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DIAGNOSING LIGHT-ION-BEAM DIODES*

C. W. Mendel, Jr.
Sandia National Laboratories, Albuquerque, NM 87185 (USA)

This lecture will begin with a discussion of diagnostics in
ion-beam diodes. This will include electromagnetic measure-
ments, measurements of the electron cloud, and measgrement§
of anode plasmas. A few minutes will be spent on dlagnostlcs
of distributed ion sources required for one class of ion
diodes, the plasma-filled versions, which require high-den-
sity, highly ionized sources of very uniform plasma. The
measurements of the beam characteristics will then be dis-
cussed., This will be broken into two regions; the region
near the diode where diagnostics are generally extensions of
those used in other fields; and the region near focus where
new diagnostics have been developed.
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In the first lecture the characteristics of ion diodes were
described. The primary diode measurements are the diode cur-
rent, ion current and diode voltage. The currents are
measured by magnetic probes at various places on’' the diode.
Usually several are averaged to get the current and are dif-~
ferenced to look at symmetry. Rogovsky belts are not usually

‘used because the pulse transit time along their length is too

long and precludes a high frequency response. The magnetic
probe generally works quite well as long as high current den-

sity ion or electron beams do not hit it.

Voltage is another matter entirely. 1In small experiments ﬁhe

voltage can be measured on the water side of a vacuum inter-

" face or in a'magneticaliy insulated line (voltage can be cal-

culated from magnetic measurements) and corrected for induc-
tance between the point where the voltage was measured and the
diode. 1In a large system such as PBFA I this is not possible
at present due to the large number of power soufces involved
(36 for PBFA I). The diode voltage is inferred from the time-
dependent ion energy spectrum. The measurement can be done

! shown schematically

with a time-dependent Thompson parabola,
in Fig. 2-1. A small spot of proton emitting material (such
as nylon mesh) is placed on the positive transmission line
near the diode. A'portion of the emitted protons pass through
a small aperture in the negative line with énergy equal to the
line voltage times the protonic charge. They then pass
through collimating apertures and a region of parallel magne-
tic ahd electric fieid. The magnetic field is constant in
time and the electric field rises linearly in time. The
deflection normal to the fields is determined by the ratio of
magnetic field to momentum (Fig. 2-2). The deflection, there-
fore, is proportional to one_over the square root of voltage.
The deflection in the direction of the applied fields is

proportional to electric field divided by energy and therefore




to electric field divided by line vbltage. Since line voltage
is inferred from the measured magnetic deflection, we then
know the electric field in the spectrometer corresponding to
that line voltage. Since we know electric field as a function
of time, we can infer the time at which the voltage occurred.
The data is recorded with a channel plate amplifier, phosphor,
and film combination. The channel multiplier array output
could easily be recorded with a diode array such as those used
in digitizing oscilloscopes, thus providing a fast readout

straight to a computef.

Although a suitable ion diode for a reactor will not be
exactly like the plasma filled version shown earlier,; it is
likely that they will be plasma filled. This is because they
must operate for many pulses without maintenance. Dielectric
anodes are essentially destroyed on their first shot. It will
be desirable to monitor the plasma fill density continually.
In plasma filled diodes you will recall that the plasma is
pushed rapidly away from the cathode by the magnetic field of
the series coil. Therefore the time-dependent gap between
cathode and plasma anode can be measured by measuring field

A éoil.voltage (typically 50 kV) integfating it to get flux and
dividing by coil current.? The coil inductance is propor-

tional to the diode gap X
L(X) = L + KX

where K is a constant dependenﬁ upon the actual coil design.

.The gap opening velocity is given by3

- dx/dt = by/2A (po/nimi)l/2 I




which is related to the Alfven velocity. 1In this expression

nj is the ion density of the anode plasma, m is the ionic
mass, A is the diode area, and bg is a constant with units of
length relating the diode current to the magnetic field
(recall that the field coil is in series with, the diode).
'Differentiating L(X) with respect to t and taking the ratio of

dL/dt to DX/dt we can then get an expression for ny

n; = (KbO/ZA)2 Ho/my (dL/daQ) ™2

. where I = dQ/dt-has been used. Figure 2-3 shows data from a
plasma filled diode. The plots are L vs Q for four different
plasma fill densities. The plasma density from the above
expression is shown with each plot. This measurement works
guite well but it is of course an average measurement over the

anode plasma surface.

