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Abstract

Advanced Penning-type ion source development and passive beam focusing
techniques for an associated particle imaging neutron generator with
enhanced spatial resolution

by
Amy Vong Sy
Doctor of Philosophy in Engineering-Nuclear Engineering
University of California, Berkeley

Professor Ka-Ngo Leung, Chair

The use of accelerator-based neutron generators for non-destructive imag-
ing and analysis in commercial and security applications is continuously un-
der development, with improvements to available systems and combinations
of available techniques revealing new capabilities for real-time elemental and
isotopic analysis. The recent application of associated particle imaging (API)
techniques for time- and directionally-tagged neutrons to induced fission and
transmission imaging methods demonstrates such capabilities in the charac-
terization of fissile material configurations and greatly benefits from improve-
ments to existing neutron generator systems. Increased neutron yields and
improved spatial resolution can enhance the capabilities of imaging methods
utilizing the API technique. The work presented in this dissertation focused
on the development of components for use within an API neutron generator
with enhanced system spatial resolution. The major focus areas were the ion
source development for plasma generation, and passive ion beam focusing
techniques for the small ion beam widths necessary for the enhanced spa-
tial resolution. The ion source development focused on exploring methods
for improvement of Penning-type ion sources that are used in conventional
API neutron generator systems, while the passive beam focusing techniques
explored both ion beam collimation and ion guiding with tapered dielectric
capillaries for reduced beam widths at the neutron production target.

Penning-type ion sources are utilized in commercially available API neu-



tron generator systems due to their compactness, ease of operation, and low
power consumption. These types of ion sources, however, are character-
ized by low plasma densities and low atomic ion fractions in the discharge
that make them unattractive for neutron generator applications requiring
high neutron yields. The ion source development undertaken as part of this
dissertation work focused on methods by which improvements to the plasma
density and atomic ion fraction of Penning-type ion sources could be effected,
and the modular Berkeley Lab Penning source was designed and fabricated
to test the effects of the various improvement schemes. These improvement
schemes included electrode material variation for enhanced plasma density
from increased secondary electron emission under ion bombardment; elec-
tron injection into the discharge by way of electron field emission from carbon
nanofiber arrays; and enhanced magnetic confinement of the plasma with the
use of multi-cusp magnetic fields. Strategic combinations of these improve-
ment schemes have resulted in a factor of 20 improvement in the extracted
ion current density over the baseline source performance. The resultant ex-
tracted ion current density of 2.2 mA /cm? is comparable to existing Penning
sources for neutron generator applications, with the Berkeley Lab Penning
source exhibiting lower power consumption.

The spatial resolution of an API system is heavily dependent on the
diameter of the ion beam spot at the neutron production target. Current
API systems can achieve beam spots as small as 2 mm in diameter with
the use of active focusing elements. In this work, passive beam focusing
techniques were explored to achieve beam widths of 1 and 2 mm in diameter
without the use of active focusing elements. Ion beam collimation with the
use of high aspect ratio extraction channels at the ion source was explored
to physically remove those ions in the beam with high divergence angles. At
beam energies of 81 keV, the beam diameter at the target was consistent with
the diameter of the extraction aperture, indicating that the high aspect ratio
extraction channels act to suppress those ions with high divergence angles
that act to increase the beam diameter downstream. However, the significant
beam loss due to collimation with high aspect ratio extraction channels, with
no focusing effects and corresponding increase in beam current density at the
target, makes the use of ion beam collimation for small beam widths viable



only for high ion current densities.

Because the use of high aspect ratio extraction channels results in sig-
nificant beam loss and no increase in the extracted ion current density, the
passive beam focusing technique known as ion guiding was explored. The
use of ion guiding with tapered dielectric capillaries for the transmission of
tens of A of hydrogen or deuterium ion current represents an area of the ex-
perimental parameter space that has not yet been explored. Tapered Pyrex
tubes with inlet inner diameters of 2-3 mm and exit inner diameters of 0.5-1
mm were used in the ion guiding experiments for the passive focusing of ion
beams to beam widths on the order of 1 mm in diameter. For a 40 keV,
20 pA deuterium ion beam from the Berkeley Lab Penning source, average
transmission efficiencies of 50% were measured. This represents a trans-
mitted ion current of 10 pA and corresponding beam compression factor of
6-8. Simultaneous measurements of the relative neutron yield resulting from
D-D fusion reactions at a neutron production target initially confirmed the
magnitude of the transmitted ion current, but secondary electron currents
were observed to affect the ion current measurement and warranted further
neutron yield measurements. Further neutron yield measurements utilizing
different target materials resulted in a calculated transmission efficiency of
24% and corresponding beam compression factor of approximately 4. Fur-
ther work is required to more accurately measure the transmitted ion current,
as well as characterize the energy distribution of ions transmitted through
tapered dielectric capillaries and the resultant effects on the neutron yield.
The neutron yield measurements also indicated that the Pyrex tube itself
contributes significantly to the neutron yield; this has implications for the
further use of the ion guiding method for the API application and requires
further study. The stable transmission of 5-10 pA of ion current through a
tapered dielectric capillary represents at least an order of magnitude increase
in the maximum ion current typically observed to have been transmitted with
this ion guiding effect. These results are promising for the further extension
of this method to higher beam currents for increased neutron yields.



Acknowledgments

[ am deeply grateful to the members of my dissertation committee, Professor
Ka-Ngo Leung, Professor Edward Morse, Professor Michael Lieberman, and
Dr. Qing Ji, for their time and effort in overseeing and approving this disser-
tation work. I am especially grateful to Professor Leung for the opportunity
to develop an interest in the field of ion source technology, and consider my-
self extremely fortunate to have been able to pursue this research. I cannot
thank Dr. Ji enough for her role as my research advisor; I have learned so
much under her guidance, and am forever thankful for the experience.

This work would not have been possible without the support of past and
present members of the Ion Beam Technology group at Lawrence Berkeley
National Laboratory, individuals I can always count on for fruitful and en-
tertaining discussions, scientific and otherwise. I would like to thank Dr.
Bernhard Ludewigt, Dr. Kelly Jordan, and Dr. Tak-Pui Lou for their guid-
ance and assistance in my first research efforts. I would like to thank Dr.
Thomas Schenkel and Dr. Arun Persaud for helpful discussions and invalu-
able insight. I would like to thank Dr. Christoph Weis for the roller hockey
injuries. Special thanks go to former and current inhabitants of the Building
5 graduate student office, including Dr. Michael King, Dr. Ying Wu, Ju-
lian Schwartz, and Michael Ilg, for making a windowless office slightly less
unbearable, for good advice, and for experimental assistance. My sincerest
gratitude goes out to Stephen Wilde, Thomas McVeigh, and Michael Dick-
inson for their technical support in taking concept to reality and making it
work.

I would like to thank the faculty and staff of the UC Berkeley Department
of Nuclear Engineering, for assistance and guidance in all academic matters.

Finally, there are no words to express how much the love and support of
my family has meant to me over the course of my graduate studies. This
work is especially dedicated to my parents, for all of their hard work and
sacrifice.



For my family.

11



Contents

[Abstract]

[List of Figures|

[List of Tables|

vi

(1.2 General detection systems| . . . . . . .. ... ... .. ....

M2.1

Neutron-based imaging methods|. . . . . . . . . . . ..

[Neutron transmission radiography|. . . . . . . . . . .. 3

[[nduced fission imaging{. . . . . . . . ... ... .. .. 3

[Fast neutron analysis| . . . . . . . ... ... ... ... 4

[Associated particle imagingl . . . . ... ... ... .. 4

(1.3 Accelerator-based neutron generators| . . . . . . ... ... .. 5
(1.3.1 D-D and D-T neutron yields| . . . . . .. .. ... ... 7

(1.4 Compact APl generator components| . . . . . ... ... ... 12

2 Penning-type ion source development| 13
2.1 Introductionl . . . . . . . ..o o 13
[2.2  Penning ion source discharge |

[ characteristics . . . . . . . ... 13
[2.2.1  Penning discharge pressure dependence| . . . . . . . .. 19

[2.2.2  Penning discharge axial magnetic field [
dependence| . . . . . .. ... 19

[2.2.3  Penning discharge applied voltage dependence| . . . . . 20

111



[2.3  Berkeley Lab Penning ion source [

| development|. . . . . . .. ... o 20
[2.3.1 Basic BLP source performance{. . . . . . . .. ... .. 21

[BLP source magnetic field dependence] . . . . . . . .. 24

[BLP source typical operating parameters| . . . . . . . . 26

[2.3.2  Variation of electrode materials . . . . . ... ... .. 26
[Experimental results| . . . . ... ... ... ... ... 30

[2.3.3  Elongated discharge volume effects| . . . . .. .. ... 34
[Experimental results| . . . . . . ... ... ... ... 34

[2.3.4  Electron injection from field emitter arrays| . . . . . . . 35
[Experimental results| . . . . . ... ... ... ... .. 38

[2.3.5  Effects of multi-cusp magnetic confinement{. . . . . . . 42
[Experimental results| . . . . . ... ... ... ... .. 46

[2.3.6  Combined effects from electrode material variation, elon- |

[ gated discharge volume, and multi-cusp magnetic con- |
[ finement| . . . . . . ... 51
2.4 Summary| . . . .. ... 99

[3 lon beam extraction and optics| 56
3.1 Introduction| . . . . . . . . .. ..o 56
B.2 Ton beam formationl . . . . . . . .. .. ... ... ... 56
[3.2.1  Child-Langmuir law{. . . . . .. .. ... ... ..... 57

[3.2.2 Plasma meniscus formation| . . . ... ... ... ... 59

B.2.3  DBeam emittancel . . . . . . . ... 59

[3.3 lon optics simulations|. . . . . . ... ... ... L. 62
[3.4 Passive beam focusing methods . . . . . ... ... ... ... 68
3.4.1 Ton beam collimation| . . . . ... ... ... ... ... 71
[Experimental results| . . . . ... ... ... ... ... 7

[Collimation summary|. . . . . . . . . ... ... .... 85

[3.4.2  lon beam guiding| . . . . . ... ... ... 85

[T1lt angle dependence] . . . . . . . .. ... ... ... 89

[Energy dependence| . . . . . . ..o 90
[Charge/current dependence| . . . . . . . ... ... .. 91

[Taper angle dependencel . . . . . . . . ... ... ... 92

v



[Reported beam compression factors| . . . . . . ... .. 93

[fon guiding for the associated particle imaging appli-

[ cationl . . . . . . ... 93
[Experimental results| . . . . . ... ... ... ... 94

[lon guiding summary| . . . . . . . ... ... 107

[3.0  Summary| . . . .. ... 108

[4  Neutron yield measurements| 110
4.1 Introductionl . . . . . . ... 110
(4.2 Beam loadingl . . . ... ... ... .00 110
4.3 Target material| . . . . .. ... ..o 113
4.4 Neutron production and beam current transmission from ion |

| guiding with tapered Pyrex tubes| . . . . . . . . ... ... .. 115
4.5 Summary| . . . ... 120
[5__Conclusion| 122
[>.1 Summary and outlook| . . . .. ... .00 122




List of Figures

(.1 Schematic of the APl method . . . . . . . ... ... ... .. 6
(1.2 Schematic of an accelerator-based neutron generator.| . . . . . 8

- - 1 -sections.) . . . ... .. .. 10

(1.4 D-D and D-T neutron yields per unit ion current as a function |

[ of incident beam energy.| . . . . . . . ... ... 10
[2.1 Schematic of typical Penning source electrode geometry.|. . . . 14
[2.2  Cross-section data as a function of incident electron energy tor |

[ hydrogen 1on generation. . . . . . . . . ... ... ... 18
[2.3  Schematic of Berkeley Lab Penning source|. . . . . . .. . .. 22
2.4 Photos of BLP sourcel . . .. ... ... ... ... ... 22
[2.5  Schematic of experimental test stand apparatus.| . . . . . . .. 23
[2.6  Discharge current and extracted ion current dependence on |

[ axial magnetic field for BLP source operation with 800 V an- |
[ ode voltage, 0.8 m'l' source pressure, and operation with Al |
[ electrodes) . . . . . . .. 25
[2.7 Mass spectra tor varying axial magnetic field in the basic BLP |

| source under constant pressure (0.8 m'T) and anode voltage |
| (600 V).[ . . oo 25
[2.8  Secondary electron emission yields for various incident ion |

| SPECIES.|. . . . . . 27
[2.9 Molybdenum, graphite, gold, platinum anode pieces.|. . . . . . 29
[2.10 Gold anode pieces in deposition chamber.. . . . . . . . . . .. 29
[2.11 Ion beam current densities from BLP source operation with |

[ various electrode materials). . . . . . . ... ..o 000 31

vi



[2.12 Proton fraction in extracted ion beams from hydrogen dis- |
charges for BLP source operation with various electrode ma- |
terials . . ... 33

[2.13 lon current density for basic BLP source operation and BLP |
source operation with elongated discharge volume. . . . . . . . 35

[2.14 SEM image of carbon nanofiber array.| . . .. ... ... ... 37

vil

[2.15 I-V curve for electron field emission from carbon nanofiber array.| 38
[2.16 Schematic of carbon nanofiber array setup within BLP source.| 39
[2.17 Extracted ion current variation with applied electric field on |
carbon nanofiber array.| . . . . . . ... ... 40

[2.18 Mass spectra for discharges utilizing a carbon nanofiber array |
[ tor electron field emission) . . . . . ... ... 41
[2.19 Simulated magnetic field lines for from magnets with alternat- |
ing magnetization directions.|. . . . . . . . ... ... ... 43

[2.20 Simulated magnetic field lines for multi-cusp magnets arranged |
in a cylindrical pattern, as along the perimeter of a cylindrical [

jon sourcel . ... oL L e e 44

[2.21 Magnetization directions of magnets in the simulated and tested |
multi-cusp magnet configurations.| . . . . . . . . ... ... .. 45

[2.22 Photo of multi-cusp magnets surrounding the cylindrical an- |
ode i the BILP sourcel . . . . . . . ... ... ... ...... 46

[2.23 Simulated vector field plots for multi-cusp magnet configura- |
tion 1 and configuration 2./ . . . . . . . ... ... ... .. .. 47

[2.24 Magnetization directions of magnets in the simulated and tested |
multi-cusp magnet configurations.| . . . . . . . . ... .. ... 48

[2.25 Comparison of extracted ion current densities for basic BLP |
source operation and the elongated BLP discharge both with |

and without multi-cusp magnetic confinement.| . . . . . . . . . 49

[2.26 Comparison of extracted ion current densities for elongated |
BLP discharges utilizing the two multi-cusp magnet configu- |
rationsl. . . . . .. 50

[2.27 Comparison of extracted ion current densities for BLP dis- [
charges combining multi-cusp magnetic confinement with var- |

[ ious electrode materials) . . . . ... ... L. 52



P.28

Comparison of extracted ion current densities for BLP dis-

charges combining multi-cusp magnetic confinement with alu-

minum and platinum electrodes in an elongated discharge en-

[ vironmentJ . . . ... 53
[2.29 Extracted 1on current density dependence on source operating |
| pressure for gold electrodes with long anode and multi-cusp |
[ magnetic confinement.| . . . . .. ... 53
[2.30 Discharge power dependence on source operating pressure for |
[ gold electrodes with long anode and multi-cusp magnetic con- |
[ flnement). . . . . .. 54
[3.1 Jon beam extraction with diode extraction system.|. . . . . . . 58
[3.2  Plasma meniscus shapes and effects on extracted ion beam. . . 60
[3.3 Schematic and simulated emittance patterns for the varying |
| degrees of convergence of an ion beam. . . . .. ... ... .. 62
[3.4 IGUN schematic of simulated electrode geometry,| . . . . . . . 64
[3.50 Beam trajectory comparison for the three simulation programs |
[ IGUN, PBGUNS, WARPSD.,. . . ... ... ... .. ... .. 65
[3.6 Beam emittance comparison for the three simulation programs |
[ ICUN, PBGUNS,WARP3D]. . . . ... ... ... .. 66
[3.7 Beam radius and maximum divergence angle comparison tfor |
| the three simulation programs IGUN, PBEGUNS, WARP3D | 67
[3.8  Simulation of focusing ettects of two solenoid fields on a hy- |
[ drogen ion beam.| . . . . . . . ... 69
[3.9 Light passing through a collimator.| . . . . . . ... ... ... 71
[3.10 Channel length variation in PBGUNS simulations.|. . . . . . . 73
[3.11 PBGUNS simulation results for increased channel length.| . . . 74
[3.12 Collimator setup with respect tolThermo Penning ion source.| . 75
[3.13 Schematic of experimental setup for optical observation of |
| beam spot on target.| . . . . .. .. ... 7
(3.14 Elliptical beam spot images tor extraction voltages of 0, -10 |
[ and 20 kV. ..o 78
[3.15 Elliptical beam spot images tfor Thermo Penning source high |
[ and low pressure operation.| . . . . .. ... ... .. ... .. 79

viil



[3.16 Major and minor axis data as a function of extraction channel |
length from beam profile analysis for high and low pressure |
operation.| . . . . . . ... 80

[3.17 Elliptical beam spot images for increasing channel length.|. . . 81

[3.18 Beam intensity profiles along the major and minor axes of |
elliptical beam image for 5 mm channel length.. . . . . . . .. 81

[3.19 Major and minor axis data as a function of extraction channel |
length from beam profile analysis for beam energy ot 40 keV. . 82

[3.20 lon current on target for 1 and 2 mm diameter extraction |
apertures and extraction channel lengths of 5, 8, 11 mm.| . . . 83

[3.21 Burn mark patterns on target for extraction channel lengths |
of 5, 8, 11mm.| . . . . ... ... ... ... 85

[3.22 Burn mark profile analysis for extraction channel lengths ot 5, |
S, 1Tmm.| . . ... ... 86

[3.23 Schematic of charging behavior required to establish the ion |
guiding effect.| . . . . . . . ..o L 88

[3.24 Reported transmission efhiciency dependence on tilt angle be- |
tween 1on beam and dielectric capillary axis.| . . . . . ... .. 90

[3.25 Time dependent behavior of transmitted ions.| . . . . . . . .. 92

[3.26 Schematic of experimental setup for ion guiding experiments.|. 95

[3.27 Photo of sample tapered Pyrex tube used for ion guiding ex- |
periments.| . . . . ... .. 95

[3.28 Photo of experimental setup used for ion guiding experiments.| 96

[3.29 Time dependent behavior of ion transmission.| . . . . . . . .. 98

[3.30 Photo of experimental setup within teststand with neutron |
detector in place.| . . . . . . ... ..o 100

[3.31 Time dependent behavior of ion transmission with correspond- |
ing time-averaged neutron vield.|. . . . . . ... ... ... .. 101

[3.32 Neutron yield measurements with and without tapered Pyrex |
tubes for ion guiding.| . . . . ... ..o 101

[3.33 Neutron yield measurements for ion guiding with 16 mrad |
Pyrex tube sample. . . . . ... ..o 103

[3.34 Burn mark on the neutron production target from the com- |
pressed deuterium ion beam.. . . . . ... ... 104

1X



[3.35 Time-averaged neutron yields for transmitted deuterium ion |

beams on titanium and Pyrex targets.| . . . .. ... ... .. 106

4.1 Neutron yield spectrum for successive beam on/off experimen- |

[4.2 Integrated D-D fusion cross-sections as a function of energy |

for copper, chromium, and titanium targets.| . . . . . . . . .. 116

4.3 Average neutron yields as a function of elapsed beam on target |

time for different target materials.|. . . . . . . ... ... 117




List of Tables

[2.1 Electron impact 1onization processes in a hydrogen gas envi- [
[ ronment. . . . ... 16
[2.2  Basic BLP source operating parameters.| . . . . . .. ... .. 26
[2.3  Material work functions and secondary electron emission co- |
[ efficients under molecular hydrogen ion bombardment.| 28
[2.4 Power efficiency for BLP source operation with different elec- [
[ trode materials) . . . . . ..o 32
[2.5  Maximum extracted ion current density and corresponding op- |
[ erating parameters.| . . . . . . . ..o 54
[3.1 Measured transmission efficiencies and beam compression tac- |
L ROIS] - o o 103
[4.1 Relative neutron yields from tested target materials, for ion |
| beams transmitted with and without tapered Pyrex tube.|. . . 115
4.2 Calculated transmission efliciency, beam compression tactor, |
[ and relative neutron yield contribution from the 16 mrad Pyrex |
[ tubesample.. . . . ... 119

x1



Chapter 1

Introduction

1.1 Motivation

In our fast-paced, modern world, non-destructive analysis and imaging meth-
ods are increasingly attractive for maintaining safety and security standards
with minimal interruption to the complex networks that deal with the move-
ment of materials, goods, and people all over the world. The pervasive threat
of terrorist activity, whether by way of diverting special nuclear materials
(SNM) from transport routes or the transport of other illicit materials such
as explosives, etc. underscores the importance of accurate, reliable methods
for elemental and isotopic analysis. Regardless of the application, systems
with short imaging times and high spatial resolution are desired to quickly
obtain spatial maps of material distribution within the object of interest.
Methods utilized for these types of analysis and imaging systems have been
studied for the determination of carbon, nitrogen, and oxygen content for
the detection of explosives [1], and have also been studied for the detection
of fissionable materials [2]. Advances in system capabilities are important
for threat deterrence and national security applications, but also have ap-
plications in commercial industries for online elemental analysis [3]. The
versatility of such systems is also greatly enhanced by the incorporation of
compact and inexpensive components that require low power consumption;
these characteristics enable field-portability for wider deployment.



