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1.0 Abstract

This report summarizes the results of a one year research program at the
University of Michigan to investigate the physics and technology of
microsecond electron beam diodes. These experiments were performed on
the Michigan Electron Long Beam Accelerator (MELBA) at parameters:
Voltage = -0.65 to -0.9 MV, current = 1-50 kA, and pulselength=0.5- 5
microseconds.

Major accomplishments include:
1) the first two-wavelength (CO2 and HeNe) laser deﬂectnon
measurements of diode plasma and neutrals,
2) Measurements of the effects on magnetic field gradient on
microsecond diode closure,
3) demonstration of good fidelity of processed x-ray signals as a
diagnostic of beam voltage,
4) Extended-pulselength scaling of electron beam diode arcing and diode
closure, and
5) Innovative Cerenkov plate diagnostics of e-beam dynamics.




2.0 Experimental rescarch objectives

The abjectives of this research were to investigate crucial physics
and technology issues concerning long-pulse electron beam diodes. This
encompassed electron beam diode closure as well as new techniques for
diagnosing and studying diode closure. These objectives are summarized
in Table 2-1.

it should be noted that in a single year we accomplished nearly all
the goals listed. We successfully demonstrated simultaneous CO2 and
helium neon laser deflection measurements as an unambiguous diagnostic
of both plasma and neutral particle dynamics in long-pulse electron beam
diodes. We studied the effects of magnetic field gradients on long-pulse
electron beam diode closure and compared to uniform magnetic fields. A
new cathode was developed that generated 5 microsecond electron beams.
A demonstration was made that X-rays from an e-beam diode are an
effective means of measuring the cathode voltage. Electric stress
criteria were extended by the multimicrosecond pulses from the MELBA
machine. We demonstrated that Cerenkov plates are an effective
diagnostic. These accomplishments are presented in this report.

Table 2-1. UM Experimental Research Objectives

diode plasma closure studies: direct measurements of diode plasma
- helium neon laser diagnostic measurements of cathode and
anode plasma
- CO2 laser deflection system: development and
MELBA measurements

diode diagnostic research, development, and analysis
- investigate X-ray diagnostics/ analysis for
measurements of e-beam diode voitage
- electrical diagnostics: analysis of diode
perveance data to obtain closure velocities
- explore new dye laser diagnostics of diodes

cathode development
- profiled velvet cathode
- large area toroidal cathode

electrical breakdown in us e-beam diodes
- obtain scaling data on arcing/ shorting times to extend
parameter range beyond McGeoch criterion



3.0 Experimental Configuration and Diagnostics

The experimental configuration for the MELBA diode closure
experiments is presented in Figure 3-1. Three cathodes were employed in
these experiments, as depicted in Figure 3-2. The first, a planar cathode
"A" was used for most of the experiments reported hers. An important
feature of this cathode was the shielded guard ring which covered the
edge of the velvet. A second cathode "B" was developed during this
research, as shown in Figure 3-2. Cethode B was a quasi-Chang profile on
the end of a hemispherical cathode stalk. The third cathode "C" was
utilized briefly as a large area cathode which was designed to have
minimal edge emission enhancement.

The MELBA machine was employed for these experiments with
parameters as given in Table 3-1. LANL felt was employed for nearly all
of these experiments.

Table 3-1. UM MELBA Experimental Parameters
Cathode voltage: -0.65 to -0.9 MV
e-beam pulselength: 0.5-5 us
A-K gap spacing: 6-10.3cm
Cathode electric field: ~ 70-110 kV/cm
diode current: 1 to 50 kA
apertured e-beam current: 20-40 A, (J=~15-30 A/cm2)
magnetic field = 600-800 G

A wide range of diagnostics were daveloped and utilized in these
experiments. These diagnostics are surnmarized in Table 3-2. These
experiments represented the first simultaneous 2-wavelength
measurements of diode plasma and neutrals. The CO2 laser deflection
diagnostic was found to have tha advantage that the long wavelength made
it ideal for measurements of diode plasmas. In combination with the
helium neon laser the CO2 laser made it possible for the first time to

distinguish between cathode piasma and neutrals. This will be discussed
in further detail in the following sections.



Table 3-2. Diode diagnostics developed and utilized
* beam voltage
* cathode stalk current
* anode current
* apertured anode current collector

cathode plasma and neutrals; CO2 and HeNe laser deflection

* Cerenkov emission measured to characterize
e-beams; also utilized radiation darkening of
glass in single shot

- large area Cerenkov plate for e-beam
uniformity

- small area Cerenkov plate for e-beam
velocity ratio o = v./v||

* X-rays; scintillator, fiberoptic, PM tube in
Faraday cage

* diode optical emission; fiberoptic bundle, PM
tube in Faraday cage




4.0 Effects of Gradient and Uniform Magnetic
Fields on Diode Closure

Diode closure experiments were performed for three cases:

1) Gradient magnetic field (25% gradient)

2) Uniform magnetic field, and

3) Unmagnetized case.

The MELBA generator could be operated in either a crowbarred mode
or a non-crowbarred mode. Figures 4.1 - 4.3 show the voltage and
current traces (non-crowbarred shots) for the three magnetic field
cases for cathode A: Figure 4.1 shows the gradient magnetic field
(shot M1850); Figure 4.2 shows the uniform magnetic field (shot
m1852); and Figure 4.3 shows the unmagnetized case (shot M1851).
The results of these experiments are discussed below in terms of
the Child-Langmuir modeling of the perveance. The crucial factor in
these experiments is the edge emisssion which is determined
experimentally by the anode current to the wall current.

If the radial/edge effect is to be neglected then we expect the
diode current (which is a measure of the total current) would follow
the C-L planar model as does the anode current . This implies that
the ratio of anode to diode current be essentially one. In the cathode
A data, this is not the case as shown in Table 4.1. Thus it was
concluded that radial/edge effects may indeed be large for cathode
A, and the analysis presented below suggest that this is indeed the
case.

Table 4-1
Ratios of Anode to Diode current for the cathode A Data
Case Peak 1a/lp
Gradient B (M1850) 58%
Uniform B (M1852) 44%
Unmagnetized (M1851) 30%

The models employed in the analysis are:
a) radial model
b) planar model
c) total model
A brief description of each follows:



a) Radial Model

Using the radial non-relativistic Child -Langmuir (C-L)
equation (see Bob Parker's thesis, and J. Appl. Phys. 45, no. 5, 1974 )

as in the J. Coogan handout,
3

1=(1 83x10‘) v?

