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Abstract—Bremsstrahlung from high-power electron-beam Reducing hydrogen and other low-mass ions on or in-
diodes increases and becomes spatially more uniform when theside the tantalum should have several desirable effects for
tantalum anode is first pulse-heated to remove gas from the e mgsirahlung production. First, the radiation output should

surface and interior, and then pulse-heated again to white hot just . S d. th d di h hould del
prior to and during the high-power pulse. Heating the tantalum Increase. second, the reduced 1on space charge shou elay

eliminates protons, retards beam pinching, and increases the €lectron pinching, resulting in a more distributed radiation
far-field X-ray dose relative to unheated tantalum. The radiation pattern that allows uniform irradiation closer to the diode.
pattern becomes symmetric and hollow, producing a more uniform  Finally, a diode without impurities has one less unpredictable
near-field dose distribution than for unheated tantalum. With a —\ariaple to affect its behavior and should result in improved
white-hot anode, the diode current is single-species Child—Lang- reproducibility.

muir until the voltage exceeds 1 MV, at which point it reaches ) .
critical current. These phenomena demonstrate reduced effects ~Gases entrained in tantalum and adsorbed on the surface may

from ions in the diode. The increase in dose is a result of both be removed by heating, ideally leaving only pure tantalum,
reduced ion current and enhanced electron reflexing through the which contributes negligible ion current. High-power diodes
subrange tantalum foil. The heating technique is compatible with \yith heated anodes have been investigated previously, primarily
hlgh-pc_)wer generators such as Decade, whose x-radiation output during 1975-1980 [1][5]. In these studies, anodes of various
would increase by as much as 30%. ) : g : ’ :
materials, including tantalum, were heated by dc techniques
Index Terms—Bremsstrahlung, electron-beam, pulsed power, (cetylene torch, electron emitter, heater coils) to 700—-1300 K.
tantalum, X-radiation. . . .
These experiments were partly successful; heating the anode
delayed impedance collapse, suppressed low-mass ions, and
I. INTRODUCTION delayed but did not eliminate pinching. However, heating
antalum to only 700 K had no effect [4], [5], presumably
(Lecause tantalum retains hydrogen in its interior at elevated
peratures. More recent studies demonstrate that cleaning
ctrode surfaces improves the operation of ion diodes [6],
igh-power microwave sources [7], plasma-opening switches
], [26], and other pulsed-power devices [9]. These successes
ave revitalized interest in pursuing similar improvements in
Smsstrahlung diodes [10]. The work reported here differs

heats the anode, causing the release of hydrogen and other (] prZegéc())usKstudles ":jthz: ;r;]uck][ higher ?nodeﬂ:err:petraltures
atomic number elements from the surface and interior. Tﬁe > are used. IS temperature, the tantaium

electron beam ionizes this gas, producing an anode plasma de is white-hot. It has long been known that such high

neutralizes the electron-beam space charge, allows the bégmperatturbes alri re1q3U|red to clean tantalum in high-power
to pinch to the diode axis, and produces an ion current thagcuum t es [ H. ] .
Preshot preparation of gas-free tantalum for use in a

decreases the X-ray production efficiency. . . . . ) .
yP 4 high-power diode is considered futile. In a typical pulsed-power
environment, it is difficult to maintain the properties of de-
gassed tantalum. Atomically clean tantalum surfaces react
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ANTALUM is the conventional anode material use

in high-power (TW) electron-beam diodes to produc
bremsstrahlung. Tantalum is appropriate because of its hi
atomic number and favorable mechanical properties that all
rolling of large-area thin foils. However, tantalum absorb
hydrogen and other gases. In fact, maximum absorption of
drogen is in the rang® = 1000-1500 K. In a bremsstrahlung
diode, the electron beam deposits energy in the tantalum
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Fig.2. Heating analysis based on measured voltige (squares) and current
(I74, thick line) for a 16.5 cmx 18 cm x 50 pm tantalum foil driven by a
capacitor-bank discharge. Calculated temperatiireb(oken line) determines

Fig. 1. () Front and (b) side views of a rectangular tantalum foil (leAgth resjstancer used to compar&’/ R (circles) with measured current. Pressure
widthw, and thicknesg). VoltageV'r,, is applied at the brass-clamp electrodesyp  yriangles) increases after the foil is heated.

producing currenf, and heating the foil resistively.

