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Abstract
The ionized fusion fuels (D-D & D-3He) have been accelerated to fusion velocities using
two concentric grids maintained at a high potential difference in an Inertial Electrostatic
Confinement (IEC) device.

Though the gridded IEC device currently has a low efficiency

(Q ≡ fusion power/input power ~10-5), the energetic protons and neutrons generated within this
device can be used for many near-term applications, such as medical isotope production, landmine
detection, neutron activation analysis, etc. The present work is centered upon understanding the
operation of the device and finding new ways to increase the overall efficiency.
The steady state fusion of D-3He fuel in an IEC device was successfully studied. At a
pressure of ~2 mtorr the source of such reactions was identified to be principally beam-target
reactions and was theoretically explained using the Monte Carlo – Stopping and Range of Ions in
Matter (SRIM) code.

The first simultaneous measurement of DD and D-3He protons was

accomplished during the present thesis work that confirmed that D-3He fusion reactions indeed
occur in an IEC device. A new pressure independent diagnostic was invented to measure the
average ion energy. That diagnostic uses the D-D proton energy spectra from a single loop
cathode grid and the SRIM code predictions. A second diagnostic called the eclipse disc was
co-invented to characterize the various fusion regimes in an IEC device. This diagnostic verified

that a converged core fusion source exists for the DD reactions but the D-3He reactions that are
principally embedded source reactions. A third diagnostic called the chordwire was invented to
study the effects of various sources of electrons – thermionic, photo and field emission electrons,
that decrease the efficiency of the device. This diagnostic also helped map the ion flux into the
cathode in 2D, besides helping identify the high performance grid materials (W-25%Re and pure
Re). Understanding the electron current contributions helped correct previous recirculation ion
current equation in the literature. Sequential grid construction experiments where a new loop
was added in a sequence (in various orientations) while monitoring the performance of the grid
showed fusion rate saturation of the fusion rate with just a 3 loop grid. Hence, further increases
in symmetry of the grid are deemed unnecessary. It was also found that the fusion occurred
mostly in the microchannels that form in the regions where the cathode field is a minimum (i.e.,
in the open areas between the wires). This is an important conclusion because all earlier work
had assumed a uniform spherical volume source of incoming ions and this work suggests
otherwise. A new method of calibration was derived using the non-uniform volume source that
takes into account the surface area of the detector visible to the protons that are born anywhere
within the IEC chamber.
As a consequence of the above research and valuable input from others in the IEC group,
at UW Madison, there has been an increase in D-3He rate by 5 orders of magnitude, in a span of
4 yrs, while those of the D-D reaction rate increased by 3 orders of magnitude.
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Chapter 1: Introduction
Fusion is attractive for being a potentially inexpensive, environmentally friendly, and
practically unlimited power source. However, the central problem of creating useful controllable
nuclear fusion reactions among ions is the necessity of confining a sufficient density of energetic
ions at a sufficiently high temperature for an acceptable time. This would ensure that the
reaction rate density between the ions is high enough to be useful for both power generation and
to overcome radiative, collisional and other losses that may be associated with the particles’
confinement at high energy.
Inertial Electrostatic Confinement (IEC) is an alternate confinement concept to Magnetic
(Tokamaks, Stellarators, etc.) and Inertial (laser, heavy and light ions) fusion. Because of the
inherent difficulties in non-electric inertial and magnetic means for confining ions (for near term
applications), researchers at the University of Wisconsin, Madison and a few other groups
around the world have pursued the IEC concept. A more direct means of providing energy to
fusion fuels and achieving high density is available through use of electric fields for ion
acceleration and spherically convergent geometries for their densification by such motion.1 In an
IEC device with spherical geometry, a negative potential is maintained through a nearly
transparent spherical cathode in the center of the device. Positive ions introduced at the outer
edge of this system will “fall down” the radial electric field toward the center, gaining energy
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and speed with nearly 100% efficiency in the process. This technique is very promising and
appealing since it has immediate applications even at gain Q (ratio of output power to input
power) << 1, besides a possibility of power production in the long run. An IEC device has many
near-term applications such as isotope production for medical applications, oil well logging,
diamond processing, Boron Neutron Capture Therapy (BNCT), tunable x-ray source, calibration
source for tokamaks, land mine detection, etc. as shown in Figure1.1.

Figure 1.1 The number of applications of the IEC device increases with increasing (efficiency)
fusion reaction rate (10n s-1 where n = 6 to 14 is shown).
This kind of increasing applicability of a fusion device (figure 1.1) with increasing
reactivity is very attractive and has many near term commercial applications.2,3,4 It is noteworthy
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that IEC is the first fusion confinement concept to be commercialized. However, the efficiency
of this fusion scheme cannot be increased without understanding this device and the various
reaction mechanisms.

1.1

Motivation of Research
The purpose of this research has been to understand the underlying physics of operation

of this device through experiments backed by appropriate computer simulations that have led to
significant improvements in the IEC device’s performance.
Fusion occurs everywhere inside an IEC device, however the relative distributions differ.
A thorough understanding of such a distribution would pay off in the form of new applications
and would also allow the researchers to conceive new ways to improve the efficiency of the
device. The relative distribution of the fusion reactions within the IEC device is expected to
depend on the chamber pressure and the fuel used. If experiments are directed to classify these
reactions, not only would we be able to calibrate the device properly but also come up with new
applications (Ben Cipiti used the results of such a study to increase the efficiency of the medical
isotope production rate6). It would also be helpful to measure the average ion energy so that
device optimization could be eventually accomplished.
To increase the efficiency of the device it is important to operate the device at higher
voltage and hence new techniques need to be developed to handle high voltages in such compact
devices. Operating the device at peak reaction cross-section would help increase the fusion
reactivity significantly. For this purpose, it is important to be able to operate at higher input
voltages and hence the components of the device should be able to withstand such feral
environments. The cathode grid must be able to operate at higher temperatures, which would
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allow much higher power operation of the device since the power radiated by the cathode
increases as 4th power of the temperature. Hence new materials are required to replace the old
stainless-steel grids. This new material should also have minimum associated sputtering because
the sputtered material tends to get deposited on the high voltage stalk and eventually causes
surface breakdown thus limiting the operational capability of the device. Once this problem is
fixed, the next problem to be addressed is the standoff capability of the high voltage stalk. In
general this is accomplished by using high standoff material with appropriate dimensions.
Once the above-mentioned challenges are fixed we would then be limited by the physics
of operation of the device. A thorough understanding of the ion flow dynamics into the cathode
grid would be highly desirable. If the ion flux distribution into the cathode grid is known, one
could invent new techniques to homogenize such a distribution to realize a higher fusion rate.
For this purpose a systematic study of the effect of transparency is required. It would be helpful
to determine if gargantuan efforts are required to increase the symmetry/transparency of the
cathode grid, if not it would save both time and money.
The power supply is incapable of differentiating between an electron current (electrons
leaving the grid) and an ion current (ions recombining and causing a electron loss on the surface
of the cathode). It only measures the sum of the two currents and hence an inadvertent increase
in one of the two currents would inevitably cause a decrease in the other. Unfortunately it is
always the electron current that increases and hence the ion current is adversely affected, causing
the overall fusion rate to decrease.

A clear understanding of various electron current

contributions would allow the researcher to fix such drains on the system eventually leading to a
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higher efficiency of the device. Another factor that influences the fusion reactivity is the
impurity concentration inside an IEC chamber.
Finally if there is any discrepancy in the uniform ion flux distribution assumption (around
the cathode grid) it must be accommodated in the calculations of the calibration factor. A clear
understanding of the fusion rate distribution would allow one to correlate theoretical predictions
with experimental results, which have in general differed significantly. The fusion rate observed
experimentally has always exceeded those predicted theoretically.7,8
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Chapter 2.0: Brief History of the IEC Device
In 1963 O. A. Lavrentyev1 in the USSR first published a paper on electrostatic
confinement of fusion plasma.

Though P. T. Farnsworth conceived a similar scheme

independently in the USA for electrostatic fusion in the early 1950s, it was not made public
until he received a patent in 1966.2

Farnsworth conceived of using a gridded system to

generate a spherically converged plasma target for fusion, thus avoiding the target
deterioration. Solid targets deteriorate quickly due to high currents reaching the target, while
a gridded system has a much higher recirculation current for the same grid current.
R. L. Hirsch3 further investigated this device using ion guns. Though initial efforts were
directed towards power production, it was soon realized that gridded systems could not reach
breakeven without melting the central grid and accompanying high (grid) erosion.
To handle the grid erosion and heating problem, Bussard4 and Krall5 proposed the use
of a quasi-spherical magnetic field to replace the grid, thus creating a virtual cathode
(Polywell®) by confining electrons.

However, the Polywell® suffers potentially from

electron loss through the cusp fields, and to improve the electron confinement properties a
Penning-like trap was proposed6 and investigated theoretically7 and experimentally.8,9,10
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Rider and Nevins , theoretically analyzed the IEC systems and concluded that these
devices could not reach breakeven due to the very large recirculation powers required to
overcome the thermalizing effect of ion-ion collisions and sustain the non-Maxwellian ion
profile in velocity space. However, these studies lack a self-consistent collisional treatment
of the ion distribution function in velocity space, crucial for adequately estimating the fusion
rate and the recirculating power.
A recent attempt to identify efficient regimes of operation of Penning IEC devices
using a bounce-averaged Fokker-Planck (BAFP) model showed that breakeven is possible in
these devices, although the fusion power densities are small.13 The underlying problem is
that for non-thermal systems the coulomb scattering cross-sections are larger than the fusion
cross-sections. Thus, it can take more energy to maintain the non-thermal distributions than
the device produces in fusion power. However, this problem is avoided if the plasma is in
local thermodynamic equilibrium (LTE).
Theoretical work by Barnes and Nebel14,15 has suggested that a tiny oscillating ion
cloud may undergo a self-similar collapse in a harmonic oscillator potential formed by a
uniform electron background. A remarkable feature of these oscillations is that the plasma
remains in LTE at all times.14,16 By tuning the external radio-frequency (rf) electric fields to
this naturally occurring mode, it is then possible to heat the ions to obtain very high densities
and temperatures simultaneously during the collapse phase of the oscillation through
adiabatic compression.

Theoretical projections indicate that such a scheme is highly

effective and may result in net fusion energy gain even for fuels such as D-D.17
A major uncertainty in this oscillating plasma scheme is the dynamics and stability of
the background electrons in the virtual cathode. It has been shown that the oscillating ion
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cloud (referred to as the Periodically Oscillating Plasma Sphere or POPS) is stable to multidimensional perturbations.14 On the other hand, recent work based on the electron fluid
equations has demonstrated that the required electron cloud for POPS is susceptible to an
instability that is analogous to the Raleigh-Taylor mode present in fluid mechanics.18
Fortunately, solutions of the marginal stability profiles indicate that stable electron density
profiles that are sufficiently close to those required for POPS do exist as one approaches the
Brillouin Limit as well as in the limit of large Debye length to plasma radius (λD/a). In the
kinetic limit, a simple two-stream analysis suggests that the mode may be absolutely stable at
a finite value of λD/a ~ 1.
In conclusion, many interesting electrostatic confinement concepts are now being
envisaged. Although, the gridless devices aim for high gain (Q) fusion, the gridded IEC
devices are still useful at low Q, and hence these gridded systems are still maintaining the
interest of various researchers.
The gridded Inertial Electrostatic Confinement (IEC) device does not require
magnetic coils for plasma confinement, allowing it to be lightweight and hence portable,
although radiation shields will sometimes be needed. The gridded IEC device has many near
term applications even without reaching breakeven (Q <<1)19,20 such as neutron activation
analysis,21,22,23 tunable X-ray source,24 Ion propulsion,25 radioisotope production,26 oil well
logging,27 and nondestructive evaluation.28 The IEC device also has other projected
applications at high Q, such as neutron sources for fusion materials testing, tritium
production,29 subcritical reactors,30 nuclear and chemical/biological waste management,31
space propulsion32 etc.
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Because IEC fusion devices are not restricted to D-T fusion, there is also much less of
a problem of neutron activation. A key feature of the gridded IEC device is that the steady
state burning of advanced fuels33 (that operate on neutron lean reactions) such as D-3He and
potentially 3He-3He and p-11B, is possible.

The various fusion reactions (1st and 2nd

generation fuels) currently realized in the UW and other IEC devices are shown in
Figure 2.1. Future work towards the realization of 3rd generation fuel fusion, Figure 2.2, is
under way. It is also important to note that the number of applications of this device
increases with the reaction rate.

In order to increase the fusion productivity a clear

understanding of the physics of operation of the device is required.
1st Generation
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Figure 2.1 Steady-state fusion reactions achieved in an IEC device
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Figure 2.2 The 3rd generation 3He – 3He fuel is difficult to attain because much higher
cathode voltages (~400 kV) are required to realize this reaction.
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Chapter 3.0: Experimental Facility
The University of Wisconsin (UW) IEC device, figure 3.1, consists of a cylindrical
vacuum vessel made of aluminum with internal dimensions of 91 cm diameter and 65 cm height.
A picture of the device in operation is shown in figure 3.2. The pumping system consists of a
Leybold Trivac® rotary vane roughing pump and DynaTech® turbo pump to allow base
pressures ~ 1-10 x 10-7 torr. Although the base pressure is measured using an MKS® ion gauge,
higher pressures during chamber venting are measured using a capacitive manometer (Baratron®
gauge). The fuel gas is fed to the chamber through two MKS Mass-Flow controllers for both D2
and 3He gases. The electronic flow controllers allow fine adjustment of the gas flow up to
50 sccm (standard cubic centimeter per minute) into the chamber. During runs, the chamber
pressure is monitored using an MKS Baratron® pressure transducer. In one mode of operation,
the device is run at 2 ± 0.5 mtorr. An SRS CIS 200 residual gas analyzer (RGA) allows real time
gas composition measurement, for monitoring the impurity levels. It also allows one to maintain
a predetermined fuel ratio D2/3He if required by the experiment.
The central grid (cathode) is typically 10 cm in diameter. Unique to this experiment is
the selection of tungsten alloy (W-25%Re) as the grid material since it is a refractory material
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and can be spot-welded. With this grid, the previously prevalent sputtering (of a stainless-steel
grid) is drastically reduced and the low power operation limitation is relaxed. The outer grid
(anode) is, however, fabricated from stainless steel (SS) wire and is generally connected to
ground. In some experiments a third intermediate SS grid (35 cm dia.) is used; this grid is
covered with a SS mesh (~ 1 mm spacing). A RF power source (operated at 345 kHz) is
connected to both the outer and the intermediate grid through a matching transformer.
A high voltage stalk conducts large negative voltages from the power supply to the
central grid. The present design is a 2 cm dia. cylinder made of BN with a 3 mm dia. Mo wire
running along the central axis. The voltage power supply is a HipotronicsTM supply with
maximum capability of 200 kV and 75 mA. Plasma is generated inside the chamber using a set
of three equally spaced (120o apart) electron emitters placed outside the outer grid. The voltage
to the filaments (-30 V to -250 V) and hence the electrons emitted by the filaments is controlled
through a variac. The efficiency of these filaments in ionizing the ambient gas in the chamber is
improved by rectifying the AC power fed to the filaments, followed by the application of
controlled DC bias that aids better current control.
The neutrons generated by the D-D reactions are detected using a 3He filled neutron
detector enclosed by a paraffin shield that thermalizes all neutrons before detection,1 as shown in
Figure 3.3. This detector is calibrated using a standard Pu-Be source. For this purpose the
source is placed in the center of the chamber and is calibrated approximating a point source.
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Figure 3.1 Sectional view of the IEC device at University of Wisconsin, Madison. All figures
are not to scale unless specifically mentioned.

Figure 3.2 Picture of an IEC chamber in operation
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Figure 3.3 Diagnostics used for detecting the fusion products.
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Figure 3.4 The Proton detector mounted on the UW IEC device.
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The protons are detected using an Ortec® 1200 mm2 silicon detector mounted on a water
cooled vacuum feedthrough, on a port facing the center of the chamber, and accompanying
multichannel analyzer software. The detector itself is shielded from visible light using thin
Pb foil that keeps the background noise at tolerable levels and also allows simultaneous detection
of D-D and D-3He protons.2 A picture of the proton detector assembly is shown in figure 3.4. A
deflector magnet scoops out electrons from the radiation (protons, x rays and other fusion
products) reaching the detector, thus further reducing the background noise.
A video camera is connected to a computer in the control room that allows visual
monitoring of the operation through a view port. The view port itself is protected from the
sputtered material using a transparent glass shield. A Raytek® Marathon MR pyrometer can be
pointed to different areas on the cathode to determine temperatures from 700oC to 1800oC with
temperature resolution of 1oC. The whole IEC assembly and the related diagnostics are housed
inside a room with 1 m thick concrete walls and a 5 cm thick (1500 kg) lead door, for radiation
shielding.
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Chapter 4.0: IEC Operational Principle

Based on the ionization source used there are three different modes of operation of the IEC
device:
4.1 Grounded outer grid mode of operation
4.2 Radio Frequency (RF) ionization supported mode.
4.3 Outer grid biased mode

4.1 Grounded Outer grid mode
Two concentric grids are used in this mode. The central grid is ~92% transparent and the
outer grid is ~85% transparent. While the outer grid (anode) is connected to ground, a high
voltage (negative) is applied to the central grid that acts as the cathode. Ionization of the ambient
gas in the source regime outside the anode is achieved through electron impact ionization. The
electrons are emitted by set of three filaments (biased to -50 to -200 V, for efficient electron
emission) as explained in the Chapter 2.0. The electrons emitted by the filaments move towards
the grounded anode and as they intercept neutral gas in their path, ionization occurs. The ions
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thus created see the cathode potential (once inside the outer grid) and are accelerated towards the
central grid, thus picking up fusion relevant energies. These ions cause fusion in five different
source regimes as explained in Chapter 5.0. All the experiments performed in the present
dissertation are in these modes.

Figure 4.1 The RF bias configurations tested on the UW IEC device (chamber walls are always
at ground potential and the cathode is at a negative potential).
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Table 4.1 Stability of plasma with various (intermediate & central) grid bias configurations
Configuration

Intermediate grid

Outer grid

Stability of plasma at ~ 2 mtorr, -35 kV, 40 mA

A
B
C
D
E

RF signal
+DC bias
RF signal
RF signal
Ground

+DC bias
RF signal
RF signal
Ground
RF signal

Stable
Unstable
Stable
Unstable
Stable but requires higher RF power

4.2 RF ionization supported mode
In this mode of operation, the intermediate grid and the outer grid are connected together
to an RF power supply1 through an RF amplifier (gain ~ 1000) and an isolation transformer with
the following primary to secondary voltage ratio

Vout

Vin

= 311 . A fine mesh (with Debye length

spacing of ~1 mm) around the intermediate grid allows the electrons to be confined around this
grid. As these electrons oscillate about the intermediate grid they produce uniform ionization
around the central grid. Several other configurations of the RF signal were experimented with,
as shown in Table 4.1 and represented pictorially in Figure 4.1. The stability of these modes
varied with the configuration as explained below.
In the configuration (A) shown in Figure 4.1 a +DC bias is applied to the outer grid and
the RF signal is applied to the intermediate grid (with fine mesh on it). The plasma was stable
(able to sustain) at 35 kV, 40 mA and 2 mtorr chamber pressure. The ions produced by the RF
signal (typical frequency of operation was 243 kHz, at 50-100W amplified output power fed to
the IEC chamber) on either side of the intermediate grid see a falling potential towards the
central grid.
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In the configuration (B) the plasma is unstable because the ions produced around the
outer grid now see an increasing potential and have a tendency to go towards the chamber walls
(pushed away from the central grid).
In configuration (C) the RF is applied to both the grids simultaneously and any ions
produced around these grids see the negative potential of the central grid and are pulled towards
the central grid, thus sustaining the plasma.

A typical frequency response plot for

configuration(C) is shown in Figure 4.2. At increasingly higher voltages a lower RF frequency
(hence less power) is required to maintain the plasma. This is because the ions cause a cascade of
ionizations on their way to the central grid; the higher cathode voltage tends to accelerate most of
these ions generated by ion-impact ionization to high enough energies to cause even more
ionization, hence RF power can now be reduced to keep the ion current constant. Electron
impact ionization (released from central grid or from regions close to it) cross-section tends to
decrease with increasing voltage and hence their contribution to the over all ionization can be
neglected.
120
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Figure 4.2 Frequency vs. Grid current plot at various central grid voltages at 2.5 mtorr shows a
lower frequency input requirement at higher cathode voltage.
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In the configuration (D) the outer grid is connected to ground and this tends to cause the
plasma to be unstable because the ions generated near the intermediate grid see a slow falling
potential (Child-Langmuir potential in the first 5 cm towards the central grid) towards the central
grid, while the ground potential of the outer grid is closer to this grid. Hence the ions have a
greater chance of moving towards the outer grid than towards the central grid.
In the configuration (E) when the intermediate grid is connected to ground the plasma is
sustained but at an increased RF input power. This is because the ions moving towards the
central grid are mostly intercepted by the (fine mesh) intermediate grid and the RF power supply
has to compensate for the lost ions to keep the total number of ions moving towards the central
grid constant and hence higher RF input power is required.

Although experiments were

conducted with several of the configurations mentioned above and it was observed that better
current controllability is obtained when compared to the traditional filament electron ionization
source. Unfortunately, this idea had to be shelved (for the time being) due to the parasitic noise
associated with RF that tends to skew both the proton and neutron readings (especially at higher
input powers). The RF power tends to couple with the Si detector through electrons in the
plasma and the neutron detector sees the RF from the unshielded IEC device and the RF power
supply. Hence in an effort to understand the physics behind the operation of this device, it was
decided not to use RF for present experimental purposes.

4.3 Outer Grid bias mode
This mode is derived from the previous RF ionization supported mode and cannot exist
independently.

An RF signal is applied to the outer grid as in configuration (B) and the
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intermediate grid is biased to a DC voltage. It was observed that when the DC bias was
maintained at –50 V there was no plasma (at –30 kV input voltage and ~ 2 mtorr chamber
pressure). However, as this bias was increased gradually to +50 V, the plasma initiated, and as
the voltage was further increased the RF power had to be decreased to maintain the grid current
constant. At +157.6 V the RF had to be completely turned off and the small bias voltage on the
intermediate grid sustained the plasma. This could be caused due to two reasons, first, the
electrons trapped in the positive well created around the intermediate grid form a new ionization
source that is able to sustain the plasma and the second, the low energy ions that tend to escape
the chamber through upscattering2 now see a positive potential at the intermediate grid and are
turned back. Ion upscattering losses are caused by ions picking up sufficient kinetic energy via
Coulomb collisions to surmount the well and be lost from the system. The ions that would have
been lost without this bias voltage now form a new ionization source that create a cascade of ionimpact ionization on their return trip to the central grid. The first explanation is more plausible
from the observation that the plasma is not initiated without initially using either the RF source
or the filament electron source.
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Chapter 5.0: Experiments with the Eclipse Disc Diagnostic

Ions produced through ionization of the ambient gas inside the IEC chamber (through
various modes explained below) are subsequently accelerated towards the negatively charged
central grid. During the acceleration the ions (irrespective of their source of origin) gain fusion
relevant energies. There are several modes by which fusion is known to occur in an IEC device
(as illustrated in figure 5.1), namely:
1. Converged-core (beam-beam), 1
2. Embedded (beam-target),1
3. Volume source (charge-exchange – neutral),1
4. Beam-background reactions that occur near and inside the cathode
5. Wall-surface reactions (charge-exchange – target).
In the Converged-Core mode, the ions converge inside the central grid and form a dense core.
The streaming ions interact and cause fusion, primarily in the central region of the cathode.
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The Embedded Source reactions occur between accelerated ions and those trapped in the
wire. These reactions occur on the outer surface layers of the grid wire because the range of the
100 kV 3He+ ions in the W-25%Re is ~0.25 µm.
The Volume Source reactions occur everywhere inside the IEC device. In this mode the
energetic ions charge-exchange with the background gas and the resulting fast neutrals undergo
fusion with the neutral gas inside the chamber.
The Beam-Background reactions occur principally between the recirculating ions near the
central grid and the background gas. Because Child-Langmuir like potentials prevail in the
plasma the ions gain most of their energy close to the central grid and as these ions recirculate
they run into background gas and cause fusion.

High voltage stalk

Cathode

Anode

Fig. 5.1 Various fusion source regions in an IEC device.
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The Wall-Surface reactions occur between the atoms trapped in the surface layers of the
chamber walls and the charge-exchanged neutrals. Although the wall source reactions appear
not to be important (at the present power levels), it is speculated that at higher currents and
longer runs, the 3He concentration trapped in the surface layers of the chamber walls would
increase, and could potentially form stationary targets to the charge exchanged neutral deuterium
atoms streaming outwards and thereby cause fusion to occur on the wall surface.
Depending on the fuel, chamber pressure, power level of operation and the kind of
ionization source used, each of these source modes becomes important. For instance, at low
pressures, the converged core and the embedded reactions dominate, but at higher pressures, the
volume source dominates.
In the following sections several experiments conducted to understand the various source
regimes are reported.

5.1 Eclipse disc diagnostic
There are two ways by which the fusion regimes can be studied: In the first method, the
instrument measuring the fusion rate focuses on a particular region of interest, while the second
method involves blocking off the region of interest and measuring the fusion rate from the
unblocked region. The difference between the fusion rates measured with and without blocking
the region of interest gives the fusion rate from that region. Since it is much easier to block the
region of interest, a new diagnostic known as Eclipse disc was developed.2 This diagnostic is so
named because the discs manufactured using aluminum foil (0.5 mm thick) eclipse the region of
interest in front of the proton detector (the region between the eclipse disc and the far wall).
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Fig. 5.2 Schematic of an eclipse disc diagnostic mounted on a port of the IEC chamber.
Figure not to scale.
Three different discs – large (4.0 cm diameter), intermediate (2.4 cm) and small (1.1 cm)
were used for the experiment shown schematically in figure 5.2. The volumes blocked by each of
these discs and the 2D area projected at the center of the cathode calculations is given in
Appendix A. These eclipse discs can be positioned before the proton detector by rotating a lever
from outside the chamber. The eclipse disc masks all the D-D fusion protons generated between
it and the far wall and it is this volume that forms the region of interest. It is important to note
that no fusion reactions occur between the eclipse disc and the proton detector since this disc
stops all the ions and the charge exchanged neutrals.
An interesting aspect of these discs is that they do not completely block the energetic
D-3He protons, only attenuate their energies.

These attenuated protons show up as a different

energy peak in the proton energy spectrum, such as shown in figure 5.3. This is an important
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consequence of the eclipse disc because an independent confirmation of the protons coming from
a region of interest is obtained from this peak.
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Figure 5.3 A double peak is observed when D-3He fuel is used in conjunction with an
intermediate eclipse disc.
The eclipse disc blocks most of the D-D protons (a few make it through the unmasked
region), but it allows the D-3He protons from the unmasked wires and also the masked portions
through. Those coming from the masked portion show up as a second peak in the proton energy
spectrum, figure 5.3. This is because the detector has a Bragg peak response as shown in
figure 5.4. As the D-3He protons lose energy, the amount of energy they deposit increases up to
the Bragg peak value which in the present case for the 700 µm thick Si detector is 10 MeV
beyond which the energy deposited would once again begin to decrease; see chapter (4) for
further information.
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Bragg peak

Figure 5.4 As the initial energy of D-3He protons decreases, it deposits more energy into the 700
µm thick Si detector up to a maximum of 10 MeV (Bragg peak), beyond which the proton
deposits lesser energy.3

Figure 5.5 Scattering of the D-3He protons as they pass through (a) Al (0.5 mm thick) and
(b) Al (0.5mm) + Pb (25 µm) + Si detector (700 µm), Al disc is shown close to Pb foil but is in
fact 51 cm away from the Pb foil, hence some of the scattered protons could be lost before they
reach the Pb foil.
Figure 5.5 shows the D-3He proton scatter that causes the protons to ultimately deposit
more energy into the detector.

As the protons pass through the eclipse disc, the energy

distribution on the exit end of the Al foil appears as shown in figure 5.5.
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Figure 5.6 Energy distribution of the 14.7 MeV protons (exiting the 0.5 mm thick Al disc)
calculated using SRIM
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Figure 5.7 Energy distribution of the protons exiting the Si detector in figure 5.5 (b).