Another method of measuring plasma densities in the range
needed ié the measurement of the collisionless skin depth
using microwaves. In the method we have used at Sandia, a
wave travels down a waveguide'toward a slot in the surface of
an electrode at which the measurement is desired. The slot

is covered with a thin mylar film so that the waveguide is
empty, and the plasma is only on thc eclectrode side of the
film (Fig. 2-4). The width of the slot is equal to the stand-
ard waveguide width, but the height (in the E field direction)
is much smaller than a wavelength. For the 13 mm wavelength
data to be presented the slot height was 1 mm. With no plasma
‘over the film the line reflects as an open line. As the elec-
tron density increases the phase of the reflected wave shifts
until it is 180° out of phase with the zero density reflection
at densities such that the skin depth is small compared to the




slot height. The phase shift is readily measured by standard

microwave techniques. Figure 2-5 shows a phase plot of some

~data taken on a laboratory plasma gun. Below critical density

there is some radiation from the slot, so the reflected wave
is smaller. "At high density the collisions attenuate the

reflected wave. Figure 2-6 shows the decay of a plasma in an-- -

electron diode experiment. The exponential decay is an indica-
tion of the quality of the measurement. This diagnostic has
been used in our plasma source research and also to measure
pre-pulse plasmas caused by low level (~ 10 kV) pulsés pre-
ceeding the main power pulse in diode experiments. The theory
of the measurement can be done analytically because of the
small ratio of the slot height to the wavelength of the micro-
waves., The primary difficulties are that the measurement is
close to the surface of an electrode, and that microwave

detectors (particularly square-law detectors) have low output

voltage. The electro-magnetic pulse around pulsed power

machines is typically hundreds of kilovolts per meter so that
noise and solid state component damage is a great concern.,

Thorough electric shielding is essential.

. Anode plasmas on dielectric anodes have been measured using

spectroscopy and holography.4’5 The data showed a thin layer

of plasma with 5x1016 cm™3 density and 5 eV temperature,

expanding away from the anode at the acoustic velocity. The
times of interest are sufficiently long for most holbgraphy
systems, and the densities are adequate for good sensitivity.
The measurements are on diodes specially designed to be
accessible and quasi-spherical focusing diodes will be more

of a challenge. Since the plasmas on the surface of these
anodes are very dense'(lo16 to 1018 cm™3) spectroscopic analy-
sis will probably be veryfuseful,lS but has just begun to be
used. These anodes are essentially not understood at all;

"so this is a valuable place for current research.



.kA/cm.z Since the beam density is typically about 1

The electron cloud in the diode also is very difficult to

6,7 and have-

study. Microwave measurements can be instructive
been discussed earlier at this conference by Chuck Wharton.

Time-integrated x-ray photographs of ion diode anodes some-

times show streaked patterns which have been ascribed to elec~-
_tron instability. It does not 'seem likely that an instability

'involving electrons alone would be stationary, so there is

probably an anode heating mechanism involved in the instabil-

ity. For electron cloud instability, fast diagnostics are

. required. Experiments at cornell® have seen microwave .bursts

followed by x-ray burst in ion diodes. These are believed to
be due to electron instabilities driving electrons to the
anode resulting in increased bremsstrahlung. Therefore micro-
wave oOr x-ray bursts can be used to monitor electron cloud
instability. Fast x~ray pinhole cameras using depléted y238

pinhole apertures and channel multiplier array detectors can

be used to photograph the anode x-rays on a one nanosecond

8 The primary

time $cale. These cameras are now in existence.
problem is elimination of the general x-ray background exist-
ing near all pulsed power machines. The background has a
thick target spectrum extending up to the end point energy
corresponding to the machine voltage. The primary problem
comes from x-rays of a few tens of kilo-electron volts. Five
to ten centimeters of lead with careful attention to aVoiding

leaks suffices for present machines.

The measurement of the ion beam itself is the most developed
area of ion beam fusion diagnostics. The simplest beam diag-
nostic is the biased charge collector shown in Fig. 7. These
are used near the diode at current densities up to a few
013 o3

the beam must be neutralized all the way to the collector

except for a thin sheath of 0.1 cm thickness where electrons

are excluded by the bias voltage. The bias voltage must be




. ments involving nuclear reactions.

high enough to stop co-flowing electrons, and is typically
about - 1 kv. Often the input aperture is covered with a thin
foil to stop slower ions. By  using several detectors with

different thickness foil the voltage waveform can be measured.

