be sufficlent to trap alphas even if the
maximum pr occurs at the time of maximum
tenperature in the Low-density fuel region.

Magnetic central igniters have the disadvan~
tage that burn efficiency and target pr are
decreased.3 We have employed voltage shapingll
to offser this disadvantage and to reduce the
power level necessary for high gain in such
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Fig. 11. Hagnetie charged-particle-beam
targets with propagating burn and
voltage shaping.

targets. Incivasing the beam voltage during

the pulse causes energy to penetrate deeper
4inte the shell, producing a higher fuel pr
and a greater burn~up fraction as a result of
the faster inward acceleration.

For electron beaos, the effectiveness of volt-
age shaping is sensitive to the time history
nof the beap pulse with respect to the dynamics
of the metal shell. Target performance ia less
gensitive to the voltage pulse shape for ion
beams because of the absence of bremsstrahlung;
however, voltage shaping with lons requires
vighter foeusing ar higher voltages, since the
peak of the deposition is at a smaller radius.

FPor ion beams, the variation in ion velocity
with voltage (v% arV) can be used, as suggested
by Hinterberg,2 to obtain a voltage pulse~w
much like the voltage pulse in Fig. 12--which
is compressed spatieslly and tewporally com-
pared to the voltage pulse at the diode. In
our calculations we assume that the power re-
mains constant ad voltage increases in order

to obtain the minimum deposited power to pro—
duce large gain. Constant-power voltage
shaping with ions should be agglicable to
heavy~ion fusiom acceleratorsl’ or multistage
wagnetically insulated pulsed ion acceleratarsl4
because wich such schemes, voltage and current
can be varied somewhat independently. Under
the conastant power assumption, voltage shaping
applied to magnetic targets reduces the power
level required for the same gain by about 1/2
for both electrons and ilons.
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If 2 magnetic target only contains a low-
density fuel reglon, the magnetic field must
be strong enough to retain alpha particles in
this region; if rhe target contains a solid
DT shell as well, the field need only reduce
thermal conductivity in the low~density fuel.
We have assumed that thermal conduction iy not
reduced in the cryogenic layer. We have also
assumed that the thermal conductivity is rve~
duced by a factor of 36, to the ion conduction
level for DT.
reduction factors indicate that the thermonu-
clear yield does not decrease greatly until
the electron thermal conductivity reduction
factor is less than about 13 (cf. Fig. 13).
Furthermore, if we postulate that the magnetic
field penetrates into ~ 2 percent of the mass
of rhe solid fuel region so that the conducti~
vity is reduced there as well, the gain at a
given pow:r level for the electron beam tar-
gets increases by a factor of about 3; one
would then obtain a gain of about 20 for 250
TH of electron-beam power.

Figure 14, which shows thermonuclear energy
production a8 a fuaction of deposited beam
power, displays the improved performance that
can be obtained from central-igniter magnetic
targets for both ions and electrons. A conven-
tional electron-driven ablative target requires
~ 1000 TW tv get a gain of about 8.5. A magne-
tic target with voltage shaping requires 280 TW
to actieve this gaia, i.e., roughly a factor of
3.5 lawer power, and if the magunetic field
penetrates into the cryogenic layer only a
short distance, this gain will increasse con-
siderably. A low-power conventional ilon-beam
target requires about 60 TW of power for break-
evan. The low-power magnetic alternative
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Fig. 14. Cooparison of thermonuclear energy
produced vs. input power for con-
wventional ablative targets and
magnetic targets with propagating
burn and voltage shaping. The
straight lines indicate the total
beam energy Qeposited if beam power
18 turned off at the time of maximum
compression ty. Results for ion
targets are indicated by solid curves;
results for electron targets by dash~
ed curves, The particular designs
selected had the highest gain for
the lowest power level. The lon
targets have gold shells; the elec-
tron targets, iron-gold shells.



requires only 30 IW to produce a gain of 25.
The high-galn magnetic fan target vequires
45 TW to get a gain of 75, whereas a conven—
tional high-gein target for ions requires
250 TW just to produce a gain of 18.16,17

The jmprovement in power is even better than
indicated by Fig. 14 since the magnetic tar-
gets produce more favorable results at larger
target size than do the conventienal targets,
implying lomger pulse lengths {~ 50 ns) and
reduced focusing requirements. A comparison
of the magnetic ion target with a conventio-
nal target of the same aize (fuel radius

fpr = 2 mm) shows that a gain of 25 would
require 430 TW,16 uhereas the magnetic target
produces a gain of 25 at 30 THW,

Even without voltage shaping, the power levels
required for high gair are at least a factor
of two lower in the case of electron beams
and ar least a factor of three lower in the
case of ion beswms. FPurthermore, the overall
radial convergence ratio of the fuel (18-22)
is comparable to that obtained with conven~
tional electron- and fon~beam targets aand
only a modest preheat temperature of 15 eV

1s needed. The convergence ratio in the low-
deasity fuel region by the time ignition
commences in the solid fuel region is slightly
higher; however, since the region adjacent to
the central DT is also DT, mixing of the inner
and outer fuel might actually improve target
perforeance by involving more fuel ar an
early time,

Tyo-Dimensional Calculations of Magnetic
Thermoinsulated Targets

Previous two-dimensional calculal:inns18 using
the BEMAG code of magnetic target precondi-
cioning indicare development of a wall con-
fined discharge with low density, high
temperature fuel cccupying most of the target
volume prier to implosion. This behavior has
been confirmed using the 2-D ANIMAL code
written by Pr. 1. R. Liandemuth of LLL. The
ANTMAL code ineludes ionization, resistive
diffusion, thermal conduction with full wtT
dependence, radiation, magnetic fields due to
both plasma and bram currents, and spherical
geometry. The ANIMAL caleculation is then
continued through the implosion phase with
self-consistent variacion in fuel density,
temperature and magnerie field. Neutron
ylelds of ~ 106 are predicted for a conver-
gence ratio of 20:1 which is comsistent with
experimental observacion.

Shown in Fig. 15 1s an ANIMAL solution of
fuel temperature and dengity vs. radius on
the equatorial plane, The conditfoas are:
tnitial uniforn DT fuel o, = 2 x 10~3 gn/cal,
inicial uniform fuel temperature Tg = 1 eV,
target radius w 0.15 cm, electrode radius =
0.05 ¢m, and discharge current I(amps) =

1.2 x 10% (t/1 usec). The plots are glven at
t = 1 ugsec just prior to implasion. The BEMAG
code predicts qualitatively similar results
with peak tempevature of 24 eV and density

in the hot region of 1.3 x 10-3 gm/en3. 3EMAG
predicts the hot region to be located on axis
berween the rarget center and rhe electrode
while ANIMAL predicts the hot regilon in the
target center, These differences are thought
to be due to differences in zoning and to
differences in the spherical fuel boundary
vhich is smonth for the ANIMAL podel but
approximated by an irregular boundary for the
BEMAG model. There are also differences in
the radiative cooling wodel in that ANIMAL
includes line rvadiation, bound-bound, and
free-bound loss, while BEMAG does not include
line radiation loss.

~
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Fig. 15. Density and temperature profiles at
t = 1 ysec from the ANIMAL calcula-

tion,
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Further cslculations of preconditioning using
BEMAG indicate lower demsity, higher tempera-
ture fuel conditions can be achieved with
smaller electrodes and by startiog with an
lonized plasma colusm along the fuel axis.
The fonized plasma column is obeerved in
“beach” preconditioning esperiments,l’

Predicred Temperature at Inmer Surface of
Shock-~Focusing Hemispheres

Time-resolved tempersature mneasurements of the
inner surface of two thick-walled (shock~
focusing) hemispheres during the implosion
have been obtained.20 The shell of each
carget was a composize, consisting of a
thick outerlayer of gold or nickel and a thin
inner layer of tungsten (cf. Pig. 16). The
experimentally measured temperature was sig-
nificantly lower far the Au~W hemisphere com-
pared to the Ni-W hemisphere (2 to 4 eV vs.

5 to 10 eV}).

Target dimeasions in the temperature
measurement experivencs.

Fig. 16.

One-dicensional, spherical implosion caleula-
tions vere performed for the actual experi-
mental conditions (1 MeV, 80 ns, 8 kI).
Predicted implosion times are in agreement
with the experimental times of 100 to 150 ns
for Au-¥ and 70 to 80 ns for Ni~W. Good agree~
ment with the experimental Ni-W temperature

was obtained (10 to 15 eV), but the code re-
sults predicted 13 to 20 eV for the Au-W
hemisphere (cf. Fig. 17). Heating of the
ianer surface of the Ni~-W hemisphere by beam
deposition should be greater because of the
thinner shell. The discrepancy between the
measured and predicted temperatures may be
indicative of the sensitivity of shock~focusing
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targets to uniformity of loadiug, since less
fag of the implosion chould occur for
the thicker-shell Au-W configuration.
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STANDOFF AND REACTOR RESEARCH

Olode Focusing and Channel Injection

Results from the Hydra series of beam propaga-
tion experiments ladicated chat considerable
care in aligument wae required to insure
efficient injection of the focused beam into
the channel. The problem was studied compu-
tationally using a versiom of the particie~
in-cell diode code modified to include a
short section of the chamnel.

A 3" 0D, 1" ID tapered cathode K emits elec~
rrons which pinch and enier the channel C
through a l-cm diameter hole fa the ancde A,
as shown in Fig. 18. The beam is then trans-
ported in the channel to a target. Using the
nonuniform wesh diode code, various parameters
were tried; for che case in Fig. 18, V = 1 MV,



Simylation electrons in the Hydra-
channel experiment. About 200 kA
propagates down the channel C.

I, = 320 kA, Ij = 80 k&, and 60% of I,

{~ 200 ki) propagated down the channel to
the end of the computation region. The rest
of the electrons were lost on the anoce at
radil greatex than the hole radius., The beam
curyent in the plasma channel C was assumed
to be completely neutralized, so that the
only Bg in the channel is from the channel
current itself (here taken as 50 kA and uni-
formly distributed in the channel cross
section). These results indicate that thase
electrons which enter the channel are not
lost in the injection process.

A separate analytic ealculation of the mzximum
radius attaicable by a beam electron injected
transverse to the channel gives

L exp(Zwvaa/euol)

where r, is the channel radius, ¥ = relativis-
tic factor, V, electron velocity, and I =
channel current. For the Hydra experiment,
this glves Trpax = 8 m {(for r, = 5 mm). This
result also indicates that electrons eatering
the chacnel are confined by its magnetic field.

Return Current Effects

Plaswa chamels ugded {n beam propagation
experiments are typically initiated b¥ explod~
Jdng long, thin wires in air at 1 atm,21,22
Although the current initially is carried by
the wire, au air dischoige occurs rapldly;
the wire appesrs to have little effect after
the discharge forms. As the current increases
(to about 50 kA in a few microseconds), the
center of the discharge is ohmically heated.
This causes an outflow of plaszma and the
eventual formarion of an outward going shock
wave in the air. It leaves behind a region
of low density (p/pg = 0.3), high temperature
(T = 1.5 to 2.0 eV) plasma which contains the
magnetic field required to confine the beam.
It is also essential that the radius of this
region be small when the beam is injected.
Otherwise, the beam tends to expand to whar-
ever radius encloges the Alfvén currenmt.
Equal beam and channel radii are desirable.

As the beam is injected fazo the channel, the
inductive electric field near the beam head
generates a return current i = ¢E, For a
uniform conductivity channel of radius 7,
with a coaxial return at a radius ry, the net
current is given by

1 T ~-t/T
AL 2 Ty -]
B [ D
0221, ()
T, -t/T TJT

NET D D R D

'-I—"l € [1- ],
t>T 3)

where the beas current was assumed to vise
linearly to a value Iy in a time T and
remain constant for t > TR. The diffysion
time Tp s given by Ty = 47 x 10~90/82 where
B 1is determined by

JptBr ) = BrCJl(Brc)in(:“/rt)
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For channcle of interest, Tp >> Tz, In this
1imit Eqs. (2) and (3) can be written

I
NET _
3 —t/Z‘tD, 0_<_c§-rR, C4)
I
};F‘Tz ., byt . (&)
B - R

As an example of typlcal values, air at 2 eV
and p/P, = 0.3 has a conductivity of about
250 mho/ecm. For re = 0.3 em, vy = 15 cm, and
= 20 ns, we find that 8 = 2.33 cnm =L and
= 580 ns, so that at t = 60 ns, Inpy/Ig =
0 086. This result shows that the degree of
current neutralization is very high.

As the electron beam propagates im the channel,
it loses a fraction of its energy to the back-
ground plasma. Collisional losses are usually
icconsequential, but losses due to ohmic dissi~
pation of the return current, j /c, can be of
significance. The electric fie?d, ip /o, which
drives the return current opposes the electron
flow, thereby converting beam energy to inter-
nal energy of the plasma. We estimate the
magnitude of the effect by firat setting
jp = jg, justified on the basis of the current
neutralizatior calculation. Fopr rg = 0.3 em
and Iy = 500 kA, jp = 1.8 % 10" A/en? and

= j /o = 7.2 kV/ecm. The upcoming Proto II
experiments will use 50 cm long channels, so
that the electrons could lose 360 keV of
energy, which is a significant fraction of
their imitial 1.0 to 2.0 MeV.

Fortunately, there is a time~dependent effect
which improves the propagation conditions.
As the reoturn current heats the channel ohmi-
cally, the temperature and the conductivity
inerease, thereby reducing the losses. To
determine the value of the conductivity
increase, it is necessary to include ioniza-
tion, radiation diffusion, chaanel expansion,
and the temperature dependence of the conducti-
vity. We have thus studied the problem using
the 1-D MHD code CHART-B employed in earlier
studies of the chaunel formation in air.
The hydrocode was fiist used to establish
appropriate channel conditions prior to beam
injection by using a capacitor bank drive.
when the chamnel radius reached a value of

= 0.24 cm, an ohmic heating term j2/C
was added whose time history was consistent
with a total current which increased linearly
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to a value of Ip = 500 kA in a rise time

Tg = 20 ns, remained comstant for 20 ns, and
then dropped linearly to zero in 20 ns. The
high degree of current neutralization again
justified the use of ip = Ip for the ohmic
heating contribution.

Results of the caleculation are shown in Fig.
19. The left Lalf of the figure shows the
input current history and the channel tem-
perature and density profiles at the time
of beam injection. The right half of the
figure shows the results for the electric
field J5/0 as a function of time and the
channel profiles at t = 40 ns., The average
electric field during the flat pertion of
the current pulse was 5 kV/cm, so that a

2 MeV beam would lose about 12.57 of its
energy in 50 cm. This w found to be con-
sistent with S/ jzla dv 4:, as it should be.
The channel :enperature increased from 1.7
eV to 6.4 eV, which led to a conductivity
incresse of a factor of three.
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Fig. 19. Results from return current heating
calculation. The upper left-hand
portion shows the Input current
waveform; the lower left-hand por-
tion shows the channel density and
temperature profiles at t = 0. The
upper right-hand purtion shows the
computed electric field vs. time;
the lower right-hand portion shows
the channel properties at t = 40 ns.

Another positive result shown in Fig. 19 is
the channel radius at t = 40 ns, which is
only 17 percent greater than the initial
value. This modest {ncrease is a result of
the inertial confinement properties of the
air. As the electrons are bent by the mipne~
tic field in the channel, they impart radial



momentum to the plasma. A simple estimate
bagaed on a lumped mass constant acceleration
model gives a channel radius increase of

2
ar VIt
e -4 'B'B
= 3.3 x 10 el 6)

For Vp = 2 MeV, Ip = 500 kA, t = 50 ns,

o = 2.5 x 10-4 gn/cua, and ¥, = 0.3 cm, one
finds that Arc/zc = 0.13. The dependence on
the channel radius r, is very strong and
smaller channels would suffer greater expan-
sian,

A final return current effect on the beam is
a spreading and particle loss caused by the
combined electric and magnetic fields. For
very small electric fields, the electron
trajectories are of the well-known betatron
sinusoidal variety. At larger field values
the radius of the =lectron orbits increased
as a function of propagation length, since
the electric field tends to convert parallel
energy into transverse. This expansion can
lead to a significant reduction in beam
current density. Electrons at the beam edge,
which initially have considerable transverse
ensergy, can in some cases lose all of their
parallel energy and be loat from the channel.

Return current effects in plasma chamnels
have been studied and several phenomena have
been isolated. The temperzture increase
caused by ohmic dissipation has an importamt
effect in reducing the reverse electric field
with little penalty in channel radius. This
electric field not only dissipates the beam
energy but also causes spreading and some
particle less. These results suggest that
other media, such as hydrogen, be studied
which are more compatible with return current
heating.

Beam Combination for Proto 11

Beam overlap calculations have been carried
out for the twelve channel experiment planued
for Proto II. A wagonwheel configuration21
with two axial return currents is plamned.
The computations were based on a single-
particle mode123 in which the trajectories

of samp.e particles are computed in the com-
bined magnetic field of the channels and the
current returns. Parameters used in the cal-
culation were a channel current of 60 kA, a

return current chaanel radius of 1 co,
V_L/v“ = 0.07, and an electron energy of

2 MeV.

Results for Rpyp, the radius of closest
approach to the return current axis, are
shown in Fig. 20; the left portion shows
data for r, = 0.5 c¢m while che righe porcion
is for r, = 0.3 ew. Electrons were injected
at various radii and angles with respect to
the return current axis, as shown schemati~
cally in the upper part of che figures. Also
indicated is the overlap radius Rp =
rc/sin('rr/N) for each case. The resulis are
consistent with the R, = Ry/4 scaling re-
ported earlier.23 TwelVe channels is near-
optimal for the planar wagonwheel configura-
tion, since Rm = rc.
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Fig. 20. Radius of closest approach to re-
turn current axis for twelve
chamnel overlap calculativm. Left-
hand figure is for r. = 0.5 cm,
right-hand figure is for r, = 0.3
em.

Improved Radiation Transport Treatment for
REB Channels

The hydrodynamic evolution of discharge-driven
air plasma channels for REB propagation has
been computedzl using the CHART-F :-D
Lagrangian MHD code. This treatment used a
single temperature diffusion approximation

55




for the radiation thermal transport. Such a

treatment would not be expected to work well
1

in 2 plasma by t t in

1ines, to which the plasma is optically thin.
Comparisons between experimental results and
code caleculations suggeatedn that the simple
single temperature diffusion model was some=
what overestimating the energy loss.

A multigroup radiation trangsport scheme has
been developed for use in CHART~B. The
approach is based on a simple diffusion
wodel. The required opacity data has been
obtained from Seience Applicationa, Inc.
(SAI). The slgorithnm has been tested against
the solution of che exact tramsport equation,
published bg Heaselet and Worming,24 and also
by Kesten,29 for the case of a cylinder of
uniform properties. The flux-limiting ap-
proach of Alme and Wilson26 was tested in
conjunction with this algorithm. As the
tebulated resuvlts below show, in the steady-
state test problem this approach introduced
considerable error. Therefore, a simpler
approach to flux limiting was used in which
an iteration was performed if the flux ex-
ceeded the free-streaming limit.

Optical Surface Fluxes
Pathlength Transport Alme/Wilson
(radial) Exact Code Method
0.1 0.556 0.56 0.51
1.0 2.560 2.67 1.68
10,0 3.140 3.i2 2,03

The transp rt package, as implemented, per-
forms much better for woderate to large
optical depths.

Preliminary results have been obtained on the
channel formation problem using the SAI data
in a five band model. The results are in
reascnable agreement with the results pre-
viously cobtained employing a phenomenological
mean free path in a simple one-temperature
model,

Hoop Stress in Electron-Beam Hybrid Reactor

Chamber Walls

The hoop stress in the reactor chamber wall
due to the ceflected shock has been estimated
using the analytic point source solution for
a spherical blast wave?’ in air. A hypothe-
tical pellet implosion of 3 MT in, 75 MJ out
was used in the study.
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Only the energy in x-rays and fons contri-
rutes to the growth of the blast wave. Of
the 72 MJ released as a result of the DT
reactions, 28.5%7 (20.5 MJ) is in the form
of x-rays and ions, as datermined from a

output 28 obtained from a
Monte Carlo code, assuming a DT fuel density
and gold shell density corresponding to pr's
typical of an electron~beam fusion target
(pr ~ 1 g/em? for DT, pr ~ 8 glem? for Au)
and assuming that the neutrons were produced
wniformly in the DT.

The accompanying figures show the peak value
of the reflected overpressure as a function
of the ambient air pressure P, in the chacher
for two values of E,, the total emergy in
ions and x-rays. E, = 23.5 MJ (Fig. 21)
corresponds to the 3 M3 in, 75 MJ out pellet;
E, = 40 MJ (Fig, 22) conesgnnds roughly to
a high-gain lon-beam target® calculated by

A, V. Parnsworth with 1.25 MJ in, ~ 150 MJ
out, For non-normal ineidence to the wall,
reflected overpressure would be less. The
figures show results for ideal blast condi-
tions for which the Rankine-Hugoniot equations
apply. For non-ideal aftvations (e.g.,
thermal radiation from the implosion imping-
ing on the wall, or particulate matter carried
aleag by the blast wave), the peak value of
the reflected overpressure does not exceed
the facident overpressure by more than a
factor of two; however, the decay of the
overpressure is slower and the dynamic part
of the overpressure is larger and can cause
more damage compared to the ideal case.

The hoop stress in the chamber wall is given
by

R
= - £
Oy = (Pr +F, Ph) 2t *

where Py is the reflected overpressure, P,

is the ambient air pressure, Py 18 the air
pressure outside ihe chamber wall, R, is the
chamber radivs, and t is the wall thickness.
We assume Ph = 1 atm. PFor the 3 MJ in, 73 MJ
out pellet and P, = 1 atm, the reflected
overpressure for a 4 meter-radius chamber is
about 3.25 atm. If this blast force is taken
by a 1 mm steel wall, the hoop stress would
be 96 ksi. The allowable wall stress for
stainless steel is less than 15 ksi,29 and
the steel wall must be tais thin for thermal
stressec (which are linear with t) to be
tolerable.30 A carbon-composite liner about
0.5 cm thick therefore appears necessary to
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keep the wall stress within tolerable limits.
The hoop stress in a liner of this thickness
would be about 20 ksi for the 3.25 atm re-
flected overpressure. A carbon-composite
has good fatigue properties and its tensile
strength is 100-200 ksi, so 20 ksi should be
reasonable.

Figure 23 shows the variation in hoop stress
with chamber radius and fill pressure for
the hypothetical pellet if a 0.5 cm liner is
used. A 4-meter radius chamber should be
adequate. For the 1.25 MJ in, 150 MJ out
pellet, the reflected ovetpressures of Fig.
22 and the thermal stress limits require a
chamber radius of at least 5 meters.
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Estimate of Equilibrium Gas Temperature with
Repetitive Operation

Estimates have been made of the equilibrium
gas temperature in the chamber of the e-beam
hybrid reactor, in order to determine how
often the gas in the chamber needs to be re—
placed. The gas must be replaced z¢ a rate
such that the characteristics of the gas are
acceptable for channel initiation and beam
propagation. It was hoped that, because of
rapid radiation to the chamber wall, the rate
of gas removal would be decermined by the
amownt of debris tolerable rather than by the
gas temperature.

The heat transport from the chamber gas—-—
alr was assumed-~to the first wall of the
reactor has been obtained for a rep rate of
1C Hz. In each hypothetical shot 3 MJ is
deposiied fn the gold shell of a DI-filled
targer and 72 MJ is procuced; thils corres-—
ponds to a tetal of about 23.5 MJ in x-rays
and debris.31 A 0.1 em stainless~steel first
wall with a 0.5 cm graphite liner at 4-meters
radius was chosen to minimize dynamic and
thermal stresses due to the blast force.3l

All materials were assumed to be at 750 K at
the start of the calculation, since for
efficient extraction of heatr energy from the
system, the steel layer--which has a circu-
lating lithium cooling chanmel cutside of it--
should have a temperature of 700 to 800 K.
The CHART-D32 radiation-hydrodynamics code,
with the hydrodynamics turned off, was
employed. The conductivities of 304 stain-
less and ATJ grapnite (parallel to the grain)
were vused to model the reactor wall.

Excipt for the opacity, the properties of the
air in the reactor chamber were modelled using
the Lockheed33 tables. Ar low temperatures
on CHART-D the Lockheed tables give mean free
paths which are too large; we have therefore
used the Russian tables of Avileva, et al.,34
which have been incorporated into a version
of CHAKT-D.35 At temperatures below about
4000 K, the contribution due to che thermal
condictivity of air36 has been included.

Because CHART-D is a one-temperature code,
some difficulties can result. Comparison
calculations with a three-temperature code
indicate that temperature equilibrium

occurs within 0.001-0.01 ms after a shot for
chamber fill pressures of 20 torr to 1 atm.
The CHART-D calculations with no hydrodyaamice
represent a lower bound on the rate of radia-
rion te the first wall; the position of the
radiation front iIn air is 10 to 40 percent
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lower after one shot than obtained in the
three-temperaturs hydracede calculations,
which included bydrodynamics and used a
less accurate erquation of state for air ac
applicable temperatures.

In general, the conclusfion from the codes (s
that air at a pressure of 50 torr or less

at 750 K is necessary in order for any trans-
port to occur to the wall in 100 ms. Trans-
port ta the wall 1s quite sensitive to the

air temperature, so a smaller gas mass
decreases the radiation tipe to the wall.
(However, pressures below about 100 torr are
undesirablz: because of the more rapid expan~
sion of the plasma channels.) At 20 torr
after 5 shots, the air temperature in the
CHART~D calculation has reached an equilibrium
value of 6180 K and the mean degree of ioniza-
tion is about 0.0001., At 50 torr, 10 shots
are required to reach the eguilibrium tempera-
ture of the air, 7080 K, and the mean degree
of ionization is 0.0005. At 100 torr, the
equilibrium temperature of 7660 K is reached
in 23 shots and the mean degree of ionization
is about 0,0015.

According to F. Miller,38 the temperature and
degree of ifonlzation at 50 to 100 torr could
protably be considered marginal. If the alr
must be completely un-fonized for channel
formation, it becomes necessary to_replace
the gas afrer every shot. D. Cook39 has
investigated the pumping power required to do
this and he concludes that such replacement
may be possible.

DIODF PHYSICS AND POWER FLOW THEORY

Theory of Double Sheaths in Plasmas

The formation and behavior of double sheaths
(non-neutral layers) in electrically-stressed
plasmas is of practical importance for a number
of reasons. These structures may be important
in the process of electron emission from
cathode plasmas of REB diodes, for example.
They also presumably play a vole in the be-
havior of plasma—filled diodes. In addition,
it is believed that the fast opening plasma
switch (FOSIL) experiments depend for their
action on the dynamics of double sheaths in
the plasma. A number of theoretical invesci-
gacions have been undertak:n ro better under-
stand this phenorn.enon.



