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eration in He and Ne to extend the range of coher-
ent wavelengths to 53.2 nm. Conversion is in the
range of 10 ' to 10 ' with further optimization
believed to be possible. This work represents
the first application of frequency upconversion to
the extreme ultraviolet with use of optical nonlin-
arities of higher order than third, and indicates
the feasibility of using such processes to extend
the range of available coherent wavelengths ever
closer to the soft x-ray range.

The authors would like to thank T. N. Lee for
advice and assistance with VUV photography,
W. Hunter for advice on VUV equipment, M. Fink
for preparation of the Al filters, and E. Tiede-
mann for laboratory assistance.

*Work partially supported by the Defense Advanced
Research Projects Agency under ARPA Order 2694.

)On sabbatical leave from Colorado State University,
Ft. Collins, Col. 80523.

~A. H. Kung, J. F. Young, G. C. Bjorklund, and S. E.

Harris, Phys. Rev. Lett. 29, 985 (1972).
2R. T. Hodgson, P. P. Sorokin, and J. J. Wynne,

Phys. Rev. Lett. 32, 343 (1974).
3A. H. Kung, Appl. Phys. Lett. 25, 653 (1974).
M. H. R. Hutchinson, C. C. Ling, and D. J. Bradley,

Opt. Commun. 18, 203 (1976).
5S. E. Harris, Phys. Rev. Lett. 31, 341 (1973).
6I. V. Tomov and M. C, Richardson, IEEE J. Quant.

Electron. QE-12, 521 (1976).
7S. A. Akhmanov, V. A. Martynov, S. M. Saltiel, and

V. G. Tunkin, Pis'ma Zh. Eksp. Teor. Fiz. 22, 143
(1975) [JETP Lett. 22, 65 (1975)].

A. H. Kung, private communication. Although a pre-
liminary observation of the process 5x 532.0 nm =106.4
nm was noted in Ref. 5, no record of this observation
has been published.

Prelimimsry results were presented by J. Reintjes,
R. C. Eckardt, C. Y. She, N. E. Karangelen, and R. A.
Andrews at the International Conference on the Physics
of X-ray Spectra, National Bureau of Standards, Gaith-
ersburg, Maryland, August 1976.

' G. C. Bjorklund, IEEE J. Quant. Electron QE-11,
287 (1975),
"J.Reintjes and R. C. Eckardt, to be published.

Production of Intense Proton Beams in Pinched-Electron-Beam Diodes*

S. J. Stephanakis, D. Mosher, G. Cooperstein, J. R. Boiler, and J. Golden
Naval Research Laboratory, washington, D. C. 20375

and

Shyke A. .Goldstein''
University of Maryland, College I'ark, Maryland 20742

(Received 9 August 1976)

A polarity-reversed 10 -W relativistic-electron-beam generator operating in the self-
pinched mode is used to produce and propagate intense proton beams. Charge-neutralized
beams of 30—50 ns duration consisting of over 4X 10 0.5-0.8-MeV protons distributed
over a 120-cm2 cross-sectional area are routinely produced. The 150-200-kA average
ion currents deduced from these measurements are in good agreement with theoretical
calculations.

High-power relativistic-electron-beam genera-
tors have recently been used to create high-cur-
rent proton beams in both reflex-triode"' and
magnetically-insulated-diode' modes of opera-
tion. These ion beams may have application to
controlled fusion research in the areas of diffuse-
plasma heating, ' magnetic confinement (field re-
versing P layers), ' and pellet fusion. ' Here, we
report on the efficient production of intense pro-
ton beams using the 10"-W Gamble II pulser'
driving a field-emission diode in the self-pinch-
ing mode. ' Charge-neutralized beams of 0.5-0.8-
MeV protons with average ion currents of up to
200 kA have been propagated 50 cm in the present
experiments. The measured ion-beam character-
istics are in good agreement with theoretical cal-

culations. ""
Experiments were performed on the Naval Re-

search Laboratory Gamble II generator operated
in positive polarity so that ions accelerated by
the diode voltage could be extracted from the out-
er (negative) electrode at ground potential and
drifted in an evacuated tube. Approximately 25-
30 kJ were delivered to the nominal 1.5-0 diode
during the 50-ns electrical pulse with peak cur-
rents (ion+ electron) of 500-600 kA flowing across
it. In situ measurements of intense deuteron cur-
rents flowing in the diode with Gamble II operat-
ed in negative polarity have been reported else-
where. " Lower-intensity ion beams from pinched-
beam diodes have also been reported. "

A schematic diagram of the experimental setup
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FIG. 1. Experimental setup.

