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ABSTRACT 

Miniature, wireless radiation detector systems are potentially valuable for 

environmental and security monitoring.  These systems can enable rapid deployment and 

dynamic reconfiguration of sensor networks.  This thesis explores the design and 

manufacturing of wireless micromachined, gas-based radiation detectors, specifically 

targeting small form-factors.  Two core concepts are investigated in this work: (1) 

leveraging existing micromachining technologies to design and manufacture miniaturized 

gas-based radiation detectors and (2) leveraging the radiation-induced microdischarges 

for wireless signaling purposes.   

Four micromachined detector structures are presented.  Two test-structures target beta 

detection and two devices target beta/gamma detection.  The test-structures for beta 

detection include bulk micromachined silicon/glass stacks with etched cavities, and 

planar, metal-on-glass structures.  During operation, incident beta-particles ionize the fill-

gas between the biased electrodes, resulting in avalanche current pulses or 

microdischarges measured as “counts”.  These microdischarges can inherently transmit 

wideband RF content extending >1 GHz.  The impact of discharge gap-spacing, operating 

pressure, fill-gases, and electrode materials on operating voltage and wireless signaling 

performance is evaluated. 

The two detector designs targeting beta/gamma radiation use in-package assembly of 

stainless-steel electrodes and glass spacers, which leverage commercial processes and 

industry-standard packages, e.g., a TO-5 header.  The first beta/gamma design uses a 

single anode/cathode pair and is hermetically-sealed with an Ar fill-gas near 760 Torr.   



 

xviii

The second design uses an arrayed electrode structure to demonstrate a scalable path 

for increasing detection efficiency.  At 30 cm from a 99 micro-Ci Cs-137 source, count 

rates exceed 1.3 cps.  The calculated gamma sensitivity is 3.79 cps/mR/hr, which is 

comparable to a commercial unit with 30X greater detection volume.  When normalized 

to sensitive volume, the single-stack and arrayed device demonstrate comparable gamma 

sensitivities.  However, for a given form-factor, the arrayed detector outperforms the 

single-stack by ~6X.  Both designs demonstrate low background rates (5-8 cpm).  

Receiver operating characteristics (ROC) of these detector designs are described.  The 

measured wireless signal spans 1.25 GHz at receiving antenna-to-detector distances >89 

cm. Evaluation of deployment scenarios, e.g., integrating with mobile platforms or 

networked configurations, are presented, along with descriptions of portable powering 

modules.  
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CHAPTER 1:  INTRODUCTION TO THE BASICS OF RADIATION 
AND RADIATION DETECTORS 

 

1.0 Motivation 

Environmental monitoring is emerging as a significant driver of microsystems 

technology.  One sensor category of particular interest is radiation sensing.  There is a 

rising demand for microsystems that can provide real-time, first alert information on the 

presence of dangerous radioisotopes.  In particular, these miniaturized detectors can 

target applications ranging from monitoring radiation safety levels of nuclear power 

plants to guarding against illicit trafficking of radioactive chemicals and port screening 

for homeland security. 

The miniaturization of radiation detectors can lead to ultra-portable and 

reconfigurable sensor systems, lower power requirements, and permit the use of 

lithographic manufacturing to drive down sensor cost.  In addition, smaller sensor 

dimensions allow for the formation of composite sensor structures, which can increase 

overall functionality.  Finally, scaling down feature sizes and electrode spacing can lead 

to lower required operating biases and increased resolution in imaging applications.   

Miniaturized radiation sensors with wireless signaling capability can be useful both in 

networks and as individual devices.  As elements of a network, these can facilitate cost-

effective sensing in public spaces (e.g., football stadiums, amusement parks, and 

shopping malls), or in dangerous and inaccessible environments (e.g., contaminated or 
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remote areas).  Individually, these could be used in applications for which the weight or 

space is at a premium, e.g. micro-air-vehicles (MAVs), helmets, or cell phones. 

Wireless-capability in micro-sensor networks can facilitate rapid deployment and 

dynamic reconfiguration.  For example, these can be integrated discreetly in the side of 

buildings or passageways in a passive detection mode.  In one possible configuration 

(Fig. 1.1a), the wireless micro-sensors are distributed in clusters – locations A, B…. 

[Eun08b].  Within each cluster, there are a number of functionally identical individual 

sensors that are interchangeable, transmitting on the same frequency bands.  Each cluster 

communicates to a localized-transponder (LT), which reports to a centralized master-

control-module (MCM).  A possible application is the monitoring of a large cargo ship 

(Fig. 1.1b), with each shipping container housing a sensor cluster and LT, and the MCM 

located at the helm. 

  
(a) (b) 

Figure 1.1: (a) A possible network configuration plan includes multiple clusters of sensor 
modules transmitting to a localized transponder (LT) that has bi-directional
communication capability with the master control module (MCM).  Each sensor module
(S1, S2, S3...) can transmit on identical frequency bands, which allows instantaneous
changes in cluster size and configuration without changes to the LT or MCM.  (b)
Network configuration plan applied to a cargo container ship scenario. 

 

Additionally, these devices can be mounted on mobile platforms actively searching 

for a target.  Past work on wireless-enabled detector networks have included the use of 
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multiple 75 mm NaI scintillators connected to PDA-sized platforms that are linked to 

mote gateways [Nem04] and arrays of 2”X2” radiation detectors communicating via 

wireless mesh routing protocols [Kyk04].  Both require radiation-shielded transponders at 

each sensor node.  This work seeks to further develop the concept of wireless-enabled 

radiation detectors, specifically focusing on small-scale form factors. 

 
Figure 1.2: Different types of radiation and their penetration depths. Each present

specific detection challenges.  Alpha particles have the shortest travel depths, easily

shielded by a piece of paper.  Beta-particles are able to penetrate a few mms of human

tissue and gamma rays require Pb or concrete shields.  Neutrons have some of the

greatest travel ranges requiring hydrogen-rich materials for shielding. 
Courtesy of http://www.bcm.edu/bodycomplab/Radprimer/radpenetration.htm 

 

1.1 Types of Radiation 

There are four main types of radiation, alpha particles, beta-particles, gamma rays, 

and neutrons (Fig. 1.2).  Each has varying travel ranges and presents unique detection 

challenges.  Alpha-particles consist of two protons and two neutrons bound together 

(identical in structure to the nucleus of a He atom, He2+). Typical alpha energies range 

from 3-7 MeV with approximately 5 MeV of kinetic energy [Kno00].  These are 

positively charged and have relatively large masses, which prevents these particles from 
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reaching high velocities.  These particles are easily blocked by a sheet of paper (Table 

1.1). 

Table 1.1: Tabulated values for alpha particle ranges for various absorber materials. 
Computed for 5.5 MeV particles from Am-241 

Absorber material Density (g/cm
3
) Alpha range (mm) 

air (STP) 1.2 mg/cm
3
 3.7 cm 

paper 0.89 53 m 

water (soft tissue) 1 45 m 

 

Beta-particles are essentially high-energy electrons that can travel distances on the 

order of meters in air (Table 1.2).  Each isotope has a unique and continuous energy 

spectrum with a characteristic maximum “endpoint energy” or maximum possible energy 

the radioisotope can emit.  For example, 204Tl produces a spectrum of beta-particles with 

an endpoint energy of 0.764 MeV.  Another pure beta-emitter, 90Sr, is a particularly 

hazardous material, which can emit up to 0.546 MeV beta-particles. Its toxicity arises less 

from the radiation energy and more from its chemical nature.  It is easily absorbed into 

the human body, where it displaces calcium in bone and remains there with a radioactive 

half-life of 27 years.  Typically, one-third of the maximum beta energy is considered the 

average beta energy [Kno00].   

Table 1.2: Tabulated values for beta particle ranges in various absorber media. 

Absorber material Density (g/cm
3
) 

Maximum beta ranges (mm) 

Eß = 1.1 MeV Eß = 2.3 MeV 

air 1.2 mg/cm
3
 3.8 m 8.8 m 

water (soft tissue) 1 4.6 11 

plastic (acrylic) 1.2 4 9.6 

glass (Pyrex) 2.2 2.2 5.6 

aluminum 2.7 2 4.2 

copper 8.9 0.5 1.2 

lead 11.3 0.4 1 
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Gamma-rays are extremely small, high-energy photons, characterized as 

electromagnetic radiation with the highest frequency and energy.  These are emitted with 

specific, discrete energies.  Typical gamma energies range all the way from 100s of keV 

to 10s of MeV.  Gamma radiation interacts with matter in an entirely different manner 

compared to charged particles.  The lack of charge eliminates coulomb interactions and 

allows gamma rays to be much more penetrating. The interactions that do occur are by 

way of the photoelectric effect, Compton scattering, and pair production. The probability 

interaction is specified by the photon cross-section and the linear attenuation coefficients.  

The low interaction probability makes these hard to detect or block. 

Neutrons that are not contained within an atomic nucleus (i.e., free neutrons) are 

radioactive and eventually undergo beta decay (i.e., break up into a proton, beta-particle, 

and anti-neutrino).  Neutrons have no electrical charge. These interact with matter only 

through collisions with atomic nuclei, which are infrequent and cannot be influenced by 

applied electric fields.  This allows neutrons to have the longest penetration depths and 

also makes detection extremely difficult.   

Neutrons and their detection have gained increasing importance from a nuclear 

nonproliferation standpoint because the presence of neutrons of certain energies can be an 

indicator of Special Nuclear Materials (SNMs).  SNMs are fissile material that can 

potentially be used in a nuclear weapon, including highly enriched uranium and 

plutonium.  A method for monitoring is active interrogation, which uses photons and 

neutrons as a probe to stimulate a unique radiation signature (in the form of delayed 

neutrons) from fissile material. 
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Oftentimes, when a radioisotope undergoes decay, multiple particles are released.  

For example, 60Co (used in radiotherapy) emits beta-particles with an endpoint energy of 

0.318 MeV and gamma-rays at specific, discrete energy levels (1.17 MeV and 1.33 

MeV).  The scope of this work has focused on detecting beta and gamma radiation.  

These are of interest to the environmental surveillance and nuclear nonproliferation 

community because of the larger travel ranges.  Alpha-particle detection has not been 

investigated here and neutron detection has been delegated to future work. 

1.2 Types of Radiation Detectors 

The study of detecting radiation and radioactive particles has been conducted for 

more than 100 years, beginning with the discovery of X-rays by Wilhelm Röntgen in 

1895.  The following year, Henri Becquerel discovered radioactivity and in so doing 

sparked a century of important advancements in the field of radiation detection.  Other 

significant milestones include, but are not limited to, the invention of the Geiger-Mueller 

counter in 1908 and subsequent further developed in 1928. 

There are primarily three types of radiation detectors that are commercially available 

at present: scintillators, solid-state, and gas-based detectors [Kno00].  Each relies on the 

conversion of the radiation into an electronic signal.  Each detection method has 

advantages and disadvantages associated with its technology.  Extensive research and 

development has been done both on the detection medium front, e.g., investigating new 

sensor materials, as well as, on the readout electronics front, e.g., processing detector 

output signals.  In recent years, each method has seen improvements enabled by 

microfabrication technologies.   
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1.2.1 Scintillators 

Scintillator detectors can consist of transparent crystals, plastics (usually containing 

anthracene), or organic liquids that fluoresce when struck by ionizing radiation.  Some 

common scintillating materials include alkali metal halides with a small amount of 

activator impurity e.g., NaI(Tl), CsI(Tl), CsI(Na) and non-alkali crystals e.g., bismuth 

germanate (BGO), LaCl3(Ce), LaBr3(Ce) and BaF2.  The scintillating material is coupled 

to a photomultiplier tube (PMT), which measures the light from the crystal and outputs a 

proportional electronic signal (Fig. 1.3).  The PMT consists of a photocathode, a focusing 

electrode, and 10 or more dynodes that multiply the number of electrons striking at each 

dynode.  A chain of resistors typically located in a plug-in tube base assembly biases the 

anode and dynodes.  The PMT is attached to an electronic amplifier and other electronic 

equipment to count and possibly quantify the amplitudes of the signals.  This collected 

information can be used to construct a distribution of energy that is unique to a particular 

radioisotope, otherwise known as energy spectroscopy. 

 
Figure 1.3: Schematic of a basic scintillator counter, which includes a scintillator 
crystal, the photomultiplier tube, and the electrical connectors.  The incident radiation 
interacts with the scintillator material to release light, which is then converted by the 
PMT into an electrical signal that is proportional to the absorbed light [Kno00]. 

 



 

8

Organic crystals (i.e., low Z-type materials) are better suited for low energy beta 

radiation (<10 MeV), while inorganic crystals (typically higher Z-type materials) are 

better suited for high energy betas and gamma radiation.  Plastic scintillators, which are 

rich in hydrogen, and doped with a high neutron cross-section material e.g., 10B or 6Li, are 

best suited for neutron detection. 

Some micromachined scintillators use scintillating crystals deposited directly into 

thin-film silicon-well photo-detectors for gamma and neutron imaging [All00, All01]. 

Micromachined CsI-coated microstrip structures in a Xe fill-gas have been used as a 

substitution to the traditional PMTs as the photosensor readout [Vel99, Fre03].  Other 

scintillation technologies have utilized new materials with enhanced performance 

characteristics (e.g., high light output and fast response time) [Sha02, Pel06].  The main 

advantages of scintillator technology include the ability to perform energy spectroscopy 

and flexibility in producing various crystal sizes and shapes.  Potential disadvantages 

include hygroscopicity of some inorganic crystals, limited energy resolution, the need for 

photo-multiplier (PM) tubes, power requirements, and temperature dependence [Kno00].   

1.2.2 Solid-State Detectors 

Semiconductor detectors or solid-state detectors (SSD) directly convert ionizing radiation 

into electrical pulses (Fig. 1.4).  Common materials of SSD include: Si, high purity Ge 

(HPGe), CdZnTe (CZT), and HgI2.  These typically achieve superior energy resolutions 

compared to scintillators [Aud90, Kem87, Wad87].  However, some require cryogenic 

cooling to distinguish radiation type and energy and can be susceptible to performance 

degradation due to radiation damage [Wun97].  In addition, growth of large volume, low 

defect SDD crystals are non-trivial and expensive.  The semiconductor substrate may 
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facilitate direct on-chip integration of readout circuitry, however, care must be taken to 

protect it from radiation damage.   

One type of solid-state device uses pixelated silicon structures at room temperature to 

provide spatial imaging of beta-particle flux [Ber02].  The latest solid-state detector 

technologies use CdZnTe, which is a wide band gap, high-Z material, that offers high 

conversion efficiency, and operates at room temperature [Luk94, Leh03].  Lithographic 

fabrication technologies have enabled high densities of patterned readout electrodes, 

which can provide high precision particle tracking within the detector.   