1. Force Balance and Double Sheath
Motion. Previously,4V it had been showan
that if a specific model of the plasma/
sheath/beam system was chosen, then the
total force operating on a space charge
iimited sheath was zero., This rosult has
now been shown to be valid for a much broader
class of models. The two assumptiona requir-
ed are {a) the plasma is collisionless, and
(b) the sheath is "rigid," which is to say
cthat the anly degrze of freedom we allow
the non-neutral region is ro be translated
as a whole in the direction of the electric
field. The justification of these assump-
tions is discussed in Ref. 41. The assential
result is that the force accelerating the
sheath is

o 2 2
Fe 2 [ - 250 0]

where E(X) 1s the electric field at the anode
sheath boundary and E(0) is the field at the
cathode sheath boundary. The conclusion is
that if these assumptions apply to real experi-
mental conditions, then in the cases where the
sheath 1s stationary, processes occur which
generate a restoring force, through €q. (7),
on sheath displacements. Conversely, in the
cases where sheath motion is observed (e.g.,
high volitage discharges as in Ref, 42) it is
not correct ta look for mechanisms (e.g.,
plasma heating) which create a pressure dif-
ference, but we should rather investigate
processes (beam slowing, finire resistiviry)
which result in electric field differences

on the two sides of the plasma.

2. Sheath Initiatipon. The formation and
growth of a double sheath and the concurrent
rapid impedance rise are being studied in the
FOSIL43 serdes of experiments for the possi-
bility of the development of a high currant,
fast-opening switch, which would be of great
importance for inductive energy storage
applications. One persistent problem in the
experimencs is that there is 2 transition
period to the fast switching mode dering which
the impedance tises too slewly. This effect
has tentatively been idenctified with a plasma
state {(observed in computer simulationsb% in
which a mumber of small sheath-like Structures
are coalescing into a single well-defined
sheath, It is hoped that {r might be poussible
to eliminate or suppress this phase by intro-
ducing a mechanism to ensure thot all of the
sheath nucleation takes place in the same
plane. Passive mechanisms (preparing the
plasma in some way before the voltage pulse

for example with a grid-generated initial
sheath) are not promising because for useful
switching the currvent before the switch open-
ing must exceed the critical current for
sheath maintenancedl by a factor of at least
5 or 6. Therefore, what is needed is a trig-
gerad mode in which a planar disturbance in
the plasma temperasture or density is creatcd
on a short time scale after the current has
risen. Several 1deas have been considered,
including heating or ionizing by means of a
collirated high energy electron or ion beam.
These suggestions appear feasible in principle,
but rather difficult experimentally. The use
of lasers for the same purpoce has been re-
Jected because fer the plasma densities now
being considered, the appropriate wavelength
is iu the mlllimeter or longer range, and
generation and collimation of sych a beam is
not presently possible. One idea being studied
(in conjunction with J, P, VanDeveader) 1s to
use a pulsed magnetic field to propagate a
density disturbance into the plasma. The
crucial (as yet unanswered) question is
whether, because of the transverse electric
field, the disturbance can propagate at a
velocity significantly higher than the fon
acoustic speed, and thus facilitate fast
switching.

" 3. TIheoretical Mode) of Plasma Switch,
A sizple model of the opening double sheath
(similar to that considered in Ref. 45) is
being studied computationally which includes
the inductive nature of the voltage drop
when the fast opening switch is coanected with
an inductive energy store. Figure 24 shows
the time dependence of the voltage current and
power for a case with parameters chosen to be
of interest for an EBFA-I-1ike accelerator.
Probably more important {and reliable) than
che quantitative predictions are the scaling
laws which have been obtained from this model.
It has been found that V/KT and I/I, as func-
tions of wp, are insensitive to transforma-
tions whicg keep

3/2

La? g
1/ -c,
e,

where Cy, C2, and T3 are constants, L is the
inductance in series with the switch, & ls
electrode area, I, is the initial current at
switching, and o is the plasma density.
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Fig. 24, Power, voltage, and current vs.
time from the piasma switch/
inductive storage simulation.
Parameters are chosen to give
outfut parameters similar to
ERFA-I.

Another impc - ant result of the simulatiom is
that the transition phase ("Phase 2") discuss-
ed in subsection 2 above, in which the voltage
rises much more slowly than in the switching
phase, cannot be explained by simple sheath
opening, whereas the fast switching phase is
in good agreement with the_simulations if a
plasma density of about 1011 ¢cm=3 is chosen.
This is within the rather broad experimentally
measured range of plasma density. More experi-
ments in the FOSIL serles are being planmed
which will provide the opportunity to test

the model more vigorously.

2-D Blectromagnetic Particle Code Results for
Coax Propagation

The time-dependent particle code described

in Refs. 46 and 47 has been used in support

of a number of experimental investigations.
One important application was to compare with
the results of experiments at Physics Intema-—
rional on long coaxial magnetically insulated
vacuum transmission lines. The experiments
were directed by M. Di Capua, under contract

with Ssndfa. This was an unusually good
apportunity to compare experiment with
simulation because (a) the geometry {s co-
axial, as assumed in the c¢ode, and (b) there
are current monitors on both the inner and
outer ele des at three diate posi-
tions aleng the 10 m line, as well as at the
input and output, This gives greater con-
Lfidence that the meagurements at intermedlaie
positicus are characteristic of the 1line ie-
self rather than of the inmput or output transi-
tion regions. The input to the code was the
measured input voltage waveform. Thus all

the current waveforms were available for
comparison of theory with experiment, although
in practice we can only follow the pulse up
to the time at which the firsc reflection
from the load occurs.

It was found that the toral current weasure-
ments It were in very good agreement with the
simulation vesulcs for Ip at each of the three
intermediate monitors (see Fig. 25). The
error bars on the simulation results represent
the standard deviation of a number of time
steps (typlcally 20 to 30) between the plotted
points. The peak voltage at the first monitor
was somewhat higher (15%) than predicted, but
the arrival time and other features agreed
well. For the other two wonitors, the agree-
ment in Iy was extremely good for all times.
On the other hand, the boundary current moni~
tors (Ig) consistently measured less current
(20%) flowing within the cathode radius than
predicted by the code. It is speculated that
at least two mechaniswe exist which would
cause these monitors (Rogowski coils) to read
low. The overall conclusion 15 that these
experiment3s Indicate that the new code 1is an
accurate predictive teol which warrants
further development and use.

Another application was to run the coax code
for pulse propagation into a dead short for
times longer than the transit time, and to
atudy the reflected wave. The following
parapeters were used: I, = 8 em, v, = 7 cm,
4ng rise to V=244V, L =3 m Ina test
cage without electrons, the expected doubling
of the current was found:

h’;

= 2.0 +0.06

o

where I is the peak curreat at the shorr
and Iy is the rumning current in the line
before the first reflected wave. When elec-
trons were added, the code gave
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£ = 1.69 £ 0.15
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This is in agreement with a formula proposed
by VanDevender8 based on a simple model and
considerations of energy balance: IpT/IrT =
2(2/%y)%, which gives 1.6.

A simple circuit model was incorporated into
the code to take into account the resistance
R and inductance L between the generator and
the coax line. Code runs were made for MITE
type parameters with and without this cirecuit
equation. With the circvit included, the
voltage and currents of course are smaller,
and the pulse front moves slower. The Z/Z
value was nearly the same (0.7) in both cases,
and the usual pictures6 of current leakage
only at the pulse front still holds. This
addition to the code is more of a convenience
than a fundamental research teool; it merely
makes 1t unnecessary to know the voltage vs.
time at the input end of the coax (provided
the generator output is known).

Anather applicatlon pursued with the electro-
magnetic code was the "reversed polarity"
question. In all previous runs, the inner
cylinder has been the cathode, with electrons
flowing radially outward. One of these pre-
vious cases was repeated, but with the ourer
cylinder as the cathode. The motivation for
this study was the experimental observation
that the power transport efficiency is less
when the outer cylinder is the cathode, How-
ever, the code result shows no basic difference
in the pulse propagation pic:ur245 for this
case than when the polarity is reversed. We
conclude that either somathing is missing
from our model, or that the experiments had
different pulse injection cond'tions in the
two cases.

DIOODE CODE DEVELOPMENT AND APPLICATION

Diode Code Development

The Sandia diode simulation code has been used
to investigate electron and ion behavior in a
wide range of applicatinns.49“5 In the past,
minor changes to the diode configuration

{such as changlng the anode-cathode gap or
cathode radius) have been simulated with very
little coding required by the user. As the
diodes under considevation become more complex,
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howev2r, more detailed rewriting of the code
becomes necessary for each new configuration
to be considered. (Examples of the more
complex diodes being considered are presented
later in the sections discussing the Proto I
ion diode and the C-diode.) In an attempt to
reduce this required rewriting an effort has
begun to make the diode simulation code wore
eagily adaptable to major changes in diode
configuration.

The most time-consuming change to the diode
code in the past has been the addition of new
surfaces. The Child's law emisslon routinedl
which has been used almost exclusively, re-
quires the definition of several quantities
(such as return current, average magnetic
field, charge density) for each emitting sur—
face. As each new surface is added, these
quantities must be redefined. The problen
of making a Child's law emission routine
which would be valid for a general surface

1s formidable. Ag gwissiun routine which
uses Gauss' 1aw,5 *7% on the ather hand,
tequires wuch less information (namely, the
total charge in the cells off the emitting
surface, and the eiectric field one zone off
the surface) and Is readily adaptable to a
general surface. A general emission routine
has been written which uses Gauss' law and
has been tested and found to agree with pre-
vious results obtained with the Child's law
method and with analytic reswlts.5? The
subroutine is exceedingly simple to use since
it requires as input cnly the surface loca-
tion and extent, whether ions or electroms
are to be emitted, and the charge and electric
field information one zone off the surface.

Particle testing is another section of the
diode code which can change appreciably when
the diode surfaces are changed. After a
particle has been advanced one time step, a
test must be performed to indicate whether
that particle has crossed an absorbing sur-~
face (in which case it must be removed from
the system), reflected from the symmetry
axils, or remain iIn the diode to be advanced
again during the next time step. As new
surfaces are added, new tests must also be
added resulting in more code revision. A
subroutine has beem written which takes the
general surface information and performs the
required particle tests.

Other improvements have been added to the

code which make it more radily adaptable to
varying surface descriptions. Further changes
are now under way which will hopefully result



in a dicde code which can treat a wide range
of diode configurations with minimal user
revision.

Conbined Dicde — Monte Carlo Code for
Enhanced Depositicn

In order to investigate the effects on diode
behavior of electron scattering and deposi-
tion in the anode material, a collisiomal
Monte Carlo vwodel has been added to the PIC
diode code. The Monte Carlo model has been
described in detail elsewhere. Flentron
energy loss is accounted for im the continu-
ous-slowing~down approximate ion and smuitiple
elastic scattering Is described using the
theory of Goudsmit and Saunderson.>6 The
coubined code allows the computation of
current flow and electron deposition in
diocdes, accounting self-consistently for
electron-material interactions. A variety
of materials3/ of arbitrary demsity can be
selected and mignetic field effects within
materials can be studied.

As a first application of this cede, a Hydra
type diode (cathode outer tadius = 3.8 cm,
carhode inner radius = 1.6 cm, v = 800 kV,

I = 300 ki) was simplated with various anode
materials. The cases considered wers a per-
fectly absorbing ancde, and solid density
anodes of carbon, copper, and gold. In all
cases the diode geometry and voltage were held
fixed. The results indicated variations in
pinch parameters depending upon the respec-
tlve material, however, in all cases the FHHM
of the pinch was calculated t> be less than

2 mm. This pinch size is considerably smaller
than the typical 3 to 5 mm FWHM which is ob-
served experimentally. The conclusion is

that backscatter alone is not sufficient to
substantially broaden the pinch. Next a

1.5 zm thick, r-indepundent, low-density
blow-nf{ was added as the front layer of a
copprr anode, the remainder of which was

so0lid density. The sathode to blow-off gap
was the same as the previous cathode to anode
zap (n hold the diode cutrent fixed. The
sinch FWIM was seen to increase over the solid
density anode cases but was sti1l less than
the vxperimninily nbscerved ploach,

Finally, an r-fadependeat anude blow-of € was
sameed with o 2 mm axial by 2 mm radial re-

#ion added tn the previoss case on axis. An
clectra particle map far thin case 15 shown
fo Flp. 26, This was Lo approximate the

ardd B Tonad hlow-off rexalting from deposition

in the pinch region. In this case, the ob~
served pinch FWHM was found to be in reason-
able agreement with experiment, as was the
deposition In the outerwost blow-off of

~ 2 TW/gm. The pinch broadening results from
side scattering and/or reduced pinching

forces in the low density material. We specu-
lace that this large blow-off extent sight re~
sult from a tight pinch at early tirce or as

A, J. T fer sugg from enh 4 deposi-
tion in the outer portion of the blow-off.
There is some prior holographic data to
support this hypothesis. Theoretical and
experimental investigation into this effect
{8 coentinuing.

Fig. 26. [Llectron particle wap from combined
diode-Monte Carlo code for r-
independent blow-off region.

lon Diode Simulations

This work was motivated by Sandia’s program
to produce high current peometrically focused
ion beams from ~agneticallv {nsulated dicdes.
Paramecter studies using the diode code were
done appropriate ta two machines, HERMES If
anmd Proto 1. Emphasis of the calculations
wors on clectron loss, 1oa production, and

ton boam transverse velecity spread.
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An ion particle map for HERMES-like parameters
18 shown in Fig. 27. The comfiguratiocn is not
exactly like the HERMES experiment in that we
have used vanishing normal derivative boundsry
conditions on the ieft and vright side of the
mesh. The fileld coils (not shown) are located
at R = 15,25 ¢m, 2 = + 7.60 ca and create &
magnetic field as shown in Pig. 28. The {on
current of 60 kA agrees well with the Child's
Law value. The potential on the anode 4 was

5 MV, but the potential along the top tight
side of Fig. 27 was held at 1.1 MV to take
account of the fact that the outer radius in
the experimenk was 76 cm. Electrons remained
near the cathode K; thers was ac appreciable
electron curreat in the simulation. The
insulation 18 due wainly to the Bz (= 14 kG
in gap) rather than the smaller By. This was
checked by running the same case but with a
smaller area for ion emission. This result
of no electron loss is contrary to the experi-
wencal fiading of an anomalous 140 kA electrom
leakage. This discrepancy might be due to
plasma motion or breakdown in the system, but
is more likely caused by the fact that our
simulation does not take into acetunt the
open~ended HERMES geometry, since we have
assumed symmetry across the left boundary and
have not calculcted the behavior in the re-
gion neay the end of the cathode, where the
applied B becowes parallel to E. {See Fig.
27a of Ref. 58.) The calculation is more
relevant te a dual current feed diode (Fig.
27¢ of Ref. 58) and the optiwmistic result of
the simulations suggests the value of trying
such a configuration in practice.

The Proto I ion diode simulations were done
for the configuration shown ia Fig. 29. The
B field contours produced by the pulsed coil
are included in this figure. The system is
symetric about the z = 0 plane. The simula-
tion geometry is different from that of the
experiment in that the blade cathodes are
actueally at an angle with respect to the r
direction and the anode surface is concave to
increase focusing of the ion beam.

The first series of simulations was done to
iovestigate the effeets of space charge on

the ion beam in the region between the virtual
cathode (found along the field 1line which
passes through the blade tip) and the drifc
region. These simulations were all done with
a coil current of 360 kA and a diode voltage
of 2 MV, In all cases, the applied magnetic
field prevented any electron current leakage
to the unode. It became evident after several
simulations that, when averaged over several
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Fig. 27. 1Iouns in HERMES diode runm. V = 5 MV,
radial gap 1" (x-scale in inches).

Fig. 28. Applied B in HERMES run of Flg. 27.

time steps, the electrons emitted from the
blade cathode shank did & very good job of
neutralizing the fon space charge in this
region. At any particular tiwe, however,
large voltage peaks in this region comparable
to the diode voltage occurred because of
numerical difficulties associated with the
small aumber of simulations particles
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Fig. 29. Proto I ion diode configuration.

available. Using as justificatien the fact
that the neutralization was very good on
average, complete space charge neutralization
was assumed in this region for all subsequent
rums .«

The results for the case of 360 KA coil cur-
rent were a total fon current of 100 kA per
side of which 70 percent arrived at the drift
region. The remaining 30 kA lon current was
collected by the blade cathode. Figure 30
i1s an fon particle map of this case. It is
interesting to note that even with complete
space charge neutralization in region A, the
ion beam develops some divergence because of
bending in the B field produced by the ion
return current, Figure 31 1s an electron
particle map of this same case. The strong
virtual cathade seen in this figure produces
a fairly vell collimated ion beam. There is
some experimental evidence that this strong
virtual cathode predicted by the simulation
does indeed exist.

A lower value of coil current {(more in line
with experimental values) was next simulated.
With a coil current of 160 kA, the ion cur~
rent becomes 140 kA per side of which again
70 pernent reaches the drift region. Because
©of the lower value of insulating magnetic
field there is some electron current loss

for this configuration (approximately 10 kA
per side). The lower magnetic field allows
the virtual cathode to move closer to the
anode and the result is the higher ion curremt.

Ion simulation particle map for
Prote I ion diode.

Fig. 30.

e |

Fig. 31. Electron simulation particle map

for Proto I ion diede.

The simulation which have been done to date
are encouraging in that they confirm the
existence of a virtuzl cathode, there is

very little electron current leakage and sub-
stantial ion corrents are predicted. The ion
beam divergeace waused by bending in the mag-
wnetic fileld produced by the return curren: is
worrisome and pos-’'ble methods for reducing
this divergence are being considered.
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C-Piode Studies

Computer simulations have been done for the
C~diode concept recently studied experimen—
tally by J. Cheng. In this diode configura-
tion a target is placed on axis inmside the
cathode inner radius. An electron current
flows radislly from the cathode inmer shank
to the target. The purpose of a simulation
of this diode arrangewment is to investigate
the current flow pattern and t:¢ estimate the
percentage of the total electron current
ick is collected by the tarpet.

An electron particle map for rhe C-diode con-
figuration used on Proto I is shown in Fig.
32. In this figure, R, = 1.32 cm, Ry = 6 mm,
Ry = 2.25 am, d = 2.9 wm, and t = 4.3 mm.

The diode voltage is 1.3 MV and the resulting
toral current is 200 kA. The result of this
simulation is that 65 percent of the total
eleztron current is collected by the target.
This result is in good agreemont with the
experimentally observed current split between
target and anvde. The electrnn current which
inmpinges on the anode (A) is distributed such
that 50 percent is collected within a radius
of 3,75 mm about the axis.

In the simulation deacribed above, ilons are
emitted from all carget surfaces, the stalk
on axis, and the anode face out to Ry. In
order to investigate the extent to which ion
flow 1s important in the C-diode, the same
simulation was repeated but with no lons in
the diode. The simulation yields the result
that less than 20 percent of the electron
current hits the target when ions are not
present. The jons thus play an important
role in the operation of the C-diode. Their
effect 1s twofold. The fon density near the
cathode i{ncreases the electron emission and
hence current and the distributed ion current
produces a B field wore favorable to beam
pinching into the target region. This dis~
tributed ion current has been shown to be an
important factor im pinching electron beams
in diodes before,5l and this is yet another
demonstration of this effect.

———aha

Fig. 32. Electron particle map of Proto I C-diode simulation,



PARTICLE BEAM SOURCF DEVELOPMENT AND THEQRY
Collective Acceleration Book

An in-depth study of the status of coliective
ion acceleraticn with linear electron beams
was made, in preparation of a book on this
research atrea, Topics examined included:

1. Collectiva acceleration mechanisms
including net space charge mechanisms,
inductive mechanisms, inverse coherent drag
mechanisms, linear waves and iInstabllities,
nonlinear waves and solitons, stochaatic
acceleration and impact acceleration.

2. Naturzlly-occurring collective ion
acceleration processes, including intense
electron beam injection into neutral gas,
collective acceleration in modified geome-
tries (dielectric tubes, cusp By, wall dis-
continuities, vacuum injection), and collec-
tive acceleration in IREB dicdes. An
exhaustive investigation of the IREB/gas case
was performed, including analysis of experi-
ments from sever laboratories, thirteen
theories, and four simnlation studies.
Speclal emphasis was placed on the effects
of B,, beam impedance, power balance, Y, V/Y,
and multiple pulses. With extensive compari-
sons, it was shown that the original Olson
theory39,60 is able to account for the data,
much of which was acquired subsequent to the
formulation of this theory.

3. A catalogue summary of 36 collective
ion accelerator concepts was prepared that
includes net space charge accelerators, enve-
lope motion accelerators, drag accelerators,
linear wave accelera*tors, nonlinear wave
accelerators, and accelerators that use collee~
tive fields only for focusing.

4. Scalable collective accelerators (IFA,
ARA, CGA) were examined in depth. Theory
status of feasibility experiments, and scaling
laws were investigated. New scaling results
were obtained concerning peak ien energies,
peak lon powers, efficiencies, control accuracy
criteria, and relativistic expressions for the
acceleration lengths and times.

The results of these studies will appear in

the first book to be writtem om collective

ion a-celeration, which includes “Collective
Ion Acceleration with Linear Electron Beams™
by C. L. Olson and “Collective Ion Acceleration
with Elecrron Rings" by U. Schuracher (Max
Planck Institut for Plasma Physik, Garching).

This book is to be published by Springer-
Verlag as a volume In the series Tracts in

Modern Physics (edited by G. Hohler).

IFA Feasibility Experiments

An experimental program is in progress to

. demonstrate feasibility of rhe lonization

Front Accelerator (IFA).61,62 In the IFa,

a cunirolied, moving, ionization front is
created by lasers using two-step photoioniza-
tion of a special working gas (Cs). The IREB
head follows this front syachronously, creat-
ing there a moving potential well which is

to be used for trapping and accelerating fons.
It has already been demonstrated that Cs 1s

a feasible working gas, that the required
trapsparent/conducting drift tube exists, and
that an accurately-programmed laser sweep can
be made (cee previous semiannual reports).

A scintillator/streak camera diagnostic has
also been developed that accurately shows
beam front motien with subnanosecond resolu-
tion.

The first system shots were characterized by
excessive jitter, so special studies were

made to minimize the delay and jitter of the
various system components (lasers, fast
shutter, IREB, streak camera), Screen boxes
were constructed for the Pockel cell drivers,
which did eliminate gross pretriggering pro-
blems for the lasers., The ruby oscillator
rail in the dye laser was rebuilt to minimize
the cavity buildup time, Considerable experi-
mentation was done on various HV pulse circuits
to pexfect the Pockel cell drivers. From
these studies, a working knowledge has bLeen
gainad of many of the subtle causes of jitter;
we believe we are now able to minimize jitter
to acceptably low levels.

A magnetic ion spectrometer with cellulose
nitrace (CLN) detectors was added to the
system. Detection of energetic protons on
CLN was confirmed using a known proton source.
Ion spectra may now be obtained on every shot.

The entire system with beam front and ion
diagnostics is therefore now operational. A
systematie study of the IFA and related
collective ion acceleration phenomena (IREB
into vacuum, IREB into air, IREB into Cs) has
thus been initiated.

This program is jointly sponsared by DOE (NP)
and AFOSR.

67



Neutralization of Ton Beams in Magnetic Fields

A c¢rucial problem in pulsed linear ion accel-
erators such as PULSELAC 18 the time-depeudent
aspace-charge neutralization of the ion bemm
by electrons from the walls.53 Using particle
simulation (one space dimension, three velo-
cicy components) and analytic estimates, we
have studied this problem for the situation
where a magnetic field is applied at an arbi~
trary angle as in Fig. 33. Here an ion beam
moves in the z direction; for densities of
interest it would blow up in a very short
distance except for the electrons which are
pullsed into the ion cloud by the space charge
potential. If these electrons were constrain-—
ed to follow B lines which are exaccly trans-
verge to the walls (a = Q) or if there were
no B at all, the neutralization process can be
shoun to be less than complete, even in the
final steady state.%4 The time development
of the maximum potential for this case is
shown by curve (a) of Fig. 34. However, B
lines which are nat normal to the walls

(o # 0) allows the electroms to gain a velo-
city component parallel to the walls, and
this leads to much better neutralizationm.

The potential for such u case (B = 2 kG,

& = 140) is shown by curve (b) of Fig. 34.
Here, a $(0) which remained at zero would
correspond to perfect meutralization. An
analytic estimate gives as an upper limit

.67
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0) ~ a” o, jac;

where 2d is the drift tube width, ny is the

maximem ion density, and Aty is the Bean rise-
time. The code results agree with this scal-
ing.

In general. the conclusion from this work is
that for typical ion beam parameters with
o # 0, and in regions where electrons cannot
travel longitudinally with the ions, neutra-
lization can occur on nanosecond time scales
and the analytic formula above provides an
upper limit to the space charge potential.
This is encouraging for linear accelerator
applications (ni = 1011 cm'3, Atr = 10 ns),

and indicates th8t neutralization should be
effective during the entire time of passage
of the ion beam.
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Schematic of fon beam transverse
neutralization problem.
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Fig. 34. Potential ¢(x = 0) at center of

drift section vs. time for cases

{a) B=0 ora=20), (B} B = 2.06
kG at a = 14°, Only average curves
are shown; the actual curves would
nave small oscillations superimposed
(amplitude of a few kV, period
2r/wp = 0.1 ns). The ion density is
indicated by the dashed line.
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PARTICIE BEAM SOURCE DEVELOPMENT

OVERVIEW

During the present reporting period we
have been able to make significant
headway in improving electron beam pinch
intensity and efficiency, as well as in
the production of intense ion beams, A
new cathode design has_ resulted in
attaining 14 ~ 17 x 10° amp/ca” on Proto
1, and slight modifications to the
accelerator, also described, are expected
v further enhance this capability,

This will permit us to more fully inves-—
tigate enhan~2d coupling of intense

beams with sources, and will allow us to
explore pinches with EBFA-like module
parameters much earlier than anticipated.
In addition, we have been able to extend
the energy deposition efficiency to a
currently estimated > 60% outo 0.3 cm
diameter spherical stalk mounted targets.
This technique should allow us to extend
our previous results or neutren produc—
tion in magnetically insulated targets.

We also report several new schemos for
high power current and voltage regulation
which may be crucial in future machine
designs and are already being used in

our accelerator applications.

We have shown that ifon beam diodes can be
used in Proto I to produce proton beams
with > 80% of the machine energy, and
focused cuirent density in excess of

30 kamp/cm“ has been obtained in the
initial experiments. Since magnetic
field lines form the "virtual"
accelerating surface in this diode, we
believe that a technical basis can be
established for repetition rated high
efficiency fon_ dicdes for future use in

reactor appiications,

A new laboratory area devoted to advanced
concepts in application of pulse power ta
multistage accelerators for fusion has
been set up. The first several stages of
an experimental accelerator system,
Pulselac, ave in place and the first
tests of the ion source have been made.
In nddition, computation has shown that
space charge neutralization between
acceleration stages can extend greatly
the previous limits of current trans-—
port, and a system to supply neutralizing
charge has been developed and tested.