As observed from figure 5.7, the protons have lower energy upon exiting the detector and
hence these protons have deposited more energy (difference of energy peaks from figure 5.6 and
figure 5.7) into the detector thus showing up at a higher energy level as shifted peak in
figure 5.3.
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5.2

Experiments using eclipse disc
1

2

3

5

4

Figure 5.8 (1) Unobstructed view through the detector port (2) Large disc eclipsing the entire
cathode (3) Intermediate disc eclipsing the cathode (4) Small disc eclipsing the core of the
central grid (5) Offset small disc eclipsing an arbitrary region of the cathode.
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Figure 5.9 Typical D-D proton count variation (integrating over all energies) with eclipse discs
in an IEC device with D-3He fuel at 100 kV, 30 mA. (See Appendix A for eclipsed volume
calculations). Also see reference 4.

Several experiments were performed using the eclipse disc diagnostic.
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In one set of

experiments all three discs mentioned above were used as shown in figure 5.8 (where the view
through the detector port with various discs is also illustrated). The results of these experiments
performed with D-3He fuel mixture are shown in figure 5.9 (Also see ref. 4).
Although D-3He fuel is used in an IEC device, parasitic D-D reactions always occur
alongside the D-3He reactions. This aspect has been exploited in the present set of experiments
to isolate and understand the contributions of the volume, embedded and converged core regions.
Figure 5.9 also shows the approximate volume eclipsed by each of the discs. The no eclipse case
(as illustrated in the figure 5.8) is normalized to 100% and all the other counts are relative to this
value. When the large eclipse disc is used, this disc eclipses 19% of the volume visible to the
proton detector (total unmasked volume, figure 5.1), and as a result of this, more than 90% of the
D-D protons are blocked. With the intermediate disc that eclipses 7.7% of the volume, and
hence 86% of the D-D protons are blocked (14% shows up at the detector). With the small disc
that eclipses just 0.26% of the volume about 63% of the D-D protons are blocked (37% shows
up), this indicates that D-D reactions are predominant in the core region of the IEC device. The
offset disc data that still eclipses 0.26% of the volume further supports this, and it now blocks
only 22% of the D-D reactions (78% shows up). In order to understand the D-3He reaction
contributions a comparative study is performed below.
The fusion occurring in each of the source regimes (tabulated below), contribute a certain
percentage to the overall fusion rate detected by the Si detector. The 74% counts from the DD
converged core means that this source regime contributes 74% of the total protons detected by
the Si detector. The total contributions of each of the source regimes are tabulated in Table 5.2.
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Table 5.1 Fusion source regime contributions to the overall proton rate detected by the
Si detector. Error in these contributions is ± 2%.
Fusion source regime

DD

D-3He

Converged core (x)*

75 %

11 %

Embedded (y)

15 %

89 %

Volume (z)

10 %

Negligible

Wall surface

Negligible

Negligible

As shown in figure 5.10 a comparison of the D-D reactions with D-3He reactions shows
several new features. The large disc blocks most of the D-D reactions and almost all of the
D-3He protons. The D-3He protons that get through the eclipse disc show up as a shifted peak,
figure 5.3 (a), some D-3He protons are however lost as they are scattered away by the eclipse
disc. This suggests that most of the D-3He reactions are contributions of either the converged
core or the embedded reactions.
The intermediate disc blocks 55% of the D-3He protons and approximately 48% show up
as the shifted proton peak. With the small eclipse disc, only 10% of the D-3He protons are
blocked and even with the offset disc only 8% of the protons are blocked. Hence the D-3He
reactions are dominated by the embedded reactions. This is the first confirmed evidence that
D-3He reactions are predominantly embedded reactions. Although the fraction of 3He ions is
small in the D-3He mixture (D-3He reactions are rare in the volume of the device due to penning
ionization effect5), those ions that survive quickly embed themselves on the surface of the
cathode grid wires forming stationary targets for the oncoming D2+ ions. Another independent

*

See chapter 13, where the values of x, y and z (eqn. 13.20) are used to find the calibration factor.
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experiment performed using the solid targets provided further evidence that the D- He reactions
6

3

are embedded (beam-target reactions) in nature.
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Figure 5.10 Percent of protons detected by the detector corresponding to each of the eclipse
discs.
A disadvantage with this technique is that the eclipse discs are not highly selective, in
other words they block more than the regions of interest. For instance, if the large disc is used in
front of the proton detector to block the central grid, it not only blocks the contributions of the
embedded fusion from the wires and the converged core but also the volume source behind and
in front of the central grid that fall in the masked region, see figure 5.1.
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5.3 Conclusions
Eclipse experiments (with D-3He fuel) revealed that a converged core exists for the D-D
reactions and not for D-3He reactions (is negligible). The distribution of these contributions as
measured using the eclipse disc diagnostic for the range 40 kV to 100 kV at 30 mA and
~2 mtorr chamber pressure are tabulated below:
Table 5.2 Fusion source regime distributions in an IEC device.
Fusion source regime

DD

D-3He

Converged core (x)

20 – 22%

5–7%

Embedded (y)

5–8 %

93 – 96 %

Volume (z)

67 – 70%

Negligible

Wall surface

Negligible

Negligible

The broadening of the D-D and D-3He proton energy peaks is predominantly caused by
Doppler and scatter broadening. While the DD protons deposit all their energy (after loosing
some to the Pb foil) into the Si detector, the D-3He protons deposit energy only partially.
Detailed experimental measurements and Monte Carlo simulation of the proton energy peaks are
reported in Chapter 7.0.
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Chapter 6.0: Fusion convergence measurements inside the central grid
through small eclipse scan

Figure 6.1 Pictures taken through the detector port of the small disc at various locations. The
bright light in the background comes from the filament electron source in the far end.
The set of experiments described in this chapter is an extension of the offset small eclipse
disc experiment (explained earlier in chapter 5.0), wherein the small disc is scanned all the way
across the central grid in small increments as shown in figure 6.1.

Figure 6.2 There is ~50% overlap between two consecutive discs [red (1) and blue (2)] but not
between every other disc position [in red (1) & (3)].
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Figure 6.3 Protons/s at various voltages vs. position.

Figure 6.4 Fusion reaction rate vs. ion temperature
The area blocked by the disc in each position overlaps with the previous area, but there is
no overlap between alternate disc positions as shown in figure 6.2. Proton and neutron data are
recorded at each position of the disc, figure 6.3 shows the plot of protons/s vs. position of the
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eclipse disc at various voltages. It is observed that the protons/s converge at position 5,
showing that converged core contributions exist for D-D reactions. The magnitude of the proton
rate (protons/s) values increase with voltage because the ion energy (and hence the reaction
cross-section) increases with voltage, see figure 6.4.

6.1 Effects of voltage and pressure on the fusion convergence
The proton rate shows the convergence (more protons produced in the core) as the disc
scans the central grid.

Interestingly, when the protons are normalized to 1 the proton counts

show a regular structure and even more interesting is the fact that other than the counts at 40 kV,
all the counts seem to show a dip at the position (2) in figure 6.5. If only half the grid were
scanned (assuming symmetry) this dip could be easily mistaken to be a double well1 structure.
The statistical variation in the operational parameters could cause such anomalous structures in
figure 6.5.
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Figure 6.5 Normalized proton count vs. position at various voltages
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To verify that this is the case a simple technique was conceived. The neutron data is
independent of the position of the disc and would increase or decrease with the total number of
protons because the branching ratio for the D-D reactions is very close to 50% as shown in
figure 3.1. Any changes in the neutron counts may be caused due to variations in any of the
following: grid temperature, chamber pressure, drifts in grid voltage and/or drifts in current.

6.1.1 Proton/Neutron (P/N) ratio
If the total number of proton/s (P) were divided by the (simultaneously recorded) total
number of neutrons (N) at a given position of the disc, then the variation of this
parameter (P/N ratio) with the position of the disc would be a true indicator of any anomalous
behavior of the protons generated in the central grid region. This is because the branching ratio
of the DD reactions to produce either protons or neutrons is 50%, see figure 3.1.
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Figure 6.6 Neutrons/s at various voltages vs. position
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Figure 6.7 Normalized (P/N) ratio vs. position at various voltages.
The P/N ratio assumes a constant calibration factor i.e., constant contributions from each
type of source with voltage and current (which seems to be valid for voltages below 100 kV,
beyond which experiments were not performed).
Figure 6.6 is a plot of the neutrons/s vs. position. The counts are not constant during a
given scan and hence a P/N ratio would account for the statistical variations during the
experiment. Neutron counts tend to track the statistical variations just as the protons do and
hence a ratio of the two would normalize any statistical variations.
Although pressure normalized proton data is being used for a proton collimation study in
the literature,1 the P/N ratio should be preferred because it accounts for all the parameters that
vary during the experiment (not just the pressure).
Figure 6.7 shows the P/N ratios normalized to the maximum value in a particular scan (at
a constant volage) vs. position at various voltages. The figure 6.7 shows that there is no
significant improvement in convergence with voltage. The overall reaction rate increases but the
relative number of reactions that occurs in the core of the device remains the same. The dip that
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we had seen earlier at the position 2 no longer exists in the P/N ratio scan and is concluded to
be an artifact of the experiment, created by the variation in the parameters such as chamber
pressure, drifts in the cathode voltage and drifts in the cathode current.
The error bars for figure 6.7 are generated by dividing the maximum proton count
[(original) counts + sqrt(counts)] by minimum neutron counts [(original)counts – sqrt(counts)] at
a particular voltage. There is negligible error in the x direction because the eclipse positions are
repeatable.
There is ~50% overlap between consecutive disc positions as illustrated in figure 6.2, it is
evident from figure 6.7 that the converged core boundary lies between the positions 5 and 6,
where the number of counts masked is the maximum. Since the counts do not return to the
maximum value as in position 4, the converged core is still eclipsed in position (7).
Approximating the volume eclipsed by the small disc to be a cylinder (see Appendix A)
of diameter 1.1 cm, the upper limit of the diameter of the converged core is the separation
distance of the overlap regions shown in figure 6.2, it seems that the size of the converged core
diameter is less than 0.55 cm.
Figure 6.8 shows the pressure scan of the P/N ratio at various chamber pressures. There
is minimal variation up until position 6 beyond which the P/N ratio increases for the low pressure
operation (~1 ± 0.1 mtorr). This aspect is not understood well. The pressure was maintained
around 0.95 mtorr for the scan from position 0 to 4. Beyond this point the pressure was slightly
lower at ~0.85 mtorr average chamber pressure, but the pressure variation is small and hence is
ruled out to be the cause of the anomalous behavior.
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Figure 6.8 The P/N ratios scan does not show significant variation in the lower half scan
(from position 0 to 5) and shows an increasing trend from (position 6 to 12) only for the 1 mtorr
chamber pressure operation.
Since the eclipse scans seem to remain constant for the voltage range 40 kV to 100 kV at
30 mA and also for a pressure range of 1 to 4 mtorr, the calibration factor derived later in
chapter 13 would be applicable to the entire range.
It is noteworthy that Gu’s work2 using a proton-detector-collimating assembly with
micro holes in the collimator allowing only certain protons to get through, is the reverse of the
above-mentioned technique. Hence the equations derived for the collimating assembly are also
applicable here with a few modifications, such as instead of protons detected, here the difference
of proton measurements before and after the eclipse is in position could be used. The Abel
inversion technique may then be used to translate the proton-rate data into the desired radial
proton-rate density profile. However, this was not done for the present dissertation work and is a
suggested topic for future study. Other applications of the eclipse disc scan technique are
elaborated in later chapters of this dissertation work.
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Chapter 7.0: Calculations of energy deposition in a Si detector
Protons are generated in various fusion reactions as explained in Chapter (2.0). These
protons are detected using a 700 µm thick silicon detector, also explained in Chapter (2.0). The
fundamental information carriers in the semiconductor detectors are electron-hole pairs created
along the path taken by the charged particle (primary radiation or secondary particle) through the
detector. The electron-hole pair motion in an applied electric field in the form of surface barriers
generates the basic electrical signal from the detector.
One potential disadvantage of surface barriers in Si detectors is their sensitivity to light.1
The thin entrance windows of the Si detector are optically transparent, and photons striking the
detector surface can reach the active volume. The energy of visible light photons of 2 – 4 eV is
greater than the bandgap energy of most semiconductors, and electron-hole pairs can therefore be
produced by photon interactions. Normal room lighting produces a very high noise level, but a
25 µm Pb foil used in front of the Si detector acts as a barrier to suppress the visible light even
though it is nearly transparent to X-rays (beyond 50 keV).
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The protons generated in a fusion reaction are monoenergetic but the peaks detected by
the Si detector are broadened due to several reasons: firstly, Doppler broadening due to the
reactant velocity distribution as explained in section 7.1; secondly, the collisional broadening
that occurs due to the proton scattering as the D-D protons pass through the Pb foil geometry and
the D-3He protons pass through the Pb + Si detector geometry; and finally, there is the
broadening due to the small portion of the proton energy transferred to recoil nuclei rather than
to electrons.

These low-energy recoil nuclei lose their energy in inelastic collisions with

surrounding atoms and form almost no additional electron-hole pairs. If the fraction of energy
lost in this manner were constant for each proton, there would be no effect on energy resolution.
However, this energy loss is subject to large fluctuations since it is influenced by a few relatively
large events.1

However, the latter contribution (and the contributions mentioned below) to

broadening of the proton energy peaks is neglected in the present study.
Other contributions to peak broadening are the effects of incomplete charge collection
and variations in the energy lost by the particle in dead layers at the detector surface.2 The noise
level from the detector-preamplifier-amplifier combination is dominated by fluctuations in the
detector leakage current, the inherent preamplifier noise, and the characteristics of the field effect
transistor used in the input stage of the preamplifier.
The collisional broadening depends on the initial energy of the proton, which in turn is
governed by the Doppler broadening, and these two effects appear simultaneously. All the other
sources of peak broadening are normally independent of each other; the square of each Full
Width Half Maximum (FWHM) value that would theoretically be observed for each source
separately can be summed together to give the overall FWHM.
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7.1 Doppler broadening of the proton energy peak
Different deuterium (D2+) ions (assuming the concentration of D+ and D3+ is small) inside
the IEC have different velocities in the direction of the observer owing to the spherical symmetry
of the IEC device. The cumulative result of this velocity distribution is a smearing or broadening
of the proton energy lineshape. It is convenient to view the broadened lineshape as being made
up of a large number of “energy packets” centered at different velocities throughout the
lineshape, figure 7.1. The individual energy packet at a particular velocity ‘v’ is the contribution
of that fraction of atoms whose Doppler-shifted resonance frequencies lie within a small range of
frequencies about ‘v’.

Many such packets added together produce the smooth Doppler-

broadened lineshape.

Individual
Doppler-shifted
“Energy packet”

Overall Dopplerbroadened response
(envelope of individual
packets)

Figure 7.1 The Doppler-broadened lineshape is made up of the superposition of a large number
of individual “energy packets,” which are the contributions from different groups of atoms with
different Doppler velocities.3
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Initially the neutral particle (D2) is at rest in the lab frame and it sees a deuteron coming
towards it with a velocity VD. After the fusion reaction a proton leaves the rest frame of the
reacting particles at an angle ‘θ’, as shown in the figure 7.2. But the rest frame of the reacting
particles is itself moving with respect to the lab frame with velocity VCM, figure 7.2.

VRES
VP

V P sin θ

θ

VCM A VP cos θ
Figure 7.2 The protons detected by the detector have Doppler shifted velocities. A fusion event
at the point ‘A’ causes a proton to be generated at an angle ‘θ’ to the direction of motion. Other
products of fusion are not shown in the figure.

The protons generated in the fusion are now energy shifted with respect to the reactant
velocities and it is this energy that the detector detects. A fusion product that enters a detector
will possess the combined velocity of the fusion reaction (constant 3.02 MeV) plus the
center-of-mass velocity of the reacting ions, figure 7.2.

Since the fusion product has the

information about the reactant atom’s energy, this information can be extracted from the linear
Doppler broadening effect as explained in the subsequent Chapter (8.0).
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7.2 Doppler shifted energy calculations
Assuming projectile-target mode with a stationary target and Vcm the center-of-mass
velocity, the resulting fusion-product’s energy, Etot (as seen by the Si detector) is calculated as
follows:
The velocity of the proton in the rest frame is given by:

Vp =

2E f

(7.1)

mf

where Ef is the proton’s energy (3.02 MeV for DD) and mf is the fusion product’s mass (here it is
the proton mass). For head-on collisions, both the reacting particles have energy (say Ea & Eb)
with Eb = 0 for a stationary target (a valid assumption for neutral background), and masses
(ma & mb) and the center of mass (CM) velocity (VCM) is given by:

VCM

 m + mb
= 2  a
 m a mb

1


1
 ( E a + E b ) 2

2

(7.2)

The number of fusion products with the respective energy, weights the energy range. In the lab
frame the resultant velocity (VRES) of the proton due to the center of mass velocity effect (see
figure 7.2) is given by:
2
V RES
= (V p cos θ + Vcm ) + V p sin 2 θ
2

2

(7.3)
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Hence the total energy of the proton that the detector sees is now given by:
Etot =

m f  2E f
1
2
2

+ VCM + 2VCM
m f V RES =

2
2  mf

2E f
mf


cos θ 



(7.4)

where Etot is the energy of the ion before going through the Pb foil or the detector and ‘θ’ is the
angle between the VCM and the fusion-product’s velocity (directed towards each other = 0o).
A simple code was developed to calculate the initial Doppler broadening of the proton
energies see figure 7.3 and the resultant energy deposited into the detector, figure 7.4.4 The
collisional broadening of these energy peaks is not predicted by this code and is caused by the
presence of the Pb foil in the front of the detector.

Figure 7.3 Initial doppler-shifted energy of the protons (for 100 keV reactant energy) from the
IEC device before going through the 25 µm thick Pb foil or the 700 µm thick Si detector.
As the protons enter the Pb foil they get scattered and lose some energy to the foil before
depositing their energy into the detector. The energies deposited into the Si detector vary
according to the initial energies of the protons, and depending on the thickness of the detector,
this energy varies as shown in figure 7.4.
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Figure 7.4 The energy deposited by the protons into the 700 µm thick Si detector is all of the
energy for the D-D and 3He – 3He reactions and about 1 3 rd of the incident energy from the D-3He
reactions.

Figure 7.5 The energy deposited into the Si detector of various thicknesses vs. the initial proton
energy. A 700 µm Si detector seems to be the best choice for maximum separation of the three
proton peaks coming from D-D, D-3He and 3He – 3He reactions.4
Depending on the thickness of the Si detector, the energetic protons tend to escape the Si
detector without depositing all their energy, so it is likely that the energy peaks generated by
various protons could show up at the same location (eg., 100 µm, in figure 7.5). Hence, an
appropriate Si detector thickness must be selected to isolate the contributions due to various
fusion reactions.

This is especially crucial for D-D and D-3He reactions since both these
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reactions occur simultaneously when D-3He fuel is used (in the present case a suitable value is
700 µm). As shown in figure 7.5, a proton from the D-3He reaction has an initial energy of 14.7
MeV but it deposits only ~5 MeV into the 700 µm thick Si detector and the rest of the energy is
in the form of the kinetic energy of the proton as it exits the detector.
A simple calculation of the energy deposition into the detector appears as shown in
figure 7.4. The final responses (in the absence of collisional broadening) are Doppler broadened
sine functions. A comparison between this prediction figure 7.4, and the experimental data in
figure 7.13 show discrepancy (0.87 MeV for D-D and 0.47 MeV for D-3He) in the FWHM
values. This is because the predictions in figure 7.4 do not account for the broadening due to
scattering collisions in the Pb foil and the Si detector. This is accomplished in the present study
using the Monte Carlo – Stopping and Range of Ions in Matter (SRIM) code.5
SRIM is a group of programs that calculates the stopping and range of ions
(10 eV – 2 GeV/amu) into matter using a full quantum mechanical treatment of ion-atom
collisions.6 This calculation has been made very efficient by the use of statistical algorithms that
allow the ion to make jumps between calculated collisions and then averaging electron shells.
The ion has long-range interactions creating electron excitations and overlapping electron shells.
These are described by including a description of the target’s collective electronic structure and
inter-atomic bond structure when the calculation is set up. The charge state of the ion within the
target is described using the concept of effective charge, which includes a velocity dependent
charge state and long range screening due to the collective electron sea of the target. Such
details in the SRIM calculations increase the accuracy of the collisional broadening calculations.
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TRIM (the Transport of Ions in Matter) code included in the SRIM mentioned above is a
comprehensive program that accepts complex targets made of compound materials with up to
eight layers, each of different materials. This code (TRIM) calculates the final 3D distribution of
the ions and also all kinetic phenomena associated with the ions’ energy loss: target damage,
sputtering, ionization, and phonon production.

All target atom cascades in the target are

followed in detail.

7.3 Algorithm for calculation of the total DD proton energy broadening

Figure 7.6 Distribution of the scattered D-D protons in a Pb foil shows very little backscattering
but the forward scattering is high and hence these protons lose a lot of energy to the 25 mm thick
Pb foil when compared to the energetic D-3He protons.
Protons generated from the fusion reactions D-D and D-3He were treated separately. In
order to account for the broadening caused by collisions for the protons from the D-D reactions,
the following algorithm was used:
1.

The Doppler-broadened energy peak for D-D in figure 7.3 is divided into
equally spaced energy bins.
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2.

The same number of particles (5,000 per bin) is used as input to the TRIM
code, and each set of the protons is given the energy value of a single energy
bin. Using 10,000 particles ensured that the final result had only ~1.4 % error.

3.

The energy distribution of the particles at the exit end of the Pb foil is thus
computed. The energy distribution observed for the D-D protons exiting the Pb
foil is the same as the energy deposited into the Si detector since these protons
deposit all their energy into the detector upon exiting the Pb foil. An example
of the proton scatter is given in figure 7.6 and the angular distribution is given
in figure 7.7

5000

Figure 7.7 Angular distribution of the scattered D-D protons in a 25 µm Pb foil.
4.

The energy distribution peak thus generated is weighted (multiplied by) by the
corresponding sinθ value in table 7.1
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Table 7.1 Energy bin (input) values for the D-D protons. The output peaks are weighted to the
Sinθ (second column) value corresponding to each of the energies.

5.

Sl. No.

Sin θ

Ein

1
2
3
4
5
6
7
8
9
10
11
12

0.130526
0.382683
0.608761
0.793353
0.92388
0.991445
0.991445
0.92388
0.793353
0.608761
0.382683
0.130526

2.65
2.67
2.72
2.79
2.88
2.98
3.08
3.18
3.27
3.34
3.39
3.42

The process repeats step 1 through step 4 until the peaks are generated for each
of the energy bins.

6.

A profile of the peaks thus generated represents the overall Doppler and
collision broadened energy peak for the D-D protons. Following the above
algorithm the data generated is plotted in figure 7.7.
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Figure 7.8 SRIM prediction of Doppler and collision broadened D-D proton energy peak.
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7.4 Algorithm for calculation of the total D-3He proton energy broadening

Figure 7.9 (a) Distribution of the scattered D-3He protons in a Pb foil (b) The proton scatter in
the Si detector. Although Pb foil is used, since the input file has the position information, the
computation starts only at the boundary of the Pb foil where the Si detector boundary begins.
For D-3He the situation is a little more complicated since the D-3He protons deposit only
partial amount of their initial energy. The following algorithm was used in generating the
Doppler and collision broadened D-3He proton energy peak:
1. The Doppler-broadened energy peak for D-3He in figure 7.3 is divided into equally
spaced energy bins.
2. 5000 particles (to speed up the process) are used as input to the TRIM code, and each
set of the protons is given the energy value of a single energy bin from step 1. The
choice of 5000 particles per bin ensured that the error was at a tolerable
limit of ~1.4%.
3. The energy distribution of the particles at the exit end of the Pb foil is computed and
saved (EPb). For example, the scattering of the energetic (14.7 MeV) protons is
shown in figure 7.9(a) and the angular distribution of the scattered particles is shown
in figure 7.10.
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5000

Figure 7.10 Angular distribution of the scattered D-3He protons exiting a 25 µm Pb foil.
4. EPb is used as the input to the TRIM code for the Si detector geometry. Each of the
5000 particles in EPb is run through the Si detector geometry and a second energy
distribution ESi is generated at the exit of the Si detector. A sample of the scattered
proton distribution is shown in figure 7.9(b).
5. The energy distribution ESi for the PD-3He is then saved for all the 5000 particles.
6. The energy deposited into the Si detector is then computed Edet = EPb – ESi as shown
in figure 7.11.
7. Steps 1 through 6 are repeated until all the energy bins are used
EPb

ESi

Edet

Figure 7.11 The difference between the proton energy after it has exited the Pb foil with that
after exiting the Pb + Si detector geometry is the energy deposited into the Si detector.
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Table 7.2 Energy bin (input) values for the D-3He protons. The output peaks are weighted to the
Sinθ (second column) value corresponding to each of the energies.
Sl. No.

Sin θ

Ein

1
2
3
4
5
6
7
8
9
10
11
12

0.130526
0.382863
0.608761
0.793353
0.92388
0.991445
0.991445
0.92388
0.793353
0.608761
0.382683
0.130526

14.01
14.07
14.14
14.27
14.43
14.60
14.78
14.90
15.11
15.23
15.32
15.37

8. Each of the peaks (Edet) generated is weighted by the corresponding sinθ value from
table 7.2. The profile of these weighted peaks gives the overall Doppler and collision
broadened energy peaks for the D-3He protons as shown in figure 7.12.
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Figure 7.12 SRIM prediction of Doppler and collision broadened D-3He proton energy peak.
The FWHM values of the Doppler-shift and collision broadened peaks computed using
SRIM in figure 7.8 & 7.12 are compared with the experimental data figure 7.13 in the
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table 7.3. The error in the experimental data is the inverse of square root of the number of
particles detected.
Table 7.3. Experimental and theoretical values agree well, but the errors might be large since
there is scatter in the proton’s experimental data, figure 7.13.
Proton Peak

Experimental value

Predicted value

D-D

2 x HWHM ∼ 1 MeV ± 0.1 MeV

0.95 MeV ±0.01 MeV

FWHM ~ 0.8 MeV ± 0.1 MeV

0.7 MeV ± 0.01 MeV

3

D – He
50

R un 227, 70 kV , 30 m A
25µm Pb, 700µm Si

Am 241
5 .5 M e V
C a lib ra ti
on
s o u rc e

40

n o is e

D - 3 H e P ro to n s

30

(a )
D - D P ro to n s

20

10

0
0 .5

1 .5

2 .5

3 .5

4 .5

5 .5

6 .5

E n e rg y , M e V

350

Expt. No. 530a
100 kV, 30 mA, D-3He

300
3

counts/s

250

D- He
protons

200

(b)

150
100

FWHM
0.88 MeV

D-D
protons

50

3

D- He
Right wing

0
1.5

2.5

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5

MeV

Figure 7.13 (a) First simultaneous measurement of D-D and D-3He peaks in an IEC device. Data
acquired for 60s. (b) Data collected using the 700 µm thick Si detector with 25 µm thick Pb foil
in the front, in an IEC device (with D2 + 3He fuel) shows the D-D and D-3He peaks
simultaneously. As predicted earlier the 14.7 MeV D-3He proton peak shows up at ~ 5 MeV.
The D-3He proton peak shows broadening (right wing). Data was acquired for 420s.
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Figure 7.13 (a) illustrates the first simultaneous measurement of DD and D-3He protons
that established that D-3He reactions do occur in the IEC device. Figure 7.13 (b) shows the
simultaneous measurement of DD and D-3He protons in an IEC device with D-3He fuel, at 100
kV, 30 mA. The D-D peak is weaker than the D-3He peak, because only a small fraction of the
D-3He fuel (depending on fuel ratio, chamber pressure, etc.) undergoes D-D reactions. An
interesting feature noticed in almost all the D-3He proton spectra is the “right wing” shown in
figure 7.13. This broadening of the D-3He proton peak is above noise level and is observed to
taper off beyond 10 MeV. This is not created by the 3He-3He reactions because the cross-section
values for the 3He-3He reactions are small.
The average range of 3He atoms at 100 kV energy in the cathode grid wire is ~0.25 µm,
while that of deuterium ions is ~ 0.5 µm as shown in figure 7.14. Hence, most D-3He reactions
would occur in the first 0.25 µm thick surface layer of the cathode grid wire.