including the anode-cathode region and ion-diag-
nostic arrangement is shown in Fig. 1. Two an-
ode configurations were employed. The first type
of anode (shown in the figure) consisted of a 10-
cm-diam carbon target within a brass retaining
ring which was, in turn, attached flush with the
center-conductor hub. Protons were extracted ei-
carbon as shown or from hydrocarbon gases ad-
sorbed on bare carbon anodes. The cathode con-
sisted of a thin aluminum ring 14 cm in diame-
ter, the interior of which was covered either by
2-pm-thick Kimfol polycarbonate foil or by fine-
mesh, highly transparent stainless-steel or cop-
per screens. These cathode foils and screens
transmitting incident ions were sufficiently con-
ductive to define a ground-potential surface and
provided electrons to produce space-charge neu-
tralization of the ion beam. The charge-neutral-
ized ion beam then propagated ballistically in the
drift section behind the cathode. Both types of
cathode-transmission surfaces were recessed
about 4 mrn with respect to the aluminum ring in
order to prevent premature shorting of the diode
due to plasma motion. Greater ion yields were
usually obtained by removing the carbon anode so
that a vacuum gap between the polyethylene foil
and the anode hub was, created.

The formation and pinching of the electron beam
was monitored by observing target bremsstrah-
lung from (a) the entire diode using a scintillator-
photodiode combination and (b) a region 3 cm in
diameter about the anode axis using a well-shield-
ed p-i-n diode viewing radiation collimated by a
3-mm-diam pinhole. The same pinhole was used
to form time-integrated x-ray images of the elec-
tron pinch which provided information on pinch
qua, lity and centering. The time variation of ion
current as well as time-of-flight data were ob-
tained with a 125-pm-thick NE-102 scintillator-

photodiode pair. Time-integrated measurements
of ion yield were made using a nuclear activation
technique. A carbon target was exposed to the
ion beam and subsequently measured for induced
annihilation radiation [0.51-MeV y rays arising
from the reaction "C(P,y) "N(P')"C with two Nal
counters in coincidence. From the known thick-
target yield of the reaction, "the number of inci-
dent protons was deduced. The induced reaction
exhibits resonances at 0.46 and 1.70 MeV with the
yield nearly independent of proton energy between
the two values. A difficulty with this technique
is either ablation of the activated front surface
of carbon or enhanced diffusion of "N in the heat-
ed solid due to the high energy-density of the in-
cident ion beam. In order to minimize such er-
rors, a series of two to four fine mesh screens
were routinely placed between the cathode and
carbon-activation target. The screens were far
enough apart to allow scattering (due to passage
through the Kimfol) to "fill in the holes" in the
beam, caused by attenuation of one screen, be-
fore encountering the next screen. For average
proton fluences of about 1x 10"cm ', the in-
ferred yield without any screens was about 1.8
times lower than when a single screen was in-
serted between the cathode and the carbon target.
Nuclear activation measurements using diff erent
numbers of screens to attenuate different sec-
tions of a single ion beam demonstrated that the
final screen reduced the beam flux to a value giv-
en by its optical transmission, about 34%. This
result suggests that ablation and/or diffusion er-
rors were eliminated when a. sufficient number
of screens were employed. An additional refine-
ment to the activation measurements was re-
quired because activated carbon in the Kimfol de-
posited on the carbon sample. A typical 15—25%
correction to the observed activity of the carbon
target was made by subtracting the activity of an
aluminum sample occupying 4 of the target area.
%hen metal screens formed the transmission
cathode, the correction amounted to only about
2%. A correction of below 5% associated with the
reaction'4 "C(d, n) "N(P') "C produced by natural-
ly occurring deuterium in the anode was usually
neglected. However, because of the strong ener-
gy dependence of the reaction cross section, anal-
ysis of proton beams of greater than about 1-MeV
energy do require a deuteron correction.

Figure 2 contains time-synchronized oscillo-
scope traces depicting diode-current and voltage
characteristics, the total and collirnated x-ray
signals, and the ion-excited scintillator signal.
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foils, a reduction in "N activity of about 35/o was
observed. However, since the diode voltage dur-
ing the second half of the electrical pulse for car-
bon-anode shots was observed to drop to a value
close to that required for carbon activation, it
is not clear that the ion current was reduced in
proportion to the activity. Unbacked, thin-foil
anodes exhibit matched-load behavior for the en-
tire electrical pulse. Additionally, thin-foil an-
odes are observed to pinch about 10 ns earlier
than solid carbon, allowing for larger time-in-
tegrated ion yields.