REB CONCENTRATION STUDIES

Over the past several years, a large
variety of pinched REB studies have been
performed with the goal of obtaining
reliable, stable pinches which efficient—
ly convert elestrical power to very high
current density electron beams. The
majority of th: research in this area
has involved the use of simple tapered
hollow cathodea. Variations ou this
cathode theme have included use of axial
protruberances, laser and gun-injected
plasmas, axial wires, and moderate geo—
metric modifications to cathode and anode
surfaces. As a result of these studies,
efflcient electron pinches are routinely
available at gurrent densities from 1 to
over 10 MA/em® from accelerators in the
0.1 to 1 TW power range at impedances of
a few ohms. The radial compression
ratios of these pinches are typically 10
to 1, but all are from relatively small
cathodes, since conventional large diam-
eter cathodes have proved relatively
unstable because of azimuthally nonuni-
form emission. For cases where strong
axial bias currents are not used, pinch
formation time 1s governed by the time
required to form anode plasma. Anode
plasma formaiion Tequires about

0.3 mCoul/cm” of beam deposition, which
would consume a large fraction of the
available beam energy for large diameter
diodes. The use of bias currents with
discrete cathode arrays (discussed short-
1ly) may solve these problems.

Effective velocities for anode-cathode
gap closure usually range from 3 to

5 em/us for high power diodes. Veloci-
ties well in excess of this value are
seen when prepulse electric fleld levels
are much over 2 kV/mm. This eritical
level is of course sensitive to details
of cathode finish. As diode aspect ratio
increases, impedance drops and current
levels increase. In the past, electron
beam generation efficiency in large low=-
impedance diodes has been limited because
ion beam generation increases rapidly as
total diode impedance drops to less than
one ohm. The combination of effects
cited has led to the ability to concen-
trate a few dozen xJ of elegtrons at a
few ohms and at a few MA/em®. Although
prospects for great improvement seemed
limited, very promising results have
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been obtained during this reporting
period using multiple cathode arrays in
a single diode.

¥ultiple Cathode Arrays

During this reporting perled several
advances have been made toward making
reliable plnches at low impedances.
Previously, the best cathodes for Hydra
{2f)) pinches hava been 76 mm 0.D., 38 mm
I.D, tapered hollow cathodes with 2.6 om
gaps. Proto I (7.2f) has pinched best
with 25 wm 0,D., 13 mm I.D. tapered holiow
cathodes with 2 mm gaps. However, for
Proto II (~0.5f) the gaps cannot be made
small enough to obtain proper impedance
over the duration of the pulse unless
much larger diameters can be used. For
this reason, biased cathode arrays have
been developed on Hydra and Proto I for
eventual use at low impedance.

The arrays generally consist of many
(from 6 to a few dozen) discrete cathodes
arranged in concentric circles about a
central bias cathode. The discrete
cathodes act somewhat like a large
cathode. However, the partial electrical
and pagnetic decoupling of the cathodes
from each other greatly improves azimuthal
symmetry of emission. The bias cathode
provides the magnetic field necessary for
for pinching without incurring the ion
losses present in a conventional {on-
induced pinch. The details of operation
of the blas field and the aftainment of
proper bias have been studfed. 1t was
found that a geometry which tends toward
overhias will self regulate to a proper
Sias, The cantrel loop is:

1. The bias current controls the outer
flow fhoth in ceatering and in the radius
at which the flow hits the anode};

2. The outer flow space charge controls
bias cathode emission and therefore bias
current.,

This pracess maintains an accurate balance
in the plneh threughout the power pulse
opee proper bias has been reach (see Fig.

-

In operation, scparate beams leave the
hndes and cach heam forms

diverete

1 prefocu frer drifring a fow centi-
et e sodrife distance van be
calentated by contidering o sheel beam
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of initial width equal to that of the
cathode segment. The observed distance
and the scaling with current {s consis—
tent with theory. These prefocused
beams then are drawn towards the central
bias cethode where they combiue. These
processes can be seen quite clearly in
x~ray pinhole photographs. The tendency
of the individual beams to repel each
other near the central focus can also be
abserved.

Measurements of the current to 3 mm diameter
atalk-mounted spherical targets show that
more than 60% of the diode current gets

to the target,

20 40 60 80
1 tnsec)

Fig. 1 Bias current plot for Proto I
segmented cathode. “Proper”
(parapotential) bias occurs
when traces overlay.

This is a lower limit; the target current
monitor flashes before peak current.
This value appears to be about the same
45 obtained with smaller cathodes.
Pinches on flat targets obtained with
arrays do not appear to give as high a
current density as pinches obtained
with small cathodes due to more intense
"wings" on the center pinch. These

are presumably due to the low
angles at which the outer current

flows to the center. The arravs do
show very constant impedance behavior
for long times, oven at low impedances.




Plans are nearing completion for exten-
sion of this technology to Proto II
parameters. This will be tried saon
after the additional prepulse isolation
and polarity reversal are completed.

Multiple Electron Beam Development

The successful transport of a pinched REB
through a plasma channel formed 1T Ehe
alr has previously been reported.” >

This led to the multiple electron beam
(MEB) concept which utilizes many inde—
prendently generated pinched beams which
are transported to and combined at a
common target by use of plasma channels.>
An experiment planned for EBFA I in 1980
using 36 beans is illustrated in Fig. 2.
Here, 36 diodes are arranged around a
common target and 36 current-carrying
plasma channels generated by an external
bank connect the diodes and the common
target. Later this year, this MEB con-
cept will be tested on Proto 1I with a
12 beam system. The 12 beams will be
transported 46 cm over tuugsten-wire-
initiated air-plasma channels driven

by two, 50 kJ, 100 kV low inductance
capacitor banks which are being built

by Maxwell Lahoratories. The high
voltage cabling and header system for
this experiment has been designed and
eritical parts have been tested by use
of a Nereus Marx generator.

The possibility of using a lewer voltage
bank and a step-up transformer for form—
ing channels was also investigated. A
saries of mylar insulated transformers
was built and tesied with a 20 kV driver
and outputs to 80 kV. Information was
obtained on practical comstruction tech-
niques, efficiencies, and use of non~
constant impedance loads such as chan—
nels. Sceptre calculations were employed
to model the circult behavior. We con—
cluded that transformers may indeed be
cogt—effective for the EBFA I system,
but that time constraints prevented
their use for the Proto II experiment.

For the MEB experiment we have decided
to use the best available “"conventional™
pinches and determine the limits of
gnergy transfer to targets obtainable
using beam combination and eahanced
deposition techniques. FRecently, much
effort has beer expended to improve
pinch reliability., 1In the upcoming
Proto II tests of the MEB system, each
successful accelerator shot will require

Fig. 2 Comcept for multi-beam ! -ont
end for EBFA.

12 good pinches in 12 geparate anode—
cathode gaps, so reliability will be
important. Recent work has led to
mechanical and geometric improvements
which should be adequate for the MEB
program.

“Rudakov-Type" Dicde Research

Uncertainty in the ‘area of diode physics
surrounds the diodes used by the group
at Kurchatov. They cicim to obtain high
current densities, low inpedances, long
impedance lifetimes, and extremely high
specific energy deposition in thin foil
targets by use of small diameter cathodes
at relatively large anode-cathode gaps,
A significant prepulse level is thought
to be instrumental in the operation of
the diode. Very recemtly the French
group at Valduc has started studies
including similar diode geometries.

The principle of operation of the anode
cathode geometry used at Kurchatov in
recent work is unknown. Rudakov's group
obtains diode impedances of a few ohms
accompanied by relatively slow gap
closure while employing cathodes of
roughly 1 cm diameter and anode-cathode
gaps of several mm. This result is
important because small cathodes gener~
ally produce small diameter pinches; if
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low impedance operation can be obtained,
then very high current densities will
result, When similar, high-aspect-ratio
diodes have been tested elgewhere,
higher impedance operation has been
ercountered. There has been apeculation
that the Soviet dlode operation was
dominated by a plasma filling generated
by prepulse. This plasma filling might
have different propertfes than the

laser and gun-generated plasma studied
in the past at Sandia. Im a recent
visit here, J. C. Martin (AWRE)
suggested that a fast-rising prepulse
voltage of several percent of the main
pulse voltage might have beneficial
results on diode operation. He outlined
a possible theoretical explanation and
also cited positive experimental results
of prepulse effects on operation of a
nonpinching racliographic accelerator
diode.

To study this (hypothetical) bemeficial=-
prepulse regime, an experimcat was
carried out with Hydra. An externally
generated prepulse was applied to the
anode-cathode gap and the effects on
impedance history and pinch behavior
were observed. The prepulse source had
25 ns risetime, 150 ns pulse length,
120 ohum output impedance, and peak
voltage capability into an open circuit
of over 200 kV. Under cthe conditions
of the experiment, the peak prepulse
voltages and currents achieved were
generally up to 70 kV and near 1 ki.
The prepulse was applied to tie anode
{mounted on a standoff insulator) from
50 to 300 ns prior to the main pulse.
Cathodes used were of the Proto I
variety, with 25 wm 0.D., 13 nm 1.D.,
and tapers of 20° to 30°, Gaps of from
2 to 4.5 nm were tested. Most of the
shots had prepulse polarity the same as
the main pulse. Results were as
follows:

1. Application of voltage and the flow
of current before the main pulse
(the latter indicating surface turn-
on and plasma generation) was
universally and totally destructive
to otherwise good pinching behavior.
Anode damage became diffuse and
irregular suggesting extreme beam
instability, pinch wander, or no
focusing at all.

2. Diode impedance was lowered but made
very erratic by prepulse, Early
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tiwe impedance behsvior similar to
gun plasma-filled diodes was
observed (diode Z rising from a
low value), the initlal impedance
being lower as the prepulse ampli-
tude and time before the main pulse
were increased. Precipitous gap
closure often occurred.

3. Bullseye {grooved) cathodes had
more rapid and probably more uni-
form turn-on during prepulse than
did smooth cathodes, as expected,

4. Reverse polarity prepulse generally
was not as harmful as pormal polar-
ity prepulse, but appareatly only
because a flat, smooth ancde geom—
etry presents fewer sites of field
enhancement opposite the cathode
to cause subsequent electvon
emission., Shots with reverse
polarity voltage applied, but no
current flowing, exhibited normal
impedance behavior and reasonable
pinching; shots with a bullseye
pattern on the anode generated pre-
pulse plasma and exhibited pinch
destroying properties similar to the
normal polarity cases,

For a wide range of prepulse timing and
amplitude, no encouraging signs pointing
Lo the existence of berneficial prepulse
effects were seen in this experiment.
The approach in our experiment has been
to employ variable prepulse; this con-
trasts with the Soviet approach in which
various cathode shapes were studied
under fixed prepulse counditions. A
possible extension of our work would be
to vary cathode geometry over a wider
range.

Pinching Experiments on Both Thick and
Thin Flat Targets

In another test series, small cathodes
were studied on Hydra without employing
externally-generated prepulse. 1In this
work, we found “optimum” performance
with a 13 om I1,D., 25 nm 0,D., 15°
tapered hollow cathode operating with
anode—cathode gaps in the range of 1.8
to 2,5 mm. This “optimum” performance
was of course a compromise involving
tradeoffs of pinch size, impedance, peak
power, and pulse length. Most previous
Hydra work has employed much larger
cathodes and gaps to make more efficient
use ¢ the relatively long pulse



available from Hydra. On solid carbon
anodes, pinch sizes were roughly 2 mm
diameter (pinhole photography) and PEBE
current densities approaching 10 MA/cm
were inferred at total diode currents
over 30D kA. Pinch broadening to 3 mn
(with no sign of spatial imscability)
and impedance lowering by 25-50 percent
occurred when vacuum-backed thin foil
anodes were employed. Diode power levels
to 0.4 TW, energies to 18 kJ, impedances
from 4 to 10 ohms, and pulse widths near
S0 ns uere obtained,

The reduction in diode impedance for the
thin foil cases 1g quite likely due to
enhanced ion beam genevation efficiency.
The observed pinch spreading can
reasonably be attributed to foil scatter-
ing and radial electric field effects,
Because of this ion loss and the pinch
aspreading problem, we expect that
electrop current densities closer to

1 MA/cm” passed through the folls,

This i3 consistent with the radiation
tepperature of 5 eV measured near 5000 A
for the case of 13 micron tantalum.

From this and other work, the following
canclusions are drawn:

1. Pinch sizes and net energy transfer
obtainable with small cathodes on
Hydra are in the same regime as the
Soviet and French work. Differences
in treatment of cathode surfaces are
understood simply in terms of the
varying prepulse levels obtaluned on
the various ac~elerators. Theoretical
interpretations of physics of diode
operation, of ion beanm loss processes,
and details of impedance trajectories
are significantly different, however.

2. Based on our theory and experiment,
the use of simple, large area vacuum—
backed thin foil anodes seems to
have limited potential for achieving
eff cient, “enhanced,”" high specific
energy deposition with electrons.

The design of targets surrounded by
space-charge and current neutralizing
plasmas and with externally supplied
magnetic field should be emphasized.
Available simulation and Monte Carle
codes should be used extensively.

3, The target geomstries used by the
Soviet group are significantly
different than those tried here with
high cucrent density beams, This is

a possible area for further
research, The high temperatures
inferred by them from indirect
measurements remain a mystery. We
are considering trial of their
diasgnostic technriques to see whether
similar results are obtained, but

we believe that diagnostics we are
curreatly using offer a more reli-
able basis of quantitative data.

CONVOLUTED FEED FOR THE PROTO I ACCELER-
ATOR AND OPTIMIZATION FOR SINGLE-SIDED
OPERATION (PROTO I')

In double-sided operation, tke Proto I
diode empleying small diameter 7 ohm
cathodes has produced two simultaneoug
beams, each being 1.8 MV, 250 k&, 0.45
TH, 9 kJ, 24 ns FWHM duration. However,
the use of these opposing beams to drive
equatorially mounted, very thin, explod-
ing pusher type pellets resulted in
somewhat inefficient coupling of the
beam energy into the target4. The
reasons for inefficient irradiation can
be ascribed to the absence of rellexing
electron orbits (too low a v/Y beam in
the pinch) and to beam loss at a large
tadius after one or more passes through
the thin target, a consequence of the
oppusing geometry of the beams., Recent
work on single-beam irradiation of post
mounted targetsS has shown this to be

a more favorable geometry for pellet
irradiation, Plans for converting Proto
I to single-sided operation (Proto I')}
thevefore have been considered.

A two part approach will be taken for
convoluting the power feed on Proto I to
obtain a 1,8 MV, 500 kA, 1 TW, 18 kJ,

24 ns pulse for driving a single 3.6 ohm
diode. The first part {nvolves a mod1~
£ication to the peaking switches in the
0il just outside the diode interface to
reduce prepulse at a level acceptable
for the swaller A-K gaps anticipated for
3.6 ohm operation (1 - 2.5 mm) and to
provide for onz method of “disconnecting”
one o«f the diode feeds. The second
involves rebuilding the i{nside of the
diode to obtain a magnetically insulated
vacuum convelute feeding either a siagle
axial cathode or a multiple cathode
array®. The optioum approach involves
employing the reduced prepulse of tne
oil modification and the vacuum convolute,
since the latter employs a lower
inductance cathode geometry to keep L/R
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= 27 nH/3.6 ohn down to 7.5 ns for fast
cathede turn on. If the magnetically
insulated vacuum feed proves to be too
lossy, the convolute can be performed iIn
the oil and one side of the existing
Proto I diode will be removed.

Vacuum Convolute

Convolution within the dicde (Fig. 3) is
performed by passing six curreat feed rods
through holes in the anode plane. These
holes are of sufficient size to allow
for magnetic insulation of the electron
flow, Six standoff posts (#4 in Fig. 3)
can be metal or dielectric material for
use as flashover switches in the anode
circuit, The spacing anode and cathode
feed plates (#13, #14, #15, and #16,
vespectively) can be varied by different
sets of rod spacers (#1 and #2).

Fig. 3. Assembly driwing of vacuum
convolute parts.

The electron sources to be used will be
small (~3 cm 0.D.) tapered cathodes with
or without shank Elashover switched, or
a blased array of cathaodes.

Diode turnaround should be relatively
fast as the flashover feed (#3) will
allow the diode to be disassembled in
much the same way as it presently is
done. No machining operatians will be
vequired on primary existing dicde parts.

0il Convolute
‘The area of the accelerator to be

modified for the oil convolute is shawn
in Fig. 4.
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Fig. 4. Cross-sectional drawing of Proto I
showing iine feed just outside diode
reglon.

The self-break blade switches on the
center line of the Blumlein stack help
impedance match the feed between the
lines and the diode and have a mild pre-
pulse supprassion effect in that through
capacitive division with the diode they
apply only 0.7 of the line prepulse to
the diode and result in + 35 kV peak
appearing across the A-K gap. The
proposed modification (Fig. 5) has two
!mportant features. First, the two
blade switches for a single line will

be replaced by six ball type switches
employing ground plane feed—thruugh
shields (developed by VanDevender/)

for prepulse suppression. Switch capacity
calevlations indicare < 0.175 of the

1ine prepulse will be fed through, or
about one quarter the previous value

(+ 9 kV). Second, by removing the top
diode ground plane feed (part #3 in Fig,
5), the energy in the top Blumlein stack
should be efficiently delivered in paral-
lel with the hottom stack o only the
bottom half of the diode. The only
power loss will be through capacitive
coupling through the oil to ground via
the top diode ground contact; this path
will act as a high impedance transmission
line (> 40 ohms) and therefore will not
be significantly lossy. If the top

diode ground plane remains connected,
both diodes can be fed as in the original
configuration, also with reduced prepulse.
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Fig. 5. Crogs-sectional drawing showing

proposed wodification for prepulse

reduction and coavolution of the
power flow in opil,

To optimize the Prote I wiode for single-
sided experiments, the problems of
additional prepulse suppression to obtain
fields < 2 kV/mm in the gap and of
obtaining a tight pinch from a 3.6 ohm
diode must be addressed. A cathode
deslgn presently being investigated
(shown in Fig. 6) appesrs to satisfy
both problems. The center of the

cathode mounting shank 1s made of Lexan
and acts as a capacitive divider during
prepulse, then flashes over the onter
surface in-a multichannel fashion at

the start of the main pulse. Calcula-
tions indicate only 0,29 of the diode
prepulse voltage ({.e., 2.6 kV with the
new oil switches) should be applied
across the gap. This level should be
sufficiently low for gaps > 1.3 mm.

The cathode tip employs a geowetry pre-
viously found to pinch fairly well om
Proto 1.8 The 10° tapered surface
appears to run stably at 4 ohms for

~25 ns as can be seen in the voltage and
current plots in Fig. 7, taken from a
typical shot with the 1:achine feeding
both diodes. From time~integrated x-ray
pinhole photographs taken of flat, thick
targets, the piach profile (Fig. 8) was
estimated £o have ap axial current den—
sity of 14-17 MA/ca” (at ~1.1 MV) with

a full width half maximum dismeter of
1.5 mm and 200 kA of diode curreat flow-
ing within the FWHM. Extrapolation to a
factor of 2 in current and diode

ARty
/
!
i

LEXAN
BRASS

y Y //

Fig. 6. Cathode geumetry being tested for
3.5 ohm operation at 1 TW: 29 mm
0.D., 12 mm I.D., 10 deg taper.

operation ar 1.8 MV hopefully will be straight-
forvard. Additional optimization of this
cathode at the 1 TW level should help deter-
mine its possible use in Hydramite and EfnFA-
type diodes.
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NONLINEAR PULSE POWER CIRCUIT ELEMENTS
Introductian

It is possible to improve the focusing
of very large energies onto small areas
by controlling some of the parameters
which normally vary during the pulse
auch as prepulse, voltage, and current.
For example, by employing & fast open—
ing switch based upon the concept of
plasma eresion,? prepulse levels have
been greatly reduced so that plaema
formarion and movement would not change
the effective diode geometry before the
power pulse. Under these conditions
gome of the most intense pinches known
have been produc.d; this material was
reported in the last semiannual report.
We report here several other means
under development for regulating large
currents or voltages. Applications
include regulation of potentials
applied to successive stages of a
multistage ion accelerator Pulselac
(described elsewhere in this report),
programming voltages for lor bunching,
and in the future for inductive energy
storage.

Current Regulator

The current regulator is Iigsed upon the
ic

PLASMA GUN

plasma erosion pE.” A

is shown in Fig. 9. A plasma gun
supplies a plasma of density n,, veloc—
ity V_, and radius R at the cathode
region, It is characteristic of the
plasma to attenpt to keep the ratio of
electran to ion curreat equal to the
square root of the ion to electron mass
ratio for currents low encugh that self~
magnetic fields can be neglected. In
equilibrium the ion current is fixed by
the plasma supply rate and the electron
current _is thus fixed to the value

1, = K v_~N. Since the sheath must
respond t tge load or source changes;
there is a frequency response limit
which sets requirements on the plasma
guns, These conditions can be met for
nanosecond respense with available
sources.

o€
o

An additional complication is that of
the self-magnetic flelds. This has the
effect of reducing the control curreat
for currents appreciably higher than
8.5 kA per section. This can be seen
in Fig. 10. The numbers on various
ecurves corresprnd to the regulaticn

" CURRENT RECULATOR

CATHODE

PLASMA  (ANODE) I FAST lons

I
FAST ELECTRONS |
— I

SUPPLY

Fig. 9. Schematic of the current regulator.
The device takes advantage of the
tendency of the plasma to adjust the
sheath size until the ratio of
electron current to ion current is
VM. The regulating current is

1, =7k noevp\/ﬁ.

current I, in units of B.5 kA for no magne-
tic effect. It is seen that there 1s still
an apprectable flat regifon for high currents,
but at values well below IfI, = 1. As an
example, for I, = 170 kA (I,/I; = 20 in the
figure) the device regulates at I/Io~ 1/2
or I~ 85 kA. In addition, there is o
negative impedance at ilow voltage. This
night be useful for some cases. The nega-
tive impedance and other magnetic effects
can always be avoided by running many
parallel sections.

The current regulating feature in plasma-
filled diodes has been seen experimentallylD
and Is being used in a related device, the
plasma injected microsecond diode, covered
elgewhere in this report.

Yoltage Regulation

This device is based upon the same principle
as magnetic insulation; however, the magne-
tic fileld is supplied from extermal coils,

and the regulation voltage is determined by
the equivalent gyroradius of electroms which
are field emitted from a cathode and accel-
erated by the voltage across the gap. For the
coaxial device shown in Fig, 11, the relation
Bymc  eB(Ry - By,) gives the regulation.

8l
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Fig. 11. Schematic of the voltage regulator
“ The current is a circulating (azi-
ruthal) flow for voltage at which
3 electrons cannot cross the gap.
w2 Iﬂ ~aR "D"n
2My ‘
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Fig. 10, The device characteristic for 100
several values of Io/I,. By
paralleling several elements q
(or equivalently by distributing [y
return conductors throughout the
device) the characteristic can 50
corraspond to Io/Iy ~ 1 for arbi-
crary total-current.
condition, where 8 and y are for electron of Q kst }
energy eV, B is the magnetic field in the C 1 2
gap, and Ry, Ry are the anode and cathode VMY

radii. When the electron orbits are large
enough (i.e., voltage sufficiently high) to
crass the gap, current flows. At lower

voltage an EXB drift in the azimuthal Fig. 12. Characteristic curve for a hypo-
direction results in no net current. The thetical example. The zero
characteristics load behavior for this impedance segment at 1 MV could
device is shown in Fig. 12 for a typical be made finite by offsetting the
cireuit; in this case V would be regulated axes of the electrodes.

for load impedance > 20 Q. An effect which
can alter the device from the ideal can

arise from self-current, induced-magnetic
fields which cause drifts, The characteristie
curves may also be modified for special appli-
cations by offsetting the electrodes so that
the gap length is variable. The voltage re-
gulator is currently being used to regulate
the gap potential in Pulselac.



PROTO I SEMISPHERICAL MAGNETICALLY
INSULATED ION DIODE

Introduction

The basic approach for generating and
accelersting fons using pulse pover is
to suppress electron flow that normally
oceurs at the high required electric
fields, and encourage the production of
ions at the anode surface, The elec~
tron flaw can be reduced ox eliminated
by providing magnetic fields transverse
to the electron flow. Ions with much
greater mass/charge ratios than elec~
trous can easily cross field lines
relatively undeflected. One approach
to provide this field is by means of
the intense cucreat in the beam itself,
as occurs in an intense pinch electron
diode. Another apprgach utilizes mag-
netic fields supplied by external cofils
operated independently of the baam cur
rent. The former aproach is being
explored at NRL, and the latter approach
{first proven at low power levels at
Cornell) has been selected as Sandia's
main approach.

The past semiannual report described
initial experiments with ion diodes at
the high power and veltage of the Hermes
accelerator. This first experiuent was
designed to produce a quasi~line focus
uncorrected for broadening due to
particles crossing net magnetic flux
applied tc stop electron flow, This
experiment extended the range of
voltages from the previously studied
regine < 1 MV to the 5~10 MeV regicn.
In addition, we learned how electron
leakage can reduce the efiiciency of the
first coafiguration and coaceived a
solution %o the problem in the form of
a two-sided configuration that was
expected to solve the leakage problew
and test several other principles as
well, The initial tests have been
completed with this apparatus, yielding
very positive resu'ts; L.e., electron
leakage {s a nminor loss, and the
focusing properties appear to be very
favoratle.

¥ork Accomplished

The diode aad ion beam diagnostics used
are shown schematically in Fig. 13. The
wmagaetic field coils are energized with
a2 20 XV, 48 kJ capacitor bank designed
and fabricated for the diode. The
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Fig. 13. Schematic of the apparatus.

magnetic field reaches peak value in
70 ps (1.5 ma skin depth in aluminum);
therefore, e applied field is con-
toured into a spherical shape i{n the
anode-cathode gap by the spherical
sector aluminum anode. Initial cests
of the two magnetic field coflls st
bank voltages up to 17 ¥V demonstrated
mechanical failure modes which were
overcome using high stremgth epoxy
resin coil castings.