0
with | in amps, V in volts, do in cm and ryp in cm which implies the
perveance for the radial case, P, is

P, = (11. 498 xm")———-—

0
where,
ro is the cathode plasma radius;
do is the initial AK gap spacing (shortest distance to anode);

o is the 'geometric edge factor' given by (for a planar cathode),
2 3 4

RO OO HEC) BEAECY

v is the closure velocity;
t = t1-tp is time with to being the initial time.

b) Planar Model|

Using the planar non-relativistic C-L equation (see R. B. Miller's
book),

3

1=(2. 34x1o“)~—E—

with | in amps, V in volts, d in cm, and Aes in cm2, gives the
perveance, Pp,

m.z
P, = (2. 34x 10“)—d-,-°-

assuming a uniform area, Aeg, approximately equal to zro2, where,
ro = cathode plasma radius (in cm);
d = do-v(t4-to), do = initial AK gap spacing;
v = closure velocity;
t = time, to = initial starting time.
Thus, for comparison (as J. Coogan does), the expected d = dg-vt
(with a given closure velocity) can be plotted with the d obtained
from the measured planar perveance,




i (2.34x107%) A,
= -

Note that using the AK gap comparisons (d from Pp) will always give
a straight line slope with the initial AK gap, do, at t=tg (from d=dp-
vt) as the y-intercept.

c) Total Model

Assume that the total perveance is just a linear combination of
the planar and radial models such that,
Ptotal = Pp + Pr.

A comparison of the three currents (diode, anode, and wall) using
the above models is needed in order to show if the radial/edge
effect is large. The comparisons are made in the following way:

1) Total (diode) current with total (including 'edge' effects)
perveance.

2) Anode current with planar C-L model.

3) 'Wall' (anode subtracted from diode) current with radial C-L
model.

The comparisons are applied as follows:

a) For a non B-field case, we expect that the anode current
(measured) will be mostly composed of the planar emission (axial)
closure, in which a straight line slope will be given for the
measured experimental values lying in the C-L region since,
1

deec 'i',:

is linear.
By choosing a diode closure velocity and plotting d = dg-vt

superimposed on

‘e j (2.34x10°9) A,

PP

and adjusting ro (the cathode plasma radius, which only changes the
y-intercept), we can match the two lines in the C-L regime
(manipulating both the velocity and ro may have to be done several
times to obtain the 'best fit'). Also plotting (1/Pp)1/2 for both
theoretical and measured Ppby manipulating the closure velocity and
the cathode plasma radius should give the same answer.




b) Also for the non B-field case, we expect the 'wall' current
(measured) to be mostly due to radial emission closure. Due to the
(1/a)2 function, we cannot expect to find a linear relationship as for
the planar case. But one can still plot (1/P)1/2 for the radial
measurement (from the 'wall' current) and compare with (1/P;)1/2
from the radial C-L prediction. Again, as for the planar case, a best
fit is found by manipulating both the velocity and the cathode
plasma radius.

¢c) We expect the diode current (measured) to contain the total
effects, radial and planar emission, so a best fit is found by
comparing the meaured (1/P)'2 (from diode current) to the
predicted (1/Pwtar)/2. Again, the manipulation of the velocity and
cathode plasma radius is used to find the best fit . '

The results for the three magnetic field cases for cathode A are
shown in table 4-2. As shown in table 4-2, the gradient field case
has the slowest closure velocity , 4.2 cm/us, the unmagnetized case
has 4.4 cm/us, and the uniform field case has the fastest closure
velocity at 5.0 cm/us. Note that the closure velocity does not
depend on the comparison of the current (diode, anode, wall) to the
model (total, planar, radial); only the effective radius (effective
area) depends on the model and current used. Examples of the fit are
shown in figures 4-5 through 4-10.

Notice also the differences in the effective radius (in table 4-2)
given by the three models. The anode/planar comparison show large
values of the effective radius suggesting edge/radial effects are
present for cathode A. The ‘wall/radial comparison gives an idea as
to how large an effect the edge/radial emission is on the analysis.
A smaller effective radius implies more delivered current from the
diode to the anode (as observed experimentally), but not necessarily
a negligible effect on the closure velocities. The diode current
incorporates the total effects thus should give the best measure of
loff.

In using the diode current model (including 'edge' and radial
effects), one can see the effect of the axial magnetic field on the
cathode plasma radius. Recall that the radius of the carbon felt is
3.8 cm, and that the radius of the total cathode (the corona ring,
spacing rings, and stalk itself) is 7.0 cm. As shown in table 4-2 the
uniform field gives the smallest regr at 4.7 cm, the gradient gives
5.75 cm, and the unmagnetized case gives the largest reft of 7.0 cm.
Note that in the unmagnetized case, resf matches that of the total
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radius of the cathode stalk, thus suggesting that 'edge' emissions do
play a role in the cathode A planar experimental setup. The
magnetized cases, gradient and uniform, have re larger than the
carbon felt radius also suggesting that there is 'edge' emission, but
the applied magnetic field has a definite effect on the 'edge' plasma
electron motions. Figure 4-4 has an example of what the two field
cases look like (note that the figure does not necessarily represent
the exact field lines nor the dimensions of the experimental setup
for the above shots).

Table 4-2
Closure Velocity and ‘'Effective' Radius for cathode A
Using Diode
Current and ‘'Total’
Model
Shot# . Closure Velocity reff (Ccm)
(cm/us)
M1850 (Gradient) 4.2 5.75
M1851 (No Field) 4.4 7.0
M1852 (Uniform) ' 5.0 4.7
Using Anode
Current and Planar
Model
Shot# Closure Velocity retf (cm)
(cm/us)
M1850 (Gradient) 4.2 6.2
M1851 (No Field) 4.4 7.0
M1852 (Uniform) 5.0 6.9
Using ‘'Wall’
Current and Radial
Model
Shot# Closure Velocity reff (CM)
(cm/us)
M1850 (Gradient) 4.2 5.0
M1851 (No Field) 4.4 7.0
M1852 (Uniform) 5.0 2.75

l-l



5.0 Cathode Resea ..1 and Development

A new cathode (B) was developed in order to reduce radial diode
closure effects observed on the previous cathode design (A), which had a
relatively large edge enhancement due to a small-radius edge. The new
cathode design utilized an existing hemispherical-end (HE) cathode stalk,
which was not previously employed in the LANL diode experiments. The
hemispherical-end cathode was initially fabricated as a non-emitting
stalk for resistive load testing of MELBA. With fresh anodization this
stalk was previously operated up to the full 1 MV MELBA voltage over
several microseconds without significant electron emission.