1.2 General detection systems

Types of detection systems employed in different situations and different
locations are context-specific, depending on the types of materials of inter-
est. The origin of the detected signal classifies a detection system into one
of two categories: passive detection systems, where the object of interest
emits radiation signatures that are detected and allow for the identification
of the radioactive isotopes present; and active interrogation systems, where
the object of interest is irradiated with an external radiation source and the
stimulated emission of radiation is detected and analyzed. Passive detection
systems are widely deployed at shipping ports and similar gateways that see
high volume and traffic of transported materials, but are typically limited to
the detection of unshielded, naturally radioactive materials. Shielded SNM
and non-radioactive explosive materials would not be detected by such pas-
sive systems. Active interrogation systems are inherently more complex due
to the incorporation of radiation sources to induce detectable radiation sig-
natures, but detection capabilities are greatly enhanced by the information
obtained through the stimulated emission of radiation due to inelastic nuclear
reactions.

1.2.1 Neutron-based imaging methods

Active interrogation systems utilizing neutron sources are especially of in-
terest for homeland security applications such as SNM detection and treaty
verification, as well as explosives detection. Neutron-based imaging meth-
ods have been used since the 1970s for commercial applications in the geol-
ogy/mineral and oil industries, with recent interest over the past decade in
the use of such methods for luggage and cargo screening applications. The
use of neutrons as an active probing source is appropriate for the imaging of
high-7Z materials and shielded materials because neutrons are not subject to
electromagnetic forces, and can easily penetrate dense materials that greatly
attenuate X-rays and gamma rays. These neutrons can then induce different
nuclear reactions with nuclei in the object being probed, providing charac-
teristic radiation signatures that allow for the non-intrusive, non-destructive



identification of materials within the object of interest. Techniques utilizing
both fast and thermal neutrons have been developed and are most suitable
for different applications. Several fast neutron-based imaging techniques are
described in the following sections.

Neutron transmission radiography

Neutron transmission imaging methods are similar to conventional transmis-
sion imaging methods utilizing X-rays or gamma rays, where the attenuation
of the incident source particles by the interrogated material is used to obtain
information on the areal density of the material the neutrons have traversed.
Thermal neutrons are more easily absorbed, especially in the presence of
lighter materials and materials with high hydrogen content, and thus may
not be suitable for neutron transmission measurements. Fast neutrons with
energies greater than 1 MeV have longer attenuation lengths and thus can
produce images with greater contrast. One well-known method utilizing fast
neutrons for neutron transmission measurements, pulsed fast neutron trans-
mission spectroscopy (PFNTS) [4], |5], [6], makes use of a continuous neu-
tron energy distribution and known neutron attenuation spectra specific to
different materials. The transmitted neutron intensity and energy spectra
are compared to known data to determine the composition of the object of
interest.

Induced fission imaging

For the characterization of fissile material configurations, treaty verification,
and other applications involving special nuclear materials, induced fission
imaging can be utilized to create a spatial map of the distribution of fis-
sionable materials within the object of interest. Fission events are induced
within the object of interest with incident neutrons, and reaction products
are detected and analyzed to determine the fissionable isotopes within the
object that the interrogation neutrons have interacted with. The detected
reaction products of interest include characteristic gamma rays and neutron
multiplicities. Much work has been done to characterize the emission spec-
tra from various materials due to thermal and fast neutron-induced fission



events [7], [8], [9]. This method is especially applicable in situations where
the presence of fissionable materials is suspected, such that the proper inter-
rogation and detection techniques are applied.

Fast neutron analysis

Fast neutron analysis [10], or FNA, utilizes a continuous, collimated beam of
fast neutrons to excite nuclei within the object of interest. The excited nuclei
emit characteristic gamma rays in the de-excitation process that are used to
determine the composition of the object of interest. Monoenergetic neutrons
are typically used for fast neutron analysis for well-defined incident neutron
energies. This technique suffers from high background signal due to unwanted
neutron interactions within the detectors. Utilizing a pulsed neutron source
for pulsed fast neutron analysis (PFNA) [11] greatly improves the signal to
background ratio by utilizing time of flight information to reject background
events.

Associated particle imaging

Associated particle imaging (API) [12], [13], [14] is a special form of fast neu-
tron analysis that takes advantage of the physics of the deuterium-deuterium
(D-D) or deuterium-tritium (D-T) fusion reactions to tag neutrons used in
active interrogation methods with time and trajectory information, providing
electronic collimation that enhances the detected signal of interest over the
background signal. API makes use of the associated particle emitted follow-
ing the D-D or D-T fusion reactions. In the D-D and D-T fusion reactions,
the resultant neutron and associated particle (*He for D-D and *He for D-T
fusion, respectively) are emitted at an angle of nearly 180° with respect to
each other in accordance with the conservation of linear momentum. Because
the neutron emission from both the D-D and D-T fusion reactions is isotropic,
some form of collimation is necessary to limit the extent of the image voxel
size under neutron interrogation at any given time. Position-sensitive detec-
tion of the associated particle from the fusion reaction, as well as coincidence
detection between the alpha particle and characteristic gammas from the de-
excitation of the nuclei that have interacted with the incident neutrons, allow



for the associated particle trajectory and the correlated neutron trajectory
to be determined. Limiting the spatial extent of the alpha trajectories that
can contribute to the image likewise limits the spatial extent of neutrons
interrogating the object, resulting in the desired electronic collimation. The
position-sensitive detection of an alpha particle starts a timing window for
the detection of characteristic gamma rays based on the time-of-flight ex-
pected of the monoenergetic neutron. The detection of gammas within this
timing window are then coincident with an accepted alpha particle, and the
signal is accepted. Detected gammas that are not coincident with accepted
alpha trajectories are rejected as background signal. A schematic of the API
method is shown in Figure [I.1}

API systems utilize accelerator-based neutron generators (see section 1.3)
to achieve the fusion reactions necessary for neutron generation. The spatial
resolution of an API system is dependent on the localization of the position
of the neutron (and associated particle) generation, i.e. where the fusion
reactions occur. As shown in Figure [I.I] neutrons are produced at the tar-
get where the DT /T* ion beam is incident; thus a major contributor to the
spatial resolution of such systems is the ion beam spot size on target. Cur-
rent API systems utilize accelerator-based D-T neutron generators capable of
achieving spatial resolution of 2-5 mm [15], with output neutron yields on the
order of 5e7 n/s. Recent work involving the application of API techniques
to induced fission and transmission imaging methods [16], [17] offers new ca-
pabilities for the characterization of fissile material configurations as well as
enhanced detection of SNM. API systems with improved spatial resolution
and increased neutron yields are desired to fully exploit these capabilities.

1.3 Accelerator-based neutron generators

Accelerator-based neutron generators have several advantages over tradi-
tional radioisotope sources. Radioisotope sources such as 2°>Cf constantly
emit neutrons as the isotope decays, thus requiring shielding when not in
use to prevent unnecessary radiation exposure. The source strength also
naturally decays over time. An accelerator-based neutron generator has the
ability to provide neutrons on demand, with more sophisticated timing struc-
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Figure 1.1: Schematic of the API method. Here, D-T fusion re-
actions at the target create a neutron and associated alpha parti-
cle that is detected at the position-sensitive alpha detector. The
neutron interacts with a nucleus in the object of interest, emit-
ting a gamma ray that is detected at the external detector array.
The dashed lines indicate the spatial extent of the accepted alpha
particle trajectories and the resultant extent of the interrogation
space. For fissionable materials, the neutron may also induce fis-
sion events resulting in neutron multiplicity events; the additional
neutrons are detected with segmented neutron detectors.



tures available with both pulsed and continuous wave operation. Accelerator-
based neutron generators rely on neutron generation from fusion reactions,
typically the deuterium-deuterium (D-D) or deuterium-tritium (D-T) fusion
reactions, and thus output monoenergetic neutrons with variable neutron
yields based on system parameters of the neutron generator. The neutron
yield is a function of both the relative energies of the reactant atoms and the
flux of reactant atoms; in an accelerator-based neutron generator, deuterium
or tritium atoms are ionized to facilitate the acceleration to high energies
for useful neutron yields. Key components of an accelerator-based neutron
generator are thus the ion source for generation of deuterium and/or tritium
ions; acceleration column components for proper acceleration and focusing of
the ions extracted from the ion source; and a neutron production target where
the fusion reactions occur. Figure shows a schematic of the components
required for a typical neutron generator. A plasma consisting of deuterium
and/or tritium ions and electrons is ignited within the ion source. An ion
beam is formed by extracting and accelerating ions from the ion source with
the application of electrostatic potential gradients that facilitate the flow of
ions from the source to the target. The target is either preloaded with deu-
terium and/or tritium atoms, or is loaded as beam ions are driven into the
target in a process known as "beam-loading” of the target. Fusion reactions
thus occur between beam ions and atoms in the target, and the neutron yield
is a function of the beam energy, atomic fraction of ions in the beam, and
ion beam current.

1.3.1 D-D and D-T neutron yields

The D-D and D-T fusion reactions generate monoenergetic neutrons of 2.45
and 14.1 MeV, respectively, along with associated helium isotopes *He and
‘He that are emitted to satisfy conservation of energy and momentum re-
quirements.

D+ D — n(2.45MeV) +° He(0.82MeV) (1.1)

D+T — n(14.1MeV) +* He(3.5MeV) (1.2)



A g C Gli

A-Ton source E—Neutron production target
B—Plasma electrode F—Applied high voltage
C—High voltage insulator G—Port for pumping, etc.
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Figure 1.2: Schematic of an accelerator-based neutron generator.
Deuterium and/or tritium ions are generated within the ion source
and accelerated through the aperture in the plasma electrode by
the applied high voltage. The resultant ion beam produces neu-
trons at the neutron production target. The side port depicted
in (G) would not be used in a sealed-tube system, as sealed-tube
systems do not utilize external vacuum pumps.



The fusion reaction cross-section is a measure of the probability for the
fusion reaction to occur, and varies with the energy of the reactant species.
The D-D and D-T fusion reaction cross-sections as a function of center of
mass energy are shown in Figure [18]. For a deuterium ion beam incident
on a deuterium or tritium loaded target, the total neutron yield over all
incident ion energies is given by the yield integral

Y:/ENJ(E)£ {%} B (13)

where

N: Atom density of D or T in target material
o(E): Fusion reaction cross-section

I: Deuterium ion current

q: Deuterium ion charge

[%} : Stopping power of the target

The neutron yield per unit ion current for beam ions incident on a neutron
production target, here given in units of neutrons per second per pA of
incident ion current, as a function of beam energy for both D-D and D-T
reactions is given in Figure (adapted from [19]). Several relationships can
be noted from Figure [1.4] For constant ion current, the D-T neutron yield
increases rapidly as the beam energy is increased up to 100 keV. Further
increasing the beam energy up to 300 keV results in less than one order
of magnitude increase in the neutron yield, with the yield curve essentially
saturating beyond beam energies of 300 keV (not shown). D-T neutron
generators are typically operated at beam energies at or near 100 keV for
this reason. The D-D neutron yield is about two orders of magnitude lower
than the D-T neutron yield for the same incident beam current at the same
beam energy, and the D-D yield curve shows greater relative increase in the
neutron yield with higher beam energy as compared the D-T yield curve.

It is noted here that the yield curves given in Figure assume purely
monatomic deuterium (D%) ion beams incident on a titanium target that has
been fully loaded with either deuterium or tritium atoms. These are ideal as-
sumptions, and experimental neutron yields will be slightly lower due to sev-
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Figure 1.3: D-D and D-T fusion reaction cross-sections
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eral effects. Target materials such as titanium, molybdenum, and scandium
are utilized for their ability to retain large quantities of hydrogen isotopes
in their material matrices through the formation of metal hydrides but often
have poor thermal conductivities. As the target is bombarded with energetic
ions, the target surface heats up and allows deuterium and/or tritium atoms
in the target matrix to diffuse away from the incident ion beam, out of range
of the incoming ions. This reduces the density of deuterium/tritium atoms
in the target matrix at the ion beam spot, thus reducing the fusion reaction
rate and the resultant neutron yield. The D-T neutron yield can also de-
crease over time in the case that a deuterium ion beam is accelerated into a
tritium-loaded target. In this case, the tritium inventory available for fusion
reactions is limited by the amount pre-loaded into the target, and the neutron
yield will decrease as this inventory is depleted and fusion reactions between
beam deuterium ions and beam-loaded deuterium atoms in the target occur.
Finally, decreases in the theoretical maximum neutron yield also occur as a
result of mixed ion species within the ion beam; the curves plotted in Fig-
ure assume pure DT ion beams, while the fraction of D ions in beams
from real ion sources typically range between 10-90%, depending on the ion
source. Radio-frequency and microwave-driven ion sources can produce ion
beams where 90% of the deuterium ions in the beam are monatomic DV,
with the other 10% comprised of molecular D and D3 [20], [21]. Penning
ion sources [22] typically produce ion beams where 80-90% of the deuterium
ions in the beam are molecular DJ; the atomic ion fraction is thus only
10-20%. For a predominantly diatomic deuterium ion beam, as obtained
from a Penning ion source, the neutron yield is comprised of contributions
from both the monatomic and diatomic species. Diatomic Dj ions break
up upon impact at the target, with each deuterium atom receiving half of
the incident beam energy. The effective beam current contribution from the
diatomic deuterium is then increased by a factor of two; this, coupled with
the reduced fusion cross-section due to the reduced beam energy of the newly
created deuterium atoms, can result in up to a factor of five decrease in the
neutron yield as compared to the theoretical maximum value. The reduced
yield from predominantly diatomic deuterium ions makes those ion sources
with low atomic ion fractions undesirable for high-yield neutron generators.
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1.4 Compact API generator components

As previously discussed, the application of API techniques utilizing time-
and directionally-tagged neutrons to induced fission and transmission imag-
ing techniques has revealed new capabilities for these methods that substan-
tially benefit from improved spatial resolution and increased neutron yields
over existing API systems. Improved spatial resolution with increased neu-
tron yield allows for faster, more sensitive detection capabilities than are
currently available in the compact, portable accelerator-based neutron gen-
erators geared toward API applications. The work presented in this disserta-
tion focuses on the development of components compatible with a compact
accelerator-based neutron generator for associated particle imaging with en-
hanced spatial resolution. Key features of the ideal system include simple,
self-focusing ion beam optics components that result in small beam widths
on the order of 1 mm in diameter at the neutron production target without
the use of active focusing elements. Active focusing elements are widely used
in commercially available systems, allowing for beam widths on target to be
focused to 2 mm in diameter, but the inclusion of such elements adds a layer
of complexity to the overall system that is to be avoided in the current work.
Key areas lie in the ion source development and development of passive ion
beam focusing techniques to reduce the beam diameter with minimal current
loss. The ion source development undertaken focused on the development of
an advanced Penning-type ion source, with methods and results presented
in Chapter [2| Passive focusing techniques centered on ion beam collimation
with high aspect ratio extraction channels, and ion beam guiding using ta-
pered dielectric capillaries; methods and results are presented in Chapter [3|
Neutron production target considerations and initial neutron yield measure-

ments are presented in Chapter dl Summary and outlook are presented in
Chapter [5

12



Chapter 2

Penning-type ion source
development

2.1 Introduction

Penning-type ion sources have continued to experience extensive use and
development since first discharge experiments were performed by Penning [23]
in 1936. These types of discharge sources have remained as vital front-end
components for compact neutron generators due to their simplicity in both
design and operation relative to ion sources with comparable extracted ion
current density.

2.2 Penning ion source discharge

characteristics

Penning-type ion sources utilize a DC discharge for ion generation, and thus
the ion source design is often much simpler than that for discharges that
are driven by radio-frequency waves or microwaves. A typical cold cathode
Penning source geometry is illustrated in Figure 2.1l Here, the discharge
source geometry is cylindrically symmetric about the central axis at R = 0.

A DC high voltage is applied between the anode and the cathode; this
discharge voltage is typically on the order of 500-5000 V. The symmetric
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Figure 2.1: Schematic of typical Penning source electrode geom-
etry. The two cathodes are at the same potential. The anode
voltage Vj is applied between the anode and two cathodes. The
magnetic field B is in the axial Z direction and causes electrons in
the discharge region to gyrate around the magnetic field lines. The
electrons oscillate along the axial Z direction, undergoing ionizing
collisions with background neutral species in the process.
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arrangement of electrodes increases the efficiency of the discharge by increas-
ing the path length of the ionizing electrons through the discharge region;
the electric field distribution induced by the applied high voltage forces the
ionizing electrons to oscillate between the two cathodes. The path length of
the ionizing electrons is further increased by the addition of a magnetic field
along the axial direction of the discharge chamber, along the Z direction in
the previous figure. The magnetic field along the direction of the path of the
ionizing electrons induces a Larmor gyration about the magnetic field lines,
with frequency

eB
ce — T 2.1
e = = 2.1)
and radius
mev
ce — 2.2
T B (2.2)
where

me: electron mass
B: magnitude of the axial magnetic field
v, : velocity component transverse to the axial magnetic field

The frequency is often referred to as the electron cyclotron frequency; the
radius of gyration is often referred to as the Larmor radius. Similar equa-
tions apply for ionized species in the discharge; the electron charge and mass
are replaced by the charge and mass of the ionized species, respectively. For
electrons in the Penning-type ion source described in the following sections,
typical values for the frequency and radius of gyration are 7.03e9 rad/s and
2.4 mm, respectively, based on an axial magnetic field strength of 400 G
and maximum transverse electron energy of 800 eV. The axial magnetic field
imposes a type of magnetic confinement on the ionizing electrons, as the
electrons are "tied” to the field lines through the induced gyromotion, and
the radius of gyration is typically much smaller than the dimensions of the
discharge chamber. The increased path length of ionizing electrons through
both the symmetric electrode arrangement and the axial magnetic confine-
ment allows for the discharge to be ignited and maintained at much lower gas
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pressures than would be possible otherwise. It is noted that these equations
most accurately describe the electron behavior before the discharge is ignited;
the presence of a plasma and the resultant local electric and magnetic fields
results in much more complex particle trajectories.

Free electrons in the neutral gas are accelerated by the applied electric
field and undergo collisions with the neutral gas species. If the electron has
sufficient energy, the collision can remove one or more electrons from the neu-
tral species, resulting in an ion and secondary electron. The primary electron
loses energy in each collision, and can continue to ionize neutral species un-
til it no longer has sufficient energy to remove an electron, or is lost to the
discharge chamber walls. The secondary electrons can also be accelerated by
the applied electric field and go on to ionize neutrals. It is by this process
that the plasma is ignited and sustained. Table lists the various colli-
sion processes and resultant products available for electrons in a hydrogen
gas environment. The dominant ionization process is the electron impact
ionization of the hydrogen molecule. Ions created through these ionization
processes are much more massive than the electrons and are typically not
well confined by the axial magnetic field. These ions are swept to the two
cathodes by the symmetric potential distribution within the discharge region,
and are also accelerated by the applied electric field. Additional secondary
electrons are emitted from the cathodes upon ion impact; these secondary
electrons are accelerated back into the discharge region and thus are also a
major contributor to the sustenance of the Penning discharge.

Table 2.1: Electron impact ionization processes in a hydrogen gas
environment [22].

e +Hy, — e +H+H 8.8 eV
e"+Hy, — e +e +HJ 15.4 eV
e+H — e +e +HT 13.6 eV
e +Hy = e +e +H+HT 18 eV
e +Hy, — e +e +e +HY+H" 46eV

The discharge source becomes an ion source with the introduction of an
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extraction aperture through which ions can be extracted from the plasma.
For the Penning discharge, an aperture or apertures in one or both cathodes
allow for ions that would have been lost at that position on the cathode to exit
the discharge chamber to the external vacuum region. As will be discussed in
the following sections on ion extraction and beam formation, the application
of an electric field gradient in the vacuum region external to the discharge
region allows for these ions to be formed into a beam and accelerated for
the final application. The extracted ion current is a function of both the
plasma density within the ion source and the size of the extraction aperture.
The plasma density within Penning discharges is relatively low, on the order
of 10 cm™3 [24], and is thus a major drawback in the use of Penning-type
ion sources for high-yield neutron generator applications due to the resultant
low extractable ion current. For hydrogen and hydrogen isotope discharges
from Penning-type ion sources, the atomic ion fraction, the fraction of atomic
versus molecular ions in an extracted ion beam, is also low, on the order of
10-20%; the low atomic ion fraction is attributed to both the low electron
density (and thus the low plasma density) and short dwell time of molecular
Hy ions in the Penning discharge [25]. The low atomic ion fraction is also
apparent in examining the cross sections for hydrogen ion formation under
electron impact shown in Figure from [26]. At primary electron energies
relevant to the current discussion, on the order of 1000 eV, the cross section
for the creation of a molecular Hj ion is one order of magnitude higher
than that for the creation of an atomic H" ion when both originate from
molecular H, species. The situation quickly worsens as the primary electron
energy decreases after each collision event: the cross section for H* formation
drops more rapidly than that for Hy formation. The cross sections for Hj
and H* formation are comparable when the atomic H* ion is formed from
electron impact on the atomic H neutral, but this event requires the prior
dissociation of neutral Hy to the neutral atomic species. The low atomic
ion fraction is an additional major drawback in the use of Penning-type
ion sources for high-yield neutron generator applications; the neutron yield
is strongly dependent on the fusion cross-section, which exhibits an energy
dependence as discussed in section 1.3.1. For a diatomic deuterium ion beam
(D7) with beam energy of 100 keV being driven into a neutron production
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target, each atom in the molecular ion carries half of the incident beam
energy when the molecular ion dissociates at the neutron production target;
at these energies, the fusion cross-section for each resultant atom is reduced
by as much as one order of magnitude. This greatly reduces the maximum
obtainable neutron yield despite the increase in effective beam current on the
neutron production target. High molecular ion fractions in the extracted ion
beam are thus undesirable for high-yield neutron generators.
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Figure 2.2: Cross-section data as a function of incident electron
energy for hydrogen ion generation from [26].