Subsequently, the colls were observed to
fall due to internal electrical break-
down when energized in conjunction with
the Proto 1 generator. This problem
was traced to inductive pickup of
vultages in excess of 1 MV acress the
coils due to the mautual inductance of
the coll leads and the {on diode and
nonazimuthal flow of the Proto I
current near the coils due to the com~
plicated structure of the fon diode.
These problems were overcome by re-
arranging the coil current leads and
employing thin stainless steel rings

to buffer out short pulse traunsient
magnecic fields, while allowing nearly
uninhibited passage of relatively slow
magnetic fields. With these modifica~
tions the coils were operated success~
fully with Proto I at an applied bank
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voltage of up Lo 15 kV to give a
magnetic field of 16.5 kG in the anode-
cathode gap. Additional problems were
plasma produced by small arcs between
metal parts of the diode when the coils
were energized and a Penning discharge
across the field coil leads which
effectively shorted the capacitor bank
prior to peak magnetic field. These
problems were overcome for the first
rua by using epoxy, fiberglass parts,
and dielectric spray coatings to elimi-
nate sources of arcs in the diode and
complete electrical insulation of the
coll leads. More permanent solutions
will be incorporated in the future.

The fon diode utilizes a virtual cathode
produced by electrons emitted from the
cathode edpe (see Fig. 13 which moves
axially along wagnetic field Iines to
establish a uniform equipotential sur—
face near the anode. This equipotential
surface applies a rapidly rising elee—
tric fileld to the nylon mesh mounted
upon the aluminum ancde. An anode
plasma is then formed (thought to be

due ta surface flashover) which serves
as a source of protons. These protons
are accelerated across the anode-cathode
gap and drift toward the diode center
line. Since all magnetic field lines
reconnect hetween anode surface and
diode center line the ioms arc emitted
from the anode with zero canonical
angular momentum and thereby can be
focused to the center line, When
drifting through the magnetic field the
ions are space charge neutralized by
electrons emitted from the walls of the
drift region and transported along
magnetic field lines.

Typical electrical characteristics of
the diode are shown in Fig. 14. These
data were taken with a 9 mm, anode-
cathede ggp, anode mesh surface area

of 414 cm®, and 13.5 kG magnetic fileld
of in the anode-cathode gap. Since no
prepulse supptession was employed, a
249 MHz, 30 kV amplitude sinusoidal
prepulse persisted for 800 ns prior

to the main volrage pulse. After
approximately 15 ns from the beginniag
of the main pulse the corrected voltage
rises rapidly to 1,5 MV. The anode
plasma formation is complete at approxi-
mately 24 ns and the current then

cises with an L/R time defined by the
55 ol of each parallel side of the
Proto T vacuum diode used, The diode
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Fig. 14. Electrical characteristics of
the diode.

current was measured with dB/dc loops
at three radial positions starting near
the cathode shown in Fig. 13. The
curreat shown in Fig. 14 is an average
of the three measurements on each side
of the diode since no electron current
outside of the anode-cathode was noted.
At approximately 35 ans the fmpedance
stabilizes at approximarely 2.5 ohms,
Also shown in Fig., 14 is a calculated
impedance obtained by multiplying the
Child-Langmuir space charge limited
ion current of

2
I, =55 V2 am?

by ten. Here V is the diode voltage in
MY, A is the surface area of the anode,
and D is the anode-cathode gap., For
the calculation the diode gap D was
assumed to decrease linearly at 5 cn/us
after current initiaton at 10 ns. This
gap closure rate is the same as has
been observed on the Proto 1 generator

CL™.
D{imm) =9 — .05 x (T - 10}



with pinched electron beam diodes. It
38 osurmised that although the diode
curreant includes a fraction due to
electrons, which will be described
below, the ion current exceeds the
space charge limited value because the
anode-tathode gap contains a concentra-—
rion of magmetically trapped electroms
which partially charge neutralize the
ton beam, Indeed, it is the same space
charge that gerves as the virtual
cathode surface mentioned earlier.

The electron current was deCermined
by monitoring the thick target
bremsstrahlung from the diode on a
time-regolved, and time-integrated

but spacially~resolved basis. These
data were taken with reduced magnetie
field aud nylon mesh fon source, and
alsoe with high magnetie field and ne
pesh, using a silicon PIN diode which
viewed the entire anocde (see Fig, 13)
and au x~ray pinhole camera. Both of
these diagnostics were filtered by
approximately 1 cm of aluminum. With
no nylan mesh (nearly zero ion current)
the total diode current was only 50 kA
at a peak corrected voltage of 2 MV.
These zeasurements were then used to
scale the x-ray signal for experiments
when ion beams were generated. The
thick target electron beam
htemssgrahl\mg was agsumed to scale
with V° based upon the x-ray tube
relationship

X-ray Yield = 7 x 1074 z v2

because of the 90° observation angle.
These weasurewents place an upper
limit to the peak electron current of
100 to 125 kA for the ion beam
experiments,

The total proton current was meagured
using the carbon activﬁign tec:nlque 0
whereby the, decay i) T the

T T end 12 (4, o3

reactions are observed from the delayed
position emission from N13, A Fortran
program was written for the ModComp IX
on~line comnx:er system which calculates
the total N*° activation yield from

the current-voltage characteristics of
a glven diode experiment, The program
assumes all the diode curreant is in the
furn of hydrogen with the deuterium
contribution to the current taken to be

1.5 x 10~% (natural abundanee). Above
1.2 W the deuterfun cross section
exceeds ige proton cross section by

0.7 x 1077; it therefore contributes
equally to the activation. Activation
nmeasurements were made at 5 cm, as
shown in Fig. 13, and 13,5 cm radii in
the diode. At the 5 cm radius where
the ion, current density approaches

4 kA/cu® one or two 34% transmisston
stainless steel flux screens were used
to attenuate the ion beam. These
diagnostics indicated no carbon blow
off with one or two screens and a peak
current dsnslty of approximately

3.5 kA/ce® at the 5 cof radiuvs. At 3
radius of 13.5 cm the peak curreat
density was observed to aproximately

1 kA/em®. Theee fon current measure—
ments wers in agreement with ion
colleccatn signals cbserved at equal
radii. The {on collector signals were
also compared on a time resolved basis
with the theoretical {on current allow-
Ing for fon time-of-flight. Such a
comparison is shown in Fig, 15 for a
collector at the 5 co radius. The
theoretical ion current was obtained by
a computer program which time disperses
t!  uiode current at subnanosecond
intervals for the ion velocity attri-
buted to the assocfated instantaneous
diode voltage. Exellent time-of~flight
agreement was noted at the 5 and

13.5 cm radius. These diagnostics
indicate a peak lon current of approxi-
mately 360 kA snd 230 kA ar the 13.5
and 5 cm radii, respectively. It
should be noted that approximately 20%
of the ion current would be lost between
these radii upon the eight coil support
ribs because of the "S" shaped orbits
which protons undergo when passing
through the applied magnetic field.

The remaining 60 kA of lost current
against the walls of the diade may be
due te beam blowup due to nonperfect
space charge neutralization.

An attempt also was made to tegsure the
ion current with the D{D,n) He
reaction but the neutron output
observed was typically 3 to 10 tines
lower than expected., This discrepancy
is considered due to deuterium
deficiency in the outer layer of the
CDy coated nylon surface flaghover
ion source used. Similar deuterium
coated anodes on a Febetron neutron
saurce give only 10% of the expected
neutrou yield on the first shot
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because of absorbed hydrogenous material
on the anode. This material is normally
liberated after one of two neutron shots
fired sequentially.

The focused fon beam profile was
determined by analysis of aluminum
K-line radlation produced by proton
induced atomic excitartion, The 1.49 keV
K-line radiation was observed with an
evacuated x-ray pinhole camera using
Kodak no—screen film. Photographs
ohtained with thick conical aad thin
planar aluminum targets are shown in
Fig. 16 and 17. The conical target data
indicate the well-defined individual fon
beams which arise fron the eight sectors
of the diode, Densitometer scans were
made of the beam profile recorded in
each photograph. When earrected for
geomerry the scans for the planar target
shown im Fig. 1. indicate that 107 of the
beam which entered the hub of the diede
at the 5 cm radius would have struck an
area of 0.25 er? if the eight ion beams
from the dlede would have been super—
imposed. Based upon the same assumptions
50% of this lon current lies within a
radius of 0.95 cm implying 2n ion beam
divergence of 3°, The actual peak cur—
rent density observed was estimated to
be only 36 kA/cmz, however, because of
the target slant angle. This curreat
deastcy Sumpazed well with a value of
R XA/em” detern’ned from the peak
ahsolute optical dessity of the exposed
Film. 7This result was nbrtained using
numerically calcuiatedl? x-ray production
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Fig. 17. X-ray pinhole photograph of the
aluminum atomic excitation K-line
radiation from a thin aluminum

target,



efficiencies for 1 MeV protons (25 ns
pulse) for the foil geonetrg used and
the x~ray film sensitivity. 3

This current density was further checked
with blackbody temperature weasurements
of tha thin aluminum foil targets.

These measurements were made with bare
aluminum cathode photoelectric diodes
operated at 1 and 2 m from the target as
shown in Fig. 13. The results showm in
Fig. 18 (taken from the experiment photo-
graphed in Fig. 17) were obtained from
the theoretical detection response versus
blackbody temperature., This respoase
was obtained by multiplying the blackbody
spectra for several temperatures by the
detection response curve and integrating
these products over photon energy. This
temperature measurezent is compared with
a hydrodynamic response calculation in
Fig. 18. The theoretical tempexature was
deternined wich Sandia code CHART-D
assuming a2 0.8 MV proton beam incident
upon a 4 micron thick aluminunm foll at
60° from the normal angle. For the
calculation the ion current pulse was
assumed to be that shown in Fig. 18 and
the expansion to be one dimensional.

The current pulse used clesely approxi-
mates that obtained with an loa

s
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o »
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Blact. Budy Tempetature fev]
s

9

©

d
Thearetical

Assumat Proton
Current Density
1Peak J = 40 KAem?}

| /A
40 80

collector at 5 cm (Pig. 15) with an
allowance for the additional drift time
to the target. The ri:lculated tempera—
ture reaches 10 eV at approximately
50 ns prior to the observed peak in

o This disc y is at
least partfally due to the enormous
boost in temperature expected at the
front surface of the expanding foil
plasma due to the current of low voltage
tfons which arrtve late in ihe pulse.
These ions would also be additionally
delayed due to time--of-flight to the
target. This calculatiou can only serve
to qualitatively check the current
density estimated above because of the
variation in ion energy throughout the
pulse. Tuture analysis of foil response
temperatures will be made with a proper
ion energy treatment.

Exoerymental

S S S S
60 200 230 280 320

Time cnsech

Fig. 18. Experimental and calculated
temperatures of 1 pm thick
aluminum foil under the
influence of the ion beam.
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RIGH CURRENT LINEAR ION ACCELERATOR
DEVELOPMENT

Introduction

Within the past yuar, an experimeantal pro-
gram (Pulselac) has been initiated on the
development of very high zurgen: pulsed
linear ion accelerators,%»1? sych
devices have great promise for appii~
cation as inertial fusion drivers,1%
They share with light ion diodes and
conventional accelerator praposals the
benefits of ions versus electrons or
photons. These include high efficiency
of production, focusing by nonmaterial
lenses, and favorable classical inter~
actions with matter which allow them to
be considered for a wide variety of
targets. In conmtrast to light ion
diodes, the conversfon of electrical to
particle energy is expanded in tiwe and
space so that the power flow requirements
are modest. Also, it is possible to
4cerease the inherent beam divergence
from the injector by post-acceleration so
that simple geometric standoff appro-
priate to a reactor scenario is
theoretically feasible, When compared

te conventional accelerators, there are

a number of advantages, chief among them
tha fact that much lower beam energies
can be used (while meeting the power and
divergence requirements) and the cost

per leagth of the accelerator should be
corparable or less than 3 standard RF
LINAC. A reduction in capital investment
by an order of magnitude is not
unreasonable.

Beam Neutxalfzation

The major limitation on current transport
in an fon linear accelerator is the space
charge blowup of the beam; thus, the key
to achleving higher curreats is to provide
for beam neutalization. The method we
have studied is to locate sources of
electrons on the conducting boundaries

of the beam transport reglon that can
rush in at the arpearance of the beam.

It has been found that in order for
complete neatralization to occur, the
electron distributlion must have low
energy and have sufficient time to be
randocized in velocity. This cam occur
naturally if the electroms are prevented
froo flowing backwards in the potential
gradient of the accelerator (by magnetic
fields for {nstance’. The process bas
been studied by copputer simulationl?

with oprimistic results, Under the
proper circumstances, electrons can
provide almost complete neutralization
of intense ion beams with current rise
times on the order of nanoseconds.

Application of Principles

The conditions for alectron neutralization
can be met in the Alpha configurationl?
(showm in Fig. 19}, the basis of the
Pulselac experiment. The accelerator
consists of long drifts separated by
narrow czcceleration gaps pulsed in se~
quence s the beam bunch moves axially,
Sets of four carefully designed ceils 8
provide the magnetic fields shown, Tha
radial mugnetic fields insulate the accel-
eration gap, so that strong pulsed electric
fieids can be applied. They also prevent
eleccron backflow, allowing the proper
distributionr for neutralizstion to be
sec up inside the drift tubes so that
neutralization can occur {f suitable
electron sources are provided, Since

the bear 1s unneutralized in the
aceeleration gap, keeping these narrow
minimizes the effects of space charge.
Shaping of the magnetic fields can
influence the flow of electrons to form
virtual electrodes to provide electro—
statlc focusing forces in the gaps.

Since large currents are projected for
such devices {many kiloamperes), the

gaps must be powered by pulse forming
components rather than stored radio
frequency energy, which has techno-
logical precedence in inductive

electron accelerators.

The use of pulse line exeitatiom for non-
Telativistic beams raises the possibiliry
of klystron-type instabiliries. This has
been studied nuwerically with the PILAC
code,15 and could prove to be a severe
prablem. A possitlz method of solution
involves the development of high power
voltage regulatorszo which can maintain
constant gap voltage with good efficiency
despite fluctuations in the beam current,
The principle of these regulators is
described elsevhere in this report.

Electron Sources

A key requirement for the success of
Pulselac 1s rhe development of electron
sources that can supply the high
instantaneous currents needed for
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Fig. 19. Alpha configuration.

neutralization. An inspection of the
Alpha configuration (Fig. 19) shows that
large areas of che wall must supply
electrons; to provide these with fila-
ments would require a huge power input.
A promising solution is the use of sur~
Face spark discharge plasma sources. 2l
The concupt of these devices is shown in
Fig. 20.

A rolunn nf metal segments sepatated by
small gaps is plated on a thin insulator,
This assembly, along with a potted
ballast resistor, 1s mounted to a con-
ducting surface; in this case, the sur~
face 1s the inside of a drift tube., A
high voltage pulse (10 kV) is applied,
and charges up the first capacitive
element. When this reaches a certain
voltage, a surface discharge occurs
between it and the secound element,
producing a dense expanding plasma.

This process continues down the line.
Arhitrarily large areas can be handled by
paralleling columns.

Experiments have been carrisd out with
these sources. The ignition of a flash~
board inside the Pulselac drift tube is
shown in Fig. 21. Less than one joule is
required to initiare 200 spaxrks over a
350 cm® area. Langmuir probe measure-
ments at 1 cm from the board surface
ind:cate the arrival at 0.5 microseconds

Potted

uailast
resistor Expanding Prated
N, plasma metal
7 seqments
Insulator_ o o
Glounced
substeate

Fig. 20. Principle of flashboard electron
source for producing a column of
dense surface sparks.

Fig. 21. Tests of flashbeard in Pulselac

drifr tube (integrated photograph).

of a plasma with n_ ~ 1014 cm?'3,

kTe ~ 6 eV, and a lifetime of somewhat
over a wicrosecond. It should be
possible to extract 2 1 kA/em* of
electrons for a short time from such &
plasma, In practice, the flashboard
will be fired approximately one micro-
second before the beam passage to allow
sufficl .ot time for expansion., Optical
measurement indicated a voltage transit
time of about 100 ns through a 35 cn
resist{ve-capacitive flashboard
circuit.
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Pulsed Power Developments

The Pulselac experiment makes some unique
demands on pusled power technology, and
the resulting voltage system took
considerable development. The primary
requirement is that every time the beam
bunch arrives at an acceleration gap,

it sees a negative potentisl drop that

is not additive over all gaps. The
second requirement, a necessity motivated
by the developmental nature of the device,
is that the voltage system be extremely
flexible and allow easy access to the
machine for wodifications. A circult
diagram is shown ia Pig, 22. It was not
feasible to purchase ferrite cores
cape:--e of driving 10 kA, so a sequenced
electrostatic drive was chosen. In
order to use only oue switch per gap,

the Blumlein lines are floated with
respect to use only one switch per gap,
woltage at each gap., Power for the
Blumlein lines and criggers, diagnostic
cables, magnetic field power and flash—
board power are all brought rhrough

large high voltage isolation induccors.
Triggering is accomplished with a low
inductance, 100 kV Marx generator driving
lengths of passive delay line. The
charge resistors isolate the lines from
one another as well as damping oscil™
lations in the charge ilne.

The Blumlein lines are composed of 60 ohm,
40 kV coaxial cable. The cable has a
relatively swmall diameter (7/8") so it is
easy to handle; the pulse length as well
as the characteristic impedance of a

stage can be changed in about one half
day. A stage can operate as low as

15 ohms. The system is completely alr
insulated (except for the Marx generators
and line switch) so it can be epened
quickly and cleanly. The entire assembly
rests on an insulating track, so it can

be hroken at any painc hy ~re person.

Fig. 23 shows a photograph of Pulselac
with the injector stage in place, Fig. 24
shows typical injector voltage traces, as
well as options for pulse shaping with

the addition of shunt circuit elements.
Over 500 shots at line charge up to 305 kV
tave been fired without cable failure.

Magnetie Insulation Regults

The magnetic insulacion properties of the
first annular gap {used as the injecter)
were studied in the absence of foms by

V=

A

L ]

n

Fig. 26.

a} b
A

Pulselac pulsed voltage system.

a) Marx generator, 25 kJ, 500 kV.

b) Prepulse suppression inductor.

c) Blumlein Isolation and damping
resistors.

4) Trigger Marx generator (100 kv),

e) Blumlein line switch.

£} Injector stage

g) Injector gap.

k) 400 k¥ Teflon plug.

1) Rlumlein lipe charging inductor.

j) Shunt cireuit elements for pulse
shaping.

k) Second stage isolation inductor.

1) Eatrance point for wagret power,
Erigger line, etc.

w) 100 kv plug,

n) Delay line,

o) Second stage switch.

p) Second gap.

4) Extraction gap voltage isolator,
Heavy lines indicate Belden 8871
cable, hollow lines {ndicate
RG213.



Pulselac during injector testing.

Fig. 23.

using metal electrodes. These tests were
imporrant for three reasons. First, they
woule provide a test of the simultaneous
operation of the pulse line with the
Luvacuum insulation coils using indvctive
lsolation to power the upstream colls at
high voltage, Second, they would indi-
care the accuracy of the fairly complex
annular magnetic field pattern. Third,
they would show (by the presence of
leakage currents) whether there were
unanticipated electron drifts using the
novel radial magnetic field insulation,

Typical results are shown in Fig. 25. As
the magnetic field is Increased, the
diode electron perveance decreases
significantly. Currents are measured oy
a shank monltor which registers only
diode current with capability for measur-
ing current as low as 100 A. In contrast
to cylindrical magnetically insulated
2iodes, there is no unique definition of
B* (the critical Insulating field) and
there s no sharp perveance cutoff,

since Br varies with radius. In general,

Fig. 24.
ion load.

Voltage traces of injecto~ under

35 kV/div
)

50 ns/div
(®)

(A) Shunt resisters and inductors

only.

{B)} aAddition of shunt capacitors.

the insulation above B* (defined at the
maximum radius where the field is
weakest) is excellent. The extremely

low curreats qt high magnetic field,

(< 300 A) irdicate there are no discon—
tinuous electron drifts in the applied
fields, These results imply that if ions
could be extracted over the entire avail-
able area, a diode efficlency of 93%
could be obtained (the electron parveance
is reduced a €actor of 600 from the
maximum theoretical value.)

lnjector Studies

Although Pulselac has the capability to
accuommodate a wide variety of light and
intermediate ions, studies to the present
have been limited to protons because of
the familiaricy of the surface Elashaver
proton source. The injector anode in
this case is a lucite annulus with copper
epoxy inserts. The ion diode behaves as
o high performance wagnetically insualted
ion injector. The major results are:

9




1. Current densities up to 30 Alea? of
protons have been obtatned, in good
agreement with Child-Langmuir
predictions. Thiz is to be expected,
since the diode has a high degree
of syometry and electron orbite
should be closed.

2. Extrapolation of current densitv
measurements to the total diode
area show that the efficiency is
high, from 75 to 100 percent.

3. Damage plates show good azimuthal
uniformity with a radial variation
of current density. Peaking of the
current density at the 10 cm radins
(annular axis) is consistent with the
distance of closest approach of the
virtual cathode formed along the
curved magnetic field lines.

4. Total currents of 6 kA at 250 kV were
obtained using a 10 ohm line, With
the 15 ohm 1line optiun and a slightly
smaller gap spacing (7 mm was used),
it should be easy to reach the 10 kA
design level.

Propagation studles are presently being
initiated. An interesting phenomenon is
that under very good vacuum conditions,
the emerging proton beam appears to be
space charge unneutralized and rapidly
expands to strike the drift tube wall,
In all previous intense lon beam experi-
nents, neutralization occurred automati-—
cally. This cpens the possibility for
definitive tests of the flashboard
electron source and neutralized bean
propagation studies across magnetic
fields.

&

Fig. 25.

Magnetic insulaticn results (no
plasma souruas),



PROGRESS ON A FIVE-FRAME X~RAY PINHOLE
CAMERA

Introduction

In a shadowgraph mode, flash x-radiography
has béen proposed to study hydrodynamic
instabilities in ICP targets during implo-
sion, and a single~frame, gated camera has
been designed and tested for this purpose.
However, other relevant ICF phenowena such
ag e~beam pinches and pellet dynamics
manifest themselves as luminous objects

in the x-ray and UV regions. A five-frame,
gated x-ray camera has been developed to
look at such events with pinhole optics

and is currently being evaluated. The
camera should be useful for recording
luminous events at five different sequen~
tial times or at the same time with differ~
ent exposures or wavelengths.

The Five-Frame Camera

The camera (Fig, 26) consiats of four
major sections: a five pinhole optice
stige; an X~ray-to-electron image conver—
ter; an electron transport stage; and an
electron-to-optical imagn converter. In
the first image converter stage, five
independently gated microchannel plates
(MCP) sample the x-ray images produce:d

by the pinhole optics system in a 10 ns
time interval and yield five electron
images, which are transported by a curved

.
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Fig. 26. Principle parts of five-frame
pinhole camera for recording
®-~ray luminous events produced

by a REB accelerator. (Only three

images are shown.

wmagnetic field to a region outside the
1ine-of-sight of the x-ray radiation
beam, (This curved field allows the
input plane of device to point directly
at th2 x-ray object, rather than at an
oblique angle). The second image
converter (a MCP-phosphor pair) ampli~
fies the electron images and converts
them into vieible images which may be
recorded on ordinary polarocid film.

This system has been ueed in pulsed and
steady state modes to image the lumi-

nous target of a Febetron 706 x-ray

source (5290 Fexitron tube) operated

at 600 k¥, The x-ray source is about

3 om in diameter and is luminous for

about 3 ns. As monitored from the

voltage traces, the camera shutters

can be gated in 10 ns time intervals,

and some evidence exists that this

time may be shortered ta 6 ns with the
present pulsers, and to shorter times

with other existing technology. The
optics can be aligued to produce five
images with an object-to-pinhole dis-
tance eof 25 cm and magnification of

about 2X. The low intensity of the

¥-ray source used for testing set a

limit on the smallest pinhole diaceter

to 0,8 mm, which also limited the
resolution. Nevertheless, with this
pinhele a nonluminous portion of the
Pebetron arode was visible on the

Febetron target (as shown in Fig, 27).

The five channel system is presently being
adapted to the Proto I environment; at the
time of writing the timing of the channel
plate gacing efrcuitry has been synchronized
with the Proto I firing.

The resolution of the camera 1s limited
by the size of the pinhole employed

when operating in a mode for imagining
self-luminous objects. When used in a
radiographic mode,; the image is generally
magnified by a factor of 2 to 4, and the
resolution is limited by the source size.
As diseussed in another section, a source
size ~ 0.1 mz has been achieved. This
source has been used to radiographically
resolve the image of group of 0.13 mm
diameter wires magnified by a factor of 4
onto the input channel plate.

Future Flans

The most pressing needs for this system
are 1n developing a more reliable pulse
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Fig. 27. Tests of imaging system with
Febetron (3 ns, 600 kV) using
several pinhole sizes. Centet
0.031" pinhole; nate dark spot
in center corresponding the
center of anode which does not
enit x-rays. Left 0.,063" pin-
hole giving inferior resolution.
Other three pinholes were
blocked.

monitor circuit (so that the time for
each picture can be accurately known)

and in tracking down the aource of off-
axis image distortions. These studies
will lead tc more manageable camera
designs for the large e-beam machines.
Also the image resolution will have to

be examined on brighter available sources.
rinally, the camera system may still be
«exploited to image UV and neutron emiting
soutrces, as well as time-resolved soft
x-ray trom the interaction of protous on
targets, The latter technique is
expected to be of major importance in a
thorough diagnosis of the powerful ion
bean sources under development.,

THE 3 NS PULSED D-T NEUTRON SOURCE

A simple REB diode 935 been developed

to generate ~2 x 10° D-T neutrons in

1 as. The simplicity of rhis dlode
Angign ic f1lustrated schematically in
“ig. 21, .t comsists of three parts: a
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circulator aperture cathode, a 3/8" rod
anode tipped with CDy and an erbium
tritide target. Electrons emftted from
the cathode converge toward the €Dy
anode tip and the resulting anode
plasma hecomes a rich source of
deuterium ions. The diode field
accelerates these ions through the
cathode aperture to interact with the
tritium target, generating D-T neutroms.

ERBRIM TRIT)
TARGET o
FEBETRON 706
{6003V, 104,303}
fro vacuum Pume

Fig., 28. A schematic of the neuntroen diode.
The erbium tritide target contains
~ 2 Ci of tritium in a 5 um thick
0.5 inch diameter wafer.

We have found in starting with a new
Cby tip several shots need to be,made
before the output can reach ~10
neutrons per pulse. A probable cause
for this effect is that during the
first few shots surface contaminants
aund surface-absorbed gases are removed
raising the deuterium concentration.
After several shots, operation stablizes
and_a rather consistent output of

~10’ D-T neutrons can be maintained.

A new cathode and anode pair can last
50 to 80 shots without requiring break-
ing vacuum for resurfaeing, A typical
neutron output pulse 2s detected by a
neutron time-of-flight detector placed
1.5 m away from the diode 1s whown in
Fig. 29. Due to the detector response
the neutron pulse FWHM is slightly
longer than 3 ns. This 3 ns D-T
neutron gource has been useful la
neutron detector calibration and
characterization experiments, as well
as in neutron transport experiments;
for example, neutron transport through
various thicknesses of lead has been
examined,



Fig. 29.