Subsequently a hoie was drilled and tapped in the hemispherical end of
this cathode. In order to minimize edge emission and radial diode closure
a quasi-Chang profile form was fabricated by scaling down the radius of
the cathode utilized on EGUN test facility. The aluminum cathode form
was covered by velvet, and screwed onto the large (HE) stalk (Figure 5-1).
This made it possible to stretch the fabric around between the two
sections, so that the edges were hidden. Edge emission was greatly
reduced by the resultant cathode shape.

Cathode modeling is depicted in figures 5-2, 5-3, and 5-4, which
show the electron beam trajectories calculated by the Hermannsfeldt code
for uniform magnetic field, gradient magnetic field, and unmagnetized
cases, respectively. It can be seen that the electron flcw is extremely
well focused, especially in the gradient magnetic field case. This agrees
with the experiments discussed below.

Experiments were performed on cathode B for three cases: Gradient
magnetic field, uniform B field and unmagnetized for an A-K gap of 12 cm.
Radial emission was diagnosed by three techniques: first by measurement
and comparison of anode and diode currents, and second, by placing X-ray
film under the lead shielding which covers the diode chamber (suggested
by Lou Rosocha). The third diagnostic for radial emission was an x-ray
scinitillator (located on the outside wall of the diode chamber), fiberoptic
coupled to a photomultiplier tube in the Faraday cage.

Experimental results were striking. In the magnetic field gradient,
we measured smooth electron beam pulselength of 4.5-5 microseconds
before shorting, (Figure 5-5), yielding an effective closure velocity of 2.4
cm/us and a perveance closure velocity of 2.3 cm/us. Uniform magnetic
field cases gave similarly long, smooth pulselengths (Figure 5-6) and a
perveance closure velocity of about 2.4 cm/us. The unmagnetized diode
gave only 3 us pulselength (Figure 5-7), indicating an effective closure
velocity of 4 cn/ us and a perveance closure velocity of 3-3.8 cm/us.

Data analysis of perveance-closure velocities is givun in Figures 5-8, 5-9,
and 5-10 for the same shots for each case. It should be noted these
12




closure velocities fit ine planar Child-Langmuir model almost perfectly
without including radial/edge emission. Cathode B closure velocities are
summarized in Figure 5-11. Also, note that the uniform magnetic field
had a slight gradient due to the large A-K gap in these experiments.

X-ray measurements showed that the radial electron emission from
cathode B was lower than the old cathode A. As expected, we observed
slightly greater radial emission of electrons for the unmagnetized case
compared to the magnetized cases. The current measurements showed
that the ratio of anode to diode current was increased (radial current
decreased) as summarized in Table 5-1. Anode (axial) current is almost
100% of diode current (~zero radial current) for gradient magnetic fields.
Note that the A-K gap was almost equal to the radial gap, so significant
increase in the anode/diode current ratio( decreases in radial current) can
be achieved in our new cathode designs with smaller A-K gaps.

The most remarkable resuits obtained were the long-fiat voltage
pulses obtained for cathode B. Figure 5-12 shows that the diode power
was almost flat et 4 GW for 4 microseconds yielding a delivered e-beam
energy of about 16 kJ in a small spot. The increase in delivered electron
beam energy was demonstrated by the damage to the graphite anode plate
(1/8 inch thick) which was severely cracked and broken by the electron
beam during this run.

Table 5-1
Ratios of Anode current to diode current for first experiment on
the new cathode B.

Case peak Ia/lp average lp/lp
Gradient B 99% 85%
uniform B 100% | 70%
unmagnetized 68% 56%

Another cathode "C" was developed in order to provide large area with
minimal edge emissions. This cathode is depicted in Figure 5-13. It
consists of a toroid /plate with the flat side of the plate covered with
graphite felt. Figure 5-14 shows the E-Gun code modeling of cathode C. It
can be seen that the edge enhancement of the electric field is very low.
Since we were not able to shield the edge of the felt in initial
experiments, the results has evidence of arcing. Time constraints
prevented us from giving the cathode the required edge shielding.

13



6.0 CO2 Laser and Helium Neon Laser Deflection as a Diagnhostic
of Microsecond Electron Beam Diode Closure

Extensive laser deflection experiments using a helium neon laser to
detect cathode plasma and neutrals indicated that the HeNe waveiength
~ was too short to measure electron density gradients in long-pulse e-beam
diodes. In order to obtain improved sensitivity a CO2 laser was built for
use with an existing fast infrared detector. At the CO2 laser wavelength
of 10.6 microns the deflection from a plasma density gradient will be 290
times as great as that at the HeNe wavelength of 0.62 microns. The
deflection from a neutral gas density gradient will be nearly the same at
both wavelengths.

The CO2 laser was fabricated from a 1 inch glass tube, 1 meter long,
surrounded by a concentric water jacket for cooling. The ends of the tube
consist of salt windows oriented at Brewster's angle. A mixture of 10%
N2, 10% CO2 and 80% helium is flowed through the tube at a pressure of 8
Torr. A 15 mA pink discharge is maintained between electrodes at
opposite ends of the tube using a 5000 volt full-wave rectified, unfiltered
power supply through a 25 kiloohm ballast resistor.

The end mirror is a fully reflecting copper mirror with a 10 meter
radius of curvature. The output mirror is a 65% reflecting germanium
mirror, coated for antireflectance on the output side. This mirror system
gives a fundamental radial mode with 6 mm diameter. An adjustable
aperture within the laser cavity allows selection of this mode. Lasing at
10.6 microns produces a power density of 3-10W/cm2 in a spot of 6 mm
diameter, for a total output power of 1-3 Watts. The calculated
divergence of the beam is 2.6 X 103 radians, giving a 5 cm spot after 20
meters of propagation; observations confirm this value.

A Raytheon IR101 PbSnTe liquid nitrogen cooled detector coupled to a
Raytheon DA-20 preamplifier provides high speed measurement of the
laser signal. The detector has a responsivity of 20-60 V/W; the
preamplifier amplifies this by 10,000 and can drive 50 ohms. The CO2
laser signal is passed through the diode and imaged on a knifedge before
entering the detector in the Faraday cage.