Despite the limitations imposed by the low plasma density and low atomic
ion fraction inherent to Penning-type ion sources, the compact nature and
low power consumption readily achievable in such sources continue to make
them attractive for further use in and development for neutron generator ap-
plications. Radio-frequency or microwave driven ion sources often consume
several hundred watts of power in maintaining their discharges, while Pen-
ning sources used in commercially available neutron generator systems often
consume much less discharge power, on the order of tens of watts. Over-
all neutron generator system design is also greatly simplified with the use
of a Penning-type ion source, as the mechanisms by which wave-driven dis-
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charges are sustained often require more complex and bulky system design
and requisite components.

2.2.1 Penning discharge pressure dependence

For a given axial magnetic field and applied discharge voltage, the Penning
discharge can operate in several modes that are dependent on the pressure
within the discharge volume and differ in the potential distribution within the
discharge chamber [27]. Within the confines of a given mode, the discharge
current is generally proportional to the source operating pressure, motivating
early experiments involving the use of the Penning discharge as a pressure
gauge. Higher pressures within the discharge chamber result in higher neu-
tral density, and the mean free path for ionization decreases. Pressures are
generally measured at the gas inlet into the discharge volume due to lack
of direct access to the discharge volume. Historically, discharges operating
at gas pressures at or below 0.1 mTorr have been characterized as operating
in the "low pressure” regime, though the transition from low to high pres-
sure regimes is loosely defined. It is noted here that the pressures of interest
for the experiments described in forthcoming sections fall in the "high pres-
sure” regime, typically between 0.5-3.0 mTorr. At these pressures, Penning
discharge operation can become unstable. Operation in this regime often
requires adjustment of the pressure within the source to maintain discharge
stability, especially as the pressure approaches the stability limit for a given
set of discharge conditions.

2.2.2 Penning discharge axial magnetic field
dependence

For a given source operating pressure and applied discharge voltage, the
discharge characteristics are affected by the magnitude of the axial magnetic
field and the resultant magnetic confinement of the species within the plasma.
Larger values of the axial magnetic field result in smaller electron and ion
gyroradii, according to equation 2.2, and it is expected that electron losses
to the anode are reduced with increased axial magnetic field. The plasma
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density therefore is expected to increase with increased axial magnetic field,
typically manifesting as an increase in the discharge current. Experimentally,
however, the discharge current increases with increasing axial magnetic field
up to some transition point, after which further increasing the axial magnetic
field causes the discharge current to decrease. This behavior is described
in [28]. It is possible that the decreased discharge current does in fact result
from reduced electron losses to the anode and subsequent reduced ion losses
to the cathode, as the loss currents must balance to maintain overall quasi-
neutrality of the plasma; thus the overall plasma density may be higher with
increased magnetic field.

2.2.3 Penning discharge applied voltage dependence

For a given pressure and axial magnetic field, the discharge current and
extracted ion current increase with increased discharge voltage. Electrons
are accelerated by the electric field within the discharge region and thus gain
more energy for increased applied voltages between the anode and the two
cathodes. An individual electron is then able to ionize more neutrals before
its total energy falls below the energy required per ionization event.

2.3 Berkeley Lab Penning ion source

development

A Penning-type ion source (hereafter referred to as the Berkeley Lab Penning
source, or BLP source) was developed in the Ion Beam Technology Group at
Lawrence Berkeley National Laboratory with the express purpose of investi-
gating various methods for improvement of the extracted ion current density
and atomic ion fraction obtained from the Penning discharge. A schematic
of the basic BLP source is shown in Figure [2.3] Photos of the source com-
ponents are shown in Figure 2.4, The main source body is aluminum, with
additional extension pieces of both aluminum and stainless steel available to
accommodate various components for testing. The working gas is introduced
into the discharge chamber volume through a feed-through in the stainless
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steel source backplate and an aperture in the cathode opposite the extrac-
tion aperture. An additional feed-through allows for measurement of the gas
pressure at the gas inlet. The discharge chamber volume is determined by
the length of the annular anode and positions of the cathodes; in the basic
BLP source, the cylindrical discharge volume is 2.54 cm in length and 2.54
cm in diameter. The basic BLP source features aluminum electrodes (both
cathodes and anode). The cathodes sit at the source body potential. The
discharge voltage is thus applied between the anode and the source body
by way of a spring-loaded electrical feed-through in the side of the source
body. The anode is electrically isolated from the source body with ceramic
and plastic insulators. The extraction plate is interchangeable; the nominal
extraction plate is magnetic steel, with an extraction aperture diameter of 2
mm. The axial magnetic field is applied with an electromagnet capable of
supplying magnetic field strengths up to 700 G. The BLP source is modular
in nature such that the various source components can be disassembled and
replaced to create different configurations.

2.3.1 Basic BLP source performance

Basic BLP source performance was characterized by varying the axial mag-
netic field and discharge voltage and measuring the extracted ion current
and atomic ion fraction. The basic BLP source was typically operated with
a constant hydrogen gas pressure as measured at the gas inlet of 0.8 mTorr.

A schematic of the experimental test stand apparatus used in the charac-
terization of the BLP source is shown in Figure 2.5 The test stand features
a Faraday cup with electron suppression capabilities for measuring total ex-
tracted ion current, as well as a sector magnet and second Faraday cup for
measurement of the mass spectra of ions in the extracted beam. The ion
source components are floated at high voltage, while all measurement ap-
paratuses are electrically isolated from the grounded vacuum chamber and
accessible during ion source operation.
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A—Anode D-Insulator
B1-Backplate cathode FE-Electrical feed-through
B2-Cathode shield F—Gas inlet
C—-Extraction aperture

Figure 2.3: Schematic of Berkeley Lab Penning source. The basic
configuration features a 2.54 cm diameter x 2.54 cm long cylindri-
cal discharge region.
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Figure 2.4: (Left) BLP source components dissassembled. (Right)
BLP source assembled at test stand.
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A-Ion source components D-Faraday cup 1
B-High voltage insulator + extraction electrode E-Sector magnet for mass analysis
C—Vacuum chamber F-Faraday cup 2

G-High voltage cage area

Figure 2.5: Schematic of experimental test stand apparatus. Fara-
day cup 1 is retractable and can be moved out of the line of sight
of the extracted ion beam.
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BLP source magnetic field dependence

Figure [2.0] shows the discharge current as a function of magnetic field for
the basic BLP source with fixed anode voltage of 800 V. The extracted ion
current collected at Faraday cup 1 was measured across a sensing resistor
and is plotted on an arbitrary scale in the same figure. The discharge cur-
rent generally increases with increasing axial magnetic field until a transition
magnetic field value is reached, after which the discharge current gradually
decreases with increasing magnetic field. Under these operating conditions,
the transition occurs near 350 G, with the discharge current reaching a max-
imum of 7.4 mA; similar trends were observed for anode voltage of 600 V.
For low magnetic field values, it is noted that the discharge became unstable,
resulting in swings in both the discharge and extracted ion currents. The ex-
tracted ion current decreases with increasing magnetic field. Though higher
magnetic fields have little effect on the extracted ion current, the extracted
ion current generally follows the trend of the discharge current. This indi-
cates that in the high magnetic field regime past the transition point under
these operating conditions, the increased axial field does not result in a mea-
surable increase in the plasma density. It is noted here that the transition
magnetic field was observed to shift to higher values with increased anode
voltage.

Mass spectra of the ions in the extracted ion beam were obtained for the
various hydrogen discharge conditions. Mass spectra for discharges with con-
stant pressure of 0.8 mTorr, applied anode voltage of 600 V, and applied axial
magnetic field values between 200-500 G are plotted in Figure Diatomic
hydrogen Hy ions dominate, typically comprising about 90% of the hydrogen
species in the beam. The measured proton fraction typically falls within the
range of 5-10%, showing some variation with the variation in the axial mag-
netic field. These spectra indicate that the maximum discharge current and
maximum proton fraction are typically not obtained under similar operating
conditions, i.e. at the same axial magnetic field, though the variation of the
proton fraction is small compared to the discharge current variation over the
range of magnetic field studied.
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Figure 2.6: Discharge current and extracted ion current depen-
dence on axial magnetic field for BLP source operation with 800

V anode voltage, 0.8 mT source pressure, and operation with Al
electrodes. The extraction voltage is 5 kV. The discharge current
gradually decreases after the transition point near 350 G. The ax-
ial magnetic field has little effect on the extracted ion current for

high field values under these discharge conditions.
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Figure 2.7: Mass spectra for varying axial magnetic field in the

basic BLP source under constant pressure (0.8 mT) and anode

voltage (600 V). The relative proton fractions are listed in the

figure key. The proton fraction varies with the applied axial mag-

netic field, but typically falls in the range of 5-10%.
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BLP source typical operating parameters

Table summarizes the typical operating parameters for the basic BLP
source. After characterization of the basic BLP source operation, methods for
improving the source performance were investigated to increase the viability
of the BLP source for neutron generator applications. Methods for boosting
the source performance focused on increasing the electron density in the
discharge through various methods described in the following sections.

Table 2.2: Basic BLP source operating parameters.

Pressure 0.8 — 1.0 mTorr
Anode voltage 600 — 800 V
Axial magnetic field 300 — 400 G
Discharge current 3 —4mA
Electrode material Aluminum
Anode length 2.54 cm
Anode inner diameter 2.54 cm
Discharge volume 12.9 cm?

2.3.2 Variation of electrode materials

Plasma interactions with the electrode surfaces comprising the discharge
chamber walls affect both the atomic ion fraction of extracted beam ions
and the discharge current, and, subsequently, the extracted ion current. Be-
cause a major mechanism by which the Penning discharge is sustained is
the secondary electron emission from ion impact on the two cathodes, the
use of various electrode materials that are subjected to this ion impact will
yield different source operating characteristics. While extensive data exists
for secondary electron emission under electron impact, secondary electron
emission data under ion bombardment remains incomplete even for simple
ion species such as protons, with much of the available data on proton and
H3 bombardment on metallic targets compiled in the 1960s—-70s for incident
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energies in the keV-MeV range [29], [30], [31]. Figure[2.§] (adapted from [29])
shows the velocity dependence of the secondary electron emission coefficient
for bombardment of clean aluminum surfaces by low energy light ions. The
minimum velocities correspond to incident ion energies of 2 keV. The sec-
ondary electron yields under proton/deuteron and Hj /D3 bombardment for
these energies/velocities fall within the range of 0.1-0.2 electrons per incident
atom. The secondary electron emission coefficient has also been observed to
change with the oxidation of aluminum surfaces due to changes in the effec-
tive work function [32]; for bombardment of an oxidized aluminum surface
with Ar™ ions, the reduced work function results in increased secondary elec-
tron emission. That the secondary electron emission coefficient changes with
changes in the work function of a given material motivates the investigation
of different electrode materials for use within the BLP source.
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Figure 2.8: Secondary electron emission yields for various incident

ion species.

The effects of electrodes fabricated from molybdenum, graphite, gold, and
platinum on the discharge current, extracted ion current, and atomic ion frac-
tion were measured and compared with the basic BLP source performance
utilizing aluminum electrodes. The work functions of the materials investi-
gated are listed in Table |2.3} experimental work performed for bombardment
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Table 2.3: Material work functions (¢) and secondary electron
emission coefficients () under molecular hydrogen ion bombard-

ment.
Material ¢ [eV] v for 2keV Hy ions [e~ /atom]
Aluminum 4.17 0.087
Molybdenum  4.57 0.175
Gold 5.38 0.119
Graphite 4.83 ——
Platinum 2.55 ——

Boron Nitride  6.00 ——

Data from [34], [29], B3], [36], [37], [38], [39).

of platinum and carbon (graphite) foils (as well as several other target mate-
rials) by HT /D' and HJ /D3 ions demonstrate increased secondary electron
emission with increasing work function of the target material [33], in con-
trast with the previously cited increased secondary emission observed with
decreases in the work function of a single material. Table also lists the
secondary electron emission coefficient under bombardment by 2 keV H ions
for several materials, where available.

For each material test, the aluminum electrodes of the basic BLP source
were replaced with cathode shields and an annular anode of the respective
material. Figure [2.9| shows annular anodes of the materials tested for com-
parison with the basic BLP source. The molybdenum and graphite anodes
were machined as single pieces. Gold and platinum electrodes were fabricated
by coating the plasma-facing surfaces of base aluminum electrode pieces with
films of the respective material in a vacuum deposition process. The base
aluminum electrode pieces were first coated with a 150 A thick layer of
chromium for improved adhesion between the deposited film and the alu-
minum substrate. The nominal deposited film thickness for both gold and
platinum electrodes is 1 pm. Figure [2.10] shows half-anode pieces within the
deposition chamber after gold plating.
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Figure 2.9: Molybdenum, graphite, gold, platinum anode pieces.

Figure 2.10: Gold anode pieces in deposition chamber. The half-
anode pieces are supported by witness foils that serve as monitors
of the deposition process.
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The effects of boron nitride on the discharge properties in the BLP source
were also observed by shielding one cathode from the discharge with a layer
of boron nitride. Boron nitride has been shown to enhance the proton frac-
tion in hydrogen discharges due to its low hydrogen recombination coeffi-
cient [40]. The 2 mm thick boron nitride layer was incorporated into the
basic BLP source, shielding the cathode opposite the extraction aperture
from the discharge. The insertion of the boron nitride layer results in an
asymmetric electric field distribution and subsequent asymmetric discharge;
ions incident on the boron nitride layer can cause the boron nitride surface
to charge up, affecting the plasma sheath formation near this surface. Sec-
ondary electron emission from the boron nitride layer can further alter the
potential distribution.

Experimental results

Figure 2.11] compares the extracted ion current density for basic BLP source
operation with that of the various electrode materials, including the hybrid
boron nitride-aluminum configuration. These data were obtained for similar
source operating conditions of 0.8 mTorr hydrogen gas pressure, 800 V ap-
plied anode voltage, and 410 G applied axial magnetic field for all electrode
materials, with the exception of the boron nitride case; operation with the
boron nitride layer typically required higher source pressure of 1.1 mTorr
and higher anode voltage of 1.1 kV to maintain stable discharge conditions.
Under these discharge conditions, the discharge current for source operation
with all electrode materials was lower than that for the basic BLP source
operation. Conversely, the extracted ion currents plotted in Figure indi-
cate higher ion current densities from discharges utilizing electrode materials
other than aluminum. The measured ion current density was observed to
increase with increasing work function of the metallic electrode material.
Operation with gold and platinum electrodes resulted in as much as a
factor of 2 increase in the ion current density over the basic BLP source op-
eration. This indicates an electrode material-induced increase in the power
efficiency of the source, as less power is required to generate comparable
beam current densities. The power efficiency of the source, measured here in
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Figure 2.11: Ion beam current densities from BLP source opera-
tion with various electrode materials. Nearly all materials resulted
in increased beam current density as compared to the basic BLP
source utilizing aluminum electrodes.

units of current density per unit discharge power, is listed in Table for
the different electrode materials investigated and with ion current densities
obtained with extraction voltage of 3 kV. The power efficiencies for molyb-
denum and platinum are comparable, as are those for gold and graphite.
The increased power efficiency from discharges with molybdenum electrodes,
however, is due to low discharge currents that result in smaller increases in
the ion current density as compared to the other materials investigated. Op-
eration with graphite electrodes was also found to be less than desirable, as
the discharges with graphite electrodes were prone to instabilities resulting
from outgassing of the electrode surfaces.

Similar to operation with the graphite electrodes, source operation with
the hybrid boron nitride-aluminum configuration required a period of out-
gassing before stable conditions were reached. The outgassing period was
characterized by increased pressure within the discharge region and occa-
sional discharge instability, as impurity species trapped within the porous
boron nitride layer were liberated by substrate heating due to plasma expo-
sure. This outgassing period typically occurred over several hours, during
which the source pressure gradually decreased to pre-outgas values and the
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Table 2.4: Power efficiency for BLP source operation with different
electrode materials.

Material Power efficiency [-54-]
Aluminum 0.035
Molybdenum 0.072
Gold 0.093
Graphite 0.093
Platinum 0.079

intensity of impurity species as measured by the mass analyzing sector mag-
net decreased. The discharge current for source operation with the hybrid
boron nitride-aluminum configuration was much lower than for operation
with pure metallic electrodes, typically less than 1 mA; this is likely due to
the asymmetric discharge induced by the obstruction of the cathode opposite
the extraction aperture. This asymmetric discharge also results in reduced
ion current density, seen in Figure [2.11]

Figure [2.12] compares the fraction of atomic ions in the extracted beam
for hydrogen discharge operation with the various electrode materials. As
expected, the presence of the boron nitride layer increases the proton fraction;
the resultant proton fraction is increased by over a factor of 2 as compared
to operation with all aluminum electrodes. While the use of molybdenum
electrodes typically results in a slight decrease in the proton fraction, all other
materials tested tend to result in increased proton fraction. The increased
proton fraction observed for operation with these electrode materials results
in values that are still characteristic of Penning-type discharges; the 16%
proton fraction measured due to the presence of boron nitride within the
discharge is still well within the range of expected proton fraction values.

Because the sustenance of Penning-type discharges relies on the secondary
electron emission upon ion impact at the two cathodes, sputtering of the
cathode material has implications on the performance of the BLP source.
Optimum performance is achieved with the use of the coated gold or plat-
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Figure 2.12: Proton fraction in extracted ion beams from hydro-
gen discharges for BLP source operation with various electrode
materials. The plasma interactions with boron nitride result in a
factor of two increase in the proton fraction over basic BLP source
operation.

inum electrodes, and sputtering through the coating material to the base
material will result in a substantial degradation in the source performance.
The lifetime of the coated electrodes has not yet been tested, but the mod-
ular nature of the BLP source allows for easy replacement electrodes that
have reached the end of their useful lifetimes.

While specific plasma-wall interaction processes cannot be directly mea-
sured within the BLP source, it is apparent that the material properties
and the resultant physical and chemical surface interactions directly affect
the plasma properties and quality of the extracted ion beam. That the ion
current density from the BLP source increases with increasing electrode ma-
terial work function demonstrates the importance of material selection while
motivating further understanding of the processes at play. The source dis-
charge current generally gives a first indication of the relative magnitude of
the plasma density, but source operation with the various electrode materi-
als was found to result in reduced discharge current compared to the basic
BLP source. It is possible that the increased secondary emission from the
different material surfaces results in electron currents that effectively cancel
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out electron loss currents at the anode, resulting in a reduction in the mea-
sured discharge current but overall increase in the plasma density. That the
material properties effect this aspect of the source performance is evident,
but further work is necessary to understand the relative importance of the
complex processes involved in plasma-surface interactions in the presence of
electromagnetic fields.

2.3.3 Elongated discharge volume effects

The basic BLP source was fabricated with the ability to accommodate an ex-
tension piece that effectively increases the discharge volume by 60%, allowing
for the effects of the larger discharge volume on the discharge current, ex-
tracted ion current, and atomic fraction to be measured. Elongated annular
anodes 4.13 cm in length were used for this discharge; initial experiments used
aluminum electrodes for comparison to the basic BLP source, with further
experiments utilizing gold and platinum electrodes in the elongated source
(see section 2.3.5).

Experimental results

Figure compares the extracted ion current density for the elongated
anode discharge and the basic BLP discharge. The use of the elongated anode
and subsequent elongated discharge volume resulted in 30% less discharge
current under similar operating conditions of 800 V applied anode voltage,
0.8 mTorr source pressure, and 410 G applied axial magnetic field. The
resultant extracted ion current, however, increased by a factor of 3. This
trend opposes that seen by Guharay [41], where increasing the discharge
volume by 25%, also through increased anode length, resulted in increases in
both discharge and extracted ion currents by a factor of 2.

The increased length of the discharge volume allows those electrons os-
cillating between the two cathodes to undergo more ionizing collision events
with neutral gas species for each pass through the discharge volume. For fixed
anode voltage, pressure, and axial magnetic field, however, it is noted that
the plasma density itself may not be increased with the increased discharge
volume; a constant plasma density with fixed operating parameters results in
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Figure 2.13: Ion current density for basic BLP source operation
and BLP source operation with elongated discharge volume. In-
creasing the discharge volume by 60% resulted in an increase in
the ion current density by a factor of 3.

greater total electron and ion yields for an elongated discharge volume. The
increased number of ions available for extraction can explain the increased
extracted ion current observed with elongated source operation.

The elongated discharge volume was found to have no effect on the atomic
ion fraction. This lends evidence to the lack of increased plasma density
within the elongated discharge volume, as the atomic ion fraction from these
two discharges utilizing aluminum electrodes are consistent for similar oper-
ating conditions.

2.3.4 Electron injection from field emitter arrays

Preliminary investigations of the effects of electron injection from field emitter
arrays directly into the BLP discharge were performed. The principal of
electron injection into Penning-type discharges has been established with the
incorporation of filaments for thermionic emission into the Penning source
discharge chamber [42], a configuration known as a hot cathode Penning
source. The use of field emitter arrays here aims to accomplish electron
emission and injection into the Penning-type discharge through electron field
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emission, which can occur with substantially lower power consumption as
compared to thermionic emission. The electron injection is accomplished by
the emission of electrons from the emitter array in the presence of a high
electric field. Electron field emission typically requires field gradients on the
order of 1 volt per nanometer. Electric fields of this order of magnitude are
difficult to generate in typical laboratory settings, but the field emission can
be enhanced by sharp structures on the material surface that act to locally
compress electric field lines and increase the field gradient. The increased field
gradient allows the bound electron to tunnel through the existing potential
barrier to the surface of the bulk material. The field enhancement factor ~
describes the amount of local field compression achieved at the surface of
a sharp tip feature extending from the bulk material surface; the effective
electric field is often enhanced by 2-3 orders of magnitude over the nominal
applied electric field.