A typical time-of-flight detector
signal. The first (low amplitude)
pulse is the x~ray outpur from

the diode. The second pulse is the
neutron pulse. The detector is
placed 3 m away from the diode,
Neutron pulse FWHM is 5.5 ns, which
includes the detector response.
Horizontal scale is ions/div.
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‘TARGET INTERACTION

OVERVIEW

Experimental target research is direc~
ted towards the development of particle
beam driven magnetically insulated tar-
gets, the study of particle beam—target
coupling, and implosion hydrodynamics.

During this reporting period ve have
strengthened che basis for perforuing
future nentron production experiments
with magnetic targets by developing
technology to provide high gquality
cargets, and by performing a series of
“bench tap” experiments to determine
the initial conditions of preheat that
exist at the time of electron beam
{rradiation, There is good agreement
between the predictive capability of
the codes and the experimental prehear
measurements.

lmplosion physics experiments have been
carried cut with ablatively driven cyl~
indrical targets on the Hydra accel-
erator. The effect of shock convergence
has been used to obtain uniformly con-
verging implosions with non-uniformly
irradiated, shimmed targets.

Development of time resolved neutron
diagnostics has continued, and new
results have beea obtained in measure-
ments of 3 ns DT neutron bursts from a
REB pulsed neutron source. FPreliminary
design studies of a high resolution
neutron time-of-flight spectrometer
suitable for use on EBFA~I1 and II has
begun.

PREHEATED ELECTRON BEAM TARGET EXPERI-
MEHTS AND SIMULATIONS

Electron beasm targets with preheated
fuel are beiug studled as a method of
obtaining measurable neutron yields
with fhe accelerators presently avail-
able.” Two mechanisms are contributing
in this approach. First, preheating
the fuel to a few eV allows the elec—
tron beam driven compression to follow
a higher adiabat, and second, the ohmic
heating preheat current establishes a
magnetic field interior to the target
sufficient to reduce electron thermal
conduction to the target walls, Ex-
perimental and numerical studies have
been carried out which simulate the
fuel preheating with an 8 kA, 500 ns
current pulse. The goal of these

studies was to deterulne the fuel inftial
conditions for actual compression exper{-
ments and simulations.

The numericsl studies were made with the
CHART B code which Ls a modified version
of Sardia's CHART D model.® CWART D is

a one-dipensional Lagrangian hydrodynamic
code with Saha ionization, msterial equation
of state, and radiatiou tramspori. For our
purpose, however, the radiation transport is
turned off with no loss of accuracy.
CHART B adds a number of physical mech~
anisms of interest co electron beams

to this basic code. The wajor difference
is a By magnetic field with convection
and diffusion terms and additional °zrms
for a peretrating electron beam. Aiso
added are obhmic heating, T % ® forces,
arbitrary iasulator/conductor regions,
free-free and free-bound radiation
losses, and electron thermal conduction,
For the purpose of comparison with spec~
troscopic measurements the Saha ioniza-
tion solutlon is also upgraded with tab~
ulated and analytic partition functions,
Typical calculated profiles of tempera-
ture and electron density are presented
in Fig. 1 at t = 200 ns for a discharge
in 100 Tort of D, + 10% 0,. The details
of temperature and density for r { 0.2 mon
are dependent upon the intial conditions
assumed for the discharge and may not be
quantitatively correct. The larger
radius behavior is ilndependent of {nitial
conditions and should be accurate. Note
also that the spectroscopic measurements
referred to as “axial,” viewed out tc a
radius of 0.5 om and hence up to a temp-
erature > 10 eV.

In the experimental arrangement an 80 kv
Marx bank provided the heating current
for a simple cylindrical target filled

to a pressure of 30 to 200 Torr of D,+10%0,,
Spectroscoplic access was available as
sketched in Fig. 2 both in the transverse
and axial direction. Ultraviolet through
visible spectra were obtained with a
Czeray~Turner spectrograph coupled with
an image converter camera operable either
in the frame or streak mode. Schlieren
photos were made of the plasma expansion
using an Argon laser and the image con-
verter in the frawing mede, and the
results were compared with CHART B cal-
culations. In addition, the target

12
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for spectroscopic measurements.

Fig. 2

voltage drop and current were monitored
current viewing resistor, respectively.
In the follewing, the Schlieren photo-—

graphy will be compared with CHART 3

to establish that theory and experiment
are in agreement with respect to the
casily observed hydrodynamics of plasma
expansion. Then the axial spectroscopy
data will be presented to support the
cialculated ~ 10 eV peak temperaturc.
Finaly, the transverse spectral analysis
is given to discuss the difficulties

in making meaningful temperature measure-
ments via the line ratio method in
spatially inhomogencous plasmas.

The Schlieren photography system shown in
Fig. 3 consisted of a cw Argon-lon laser,
an enlarging lens, a spatial filter to
block out light not refracted by the
plasma, a laser line filter time-staggered
mechanical shutters, and a fast framing
camera. A typical sequence of frames of
the cylindrically expanding plasma is

DY UASER g

=

4=

Fig. 3 Schlieven phatography system.
The inset shows 3 frames from s
discharge in 100 Torr of air at
t = 70, 250, and 350 ns.

is givea in the Laset., 1In Fig. 4 the
computed and measured (power law fit to
the data) expansions are compared for 100
The agreement is more than sufficient to
justify acceptance of CHART B as modelling
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Fig. 4 Schlieren data and CRART B
position of dNe/dr maximum for
various gas ©ills, A linear
fit to the daua can also be
made and when extrapolated to
t = 0 gives an initdial radius
for CHART B.

this experiment. The bulk of the effort
has accordingly been concerned with
weasuring the peak temperature of

~10 eV predicted by CHART B.

The axial spectra lend support to the
predicted temperature by observation,
in the streaking omode, of the KV

(460 and 462 nm) and OVI (381 and

383 nm) lines where 10% of Ny or 0

is gdded to 100 Torr of Dy, At the

1018 cu3 electron denstties of these
plasmas the NV and OVI line emissions
will peak and then decrea<e as tha
temperature exceeds 8.4 or 11.7 eV,
respectively., The temporal NV and

OVTI data in Fig. 5 shows the NV
emission peak’ng and then falllng cff
as the OVI is still increa=ing. The
NV behavior gives T > 9,5 eV, A

CHART B calculation Of the OVI c~fesion
as it would be viewed experimantally

is also given for comparison of timing;
the mzia peak is ip good temporal agree—

ment, (The initfal peak 15 seusit.ve
to the initial discharge configuracion
and may not be physically relevant,)
Experiments were performed at higher
current and/or smaller diameter which
shou*d have ylelded terperatures high
enough to cut off the OVI lines; where a
sizable effect was expected the continuum
intensity increased to the point of
obscuring the OVI lines. We conclude
that the measured T > 9.5 eV Is consis—
tent with 10 eV CHART B predictions.
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Fig. 5 Observation of KV and OVI lines
compared to CHART B calculation
of the OVI line.

Thi391e‘_:§r°“ density assumed above,

10 cm -, is a typical value from cal-
culations and also supported by measure-
ments. The plasma density has been
observed in Stark broadening of the

Dy and D3 lines in pure Dy discharges.
The D, and Dg emission can be shown to
peak in a region of = L.5 eV temperature
on the outside of the expanding plasma
where the temperature is falling quickly
and the electign degsicy has a sharp peak
of 1-2x 59- . Observed density
of 0.8 x 1077 cu™ ¥ rvun Ty broadening is
in fair agreement with these peak values.

A final investigation involving radial

spectroscopic measurement of temperature
in these inhomogensous plasmas will be
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‘T~ b4 eV,

sumparized mainly as an i{llustration

of difficulties therein. On the initial
premisa before calculation, that temp-
eratures of a few eV would be observed,
we measured a line ratio for OIII
{326.5 nm)/ OII (340,7 um) which gave
CHART B calculations revised
the expected temperature upward and due
to the abundancy of oxygen spectra in
the ultraviolet, the game measurement
became a line ratic of OLII (326.5)/
OII + OIV (340.3 to 341.1) . Further~
more, the sharp temperature fall-off 1in
=1g., 1 indicates rhat NI, OIII, ard
NIV were each emitting from regions of
differing temperatures. In an attemp.
to salvage the weasured ratios, we cal-
culated an integrated OIII/ O (II + IV)
ratio in CHART B to simulate the obser-
vation. These line ratios are compared
in Fig. 6 for a pressure of 30 Torr

. O ({3261-7)
Ol + OI¥ (3403-11)
8t 30 Torr .

|
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Fi. & Simulated and observed OII/
(0II + OIV) have ratio for
discharge in 30 Tarr of
D, + 10% 9y,

(D2 + 10% 02) where the continuum
emission is low, allowing accurate
ratios to be found. This apparent
disagreement is attributed to (a) th=
strong tecperature Sensitivity of line

INVERTED INTENSITIES (a.u.)

ratio methods and (b) the expected strong
teoperature variation at the edge of the
plasma where OII - GIV emission origiaates.

That the OIII/(OII and/or OIV) emissions
were not coming from the same spatizl
regions was further seen in analysis

of Abel-inverted, spatially resolved
spectra. {Spectrograph slit transverse
to eylinder axis, image converter in
framing mode, and source imaged onto the
irput slit.) The spatial distributions

of the respective intensities are shown
in Fig. 7.

The OIII shews a hollow center

OII(3261-3267)

=290 -1.0 [¢] 10 20
Ol & OI¥ {3403-3411)
0.5
- P N
-2.0 -1.0 0 10 240

DISTANCE FROM CENTER {mm}

Fig. 7 Abel-inverted oxygen spectri
obtain from transverse framing
experiment. Spatial resolution
hes 0.1-0.2 mm.

after inversion because it originated in
a we)l-defined zone, the combined OIL +
OIV did not invert to s hollow ceater
because the two emitting regions and
marginal spatial resolution did not
result in a well-defined ewission layer.
Thase results are coasisteut with a
central T 2 6 eV to provide an interior
source of OIV. As previously discussc.,
observation of NV and OVI raises this
estimate to T > 9.5 eV, and alse elimi-
nates pathological configurations such
as cold OIl~eni:ting core and warm
OIll-emitting exterior sheach.



The present conclusions of these experi-
mental and numerical studies of fuel
preheat are that (1) through detailed
experimental and numerical comparisons
we have arrived at a valid model for
fual preheating by an external driver

in che 8 kA range and (2) we can model
the initial conditions for actual com
pression experiments with increased
certainty.

MAGNETICALLY INSULATED ("¢") TARGET
FABRICATION

Progress has been made in developing

the technology for target fabrication
with dielectric meterials, The require—
ments for uniform (within a few percent)
low Z dielectric spheres from 3 to 7 mm
in diameter are nearing realization
with two approaches (parylene and poly-
imide). We expect that during the next
six months we will be able to make the
decision on the best approach for sub-
sequent fabrication. In the interim,

we plan to conduct a serfes of experi-—
ments with targets fabricated by

joining molded hemishelis of polystyrene,

Recently, several molded targets have
been fabricated and tested for helium
diffusion. The first sign of gas
permeation took 15 seconds, and 1s
expected to be longer for 02 or T,.
It-will be possible for us to £fill such
targets mounted in place in the diode
within seconds of diode firing without
risk of preshot contamination of the
diode. Gas handling apparatus to do
this remotely is currently under
construction.

In the long term, we will require
higher Z shells for use as ablative
pushers. A recent development at
LASL, the ability to evapotatively
coat a high Z glass upon a substrate
appears to have high potential for
this application; the data base is
presently too limited to assess this
techaique.

Parylene

Recently, the parylene conformal
coating process has been used to fab-
ricace seamless non-conducting hollow
spheres., In this teporr, the pary-
lene conformal coating process will be
briefly described and the results of

the characterization measurements will
be discussed. The first actual targets
fabricated with this technology will be
available during the next several
months.

The paryleme conformal coating process

a process patenced by Unfon Carbide since
1971, consists of heat dissociation of

the parylene dimmer into monomers which

in turn polymerize on the surfaces to

be coated. The resulting coating exhibits
a high degree of unfiformity, low rates

of gas permeation, ilow reactivity to most
aqueous ~zlutions including acids, and
high voltage breakdown strer~th, In
forming hollow seamless spheres, we used
the method of coating a leachable mandrel.
A few of the initial 50 parts wer:z
sectioned and leached; measurements are
discussed below.

Figure 8 shows a collection of parylene
coated mandrels at high magnificarion.
Two randomly selected targets were
sectioned; Fig, 9 shows their cross

Fig. § Parylene coated parts. A at
10X magnification and B at
20X magnification.

sections. The targets were fiist
rainted with a thin coat of silver paint
to provide higher contrast and then
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Fig. ¢ C(ross sections of two parylene
coated mandrels at 20X magnifi-
cation, Note rthe steady varia~
tion in coating thickness from
one side of the sphere to the
other side.

potted in epoxy. After curing the potted
tacgets were cut, ground, and polished

to the mid-plane of the mandrel. As
shown in Fig. 9, the outer most layer is
the paryleune coating and the innermost
region is the brass spherical mandrel.
Variation in bath l.D. and 0.D, is

better than 1 percent and in wall thick-
ness are caused by the revolution of the
mandrels in the parylene atmosphere
during the coating process, which results
‘n a faster coating rate for the leading
edge and a corresponding slower rate for
the trailing edge. This uneven coating
rate has been corcected by changing the
direction of revolution periodically.

The outside surfacz finish is shown in
Fig., 10 with 2 considerable number of
surface blemishes. The causes of these
blemishes can probably be traced to
dist, surface cleanliness, and coating
rate, In discussions with ressarchers
at NASA Lewfs, LLL, Unjon Carbide Crys—
tal Division, and Bendix, many remedies
were suggested and the overall comsensus
is the surface finish can be improved.
The inside surface mirrors the mendrel
surface finish which is 8 microinches.

Fig. 10 A parylene hollow sphere at
20X magnificatfion, The mandrel
has been leached out.

A target with the mandrel leached out was
uvsed for leak testing and was found to be
leak tight, and the dimensions were within
the specificatlions of exploding pusher
targets.

Polyimide

The polyimide target fabrication utilizes
the method of rotational casting, The
mandrels are rotated simultaneouslv about
two axis and the material is sprayed and
cured in alternate cycles. Outer surface
Einishes of 4000} , far in excess of
requirements for exploding pushers, have
been obtained. Wall non-uniformity of

~ 20 jercent is excessive; modifications
of tbe spray system to emplov four nozzles
instead of ane 1s expected to produce very
uniform wall thickness. The selection of
the best mandrel material, which must
scart with high uniformity, not interact
with the raw pelyimide, and be removable
with an agent compatible with the polyi-
mide must be made. Assuming such a
material can be found, this process may
produce pellets without the surface
blemishes characteristic of the parylene
used thus far,



IMPLOSIONS PHYSICS

Nuckolls et al..3 have recently considered
gseveral inertial confinement fusion (ICF)
target designs which may be capable of
achieving high gain and thus, reduce the
power and energy conversion efficiency
requirements of ICF drivers. The ablator-
pusher concept inherent in these high-
gain designs requives that the implosion
be spherically symmetric to within a few
percent. It was claimed in Ref. 1 that
implosions with the required symmetry can
be theoretically achieved by use of wul-
tiple beam irradiation, hot electran
transport in the low density ablation

a h. and, if y, the intro-
dnction of non—spherical variations in

the shell radius and thickness during
Fabrication (shimaing).

We have obtained experimental

results demonstrating that a simple
shimming technique for ablatively driven
targets is capable of drastically
improving the implosion symmetry of a
target which is nonuniformly irradiated
by a single electron beam. The Lydra
relativistie electron bcam accelerator
was employed fsr single beam irradiation’
of a specially designed cylindrical tar-
get anode assembly, and mu%tiple pulse
holographic interferometry” was used to
observe the implosion of the cylindri-
cal target.

The Hydra electron accelerator, nominal
characteristics 1 MeV, 350 kA, and 100
ns pulse duration, is presently being
vtilized to investigate the physics of
ablatively driven implosions. Experiments
are being conducted to investipate the
stability of fusion targets, focusing of
strong shock waves, equations-of-state
of raterials at high pressures (~1 TPa)
and interaction of shock waves at material
boundaries. In order to accomplish
these goals, several target-diode con—
figurations have been developed. Cri-
teria selected for these configurations
are two fold: (1) the targets must be
designed so that the hydro-dynamic
response is convergent, i.e., the
geometry of the ablator-pusher system
is at least quasi-spherical; (2) the
implosion process itself must be access~
ible to optical diagnostics. These
criteria impose constraints upon the
allowable target geometries., In essence,
the target configuratious must be open,
converging systems. Cylindrical shells

have been chosen for these investigations,
and a 4-pulsc holographic lnrerfesome:er
was used to study the implosions. Pre-
liminary results with hemi-spherical
targets has been presented elseuhere.B

In theer experiments, the target cylinders
were made of brass (p = 8.5 g/em”). For
cylindricel shells with concentric inner
and outer surfaces, the targets wera oh—
tained from extruded brass tubing. Cyl-
indrical targets with eccentric inner and
outer surfaces were fabricated by means

of 5 gun-boring technique. Solid rods of
brass were bored out along their axes, but
the centers of the hollowed-out sections
were displaced by an arbitrary awmount

from the geometric axis of symmetry of

the outer surface. Targets fasiaoned in
this manner had inner surfaces with
smoothness of ~ 1300 .

The ratlonale for these eccentric (shimmed)
targets is, of course, based upon the
expsrimental observation that the deposi-
tion loading on 8 symmetric targetr is
non-uriform. A measure of the deposition
symmetry can be established by the velocity
of the .blation layer. In our diode con-
riguration, the 4-pulse holography system
was used to determine the angular dependence
of the ablation velocity. In general,
because of limited fileld of view, it was
often impossible Lo obtain simultaneous
(same shot) information on buth implosien
and ablation velocity. For the present,
data power depositions in the range

1-2 TW/ g were inferred.

It is clearly seen from the holograms of
Fige 11 that the iiplosion proceeds in an
asymuetric fashion. This set of holograms
shows the late phase of the implosion
where jetting occurs within the convergence
volume, The {mplosion velocity from the
high deposition side was determined to be
about 0.5 cmfis.

The shock veloczity and pressure in the
brass can be estimated as follows: if one
uses Ehe empirical equation-of-state for
brass” connecting the shock and particle
velocities, i.e.,

ug =3+ by )

where a = 0,37 em/us and b = 1.43 and If
one asswvmes that u_ = ufS/Z; then the shock
velocity in the brass is 0.73 cm/us. From
conservation of momentum, the pressure

in the brass can be estimated, i.e.,
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Fig. 11 Hologram sequence showing the
implosion (and ablation) of a
concentric cylindrical brass

target. The interframe time

is 27 ns, and the duration of
a frame is 3 ns, This scquence
clearly shows the asymmetric
irvadiation and subsequent
Jetting of material within

tne convergence volume. Time
increases the way a book reads.

P =pgug Uy = 1.3 Mbar., (2)

At this pressure, the interior surfzce of
cylinder, upon i{sentropic release to
zery pressure, is calculated to be near
tne melt temperature (~ $530° C) of the
brass.

Tn Fig. 12 arc shown halographic inter-
Ferograms of the implosion sequence for
an eccentric (shim) cylinder. The off-
set of the bored aut region was 0.04 cm.
ne notes that the implosion proceeds
initially from the low deposition {anode)
side of the cylinder and the implosion
velacity from that side {s approximately
.6 emfgs.  In the rhird holegram of

the sequence there is a slight distor~
tinn of rlhe reference fringes on the high
Acposition (cathnde) side, and the fourth
hnlagran indicates that material has
rapidly imploded with a velocity of
resultant ronverpence volume at thet

Li—e is seen to he approximately
apherical’y symmotric.

Fig. 12 Holiogram scquence showing the
implosion of an eccentric (off-
set) cylindricsl brass target.
The ablatfon region was blocked
off in order to Improve the con-
trast of the pictures. This
sequence £hows the implosion
proceeding initially from the
low deposition side and later
from the high deposition side.
The interframe time is 27 ns.
Time increases the way a book
reads.

An explanation of these phenomena proceeds
as follows: First, we conslder the impli-
cations of the high free surface velocity
(1.8 cm/us) observed in the data. If one
employs the assumpticn that the free sur-
face velocity ug. is twice the particle
velocity u_, thea the equation-of-state
implies a peak pressure in the brass of
about 13 Mbar. However, equation-of-state
data tor brass obrained by McQueen et al.,
indicates that such an assumption will be
in considerable error at these pressure
levels, Their data do not exceed

P = 1.764 dbar where the value of ug .
exceeds that of 2 u_ by less than 5 percent.
if one linearly extrapolates the McQueen
data, {vg. - 2 u )/2u_ vs pressure, one can
by iteration fFind Huggniot parameters
which are mutually self-consistent. For
tie observed ug, = 1.8 cm/ys one finds

that a comsistent set are u_ = 0.74 cafys,
u, - 1.44 cm/us and p = 9 shar.
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In the present expcriment, the inferred
pressure of 9 Mbar and shock velocity of
1.44 emfils can only be explainred by
radial convergence and shock focusing.

If one were to assume that such pressures
were achieved only by electron energy
deposition, then the shoek velocity on the
"hot” side is too high to agree with the
observed implosion sequence, In other
words, material from the hot side would
always arrive earlier at the center

of the cylinder - contrary tg observa-
tions. Previous experiments® with Hydra
have shown that ultra-high pressures
(10-20 Mbar) are achieved by weans of
shock—focusing in hemispherical con—
figurations. In fact, the high pres-
sures (and high shock velocities) rise
extremely rapidly near the curved inner
boundary of the materfal. Such con-
vergence effects can qualitatively
explain the implosion sequence observed
in this experiment.

The consequeuces of these results for
inertial coafinement fusion are the
following: in order to minimize the
power and energy requirements for the
driver (E-beam, lcn or laser) it is
necessary to investigate the potential
use of high-gain pellet designs, These
pellets will very likely employ multiple
shells where high densities are obtain-
able by hydrodynamic compression. The
presence of loading and implosion
asymmetries may seriously degrade the
quality of hydrodynamic compression.

We have shown in these expariments

that 1f sufficient care fs taken in
carget design and fabrication, then
deleterious effects of these phenomena
can be minimized.

SCINTILLATOR~PHOTOMULTIPLIER RESPONSE
TO A SIMULATED REB GENERATED DT THERMO-
NUCLEAR NEUTRON PULSE

The Apf&l-Septemher 1977 semi-annual
Teport presented measurements of the

DD thermonuclesr neutron siguature.

During the present period, the diode of
the Febetron Model 706 used to produce the
3 ns DD meutron bursts of Ref. 1 has been
modified so as to produce 3 ns DT neutron
bursts_with total ylelds as high as

2 x 10°. With this source, the DT thermo-
nuclear neutron signature as detected

on fast plastic scintfllator—photomultiplier
combinations (SPM) has heen measured.

DT Thermonuclear Neutron-Signature

The neutron total yleld was monftored by a
standard silver activation compit:j

and by a lead activation counter. Tie
SPM decector used was a EGG NPM-54.

As an exanple of SPM response, Fig. 13
shows three DT neutron pulses detected
through 1.9 cm, 10.2 cm and 26.3 ¢m of
lead shielding. The NPM-54 SPM has a

rise time of 2.2 ns, and a FWHM response
¢f 3.5 ns when used to observe a single
instantaneous event such as a cosmic ray.
In Fige 13a, the prompt x-ray bremsstrah-
lung pulse of the Febetron as well as

the neutron burst is observed through

1.9 cm of lead at a distance of 3 m. The
neutron time-of-flight from this trace

is 1.5 ns/m consistent with 14.1 MeV DT
neutrons. The neutron pulse has a rise
time of < 3 ns and a FWHM of about 6.0 ns.
In Ff{g. 13b, the x-ray bremostrahlung
pulse is completely attenuated by the
10.2 cm of lead, and the neutron pulse {s
observed to have a 3.5 ns rise time and a
FWHM of approximately 6.0 ns- In

Fig. 13c, the neutron pulse is obscrved to
have a 3.5 ns rise time and a FWHM of
approximately 6.0 ns when detected through
20.3 cm of lead. It is seen that in all
cages the DT neutron pulses have very

fast rise times, narrow FWHM widths,

and that tails are introduced on the pulses
by the various thicknesses of lead
shielding, These pulse shapes are in
agreement with pulse shapes predicted by
neutron Monte Carle calculatiens to be
presented in the next section.

The thermonuclear neutron "signature” has

been established using a fast plastic
scintillator-photomultiplier combination
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shielded by several cm of lead in con—
conjunction with a 3 ns wide neutron source
which directly simulates the expected DT
thermonuclear neutron pulse from a REB
imploded target. The DT thermonuclear

Fig., 13 Oscilloscope traces cemparing
neutron seintillator phota—
multiplier detector response o
a 3 ns wide DT mneutron pulse
when the neutron pulse is
detected through 1.9, 10.2,
and 20,3 cm of lead shielding.

(a) 5.0 volts/div, 10 nsfdiv
The detector was shielded by
1.9 cm of lead and the tot91
neutron yield was 2.4 x 107,
Note the prompt x-ray pulse.

{b) 5.0 volts/div, 20 nsfdiv
The detector was shielded by
10.2 cm of lead and the total
yield was 6.3 x 10°, The lead
shielding completely attenuated
the x-ray pulse.