Results of these experiments are described in detail in the following
article which is being published0 in Review of Scientific instruments.
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R.A. Bosch, H. Ching, R.M. Gilgenbach, P.L.G. Ventzei,
P.R. Menge, J.J. Choi, and T.A. Spencer
Intense Energy Beam Interaction Laboratory
'Nuclear Engineering Department
The University of Michigan
Ann Arbor, Michigan 48109-2104

ABSTRACT .
Deflection of carbon dioxide and helium-neon laser beams has
been used to measure plasma and neutral density gradients during
the operating mode and after the shorting time of a long-pulse
field-emission electron beam diode. Plasma density gradients of

(1014-1015) cm~4 were observed throughout the diode during the

final microsecond of the 2-3 s electron beam pulse. The
neutral density gradient was less than 1 x 1018 cm~4 during the
electron beam pulse. Upon diode-shorting, neutral density

gradients increased to (1018-1019) cm~4 over ~1 pus, and decayed
over many microseconds. Plasma density gradients of ~ 1015 cm~4
were also observed after shorting. These experiments '
demonstrate the value of carbon~-dioxide laser and helium-neon
laser deflection for diagnosing plasma and neutral particles in
long-pulse electron beam diodes.

PACS numbers: 41.80.Ee, 52.70.Kz, 84;70+p
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I. Introduction

Field-emission electron beam diodes can be used to provide

long-pulse electron beams with energies of ~ 1 MeV, pulse length

~ 1 us, and multi-kiloampere currents.l In a typical diode, an
electric fiel& of hundreds of kilovolts per centimeter is
applied between parallel plates separated by a few centimeters.
The cathode may be covered with felt or velvet to provide
electric field enhancement at the tips of fibers. The
application of the electric field initiates a series of events:
1) cathode turn-on in which plasma spots form on the cathode and
coalesce into a plasma layer over several ns, providing an

electron source; 2) operating mode, a time period on the order

- Of ~2 s (for anode-cathode gaps of several cm) during whiéh
electrons from the cathode plasma are accelerated towards the
anode at energies ~1 MeV, and the diode impedance drops towards
zero; and 3) shorting, a high-current, low-impedance arc with
decreased voltage between anode and cathode, during which the
diode becomes filled with neutral particles and plasma.

The diode impedance during the operating.mode is typically

that of a vacuum diode whose anode-cathode separation decreases

linearly with time at a velocity of several cm/js. Researchers
have frequently relied upon the time-dependent diode impedance
to infer the diode pr;opert:l.es.2 The iﬁpedance behavior has been
ascribed to the diode £filling with cathode plasma (the expansion
of the cathode plasma created during tgrn-on Plus additional
production), in which the boundary of the plasma-filled region

moves from cathode to anode at a uniform velocity. For
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sufficiently-high energy deposition in the anode by the
accelerated electrons, anode plasma is also formed.3r4
Cathode plasma and cathode neutrals have been previously

observed with optical interferometry using a nitrogen laser at

A=0.3371 pm in a relativistic electron beam diode with
anode-cathode gap of 2.4 mm and 100 ns pulse length.® 1In a
diode with 1.5 mm gap and 35 ns pulse length, the energy
deposition in the anode by accelerated electrons was sufficient

to create an anode plasma which was observed in addition to
cathode plasma by visible interferometry using a ruby laser at A

= 0.6943 pm.4 cCathode and anode plasmas were observed with ruby

laser interferometry in a relativistic electron beam diode® and

a magnetically insulated ion diode’ with anode-cathode gaps of §

mum. Deflection of a helium-neon laser (A = 0.633 um) by cathode
plasma density gradiénts has been previously observed with a 1.2
cm diam cathode in the long-pulse diode of the present
experiment at the University of Michigan.8

Sensitivity to plasma has been one limitation of visible
light probing techniques. Sensitivity has been insufficient to
observe plasma densities less than ~ 1 x 1016 cm~3, limiting
observation of plasma to the regions within a few mm of the
cathode or anode. 1In addition, the contributions of plasma and
neutrals to the measured refractive index cannot be separated
with a single wavelength measurement when both species are
present. This limitation is important after the diode shorts.

In this paper, we describe two-wavelength deflection

measurements using carbon dioxide (CO7) and helium-neon (He-Ne)

|17



lasers traversing nearly identical paths through a planar diode
with anode-cathode separation of 8 cm. The CO2 laser deflection

from plasma density gradients is 280 times as great as that of

the He-Ne laser because of its longer wavelength (10.6 um as

opposed to 0.633 um), while the deflection from neutral

gradients are nearly the same (within 3%). As a result,

increased sensitivity to plasma density gradients is provided by

the COs laser, allowing observation of plasma throughout the

diode. From the knowledge of the deflection of both CO and

He-Ne lasers at the same time and location,'both the plasma and
neutral density'gradients may be deduced. With this additional
capability, density gradients after the shorting time, when both
neutral and plasma species are present, have been detern.ned.

With laser beams skimming the cathode, a cathode plasma

density gradient was observed during the final Hs of the 2-3 us

electron beam pulse, peaking at ~ 1.5 x 1015 cm™4 near shorting
time. The neutral density gradient was less than 1 x 1018 cm—4
during this time period. Upon shorting, a neutral density
gradient indicative of cathode-produced neutrals was observed

near the cathode, increasing to ~ 6 x 1018 cm~¢ over ~ 1 ps, and

decaying over many microseconds. The cathode plasma density

gradient reverses direction at shorting time and disappears over

the following us, consistegt with the cathode plasma being

Pushed away from the cathode by the expanding neutral cloud.

Several ps later, plasma density gradients of several 1014 cm~4

appear, with density increasing away from the cathode.
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Cathode plasma density gradients of ~ 1 x 1014 cm™4 prior

to shorting were observed with CO, laser deflection at distances

of 1.5 cm and 4.5 cm from the cathode. With the COs laser

skimming the anode, a plasma density gradient of 2 x 1014 cm—4

increasing towards the anode was observed during the final 0.5

HUs preceding shorting.

II. Apparatus
| This experiment was performed using the Michigan Electron

Long Beam Accelerator (MELBA), operated with parameters of peak
voltage = - 900 kV, peak diode current of S0 kA, and pulselength

of ~ 2 us. This accelerator consists of a modified Marx
generator, in which the voltage is compensated by a
reverse-charged resistance-inductance-capacitance (RLC) ringing
circuit.9 The cold cathode was an aluminum disc of 10 cm diam
covered with carbon felt, separated from the carbon anode plate
by a distance of 7 cm. A shielded guard ring (OD = 14 cm)
covers the edge of the fabric cathode, exposing 7.6 cm diameter
of fabric. A current density of 30 - 125 A/cm? was thereby
Produced. Voltage was measured with a resistive divider, while
anode current was measured with wide-band current transformers
(Pearson Electronics 110A) on four isolated current return
paths.