The electron emission current is dependent on the field emitter geometry
and is given by the Fowler-Nordheim equation.

I A b 1.5
= :ln(% 2y _ jE (2.3)

where

I: electron current

E: applied electric field

A: emitter area

~v: field enhancement factor
¢: material work function
a, b: material constants

It can be seen from the Fowler-Nordheim equation that the electron emis-
sion current is enhanced by both large emitter areas and large field enhance-
ment factors. Because increasing the area of a single emitter reduces the
effectiveness of the field enhancement due to less local compression of the
electric field, arrays of sharp field emitters are used to effectively increase
the emitter area. 1 cm x 1 cm arrays of carbon nanofibers fabricated in the
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University of California, Berkeley Nanolab facilities were obtained for incor-
poration into the BLP source. The carbon nanofibers were grown on silicon
substrates, with typical tip height and radius values of 5 pm and 30 nm, re-
spectively. Typical tip spacing ranged between 10-30 um. Figure [2.14] shows
a scanning electron microscope image of a sample carbon nanofiber array [43].
The field enhancement factors of the carbon nanofiber arrays were character-
ized by measuring the electron current as a function of applied voltage and
gap length; a typical I-V curve is shown in Figure 2.15] Field enhancement
factors of 1000-2000 were measured for the tested carbon nanofiber arrays.

Figure 2.14: SEM image of carbon nanofiber array .

The carbon nanofiber arrays were then mounted within the BLP source
for electron injection in the axial direction of the discharge. The carbon
nanofiber arrays were mounted on the cathode surface opposite the extrac-
tion aperture such that the active surface of the array faces the discharge
region. A schematic of the carbon nanofiber array setup within the BLP
source is shown in Figure[2.16] The electric field required for field emission is
applied between the cathode surface upon which the array is mounted and an
electrically isolated grid positioned between the array active surface and the
discharge region. Emitted electrons are thus accelerated beyond the grid into
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Figure 2.15: I-V curve for electron field emission from carbon
nanofiber array.

the discharge region. The cathode surface upon which the carbon nanofiber
arrays were mounted was biased at a negative potential, while the grid for
field emission was electrically tied to the source body to approximate the
original position of the backplate cathode; this biasing scheme was utilized
to most closely approximate the basic BLP source condition and potential
distribution within the discharge region in the absence of the field emitter
arrays.

The emitted electron current from the carbon nanofiber arrays was mea-
sured with no plasma present to characterize the emission behavior within
the BLP source. The distance between the carbon nanofiber array surface
and the grid was approximately 300 um, and electric field strengths up to
3.3 V/um were applied to stimulate the electron field emission. The elec-
tron current was measured on the grid across a sensing resistor but was not
monitored during experiments when the plasma was present.

Experimental results

BLP source operation with field emitter arrays present was characterized by
reduced discharge current, by 50% or more depending on the discharge condi-
tions; the effective surface area of the cathode available for ion bombardment
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A-Backplate cathode D-Insulator
B-Field emitter array E-Cathode shield
C—Anode F-Extraction aperture

Figure 2.16: Schematic of carbon nanofiber array setup within
BLP source. The electric field required for electron field emission
is applied between the backplate cathode and a grid (not shown)
between the arrays and the discharge region.
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and secondary electron emission is reduced by both the presence of the grid
and the partial shielding by the carbon nanofiber array. A bias voltage was
then applied to the backplate cathode with plasma present. The discharge
current was observed to increase with increased bias voltage on the backplate
cathode. Figure shows the variation of the extracted ion current density
with applied electric field on the field emitter array; these data were mea-
sured from a 0.8 mTorr, 400 V discharge with 230 G applied axial magnetic
field. The extracted ion current density increases with increasing field on
the carbon nanofiber array, but the extent to which electrons emitted from
the carbon nanofiber array influence the discharge is inconclusive. A bias on
the backplate cathode results in an asymmetric discharge that may also con-
tribute to the increased ion current density; as the backplate cathode voltage
is increased, ions that are not lost to the grid are accelerated into the back-
plate cathode (and field emitter array) with increasing energy. Secondary
electrons emitted from the backplate cathode due to this ion bombardment
are either lost to the grid or accelerated into the main discharge. The two
distinct plasma regions on either side of the grid result in discharge instabil-
ity as the magnitude of the voltage on the backplate cathode approaches the
applied anode voltage.
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Figure 2.17: Extracted ion current variation with applied electric
field on carbon nanofiber array.
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The effect of the presumed electron injection into the BLP discharge on
the proton fraction was measured. Figure shows mass spectra for in-
creasing applied electric field on the field emitter array. The total ion cur-
rent measured beyond the mass analyzing sector magnet at Faraday cup 2
is increased with the increased applied field, corresponding to the increased
extracted ion current density. Despite the increase in total current measured,
the proton fraction remained constant for the three discharge conditions.
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Figure 2.18: Mass spectra for discharges utilizing a carbon
nanofiber array for electron field emission. The fraction of pro-
tons in the extracted ion beam is unchanged.

Efficient electron injection into and measurement of the effect on the BLP
discharge remains a challenge. A meaningful comparison of the discharge
characteristics with and without electron injection from a carbon nanofiber
array is difficult to obtain with the experimental setup utilized here due to
the asymmetry of the discharge and reduced cathode area. The microscopic
nature of the carbon nanofiber field emitters may allow for minimal reduction
in the effective cathode area through division of the field emitter array active
area and strategic placement of the resultant smaller arrays. Such a scheme
may also allow for less invasive methods for application of the fields required
for the electron field emission. An additional challenge facing the field emit-
ter arrays in a plasma environment is the degradation of the field emitter
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tips due to plasma bombardment. The electron emission characteristics of
the field emitter tips in the BLP source may degrade under ion bombardment
due to etching and sputtering effects. Applying protective coating materials
to the carbon nanofiber tips has been shown to protect the tips from extensive
damage in a hydrogen plasma environment without degrading the field emis-
sion properties [44]; Penning-type discharges subject the field emitter tips
to much harsher plasma environments than previously studied, and further
work must be done to determine the effectiveness of such an approach.

2.3.5 Effects of multi-cusp magnetic confinement

Efforts to improve the performance of a Penning-type discharge focused on
increasing the electron density within the plasma for overall increased plasma
density and higher values of extractable ion current. This method involved
two distinct approaches: creation and injection of additional electrons into
the discharge, and increased lifetime of electrons already existing in the dis-
charge through additional confinement schemes. The electrode material vari-
ation and use of field emitter arrays described in previous sections both aimed
to increase the electron density within the BLP source. Electron confinement
is already achieved to some extent within Penning-type discharges with the
use of the axial magnetic field for increased electron path length. Further
confinement was imposed upon the plasma species with the use of a multi-
cusp magnetic field. Multi-cusp magnetic confinement has been shown to
increase the plasma density for various ion source configurations by reducing
electron losses to the conducting source chamber walls [45].

A permanent magnet multi-cusp magnetic field is generated using mag-
nets of alternating magnetization direction. The magnetic field lines termi-
nate on the poles, creating cusp structures in the resultant magnetic field.
Figure illustrates one such multi-cusp configuration and the resultant
field lines; the alternating positions of the north and south magnet poles
create a strong magnetic field near the magnet surfaces that decreases with
distance from the multi-cusp magnets. Multi-cusp magnetic confinement of
the plasma in an ion source is achieved by surrounding the ion source cham-
ber with arrays of alternating magnets; a resultant multi-cusp field is shown
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in Figure 2.20. The multi-cusp magnetic field extends into the discharge
region, resulting in a strong transverse magnetic field component near the
source chamber wall and a field-free region in the center of the discharge vol-
ume. Electrons approaching the chamber wall are generally deflected by the
strong magnetic field to regions of weaker field; electron losses to the chamber
wall thus occur on longer timescales, resulting in longer plasma confinement
times.

Figure 2.19: Simulated magnetic field lines for from magnets with
alternating magnetization directions. The magnetic field lines ter-
minate at the magnet poles, creating “cusps” in the resultant mag-
netic field.

For Penning-type discharges, the multi-cusp magnetic field is superim-
posed upon the existing axial magnetic field required to sustain the discharge.
The multi-cusp magnets introduce a transverse component to the magnetic
field distribution within the discharge volume. Two different multi-cusp mag-
net assemblies were tested with the BLP source to measure the effects of the
anticipated increased plasma density on the BLP source performance. The
multi-cusp magnet configurations differed in the directions of magnetization
for a given row of magnets in the magnet array. Figure illustrates the
magnetization directions of the magnets used in the two configurations; con-
figuration 1 features magnets that are magnetized along the axial direction of
the BLP source, while configuration 2 features magnets that are magnetized
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Figure 2.20: Simulated magnetic field lines for multi-cusp mag-
nets arranged in a cylindrical pattern, as along the perimeter of a
cylindrical ion source. The multi-cusp magnetic field extends into
the discharge region.
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along the radial direction of the BLP source. The multi-cusp field is created
through the periodic arrangement of these magnets around the annular an-
ode within the BLP source. Figure shows a photo of a magnet array
within the BLP source. The individual multi-cusp magnets are NdFeB per-
manent magnets, with 0.3175 cm x 0.3175 cm cross-sectional area and 0.635
cm length. The individual magnets are stacked such that the multi-cusp
configuration spans the entire length of the anode, extending the multi-cusp
field over the perimeter of the discharge region.

Configuration 1

B® ® ©
@O E o

| I A
Configuration 2 cee ‘:I ‘:I ‘:I coe

Figure 2.21: Magnetization directions of magnets in the simu-
lated and tested multi-cusp magnet configurations. Configuration
1 features magnets that alternate magnetization direction along
the axis of the BLP source. Configuration 2 features magnets
that alternate magnetization in the radial direction of the BLP
source.

Multi-cusp and total magnetic fields within the BLP source were simu-
lated using the RADIA [46] simulation code for the two different multi-cusp
magnet configurations. Figure [2.23] shows vector field plots of the resul-
tant transverse magnetic field distribution within half of the discharge region
for the two multi-cusp magnet configurations. Because the transverse field
components do not affect the axial field required for the discharge, only the
transverse component of the magnetic field is shown. The half cross-sectional
areas within the BLP source are depicted at the ion source mid-plane and
at the extraction plane, where ions are extracted. The magnetic field distri-
butions are symmetric about the y-axis in the plots shown, and the origin
denotes the ion source axis. It is seen from the vector field plots that the
overall transverse magnetic field is stronger near the anode surface and drops
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A-Anode
B—Anode insulator
C—Multi-cusp magnet array

Figure 2.22: Photo of multi-cusp magnets surrounding the cylin-
drical anode in the BLP source. The aluminum cathode shield

and extraction aperture can be seen.

to nearly zero near the axis of the discharge region for both configurations.
The magnitude of the multi-cusp magnetic field is stronger for configuration
2, as indicated by the lengths of the vectors in the vector field plots.

A different representation of the multi-cusp magnetic fields can be seen in
Figure 2.24] Here, the magnitude of the transverse magnetic field is plotted
throughout the three-dimensional discharge region. These plots indicate that
the strong transverse components of the magnetic field generated by the
multi-cusp magnets span the length of the discharge region for configuration 2
only; for configuration 1, these regions of stronger magnetic field are confined
to the ends of the discharge region, near the cathodes. It can also be seen that
the maximum transverse magnetic field for configuration 2 is nearly twice as
strong as that of configuration 1. The two configurations were incorporated
into the BLP source for comparison with basic BLP source operation and to
observe the effects of the different transverse magnetic field magnitudes and
structure on the BLP discharge.

Experimental results

BLP source performance with the incorporated multi-cusp magnetic fields
was characterized by greatly reduced discharge current; the discharge current
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Figure 2.23: Simulated vector field plots for multi-cusp magnet
configuration 1 (left) and configuration 2 (right). The transverse

magnetic field vectors are plotted at the ion source mid-plane and

extraction plane. In the extraction plane plots, the extraction

aperture sits at the origin.
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Figure 2.24: Magnetization directions of magnets in the simu-
lated and tested multi-cusp magnet configurations. Configuration
1 features magnets that alternate magnetization direction along
the axis of the BLP source. Configuration 2 features magnets
that alternate magnetization in the radial direction of the BLP
source.

for operation with multi-cusp magnet configuration 1 was typically 20-50%
of that for the basic BLP source for similar pressure, axial magnetic field,
and applied discharge voltage. Because one component of the discharge cur-
rent in a Penning-type discharge is the electron loss current to the anode, the
greatly reduced discharge current can be an indication of plasma confinement.
Figure [2.25| compares the extracted ion current density for the basic BLP dis-
charge and the BLP discharge utilizing multi-cusp magnet configuration 1.
The addition of the multi-cusp magnetic confinement resulted in a factor
of 3 increase in the extracted ion current density. Because the basic BLP
source and BLP discharge using multi-cusp magnet configuration 1 utilize
the same discharge volume and electrode material, the increased ion current
density and drastic reduction in discharge current are both attributed to the
reduced electron loss current to the anode. This is further supported by the
discoloration present on the cathode shield near the extraction aperture due
to plasma exposure as shown in Figure 2.22] The ion bombardment on the
two cathodes leaves a discoloration pattern indicating that the plasma cross-
sectional area does not extend to the anode cylinder; the plasma is confined
to a smaller volume than that prescribed by the electrode surfaces. Because
the elongated discharge volume was shown to result in increased extracted
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ion density, multi-cusp magnet configuration 1 was also incorporated into
the elongated BLP discharge; the resultant extracted ion current density is
also shown in Figure 2.25] The combination of multi-cusp magnetic confine-
ment and the elongated discharge volume resulted in a factor of 9 increase
in the extracted ion current over basic BLP source operation; the effects
of the elongated discharge volume and multi-cusp magnetic confinement are
multiplicative for operation with aluminum electrodes.
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Figure 2.25: Comparison of extracted ion current densities for
basic BLP source operation and the elongated BLP discharge both
with and without multi-cusp magnetic confinement. Multi-cusp
magnetic confinement of the plasma results in a factor of 3 increase
in the extracted ion current density.

Figure [2.26| compares the extracted ion current density for operation with
the two multi-cusp magnet configurations. It is noted here that these dis-
charges utilized the elongated anode in combination with the multi-cusp
magnets; the extracted ion current density for BLP source operation with
the elongated anode is also plotted in Figure for reference. Though the
stronger multi-cusp magnetic field generated by the magnets of configura-
tion 2 is expected to result in greater plasma confinement and thus higher
plasma density as compared to operation with multi-cusp magnet configu-
ration 1, the extracted ion current densities plotted in Figure indicate
that ion source performance is degraded by the stronger multi-cusp field. For
source operation utilizing the elongated aluminum anode, the discharge cur-
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rent from multi-cusp magnet configuration 1 is only slightly less than that
without multi-cusp magnetic confinement. The use of multi-cusp magnet
configuration 2 results in a 70% reduction in the discharge current compared
to the nominal elongated anode case. Though the extracted ion current is
still improved with the use of multi-cusp magnet configuration 2, the strong
multi-cusp magnetic field reduces the effectiveness of the plasma confinement.
The reduced extracted ion current density may be due to the reduced volume
of the field-free region near the ion source axis; the stronger radial magnetic
field may be reducing the effective surface area of the cathodes where sec-
ondary electrons are emitted, resulting in a weaker discharge and reduced
plasma density.
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Figure 2.26: Comparison of extracted ion current densities for
elongated BLP discharges utilizing the two multi-cusp magnet
configurations.

The use of multi-cusp magnetic confinement has resulted in an increase
in the BLP source extracted ion current density that is dependent on the
strength of the multi-cusp magnetic field. Because the two multi-cusp mag-
net configurations utilized both resulted in improved ion current density, ad-
ditional optimization of the multi-cusp magnet configuration may yet result
in further improvements to the plasma confinement and ion current density.
The two multi-cusp magnet configurations differed in both radial field struc-
ture and maximum radial field strength, and the relative importance of each
component of the multi-cusp magnetic field to the plasma confinement and
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resultant extractable ion current remains unknown.

2.3.6 Combined effects from electrode material varia-
tion, elongated discharge volume, and multi-cusp
magnetic confinement

The modular nature of the BLP source allows for the combination of the vari-
ous optimization paths investigated and the effects on the source performance
to be observed. Each of the optimization paths explored acted to increase
the extracted ion current density by factors of 2-3; the combinative nature
of these methods was investigated in the effort to further increase the source
performance. Initial results from combining the elongated discharge volume
with multi-cusp magnetic confinement in the BLP source are shown in Fig-
ure [2.25] with the improved source performance prompting further testing
with different electrode materials.

Figure shows the extracted ion current densities obtained by utilizing
multi-cusp magnetic confinement along with different electrode materials.
Ion current densities from basic BLP source operation with and without
multi-cusp magnetic confinement are also plotted for reference. All data
were obtained using multi-cusp magnet configuration 1. Multi-cusp magnetic
confinement acts to increase the extracted ion current density by about a
factor of 2.

Figure [2.28[shows the extracted ion current densities obtained by combin-
ing aluminum and platinum electrodes with multi-cusp magnetic confinement
in an elongated discharge volume environment. The use of the elongated
discharge volume along with multi-cusp magnetic confinement in the BLP
source with aluminum electrodes resulted in a factor of 9 improvement in the
extracted ion current density over that from the basic BLP source; based on
previous results from the variation of electrode materials, an additional fac-
tor of 2 improvement is expected from discharges utilizing platinum-coated
electrodes. The measured data in Figure indicate that the full factor
of 2 increase is not realized. Because the full effect of the material variation
relies on the plasma interaction with the electrode surfaces, it is possible that
the presence of the multi-cusp magnetic field interferes with these interac-
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Figure 2.27: Comparison of extracted ion current densities for
BLP discharges combining multi-cusp magnetic confinement with
various electrode materials.

tions and the net increase in the plasma and/or extracted ion current density
is less than expected. The proton fractions obtained from these discharges
was consistent with the values expected as a result of the electrode material
variation, as in Figure [2.12]

Because operation with any BLP source configuration was characterized
by low power, low pressure discharges, the effects of increased source oper-
ating pressure on the discharge power and current, as well as the extracted
ion current, were measured using the elongated anode along with multi-cusp
magnetic confinement with aluminum, gold, and platinum electrodes, as these
combinations previously resulted in the best source performance. Each source
configuration was found to exhibit discharge instabilities as the hydrogen gas
pressure was increased past a maximum value that varied with the electrode
material. Typical maximum pressure values fell in the 2.0 mTorr range. The
extracted ion current density was observed to increase linearly with the source
pressure while the resultant discharge power tends to increase exponentially
with the source pressure, as shown in Figure [2.29 and Figure 2.30] Maxi-
mum extracted ion current densities and the corresponding source operating
parameters for the tested configurations are summarized in Table

The maximum measured ion current density obtained from "high pres-
sure” operation with aluminum electrodes, elongated anode, and multi-cusp
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Figure 2.28: Comparison of extracted ion current densities for
BLP discharges combining multi-cusp magnetic confinement with
aluminum and platinum electrodes in an elongated discharge en-

vironment.
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Figure 2.29: Extracted ion current density dependence on source
operating pressure for gold electrodes with long anode and multi-
cusp magnetic confinement. The applied anode voltage was 800
V. The extracted ion current density increases linearly the source
operating pressure.
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Figure 2.30: Discharge power dependence on source operating
pressure for gold electrodes with long anode and multi-cusp mag-
netic confinement. The applied anode voltage was 800 V. The
discharge power increases exponentially with the source operating
pressure.

Table 2.5: Maximum extracted ion current density and corre-
sponding operating parameters for operation with various elec-
trode materials, elongated anode, and multi-cusp magnetic con-
finement.

Electrode material Al Au Pt

Discharge voltage [V] 800 800 800
Axial magnetic field [G] 230 410 410
Pressure [mTorr] 1.6 20 1.8
Discharge power [W] 1.0 7.3 9.0
Ion current density [25] 1.3 2.2 2.0
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magnetic confinement represents over a factor of 10 improvement over that
from the basic BLP source. The use of gold or platinum electrodes in this
configuration further improves the source performance by nearly a factor of
2. Though the discharge conditions under which these maximum values were
obtained differed slightly with the different electrode materials, the maxi-
mum values nearly reflect the expected factor of 2 increase in the extracted
ion current expected with the use of the coated electrodes.

2.4 Summary

The complex nature of plasma interactions within Penning-type ion sources
warrants further study for better understanding of the processes involved and
ways in which these processes can be exploited to improve the performance
of such ion sources. The Berkeley Lab Penning source was designed and fab-
ricated with the intent of investigating methods for improving the ion source
performance through closer examination of the processes at play. The extent
to which secondary electron emission under ion bombardment influences the
extracted ion current density was taken advantage of with the use of differ-
ent electrode materials for increased secondary electron emission. Electron
losses to the anode were reduced through plasma confinement using perma-
nent magnet-generated multi-cusp magnetic fields. The effects of increased
discharge volume and electron injection into the discharge were also explored.
Combinations of the various methods for source improvement resulted in an
overall factor of 20 increase in the extracted ion current density as compared
to the baseline source configuration. The methods employed provide valu-
able insight into approaches for further exploitation of the characteristics
of Penning-type discharges and relevant processes for improved ion source
performance and efficiency.
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Chapter 3

Ion beam extraction and optics

3.1 Introduction

Ion beam extraction and ion optics relates to the extraction of ions from a
plasma source and the transport of extracted ions to their final application.
The ion beam extraction system is designed to impart desired characteristics
to the resultant ion beam, largely utilizing electromagnetic fields to guide
and shape the ion beam as it traverses the extraction system. Simulation
programs aid in the design of the electrodes used to effectively accelerate the
ion beam to the desired energy over the desired distances, and are invaluable
in guiding the optimization of the transport and optics of the ion beam.