(¢} 5.0 volts/div, 20 ns

The detector was shielded by
20.3 cm of lead and the total
vield was 8.5 x 10°. Once
again, the lead shielding com-
pletely attenuated tile x-ray
pulse.

ncutron pulse shape is found to have a
sharp leading edge of < 3.5 ns, a narrow
FWHM of same 6.0 ns, and a tail that can
extend to 40 ns,

Monte Carlo Neutron Transport Scintillator
Response Calculatians

Monte Carlo meutron transport calculations
similar to thuse reported in the October
1976 tkzough March 1977 semi-annual

report™ " have been carried out teo predict
the DD and DT response of a plastic
scintillator shielded by as much as 30.5 cm
of lead, Figures 14 and 15 show calcula-
tions which used square wave sources of
2.45 MeV and 14,1 MeV neutrons, 3 ns wide
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Fig. 14 Monte Carlo calculated time dis-
persion of 2.45 MeV neutrons
incident on a 5.6 x 6.7 ca
diameter cylindrical plastic
scintillator through 0.0 cm,
10.2 cm, 20,0 and 30.5 cm thick-
nesses of lead shields. The
source was 3 asec wide and
located 350 co from the
scintillator.

in time located at a distance of 350 en
from the scintillator, Calculations were
performed for 0.0 em, 10-2 em, 20.3 cm,
and 30.5 cm thicknesses of Pb shielding
and a 5.6 cm % 6.7 cm diameter cylindrical
plastic scintillator. A sharp leading
edge response is found for lead shielding
thickness of up to 30,5 cm. In agreement



with experiment (see previous section),
the major effect of the lead is to dis-
perse and shape the pulse in time while
attenuating the leading edge,

Monte Carlo Neutron Spectrometer Cal~

The yield and energy distributfons of
the neutrons that are emitted from a
electron beaa or fon beam driven pellet
containing a mixture of deuterium and
tritium gases provide a signature of the
reacting {ons. They contain information
about the plasma density, temperatures,
and the mechanism of the reactions.
X-ray enission from the fuel, which in
principle might provide data about the
reactants, is masked by radiations from
the high Z materials used Lo comstruct
the shell of the target. Furthermore,
unlike the @-particle distribution, the
neutron energy discribution is virtually
unperturbed by neutrcn passage through
either the compressed gas or the pellet
shell. Consequently, the measurement

of the DT reaction neutron energy dis-
tribution is an important apd powerful
diagnostic of target performance,

The plasma ion temperature may be
measured by neutron time—of-flight since
the plasma generated in a REB imploded
pellet provides an excellent temporal
and gpatial "point” source of neutrons.
By measuring the "neutron line width”
AE, the DT ion temperature nag be
extracted from the relatlonséipl

AE = 177 6, 6 in kev . (1)
This relatfounship also implies that
neutron energy resolutions of the order
of 25 to 65 keV are required with
correspondingly large neutron flight
paths of some 45,0 to 125.0 m,

Keeping the above requirements in mind,
preliminary design studies of _ high
resalution neutron time-of-flight epec—
trometer suitable for use on the EBFA-I
and EBFA-II relativistic electron beam
accelerators has begun. In these design
studigs the neutron Monte Carlo code
sorsi® is being used. The spectrometer
baing modeled is shown in Fig. 16. The
spectrometer’'s length is kept at 20 m
so that good neutron statistics are
obtained for modest amounts of computer
time. As our design study advances,
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Fig. 15 Monte Carlo calculated time dis—
persion of 14.1 MeV neutrons
ineident on a 5.6 em x 6.7 cm
diameter cylindrical plastic
scintillator through 0.0 em,
10,2 cm, 20.0 and 30.5 ¢cm
thicknesses of lead shielding.
The source was 3 nsec wide and
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Fig. 16 Neutron time-of-flight spec—
trometer used in the Monte Cario
caleulations described in the
text.

longer spectrometer systems will be
oodeled. An important question to be
answered by this study is whether the
neutron pulse width will be modified

by the use of high Z lead filters in the
neutron flight path. These lead filters
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will probably be necessary to attenuate
the intense bremsstrahlung burat of the
EBFA generation of accelerators, such
that the neutron time-of-flight detectors
will not saturate. The first resvlt of
.these calculations is shown in Fig. 17
for a 3 ns wide neutron pulse. The Monte
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Fig. 17 The Monte Carlo predicted
neutron pulse.

Carlo predicted neutron pulse hus a

3.9 ns FWHM width in agreement with a
expected pulse width of 3.9 ns found by
adding in quadrature the 3.00 ns pulse
width aof the source with a time disper-
sion of 2.47 ns due to nevtrons inter=
acting throughout the entire length of
the 12.7 cm scintillator. Consequently
the high Z lead filter does not seem to
affect the width of the neutron pulse.
Further calculaticns are presently
being carried ocut.
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APPLICATIONS

REP-RATE PULSE POWER TECHNCLOGY
Overview

Inertial confi fusion r

TABLE II

Particle Beam Module Efficiency

EERY
aspzenensr |

will require efficient, high 1
power drivers constructed with reli-
able, long lasting components, Reli-
able, repetitively operated drivers
will be needed for test facilities
{such as system integration facilities
and material test facilities) long
before a demonstration power plant is
developed. A research program to
establish the pulse power technolagy
base that will be required to design
and successfully put into operation
these drivers is underway on a limited
basis at Sandia Laboratories. Reactor
systems will require 1-5 MJ of particle
beam or laser energy to be deposited in
the fuel pellets 1-10 tiwes per second.
A reactor system is expected to consist
of 20-60 modules with about 50 kJ of
energy delivered to the target in less
than 10 ns from each module, Since
drivers with 1-40 percent efficiency
are being considered, the pulse power
energy storage requirements vary from
0.25-5 MJ for each module. Table I
indicates system lifetimes for three
types of reactors chat will be developed
before ICF reactors can become commer-—
cially feasible. Therefore, an ICF
driver module will have a 2.5~50 MW
pulse pawer energy storage qapayﬁlity
and a system lifetime c¢f 10°-10*" pulses.

TABLE T
Reactor System Lifetimes

TR Life P.A.
pps  yrs
ar Reactor 1.0 1-16 3
wer Elart .25 -1 5
cwer Plant 0,1 110 30,7 102 - 10
(P.A. 15 the plant availabiliny

ractor)

The most cfficient driver is the pulse
power driver electran or light ion beam
accelerators. The efficiency of the
energy transfer steps for a typical

50 kJ module is nutlined in Table II.
The 350 kv, 300 J, 100 pps, 30 kW

average power t2st facility (RTF—I)Z'3
that was designed and 1is being usad exten—
sively in this program represents the
present state of the art for such repeti~
tively operated drivers., Therefore, the
average power, peak power and bean emergy
must be increased above the present state
of the art by 40, 400 and 170 respectively
to achieve the desired parameters for a
single reactor module gnd at least 20
nodules will be required for a reactor.
Successful development of these systems
will require exlensive research at each
step in the energy transfer process.

During this peried, a new data acquisiiion
system has been placed {n operation for
the RTF-I facility. This system has been
used to establish the breakdown voltage
distributfon as a function of gas flow
rate for the 700 kV, two electrode spark
gap. Electrode erosion data has been
collected for all three sgark gaps in

this system with up to 10° pulses in a
continuous run. Development of high
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voltage transformers and low loss Marx
generatore are continuing offorts.

RTF~I, 300 J, 100 pps TEST FACILITY

EXPERIMENTS

Data Acquisition System For RTF-I

A computer based data acquisicion system
has been developed for the 700 kv,

100 pps test Faciiity (RTF~I}. Incoming
data are analyzed as received to provide
a real time nonitor of system performance.
A CRT display of selected data is avail-
able. The same data are optjonally
stored on umagnetic tape for subsequent
off line processing. Provision has been
nade to iwplement partial control of the
facility by the computer if that becomes
desirable,

The data acquisition system is based on
TAMAC; an internationnaly adopted set
of conventions for the handling of data
in computer based systems. Prior co

the adoption of standards like CAMAC,
the addirion of a computer to an experi-
ment typically involved development of
two units. An iaput module was needed
to convert experimental signals, which
are almost always analog, to a digftal
format. A second module, the Interface,
was needed to transfer these digital
data to the computer. Generally the
addition of a second input wodule
required building a second interface.
CAMAC circunvents this by standardizing
the communication between the iaput
units and the Interface., Thus any CAMAC
interface can work with any CAMAC input
medule through what is effectively a
standard language. The wide variety of
commercially available CAMAC input
modules sipplifies implementation of a
wide variety of monftoring functions.

RTF-1, as {s shown schematically in
Fig. 1, is a transformer driven JOO kV
pulser which opetates rep cg:ively at
frequencies up to 100 Hz,%* A single
eycle is initiated by closing triggered
spark gap 5; to discharge capacitor Cl
(1.5 pgF, 217kV) through the primary L
of an impulse transformer. A dual
resonance discharge which produces the
voltage waveform of Fig. 2 is used
because all of the energy stored in Cl
less small resistive losses can be
transferred to Cy at the peak of the
negative voltage excursion, The

[
[

fig. 1. RIF-I, a 350 kv, 100 pps test

facilaty,
\

2

g S et
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-

Fig. 2. PFL voltage waveform,

transformer charges a 1.5 n¥ oil pulse
forming transaission line (PFL) vwhich is
shown in Fig. 1 as capaciter C3. When
urtrigpered spark gap switch § 2508,
a 350 &V, 30 ns pulse is deliver:<* finto
2 matc.xd load resistor, Ry, .

The philosophy used to construct a monitor
for BIF-I is that a few digital words per
event can be accumulated to form statis—
tical ensembles which characterize systen
performance. Analog-to—'igital converters
{ADC's) and time-to~digital converters
(TDC's) sample probe waveforms from RTF-I
te produce theae digital wards then sig-
nal the CAMAC interface that anm event has
eccurred.

Upon receipt of these eveat signals the
interface, a mlerocomputer, goes into a
loop im walch it reads free a list in its
own memory the commande required to read
out the data stored in each input module
and ciear {t fn preparation for the next
event., Most CAMAC nodules actwally

Tikné



gereratt several data words per event
making use of a CAMAC language feature
that the command to read the second word
from a module is simply th: command to
read the first word incremented by one.
Thus to read the ¢ight words stored in
at octal TDC, the interface fetches from
1ts memory the command te read the first
word and the number of words Im the
module, e.f., eight, It reads succes—
sive words by issuing the read command
then incrementing the command by one,
elght times. ‘To add a second TDC te the
system 2 second read command {s stored
in the interface memory and a second
eight. Also the total number of words
per event counter is increased by eight,
a trivial software modification.

Each word from the input modules is
immediately stored im an input data
buffer in the computer mrmory by the
interface, The main computer processor
is not ifnvolved in the transfer leaving
it free to analyze the incoming data.
The interface keeps a count of data
transferred and when the available buffer
of the main computer is full it inter-
rupts the computer, resets itself, and
goes into a wait state.

In response to an interrnpt the computer
transfers the experimental data to an
analysis buffer then disables the trans—
fer code for as long as is required to
save the data on magnetic tape, if this
option is selected. The interface is
released from its wait state and allowed
to fill the input buffer but the analy-
sis buffer is protected until it has
been saved. Simultaneously the computer
proceeds to analyze the data currently
in the analysis buffer and display the
results as instructed by the operator.

The procedure used to monitor the stabi-
lity of the breakdown of switch Sy in
time i{s illustrated in Fig. 3. Discri-
minator D) produces an output when the
output of a voltage probe across (.
crosses a preset voltage level V1 at
time t; (see Fig. 2), This voltage
level is selected to be above the switch-
ing noise genecrated by S, near t = O.
The output of Dl starts the time digit-
izer (TDC). The voltage waveform on C,
is also differentiated ard the rapid
change in slope when switch S, closes

at time ty is detected by discriminator
D, which produces a TDC stop signal.

The TDC produces a digital output

O | ]
onn=n

—

sl cemyitn
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Fig. 3. High voltage switch breakdown
time monitor procedure.

proportional to the time between the
start and stop i{nputs, with 3 least count
corresponding to 10 ns. The computer
then generates histograms of thes~ switch
breakdown times acc cding to omerator
instructions.

High Volrage Spark Gap Stability Experiament

A series of histograms showing the increase
in the breakdown stability of the 700 kv,
two electrode switch (represented by S

in Fig, 1 and sketched in Fig. 6) with aa
Increase in the rate at which gas is
flowed through S, is shown in Fig. 4.

Gas flow 13 needed to purge 52, that is
to rebuild its dielectric strength after
a breakdown. If intufficient gas is
supplied, premature breakdowns occur and
the histogram cuntains events at early
times. At high flow rates the distribe-
tion becomes symmetTic. approx.mately
Caussian. Fig. 4 shows the root mean
square (rms) deviation of the time dis-
tribution about its mean as a function

of gas flow rate. Note the decrease with
Increased flow to what appea»s to be a
constant value at the higher gas flow
rates. The minimum vms deviacion is
typically 30 ns for a total waveform
duration of 6 ps or about 0.5 percent.
This compares to 12 ns for a 2 ys dval
rescnance waveform (0.6 percent) for

data taken at 1 pps with UV prelonization,
These latter dita were taken on the
REPIT facility”’ earlier this year.

The output switch slould be operated with

a flow rate corresponding to the minimum
ros deviation. The required flow depends
on the voltage on C, and m:y depend on

the current drawn after S, cioses. Experi-
ments to characterize these dependencies
are 1n progress.

H3
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Fig. 4. Histograms of 700 kV spark gap

breakdoun times as a function
of gas flow rate.

Spark Gap Electrode Erosion Experiments

A one millfon shot continuous test run
was made on RTF-I to demonstrate over-
all systew endurance and to measure the
erosion rate on the spark gap switches
in the system. The pulse rate was 40 pps
at a voltage of 530 kV on the PFL which
corresponds to approximately 7 kW awvr rage

power.

To determine the amnunt of eroded mate~
rizl, the electrodes of the 16 kV, 20 kA
rali gap switch (Fig. 5) and of the

330 2V, 11 kA high volrage spark gap

g. 6) were weighed before and after
zre 1un. Discharge -urrent chrough the
cransformer primary circuit was monitored
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Fig. 5. Rafl gap switch.

(8) 5

High voltage spark gap.

Fig. 6.

throughout the run to d;temina the
coulembs and actie~ (fI%dt) passed by
the rail gap switc., The PFL voltage
waveform and the output voltage and
current waveforns were used to analyze
the operating conditions of the 700 kv
spark gap. Table TII and LV sucmarizes
the results of the test run.



TABLE III
Rail Gap Switch

Erosion Data

Mass loss, main electrode 2
#1 (brass), g
Mass loss, main electrode 1.9
#2 (brass), g
Mass loss, trigger elec— 5.4
trode (60/4Q Elkonite), g
Charge transfer per shot, 36 x 1073
(f1dr), ¢
Charge transfer total, C 36 % 103
Acglon per shot, (flzd:), 592
AS-gec
sction, tetal, Al-sec 592 % 100
Erosion, g/C
Main electrode f1 55.6 x 1076
Main electrode #2 52.8 % 1078
Trigger (half of two-arc 75.0 x 1076
total)
Erosion, gIAz-sec
Main electrude #1 3,38 x 1077

Main electrode #2 3.21 » w078

Trigger (half of two-are 4.56 x 1077
total)

Based on the data in Table IV for the
large electrode of the high voltage
swjtch, the erosion rage is 2 x 107
cm’/pulse (@ = 18 gfca’), The damage
pattern on this electrode has an area of
60 cm*, Assuming that an erosion induced
increase in the gap of 20 percent can be
tolerated, the switch could survive
removal of 0.4 cm from the face of this
electrode corgesponding to a total volume
loss »f 24 cm’._ At the observed erosion
rate of 2 x 107° em’/pulse, the estimated
switch lifetime is 1.2 x 10° pulses.

The average power dissipation in the rail
gap was monitored during rhe million shot
run by measuring the temperature rise

TABLE 1V
High Voltage Switch

Erosions Data

Mass loss, larpe electrode 0.352
(Elkenite), g

Mass loss, small electrode 0.187
(Elkonite), g

Charge trnasfer per shor, ¢ 6.5 x 1074
Charge transfer total, C 650
Action per shot, Az—sec 5
zasion, g/C

Large electrode 5.4 % 1074
small electrode 2.9 x 1074
Erosion, g.’:\z-se:

Large electrode 7 x 1078
Small electrode 5 x 1078

{75°F) in the air flowing (2.23 1b/min)
through the switch. Based on, thece
measurements the average power dissipation
was 704 watts or 17.6 .J/pulse, a full

10 percent of the total system power.

This energy is dissipated during the PFL
charge cycle and during a lower amplitude
ringdown period after the high voltage
switch fires if residual energy is jelft

in the system,

Data show that 6 percent -f the energy
stored in the 1.5 uF capacitor fs lost
during the dual resonance charge cycle.
From measured values of equivalent series
resistance in the capacitor and trans-
farmer, it ls estimated that each accouats
for approximately 17 percent of the enaigy
loss leaving 66 percent assumed dissipated
in the rail gap switch, the only other
significant loss element in the primary
circuit, With the output switch opevating
at 95 percent of peak, 10 pcreent of the
originally stored energy remains in the
primary circuit when the PFL is discharged.
Calculations have shawn that very little
of this energy couples through the trans-
former and is dissipated in the PFL load
during the ensuing ringdown. For the
conditions of the million shot rum, an

s
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estimated 1.7 J/pulse was dissipated in
both the transformer and capacitor and
6.5 J/pulse in the rail gap switch during
the PFL charge cycle and 17 J/pulse
remained {n the primary side after the
output switch fired. Assuming that the

° proportionate enerpgy loss remained con-

stant during the late tfme ringdown, an
additional 2.9 J were deposited in the
transformer and capacitor and 11,2 J in
the switch making a total of 4.6 J/pulse
in the transformer and capacitor and
1/.7 J/pulse in the switch. Although
the absolute accuracy of the close
correiation to the weasured 17.6 J/pulse
may be viewed with considerable reser~
vation, 1t does 1llustrate that signi~
ficant heat deposition can occur in
system components when comparatively
suall fractions of energy are left in
the system.

Liquid-Cooled Rail Gap Switch Design

During this period a2 modified rail pap
switch was designed and fabricated. The
new 7uitch 1s designed for long life
(>1C’ shots) and low maintenance. It is
physically gimilar to the earlier proto-
type models” (Fig, 5) but the air cooled
brass main electrodes have been replaced
with l1iquid cooled tungsten-copper alloy
electrodes. The trigger electrode is
similar with a series of small holes on
each side of the central trigger bar
that directs ailr jets through the gap to
rem~ve shot to shot arc debris and heat,
The base of the new switch is made from
a machinable glars ceramic that should
withstand the lou; term heat build up
which damaged the earlier polycarbonate
parts.

Wien tested, the switch will be monitored
F power dissipation and erosion as
functions of power level and number of
pulses, General switching perfoimance
is expecred to Le nearly identical to

the prototype models.

TRANSFORMER DEVELOPMENT

Exposed Primary Trangformer

The exgﬁsed primary high voltage trans-—
former" shown ia Fig. 7 has beea tested
to 1 MV aad operated at 44 pps for as
long as %0 minutes oy the REPIT tesc
factlity’ To resch 2 MV, which is the

,“-—."
»
A st

Exposed-primary, high voltage
transformer.

Fig. 7.

destgn goal for this transformer, a new
output switch and load capacitor have
been designed and are currently being
instailed.

This transformer, a lower cost design
than the transformers being tested an
RTF-I has an exposed single turn primary
to enhance heat removal for repetitive
pulse service. The flange conmections
to the primary also facilitate access to
the secondary winding if it should ever
need to be repaired.

The transformer hae the foilowing measured
paraceters:

Primary inductaace: 340 nH
Seccondary Inductance: 390 uH
Coupling coefficient: 0.8

Although primarily intended as an experi-
mental unit to demonstrate long term
endurance with voltage s*resses in the
transformer winding in the range of

400 kV/cm, the transformer is also being
used as a high voltage source for general
testing on the REPIT facility and is
adaptable to RTF-I.

3 MV Transformer

A new tra-.sformer (Fig. 8) has been fabri-
cated and assembled. It will be tested

to 3 MV to demonstrate reliable operation
up to that voltage level and to abserve
secondary winding endurance under the



Fig, 8. Three megavolt transformer.

combined conditions of high total volt-
age and a waximum winding stress of
400 kV¥/em, Experiments testing the
dielectric stresgth of laminates indi-
cate that the breakdown threshold of
this transformer winding shoull be at
least 580 kV/cm.

The experiment (Fig., 9) iavolves dis—
charging a 150 kv, 0,93 uF capacitox
bank through the single primary turn of
the transformer and measurxing the second-
ary voltage step wp on a 1.1 nF water
capacitor, The water capacitor is sub-

q 1y discharged gh 2 seli~
break spark gap fnto a copper sulfate
load resistor.

Fig. 9. Three megavolt transformer
experimental set-up.

Initially the transformer is belng tested
in a single swing charging mode. Under
these conditions the calculdted maxipun
voltage rise with a £50 kV charge on the
capacitor bank will be 2.2 MV which repre-
sents 52 percent enmerpy tansfer. Thus far
the system has been aperated to 1.6 MV
with a bank charge of 50 kV, At this
level a uinol breakdown occurred between
the torus on one end of the core and one
of the case grading rings. This track
along the edge of the mylar stack caused
very littie damage, The breakdown path
has been cleaned and the transformer
reimpregnated,

The cause of the Lreakdown is nat clear
since the calculated voltage stress in
the oil gt the point of breakdown was
only 150 kV/em, well balow the measured
550 kV/cm bulk broakdown of x-ray oil or
580 kV/cm breakdown of mylar x-ray oil
laminates. The only unusyal feature
around the breskdown area was a puddle
of epoxy between the torus and first
insulation wrap. The possibility exists
that air bubbles in the epoxy puddle
caused an initial breakdown which even—
tually propagated through the ofl.

Subsequent tests will include single
swing charge operation to over 2 MV,
Following these tests, the transformer
will be converted to a dural resonance
charge cycle and tested tc 3 W.

Repecitively Pulsed Marx Generator Design

Studies

Design was completed for the high-voltage,
high-power Marx generator test faecility,
RTF-11 (1 MV, 10 kJ per pulse, 10 to 100
pulses—per-second}, The facility will be
used to study electron beam accelerator
components at tfme averaged power levele
approximately one order of gagnltude
larger than those of RTF~i,”* The Marx
generator is designed with inductive
isolation between stages to minimize power
loss in the generator itself which could
be substantial at time averaped power
flows approaching one megawatt.

Previous analysis using the SCEPTREll net—
work analysis program demonstrated that
the energy loss fu the charging inductors
can be reduced to a few percent., Sub-
sequent analysis Indicatex that loss due
to stray capacitances can be held within
this same limit. It, therefore, appeats
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reasonable to expect 90-95 percent over—
all energy transfer efficiency through
the Marx generator.

RTP-II is shown schematically in Fig. 10.
 With each of the sixteen 0.35 yF capaci-
tors charged to 62,5 kV, the outpur volt-
age iz Ut MV and cofgl stored energy is
11 kJ. A 4" type~“ Marx generator con-
figuration with the first two gaps trig-
gered 1s shown to optimize erection while
oinimiziag losses. Provision will be
made to UV preionize the regalning gaps
if it 1s necessary to achieve stable
operation, it

©->—f
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Schematic dlagram of RTF-II,
a 1 MV, 10 k) reperitively
operated Marx generator

Fig. 10,

Development of the spark gaps 1s seen as
the primary challenge in constructing
this system. These 125 kV gaps are
required to operate at peak currents of
S0 kA and with a dwell period between
shots of 0,01 to 0.1 seconds, The
operating voltage level of these gaps is
intermediate between the rail and output
gaps of RTF-1. The peak operating cur~
tent is about twice the equivalent cur-
rent 1n the existing gaps and the pulse
duration is about 20 percent of the rail

gap duration., To explore this switch-
ing regime the spark gap test facility
{567F), shown in Fig. 1l is being con—
structed. SGIF will be a bipolar device
with a dual modulator section charging
tvo 0,15 [F capacitors {n 2 ms. Semi-
conductor dlodes are used o hold The
voltage. The gap under test is triggered
switch $5. A third swicch, S3, can be
added to test the untriggered Marx
switches. Using existing components,
with the exception of the switches, SGTF
will be able ta reproduce the voltage,
current, pulse duration, and repetition
tate required of the Marx spark gaps,
although 4t will not reproduce the exact
wave shape.

s o o g e -
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Fig. 11, Spark gap test facility (SGIF)

schematic diagrac.

A thyratron controlled trigger system
has been developed for SFI. and tested
to pulse -ites in excess of 100 pps.

thyratron pulser delivers 20 kV pulses
which are used to trigger a four stage,
0.25 nF, "doorknob” capacitor ltarx gen-
erator, This Marx will be used to trig-
ger the spark gap under test in SGTF.

It will also be used to trigger RTF-II.

The

The spark gap shown in Fig. 12 has been
built as a first candidate for the Marx
spark gap. Its design paraceters-are
scaled down from the 700 kV output spark
gap of RTF-I. A trigger electrode has
been added in the configuration ghown,
The gap employs rotating airflow with
exhaust through the main electrodes, a
configuration which has proved efficient
in purging previous switches.

The gpecifications for the primary energy
supply for the RTF~II and other general
laboratory use have been written and a
request fer purchase iniristed. 4 dec
power supply capable of opeating {n the
eight modes of Table V was chosen.,
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Fig. 12. Marx spark gap prototype.

TABLE V

Power Supply Operating Levels

Maxinum Maximum

Maximum Unipolar Bipolar
Voltage Current Current
80 kv 25 A 12,5 4

40 kV 50 A 25 A

20 kv 100 A 50 A

The supply will derive its power from
existing 4160 V, 3 ¢ power mains which
with the appropriate switching and
safety gear that are now available in
the rep rate laboratory,

Capacitors for the Marx generator have
been ordered as have the Marx tank and
tankage for approximately 20,0CC gallons
of transformer oil., Assembly hardware
is being designed. The Marx tank was
designed to accommodate up to 24 stages
so the maximum output voltage may be
raised to 1.5 MV if desired.

Alternatively the extra space may be
filled with a Type A Guillemin pulse

forming network!? for generating 1.5 us,
500 kV pulses suituble for driving a

37 R iarge area, electron beam diode for
laser excitation applications. Such a
network that would use existing compo~
rents has been desigued with the SCEPTRE
program. The calculated output voltage
pulse into a matched resistive load from
a two element PFN 18 shown in Fig. 13,
An associated diode is being designed.

VOLTAGE (v}

%0

TIME {yrec)

Fig. 13. RTF-II PEN output voltage.

REACTOR SYSTEM STUDIES
Overview

Substantial progress was made during this
period on initfal efforts in reactor
design studies. A general conceptual
design criterja for particle beanm driven
reactors has been established with the
combustion chamber operating at pressures
in the range of 0.1-1 atm and the beams
propagated to the target through plasma
channels. Investigation nf the major
physlcs issues for this type of reactor
scenaric has been initiated, Efficient
particle beam drivers will allow economi-
cally feasible operation of relatively
small reactor systems (100 Me). Economic
and reactor design issues for these small
pure fusion reactors 1s underway. Bechtel
Corporation has nearly completed a

1000 MWe electron beam—driven, hybrid-
Teactor, design study.
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GENERAi CONCEPTUAL DESIGN

Current design concepts for psrticle-
bean driven reactors (PBDR--electrons
and light fons) employ a gas in the
combustion chamber for beam propagation

" along ionized channels from ihe particle

source to the pellet. The range of gas
pressures which satisfy requirements for
beam propagation is quite large: 50-
760 torr. The ability to have a gas in
che conbustion chamber at these pres-
sures is the principal factor leading
to a great deal of flexibility in con-
ceptval reactor size, power, and con—
figuration.

The principal eriteria which govern the
design of particle~beamdriven reactors
have been determined and analysis of
them is underway. These include the
beam injection geometry, power flow
efficiencies, x-ray and debris atterua-
tion, the magnitude of the blasr over-
pressure, and the energy transport
through the gas.