tantalum foil

o o divert heating current from the metal and limit the temperature.
Pulsed-resistive heatlng is use_d to clea_n the_tantalum. In thisese discharges are avoided by using a long-duration pulse at
procedure, the tantalum is a variable resistor in a low-voltags,, voltage, releasing gas without striking a gas discharge.
electrical circuit. The circuit is activated for up to one second, The measured voltage between the electrotgs, is used to

long enough to heat the tantalum but short enough to aveidicy|ate the foil temperature by numerically solving the heating
melting or desorbing gases from the surrounding materials. Th&,ation

tantalum must be at 2300 K or higher long enough for hydrogen

to diffuse out from the interior of the foil and for oxides and ni- dar V2,
trides to decompose, but must remain below 3258 K, the melting ™ T TR
point of tantalum. At sufficiently high temperature (2000 K), . . .
hydrogen diffusion is rather fast, a few times£0cn?/s [15]. Wherem is the tantalum masd; is temperature(, is heat ca-
However, below about 1500 K, hydrogen tends to diffuse inffCI: 1% IS resistancelf = ni/wd wheren is the resistivity)e

the tantalum, while above about 2000 K hydrogen diffuses oﬁﬁ.emiSSiVity’A is the radiating areaq = 2w, wherel andw

At 2300 K, most light ions attached to the surface of tantalufi{© tr;e I?ngtr(}ar_wdtvr;ndfth_:_)f F:e foﬂ),lstthe S_T%phfm—Boltiman;
are desorbed. When the main discharge heats the tantalurﬁ%(sj an(}anT 0 IST € |n(|j|aTempera l:jrel. q € _empelra ure- Ie-
melting and evaporation, the only remaining ions come fro endentC, (1), 5(1) ande(1') are modeled using polynomia

the tantalum itself. The heavy tantalum ions are necessarily sl 5?/ t(.) published values betwegn 300K and ?.’250. K. nge, con-
(even though they could be multiply ionized) and should not uction loss to the electrodes is along the thin foil and is there-

) k . g : . fare negligible.
L?;th(-jé?)c\ife?%?;ﬂggt?auhrllﬂggth dpiol doeos ns pulse duration for typmaﬂ Fig. 2 shows an example of this analysis for the heating pulse

. . . . ed on a Gamble Il shot. Current from an ignitron-switched
The paper is organized as follows. Section Il describes thged ¢ )
heating technigue. Section Ill presents results obtained Gpacitor bank (3.7 mF, 12 kV, 20 mH) and a 5: 1 step-down

Gamble Il during the technique’s development and its eventl}gimeormer heats the tantalum foil. The tantalum dimensions

: . : _arew = 16.5 cm,! = 18 cm, andd = 50 m. The maximum
implementation on a Decade Module. Section IV summariz ’ ’ . .
b voltage between the electrodes is 150 V and changes polarity

:_he beneficial effects of anode heating and potential appllcg\drmg the 50-ms heating pulse. The maximum current is 10
ions for other generators. .
kA, and the current waveform differs from the voltage waveform
because the tantalum resistance increases during the pulse. (The
Il. HEATING TECHNIQUE AND PROTOCOL tantalum resistance is 3®mat 300 K and 30 f2 at 3000 K.) The
The resistive pulse-heating technique chosen for these expmtculated tantalum temperature reaches 2350 K in 40 ms, then
iments is simple to implement and provides uniform heating. slowly decreases. The voltage divided by the inferred resistance
rectangular foil (lengthi, width w, and thicknesgl) with elec- V/R compares well with the measured currént,, verifying
trodes attached along opposite sides (Fig. 1) is connected tottinet the current flows through the metal and supports the validity
pulsed-current source. As the temperature rises, the resistivifithe heating model.
increases, providing feedback that redistributes the current torhe time required for hydrogen to diffuse from the center of
cooler regions, resulting in uniform heating in the foil. the tantalum to the surface can be estimated using diffusion co-
When gas evolves from the metal, a gas discharge can occufficients, §, extrapolated from data in [13]. Af' = 2000 K,
the voltage between the electrodes is too large. Such dischar@es 2 x 10~* cn?/s for hydrogen diffusion in tantalum. The

—eAo (T* - Ty) @)
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Fig. 3. Tantalum heating setup on Gamble Il. The generator is represented by its characteristic impedarmoel(@pen-circuit voltage waveform (maximum
3 MV). The vacuum diode consists of a hollow cylindrical cathode and a rectangular tantalum foil stretched over ceramic structures for thertalcahd ele
isolation during heating. The locations of voltage, current, ion current, and pressure measurements are indicated.

