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Abstract. Advances in ion beam theory , diagnostics, and experiments in the past 
two years have enabled efficient generation of intense proton beams on PBF A II, 
and focusing of the beam power to 5.4 TW / cm2 on a 6-mm-diameter target. 
Target experiments have been started with the intense proton beams , since the 
range of protons at 4-5 MeV is equivalent to that of lithium at 30 MeV. Three 
series of experiments have been conducted using planar, conical, and cylindrical 
targets . These tests have provided information on ion beam power density, 
uniformity, and energy deposition. In order to increase the power density 
substantially for target implosion experiments, we are now concentrating on 
development of high voltage lithium ion beams. 

INTRODUCTION 

Pulsed power technology offers an efficient, low-cost , and potentially repet iti ve 

means for generating intense light ion beams for Inertial Confinement Fusion (ICF). 

The technology produces a beam that couples well to matter and is scalable to very high 

power levels. Considerable progress in developing this technology for ICF has been 

made on PBF A II (the Particle Beam Fusion Accelerator II) within the last two years. 

Advances in ion beam theory, diagnostics , and experiments have enabled efficient 

generation of intense proton beams on PBF A II, and focusing of the beam power to 

5.4 TW / cm2 on a 6-mm-diameter target.l l At the present "3/ 4" energy operating point 

of PBFA II (Marx generators charged to about 9 MJ, or 3/4 of the nominal 12 MJ 

possible at +I_ 95 kV), this experimental achievement approaches the theoretical limit 

with the measured 17 mrad divergence and a 50% source purity for protons. Target 

experiments have been started with the intense proton beams, since the range of protons 

at 4-5 MeV is equivalent to that of lithium at 30 MeV . 
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For PBF A II to drive implosion targets effectively, it must provide an ion beam 

with adequate power, adequate power density, and proper range in the target. Adequate 

power (50-1 00 TW) on PBF A II requires the plasma opening switch and full energy 

operation. Adequate power density (50-1 00 TW jcm2) requires an ion beam with high 

magnetic stiffness. Proper range in the target (30-40 mg/cm2) requires the plasma 

opening switch (POS) and a magnetically stiff ion beam. In order to increase the power 

density for implosion target experiments while maintaining an adequately short ion range 

in the target, we are developing high voltage lithium ion beams. Our goal on PBF A II, 

shown in cross-section in Figure 1, is to provide I MJ of energy in a 30 MeV, 15 ns, 

50-100 TW / cm2 lithium ion beam to an ICF target for studying implosion 

hydrodynamics and investigating ignition scaling. 

~) .. 
Figure 1. Cross-sectional drawing of PBF A II. 

The key advantage in increasing the ion mass from protons to lithium is that the 

optimum range in the target is obtained at higher ion energy and, consequently, 

increased beam stiffness. The ion energy which gives the optimum range in the target is 

given approximately by 

Eopt = 4 Z(A )1/2 

where Eopt is in MY, and Z and A are the atomic number and atomic mass of the ions 

in the beam striking the target. High ion source species purity can also be obtained with 

lithium, in principle, since singly ionized lithium has a helium-like closed electronic 
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shell configuration. This results in a large difference between the first ionization 

potential (S.4 eV) and the second ionization potential (7S.6 eV). In going from protons 

to lithium on PBF A II, even at constant ion beam divergence, we should be able to 

increase the ion beam focal power density by a factor of about nine to approximately 

SO TW jcm2, by increasing the ion source purity (from SO% for protons from a 

hydrocarbon source to 90% for lithium), and by increasing the voltage using a plasma 

opening switch. We expect to be able to maintain a shot rate of one/day at the full 

energy level of PBF A II. 

TARGET EXPERIMENTS 

Three series of target experiments have been completed on PBFA II so far. The 

first series used large ( 1 S-20 mm midplane diameter) range-thick cones for development 

of target diagnostics. The second series used smaller cones (7 .5-10 mm midplane 

diameter) for measurement of azimuthal beam uniformity and correlation of diagnostic 

data obtained at large radius with that obtained on the diode axis. The third series 

began the study of intense ion beam deposition in a low-density foam seeded with 

chlorine for x-ray imaging. 