3

He

D

100 kV, 30 mA, 250 particles

100 kV, 30 mA, 250 particles

Figure 7.14 SRIM predictions of the ion (D+ & 3He+) scatter in W. Since the maximum depth at
which 3He exists is 0.25 µm, all D-3He reactions occur above this depth. Although diffusion
may occur.
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A proton from a D-3He fusion event at any point C, as shown in figure 7.15 has equal
probability of liberation in all directions. The protons liberated in the direction CA have to go
through the maximum thickness of the grid material before being detected by the Si detector.
Any protons generated to the left of point C in figure 7.15 would have to go through even more
material (transmit) and hence would lose relatively more energy to the grid wires.

2L

A

Si detector

B

θ
O

C

25 µm
Pb foil
Figure 7.15 Cross-section of the W-25%Re wire. D-3He protons are born isotropically on the
surface of the grid wires as shown at the point C. Protons born behind the wire have to pass
through greater thickness of material before reaching the detector. Figure not to scale.
The fusion occurs everywhere on the surface of the grid wire, and hence the protons
would have to go through various thicknesses of the wire. Since the protons going through an
effectively higher thickness of the grid wire are concentrated close to the two poles of the wire
(top and bottom orientations with respect to the detector), such protons contribute to the right
wing of the D-3He peak as shown in figure 7.13. There are few counts beyond 10 MeV because
of the Bragg peak response of the Si detector explained in the Section (7.2).
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Figure 7.16 Cross-section of the cathode grid wire. The 3He ion incident from the top of the wire
deposits its energy into the wire along BC and finally comes to a rest at the point C (at a
depth δ). Figure not to scale.
The maximum effective thickness L (as shown in figure 7.16), through which the D-3He
proton generated at the point C has to pass before reaching the Pb foil in front of the detector is
given by

L2 = R 2 − ( R − x ) ⇒ L = 2 Rx − x 2
2

(7.1)

If x = δ (the range of 3He+ ions in the W25%Re grid wires), then neglecting the second order (δ2)
term (ã δ << R) we get

L ≈ 2 Rδ

(7.2)

-2W5%Re

Pb

S
700 µm

x
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Figure 7.17 The protons born on the surface of the grid wire have to go through different
thicknesses of the grid wire before reaching the Si detector.
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Figure 7.18 As the thickness of the wire increases the energy deposited into the proton detector
increases up to a maximum of 10 MeV and then it decreases.

Figure 7.19 Plots of energy distribution of a beam of initially monoenergetic charged particles at
various penetration distances. E is the particle energy and X is the distance along the track.7
With this understanding that the protons have to transmit not only through the Pb foil and
the Si detector, but also the grid wire we now calculate the energy deposited into the Si detector.
With the geometry shown in the figure 7.17 below and the algorithm explained earlier for the D-
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3

He protons (section 7.4) using the SRIM code the energy deposited into the Si detector is

computed. The peaks generated using 5000 particles in the SRIM code for various values
of x (=25 µm, 100 µm, 150 µm, 175 µm, 200 µm and 300 µm) are plotted in figure 7.18. From
figure 7.18 it is observed that up until x ~ 150 µm the energy deposited into the Si detector
increases, beyond which the energy deposited decreases because of the energy staggering Bragg
peak response of the proton detector explained earlier in Section 7.2. The variation of the energy
peak and its width would vary with thickness of the wire through which the protons have to pass,
as shown in figure 7.19.
Assuming ‘δ’ is small, the maximum distance through which the D-3He protons would
have to traverse before reaching the detector 2L is 300 µm, see figure 7.17 and figure 7.18. The
protons born on the side facing the detector do not have enough material to attenuate their
energies and hence contribute to the main peak. But those protons born behind the front face of
the wire (with respect to the detector) as shown in figure 7.15 including some of those born at an
angle see more material than δ before exiting the wire. The energy that the D-3He protons lose
to the grid material are responsible for the counts that show up in the right wing of figure 7.13.
The angle θ in the figure 7.15 is given by θ = sin −1 ( RL ) where L ≈ 2 Rx − x 2 from
equation 7.1. Substituting L = 150 µm and R = 838 µm, we get θ ≈ 10.3o. Hence the right wing
in the figure 7.13 is mostly coming from the two sections behind the front face of the detector
spanning a total angle of 20.6o. The total number of counts that come from the front face of the
grid wire without any attenuation show up in the D-3He peak at 5.5 MeV, while those protons
born in the rear of the grid wire that get attenuated by the grid wire show up as the right wing in
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figure 7.13. Since the number of protons that make it to the detector from behind the grid wire is
a small fraction of the total number of protons, besides spreading over the energy range of
0 – 10 MeV, the overall intensity of the right wing is low. The ratio of protons from the main
peak to those from the right wing in figure 7.13 is ~ 10. Though, the right wing is only 10% of
the total counts, it is important to understand where they originate. This knowledge would be
more helpful for applications such as medical isotope production where the reactions occurring
on the surface of a tube are used to create the positron emission tomography (PET) isotopes.8

7.5 Conclusions
The major causes of the proton energy peak broadening from both DD and D-3He
reactions are identified to be Doppler effect and scattering in the material it transmits through.
Two algorithms were developed to predict the observed (DD and D-3He) proton energy
broadening.

Using these algorithms the above-mentioned broadening mechanisms were

simulated using the Monte Carlo - SRIM code and confirmed experimentally.
The anomalous extreme broadening (right wing) of the D-3He proton energy peak is
theoretically proved to be caused by the protons born on the rear side of the wire (with respect to
the Si detector).

Hence the whole energy spectrum of the DD and D-3He protons is now

understood and explained.

The agreement between the theoretical predictions and the

experimental data is within ~10%.
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Chapter 8.0: Measurement of average ion energy in an IEC device
A recent effort to measure the average ion energy1 in a linear IEC device involved the use
of Doppler-shift visible spectroscopy of H3+ ions due to charge exchange reactions. The ambient
pressure in the chamber was relatively high, 10 – 16 mtorr, which aided the formation of H3+
ions, and also the intensity of light from the core plasma was high in this pressure regime.
It was found that the ion energy distribution consisted of a non-Maxwellian directional
component, as well as a spatially isotropic Maxwellian distribution.2

The directional

components consisted of three broadened energy peaks belonging to H3+ (20%), H2+ (60%), and
H+ (20%).3

These ions had approximately 20% of the cathode potential.

However, at lower pressures of operation, as in the present case (2 mtorr), the above
distribution of various ion concentrations will not remain constant. Since the visible light
coming out of the core is very faint and the background reflections of the filament light
dominates the spectrum, this method is not very attractive at low pressures.
A new technique is developed that uses the Doppler broadening of the proton energy
peaks to determine the average ion energy. This technique is independent of pressure because it
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is free of the visible light from the plasma, which in general requires high-pressure operation of
the IEC device.

8.1 Linear Doppler broadening of the proton energy peak as a diagnostic to
measure the average ion energy in an IEC device
The protons generated in various fusion reactions mentioned in Chapter (2) have
information about the reactant energy in the form of a Doppler shift in the energy. Since the
reacting ions have velocities in all directions, a uniform Doppler broadened peak is usually
observed in an IEC device.

High voltage stalk

Si detector
Figure 8.1 Single loop grid oriented face-on with the Si detector
The linear Doppler broadening is observed only when the ions recirculate (oscillate)
along a straight line (or close to a straight line). However, such ion recirculation along a straight
line cannot be accomplished using a spherical cathode grid. Hence, the spherical grid is replaced
by a single loop of 10 cm diameter wire, made of W-25%Re (same material as the grid) as
shown in figure 8.1.
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With the single loop configuration (figure 8.1) the ion velocity distribution becomes
linear as shown in figure 8.2 and is reflected in the proton energy peak that shows a doublet
feature (explained later).

Figure 8.2 Picture of the recirculating ion flow using single loop grid at relatively high pressure
(7.5 mtorr, 10 kV, 5 mA).
In the geometry shown in figure 8.1 (also see figure 8.2) the ions recirculate in paths that
are close to a straight line, so the angle α is small. Hence we may set θ = α ≈ 0 in eqn. 7.4. This
gives two values for Etot as shown in eqn. 8.1.
Etot =

m f  2E f
2E f
2

+ Vcm ± 2Vcm
mf
2  m f






(8.1)

Hence a double peak is observed in the proton data. However, these two peaks are not
very distinct and a rather dispersed double peak distribution is observed in the experimental data,
figure 8.3. This is because the ions are not monoenergetic. Through the present model we can
determine the most probable energy of the ions which is close to the average ion energy within
the plasma. In the present model we assume that all reactions are beam-background reactions,
where the neutral is stationary and an energetic recirculating ion undergoes fusion with it (see
Chapter 7.0 for further details).
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The double peaks observed in figure 8.2 at 50 kV, 10 mA, 2 mtorr are not of equal height,
the low energy peak is shorter; because the protons falling in this energy range tend to lose more
energy to the Pb foil in front of the Si detector than the high-energy protons. This is supported
by the SRIM output data as shown in figure 8.3. Two peaks per reactant energy (assuming Ef
equals 50 keV and 30 keV) are plotted along with the raw proton data from the Si detector in
figure 8.4.
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Figure 8.3 A double peak is observed in the D-D proton data for 50 kV applied voltage when a
single loop is used as the central grid with face-on orientation (90o). A 20 point moving average
fit to the proton data shows a double peak feature at ~1.7 MeV and ~2.0 MeV. (The peak to the
left is noise.)
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Figure 8.4 Doppler-shifted and collision broadened proton energy peaks of protons generated
using the SRIM code are plotted along with the raw data. A 20 point moving average fit is
performed for the raw data. The peak to the left is noise.
The two lower peaks are shorter than the other two; this pattern is also observed in the
raw data. Sharp peaks are not observed in the raw data because the ion recirculation is not
exactly along a straight line, besides the ions are not monoenergetic as mentioned earlier. This
gives some variation to the angle α in the eqn. 8.1 and hence a rather continuous distribution
(with a double peak feature) is observed in the raw proton counts.
The present analysis is based on fitting the raw data with the theoretical predictions of the
SRIM code and hence is tedious and cannot predict values better than ±10% variation. Despite
these limitations is the only method available to measure the average ion energies of the ions at
low pressures within the IEC device.
In this case, for an applied voltage of 50 keV, most ions are getting accelerated to a maximum of
30 keV ± 5 keV (60% ± 10% of the applied voltage) at 2 mtorr chamber pressure. The error in

76
this technique can be reduced by fitting the raw data appropriately using various peaks generated
using SRIM code, each of these peaks uses different proton input energies, calculated using
eqn. 7.4 by varying both the reactant energy and the angle ‘θ’ in small variations to a maximum
value determined by the grid rotation experiment, (see Chapter 13).
Compared to the measurements at 10 mtorr using visible spectroscopy where the ions
were accelerated to roughly 20% of the applied voltage, the average ion energy is approximately
60% of the applied voltage at 2 mtorr and hence by reducing the pressure by a factor of 5, the
average ion energy increases by a factor of 3.
(a)

(b)

Figure 8.5 (a) Fine mesh grid of equivalent transparency (92%) as the original grid in (b) Grid
with regular 5 latitudes and 12 longitudes.
From the above argument it is clear that, when the pressure is decreased, the ions get
accelerated to higher energy. This is further supported by the fact that the temperature of the
grid wires [fine mesh grid with constant transparency, see figure 8.5 (a)] measured at a constant
location on the equator of the grid increases as the pressure is decreased, figure 8.6. This
temperature variation is not caused by the convection of heat by the fuel gas to the chamber
walls.4 Calculations (see Appendix B) show that the heat transferred from the grid to the
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chamber wall through convection (by drifting chamber pressure) is too small to account for the
huge temperature variation in figure 8.6.

A fine mesh grid is used to decrease the effects of

microchannel formations on the grid temperature.
1060

o

Temperature ( C)

1040

Expt. 551
40 kV, 30 mA, DD fuel

1020
1000
980
960
940
920
900
880
0

1

2
3
Pressure (mtorr)

4

5

Figure 8.6 Variation of temperature with pressure at 40 kV, 30 mA at a constant spot on the fine
mesh cathode.
While the ions inside the chamber at 16 mtorr pressure were accelerated to only 15% of
the applied voltage,3 the ions are now (at 2 mtorr) accelerated to 60% ± 10% of the applied
voltage. This can be explained in terms of the mean free path of the ions inside the chamber.
At 16 mtorr the mean free path of the particles (D2 molecules) is only 1 to 2 cm while the mean
free path of the ions at 5 mtorr is 5 cm, and at 1 mtorr it is ~100 cm (greater than the dimension
of the chamber). Hence the ions have a better chance to gain energy from the electrostatic fields
at lower pressures and hence the average ion energy is higher at low pressure. This gives an
incentive to aim for lower pressure operation of the IEC device to improve the efficiency of the
device.
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Chapter 9.0: CHORDWIRE EXPERIMENTS

High power (>10 kW) operation of IEC devices can generate secondary, thermionic,
photo, and field emission electrons from the cathode grid that are a drain on the system.
Methods to study and minimize the thermionic emission current are discussed in this chapter
using a new diagnostic called chordwire(s) – wires placed in the form of a chord of a circle
inside the central grid to intercept the inflowing ions. Local power balance on the wires can then
be used to infer the ion flux from the measured temperature. Experimentally measured ion flow
patterns into the central grid and their consequences are also reported.

9.1 Chordwire configurations
Several different configurations of wire arrangements shown in figure 9.1 were used to
determine the effect of thermionic electron emission. In the diagwire configuration shown in
figure 9.1 the chordwire runs across the spherical cathode along a diameter. This wire intercepts
most ions and has been observed to reach the highest temperatures among any other chordwire
configuration. The cylinwires configuration is an arrangement of wires ‘cylindrically’ that runs
from the topmost latitude to the bottommost latitude. A picture of such an arrangement is shown
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in figure 9.2. These wires are symmetric about the vertical axis and the electrons liberated from
these wires populate the central region along the vertical axis.

Figure 9.1 Various configurations of the chordwire arrangements inside the cathode used in the
chordwire experiment.

Figure 9.2 Cylinwires configuration. The chordwires are placed such that they run from the
topmost latitude to the bottommost latitude. All wires tend to reach approximately the same
temperature at a given voltage and current (± 30oC).
With the addition of two sets of wires placed horizontally (horizontal relative to floor)
across the two latitudes as shown in figure 9.1 one produces the hvcylinwires configuration.
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Each of the above mentioned configurations was studied separately and required that
the central grid be removed to change the configurations. After replacement several conditioning
runs were performed before the data was acquired in order to reduce the impurity concentration.
A disadvantage with these configurations is that with increasing temperature the wires
tend to get deformed due to thermal expansion and the centers of these wires are displaced
(~ 1 mm) and have to be accounted for. However, for the ion-flux mapping experiment the wires
were placed far from the core (at least 2 cm away). Hence the deformation of such wires was
tolerable and no corrections were made for such measurements.

9.2 Thermionic emission
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Figure 9.3 The neutron production with various grid configurations. The lowest neutron rate is
observed with the diagwire configuration at a constant current of 20 mA.
Owing to their low work function (2.5 eV), thoriated tungsten wires were used to study
the influence of thermionic emission on the total fusion rate. As shown in figure 9.3, the
diagwire configuration showed the lowest neutron production rate, at 50 kV. The meter current
was maintained constant at 30 mA. This is because the wire became extremely hot (≥1170 oC)
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as can be seen in figure 9.4. This caused excessive electron liberation from the wire, and formed
concentrated jets. When these electron jets were incident on the view window as shown in
figure 9.5, excessive localized heating occurred that cracked the view window. Such electron
jets were observed in other configurations but were not intense enough to crack the window.

Figure 9.4 Diagwire configuration. The wire is placed along the diameter across the central grid
parallel to the ground surface.

Figure 9.5 Intense electron jet from the diagwire configuration hitting the view window.
The ammeter (in the power-supply) cannot differentiate between the electrons leaving the
cathode or the electrons lost due to ions reaching the cathode (recombination).

The

recombination process does not cause a charge build up because the electron generated during
the ionization process completes the circuit.

The additional electrons from the thermionic

83
emission resulted in an effective lower ion current (since the sum of the two currents is a
constant, the measured power supply current) and hence an overall lower fusion rate is observed.
Therefore thermionic emission has to be minimized to realize higher fusion rates if the grid
heating causes a significant heating of the wire.
A general equation for ion recirculation current from Thorson et al.,1,2 has been modified
to account for thermionic emission as follows:

I=

η [I meas − I th ]
(1 − η 2 )(1 + δ )

where I th = Λ ⋅ A ⋅ T ⋅ e
2

(9.1)
− eφ

kT

(9.2)

is known as the Richardson-Dushmann equation3,4 for thermionic emission, with T the
temperature in K, k is the Boltzmann constant, A is the surface area of the heated diagwire
monitored by the pyrometer (~ 0.06 cm2), ‘Λ’ is a constant (~120 A⋅cm-2⋅K-2), Imeas is the
(measured) power-supply current (20 mA, for the diagwire experiment), η is the transparency of
the grid (~92%), φ is the work-function of the wire (2.5 eV) and δ is the secondary electron
emission coefficient, which is assumed1 to be ~1. All other effects are assumed to be negligible
so that they would not change the average ion energy sufficiently to alter the secondary electron
emission or the number of passes through the core.
From figure 9.5 we notice that the neutron rate for the diagwire configuration at 50 kV is
~30% lower than for the other configurations. At 50 kV, 20 mA, the temperature of the diagwire
configuration was the highest (1170oC) causing excessive electron current liberation, that caused
a corresponding decrease in the ion current, which in turn lowered the neutron rate.
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The decrease in the recirculation ion current due to the increase in electron current is
accommodated in eqn. 9.1. This decrease in the ion current explains the corresponding decrease
in the overall fusion rate. Using eqn. 9.2 the thermionic current (Ith) is found to be 6.3 mA with
the diagwire temperature T = 1170oC and work-function φ = 2.5 MeV. However, this is ~ 1 mA
less than expected (7.4 mA) for the reaction rate in the diagwire configuration to match the
fusion rate of the other configurations. There could be many reasons for such discrepancy, one
such reason being that the area surrounding the region monitored by the pyrometer would also
contribute additional electrons.
The thermionic emission occurs when the grid is hot (even before reaching the melting
temperature).

Such electron emission could become significant even at low input powers

(< 10 kW) if asymmetric heating exists, as explained in the next section (since the thermionic
emission varies exponentially with temperature).

9.3 Asymmetric heating of the cathode grid

(a)

(b)

Figure 9.6 (a) Picture of a large 20 cm diameter central cathode grid during operation (b) Picture
taken soon after the shutdown shows the heat distribution around the grid.
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The asymmetric heating phenomenon is a consequence of uneven distribution of the
ionization source that causes localized heating of the grid as shown in figure 9.6. Such heating is
caused by the ions from the asymmetric source that bombards the grid and deposits energy
locally.

Figure 9.7 Electron jets detected on the wire mesh placed around the intermediate grid
(20 kV, 25mA, 7 mtorr chamber pressure).
In the experiment described below an intermediate grid (35 cm diameter) with fine mesh
around it (~ 1 mm spacing) as shown in figure 3.1 was used to intercept the outgoing electrons. If
there is a concentration of electrons in the form of a jet, it shows up as a hotspot on the fine
mesh.

Figure 9.8 Fewer electron jets are observed when RF ionization source is used at 20 kV,
25 mA, 7 mtorr.
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In one experiment the IEC device was operated in a Paschen-breakdown regime at a high
chamber pressure (~ 7 mtorr). The plasma was sustained by impact ionization by both electrons
and ions without the aid of an external ionization source. Several hotspots (regions where
electron jets deposit their energy) were observed (figure 9.7) on the intermediate grid (covered
with stainless steel mesh with 1 mm wire spacing). Under identical conditions these hotspots
vanished (figure 9.8) when an RF ionization source was turned on. The RF source was applied
to the intermediate and outer grids simultaneously, as shown in the configuration C, figure 9.1.
The RF source provided a uniform distribution of excited ions around the grid. This
proves that uneven ion distribution could cause preferential high ion/electron current channels in
an IEC device and that such an effect could be homogenized using a uniform ionization source.
The uneven distribution of electrons leaving the grid and recirculating ions could cause
asymmetric heating of the cathode. Hence a more uniform ionization source should be used at
lower pressures.
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Figure 9.9 (a) Three experiments conducted in a sequence by switching the electron sources
(1, 2 & 3), showed a significant temperature variation of a given spot (B) on the grid. (b) Top
view of the IEC cross-section showing the arrangement of filament electron sources.
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In a different experiment when a RF ionization source was used at 2 mtorr chamber
pressure, for reasons presently not understood, asymmetric heating caused the top and bottom
halves to heat while the central region of the cathode remained relatively cold. Furthermore,
experiments were conducted by operating two of the three electron filaments in the IEC device at
a given time.

The temperature of the spot (B) figure 9.9 (b) on the central grid varied

significantly as the electron sources were switched (on/off), as shown in figure 9.9 (a).

Figure 9.10 Asymmetric temperature distribution as measured on the central grid at 25 kV and
15 mA, 2 mtorr. Shaded circles are the hottest portions of the grid.
This variation in temperature is caused due to preferentially higher ionization in the
regions close to the electron sources. The microchannels that form in these regions have higher
concentrations of recirculating ions relative to other microchannels (For a detailed treatment of
microchannel formation refer to chapter 13). Some of these ions that hit the grid deposit their
energy on the portions of the grid wires in their pathway thus resulting in localized grid heating,
known as asymmetric heating, see figure 9.6. Sometimes asymmetric heating is observed even

when all three filaments are turned on.
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The temperature measurements of such an

asymmetrically heated grid is shown in figure 9.10.
The selective heating of certain regions of the central grid causes the temperature
difference between the different zones to be as high as ~300oC, see figure 9.9. The outcome of
such asymmetric heating could cause thermionic electron emission from the hotter regions even
at low input power operation. This is especially important when a low work-function material,
such as stainless steel, is used in the construction of the cathode grid. The various grid materials
used and proposed for future use are analyzed in the next section (9.4).
If the fraction of the grid-surface (f) at high enough temperature for thermionic emission
is known it must be included in the expression (9.1). Such measurements are tedious with a
single pyrometer and would require a scanning pyrometer that could simultaneously measure the
temperature of the entire grid.
The equation for thermionic emission from the cathode now becomes:
I th = ∑ f i ⋅ Λ ⋅ α ⋅ T i ⋅ e
2

− eφ

kTi

(9.3)

i

where fi is the fraction of the grid at a temperature Ti, and approximating the continuous
temperature distribution by a set of discrete values.
With asymmetric heating, the thermionic emission could become significant even before
grid meltdown/deformation occurs and must be accounted for in any recirculating ion current
calculations, especially for higher input powers (> 10 kW for a 10 cm diameter spherical
cathode grid). However, the thermionic emission has a negative feedback effect – the increased
electron emission causes decreased ion current and hence a decreased heat load.

This

automatically decreases the grid temperature and thermionic emission. The net effect is that the
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recirculating ion current to the grid cannot increase linearly with the power-supply’s meter
current if the temperature of (portions of) the grid is so high that the thermionic emission
becomes significant (eg., T > 1100 oC for stainless steel and >1600oC for W-25%Re).

9.4 Grid wire material selection
Material properties desired for the cathode grid construction are:
1. High melting point
2. Low sputter yield
3. High work function and
4. Economical.
A material with high work function would emit fewer electrons at high input power
(i.e., at higher grid temperature) operation and hence a higher ion current fraction could be
achieved for the same power supply current.
If the sputter yield of the material were high, the high-voltage stalk would be coated with
sputtered material. For instance, stainless steel sputters profusely at low voltages and deposits on
the high voltage stalk as shown in figure 9.11 for a stainless-steel central grid.

0

20

(a)

(b)

Figure 9.11 (a) Picture of a stalk coated with sputtered stainless steel material from the grid. (b)
Zoomed-in view shows the breakdown path from the stalk to the chamber walls.
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The variation of the surface resistance as measured along a stalk, used with a stainless
steel cathode, between consecutive points spaced equally is shown in figure 9.12.
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Figure 9.12 Sputter-coated stalk resistance variation with distance. The resistance was measured
in small increments of distance along a straight line.
The maximum current a grid can handle depends on the rate at which it can radiate the
power (otherwise it would deform and/or melt). This maximum current that a grid of a given
material can handle before melting or deforming can be calculated by assuming that all the
energy of the ions is deposited into the grid wires and then calculating the current at an
equilibrium temperature. For stainless steel the melting point is ~1800 K and the deformation of
the grid (sagging) begins much earlier. Assuming the sagging occurs at 1500 K and equating the
black body radiation rate to the input power (cathode voltage (V) x power supply current (I) in
Amperes) we may calculate maximum current as follows:
I = AεσT4/V

(9.4)

where A = surface area ~ 76 cm2 (for a 10 cm grid made of 0.08 cm diameter with 5 latitudes and
12 longitudes), ε is the emissivity of the material (= 0.15), σ is the Stefan-Boltzmann constant
(5.67 x 10-8 watt.m-2.K-4), and T is the temperature of the grid (~1500 K). This gives 9.5 mA of
ion current at 200 kV, whereas the power supply can produce 200 kV at 75 mA. Hence
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stainless-steel is not preferred for the cathode grid construction. The above calculation presumed
that the whole grid is uniformly heated to 1500 K, if asymmetric heating were to occur, the grid
could handle much less input power due to the thermionic emission and hence would further
limit its performance.
Of the materials shown in figure 9.13 (below), pure-Re, W, Mo, Ta, and Ti, plus alloys
such as W-5%Re, W-25%Re, and Mo-25%Re were analyzed. The W-25%Re was found to be
the most suitable for a 10 cm cathode grid construction at the current operating conditions (~ 3 –
15 kW). This is because it is relatively cheap, has a high melting point (2800 K), low sputter
yield and is easy to manufacture (W-25%Re alloy can be spot-welded).