1.2.3 Gas-Based Detectors 

Gas-based detectors (e.g., Geiger counters) are often favored for environmental 

surveillance efforts (e.g., in looking for radiation leaks and inadvertent contamination) [ 

(a) (b) 
Figure 1.4: (a) The basic schematic of a semiconductor detector showing the movement 
of the electron-hole pairs due to the applied electric field. (b) A Si microstrip detector 
with 128 n-type junction channels, an overall detector area of 232 cm2, and a detector 
thickness of 300 µm, along with the electronics readout pins.  [Micron Semiconductor 
Ltd]  
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Kno00].  These are relatively simple and robust, operate over a large temperature range, 

and measure a wide range of radiation species and energies.  Typically, these detectors 

involve biased electrodes (anode and cathode) enclosed within a gas-filled chamber (Fig. 

1.5).  Ionizing radiation (e.g., beta-particles) interacts with the gas, and the resulting 

electron avalanches create a current pulse that registers as a “count”.    

Gas-based sensing of gamma radiation is facilitated by using high-pressure, large 

atomic number fill-gases (e.g., Xe and Kr) [Kif05] and by encapsulating the gas and 

electrodes within metal walls that convert incident photons into photoelectrons through 

the photoelectric effect and Compton scattering.   

For neutron detection, the ionization mechanism used in gas-based detection cannot 

be applied since neutrons have no electrical charge.  However, gas-based detectors can be 

adapted for neutron detection by incorporating nuclides with large neutron cross-sections 

(e.g., 3He, 10B, and 235U) under high-pressure (~1–10 bar) environments [Kno00, Vel04, 

Van01].  These nuclides react with the neutrons to create charged particles (e.g., protons 

 

Figure 1.5: Traditional Geiger counters utilize a tube under partial vacuum and a high 
voltage supply applied through a resistor to a small capacitor. 
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and alpha-particles), which can be sensed by the fill-gas.  The major source of 

background noise is high-energy photons, which can register similar energies and make it 

difficult to differentiate. 

 

Regions of Operation 

Based on the bias voltage and the resulting discharge characteristics, gas-based 

detectors fall into four regimes of operation: the ion saturation regime, the proportional 

regime, the limited proportional regime, and the Geiger-Mueller regime (Fig. 1.6).  

(These regimes apply to gas-based sensors of both beta-particles and photons e.g., X-rays 

and gamma radiation.)  The regime with the lowest voltage is the ion saturation region, in 

which the only charge collected is from gas directly ionized by impinging radiation. 

At a higher bias between the anode and cathode, gas multiplication begins to occur 

and the amount of collected current increases; this is the proportional region.  The 

amount of current is roughly proportional to the energy of the impinging radiation.  

Proportional counters are typically used to perform spectroscopy on soft X-rays and 

 
Figure 1.6: Gas-based radiation detectors have four regimes of operation that are defined 
by the applied voltage [Kno00]. 
 

P
ul

se
 a

m
pl

itu
de

 (
lo

g 
sc

al
e)

Applied voltage

Ion
saturation

Proportional
region

Limited
proportional

region

Geiger-
Mueller
region



 

12

gamma-rays by measuring the photo-electrons emitted from photon interactions within 

the detector wall.  In contrast, impinging beta-particles mostly interact with the fill-gas 

and impart a portion of their kinetic energy to the ionization process.  At yet higher bias 

values is the limited proportional region.  The electric field becomes distorted and causes 

nonlinear effects on the current pulses.  The current pulse amplitude becomes less 

dependent on the energy of the radiation. 

At even higher bias values, the device operates in the Geiger-Mueller region.  Every 

beta-particle triggers an avalanche process that ionizes the entire gas volume and a 

complete gaseous discharge is generated.  While electrons are quickly collected at the 

anode, the slower moving ions create a space-charge region that surrounds the cathode.  

(Similar space-charge regions have been reported in DC microplasmas [Wil03].)  The 

applied field decreases below the threshold for multiplication and the discharge is 

quenched.  Consequently, the current pulses are approximately uniform in size and 

independent of the radiation energy.  For conventionally-sized detectors, the pulses are 

also large enough in amplitude that these can be detected without further signal 

amplification.   

One inherent limitation of conventional Geiger counters is the inability to distinguish 

between different radioactive species (e.g., between benign and lethal isotopes).  This 

function can only be performed in the proportional regime (i.e., proportional counters, 

which are similar to Geiger counters, but biased at a lower voltage such that the 

magnitude of the current pulses is proportional to the energy of the ionizing radiation).  

Count rates and pulse heights are collected, and over time the unique energy profile of the 
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radioisotope is mapped out.  The electronic interface for proportional counters is, 

therefore, significantly more complex than for Geiger counters. 

  
(a) (b) 

Figure 1.7: Multi-wire proportional chamber (a) A schematic of a multi-wire proportional 
chamber (MWPC) showing the suspended anode wires between two cathode planes.  (b) 
The electric field profile of the MWPC showing concentrated field strengths at the anode 
wires [Cha68, Sau99]. 

1.3 Micro-Patterned Gaseous Detectors (MPGD) 

 One of the pioneering works that later heavily influenced micro-patterned gaseous 

detectors (MPGD) was the multi-wire proportional chamber (MWPC) that earned 

Georges Charpak the 1994 Nobel Prize in Physics.  The goal of the structure is to 

proportionally amplify the number of carriers produced by the incident radiation by using 

concentrated electric fields.  The MWPC consists of an array of thin parallel anode wires 

suspended between two large cathode planes (Fig. 1.7a).  Ionizing particles hit the 

cathode plane, releasing secondary particles that are accelerated by the high-field region 

near the anode wires (Fig. 1.7b).  The signal is then collected at the nearest anode wire.  

This configuration is position sensitive and allows for high precision particle tracking in 

high-energy physics.  However, a challenge presented by this arrangement includes 

electrostatic repulsion between the thin anode wires, which can cause mechanical 

instability above a critical wire length (i.e., less than 10 cm for a 1-mm spacing).  Also, 

the production of positive ions in the avalanches is large and the collection of these is 
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slow.  This tends to generate a build-up of positive space charge, which temporarily 

distorts the electric field and prevents proper operation. 

One of the first reported MPGDs used photolithographic machining techniques to 

achieve high-precision, high resolution, planar electrode structures in microstrip gas 

chambers (MSGC) [Fra03, Oed88].  These structures (seen in Fig. 1.8) consist of 

patterned metal strips alternating between cathode (100 µm-wide) and anode (10 µm-

wide) with a separation distance on the order of 100 µm on an insulating substrate (e.g., 

glass).  The narrow anode strips function as a 2D substitute for the anode wires in the 

MWPC by concentrating the field lines around its location.  The 2D planar configuration 

offers greater stability, ease of manufacturing, and faster collection of the positive ions 

compared to the MWPC.   However, the very thin metal layers (few hundred nm) make 

these vulnerable to damage from discharges [Tit10]. 

Other microfabricated, gas-based detectors have used vertical or stacked 

arrangements of the electrodes.  For example, gas electron multipliers (GEM) use an 

  
(a) (b) 

Figure 1.8: Microstrip gas chamber (a) A cross-section of a MSGC showing field 
concentrations at the anode strip. [Sau99]  (b) A photograph of the MSGC showing the 
thin copper strips for the anode positioned between the wider cathode strips [Tit00].  
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insulating substrate (50-100 µm-thick polyimde film) with a thin metal laminate (~1-5 

µm-thick) on both sides.  Controlled chemical etching defines perforations with 

diameters typically between 25-150 µm, while the corresponding distance between holes 

varies between 50-200 µm (Fig. 1.9a) [Sau01].  An applied voltage generates 

concentrated electric fields (50-70 kV/cm) at the edges of the etched features, which 

accelerates the ionized particles through the openings (Fig. 1.9b).  Each perforation acts 

as an independent proportional counter.  GEMs require several bias voltages for 

operation.   

  
(a) (b) 

 

 

 
(c) (d) 

Figure 1.9: Gas electron multiplier (a) A photograph of a GEM. (b) The electric field 
lines in a GEM. (c) A triple GEM for increased carrier amplification.  (d) The resulting 
increase in gain for increasing GEM layers [Tit10, Sau99, Bre00, Buz06, Jin09]. 
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Multiple stacks of the GEM structure have been shown to increase the 

amplification of the carriers (or gain) at lower bias conditions (Fig. 1.9 c-d).  This is one 

of the major advantages of the GEM technology; a full decoupling of the amplification 

stage (GEM) and the readout electrode (PCB), which operates at unity gain and serves 

only as a charge collector.  Localization can then be performed by collecting the charge 

on a 1D or 2D readout board of arbitrary patterns, placed below the last GEM. 

The MICROMEGAS (shown in Fig. 1.10) uses a micromesh structure suspended 

above a microstrip anode readout scheme [Cha02].  There are two main regions of 

operation, the drift gap and the amplification gap.  The fine micromesh structure acts as 

an intermediary collector to draw the ionized particles from the drift gap towards the 

amplification gap and the anode plane.  A close-up of the electric field profile 

surrounding the fine micromesh structure shows the lower field strengths in the drift 

region and the much higher field strengths concentrated near the anode region.   

  
(a) (b) 

Figure 1.10: The MICROMEGAS (a) The cross-sectional schematic showing the 4-5 mm 
drift gap and the 100 µm amplification gap, separated by the micromesh structure.  It uses 
a microstrip configuration for the anode readout and requires two HV biases. (b) An 
electric field profile near the micromesh structure, which separates the low-field drift 
region (1 kV/cm) and the high-field amplification region (40-80 kV/cm).  [Tit10] 
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Other micromachined detector schemes include the micro-CAT [Sar98] and µ-Dots 

[Bia95].  Most MPGD technology to-date have focused on producing large detector areas 

(m2), achieving high spatial resolutions (20-50 µm with MSGD), high rate capabilities, 

and high radiation tolerances to mainly target high-energy position-sensing applications.  

These include nuclear particle tracking for astroparticle and neutrino physics or medical 

imaging [Tit10, Bre00].  MPGDs have not seen much development in the area of 

environmental monitoring.  The detector designs presented in this thesis targets this 

application space by addressing the need for packaging and power management to 

maximize portability, as well as a robust communication scheme to operate effectively in 

a sensor network.  Also, this work focuses heavily on device characterization from the 

end user perspective, investigating receiver operating characteristics and evaluating the 

detection of moving radiation sources. 

Figure 1.11 compares a sample of the existing radiation detector technology grouped 

in terms of the targeted application space, focusing primarily on commercially-available 

gas-based monitors and MPGDs.  Conventional portable detectors are mainly targeted for 

environmental monitoring applications, but tend to be bulky, handheld devices.  These 

typically require humans to manually scan the object or area, when looking for 

radioactive material.  This can greatly increase the surveillance time and manpower, as 

well as, risk human health.  Most MPGDs are typically not gas-packaged and require 

very large testing chambers and complex interface electronics.  The designs of the 

micromachined radiation detectors presented in this thesis rely on some modifications to 

the objectives sought by previous MPGD structures.  This work investigates 

micromachined detector structures that target the following attractive features: high 
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portability, low power demands, ability to be integrated or embedded with other 

structures, discreet in appearance, and designed to operate in a networked sensor 

organization.  This can be facilitated by the inherent wireless signaling capability, which 

discharge-based detectors can offer. 

 

 
Figure 1.11: Comparison of the size and spatial resolution of existing detector 
technologies, in particular, comparing MPGDs and commercially survey meters.  (The 
resolution for the commercial detectors is calculated by taking the geometric average.) 
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Figure 1.12: A comparison of sensitivity to detector sensitive volumes (i.e., volume 
between anode and cathode) for the detectors described in this thesis and several 
commercial, portable radiation detectors.  The work in this thesis seeks to decrease 
detector volume, while maximizing sensitivity. 
 

This work seeks to leverage commercial micromachining processes in order to 

achieve a high-throughput, cost effective design.  It also seeks to examine the 

performance compromises and limitations that are associated with the selected 

manufacturing methods.  In particular, while operating within these manufacturing 

constraints, the detector designs seek to achieve improved beta/gamma sensitivities 

compared to commercial, off-the-shelf (COTS) gas-based detector technology with 

scaled down detector sizes.  Figure 1.12 compares the gamma sensitivity to detector 

sensitive volume (i.e., volume encapsulated between anode and cathode) for various 

commercial gas-based detectors (except NukAlert, which is a CdS photo-resistor coupled 

to a phosphor scintillator) with the detectors presented in Ch. 2, Ch. 4 and Ch. 6.   
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1.4 Discharge-Based Wireless Signaling 

Historically, the use of gas-based discharges to wirelessly transmit information was 

first employed by Marconi, in the mid-1890’s.  Building on the foundation of work 

developed by Maxwell and Hertz, Marconi utilized electromagnetic emissions produced 

by spark gaps in his design of the spark gap transmitter [Bri04].  Spark gaps essentially 

consist of two separated, conducting electrodes surrounded by some background gas 

(usually air).  When a suitable voltage (i.e., beyond the breakdown voltage) is applied 

between these electrodes, a spark develops, initiating an electron avalanche and forming a 

path for current flow through the gas.  The impulse-like discharge generates an 

electromagnetic signal, which transmits over a very large bandwidth.  The discharge gaps 

were relatively large (on the order of cm), achieving transmission distances on the order 

of kilometers.  Efforts to use discharges within waveguides in order to generate 

microwaves date back to Bose in 1901, and more recent activity has also been reported 

[Hea74, Alt04].  Micro-scale discharges have shown similar behavior, producing a 

wideband wireless signal extending into the GHz frequency range [Jan88, Wil91, Eun05]. 

In 2002, the Federal Communications Commission (FCC) allocated the frequency 

range from 3.1 to 10.6 GHz for unlicensed ultra-wideband (UWB) communication 

[FCC02].  This sparked a new wave of development in the field of impulse radio.  

Impulse radio (or pulsed-UWB) communicates by using baseband pulses of very short 

duration ( nanoseconds) and low-duty cycle, which spreads the radio signal over a wide 

bandwidth (DC to a few GHz) [Win98].  It is primarily intended for short-range (indoor) 

communication.  The simplicity of the system architecture, carrierless transmission, low 

probability of interception and detection, and inherent multi-path fade resistance make 
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impulse radio and UWB transceivers attractive from the viewpoints of lower power 

demands and inexpensive manufacturing costs [Ser06].  As minimum feature sizes in 

CMOS processes have become smaller, more ultra-compact, pulsed-UWB transceivers 

have been developed [Wen07, Sma06].  

One of the main scientific goals is to achieve a greater understanding of the driving 

forces behind the electromagnetic emissions generated between micro-structures.  From 

an applications perspective, the broad-reaching goal is the ability to control and shape the 

emissions characteristics in order to apply this signaling mechanism in sensor networks.  

More relevant for this work, it will facilitate the design of a communication scheme for a 

distribution of micro-detector systems with controllable wireless signaling capability.  