3.2 Ion beam formation

As was mentioned in the preceding section describing the Penning discharge,
a discharge source becomes an ion source when features are introduced into
the discharge chamber such that the ions generated within the plasma can
be extracted and directed toward some final application. This is generally
accomplished by introducing an aperture or multiple apertures in one surface
of the discharge chamber. The ions are then easily extracted from within the
plasma through the application of an electric field between the discharge
chamber surface containing the extraction aperture, generally referred to as
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the plasma electrode, and an external electrode. The external electrode is
often referred to as the extraction electrode. Positive ions are extracted from
the plasma with a net positive bias on the plasma electrode with respect to
the extraction electrode; in a similar fashion, negative ions are extracted with
a net negative bias on the plasma electrode. The continuous extraction of
ions from the plasma results in a stream of ions from the plasma that can
then be referred to as an ion beam. The plasma and extraction electrodes are
shaped in such a way as to impart specific characteristics, i.e. beam diameter,
divergence angle, etc., to the ion beam. A comprehensive discussion of ion
extraction is given in [47].

3.2.1 Child-Langmuir law

The maximum transportable current between two planar conducting surfaces
under the condition of space-charge limited emission is given by the Child-
Langmuir law

4 [aqvis
J = —&0 q

3\ (3.1)

where

J: Current density

¢, m: Charge, mass of charged particle
V': Net voltage difference

d: Distance between surfaces

The maximum transportable current density is a function of the charged
particle mass and charge state, as well as the net voltage and distance between
the two conducting surfaces. The relevant case for an ion source extraction
system requires an aperture through which the ions can be extracted from
the plasma. The current is then also a function of the cross-sectional area
through which the ions are extracted from the plasma. Figure [3.1] shows a
schematic of a so-called diode extraction system, in which the ion extraction
is accomplished using only two electrodes. In the figure shown, positive
ions are extracted from the plasma, through the extraction aperture, by the
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electric field between the plasma and extraction electrodes. Here, a voltage
difference of 2 kV is applied between the two electrodes. The positive ions are
accelerated into the extraction electrode by the electric field; the electrode
at which the ion beam is lost is thus often referred to as a target or beam
dump.
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Figure 3.1: Ion beam extraction with diode extraction system.
Two electrodes are used to accomplish the ion beam extraction.
For positive ions, a negative field gradient is applied to draw ions
out of the plasma.

The Child-Langmuir law allows for the definition of the perveance as

I
which relates the maximum extracted current to the applied voltage for
the given extraction system. The perveance is constant for a fixed plasma
density and fixed extraction system and thus provides a useful metric for

predicting the ion beam behavior when certain parameters are changed.
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3.2.2 Plasma meniscus formation

The equipotential surface between the bulk plasma within the discharge
chamber and the vacuum region into which ions are extracted is referred
to as the plasma meniscus. Additionally, a region exists between the bulk
plasma itself and the plasma meniscus, known as the sheath, over which po-
tential gradients exist to allow for the smooth transition between the bulk
plasma at the plasma potential and the plasma electrode on high voltage. Ion
extraction requires matching between the equipotential surfaces inside and
outside of the plasma, and thus the plasma meniscus plays an important role
in the ion beam formation and extraction characteristics. The shape of the
plasma meniscus is determined by the interplay between the plasma density,
the shapes of the plasma and extraction electrodes, the size of the extraction
aperture, and the electric field induced by the applied extraction voltage. The
shape of the plasma meniscus strongly influences the focal properties of the
extracted ion beam and is thus especially important for diode extraction sys-
tems utilizing only two electrodes. Figure illustrates the possible plasma
meniscus shapes and the resultant ion trajectories in the extracted beam. In
the ideal case, the plasma potential and potential induced by the extraction
field create a flat plasma meniscus, resulting in parallel ion trajectories and
a parallel beam. When the plasma density and extraction potential are not
matched, the plasma meniscus protrudes into or recedes from the region of
the extraction aperture. For a relatively high extraction potential with re-
spect to the plasma density, the plasma meniscus is convex and protrudes
into the region of the extraction aperture, resulting in a divergent ion beam.
For a relatively low extraction potential with respect to the plasma density,
the plasma meniscus is concave and recedes from the region of the extrac-
tion aperture, resulting in a convergent ion beam. The focal point of the ion
beam, also known as the beam crossover point, varies in position based on
the relative strengths of the plasma potential and extraction potential.

3.2.3 Beam emittance

The degree of convergence or divergence of charged particle beams is char-
acterized by the beam emittance. The position and momentum of individ-
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Figure 3.2: IGUN simulation of plasma meniscus shapes and ef-
fects on extracted ion beam. (A) The plasma meniscus is relatively
flat, resulting in parallel ion trajectories. (B) The plasma menis-
cus is convex, and the ion beam is divergent. (C) The plasma
meniscus is concave, and the ion beam is convergent. (D) The
plasma meniscus is concave, but the focal point of the beam (beam
crossover) is between the two electrodes, and the beam is then di-
vergent.
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ual particles in the beam can be mapped to a six-dimensional phase space
(x-x’, y-y’, z-z’), and the emittance is effectively the phase space "volume”
encompassed by the ensemble of beam particles. The emittance in each two-
dimensional space is conserved when the electromagnetic forces acting on the
particles are linear; the transverse emittance, the emittance in one direction
(here, the x direction) transverse to the beam transport axis, satisfies the
equation

ya? 4 2axa’ + Ba? =€ (3.3)
where

x: Particle position
x': Particle angle
a, B,7v: Twiss parameters

The emittance is derived from the particle equations of motion, and it
can be seen that equation 3.3 prescribes an ellipse of area € in each two-
dimensional phase space. The elliptical emittance pattern is often plotted in
the x-x” phase space, in this case, and gives a visual representation of the
degree of convergence or divergence of the beam. The constants «, 3, are
collectively referred to as the Twiss parameters and are derived from criti-
cal points on the plotted emittance ellipse. Figure [3.3] shows schematic and
simulated emittance patterns that demonstrate the varying degrees of con-
vergence of an ion beam. The different emittance patterns can be interpreted
as follows: in the divergent beam case, particles with larger transverse posi-
tions within the beam also have larger beam angles, so as a particle’s distance
from the central axis of the beam increases, the particle moves away from
the central axis faster and the beam diverges. The opposite is true of the
convergent beam case; particles further from the central axis of the beam
approach the central axis at a faster rate, and the beam extent in the trans-
verse direction decreases as the beam advances in the axial direction. For
the parallel beam case, the variation of beam angle with beam extent in the
transverse direction is small; the ensemble of particles are transported with
roughly the same beam angle over all positions within the beam. The fo-
cused beam case features a spread of beam angles with minimal extent in the
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transverse direction. As mentioned earlier, the emittance is conserved when
the electromagnetic forces acting on the particles are linear; in the graphical
representation of the emittance, the area of the ellipse plotted in the two-
dimensional phase space is constant. When nonlinear forces such as space
charge effects are present, the elliptical representation of the beam becomes
distorted, and the emittance is no longer strictly conserved. The area of the
ellipse in phase space can thus grow under the influence of nonlinear forces.

Divergent Convergent Parallel Focused

ogmoos 00w 0010 0005 0000 0005 0010 6010 0005 000 0005 0010 -0010 0005 0900
X X X

Figure 3.3: Schematic and simulated emittance patterns for the

varying degrees of convergence of an ion beam.

3.3 Ion optics simulations

The design of an ion beam extraction and focusing system relies on the use
of simulation programs that can take into account the various self-induced
and applied electromagnetic fields present during beam extraction and trans-
port. Numerous codes have been developed for ion beam extraction and ion
optics simulations, utilizing different methods for solving Poisson’s equation
and the particle equations of motion to obtain self-consistent solutions for
characteristics of the beam transport. The widely used codes IGUN [48] and
PBGUNS [49] solve for the plasma meniscus by matching equipotentials in-
side and outside the plasma region and compute the resultant particle trajec-
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tories for steady-state beam transport. IGUN self-adjusts the ion extraction
current on successive iteration cycles, adjusting the Debye length within the
plasma region until a self-consistent solution for the shape and location of
the plasma meniscus is reached. PBGUNS utilizes a fine mesh region near
the plasma emission surface, solving for the plasma meniscus equipotential
by matching the particle trajectories and the resultant space charge density
distribution on adjacent mesh positions until the solution converges. These
codes have two-dimensional capabilities and are thus limited to the simu-
lation of cylindrically symmetric or rectangular slit extraction geometries.
The three-dimensional particle-in-cell code WARP3D [50] simulates particle
trajectories by advancing individual particles in the simulation space over a
user-defined time interval and calculating the resultant electromagnetic fields
within the simulation space. Individual particles are tracked during the sim-
ulation, making extensive data on the particle position and momentum at
each time step of the simulation available to the user. The nature of the
code allows for the calculation of both time-dependent behavior as well as
IGUN-like steady-state behavior of the beam. While WARP3D can handle
much more complex problems and can provide much more information on
the behavior of individual particles during beam transport, the code itself
was created with beam transport through accelerator lattice components in
mind, and is thus not optimized for ion beam extraction from a plasma.
The codes IGUN, PBGUNS, and WARP3D were utilized in simulating
similar extraction geometries for comparison of the beam radius, maximum
divergence angle, and ion current on target for a 100 keV atomic hydrogen
(H*) beam. The IGUN schematic of the electrode geometry is shown in Fig-
ure [3.4] In these simulations, atomic hydrogen ions were extracted through
a 0.6 mm diameter aperture in the plasma electrode and accelerated to the
target by the field applied between the plasma electrode and the electron
suppression shroud. The extraction gap between the plasma electrode and
the electron suppression shroud was varied between 20-30 mm, while the dis-
tance from the electron suppression shroud to the target was fixed at 25 mm.
The plasma electrode was biased at positive 100 kV, the electron suppression
shroud was biased at negative 1 kV, and the target was held at ground po-
tential. The electron suppression shroud repels secondary electrons that are
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emitted upon ion impact at the target, preventing those electrons from being
accelerated back toward the plasma electrode. The beam trajectory is shown
for each simulation program in Figure [3.5, The emittance plots for the ion
beam at the target surface are shown for the three simulation programs in
Figure [3.6l Comparisons of the beam radius and maximum divergence angle
on target are shown in Figure (3.7}

Plasma electrode Electron suppression shroud

12 —
—

Target

20 25 30 35 40 45 50 55 &0

Figure 3.4: IGUN schematic of simulated electrode geometry.
Beam acceleration occurs mainly between the plasma electrode,
here biased at 100 kV, and the electron suppression shroud, here
biased at -1 kV. The target is grounded and sits at the edge of the
simulation region.

The three simulation programs show similar trends for both the beam
radius and maximum divergence angle with varying extraction gap length;
under these conditions, the plasma density is slightly weak in relation to the
accelerating electric field, and the beam is overfocused. As the extraction gap
decreases, the accelerating electric field becomes stronger, moving the beam
crossover point closer to the plasma electrode and resulting in both larger
beam diameters and larger maximum divergence angles at the target. The
beam radius values are a better match between the simulation programs for
shorter extraction gap lengths, with values diverging as the extraction gap
length increases. The beam radius values obtained using WARP3D show
less variation with the extraction gap length; because WARP3D is not op-
timized for ion beam extraction from a plasma, the method by which the
beam is initiated in the WARP simulation impacts the final beam diameter.
The maximum divergence angles obtained from the PBGUNS simulations
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Figure 3.5: Beam trajectory comparison for the three simulation
programs IGUN (A), PBGUNS (B), WARP3D (C). A 100 keV,
100 A H' beam was simulated, with an extraction gap of 30 mm
and shroud-to-target distance of 25 mm.
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Figure 3.6: Beam emittance comparison for the three simulation
programs IGUN (A), PBGUNS (B), WARP3D (C).
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Figure 3.7: Beam radius (A) and maximum divergence angle (B)
comparison for the three simulation programs IGUN, PBGUNS,
WARP3D. Both the beam radius and maximum divergence angle
are measured at the target plane.

are well below those values obtained with the other programs; it is noted
that the beam ions were initiated with no angular spread (see simulations
in section 3.4.1), which may explain the much smaller divergence angles ob-
tained at the target. It is evident from these simulation results that proper
plasma/beam initiation parameters for each simulation program are vital to
obtaining meaningful results. Because there is such a variation in the beam
radius at the target, comparison with experimental data provides the best
indication of how closely each of the simulation programs approximate the
experimental case.

Ion optics simulations are an important step in the design of an ion beam
extraction and focusing system. Simulations give initial indications as to
how the various components of the extraction system affect the properties
of the beam transport and how parameters can be adjusted to achieve the
desired design goals. The combination of simulation and experimental work
is essential to the optimization of ion beam optics and focusing components.
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3.4 Passive beam focusing methods

As the field of ion optics suggests, charged particle beams can be directed
much as beams of light are directed with the use of lenses and other optical
elements. Charged particle lenses often make use of the focusing properties
of electrostatic and magnetic fields, and are referred to as active focusing
elements when electromagnetic fields are applied to achieve these focusing
effects. The diode extraction system discussed earlier describes the simplest
case of an ion beam active focusing system; the ion beam is shaped and
feels focusing effects due to a lens effect of the extraction aperture. The ex-
tent to which the beam is focused depends on the relative strengths of the
plasma density and the applied electric field. Additional focusing elements
provide greater control of the beam focusing achievable in the extraction
system. Accel-decel systems or systems utilizing Einzel lenses introduce ad-
ditional electrodes to which electrostatic potentials can be applied, allowing
for greater flexibility in focusing the beam diameter to the desired value.
Magnetic lenses such as solenoids or quadrupole magnets are also readily em-
ployed for beam focusing, requiring strong magnetic fields for intense beam
currents. Figure (3.8 shows the focusing effects of two solenoid fields on a
hydrogen ion beam.

While the use of active focusing elements to simultaneously achieve beam
transport and beam focusing is widely studied and employed for various
ion beam applications, situations arise in which additional active focusing
elements are undesirable. Any portable system greatly benefits from the re-
duction in bulk and complexity that is possible by eliminating additional
focusing elements and the associated power supplies. The beam optics then
rely on the design of the acceleration column and the characteristics of the
ion beam. While the ion beam tends to feel focusing effects even in the sim-
ple diode extraction case, the extent of focusing achievable is limited and the
minimum ion beam diameter is of the order of the diameter of the extraction
aperture. Thus in the absence of active focusing methods, small extraction
apertures are employed for applications requiring small diameter ion beams.
Because the ion current density from an ion source is fixed by the operat-
ing conditions, the total ion current extracted from the ion source becomes
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Figure 3.8: Simulation of focusing effects of two solenoid fields on
a hydrogen ion beam.
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practically limited by the area of the extraction aperture. A factor of two
reduction in the diameter of the extraction aperture results in a reduction
of the extracted ion current by a factor of four. Applications requiring high
beam current densities over small beam areas thus require high plasma den-
sities from the ion source to compensate for the restrictions imposed by the
size of the aperture.

For the associated particle imaging application discussed in Section [1.2.1],
neutron yields comparable to and greater than that available from existing
systems prescribe a monatomic ion current on the neutron production target
of the order of 50 A for the D-T fusion reaction at 100 keV beam energy. The
imaging resolution desired of the system also imposes a 1 mm diameter on the
ion beam at the target. For Penning-type discharges, the diatomic nature of
the majority of extracted beam ions further increases the current requirement
by as much as a factor of 5. For the BLP source described in the previous
section, the maximum measured current density of 2.2 mA/cm? requires an
extraction aperture on the order of 3.5 mm in diameter to achieve the desired
neutron yield. Because no active focusing elements are to be utilized in this
API application, the BLP source cannot meet the design goal of a 1 mm
beam diameter at the neutron production target if the high neutron yield
requirement is satisfied. The low plasma density of the BLP source, coupled
with the characteristic diatomic nature of ions in hydrogen and hydrogen
isotope plasmas in Penning-type discharges, creates technical challenges for
the incorporation of the BLP source into a high-yield neutron generator with
small beam spot on target.

Because the use of additional electromagnetic fields for beam focusing is
undesirable for the previously described API application, methods of passive
beam focusing were explored. Passive beam focusing aims to reduce the
diameter of the ion beam by utilizing elements in the extraction system that
do not require additional applied electromagnetic fields, making use of the
applied voltages already present in the acceleration column of the system.
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3.4.1 Ion beam collimation

Collimation traditionally refers again to optics principles and involves passing
rays of light through long, narrow, parallel channels in a material. Rays that
are not parallel to the axis of the collimating material, or the collimator,
are absorbed by the material, while parallel rays pass through the channels
unimpeded. Practically, a maximum angle of divergence is defined by the
geometry of the collimating channels; rays with divergence angles below the
cutoff angle will pass through the collimator, reducing the divergence and
resulting in more parallel rays. Figure illustrates the passage of rays of
light through a collimator.

Collimator

Figure 3.9: Light passing through a collimator. Light rays from

the point source S pass through the collimator for small diver-
gence angles. Large divergence angles result in absorption at the
collimator.

Similarly, ion beams passing through long, narrow channels are colli-
mated, removing ions with large divergence angles from the beam. The
situation with ion beams becomes more complicated, however, due to the
nature of the charged particle beams and interactions with electromagnetic
fields. Ideally, charged particles in field-free regions would behave similarly to
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light rays, and passage through a collimator would result in a relatively par-
allel beam with minimal divergence. In practice, however, self-induced fields
within the ion beam and space-charge effects will both act to increase the
divergence of the beam even after collimation. The situation is exacerbated
when electromagnetic fields are present; accelerating fields, especially non-
linear fields, can reduce the effectiveness of collimation by causing additional
emittance growth. Nevertheless, collimation is useful for limiting the growth
of the beam diameter by reducing the spread of divergence angles within the
beam. An important consequence of the use of ion beam collimation is the
resultant reduction in the beam current after passage through a collimator.
The collimator physically blocks ions from exiting the collimating material,
and current losses to the collimator can be substantial depending on the
geometry of the collimator and the characteristics of the beam. Certain ap-
plications take advantage of this beam loss; neutron generator development
done in [51] relied on ion beam collimation to limit the beam current and re-
sultant neutron yield such that a maximum neutron yield was not exceeded.
The Gaussian nature of the extracted ion beam typically results in a beam
“core” and "halo” structure, where the majority of the beam ions have low
divergence angles and are centered around the beam axis, or the core. A
fraction of the beam ions have larger divergence angles and larger radial po-
sitions within the beam; these ions make up the low intensity beam halo, and
collimation of this portion of the beam results in a reduced beam diameter
while minimizing current losses to the collimator.

This collimation effect is difficult to simulate using traditional ion optics
codes due to the methods by which the plasma or ion beam is initiated within
the simulation. For IGUN, the adjustment of the Debye length over each it-
eration cycle results in poor simulation convergence for large aspect ratios on
the extraction aperture, i.e. when the diameter of the extraction aperture is
not large compared to the length of the extraction channel. For PBGUNS,
the simulated plasma region is defined by a surface of emission on the plasma
electrode, and the effect of the extraction channel length on the transmit-
ted beam radius and current is only observed when an angular distribution
is imparted to the initiated beam. PBGUNS provides several methods by
which this can be done, including specifying angular distributions along the
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axial direction within the plasma region and initiating a Maxwellian angular
distribution over the emission surface. These methods increase the number
of simulation cycles required for program convergence, but more closely ap-
proximate the collimation effect of a long extraction channel than the parallel
beam injection mode. Figure [3.10] shows the geometric representation of the
plasma electrode for several extraction channel lengths simulated using PB-
GUNS. The extraction of an atomic deuterium (D*) ion beam with beam
energy of 100 keV was simulated using different extraction channel lengths.
The effect of the extraction channel length on the ion current on target, ion
beam diameter, and maximum divergence angle was analyzed at the surface
of a target situated 55 mm downstream from the plasma electrode, similar
to the ion optics simulations discussed in section 3.3; the ion current density
across the extraction aperture area was held constant for all channel lengths.
Simulation results for the beam current and radius on target are plotted in
Figure [3.11] As the channel length increases, the beam current reaching the
target decreases as more current is lost to the channel. The beam diameter
also decreases with increasing channel length.

Figure 3.10: Channel length variation in PBGUNS simulations.
Extraction channel lengths of 0.1 mm (A), 0.3 mm (B), and 0.6
mm (C) are shown.

Collimation experiments were performed to analyze the effects of colli-
mation channel length on the resultant ion current and ion beam diameter.
Experiments utilized a Penning source obtained from Thermo Fisher Scien-
tific. The Thermo Penning source was fitted with a 2 mm diameter extraction
aperture. The extraction aperture has an intrinsic channel length of 5 mm.
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Figure 3.11: PBGUNS simulation results for increased channel
length. Both the beam current and beam diameter on target de-
crease with increasing channel length.

The presence of an intrinsic channel length subjects the ion beam to collima-
tion effects as it is extracted from the ion source, and additional collimator
pieces were incorporated into the extraction aperture to measure the effects
on the ion beam spot size and ion current on target at various ion energies.
Two additional collimator pieces extend the extraction channel length to 8
mm and 11 mm; Figure illustrates the collimator setup with respect
to the ion source. It is noted here that increasing the length of the chan-
nel through which ions are extracted has two major effects: in addition to
collimating those ions in the beam with large divergence angles, the long
extraction channel also affects the plasma meniscus formation. The long
extraction channel alters the equipotential lines at the exit of the channel,
and thus affects the plasma boundary with the vacuum region. The beam
diameter and ion current on target for the various extraction channel lengths
thus results from the combined effects due to the altered plasma meniscus
and altered ion optics and the beam collimation itself.