As a consequence of

using this material, very low sputtering was observed and hence enhanced the device’s capability
of handling much higher voltages for longer durations of time. Any sharp edges that appeared
during the manufacture of the grid were removed to avoid premature breakdowns due to high
(local) field emission.
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Figure 9.13 Thermionic emission from eqn. (9.1) for various materials vs. temperature
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9.5 2-D ion flux mapping
Earlier predictions of ion fluxes in an IEC device using the SimionTM code5 had many
significant limitations: insulators cannot be modeled, it does not compute plasma fields and it
cannot model ion and neutral gas collisions, which are major ion scattering mechanisms in an
IEC device. As a consequence, the predicted microchannel formations are not very reliable.
Hence experimental measurements become indispensable, because such data would provide a
better understanding of the ion flow.
Thorson, et al.1 conducted experiments at low voltage < 13 kV and determined the ion
flux reaching the interior of the central grid using an emissive probe. Though this method
produced reliable data at low voltages, it failed to do so at higher voltages due to breakdown and
melting problems associated with the probe. Also, the emissive probe arrangement was not good
at determining the flux distribution since the probe tip was spherical and did not have directional
sensitivity (gives the same temperature data irrespective of how the ions reached the probe tip).
In the present experiments a set of wires (made of W-25%Re) is placed in various
orientations inside the central grid to intercept the inflowing ions. These wires are at the same
potential as the central grid and are less intrusive than probes, causing negligible distortion to the
ion flux pattern unless they intersect the origin. The ions outside the central grid do not see the
chordwire potential and once inside the grid the ions only see the virtual anode potential. Since,
in the presence of the diagwire the virtual anode potential is quenched, this configuration was
avoided in the ion flux mapping experiment.
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The heat deposited on these wires by the ions is mostly radiated away; this can be
deduced by comparing the radiative heat transfer with the convective heat transfer (conduction)
across the wire:
− kA ' (T w − T g )
Qc
≈ 0 .03
=
4
4
Qr
A" εσ L (T w − Tc )

(9.5)

where Qc is the convective heat flow rate, Qr is the heat radiation rate, k is the coefficient of
thermal conductivity (63.8 at 2073 oK), A′ is the cross-sectional area (π⋅r2) with r =0.000127 m,
A″ is the radiating surface area (2πrl), the length of the chordwire across which the heat has to
flow is ‘L’ = 4 cm, Tw is the wire temperature (1800oC maximum), Tg is the grid wire
temperature (~673 oK), Tc is the chamber temperature (313 oK), ε is the emissivity (~0.45 for
tungsten), and σ is the Stefan-Boltzmann constant (5.6697 x 10-8 W/m2K4). Since this ratio
(Qr/Qc) is only 0.03, we may neglect the convective heat transfer along the wire for the present
purpose.
The ions reach the interior of the central grid with a velocity that would remain constant
if their space charge created no potential difference before they exit on the other side of the grid
(in the absence of collisions). However, the virtual anode potential that builds up at the core of
the central grid determines the final energy of the ions reaching the wires and must be accounted
for in absolute ion density calculations.
From figure 9.14 (below), the ions see an increasing potential as they move towards the
core due to the virtual anode (but once on the other side of the virtual anode potential the ions
regain their lost energy). Hence the ions reaching the chordwires would be affected by the
presence of the virtual anode (their energy is reduced) and this has to be accounted for (explained
in the next section).
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0.1 mtorr
V
Chordwire
v(d)

Figure 9.14 The ions impinging on the chordwires have different energies, governed by the
virtual anode potential that builds up inside the cathode (after Thorson2).
cathode

d
chordwire

Figure 9.15 The ion converging at the center of the cathode makes an angle α with respect to the
chordwire, with the maximum value being αmax. The pyrometer monitors the wire length AB.
The ions reach the chordwire at various angles of incidence and this angular dependence
causes the ion flux on the chordwire to become increasingly perpendicular as we move closer to
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the center of the chordwire for uniform spherical convergence, see figure 9.15. Hence the
average ion flux on a chordwire is given by:
•

N i avg

2P
= rad
qΦ c
=

where

‘α’

is

the

angle

of

α max

∫ cos α dα
0

(9.6)

2εσT 4
qΦ c 1 + ( 2ld )

2

incidence

and

its

maximum

value

is

given

by

2
α max = sin −1 1 / 1 + ( 2ld )  , ‘l’ is the length of the wire (~ 2.0 cm) monitored by the pyrometer





from outside the chamber, ‘d’ is the perpendicular distance of the chordwire from the center of
the grid. A simple energy balance equation2 modified to relate the ion density (ni) to the energy
deposited on the wire (~ power radiated by the wire Prad) is given below:
ni ≈

Prad
=
vi Ei

εσT 4
2
M

(qΦ )
c

3

2

1 + ( 2ld )

2

where we have assumed that the ion velocity is given by vi =

(9.7)

2 Ei
M

, where Ei is the ion energy

just before reaching the chordwire due to the virtual anode potential (Ei = q Φc).
It must be noted that the equation (9.6) has been derived assuming that the ion
convergence is spherically isotropic, however, due to the presence of the wires and the associated
electric fields, the ions do not converge uniformly. This equation would also be valid for IEC
schemes where virtual cathodes instead of grid wires are envisaged. However, the presence of
chordwires might affect the virtual cathode formation in such schemes. Hence the equation (9.7)
should be used cautiously.
The methodology of calculation of the 2D ion flux reaching the cathode from each of the
below described configurations is explained in the subsequent section 9.6. In order to map the
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2D ion flux, we begin with the planar chordwire configuration as shown in figure 9.16, wherein
several wires were placed in the same plane and were used to intercept the counter-streaming
ions in that plane. Since perfect alignment of wires in the plane was not achieved, the masking
of the ion flow by these wires is neglected.
Figure 9.17 shows the temperature distribution of the wires placed in a single plane. A
gradual increase in the temperature as we move towards the center is observed due to increased
ion convergence. The topmost wires [6 & 7, in figure 9.16] were not studied since their
temperatures remained below the detection capability of the pyrometer (700oC). The data points
at chordwire positions 1 & 5 are introduced only to guide the eye (have lower than 700oC
temperature). The temperature of the chordwire 4 is higher because this wire deformed towards
the core (downwards) under its own weight. However, the chordwire 2 deformed away from the
core (downwards) and hence was relatively cooler as shown in figure 9.17. Exact chordwire
deformation information is not available at this time.
Similarly, a different set of experiments was conducted using two mutually perpendicular
arrangements of chordwires in the same plane, see figure 9.18. This arrangement revealed the
ion flux distribution in that plane, computed from the temperature distribution at 50 kV and 30
mA as shown in the figure 9.19. It was observed that the wires on the side D [in figure 9.18 (a)]
of the grid were hottest at 2 cm radial distance, consistent with focused flow. The average ion
flux into the cathode (see next section for details of calculations) from the four directions [A, B,
C & D, in figure 9.18 (a)] are given below:
A
B
C
D

Æ 9.2
Æ 5.8
Æ 8.9
Æ 9.4

x 1014 ions/cm2s
x 1014 ions/cm2s
x 1014 ions/cm2s
x 1014 ions/cm2s

(9.8)
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Figure 9.16 Planar chordwire experiment. Several wires are arranged in the same azimuth
parallel to each other and to the ground surface.
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Figure 9.17 The temperature of various wires placed in the planar arrangement (planar
chordwires) is plotted against the wire positions at constant current of 30 mA.

(a)

(b)

Figure9.18 (a) The biplanar – chordwire arrangement. Wires are numbered (1,2,3) along each of
the orientations (A,B,C and D). All dimensions are in cm, (b) Picture of the biplanar-chordwire
arrangement inside the central grid. The picture was taken at 7.32 mtorr, 20 kV and 10 mA.
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Figure 9.19 The temperature distribution of the bi-planar wire arrangement (Figure 9.18) at
50 kV & 30 mA.

L1

L7

Figure 9.20 Wires arranged inside the central grid in a plane parallel to the ground.

(a)

(b)

Figure 9.21 Two sets of chordwires were arranged parallel to the ground plane. (b) Due to the
erroneous tilt in the grid, the results were abandoned.
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In order to map the ion flux reaching the grid from the bottom-up direction, another
experiment was performed where the wires were arranged in a plane parallel to the ground, see
figure 9.20.

In a separate experiment a second set of wires was used on the upper latitude,

similar to figure 9.21 without the lower set of chordwires. This was done to minimize the ion
flow perturbation by the chordwires, since using too many chordwires tends to affect the ion
flux.
1200

Temperature (oC)

1100
1000
900
Pos. 2, 50 kV 45 mA

800

Chordwires in the Upper latitude
Chordwires in the Lower latitude

700
600
0

1

2

3

4

5

6

7

8

Chordwire Position
Pos. 3, 50 kV 45 mA

Figure 9.22 (a) Plot of the temperature vs. the chordwire position. The central wire was cold
although it is closer to the center of the grid when compared to the rest, showing that the ion flux
is lower in that direction. (b) View of the chordwires on the lower latitude from the pyrometer
(image is inverted).
The temperature measurements of the two sets of chordwires placed on the upper and
lower latitudes are shown in region within the circle of figure 9.22(a). The error bars were
generated based on the temperature fluctuations observed and also the error in orientating the
pyrometer at the center of the chordwires. The view of the regions monitored by the pyrometer
is shown in figure 9.22 (b). The wire closest to the center of the cathode grid (wire 4) is
relatively colder showing that this wire intercepted fewer ions. The temperatures of the outer
wires (1, 6 & 7) are low owing to their distance from the center. Interestingly, this experiment
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revealed that the stalk on the top tends to block the recirculating ions in the vertical direction.
This tends to decrease the ion flux coming from the bottom due to crossover (circulating) ion
flow. Hence the effective redistribution of ion flow inside the grid is poor, which is expected for
the relatively small space charge buildup in the core of the device.

9.6 Calculation of the 2-D ion flux into the cathode
A simple estimate of the expected density profile is given by first assuming a perfectly
convergent, non-interacting flow into the core. Angular momentum of the ions at the edge [due
to their perpendicular thermal velocity at the edge, V⊥ ] will prevent the flow from giving an
infinite density at r = 0, and to the lowest order one can invoke some constant density inside the
core radius, rc to avoid this divergence. All ions are assumed to flow through the core with a
velocity vc =

2 qΦc
M

where Φc is the electric potential energy of the ions in the core (≈ applied

cathode voltage), q is the charge of the ion, and M is the ion mass. The core size will then be
determined by conserving the average angular momentum of the ions, and the core density is
found by particle conservation.
In this model all of the ions are assumed to be launched from a single point towards the
core (then effectively a sphere with radius rc) without loss of generality, a perfect radial
convergence is being assumed.

The core size is then determined by setting the average

momentum of the ions (with ion mass M and the anode radius R) at the edge equal to that of the
ions passing through the core:
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2π

rc

0

0

∫ dθ ∫ rdrMv r

c c

M V⊥ R =

2π

rc

0

0

=

∫ dθ ∫ rdr

2
Mv c rc
3

(9.9)

and the core radius is given by: 2,6

rc =

kT⊥i ( R)
3 V⊥
3
R
≈ R
qΦ c
2 Vc
2

(9.10)

where T⊥ i (R ) is the edge perpendicular ion temperature. Hence rc should scale as 1

Φc

.

Comparing the above derived ideal core radius (eqn. 9.10) with experiment shown in
figure 9.23 we see that there is little agreement at higher cathode voltages.

Figure 9.23 Scaling of core size with cathode voltage vs. the expected scaling from ideal
convergence (normalized to the point at cathode voltage of 8 kV).7
Hence a different approach is taken to calculate the core radius. The present technique is
not very accurate in determining the voltage (V′) due to the charge buildup inside the cathode.
When other precise methods are developed to calculate (V′), they should replace those calculated
from eqn. 9.18 below.
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The ion space charge is assumed to stagnate (slow) the flow at some radius rstag = rc for a
purely radial, collisionless flow with single-species injection. This stagnation radius can be
determined by solving eqn. 9.11 for α and using eqn. 9.12 to find the appropriate rc/R where rc
and R are illustrated in figure 9.24, the values of α are plotted for various rc/R values in
figure 9.25.

rc

R
θ

T

d
m

Figure 9.24 The core radius is ro and the chordwire temperature (T) is measured at the center of
the length of the wire.
The ion saturation current in concentric spheres geometry is given by: 8
3

4 2q V 2
Ic =
9 MD α2

(9.11)

where MD is the mass of the ion (D2+), q is the ion charge and α is a geometrical factor that is
related to the radii of the spherical electrodes:
α = γ − 0.3 ⋅ γ 2 + 0.075 ⋅ γ 3 − 0.0143182 ⋅ γ 4 + 0.0021609 ⋅ γ 5 + ...

(9.12)

with γ = ln(rc / Rcat )

(9.13)

103
Assuming no sources or sinks of particles between the electrodes (consistent with low
pressure and density), Eq. (9.11) can be solved for the voltage (volts):
 9 Iα 2 (r )
V (r ) = 
 4

MD
2q





2

3

(9.14)

where we use I = η x Ii = 7 x 22.5 mA = 157.5 mA in eqn.(9.12) which is the total recirculating
ion current inside the cathode that determines the space charge buildup in the core region.
The value of α(r) (where α Æ 0 as rc Æ Rcat) is computed using eqn.(9.13) & (9.14) at
each radial distance ‘d’ (= Rcat in the eqn. 9.13) for a fixed value of rc.
The above equations were originally derived for solid electrodes, but they also hold for
semi-transparent grids with counter streaming ion flows if Ic represents the total recirculating ion
current between the spheres.2
If J =

J=

Ic
2
4πro

D
2
4πro α 2

Æ measured power supply current density, then we may write it as follows:
(A/cm2)

(9.15)

ro = radius of the emitter (cm) = rc (core radius)
where

4 2
D=
9

∴ Ic =

D

α2

e 3 2 68.55 × 10 −8 V
V =
MD
MD

3

2

(9.16)

= 7.0 x 0.0225 A, assuming half the power supply current is electron current

(secondary electron emission coeff. ~1) at 50 kV input voltage and the theoretical recirculation
factor9 for the 92.5 % transparent cathode grid is η ~ 7.1
 68.55 × 10 −8 V 3 2
⇒α = 
 0.1575 ⋅ M
D







1

2

= 9.93 when V = 50000 volts.

(9.17)
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With 15.7 mA input ion current at 50 kV applied cathode voltage, the value of α ~ 9.93,
from the figure 9.25 we obtain Rcat/rc =R/rc ~ 9. Hence the core radius is rc ~ 0.55 cm for a
5 cm radius cathode grid at the above mentioned parameters (50 x 103 volts cathode voltage,
0.03 amperes power supply current and 2 mtorr chamber pressure). This core radius value is
reasonable compared to earlier experimental measurements (at much lower voltage) in
figure 9.26, since it is known that the core radius decreases with increasing voltage as shown in
figure 9.23.7
6
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Figure 9.25 Langmuir parameter for concentric spherical grids (α) vs. radius ratio.8

Figure 9.26 The HWHM of the core of a grid with 30o spacing is ~0.9 cm at 5.0 kV for a 30o
coarse grid longitude spacing.2 Hence the computed value of rc ~ 0.55 cm at 50 kV is
reasonable.
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We can now determine the voltage at various radial distances inside the cathode from the
core using eqn. 9.18 with the ion current as shown below:

 I α 2 (r ) M D
∴ V (d ) =  c
 68.55 × 10 −8


2

3
 =



5955 ⋅ [α (r )] 3
4

(9.18)

with R = d = 2.18 cm, Ii = 0.1575 A, R/rc = 3.92 ⇒ α(r) = 2.4, MD = 9. Where the value of α(r)
in eqn.(9.18) is determined from the figure 9.24 for various radius ratios (R/rc) with fixed
rc = 0.4 cm, and R = d, the distance from the core to the center of the wire as shown in
figure 9.23.
The resulting ion flux reaching the region of the wire that the pyrometer monitors,
assuming parallel convergence (i.e., ion paths make small angles with respect to other ion paths,
true especially when ions form microchannels), is given by:
•

N εσT 4
0.15 × 5.67 ⋅ 10 −8 × T 4
=
=
(ions⋅m-2⋅s-1)
A
qΦ c
[Vcat − V (d )] × 1.6 ⋅ 10 −19

(9.19)

where V(d) is evaluated from eqn. 9.14 for corresponding values of α(r) from figure 9.29. The
eqn. 9.20 below gives the local density (region close to the chordwire).

ni =

εσ T 4
2
MD

(qφ )

3

2

where T is measured using a pyrometer for each of the chordwires.

(9.20)
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In the biplanar chordwire experiment, as shown in figure 9.18, selecting the chordwires
farthest from the center in the two mutually opposite directions (B3 & D3), and evaluating the
ion flux in those directions from the parameters – R/rc = 7.52, α = 9.3, V(d) = 87355 volts and
R/rc = 7.42, α = 9.2 and V(d) = 40352 volts are 1.04 x 1015 and 5.8 x 1014 ions⋅cm2⋅s-1
•

respectively with normalized N values H1 = 1 and H2 = 0.56 respectively). The resulting ion
flux map thus generated from the tabulated values (Table 9.1, 9.2 and H1 & H2) is plotted in
figure 9.27(a) below. The asymmetry in the ion flux is due to the fact that the experiment was
conducted with three different stalks and two different grids of same geometry, repeating the
experiment with the same stalk and grid could help reduce the error in the ion flux map.
Table 9.1 Computation of ion flux in the bottom-up direction into the cathode grid
(In Expt. No. 815, Stalk ST-36, without any tapering at its tip was used for this experiment).
All N values are normalized to the maximum flux 1.04x1015 (along the equator H1).
•

Chordwire
#

d
(cm)

d/rc

L1

3.71

6.75

L2
L3
L4
L5
L6
L7

2.957
2.398
2.179
2.398
2.957
3.71

5.38
9.36
3.96
9.36
5.38
6.75

α
(rc ∼ 0.55)

V(d)
(kV)

T
(K)

3.8

35311.2

1235

8.42x1014

0.81

1366
1408
1281
1411
1269
1189

14

0.66
0.97
0.48
0.98
0.49
0.69

3.1
2.55
2.6
2.55
3.1
3.8

23083.5
29259.5
21289.5
29259.7
23083.5
35311.3

Normalized

•

N

-2 -1

(#m s )

6.87x10
1.01x1015
9.98x1014
1.02x1015
5.12x1014
7.23x1014

•

N

Table 9.2 Computation of ion flux into the cathode grid from upward direction measured in
Expt. No. 1143 (the stalk ST-38 had a small tapering at the tip).
Chordwire
#

d
(cm)

d/rc

U1

3.71

6.75

U2
U3
U4
U5
U6
U7

2.957
2.398
2.179
2.398
2.957
3.71

5.38
9.36
3.96
9.36
5.38
3.71

α
(rc ∼ 0.55)

V(d)
(kV)

T
(K)

3.8

35311.2

1066

9.67x1014

0.45

1131
1150
1139
1149
1140
1118

14

0.31
0.43
0.29
0.43
0.32
0.54

3.1
2.55
2.6
2.55
3.1
3.8

23083.5
29259.5
21289.5
29259.7
23083.5
35311.3

Normalized

•

N

-2 -1

(#cm s )
3.23x10
9.48x1014
3.11x1014
9.46x1014
3.33x1014
5.65x1014

•

N
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Figure 9.27 (a) Preliminary 2D ion flux map shows non-uniformity in the ion recirculation
around the cathode. The flux is higher from left to right. The lowest flux is observed in the updown direction where the stalk is present. (b) SimionTM prediction5 of the microchannel
formation in an IEC device. Three different stalks and two different grids (of same geometry)
were used.
The above calculations presume several approximations that might not be true in their
entirety. One such assumption is that the ion saturation current equation (9.9) is derived for an
opaque cathode (all ions recombine on the surface of the cathode) is valid for a transparent grid
also. The errors that are introduced in the final values of the ion flux could be as large as 80%,
but the relative magnitudes would still remain constant, and hence a normalized value of the ion
flux would be a good indicator of the relative ion flux behavior around the cathode grid.
The above-derived values are preliminary results and to obtain more accurate values one
would have to repeat the experiment with only one chordwire in the grid at a time, this would
minimize any perturbation to the ion flow introduced by these wires. However, this would
increase the run time and the number of times the device has to be vented to change the wire.
The impurity level must be maintained constant through out the experiment.
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Several other precautions to be taken while making sensitive ion flux measurements are:
A clean window must be used for correct temperature measurement, the pyrometer should be
focused on the wire properly, any deformations in the chordwire due to thermal expansion must
be accounted in the ion flux calculations (or the input power of operation should be maintained
low), the angular distribution of ions in a microchannel must be accounted, the grid must be
oriented properly (this is especially important since it was observed that the ion flux was
sensitive to small changes (such as a small tilt in the grid orientation, see figure 9.21).
The accuracy of the 2D ion flux map (figure 9.27(a)) can be improved by using several
wires in other configurations (limited by the pyrometer’s resolution). This map is based on the
assumption that the ion flux is uniformly distributed over the entire surface of the central grid
and that only the flux magnitudes change. Figure 9.27 (b) shows the SimionTM prediction of a
uniform distribution of microchannels around the grid.

However, from the experimental

measurements the ion flow is non-uniform and the presence of the high voltage stalk adds to the
non-uniformity of the ion flow.

9.7 Applications of the chordwire configuration
The chordwire configuration also has other applications. Since focused high electron
ejection (governed by the grid geometry) was observed in the diagwire configuration, figure 9.4,
it could be used as a focused electron beam source, the cathode grid geometry may be changed to
fine tune the shape of the beam.
Ions bombarding the wire tend to produce damage. Given the high temperatures that
prevail on these wires, high-temperature ion-impact damage studies can be easily carried out, see
figure 9.28. The wire sample could provide information about tensile strength at varying ion

impact rates and fluences.
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Several different wire samples could be place inside the grid

simultaneously for variable ion fluences under identical operational conditions. The sample is
not limited to a wire; solid targets of different shapes (shielded from the ambient electric fields of
the grid) could also be studied as shown in figure 9.29.

(a)
(b)
Figure 9.28 (a) Scanning electron microscope picture of the chordwire before exposure to plasma
(b) Grain growth is observed after exposing the chordwire to the plasma.

Figure 9.29 Samples of varied shapes and sizes could be irradiated and used for damage analysis.

9.8 Conclusions
A new recirculation current equation has been derived that takes the thermionic electron
emissions into account (other electron emission contributions will be covered in chapter 11).
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Theoretical predictions show that thermionic emission adversely affects the performance of the
device at high power levels (> 10kW), especially if asymmetric heating occurs.
A new diagnostic called “chordwire” has been developed to map the ion flux reaching the
interior of an IEC device. Preliminary 2-D mapping of the average ion flux into the central grid
shows an uneven distribution of ion flow into the core of the device. The presence of the high
voltage stalk in the vicinity of the cathode seems to block the counter-streaming ions, causing a
decrease in the crossover (recirculating) ion flow. Using this diagnostic the effect of thermionic
emission on the performance of the device has been studied. Thermionic electron emission
adversely affects the ion flux and hence the overall performance of an IEC device is hampered.
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Chapter 10.0. Residual Gas Analyzer
The Closed Ion Source (CIS) Quadrupole Gas Analyzer is a differentially pumped quadrupole
mass spectrometer used for direct measurement of minute trace gas impurities. It is usually
operated with fuel gas mixtures at pressures from 10-12 Torr to ~2 mTorr. The CIS analyzer is a
mass spectrometer that analyzes gas mixtures by ionizing some of the gas molecules, separating
the resulting ions (positive ions) according to their respective masses, and measuring the ion
currents at each mass. Partial pressure measurements are determined with the help of sensitivity
(i.e. calibration) factors by reference to the abundance of the individual mass numbers attributed
to each gas type, see section 10.3.
The CIS probe consists of a quadrupole mass spectrometer equipped with a high
conductance, differentially pumped, CIS ionizer.

The total probe equipment consists of three

parts: the CIS ionizer (electron impact), the quadrupole mass filter and the ion detector. The CIS
sits on top of the quadrupole mass filter and is simply a short, gas-tight tube with two very small
openings for the entrance of electrons and the exit of ions. The source is exposed to the process
environment (< 10 mTorr) and ions are produced by electron impact directly at the process
pressure. The ions enter the quadrupole through a small aperture. A turbomolecular pump,
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attached to the pumping system port of the CIS Cover Tee, Figure 10.1, keeps the filament and
the rest of the quadrupole mass spectrometer at pressures below 10-5 Torr through differential
pumping.1

CIS Mounting
CIS Cover Tee
To CIS Ionizer

Pumping system port

Electronics Control Unit (ECU)
CIS Quadrupole Probe

Figure 10.1 The RGA setup showing the Electronic Control Unit and the CIS Quadrupole probe
attached to it. A turbomolecular pump is connected to the pumping system port.
The mass filter determines which ions reach the detector at any given time. It is operated
by a combination of RF and DC voltages and the filtering action is based on the mass to charge
dependency of the ion trajectories in the RF and DC fields. In this device the x-axis acts as the
high-pass filter and the y-axis is a low-pass mass filter. The two directions together constitute a
mass filter with a certain band pass.
The Electronics Control Unit used in conjunction with this device has an operating range
that covers current magnitudes between 10-7 A and 10-15 A, and allows detectable partial
pressures better than 10-11 Torr during electron multiplier detection. The electronics of this
device are controlled with the help of a computer running the RGA windows software.
The CIS analyzer operating as a mass spectrometer allows operation in two modes,
namely the Bar mode and the Analog mode. The Histogram (Bar Mode) scan operation was
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preferred to the Analog scanning which tends to be rather slow and only allows a reduced
amount of data to get exchanged during the scan.1

10.1 Mass Spectra Analysis
The qualitative spectral analysis involves identification of the peaks in the spectrum in
agreement with the known fragmentation patterns of the components.

10.1.1 Ionization Source
The most common way of creating ions is using an electron impact ionization source. In
general ions are formed by electron bombardment of a sample of the gas under analysis. The
electrons radiated from the filament are accelerated towards the cage that is at a higher potential.
Many of these electrons collide with the gas molecules within the source and cause ionization.
After the ions have been formed, they are drawn from the source into the quadrupole field by the
source plate, which is at a relatively negative potential.
It is important to remember that the ionized gases from the chamber do not make it to the
CIS Analyzer because they undergo multiple collisions with the tube walls that connect the
chamber to the RGA unit. Such collisions neutralize the ionized species and all previous
information about ionization levels is lost.

10.2 Cracking Patterns
A cracking pattern is the characteristic spectrum produced by a sample gas introduced
into a mass spectrometer. When a gas molecule is bombarded with electrons of a given energy it
will always fragment in the same manner, producing ions in a certain ratio. However the exact
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ratio between the intensities of the ions is dependent upon the energy of the electrons, in the
present case this aspect was maintained constant by fixing the voltage and current input to the
filament electron source in the RGA. With the knowledge of the cracking patterns and the
processes involved, a mass spectrum is analyzed to reveal the component gases present.
Table 10.1 Composition of various species in a typical RGA spectrum.
Peak number (AMU) Probable species
H2+, D+
He+, HD+
D2+
D3+
CH3+
O+, CH2D+
OH+, CHD2+
H2O+, OD+
HDO+
D2O+
N2+, CO+
CO2+

2
3
4
6
15
16
17
18
19
20
28
44
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3

He+

3

D2+
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Figure 10.2 Typical RGA data during the first run after venting up to air, with D2 + 3He as the
fuel gas mixture. Most likely species contributing to various peaks have been identified.
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A typical RGA spectrum is shown in Figure 10.2, peaks at 44, 28 and some portions of
15, 16, 17, 18, 19 and 20 are caused by cracking of CO2 into CO and the carbon from the further
breakdown of CO combines with D2 and H2 and forms various species shown in Table.10.1.
In figure 10.2 unless ethylene or ethane has been used in the system (for cleaning the
grid, stalk or the chamber walls), the most likely source of a mass peak 28 is nitrogen or carbon
monoxide or a mixture of the two. The minor peaks at 14 and 12 (if present) could help to
estimate the relative amounts of each, although in practice CO is always present to some extent
due to the reaction of carbon compounds with oxygen at the heated filament of the mass
spectrometer ion source as well as the filaments of ion gauges, etc.1
Water is always noticed during the initial runs after venting the chamber up to air. This is
because the moisture in the air tends to get adsorbed on the surface of the chamber walls and is
subsequently liberated slowly when pumped down. This water, upon dissociation near the
electron filament ionizer in the quadrupole mass spectrometer, combines with several species
and produces a cracking pattern. The hydrogen (from water) combines with carbon (from the
filament) and forms CH3+ (peak at 15). Since the carbon has to combine with multiple hydrogen
atoms, its formation is relatively scarce and hence the peak intensity (15) is relatively lower.
However, the relative sensitivity of this gas with respect to N2 could also play a role in
determining its intensity, as explained in the next section.
The oxygen from water and CO2 gets ionized, forms O+ and contributes to a peak (16),
along with CD2+ and a few CH4+ ions (which is even more scarce than CH3+).

The O+

sometimes combines with D and forms OD+ (18). If the water molecule were not completely
dissociated, OH+ would show up as a peak at (17). Some of the oxygen atoms recombine with
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the D2 gas and form D2O+ (20), while a hydroxyl OH molecule combines with a D atom and
forms HDO+ (19), or simply recombines with hydrogen and forms H2O+ (18), see Figure 10.2.

10.3 Relative Sensitivity
The relative height of the base peak of a component compared to nitrogen measured at
the same partial pressure is defined as the relative sensitivity. Different gases are ionized with
different efficiencies in the ion source of a mass spectrometer. Nitrogen is assigned the relative
sensitivity value 1.00. The indicated partial pressure of a peak on a mass spectrum should be
divided by the relative sensitivity factor to obtain the "true" partial pressure i.e. that pressure
which correctly indicates its actual abundance in the gas sample.
Table 10.2 Typical gas relative sensitivities2 normalized to N2
Gas
H2
He
CH4
H2O
Ne
CO
N2
O2
Ar
CO2

Relative Sensitivity
0.70
0.23
1.08
1.17
0.24
1.09
1.00
0.62
1.16
0.9

The relative sensitivity of various fuels in use for the current experiments (D2 + 3He)
have to be taken into account (assuming the same relative sensitivity as H2 + 4He) when the fuelratio scan is performed. A fuel ratio scan is required to determine the optimum fuel mixture for
highest D-3He proton production. As shown in Figure 10.3 when the fuel ratios are monitored
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using a RGA, for the same intensities of 3He and Deuterium, there is more 3He present than the
D2. Since the scale is logarithmic the total amount of 3He is still greater than all the peaks of
deuterium (D+, D2+, D3+) combined.
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Figure 10.3 The true partial pressure values are reflected in the graph when the relative
sensitivities (compensated) are taken into account.