The two goals seek to enhance the functionality of discharge-based micro-detectors, 

which can increase the versatility of deployment techniques.  For example, each micro-

detector system is envisioned to have a distinct wireless signature, in order to distinguish 

between sensor nodes.  This in turn can enable more accurate positioning and localization 

of detected sources. 

Figure 1.13 illustrates the several ways that discharge-based micro-detectors can 

potentially generate a wireless signal.  Method #1 (pre-discharge processing) is 

generation-based and seeks to shape the spectra by choosing or modifying internal 

discharge parameters, such as the fill-gas environment, the electrode structure (shape and 

materials), and the presence (or absence) of magnetic fields.  Method #2 (post-discharge 

processing) seeks to tune the spectra after the wideband emission from the 

microdischarge, but prior to reception.  This may be accomplished by surrounding the 

discharge location with an RF cavity or metamaterial surface.  Method #3 (pulse-mode 
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operation) seeks to use the current pulse to excite an external transmitter (e.g., a patterned 

antenna or tuned RF coil) and suppress the inherent RF emissions.  This suppression can 

be accomplished several ways, including modification of the internal fill-gas, bias 

circuitry, or an RF shield.  The primary goal of this thesis with respect to discharge-based 

wireless signaling is to investigate Method #1, but attempts to address the feasibility of 

Methods #2 and #3 will also be included.   

 

 
Figure 1.13: Illustration of the various approaches to tuning the transmitted frequency 
spectra that will be addressed in this thesis.  
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1.5 Organization of Thesis 

Two core concepts are investigated in this work: (1) to leverage existing commercial 

lithographic manufacturing processes to design and manufacture miniaturized gas-based 

radiation detectors and (2) to leverage the radiation-induced microdischarges for wireless 

signaling purposes.  Four micromachined detector structures are presented.  Two test-

structures target beta detection and two devices target beta/gamma detection.  The use of 

micro-scale features to achieve targeted concentrations of high electric fields in order to 

achieve lower operating voltages are evaluated.  In addition, packaging issues and 

powering schemes to enable portability are addressed.  The detector designs address 

durability through proper choice of packaging and electrode materials.  

Incident radiation ionizes the fill-gas between the biased electrodes, resulting in an 

avalanche current pulse or microdischarge measured as a “count”.  These radiation-

triggered microdischarges can inherently transmit wideband RF content extending >1 

GHz.  This thesis examines the use of microdischarges between micro-structures to 

generate wireless signaling.  The impact of discharge gap-spacing, operating pressure, 

fill-gases, and electrode materials on operating voltage and wireless signaling 

performance is evaluated. 

The thesis is organized as follows.  Chapter 2 introduces a micromachined Si/glass 

detector structure that targets beta radiation.  In addition, a modification to that structure 

is presented, which enables the ability for simple discrimination of isotope energies.  This 

is achieved by stacking two detector structures separated by a glass layer.  By utilizing 

calibrated energy absorption through what is essentially a glass filter, higher energy 

particles will be detected in both detectors, while lower energy particles will be detected 
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in the first only and subsequently absorbed in the middle glass layer.  Modeling efforts 

for the expected energy absorption are included.  Results on simple energy discrimination 

are also presented. 

Chapter 3 presents work on characterizing discharge-based wireless signaling 

between micro-structures.  The micro-discharges were induced by the presence of beta 

radiation.  Two test structures were utilized: a Si/glass configuration (similar to the 

structure presented in Ch. 2) and a simple planar, metal-on-glass structure.  Both time-

domain and frequency-domain characterizations are presented.  The impact of fill-gas 

conditions, bias circuitry, external environment, and receiver antenna on the wireless 

characteristics have been evaluated.   

Chapter 4 presents a wireless-enabled micromachined beta and gamma radiation 

detector that was manufactured using in-package assembly methods.  It investigates the 

performance comprises imposed by a manufacturing approach that leverages commercial 

micromachining processes and industry standard packaging in order to achieve a high-

throughput, cost effective design.  The structure consists of vertically-stacked 

photochemically-etched stainless steel electrodes and powder-blasted glass spacers 

installed in a TO-5 header.  The detector has been hermetically-sealed with an Ar fill-gas 

near 760 Torr, using a commercial resistance projection welding process.  Thorough 

device characterization of the wireline and wireless behavior is included, particularly 

focusing on end-user applications. 

Chapter 5 details various deployment efforts of the single-stacked steel and glass 

micro-detector into two targeted application spaces, mobile platforms and network 

distributions.  The first live demonstration involved the integration of a micro-detector 
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onto a flying mobile platform.  The experiment was commissioned by the army research 

laboratory (ARL) and involved the University of Michigan (responsible for the micro-

detector) and University of Maryland (responsible for the flying mobile platform).  The 

learning points and results are discussed.  Chapter 5 also discusses preliminary 

demonstrations of the micro-detectors operating in a distributed network.  The 

distribution of networked micro-detectors can enable a ‘segmented-type’ detection mode, 

which allows for determining directionality of radiation sources.  

Chapter 6 presents an arrayed electrode structure to demonstrate a scalable path for 

increasing detection efficiency.  Various fill-gases are evaluated and receiver operating 

characteristics of the arrayed detector are provided. The detector performance is 

compared to the single-stacked stainless-steel detector along with a COTS unit.   

Chapter 7 summarizes the contributions of this work and outlines the next important 

avenues of research, which include the use of metal coatings on the electrodes for 

increased detection efficiency, enabling neutron detection, the use of permanent magnets 

to shape and control the discharge characteristics, and modeling of the discharge-based 

wireless signaling (which is not covered in the scope of this work).  

Appendix A includes prior work investigating the impact of external magnetic fields 

on microdischarges and the wireless transmissions associated with the discharge.  

Appendix B includes prior work on multi-electrode configurations; in particular, high 

impedance electrodes for increased control of discharge energy.  Appendix C includes 

material describing a potential network configuration known as synchronous detection.  

Appendix D provides additional information on the detector powering modules 

developed for this thesis. 
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CHAPTER 2:  PLANAR MICROFABRICATED STRUCTURES FOR 
BETA SENSING 

 

2.0 Motivation 

For applications ranging from industrial control to homeland security (e.g., detecting 

dirty bombs), there is a widespread need for microsystems that can provide an immediate 

first alert for various thresholds of radiation activity.  The use of microfabrication 

technology is appropriate, especially if these sensors can be made cost-effective, discrete, 

stand-alone, and quickly reconfigurable.  

Beta-particles are essentially high-energy electrons that can travel distances on the 

order of meters in air.  A wide variety of source isotopes release beta-particles during 

radioactive decay.  Each isotope has a unique and continuous energy spectrum with a 

characteristic maximum “endpoint energy” or maximum possible energy the radioisotope 

can emit.  For example, 204Tl produces a spectrum of beta-particles with an endpoint 

energy of 0.764 MeV.  Another pure beta-emitter, 90Sr, is a particularly hazardous 

material, which can emit up to 0.546 MeV beta-particles.  Its toxicity arises less from the 

radiation energy and more from its chemical nature.  It is easily absorbed into the human 

body, where it displaces calcium in bone and remains there with a radioactive half-life of 

27 years.  90Sr decays into 90Y, which is also a beta-emitter, and has an endpoint energy of 

2.280 MeV [Han83].  Its half-life is 64 hrs, which is significantly shorter than that of 90Sr.  

Each beta-particle emanating from a 90Sr sample is also accompanied by another beta-

particle emanating from the 90Y that is consequently produced. 
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Oftentimes, when a radioisotope undergoes decay, beta-particles are produced in 

conjunction with alpha-particles and gamma-rays.  For example, 60Co (used in 

radiotherapy) emits beta-particles with an endpoint energy of 0.318 MeV and gamma-

rays at specific, discrete energy levels (1.17 MeV and 1.33 MeV).  The detection of beta 

activity was addressed first because it involved the simplest detection mechanism: the 

direct interaction of the beta radiation with the gas medium.  (Chapter 4 discusses the 

structural modifications necessary to accommodate the indirect detection of gamma 

radiation.) 

This chapter explores micromachined gas discharge-based detectors for beta radiation 

[Eun08c].  In Section 2.1, a lithographically microfabricated Si/glass (SiG) micro-

detector that uses a bulk micromachined glass-silicon-glass sandwich to form detection 

cavities and sensing electrodes1 is described.  An extension of the basic device (described 

in Section 2.2) uses a two-tiered arrangement of stacked detection cavities so that 

incident beta-particles pass through two successive cavities separated by a glass 

intercavity attenuator intended to provide controlled energy absorption2.  A differential 

measurement can potentially provide a preliminary indication of the radioactive species 

without the need for additional processing electronics, which results in greater portability 

and power savings.  Also addressed is the energy attenuation of beta-particles through 

various thicknesses of the intercavity attenuator.  Section 2.3 details the fabrication 

process and Section 2.4 presents experimental results. 

1
 Contributions to the device structure and fabrication were made by Dr. C.Wilson. Portions of this work 

2
 Portions of this work have been reported in conference abstract form in [Wil050]. 
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Figure 2.1: The basic SiG micro-detector structure utilizes dissolved silicon bonded to
glass as the anode-cathode configuration.  Beta radiation passing through the drift region
creates liberated electrons, which are accelerated in the amplification region and create an
electron cascade. 

 

2.1 SiG Single-Stacked Micro-Detector 

2.1.1 Device Description 

The basic SiG single-stacked micro-detector structure consists of a square chamber 

with a central cathode and a peripheral anode (Fig. 2.1).  The region proximal to the 

cathode has a weak electric field and is called the drift region, whereas that adjacent to 

the anode is the high-field amplification region.  Beta-particles enter the detection cavity 

and ionize the fill-gas in the drift region.  (In contrast with most conventional Geiger 

counters, this gas is at atmospheric pressure.)  The electrons are slowly accelerated into 

the amplification region.  In the amplification region, the electrons are quickly 

accelerated through a higher field region resulting in an electron cascade.  Designing the 

drift region to be much larger than the amplification region allows pulses that are 

independent of the entry position of the beta-particle. 
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The device consists of an 8X8 mm2 cavity formed in Si.  The cavity depth is 

approximately 473 µm.  The silicon electrodes are bonded to a 500 µm-thick Pyrex glass 

substrate.  The inner electrode (cathode) is a 22 µm-thick boron-doped p++ Si, while the 

473 µm-thick surrounding wall structure (anode) is primarily bulk Si.  However, 

underneath the wall structure is a 22 µm-thick layer of p++ Si that defines the 

amplification region (approximately 500 µm-long).  The drift region is approximately 4 

mm-long and is located between the center of the cavity to the anode wall.  A glass cap 

covers the device. 

According to Paschen’s curve, which describes the nonlinear relationship between 

gaseous breakdown potential and the product of fill-gas pressure and gap spacing, scaling 

down the feature sizes (i.e., the gap spacing) allows the pressure in the detection cavity to 

be set close to atmospheric pressure.  This offers two advantages.  First, the increased 

density of fill-gas atoms increases the probability of interaction with beta-particles.  

Second, the reduced pressure differential to the ambient lowers the mechanical load on 

the cavity walls.  In principle, this can justify the use of thinner walls, thereby reducing 

beta energy attenuation and enabling the detection of lower energy beta-particles. 

For common fill-gases (e.g., Ne and He) at atmospheric pressure, the threshold 

electric field for gas multiplication is on the order of 106 V/m [Kno00].  Typical Geiger 

counters operate with electric fields, near the high field anode wire, on the order of 

around a few 106 V/m.  Applying a potential (Vapplied) of 800 V between a gap spacing of 

500 µm, the electric field is approximately 1.6X106 V/m.  A three-dimensional simulation 

using ANSYS 10.0 shows the maximum electric field (3.8X108 V/m) is located in the 

amplification region (near the corners of the cathode) and exceeds the minimum 
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operating field (~106 V/m).  The electric field in the drift region  (gap spacing of 4 mm) is 

approximately 2X105 V/m.  The device specifications for the model are given in Table 

2.1. 

 Past implementations of micro-scale radiation detectors, with gap spacings on the 

order of tens to hundreds of microns, have produced current pulses that range in 

amplitude from 0.1 nA to 10 µA (pre-amplification) and typically require further 

amplification and signal processing [Fra03, Sau01, Bre00, Sau02].  This micro-detector 

design operates near the Geiger-Mueller regime with current pulses on the order of 1-100 

mA, which are easily detected.  The avalanche multiplication of charge that takes place in 

the gas breakdown is thought to be further assisted by secondary emission from the 

anode.  This may compensate for the relatively small size of the amplification region 

compared to traditional devices.  

2.1.2 Characterizing Detector Performance 

The standard generally used to characterize radiation detectors includes parameters 

such as sensitivity, operating voltage, and detector volume.  Sensitivity is the count rate 

Table 2.1: Electric field modeling for the micro-detector was performed with ANSYS® 
10.0.  The maximum electric field strength was 3.8X108 V/m located at the corners of 
the electrodes. 

Device Specifications: 

Cathode length 700 µm 

Gap spacing 500 µm 

Width of sloped side wall 340 µm 

Max. Height of anode wall 500 µm 

Height of cathode layer 100 µm 

Angle of sloped wall ~54.7 deg. 
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(per minute) obtained by the detector divided by the dose rate (mRad/hr) for beta 

radiation from the calibration source [Mar06].  Dose rates are dependent on beta-particle 

fluence or flux, average beta energy, and the beta absorption coefficient.  The fluence rate 

is given by [Mar06]: 

2
4 r

Af
= (disintegrations/m2s) (2.1) 

where A is the source activity (in units of Bq, or disintegrations per second), f is the 

fractional yield of radiation emitted with the average energy, E (MeV), and r is the 

distance from the source to the detector (cm).  The beta absorption coefficient for the fill-

gases relevant to this work (i.e., Ne, He, and He/air) has been approximated by the 

absorption coefficient of air [Mar06]:  

4.1

max,, )036.0(16=µ E
air

(cm2/g) (2.2) 

where E ,max is the endpoint energy. 

The beta radiation dose rate, ˙ D , for beta-particles is given by [Mar06]: 

D =
1000AfE(1.602x10 6erg /MeV )µ (cm2 / g)(3600sec/ hr)

(4 r2 )100(erg / g rad)
(mRad/hr) (2.3) 

D = 5.768x10 5 1000AfEµ

4 r2
(mRad/hr) (2.4) 

For the purpose of this paper, beta sensitivity is given by: 

Beta sensitivity =
count rate (cpm)

D (mRad / hr)
(cpm/mRad/hr) (2.5) 

where count rate is experimentally determined. 
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Figure 2.2: The stacked micro-detector uses a two-tiered structure with aligned cavities, as
well as, two separate electrical connections to the cathodes. There is a potential for
estimating the beta-particle energy by taking a differential measurement of the count rates
in the two cavities. 
 