e-folding time for diffusion isr ~ 22/26, wherex is the dif- to heat 100um-thick, larger-area tantalum foils 6 > 2600
fusion scale length, or in this case, the distance from the center Additional diagnostics in these experiments demonstrate
to the surface of the tantalum. F2r = 50 um, 7 =~ 16 ms. orders-of-magnitude proton reduction and increased X-ray
Gamble Il shots are fired at= 150 ms, a compromise timing production due in part to electron reflexing. A third set of
that allows gas to diffuse (nine e-folds) and disperse, but magxperiments incorporated a foil-stretching mechanism to keep
tains high temperature (1900 K) to avoid hydrogen re-absorhe foil taut during heating, greatly improving the azimuthal
tion. symmetry of the X-ray source, resulting in a hollow source
A promising protocol consists of two heating pulses withowistribution. All three Gamble Il series indicate a 20% increase
breaking vacuum, one heating pulse to evolve gas from the inte-far-field dose. This final diode arrangement and heating
rior of the foil followed by a second heating pulse simultaneoysocedure proved successful on DM2, increasing the X-ray
with the high-power generator shot. Fig. 2 shows data from a fasttput and pulse duration, resulting in a dose increase of up
pressure gauge near the tantalum that indicates a 0.5 mtornta30%. The results of these experiments are presented in the
crease at 50 ms, then a gradual decrease as evolved gas expfatida/ing sections.
into the vacuum chamber. For the second heating pulse the pres-
sure increase is less than for the first pulse, probably becauseAherirst Gamble || Experiment
first. pulse removes most of the entraineq gas and t.he intgrior re'Fig. 3 illustrates the diode arrangement for testing
mains degas;ed when the Sec?”d heating pulse is applied. Llﬂie-heated tantalum foils on Gamble Il. The generator
second heat_lng pulse then prowdesaclean surfac_e,and less ifts a hollow cylindrical cathode with a 6-cm radius and
gas evolves into the vacuum chamber. A third heating pulse doﬁﬁn
not give further improvement. This two-heating-pulse protoc
resulted in substantial improvements in X-ray production fro
diodes tested on Gamble II.

m cylindrical wall thickness. The tantalum anode is a
%ctangular (165 mmx 180 mm) 50xm-thick foil. Clamps
Fold the foil at opposite sides. The foil is stretched over ceramic
bars and a ceramic cylinder to provide thermal and electrical
isolation from the diode electrodes during the heating process.
The inside surface of the ceramic cylinder flashes when Gamble
Pulse-heated anodes were investigated in three experimehta pulsed.

series on the Gamble Il generator at the Naval ResearchA resistive divider (Pulse Sciences, Inc., Model
Laboratory, Washington, DC, and one series on the Decdd8Il-VVM-16) measures the voltagé close to the diode
Module 2 (DM2) generator at Titan Pulse Sciences Divisiomnode—cathode (A—K) gap of the diode-dot loops measure
San Leandro, CA. The first tantalum heating experimentise load—current time-derivativd /dt. The load voltage is cal-
[16] on Gamble Il (1.5 MV, 0.7 MA, 60 ns) used a 50-m<ulated usind/j,.qa = V — LdI/dt, whereL is the inductance
current pulse from a capacitor bank and stepdown transfornietween the voltage measurement and the diode A—K gap. A
to resistively pulse-heat 50m-thick foils to 7" > 2200 K. Rogowski loop inside the center conductor measures ion cur-
These experiments demonstrate increased dose, reducedréom, assuming negligible electron emission from the cylinder
current and reduced pinching. A second set of Gamble dbncentric with, and inside the cathode. Several diagnostics
experiments used a 1-s current pulse provided by a battery baméasure the bremsstrahlung emission including time-resolved

I1l. EXPERIMENTAL RESULTS
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scintillator-photodiode (PD) and silicon PIN detectors, CaF |
thermoluminescent dosimeters (TLDs) at different distance Iﬁ
to determine the absolute dose, and a time-integrated pinh¢ ol
camera to image the tantalum anode. 0