10.4 Flow rate scan (D2)
The rate of gases flowing into the IEC device’s chamber determines the concentration of
the impurities within the device. A higher flow rate (measured in standard cubic centimeters per
minute, sccm) should flush out the impurities from the system. Though there should be little
accumulation of impurities or fusion ash in the IEC plasma, leaks (though small) and the
continuous liberation of adsorbed gases contributes to the impurity levels in the system, and a
higher flow rate would help purge the system. An experiment was performed to determine the
influence of flow rate over the net fusion rate of the system. The neutron and proton rates were
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measured as the flow rate was varied gradually. The chamber pressure was maintained constant
during the following experiments by controlling the gate valve.
A plot of the normalized proton and neutron counts/s shows a gradual increase with the
flow rate as shown in figure 10.4. The flow rate was first decreased gradually (30, 20, 10 sccm)
to 5 sccm and then the flow ratio was increased to 30 sccm by filling in the points (15, 25 and 30
sccm). This was done to remove any hysterisis effects. An average of ~15% variation in the
fusion rate between max. and min. values of flow rate is observed. The error bars are statistical
and are just the inverse square root values of the counts.
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Figure 10.4 Variation of Normalized protons and neutrons with flow rate at constant voltage and
current (100 kV, 30 mA) shows on an average a 15% variation. The arrows indicate the
direction in which the sccm was varied.
The grid (W-5, made of W-25%Re) was formerly run many times before the
experiment no. 945, hence the positive effects of surface cleaning (which causes lesser electron
emission) due to sputtering with the extended run is ruled out. A disadvantage of running the
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device at high flow rate is that a lot of fuel gas would be wasted (if not reprocessed), and it is
crucial especially when 3He is used. Hence the gains from the increased flow rate would be
overshadowed by the increased operational costs. Another factor besides the flow rate that
governs the fusion rate is the fuel flow ratio if two different gases are used (e.g., D-3He). The
effect of such variations on the fusion rate is elaborated in the next section.

10.5 Flow ratio (D2/3He) scan
In this experiment the ratio of concentrations of D2 and 3He in the chamber is varied by
altering the flow rate of the two gases into the chamber. It was observed that changing the flow
ratio of D2/3He fed to the chamber changed the proton rate and hence a scan was performed to
determine the optimum flow ratio for the maximum proton production rate.
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Figure 10.5 Flow ratio (D2/3He) scan vs. protons/s shows a gradual increase followed by a steep
falloff as the ratio decreases for D-3He protons, while it is a constantly decreasing value for DD
protons.
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Figure 10.5 shows the flow ratio scan performed by varying the flow rate of each of the
fuel gases (D & 3He) flowing into the chamber while simultaneously measuring the peaks (D2
and 3He) using an RGA. The ratio D2/3He is the ratio of the two peak intensities at 4 and 3
atomic mass unit (amu) respectively, as shown in figure 10.3. However, the values on the x-axis
in Figure 10.5 are not compensated for the relative sensitivities. The relative sensitivity of D2 and
3

He from table 10.2 are 0.7 and 0.23 respectively (isotopic dependence is negligible). Hence the

flow ratio D2/3He in Figure 10.5 must be multiplied by 0.23/0.7 ≈ 0.33. Figure 10.5 is plotted
again in Figure 10.6 with the values on the x-axis multiplied by 0.33.
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Figure 10.6 Compensated flow ratio (D2/3He) scan vs. protons/s shows a maximum D-3He
production rate at a flow ratio of ~ 0.5. The arrows show the direction in which the flow ratio
was varied.
From the Figure 10.6 the optimum ratio for maximum proton production is ~0.5. As the
concentration of deuterium gas (i.e., the ratio D2/3He) is increased, the D-3He proton rate
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decreases while the DD proton rate increases because there are more DD reactions due to
increased concentration of D2 gas in the chamber.
When the flow ratio is decreased below 0.5, both the D-D and D-3He proton rates fall,
this is because there are fewer deuterium atoms for either D-D or the D-3He reactions to occur.
From the earlier argument the increase in D2 concentration should equally decrease the number
of D-3He reactions, but the falloff is more gradual.

This is because D-3He reactions are

dominated by embedded reactions (see chapter 5.0) and there is only a certain concentration of
3

He embedded into the grid surface that is available for D-3He reactions. The D-3He reaction

rate also depends on the previous run history of the grid.
Another observation during this experiment was that after increasing the flow ratio to a
maximum value, when the system was returned to the flow ratio of 0.5, the DD reaction rate was
reproduced but not the D-3He rate.

As the flow ratio was increased earlier, much of the

embedded 3He was consumed by the deuterium ions bombarding the cathode grid and when the
flow ratio was returned back to 0.5, there would be lesser concentration of 3He left in the grid
wires.

Such behavior could cause the D-3He reaction rate to be lower than the earlier

measurement at the same flow ratio. Furthermore, it can be safely predicted that if this scan
were performed in the other direction, i.e., after decreasing the fuel ratio to a minimum value,
returning back to the fuel ratio of 0.5, the D-3He fusion rate would be higher because there would
be a higher concentration of 3He in the wires. A crossover is observed at around a flow ratio of
1.5 in figure 10.6. The DD reaction rate reaches a maximum value at the maximum flow ratio;
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this is expected since for higher DD reaction rates one would need a higher concentration of D2
in the chamber.

10.6 Impurity concentration in an IEC chamber
As an extension to the earlier experiment section 10.4, the partial pressures of each of the
constituent gases (including impurities) were monitored as the flow rate scan was performed.

Expt. No. 945
Fuel - D2, 2 mtorr, 100kV, 30 mA

Figure 10.7 Variation of partial pressures with flow rate. Various events (gas flow, filament
on/off, high voltage on/off etc.,) were recorded with time.
Figure 10.7 shows the variation of partial pressures of D+ (2 amu), HD+ & 3He+ (3), D2+
(4) and D3+ (6), for the DD experiment no. 949 (the cathode had been previously run with 3He).
The concentration of D2+ remains almost constant throughout the scan since the flow rate and the
chamber pressure are maintained constant. Two minutes after the gas flow was turned on the
filaments inside the IEC chamber were turned on, as a result of which the 3 amu line intensity
increases noticeably. This means that the HD+ concentration is increasing because the hydrogen

124
from water dissociates and recombines with deuterium atoms to form HD (3 amu), this molecule
later forms HD+ in the ionization source of the RGA. The 3He is absent in the present run and
hence its contribution to the 3 amu peak is ruled out. A decrease in the D2 flow rate further
increases the HD+ concentration, this is because the ionization process at the RGA filament is
more efficient at low flow rates, and once ionized, the formation of HD+ is favored through the
recombination process.

Expt. No. 945
D2, 2 mtorr, 100kV, 30 mA

Figure 10.8 Variation of partial pressures of 4, 28 and 44 amu peaks with flow rate.
Figure 10.8 shows the variation of peaks at 28 and 44 amu with time for the experiment
described in Figure 10.7. The concentration of D2 as mentioned earlier is constant. The
concentration of both the peak 28 goes up when the filaments inside the chamber are turned on,
suggesting that CO is generated mostly from filaments inside the chamber. However, the
concentration of CO is observed to increase after the gas flow is shutoff, this is because the CO
from the RGA filament builds up in the Ionization source region in the absence of adequate gas
flow as explained below.
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When the flow rate is decreased, the concentration of these two peaks increases as
expected because the chamber is not flushed out quickly. This statement is further supported by
the observation that the impurity concentration (28 & 44) decreases with the increasing flow rate.
When the high voltage is turned on, the concentration of the two C impurities increases (CO &
CO2) and when it is turned off the concentration goes down. This could mean that the cathode
grid is also a source of impurities or that the electrons generated at the cathode accelerate and hit
the outer grid and the chamber walls thus releasing the adsorbed gases. When the RGA valve
was closed the concentration of these impurities once again increased showing that the filaments
inside the RGA also form a source of impurities. The reason it becomes significant after the
valve is closed is because the impurity build up occurs in the ionization source due to the lack of
gas flow in that region.

Expt. No. 945
D2, 2 mtorr, 100kV, 30 mA

Figure 10.9 Variation of partial pressures of 4, 18, 19 and 20 amu peaks with flow rate.
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The concentration of the peaks 18 (H2O+), 19 (HDO+) and 20 (D2O+) shown in
figure 10.9 remains constant till the high voltage is turned on and the flow rate is decreased.
D2O+ has relatively higher partial pressure because the dissociated oxygen atoms from the H2O
molecule have a greater probability of recombining with D2 molecules to form D2O. The
concentration of all three peaks (18, 19 and 20) goes up as the flow rate is decreased because the
chamber walls get heated (with time) and release the adsorbed water H2O molecules that form
the other peaks at 19 and 20 amu.
As the flow rate is decreased the impurity molecules thus created are not flushed out
quickly allowing their partial pressures to build up. Furthermore, when the high voltage is turned
off the concentration of all three impurities mentioned above decreases, this is because the
impurities released from the chamber wall due to the electron bombardment (from the cathode)
now ceases. A further decrease in the impurity concentration is observed when the filaments are
turned off suggesting that the impurities are no longer released from the walls and/or are getting
adsorbed back on to the chamber walls.
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Figure 10.10 Variation of partial pressures of process gases (fuel & impurities) and flow rate, vs.
time.
With the gas flow shutoff the concentration of the peaks 18 and 19 go up due to impurity
build up, also suggesting that the ionization source of the RGA is also contributing to the
impurity peak intensities.

The concentration of the peak at 20 amu goes down, since a lesser

amount of D2 is now available for the formation of D2O. Figure 10.10 summarizes the entire
partial pressure scan with flow rate vs. time.

10.7 Conclusions
The RGA filaments seem to contribute to some of the impurity peaks detected by the CIS
quadrupole detector. The filament electron source used inside the IEC chamber gives out CO2
that dissociates and forms CO+, and the oxygen from both CO2 and H2O combines and forms
other molecules such as HDO and D2O. Higher gas flow rate tends to flush out the impurities
from the system causing the fusion rate to increase. The flow ratio scan revealed that the
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optimum mixture of D2 with 3He is D2:3He::1:2 (see figure 10.6) for maximum D-3He proton
production. To attain the above mentioned concentration ratio D2/3He, the flow ratios must be
maintained at 1.5 (figure 10.5) for the fuel gases, the relative sensitivity of the flow meter
automatically adjusts the concentration inside the chamber to a concentration ratio of 0.5.
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Chapter 11.0: Single loop experiments
Experiments were conducted using single loop cathode grids (made of Re and
W-25%Re). The fusion rate observed using these loops was used to compare the performance of
the grid material under identical conditions (same voltage, current, impurity levels, etc.). A
general equation that accurately reflects the recirculation ion current should account for the
electron loss (see, eqn. 11.10). Earlier discussion on the thermionic emission in chapter 9.0
showed that at high power operation electron emission would be a showstopper even before the
grid meltdown occurs. However, the secondary electron emission is an important factor that
determines the IEC device’s performance even at low power. If the secondary electron emission
coefficient were large, the ion current reaching the central grid would be smaller (inversely
proportional). Hence, an understanding of this phenomenon would prove helpful.
Though secondary electron emission has been known to be a power drain in the past, it
was not accounted for accurately (in a general sense, valid for all voltages).1 To resolve this
problem a general expression for the secondary electron emission coefficient that depends on the
stopping power of the electrons2,3 is used. This new understanding would help enhance the
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efficiency of the IEC device through better cathode grid material selection for high power
operation (> 10 kW).
The recirculating ions across the face of the single loop grid form a line source
(more precisely a cylindrical source). Using the eclipse disc diagnostic4 the distribution of the
ion energies across the loop grid has been characterized.
The description of the IEC experimental setup at the University of Wisconsin, Madison
and its principles of operation are given in chapter 2. Only the modifications done to this setup
for the current experiments are described here, see figure 11.1 (a). The central mount, that is
also a high voltage feed-through, is vacuum-sealed through an o-ring and held in place by
gravity.

This mount has an axial freedom of rotation necessary for the current set of

experiments.
The spherical central grid of the IEC device is replaced by single metallic loops made of
either pure Re or W-25%Re, as shown in figure 11.1 (a). This is done so that the ion flux over
the loop’s surface would remain constant even when grids are replaced. This configuration
allows comparison of different grid materials under identical conditions, and orienting the grids
in the same direction is a lot easier.
Since a spherical grid has ~10 times more volume of wire (radius being constant) in it
than a single loop, the grid wire in the spherical grid tends to remain at relatively low
temperatures. For identical input power the single loop grid is subjected to much higher power
density, hence projecting the grid performance at higher input powers would be possible using
such single loop grids.

Building identical loop grids is also easier than building two identical

spherical grids unless some special molds are used. Furthermore, using a spherical grid has the
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disadvantage that uneven ion flux distribution due to anisotropic ion source distribution can
cause asymmetric heating (certain regions of the grid are selectively overheated, see chapter 9)
of the central grid that would skew the temperature measurements.

(a)

(b)
Figure 11.1 (a) Experimental setup for the determination of various electron contributions.
(b) The orientation (top view) of the Loop grid inside the IEC chamber.
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Figure 11.2 Top view of the single loop grid rotation with respect to the Si detector.
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Figure 11.3 The Proton/Neutron ratio increases as the grid is rotated from 0o to 90o showing that
a single loop grid behaves like a line source.
In the following section the results of an experimental investigation to determine the
secondary electron emission contribution is reported. Two materials (pure Re and W-25%Re)
were used in the construction of the Loop grids of 10 cm diameter to evaluate their suitability for
the cathode grid construction.

134

11.1 Characterization of fusion reactions in a single loop grid configuration
To characterize the fusion in a single loop grid, the grid was rotated about the axis using
the high voltage stalk supporting it as shown in figure 11.2. The proton and neutron data were
recorded simultaneously and are plotted in figure 11.3. The P/N ratio increases as the grid
orientation is changed from 0o to 90o showing that more protons are detected. This occurs
because the proton detector sees more of the volume source with every bit of rotation
towards 90o.

90o

60o

(b)
o
30

(a)

Si detector

0o

Figure 11.4 (a) In this geometry the loop grid is fixed and the detector is rotated (although
physically it is the other way around). The view of the detector is a cone that encompasses
greater volume of the line (cylindrical) source as it is rotated from 0o to 90o. (b) Picture of the
plasma in the single loop grid configuration at 7.35 mtorr, 10 kV taken from the view port that is
oriented at 90o to the axis of the detector port.
From figure 11.4 (a) it is observed that in a single loop grid configuration, the greatest
number of fusion reactions is observed by the proton detector when it looks face-on. In this
configuration maximum volume of the cylindrical source is covered by the line of sight. This
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indicates that the single loop geometry creates a line source. Such a line source is not detected
by the neutron detector because it still sees only an effective point source, but the proton detector
sees a line source. This would mean that in a cylindrical IEC device5 higher fusion rate would be
observed along the face-on direction.
The temperature of the grid at various points along the loop were measured at 25 kV and
20 mA, figure 11.5 (a). The wire showed a gradual variation in temperature indicating an
uneven distribution of ion flux reaching the Loop grid. An identical temperature variation was
observed using the pure Re wire loop grid (LoopRe).

(a)

(b)

Figure 11.5 (a) Temperature measurement (in oC) at various locations on the loop, as seen from a
view port. (b) Picture of the loop as seen from the view port at 25 kV 10 mA.
The temperatures at one spot (shown in figure 11.6) for LoopW and two different spots
(shown in figure 11.7) for LoopRe, on the loop grid were measured while keeping the power
constant at 400 W [see figure 11.5 (a)], the voltage and current were varied during this
experiment. The temperature varied as shown in figure 11.6 & 11.7. Interestingly it is observed
that at higher input voltage and correspondingly low input current (used in maintaining the
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power constant), the temperature of the grid remains low; on the other hand, at low input voltage
and high current the temperature of the grid is relatively high.
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Figure 11.6 Voltage Vs Temperature and current at constant power (400W) for LoopW.
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Figure 11.7 Voltage Vs Temperature and current at constant power (400W) at two spots for
LoopRe
Although one may expect that the temperatures would remain constant for a constant
input power, this was not the case (either with W-25%Re Loop, figure 11.6 or Re Loop,
figure 11.7). This could be explained only if the electron current emitted from the cathode were

137
to increase with voltage causing a corresponding decrease in the ion current, causing the energy
deposited on the grid to decrease as well. Since the thermionic emissions at the measured
temperatures were negligible their contributions to such are therefore neglected. The only other
reason why this could be occurring could be if the secondary electron emission coefficient is
changing with voltage, thus causing a higher electron emission at higher voltages and causing the
ion current to be lower at higher voltages and hence the energy deposited on the grid is also
lower. Although such measurements of the secondary electron emission coefficient are not
available for W-25% Re alloy and the Re, they should be similar to that shown in the figure 11.8
for Mo6 (similar to a W target behavior7) because the secondary emission coefficient varies
slowly with Z (see figure 11.9). Though not very useful, this figure 11.8 shows how secondary
electron emission changes with voltage and ion species.

Figure 11.8 Variation of ‘γ’ with ion energy (keV) for various species (H+, H2+, He+, O+) on Mo.8
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Figure 11.9 Variation of the secondary electron emission vs. the atomic number for various H+,
H2+ and H3+ ion impact at 100 keV.9,10,11 γ(Η+) < γ (Η2+) < γ(Η3+) irrespective of the material
used. Variation of γ with Z is small from 74 (W) to 79 (Au) and hence the data for Au can be
used for W without adding huge errors to the final results.
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Figure 11.10 The neutron rate vs. voltage for the two Loops (W & Re) at 90o orientation.
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Figure 11.11 The Proton rate Vs Voltage for the two Loops (W & Re) at 90o orientation.
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Thorson et al., accounted for the secondary emission by assuming a constant coefficient
12

γ ≈ 1 in the following expression (assuming randomized orbits13 of the recirculating ions) for the
true ion current (I):
I=

η [I meas ]
(1 − η 2 )(1 + γ )

(11.1)

where Imeas is the (measured) power-supply current and η is the geometric transparency of the
grid.
The fusion rate (as measured using the neutrons) of the two loops measured under similar
conditions showed significant differences. The average fusion rate is ~27% higher with Re than
with W-25%Re loop grid as shown in figure 11.10 for 90o orientation (face-on with the detector,
see figure 11.1 (b)).
1.2

unnormalized
normalized

1

1/(1+γ)

0.8
0.6
0.4
0.2
0
1

1.2
1.4
1.6
1.8
2
(secondary electron emission coeff.)
γ

Figure 11.12 Plot shows how the coefficient 1/(1+γ) in eqn.(11.1) is affected by the
variation in ‘γ’.
The difference in the fusion rates of the two loops is based on the neutron rate because
the neutron detector effectively sees a point source (since it is far away) whereas the proton rate
is subjected to the line source effect described earlier in this chapter. From figure 11.11 the
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proton rate increases with voltage at a faster rate than the neutrons do in figure 11.10, this is
because the increased ion current causes a higher amount of ion recirculation, resulting in a
higher proton rate along the axis of the loop (also modifying the calibration factors) and an
overall increased fusion rate.
If we were to include the variation of γ with voltage in the ion current equation (11.1), its
value would change according to figure 11.12.

This aspect is evident in the constant power

scans wherein the temperature of the loop increased at low voltage and decreased
correspondingly at high voltage at constant input power (400 W) see figures 11.6 & 11.7. From
figure 11.12 the variation in 1/(1+γ) is as high as ~40% when γ changes from 1 to 2 and hence
we may conclude that at higher voltage an additional amount of current is in the form of
secondary electrons and if these electrons were minimized the fusion rate would be further
increased (potentially 16% higher if γ is maintained ~ 1 at 100 kV).
Thermionic emission is small at 100 kV, 50 mA as the grid temperature is low, and the
field emission is also small since there are no visible sharp edges on the single loops used for the
experiments. The sharp edges principally arise at the spots where the wires are spot welded, but
in the case of the single loop this was averted by moving the welded portions of the wire into the
tip of the stalk. Since the stalk ST-38 was used for these experiments, and this stalk had a ¼′′
central molybdenum rod, the welded portions of the loop were inserted into the hole of this rod.
This minimized the exposure of the sharp points.
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11.2 Secondary electron emission
Inelastic interaction of the atoms or ions entering the uppermost layers of a solid surface
cause secondary electron emission (SEE). There are two mechanisms contributing to secondary
electron emission.2 They are known as the potential emission and the kinetic emission. In the
former case, the yield γ of secondary electrons is proportional to the potential energy carried by
the incident ion. The potential is assumed to be mainly relaxed via the Auger process. On the
other hand, in the latter case, γ is said to be proportional to the stopping power for the impinging
ion.14,15

α

R

Figure 11.13 The angle of incidence of the ions on the wire varies from -90o to 90o with a
singularity at 90o.
An empirical formula to relate the SEE coefficient (γ) with the stopping power (dE/dx)e
led to the following formula:7,16,3,15

γ (H + ) =

Λ  dE 


cos (α )  dx  e

(11.2)

where Λ is listed in the table 11.1, Λ(H+ on W) = 0.07 (assume valid for W-25%Re)and α is the
angle of incidence (~0o for radially converging ions) see figure 11.13. The dependence of ‘γ’ on
α is however not yet fully resolved in literature (there is singularity at α = ± 90o.
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Table 11.1 Values of Λ for various materials.
k
Ag

Λ(H+ → k) 3
0.13

Al

0.11

Au

0.1

Cu

0.09

W

0.07

The stopping power dE/dx is given by:17

−

dE 4πe 4 z 2
=
NB
dx
mo v 2

  2m v 2
with B ≡ Z ln o
  I

(11.3)


 v2
 − ln1 − 2
 c


 v2 
 − 2 
 c 

(11.4)

where N is the number density, Z the atomic number of the absorber atoms, mo is the electron
rest mass, and e is the electronic charge. The parameter I represents the average excitation and
ionization potential of the absorber and is normally treated as an experimentally determined
parameter for each element. For a non-relativistic case as in the present case (v<<c) and hence
only the first term in the expression for B is significant.

 2m v 2 
B ≡ Z ln o 
 I 

(11.5)

It is known that the secondary electron emission depends on the temperature of the
substrate.18,19,20 Such temperature variations can be determined using the following expression:2
δ (T1 ) 1 + βT2
=
δ (T2 ) 1 + βT1

(11.6)

where β is approximately the temperature coefficient of resistivity, T1 & T2 are in K.
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11.3 Molecular effects on the secondary electron emission
It is observed3 that the Z dependence of the yields for hydrogen and helium projectiles are
very similar, that the yields for H+ and D+ show the same energy dependence as that of the
electronic stopping powers, that molecular ions give lower yields per atom than atomic ions, and
that isotope effects are proven to be negligible in the energy range 2-50 keV, and are assumed
here to be valid for all energies (up to 150 keV).
It has been suggested that the observed lower secondary emission yield with Ho than H+,
[γ(Ho) ≈ 0.85γ(H+)] for Gold is related to electron liberation within the solid, which is less
effective for shielded protons as a consequence of lesser stopping in the first monolayers where
the equilibrium projectile charge is not yet reached. Bombardment with molecular ions H2+ and
H3+ should yield similar screening effects as for Ho, due to accompanying electron(s).
No distinction is possible whether the Hn+ molecules dissociate when penetrating the solid into
(n-1)⋅Ho atoms and one proton, or the (n-1) electrons from a screening negatively charged cloud
around the n protons.

However, the secondary electron yield due to bombardment with

molecular ions was expressed by adding the measured yields (n-1)⋅Ho atoms and one proton
according to:21

γ (H n+ ) = (n − 1)γ (H o ) + γ (H + )

( )

= ((n − 1) ⋅ x + 1)γ H +

(11.7)

Where x is known21 to be around 15%, hence

( )

 dE 
∴ γ H n+ ≈ [0.0595n + 0.0105] ⋅ 

 dx  e

(11.8)
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We know that the composition of pure H2 plasma is 20% H , 60% H2 and 20% H3 i.e.,
+

+

+

concentration ratio of 20:60:20 at 5 mtorr chamber pressure.22 Since the present IEC device is
operated at ~2 mtorr, the collisionality is lower and the formation of H3+ is less likely.
In the absence of experimental data, we make an educated guess of the concentration
ratio as 25:70:5. Therefore, the effective secondary electron emission coefficient is now given
by:
γeff = 0.25γ(H+) + 0.7(H2+) + 0.05(H3+)
=[0.25+0.09065+0.7+0.00945+0.05]γ(H+)
≈ 1.1γ(H+)

(11.9)

Hence the SEE coefficient for typical deuterium IEC plasma is given by:
 dE 
γeff ≈ 1.1 ⋅ Λ ⋅ 

 dx  e

(11.10)

If the effect of impurities were to be considered this coefficient would be even higher. A general
equation for recirculation ion current that accounts for all electron emissions is given below:
I=

η [I meas − I th − I e − I f ]


 dx  e 

(1 − η ) ⋅ 1 + 1.1 ⋅ Λ ⋅  dE 
2



(11.11)

where Imeas is the power-supply (measured) current, η is the transparency of the grid. The
quantity Ith is the thermionic emission current (see chapter 7.0) and ‘Ie’ accounts for the
photoemission, If the field emission (explained in the subsequent sections).
The expression for the secondary emission has to be corrected for the temperature
variation according to eqn. 11.6.
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The core ion density is given by:

nic =

ηI
(1 − η ) ⋅ [1 + δ
meas

2

 1

]  ev cπrc2
e 

1





(11.12)

Based on the earlier argument, accounting for the various electron emissions this eqn. 11.12
could also be modified for accurate estimation of the core ion density as follows:

nic =

η ( I meas − I th − I e − I f )

 1 


2 


 dE    ev cπrc 
2
(1 − η ) ⋅ 1 + 1.1 ⋅ Λ ⋅ 

 dx  e 


(11.13)

11.4 Impurity effects
Table 11.2 Secondary electron emission coefficients by impact of normally incident H+, H2+, He+
and O+ ions on Mo.23,24,25,11,26,27,28,29

Energy
(keV)
3.0 E-02
5.0 E-02
7.0 E-02
1.0 E-01
2.0 E-01
4.0 E-01
7.0 E-01
1.0 E-00
2.0 E-00
4.0 E-00
7.0 E-00
1.0 E+01
2.0 E+01
4.0 E+01
7.0 E+01
1.0 E +02
1.2 E+02

H+

H2+

6.3 E-02
7.2 E-02
8.3 E-02
1.1 E-01
1.6 E-01
2.1 E-01
2.5 E-01
3.9 E-01
6.2 E-01
8.4 E-01
9.8 E-01
1.2 E 00
1.4 E 00
1.5 E 00
1.5 E 00
1.4 E 00

3.3 E-02
3.4 E-02
3.5 E-02
3.8 E-02
5.2 E-01
9.8 E-01
1.7 E-01
2.4 E-01
4.5 E-01
7.6 E-01
1.05 E-00
1.25 E 00
1.7 E 00
2.4 E 00
3.0 E 00
3.0 E 00
2.8 E 00

4

He+

O+

2.9 E-01
2.8 E-01
2.7 E-01
2.6 E-01
2.5 E-01
2.5 E-01
2.6 E-01
2.8 E-01
4.0 E-01
6.0 E-01
8.5 E-01
1.0 E 00
1.5 E 00
2.1 E 00

4.0 E-02
4.2 E-02
4.3 E-02
5.4 E-01
8.0 E-01
1.3 E-01
1.8 E-01
3.3 E-01
5.7 E-01
8.7 E-01
1.1 E00
1.7 E 00
2.2 E 00
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Figure 11.14 Electron emission yields derived from emission statistics measurement for the
impact of Neq+.21 Behavior of the secondary electron emission coefficients (γ) for other species
with W metal surface would be similar to this graph (higher γ for higher ionization state).
It is a general observation that the fusion rate decreases in the presence of impurities.
Although impurity buildup does not generally occur in an IEC device, noticeable changes in
fusion rates are observed even when trace amounts of impurities are present in the chamber.
This is because the secondary electron emission coefficients for the impurity ions are higher than
the fuel gas (D+, same as H+ in table 11.2) especially at higher ionization states as shown in
Figure 11.14 below.
Besides not contributing to the overall fusion rate the impurity ion liberates many more
secondary electrons than a single D+ ion, thus reducing the ion current reaching the cathode for a
constant power supply current. Moreover, in terms of secondary electron emission, even D2+ and
D3+ are impurities since they generate more secondary electrons than D+, see figure 11.14.
Hence it is desirable to populate the deuterium plasma with the highest fraction of D+ ions to
improve the efficiency of the device. To realize this ion guns generating D+ ions may be used.
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11.5 Photoemission electrons
The electrons liberated from the cathode accelerate to high energies before hitting the
chamber walls where they deposit their energy, as a consequence of which bremsstrahlung
radiation is emitted. Since these electrons are not very relativistic, the bremsstrahlung radiation
is released in all directions isotropically (if it were relativistic, radiation would occur in the form
of two frontal lobes30).