The configuration of the target experiments is shown in Figure 2. The ion beam, 

created at the 1 S em anode radius, is accelerated through the 1-2 em anode-cathode gap, 

and passes through the 2 micron mylar gas cell window and into a few-torr Ar-filled 

propagation region. The beam is focused in the vertical direction from its initial 

5-10 em height to its 5-6 mm height at the target by bending in the self-magnetic field, 

bending in the applied magnetic field, and vertical shaping of the anode profile. Power 

feeds to the diode are symmetric about the diode midplane. Tungsten shields on the top 

and bottom of the diode attenuate bremsstrahlung by a factor of about 2SOO for 

diagnostics contained within the shield cone. The upper diagnostics include multi

position x-ray pinhole cameras for observing inner shell excitation (e.g., K-, L-, or 

M-alpha) radiation from the target, an elliptic crystal spectrometer for obtaining x-ray 

spectra from the target, and a one-dimensional slit imaging magnetic spectrograph for 

obtaining Rutherford-scattered ion images, ion momenta, and ion power densities. 

Figure 3 shows the lower diagnostic packages and shield which are mounted beneath the 

diode. The lower package includes both distant (3 m) and close-in diagnostics. The 

diagnostics mounted at about 3 meters from the target include on-axis x-ray pinhole 

cameras, a grazing incidence spectrometer, and a multichannel x-ray diode (XRD) 
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Figure 2. Configuration for target 
experiments on PBF A II showing 
upper diagnostics , upper shield , 
and diode. 

Gfi AZING INC IO EN C [ 
SPECTROMEH ~ 

Figure 3. Lower target diagnostic 
packages and shield . 

detector array for obtaining energy cuts of the target x-ray spectrum. The close- in 

diagnostics include four more x-ray pinhole cameras, a streaked x-ray imaging camera, 

and a convex crystal spectrometer. The target configuration with a small titanium cone 

target mounted in the gas cell is shown in Figure 4. 
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Figure 4. Configuration for target experiments showing small cone mounted in the gas 
cell. 

In the first series of experiments. large conical targets ( 15-20 mm midplane 

diameter) were used to develop and characterize target diagnostics. The cones had a 15° 

half -angle, and were about 40-mm-tall . Materials used for different shots included 

teflon (CF2) , aluminum, titanium, tantalum, and gold. The beam used for the 



experiments was a proton beam with a power intensity of about 1 TW / cm2. An example 

of data obtained with a teflon target, shot in order to develop a grazing incidence 

spectrometer, is given in Figure S. Most of the spectral lines have been identified , but 

some uncertainties remain. A collisional-radiative-equilibrium (CRE) code calculation21 

for the line ratios for carbon provided an estimate of electron temperature in the range 

of several tens of eV (50-75 eV) for the feature being observed by the spectrometer. 

From observing shots with titanium cones, we believe the spectrometer was viewing a 

heated stagnation mass on the axis of the cone. X-ray pinhole camera images of one of 

the smaller titanium cones shot during the second series (with proton beam intensities of 

about 2-3 TW j cm2) are shown in Figure 6. The hard (>600 eV) x-rays are produced by 
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Figure 5. Grazing incidence 
spectrometer data obtained on a 
teflon cone target shot in the 
first target series. 
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Figure 6. X-ray pinhole camera 
.images of a small titanium cone 
target shot. 

beam-induced inner shell (K-alpha) excitation of the target. The nonuniform brightness 

of the emission provides information on vertical and azimuthal variations in beam 

intensity . The image in the 100-300 eV band is produced by a stagnation of some of 

the cone material on the axis, expected to occur to some degree since the target 

thickness is about one-half of the ion range . The size of this feature may also be 

indicative of the beam azimuthal uniformity. The very soft x-rays (20-80 eY) show 

more symmetry than either of the harder x-ray images. The straight lines seen in the 

soft x-ray image are spatial fiducial wires . Analysis of the PIN diode detector and XRD 

traces shown in Figure 7 provides corroboration for the images . As the ion power pulse 

inferred from diode electrical monitors rises, the PIN trace shows the production of 