The Thermo Penning source was operated in several modes during the ion
beam collimation experiments. Because the plasma density in Penning-type
discharges increases with increased gas pressure, the Thermo Penning source
was typically operated with either 0.6 or 3.0 mTorr of hydrogen gas and the

74



A—Permanent magnet
B-Cathode 1

C-Anode

D-Magnetic extraction plate/
Cathode 2

E—Collimator extension piece(s)

Figure 3.12: Collimator setup with respect to Thermo Penning
ion source. The magnetic extraction plate has an intrinsic channel
length of 5 mm. Additional extension pieces increase the channel
length to 8 mm and 11 mm.
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effects on the extracted ion current (and, indirectly, the matching between
the plasma meniscus and the extraction electric field) were measured. The
gas pressure within the source also affects the distribution of ion energies
within the plasma and extracted ion beam [27], which can also affect the
properties of the extracted ion beam and subsequent collimation effects. The
Thermo Penning source houses permanent magnets to generate the axial field
required for the Penning discharge, and so the axial magnetic field was not
adjusted during operation. The anode voltage was fixed at 2.4 kV for these
experiments, resulting in discharge currents of 1.2 and 1.8 mA at source
operating pressures of 0.6 and 3.0 mTorr, respectively.

For beam energies below 50 keV, the ion beam diameter on target was
measured optically by recording images of the beam spot on a target through
a transparent vacuum window. The target surface was angled 45 degrees with
respect to the beam axis to enable viewing of the beam spot, resulting in
elliptical beam images. The extraction system consists of three distinct elec-
trodes: the plasma electrode at the source, the electron suppression shroud,
and the target. A schematic of the experimental setup can be seen in Fig-
ure|3.13l The source body and plasma electrode are held at ground potential,
while the (negative) accelerating potential is applied to the electron suppres-
sion shroud. Reverse-biased Zener diodes provide a constant 1.4 kV voltage
difference between the electron suppression shroud and the target, such that
a separate potential is not applied to the target. A 200 MS2 bypass resistor
forces current through the circuit; this current ensures that the Zener diodes
maintain the required breakdown voltages, and the proper potentials are ap-
plied to the target and electron suppression shroud. The target potential is
more positive than the potential on the electron suppression shroud. The
electron suppression shroud suppresses secondary electrons that are emitted
from the target upon ion impact; secondary electrons emitted from the target
are repelled by the more negative potential at the shroud, and thus cannot be
accelerated back toward the plasma electrode. The absence of the electron
suppression shroud would allow backstreaming electrons to contribute to the
overall current measurement at the target and thus should be avoided. The
beam spots and beam intensity profiles were analyzed using the image anal-
ysis program ImagelJ [52|. The beam spot size was quantified by analyzing
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the major and minor axis data for the elliptical beam patterns.

H
MWy

A-Ton source E—Angled target
B-Collimator F-High voltage supply
C—Electron suppression shroud G-Diode stack

D-Side port to camera H-Bypass resistor

Figure 3.13: Schematic of experimental setup for optical observa-
tion of beam spot on target. A negative high voltage is applied
between the plasma electrode and the electron suppression shroud.
The diode stack provides a 1.4 kV voltage difference between the
shroud and target; the target is biased at a more positive potential
than the shroud. The bypass resistor to ground ensures constant
current flow through diode stack.

Experimental results

Figure shows elliptical beam spot images for extraction voltages of 0,
-10, and -20 kV. The nature of the Penning discharge results in a nonzero
ion current even without an applied extraction voltage; ions are accelerated
to the two cathodes by the symmetric potential distribution within the dis-
charge chamber, and some ions near the central axis of the source are able to
stream out of the discharge region through the extraction aperture. As the
extraction voltage is increased, the intensity of the central region, the beam
core, increases.

Figure [3.15] shows beam spot images for the two modes of operation at
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Figure 3.14: Elliptical beam spot images for extraction voltages of
0 (A), -10 (B), and -20 (C) kV. The intensity of the central region,

the beam core, increases with increasing extraction voltage.

beam energy of 30 keV and extraction channel length of 5 mm. The ellip-
tical beam spot images corresponding to operation in the high pressure (3.0
mTorr) mode are characterized by an intense central region, the beam core,
and less intense perimeter region, the beam halo. Beam spot images from
operating in the low pressure (0.6 mTorr) mode exhibit less intense beam
cores, with less distinct transitions between the core and halo regions. The
two different operation modes were investigated to examine the effects of the
plasma density on the beam spot on target. While a decrease in beam core
intensity was observed for low pressure operation, no appreciable difference
in beam diameter was observed for all extraction channel lengths. Major and
minor axis data as a function of extraction channel length are plotted for 30
keV hydrogen beams in Figure [3.16] These data were obtained by analyzing
the intensity profiles of the elliptical beam images. The major and minor
axis data typically vary by about ten percent between the two operation
modes for each channel length. For the longest extraction channel length, 11
mm, very little difference in beam diameter was observed between the two
modes. It is noted here that only qualitative ion current measurements at
the target were obtained during these experiments due to the nature of the
experimental setup, and that more accurate measurements were obtained in
subsequent experiments (see following section). Qualitatively, the ion current
on target for a given extraction channel length is higher for source operation
with higher gas pressure. The higher plasma density results in more ions
that can be extracted. For similar operating regimes, increasing the extrac-
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tion channel length resulted in reduced ion current on target for a given beam
energy. The increased extraction channel length imposes a stricter angular
cutoff condition on the ions in the beam.

C D

Figure 3.15: Elliptical beam spot images for Thermo Penning
source high (A, 3.0 mTorr) and low (B, 0.6 mTorr) pressure oper-
ation. The beam energy is 30 keV, and the extraction aperture is
2 mm in diameter. The central region of the beam is more intense
for high pressure operation. In (C) and (D), the same images are
overlaid with major and minor axes to demonstrate the analysis
method.

Subsequent experiments ran the Thermo Penning source in the high pres-
sure mode to maximize the ion current on target. The elliptical beam images
on target were observed for beam energies of 10-40 keV, with representative
beam images shown in Figure [3.17] As the extraction voltage and beam en-
ergy are increased for a given channel length, the intensity of the beam core
increases, while the overall beam diameter decreases. This trend can be seen
for all extraction channel lengths. As the extraction channel length increases
for a given beam energy, the overall beam diameter also decreases, as do the
total areas and intensities of the beam core and halo regions. At a given
beam energy, better matching between the plasma meniscus and the applied
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Figure 3.16: Major and minor axis data as a function of extraction
channel length. The beam energy is 30 keV. HP denotes high
pressure operation, and LP denotes low pressure operation.

electric field typically occurs for extraction channel lengths on the order of
the diameter of the extraction aperture. The Thermo Penning source fea-
tures an extraction channel length that is over a factor of two larger than
the diameter of the aperture, and it is expected that the ion optics are op-
timized for extraction with the original aperture. As the extraction channel
length increases, the magnitude of the electric field within the channel de-
creases, and the extracted ion current on target likely reflects the combined
effects of both the variation in the plasma-vacuum region boundary and the
collimation of ions in the beam.

The intensity profiles along the major and minor axes of the elliptical
beam images are plotted in Figure for channel length of 5 mm at beam
energy of 40 keV. Similar analysis was performed for the extended channel
lengths. The intensity scale has arbitrary units, but it is noted that the same
scale is used for all beam profiles. Beam profile analysis data are plotted in
Figure 3.19 Increasing the channel length from 5 mm to 8 mm results in a
reduction in both the major and minor axis beam diameters, with no reduc-
tion in intensity of the beam core region (not shown). Further increasing the
extraction channel length to 11 mm further reduces the major and minor axis
beam diameters, but also results in a 25% reduction in the beam intensity.

For beam energies above 50 keV, the experimental setup was modified
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Figure 3.17: Elliptical beam spot images for increasing channel
length. The overall beam diameter decreases with increasing ex-

traction voltage.
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Figure 3.18: Beam intensity profiles along the major and minor
axes of elliptical beam image for 5 mm channel length. The beam

energy is 40 keV.
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Figure 3.19: Major and minor axis data as a function of extraction

channel length from beam profile analysis. The beam energy is 40
keV.

such that viewing of the beam spot on target was no longer possible. The
ion source and vacuum chamber were mounted within a shielding enclosure
for maximum beam energy of 81 keV. The extraction gap length between
the plasma electrode and electron suppression shroud was adjusted to match
this maximum beam energy. Measurement of the beam diameter on target
was accomplished by measuring the burn marks left on flat targets after ion
extraction for extended periods of time. The ion current on target was mea-
sured across a 4.88 k{2 resistor between the target and the bypass resistor to
ground. For "high pressure” source operation with 3.0 mTorr gas pressure in
the ion source and 2.4 kV applied anode voltage, the extracted ion current
was measured at the target as a function of extraction voltage applied to the
electron suppression shroud for ion extraction with the three extraction chan-
nel lengths. The extraction voltage was ramped up to -81 kV and then held
constant at -81 kV so that the burn mark pattern at the target was allowed
to develop. The duration over which the beam energy was kept at this max-
imum value varied based on the measured target at the current. Figure [3.20]
shows the extracted ion current measured on target as a function of the beam
energy for ion extraction through a 2 mm diameter aperture for the three
extraction channel lengths. Similar data is also plotted in Figure for ion
extraction through a 1 mm aperture. The longer extraction channels result
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in substantial current attenuation; for extraction through the 2 mm diameter
aperture, the ion current on target decreases by about 30% for each 3 mm
increase in the extraction channel length. This behavior is not reflected in
the data from ion extraction through the 1 mm diameter aperture, likely due
to the placement of the 1 mm aperture. The limiting aperture was placed
between the original extraction plate and subsequent extraction channel ex-
tension pieces, such that the aperture at the channel exit was 1 mm only for
the case with no additional extension pieces, i.e. 5 mm channel length.
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Figure 3.20: Ion current on target for 1 and 2 mm diameter ex-
traction apertures and extraction channel lengths of 5, 8, 11 mm.

For a constant plasma density and current density at a given ion source
extraction aperture, the extracted ion current scales with the area of the
extraction aperture. A reduction in the diameter of the extraction aperture
by a factor of two should result in a decrease in the extracted ion current by
a factor of four. The extracted ion current data in Figure [3.20] indicate that
the ion current from the 1 mm aperture is greater than 25% of that from
the 2 mm aperture for all extraction channel lengths. This is likely due to
beam loss on the collimator, as well as the placement of the 1 mm diameter
limiting aperture. The 30% decrease in ion current on target with each 3
mm increase in extraction channel length is not observed with the use of the
1 mm aperture; the 1 mm diameter aperture combined with 2 mm diameter
extraction channels results in an increased cutoff angle for ions in the beam
as compared to 1 mm diameter extraction channels. The 30% decrease in ion
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current with increased extraction channel length may be observed for true 1
mm diameter extraction channels.

The ion beam diameter at the target was measured by examining burn
mark patterns on aluminum foils at the target surface after exposure to the
incident ion beams at beam energy of 81 keV. Burn mark patterns for 2
mm extraction apertures can be seen in Figure for the three extraction
channel lengths. The burn mark patterns are typically characterized by a
small diameter, darker beam core region and a larger diameter, less intense
region concentric with the core. The total burn pattern diameter for each
case is slightly larger than the 2 mm diameter of the extraction aperture. It
is noted here that the less intense burn pattern may be due to the less intense
beam halo discussed earlier, but may also be due to heat deposition by the
energetic ions. The burn mark for extraction with the 11 mm long channel is
noticeably different than for the shorter channels; the darker beam core is not
present in the burn pattern for the longest channel. The burn pattern also
shows a different color variation for the longest channel, and may be due to
the less intense, lower current beam obtained with the longest channel. The
burn pattern for the longest channel may resemble the patterns for the shorter
channels given adequate exposure time. Intensity analysis of the burn mark
images was performed, with results shown in Figure [3.22] Intensity profiles
were taken along lines bisecting the burn mark patterns. For extraction with
5 and 8 mm long channels, the low intensity (darker) regions in the beam
profile plot indicate the beam width. The spike in intensity in the beam
profile plot for the 5 mm channel is due to damage on the foil surface. For
extraction with the 11 mm long channel, the color variation in the burn
pattern results in a beam profile plot where the beam width is indicated by
the high intensity (lighter) central region of the profile. While the beam
profile plots indicate beam widths of 2 mm for each of the three extraction
channels, it is difficult to determine the true beam width from burn pattern
analysis due to the nature of the burn marks: larger diameter features may
or may not be due to heat deposition.
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Figure 3.21: Burn mark patterns on target for extraction channel
lengths of 5 (A), 8 (B), and 11 (C) mm. Burn mark patterns
are typically characterized by a small diameter, darker beam core
region and a larger diameter, less intense region concentric with
the core. The burn mark for extraction with the 11 mm long
channel is noticeably different than for the shorter channels.

Collimation summary

Ion beam collimation by utilizing long extraction channels reduces the diver-
gence of beam ions and the overall beam diameter as measured at a beam tar-
get downstream from the extraction aperture. This has been confirmed both
optically and by measuring burn patterns left on the target after prolonged
exposure to the ion beam. Collimation using long extraction channels also
results in current attenuation; this effect is more pronounced with increased
extraction channel length. For higher beam energies, the use of collimating
channels at the extraction aperture typically results in ion beam diameters
at the target that are of the order of the extraction aperture, indicating that
beam divergence due to the strong accelerating field is minimal.

3.4.2 Ion beam guiding

For ion sources with low plasma and beam current densities such as the
BLP source, reducing the beam diameter by utilizing both small extraction
apertures and long extraction channels results in current attenuation that re-
stricts the usefulness of such a source. The high neutron yields desired for the
transmission imaging methods discussed in Section [1.2.1] are not attainable
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Figure 3.22: Burn mark profile analysis for extraction channel
lengths of 5 (A), 8 (B), and 11 (C) mm. The red lines through the
burn mark centers indicate the position along which the intensity
profile is plotted for the respective patterns. Each pattern indi-
cates a beam width of 2 mm, as indicated by the arrows on the
plots above.
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with the BLP source if extraction apertures of 1 or even 2 mm in diameter
are used; the low current output of such a source forces a tradeoff between
high neutron yield and the spatial resolution achievable with beam diameters
on the order of 1 mm. The ability of a system to focus a low current, larger
diameter beam such that the current density of the beam is increased greatly
enhances the usefulness of such a system. As discussed previously, methods
for beam focusing utilizing applied electromagnetic fields are widely avail-
able but highly undesirable for the field-portable applications of interest. A
method of passive beam focusing known as ion beam guiding has seen recent
and extensive research, most notably for beams of highly charged ions. This
method is of interest for applications such as patterning of surfaces with
microbeams and irradiation of cells [53], as well as particle induced X-ray
emission (PIXE) analysis [54], and typically make use of pm beam widths.
Early work explored the use of microscopic channels in dielectric foils, with
nm scale capillary diameters and pm scale capillary lengths, but the use of
macroscopic capillaries for imaging applications has attracted recent interest.
The passive focusing is achieved with the use of a tapered dielectric capillary.
The dominant process is often attributed to the charging of the inner wall
of the capillary by incident ions as the ion beam is injected into the tapered
dielectric capillary [55]. Ions incident on the inner wall of the capillary cre-
ate local charge patches that deflect subsequent incident ions away from the
inner wall. Ton guiding is achieved after the inner surface charges up, and
subsequent incident ions are guided toward the capillary exit. Figure [3.23
illustrates the charging behavior required to establish the ion guiding effect.

The parameters relevant to the discussion of ion guiding with the use
of tapered dielectric capillaries are the transmission efficiency and the beam
compression factor. The transmission efficiency € is defined here as the ratio
of the exit beam current to the incident beam current. The beam compression
factor is defined as the ratio of the exit beam current density to the incident
beam current density. Additionally, the geometric transmission efficiency
€geom 15 defined as the ratio of the exit and incident cross-sectional areas of
the dielectric capillary, and represents the minimum transmission efficiency
of the transmitted ion beam due to collimation effects.
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Figure 3.23: Schematic of charging behavior required to establish
the ion guiding effect, as in [55]. In (A), ions incident on the inner
wall of the dielectric capillary create a local charge patch that
deflects subsequent ions (B), (C) away from the inner wall. In
(D), the local charge patches guide the ion beam to the capillary
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Much of the work on ion guiding focuses on either the guiding of slow
(tens of keV), highly charged ions, or fast (MeV), light ions. These two
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regimes have been observed to exhibit different ion transport characteristics
that affect the overall transmission efficiency of the dielectric capillary; as-
pects of the transmission and beam compression of fast, light ions has thus led
some to conclude that the dominant transport mechanism is not the charg-
ing of the inner wall of the dielectric capillary, but the small angle scattering
of ions off the insulating walls as they traverse the length of the capillary.
The wide range of variable parameters for a given guiding experiment makes
comparison across and even within regimes difficult, but examining the dif-
ferent dependencies allows for better understanding of the processes involved
and evaluation of the viability of this passive focusing method for the API
application.

Tilt angle dependence

The angle between the beam and capillary axes has been observed to affect
the transmission of ions through tapered dielectric capillaries. Several groups
[56], [57], [58], [59] have reported maximum transport efficiencies for nonzero
tilt angles between the beam and capillary axes, while others [60], [61] observe
no such effect, instead observing maximum transmission when the beam and
capillary are aligned. Figure shows reported transmission efficiency as
a function of tilt angle for 2 MeV protons [61] and 24 keV Ar®* ions [56].

It is interesting to note that the conflicting tilt angle dependence spans
both regimes. In the work performed by Kreller et al. [56], the transmission
of Ar®* ions was observed for beam energies of 8, 24, and 60 keV; the authors
report maximum transmission efficiency at nonzero tilt angles for the lower
energy ion beams, but no such effect for the 60 keV beam. This trend would
seem to indicate that the tilt angle dependence vanishes with increasing beam
energy, but this is refuted by the previously cited work by Nebiki et al. with
both 2 MeV He™ ions [57] and 6.4 MeV N2 ions [58]. Incorporation of a
dielectric capillary into any final application would thus require experimental
determination of the tilt angle dependence of the given system.
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Figure 3.24: Reported transmission efficiency dependence on tilt
angle between ion beam and dielectric capillary axis for a 2 MeV
beam of protons [61] (A) and 24 keV beam of Ar* ions [56] (B).
In (A), the maximum transmission occurs when the ion beam
and dielectric capillary are aligned. In (B), a non-zero tilt an-
gle between the ion beam and dielectric capillary axis results in
maximum transmission.

Energy dependence

Because individual guiding experiments typically utilize monoenergetic beams
or focus on a narrow range of energies for a given ion species, the effect of the
ion energy on the transmission characteristics has not been definitively de-
termined. As previously noted, Kreller investigated the transmission of Ar®*+
ions for several beam energies, but the authors do not discuss the trans-
mission efficiency dependence on the incident ion energy. Vokhmyanina et.
al [62] studied the transmission of 200-500 keV protons through a macro-
scopic tapered quartz tube, with results suggesting a % dependence for the
transmission efficiency in this energy range. Extrapolating this dependence
to include MeV protons predicts a higher transmission efficiency than that
reported by Hasegawa et al. [61], though it is noted that neither group re-
ports much information on the ion currents used for both experimental se-
tups. While groups working with highly charged ions in the low-keV energy
range have widely accepted the dominant transport mechanism to be the
guiding effect from the charged inner wall of the capillary, those working in
the MeV energy range tend to attribute the transport mechanism to small
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angle scattering of the ions off the inner capillary wall |63], [57], drawing
these conclusions from the lack of observed time dependent behavior of the
transmission efficiency (see next section). Monte Carlo simulations [63] of the
elastic scattering of protons off the inner walls of a tapered glass capillary
show good agreement with experimental results for the outlet beam intensity
profile of 2 MeV protons, strongly suggesting that small angle scattering is
the dominant transport mechanism in this energy regime. The energy range
over which the transition between the two dominant mechanisms occurs re-
mains undetermined.

Charge/current dependence

The transmission efficiency for highly charged ions through tapered dielec-
tric capillaries typically exhibits time dependent behavior that is associated
with the charge up of the capillary inner wall. The transmission efficiency
has been observed to increase with the charge buildup time, stabilizing to a
maximum value as a charge equilibrium is reached. Figure [3.25 shows the
time dependent behavior of the transmitted ions as reported by Ikeda et
al. [53] and Nakayama et al. [59]. Several groups have observed this charge
buildup to occur over tens of seconds for ion currents in the pA range. The
transmission of light ions with MeV energies has not demonstrated this time
dependence, a strong indicator that charging of the inner wall and subse-
quent ion deflection is not a dominant mechanism at these higher energies.
The medium energy range investigated by Vokhmyanina for the transmission
of protons makes no mention of time dependent behavior.

Because the charge buildup is a function of the number of ions incident on
the inner surface of the guiding structure, the ion beam current is expected
to influence the transmission efficiency. Nearly all guiding experiments make
use of low incident beam currents, in the pA-nA range, while the use of
ion guiding for passive focusing in the API application would require the
transmission of beam currents on the order of 100 pA. Increased beam cur-
rent would likely result in faster charge buildup such that the transmission
efficiency stabilizes more quickly. While the charge buildup for pA/nA cur-
rents occurs over tens of seconds, higher beam currents may result in such
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Figure 3.25: Time dependent behavior of transmitted ions for 8
keV Ar®* ions [53] (A) and 3 keV 9% ions [59] (B), where q=10-
50. The increase in transmitted ions occurs over tens of seconds
in both cases.

short charge buildup times as to mask the time dependent behavior of the
ion transmission. Vokhmyanina utilized proton beam currents of up to 2
uA, and, as noted earlier, the presence or lack of time dependent behavior
is unreported. Experimental and theoretical work by Gruber [64] suggests
that large quantities of deposited charge on insulating capillaries has several
detrimental effects on the transmission characteristics: the total transmission
efficiency decreases with increasing deposited charge, and high incident ion
currents can lead to sudden discharge events that instantaneously reduce the
transmission efficiency. These experimental results, however, indicate that
the peak transmission efficiency for a given beam energy is achieved with
greater quantities of deposited charge as the beam energy increases. Thus
the transmission of high ion currents may require increased beam energy for
optimum transmission efficiency.