A simple analytic model for charged-particle
flow in pinched-electron-beam diodes predicts
that the ratio of ion to electron current is given
by'

f,/f, ~ 0.5(R/D)(2eV/m;c')' ',

50 ns

FIG. 2. Typical wave forms for a configuration
where impedance collapse occurred 50 ns into the pulse.
The peak voltage and current for the top two traces
were 1.1 MV and 760 kA on this shot. The diode vol-
tage is uncorrected for diode inductance, which was
about 26 nH.

The arrival time of ions at the scintillator is con-
sistent with their having an energy equal to the
inductively corrected diode potential less the col-
lisional loss in the Kimfol, and with a start of
ion emission coincident with the pinch arrival at
the diode axis. ' These data were obtained with a
solid anode and a 0.32-cm' area scintillator lo-
cated 4 cm off axis and 50 cm from the anode.

In excess of 4x 10"protons were routinely in-
ferred from activation of a 120-cm' area carbon
target located 22 cm from the anode when Kimfol
cathodes and unbacked-polyethylene anodes formed
the diode. At 50 cm from the anode, greater
than 70% of this yield was observed. From the
diode electrical characteristics and ion-scintil-
lator information about the temporal evolution of
the ion pulse, an average ion current of over 160
kA and an ion beam-energy content of over 5 kJ
were calculated. Roughly 10% of this energy is
deposited in the Kimfol. Because of this energy
loss and the threshold for activation of carbon, "
only ions with initial energies exceeding about
580 keV are recorded by activation. Thus, the
above proton yields are conservative in the sense
that contributions due to sub-580-keV ions pro-
duced late in time are neglected.

When solid carbon anodes replaced the unbacked

where R is the radius of the cathode, D is the ef-
fective anode-cathode gap, V is the accelerating
voltage, and c is the velocity of light. More so-
phisticated numerical techniques" result in ra-
tios between 1 and 2 times the value given by Eq.
(1) depending on the diode geometry. Because of
the nonplanar nature of the cathode used in the
experiments and gap closure due to plasma mo-
tion, the appropriate value of D is somewhat am-
biguous. A lower bound for D is provided by the
following empirically modified parapotential-flow
expression"

(2)

where y is the electron relativistic factor. Solv-
ing Eq. (2) for D using the time-varying diode
current and accelerating voltage yields a chang-
ing value of D which characterizes the gap be-
tween the anode and aluminum ring including the
effects of electrode-plasma motion. A reason-
able upper bound is determined by adding the 4-
mm transmission-anode recess to this value.
Results of these calculations are shown in Fig. 3
for a shot employing an unbacked polyethylene-
foil anode. The total diode current and corrected
voltage are obtained directly from oscilloscope
traces. The diode impedance, obtained from the
ratio of voltage to current, demonstrates good
matching of thin-foil anodes to the 1.5-Q genera-
tor over the full voltage pulse. The range of R/
D shown was obta. ined from Eq. (2) (upper bound)
and the succeeding discussion (lower bound). The
initial value of the upper bound to R/D is consis-
tent with that obtained using the 4-mm separation
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FIG. 3. Theoretical estimate of ion current (I,.) calcu-
lated from diode voltage (V) and current (I) wave forms
and Eqs. (1) and (2). The electron beam pinches and

strong ion emission starts about t =25 ns, typical for
unbacked CH2 anodes.

of the aluminum ring from the anode. The in-
crease above the value with time reflects gap
closure due to plasma motion. Using in Eq. (1)
the range in R/D shown in Fig. 3(b) results in a
predicted ion-current range shown in Fig. 3(a).
The two dashed lines at 19 and 69 ns represent
the limits inside of which ions striking the target
are sufficiently energetic to activate carbon.
Within these limits, the mean ion current is cal-
culated to be 93-195kA corresponding to (3-6)
x 10"protons producing activation. The predict-
ed values from Eq. (1) are therefore consistent
with the experimental results discussed above.

It has been demonstrated in this report that in-
tense charge-neutral proton beams can be ex-
tracted from self -pinched electron-beam diodes
with efficiencies above 30/& and drifted in a field-
free vacuum region. Of the three techniques em-
ployed to date to create such beams, i.e. , the re-
flextriode, the magnetically insulated diode and
the self-pinched diode, only the latter utilized no
externally applied magnetic field. Ballistic focus-
ing of the ion beams to the high current densities
desired for application to fusion research may
thus be most easily achieved by using properly
shaped pinched-beam- electrode structur es."'"
Preliminary experiments"" indicate that such
focusing is indeed possible.
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