Different heating procedures were tested on 12 Gamble Il
shots. Three shots had no heating. For six shots, the tantaleigie. Electrical data for (a) a shot with no heating and (b) ion current signals
was preheated to remove the bulk of the gas, then heated a iphots with heating (squares) and without heating (lines). Electron current is
starting 150 ms prior to the Gamble Il shot. These six shd difference between the measured load current and ion current.
included four “effective-heating” shots, where the temperature
was>2200 K on both the preheat and Gamble Il shots, and tWihese two images are made with the same exposure and
“ineffective-heating” shots, where gas breakdown limited thepatial scale. The unheated anode image has an intense pinch
temperature to about 1500 K on the Gamble Il shots. Two shatsthe center of the tantalum, while the heated anode shows
with no preheating and one shot with just preheating verified tieenission from a larger area with little emission from near the
need for the two-pulse heating protocol. center. The filamentary structures in the heated case may result

Fig. 4 compares X-ray signals for five different heating procérom wrinkling of the tantalum foil that results from thermal
dures. The largest signal is shown for each case. The “ineffectexpansion during the heating pulse.
heating” (" = 2200 K on preshot, 1500 K on shot) and “no pre- Electrical signals indicate that the ion current is reduced as
heat” (no preshot puls&, = 2200 K on shot) shots produce lessa result of effective heating. Fig. 6(a) shows electrical data for
radiation and have shorter pulses than the “no heating” shotdmo-heating shot. The ion current begins 30—40 ns later than
both cases, this is attributed to excessive gas in the diode gap thatload current (integral of thél /d¢ signal), consistent with
becomes ionized and prematurely shorts the diode, but for difie formation time for an anode plasma on the tantalum surface.
ferent reasons. For the “ineffective heating” shot, the tantalufie ion current increases to 116 kA just after the maximum load
adsorption from the vacuum ambient is enhanced. For the “noltage (1.36 MV) is reached. The maximum load current is 635
preheat” shot, the evolved gas from the tantalum has not beenki&: The electron current, responsible for bremsstrahlung pro-
moved sufficiently from the A—K gap. The “effective heating"duction, is calculated as the difference between the load current
(" > 2200 K on both preshot and shot) shot produces moend the ion current. Fig. 6(b) compares ion current measure-
radiation than the “no heating” shot and shows no evidencemgnts for the three “no-heating” and four “effective-heating”
premature impedance collapse. The shot with preheating oshots. Heating results in a 10-20 ns delay and about a 50% de-
is indistinguishable from the no-heating shot. This suggests tleagase in the ion current. The remaining ion current indicated by
surface readsorption from the vacuum ambient just prior to ttiee Rogowski signal could represent the current of ions that are
shot is sufficient to supply the ion flow that produces pinchingot removed by the heating procedure or it could be a current of
and pulse-length shortening. The double-pulse heating proeéectrons emitted from the inner cylinder.
dure consisting of one preheat pulse followed by a heating pulseReduced ion current (and therefore increased electron cur-
simultaneous with the Gamble Il shot is superior for X-ray praent) is one reason for the increased X-ray emission, but effec-
duction for this diode arrangement. tive heating shots produce more radiation even after accounting

Pinhole camera images from typical shots with no heatirigr this, suggesting that heated anodes are more efficient X-ray
[Fig. 5(a)] and with effective heating [Fig. 5(b)] illustrate thetargets than unheated targets. The reduced ion current may allow
dramatic effect heating has on the electron beam dynamigstual cathode formation and reflexing of electrons back into

ion
current

: - sloal polhieid T 0.00
100 200 0 100 20
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the tantalum, increasing the X-ray production efficiency. This 0.0 0‘5. 1.0
is discussed further in the following section. Time (s)

Fitting the experimental results to simple diode models [17 , , _
Flg.8. Measured voltage (circles) and current (triangles) for heating a 28 cm

ShOW_S that heating Signi_ﬁc_antly reduces_ _the eff_eCtS of ions_ gchmx 100 m tantalum foil with a battery bank. The calculated temperature
the diodel/-V characteristics. The familiar Child—Langmuir(squares) exceeds 2600 K.

current/r, describes space—charge-limited flow without ions

Tor(kA) = 2.324 Vﬁ/\z @) Ic, then rapidly increases g WhenV exceeds 0.6 MV.