- Some data using this technique can be seen in Fig. 2-8. Notice

the sharp onset of current to the detectors as the ion range.
éxceeds the foil thickness (Fig. 2-8b). - This technique is sim-
ple and is quite reliable. The difficulty for a reactor situa-

tion is that the foil would need replacement between succes-

~sive ‘beam pulses. This could undoubtably be accomplished with

moving foil tapes. There has been debate as to the best way
to avoid secondary electron problems with these detectors
since the beam is a neutral plasma almost all the way to the

cup. The simple version shown in the figure seems to compare

-well with the ion output measured at the diode and also with

nuclear measurements to be discussed.

Ions with multi-MeV energies are good candidates for measure-
. 8-13 Nuclear diagnostics
have been developed at several laboratories, with many of the
ideas coming from the Naval Research Laboratory in the United
States. The most common and one of the most reliable has been
the measurement of proton beams using carbon activation.g"ll
At low current densities (up to about 100 a/cm? for 20-30 ns)
a small carbon block is placed in the beam. The carbon is
activated by the proton beam through the 12C(p,7)13ﬂ reaction.
Immediately after the shot the carbon block is then taken to a
coincidence counting detector pair. The 13y decays by emis-
sion of a positron through the 13n(f *)13¢ reaction with a 10
min half life. The detector measures the photon pair reéult—
ing from the pousitrun annihilation., Al higher currenls Lhe
carbon block ablates and some.of the activated carbon is lost.
To overcome this the carbon can be placed in a "salt shaker"

to contain the ablated material. 10 The salt shaker allows




;the beam in through its aperture, but retains most of the
ablated carbon inside so its activity is counted. This is
satisfactory up to several kA/cmz. ‘The technique is better
suited to single-shot, laboratory experiments than it is to
reactor systems, as are all of the activation rections used at
present (see Ref. 9 for a list of useful reactions). They
have been chosen because they allow sufficient time to get the
activated material to the detection system. Reactions with
long lifetimes could be used to average the ion output over
many pulses, however. Thin foil filters have also been used
over carbon activation blocks to increase the energy threshold

. .for detection.

Other nuclear diagnostic, more suited to the reactor environ-

9,11-14 e example is

ment are the prompt-Y ray diagnostics.
the 7Li(p,‘)’)8Be rection shown in Fig. 9. The ion beam impinges
on a lithium metal target and reacts with the lithium nuclei.
While these reactions have sharp resonances, the thick target
yield is broad. This is because all ions more energetic than
the resonance pass through it as they slow in the target
material. The thick target yield for the reaction is shown in
the graph on the figufe. Some fraction of the prompt gammas
are detected by a scintillator which is well shielded against
the extremely intense, but much less enetgetic bremsstrahlung
Xx-rays from the diode power pulse, A time-integrated measure-
ment can be obtained at the same time by placing a Cu slug

near the lithium. The copper is activated by the gammas and
then emits positrons. The reaction is 63Cu(Y,n)62Cu(B *).

The annihillation photon pair can be detected with the same
system used for carbon activation. .The lithium may ablate in
this measurement system without effecting the outcome since
the gamma ray appears almost immediately. Lithium salts can
replace the metal thereby making handling easier. The prompt

gamma measurement with gamma detecting scintillator systems is



well suited to reactor systems. Unwanted neutron signals will
arrive well after the gamma pulse, and bremsstrahlung can be
shielded out.. '

An additional measurement of the beam is the divergence. It
must be low enough or much of the beam will miss the target in
present experiments or the channel in a reactor. The method
used for this measurement is to use the ion beam to image an
aperture with some figure (a cross in Fig. 2-10) on a heavy
metal foil. The foil Rutherford scatters the ions. The image‘
in scattered ions is then imaged on a detector with a pinhole
camera. Current devices are quite small (a few cm in each '
direction) and could be made smaller. The detectors are pre-
sently cellulose nitrate plastic15 which is etched in hot NaOH
for several hours. The tracks ih the plastic are increased in
size by the etching procéss. A skilled analyst can then tell
from the pits how heavy the ion was and can therefore discri-
minate between diffefent ions. 1In a reactor the cellulose
nitrate would be replaced by a channel electron multiplier
arfay, giving instant readout, but not discriminating between

various ion species.