Spherical
chamber
Cathode

Bremsstrahlung
radiation

Figure 11.15 The electrons released near the cathode accelerate and deposit their energy on the
chamber walls and release bremsstrahlung radiation.

Figure 11.16 Emission of a photoelectron from a surface with work function φ (for Al,
φ = 4.28 eV)31
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Each electron is capable of releasing many photons through bremsstrahlung radiation,
some of these photons converge back to the center and impinge on the cathode as shown in
figure 11.15 and the resulting photo-absorption releases electrons, further reducing the IEC
device’s efficiency.
The phenomenon responsible for electron emission is the photoelectric effect, illustrated
in figure 11.16, in which electrons acquire enough energy from the photons associated with
incident electromagnetic radiation to overcome the work function, φ, of the solid material. For
this process to happen, the frequency of the incident radiation must be above the photoelectric
threshold, υmin, given by

υ min =

eφ
h

(Hz)

(11.14)

For most metals and insulators, 4eV<φ<5eV, thus requiring intense sources of ultraviolet
radiation in order to observe the photoelectric effect. The energy of electrons emitted from a
surface is given by Einstein’s photoelectric equation,

ε = h(υ − υ min ) (J)

(11.15)

Due to photoemission, several more electrons may be released from the cathode and, for
constant power supply current, the ion current is further decreased causing the efficiency of the
IEC device to decrease even more. This effect would be stronger when the chamber is made of
stainless steel since heavy metals generate more bremsstrahlung than light metals such as
aluminum.
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For the bremsstrahlung x-rays the high-energy primary electrons (electrons emitted
without being scattered after excitation) scatter in part before escape, producing large numbers of
secondary electrons.32
X-rays penetrate matter and excite atoms far below the surface depending on the energy
of the photon and hence the electrons could be generated inside the material. The mean free path
of the kilovolt x rays in matter is several orders of magnitude greater than for the ejected
photoelectrons as shown in figure 11.17.

hν

I′ = I ⋅ e

e-

−d

k'

Contamination
Substrate

I = Io λ

Io = σ⋅no⋅Γ

Figure 11.17 Schematic representation of electron emission from matter
The probability for photo-ejecting an electron from a given subshell per unit volume is
given by:33
Io = σ⋅no⋅Γ

(11.16)

where σ is the photoelectron (photoionization) cross-section for a given subshell of a given
element, figure 11.18 shows a sample of photoionization cross sections of Al and Fe in the
energy range of 10 eV to 1 keV,34,35,36,37,38 Γ is the x-ray flux and no is the concentration of the
element in terms of atoms per unit volume.
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Figure 11.18 The atomic subshell photoionization cross-sections of Al and Fe for various
energies34,35,36,37,38
Although electrons may be liberated everywhere inside the cathode grid material, it is
required that the photoelectron emerges without any energy loss due to an inelastic collision.
The intensity is thus equal to

dI = I o e

−x

λ

dx

(11.17)

where 1/λ is the reciprocal of the mean-free-path or the cross-section for inelastic scattering, x is
the distance below the surface.
The total signal integrated from the surface to an infinite depth gives:
∞

I = ∫ Io ⋅ e

−x

λ

dx = I o ⋅ λ = σ ⋅ no ⋅ Γ ⋅ λ

(11.18)

0

In the case of monoenergetic electrons, which occur whenever electrons are rapidly accelerated
across a high potential difference (valid for electrons emitted near the cathode), the fraction of
the energy in the electron beam that is converted into X rays (fx) is given by

f x = 1.0 ×10 −7 ⋅ Z ⋅ E

(11.19)

where E is the electron energy in keV and Z is the atomic number of the absorber.
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Since the bremsstrahlung production increases with the atomic number of the absorber,
the chamber wall of the IEC device should preferably be made of Al, or at least be coated with
Al or other light materials such as graphite (contamination might be an issue with carbon).
It is suggested that bremsstrahlung radiation is easier to measure than calculate and if
such data is available then one could calculate the flux of x-ray photons at the center of the
chamber. Although the x-ray flux is usually measured outside the chamber, with necessary
corrections for the attenuation in the chamber walls one could estimate the initial flux generated
inside the chamber. Only a fraction of this radiation converges on the cathode grid (fc). One
could then estimate the photoemission electrons (Ip) from eqn.11.18 with necessary
modifications (using a distribution for no (tabulated) & Γ (measured)).
The fraction of the bremsstrahlung radiation that converges on a solid spherical cathode
as shown in figure 11.19 is given by:
fc = 6.2/360 = 0.0172

(11.20)

Since the grid is 92% transparent the fraction of the radiation that reaches the cathode grid is
given by:
fc′ = 0.08 x 0.0172 = 1.376 x 10-3

(11.21)

Though this is a small number, given that each electron impinging on the chamber wall
produces many x-ray photons (eg., ~1000 photons per electron at 50 keV) and since there are
many electrons (e.g., 20 mA of electron current for a 30 mA power supply current
= 1.25 x 1017 electrons) hitting the chamber wall the number of x-ray photons reaching the
cathode grid could become a significant number (~ 1.72 x 1014). Furthermore, each of the x-ray
photons could release multiple numbers of electrons depending on the energy of the photon, thus
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further reducing the IEC device’s efficiency. This phenomenon could be especially significant in
devices that are pulsed to large currents.39

Chamber wall
cathode
θ
θ = 6.2o

Figure 11.19 A non-relativistic electron hitting the chamber wall releases bremsstrahlung
radiation isotropically. Only a small fraction of this radiation (fc) that subtends a solid angle of
6.2o converges on the cathode.

11.6 Field emission sources
With the application of an electric field, electrons can be released from a substrate. This
effect is known as the Schottky effect.40 It has been calculated to correspond to a reduction of the
work function φ by the amount given by: 40,41
∆φ = −(eE )

1

2

(11.22)

where E is the applied electric field in V/cm, and e is the electronic charge (1.6 x 10-19 C). This
would also affect the thermionic emission current.
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(a)

(b)

Figure 11.20 (a) W-25%Re grid wire before sandblasting (b) The same wire after sandblasting.
When the applied electric field is high enough (107 V/cm), spontaneous electron emission
could occur. However, such fields could only prevail at sharp edges (see below) on the cathode
grid (since the applied voltage itself does not exceed 200 kV max.). This effect was observed in
the present device when the grid wire figure 11.20 (a) was sandblasted (to clean the surface, not
recommended), which introduced sharp microstructures as shown in figure 11.20 (b). The grid
could no longer be operated at voltages higher than 80 kV.
The electric field is a function of the radius of curvature (of sharp edges), and is given
by:42,43
E=

2V
r ln( R / r )

(11.23)

where V is the applied voltage, R is the distance from the tip to the anode and r is the radius of
curvature of the tip.
Figure 11.21 shows a schematic energy level diagram for electrons in a metal or
insulator, in which the band of electron energies is depressed by the work function φ below the
reference potential. Imposition of a strong electric field results in a potential as a function of
distance above the surface of the metal given by the line ACD.
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Figure 11.21 Potential-distance diagram at the surface of a metal, given by the hatched line,
subject to a very strong electric field. The sloping line AD shows the potential as a function
5
of distance above the surface.
If the electric field is strong enough, and the distance CD small
enough, electrons in the conduction band can tunnel through the potential barrier BAC and be
pulled out of the solid material by the strong electric field.42
Beyond the point C, an electron outside the metal would have a potential lower than its
value inside the metal; this provides a driving force for quantum mechanical tunneling of
electrons from B to C, through the potential barrier immediately above the surface of the
material. This process was studied by Fowler and Nordheim44 and by Fowler,45 who derived the
field emission current density:
− D
2
J f = CE 2 exp
 (A/m )
E


For φ in eV, the constant C is given by:
C =

e 2φ m

1

2 π h φ bφ

2
1

= 6 . 16 × 10
2

−6

×

1

φb

φm
φ

(11.24)

A/V2

(11.25)

and the constant D by:

D=
From figure 11.20

3
3
1
8π
(2me) 2 φ 2 = 6.83 × 10 9 φ 2 V/m
3h

(11.26)
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φb= φ + φm

(11.27)

where φ is the work function of the metal, and φm is the band potential.
An estimate of the band potential φm is given by:

h 2  3N 
φm =


2me  8π 

2

3

= 3.65x10-19 N2/3 eV (11.28)

where N is the number density in electrons per cubic meter in the metal typically one electron
per atom in electrical conductors.
This effect would show up when the grid is not manufactured carefully. Sharp points
appear whenever two wires are spot-welded, since the electrode tends to melt (unevenly) the
surfaces of contact (electrode-wire, wire-wire and wire-electrode contacts). Such sharp points
and those of the wire used in grid construction should be grinded off and polished carefully.
Once this is achieved, the field emission effect could be neglected altogether.

11.7 Conclusions
A single loop grid produces a (~line) cylindrical fusion source and higher proton rates are
observed when this grid is oriented face on with the proton detector. Hence in a cylindrical IEC
the fusion rate observed would be higher along the two faces of the cylinder. At higher input
voltages the ions tend to continue recirculation causing a higher fusion rate along the line of sight
of the detector in the face-on orientation (90o) with the single loop grid. The single loop grid
appears to produce a line (cylindrical) source rather than a volume or point source. Future
research should be directed at selecting material with lower γ (Rhenium seems to be a better
choice for this reason) and increasing the D+ concentration in the chamber to reduce the
secondary electron emission. The variation of γ with voltage has to be accounted for in the new
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ion circulation current equation. The γ is also affected by the composition of the plasma
(D+:D2+:D3+) even in a chamber with few impurities. The contributions of the other electron
emission processes in an IEC device were also investigated and incorporated in the ion current
equation. A simple way to test the material properties suitable for building the cathode grid is to
use single loop grids built of different materials.
Photoemission is caused by the bremsstrahlung radiation generated by the electrons
hitting the chamber walls and is accounted for in the new ion current equation derived in this
chapter.

Photoemission could be reduced by using appropriate material for the chamber

construction or by simply coating the chamber with low-Z material. Another way to accomplish
this would be to modify the grid (introduce a hole) such that electrons are ejected in one
direction and at the spot where the electrons strike the chamber we could use a low-z material.
However, this would be useful for only those electrons leaving the core of the cathode, since all
other electrons (secondary, thermionic etc.,) do not converge. Rounding off the sharp edges on
the cathode grid could minimize field emission.
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Chapter 12.0: Study of Ion flow dynamics through sequential grid construction
To study the effects of grid symmetry, experiments were performed initially using a
single loop grid. More loops were added to it sequentially till a spherical grid with 12 longitudes
and 5 latitudes was constructed as shown in figure 12.1. This experiment allows one to monitor
the effects of the ion flux into the central grid as the symmetry of the grid is varied.

Figure 12.1 Cathode grid with 12 longitudes and 5 latitudes.
Building on the earlier idea of the chordwires diagnostic (see chapter 4.0) for the ion flux
determination, several wires were introduced into the single loop in mutually perpendicular
directions as shown in figure 12.2. This chordwire configuration was kept constant throughout
the experiments as the whole grid was eventually built.
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(b)

(a)

Figure 12.2 (a) Schematic of the chordwire arrangement across a single loop. (b) Picture of the
single loop in operation (20 kV 15 mA, 2 mtorr) with 16 chordwires.
With the introduction of the chordwires the operation of the single loop grid
(XWLoopRe-1) was stabilized (less arcing and associated shutdown problems). A picture of the
single loop XWLoopRe-1 grid taken at high pressure (in 7 mtorr D2) is shown in figure 12.3.
The additional electrons emitted by the chordwires in the direction perpendicular to the face of
the single loop grid seems to help sustain/stabilize the plasma.
(a)

(b)

Figure 12.3 (a) Picture of the single loop grid with cross-wires (XWLoopRe-1) during the highpressure operation (150 kV, 10 mA, 7 mtorr, D2). The ions seem to recirculate along the straight
line perpendicular to the face of the XWLoopRe-1. (b) Picture of the single loop grid without
cross-wires at (15 kV, 10 mA, 7.6 mtorr).

0o

Detector port

90o

Figure 12.4 Two orientations of the grid face-off (edge-on), 0o and face-On, 90o with respect to
the detector.
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The fusion rate was measured with these grids in two orientations: face-on 90 and
o

face-off (edge-on) 0o, with the detector as shown in figure 12.4. The variation of the neutron
rate measured with changes in grid configuration, i.e., addition of more loops as shown in
figure 12.5, provides an understanding of the effects of improved grid symmetry on the
convergence and hence the overall fusion rate.
Eclipse scans were performed for each of the configurations in the two above-mentioned
orientations (0o & 90o). Such scans give an understanding of the effects of ion flow convergence
on the fusion rate and give some idea about the dimensions of the core volume and the number of
reactions emanating from it.

Figure 12.5 Sequential grid construction was performed, along with simultaneous
characterization of each of the configurations. Loops are in blue (circle and ellipses) and the
chordwires are in black (straight lines).
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25kV, 20 mA

25kV, 20 mA

25kV, 20 mA

25kV, 20 mA

Figure 12.6 The temperature of fewer chordwires is high as the number of loops used in the
construction of the grid is increased. Improvement in convergence with increased symmetry is
observed.
Several cross wires were introduced into the LoopRe configuration (now called
XWLoopRe-1). Pictures taken at 25 kV, 20 mA for various configurations are shown in figure
12.6, the corresponding temperature measurements are shown in figure 12.7. Interestingly,
with improved symmetry, only the wires close to the core get hotter. This is expected because
the ion flow converges better with improving symmetry. The effects of such improvements in
symmetry on the overall fusion rate are explained later in the present chapter.
The temperature of the chordwires is high everywhere for XWLoopRe-1, see figure 12.7.
This is because the ion recirculation is not focused. Furthermore, the chordwires close to the
high voltage stalk towards the top remained relatively cold. It appears that the stalk perturbation
of the electric fields is causing the ions to recirculate preferably along the lower three quarters of
the single loop grid.
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Figure 12.7 Temperature distribution of the chordwires as more loops are being added
sequentially. Each of these temperature measurements was taken at 25 kV, 10 mA and 2 mtorr
chamber pressure. The pictures taken during the temperature measurements are shown in figure
12.6. Where temperature measurements are not shown, the temperature was below 700oC, the
lower limit of the pyrometer.
Eclipse scans were performed with each of the configurations (as shown in figure 12.8
for XWLoopRe-1).

Each of these scans were performed from position 0 to 5 only

(to save time) see figure 12.8, as it is assumed here that the readings would be more or less
similar about the center. Besides, the behavior in one half of the scan (position 1 through 6)
would be a good indicator of the convergence effects.
Figure 12.9 shows the eclipse scan (positions 0 to 5) performed with the single loop grid
(XWLoopRe-1), there is a drastic difference between the P/N ratios for the two orientations. The
calibration factors used are the same as those derived for the complete grid, taking into account
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the volume source, converged core and beam target reactions. Although, a converged core does
not occur in a single loop grid, the same calibration factors are used for consistency. The P/N
ratio is computed by assuming a constant calibration factor ratio of 438,355/22,615 ≈ 19.4. The
relative magnitude would be the same even if raw counts were used.

12.1 Eclipse scan in two orientations

0

1

2

3

4

5

Figure 12.8 Pictures taken with the eclipse in various positions with 0o orientation of the single
loop grid.
An interesting feature in this set of measurements, as shown in figure 12.9 (b), is the dip
in the P/N ratio at the position-4 where the disc eclipses the center of the grid, see figure 12.8.
Hence, there is a positive fusion rate gradient as we move radially towards the center of the
single loop grid, confirming that there is some converged core contribution to the overall fusion
rate even with a single loop grid, such a converged core is caused by the high energy ions
recirculating close to the center of the cathode. This is also evident from figure 12.9 (a), which
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further confirms the earlier statement. Error bars are generated only for figure 12.9 (b), since
the error bars for all the other data points (for other configurations) are on the same order.
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Figure 12.9 Small Eclipse disc scans of the single loop grid made of pure rhenium
(XWLoopRe-1) with chordwires, in two orientations [(a) 0o & (b) 90o], shows a higher number
of protons from the center of the grid, also see figure 12.8 and figure 7.1.
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Figure 12.10 Pressure scan performed at 60 kV, 10 mA shows a decrease in reactivity as the
chamber pressure decreases. Pressure readings were calibrated for N2 gas and hence were
corrected for the fuel gas D2 according to figure 12.11.
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The pressure readings are from a baratron gauge that is calibrated by the manufacturer for
the N2 gas and is hence corrected for the D2 gas sensitivity as shown in figure 12.11. The
pressure in the chamber was gradually decreased while maintaining the voltage and current
constant. The simultaneous measurements of the proton and neutron rate are plotted together
with the P/N ratio in figure 12.10. Although, it is possible to sustain the device at low pressures
~0.05 mtorr, the overall fusion rate is lower. This is because, the electrons released from the
secondary emission were ionizing neutral gas in the vicinity of the cathode grid, helping sustain
the plasma, but the ion current itself is reduced.

Ion gauge (torr)

8.E-04
6.E-04

y = 0.0004x + 2E-06

4.E-04
2.E-04
0.E+00
0

0.5

1

1.5

2

Baratron gauge (mtorr )

Figure 12.11 The readings of the baratron gauge are corrected for sensitivity, since the
manufacture had calibrated it for N2 gas. Direct ion gauge measurements were not feasible at the
time of the experiments.
Furthermore, there is a downside to this kind of ionization, in that these ions are born
close to the cathode and fall through a smaller potential gradient and therefore gain relatively
lower energy where the fusion cross sections are low as well. This means that the ionization
source should be placed away from the cathode. The electron emission from the cathode does
ionize some neutral gas, but such ionization is not preferable. Such behavior (operation at lower
pressure) is not observed in the absence of the chordwires, for instance, with the whole cathode
grid (without chordwires).

168
The ions recirculating along the microchannels in the spherical grid continue to do so
even more at lower pressures and are eventually lost through charge exchange. Very few of
these ions bombard the grid and hence fewer secondary electrons are emitted. However, when
chordwires are placed inside the grid (so as to intercept the energetic recirculating ions), they
release a greater number of secondary electrons that help sustain the plasma even at lower
pressures.
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Figure 12.12 Proton and neutron rates tend to rollover at higher currents due to the presence of
resistors in the high voltage circuit (~200 kΩ) that drops significant voltages at higher currents
causing the overall fusion rate to decrease.
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Figure 12.13 P/N ratio and temperature variation with voltage at constant input power (400W)
and 2 mtorr.
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A current scan was performed at 40 kV, 2 mtorr as shown in figure 12.12. Interestingly,
a rollover is observed at higher currents, which is due to the presence of a ~200 kΩ resistor in the
high voltage circuit. This resistor was introduced to suppress the transient high voltage arcing.1
When the presence of the resistor is compensated for, by running the device at predetermined
compensating (for the resistor) voltages (solution of 400 + I2R – V⋅I = 0), the rollover was no
longer observed during the current scan.
The temperature of one of the chordwires was measured, as shown in figure 12.13. As
observed earlier with single-loop grids (without chordwires) in chapter 10, the temperature of the
chordwire decreases with voltage due to increased secondary electron emission at higher voltage.
Towards the end of the current scan experiment it was observed that the plasma was sustained at
90 kV 35 mA, and 2 mtorr without any filament ionization source. The grid heating that had
already occurred during the earlier current scan emitted electrons that were sufficient to sustain
the plasma at this voltage. However, the fusion rate was low and hence this mode of operation at
low pressures is not very attractive.
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Figure 12.14 Small eclipse scans of the two orientations of double loop configuration shows a
similar behavior. The small difference in the P/N ratio is because of the chordwires that cause
preferential ionization in the region perpendicular to the face of the loop carrying the chordwires.
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With XWLoopRe-2, as shown in figure 12.14, a similar behavior (with the eclipse scan)
in both the orientations is observed, however a small difference in the P/N ratio occurs due to the
presence of the chordwires (exact details of this behavior are not well understood). These
chordwires seem to preferentially ionize the neutrals in the direction normal to their orientation
since the electrons are released preferentially in that direction, be it the secondary emission or the
thermionic emission electrons.
The dip in the P/N ratio at the center of the grid is not as prominent as in the case of the
XWLoopRe-1 grid. This is because now there are four microchannel formations instead of two
as in the earlier case with XWLoopRe-1. Figure 12.15 shows the picture of a two-loop grid at
high pressure that shows the formation of four microchannels. The P/N ratio is lower with
XWLoopRe-2 in the 90o orientation than with XWLoopRe-1 because the fusion reactions are
now distributed in four channels.

Figure 12.15 High pressure run with the two loop grid (without chordwires) shows the formation
of four microchannels, hence the proton (fusion) rate along any single microchannel is decreased
for a constant cathode current.
A third loop was added in the equatorial plane (see figure 12.4) to the earlier grid and is
now called XWLoopRe-3. The results of the eclipse scan are plotted in figure 12.17. Strangely,
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the P/N ratio goes to a very low value (~ 0) with the 90 orientation. This is unexpected, it seems
o

that the grid wires are affecting the fusion reactions occurring in the line of sight of the proton
detector.
One possibility is that the microchannels formed in the grid do not fall in the line of sight
of the detector causing the overall fusion rate detected by the proton detector to decrease. Also,
the grid is offset at the point of suspension (see figure 12.15, where it is connected to the stalk)
and a rotation of the grid causes results in uneven orientation and hence the difference in the P/N
ratio for two orientations. This result prompted an important set of new experiments to analyze
the effects of the cathode grid wire on the fusion rate through grid rotation and is explained in the
chapter 13.

Figure 12.16 Picture of XWLoopRe-3 taken from the proton detector port. The grid appears to
be tilted due to the offset at the suspension point of the grid.
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Figure 12.17 Plot of the eclipse scan of the P/N ratios for two orientations of XWLoopRe-3 grid.
While the P/N ratio in the 0o orientation is not much different from figure 12.13, the P/N ratio in
the 90o orientation is much lower and could be due to the fact that the microchannel is not
oriented along the line of sight of the proton detector.
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Figure 12.18 Plot of the eclipse scan of the P/N ratios for two orientations of XWLoopRe-7 grid.
The P/N ratio scans in both the orientations are almost the same.
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As the symmetry of the cathode gets better with the addition of more loops (7 loops and
the complete grid with ~12 loops) the P/N ratio looks same as the XWLoop-7 grid. There is
little change in the P/N ratio with orientation or with increased symmetry as shown in
figure 12.18.
In the following section the effect of increasing symmetry on the total fusion rate is
analyzed. Possible reasons for the observed behavior are ventured and a way to calculate the
fusion rate of the single loop is proposed.
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Figure 12.19 Plot of Voltage scans of (a) the neutrons/s and (b) the protons/s at 10 mA, 2 mtorr
for various grid configurations in the 90o orientation. While neutrons show an expected trend
with increasing symmetry, the protons for XWLoopRe-1 by far produces largest number of
protons, contrary to one’s expectations.
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Figure 12.20 Plot of Voltage scans of (a) the neutrons/s and (b) the protons/s at 10 mA, 2 mtorr
for various grid configurations in the 0o orientation.
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The general trend of neutrons production rates in figure 12.20 (a) is consistent (increases)
with increasing symmetry.

However, with the protons, XWLoopRe-1 produces maximum

number of protons, higher than any other configuration. One reason could be that the only
microchannel associated with the XWLoopRe-1 is aligned with the detector and hence the line of
sight of the Si detector passes through maximum volume source (for the 90o orientation) that also
has a 1/r2 falloff. The earlier explanation is further supported in figure 12.20 (b), where the
XWLoopRe-1 has the minimum proton rate (~9 times smaller than the 90o orientation,
figure 12.20 (b)). The neutron rate of XWLoopRe-3 in figure 12.20 (a) is not consistent with the
corresponding proton rate and the increasing symmetry in the figure 12.20 (b). It is not known at
this time why this behavior persists.
Another set of experiments (current scan) with the changing grid configurations is
illustrated in figure 12.21. The fusion rate rolls over with increasing current due to the presence
of the 200 kΩ resistor as explained earlier in this chapter. An interesting observation is that the
neutron rate in figure 12.21 (a) & (c) increases gradually with symmetry, but it saturates beyond
XWLoopRe-7. Hence, the addition of more wires to improve the symmetry does not increase
the fusion rate significantly.
The proton rate with XWLoopRe-1 configuration in figure 12.21 (d) is the highest and it
reaches a maximum at 30 mA for which the proton rate of the single loop is ~4.6 times higher
than the spherical grid with all the wires for maximum symmetry. This suggests that using a
single loop grid (rather than a isotropic spherical grid) source would be a better choice for
applications where higher neutron/proton rates are desired in small regions of interest.
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Figure 12.21 Plot of Current scans of (a) & (c) the neutrons/s and (b) & (d) the protons/s at 10
mA, 2 mtorr for various grid configurations in both the 90o and the 0o orientation.
It is important to note that the neutron rates shown in figure 12.21 denote the overall
neutron production rate which is lower than those from a spherical grid configuration, but since a
higher proton rate is detected (due to 1/r2 falloff) using the single loop (90o orientation) using a
Si detector, the neutron rate would also be higher in that direction due to the 50% branching ratio
of the D-D reactions (see figure 2.1).

One such configuration is the C-device2 used by the

University of Illinois IEC group for a line source; a higher fusion rate is possible along the axial
direction than in the radial direction and new applications could be developed based on this
discovery.
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Figure 12.22 Comparison of the proton and neutron counts with various grid configurations
(1→XWLoopRe-1, 2→XWLoopRe-2, 3→XWLoopRe-3, 4→XWLoopRe-7, 5→XWLoopRe-C)
without the eclipse disc blocking the proton detector’s view of the cathode. The chordwires are
oriented face-on (90o) with respect to the detector. The P/N ratio follows the proton count and
this ratio is higher for higher voltage only for the XWLoopRe-1 configuration.

12.2 Transformation of line source into a volume source
The protons and neutrons for various configurations are plotted for three voltages (40, 60
and 80 kV) in figure 12.22. The transformation of the single loop grid that is a line (cylindrical)
source to a spherical grid (a volume source) is evident from figure 12.22 (a), where the proton
rate is the highest when the line source is facing the detector. This proton rate decreases and
then eventually increases once again. The neutron rate in figure 12.22 (b) further supports this
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argument because the neutron rate increases with symmetry irrespective of the orientation of
the grid.
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Figure 12.23 Comparison of the proton and neutron counts with various grid configurations
without the eclipse disc blocking the proton detectors view of the cathode. The chordwires are
oriented face-off (0o) with respect to the detector. The P/N ratios follow the proton counts and
are much smaller than the corresponding values in figure 12.21.
The neutron rate saturation is more prominent at higher voltages and there is no
significant increase in the neutron rate beyond the XWLoopRe-7 configuration (4). Hence we
may conclude that beyond a certain point the symmetry of the grid is not an issue (for spherical
geometries) and huge gains in the fusion rate may not be expected with improved symmetry for
high-pressure operation, where volume-source reactions dominate. However, if too many wires
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were added, the fusion rate would go down because of the decrease in transparency and the
resulting decreased ion recirculation.
With the chordwires oriented at 0o with respect to the proton detector, the behavior of the
neutron counts with voltage is in accordance with one’s expectation. However, with the proton
detector the values increase with the XWLoopRe-3 configuration, such behavior could be caused
by the uneven tilt of the grid about the point of suspension as stated earlier in this chapter, that
could cause one of the microchannels to align at least partially with the detector causing the
proton rate to increase.
The calculation of the fusion rate detected by a proton detector with a single loop
configuration is reported in the next section. The assumption of the line source holds for these
calculations.