D2 The fact thatl exceedsc;, whenV > 0.6 MV is strong evi-
where A is the effective emission area from a hollow cylindegience for the presence of ion space charge in the diode gap at
to a plane, given approximately by that time. Thel (V) data followIcg;r for the remainder of the

A = 277 (Ar +2D) (3) pulse. For the shot with effective heating [Fig. 7(b)], the current

initially matcheslqr,, then transitions t@cg T whenV exceeds
ci]EZ MV with no evidence of ion space—charge effects. Here, a
good fit to the diode models requires= 1 cm/us until the cur-
rent reachegcriT, thenv = 2 cmius for the remainder of the

wherer is the cathode radiug\r is the thickness of the cylin-
drical wall and the gaf decreases with time as dense electro
plasmas expand with velocity

D = Dy — ut. @ pulse.
When sufficient ion space charge is present in the diode gap, the
current increases to the bipolar value B. Second Gamble Il Experiment
Ipp = 1.861cy.. (5) A second experiment on Gamble Il used the same configura-

When the electron orbits are bent sufficiently by the magnefi@n as in Fig. 2, but with 10g:m-thick tantalum, as appropriate
field associated with the diode current so that the electrons strfké optimum bremsstrahlung on the Decade generator [19]. The

the anode at grazing incidence, the current and voltage are ¥8=ms hydrogen-diffusion time f@z = 50 um atT" = 2000 K
lated by the critical current formula increases ta- ~ 64 ms for2z = 100 um. The pulse duration

. . I r of the capacitor-bank circuit (50 ms) is too short for this tan-

Icrrr (kA) = 1.6 x 8.5v/7% — 1 D ®)  talum thickness. A battery-bank heating circuit was constructed
where~ is the standard relativistic factor related to the voltag® provide a longer heating pulse.
by v = 1+ eV/m.c?. The factor 1.6 accounts for geometrical The battery bank consists of 24 lead—acid batteries (each
and space—charge effects, determined from particle-in-cell sifrR-V, 2 kA) arranged in three series strings of eight so that the
ulations [18]. maximum voltage is limited to about 100 V. Each of the series

In principle, the diode curredtshould be space—charge lim-strings is switched on and off using two insulated gate bipolar
ited (I = Icy, or Igp depending on whether ions are presentjansistor (IGBT) modules rated at 1000 A and 600 V each.
until it reachesicrrr. Then the current should be magnetiThe system is de-energized 100 ms before the shot to prevent
cally limited (I = Icgrrr). The influence of ions on the diodedamage to the system.
impedance is demonstrated by compard(y’) data with these  Fig. 8 shows current and voltage waveforms measured for a
models. 28 cmx 30 cmx 100 um foil driven by the battery bank, and

Fig. 7 compared (V') data from typical shots with the diodethe tantalum temperature derived using (1). A 1-s-long heating
models for cases with and without heating. The measuremeptdse allows about 15 e-folding times for hydrogen to diffuse
(circles) are plotted every ns, startinglat V' = 0. The diode from the interior of the 10Q:m-thick tantalum. Several minutes
models [(2)-(6)] are evaluated using the measured voltage gmibr to a shot, one heating pulse cleans the tantéhsitu. The
the actual diode parametérs Ar, Dy); the only adjustable pa- voltage is low enough<40 V) to prevent gas discharges that
rameter is the effective gap closure veloaity=or the unheated would reduce the heating. The heating pulse is repeated imme-
shot withv = 2 cm/us [Fig. 7(a)], the current initially follows diately before a shot to further clean the tantalum and keep the
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Fig. 10. Electron—current (solid line) and voltage (dashed line) waveforms

for shots (a) with an unheated anode and (b) with a hot anode compared with
— _ electron current (circles) and voltage (squares) computed from filtered X-ray

PIN diode signals.

Fig. 9. Setup used to detect high-energy protons by carbon activation. T

attenuator is located 22 cm from the tantalum anode and the carbon targe| I p
located 44 cm from the tantalum anode. Dashed lines indicate typical prot; 2 i ,/ I, b) ] ’rnl
trajectories. ‘ It
l 24 anode rods spring [
= carbon
. o washers
surface hot enough to prevent further adsorption. The genera 24 cathoderrods . _A00pm ,-{ - threaded rod
current begins 200 ms after the end of the one-second heati ‘a“"“’f"f ceramic = ceramic
pulse, when the temperature is 2100 K. g K tps ‘ (flashover)
New diagnostics for this Gamble Il experiment included nu — Ciu I
. . . . 1ps |
clear activation of carbon placed inside the center conductor b g
detect energetic protons and a differentially-filtered silicon PI} Pt > e
. . spring | \ holes I
diode array [20] to determine the electron energy and currer = o a
Both diagnostics yielded new information about the effects ¢ R 30 em—>
heating.