In a reactor system the ion beam will not be focused directly
on the ﬁarget (this is not true for heavy ion fusion or the
intermediate ion systems studied by Occidental Petroleum and
others).16/17 1t will have to be transported several meters
in an ionized channel. These channels must be diagnosed in
their own right, and they may also provide an easy way to
measure the ion beam. These channels have been studied for

several years now, 18721

The technique which seems to be best

suited to ion beam fusion involyes heating the target chamber

gas (perhaps 100 Torr of argon with small amount of sodium) by
a laser pulse tuned to an atomic level of the alkali metal

added to the chamber as a dopent. The heated gas drives a



cylinderical shock outward leaving an evacuated cylinder of
gas. The low pressure gas in the channel is then ionized by
a discharge from a small capacitor bank (Fié. 2-11). Fiéure
2-12 shows Abel inverted data from several holograms taken at
various times during the discharge. These channels are

extremely straight and very reproducible. It would be pos~'

sible to monitor these channels in a reactor by similar

~diagnostics..

The channels are of high enough density that sophisticated

spectroscopic analysis should be valuable. The current den-
sity profile would be of‘great interest. The currents are
small enough that Faraday rotation of laser light due to the
channel magnetic field on the electrons would give only a
small rotation. Zeeman effect on the target chamber gas is.
a possible diaghostic, however. Using the many techniques

22 and others a great deal of information

developed by Griem
should be derivable from the spectrum. Since channel diag-
nosis has barely begun, much opportunity for development.

remains.
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Figure Captions

2—1.

2‘-6 L ]

Swept Thompson parabola for measuring time-dependent

- ion spectra, from which voltage waveform is determined.

The magnetic field is constant and normal to the ion

~beam. The electric field 'is parallel to the ion beam

and - is swept in time. _

The trace of the swept Thompson parabola on the record-
ing medium. At any instant of time the protons must
fall on the parabola determined by the electric field
at that time. The parabola thus determines time, the
deflection determines ion energy and thus line voltage.
Inductance of the field coil versus charge (integral of
diode current) for a plasma filled, series field coil
diode (Ampfion). The coil inductance is proportional
to diode gap, as is the charge. The slope of the
curves are proportional to one over the square root of
plasma fill density. The four curves are for four dif-

ferent shots with different plasma fills.

Diagnostic slot for measuring plasma collisionless skin

dept with microwaves. The waveguide is reduced in
height by quarter-wave steps. The mylar film keeps

plasma out of the waveguidé.

. Phase of the wave reflected from the slot for'a.range

of plasma density up to 20 times the critical density -
(7x1012 cm in this case). Below critical‘density the
slot radiates somewhat. This data was taken by stag-
nating the plaSma from a small plasma gun against the
plate containing the diagnostic slot.

Density measured in the after-glow from an electron
beam diode. The exponential decay indicates that a

good measurement was made over more than two decades

in density.

el



2-9.

2-120

Biased charge collector. These devices wofk amazingly

well for ion current densities up to a few kA/cmz.

Thin filter foils can be used to eliminate low energy

ions, or to use the diagnostic to determine when the

voltage reached the level where the output ion range
exceeds the foil thickness. T

Measurements of a proton beam (8a). This data agrees
well with other methods of measurements. In Fig. 2-8b
charge collectors with 8 um and 16 um filters show

when the proton energy exceeds 0.65 and 1.0 MV,
Prompt—gammé diagnostic. The protons cause the lithium

target to emit gamma-rays through the Li(p,Y)Be reac-

"tion. These rays are then recorded with scintillators

carefully shielded to reduce x-ray béckground. This
diagnostic can give a time-resolved measure of
extremely high proton doses. )

Rutherford scattering beam divergence diagnostic.. The

. beam passes through an aperture plate and duplicates

the image on a heavy metal scattering foil. Lower
beam divergence gives a better quality image. The
scattered ion image is then recorded with a pinhole
camera and analyzed.

Experiment to test channel transport of ions. The ion
transmission was measured with nuclear diagnostics
(50% over 2 m), Holography normal to the channel
measured the channel density profile,

Channel density profiles for four different times as

measured by holography and Abel inversion. Error bars

"are shown at a few representative points.
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