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VOLTAGE BREAKDOWN LIMITS AT A HIGH MATERIAL
TEMPERATURE FOR RAPID PULSE HEATING IN A VACUUM*
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Abstract impacts the propagation of the electron beam to the
converter target material. The difficulty is that the plasma
The proposed Advanced Hydro Facility (AHF) ischaracteristics are quite different in terms of temperature
required to produce multi-pulse radiographs. Electraand thus expansion speed (~ several times larger).
beam pulse machines with sub-microsecond repetition a&eaother possibility proposed here is to produce an
not yet available to test the problem of electron beaohmically heated small volume of material. The bulk
propagation through the hydro-dynamically expandingeating is similar to beam energy deposition.
plasma from the nearby previously heated target material. We evaluate the significant parameters involved in
A proposed test scenario includes an ohmically heatddpositing the energy into the small volume of material
small volume of target material simulating the electroand explore their scaling at high energy densities where
beam heating, along with an actual electron beam pulskort pulse power heating times may allow for only
impinging on nearby target material. A pulse powepartial vaporization. We propose a pulse power design to
heating circuit was tested to evaluate the limits of pulsmable relatively uniform pulse power deposition on the
heating a small volume of material to tens of kilo-jouleshort time scale of 50 to 100 ns and yet allow current
per gram. The main pulse heating time (50 to 100 ns) wasnetration into the material which at room temperature
to simulate the electron beam heating of a converter tarfgiets a skin depth much smaller than the thickness. To
material. To avoid skin heating non-uniformity a longedrive the high power deposition, the conductor must
time scale pulse of a few microseconds first heats tlsapport a high electric field. Such a field may be too high
target material to a few thousand degrees near the liqtiidbe supported on the material surface, especially in a
to vapor transition. Under this state the maximum electri@cuum. There are indicatichshat a sufficiently high
field that the current carrying conductor can support is tledectric field (~50 kV/cm) can be maintained at room
important parameter for insuring that the 100 ns heatingmperature. A 2D hydrodynamics code (CA)LEapable
pulse can deposit sufficient power. A small pulse powef including the MHD aspects was used in a co-axial
system was built for tests of this limit. Under coldapproximating geometry to study the current penetration
conditions the vacuum electric field hold-off limit hasand heating uniformity. We explored the electric field
been quoted as high as many tens of kilovolts pépld-off issue with a small-scale experiment in a vacuum
centimeter. The tests for these experiments found that tlvkich can match the required electric field under similar
vacuum electric field hold-off was limited to a fewdynamical conditions of the material thermal state. One
kilovolts per centimeter when the material approachddsue was to measure the average material resistivity
melting temperatures. Therefore the proposed tedtiring the high power deposition when the hydrodynamic

scenario for AHF was not achievable. time scale is of the same order or longer than the heating
time. The experimental results show the limit of electric
I. INTRODUCTION field hold-off under the resultant thermal and dynamical

conditions and the resistivity equation of state is

The proposed Advanced Hydro Facility (AHF) iscompared to other results.
required to produce multi-pulse radiographs using high

power electron beam conversion. There are no multi-pulse |I. SCALING FOR OHMIC HEATING

high power machines to appropriately test the problem of

electron beam propagation through the hydro-dynamically The electron beam from an induction linac accelerator

expanding plasma from a previous pulse. One methtypically deposits power during 40 to 60 ns into a material

produces a blow-off plasma through the application @bnverter of 0.1 cm thickness. The beam spot size can be
laser power to the surface. This expanding pldsmas small as one millimeter in diameter. The peak power

P, into this spot for the AHF beam is 120 GW, of which
5 Work performed under the auspices of the U. S. 14 GW is deposited into the material. We match the
Department of Energy by the Lawrence Livermore ohmic heating power into the same volume with a current
National Laboratory under contract No. W-7405-ENG-48 conduction path of , and a voltage drop df . Thus the
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At room temperature and for a one millimeter thick
material, the skin depth will not allow a heating frequency
greater than one MHz up to about 2000 C, but at liquid
temperatures the skin depth will allow up to a few MHz
heating rate. Typical electric field hold-off in air is 5 to 10
kV/cm, depending on the duration. In a good vacuum well
below the knee of the Paschen minimum the electric field
hold-off may be better or worse depending on the material
temperature and evaporation-to-ionization state.
Vitkovitsky and Scherret measured electric field hold-
off across opening fuses as high as 20 kV/cm inata
vacuum for pulses less than one microsecond. For
nanosecond pulses, fieldsas high as 150 kV/cm were
obtained across opening fuses.