The proton component of the beam was measured Wﬁig._ll. Sketch of the tanta_\lum—stretching mechanism._ (a) Top view cross
the 120( )13N nuclear reaction on graphite samples [Zﬁectlon, (b) close up of clamping assembly, and (c) front view of tantalum foil.
P,y

located upstream of the hollow cathode using the configuration ] ) .
illustrated in Fig. 9. With unheated anodes, the ion beaff@at the electron-beam assumptions used to interpret the filtered

ablates the carbon samples unless a stainless steel plate wit4RY Signals are appropriate for the unheated case, but the ra-
array of small holes (1.5% transparency) is used to attenugigtion is larger than expected, given the _measured current and
the ion beam. With hot anodes, the activity detected using ikaltage, for the heated case. Overestimation of the electron cur-
attenuating plate was marginally larger than the backgrourf@nt and voltage could be a consequence of electron reflexing,
With the plate removed, statistically significalitN activity Where transmitted electrons are reflected (reflexed) back to the

was obtained. A portion of this activity is produced by théantalum by a virtual cathode formed by electron space charge
120(d, n)13N reaction, depending on the ion voltage. Thgownstream of the anode. qu unheated anodes, 'Fhe presence of
measured voltage and ion current were used to account @ft SPace charge prevents virtual cathode formation. This kind
the deuteron contribution, which ranged from 8% to 53% d&f reflexingmechanism has beeninferred from experiments [23]
pending on the shot. This analysis indicated ax%8duction with similar diode configurations and is being pursued as a way

in the proton intensity for shots with a heated anode. TH@ efficiently produce “warm” (10-100 keV) X-rays [24].

pulse-heating therefore removes hydrogen-containing materials __ .
from the tantalum. C. Third Gamble Il Experiment

Measurements with an array of five PIN diodes with different The third Gamble Il experiment tested a mechanism for
filters (material and thickness) are used to determine the electsiretching the tantalurim situ, keeping it flat while it is being
current and voltage based on Cyltran [22] modeling for an adseated (similar to the technique used in [3]). Fig. 11 is a sketch
sumed Gaussian distribution of electron-incidence angles on tifehe clamping and stretching mechanisms. Here, the cathode
tantalum anode. Typical results for unheated and hot anodesiara cylindrical array of 24 rods on a 16-cm diameter with
compared in Fig. 10. For the unheated anode, the inferred elsliding hollow-cylinder tips on each rod (this cathode is similar
tron current equals the measured electron current (determitedne investigated during the development of Decade modules
by subtracting the measured ion current from the total load c(it9], and produces reproducible centering of the beam on the
rent), and the inferred electron energy is in good agreement withode.). The outer conductor consists of 24 33-cm-long rods
the measured voltage. For the hot anode, the inferred electmma 26-cm diameter. The tantalum foil is connected to the free
current is 30% larger (730 kA versus 550 kA) than the meands of the anode rods where springs pull radially outward to
sured electron current and the inferred electron energy is abtarision the foil. A ring of 24 holes is punched in the tantalum
100 kV larger than the measured voltage. This analysis indicafes at the diameter of the anode rods. A small threaded rod
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unheated tantalum anodes using the stretching mechanism. The axes of
cathode tips lie on the dashed circles [see Fig. 11(c)].

