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Abstract

We are improving tile mMerstaluling of pulsed-power-driven ion diodes using

measurements of the charged particle distributions in the diode anode-cathode (AK) gap.
We measure the time- attd space-resolved electric field in the AK gap using Stark-shifted
Li 1 2s-2p emission. The ion density in the gap is deternfined from the electric field profile
attd the ion current densiO'. The electron density is inferred by subtracting the net chat:_e
density, obtained front the derivative of the electric field pr@le, from the ion densiO,. The
measured electric field attd charged particle distributions are compared with results from
QUICKSILVER, a 3D particle-in-cell computer code. The conq_arison validates the
fundamental concept _ electron build-up in the AK gap. However, the PBFA !! diode
exhibits considerably richer physics than presently contained in the simulation,
suggesting improvements both to the e.qwt'iments attd to our understanding of ion diode
physics.

The ion current accelerated using an instabilities or non-uniformities in the charged par-
applied-B ion diode is primarily determined by the ticle cloud. Our goal is to achieve an experimen-
voltage and the charged particle distribution in the tally-validated understanding of the charged
anode-cathode (AK) gap. We are improving the particle distributions that will lead to improved ion
understanding of ion diode physics by measuring beam power.
the charged particle distributions in the AK gap of
the cylindrically-symmetric Applied-B ion diode Fiber optic to

on the PBFA IT accelerator [1]. This diode gener- remote -.spectr°graphs

ates a 15-25acceleratednSec,~10 MeV, 6-9 TW 181ithiumAKi°n (" _.of Sight) /beam, across a typically mm ,_ Lin_
gap [2]. A schematic of the diode is shown in Power k I"

,, _ #. .Power
Figure 1 and typical voltage and current wave- _ \ ,.,_ _ C/-

forms are shown in Figure 2. The gap is insulated _ \ _ _ [ " /

against electron current by the application of a 2- no_ ] __od

3 T magnetic field along the symmetry axis. Dur-
ing the pulse, electrons accumulate in the AK gap
both by injection from the transmission line feed- A e

ing the diode and from the cathode tips. The / i [ _[X
enhancement of the ion current above the Child-

Langmuir space-charge limit is controlled by the /// Cathode _ _X
number and radial distribution of these electrons

across the AK gap. The charged particle distribu- Power Power

tion also affects the beam divergence, since non- I_tb _: _ '_s _ _. _"]['_Yh,_
radial electric fields can be generated either by Figure 1. Schematic of PBFA ILldiode.
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6 • . . , ,-.-, .... , , . . tron charge, and ne, ni are the electron and ion den-

f sities, respectively. Assuming that the electric field

.,. is predominantly radial, the ion velocity is given byjr _,,
,, _, integrating the field radially-inward from the
, ,-_ 2 2 Ze/m i _Er dr. Knowing the, , anode, using vi =4 voltage / 2 _

MV Nik\,,' ,,. local ion velocity, we can determine the ion density
' ',. from ni = Ji/(Zevi), where Ji is the ion current den-

MA "', sity measured with Faraday cups or a magnetic

,,' spectrograph. The electron density ne is obtained
2 ; by subtracting the net charge density from the ion

,,
, density times the ion charge. The result is a time-

current and space-resolved determination of ne and ni in,d, the AK gap.
30 40 50

time (nsec)
We evaluate our present understanding of

Figure 2. Voltage and current waveforms measuredon ion diode physics by comparing the measured
PBFA II shot 6408. PBFA II electric field distribution and charged par-

ticle densities with results from QUICKSILVER

Tin_e- and space-resolved visible spectres- [6], a three-dimensional fully-electromagnetic par-
copy of emission from lithium neutrals in the AK ticle-in-cell computer code. This code uses the
gap is the primary diagnostic in this effort [3]. applied accelerator power pulse and realistic mag-

Fiber optics transport light collected from the netic field geometries to calculate the ion and elec-
diode to a remote screen room, where it is recorded tron distributions self-consistently, including the

using a novel streak camera/spectrograph configu- effects of field fluctuations due to instabilities.