[ll. CO-AXIAL MHD MODELING

The typical electron beam converter is a slab of
tantalum one millimeter thick. The electron beam energy
deposition during the heating pulse is modeled assuming
the electrons follow straight-line trajectories and deposit
power according to the radiation mean free path. A beam
gaussian power profile is assumed for the hydrodynamic
response calculation. For the typical FXR parameters of
18 MeV, 2.8 kA and 60 ns into a beam spot of 1.8 mm
(fwhm), the end of pulse material energy is about 10
kj/gm. For the proposed AHF facility the equivalent
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Figure 2. Skin thickness dependance on material
temperature and frequency

I =tw Pb/n . The effect of skin depth can be roughly

electron beam

related to the heating time scaiep, or a):r[/rp.

These parameters are presented in Figure 1 showing t
required peak pulse current and electric field as a functic
of the resistivityr, at roughly the peak power transfer.

The parametefV represents the rate at which the power

Beam heated

volume
is delivered. It is immediately obvious that the requirec
. . . FXR parameters:
current and electric field must be very high and any 3.5K] at 18 Mev
1=70ns

increase in material resistiviy would reduce the curren
and increase the electric field. For a converter material bigure 3. Calculated energy content of a beam-heated
tantalum the classical skin depth is plotted (Fig 2) astantalum target compared to an ohmically-heated
function of frequency for three temperatures of interestquivalent volume.




critical damped pulse) which is larger than the target load.

conditions would be much more difficult. The lowerThis design will help to avoid energy cycling beyond the
energy density will however provide an expanding plasnfast pulse. However this design does not permit a very
through which useful beam propagation studies may ké#icient power transfer and makes a short pulse more
made. difficult to achieve. Low impedance transmission lines

We model this heated volume with CALE using itswith sufficient energy storage are within practical range
MHD capability. Since the code handles 2D coaxidbr this application and may be made to match the load
geometry we approximate the energy deposition by a orfer the main period of power transfer.
millimeter long tantalum conductor fed by a conicaFor our small-scale experiment we chose to operate the
divergent electrode co-axial to a return conductor. THast circuit capacitor into a matched resistor which could
heating current (125 kA) pulse first consists of a be changed for experimental flexibility. The circuit shown
microsecond pulse which raises the material temperatumeFig 4 was setup with the fast line at ground potential.
for increased resistivity and larger skin depth. A 100 rnEnhe slow heater circuit was inductively isolated on either
second pulse at much higher peak current (1.2 MA) &de of the capacitor. Both capacitors were switched by
applied to deposit sufficient energy to partially match thepark gaps. As modeled by PSPICE the half cycle time
beam heated material energy. In Fig 3 the calculatéal the slow circuit was 5 us (Fig 4) and the fast drive into
energy distribution is compared. The material energy h6 ohms had a half cycle time of under 100ns. For this
the core of the tantalum is 10 kj/gm but the skin currembodeling the tantalum resistance equation of state up to
flow down the conical electrode has created a higheaporization was used from Gallob et®and Shaner et
energy zone (~ 20kj/gm) on the surface which pinched'.
inward as lobes toward the axis. This region has expanded
in density and has a higher calculated resistivity. Thuu,
expanding material would then have a higher sound spet
and the expansion would be more rapid than the bea
heated material. The energy density is about twice, so th**

the expanding material speed will be aba&cb of the

beam-produced expansion. The calculated radial velocil™
at the end of the heating pulse is 0.3 cm/us. There m
well be some much hotter plasma on the surface product s
by the high electric fields supported along this conducto
section. If not, the ohmic heating will produce an
expanding-plasma not too grossly different than the *
beam-heated plasma. The code uses a four-pha
resistivity model and indicates a liquid-like resistivity ...
persisting through the main heating pulse. Since this *

would probably be the case for any pulse powé}igure 4. Calculated current through the fuse for the

application, a significantly higher pulse power suppliﬁset circuit: circuit element values are those for the
current is required than would be required if the materiglmall sacle experiment

had time to expand into the vapor-state during the heating Beyond the liquid state we fabricated an equation of