2.2 SiG Double-Stacked Micro-Detector 

As an extension of the basic device, the SiG double-stacked micro-detector uses a 

two-tiered structure with aligned cavities (Fig. 2.2).  The glass intercavity attenuator 

between the two cavities (near and far) is intended to provide controlled energy 

absorption.  Lower energy beta-particles are detected in the near cavity alone, and then 

stopped by the intercavity attenuator.  The higher energy particles are expected to have 

enough energy to pass through the attenuator and be detected in both cavities.  The 

attenuator can have varying thicknesses, allowing customization to a particular energy 

range. 

There are two main mechanisms of energy loss as a beta-particle passes through a 

material, collisional and radiative.  For lower energy beta-particles, collisional energy 

loss is dominant.  Also known as the “stopping power” of a material, the energy loss is 

given by [Tur95]: 

dE

dx collisional
=
4 k0

2e4n

moc
2 2

ln
moc

2
+ 2

2I
+ F( )

 

 

 
 

 

 

 
 
(keV / cm)  (2.6) 
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F( ) =
1 2

2
[1+

2

8
(2 +1) ln2]  (2.7) 

2
mc

T
=  (2.8) 

where I is the mean excitation energy of the medium (eV), ß is the beta-particle velocity 

given as a fraction of the speed of light, mo is the mass of an electron (kg), c is the speed 

of light (m/s), T is the kinetic energy of the beta-particle, and n is the number of electrons 

per unit volume in the medium (m-3).  Since the parameter n is difficult to calculate for 

materials with complex compositions such as Pyrex glass, this value was estimated by 

fitting the theoretical estimate with reference data given in [Ber98].   

  
(a) (b) 

Figure 2.3: (a) Beta energy spectra for various chemical isotopes showing unique profiles
and endpoint energies [Fir01, Fir08].  (b) Theoretical estimate of stopping power as a
function of beta energy through glass.  The difference between the theoretical estimate
and published experimental data [Ber98] was found to be within 1.5%.  Stopping power
is defined as the thickness of a material needed to completely absorb the beta energy.  

The beta energy spectra for 90Sr/90Y and 204Tl are shown in Fig. 2.3a [Fir01].  It is 

based on theoretical data and accurate except at very low energies.  Each spectrum 

illustrates the statistical distribution of beta energy from a total of 106 decays [Fir08].  

Figure 2.3b shows the stopping power of glass as a function of beta energy.  Table 2.2 

summarizes the parameter values used in the analytical estimate.  The agreement between 

the estimate and the LDNL experimental data is within 1.5%.  
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Table 2.2: Parameters used for calculating beta energy loss through glass. 
 

Parameter Symbol Value Units 

Mean excitation energy I 134 eV 

Mass of electron m0 9.11X10-31 kg 

Speed of light c 3X1010 Cm/s 

Electron charge e 1.602X10-19 C 

Number of electrons per unit volume 
in the medium 

n 3X1029 m-3 

A simple beta model provides a rough guideline for the expected count ratio in the 

stacked micro-detector.  Count ratio is defined as the fraction of counts in the far cavity 

(bottom cavity) divided by the fraction of counts in the near cavity (top cavity).  Using 

the beta energy spectrum and the energy attenuation through the glass intercavity 

attenuator, the count ratio can be estimated.  The assumptions and simplifications are 

discussed in detail in Sec. 2.5.  There are two device-specific fitting parameters: EC1 and 

EC2.  EC1 is the equivalent minimum energy a beta-particle requires to instigate an 

avalanche breakdown that results in a “count”.  Several values of EC1 are plotted as a 

function of glass intercavity attenuator thickness for various isotopes (Fig. 2.4).  The 

parameter EC2, represents the equivalent upper limit of the beta energy, above which the 

particle is unlikely to transfer enough energy to the fill-gas to initiate a breakdown.  

EC2 is related to the number of ions produced per unit length of travel by the beta-

particle, also known as the primary ionization (PI).  At high beta energies, the PI 

decreases and beta-particles tend to transfer (on average) a lower amount of energy as 

these travel through a medium [Skr36, Iba06].  For beta velocities (in units of the velocity 

of light) ranging from ß = 0.45 to ß = 0.96, the PI varies with 1/ ß2 [Bro39].  For ß  0.76, 

which corresponds to a beta energy of 270 keV, the PI is approximately 26.1 ions/cm for 
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N2 and 18.3 ions/cm for Ne at normal temperature and pressure [Skr36].  For the travel 

length of 500 µm (e.g., the height of the micro-detector), a beta-particle with a velocity of 

0.76 will approximately generate on average 1.3 ions in N2 and 0.92 ions in Ne.  

 
(a) 

 
(b) 

Figure 2.4: Theoretical estimates of the fraction of beta-particles that pass through the 
glass versus those absorbed in the glass as a function of glass thickness for (a) 90Sr and its 
daughter isotope 90Y and (b) 204Tl.  For each trend, EC1 has been plotted from 200–300 
keV, in 20 keV intervals.  Varying trends for each isotope are attributed to differences in 
the beta spectrum shape and endpoint energies, which can potentially be used to 
differentiate between radioactive isotopes. 
 

In the beta model, the theoretical estimate of the count rate in the near cavity is 

calculated by: (1) summing the number of beta-particles with energies from EC1 to EC2 

and (2) subtracting the number of particles that are attenuated through the top glass cap.  

The count rate in the far cavity is calculated similarly, but also takes into account the 

additional energy loss through the intercavity attenuator.  By matching experimental 

count ratios with theoretical estimates for a known attenuator thickness, an initial real-

time assessment of the isotope identity can be provided. 

2.3 Device Fabrication 

The micro-detector is fabricated in a simple, two-mask process involving a Si wafer 

and two glass wafers - G1 and G2 (Fig. 2.5).  Beginning with a 500 µm-thick <100> Si 
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wafer, a 1 µm-thick SiO2 is grown using wet oxidation.  Mask 1 defines a p++ Si boron 

diffusion profile for the central cathode and amplification region near the anode wall.   

Boron is diffused 8 µm-deep and the oxide is removed with a hydrofluoric acid (HF) 

dip.  Another 1 µm-thick layer of SiO2 is grown on the Si wafer and patterned by Mask 2, 

which defines the footprint for the tapered anode wall.  The boron doping of silicon is 

used as an etch-stop during the dissolution of undoped Si in ethylene diamine 

pyrocatechol (EDP).  EDP is a wet solvent that anisotropically etches silicon, exhibits 

dopant selectivity, and is widely used in the microfabrication of sensors [Pet82].  

A 500 µm-thick Pyrex (Corning #7740) glass wafer (G1) is perforated in locations 

that will later provide electrical access to the cathode.  While electrochemical discharge 

machining is preferred for perforating the glass, other options are available [Bel00, 

Zhe07, Wes07].   

 
Figure 2.5: Process flow of the micro-detector.  Mask 1 defines a boron etch stop, 
Mask 2 a patterned oxide.  Machined glass vias allow electrical contact to the cathode 
and anode. Anodic bonding followed by EDP etching define the device cavity.  The 
processed Si wafer stacked on the glass cap completes the micro-detector structure. 
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(a) (b) 

  
(c) (d) 

Figure 2.6: (a) A composite chip containing multiple micro-detectors with volumes 
that are orders of magnitude smaller than traditional tubes.  (b) Backside view of the 
device. (c)-(d) Close-ups of the of the silicon electrodes.  

 
The Si wafer is aligned to G1 and anodically bonded to it.  The Si wafer is etched 

using EDP, forming the cavity structures and exposing the boron-doped cathodes and 

amplification regions.  Another 500 µm-thick Pyrex glass wafer (G2) is machined to 

form the glass cap, which is stacked on the cavities of the Si/G1 structure.  The entire 

structure is then tested in a flow chamber with various fill-gases.  A metal layer (e.g., Au) 

can be optionally patterned on the glass cap to enable future wafer-level gas packaging 

using Si/Au eutectic bonding [Wol97, Har03].  A photograph of a composite die in Fig. 

2.6a -b shows six separate micro-detector cavities.  A close-up of the micromachined 

features (Fig. 2.6c-d) shows the corner edges where high concentrations of electric field 
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can result in non-uniform inefficient detector operation and excessive wear of the 

electrodes at these locations.  

The fabrication process for the double-stacked micro-detector is similar to the basic 

device process (shown in Fig. 2.5), but requires an additional step for aligning the 

detection cavities.  It involves two Si wafers (Si1 and Si2) and three glass wafers (G1, 

G2, and G3).  First, Mask 1 and Mask 2 are used to define the boron diffusion and cavity 

profiles on each 500 µm-thick <100> Si wafer (Si1 and Si2).  Second, the glass wafers 

are machined.  Mask 3 can be used optionally to selectively thin and pattern the glass cap 

(G1) and intercavity attenuator (G2).  This customization can provide varying absorption 

thicknesses that target various beta energy ranges (Section 2.2) on the same device.  

Perforations are machined in the glass cap (G1), which provides electrical access to the 

cathodes in the near cavity.  Patterned openings are also made in G3 (the glass substrate), 

to provide electrical contact in the far cavity.  

Si1 is aligned to G2 and then anodically bonded to it, and Si2 to G3.  Each Si/glass 

structure is etched using EDP, and then Si1/G2 is stacked above Si2/G3.  The machined 

 
Figure 2.7: Photograph of the double-stacked micro-detector showing the two-tiered 
structure and the intercavity attenuator. 



 

39

glass cap (G1) is stacked above the entire structure.  Solder plugs or conductive epoxy are 

used to seal the machined holes in the glass cap and glass substrate (G1 and G3).  A die 

containing multiple double-stacked micro-detectors (without bonding) is shown in Fig. 

2.7. 

 
Figure 2.8: Preliminary test setup for the micro-detector; fill-gas mixture is continually 
flowed through the chamber during measurements.  Inside the chamber, a beta source is 
positioned at a fixed distance from the device.  The bias circuitry includes ballast 
resistors (RA, RB, and RC) and a discharge capacitor (CD). 
 

2.4 Experimental Results 

2.4.1 SiG Single-Stacked Micro-Detector 

The testing setup used to characterize the SiG single-stacked micro-detectors is 

shown in Fig. 2.8.  The bias circuitry includes ballast resistors located at each electrode 

and between the anode and the power supply in order to minimize damage from current 

microdischarges.  A discharge capacitor, CD, provides the operating bias for the micro-

detector.  When a beta-particle triggers a microdischarge, CD discharges through the 

micro-detector and lowers the applied bias.  The bias drops below the threshold value for 

avalanche breakdown and the discharge is quenched.  By operating near the Geiger-

Mueller regime, the discharge current pulses can be easily measured without further 

amplification.  
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Figure 2.9: Photograph of 0.1-1.0 
µCi radioisotope source samples 
of various materials used to test 
devices. 

 

  
(a) (b) 

Figure 2.10: (a) Relative count rates decrease as source-to-detector distances increase.  
Count rates also decrease with smaller cavity sizes.  Four cavity sizes were tested at 
three separation values using 90Sr. (b) Relative count rates for various radioisotopes and 
varying gas environments.  
 

 
A gas-controlled test chamber was used to evaluate a variety of fill-gases within the 

sensor, which was operated without the glass cap for the purpose of testing.  The fill-

gases evaluated were He, Ne, and a mixture of He and air.  Very weak (0.1-1.0 µCi) 

radioisotope sources (90Sr and 204Tl) were placed in the chamber to calibrate the detectors 

(Fig. 2.9).  The count rate measured in the He environment showed a slightly higher 

count rate (10-15%) compared to the Ne environment.  Figure 2.10a illustrates the 

relative count rate for various cavity dimensions (8X8 mm2, 4X6 mm2, 3X6 mm2, and 3X3 

mm2) as a function of source-to-detector distance in a He ambient, while detecting 90Sr.  

As expected, count rates increase with larger detection area and decrease with larger 
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source-to-detector separation.  Figure 2.10b shows the relative count rate for various fill-

gas environments. 

The micro-detector performance was compared to a commercial general-purpose beta 

monitor (RPI, Radmonitor: GM1) using a 0.1 µCi source of 90Sr at a distance of 5 cm.  As 

a rule of thumb, the average beta energy can be roughly estimated by [Mar06]:  

E ,average =
1

3
E ,max  (MeV) (2.9) 

More rigorously calculated values for the average beta energies of 90Sr and 90Y are 

196.4 keV and 935.3 keV, respectively [Fir01].  The calculated dose rate under these 

conditions (assuming 90Sr and 90Y are in equilibrium) is 13.5 mRad/hr.  The commercial 

device, which used a Geiger-Mueller gas tube with a radius of 1.6 cm and a length of 14 

cm, provided 9000 cpm; whereas the micro-detector, with a detection volume of 3.02 

X10-2 cm3, provided 500 cpm.  When normalized to detector volume, the micro-detector 

performance appears to be quite encouraging.  The operating voltages for the micro-

detector (800 V) and the commercial detector (600 V) are comparable.  

 
Figure 2.11: Normalized count rates in the presence of a uranium ore containing two 
different isotope sources show a decreasing trend (by a factor of about two) as the glass 
cap thickness increases from 500 µm to 750 µm. 
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The effect of glass cap thickness on the micro-detector count rate was examined (Fig. 

2.11).  Standard glass thicknesses between 500 µm and 750 µm were tested.  As the cap 

thickness increases, more beta radiation is absorbed before reaching the fill-gas and the 

measured count rate decreases.  These preliminary results demonstrate simple calibrated 

energy absorption through Pyrex glass.  This data has relevance for the stacked micro-

detector, in which the intercavity attenuator has similar behavior. 

 
Figure 2.12: An oscilloscope trace of the upper (near) cavity of the stacked micro-
detector shows more pulses per unit time than the lower (far) cavity, for which the glass 
intercavity attenuator blocks the lower energy particles.  Conducted in a Ne ambient. 

 

2.4.2 SiG Double-Stacked Micro-Detector 

Two separate bias circuits (identical to the one used for the micro-detector) and 

power supplies were attached to each tier of the stacked micro-detector.  A 1 cm spacer 

was used to maintain the source-to-detector distance.  As noted previously, in the stacked 

micro-detector, higher energy particles are able to penetrate both cavities, while lower 

energy particles are absorbed in the intercavity attenuator.  Preliminary results (Fig. 2.12) 

include an oscilloscope trace of current pulses taken from the near and far cavities with a 

500 µm-thick intercavity attenuator, while in the proximity of a 90Sr source.  The 
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variation in pulse heights within each cavity is due to the statistical variations in 

breakdown characteristics during operation.  It is not associated with operation in the 

proportional regime because the current pulse amplitudes are much larger than those 

associated with proportional counters. 

  
(a) (b) 

Figure 2.13: (a) Using EC1 = 5 keV and EC2 = 270 keV, the measured results from the
stacked micro-detector were compared with a theoretical estimate.  Count ratio is the
fraction of measured activity in the far cavity over the near cavity.  The intercavity
attenuator thickness was 500 µm.  The error bars indicate the change in count ratio with a
10 keV change in EC2.  (b) Normalized count rates for the near and far cavities of the
stacked micro-detector, while detecting two different isotopes (1.0 µCi of 204Tl and 0.1
µCi of 90Sr).  The near cavity consistently detected more particles than the far cavity.
This suggests that higher energy beta-particles are detected in both cavities, while lower
energy particles are detected in the near cavity alone. 
 