Taper angle dependence

For cases where small angle scattering plays a large role in the beam transmis-
sion, the taper angle is expected to influence both the transmission efficiency
and the divergence of the beam at the exit of the dielectric capillary. Larger
taper angles would typically result in more scattering events for a single ion
in the beam, which can result in increased ion losses to the walls and re-
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duced transmission. Larger taper angles can also increase the divergence of
the beam as ions gain larger transverse energy components with subsequent
scattering events. Nebiki observed reduced transmission (as measured by
nuclear reaction analysis spectra) with increased taper angle for the trans-
mission of 6.4 MeV »N2* ions; the transmission drops by about 60% when
the taper angle is increased from 7 mrad to 160 mrad. For beam transmission
due to charging of the capillary inner wall, larger taper angles for constant
capillary length result in reduced inner wall surface area, which can affect
the amount of charge deposited and thus the transmission efficiency.

Reported beam compression factors

Beam compression is achieved when the transmitted current density through
the tapered dielectric capillary exceeds the incident current density. Beam
compression requires the transmission efficiency to exceed the minimum trans-
mission due to collimation effects from the reduced aperture size, i.e. the
geometric transmission efficiency. Reported beam compression factors span
several orders of magnitude, with Nebiki reporting beam compression factors
as high as 1.8e4 for 2 MeV He™ ions [57]. Because many of these experiments
have applications requiring beam diameters of the order of tens to hundreds
of um, the geometric transmission efficiency is often very small; the resultant
transmission efficiency can be on the order of 1%. Beam compression factors
of 5-10 are more widely reported [56], [53], with corresponding transmission
efficiencies up to 20-30%.

Ion guiding for the associated particle imaging application

Challenges abound in adapting this passive focusing technique into a neu-
tron generator system. While the desired beam width required for the API
application is relatively relaxed compared to the pm beam widths required
for the applications previously mentioned, beam currents of the order of 100
1A have not yet been studied in conjunction with ion guiding. The beam
parameters relevant to a BLP source-based neutron generator prescribe a
region in the ion guiding parameter space that has not yet been explored.
The ion guiding method was thus investigated for the passive focusing of
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predominantly molecular Hy and D3 ion beams with currents in the tens of
1A range.

Tapered dielectric capillaries were incorporated into an experimental setup
similar to that shown in Figure [3.13| to evaluate the viability of the ion guid-
ing method for passive focusing of hydrogen and deuterium ion beams to
sub-mm beam widths. The experimental setup utilized is illustrated in Fig-
ure |3.26f The BLP source was utilized to allow for adjustment of the ion
current injected into the tapered dielectric capillaries. The tapered dielectric
capillaries used were tapered Pyrex tubes with inner diameters at the en-
trance ranging from 2-3 mm, inner diameters at the exit ranging from 0.5-1
mm, and lengths ranging from 70-110 mm. A sample Pyrex tube is shown in
Figure|3.27, The tapered Pyrex tube was mounted between the electron sup-
pression shroud and the target, and an electrically isolated grid was mounted
between the electron suppression shroud and the Pyrex tube entrance for
measurement, of the ion current injected into the guide. The ion currents
on the grid and target were each measured across 57 k{2 resistors. The ion
optics assembly (electron suppression shroud, grid, Pyrex guide tube) was
mounted to the BLP source for alignment with the extracted ion beam axis;
this experimental setup was not able to accommodate mechanisms by which
the tilt angle between the guide tube and the ion beam axis could be ad-
justed, so no tilt angle dependencies are measured. The Pyrex tube was held
in place with three-pronged plastic support pieces that ensured alignment
with the axis of the ion optics assembly; rubber o-rings secured the Pyrex
tube within the plastic supports. The ion optics components were supported
by and electrostatically isolated from each other by ceramic rods extending
from the BLP source plasma electrode surface; the assembled components
are shown in Figure |3.28]

Experimental results

Incident beam currents of 10 and 20 A were injected into the tapered Pyrex
tubes with energies ranging between 20-40 keV. The incident beam currents
were first measured on the grid and target with no Pyrex tube in place, to
establish source operating modes for later experiments utilizing the tapered
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A-Ion source F-Flat target
B-Plasma electrode G—High voltage supply
C—Tapered dielectric capillary ~ H-Diode stack
D-Electron suppression shroud I-Bypass resistor
E-Side port

Figure 3.26: Schematic of experimental setup for ion guiding ex-
periments. lons are extracted and accelerated by the electric field
between the plasma electrode and electron suppression shroud.
The tapered dielectric capillary sits between the electron suppres-
sion shroud and the target.

Figure 3.27: Photo of sample tapered Pyrex tube used for ion
guiding experiments.
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Figure 3.28: Photo of experimental setup used for ion guiding ex-
periments. The extraction electrode, electron suppression shroud
(not shown), grid, and tapered Pyrex tube are supported by plas-
tic and ceramic supports for alignment with the ion beam axis.
Components can slide along the ceramic support rods to adjust
the spacing.
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Pyrex tubes. The two source operating modes utilized for the ion guiding
experiments largely differed in the applied axial magnetic field used to gen-
erate the discharges. Little to no ion transmission was observed when a bare
Pyrex tube was utilized; it is likely that ions incident on the front surface of
the capillary quickly charge up the front surface, blocking subsequent ions
from being transmitted. A thin aluminum cap was placed on the front of
each guide and electrically tied to the grid to prevent this charging of the
front surface. Initial experiments utilized hydrogen discharges within the
BLP source; deuterium discharges were later utilized for relative neutron
yield measurements.

The use of tapered Pyrex tubes was observed to be very sensitive to align-
ment issues; though the tilt angle between the capillary and beam axes was
not manually adjustable, it is noted that small errors in the alignment arose
from the adjustable nature of the ion optics assembly and these slight mis-
alignment issues often acted to severely degrade the transmission. The slight
misalignment issues may be introducing a tilt angle between the capillary
and beam axes that results in the suboptimal transmission conditions.

The time dependent behavior characterized by both a charge buildup
over several seconds before stable transmission levels are reached and sudden
discharge events that instantaneously reduce the transmission were observed
during the ion guiding experiments. Figure [3.29) shows the charge buildup
and subsequent stable transmission of a 20 keV, 10 uA hydrogen ion beam.
The minimum (geometric) transmission efficiency for this sample was nearly
8%. The data shown in Figure indicate a transmission efficiency of 15%;
the corresponding beam compression factor is 2. It is noted here that the
presence of the conductive aluminum cap at the front surface of the Pyrex
tube can cause beam loss such that the actual beam current injected into
the Pyrex tube is less than the nominal value expected in each operation
mode; for the case plotted in Figure [3.29] the full 10 xA of current may not
be injected into the guide tube due to losses on the conductive aluminum
cap, and so the transmission efficiency and corresponding beam compression
factor may actually be higher. The 15% transmission efficiency and beam
compression factor of 2 thus represent minimum values for this experimental
1

condition. The transmission efficiency was not observed to exhibit the &
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energy dependence suggested by Vokhmyanina in this beam energy range of
20-40 keV, instead remaining constant as the beam energy increased. The
sensitivity of the alignment was readily apparent during the ion guiding ex-
periments with hydrogen discharges; shifting from the source operating con-
dition with output ion current of 10 A to that with output current of 20
1A by increasing the applied axial magnetic field of the BLP source often
resulted in reduced beam compression.
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Figure 3.29: Time dependent behavior of ion transmission.

To further investigate the supposed reduced beam compression for higher
injected beam current observed with hydrogen discharges, deuterium dis-
charges were utilized to simultaneously measure the ion current on target
and the resultant relative neutron yield. The BLP source was operated with
deuterium gas to measure the relative neutron yields with and without the
ion guiding with tapered Pyrex tubes. The flat copper target used in previ-
ous measurements was replaced with a neutron production target comprised
of a titanium surface layer explosively bonded to a main copper body. Be-
cause the expected D-D neutron yield for 10-20 uA of D ion current at
40 keV beam energy is only on the order of le4 n/s, the neutron detector
utilized for the yield measurements was placed as close as possible to the neu-
tron production target. The neutron detector is a BF3 high energy neutron
detector with 7 cm of borated polyethylene surrounding the detector active
area. The detector was previously calibrated using an AmBe source of known
source strength and distance of 1 m; the placement of the detector near the
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neutron production target thus only allows for relative neutron yields to be
measured. Figure shows the neutron detector within the experimental
teststand area.

Pyrex tubes with taper angles of 8 and 16 mrad were utilized during the
neutron yield experiments to observe the effect of the taper angle on the
transmission of deuterium ion beams. For the source operating condition
with output ion current of 20 uA, the taper angle was found to have no effect
on the transmission efficiency for a 40 keV, 20 pA D3 ion beam; in both
cases, the transmission efficiency was as high as 60%, with average values
near 50% and fluctuations resulting from fluctuations in the discharge cur-
rent and current losses to the grid and aluminum cap assembly. The high
transmission efficiency was confirmed by both the ion current measurements
at the neutron production target and by the relative neutron yield measure-
ments, though issues with high secondary electron currents prompted further
neutron yield measurements (see Chapter |4)). The time dependent behavior
of the transmitted ion current on target and corresponding time-averaged
neutron yield for beam transmission through the Pyrex tube with 16 mrad
taper angle is shown in Figure |3.31l The sharp drops in the transmitted
ion current shown in Figure typically correspond to source instabilities,
though several discharge events were observed to occur over this measurement
interval. These discharge events were often followed by persistent negative
current as measured at the neutron production target, with slow recovery to
positive values. The data plotted in Figure indicate that though the
transmitted ion current appears to decrease over time, the relative neutron
yield actually increases during this measurement interval; this is likely due
to effects of beam-loading of the target and is further explored in Chapter [4]
The measurement of negative current at the target suggests that a significant
electron current is not properly suppressed.

The neutron yield spectra for beam transmission with and without Pyrex
guide tubes is shown in Figure [3.32l The 50% transmission efficiency cor-
responds to beam compression factors of 6 and 8 for the Pyrex tubes with
taper angles of 8 and 16 mrad, respectively.

The transmission efficiency dependence on the Pyrex tube taper angle
differed markedly for incident ion currents of 10 and 20 puA. Previous mea-
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Figure 3.30: Photo of experimental setup within teststand with
neutron detector in place. The ion source is not shown.
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Figure 3.31: Time dependent behavior of ion transmission with
corresponding time-averaged neutron yield. The 40 keV, 20 uA
D; ion beam is transmitted through a tapered Pyrex tube with
taper angle of 16 mrad. The decreasing transmitted ion current
may be due to inadequate suppression of electrons, as the increas-

ing neutron yield is consistent with a transmission efficiency of
50%.
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Figure 3.32: Neutron yield measurements with and without ta-
pered Pyrex tubes for ion guiding. The neutron yields for ion
guiding using Pyrex tubes with taper angles of 8 and 16 mrad
both indicate 50% transmission efficiency. The solid lines indicate
the relative time-averaged neutron yields.
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surements with hydrogen discharges utilized the 8 mrad Pyrex tube sample,
resulting in transmission efficiency of 15% and beam compression factor of 2.
Similar transmission characteristics were observed with the deuterium dis-
charge for the 8 mrad Pyrex tube sample and beam energy of 40 keV; this
was not confirmed with neutron yield measurements, as the yield resulting
from these conditions was not measurable above the detector background
level. For the 16 mrad case, injection of the 40 keV, 10 A D3 ion beam re-
sulted in a measured transmission efficiency of 70% and corresponding beam
compression factor of 11. Because the taper angle was not observed to affect
the transmission efficiency of the 20 yA beam, the substantial increase in the
transmission efficiency and beam compression factor is more likely to result
from reduced beam losses to the aluminum cap at the front surface of each
tapered Pyrex tube. The opening aperture of 3.2 mm on the 16 mrad Pyrex
tube sample was slightly larger than the 2.5 mm opening aperture on the 8
mrad Pyrex tube sample, and it is likely that the reduced beam loss before
injection and the resultant effects on the transmission due to the increased
amount of charge available both act to affect the characteristics of the trans-
mission. Figure [3.33| shows the reduced neutron yield due to the reduction
in injected ion current and subsequent reduced ion current at the target.

The burn mark on the neutron production target from the compressed
deuterium ion beam transmitted through the 8 mrad Pyrex tube sample can
be seen in Figure [3.34] The target also shows burn patterns from previous
operating conditions. The beam spot on the target is consistent with the 0.7
mm diameter aperture at the exit of the 8 mrad Pyrex tube sample, indicating
little beam expansion over the 3 mm distance from the Pyrex tube exit to
the neutron production target.

The transmission efficiencies and beam compression factors, as well as
relevant parameters, are summarized for the experimental cases previously
discussed in Table |3.1] The neutron yields are normalized to the average
neutron count rate measured from the full 40 keV, 20 pA deuterium ion
beam incident on the neutron production target. No relative neutron yield is
given for the case where the 10 pA ion beam is injected into the Pyrex tube
with taper angle of 8 mrad; as previously mentioned, the resultant neutron
yield was not detectable above the background level.
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Figure 3.33: Neutron yield measurements for ion guiding with
16 mrad Pyrex tube sample. The solid line indicates the time-
averaged neutron yield. The beam energy is 40 keV. The initial
injected ion current is 20 puA. The black dashed line at t=21 min-
utes indicates the point in time when the source operating condi-
tion was switched to the 10 uA case. The resultant neutron yield
drops by about 50%, consistent with the transmitted ion currents
measured at the target.

Table 3.1: Measured transmission efficiencies and beam compres-
sion factors.

Injected current [pA] 10 20
Taper angle [mrad] 8 16 8 16
Transmission efficiency 0.15 0.7 05 05
Beam compression factor 2 11 6 8
Exit current density [£5] 400 1400 2600 2000
Relative neutron yield - 046 054 0.59
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Figure 3.34: Burn mark on the neutron production target from the
compressed deuterium ion beam. The inset shows a closer view
of the burn mark. The diameter of the burn pattern is consistent
with the 0.7 mm aperture at the exit of the 8 mrad Pyrex tube
sample.
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The measured beam compression factors fall within the range of typi-
cal beam compression achieved for the various ion species and ion energies
previously studied. As the bulk of previous studies utilize ion beams with
magnitudes in the pA/nA range, the absolute values of ion current transmit-
ted, as high as 10 A, represent at least an order of magnitude increase in the
maximum ion current previously observed to have been transmitted through
tapered dielectric capillaries with this type of guiding effect. Even with these
higher currents, the presence of the time dependent behavior characterized by
initial charge buildup before stabilization of the transmission tends to indi-
cate that the dominate transport mechanism is the ion guiding effect, rather
than small angle scattering. The sudden, spontaneous discharge events that
are thought to be associated with large charge deposition due to high in-
cident currents on the capillary walls were observed, but the degradation
and recovery of the transmission occurred on millisecond timescales and thus
may not be an issue for final applications; in these experiments, the discharge
events occurred on a timescale shorter than the counting interval for the neu-
tron yield measurements, and so the neutron yield measurements were not
affected by these transients. The stable transmission of 10 yA of molecular
D3 ions suggests the ability to transport even higher beam currents, as the
spontaneous discharge events do not result in persistent degradation of the
transmission efficiency.

We note here that the measurement of negative currents on the target
points to a significant secondary electron current that may artificially en-
hance the transmission efficiency. The improper suppression of the secondary
electron component generated from ion impact at the target, such that sec-
ondary electrons emitted at the target are accelerated back towards the ion
source, would result in an increased current measurement on the target. Con-
versely, secondary electrons generated within the Pyrex tube and collected at
the target can dominate the current measurement at the target, resulting in
a negative current measurement on the target. The inability to distinguish
between ion and electron currents in this experimental setup prompted more
refined neutron yield measurements for more accurate determination of the
transmission efficiency. These more refined neutron yield measurements can
also aid in determining the neutron yield contribution from the Pyrex tube
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and other auxiliary surfaces, which can also act to artificially enhance the
transmission efficiency by including a component that is not generated at the
neutron production target. These neutron yield measurements are described

in Chapter [4]

Ion guiding summary

The use of tapered dielectric capillaries for passive ion beam focusing has
been studied for various ion species and energies, with typical beam com-
pression factors of 5-10 reported for experimental conditions spanning the
available parameter space dictated by variations in ion species and charge
state, incident beam energy, incident beam current, and geometric transmis-
sion efficiency. The bulk of experimental conditions investigated thus far
focused on incident beam currents in the pA/nA range. The viability of this
passive beam focusing technique for the API application hinges on the abil-
ity to transport ion currents of tens to hundreds of yA while maintaining
beam compression factors of 5-10. The transmission of 40 keV DJ ion beams
of 10 and 20 pA was investigated in first attempts to establish the viabil-
ity of this method for the passive focusing of high current ion beams. The
resultant transmission and beam compression behavior have demonstrated
the stable transmission of up to 10 uA of molecular DJ ions; the transport
of ion currents of this magnitude represents at least an order of magnitude
increase in the maximum ion current previously observed to have been trans-
mitted through tapered dielectric capillaries [62]. The transmission of D3 ion
currents of this magnitude was confirmed by comparison of relative neutron
yield measurements for 40 keV Dj ions incident on a neutron production
target both in the absence of and in the presence of the tapered guides,
though it is noted that neutron yield contributions from the Pyrex tube and
other auxiliary surfaces must be determined for more accurate transmission
efficiencies.

Factors that may affect the viability of this passive focusing technique
for neutron generator applications relate to the physical characteristics of
the tapered dielectric capillary itself. The inclusion of a glass or similarly
fragile dielectric capillary would typically preclude the use of this technique
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for neutron generators in harsh environments where vibrations may result in
misalignment or breakage of the focusing element. For higher beam ener-
gies and higher ion currents, ion energy loss on the inner wall of the tapered
dielectric capillary and even at the conductive front surface of the capil-
lary can cause the capillary to heat up and may affect the transmission over
time. Gruber [64] observed decreasing transmission efficiency with increasing
temperature of borosilicate (Duran) capillaries, suggesting that the increased
surface conductivity of the capillary with increased temperature allows charge
patches to diffuse such that the ion guiding effect cannot be established. Pro-
longed transmission of ions through tapered dielectric capillaries has not been
extensively explored; these experiments typically observed the transmission
characteristics over timescales of 30-60 minutes per run with no adverse ef-
fects on the transmitted ion current and resultant neutron yield, and further
experiments are necessary to determine whether thermal issues come into
play for prolonged beam transmission.

3.5 Summary

Ion optics considerations are necessary to any beam extraction system for
efficient beam transport with the desired characteristics imposed by the final
application. Understanding the evolution of the various beam parameters
is key to finding ways to manipulate the relevant components for system
optimization. Ion optics simulations play a vital role in promoting this un-
derstanding, providing a means for systematic studies of various effects for
both initial design considerations and experimental verification. While tradi-
tional ion optics simulation programs provide useful tools for the evaluation of
conventional beam extraction systems, the use of passive focusing techniques
such as physical beam collimation and ion guiding with tapered dielectric
capillaries is difficult to simulate in conjunction with typical extraction com-
ponents. These passive focusing methods motivate experimental work to
establish formulations for the processes at play and the resultant effects on
the transport characteristics. The combination of simulation and experimen-
tal work is essential to the optimization of ion beam optics and focusing
components.
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Chapter 4

Neutron yield measurements

4.1 Introduction

Initial BLP source-based D-D neutron generator performance was evaluated
in first experiments both with and without ion guiding with the tapered
dielectric capillaries. This section addresses several aspects of neutron pro-
duction from accelerator-based neutron generators that must be considered
for efficient operation.

4.2 Beam loading

Accelerator-based neutron generators utilizing the D-D and D-T fusion re-
actions for neutron production facilitate the fusion reactions by accelerating
deuterium and/or tritium ions to high energies into a target. Fusion reactions
occur between beam ions and deuterium or tritium atoms already present in
the target. The target is either pre-loaded with deuterium or tritium atoms,
or "beam loaded” by the deuterium or tritium ions that are extracted from the
ion source and driven into the target. Because the neutron yield is propor-
tional to the deuterium or tritium atom density in the target, the neutron
yield from a beam-loaded target will increase over time as more ions are
driven into the target and the atom concentration in the target increases.
The neutron yield will saturate as the deuterium or tritium concentration in
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the target equilibrates, requiring a balance between the incoming ions and
losses due to the fusion reactions and the diffusion of deuterium or tritium
atoms within the target material away from the ion beam spot on the target.
It is noted here that for the D-T fusion reaction involving a deuterium ion
beam incident on a tritium-loaded target, D-T neutron yields are obtained
until the pre-loaded tritium is depleted; as the tritium is depleted by the D-
T fusion reactions, the target is simultaneously beam-loaded with deuterium
ions, and the neutron yield will become dominated by the D-D yield.

During the ion guiding experiments described in Section[3.4.2] each exper-
imental condition utilized similar beam-loading times over which the average
neutron yield remained fairly constant such that steady-state neutron pro-
duction conditions were assumed. During the course of experimental runs,
however, increased average neutron yields were observed once the beam was
extracted onto the target following a short duration over which the beam
extraction was turned off. It was concluded that the titanium neutron pro-
duction target had not been loaded to its saturation concentration, and the
measured neutron yields did not reflect the maximum values obtainable from
a saturated target. Further experiments were undertaken to observe the mea-
sured neutron yield over time, both with and without the use of the tapered
Pyrex tubes.