1.0us 2.0us 3.0us 4.0us 5.0us 6.0us

pulse. state scaled similar to an equation of state measured using
a bursting foil of coppef. A priori we knew that the
IV. EXPERIMENTAL CIRCUIT SETUP equation of state would be very dependent on the time

scale and foil size. The experiment fast line, being
A circuit design capable of achieving a preheat puldgquired to function in a vacuum, was made as a kapton
before the main energy deposition can be achieved usiayered wide line. A six inch diameter glass cylinder was
two parallel capacitor supply circuits each separateMpcuum sealed onto the kapton and supported below by a
switched. The fast circuit can be inductively isolated froflange. A base pressure of 1@orr was obtained in the
the slow circuit since only a half wave pulse from each acuum-chamber by a turbo pump plus a liquid-nitrogen-
desired. The second pulse is applied at the current z&gpled coil inserted into the chamber. The short tantalum
crossing of the first which can be crow-barred at the efdse is clamped across the exposed gap in the top
of the fast pulse application. If the second pulse hascanducting strip. The voltagd’, across the fuse is

r.easonable impedgnce mat_ch.to the load at peak re:_;istarwéedsured using the conducting strip going to the side
little energy remains for ringing. Another.method is tQ tside the vacuum chamber. For diagnostics we
match the supply into a static load (resistor value fQpaaqred the current in the slow bank with a current



transformer and a current viewing resistor at the capacitéigure 6. Comparison of the measured and calculated
in the fast bank. The voltage across the fuse wésse voltage from MHD heating.
measured using a current transformer to monitor tf}e . .
; X emperature value. Many fuse opening experiments use
current through a calibrated 620 ohm shunt resistor. Also . ; .
some form of tamped copper foil which, depending on the
we measured the voltage across the matched loa i . . :

: power deposition rate and the tamping, give an equation
resistance. 5 i
of state® similar to the curve shown.

For the short (1 mm) fuse the measured and calculated
voltage for an equivalent cross-section and pulse power
drive are compared in Fig 6. Apparently the relative

From the measure.d fUSEf current and voltage drogeometry difference between the experimental foil and
which includes the inductive drop, we assume athe axis-symmetric wire plays a significant role especially
mduptqnce sufficient to give zero voltag_e dFOF_J gt theonsidering the end effects. Also the foil will have non-
beginning of the fagbulsecurrentrise. This resistive uniform heating at the edges. The peak voltage is however

component of the fuse voltage divided by the measuredt too different. The measurement (Fig 7) during the fast
circuit current provides a time dependent fuse resistance.

The integral of the power deposited in the resistar - - R
provides the energy density and we plot the resistivity ) - nff | \ |

/N Fast current pulse (scaled)

V. EQUATION OF STATE DATA
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Figure 7. Typical fast pulse data and corresponding
resistance.
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oot L1 L I i portion of the pulse power was more difficult because of
’ o 200 e e ™ the non-matched power flow between the driver and the
load. Also the line itself has some storage capacitance.
During the fast pulse the material resistivity remains
about the same as the liquid state resistivity. The energy
equation of state assuming the fuse was uniformly heaté@position was less than 1 kj/gm during this pulse and
over its length. First we used a longer fuse to reduce th@s not as much as expected if vaporization had occurred
effect of clamp and end variation on the resistance. Algghich would produce a higher fuse resistance and a better
only the slow bank circuit was activated to allow time fopulse power transfer. In order to achieve the required
the liquid to vapor transition. We observed the transitiognergy per gram of a few tens of kj/gm we would need to
(Fig 5) from the liquid to the vapor state and the overafignificantly increase the fast pulse current.
increase in resistivity is over 100 times the room
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Figure 5. Tantalum resistivity equation of state into
the vapor state with the slow (5us) time.
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Figure 9. Fuse electric field fell during the slow
heating as the material was in the liquid state.

When we applied the slow pulse to the fuse, the
voltage across the gap increased with time (Fig 9) as
expected but collapsed at an electric field between 2 and
2.5 kV/cm. This resistance decrease varied, depending
upon the rate of power deposition at the breakdown level.
After current reversal the resistance appeared to return to
the appropriate value but the electric field is now at 1
kV/em. This impedance drop may be due to field
ionization of the surface vapor.

Our conclusion was that for the high heating rate and
thick conductors we could not expect the short fuse too
support the electric field necessary. For much lower final
energy levels this technique may be applicable.