Figure 2.13a compares the experimental count ratios for 90Sr and 204Tl with a 

theoretical estimate using the parameters EC1 = 5 keV and EC2 = 270 keV.  Radiation with 

higher endpoint energies is expected to produce higher count rates in both cavities (near 

and far).  204Tl has a higher endpoint energy (0.764 MeV) compared to 90Sr (0.546 MeV).  

This corresponds to the higher count ratio measured (0.42) and estimated analytically 

(0.31) for 204Tl compared to 90Sr, which had a measured ratio of 0.14 and an estimated 

ratio of 0.19.  The error bars indicate the change in count ratios as EC2 is modified.  

Figure 2.13b shows the different isotope signatures for 90Sr and 204Tl.  The difference in 
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normalized count rates from the near and far cavities can be an initial method of 

identifying the nature of beta-particles. 

 

2.5 Discussion 

In the beta model used to estimate the count ratio, there are several assumptions and 

simplifications that have been made.  For example, it assumes that every beta-particle 

entering either cavity with an energy between EC1 and EC2 will deposit enough energy to 

initiate a microdischarge.  However, beta-particles deposit a statistical spread of energies 

[Iba06].  In addition, the model assumes that the device is ideally biased in a regime 

where even a single ionization event will instigate breakdown.  The model also assumes 

that the beta-particles have trajectories that are perpendicular to the detector surface and 

does not take into account the angle of incidence or scattering effects.  In actuality, beta-

particles can scatter in any direction or have an angle of incidence such that the particles 

only interact in the near cavity and never reach the far cavity [Spa82].  Each of these 

factors may affect the experimental count ratios.  

During the course of this work, it became clear that the electrode shape (i.e., the 

square cathode and concentric square anode) was not optimal for operation.  The corners 

of the structures concentrate field lines and favor discharges in these local areas.  This 

limits the detection capability of the rest of the structure.  In addition, the non-uniformity 

around the perimeter of the structure led to increased electrode erosion at these 

concentrated field sites.    

In this work, helium and neon were evaluated as possible fill-gases.  Although helium 

provided a slightly higher count rate (10-15%), it could be more challenging to package.  
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Another consideration is the use of fill-gases with larger atomic numbers (e.g., Kr and 

Xe), which may be easier to package and can increase gamma radiation interaction.  One 

possible option for gas packaging involves using commercial high-voltage packages with 

a glass cap for die-level, hermetic sealing.  Another option is to pattern a metal layer on 

the glass cap wafer and use Au-Si eutectic bond rings to provide wafer-level packaging.  

The metal layer can also serve to alleviate possible charging issues on the glass substrate, 

however, this effect has not been observed.  

2.6 Conclusions 

This work has shown that micro-detectors for beta radiation can be fabricated using a 

very simple two-mask process involving stacks of Si and glass with detection cavities 

varying in size from 9 mm2 to 64 mm2, and using He and Ne fill-gases at atmospheric 

pressure.  Various radioisotopes such as 90Sr, 204Tl, and a uranium ore were used to 

evaluate the devices.  The devices showed sensitivity that was comparable to a 

commercial gas-based radiation monitor.  The design allows for flexibility in terms of 

sizing and integration with other types of sensors to form composite structures with 

greater functionality.  For example, a two-tiered structure (stacked micro-detector) with 

aligned detection cavities could enable simple, front-end energy spectroscopy, providing 

distinguishable profiles for 90Sr and 204Tl.  This design can be further extended to include 

multiple stacks with varying attenuator thicknesses, which can increase the energy 

resolution of the micro-detector. 
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CHAPTER 3:  WIRELESS SIGNALING OF BETA DETECTION 
USING MICRODISCHARGES 

 

3.0 Motivation 

Microdischarges have found application in many different fields of research, ranging 

from the manufacturing technologies (e.g., µEDM and vacuum packaging [Tak02, 

Wri07]), to environmental sensing applications (e.g., chemical analysis of fluids and 

radiation monitoring [Chu08, Que05, Kno00]).  Discharges have played more traditional 

roles in the past with semiconductor processing, materials treatment, light sources and 

displays.  However, the application of discharges for wireless signaling is limited and 

much is still unknown.  Recently, growing interest in ultra-wideband (UWB) technology 

has sparked a new wave of efforts in the development of discharge-based transmitters. 

The exploration of RF radiation from discharges between micro-structures provides many 

avenues for continued research, particularly in combination with sensing and sensor 

networks.   

The goal of the work described in this chapter is to evaluate wireless signals that are 

produced by micro-detectors that are typically biased in the Geiger-Mueller regime.  It is 

generally known that RF signals can be generated concomitantly with a current 

discharge.  The wireless spectrum, which may extend into the UWB frequency range, is 

dependent on the shape of the current waveform in the time-domain [Jac99, Jan88, 

Wil91, Mar92].  The radiated electric fields in the near-field are governed by the time-
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domain current behavior, while the far-field is controlled by the derivative of the current 

(based on a /2  transition point) [Wil91]. 

In this chapter, gas-based micro-detectors and the inherent wireless transmissions that 

can be generated during sensor operation are examined [Eun10].  Two types of 

lithographically fabricated test structures are evaluated: (1) a silicon and glass (SiG) 

micromachined structure with 500 µm discharge gaps and (2) a planar, metal-on-glass 

(MOG) structure with discharge gaps ranging from 165–235 µm.  Section 3.1 describes 

the method for sensing beta radiation and factors that impact discharge-based wireless 

signaling.  Section 3.2 briefly details the fabrication process for the test structures 

followed by the experimental results (in Section 3.3).  These include both wired 

measurements of terminal currents and wireless measurements of the transmitted 

spectrum.  The impact of structural variables of the test structure, such as electrode gap, 

fill-gas type and pressure are described. 

3.1 Test Structure Design and Operations 

In 1889, Friedrich Paschen published a paper describing the non-linear relationship of 

breakdown potential as a function of gas pressure (p) and electrode separation (d) 

[Pas89]: 

V = f ( pd)  (3.1) 
Known as Paschen’s curve, it is based on the Townsend breakdown mechanism in 

gases; a cascading of secondary electrons that are emitted from collisions in the gap.  It 

predicts for a specific set of parameters (gas composition, electrode material, and 

electrode shape) the minimum breakdown potential for the product of pd.  This 

relationship has been experimentally tested and reported for many different parameters 
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with good agreement.  However, the very complex and erratic nature of discharges due to 

many externals factors (i.e., radiation, dust, surface irregularities, or noise in the voltage 

source) limits the accuracy and predictability of Paschen’s law.  Nonetheless, it provides 

a very useful tool in analysis.  The rest of this section describes the SiG and MOG test 

structures that were introduced above and identifies how the design can affect wireless 

signaling.   

(a)  

(b)  
Figure 3.1: Each test structure includes a pair of litho-fabricated electrodes (Si or metal)
on a glass substrate.  Electrode gaps range from 200-500 µm-wide.  (a) The Si/glass (SiG)
design has a central cathode and a concentric anode. Beta radiation passing through the
weak-field (drift) region near the cathode ionizes the fill-gas; the electrons are accelerated
in the high-field amplification region near the anode creating a current pulse. (b) The
metal-on-glass (MOG) design is a simpler structure with a single field region. 
 

3.1.1 Si/glass (SiG) Test Structure 
 

The SiG structure (Fig. 3.1a) has a gas-filled cavity with two regions that are intended 

to have very different electric fields: the region proximal to the cathode has a weak field 

�����

'����
�������	
� :����

�	

����	

��(���
��	!�

�������

=	>������������
�	����	
�����	
�

�����������(��
����
����������	
�����	
�
",��� ��� �$�

8���

����	
�/���	���0
	��

�����

���

'����
�������	
�

)�)

�����
0��#� �
	��#��

,���
/�	��������	
��)��>�



 

49

and is called the drift region, whereas that adjacent to the anode is the high-field 

amplification region.  Incident beta particles enter the cavity and ionize the fill-gas.  (In 

contrast with conventional Geiger counters, which operate in partial vacuum, this fill-gas 

is near atmospheric pressure, which increases the number of gas molecules able to 

participate in the sensing of radiation.)  The ionized carriers within the drift region are 

moved into the amplification region.  In the amplification region, the electrons are 

quickly accelerated, resulting in an electron cascade, and eventually a microdischarge.  

The drift region is designed to be much larger than the amplification region, to allow 

pulses to be relatively independent of the entry position of the beta particle.  

The cavity structure comprises a square, micromachined Si wall (i.e., the anode) 

bonded to a glass substrate. The Si wall has two layers: a 22 µm-tall layer of boron-doped 

p++ Si and above this, a 473 µm-tall layer of bulk Si.  In the center of the cavity, there is a 

square, 22 µm-tall p++ Si island (i.e., the cathode).  The amplification region 

(approximately 500 µm-long) is defined by the p++ Si layers of the anode wall and the 

edge of the cathode.  The drift region is located between the center of the cathode and the 

anode wall and is approx. 4 mm-long.  The interaction volume, which is defined by the 

drift and amplification regions, measures 8X8 mm2 with a depth of approx. 473 µm.   

3.1.2 Metal-On-Glass (MOG) Test Structure 

The MOG test structure is simpler than the SiG structure, comprising only planar, 

thin-film metal electrodes patterned on a glass substrate (Fig. 3.1b).  The electric field 

extends between the electrodes and in the gas volume immediately above, where the beta-

initiated ionization takes place.  Various metals can be used for the electrodes  e.g., Cu, 

Ni, or Ir.  The structure with Cu electrodes utilizes a 25 µm-thick layer of metal 
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electroplated on a 500 µm-thick glass substrate.  The electrode gaps range from 165–235 

µm.  The interaction volume (i.e., the region between the anode and cathode) is 

approximately 200X500 µm2 with a depth of approximately 25–50 µm, as determined by 

the electric field.  

 

3.1.3 Wireless Signaling From Microdischarges 

Due to high degree of variability in discharge mechanisms and behaviors, developing 

an accurate analytical model of its RF transmission characteristics is challenging.  A 

range of approaches has been developed [Kun93, Kad91, Fuj03, Wil91], with varying 

degrees of success.  Radiation sensing, itself, has inherent randomness, which makes 

modeling its transmission characteristics nontrivial.   

Studies on the discharge characteristics (with electrode gaps from 100–500 µm) have 

shown that the spectral performance can be impacted by several factors, such as electrode 

gap and electrode capacitance [Jan88].  Smaller electrode gaps (which typically allow 

lower operating voltages) provide smaller rise/fall times of the discharge current, which 

increase the bandwidth of the frequency spectrum.  The electrode capacitance includes 

both the parasitic capacitance between the metal electrodes, and the space charge 

surrounding the electrodes.  Increasing this capacitance reduces the time derivative 

(steepness) of the discharge current pulse.  (This can be interpreted as the increase in time 

necessary to transport the charge associated with the larger capacitance.)  In the 

frequency domain, as the electrode capacitance increases, the lower end of the radiated 

spectrum tends to dominate [Jan88].  

 The use of metal electrodes with higher secondary electron emission coefficients 

(SEEC) can increase RF performance.  The SEEC is defined as the number of ejected 
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electrons per incident positive ion; these electrons trigger the avalanche process.  

Additionally, the composition and pressure of the gas in the discharge gap can impact the 

ease of ionization and the nature of the discharge current pulse, which can influence the 

radiated spectra.  Hence, by tailoring the electrode material, operating pressure, and ratio 

of various fill-gases (i.e., Ne and N2), the RF performance can be controlled. 

 

3.2 Fabrication 

3.2.1 SiG Test Structure 

The SiG micro-structure is fabricated in a similar process described in Chapter 2 

[Eun08].  Beginning with a 500 µm-thick, double-polished, 1–10 -cm, <100> Si wafer, 

an oxide-masked boron diffusion (8 µm-deep) is used to define the central cathode and 

amplification region near the anode wall.  The oxide is removed with a hydrofluoric acid 

(HF) dip.  A second oxide mask on the backside of the wafer defines the footprint of the 

tapered anode.  The Si wafer is aligned to the glass wafer (which is 500 µm-thick Pyrex 

#7740), and anodically bonded to it.  The Si wafer is then subjected to a dopant-selective 

etch using ethylenediamine pyrocatechol (EDP), to form the cavity structures and expose 

the boron-doped cathodes and amplification regions.   

A second glass layer (G2) normally caps the cavities.  However, for the purpose of 

preliminary tests reported in this paper, the cavity structures are left unsealed and without 

the presence of the glass ‘cap’ layer, which allows different fill-gas conditions to be 

evaluated.  The test structure is then bonded to a standard high voltage (HV) package.  

Figure 3.2a shows a photograph of a composite die that has six separate test cavities on 
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the microchip.  Care was taken to isolate the test structure from the surrounding package 

by using an insulation material (mica) between the seat of the device and package base.   

(a)  (b)  
Figure 3.2:  (a) Photograph of the SiG micro-chip containing several different-sized test 
cavities.  The 8X8 mm2 cavity is shown bonded to a “plug-in” style bathtub package 
(i.e., similar in type to Aegis, #PB114174EC100) that can be hermetically-sealed. 
Electrical leads to the test structure were accomplished using a conductive epoxy, while 
connections to the package were soldered. (b) Photograph of the MOG test structure. 
 

3.2.2 MOG Test Structure 

The MOG test structure requires only one masking step.  For the MOG (Cu), a Ti/Cu 

(50 nm/100 nm) seed layer is first sputtered on a 500 µm-thick Pyrex glass wafer.  This is 

followed by a photo-patterned electroplating mold for a 25 µm-thick Cu layer.  The 

photoresist mold is then removed and the base layers are etched away to form the 

structure (Fig. 3.2b).  The MOG (Ni) and MOG (Ir) test structures utilize thin-film 

electrodes (100 nm and 300 nm, respectively) that are formed by a lift-off process. 

3.3 Experimental Results 

 
In order to understand the RF signaling that was generated by the electrical 

microdischarges in the presence of radiation sources, two types of measurements were 

conducted: wired and wireless.  These measurements compared the microdischarges in the 

time-domain and frequency-domain.  The impact of factors such as electrode gap, gas 
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species, and gas pressure on the discharge behavior was investigated.  The test structures 

were also evaluated in the absence of radiation sources.  In these tests, the microdischarges 

were stimulated electrostatically, and by background radiation. 

 
Figure 3.3: Test setup showing the test structure and power circuitry positioned inside
the anechoic chamber.  When a beta source is present, the emitted particles initiate
current microdischarges and consequent wireless transmission.  The RF signal is
measured by a receiving antenna connected to either (1) a spectrum analyzer or (2) an
AM/FM radio.  The radiation source-to-test structure distance (d1) varied (up to 5 cm), as
well as the antenna-to-test structure distance (d2).  Tests were operated in various gas
environments, such as air, a Ne/air mixture, and a Ne/N2 fill-gas environment.  Applied
voltage was between 800 – 1200 V. 
 