(6 x 32) and nut at the end of each anode rod support tw
nested ceramic cylinders that clamp the tantalum foil betwee
two carbon washers. The ceramic pieces provide electric
and thermal isolation from the generator during the heatin_ r(cm)
pulse, then flash over when the generator is pulsed providing a
cqrrent pat.h to complete the Q'Ode circuit. The Carbo,” Washf‘r_é. 13. Dose distributions measured with collimated PD detectors relative to
thickness is chosen to provide an appropriate resistancethiiotal dose for a shot with an unheated anode (circles). The cathode tip axes
the current path near the holes in the tantalum. Without thexe located at = 8 cm, and the anode rods arerat= 13 cm. Data for three
washers, the heating current would concentrate at the edge&"gfs With hot anodes are indicated by squares and triangles.
the holes in the tantalum, increasing the temperature there and
either melting the foil or limiting the central temperature to &cintillator-photodiode (PD) detectors that measure the time-de-
lower value than desired. The heating circuit is connected pendent X-ray emission. The integrated PD signals for different
the tantalum with brass clamps that connect along the lengifiots measure the relative dose in the scintillator. Comparable
of the shorter (28 cm) sides of the tantalum foil, as in Fig. Hata were obtained for three shots with unheated anodes and
outside the ring of anode rods. four shots with hot anodes. This set of shots used the same
The springs are stretched about 10 mm to allow the tantal@node—cathode gap (9 mm) and had almost identical electrical
to expand during heating. The linear expansion of tantalum@awer waveforms (0.5 TW peak, 60 ns FWHM) and total energy
3000 K is 2%, corresponding to a 3-mm increase in the radi@o kJ). The maximum current and voltage values were 0.4-0.5
position of the anode rods. After a heating pulse, the tantaluA and 1.0-1.2 MV. Both the TLDs and integrated PDs aver-
is flat and smooth inside the circle formed by the anode rodzged over the data sets indicated a 20% increase in dose with the
and wrinkled outside the rods because the brass clamps prevaitanode. This result is similar to the dose increase observed in
expansion there. the previous two Gamble Il experiments without the stretching
The time-integrated pinhole photographs in Fig. 12 illustraf@echanism.
the difference between unheated and hot tantalum anodes olFour PDs, collimated to detect the radiation inside circles
tained using this configuration. With the unheated anode, tiagth » = 2, 5, 8 and 13 cm, were used to measure the X-ray dis-
beam undergoes a rapid pinch, and the X-ray emission is ceribution from the tantalum. Radial dose distributions for three
centrated on axis. With the hot anode, pinching is reduced fgeated anode shots and one unheated shot (determined by inte-
sulting in a hollow annular X-ray distribution. Electron emisgrating and normalizing the PDs to the total integrated signal for
sion from the individual cathode tips results in a set of 24 circlése unheated anode shot) are compared in Fig. 13. The unheated
at the cathode diameter, indicating that the beam dwells at tbisot in this Figure had the largest dose of the three unheated
large radius much longer than it does with an unheated anogkots, based on TLD and PD measurements. For the unheated
Each of the 24 cathode rods produces a local pinch at the ingabt, more than 60% of the X-ray emission is inside 5 cm,
edge of the cathode, which then propagates inward. The velocityd more than 30% is inside= 2 cm. The three shots with hot
of propagation is significantly slower for the hot anode, presumanodes have a very different radial distribution. With hot anodes,
ably because the time required to form anode plasma is longe& emission inside = 2 cm is negligible, and the emission
for the hot anode than for the unheated anode. The stretchifgm the entire tantalum area (= 13 cm) is 22% larger, on
mechanism is responsible for the improved symmetry of th&erage. These source distribution measurements are consistent
X-ray distribution with heated anodes. In contrast, previous exith the pinhole photographs in Fig. 12 and the TLD measure-
periments, even using the rod-cathode technique, always resuints.
in asymmetric images, similar to those in Fig. 5, probably be- For the hot-anode annular distribution, the dose distribution
cause thermal expansion results in wrinkling of the tantalum.in the near field (i.e., less than one cathode radius away from the
The dose in the far field was measured with €dEDs that anode) will be more uniform than for the unheated anode which
record the time-integrated dose at 1 m from the tantalum, ahds a point-like distribution. An array of four such diodes on
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signals. This result differs from the Gamble 1l experience and
may indicate that space charge from the POS plasma is reaching
the diode and allowing the beam to pinch.

A practical advantage of the heated tantalum anode on
Decade is greatly reduced activation of the electrodes. Nor-
mally, the stainless steel cathode tips become activated by
nuclear reactions induced by high-energy protons [25]. If the
activity is too large, the vacuum chamber must remain closed
until the activity decays to an acceptable level, substantially
increasing the time between shots. The DM2 experiment
demonstrates that heated tantalum anodes reduce the activity
to only slightly above background, significantly less than
measured on shots without heating. This reduction in activation
is attributed to eliminating hydrogen in the tantalum. Also,
these results imply that the high-energy protons that activate
the electrodes on shots without heating come from the tantalum

Fig. 14. Comparison of X-ray signals from DM2 for shots with hot (shot 83g’mede’ not the POS plasma.
solid line) and unheated (shot 838, dashed line) anodes. Horizontal lines with
crosses indicate the FWHM. Time zero corresponds to the start of the generator

current, upstream of the POS.