ration [4]. The diagnostic system simultaneously The electric field profile evolution on
provides ~1 nsec time resolution, ~1 A. spectral PBFA II shot #6408 with corresponding simulation
resolution, and 2 mm spatial resolution, with 11 results is shown in Figure 3. This shot used a
independently-aimed lines of sight presently avail- I0 cm tall flat anode, an 18 nun AK gap, and a

able. The spatial resolution can be increased at the 17.5 MV Vcrit, where Vcrit quantifies the insulat-
cost of lower collected light. A typical configura- ing magnetic flux in the AK gap as the electron
tion is five lines of sight located at different radii in
one azimuth and six lines of sight located at differ-

i [ I L, 1ent radii in another azimuth 180" away. This ,5[-42-ns- ,5 ,i6ns ,s 0 ns

enables us to measure both radial and azimuthal _,o_ , ,i_.i...._..i ] ,o_._ 1

variations as a function of time in a single shot. > "..

W o
0 G 10 15 0 5 10 15 0 5 10 15

We investigate the AK gap dynamics using distance from anode (mm)
the Stark-shifted Li I 2s-2p line to measure the

,,tI.: I ,.....

._ 54 ns 5 ns "[; 1

evolution of the electric field profile. Two indepen- E _oi_." I \62 nsdent calculations of the Stark pattern under crossed ..9.o ' lol \ lo[\ Ii

electric and magnetic fields were performed to _ s
ensure reliability. The field near the anode is typi- t.u ot . J "-4 i"-_.
caUy ---10MV/cm, the highest ever directly mea- 0 s _0_s o 5 _o_s o 5 _o_s
sured with the Stark effect. Measurements of the distance from anode (ram)

electric field E enable us to determine the charged Figure 3. Electric field evolution on PBFA II shot
particle distribution [5] from V. E = _p = e(Zn i- 6408 compared to simulation. Crosses are data and
he), where p is the net charge density, e is the elec- solid line is simulation.
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Figure 4. Data from PBFA II shot 6408 andsimula- Distance from anode (mm)

tion result, bothcorresponding to the onset of ioncur- Figure 5. Electric field near the anode from PBFA II
rent (38 ns, see Figure 2). shot 6153, and a corresponding simulation that

assumed a space-charge-limitedsource.
energy needed to cross the gap. Each plot repre-
sents an average over 4 nsec with an inter-plot tric field in the vicinity of the anode with a simula-

spacing of 4 nsec. The error bars on this and subse- tion that assumed a space-charge-limited source
quent plots represent one standard deviation. Qual- (all other simulations shown here assumed a field
itatively, the simulation fidelity is very reasonable threshold of 7 or 9 MV/cm for ion emission). The

early in the pulse, especially considering the corn- data are consistent with a recent theory [7] that
plexity of the physics. However, there are clear dis- suggests the LiF ion source operates as an electron-
crepancies later in time, affecting predictions of deposition-assisted, field-limited ion emitter. The
divergence and power coupling. These discrepan- 7-9 MV/cm ion emission field we observe is also

cies arise at the onset of non-uniform ion emission consistent with some electron filling of the diode
and a parasitic loss current in the experiments, prior to ion current initiation, in order to increase
which are not currently modeled in the simulations, the "-'5MV/cm vacuum-gap field. Work is in

progress to evaluate the impact of this field-limited

Typical data and simulation results corre- emission effect on the diode power coupling.sponding to the onset of ion current are shown in