3.3.1 Experimental Setup 

The test structures were placed in a larger test chamber that was filled with controlled 

mixtures of Ne/air, Ne/N2, or air.  For the wired measurements, a high-frequency (1 GHz) 

current probe was inductively-coupled to the cathode and connected to a wideband 

oscilloscope (4 Gs/s).  For the wireless measurements (shown in Fig. 3.3), tests were 

conducted inside an anechoic chamber that housed only the test structure and antenna.  

(The power supply and spectrum analyzer were located outside the chamber.)  Table 3.1 

summarizes the test conditions for each test.   
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Table 3.1: Reference chart of the various test conditions organized by figure number. 

Figure # 
Device 
Structure 

Wired/Wireless 
Measurement 

Antenna 
Type 

Gas Type & 
Pressure 

Discharge  
Initiation 

5 MOG (Cu) Wired N/A 
Ne/N2 @ various 

pressures 

Beta-
initiated/ 

Electrostatic 
6 SiG Wired N/A Air @ 760 Torr Electrostatic 
8 SiG Wireless Whip Ne/air @ 760 Torr Beta-initiated 
10 SiG Wireless Whip Air @ 760 Torr Electrostatic 

11 MOG (Ir), SiG Wireless 
Log-
Periodic 

Air @ 760 Torr Electrostatic 

12 MOG (Ir, Cu) Wireless Whip 
Various 

environments 

Beta-
initiated/ 

Electrostatic 
 

A high-voltage DC power supply powered the test structure through a discharge circuit 

consisting of various passive components, such as ballast resistors and a bias capacitor.  

The drive circuit for the SiG and MOG test structures is shown in Fig. 3.3.  For some tests 

that utilized the MOG structure, an external capacitor was not used.  The capacitive 

element in the circuit diagram represents only the inherent capacitance of the electrodes 

( 1.1 pF).  Each test structure was placed at specified distances from the sealed beta 

sources.  The radiation sources were pure beta emitters e.g., 0.1 µCi of 90Sr and 1.0 µCi of 

204Tl.  Beta particles directly interact with the fill-gas with higher probability compared to 

gamma radiation. 

3.3.2 MOG Test Structures 

The MOG test structures were used to illustrate the impact of electrode spacing, 

pressure, and gas mixture.  These measurements are collectively described in Fig. 3.4 and 

Table 3.2.  Figure 3.4 shows measurements for two MOG gap separations (165 µm and 

235 µm) and two gas ratios of Ne and N2 (10:1 and 25:1 volumetric ratios).  Table 3.2 

shows measurements for 235 µm electrode gaps and Ne:N2 ratios of 1:5 to 3:5.    
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Consistent with Paschen’s curve [Pas89], the smaller electrode gap exhibited a 

smaller minimum operating potential compared to the larger electrode gap.  The 

minimum operating voltage is the lowest voltage required to initiate a microdischarge in 

the presence of radiation.  In addition, the electrostatically stimulated operating voltage 

(EOV) was observed to be higher than the operating voltage in the presence of beta 

radiation (Beta OV).  

 
Figure 3.4: Wired measurement. Operating voltages in the presence of 1.0 µCi of 204Tl
beta radiation (Beta OV), and electrostatically stimulated operating voltages (EOV) as a
function of pressure and electrode gap.  The Ne:N2 gas ratio varied from 10:1 and 25:1.
MOG (Cu) test structures were tested. 
 

As additionally expected from Paschen’s curve, the minimum operating voltage 

increased with fill-gas pressure.  This is illustrated, for example, by the plots for 235 µm 

electrode spacing in 10:1 Ne:N2 (Fig. 3.4).  (This suggests that packaging the device in 

partial vacuum can diminish the minimum operating voltage.)   

Also expected from Paschen’s curve [Rai97], higher Ne:N2 decreased the minimum 

operating potential.  In Table 3.2, for example, an increase in Ne content from 17% to 

38% decreased the operating potential by 200 V.  This is consistent with Fig. 3.4, where 

the Ne content was increased from 91% to 96%.  (This lowering of minimum operating 

voltage may be attributed to the lower ionization potential of the monatomic gas, Ne 
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(21.6 eV) compared to the effective ionization potential of the diatomic gas, N2 (32–38 

eV) [Yus07]). 

Table 3.2: Impact of fill-gas mixture on operating voltage and total received wireless 
power from 0-4 GHz.   
Pressure = 737 Torr 
Electrode gap1 = 235 µm 

Ratio of (Ne:N2) 
1:5 2:5 3:5 

Minimum operating voltage (V) 1400 1300 1200 
Total received wireless power above background2 (dBµV-
MHz) 

4412 4690 4155 

1The MOG (Cu) test structures with 235 µm electrode gaps were tested. 
2Total received background noise 214,350 dBµV-MHz.  

 

The impact of the gas mixture on the RF transmission was also evaluated.  The ‘total 

received wireless power’ was determined by summing the amplitudes of all frequency 

components of the RF spectra measured during current discharge activity.  The spectra 

spanned the measurement bandwidth (0–4 GHz in 10 MHz intervals).  The ‘total received 

background noise power’ was determined similarly by summing the amplitudes of the 

measured RF spectra without current discharges present.  This value limits the minimum 

detectable wireless signal.  As shown in Table 3.2, the signal-to-noise ratio of the 

received wireless power remained consistent regardless of the fill-gas mixtures evaluated, 

and despite the changes in minimum operating voltage. 

3.3.3 SiG Test Structures 

Figure 3.5 shows oscilloscope traces of the impulse-shaped current pulses from 

electrostatic discharges in the SiG micro-structures.  There are two components: a large 

primary discharge, and smaller, faster, secondary discharges.  The primary discharge is 

governed mainly by the RC time constant of the circuit (which is on the order of 100s of 

µs in duration).  The smaller secondary discharges are superimposed on the primary 

discharge (and are on the order of 10s of ns in duration).  As the bias capacitor is reduced 
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from C = 2 nF to C = 10 pF, the primary discharge duration reduces until the primary and 

secondary pulses converge into a single current pulse.   

 
Figure 3.5: Wired measurement. The current pulses from the SiG test structure are
impulse-like in shape.  Within the primary discharge (100s of µs), there are many smaller
secondary discharges (10s of ns) that also take place as shown.  The microdischarges
have an initial large peak with rise times on the order of 0.1-2 ns, which are thought to be
responsible for generating the RF signal.  A high-frequency (1 GHz) current probe
inductively-coupled to the cathode and connected to a wideband oscilloscope (4 GSa/s)
was used to measure the electrostatically stimulated discharge. 
 

The bandwidth (Hz) of a signal pulse can be estimated by the pulse rise-time (s): 

Bandwidth(Hz)
0.35

rise time  (s)  (3.2) 

The measured current pulses from the test structures have an initial large peak with rise-

times on the order of 0.1–2 ns (which correlates to 175 MHz - 3.5 GHz), and contributes 

to the wideband nature of the RF signal (Eq. 3.2). 

Joint time-frequency analysis, in particular, the short-time Fourier transform (STFT) 

can be used to evaluate how the frequency content of the signal changes with time.  The 

STFT is determined by performing the Fourier transform on short sections of the time-

domain signal.  The spectrogram is an image representation of the STFT where the x-axis 

and y-axis represent time and frequency, respectively, while the color denotes the signal 
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intensity at that particular frequency and time.  For example, Fig. 3.6a shows an 

expanded view of the current signal in Fig. 3.5.  Figure 3.6b is the spectrogram of the 

current signal.  The frequency content for the measured microdischarge signal extends 

into the GHz frequency range with the majority of the signal intensity concentrated at the 

initial peaks of the current signal.   

(a)  

(b)  
Figure 3.6: (a) Four current pulses from wired measurements taken from Fig. 3.5 exhibit
large initial peaks. (b) The short-time Fourier transform (STFT) of these pulses shows
spectral content extending into the GHz frequency range that is concentrated at the
beginning of each pulse, and decays over time. 
 

The wireless spectrum was monitored using antennas coupled to a spectrum analyzer 

(Agilent ESA4405B).  There were two types of receiving antennas used for the wireless 

measurements: a log-periodic antenna (EMCO 93146) and an 800 MHz whip antenna.  

The antenna gain factors (AGF) were provided by the manufacturers (Fig. 3.7).   
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Figure 3.7: Antenna gain factors (AGF) supplied by the manufacturers for the 200 MHz –
1.1 GHz log-periodic antenna (EMCO 93146) and the 800 MHz whip antenna used for
this effort.   

 

 
Figure 3.8: Wireless measurement. The measured signal power (above background noise)
attenuates as a function of the antenna-to-test structure (SiG) distance, d2.  The total
received wireless power is the sum of all measured frequency amplitudes from 100 MHz
to 500 MHz taking into account the AGF.  The total received background noise 21,767
dBµV-MHz. 

 
The total received wireless power decreases with antenna-to-test structure distance 

(Fig. 3.8).  Here, the total received wireless power was determined by summing the 

amplitudes of all frequency components spanning the measurement bandwidth (100–500 

MHz in 0.833 MHz intervals).  The measurements were performed in air at atmospheric 

pressure as the fill-gas for a SiG test structure.    
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 (a)  

(b)  

(c)  

Figure 3.9: Varying capacitor size can impact the frequency spectra.  For example, from
80 MHz to nearly 3 GHz, the bias capacitance was evaluated at (a) C = 10 pF, (b) C =
470 pF, and C = 22 nF.  The antenna gain factor for the receiver antenna is shown in (a).
As the capacitor size decreases, not only does the relative signal strength increase, but
the signal content increases overall.  All tests were conducted in a Ne/air atmosphere,
while detecting 204Tl in NBFM reception mode. 
  

The parameters of the drive circuitry with respect to the radiated spectra (Fig. 3.3) can 

have a significant impact on the frequency response.  For example, the bandwidth can be 

proportional to the load resistance, RL (i.e., the resistance tied to the cathode) [Jan88].  In 

addition, it has been observed that as the external capacitor that is attached to an SiG test 
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structure, decreases from 22 nF to 10 pF (Fig. 3.9), the radiated bandwidth and spectrum 

content increases [Eun06].  This presents an important design compromise, because a 

large C can accommodate a wider dynamic range of incident beta particles without 

changing the bias across the electrodes.  For example, if there is a surge of beta particles 

that are incident upon the detector, a small C will be discharged more rapidly, reducing 

the bias, and inhibiting the electric field from detecting beta particles following 

immediately after.  The frequency scans were taken in narrow band FM reception mode 

in the presence of 204Tl. 

 

 

Figure 3.10: Radiation pattern plots for the micro-detector discharges spanning from 0° to
180° around the perimeter of a circle with a radius of 91.4 cm.  The 2.0-2.8 GHz radiation
patterns are fairly uniform around the circle. 

 
 
The received RF pattern was measured around the perimeter of a circle with radius 

91.4 cm from 0° to 180°.  There was relatively good uniformity of the RF transmissions 

with respect to reception angle (Fig. 3.10). 
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(a) 

  
(b) 

Figure 3.11: The RF spectra from SiG microdischarges (a) in presence of three 
different radioisotopes (60Co, 90Sr, and 204Tl) using the same circuit parameters gave 
nearly identical spectra.  Taken in AM reception mode. (b) The impact of packaging in 
an industry standard high-voltage package was found to be minimal. Taken in AM 
reception mode. 

 

There was no detectable impact on the RF performance from the type of beta source 

(Fig. 3.11a).  To address the impact of using standard packages on the device 

performance, the RF spectra were measured with and without the SiG test structure 

bonded to a package of the type and configuration shown in Fig. 3.2a.  There was 

minimal influence on the measured output spectra from the HV metal package (Fig. 

3.11b).  Care was taken to isolate the device from the surrounding package by using an 

insulation material (mica).  A 500 µm-thick glass lid was specially machined for this 

effort.  

 

3.3.4 Comparisons of Test Structures 

A comparison of the RF spectra generated by the SiG electrodes with the MOG (Ir) 

electrodes showed a good overall matching of the shape and amplitude (Fig. 3.12).  The 

AGF and free space loss (FSL) were taken into account in order to determine the 

generated RF signal at the transmission point (i.e., at the micro-structure).   
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Figure 3.12: Wireless measurement. A comparison of the RF spectra generated by the
SiG electrodes with the MOG (Ir) electrodes showed similarities in shape and amplitude.
The spectra were measured in an anechoic chamber with an antenna-to-test structure
distance of 1.67 m.  The AGF and the FSL were taken into account. 
 

(a)  

(b)  
Figure 3.13: Wireless measurement. (a) Generated RF signal above the background noise
spectrum. The AGF was taken into account. (b) Signal reproducibility demonstrated using
various MOG test structures at various times (spanning approx. 3 years) and locations
(e.g., inside and outside the anechoic chamber).  Also, each spectrum was taken at
different distances.  In order to account for this, the AGF and FSL were taken into
account. 
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Figure 3.13a shows the RF signal above the background noise spectrum from a MOG 

(Ir) device at 1.67 m.  This measurement was taken in the absence of a radiation source, 

with air as the fill-gas.  Figure 3.13b shows the reproducibility of the RF signal.  It 

compares the above signal with other measured RF spectra from MOG (Cu) test 

structures.  Each spectrum was measured with the same whip antenna, but at different 

antenna-to-test structure distances, at different times, and at different locations.  The AGF 

and FSL were taken into account for each spectrum in order to compare the generated 

spectra at the transmission point. 

MOG test structures with nickel and copper electrodes (with identical metal patterns) 

show comparable minimum operating voltages at 760 Torr (Table 3.3).  However, nickel 

electrodes provide an increase of approximately 30% in total received wireless power 

compared to copper electrodes.  This is likely due to the higher SEEC of Ni ( 0.015) over 

Cu ( 0.01) [Gui03]. 

Table 3.3: Impact of electrode material on operating voltage and total received wireless
power from 0-4 GHz. 
Electrode Material1 Cu Ni 
Min. Operating Voltage (V) 700 750 
Total received wireless power above background noise2 (dBµV-MHz) 6664 8582 
1MOG test structures with 235 µm electrode gaps.  0.1 µCi of 90Sr. 2Total received
background noise 127,786 dBµV-MHz. 

 
The RF signaling from the SiG test structures was also monitored using a 

commercially-available AM/FM radio.  The radio was positioned at distances greater than 

50 cm from the SiG micro-structure and received RF transmissions spanning the entire 

available AM (525 kHz to 1705 kHz) and FM (88 MHz to 108 MHz) bandwidths (Fig. 