The duration of experimental runs typically ranged from 10-90 minutes,
over which large fluctuations in the measured neutron yield were observed.
These large fluctuations may be the result of fluctuations in the ion beam
current due to fluctuations in both the plasma density in the ion source, as
well as due to time-dependent ion guiding effects. Over the course of a typical
20-30 minute experimental run, the gradual increase in the average neutron
yield and approach to saturation values associated with beam-loading of the
target was not observed. The average neutron yield over successive runs,
however, was observed to increase over time. The neutron production target
was allowed to cool between successive runs over periods of 5-30 minutes;
the extraction voltage was turned off such that beam was not extracted onto
the target. Resuming the neutron production by resuming the beam ex-
traction typically resulted in high initial neutron yield peaks over the first
several minutes of the experimental run, with subsequent values settling to
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average neutron yields that were lower than the initial high yield peaks but
represented higher average yields when compared to the previous run. The
beam on/off procedure was repeated until the average neutron yield over an
experimental run period saturated as compared to previous runs. Figure
shows the neutron yield spectrum for successive runs for a 40 keV deuterium
beam transmitted through the 16 mrad Pyrex tube sample onto a titanium
target. Saturation yields are reached after approximately 4-5 hours of beam-
loading of the target. As noted in Section the neutron detector was
not calibrated for the position in which the detector was placed during these
experiments, and thus relative neutron yields must be evaluated.
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Figure 4.1: Neutron yield spectrum for successive beam on/off ex-
perimental runs for a 40 keV deuterium beam. The beam is trans-
mitted through the 16 mrad Pyrex tube sample onto a titanium
target. The average neutron yield saturates after a beam-loading
period of about 5 hours.

As can be seen in Figure [£.1] the beam-loading period for beams trans-
mitted through the Pyrex tube samples typically lasts for several hours. This
is likely due to both the low beam current and low energy of ions incident
on the target. lons generated within and extracted from the BLP source
are predominantly diatomic DJ ions that can break up at the target, giving
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each resultant atom half of the incident beam energy. SRIM [66] calculations
indicate longitudinal ranges of 462 and 210 nm for 40 keV DJ and 20 keV
D ions, respectively. The low ion energies result in shallow implant depths
into the target, and the active volume of the target is limited by the beam
spot on the target and this shallow implant depth. Implanted ions can diffuse
away from the active volume, especially as the target heats up due to energy
deposition by the implanted ions, resulting in long beam-loading times before
saturation concentrations are reached.

The high initial neutron yield peaks often observed at the beginning of
experimental runs may be due to implanted ions diffusing toward the sur-
face during the beam off period, or higher deuterium concentrations retained
within the active target volume during the beam off period. The beam off
period allows the target to cool, slowing diffusion away from the active target
volume. Thus the deuterium concentration within the active target volume
may be higher than the equilibrium concentration achieved as the experi-
mental run progresses.

Deuterium retention in the titanium target was observed by allowing the
target to rest for approximately 16 hours before resuming beam extraction.
The measured neutron yield on resuming beam extraction was about 25% of
the saturation yield for the case with the tapered Pyrex tube.

4.3 Target material

The saturation concentration of deuterium within the neutron production
target is influenced by the target material. As mentioned in Section [I.3.T],
common materials utilized for neutron production targets include titanium,
molybdenum, and scandium, as these materials are able to retain high con-
centrations of hydrogen and hydrogen isotopes; hydrogen retention within
the titanium lattice due to hydride formation can result in hydrogen to tita-
nium atom ratios of 2:1. Molybdenum has been shown to result in saturation
neutron yields of about 45% of the saturation yield from titanium targets [67]
due to reduced hydride formation. Target materials demonstrating reduced
saturation yields can still be attractive due to the poor thermal conductivity
exhibited by titanium. The poor thermal conductivity of titanium prevents
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adequate heat dissipation and proper target cooling, and maintaining the
maximum saturation neutron yield with thick titanium targets is difficult,
especially for high power densities that can be deposited in the small ion
beam spots on the target surface. Thus materials with greater thermal con-
ductivities such as molybdenum or copper are often used as backing layers to
titanium surface layers for better target cooling, or can replace the titanium
altogether. Additional target materials investigated during these neutron
yield experiments included copper and Pyrex. These two materials were uti-
lized in attempts to estimate the contribution to the neutron yield from the
Pyrex tube and other auxiliary surfaces, as both materials are expected to
result in reduced maximum neutron yields as compared to that from ade-
quately cooled titanium targets. Data on relative neutron yields from differ-
ent target materials under operating conditions similar to the experimental
setup utilized here are typically unavailable, with most work focusing on
higher energies and higher beam currents. Data compiled by Kim [65] indi-
cate that the integrated fusion cross-sections for both D-D and D-T fusion
reactions from titanium and copper targets are of the same magnitude at the
low energies utilized in these experiments; Figure shows the integrated
fusion cross-sections as a function of energy for copper, chromium, and ti-
tanium. Because the saturation neutron yields from copper and titanium
can be of similar magnitudes at these low energies, any contribution to the
total neutron yield from the Pyrex tube and auxiliary surfaces can be dif-
ficult to determine. This motivated the incorporation of the Pyrex target
material. The beam on/off experiments were performed for both copper and
Pyrex targets, as well as the titanium target, for deuterium ion beams with
and without the Pyrex guide tube present. The average neutron yield as
a function of the elapsed beam on target time is plotted in Figure for
the various target materials. The average neutron yield data points were
obtained by averaging the neutron yield over the duration of the given beam
on period. The saturation neutron yields, normalized to the saturation yield
from the titanium target with no ion guiding and 20 A incident deuterium
ion current, are given in Table [£.1] In the absence of the Pyrex guide tube,
the saturation yields from the copper and Pyrex targets are approximately
40% and 5% of that of the titanium target, respectively. Beam injection
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into and transmission through the tapered Pyrex tube results in normalized
neutron yields of 40%, 30%, and 13% for titanium, copper, and Pyrex tar-
gets, respectively. The saturation yields obtained utilizing the tapered Pyrex
tubes are also normalized to the saturation yield from the titanium target
without the use of the tapered Pyrex tube.

Table 4.1: Relative neutron yields from tested target materials,
for ion beams transmitted with and without tapered Pyrex tube.
The neutron yields are normalized to that from the titanium target
with no Pyrex tube present.

Target material ~ No guide ~ With guide

Titanium 1£0.21 0.41 += 0.09
Copper 0.48 + 0.11 0.29 + 0.11
Pyrex 0.05 + 0.03 0.13 £ 0.06

The beam-loading times necessary to reach saturation yields ranged from
about 3-5 hours for the metallic targets; the Pyrex target required less time
to reach saturation yields. The faster saturation time for the Pyrex target
is likely due to less deuterium retention within the Pyrex lattice and faster
buildup to this reduced saturation concentration.

4.4 Neutron production and beam current trans-
mission from ion guiding with tapered

Pyrex tubes

The measured saturation yield data obtained with the various target mate-
rials allows for the neutron production from the Pyrex tube and auxiliary
surfaces to be determined, as well as the transmission efficiency of ion beams
injected into the tapered Pyrex tube. As noted in Section [3.4.2] secondary
electron production can mask the beam current as measured at the target,
manifesting as a negative current measurement. This was especially preva-
lent with the use of the copper target, where negative currents on target
persisted despite a non-zero neutron yield. When no Pyrex tube is present,
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Figure 4.2: Integrated D-D fusion cross-sections as a function of
energy for copper, chromium, and titanium targets [65]. At the
energies of interest for these experiments, less than 50 keV, the dif-
ferent target materials result in integrated cross-sections of similar

magnitudes.
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Figure 4.3: Average neutron yields as a function of elapsed beam
on target time for different target materials.

neutron production occurs predominantly at the neutron production target,
with negligible production occuring at the grid near the aperture in the elec-
tron suppression shroud due to high grid transparency. Any neutron pro-
duction on the grid is thus neglected. Beam losses to the Pyrex tube and
auxiliary surfaces will result in neutron production that contributes to the
total measured neutron yield for ion beam transmission through the Pyrex
tube; thus the total measured yield includes the component from the Pyrex
tube and the component from production at the target. The total neutron
yield from an ion beam transmitted through the tapered Pyrex tube can then
be defined for each target material (here, titanium and copper):

Y7i guide = Yguide + Y (4.1)

YCu,guz’de - Yiquz’de + Ycu (42>

where
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Yyuide: Neutron yield from Pyrex tube and related surfaces
Y1i, You: Neutron yield contribution from production at the tar-
get

It is assumed here that the neutron production from the Pyrex tube and
auxiliary surfaces is constant for constant injected ion current, regardless of
the target material. The neutron yield from copper targets relative to that
from titanium targets is given by the ratio of the saturation yields from the
respective materials in the absence of the Pyrex guide tube:

S };Cu,noguide (4.3)

Ti,noguide
The neutron yield contribution from production at the copper target in
can then be expressed in terms of the neutron yield contribution from pro-
duction at the titanium target:

YCu,guide = quuide + NowYri (44)

The neutron yield contribution from the Pyrex tube and related surfaces,
Y guide, 18 eliminated from the system of equations by taking the difference of

[41] and (4.4}

YT'L’,guide - YCu,guide - yTz<1 - nC'u) (45)
YTi guide — YCu guide

= : 2 4.6

T 1- Ncw ( )

The transmission efficiency, previously defined as the ratio of exit to incident
beam currents, is given by the ratio of the neutron yield contribution from
production at the titanium target with the Pyrex tube to that without the

Pyrex tube:
YTi,guide_YCu,guidﬁ
Yri 1-ncw YTi,guide - YCu,guide
€= - - (4.7)
YTi,noguide YTi,noguide YTi,noguide - YCu,noguide
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Thus the measured values YTi,guidea YCu,guidea YTi,noguidea YCu,noguide deter-
mine the transmission efficiency. Equations and [4.6] can then be used to
evaluate the neutron yield contribution from the Pyrex tube:

nguide = YTi,guide —Yri = YTi,guide - 6Y'T'L',noguide (48>

Evaluating Equations [4.7] and [4.8] for the transmission efficiency and the
neutron yield contribution from the guide using the relative neutron yield
data in Table gives a transmission efficiency for the 16 mrad Pyrex tube
sample of 24%, about half of the transmission efficiency obtained through
beam current measurements, and a relative neutron yield from the guide tube
of 0.17 £ 0.04. Similar analysis can be performed using the data obtained
from the Pyrex target with and without ion guiding; the data from the Pyrex
target gives a transmission efficiency of 30%, and a relative neutron yield from
the guide tube of 0.11 £ 0.03. It is noted here that the relative neutron yield
contribution from the Pyrex guide obtained using the copper target data
is greater than the total relative neutron yield from the case utilizing the
Pyrex guide tube along with the Pyrex target, but is within the calculated
experimental error due to the large fluctuations in the neutron yield data.
The calculated transmission efficiencies, resultant beam compression factors,

and relative neutron yield contributions from the Pyrex guide are summarized
in Table [£.2]

Table 4.2: Calculated transmission efficiency, beam compression
factor, and relative neutron yield contribution from the 16 mrad
Pyrex tube sample. Values are calculated with Ti/Cu data and
Ti/Pyrex data.

Cu data Pyrex data

Transmission efficiency 0.24 0.30
Beam compression factor 3.8 4.8
Yguide 0.17 £0.04 0.11 £ 0.03

The reduced transmission efficiency compared to the results obtained
through beam current measurements may reflect the presence of a secondary
electron current that acts to artificially increase the transmission efficiency.
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This reduced transmission efficiency, however, still results in compression of
the transmitted ion beam that is useful for these neutron generator applica-
tions. Further work is necessary to optimize the transmission efficiency and
resultant beam compression factor.

It is noted here that the use of tapered Pyrex tubes for beam compression
can induce ion energy distributions that result in reduced neutron yields,
especially if small misalignments between the beam axis and tapered Pyrex
tube axis are present. This effect would not be apparent in the ion current
measurement at the target, as the total charge is collected regardless of the
ion energy. The molecular DJ ions may also dissociate at the inner surface of
the Pyrex tube, with further reduced neutron yields due to ion energy losses
of the lower energy atomic species. The likely induced ion energy spread
with the use of tapered Pyrex tubes for ion guiding and subsequent beam
compression, as well as contributions to the neutron yield from the tapered
Pyrex tube itself, has implications for further use of this method for neutron
generator applications. Energy loss of transmitted ions due to interactions
with and within the guide tube act to reduce the maximum neutron yield,
requiring either increased ion current or increased incident beam energy to
account for these losses if a specific neutron yield is required.

4.5 Summary

Various issues related to the neutron production target must be considered
when attempting to maximize the neutron yield from an accelerator-based
neutron generator. Proper target design requires the appropriate choice of
target material for maximum capacity for and sustained retention of the
hydrogen isotopes to be used for neutron generation. The use of target ma-
terials with poor thermal conductivity, such as the ever-prevalent titanium,
requires the incorporation of active or passive cooling methods for sustained
maximum neutron yields. Obtaining maximum neutron yields also requires
sufficient loading of the neutron production target, whether by pre-loading in
a separate process or beam-loading from the neutron generator itself. For low
beam currents, low beam energies, and small beam spot sizes characteristic
of the BLP neutron generator, typical beam-loading times of 5-6 hours were
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required before the neutron yield was observed to saturate. The small beam
spot on target from ions transmitted through tapered Pyrex guide tubes re-
sults in a small active area for neutron production on the target surface, with
deuterium retention of approximately 25% within the target after a prolonged
period of neutron generator inactivity.

Relative neutron yields from the BLP neutron generator from ion beams
transmitted both with and without the use of the tapered Pyrex tubes were
measured for a more refined estimate of the neutron yield contribution from
the Pyrex tube itself. Titanium, copper, and Pyrex targets were utilized,
and the Pyrex tube was calculated to contribute as much as 40% of the total
neutron yield for the case when the Pyrex tube was utilized in conjunction
with the titanium target. This contribution to the neutron yield results in
calculated transmission efficiencies that are as much as a factor of 2 lower
than that obtained from current measurements at the neutron production
target; the higher transmission efficiency previously measured may include
current contributions from secondary electrons that would not contribute to
the neutron yield. The neutron yield contribution from the Pyrex tube, as
well as energy losses sustained by transmitted ions, have implications for
further use of this ion guiding method for neutron generator applications
that must be addressed with further study.

119



Chapter 5

Conclusion

5.1 Summary and outlook

The use of accelerator-based neutron generators for non-destructive imaging
and analysis in commercial and security applications is continuously under
development, with improvements to available systems and combinations of
available techniques revealing new capabilities for real-time elemental and
isotopic analysis. The recent application of associated particle imaging tech-
niques for time- and directionally-tagged neutrons to induced fission and
transmission imaging methods demonstrates such capabilities in the charac-
terization of fissile material configurations and greatly benefits from improve-
ments to existing neutron generator systems. Increased neutron yields and
improved spatial resolution can enhance the capabilities of imaging methods
utilizing the API technique. The work presented in this dissertation focused
on the development of components for use within an API neutron generator
with enhanced system spatial resolution. The major focus areas were the ion
source development for plasma generation, and passive ion beam focusing
techniques for the small ion beam widths necessary for the enhanced spa-
tial resolution. The ion source development focused on exploring methods
for improvement of Penning-type ion sources that are used in conventional
API neutron generator systems, while the passive beam focusing techniques
explored both ion beam collimation and ion guiding with tapered dielectric
capillaries for reduced beam widths at the neutron production target.
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Penning-type ion sources are utilized in commercially available API neu-
tron generator systems due to their compactness, ease of operation, and low
power consumption. These types of ion sources, however, are character-
ized by low plasma densities and low atomic ion fractions in the discharge
that make them unattractive for neutron generator applications requiring
high neutron yields. The ion source development undertaken as part of this
dissertation work focused on methods by which improvements to the plasma
density and atomic ion fraction of Penning-type ion sources could be effected,
and the modular Berkeley Lab Penning source was designed and fabricated
to test the effects of the various improvement schemes. These improvement
schemes included electrode material variation for enhanced plasma density
from increased secondary electron emission under ion bombardment; elec-
tron injection into the discharge by way of electron field emission from car-
bon nanofiber arrays; and enhanced magnetic confinement of the plasma
with the use of multi-cusp magnetic fields. Strategic combinations of these
improvement schemes have resulted in a factor of 20 improvement in the
extracted ion current density over the baseline source performance. The re-
sultant extracted ion current density of 2.2 mA /cm? is comparable to existing
Penning sources for neutron generator applications, with the Berkeley Lab
Penning source exhibiting lower power consumption. The current iteration
of the Berkeley Lab Penning source utilizes an electromagnet to generate the
axial magnetic field required of Penning-type discharges; this electromagnet
is limited in the maximum applied magnetic field and is highly undesirable
for a compact, field-portable neutron generator. The planned replacement
of this electromagnet with a permanent-magnet generated, adjustable axial
magnetic field of greater maximum field strength provides a means for further
source improvement.

The spatial resolution of an API system is heavily dependent on the
diameter of the ion beam spot at the neutron production target. Current API
systems can achieve beam spots as small as 2 mm in diameter with the use
of active focusing elements. In this work, passive beam focusing techniques
were explored to achieve beam widths of 1 and 2 mm in diameter without the
use of active focusing elements. These passive beam focusing techniques can
result in substantial current losses between the ion source and the neutron
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production target, and thus represent a tradeoff consideration in the design of
a compact, field-portable neutron generator system of minimum complexity.
Ion beam collimation with the use of high aspect ratio extraction channels
at the ion source was explored to physically remove those ions in the beam
with high divergence angles. The collimation effect is most apparent for low
beam energies, where increasing channel length resulted in decreased beam
diameter. At beam energies of 81 keV, the beam diameter at the target
was consistent with the diameter of the extraction aperture, indicating that
the high aspect ratio extraction channels act to suppress those ions with
high divergence angles that act to increase the beam diameter downstream.
The increased extraction channel length also acted to significantly reduce the
ion current reaching the target, with each 3 mm addition to the extraction
channel length resulting in a 30% reduction in the ion current at the target.
The significant beam loss due to collimation with high aspect ratio extraction
channels, with no focusing effects and corresponding increase in beam current
density at the target, makes the use of ion beam collimation for small beam
widths viable only for high ion current densities.

Because the use of high aspect ratio extraction channels results in sig-
nificant beam loss and no increase in the extracted ion current density, the
passive beam focusing technique known as ion guiding was explored. Ion
guiding with tapered dielectric capillaries involves the injection of an ion
beam into the tapered capillary, with initial beam losses to the inner wall of
the capillary required to charge up this inner surface through the creation
of local charge patches. The charge patches then act to deflect subsequent
ions away from the wall, guiding the ions through the length of the tapered
dielectric capillary to the exit. The amount of beam loss/charge deposition
necessary to establish the ion guiding effect varies over a range of parame-
ters including the incident ion species and charge state, beam energy, and
geometric parameters of the tapered dielectric capillary, with the net effect
of beam compression and increased ion current density at the exit of the
capillary typically observed. Typical incident beam currents studied thus far
fall in the pa/nA range, far lower than the tens of pA of ion current required
for general neutron generator applications. The use of ion guiding with ta-
pered dielectric capillaries for the transmission of tens of pA of hydrogen or
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deuterium ion current thus represents an area of the experimental parame-
ter space that has not yet been explored. Tapered Pyrex tubes with inlet
inner diameters of 2-3 mm and exit inner diameters of 0.5-1 mm were used
in the ion guiding experiments for the passive focusing of ion beams to beam
widths on the order of 1 mm in diameter. For a 40 keV, 20 pA deuterium
ion beam from the Berkeley Lab Penning source, average transmission effi-
ciencies of 50% were measured. This represents a transmitted ion current
of 10 A and corresponding beam compression factor of 6-8. Attempts to
verify the magnitude of the transmitted ion current were made with the si-
multaneous measurement of the relative neutron yield resulting from D-D
fusion reactions at a neutron production target. Initial neutron yield mea-
surements confirmed the relative magnitudes of the ion beams transmitted
both with and without the use of the tapered Pyrex tubes, but closer exam-
ination warranted further study into the neutron production target material
and deuterium concentrations within the target.

Titanium, copper, and Pyrex target materials were utilized to observe the
beam-loading behavior and resultant relative neutron yields at saturation for
ion beams transmitted both with and without the use of tapered Pyrex tubes.
These measurements allowed for a secondary calculation of the transmission
efficiency; the calculated transmission efficiency obtained from the neutron
yield data was 24%, about half of that obtained from the current measure-
ments. The resultant beam compression factor is subsequently also reduced.
A possible explanation for the discrepancy in the transmission efficiency is
an artificially high transmission efficiency that includes current contributions
from secondary electrons emitted at the target; thus the measured current at
the target is higher than the actual ion current collected. The Pyrex tube it-
self was calculated to contribute to the measured neutron yield, contributing
as much as 40% of the neutron yield for ion transmission through the Pyrex
tube to the titanium target. The neutron yield contribution from the Pyrex
tube and the ion energy losses within the Pyrex tube have implications for
the further use of the ion guiding method in neutron generator applications.
Further work is necessary to more accurately measure the transmitted ion
current, as well as characterize the energy distribution of ions transmitted
through tapered dielectric capillaries and the resultant effects on the neu-
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tron yield. Nevertheless, the stable transmission of 5-10 pA of ion current
through a tapered dielectric capillary represents at least an order of magni-
tude increase in the maximum ion current typically observed to have been
transmitted with this ion guiding effect. These results are promising for
the further extension of this method to higher beam currents for increased
neutron yields.

The methods and results presented in this work are especially relevant to
the improvement of existing accelerator-based neutron generators utilizing
Penning-type ion sources both for the API application and for other applica-
tions that may benefit from reduced ion beam diameters. Continued interest
in the use of accelerator-based neutron generators for non-destructive anal-
ysis and imaging methods will allow for further developments in the field of
neutron generator technology.
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