12.3 Calculation of fusion regimes in a single loop grid
The fusion rate is almost constant beyond the converged core since these reactions are
mostly charge exchanged neutral reactions and hence the fusion rate remains constant in this
region.
Assuming that all reactions occur along the path that the ions recirculate, the total fusion
rate (Ft) detected by the Si detector for the 0o orientation can be easily derived and is given by:


fc − f v
Aη  δ π ⋅ rcy ⋅ f v
∫

+
⋅
V
dl
Ft =
2
c 
2

4π  −δ
r
ri

2

(12.1)

where fc is the fusion rate (protons⋅s-1⋅cm-3) in the core of the chamber (close to the center of the
XWLoopRe-1), assuming homogeneity, fv is the fusion rate (protons⋅s-1⋅cm-3) in the volume
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excluding the core, η is the detector efficiency, ri, is the radial distance from the differential
volume to the detector as shown in figure 12.24, A is the surface area of the detector (12 cm2,
since all of the detector’s surface area is visible to the microchannel) and rcy is the radius of the
differential volume. The term Vc⋅fv/r2 is subtracted from the second term on the right hand side
of the eqn. 12.1 because the core volume is counted twice (already included in Vc⋅fc/r2).
L
2
dx

Vc

x

l=81

rcy

Si detector (90o)

XWLoopRe-1

Vv
ri

r = 81

Eclipse
di
Si detector (0o)

Figure 12.24 Schematic of the line (cylindrical) source from the XWLoopRe-1 single loop grid
configuration in two orientations 0o and 90o. Figure not to scale, all dimensions are in cm.
From the table 12.1 the number of protons blocked by the disc in the central position
(0o orientation at 60 kV) is 70 (in 60 s) ~ 1.17 /s, while the total counts (without eclipse)
registered by the proton detector is (150 in 60 s) ⇒ Ft ~2.5/s. The intersection of the cone
projected from the detector to cylindrical source that passes through the LoopRe-1 is L ~1.5 cm
wide.

180
Table 12.1 Protons measured from experiments using LoopRe-1 in two orientations. Eclipsing
was performed using the small disc (1.1 cm diameter).
Expt.
No.

Orientation

Voltage

Current

982

0o

986

90o

40 kV
60 kV
40 kV
60 kV

10 mA
10 mA
10 mA
10 mA

Protons with
eclipse in the
center (60s)

Protons without
the eclipse in the
center (60s)

13
80
372
1632

50
150
410
3604

115.47 cm

37
70
−NA−
−NA−

20 cm

24.0

12.5

No. of protons
produced in the
core

45 cm

81

38.4 cm
9.6°

3.91 cm

39.32 cm

9.4

29.2 cm

66.04 cm

52.00

Canberra PIPS detector
1200 mm2 x 700µm thick

6.00 cm

6.3
16.00
29.00

91.44 cm

Figure 12.25 Schematic of the IEC device showing the intersection of the line source with the
cone of view of the Si detector.
Assuming that a cylinder of diameter 10 cm and length 2 cm as the volume of the core
region (with uniform fusion rate). A differential volume of length dx and radius rcy ~ 5 cm is
assumed (as shown in figure 12.24) to calculate the contribution of the line source formed by the
single loop grid, and is calculated using the following equation:


Aη  β πrcy f v
fc − fv
∫ 2

V
+
⋅
Ft =
dx
c 
2
2

4π  −β (r + x )
r

2

(12.2)
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where r = 81 cm, β is half the length of the volume source visible to the detector = 9.4 cm, see
figure 12.25.
A simplifying assumption is made here – the volume where the reactions occur is
assumed to be a cylinder of ~10 cm diameter and is assumed to be uniform in the volume.
Hence the volume of the core where additional reactions occur is given by:
Vc = L⋅π⋅d2/4 = 117.8 cm3

(12.3)

where d ~ 10 cm and L ~ 1.5 cm (projection of the 1 cm eclipse disc at the center of the cathode).
Hence the second term on the right hand side of eqn. (12.2) is given by:

A ⋅η ⋅ ( f c − f v )
⋅ Vc = 1.33
4πr 2
⇒ (fc - fv) ~ 71.8 p/s/cm3

(12.4)

2 A ⋅ η β rcy f v
A ⋅η β rcy f v
dx = 1.33
dx + 1.17 ⇒
2.5 =
∫
∫
4 0 (r 2 + x 2 )
4 − β (r 2 + x 2 )
2

⇒ fv ~ 6.54 p⋅s-1⋅cm-3

2

(12.5)

inserting eqn.(12.5) into eqn.(12.4) we get:
∴ fc ~ 65.3 p⋅s-1⋅cm-3

(12.6)

Hence a large number of reactions still occur very close to the cathode even for a single
loop grid. This is expected, because ions have maximum energy close to the cathode (higher
reaction cross section) and hence the higher fusion rate in the vicinity of the cathode.
While in the 90o orientation, the total counts are (at 60 kV) Ft(90o) ~ 60.6 /s and those
registered when the eclipse disc blocked the cathode is ~ 27.2 /s. The later information cannot
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be used to characterize the contributions of the core volume segment (as was done earlier)
because other volume segments’ contributions are also eclipsed in this configuration.
The total fusion rate for the 90o orientation, is given by:

(F )
t

90


fc − f v
Aη  45.7π ⋅ rcy f v
∫

dx
V
+
⋅
=
c

4π  −δ (l + x ) 2
l2

2

(12.7)

where l = 81 cm (see figure 12.25) is the distance from the center of the core volume Vc to the
Si detector. The upper limit of the integral is limited by the chamber walls 45.7 cm away from
the center of the cathode, we have to now determine the lower limit of δ. The total length of the
line source would then be (δ + 45.7) cm. Substituting the values obtained above for fv, fc, and
Ft(90o) in eqn.(12.7) and solving for δ iteratively we obtain δ ~ 78.5. Hence the length of the line
source is L ~ 124 cm (extends beyond the outer grid, coming close to the detector).
The above calculations did not account for the variation in the source strength close to the
core volume segment where the beam background reactions are significant (although the CX
reaction rate would remain constant). For this purpose the eqns.12.1 & 12.2 would have to be
modified in future work. However, if we limit the volume source to the confines of the chamber
in eqn.(12.6), a discrepancy between the measurements in the two orientations and those
predicted by the eqns. 12.1 & 12.2 arises. This would mean that we are having a directed source
of protons and this would be contrary to our understanding of this device’s operation. Therefore
it is concluded that the length of the line source is ~124 cm.
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12.4 Conclusions
A single loop grid generates a line (cylindrical) source of protons. The high-energy ions
recirculate along the center of the line source. The eclipse scan of the loop grids showed a
positive fusion reaction gradient as we move from the edge to the center of the XWLoopRe-1
single loop grid.

With improving symmetry (added wires), the fusion rate increases and

eventually saturates. The gradual transformation of a line source to a volume source is observed
with the increasing symmetry obtained by the addition of more loops to the grid.
The ionization source must be placed away from the cathode for efficient performance.
The chordwires provide electrons for ionization even at low pressures and helps sustain plasma.
Though low-pressure operation (~0.1 mtorr) is possible when chordwires are used, the fusion
rate at such low pressures is much lower and hence is not a recommended approach for low
pressure operation of the device.
As the symmetry increases the core plasma radius decreases, this is evident from the
chordwire temperature measurements where the wires close to the core get hotter with increasing
symmetry. The line source extends beyond the outer grid and the total length of the line source
is ~ 124 cm.
The presence of the grid wires seems to affect the fusion rate more drastically than
previously thought (was assumed to be uniform around the central grid). The ion microchannels
are responsible for most of the fusion reactions in the volume of the chamber and this has
prompted another important set of experiments (involving grid rotation) described in the
chapter 13.
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Chapter 13.0 Effects of the cathode grid wires on the fusion rate of the IEC device
The (10 cm dia.) cathode grid used during the present dissertation work has 5 latitudes
and 12 longitudes. Figure 11.1 shows a picture of the grid built using wire of 0.08 cm diameter.
When this grid is rotated about the z-axis a longitudinal plane sweeps a constant volume in the
azimuthal direction about the central axis as shown in figure 13.1, and hence blocks a constant
volume along the line of sight of the detector aligned with the converged core.

Figure 13.1 Rotation of a longitudinal plane about the z-axis sweeps constant volume along the
azimuthal direction
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However, as the grid is rotated about the central axis the longitudes sweep different
volumes with respect to the line of sight of the detector because, unlike the latitude, the longitude
rotates about the diameter as shown in figure 13.2. The longitudes are spaced at equal intervals
of 30o and hence with the rotation of every 30o the grid returns to the initial orientation, assuming
the grid is symmetric.

Figure 13.2 Rotation of the longitude along the z-axis sweeps variable areas with respect to a
stationary detector along the line of sight in the radial direction.

13.1 Grid rotation experimental setup

Figure 13.3 The high voltage feedthrough was rotated in intervals of 7.5o up to 30o.
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To study the effect of grid wires (eclipsing) on the proton rate from the converged core, it
is important that the grid be rotated in small increments of angle. In the present case the angular
step sizes adopted were 7.5o ± 0.5o and 2.5 ± 0.3o as shown in figure 13.3. All the other
parameters were maintained constant, since the high voltage feedthrough could be rotated under
vacuum (without venting), hence the impurity levels in the chamber could be maintained
constant during the entire experiment.
Cathode

Projection of the Si
detector onto the
cathode

Si detector

Longitude
Latitude
Figure 13.4 The projection of the Si detector onto the cathode is approximately a circle.
Assuming a perfect point source, the difference between the projected area and that blocked by
the two wires is ~56%. Without the longitude in the view, the difference is ~26%.
If a converged core exists in the center of the IEC device and if this core’s dimension is
very small (point source), the grid wires would play a major role in masking the counts from
such a converged region.

The cross wires (one latitude and one longitude) would block

approximately 56%, (see figure 13.4), and since the latitude masks half (28%) of the counts
(constantly) the longitude alone should mask 28% of the counts when it falls in the line of sight

188
of the proton detector. Hence the maximum variation in the P/N ratio should not exceed 28%.
To verify this aspect, a set of experiments was performed as explained in the next section, by
rotating the grid in small increments of angle.

13.2 Results and Discussions
The

high-voltage

feed-through

was

rotated

in

small

increments

of

angle

(7.5o ± 0.5o) as shown in figure 13.3, and the protons were recorded by a fixed proton detector
simultaneously for each position at various voltages in a sequence as shown in figure 13.5 (a).
Two voltage scans were performed at every orientation with varying voltages as shown in
figure 13.5 (b).
1.2
Expt No. 741
2 mtorr, 30 mA

Normalized P/N ratio

1
0.8
0.6

40 kV
40 kV (a)
60 kV
60 kV (a)
80 kV
80 kV (a)

0.4
0.2
0
0

7.5

60a

60

V

40a

40
15

Orientation (angle)

(a)

80a

80

22.5

30

(b)

t→

Figure 13.5 (a) Variation of the P/N ratio with grid orientation. (b) Two voltage scans performed
in a sequence (40 – 60 – 80 kV).
The P/N ratio (normalized to the maximum value in a particular scan) measured at each
position revealed an average of 40% variation between its maximum and minimum values. This
is a source of error (if the proper calibration factor is not used), because the proton detector
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would detect fewer protons than the maximum value if the grid were not properly oriented for
this factor. This error occurs in addition to the statistical errors (square root of the counts) in the
proton counts and is significant. However, this error can be fixed by optimizing the grid
orientation.
To verify the above observation another experiment was performed on a similar basis.
The grid was rotated in steps of 2.5o ± 0.3o, through a total of 42o. The results of this experiment
are plotted in the figure 13.6. It is observed that the P/N ratio value repeats itself at an interval of
30o. This is expected because, as mentioned earlier, the cathode grid has longitudes separated by
30o and hence a rotation by 30o would reproduce the original configuration. The value of the
P/N ratio in Figure 13.6 varies by about 35 – 40%. The small variation in the data is caused by
the small misalignments during rotation within the tolerable limits (± 0.3o). Hence the grid
orientation could affect the proton counts by as much as 45% if the appropriate calibration factor
is not used.
1.2

Normalized P/N ratio

1
0.8
FWHM

0.6
0.4

40 kV
60 kV

0.2
0
0

10

20

30

40

50

Angle

Figure 13.6 Plot of the normalized P/N ratio scan with the angular orientation of the cathode grid
is periodic every 30o.
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Since the variation in the P/N ratio is greater than the expected 28% for a point converged
core it is unlikely that we have a very converged core (almost a perfect point source). Hence, the
microchannel that extends towards the proton detector from the cathode should be causing the
P/N ratio to increase due to the 1/r2 falloff of the fusion rate in such microchannels.
These results (Figure 13.6) suggest that the grid orientation has to be optimized every
time the stalk is moved from its original position. Marking the orientation of the feedthrough
would help realignment of the grid as long as the stalk itself is not moved with respect to the
feedthrough in that we have to repeat the experiment to find the optimum orientation.

microchannels
Figure 13.7 Picture of the cathode grid at 25 kV, 30 mA 7.59 mtorr pressure.
The conclusion of the above experiment that the microchannels formed between the
longitudinal grid wires affect the DD proton counts suggests that the calibration factors may be a
function of the orientation of the grid /proton detector configuration. As shown in figure 13.7,
the picture of the cathode at high pressure reveals jet formation (star mode) at high pressure.
Since the microchannels are principally constituted of recirculating ions, they form jets, and it
would be reasonable to expect that fusion reactions also occur in the pathway of these
recirculating ions. CX fusion reactions would also be enhanced along this path, since the CX hot
neutrals would continue in straight-line paths along their initial trajectory.
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Experiments were not performed to study the effects of vertical alignment of the grid
because any misalignment from a concentric position affects the electric fields within the
chamber drastically. The only way to do this would be to mount the detector on a moveable port
that could be used to scan the cathode grid in the vertical direction.

13.3 Calibration of the IEC device based on the microchannel formation

1 cm

Figure 13.8 Fine wires are introduced on the surface of the grid to intercept the ions leaving the
cathode. The dimension of the jet is ~1 cm in diameter.

~ 1 cm dia.
microchannel
microchannel
Figure 13.9 Operation of the IEC device in the halo mode allows the measurement of the
microchannels’ dimensions easily (a) High pressure operation of the grid in the star mode shows
the location
of the microchannel to be ~ 2/3rd arc distance between the two latitudes (b)
(from the
(a)
lower latitude) (b) the microchannel’s diameter is ~ 1 cm and diverges upon exiting the cathode
in a spherical chamber at high pressure (~8 mtorr).
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Several fine wires were introduced on the surface of the central grid as shown in
figure 13.8 to find the microchannel’s dimensions as it emerges from the cathode. As shown in
figure 13.8 & 13.9, the dimension of this microchannel is ~ 1 cm and that this is the correct
dimension of the jet is confirmed in figure 13.9 where the grid is operated in the halo mode.1
The dimension of the single microchannel that emerges from the grid is easily determined
to be ~ 1 cm.
The microchannel that emerges from the cathode diverges and forms a diverging cone.
The dimension of the base of this cone was determined from figure 13.6, where the solid angle
subtended by the FWHM angular peak width was θ ~ 9o (in figure 13.10) at the core of the
cathode. The length of the base of the triangle in figure 13.10 is the radius of the cone
(microchannel) extending from the core of the cathode to the detector ~ 13.7 cm

R = 81cm

θ

x = 2rsin(θ/2)

x
2

Figure 13.10 The base of the cone calculated from the FWHM in figure 13.5.
Although assuming the microchannel to be cone shaped would give better results, it is
approximated by a cylinder (since the divergence is small) for simplifying the calculations. The
volume of this assumed cylinder, figure 13.11 (b) is equivalent to the volume of the
microchannel, figure 13.11 (a).
It is assumed that the diameter of the converged core is the same as that of the cylinder.
The volume of the microchannel in Figure 13.11 (a) is given by:
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Vm =

2
2
π h ( rc + rc r + r 2 ) + π r 2 d
3

(13.1)

where h is the height of the cone (l-d)/2, rc (~ 3.6 cm) is the radius of the cone’s base, r (~0.5 cm)
is the radius of the cylinder inside the grid, rcy is the radius of the equivalent cylinder in
figure 13.11 (b), and d is the diameter of the grid.

Cathode
(a)

2r

y

θ

x

2rcy

β

(c)

h

d

(b)

z

rc

Si detector
l

Figure 13.11. (a) Approximate representation of a single microchannel (b) Cylinder of equivalent
volume (and hence equivalent number of reactions) of the microchannel (c) Various angles that
the microchannel makes with the axis.
Each set of microchannels that forms between any two consecutive latitudes has the same
length l (as shown in figure 13.11(b)). Neglecting the variations at the intersections of the cone
with the cylinder and chamber, the volume of the equivalent cylinder in figure 13.11 (b) can be
evaluated as follows:

2
2
π h ( rc + rc r + r 2 ) + π r 2 d =
3

π ⋅r l
2

cy

where l is determined from the orientation of the microchannel (β).

(13.2)
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The value of ‘l’ is given by:
l=

L
sin( β )

(13.3)

where L is the chamber height = 65 cm. However, for the set of microchannels that fall between
the latitudes 2 and 3 in figure 13.12, we have to take the diameter of the cylinder into account
and hence
l=

L'
cos( β )

(13.4)

where L′ is the diameter of the chamber = 91.4 cm.
a
b

Pole
1

c

2

3

θ
β′ = 11.8o 37.2o 77.1o

Figure 13.12 Cathode grid showing some latitudes and longitudes along with the microchannels
and the corresponding angles of orientation with respect to the core. The latitudes are numbered
1, 2 & 3, while a, b & c are microchannels.
The length of the microchannels are l = 66.7 cm for the microchannel a, l = 107.5 cm for
the microchannel b (evaluated using eqn. 13.3) and l = 93.4 cm for the microchannel c (evaluated
using eqn. 13.4). Hence the value of rcy for the microchannels a, b and c in figure 13.12
(evaluated using eqn. 13.2) are 2.07 cm, 2.14 cm and 2.12 cm respectively.
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chamber

cathode
Si detector

α
δ
θ
λ

Figure 13.13 The view of the single microchannel is limited by the view cone of the detector.
Assuming that the fusion rate within the differential volume is constant and building on
the earlier calculations in Chapter 12, eqns.12.1 & 12.2 are now generalized as follows:
2

fc − fv
Aη  λ π ⋅ rcy cos ( β ' )

V
+
⋅
dx
Ft =
f
v ∫
c
2
2
2

4π  −δ [r + x + 2rx cos(θ )]
r

2

(13.5)

where θ & β (where β′ = 90 - β, see figure 13.12) are the angles of inclination of the
microchannel with y and z axis respectively as shown in Figure 13.11 (c), δ & λ are the lower
and upper limits of the cylindrical source respectively that is generally limited by the chamber
dimensions and/or the view cone of the detector for the proton detector’s view, see figure 13.13.
Although eqn. 13.5 gives an accurate estimate of Ft it is easier to neglect the second term
on the right hand side of eqn. 13.5 and account for it later after all calculations are completed.
Later in the present section, this simplifying technique will be explained shortly (see eqn. 13.6).
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The length of a microchannel is specific for each orientation, however, using symmetry,
the length of only half the number of microchannels, i.e., 13 in all, (which is ~ one quarter of the
number of holes in the cathode), has to be evaluated since the other half has the same value.
The microchannel tends to form in a region where the electrostatic potentials between the
wires are less negative, and hence is away from regions where the wires converge as in the case
of the latitudes 1 & 2 illustrated in figure 13.12. The angles that the axes of the microchannels
make at the core of the cathode while passing through each of these holes shown in figure 13.12
are β′ = (90 − β) = 11.8o, 37.2o& 77.1o.

δ
Si detector

h1
α
α

θ
r

θ
λ
h2

Figure 13.14 Geometry of the detector and the microchannel orientations where θ = (15 + n⋅30),
where n = 0,1,...5 and α = 5.86o.
The various lengths from Figure 13.14 are listed below in terms of known quantities:
h1 = r

r
sin α sin θ
=
sin(α + θ ) cot α + cot θ

(13.6)
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h2 = r

r
sin α sin θ
=
sin(θ − α ) cot α − cot θ

(13.7)

δ=

h1
sin θ

(13.8)

λ=

h2
sin θ

(13.9)

The total length of the line source is δ+λ = L given by:

L=

h1 + h2
2r ⋅ cot α
=
sin θ
sin θ ⋅ (cot 2 α − cot 2 θ )

(13.10)

The number of segments between the latitude 1 and the pole of the grid in figure 13.14 (also see
figure 13.1) is only 4, hence there are only two orientations of the microchannel ‘a’ that we need
to account for in the calibration. All the other microchannels that form between any two
consecutive latitudes are 12 in number and 56 in total. Since the area of each of the openings is
~constant, we assume that the diameter of the microchannel remains constant (~ 1 cm).

13.4 Calibration of the IEC chamber assuming the source of the fusion to
be the microchannels
The volume source calibration factor calculated using MCNP2 gave an approximate
calibration factor of the form:

4πr 2  21 
 
A  η d 

(13.11)

where the factor 21 was found using MCNP. Figure 13.15 shows a plot of the relative detector
calibration factor vs. the spherical source radius, and it includes the extrapolation from the solid
angle of the detector to the entire chamber volume.
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Figure 13.15 Plot of relative detector calibration factor vs. radius of spherical source. For the
point source the detector calibration factor is 1, but for a complete volume source the
factor is 21.2
The converged core source can be approximated to be a point source (as seen by the
detector), and can be modeled using the following equation, (modified from Ben Cipiti’s work3):

4πr 2
A

 1

 η cη d


 ~ 7818


(13.12)

where A is the surface area of the detector = 12 cm2 (since the entire detector is visible to the
protons born in this region), r is the distance of the proton detector from the center of the
chamber ~ 81 cm, ηc is the transparency of the cathode ~0.925, and ηd is the detector
efficiency ~0.95. The transparency of the anode ηa is not accounted for because a hole was
introduced into the anode in front of the detector that did not block protons, in other words
ηa ~1 . The calibration factor for the converged core as calculated from eqn. 13.12 is ~7818.
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The embedded source can also be approximated by a point source with an additional
factor of 2 since protons born on the far side of a grid wire gets blocked by the wire, and is given
by (modified from Ben Cipiti’s work3):

4πr 2
A

1

ηd


 × 2 ~ 14550


(13.13)

where A = 12 cm2 (since the entire detector is visible to the protons born in this region).
In the present setup, r ~ 81 cm, A = 12 cm2, ηd = 0.95 gives a calibration factor of
~164192 (= 151,878 if the anode transparency factor (ηa ~ 0.925), is excluded, since a hole was
later introduced in front of the detector). This calibration factor (164,192) was used for all the
earlier purposes3 and in the calculation of this factor the formation of microchannels was
neglected; instead a uniform volume source was assumed. In what follows, a new calibration
factor is calculated after breaking down the various fusion contributions into volume
(microchannel), embedded and converged core source contributions.
The initial orientation of the grid is important for the calibration of the proton detector. It
is assumed here that the grid is oriented in such a way that none of the microchannels are pointed
at the detector i.e., in an orientation such that the proton rate on the detector is a minimum. This
orientation is chosen because if the microchannels were pointing at the detector instead, the 1/r2
dependence of the fusion rate would complicate the calculation of the calibration factors. For
such an orientation, it is required that the cross wires of the grid are aligned with the line of sight
of the proton detector as shown in Figure 13.4.
The above mentioned assumption is important because if we had chosen the orientation
where the readings are a maximum (i.e., longitude (wire) is not in the projection of the proton
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detector) then we would have to take into account the one microchannel that would extend close
to the proton detector and this would complicate the calculations.
Since the grid is spherically symmetric, we can evaluate the fusion rate of the
microchannels in only one quadrant of the grid and the total fusion rate would then be given by:
Ft = 4⋅(Σ Fi )+2⋅Σ Gj

(13.14)

where i = 1,2,3 & j = 1,2 and
Fi & Gj are calculated using the equation (modified eqn. 13.5) given below:
2

Aη  λ π ⋅ rcy cos ( β ' )

dx
f
Fi or Gj =
v ∫
2
2
4π  −δ [r + x + 2rx cos(θ )] 
2

(13.15)

where A is the surface area of the detector visible to the proton born somewhere within the IEC
chamber. The accurate calculation of this area is given in Appendix C. This area A is an
intersection of the projection of the entrance port of the Si detector (an ellipse) with the surface
area of the Si detector (a circle). It is assumed that the minor radius of the ellipse remains
constant.
Since the contributions of the volume source alone is difficult to determine, the data from
the large eclipse experiment is used. The large eclipse disc masks 100% of the central grid and
hence any protons detected by the Si detector come from the volume source. However, the exact
volume of the microchannel is difficult to calculate.

The cylinder of the microchannel’s

equivalent volume is used for the purpose. The length of this cylinder is calculated in two
stages. The length of the microchannel when there is no disc is first calculated. In the next step
the length of the microchannel blocked by the eclipse disc is calculated. The difference in the
two lengths gives the length of the microchannel visible to the detector and is tabulated in the
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Table 13.1 below, also see figure 13.16 where ∆x1= δ1 - δ2 and ∆x2 = λ1 - λ2, Ti,j = Fi/fv = Gj/fv,
and Fi, & Gj are computed using eqn. 13.13 (without the second term on the right hand side of
the eqn.).
chamber

cathode

α1

Si detector

δ2

α2

θ

δ1

λ2

λ1

Figure 13.16 Various parameter from the Table 13.1 are schematically represented here, where
α1 = 5.86o, α2 = 4.20o.
Table 13.1 Various values used in the calculation of the volume source calibration factors using
data from the Large eclipse scan experiment.
i

α1

α2

θo

βο

l

δ1

λ1

δ2

λ2

rcy

∆x1

∆x2

Ti

Tj

1a
2a
3a
1b
2b
3b
1c
2c

5.86
5.86
5.86
5.86
5.86
5.86
5.86
5.86

4.20
4.20
4.20
4.20
4.20
4.20
4.20
4.20

15
45
75
15
45
75
45
90

11.8
11.8
11.8
37.2
37.2
37.2
77.1
77.1

93.4
93.4
93.4
107.5
107.5
107.5
66.7
66.7

23.2
10.7
8.37
23.2
10.7
8.37
10.7
8.31

52.1
13.1
8.85
52.1
13.1
8.85
13.1
8.31

18.0
7.8
6.04
18.0
7.84
6.04
7.84
5.95

31.6
9.1
6.28
31.6
9.08
6.28
9.08
5.95

2.120
2.120
2.120
2.136
2.136
2.136
2.071
2.071

5.2
2.9
2.33
5.17
2.86
2.33
2.86
2.36

20.5
4.0
2.57
20.45
4.02
2.57
4.02
2.36

0.01576
0.00591
0.00420
0.01214
0.00449
0.00324
0.00559
0.00390

0.01581
0.00573
0.004219
0.01218
0.004434
0.00325
0.00552
0.003896

If fv is the source strength of the volume source in protons/s/cm3 and if N is the total
number of protons detected by the detector when the large eclipse disc is in position, then from
Table 13.1 the relation between fv and N is given by:
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(4[ΣTi(a,b) + ΣTj(a,b)] + 2[ΣTi(c)+ ΣTj(c)] )x fv = N

(13.16)

(4 x 0.091365 + 2 x 0.018902) fv ~ 0.403 fv = N
∴fv ~ 2.48 x (N) protons⋅s-1⋅cm-3

(13.17)

The total fusion rate in the volume of the chamber is given by:
Tf = fv x Vs

(13.18)

Where Vs is the total volume of all the microchannels given by:
Vs = 12π [rcy12l1 + rcy22l2] + 4π[r2cy3l3] –26 (4/3πcr3)~ 36,903 cm3

(13.19)

where all the parameters are defined in table. 13.1, and cr is the core radius (~2.1 cm, region
where the equivalent cylindrical microchannels overlap) and the factor of 26 arises from the fact
that there are 26 microchannels in this grid configuration. Hence the volume source calibration
factor is ~ 91,520.
The total contribution of the microchannel (volume) source is given by:
Tf = 91520 N′

(13.20)

where N′ is the total number of protons detected by the Si detector.
Hence the total calibration factor for the D-D fusion is given by:
7818 (x) + 14550 (y) + 91520 (z)

η

(13.21)

mag

where x, y and z are the percentage contributions of each of the source regimes to the overall
fusion rate and ηmag is the detector channel efficiency (eqn. 13.9) in the presence of the electron
deflector magnetic field.
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13.5 Effects of non-uniform ionization source on the microchannel
formation
Although, in the earlier calculations in section 13.4 it is assumed that the microchannels
are formed uniformly around the cathode, the assumption was that the only factor affecting these
microchannels is the area between the wires open for such microchannel formations. In order to
verify this assumption another set of experiments was conducted by varying the ionization
source around the cathode. This was accomplished by sequentially turning off the filament
electron sources (1,2 & 3) as shown below in figure13.17 (also see figure 10.9).

Line of sight of the
filament source #1

Figure 13.17 Top view of the cross-section of the IEC chamber. The arrangement of the three
filament electron sources with respect to the detector is illustrated.
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Figure 13.18 Normalized P/N ratio vs. voltage shows a direct correlation with the ionization
source (filament source) in operation. (The P/N ratio is normalized to the maximum value of all
three voltage scans).
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Figure 13.19 Voltage scan with various filament source configuration (also see figure 13.18).
Neutron rate remains constant with each of these configurations (i.e., it is independent of the
filament electron source in operation)
The filaments (1, 2 & 3) were sequentially turned off, with only one filament in operation
at any given time. Figure 13.18 shows the normalized P/N ratio scan with various filaments in
operation.