A schematic of the experiment is shown in Figure 1. A S mW
He-Ne laser is directed through the diode, upon a 10.8 m path
into a Faraday cage, through a He-Ne line filter, to a
photodiode quadrant detector (Silicon Detector Corporation
SD-380-23-21-051) with a very fast differential amplifier.l0
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With the resultant laser spot size (~ 1 cm), the detector output
is proportional to the laser spot position over a distance of ~

1 cm, so that def;ections up to +0.5 mrad can be measured.

A 1-5 W COp laser provides a 7 mm beam for infrared laser
deflection. The beam traverses 6 m, then is reduced and focused
using a NaCl lens pair 2 m from the diode, with best focus in
the diode. This piovides a beam diameter of ~ 5 mm on its 7.6
cm path through the diode, which is nearly identical to the
He-Ne path in the diode. Because of diffraction effects, the
CO2 beam diameter cannot be significantly reduced qyer a 7.6 cm
path length. The beam is then dirécted on a 11.3 m path to the
Faraday cage, and focused onto a detector using a NaCl lens with
10 cm focal lenéth. A knife edge bisects the beam (diam ~ 4 cm)
as it exits this final lens. The detector used was a
liquid-nitrogen-cooled Raytheon IR101 PbSnTe detector with

Raytheon DA-20 preamplifier (bandwidth of 20 Hz to 4 MHz),

filtered with a 10.6 um line filter. The portion of the beam
intersected by the knife edge changes with the laser spot
position, so that the detector signal varies linearly with laser
spot position over a distance of ~ 2 cm. Deflections up to £ 1
mrad can thus be measured.

Response curves of the CO, and He-Ne laser deflection
-gystems are shown in Figure 2. A position shift of 1 cm over
the 10 m path from the diode to the detectors corresponds to a
deflection of 1 mrad. Deflection signals were converted from mV
to mrad using the slope of these curves at the initial laser

spot position. Because the CO, laser power varied from shot to

shot, the curve in Fig. 2(a) was normalized to the laser power
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for each shot. Electrical noise upon the deflection signals was
monitored during each data run by performing shots with the

laser paths blocked.

IIXI. Theory

Laser deflection results from plasma and neutral density

gradients (dng/dz and dnp/dz) in the diode according to:
A= L dn/dz = L ( Ke dng/dz + Ky dnp/dz ) (1)

where 0 is the deflection angle in radians, L is th; path length
through the diode (7.6 cm), z is the distance from the cathode
to the laser pa;h, N is the refractivity of the medium in the
diode, Ke.is the Gladstone-Dale constan: for plasma électrons
(in cm3/electron), and K, is the Gladstone-Dale constant for

neutrals (in cm3/atom). Ke and Kp have opposite signs, so that

the laser is deflected in opposite directions by plasma and
neutral density gradients.

Ke equals (2 ng)~l, where ng is the critical plasma density

for the laser wavelength. Ke depends upon the laser wavelength

as A%; Kn depends upon the neutral species composition, but has

little dependence upon laser wavelength. Ke = 5.0 x 10-20
cn3/electron for the CO, laser beam (A = 10.6 pm), while Ko =
1.8 x 10722 cm3/electron for the He-Ne laser beam (A =0.633

pm) .10  Thus, the CO2 laser deflection is 280 times as sensitive
2




to plasma electrons. For neutral carbon atoms, Kp = - 6.25 x
10-24 cm3/atom for the CO, laser and - 6.4 x 10~24 cm3/atom for

the He-Ne laser,ll a difference of only 3 $. A summary of the
laser deflection parameters is given in Table 1.

From equation (1), we can write:

8o =(7-6 cm) [ (5.0x10720cm3) dne/dz - (6.25x10724cm3) dnp/dz]  (2)

Ogene=(7.6 cm) [(1.8x10"22cm3)dne/dz -(6.4x10"24cm3) dny/dz]  (3)

Multiplying eq.(3) by 0.97 and subtracting it from-eq. (2)

yvields:

Oco,~ (0-97)6gene = (7.6 cm) [(5.0 x 10~20cm3) dnedz] (4)

Equation (4) allows the plasma density gradient to be determined

from the measured deflections. Similarly,

OgeNe -~ (°~°°35)9cozf (7.6 cm) [-(6.4 x 10~24cm3) dnpdz] (5)
For CO2 and HeNe deflection angles of the same order of

magnitude, the CO2 contribution to eq. (5) is negligible, so
that the HeNe laser deflection may be attributed to neutral
density gradients. This is the case in our results. The CO5

deflection minus 0.97 times the HeNe deflection is proportional
to the plasma density gradient. Prior to diode shorting, the

He-Ne deflection was not observable, so that the COp deflection

is proportional to the plasma density gradient.
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IV. Results

Observations with He-Ne and CO; laser beams simultaneously

skimming the cathode have showed deflection angles of the same .
order of magnitude for both lasers. This indicates that the
observed He-Ne deflection results from the neutral density
gradient. In Fig. 3, we display data for laser beams skimming
the cathode. The He-Ne deflection is not cobservable during the
operating mode of the diode, indicating that the neutral density
gradient is less than 1 x 1018 cm~4. upon shorting,
cathode-produced neutrals produce a density gradiené of carbon

atoms building Fo 6 x 1018 cm™4 over ~ 1 s, and decreasing -
over several microseconds. Similar He-Ne deflection signals
were observed in other locations near the cathode. When the
He-Ne laser skimmed the anode, the deflection signal was similar
but igverted, consistent with anode-produced neutrals.

Subtracting the neutral-produced deflection from the COz

deflection signal yields the plasma-produced deflection, shown
in Fig 3(e). This is a bipolar signal indicating a
cathode-plasma density gradienc building to ~ 1.5 x 1015 cm4
during the final microsecond of the operating mode. The
deflection reverses direction at shorting time and builds to a
comparable angle in the opposite direction, indicating that
plasma density increases away from the cathode. This is
consistent with the cathode plasma being pushed away by
cathode-produced neutrals after the shorting time. A plasma

density gradient of 5 x 1014 cm™4 increasing away from the

cathode is observed 4 s after shorting, showing the presence of
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‘pPlasma during the arc. On some shots, this feature was not
observed, while other shots showed several plasma density
gradient peaks during the arc.