Beam Injection Geometry

A possible geametrical arrangement for
injection of an electron beam into the
combustion chawber is shown in Fig. la.
The major parts are the diode, the
injection channel, and a fast-shutter
for dinde protection. The sequencing

is as follows: (1) The fast—shutter
opens. In Fig. 14, the shutter consists
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Flg. 14, Electron beam injection geometry.

of two rotating wheels, The aperture imn
the synchronous “rep-rate” valve is open
for about 3 m5. The twe apertures are
collinear with the beam line 10 times
per second for 10 Hz operation. (2) The
plasma anode is formed. Plasma is
created between the anode plates efther
by flashover of an insulator fn a gas or
by plasma guns. This plasma establishes
the anode equipotential in the beanmline
so that significant material damage is
prevented when the electron beam is
extracted and focussed. (3) The channel
lagers are fired. With relatively spall
amounts of energy and power (~1 J/em”,
1us pulse), two sets of lasers provide
sufficient pre-ionization (~1 percen®)
to guide the channel discharges that are
for particle beam propagation. The beam—
line laser set ronsists of one laser per
injector. The return current laser set
consists of two lasers, cne located at
the top of the combustion chamber and one
below. The lasers cauld be €0, systems
providing direct photo-ionization or
shorter (UV) wavelength systems providing
two-step excitation and ionizatiom.

{4) Voltage is applied to the upper and
lower channel electrodes establishing
arcs along the preionized paths from
these electrodes to the injector anodes.
While the arc currents increase to the
required level (~50 kA) in 2-5 us, the
shock waves created by the arcs expand
to ~1 cm in diameter, leaving a low—
density plasma channel. (5) Tne main
pulse is applied to each diode. The
intense electric field in eack diode
causes an electron beam to form. As it
traverses the diode gap, self-magnetic
fialds cause the h?im te piach down to a
diameter of ~1 cm. The electron bean
propagates along, and is confined by,
the current-carrying plasma chamnels.
The beam entry ports in the chamber wall
should be several times a beam diameter,
perhaps 5-10 cm in size,

A similar geometrical arrangement far the
injection of ions is showa in Fig, 15.
The valving and laser-preionization con-
figuration 1s similar to that in Fig. 14.
in the diode, ions are extracted from an
anode plasma created by surface flashover
and accelera“ed to a virtual cathode
{electrons tied to magnetic field ignes
define the cathode equipotential).

Since the anode surface is a spherical
section, the space-charge-neutralized
ions ballistically focus at a point

which is one end of the channel. The
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fons zre then magnetically confined in
the chanrel as they propagate to the
pellet.
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Fig. 15.

Ton beam injection geomatry.

The injection geocetry, therefore,
influences the reactor design in several
ways: {1) A chamber "prefill” in the
range of 50 torr-atmospheric pressure is
required for beam propagation along
ionized channels. At pressures below
50 torr, the channel expansion time
might be less than that reguired to
tuild up the necessary channel currents
with reasonable~inductance capacitor
banks. (2) The use of hollow diodes
allows for direct-path laser preioniza~
tion, minimizing the number of ports in
the chamber wall. (3) Introduction of
the particle beams into the cocbustion
chamber after spatial focusing permits
small entry ports into the chamber to
be used.

Power Flow Efficiencies

The efficiencles invelved in the power
conditioning and transmission steps of
a particle beam driver are showm in
Fig., 16. The value of energy present
(top) or lost (bottom) at amy point in
the driver is normalized to 1 MJ
absorbed by the target. The magnitudes
of the efficiencies have been extrapo-
lated from present experiments and
represent expected values. The oversll
efficlency from wall plug to absorption
by the target will likely be in the
30-40 percent range.
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Fig. 16, Power flow efficlencies.

The affect of power flow efficiencies on
veactor design {8 seen in rhe energy lost
to the chamber gas (energy lost in propa-
gation along the plasma channels and
coupling to the pellet) and the amount
of energy which must be recirculated to
the drivers between microexplosions.

X-ray and Debris Attenuation

Particle beanm pellets are expected ¢o e
nore massive rhan laser targets because
of the greater range of high-energy elec—
trons wad light lons in msterials com
pared to phatons. As 8 resull, the mean
x~vay debris fon energies tend to be
lower. Characteristic values for an
electron beam pellet may be 350 eV for
the x-ray black body temperature and

50 evV/a.m.u., for the debris fuos. The
debris ions would then have energies less
than 1 MeV and would be easily stopped {n
the >100 rorr-meters pas thickness in the
combusion chamber.

Table VI shows the mean free path for
350 eV (monoenergetic) x-rays in severié
gases for 1 atm and 100 torr pressure.
For adequate x-ray attenuation, at least
3 mean free paths should be obtalned in
the chacber radius. The values glven in
Table VI indicate that nearly any gas
other than hydrogen will adequately
attenuate the imploson x-rays at pres-—
sures around 100 torr in a chamber with
radius >1 m.

[P 4]
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TABLE Vi

Mean Free Path in laser
for 350 eV X-rays

s 1R AT L AT, P AT 100 ToRR
fany (end
uz 5.3 .t
He 3.7 %3
u 068 49
" 0.8 3.0
L3 LAL) 1.0
A 5.05 0.2

The effect the chamber gas prefill has
on reactor design is, therefore, very
significant. The walls will not be
subject to the fact transient x-ray and
ion heating, and the resultant melting,
ablation, sputtering or spalling will
not accur. The dense buffer gas acts
as an cxcellent wall protector, but it
does give rise to other problems which
must be considered, such as the blast
overpressure.

Blast Querpressure

The very sudden absorption of tune x-ray
and debris ion energy by the combustion
chamber gas tesults in a hydrodynamic
shork. The dynamics of chf shock have
been sturied using CHARD D 7 and were
deacrihgg in detail in a2 previous
report.*® Results of a calculacion for
a 60 MJ pellet, from which 18 MJ of
%~ray and ion energy was deposited in
100 torr air, are shown in Fig. 17.
Because the lon energy is the greater
part of the deposited energy, and the
deposition of this energy is very local,
the overpressure begins as a strong
shack and decaye approximatley as R,
As it propagaters outward the over—
presgure move~ through a traasition to
a wesk shock and de-cays approximatel.
as R, At R = 4 m -eprs, the over—
pressure has decayed to ~1 atmosphere.
The dependence of overpressure on gas
prefill pressure {s weak at this radfus,
increasing only 60 perceat for a ten~
fold increase in gas pressure.

TKCIZENT SHOCK OVERPRESSURE (ATM.)

SHOCK FRONY ARRIVAL TIFE {MILLISECONDS)

ol

ot 17
Wl i
0 50

REALTOR CHRER RADIVS (PETERS)

Fig. 17. Shock vave sverpressure and
arrival time vs. radius for a
60 MJ pellet in 100 torr of

nitrogen.

The impact of the overpressure on reactor
design is to require that the chamber

wall be capable of surviviag the “reflected”
overpressure, usually about 2,5 times as
large as the incident overpressure for

very weak shocks. This force can be

taken as 4 hoop stress. The relatfon
between the stress fn a wall of thick~

ness t and the reflected overprerssure P

is

P+PD‘PB
w 13

R,

where P_ is the initial chamber pressure
and Pp Is the pressure behind the wall,

As an example from Fig. 17, 4f P = 2.5 atm
at R » 4 m, the stress in a 1 em thick
wall is 33 NPa (4.9 ksi).

Figure 17 also chows the time of arrival
of the shock front as a function of
radial distance. The ealculation indi-
cates that 5 ms will elapse after the
wmicroexplosion before the shack reaches
a wall with 2 4 n radius. This amount
of time is sufficient to allow a valve
to close, thereby protecting the ertire
driver system from everything but the
pellet neutrons. Sine¢ the entry ports
are only a few centimeters in diameter
and siace hollow diode geometries asppear
feasible, damage to the driver systems
is expected to be minimal.



Energy Transport Through the Combustion

Chamber Gas

After the pellet x-ray and debris ion
energy has been absorbed by the combus-
tion cnamber gas, conduction, convec-
tion, and re-radiation of the energy to
the reactor walls begins, The rate is
sensitive to the gas pressure and dis—
tance to the walls, and probably to che
gas type. At the present time, the
transport phenomena have been studied
using CHART D without hvdrndynamic
effects included (i.e., no convection).
These calculations are described in
detail ir another section of this report.
Results of a calcusation for a 75 MJ
pellet in 100 torr air with thz vessel
wall radfus at 4 m aud 2 repetition rate
of 10 Hz are shown in Fig. 18. The
curve shows the rate at which energy is
transported to the wall between the 23rd
and 24th ghot. In this particular case,
equilibrium conditfons were obtained
prior to the 23rd pellet shot. At t =0,
before the first shot, the baeckground
gas temperature was assumed to be 750°K

1 L . o ]

L \ 1 1
10 20 30 40 S0 60 70 8¢ 90 100
TIME FOLLOWING MICROEXPLOSION (MILLISECONDS)

Percentage of non-neutronic
energy form 75 MJ pellet
transported from 100 torr air
to chamber wall at R = 4.0 m
as a function of time follow-
ing microexplosion.

Fig. 18.

(the wall temperature}. At equilibriunm,
the gas temperature 1s ~7700°K. This
value may be acceptable since the wall
temperature remains at 750°K. For lawer
pressures and smaller vessel vadii, the
energy traneport is more rapid and the
equilitrium gas temperature lower. The
dependence of the energy transport on
gas type is difficult to determime due
to the lack of available opacity Jdata
in this low Lemperature range.

The effect of the absorption and trans-
port of x-ray and debris ion energy by
the gas in the combustfon chamber i{e ta
"smooth out” over many milliseconds the
pellet energy which would otherwise
appear at the wall as a fast transient
accoupanted by large thermal stresses.

Reactor Chamber Sizing

For gas-filled, particle-beam—driven
reactors the design criteria which might
result in an upper size limit on the
chamber radius are (1) the energy trans-
port time through the gas which is
achievable without recirculating the gas
between microexplosions and (2) the
potential difficulty of producing long
(>5 m) ionized channels and achieving
satisfactory beam propagation through
them.

!ne design eriterion which results in a
lower size 1limit i{s the wall hoop stress
produced by the reflected overpressure
from the hydrodynamic shock. Figure 19
shows the minimum chawber radius as a
function of pellet yisld for constant

10 ksi loading in a 1.0 <m thick liner
at a chamber prefill of 100 torr. Also
shown are the values of neutron wall
loading for 10 Wz operation with the
indicated radii. Fnr cylindrical vessels
with unity height-to-diameter ratios, the
values shown would be the peak values,
and average loadings would be two-thirds
of the peak values.

Figure 19 shows that the minimum vessel
size determined by the overpressure
stress in the l-cw~thick wall is con-
sistent with "econonic” values of neu-
tron wall loading at moderate repelLition
rates, and that this complementary pair
of coustraints scales to small vessel
sizes. Even the numbers shown in Fig. 12
are not minimum values, however. If the
vessel walls were made thicker and
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Fig. 19. E-bean reactor chamber sizing

based on reflected overprcssure
from hydrodynamic shock.

incorporated froat-surface ar laternal
cooling to limit thermal stresses, the
vessel sizes could bg reduced--or alter-
natively, the yleld increased--so that
higher values of neu%rcn wall loeding,
perhaps above S MW/m“, would be obtain~
able with more frequent wall replacement.

ECONOMIC CONSIDERATIONS

Minimum "Eeonomic™ Pellet Calm and Yield

for inertial confinement fusion reactors,
the product of driver efficiency and
pellet gain, ﬂDQ, is an laportaut eco-
nomic figure of merit. In power systews
where the majority of recirculating
powet is assoc{ated with the driver,
this product is related to the plant
thermal efficiency My and recirculating
power fraction f by :ge equation (1)

Q= =—f ($%}

Nent

Since all recirculating power must pass
through the balance of plant, which
accounts for the greatest fraction of

plant costs, the cost of rhe power plant
ts very sensitsve to the recizculating
power fraction when f 2 0.25 (cost ~f/1-f).
For a thermal conversion efficiency of
0.4, the value of YpQ necessary to keep
the recirculating power below 25 percent

is 10.

Table VII shows the pellet gain required
for use with several values of driver
effi{ciency. Also shoun are the minfoum
pellet yields allowed by this cconomic
criterion for pellet input energies of
0.25 MJ and 1.0 MJ. If an input energy
of 1.0 MJ is required to get significant
pellet gain, a ane percent efficient
driver will require pellets having a
gain of 1000 and a yield of 1000 MF while
a 40 percent efficient driver could be
used with pellets having 3 gain of 25

and a yield of only 25 MJ. Furthermure,
since these drivers are fast pulsed sys—
tems, they require either capacitive or
inductive storage systems the size of
which is inversely proportional to driver
efficiency.

TABLE V1I

Hequired Pellet Gain vs. Driver
Efficlency for Pure Fusion System

EOONGAIE IMPLICETICHS: PURE FUSION SYSTE™S

ngy,, =10

Min

DRIVER EFFICIEACY (9

a1 04 i
5“;" woe | %0 5
YIELD 62. =
LB I =0 S el
YIELD 50
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‘The ecgence of the economic reguirement
on the 7,Q value is that lower efficiency
drivers require larger storage systems,
higher gain and higher yield pellets

and, therefore, larger or more cumplex
reactor vessels.

fffect of Driver Replacement Costs

Tabls T on page 111 shows the character~
istics which are generally believed to
be required for experimental, demonstra—
tion, and commerclal power reactors. In
this table, f 18 the recirculating power
fraction, The lifetimes of reactor compo—
nents {especielly driver componunts)
could be considerably less than the
values given in Table 1 for the "system”
lifetime provided that (1) system reli-
ability i3 sufficiently high to allow
the plant availabiliry fantor regquired
far economic operatfon to be achieved
with moderate down-time for component
replacement, and (2) component replace~
ment costs do not substantially increase
the cost of power generation, Replace-
ment cost includes the cost of the com-
ponent and of the manpower for replacing
such ftems. 1If D represents this cost
in mills/joule, E, {s the pulse power
energy storage in joules and L is the
component lifetime, then the drlver
replacement cost (B) that nust be
recovered each hour of reactor operation
is given by equation (2)

DE,
B = 3.6 x 207 R > (2>

The output power (P) in kW is given by
equation (3) and (4)

Es
P = 550 TppQ (3 - £) R (€]
E
s (1 - £)
Peiee T R )y

Thus the replacement cost that must be
regained for each kWh sold is

B/P

6
3.6 x 10° B £
D M w4 3

An esticate of the cosls ot the compo-
nents most likely to be expended is
700 mil/J for capmacitors, 100 mil/J for

low voltage switches and 500 oil/) for
high voltage switches or 1300 mil/] for
the total cost. Thus {f the worst case
is such that all of thesc compolenﬁs
aust be replaced each year (2 x 10
ghots) on a reactor with a recirculating
power fraction of 0.25, then the contri-
dution te the power cost would be

B mil/kWh, If the recirculating power
fraction of 0.1 or the life s three
years, the contributlon to power cost
draps to 2.6 mil/kWh, a negliglble
amount, Thus under the above assumptions
these connonents mugt iast 1~3 years to
have negligible impact on the cost of
power.,

Parametric Analysis of Power Reactor
System Costs

The system model which is used for detes-—
aining economic parameters of conceptual
reactor designs (EBM) has been described
in a previous report, In this peciod,
the mudel was modified in order to make
it rore accurate for the parameter
determination of small reactor systems.
The original code was optimized for use
with reactors in the 500 Mie to 1200 MiWe
range; for systems outside that range
sigalficant errors were euncountered,

New algorithms permit reasponably accurate
economic analysis for reactors ranging in
size from 100 MWe to 2000 MWe. The
changes which have been made for the
variocus components comprising direct and
indirect cost3 are summarized in Table VIII.
All other algorithas in the cudg reuain
unchanged. The costs are in 10° 1976 §
and reactor sizes are in Mie. The new
algorithms are presented graphically in
Fig. 20.

TABLE VIIL

EBM Cast Algorithms
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Fig. 20. CGraphical presentation of EBM

cost algorithm.

SPECIFIC REACTOR (POINT) DESIGNS

Hybrid Reactor Design Studies

The Bechtel Corporation engineering
design of a conceptual 100D MWe eleciron—
beam-driven fusion-fission power reactor
is approximately 80 percent complete.
Information concerning driver size and
configuration, beam prop-gation, and
energy transport through the 100 torr
nitrogen chamber gas has been provided
by Sandia, The power reactor generates
720 MW of fusion power with a 10 Hu
repetition rate and a pellet energy gain
of 18. By employing a depleted uranium
bianket having a neutron enargy gain ~6,
a total plant thermal power of 3440 Mw
and net electric power of 1090 MW are
obtaired. 1In one year, this plant
design would produce nearly 3000 kg of
fissile “uel, an amount sufficient to

| WUELEAR STEAN SUPPLY SYSTENM
C*ER MECKANICAL EQUIPHENT

pover six light water reactors of equiva-
lent electrical output. A cost analysis
of the plant design is currently under—
way.

Compact Pure-Fusion Reactors

An example of the energy flow in a single
shot of a compact particle beam reactor
is shown in Fig, 21, For this example,

a hypothertical pellet with an input
energy of 1 MJ and a gain of 30 has been
chosen. (One type of pellet which might
provide such performance &8 the "magneti-
cally insulated pellet™.) The reactor
vessel radius is 2.6 m, and 10 Hz opera-
tioa leads to a net plant power level of
110 Mde. The recfrcularing power frac-
tion 1s 24.9 percent, and the net plant
efficiency 1s 30,0 percent.
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Fig. 21. Energy flow for a single shot
of a compact particle-~beam

driven, pure-fusion reactor.

A drawing of the geometry of such a
reactor, with the approximate size of
associated components, is given in

Fig. 22. The figure shows the energy
storage, pulse forming, and transmission
sections of the drivers, the gas filled
reactor vessel and its blanket, and the
beamline and return current plasma chan—
nels.

The compact reactor unit described here
could serve either as a stand-alone

100 MWe unit or a wmodule of a larger
pover system incorporating several units.
It should also be emphasized that a unit



Fig. 22.

Compact 100 MWe particle-beam—
driven power reacter.

of this kind could serve as a smali pro-
totypical power reactor to demonstrate
the technfcal feasibility of the approach
at a comparatively low cost,

Sumnary

Gas-filled, particle-beam-driven reactors
ave sized on the basis of the .eflected
overpressure from the hydrodynamic shock
and on the neutron wall loading. These
constraints are complementary and scale
simtlarly over a wide range of reactar
sizes.

The high efficiency of particle-beam
drivers allows law values of recircu-
lating power to be achieved at relatively
srall pellet gains. The combination of
the two, i.e., a highly-efficient driver
and the ablility to employ a chamber pre-
£111 in the S0 torr to 1 atm range may
pernit the following:

1. Small pellet gains {near to inter~
nediate term physics) to be used economi-
cally.

2. Small pellet yields to be used
economically.

3. The construction of a small (cham-
ber radius <2 m), relatively inexpensive
{perhaps at a cost in the $§170-5200 M
range) experimental power reactor (recir-
culating power fraction = 1) of the
50 MW {thermal) class using a pellet

gafn of only ~4. This could be baced or
pellet experiments projucted for EDFA Il
in 1985-86.

4. The construction of = small (cham
ber radius <3 a), relatively irexpensive
demonstration power reactor (recirculating
power fraction = §,25) of the 100 MHWe
class using a pellet gain of only ~30.

8. The constiuction of commercial
power plants using multiple reactor
vessels in a system which could allow
derated turbine operation during replace~
ament of complete reactor modules. Wtih
the porencial of maintaining large
fractional plant output during module
replacement, the possibflity of operating
at higher stresses and neutron fluences
may be enhanced.

LOW~CURRENT DENSITY DIODE PHYSICS STUDIES
Overview

Several candidate lase: systems for fusion
reactor application require lagpe area,
Jow current density {1-40 Afcu“), micro-
second pulse duration elentron beams to
provide excitation of either rhe gas
laser pedium or a photolytic driver.
Space charge limited flow for these low-
current density beams are achicved with
10-50 kV/em mean electric fields in the
anode cathode gaps, With these low
values of eleccric flelds. it Is diffi-
cult to achieve the desired spatically
and temporally uaiform current demsities
art the anode. In addition, to achieve
efficient operation of these diodes, it
will be neces:iry to suppress emission
from cathode support structures. During
this period, investigations of cathcde
plasma instabilities occcurring with
highly field enhanced emitters continued.
Techniques for enhancing or suppressing
electron emission were extended to
additional materials and different volrage
waveshapes.

One technique to circumvent the inherent
difficulties involved in forming the
cathode plasmas in low current density
diodes is to inject p.csma into the anode-
cathode region. The plasma can either be
produced within CQ? diode or injectad

from plasma guns.“* Depending upon the
plasma density, these diodes could

operate in several different modes and
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extensive research will be required to
uodel each of these modes. If the
plasma density is high ~1017 1ons/cn?)
and the plusma located only in the
cathode vegion, the didoe skould fune-
tion in much the came manner as a cold~
“cathode diode but without che field-
enlgafon and the metallic whisker
Explffionaplase. With lower densities
(~10""/cm”), a sheath 1s formed near
the cathode as fone are rewoved and
space charge linmited eliatron and ton
flow cross this sheath. For a con-
ttant impedance, a stable eltuation,
where ilons are -eplaced by plasma flow
or tmpact lonlzation within the plasma
at the same rate that they are removed
fron the sheath area, must be esrab—
lished. A third mods could hs at still
lower densities (<107 ions/cm”) where
the plasma is quickly i1emoved from the
anode cathode gap but the fons heat the
cathode and enhance electron euigsion.

Durirg this period, several techniques
for penerating large area plasma sources
by surface flashover that are compatible
wirh operation in a high voltage diode
were iuvestigated. Initial diode
experiments to investigate impedance
behavior with plasma injected from
elither of these sources or plasma guns
have been initiated.

Needle Cathode Instabilities

Data taken in the preceding six months
conflirm our previocus results on the
relation between the onset time of
instability ir needle pathode diodes and
the current density being drawn,

Figure 23 displays the type of instabi-
1lity observed, a "spike” in current
density to more than five times the
anbient, presumably space charge limited
value. The upper trace in Fig. 23a is
the diode voltage which pesks at 160 kV.
The lower trace is the axial current
density which becomes unstable at 270 ns
into the pulse and goes off the bottom
of the picture. The total currenr in
Fig. 23b increases at this time to

80 percenr of the short circuit value.
The instability is over in less than

40 ns.

Using LPN accelerator, a Nereus

Marx generator with a two element
Cuillemin Type A pulse forming network
(PFN) to generate a 1.1 fis, 200 kV pulse

Fig. 23,

Typical voltage and current
waveforms displaying current
density “"spike” (time base
100 ns/cm).

a) Diode voltage, 87 kV/cm
{upper trace). Current
density on axis, 60 Afca“/co
(lower trace).

b) Total diode current, 3 kaA/cm.

with 200 ns risetime {see Fig. 27), data
were taken at various anode-cathode gaps
to observe the relation be ween instabi-
lity onset time and current density.
Additional data were taken withouc the
PFN and with a 44 g inductor between
the Marx generator and diode to slow

the voltage risetime and investigate
risetime effects in instability onset,
In each case current density on the

axils «f the needle, total diode current,
and voltage were recorded. The diode

is shown in Fig. 24 together with 13
masked Faraday cup on axis for curivent
density measurement, a CVR to measure
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Fig. 24. LPN diode.

total diode current and a resistive
voltage monitor. Figure 25 shows the
relation between instability onset time
and current density on axis. The solid
curve is a semi-empirjcal fit to data

in the range 102 Alen® j <€ 10% Afen?.
There is qualitative agreement. Note
the "knee" in the j vs. t plot near

t = 200 ns which is the risetime on the
volrager pulse. The plotted points fall
rapidly with increasing j until t = 200 ns,
Thereafter instability occurs at approxi-
mately constant time independent of j.
The daca show a strong tendency for
instability to occur at the end of the
rising portion of the waveform. When
the risetime was increased, the instabi-
11ty occurred later in time, near the
end of the voltage rise. However, the
current density was reduced also and the
resultant data point, the uppermost on
Fig. 25, is on the same curve as the
earlier data.

Impedance waveforms have been fit to a
diode model based on the concentric
sphere Child-langmuir space charge
limited flow calculation. Two variable
parameters, the speed of closure of the
A-K gap by the cathode plasna and a

400 1
300]
B
200 ,f + 1
10
L} 2‘0 40 L1 80
i[Afem?]
Fig. 25. Current density vs. instability

va-get time for blade and needle
cathode data.

normalization were selected by a least
squares minimization. The mean closure
speed versus A-K gap 1s shown in

Fig. 26 where the solid points are the
£it values. The circles are the closure
speed calculated from the diode short
time averaged over many shots. A
tendency to increasing speed with
larger gaps is obvious. Ar the largest
gap (6 cm) the diode shorts somewhat
later than the fit would predict,

Based on the success with this model

at smaller gaps and its ability to
reproduce the 6 cm data at earlier
times, the data may be suggesting a
slowing of plasma expaniion late in
time.
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Fig. 26. Anode-cathode (A~K) mean
closure speeds vs. A~K gap
spacing.

Emission Enhaucement

# polyurethane material which is filled
with carbon particles has teen investi-
gated as part of the continuing study

of electron emission enhancement from
cathodes subjected to low electric
fields (20-55 kV/em). The material
(ECCO-30RB, Emerson and Cuming, Iac.,
Gardinia, CA) consists nf a polyurethane-
latex base containing a 30 percent con—
centration of fine carbon particles.

The emissfion quality and uniformity were
investigated while being pulsed with the
above fields having a pulse duration of
one microsecond. The emission pattern
was observed using open shutter photo-
graphs, radiochromic film, and a seg-
mented Faraday cup. This {avestigation
was performed on the LPN accelerator,
whose equivalent circult, parameters,
and voltage waveform are shown in

Fig. 27, with the diode test configura-
tion shown in Fig. 28.

Open shutter photographs vere taken of
the emission sites on a 10,2 cm diameter
cathode while vecording the total diode
current flowing through a current viewing

4 ‘2
2 uN a3 im
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Fig. 27. LPN circuit diagram and veltage

waveform.

ACRYLIC
INSULATOR RINGS

METAL GRADING RINGS

Fig. 2B, Diode configuration.

resistor {(CVR). The photographs are
pictures of the cathode reflection in

a polished metal anode. At 22 kV/cm,
the current flow was indistinguishable
when the diagnosrlgs were adjusted to
measure Q.1 amp cm®; however, the photo—
graphs indicated cathode plasma had
formed at several points Iin a cluster.
When the electric fieid was ilncreased

to 25 kV/cm, 0.27 amp/en® of current was

recorded and the open shutter photographs

indicated more plasma points at the site
of the original cluster with other
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clusters beginning to light up. The
cucrent rise lagged behind the voltage
rise by 0.65 us. Increasing the elee~
tete fleld in discreet steps to 52 k¥/em
caused the current turn on time to
decrease at each step with a correspond-
in3 increase in plasma clusters as shown
in Fig. 29. 1In contrast to the earlier
reported work with graphite felt, the
emission sites of this material were
randomly situated across the cathode
surface with only a few of the plasma
clusters reappearing at the same loca-~
tion on a shot-to-shot basis or electric
ficld variation.