3.14). The length of the receiver antenna was 56 cm.  For these measurements, the test 

structure was in a Ne/air environment near atmospheric pressure.   
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 (a)  

(b)  

Figure 3.14: Wireless measurement. Audio recordings received by an AM/FM radio.  (a)
AM recordings; (b) FM recordings at 108 MHz.  The radiation source was 204Tl, located 1
cm from the SiG test structure; the tip of the radio antenna was 7.6 cm away from the test
structure.  The length of the receiver antenna when fully extended is 56 cm.  The audio
tracings were visualized using the software program, SIGVIEW© which plots signal
intensity versus real time. 
 

3.4 Discussion 

A number of assessments can be made on the basis of the observations.  First, while it 

is possible to initiate discharges in the absence of a radiation source, the bias must be 

elevated by about 50 V.  This is dependent on background cosmic radiation and random 

thermal emission.  The additional bias necessary to initiate electrostatic breakdown 

represents a noise margin. 

Second, with respect to the oscilloscope traces of the electrostatic discharges from the 

SiG micro-structures, the smaller, secondary pulses are likely due to the charged particles 

crossing the electrode gap during the microdischarge.  The physical mechanism involves 

charge build-up on the external capacitor during pre-discharge conditions, and during the 
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discharge, the smaller, secondary pulses bleed out this charge from the external capacitor 

until the potential on the capacitor is below the breakdown threshold of the discharge gap 

and the discharge is quenched. 

With respect to the audio recordings presented in Fig. 3.14, the periodicity of peaks 

(20-30 counts-per-sec) is likely due to the micro-structure drive circuitry.  The detection 

rate is not likely to be limited by the radiation flux (1800-2000 disintegrations-per-sec) 

but rather the recovery time of the drive circuit.  This is dominated by the charging time 

of the capacitor (15-20 ms), and also dependent upon factors such as the local heating and 

cooling of the electrodes during the discharge process.  Additionally, impurities in the 

fill-gas mixture can cause the recombination and neutralization process of the charged 

particles created during the avalanche process to be inefficient, and increase the dead 

time of the detector. 

When comparing the two test structures presented here, several factors must be 

considered, such as ease of fabrication, electrode durability to microdischarges, wireless 

transmission strength and distance.  The wireless transmission capability of the two test 

structures was comparable (as seen in Fig. 3.12).  However, the MOG test structures are 

typically easier to fabricate.  Additionally, the electroplated metal electrodes, which have 

higher thermal conductance than Si electrodes, can be more durable under typical 

discharge conditions.  

3.5 Conclusions 

With the emergence of wireless sensor applications along with new wireless 

standards, distributed wireless sensing networks appear promising.  For example, the 

FCC allocated the frequency range from 3.1 to 10.6 GHz for unlicensed UWB 
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communication in 2002 [FCC02]. Radiation sensors with an intrinsic wireless 

transmission capability offer an efficient and low-power mechanism for remote detection 

and networked monitoring.  In this effort, the evaluation of wireless transmissions from 

radiation detector test structures has demonstrated bandwidths extending into the GHz 

frequency range and field strengths up to 90 dBµV/m at 1.67 m.  This range was 

constrained by the test conditions.  For example, the antenna used to receive the 

transmissions was a general purpose, log-periodic antenna not customized for the nature 

of these transmissions.  In the general case, the maximum separation distance between a 

signaling detector and receiver will depend on the sensitivity and sophistication of the 

receiver.  With appropriate design of both the receiver and the transmitter, transmission 

ranges on the order of 10 m are conceivable.  
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CHAPTER 4:  STACKED ELECTRODE STRUCTURES THAT 
TARGET GAMMA SENSING 

 

4.0 Background 

Gas-based detection of gamma radiation relies on converting the photons into 

photoelectrons and detecting the ejected photoelectrons [Sha75, Shi74, Nak83, Hir48].  

Detection is often facilitated by using high-density metals for the electrodes and for the 

walls encapsulating the fill-gas.  The use of high-pressure, large atomic number fill-gases 

[Leh03, Kif05] can also increase the interaction probability.   

Gamma radiation interacts with materials in primarily three collision processes, i.e., 

the photoelectric effect, Compton scattering, and pair production (Fig. 4.1).  The energy 

of the incoming photon determines the collision process.  Collisions involving low 

energy photons are dominated by the photoelectric effect, where the impinging photon 

transfers all of its energy to an ejected photoelectron.  The angle of ejection is determined 

by the imparted energy.  Collisions of higher energy photons (but E < 1.022 MeV) cause 

Compton scattering, in which a photoelectron and a secondary photon are emitted.  The 

secondary photon may proceed to participate in further collisions.  Finally, for photons 

with E > 1.022 MeV, the collision process is dominated by pair production, where a high-

energy electron and positron are ejected.  The positron is quickly annihilated by a free 

electron, resulting in the emission of two photons with energies of 0.51 MeV. 
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In this chapter, a miniature detector for beta and gamma radiation that is formed by 

assembling micromachined steel and glass elements into a TO-5 package is discussed.  

Section 4.1 describes previous test structures for gamma sensing.  Section 4.2 describes 

the device structure and operation, whereas Section 4.3 details the fabrication processes 

for the metal and glass elements and outlines the assembly procedure.  Section 4.4 

describes the experimental results, which include both wireline measurements of terminal 

currents and wireless measurements of the transmitted spectrum created by the 

microdischarges.  The impact of environment on the received wireless signal is described. 

 

Figure 4.1: Collision processes for gamma
radiation interacting in a medium.  The
photon energy determines the type of
collision as well as the scattering angle of
the resulting photoelectron. 

 

4.1 Preliminary Test Structures for Gamma Sensing 

This section discusses test structures that were examined for gamma sensing 

capability using bulk metal layers for gamma-to-photoelectron conversion.  In particular,  
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(a) (b) 

Figure 4.2: (a) Design A - Cross-section of gamma test structure with patterned bulk metal
conversion layer.  As gamma radiation interacts with the metal conversion layer, the
generated photoelectrons ionize the surrounding gas between the electrodes, initiating a
gas discharge and current pulse.  Design A can facilitate a higher collection efficiency of
these scattered events.  (b) Cross-section of preliminary test structure (Design B) with an
unpatterned metal layer.  The photoelectrons penetrate through the glass substrate to
ionize the gas atoms.  
 

it explores the impact of thickness and structural shape of the metal conversion layer on 

two device configurations. 

 

4.1.1 Device Concepts and Operation 

One test structure (Design A) consists of a glass substrate with electroplated copper 

electrodes and assembled on top of it, a micromachined conversion layer patterned from 

bulk metal (Fig. 4.2a).  When gamma radiation interacts with the metal conversion layer 

(MCL), photoelectrons are emitted and ionize the surrounding gas.  An electric field 

between the electrodes accelerates the electrons, leading to an avalanche breakdown 

measured as a current pulse.  Two machining patterns that increase the exposed surface 

area for the Design A MCL are proposed: (1) A groove or trench-style pattern (TRENCH 

MCL) and (2) a square well or column-style pattern (COLUMN MCL).  These structures 
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can enhance the generation and collection efficiency of photoelectrons.  Increasing the 

metal surface area exposed to the sensing gas can decrease photoelectron re-absorption 

probability in the MCL.   

Design B (Fig. 4.2b) is a simpler configuration that uses an un-patterned MCL 

(SOLID MCL) to achieve the basic conversion efficiency without structural 

enhancement.  (In this, the MCL is located on the backside of the glass substrate.) The 

photoelectrons travel through the back of the glass substrate and ionize the gas atoms 

located near the electrodes.  Another choice for the substrate material is mica.  In 

conventional Geiger counters, alpha particles and lower energy beta particles must travel 

through a thin mica window (70-100 µm) in order to reach the sensing gas.  Factors that 

need to be considered in choosing an appropriate substrate material include stiffness, 

yield strength, temperature coefficient, and charging issues.  

 

Figure 4.3: Theoretical plot of different
collision processes as a function of gamma
energy for tungsten and platinum-rhodium
[Ber98].  Attenuation coefficient has been
normalized by material density (g/cm3). 

 
Higher-density metals (e.g. tungsten and platinum-rhodium) are desirable for the 

MCL because of their higher interaction probabilities.  Figure 4.3 shows the attenuation 

coefficient as a function of photon energy for W and Pt-Rh [Ber98].  Having similar 

densities and excitation energies, these share similar collision processes.  At higher 
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photon energies (>1 MeV), Compton scattering dominates and results in multiple 

photoelectrons generated in the metal layer per gamma-ray.  

Figure 4.4 compares the theoretical range of photoelectrons through various media 

such as air, Pyrex glass, and metals [Ber05].  Photoelectrons have similar theoretical 

ranges in W and Pt-Rh.  Even though photon interactions increase with metal thickness, 

the resulting photoelectrons have a higher probability of re-absorption back into the metal 

layer, instead of being ejected out.  The optimal relationship is to have photoelectron 

mean-free-range comparable to the MCL thickness. 

 
Figure 4.4: Theoretical range of electrons through tungsten (W), platinum-rhodium (Pt-
Rh), glass and air [Ber98].  The thickness of the metal layer should be less than the range
of the photoelectrons in order to maximize interaction with the gas. 
 

4.1.2 Patterning the metal conversion layer 

The Pt-Rh metal conversion layer is patterned by batch mode micro-electro-discharge 

machining (µEDM).  Figure 4.5 shows the machining process.  In µEDM, controlled 

spark discharges (80 V, 100 pF, 5 kW) between a tool cathode and workpiece anode 

thermally erode conductive material.  In batch mode, the entire pattern is machined in 

parallel, increasing throughput.  The 175 µm-tall copper tool is fabricated with a PMMA 
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LIGA process but an SU-8 process can also be used.  A 200 nm silicon coating is 

deposited on the tool and selectively removed at the top to limit the effects from debris 

buildup [Ric08].   

 
Figure 4.5: Process flow for batch-mode micro-electro-discharge machining to pattern the
TRENCH MCL and COLUMN MCL for Design A.   

 

The finished COLUMN MCL pattern is an 8 X 8 array of 110 µm square holes with 

90 µm spacing, giving a total active area of 1.5 mm X 1.5 mm.  To form the TRENCH 

MCL, the same tool was dithered laterally by 150 µm during machining, giving an active 

area of 1.5 mm X 1.8 mm.  Each pattern was machined to a depth of 110 µm in a 200 µm-

thick Pt-Rh foil.  Assembly of the final device includes attaching an insulator layer (63 

µm-thick Kapton foil) followed by alignment of the patterned conversion metal to the 

electrode structure.  Figure 4.6 shows photographs of the assembled detectors with the (a) 

TRENCH MCL and (b) COLUMN MCL. 
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4.1.3 Results and discussion of preliminary test structures 

To determine the effectiveness of the MCL, the gamma test structures were tested 

with and without the metal layer present.  Since each source emits both beta particles and 

gamma radiation, without the MCL for gamma conversion, the count rate should be 

primarily due to beta particles alone.  With the MCL present, the count rate should be 

higher because the photoelectrons (from the gamma converter) can be sensed in addition 

to the beta particles. 

Experiments were conducted for Design A and Design B in two sensing gases and 

pressures: air at 760 Torr and a nitrogen-to-neon gas ratio of 5:2 at 640 Torr.  Also, two 

bulk metals (50 µm-thick W and 200 µm-thick Pt-Rh) and two radioisotopes (1.0 µCi 

 
(a) 

 
(b) 

Figure 4.6: Photograph of assembled Design A with 200 µm-thick Pt-Rh layer using the
(a) TRENCH MCL and (b) COLUMN MCL.  Shown through the back of the glass
substrate. 
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22Na and 1.0 µCi 65Zn) were evaluated.  W and Pt-Rh have similar bulk properties and 

consequently have comparable conversion efficiencies.  Finally, the performance of two 

machined patterns (TRENCH MCL, COLUMN MCL) in Pt-Rh were evaluated and 

compared to the performance of a SOLID MCL of Pt-Rh. 

 
Figure 4.7: Comparison of count ratios for Design A with two different machined patterns
(TRENCH MCL, COLUMN MCL) in Pt-Rh and evaluated at two different pressures (640
Torr, 760 Torr) and sensing gases (N2/Ne mixture, air).  Operated at 900 V. 

 

Design A with the Pt-Rh TRENCH MCL was evaluated in the presence of 22Na, in air 

at 760 Torr and in the N2/Ne sensing gas mixture under partial pressure.  The count rate 

with the N2/Ne gas mixture (>28 kcounts-per-minute) appeared to be almost twice the 

count rate in air.  The operating voltage was fixed at 900 V.  Figure 4.7 compares the 

relative count ratios for Design A, while detecting 22Na.  Relative count ratio is defined as 

the count rate with a patterned MCL over the count rate with the SOLID MCL.  The 

TRENCH MCL and COLUMN MCL in 200 µm-thick Pt-Rh were evaluated at two 

different pressures (640 Torr, 760 Torr) and sensing gases (N2/Ne mixture, air).  The 

TRENCH MCL demonstrated a >10X improvement in count rate over the SOLID MCL, 

while the COLUMN MCL showed 6X increase.  The TRENCH MCL showed 
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comparable performance in count ratios (>10X) in the N2/Ne mixture at 640 Torr and in 

air at 760 Torr. 

 
Figure 4.8: Comparison of the conversion efficiency for different thicknesses in MCLs
(200 µm-thick Pt-Rh, 50 µm-thick W) with Design B.  Applied voltage is 1200 V in
ambient air. 
 

Design B was tested in an air environment at 760 Torr.  Higher conversion 

efficiencies (higher relative count ratios) were measured for 200 µm-thick Pt-Rh over 50 

µm-thick W, because the interaction probability increases with layer thickness (Fig. 4.8).   

Higher count ratios for Design B were measured while detecting 22Na compared to 65Zn, 

because 22Na emits (on average) 5X more gamma-rays per decay than 65Zn.  Figure 4.9 

compares the normalized count rates for Design B and shows the range of statistical 

variation in count rates.  A consistently higher count rate with an MCL shows the 

efficacy of the gamma-to-electron conversion method.  For Design B, the overall count 

rates were lower with the Pt-Rh SOLID MCL compared to the W SOLID MCL.  

However, there was an overall improvement in operational stability with the Pt-Rh when 

compared to Design B with W.  In the absence of an MCL (using Design B), a higher 

relative count rate was observed in the proximity of 22Na  ( 0.55) compared to 65Zn  

( 0.38), because 22Na has a higher rate of beta emission (90%) compared to 65Zn (1.4%).   
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A glass substrate was used for preliminary tests, but future efforts can use thin mica 

for increased photoelectron detection efficiency. 

 

4.2 Single-Stacked Steel & Glass Micro-Detector 

This section describes the design features of a micromachined stainless steel and glass 

micro-detector, the basic device operation, and finite element modeling of the electric 

field generated within the device. 