At other locations within the diode, CO2 laser and He-Ne

laser deflection were performed on separate shots. The He-Ne
deflection was not observable.(< 0.05 mrad) during the operating
mode, indicating that the neutral density gradient was less than
1 x 1018 cm—4. Upon shorting, the He-Ne deflection increased

over ~ 1 s, sometimes in an irregular fashion, and then
gradually decreased over many microseconds. Near the cathode
(anode), the neutral density increased in the direction of the
cathode (anode). Shot-to-shot variability prevented a complete
analysis of the post-shorting CO, signals, for which both plasma
and neutral gradients contribute. However, the contribution
from the neutral density gradient following shorting could
frequently be identified as a slowly decreasing deflection, upon

which larger deflections from plasma gradients were

superimposed. Because of the small (unobservable) neutral
density gradient prior to shorting, the CO, laser deflection

observed prior to shorting is proportional to the plasma density
F
gradient.
In Figure 4, we show the CO, laser deflection signals for

aeyeral shots at various positions within the diode. Prior to
shorting, thé deflection is proportional to the plasma density
gradient. A plasma density gradient of 2.6 x 1015 cm~4
corresponds to a 1 mrad deflection. After shorting, the
majority of the deflection is attributable to the plasma density

gradient, summed with a smaller slowly-decreasing neutral
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density gradient signal. For deflections attributable to Plasma
gradients, a scale for dng/dz is shown in Fig. 4.
Figure 4(a) shows the COz laser deflection when the laser

was positioned 1.5 cm from the cathode. A deflection from a
cathode plasma density gradient of ~ 1 x 1014 cm~4 is observed
prior to shorting, and develops into a bipolar plasma signal
with peak plasma density gradients of ~ 1 x 1015 cm™4. Compared
with the bipolar signal observed with the probe skimming the

cathode, this signal has about one-half the magnitude, occurs

1-2 pus later, and lasts nearly twice as long. Finally, a
slowly-decaying neutral-produced gradient remains, with about
one-fifth the magnitude observed skimming the cathode.

Figure 4(b) shows the CO2 deflection at a position 4.5 cm
from the cathode (3.7 cm from the anode). At this position near
the center of the diode, several cm from cathode or anode, a

deflection from a cathode plasma density gradient of ~1x1014

cm~4 was observed 0.5 Us prior to shorting. To our knowledge,
this is the first detection of plasma during the operating mode
of a relativistic electron beam diode several cm from either
electrode.

In Fig. 4(c), we display a signal with the CO2 laser
skimming the anode. When this data was taken, observations with
the laser path blocked showed that negative-going electrical

noise signals were associated with transient arcs during the

first 2 pus of the pulse. Consequently, the first negative-going

voltage pulse on the laser deflection signal is likely to be
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noise. During the final 0.5 s of the pulse, a plasma density
gradient of 2 x 1014 cm~4 is observed, with density increasing
towards the anode. The anode surface energy deposition by
accelerated electrons is expected to be ~ 300 J/g by this time.
This is compar&ble to the absorbed dose of 330-500 J/g required
for the observation of anode plasma from a graphite anode in an
earlier study of relativistic electron beam diodes.3
Consequently, the plasma density gradient may result from
anode-produced plasma. Alternatively, the observed plasma
deflection may result from cathode-produced plasma.yhich has

flowed to the anode and stagnated. Upon shorting, the

deflection reverses, and after 1 Us, only a slowly-decreasing

signal associated with anode-produced neutrals remains. Three
microseconds later, plasma deflection signals are again

observed.

In Fig 4(d), we display a signal with the CO, laser located

1.5 cm from the cathode, for a shot in which a transient arc
precedes shorting. A cathode plasma density gradient of 2 x
1014 cm4 is apparent during and after the transient arc. This

indicates the ability to examine plasma created during transient

arcs. The large negative deflection signal for t > 4 us is
clipped by the reéponse of the knife-edge/detector system.
In Fig. 4(e), we display a signal with the CO, laser

located 1.5 cm from the cathode, for a shot in which the diode

voltage is crowbarred at 1 {s. A pulse similar to the cathode

plasma pulse of Fig. 4(a) is observed, but there is ao

persistent signal from a neutral density gradient. This is
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consistent with observations that neutral-ablation is prevented

by voltage crowbarring.

The data of Figures (3) and (4) demonstrate the ability of
CO02 laser deflection to detect cathode plasma throughout the
diode during the operating mode. In conjunction with
simultaneous He-Ne deflection observations, the post-shorting

deflection signals, which include deflection from plasma and

neutrals, may be interpreted.

V. Summary

Deflection of He-Ne and CO, laser beams by a rélativistic
electron beam diode allows measurement of plasma and neutral
density gradiexﬁ:s. The He-Ne laser deflection is primarily a
result of neutral density gradients of (1018-1019) cm~4. Prior
to shorting, neutral density gradients are not observable (<
1018 cm=4). The neutral gradients build up during the first
microsecond after the diode shorts, and decay over many
microseconds. Near the cathode (anode), the neutral density

increases in the direction of the cathode (anode).
The CO» laser deflection is largely a result of plasma

‘density gradients of (1014-1015) cm™4 during the final
microsecond preceding diode shorting, and during the subsequent
arc. Near the cathode (anode), the piasma density prior to
shorting increases in the direction of the cathodé (anode).
Near the middle of the diode, plasma density iﬁcreases in the
direction of the cathode prior to shorting.

With CO, laser deflection, plasma density gradients as

small as ~1x1014 cm™4 can be observed throughout the diode.
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Thus, CO, laser deflection is a promising plasma diagnostic for

long-pulse relativistic electron beam diodes. The He-Ne laser
deflection provides a diagnostic of neutral density gradients.
When COo laser deflection is used in conjunction with He-Ne

laser deflection, plasma and neutral density gradients may be

determined prior to shorting and during the subsequent arc.
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IABLE.1

Parameter
Wavelength
Power

Detector
Ke

Kneutral
(Atomic Carbon)

Minimum Observable
Deflection

dne/dz (minimum)

dnpeutral’/dz
(minimum)

COo__lLasexn

10.6 pm

1-5 W
Knife-edge/PbSnTe/cooled
5.0 x 10~20 cm3/electron

-6.25 x 10~24 cm3/atom
5 x 10~5 radian

1 x 1014 cm—4

30

HeNe lLaser
632.8 nm
S mwW

Solid state quadrant
1.8 x 10722 cm3/electron

-6.4 x 10724 cm3/atom
5 x 10™5 radian

4 x 1016 cm—4



Figure Captions:

Figure 1:

Figure 2:
(a)

(b)

Figure 3:
cathode.
(a)
(b)
(c)

(d)

(e)

Figure 4:

Experimental configuration.

Calibration curves for laser deflection systems:
CO2 laser calibration curve.

He-Ne laser calibration curve.

Laser deflection data with lasers skimming the

Cathode voltage.
Anode current.

He-Ne' deflection signal.

CO2 deflection signal.

COop deflection minus 0.97 times the He-Ne deflection.

Voltage pulse, anode current pulse, and COj laser

deflection signals for five shots.