Fig, 30. Four segment Faraday cup.

up to 0.5 ys and did not seenm to be
dependent upon the applied electric
field. Cathode plasma instabilities
(described in the preceding section of
this report) were also evident from
these Faraday cup measurements.

Radiochromic dosimetry maps implied thLe
bean arrived at the anode in annular
shaped beamlets that impacted on the
anode in an incidental fashion. It
appears the current density at any givea
point is a function of the number and
intensity of the indlvidual beamlets
which may be superimposed on each other.
A typical radiochromic map is shown
Fig. 29. Apparent emission sites on a in Fig. 31. The beamlecs are probably
carbon-polyurethane cathode
at low electric fields.

A scgmented ring Faraday cup was used as
the anode to determi.v if the bean cur-
rent was uniform across the anode surface.
The sum of the peak heam currents impacc—
ing upon the four segments shown in

Fis. 30 were in good agreement with ths
tntal peak current measured by the “VR.
Calculations of the beam deusity from the
peak current nn each Faraday cup indicated
the beax density to be uniform withia

*10 percent for some shots but 25 per—
cent on nthers, However, these measure—
ments indieated that the heam currents
arrived at the Individual segments at
rent tlmes. The variation in time Fig. 31. Radiochromic film map of anode
mum current or current rise varied current densicy.
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launched from tine individual plasama
clusters and the spat.al and temporal
uniforzicy of the total beaa demsity
could be improved by a more uniform
distributfon of these clusters, Sur-
face irregularities of the test sample
may have contibuted to this non—
unifornity. Saoples which possess a
better surface finish and higher carbon
concentration will be tested in the near
future.,

Emission Suppressliou

The results of electron emission sup-
pression experiments using somewhat non=
uniforn tield cathodes have appeared in
previous semi-annual progress reports.
The results of experiments using uniform
field cathodes to evaluate the effects
of dielectric coatings in suppressing
electron emissions in Low-current
density electron bzan diodes with a one
microsecond pulse duration are reported
here. The goal of suppression experi-
ments is to find a8 dielectiic coating
that can be easily and economically
applied to large cathode support struc-
tures to suppress spurious electron
emissions that occur during long pulse
durations.

The uniform field cathodes were con—
toured of aluminum to approxigate a

15 ¢m diameter Bruce profile“” as shown
in Fig. 32. Diamond polish with parti-
cle sizes decreasing progressively from
15 microns ta 1/4 micron was used to
hand polish the surface te a bright
shine. A bare aluminum cathode was used
as a rest control sample for comparison
of the effectiveness of the various
diel:.ctric coatings. Ten different
types of dlelectrics were applied to the
above substrates and subjected to pulsed
electric fields of 70-175 kV/cm using
the LPN accelerator, Fig. 27. All of
the following data was taken with a 1 cm
anode-cathode spacing using the cest
set-up shown in Fig. 33. Examlnation of
the cathodes, after being tested, indi-
cated the test set-up did exhibit uni-
form field qualities, Emission sites
appearing on the cathode surfaces were
randomly spread across the entire sur—
face area.

PREPARED FOR TESTING OR COATING

Bruce profile electrode for
emission guppression tests.

Fig. 32.
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Experimental set-up for emission
suppression experiment.

Fig. 33.

Test results of the experiments are

shown in Table IX where F, is the maxi-
mum applied mean electric field at which
no detectabli emission cccurred

(€0.1 amp/em®), Fo refers to the mean
eleccric field at whi_h_emission currents
greater than 0.1 amp/cm® were detected,
to is the time fnto the voltage pulse

at which emission first became evident.
Each value in the table has an associated
rms standard deviation which is an
indication of repeatability.

In order for & dielectric coating to be
consldered of value {n suppressing elec—
tron enission, i1t must withstand a high
electric fifeld for a relatively long
time; therafore the produc: Fot, may

be considered as a relative figure of
merit when used in conjuction with the
hold-off electric field (Fo)' of course,
it is necessary that the standard devia-
ction be swall to insure reliable opera-
tion. A comparison of these qualities
is required in order to select the coat-
ing wvhich is the most beneficial.

0f the dielectric coatings taested,
Krylon 1303 (Borden Chemical Co.,
Columbus, OH), Rustoleum epoxy paint
(Rustoleum, Inc., Evanston, IL), and
scft anodizing (a sulfuric acid process)
seem to possess the best properties for
the above criteria. Other coatings may
meet the criteria in one category but
oot another. Krylon 1303 acrylic is
casy to apply by spray to any metal but
some samples did exhibitc flaking after

TABLE IX

Dlelectric Strength of
Varjous Coatings in Vacoum

xee
Peltaned 15+
Aluminan 5
st 23¢
fnoatze tic
e 227
ac st
Bustoleur 21
Epoxy N
Rerylte 2078
2 <26
reco0C 201
Seethare B
Her? 19un
Paint 23
186
1E3
¢
Cateitac 1928 ©
Zpory B S

Har.

Control samples werc
cycled from vacuum to atmospheric pres-
sure to see if the exposure to vacuum
caused the flaking; however, no flaking

prolong testing.

occurred in cthis test. The flaking is
probably due to poor preparation and
application of the coating, Rustoleum
can alsa be applied to any wmetal of
unlimited size and shape but has the
disadvantage of being a three coat pro-
cess, Soft anodizing is limited co
aluminum structures and does impose a
practical size limitation alchough it is
a relatively cheap process for small
structures.

PLASMA INJECTED, MICROSECOND
Vacuum Surface_Flashover Testz

A bench test facility was bullt in which
various configurations for vacuum sur-
face flashover plasma sources were tested.
The output of efther a 50 ns, 50 § cabie
pulse, or a capacitive discharge pulser
was fed into a vacuum chamter in which
the surface flashover specimens were
placed, The output switch was a manuvally

F-BEAM DIODES
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activated, ball plane, ofl dielectric
switch. For these tests the test_ghember
was evacuated to less than 1 x 1077 torr.

One class of flashover samples Chat were
tested had the genural configuration
shown in Fig. 34. Insulating materials
included acrylic board, fiberglass cpoxy
board, glass, and alumina ceramic, The
cable pulser was used for these tests,
and the charge veltage varied from

10-50 kV. The tests consisted of deter-
mining the number of channels/unit length
produced when the high voltage pulse was
applied to the semple, The best results
were obtained with the highest charge
voltage (50 kV) and smailest gap spacing
(2 mn). ¥o strong preference for either
polarity was apparent. Glass and ceramic
insulators gave better performance than
acrylic or fiberglass epoxy. The number
of channels produced using the fiberglass
epoxy sample was significantly increased
by undercutting the insulator surfzce at
the gap by ~.01 cm. This procedure left
a rough surface at the gap with a large
number of exposed ends of the fiberglass
filaments. The location of the arc
channels was regularized by using a
setrated edge on one of the electrodes.
By placing jraphite bridges across the
gap, the location of the arc channels
was further stabilized and the number of
channels increased. Figure 35 1is an
open shutter photograph of a 7.6 cm leng
glass substrate sample.

GROUND ELECTRODE

INSULATOR
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General confipuration of

Fig. 34.
surface flashover sample.

A further extension of this technique is
shown in Fig. 36. Here a 24 cm long
fiberglass epoxy sample has two 0.32 cm
gaps in series running the length of the
board. The high voltage pulse is applied
to the left gap. After this gap closes
with a relatively small number of chan~
nels, a large aumber of chaanels are
formed in the second gap. This phe—
nomenon is analogous to multichannel

Fig, 35. Open shutter photograph of
7.6 cm long glass substrate
samnle, The cable pulser was
charged to 40 kvV.

Fig. 36. Open shutter photograph of

24 cm long fiberglass epoxy
board with two 0,32 cm gaps in
series. The high voltage
pulse was applied to the left
side of the board.

switching where the first gap acts as a
pulse sharpening switsh. This technique
appears to be a promising method for
developing large avea plasma sources.

A slightly different approach using
printed circuit boards was also investi-
gated, Figure 37 is a photograph of one
.vch board. Each row of pads Is inde-
pendently fed from ome end while the
other end of the row is held at local
ground. A series resistor is used on
each row in order to limit the currant
flowing through the gaps and to maintain
the voltage on the remaining rows once

a row of gaps has completely closed.
These boards were driven by a capacitive
discharge pulser. Both fiberglass epoxy
and “Kapton” boards were tested. As in
the cases discussed above, better over—
all performance was obtained by placing
a spot of graphite on each of the gaps.
All of the gaps on the board shown in


http://surfr.ee

Fig. 37. Sample printed circuit board
used for large area plasma
source.

Fig. 37 were simultaneously flashed over
with a total stored energy of 0.5 J

{10 nF and 10 kV). This representg a
channel density of 1.8 chanmels/cm® over
a total area of 240 em®., Problems
encountered with this type of flashover
plasma source include: arcing from one
row to its neighbor row, arcing to the
edges of the board, and incomplete
breakdown along some of the rows. No
significant performance differences

were found for “Kapton” and fiberglass
epoxy boards. Figure 38 is an open
shutter photograph of the arcs formed on
a 17 cm % 19 cm board containing 8 rows

with 25 gaps in each row. An unexplained

feature of this type of board can be
seen in this figure. The first and last
gaps of each row is much brighter than
the remaining gaps in the row. Th2 con—
ditions for optimum operation of this
tyre of plasma source has not been
established, however, no problems have
been found which would 1imit the over-
all size of a source when operating at
the above channel density. Due to the
small amount of energy dissipated in the
gaps, no observable damage is done to
the boards, thus making this type of
source 3 promising candidate for repoti-
tively pulsed applications.

A third approach to plasma sources was

a surface flashover across an acrylic
ring as shown in Fig. 39. The high
voltage pulse was applied to the hottom
electrode while the top electrode was
held at ground, The center pins were
connected to the bottom electrode either
directly ovr through a series resistor.
The surtace flashover gaps were 2 mm.
The acrylic insulator pos.tioned and
insulated each pin. Tne cable pulser
was used for these tests. Even at 50 kV
charge only about half of the gaps
closed. Placing graphite across the

Fig. 38, Open shutter photograph of a
17 cm x 19 cm circuit board
containing 200 gaps in eight
Tows.

Fig. 39. Flashover sample using a pin
array.

gaps did nat improve che number of closures.
This technique is not very promising for
making large area plasma sources.

A fourth approach makes use of the high
dielectric constant of barium titanate
(BaTi03). & sketch of the geometry is
shown in Fig. 40a. One end of a 2 nfF,
40 kV capeitor has been removed to
expose the BaTi0y surface. A guard ring
1s placed on this surface and held at
ground while the high voltage pulse is
applied to the opposite electrode of the
capacitor, Figure 40b is an open shutter
photograph of the resulting discharge
when voltage 1s applied with the cable
pulser. The surface discharges appears
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shonk, The surface flashover discharge
was driven coincidert with the wain
d’ode voltage pulse.

LEGS has a four stage, pulse forming
network (PFN) that applies a 1 us volt-
age pulse to the dfode (see Fig. 41).
The voltage across the last stage of the
PFN was used to drive the surface flash-
over plasma source. For these tests,
the ipnductance acress the last Stage of
the PFN, L3, was increased to obtain
about 50 kV pulse to drive the plasma
source. The recaining inductor» in thu
PFN were ad justed to maintain, as closely
as possible, the original voltage wave-
shape. Typical diode waveforms obtained
using this setup are shown in Fig. 42,
The resultinz anode current deunsity
pattern was measured usiug radiochromic
dosimetry; it showed a high density
pattern (which clesely reproduced the
discharge pattern on the BaTiO, surface)
Fig. 40. a) Sk “ch of flashover sample superimposed on a circular pattern of
using BaTiO.. uniform density.
b) Open shuttefr photograph of
discharge on BaTiv, surface,

0}

.3

cable pulser charged Lo o _ recidmn L
50 kv, E ¢
by,
¢) Discharge tracks left on 2 My AN (cn 1
carbon layer placed on top é o <2 o |
of BaTi0, surface, wg !
ARSIV CAThBAR
‘ R [:J Zuss
to start at the edge of the ground elec- Y );l’ H
trode and to propagate inward. A test éi [
was made where the BaT103 surface was EI ;L

coated with a thick layer of graphite.
Figure 40c is a picture of the capacitor
surface after firing, The performance Fig, 41. Electrical schematic of LEGS
of the devics 115 essentially the same pulser,

with or without the carbon coating.
Further testing showed that the discharge
channels always started at the edge of VOLTAGE CURRENT
the ground electrode irrespective of the .

shape of this electrode. These tests
indicated that it should be possible to
make a large area plasma source using
this technique.

Preliminary Tests Using Surface
Flashover Plasma Source

Experiments were performed on the LEGS
accelerator to determine the character-

istics of a microsecond diode with a Fig. 42. ‘Typical diode waveforms obtained
surface flashover plasma cathode, A for BaT{04 flashover source
BaTiO3 capacitor, configured as shown driven by voltage across last

in Fig. 40a was mounted on the cathode stage of PFN.
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Some uncertainty existed as to the exact
time at which the plasma was formed on
the BaTi03 surface. The manner in which
the fiashover source was driven was
changed to ensure that the cathode plasma
was formed on the BaTi0; surface at the
beginning of the diode voltage pulse.
For this case, the rear electrcde of the
BaT{0, capacitor (originally driven by
the 13st state of the PFNY was connected
to ground via a 400 £, 1 KR2or 2 KQ
resistor. Resultz obtained with the

1 KQand 2 KR resistors were similar to
those obtained with the PFN driven plasma
source described above, When a 400 ©
grounding resistor was used, a strong
tendency for the diode to short late in
the voltage pulse was observed; possibly
due to a greater amount of plasma being
fed into the diode by the flashover
source.

These tests showed the Sfeasibility of
operating a plasma injected, microsecand
electron beam diode to gain control of
the diode impedance behavior. It was
apparent, however, that significantly
more control over plasma conditions was
necessary than could be cobtained with
the above methods. A separate pulser
was built capable of driving the plasma
sources independent of the main diode
voltage.

Tests _with Independentlv Driven Surface

Flashover Plasma Source

For these tests a plasma source utiliz-
ing a "KAPTON" board described earlier
was used. This flashover board was
placed inside a hollow cathode as shown
in Fig. 43. The output of a capacitive
dischatge pulser was fed via a transit
time isolator, through the center of the
cathode shank, to the flashover hoard.
The time between the firing of the
plasma source and the application of the
main diode voltage, AT, was made vari-
able. The diode could thus be operated
in a mode where the plasma was just
entering the A-K gap through the screen
mesh ov in a partially or totally filled
plasma diode mode. The density of the
plasma in the gap was varied by changing
the time delay, AT, between firing the
plasma source and the nmain Marx. The
screen mesh served the purpose of
isolating the flashboard from the main
diode voltage and defining the cathode
equipeatential.

FLASHOVER BOARD COVER PLATE
/ N
~ -
HOLLOW “\SCAEEN MESH
SHANK
- ]
ANODE N
N
N

Fig. 43. Diode geometry for cathode with
flashover board.

A large number of shots have been taken
with this mode of operation to establish
the gereral diode operating character-

--istics, An investigation of plasma
fitled diodes using conical theta pinch
plasrza guns was conducted on LEGS in
conjunction with this study. Resulrs
from chose investigations are presented
in the following sectton. XNany features
of diode operating characteristics were
found teo be common to both the plasma
guns and the vacuum surface flashover
plasma sources. Conclusions and results
common to bath studies are presented in a
separate section,

One of the first problesm eacountered in
using the surface flashover plasma source,
with the configuration shown in Fig. 43,
was the immediare and continued shorting
of the diode. For these tests a 0.2 pF
capacitor was used to drive the plasma
source, It was apparent that too high

~ density plasma was being injected intc
the anode-cathode gap. It was determined
that the amount of plasza generated could
be changed by addiag a current limited
series resistor to the plasma lrigger
supply. The diode lmpedance behavior was
found to be critically dependent on the
value of this resistor and on AT. Even—
tually the 0.2 pyF capacitor was replaced
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by a 10 nF capacitor. This capacitance
value was found to be adequate for
driving the flashover source; in fact
shorrs could still be obrtained using
this supply.

This d dence of the imped behavior
on 4T can be :een froo a series of shots
shown in Flg. 44, All shots were taken
with !dentical conditions except for the
delay time. Delays of 1, 2, 3, S and

10 ps are shown. At 1 ys, plasma starts
entering the gap sometime into the volt-
age pulse, At 2 us some plasma s pres-—
ent in the gap when the voltage pulse is
applied. As can be seen from the remain-
ing waveforms, as the delay time is
increased, the overall value of the
current Tises. Another apparent feature
is that the leading edge of the currenat
pulse becomes less sharp while the
trailing edge of the pulse becomes wore
preninent at the longer delay times.
Eventually the leadirg edge disappears
entriely while the trailing edge remains.
This feature is shown in Fig. 45 for a
different set of initial plasma condi~
tions and a time delay of 400 gs.

The dependence of the diode behavior on
the energy delivered to the flashover
plasma source is shown {n Fig. 46. Two
sets of data ave shown here; taken with
a time delay of 1 uts. The driver for
the plasma source consisted of a 10 ofF
capacitor charged to 20 k¥ {n one case
and 15 kV in the other. The desired
voltage and current waveforns were
abtained at 15 kV charge, but at 20 kv
charge the diode shorts halfway through
the voltage pulse.

A number of shots were taken without the
cathode screen. Without the screenm, the
dicde tended to short more readily early
in the voltage pulse. The screen evi-
dently changes the properties of the
plasma present in the anode-cathode gap,
however, it also tended to light up at
one or more discrete points. These hot
spots resulted in non—uniform anode
curreat densities as measured with
radiochromic dosimetry material.

Fige 46,

Diode voltage and current
waveforms obtained for various
tire delays.
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Fig. 45. Diode voltage and current
waveforms obtained for lomg
delay times.
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Fig. 46, Voltage and current waveforms
as a function of energy
delivered to flashover board.

Tests Using Plasma Guns

The objective of plasma injection into
the diode using a flashover gun is to
control the diode impedance in a manner
which will produce temporally flat volt-
age and current waveforms and spatially
uniform current density. The injection

OLODE viCau™ BOX  -—=oy

geometry s shawn in Fig. 47, An insu-
lator tlag?over gun developed by

€. Mendel emfts a plasma which is
typically a few microseconds wide with
a bulklxelosity of 5 cmfys and a density
of ~i0"7/em” at a distance of 20 ¢m frum
the gun exit, This plasma expands as it
passes down the drift tube and through
the cathode mesh inta the diode.

Q6 FT nbt -~

1o ru_ie £y

Fig. 47, Plasma gun experimental set-up.

A large rumber of factors which influence
the diode behavior have been experimentally
varied and the extent of their effect has
been partlally determined. These factors
have been grouped together under five

major headings: (1) Plasma Gun Dciving
Circuit, (2) Plasma Guns, (3) Machine
Parameters, (4) Electrode Parameters, and
45} Operation.

1. Plasms Gun Driving Circuit
a. Capacitor Voltage

The voltage to which the driving
capacitors are charged appeats to be very
important, with higher voltages allowing
more plasma to be produced. Since the
spark gap triggers unreliably below 14 kv,
control of the plasma by altering the
charging voltage is possiible only over
the range 15-20 kV.

139




140

b. Capacitor Size

The amount of plasma formed seems to
be a direct function of stored energy.
Values of .2 puf - 1.8 if were used, with
best results generally found at .2 uf
per plasma gun.

e, Capacitor Charging Polarity

Delivering a negative pulse to the
plasma gvn center electrode has been
found to be more effective in producing
a fast rising plasma pulse than using a
positive one. This may be partially
understood in terms of the gun geometry
which could allow for higher fizid
emlsston with a negative pulse on the
small inner conductor than the spiral
shape outer conductor.

d. Plasma Gun Bias

The outer conductor of the plasma gun
was bilased 300 voits from the potential
of the drift tube and cathode mesh
{ground). No effect of the bias was
observed.

&, Series Resistance

The value of the series resistance
placed in the plasma gun circuit has a
very large effect in determining the
amount of plasma which is imjected into
the diade. The mechanism of control is ~
not fully understood, although the main
influence seems to be that of a current
Yiriting resistor. This is an easily
varied parameter which can prevent most
dicle shorts.

2. Plasma Guns
a. Gun design

Figure 48 shows three modifications
<f the basic gun., The core angle deter—
mites the dispersion of the plasma. The
hest diode behavior is produced using a
wide (120°) cone.

b. Gun-to-Cathode Distance

The uniformity of the plasma in the
diode improves with drift distance
while the density decreases, At small
distances (1-3 cm) the diaode often
shorts. At large (30 cm) distances, the
current rises slowly. At intermediate
(10 cm) distances, the wide—angle puns

T
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Fig. 48. Modified plasma gurn.

seen. &o psoduce moderate density
(~1013/ca>) plasmas in tne diode.

¢. Gun Coating

The teflon insulator in the rigid
coax is coated with several layers of
graphite to produce a carbon plasma at
flashover. When 0.6 ME at 15 kV is wsed
for each gun, the carbon coating life is _
~10 shots. When 0.2 Uf at 15 kV is used,
the coating life is ~40-50 shots. When
early diode shorts occur, part of the
coating can be removed as a flake in a
single shot.

3+ Machine Parameters
a, Voltage Level

The voltage level to which the Marx
is charged secems to have no appreciable
cffect on the magnitude of the impedance
collapse. For lewer voltages, the cur- .
rent rise occurs later in time but results



in approximately the same final impedance,
as seen from the diode current and volt-
age waveforms in Fig. 49.

CURRENT

VOLTAGE

35,2 kV/p1v 1.46 «A/p1v
200 us/piv 200 ns/oty
Fig. 49. Voltage and current waveforms

ve, Marx charge voltage for
plasme filled diode.

b." Delay Time

The main Marx pulse is delayed a
number of microseconds from the time the
plasma guns are fired. The diode
behavior iIs a stroag function of this
delay. Presuymably, the delay time deter-
mines the plasma density in the diode at
the time of the main pulse and has some
effect on current uniformity. The best
performance occurs with delay times in
the range 20~70 ys indicating that the
diode performs best as a plasma filled
diode. The effect of the delay is
greatest with the most transparent
cathode meshes. There is an optinum
delay time for each series resistance in
the plasma gun driving circuit, This is
probably due to the control which both
the resistance and delay time have on
the plasma density in the diode.

c. Diode Residual Pressure

By using a controilable leak, the
air pressure in the diode was varied.

e,

For geries resistance in the gun circuit
of 200-100C 2, a trancition from routine
diode operation to continued shougng
was found to gceur between 3 x 1077 torr
and 2,0 x 107" torr with the diode A=K
gap set at 8 cm. Little benefit in
terms of current uniformity in space or
time was found by operating at pressures
above the_normal base pressure of

5-8 x 107° torr.

4. Electrode Parameters
a. Cathode Mesh

The type of tathode mesh used has
been found to have a strong effect on the
ability to obtain temporally flat volt-—
age and currsnt waveforus. Figure 50
ghows voltage and current waveforms for
varfous delay times when no cathode mesh
was used. Filgure 51 shows the waveforms
when a 50 percent transparent aesh was
used. The most desirable current wave-
formg have two peaks of approximately
equal size. The effect of a fine
cathode mesh 15 to cut down the first
peak and enhance the second, resulting
in a decreasing {impedance. High trans—
parency meshes have a small, but notice-
able effect.

5. Operation
a, Single Gun Operation

More than 280 diode shots have been
taken with the single gun geometry
(Fig. 47). These shots have given sub~
stantial indications of what does and
does not work for obtaining flat wave—
forms, but have been generally unrepro-
ducible on a day~to-day basis to better
than ~30 percent. The most reproducible
shots have been those in which the drift
tube was not covered by a cathode mesh.
The waveforms, impedesnce, and electron
energy spectrum from one of the better
shots are shown in Fig. 52. A carbon
anode was used in the shot with a gun-
to-cathode mesh distance of 10 cm and a
gun ceries resistance of 55 Q.

b, Multiple Gun Operation

Three plasma guns with 120° cone
angle were placed into drift tubes in a
geometry sinilar to ihat in Fig. 47.
An 8" x 20 (1000 ern®) aluminum anode
area, so that the cuvirent density
remained constant. The value was
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Syl At CURREIT

Fig. 50. Diode voltage and current
waveforms vs. time of plasma
injection without cathode
mesh.
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Fige. 51,

Diode voltage and current
waveforms vs. plasma injection
time with 50 percent trans—
parent cathode mesh.
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Fig, 52. Voltage, current, impedance,
power and electron spectrum for
single plasma gun shot,

~5-10 nmps/cmz for diode voltages of
200-330 kV., The diode operated at
impedances of 20-50 . Reproducibility
using the three gun geometry was improved
over that using the single gun geometry,

c., Fast Framing Camera Observations

A fast framing camera was used to
observe the optical emissfon from the
dicde. Figure 53 shows the progression
{top~to~bottom)} during a normal shot and
during a shart. The sequence Is as
follows:

CATHODE
PLANE

— ANODE

/‘ FRAME SIZt

T = 150 us

T = 350 us

NORMAL SHOT T = 850 us
7= 150 ns

SHORT 77 350w

7 =850 us

Fig. 53, Framing camera experimental
set~up.
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(1) The anode 1ights up on the sides
and at the back. There is no light
observed at the cathode.

(2) The light at the anode brightens.

{3) If the shot is a short, visible
1light occurs at the anode front surface.

(4) The anode front surface plasma
expands into the A-K gap at a rate ~f
3 cm/us.

Summary and Conclusions

A number of techniques have heen iden-
tified for generating large area
plasmas; some of these have been used
to study the operation characteristcs
of rlasma injected, microsecond,
electron beam diodes. It has been
established that these diodes can be
made to display a wide range of imped-
ance characteristes by controlling

the injected plasma conditions. The
strongest control over diode impedance
was obtained by adjusting the time
between formation of the injected plasma
and the application of the high voltage
to the diode. 1t was determined that,
within this wide dynamic operating
range, it is possible to obtain tem-
porally uniform voltage and current
wzveforms. Some spatial non—uniformities
in anode current densities have been
abserved with radiochromic desimetry.
It does not appear that these non—
uniformities are inherent to the opera-
tion of these dlodes and thus it is
expected that bath spatial and temporal
uniferm current densities cam be
obtained using plasma injected diodes,
Work is continuing to obtain a quanti-
tative description of the performance
of the various plasma sources and to
obtain a model which describes the
observed impedance behavior of these
diodes.
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