IV. CONCLUSION

A simple technique to pulse-heat tantalum anodes to

Decade would then produce a more uniform exposure than fQiite-hot temperature results in improved bremsstrahlung

unheated anodes.

D. DM2 Experiment

from high-power electron-beam diodes. A resistive-heating
procedure, consisting of one preheat pulse to 2200 K or larger
followed by a second heating pulse simultaneous with the shot,

Decade uses a plasma-opening switch (POS) to generaie aufficient to produce several beneficial effects, even in the
fast (50 ns), high-voltage (1-2 MV) pulse [19]. Pinch-bearrelatively dirty vacuum environment of typical pulsed-power
diodes are the only demonstrated technique to efficiengenerators. Heating to only 1500 K results in premature
produce bremsstrahlung from this generator. Other diodes thapedance collapse, as does heating to 2200 K without a

would produce more uniform dose distributions, such as ringgeheat shot. Preheating alone makes no noticeable difference
diodes, require vacuum convolutes on the downstream sitmmpared with shots with no heating.

of the POS that probably will result in power flow losses and Experiments on Gamble Il demonstrate that heating reduces
reduced X-ray production. Using the heated tantalum anothe proton component of the beam by more than two orders of

is an alternate approach to both increase the dose and makeagnitude. With heated anodes, beam pinching is reduced, re-
more uniform dose distribution in the near field.

sulting in a hollow radiation source that will produce a more uni-

A brief experiment (six shots) on DM2 at Titan Pulse Sciform dose distribution in the near field compared with an intense
ences Division, verifies that the hot tantalum system works pnch (point source). The dose is about 20% larger with heated
the Decade environment. The diode configuration was identi@lodes, a result of reduced ion current and enhanced electron re-
to that tested on Gamble Il (Fig. 11) except for a smaller A—Rexing by a virtual cathode mechanism. A foil-stretching mech-
gap (7 mm). Electrical diagnostics determine the current on theism keeps the tantalum taut and flat during heating, greatly
upstream side of the POS and the voltage, inductively correcietproving the symmetry of the radiation source compared with
to the POS location. The radiation measurements include gteots without active stretching. Heating reduces tantalum con-
array of four collimated PDs used on Gamble Il, an array of Liaminants and should therefore eliminate an uncontrolled vari-
TLDs located 7.5 cm from the tantalum, and a time-integratedble, improving shot-to-shot reproducibility.

pinhole camera.

In an experiment on a Decade module (DM2) where a POS

Two shots with almost identical POS voltage and upstreagenerates a fast, high-voltage pulse, the heated tantalum anode
current demonstrate the potential improvement heating providesults in 30% increase in dose. Both the amplitude of the radi-
for this system. Fig. 14 compares PD signals for these two DM&on and its pulse width increase, consistent with reduced ion
shots. The PD amplitude is larger (by 20%) and the FWHM &urrent and enhanced reflexing. An additional practical advan-
larger (75 ns versus 56 ns) for the shot with heated tantalutage of heating the tantalum is nearly eliminating nuclear acti-
Enhanced reflexing and greatly reduced hydrogen in the diogetion of the electrodes.
can account for both the increased X-ray amplitude and longerAt least two other applications could benefit from heating
X-ray pulse. The integrated PD signal is about 40% larger ftre tantalum anode. Reflex diodes intended to improve the ef-
the heated tantalum shot. The array of LiF TLDs at the vacuuiniency of warm (10-100 keV) X-ray production use very thin
window indicated 30% larger dose, on average, for the heatadhitalum foils, typically 13um or less, as the bremsstrahlung
case. However, the X-ray distribution indicated pinching of theonverter. The challenge is to force electrons to reflex through
electron beam near the axis for both shots, based on pinhthle foil many times and eventually lose their energy there. This
camera images, TLD maps and time-dependent, collimated-B&heme is limited by the enhanced ion current drawn out of
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the anode by the electron space charge. Heating the tantaluymo)
could significantly reduce the ion current and improve the ef-
ficiency of the reflex diode. A second application is operation[ll]
of bremsstrahlung diodes at very small radius and A—K gap in
order to increase the electron current density, pushing the ned#]
field dose rate to its practical limit. Electrode plasma closurg
traditionally limits the A—K gap in high-power diodes to no less
than 2—3 mm. Heating the anode may increase the anode plasfé
formation time enough to extend diode operation to smaller gap
sizes. Changes would also be needed to delay or reduce the 6]

pansion of plasma from the cathode. 6]
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