K-alpha radiation from the beam-target interaction. Direct heating of the target by the 

beam is seen in the XRD trace . A stagnation occurs roughly 100 ns after the power 
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pulse, indicating inward movement of target material at a velocity of about 

5 em/microsecond. Late in time, ions which were Rutherford scattered by the cone 

arrive at the PIN detector . Spectroscopic data from one of the aluminum cone shots is 

shown in Figure 8. These data show the first observation of K-alpha satellites produced 
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Figure 7. Ion power, PIN diode, 
and XRD traces from a small 
titanium cone target shot. 
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Figure 8. Spectroscopic data 
showing K-alpha satellites from a 
small aluminum cone target shot . 

by an ion beam heated target.Sl As electrons are removed from the outer shells of the 

aluminum ions in the target, the energy levels of the K -alpha radiation , generated as 

electrons fill the innershell vacancy, are changed. The data indicate that boron-like 

aluminum (eight times ionized) was produced. CRE modeling indicates that this is 

consistent with electron temperatures from 20-60 eV. 

In the third series of experiments, more complex configurations were tested . The 

progression in this latest series is shown in Figure 9. In order to prepare for targets 
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Figure 9. Progression of target configurations for the third series 
of target experiments on PBF A II . 
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which preclude the use of a Rutherford scattering foil on axis, planar targets were used 

to obtain a correlation of on-axis data with off -axis data. The planar target provided 

the on-axis data via Rutherford scattering, while sectors of a 3.8 em radius K -alpha 

conical target provided the off -axis data. A key element in obtaining the correlation 

was an ion propagation code, PICDIAG,-'l which provided information on ion orbits 

from the 3.8 em radius position to the axis. Later, the "apron" targets were tested to 

provide ion pinhole and K-alpha images of the ion beam to get near-axis beam 

uniformity and intensity. The apron targets are thin-walled cones meant to give the 

"footprint" of the ion beam as it moves inward, with little effect on the beam itself. 

This ability to directly measure the footprint of the beam as it propagates to the central 

target is an important advantage of the "in-depth" nature of ion beam energy deposition 

in matter . Data from a recent apron target shot are shown in Figure 10 and are 

discussed at greater length in the accompanying paper by Stinnett, et aJ.,S] at this 

conference. The data indicate proton beam azimuthal non-uniformity which is smaller 

than 20%. Three of the target experiments used a central cylinder of lithium in order to 

get total proton energy striking the lithium target from the p(Li, Be)n nuclear reaction . 

In this configuration, neutron activation of a praseodymium sample provides an accurate 

measurement of total proton energy. On two out of the three tests, good beam quality 

was achieved, and total proton energy striking an 8-mm-diameter, 8-mm-tall lithium 

cylinder was measured to be I 80-200 kJ. In the last configuration shown in Figure 9, a 

doped foam is used to measure the ion deposi\ion profile. Data from the one shot of 

this type taken so far are shown in Figure 11. The image is an x-ray image of the 
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Figure 10. K-alpha data from an 
apron target shot showing ion beam 
uniformity over 360 o. 

Figure II. Data from a chlorine
doped foam target shot showing ion 
deposition uniformity. 



15 mg/cm' chlorine dopant uniformly dispersed throughout the 40 mg/cms carbon foam. 

The image shows rather uniform deposition of the ion energy throughout the foam. 
' 

Since the foam target was 1 0-mm in diameter, its diameter is equivalent to the ion 

range. The triangles seen in the image are again spatial fiducial wires. Since this 

experiment provided good data, we have planned follow-on tests with a higher density 

foam, where the radius will be equal to the ion range, to resolve any nonuniformities in 

the deposition more clearly. 

Future target experiments will concentrate upon diagnosis and improvement of ion 

beam deposition uniformity, measurement of the uniformity of the pressure pulse for 

driving implosion targets, and the hydrodynamics of target implosions. These target 

experiments will be more interesting if we are successful in developing intense lithium 

beams. Our strategy is to increase the energy we can deliver to a lithium beam by 

increasing the beam purity and increasing the diode voltage. Although an increase in 

the ion current density or a reduction in the ion divergence would both improve the ion 

power brightness at the anode, we have not assumed that the current density would 

exceed 5 kA/cm2 or that the ion divergence would be smaller than 14 mrad. Since 

power brightness is given by6] 

where J is the ion current density at the anode, 

Y is the diode voltage, 

fi is the fraction of ions in the focusable charge state, and 

f e is the fraction of ions within the full width at half maximum 

(= 0.5 for a gaussian beam), 

we can increase the ion beam focal power intensity by about a factor of 9 from the 

5 TW /cm2 level we have achieved using protons if we can go from the present 50% 

proton purity with hydrocarbon sources to a 90% pure lithium beam, and increase the 

ion energy from 6 MY to 30 MY. 