Figure 4. The "-'10MV diode voltage across the Three other new diode phenomena have
1.8 cm physical AK gap with ",,9MV/cm electric been observed in these experiments. First, over

field near the anode at the onset of the ion current much of the pulse the net charge density is approx-
implies that the electron density in the diode is imately zero near the PBFA II anode (Figure 6),
high enough to modify the field profile even at this implying that the electron density increases near

early time. The initial field profile is also modified the anode. This is in contrast to the simulations,
by electrons in the simulation, but the field value is which have a well-defined separation between the
somewhat lower, indicating fewer electrons in the anode and the electrons. It should _ noted that in
gap. The simulations suggest that the high electron the simulations there is no source of electrons at or
density in the gap early in time is primarily due to near the anode. Second, strong azimuthal non-uni-
injection of electrons from the MITL. fortuities in electric field, and thus also in the

charged particle densities, exist in the experiment
The electric field measured near the anode (Figure 7). These non-uniformities persist over 10-

surface remains high throughout most of the pulse 30 nsec time-scales, despite the expectation that
(Figure 3). This observation is contrary to the azimuthally drifting electrons should cancel such

expectation that the electric field for a space- asymmetries in ~ 5 nsec. Third, the sign of dE/dr
charge-limited source should vanish at the anode, changes from negative to positive near the middle

Figure 5 shows a comparison of the PBFA II elec- of the PBFA II gap (Figure 8), signifying that the
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Figure 6. Electron and ion densities corresponding such as azimuthal asymmetries, are probably best
to the PBFA II electric field profile shown inFigure addressed by seeking to eliminate them from the
5. Simulation assumed a 7 MV/cm threshold field experiments. This alone could be highly beneficial,
for ion emission. Note simulation ne is much larger since eliminating asymmetries may improve the

than PBFA II ne overall because of larger simula- diode impedance and beam divergence. However,
don ion current at this time. our understanding of diode behavior must also be

local ion density exceeAs the electron density. This revised and expanded to incorporate this new
indicates either a sudden loss of electrons or local information. The differences between the idealized

surplus of ions. diode simulated by QUICKSILVER and the actual
PBFA II diode reflect this need. The results show

that although the actual diode behavior is more

The spectroscopic measurements in the complex than in our diode simulations, we now
diode acceleration gap provide information with a have a method for improving and experimentally

level of detail that was previously unattainable in validating our understanding of diode physics.
high-power diodes, since only measurements of the
accelerated ion beam properties were available. This work performed by Sandia National
Some of the newly-discovered diode phenomena, Laboratories, supported by the U.S. Department of

Energy under contract DE-AC04-94AL85000.

_'- 10_1.t50 ns I 10 10 I D.J. Johnson et. al., Prec. 7th IEEE Pulsed Power

_ i( i Conf., Monterey, CA, ed. by R. Wtfite and

> B.H. Bernstein, p. 944 (1989).

_- 2 T.A. Mehlhorn et. al., these proceedings.
"' 2ol..... _, o, .....

0 2 4 6 O 1012 0 2 4 6 8 1012 0 2 4 6 8 1012 3 J.E. Bailey, A.L. Carlson, R.L. Morrison, and
Distance from anode (ram) Y. Maron, Rev. Sci. Instr.61, 3075 (1990).

I,_...... I 12 .....| ,o[ 7°nsl 4"E"10 • . 2 ns 10 ,66 ns J.E. Bailey, A.L. Carlson, and P.Lake, 1994IEEE Int.' " on Plasma Science, Santa Fe, N.M. (Catalog
. " ! t co4

> e_, _1,., / #94CH3465-2).p.133.

s 2oi. " t.., 42 5 y. Maron, M.D. Coleman, D.A. Hammer. andLU H.S.Peng, Phys. Rev. Lett. 57, 699 (1986) and
o246olo12 o246OlO12 o24_41o12 Phys. Rev. A36,2818(1987).

Distance from anode (ram) 6 D.B. Seidel, M.L. Kiefer, R.S. Coats, T.D. Pointon,

Figure 7. Electric field evolution on PBFA II shot J.P. Quintenz, and W.A. Johnson, in Computational
_ 6153, measured in two azimuths separated by 180°. Physics, ed. by A. Tenner (World Scientific, Sin-

Ion current onset is at 46 nsec. The solid line is for gapore, 1991),p. 475.
one azimuth, the dashed line is for the other. 7 T. Green, private communication, 1993.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
I Jnited States Government. Neither the United States Government nor any agency
:hereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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