Most protons are produced when all three filaments are operating, while the least

protons are produced when the filament closest to the Si detector (figure 13.17) is operating.
This could be explained only when the formation of microchannels is taken into account. When
a single filament source is operating, it provides higher local ionization and hence the
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microchannels form easily around the line of sight of the filament source (for instance near the
filament source #1, in figure 13.17).
The above observation is confirmed by the fact that with only the filament #2 operating,
the proton rate observed is higher than other configurations under study. The line of sight of this
filament #2 comes very close to the detector port and hence due to the 1/r2 dependence of the
fusion rate, the Si detector sees a higher fusion rate. It is noteworthy that the neutron rate
remains constant with each of the filament source configurations as shown in figure 13.19,
because the neutron source sees a point source. Only the proton rate changes with the filament
source configuration.

13.6 Effect of the deflector magnetic fields on the proton rate measurement
A deflector magnet is used to divert the electrons away from the line of sight of the
proton detector. The arrangement of this magnet with respect to the proton detector is shown in
figure 3.4.

However, since the Si detector is sensitive to the magnetic field (due to the

Hall effect4), a characterization of the magnetic field on the proton rate was performed.
Inside a semiconductor the charge carriers are distributed in energy, and those with
higher velocities will be deviated to a greater extent for a given field. Hence the time for which
the detector reads a current from a pulse would increase. This increase in pulse length might
lead to pulse pileup causing a faulty proton measurement.
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Figure 13.20 (a) Voltage scan of the P/N ratio with various magnetic field configurations.
(b) The position of the deflector magnet with respect to the Si detector.
Permanent magnet clusters were prepared by placing several small permanent magnets
together to increase the field strength. Once prepared, such magnets were used in various
configurations as shown in figure 13.20 (b). From figure 13.20 (a) it is evident that with the
increasing magnetic field across the face of the Si detector the number of protons detected is
higher.

This could be a consequence of the Hall effect as mentioned earlier.

The other

possibility would be that with the deflector field moving closer to the Si detector, greater
numbers of protons reach the detector without being deflected away. Although the protons are
very energetic, there is a finite possibility that they would be deflected by the magnetic field.
The highest number of protons (higher P/N ratio) is detected with the NNNN configuration since
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the field extends for a longer distance and is normal to the direction of propagation of the protons
as shown in figure 13.21 (b).
The proton rate measurement with the configuration NSNS beyond 40 kV had noise and
is hence not reported. This noise is caused by the electrons that get through the cusp fields that
form in this configuration and hence is a bad configuration for electron deflection.
The third configuration NNNN-SSSS was selected with an intension that so that the
protons that are deflected in one direction (downwards) by one pair would be reversed by the
other pair (in the upward direction). The P/N ratio did not vary much with this configuration and
it is perceived to be the best magnetic configuration.

3

P/N ratio

2.5
2
1.5
1

NNNN
NSNS
NNNN-SSSS

0.5
0
30

40

50

60

70

Voltage (kV)

NNNN

NSNS

NNNN-SSS

Figure 13.21 (a) The P/N ratio scan with voltage, and the magnetic field configuration confirms
that the proton measurements are influenced by the presence of the magnetic field (given that the
horseshoe magnet is much more powerful than the magnets used here). (b) Various
configurations of the magnetic field used in the experiment (N – north, S – south), the polarity on
the far side of the detector port in configuration NNNN is SSSS, and in the configuration NSNS
is the same as the one on the near side. The polarity on the far side of the NNNN-SSSS
configuration is SSSS-NNNN.
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13.7 Calculation of the proton deflection inside the detector port
~ 10 cm

(a)
Si detector

d

Vy

θ
Vx

~ 20 cm
(b)

Figure 13.22 (a) Schematic of the approximate dimensions of the detector port with the magnetic
field. Though the fields are in general fringing, we assume that it is constant over the 10 cm
length of the horseshoe magnet. (b) Side view of the proton detector and the deflector magnet
(also see figure 3.4).
The use of a permanent magnet to deflect away the electrons was first suggested by
Bob Ashley (Rutherford first used a magnetic field to separate various radiations from the
radioactive material). The associated analysis (to calculate the magnetic field efficiency in
deflecting protons - ηmag) was however done independently.

209
We now assume that the velocity of the particle is a constant in the x-direction (Vx) and it
is on the same order as the initial proton velocity Vp, while the particle accelerates in the
y direction, its velocity is Vy and is calculated as follows:
Vy = ay⋅ t

where ay =

(13.22)

Fy
mp

=

qV p B
mp

(13.23)

where B = 0.15 T (measured peak B field inside the detector port), mp = 1.67 x 10-27 kg,
q = 1.6 x 10-19 C,
Vx ~ Vp =

3.0 ⋅ 10 6 × 1.6 ⋅ 10 −19
= 1.7⋅107 m/s
1.67 × 10 − 27

∴ay = 2.4 x 1014 m/s2

(13.24)
(13.25)

Assuming that the proton is in the influence of the field for 10 cm as shown in
figure 13.22 (a), the time that the proton takes to traverse the field is given by:
0 .1
~ 5.9 x 10–9 s
Vp

(13.26)

⇒ Vy ~ 1.4 x 106 m/s

(13.27)

t ~

The angle of deflection ‘θ’ in figure 13.22 (a) is evaluated as follows:
V
θ = tan-1  y
 Vx


 = 4.7 o


∴d = 20 x tanθ = 1.64 cm

(13.28)
(13.29)

The radius of the detector is only 1.955 cm and hence many protons could be potentially lost,
especially those that arrive into the detector at an angle.
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The B-field distribution inside the proton detector is not known accurately and hence
empirical data is used to determine ηmag.
The proton rate before and after the B-field is used, which gives an idea of the influence
of the B-field. Such an experiment was performed at low cathode voltage to avoid any energetic
electron jets from damaging the proton detector. From this measurement it was observed that the
proton rate changed by an average of 50%:
∴ ηmag ~ 0.5

(13.30)

Hence substituting eqn. 13.30 and the corresponding values from table 5.1 in eqn. 13.21, we get
a calibration factor of ~107612 (with the orientation of the grid such that microchannels are
oriented away from the detector i.e., lowest number of protons are detected).

13.8 Conclusions
Grid rotation experiments have revealed that the fusion source is non-uniform inside the
IEC device. Microchannels form at regular intervals spaced 30o apart, corresponding to the
spacing of the longitudes of the cathode grid. All fusion occurs within these microchannels,
since even the charge exchanged neutrals cause fusion within these channels. Proper grid
orientation is essential for correct proton rate measurement and interpretation. The calibration
factor was calculated for the orientation where the proton rate was a minimum; this was done to
avoid the complications that may arise due to 1/r2 falloff of the protons.
The magnetic field used to deflect the electrons has been found to deflect the protons
also. Hence the final calibration factor included the empirical efficiency factor (ηmag) that
accounts for the protons lost due to magnetic deflection. The proton data from the off-axis
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detector was found to be unreliable because the magnetic fields were significant near the Si
detector and the associated Hall effect could easily affect the proton rate measurements. Hence
the information from such off-axis detector measurements was not used for the present purpose.
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Chapter 14.0: Summary

Chapters 1, 2 and 3 deal with the principle of operation, history and the experimental
IEC setup at the University of Wisconsin, Madison. In chapter 4, operational techniques with
various ionization sources (RF and filament electron sources) developed to improve the
performance of the IEC device are explained. An RF ionization source was avoided during the
present study due to the associated noise problems.

There are various ways by which fusion occurs in an IEC device:
1. Beam-beam reactions that occur in the core of the device,
2. Beam target reactions that occur on the surface of the grid wires and the
chamber walls, and
3. Beam-background reactions that occur close to the central grid and charge
exchanged (CX) neutral-background reactions that occur everywhere inside the
chamber.
A beam consists of charged ions such as D+, D2+, D3+, He+ and He++ while the
background is the neutral fuel gas and the target is the embedded ions that get trapped inside the
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lattice structure of either the grid material or the chamber walls. An understanding of the
distribution of the various reaction contributions described above to the total fusion reactivity
would help further the efficiency of the device and design new applications. This understanding
would also help reduce the disparity between experimental and theoretical values. Hence a new
diagnostic called the eclipse disc was co-invented.
In Chapter 5 a new diagnostic called the “eclipse disc” is introduced and was used to
characterize the various fusion regimes within an IEC device. The Eclipse disc diagnostic allows
monitoring the fusion reactivity from regions not eclipsed by the disc using a proton detector.
A difference in fusion rate measurements, with and without the disc in position, helps deduce the
reaction rate in the eclipsed region, thus allowing selective fusion rate measurements from
different regions within the IEC device. While the data from the small eclipse experiment gave
insight about the converged core contributions, the large eclipse disc experiment revealed the
volume source contributions. Using this diagnostic it was confirmed that a converged core
regime exists for the D-D reactions, but the D-3He reactions are mostly beam-target reactions
and occur on the surface of the cathode wires (D-3He reactions are rare in the volume of the
device due to the penning ionization effect). The effect of fusion convergence with varying
voltage and chamber pressures is studied using a small eclipse disc that was scanned across the
view of the cathode grid from the Si detector and is reported in Chapter 6. It was observed that
there was no significant variation of the P/N ratio with voltage or pressure in the range of
operation. Hence a single calibration factor could be used in the range of operation tested during
these experiments and such a calibration factor is derived in chapter 13.
Chapter 7 deals with the Monte-Carlo Stopping and Range of Ions in Matter (SRIM)
code, which is used to simulate the proton energy spectrum of both the DD and D-3He and is
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compared with the experimental observations. A Si (semiconductor) detector detects the protons
from the fusion reactions. These protons are energy broadened due to collisions and Doppler
broadening. Though the Doppler broadening is a simple calculation, the collisional broadening
could be accommodated into theoretical predictions using Monte-Carlo SRIM code calculations.
Building on Chapter 7, Chapter 8 explains a new technique to measure the average ion energy in
an IEC device using Doppler broadening of the proton energy spectrum using a single loop
cathode.
The fusion rate as measured with these grids, showed Doppler broadening, that contains a
double peak (characteristic of linear doppler broadening). SRIM calculations revealed that the
ions were getting accelerated to 60% of the applied grid voltage. This is a new method of
determining the average ion energy while the earlier methods used visible spectroscopy at higher
pressures, and were not suitable at lower pressures. The average ion energy information is used
in the energy balance equation calculations (in chapter 9) and would also be useful for all the
codes that predict the fusion rates in an IEC device.
A new diagnostic called the “chordwire” is introduced in Chapter 9. The chordwire
diagnostic is a wire that is placed in the form of a chord of a circle inside the cathode. The
energy balance on the surface of this wire using temperature measurements via a pyrometer gives
the ion flux. This diagnostic was used to study the effects of thermionic emission on the
performance of the IEC device, and this diagnostic also gives insights into the ion flux reaching
the central grid. Various chordwire arrangements were used to calculate the ion flux from
different directions and a preliminary 2D ion flux map was generated. The chordwire diagnostic
has also helped understand the non-uniformity of the ion flux in an IEC device and guided the
research effort towards finding new ways to homogenize these ion-fluxes. To homogenize the
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ion fluxes the RF ionization source was used that provided homogeneous distribution of ions
around the central grid. The effects of asymmetric grid heating and the grid wire material
selection process are also reported in this chapter. Associated with the stalk is the breakdown
problem due to sputter deposition of grid material that forms a conductive path from the central
grid to the grounded chamber wall. Earlier cathode grids were built using stainless-steel (SS)
wires, such wires melt at low temperature and hence operation beyond an input power
~ 4 to 5 kW was difficult and the grid also sputters significantly. This problem has been reduced
drastically by selecting new refractory grid material (W-25%Re) that, due to reduced sputtering,
allowed the device’s operational voltage to be raised from 60 kV to 180 kV (with improvements
in the stalk design) and has allowed the operational power level to be increased to 12 kW
(limited by power supply capabilities). Using this new material resulted in 5 orders of magnitude
improvement in the D-3He reactions and ~3 orders of magnitude improvement in the D-D
reaction rate when compared to the earlier performance of the device with stainless-steel grids.
The fusion reactivity is severely affected by the impurities present inside an IEC chamber
and the effect of such impurity concentrations is studied using a residual gas analyzer in
chapter 10.

Highly ionized impurity ion liberates more secondary electrons than a single fuel

ion and hence even small concentrations of impurities could lower the total ion current and hence
the lower fusion rate. Increasing the fuels’ flow rate flushes the system and helps reduce the
concentration of the ions within the chamber at any given time. The fuel ratio (D2/3He) affects
the performance of the D-3He reactions and the optimum ratio was found to be ~0.5.
Experiments with a single loop cathode grid are reported in Chapter 11. Since energy
drain occurs in an IEC device through electrons, various electron sources are identified and
studied in this chapter. Thorson’s equation for the ion recirculation current in an IEC device was
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updated. Single loop grid experiments were then performed, and these experiments revealed the
importance of secondary emission and their role in ion recirculation current. These single loop
grids generated a line (~cylindrical) source inside a spherical outer grid.
Furthermore, in Chapter 12, the fusion contributions of the single loop grid are
characterized and appropriate equations for the fusion reactivity are derived. Sequential grid
manufacturing experiments showed that the fusion reactivity of the IEC grid is not very sensitive
to the cathode grid’s symmetry. The single loop was replaced by another single loop with
cross-wires that intercepted the recirculating ions. Experiments were performed at every stage of
grid construction after adding more loops to the earlier grid (sequentially 1, 1, 2, 2, 2, and
2 loops in various orientations were added to the single loop) thus constructing the whole grid
with 11 loops. This experiment revealed the structure of the converged core with the variation of
the grids’ surface electric field and showed an improved fusion rate with increasing symmetry of
the grid surface’s electric fields up to 3 loop grid, however no significant improvements in
neutron rate was observed with addition of more loops. The observation that the grid wires
influence the fusion reactivity in the earlier sequential grid construction experiment led to the
grid rotation experiments in Chapter 13. In this set of experiments, rotating the high voltage
stalk in small increments of angle rotated the grid about its axis. The results of this experiment
revealed that the volume source reactions occur mostly in the microchannels that form in the
open spaces between the wires of a cathode grid in an IEC device. Based on the results from the
grid rotation experiment a new calibration factor was derived.

It was observed that all the

volume source reactions occur in the microchannels that form in the open.
Finally, Chapter 14 summarizes all the experiments while the Chapter 15 lists the major
contributions of the present dissertation work.
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Chapter15: Overall Conclusions
The following are the major accomplishments of the present dissertation work:
1.

The first simultaneous measurement of DD and D-3He protons was accomplished
during the present dissertation work confirming that D-3He reactions indeed occurs
in an IEC device.

2.

The steady-state fusion of D-3He fuels was studied at rates 4 – 5 orders of magnitude
higher than previously accomplished (900 protons/s) at University of Wisconsin,
Madison.

3.

Proton energy spectrum from both DD and D-3He reactions were characterized and
theoretically explained.

4.

Three new diagnostics were newly devised and used to understand the physics
behind the operation of the device.
a. Doppler shift proton energy spectroscopy for average ion energy
measurement.
b. Eclipse disc diagnostic used in characterizing the various fusion regimes
(volume, embedded & converged core) within an IEC device at 2 mtorr
chamber pressure.
c. Chordwire diagnostic for characterizing the various electron emission
contributions and providing a 2D map of the ion flux into the central cathode.

5.

Thorson’s equation for ion recirculation in an IEC device has been improved.

6.

More efficient materials have been selected (W-25%Re & pure Re) for the IEC grid
increasing the life of the cathode grid by several orders of magnitude. These new

219
materials mitigated the contamination of the stalk due to sputtering and paved the
way for higher voltage operation.
7.

The fusion rate (proton to neutron rate ratio) from the IEC device was used to study
the changes in ion current due to increased electron emission (secondary electron,
photo, thermionic and field electron emissions).

8.

The volume fusion source in an IEC device has been found to be due to non-uniform
ion fluxes, contrary to earlier beliefs. Microchannels formation was established at
relatively low pressures (2 mtorr) and was used to calibrate the fusion rate
contribution of the volume source. A new formula was derived for the purpose.
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Appendix A: Volume eclipsed by the various discs

Detector

Cathode

Eclipse

1.954 cm

45.7

x
54.5

y
26.5

81.0

θ

h

z

Figure A.1 Geometry of the small eclipse disc (x = 1.1 cm diameter). Since the geometry is
symmetric only half the dimensions are shown for the detector, disc and grid radii.
Since the dimension of the small eclipse disc is smaller than the radius of the detector, we may
simply approximate the volume eclipsed by it as a cylinder of diameter equal to the diameter of
the eclipse disc. The error involved in such calculation would be small. For this approximation
the volume eclipsed by the eclipse disc = πr2l = π(0.55)2⋅(26.5+45.7)= 68.6 cm3
In light of the converged core scenario, this argument is valid when the contributions of the
volume source on either side of the converged core remain constant. Hence for all relative
measurements this approximation will not introduce much error in the data. Such measurements
are reported in chapter (5.0). Accurate volume calculations are given below.
Small disc
When a small disc is used it is smaller in size than the detector and hence it would mask only a
cone (shown in blue), figure A.1.
tan θ =

y
x
1.95
z
=
=
=
h 26.5 + h 81 + h 45.7

(a.1)
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substituting x = 0.55 cm for the (1.1 cm diameter small disc) in the above eqn. (a.1)
0.55
1.95
=
26.5 + h 81 + h

we get h = -5.15 cm

(a.2)

A negative value denotes that the crossover point is before 26.5 cm from the eclipse disc.
Substituting in eqn.(a.1) and solving for y , z and θ we get
y = 0.08 cm, z = 1.458 cm and θ ~ 0.45o
The volume eclipsed by the small disc Vs=

π
3

[r 2 l + z 2 (45.7)]

= 101.78 cm3

where l = 26.5 - h = 21.35 cm, z = 1.458 cm and r = 0.55 cm
∴ Vs = 119.96 cm3

(a.3)

When a small eclipse disc is used the contributions of the volume source to the overall counts
blocked by the disc are not all that important because the bulk of the counts blocked by the disc
come from the converged core reactions.
Cathode
Eclipse disc
Detector

θ

x

1.954

h

54.5

r

y

26.5

45.7

81.0

Figure A.2 Geometry of the intermediate (x = 2.4 cm diameter) and large eclipse (x = 4.0 cm
diameter) discs.
For the intermediate and the large discs, the geometry in figure A.2 applies. In this case
the size of the disc is larger than the detector and hence the volume eclipsed by these discs are
diverging cones.
tan θ =

1.954
x
y
r
=
=
=
54.5 + h 81 + h h + 126.7
h

(a.4)
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Intermediate disc
Substituting x = 1.2 cm (for the intermediate disc of 2.4 cm diameter) in the eqn.(2)
1.954
1.2
=
h
54.5 + h

we get h = 141.3 cm inserting this back into eqn. (2) and solving

for y and r we get y = 3.074 cm and r = 3.706 cm.
The volume of the cone blocked by the intermediate disc is given by:
1
VI = π [r 2 l − x 2 (h + 54.5)] ≈
3

3559.3 cm3

(a.5)

where l = 268 cm and the small volume correction at the base of the cone due to the curvature of
the cylindrical chamber is neglected.
Large disc
Similarly substituting x = 2.0 cm for the large disc in eqn. (2) we obtain h ≈ 2315 cm,
y = 2.022 cm and r = 2.061 cm
The volume blocked by the large disc is given by: VL = π [r 2 l − x 2 (h + 54.5)] ≈ 8733.5 cm3
1
3

115.47 cm

24.0
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20 cm
45 cm
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38.4 cm
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3.91 cm
29.2 cm
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Canberra PIPS detector
1200 mm2 x 700µm thick

6.00 cm
16.00
29.00

91.44 cm

Figure A.3 The volume fractions blocked by each of the discs
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The volume fraction (see figure A.3) masked by a disc =

Vtot − Vdisc
Vtot

where Vtot is the total volume visible to the detector.
From eqn. a.4 we have
tan θ =

1.954
3
y
⇒
= =
29.2 − x x 52 + 45.72 − x

θ = 9.63o

(a.6)

solving the above equation we get x = 17.685 cm and y = 19.56 cm.
Total volume seen by the detector
1
Vtot = π [(19.56) 2 ⋅ ( x + 52 + 45.72) + (1.954) 2 ⋅ (29.2 − x)] =
3

46283.17 cm3

(a.7)

∴ The fraction of the total volume seen by the detector that each of the discs eclipses is given by
Vsmall = 119.96/46283.17 = 0.26%

(a.9)

Vintermediate = 3559.3/46283.17 = 7.71%

(a.10)

VLarge = 8733.5/46283.17 = 18.86 %

(a.11)
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Appendix B: Natural gas cooling of surfaces
Particle Distributions - Maxwellian (3D)
3

2
m
 α  −αv 2
f = n  e
where α =
2kT
π 

(b.1)

Particle flux in 1D is given by:

∫ f ⋅v

Γ=

x

⋅ d 3v

(b.2)

N x >0
π

Γ=

2

∫ ∫ fv cos (θ ) ⋅ 2π ⋅ v

sin θ d θ dv

2

(b.3)

0 N >0

3

2
2
α 
Γ = 2π ∫ n  v 3 e −αv dv ∫ sin θ cosθdθ
0 π 
0

∞

3

1
α 
Γ = 2πn 
⋅
2
 π  2α
2

π

2

sin 2 θ
2

π

0

2

(b.4)

1

n 1
n  2kT  2
kT
=
=

 =n
2 πα 2 π  m 
2πm

(b.5)

Energy Flux in 1D
1 2
mv v x fd 3 v
N x >0 2

Q= ∫

where vx= vcosθ and dv = 2πv2sinθdθdφ

(b.6)
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3

Q=

mn  α  2 ∞ 5 −αv 2 2
  ∫ v e dv ∫ 2π sin θ cosθdθ
2 π  0
0
π

(b.7)

3

2πnm  α  2 2  1 
n 1
kT
(2kT )
=
=n
=
 
3
3  
2
2  π  2α  2 
2πm
π α
∴Q = 2kT Γ

(b.8)
(b.9)

Consider a small object surrounded by a neutral gas of density ‘n’. By small, we mean
that the mean free path ‘λ’, of the gas molecules is much greater than the dimension of the
object. In this case the characteristic rate of gas molecules arriving at the surface is

N& = A ⋅ Γ

(b.10)

and the rate of energy arriving is
E& = A ⋅ Q = 2 A ⋅ Γ ⋅ h ⋅ Tg

(b.11)

We assume the surface saturates with gas. Once this occurs, for every molecule hitting
the surface, another molecule leaves. Hence molecules hit the surface with an energy
distribution characteristic of a Maxwellian at the gas temperature.
We assume the typical molecules stick on the surface long enough to thermalize with the
object material. When dislodged they leave with an energy distribution characteristic of the
surface temperature. Thus

E& out = A ⋅ Γ ⋅ 2k ⋅ Ts
E& in = A ⋅ n g ⋅

Γout = n'

k ⋅ Tg
2πm

(b.12)

(2h ⋅ T )
g

kTg
kTs
= ng
2πm
2πm

(b.13)

(b.14)
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E& out = A ⋅ n'⋅2h ⋅ Ts

E& net = An g

kTg
2πm

kTg
kTs
= A ⋅ ng
⋅ 2hTs
2πm
2πm

(b.15)

[2k ⋅ Ts − 2k ⋅ Tg ] where k = 1.38 × 10 −23 J K

(b.16)

For D2 molecules
M = 4(1.67x 10-27) kg
p = nkTg = 2.0mTorr

(b.17)
(b.18)

where p = 0.266 Pascal = ng (1.38x10-23x300) and ng = 6.4 x 1019 molecules/cm3
E&
1.38 × 10 −23 × 300
× 2 × 1.38 × 10 − 23 ⋅ [Ts − Tg ]
= 6.4 × 1019
− 29
A
2π ⋅ 4 ⋅ 1.67 × 10
= 0.554 ⋅ [Ts − Tg ]
Pg =

(b.19)

Radiation

σ = 5.67 × 10 −8

W
m2 K 4

(b.20)

Prad = eσAT 4

(b.21)

For Tungsten
e = 0.23 at 1500oC
e = 0.28 at 2000oC
Pg
Prad

=

0.554 × [Ts − Tg ]
−8

0.28 × 5.67 × 10 × Ts

4

 Ts − Tg
= 3.5 × 10 7 
4
 Ts






(b.22)

Table B.1 Power radiated vs. convection power (by gas) at low pressures (~2 mtorr) at various
temperatures.1
Ts (oK)
1000
1500
2000

Pgas (W/m2)
388
665
941

Prad (W/m2)
1.3x104
6.6x104
7.59x105

B.1 References
1

Gil Emmert, Private communications, University of Wisconsin, Madison (2000).
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Appendix C: Detector’s surface area visible to the protons born inside the IEC device
Projection of the
entrance of the
detector port

l
a

Entrance of the
detector port

b

d

t2

2β

h

2β
r

s

d

Si detector

t1

γ

θ

x

α

O

t2

Figure c.1 Illustration of various parameters used in the equations (c.12) to (c.17). The
intersection of the ellipse and circle is the shaded area visible to the proton born at the point O
Equation of a circle with center at (0,0):

x2 + y2 = r 2

(c.1)
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For a point moving in the y direction, the projection of the entrance of the detector port (circle)
on to the detector is an ellipse as shown in the figure c.1.
An ellipse with center at (0,h), is the graph of

x 2 ( y − h) 2
+
= 1 with a > b > 0
a2
b2

(c.2)

The length of the major axis is 2a, and the length of the minor axis is 2b. The two foci (foci is the
plural of focus) are at (± c, 0), where c2 = a2 - b2. It is assumed that ‘b’ remains constant for all
the protons born in the same plane.
θ = tan-1[

(2r+d)

α = tan-1[

/2l]

(c.3)

/t2]

(c.4)

(x+d)

d

β = tan-1( /2t2) = 1.88o
γ = tan-1[

(2x+d)

/t2] = 11.45o

(c.5)
(c.6)

h = l tanα + r

(c.7)

d = l tanθ

(c.8)

Solving the two equation given above we get

 d tan α 
h=
+r
 tan θ 

(c.9)

a = t1⋅tanα⋅tanβ

(c.10)

b = t1 (tanα - tanθ)

(c.11)

where r = 1.955 cm, d = 6 cm, t2 = 91.4 cm, and t1 = 126 cm (changes with proton birth
point ‘O’).
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We now derive a general equation for the area of intersection of the projection of the
entrance (an ellipse) and the Si detector (a circle).
The following maple program evaluates the point of intersection of the circle and the
ellipse. The origin is at the center of the circle.
> restart;
> ((y^2-r^2)/a^2)+((y-h)^2/b^2)-1;

y2 − r2 ( y − h )2
+
−1
b2
a2
> solve(((y^2-r^2)/a^2)+((y-h)^2/b^2)-1,y);
2 a2 h + 2

a2 b2 r2 + b2 a4 − b2 a2 h2 + b4 r2 + b4 a2
,
2 ( a2 + b2 )

2 a2 h − 2

a2 b2 r2 + b2 a4 − b2 a2 h2 + b4 r2 + b4 a2
2 ( a2 + b2 )

(c.12)

The equation of the ellipse could be written in the following form (as a function of x):
x
y1 = h ± b 1 − 2
a

2

(c.13)

The equation of the circle may be written as follows:

y2 = r 2 − x 2

(c.14)

Hence the values of y at the points of intersection (of the two curves, circle and ellipse) are:
y=

a2h ± D
(a 2 + b 2 )

where D = a2b2(r2 + a2 - h2) + b4(r2 + a2)

(c.15)
(c.16)
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The values of the x coordinates are obtained by substituting the y from eqn.(c.1) into

x = r2 − y2

(c.17)

where the parameters in the eqn.(c.13) are illustrated in figure c.1 and defined in
eqns.(c.3) - (c.11).
The shaded area (visible to the proton born at the point ‘O’) in figure c.1 is given by the
following equation:

A=

x1

2 ∫ ( y2 − y1 )dx
0

(c.18)

where y2 is obtained from equation (c.12), the equation of an ellipse and y1 is obtained from
equation (c.16), the equation of a circle and x1 is obtained from eqns. c.15 – c.17.
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