(a)
(b)

(c)
(d)

(e)

Laser positioned 1.5 cm from the cathode.

vLaser positioned 4.5 cm from the cathode (3.7 cm from

the anode).

Laser skimming the anode.

Laser positioned 1.5 cm from the cathode, for a shot
with a transient arc preceeding diode shorting.
Laser positioned 1.5 cm from the cathode, for a shot

in which the voltage is crowbarred after 1 ps.
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7.0 X-Ray Emission as a Voltage Diagnostic for Microsecond
Electron Beam Diodes

A series of experiments were performed in order to determine whether
- X-ray emission can be utilized as a diagnostic for electron beam diode
voltage. The basic idea is that filtered x-ray detection signals could be
post-processed as a diagnostic of e-beam voltage. X-ray-emission voltage
diagnostics would have several advantages over capacitive probes: 1)
Totally noninvasive, they could be installed on the outside of the diode
without breaking vacuum, 2) High signal to noise ratio, since the
scintillator light is transmitted by fiberoptic cable to a photomultiplier

tube located in the Faraday cage, and 3) Inexpensive.

The X-ray probe employed in these experiments is depicted in Figure
7-1. Two 1/8" pieces of NE102 scintillator are mounted on the end of a
lucite light guide that tapers to a fiberoptic cable; these elements are
enclosed in a copper tube which is sealed at the end by a copper plug. The
fiberoptic cable runs through polyethylene tubing (for mechanical
protection) to a Hammamatsu photomultiplier tube in the Faraday cage. In
this preliminary set of experiments, X-ray filters were constructed by
wrapping multiple layers of 0.34 cm thick lead sheet around the end of the
x-ray probe in a lead-sandwich arrangement. The experimental
configuration is depicted in Figure 7-2.

Measurements were made at two locations on the MELBA diode: 1) On
top of the aluminum diode chamber, and 2) In-line with the MELBA anode.
For comparison all of the shots presented here were taken with a uniform
magnetic field (~ 500 G). Typical data signals for three layers of lead on
the top probe location are shown in Figures 7-3 (M2035) and 7-4 (M 2032).
The x-ray data signals have been shifted in time by 110 ns in order to
synchronize the signals.

Interpretation of a single x-ray power signal can be done in several
ways. The simplest scaling (p 47 in the 1986 NRL plasma formulary) of
X-ray power (X) to beam power is:

X /IV = KV, where | is the e-beam current and V is the beam voltage,
and K is a constant,
Then one can solve for V:

V= (X1K)172

so that the beam voltage can be found by taking the square root of the ratio
of the X-ray signal to the current. These initial experimental data have
been plotted with a number of different normalizations in Figures 7-5 and
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7-6. It can be see. ..iat for the top measurement, the. 4y signal
increases with time as the beam voltage droops. This can be explained by
the increasing current and by the relatively thin filter (3 layers) on the
x-ray probe.

Much better results were obtained when the x-ray probe was located in
front of the anode, with 3, 4, and 5§ sheets of lead around the probe.
- Typical data are shown in Figures 7-7 (M2037), 7-8 (M2039), and 7-9
(M2041). it can be seen that the amplitude of the x-ray signals decreased
relative to the top probe location when the x-ray probe was placed in line
with the anode. This is partly because the anode material is carbon, which
would give less x-rays by comparison with the Z from the walls of the
aluminum chamber. It should be noted that an empirical analysis of this
data in Figures 7-10, 7-11, and 7-12 shows excellent agreement of the
square root of the x-ray signal with the beam voltage. The square root of
x-rays divided by beam current gives a less accurate reproduction of the
voltage. Detailed comparisons of voltage to square root of x-ray signal are
presented in figure 7-13. It can be seen that the best representation of
the voltage is given by the square root of the X-ray signal for the front
measurement with 5 layers of lead (M204 1), the second best result is the
front measurement with 4 layers of lead (M2039), followed by the tront
measurement with 3 layers of lead (M2037). The top measurements
yielded worse agreement.

Data from these experiments indicates that x-ray emission could be a
sensitive, inexpensive diagnostic for voltage in electron beam diodes.
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8.0 Electric Stress in Microsecond Electron Beam viodes

We have analyzed MELBA diode data in order to compare the relationship
between peak electric field and shorting/arcing pulselength with the plot
of diode electric field versus pulselength, referred to as the McGeoch
criterion:1+2

Ey= 70/t1/2

Note that since MELBA shots may or may not show signs of arcing (voltage
notch during the pulse) before the diode shorts, we have compiled the data
for a number of cases:
1) Average Electric stress (Voltage divided by A-K gap)

a) versus arcing time (first notch in voltage)

b) versus diode shorting time (total pulselength: diode voltage drops to

zero)

2) Peak electric stress (from Hermannsfeldt code)

a) versus arcing time

b) versus shorting time

Note that MELBA shots which shorted before any apparent arcing were
plotted assuming that the arcing time was equal to the shorting time.

Data for all four of the above cases are plotted for both the old cathode A
(planar graphite felt with a guard ring), and a new cathode (B), described in
section 3. Our old cathode (cathode A) had a relatively high peak electric
stress due to the small radius on the outer edge of the cathode. The second
data set is MELBA data for the case of our new quasi-Chang profile cathode
(B) on the hemispherical-end cathode stalk; this cathode B configuration
gave the longest pulses (4.5-5 us) and maximum delivered e-beam energy
obtained on MELBA (discussed in section 5).

Figure 8-1 of average electric stress versus arcing time showed that
cathode A diodes lie below the McGeoch (MG) line for the unmagnetized
case, but magnetized diodes lie near and above the McGeoch line. Cathode
B arcing time data lies mostly above the MG line for the magnetized cases
because of the long pulselengths of these shots.

Figure 8-2 data on average electric stress versus shorting time show
that cathode A data lies on the MG line for the unmagnetized case and
slightly above the MG line for magnetized shots. For cathode B, the long
pulselength of the magnetized shots moved them further above the MG line
than the unmagnetized shots.

The plot of peak electric stress versus arcing time (Figure 8-3),
illustrates that the high peak electric stress of cathode A places the data
well above the McGeoch line. Cathode B has considerably lower peak
electric stress but longer pulses, which also pushes the data above the MG
line. In both cathodes, the magnetized data is further above the MG line
than the unmagnetized shots.
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Inthe plotof |  : electric stress versus shorting.  (Figure 8-4),
both cathode A and cathode B lie well above the MG line for both
magnetized and unmagnetized shots.