LITHIUM SOURCE RESULTS 

Our present efforts to develop a lithium ion source include three approaches: 

(1) LEVIS, 7] a laser-heated, laser-ionized source; (2) EHD, 81 an electrohydrodynamic 

liquid lithium ion source; and (3) BOL V APS/LIBORS,9] an electrically heated, laser-



ionized source. Each of these is discussed at greater length in the accompanying paper 

by Stinnett, et al., 5) at this conference. The LEVIS source is the topic of a paper by 

Bieg, et al., 10) also at this conference. 

At present, we are concentrating most of our time on PBFA II on the LEVIS 

source, with the EHD source pursued as a backup. Both the LEVIS and EHD sources 

have produced a lithium ion beam on PBF A II. A very recent shot on PBF A II using 

the liquid lithium source for EHD produced a lithium ion beam which was relatively 

uncontaminated by protons. Measurements with Faraday cups and a Rutherford 

magnetic spectrometer showed sizable lithium signals with near-zero proton signals. 

Two very recent shots of the LEVIS source ( 1500 angstroms of Mo70Li30 deposited on a 

stainless steel anode) fired without either the heating or ionization lasers, produced an 

ion beam with 20-40% lithium purity and an 8-mm FWHM horizontal focus. The 

lithium was accelerated as Li+l. A particle-in-cell simulation of the ion transport for 

the first of the two LEVIS shots, generated using the PICDIAG code, is shown in 

figure 12. A graphical energy accounting from this shot is shown in figure 13. By 

taking the nuclear activation data and correcting the recorded energy for transport with 

PICDIAG, we determined that about 140 kJ of lithium was produced in this shot. Since 

the total ion energy inferred from electrical monitors was about 420 kJ, an inferred 

beam purity of about 30% is obtained. 
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Figure 12. PICDIAG simulation of 
ion transport for a LEVIS shot. 

251~ to--r--fl-1f---¥.. 

~~~-4-----1r.a~~ 

Anode 
t------+-420 KJ Total 

Figure 13. Graphical energy 
accounting for a LEVIS shot. 

(140 KJ Lii 

We believe we can increase the lithium fraction of the beam energy by either 

providing a clean liquid lithium surface, such as is done in the EHD fast-wicking liquid 

lithium source, or by removing hydrogen from the surface of a lithium-containing thin 



film. A very interesting feature of these recent lithium source experiments is the 

appearance of a hydrogen beam roughly 15 ns after the appearance of the lithium beam, 

and the concomitant disappearance of the lithium beam. During the generation of the 

lithium beam for the first 10-15 ns, Faraday cups show nearly pure lithium. Ionization 

of a hydrogen vapor layer by the lithium beam during extraction through the hydrogen 

vapor, or charge exchange between singly-ionized lithium ions and hydrogen neutrals are 

two possible explanations for this behavior. Our upcoming experiments will investigate 

this behavior in detail. Optimization of the lithium source behavior for target 

experiments is the highest priority in our program. 

SUMMARY 

Advances in ion beam theory, diagnostics, and experiments in the past two years 

have produced a 5 TW jcm2 proton beam. Target experiments using this beam have 

produced data on total proton energy, proton beam uniformity, and beam-target 

interaction physics. Experiments are being planned to measure ion beam deposition in 

heated material quantitatively. In parallel with these target experiments driven by 

intense proton beams, we are concentrating on development of a lithium ion beam. Two 

lithium sources have shown promising results, but the energy in the lithium beam must 

be increased. This is our foremost objective. With success in lithium beam production, 

we will begin implosion experiments driven by intense lithium beams, and demonstrate 

the utility of light ion beams for ICF. 
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