In summary, it appears that the McGeoch line plot is a reasonably good
approximation for average electric stress versus arcing time, for the
unmagnetized case. In the magnetized case, well designed cathodes at long
. pulses may operate significantly above the McGeoch line. Peak electric
stress data can lie well above the MG line for cathodes (A) with large edge
enhancement. However, cathodes (B) with low edge enhancement give
longer pulselengths which also permit operation above the McGeoch line. It
is possible that the operating regime of long-pulse (>2 us) diodes may
flatten out the E vs. t operating curve near 60-70 kV, permitting much
longer pulselengths at these fields.

The physical mechanisms for arcing and diode shorting require further
investigation. Note that the anode material was Poco graphite; cathode A
used graphite felt/glyptal, whereas in cathode B experiments the cathode
surfaces were velvet/ glyptal. Other anode and cathode materials could
yield different scaling.= Since the plotted data only included
non-crowbarred shots, the electric stress standoff of these data was
reduced from its ideal value because the glyptal coating was damaged by
diode shorting. It is clear that the electrostatic design of the cathode and
magnetic field configuration are important in operating significantly above
the McGeoch criterion for a given voltage and A-K gap. If the physical
mechanisms for breakdown are found, it may be possible to design diodes
which wi'! operate well above the McGeoch line.
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MELBA Cathodes

Cathode A: Old planar cathode with guard ring

Cathode B: Profiled cathode on hemispherical

cathode stalk

Cathode C: Large Area Planar cathode
with Toroid
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Figure 41 Voltage and anode current for the gradient magnetic field
condition for the planar cathode (shot M1850).
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Figure 4- 2. Voltage and anode current for the uniform magnetic field
condition for the planar cathode ( shot M1852).
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. Figure 4.3 Voltage and anode current for the zero magnetic field
- condition for the planar cathode (shot M1851).



Figure 4-4
Magnetic Field Lines for the Gradient and Uniform Cases
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DSA 602 DIGITIZING SIGNAL ANALYZER
date: 5-SEP-90 time: 22:58: 15
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Figure.?7-3 From top to bottom: (1) voltage (318 k‘\,IlDiv)..(z) X-ray
signal (100 mV/Div) [The X-ray probe is on top of the diode region
covered with 3 sheets of lead], (3) current (anode) (14 kA/Div),

(4) current (diode) (22.7 kA/Div).



DSA 602 DIGITIZING SIGNAL ANALYZER
date: 65-SEP-90 time: 22: 12: 18
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Figure.7-4 From top to bottom: (1) current (anode) (7 kA/Div),

(2) current (diode) (22.7 KA/Div), (3) voltage (310 kV/Div), (4) X-ray
signal (100 mV/Div) {The X-ray probe is on top of the diode region
covered with 3 sheets of lead].
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Figure.7-7# From top to bottom: (1) voltage (310 kV/Div), (2) X-ray
signal (100 mV/Div) [The X-ray probe is in front of the diode region
covered with 3 sheets of lead], (3) current (anode) (7 kA/Div),

(4) current (diode) (22.7 KA/Div). '
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ure.7-8 From top to bottom: (1) voltage (310 kV/Div), (2) X-ray

signal (100 mV/Div) [The X-ray probe is in front of the diode region

covered with 4 sheets of lead], (3) current (anode) (7 kA/Div),
(4) current (diode) (22.7 kA/Div).
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DSA 602 DIGITIZING SIGNAL ANALYZER
date: 6-SEP-90 time: {4:57: 13

450mV

HM2041

-550mV 4 ~ ~t — - 4 * '
530ns 200ns/div o _2.53us
Figure.7-9 From top to bottom: (1) voltage (310 kV/Div), (2) X-ray
signal (100 mV/Div) [The X-ray probe is in front of the diode region
covered with 5 sheets of lead], (3) current (anode) (7 kA/Div),
(4) current (diode) (22.7 kA/Div).
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M2037 (In front of the diode covered with 3 sheets of lead)

From top to bottom on the right: (1) sqrt(x-ray) (VV), (2) x-ray signal/
voltage (V/310kV), (3) sqrt(x-ray/current(anode)) (0.38vV/kA), (4)
x-tay/(voltage*current(anode)) (0.46 mV/(kV)(kA)), (5) x-ray/current
(anode) (0.143V/kA), (6) sqrt(x-ray)/current(anode) (0.143vV/kA).
From top to bottom on the left: (1) voltage (kV), (2) x-ray signal V), (3)
sqri(x-ray/current(diode)) (V0.022 V/KA), (4) x-ray/(voltage*current
(diode)) (71uV/(kV)(kA)), () x-raylcurrent(diode) (0.022 V/KA),

(6) sqrt(x-ray) /current(diode) (0.022vV/KA).
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M2039 (in front of the diode covered with 4 sheets of lead)

From top to bottom on the right: (1) sqrt(x-ray) (VV), (2) x-ray signaV/
voltage (V/310kV), (3) sqrt(x-ray/current(anode)) (0.38VV/KA), (4)
x-ray/(voltage*current(anode)) (0.46 mV/(kV)(kA)), (5) x-ray/current
(anode) (0.143V/KA), (6) sqrt(x-ray)/current(anode) (0.143VV/KA).

From top to bottom on the left: (1) voltage (kV), (2) x-ray signal (V), (3)
sqrt(x-ray/current(diode)) (V0.022 V/KA), (4) x-ray/(voltage*current
(diode)) (71uV/(kV)(KA)), (5) x-ray/current(diode) (0.022 V/KA),

(6) sart(x-ray) /current(diode) (0.022VV/KA).
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M2041 (In front of the diode covered with 5 sheets of lead)

From top to bottom on the right: (1) sqrt(x-ray) (VV), (2) x-ray signal/
voltage (V/310kV), (3) sqrt(x-ray/current(anode)) (0.38VV/KA), (4)
x-ray/(voltage*current(anode)) (0.46 mV/(kV)(kA)), (5) x-ray/current
(anode) (0.143V/KkA), (6) sqrt(x-ray)/current(anode) (0.143VV/KA).

From top to bottom on the left: (1) voltage (kV), (2) x-ray signal (V), (3)
sqrt(x-ray/current(diode)) (V0.022 V/kA), (4) x-ray/(voltage*current
(diode)) (711V/(KV)(kA)), (5) x-ray/current(diode) (0.022 V/KA),

(6) sqrt(x-ray) /current(diode) (0.022VV/KA).
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Comparison of voltage and sqrt(x-ray) at different x-ray probe conditions.
From top to bottom on the left: (1) m2032 (top of the diode covered wiin
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3 sheets of lead), (2) m2039 (in front of diode covered with 4 sheets of
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