4.2.1 Basic device concepts and operation 

The detector structure includes a stacked pair of steel electrodes and insulating glass 

elements that are hermetically-packaged inside a fill-gas (Fig. 4.10).  A glass layer 

insulates the package base from the steel elements (Layer 1).  The steel elements (Layers 

2a and 4a) are perforated and separated by a glass spacer (Layer 3), which defines the 

anode-cathode gap spacing.  The interspacers are glass elements that lie in-plane with the 

electrode to provide protection against spurious discharges near high-field regions 

between the steel elements and pins.  The package pins serve the additional purpose of 

spatial alignment of the electrodes during device assembly.  During device operation, beta 

 

Figure 4.9: Comparing normalized
count rates from Design B with un-
patterned MCLs of Pt-Rh and W, in
the presence of different isotopes.
Error bars indicate the range of
measured count rates. 

  



 

78

radiation passes through the perforations and directly interacts with the fill-gas, whereas 

gamma radiation mostly interacts with the steel electrodes to generate photoelectrons.  

Beta radiation or photoelectrons initiate current-driven avalanche pulses between the 

biased electrodes, which transmit wideband wireless signals. 

 

Figure 4.10: Device concept. The stacked steel & glass micro-detector comprises a 
stacked arrangement of stainless steel electrodes (Layers 2a, 4a) and glass insulators 
(Layers 1, 3) assembled within a commercial TO-5 package base.  Layer 3 defines the 
electrode gap spacing.  Gamma radiation interacts with the metal layers, which releases 
photoelectrons into the biased gap.  These charged particles trigger avalanche within the 
biased gap, leading to wireless signaling. 

 

The perforated edges serve as concentrated high field regions used for avalanche 

amplification of the microdischarge.  Electric field strengths on the order of 1-2 MV/m (in 

air at 760 Torr) are necessary for the avalanche mechanism to occur [Kno00].  Finite 

element analysis (FEA) of the electrode configuration shows that with a 150 µm gap 

spacing and a bias level of 650 V, an electric field between 2-3 MV/m is generated (Fig. 

4.11).  The analysis predicts high field regions concentrated near the perforated edges and 

lower field regions near the center of the perforations, as expected.  This FEA was 

performed with COMSOL 3.5a using element type: ‘triangular’. 
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(a) 

 
(b) 

Figure 4.11: Electric field modeling using COMSOL 3.5a. (a) A cross-section of the 2D 
model. (b) The generated electric fields range from 1-2 MV/m (i.e., near the center of the 
perforations) to 2-3 MV/m (i.e., near the edges of the perforations).  The high-field 
regions (>1 MV/m) lead to electron avalanches and microdischarges. 

 

The detection of shielded radiation sources is an important consideration from the 

viewpoints of homeland security and health care.  Assuming that the gamma source 

forms a narrow beam of photons, and this beam passes through an absorber material and 

hits the detector, the result should be a simple exponential attenuation of the gamma 

radiation [Kno00]: 

I = I0e
µt  (photons) (4.1)

 
where I is the number of transmitted photons, I0 is the original number of photons, µ is 

the linear attenuation coefficient (cm-1) of the absorber, and t (cm) is the thickness of the 
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absorber material.  Figure 4.12 shows the attenuation coefficient as a function of photon 

energy for lead.  For lead, the collision processes are dominated by the photoelectric 

effect and Compton scattering. For E  = 0.662 MeV, Pb has a linear attenuation 

coefficient, µ = 1.24 cm-1 [Ber98]. 

 
Figure 4.12: Linear attenuation coefficient, µ, for Pb as a function of photon energy.  
For 0.662 MeV photons, µ = 1.24 cm-1.  The dominant scattering mechanisms for 137Cs 
photons are photoelectric and Compton scattering. 

 

The assumption of a narrow beam of incident gamma photons, sometimes 

characterized as “good geometry,” assumes that when photons are attenuated by an 

absorber material, these are scattered out of the beam.  Often times, however, this 

assumption underestimates the actual photon beam intensity that reaches the detector.  A 

percentage of gamma rays scatter back into the photon beam.  This phenomena requires 

Eq. 4.1 to be modified by the buildup factor, B(t, E ) [Kno00]:  

I = I0B(t,E )e µt
 (photons) (4.2)

 
The buildup factor has been calculated, validated, and tabulated by investigators using 

various numerical methods (e.g., moments method, Monte Carlo, integral transport, and 
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discrete ordinate methods) [Bur70, Shl92].  The magnitude of the buildup factor depends 

on the absorber material, thickness, and photon energy.  Typical buildup values for Pb 

range from 1.2 - 10 [Shl92]. 

The intrinsic detector efficiency, int is defined as the percentage of radiation incident 

on the detector that results in recorded pulses [Kno00].  Assuming a point isotropic 

source of activity, A (Ci), a source-detector distance, d1 (m), and a detector surface area 

(i.e., facing the direction of the source), SD (m
2
), then int can be rewritten as:  

int =
Measured  count  rate  (cps)

A 3.7 1010 SD

4 d1
2

100
 (4.3)

 
 

4.3 Device Fabrication and Assembly 

All of the detector elements are manufactured by commercial processes.  In 

particular, the electrodes are formed by photochemical machining of steel foil, whereas 

the glass spacers are formed by powder blasting.  To fabricate the electrodes (Fig. 4.13a), 

dry photoresist is laminated on 100 µm-thick stainless steel (#304).  Following double-

sided lithography, the sample is through-etched by a hot etchant spray.  In this particular 

design, 125 µm-diameter circular perforations are formed, with 250 µm center-to-center 

spacing.  The glass spacer elements are fabricated using a micro-abrasive jet process (Fig. 

4.13b) A protective masking layer is lithographically-patterned on a 150 µm-thick 

borosilicate glass substrate.  An abrasive powder mixed with compressed air is sprayed 

onto the surface, chiseling the desired pattern.  The interspacers are machined similarly.  
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A 22° sidewall results from this process.  To facilitate assembly, each element (steel or 

glass) is designed with alignment openings to line up with the package pins. 

(a) (b)  

Figure 4.13: Fabrication process for (a) photochemically-etched electrodes and (b) 
powder-blasted glass spacers.  The SEM images of the electrodes show relatively 
uniform surface roughness near the 125 µm-diameter etched perforations. 

 

The package is an 8-pin TO-5 metal package of 9 mm diameter and 9.6 mm height.  It 

is comprised of a nickel base and a lid composed of a Kovar body with a 750 µm-thick 

glass (Corning 7052) window.  Electrical feed-throughs are present as insulated pins that 

perforate the package base.  First, a glass spacer is assembled for electrical insulation 

(Fig. 4.14a), followed by the anode that is flanked by a pair of interspacers (Fig. 4.14b).  

Next, another glass spacer is installed, defining the electrode gap spacing, followed by 

the cathode that is flanked by a pair of interspacers (Fig. 4.14c).  After assembly, the 

package is hermetically-sealed at 760 Torr with an Ar fill-gas, using a commercial 

resistance projection welding process (Fig. 4.14d).  The overall device weighs 0.97 g. 
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(a) 

 
(c) 

 
(b) 

 
(d) 

 

Figure 4.14: Microassembly of the detector.  (a) A glass insulator is positioned onto the 
base using the package pins for alignment support. (b) Followed by the anode and 
interspacers.  Here, the package pins are used for electrical feedthroughs as well as for 
positioning. (c) Next, the electrode gap defining spacer and then the cathode and 
interspacers are positioned. (d) The hermetically-sealed device encapsulated with 760 
Torr of Ar. 

 

4.4 Experimental Results 

The goal of these experiments was to characterize the device capability of the 

detectors using two output modes, wireline and wireless.  In addition, the wireless 

transmissions were characterized in two ways, inside an anechoic chamber in order to 

accurately capture the RF signal, and outside an anechoic chamber in order to gauge the 

signaling capability in a noisy environment.  

4.4.1 Experimental Setup 

The hermetically-sealed detector was operated using simple bias circuits (Fig. 4.15).  

The fill-gas was Ar at 760 Torr.  The device was characterized with sealed sources of  
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137Cs using two source strengths, 30 µCi and 99 µCi.  The source was positioned at 

various distances, d1, from the detector.  The detector was operated using two output 

modes, wireline and wireless.  The wireline data was obtained using one of two 

measurement configurations.  The first used an inductive current probe (Tektronix, CT-1) 

attached to an oscilloscope (Agilent DSO8064A) to obtain count rate data for various 

testing parameters (Bias circuit #1).  The second employed a high-frequency voltage 

probe (Agilent, E2678A InfiniMax 3.5 GHz) attached to a wide bandwidth oscilloscope 

(Agilent DSA90254A, 2.5 GHz, 20 GSa/s) in order to more accurately capture the high-

frequency characteristics of pulses exiting the detector cathode.  It was necessary to 

slightly modify the bias circuit in order to match the 50  impedance of the probe (Bias 

circuit #2). 

The bias circuit consisted of a capacitor and ballast resistors.  The capacitor powers 

the microdischarges and has been shown to impact device performance [Eun10].  For 

 

Figure 4.15: The experimental setup included the packaged device and external bias 
circuitry positioned at various distances (d1) from the radiation source.  Wireline 
measurements of the current pulses were taken at the cathode with either Bias circuit #1 
or #2.  The 99  resistors in circuit #2 serve to protect the voltage probe.  Wireless 
measurements were taken with a receiving antenna positioned at various distances (d2) 
from the detector.  The antenna was attached to a spectrum analyzer or oscilloscope. 
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example, a large capacitor can accommodate a wider dynamic range of incident particles 

without changing the bias across the electrodes.  However, after a major discharge, a 

longer time is required to recover to the target bias value.  The ballast resistors limit the 

current passing through the device, which can increase electrode lifetime. 

The wireless measurements used a receiving antenna positioned at a distance, d2, 

from the detector and attached to a spectrum analyzer (HP 8563E) or oscilloscope.  The 

wireless measurements were evaluated in two locations, inside an anechoic chamber in 

order to accurately capture the RF signal and inside a common laboratory space in order 

to gauge the signaling capability in a noisy environment. 

 

4.4.2 Wireline measurements 

Experiments were performed to determine the impact of several operating conditions 

on the detector performance, including background radiation, applied bias, device 

position relative to a stationary and transient radiation source, and shielding on the 

detector performance.  The intrinsic detection efficiencies and receiver operating 

characteristics (ROC) were also evaluated.  The microdischarge current pulses (using 

Bias circuit #1) were observed to have 50–100 ns duration and 200 mA peaks (Fig. 

4.16a).  Each pulse was registered as a “count.”  The measured background rates (i.e., in 

the absence of the radiation source) ranged from 0 to 4 cps, depending on the bias 

voltage.  (Background count rates can be triggered by cosmic rays or naturally occurring 

background radiation.) 
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(a)  

(b)  

Figure 4.16: Wireline and wireless RF monitoring. (a) Current pulse measurement (of a 
“count”) using a high-frequency inductive current probe attached to the cathode showed 
approximately 200 mA peaks and 50–100 ns duration. (b) Transmitted wireless signal 
received using an 800 MHz whip antenna attached to an oscilloscope.  The time domain 
behavior of the RF transmission followed closely with the current pulse measurement.  
0.1 µCi from 90Sr was used.  
 
 

Impact of applied bias 

The impact of applied bias on the counting rates was evaluated using a 99 µCi source 

of 137Cs that was positioned 10 cm from the detector.  A bias (ranging from 630 V to 648 

V in 5 V increments) was applied to the detector and the total counts measured in 30 s 

intervals.  The measured count rates increased with applied bias (Fig. 4.17).  The count 

rates were normalized to 15.5 cps, which was the peak count rate measured with an 

applied bias of 648 V.  The background rates (i.e., no source present) were also evaluated 

and a peak background rate of 4 cps was measured with an applied bias of 648 V.  The 

results showed a slower increase with applied bias, compared to the rates with the source 

present.   
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Figure 4.17: Impact of applied bias.  As the operating voltage increased from 630 V to 
648 V in 5 V increments, the measured count rates with the source present as well as 
the background rates increased.  At 648 V, the peak count rates were 16 cps and 4 cps, 
with and without the source, respectively.  The 137Cs source (99 µCi) was positioned 10 
cm from the detector. 

 
 

 
Figure 4.18: Impact of source positioning. The measured count rates with the source-
detector axially aligned were slightly higher than the count rates with the source-
detector laterally aligned. The highest measured count rate was 138 cpm at d1 = 0 cm.  
The applied bias was 650 V and the background count rate was 1.3 cpm. 

 

Impact of source positioning 

The impact of the position of a stationary source relative to the detector was also 

evaluated.  Measurements were taken with a 30 µCi source of 137Cs that was separated 

either axially or laterally from the device by a distance, d1.  Count rates decreased with 

?
	�
�
�
�5
��
��
	-

�
��
��
��

��

�#+�

�#1�

�#6�

�#8�

��

6+ 6,� 6, 61� 61 6 ��
0������'����")$

99 /���,7/�

'�����	-
�


��*������

�	-����������	�������
��@�
��"��$

?
	�
�
�
�5
��
��
	-

�
��
��
�

=�����������
��

0!��������
��

�������*�6 �)�

,� /��	���,7/�

�#���

�#��

��

�  �� � +� + 



 

88

increasing d1 with a peak count rate of 138 cpm at d1 = 0 cm (Fig. 4.18).  The detector 

had somewhat greater sensitivity along its axis of symmetry, providing higher count rates 

than with a lateral separation of equal distance.  

 
Figure 4.19: Lead shielding. The measured count rates decreased exponentially with 
lead thickness, t.  Error bars indicate one standard deviation from the mean.  Taking 
into account buildup factor, attenuation factor, and solid angle, the theoretical estimate 
of the counting rate was similar in trend to the measured data.  The theoretical upper 
bound (UB) assumed Compton scattering with two photoelectrons produced per 
incident gamma ray, while the theor. lower bound (LB) assumed photoelectric 
interactions with one photoelectron per gamma ray.  The applied bias was 630 V and 
the background count rate was 0.7 cpm.  The fill-gas was Ar at 760 Torr. 

 

Impact of source shielding 

The impact of shielding on detection capability was evaluated using various 

thicknesses of lead plates (e.g., up to 2 cm-thick attenuators) positioned between a 99 µCi 

137Cs source and the detector.  As shown in the inset of Fig. 4.19, the lead plates were 

stacked in contact with the source; the detector was placed 1 cm beyond the last lead 

plate.  At a bias of 630 V, the measured count rates decreased exponentially with lead 

thickness, t, as expected (Fig. 4.19).  Using Eq. 2, the theoretical upper and lower bounds 

of the count rate were estimated as a function of lead thickness.  The theoretical lower 
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bound (LB) assumed photoelectric interaction with one photoelectron produced per 

gamma ray and was normalized to fit the peak experimental count rate (i.e., without an 

attenuator).  The theoretical upper bound (UB) assumed Compton scattering with two 

photoelectrons produced per incident gamma ray (i.e., twice the LB curve).  The UB and 

LB curves were similar in behavior to the measured data.    

 
Table 4.1: Calculated values for beta and gamma attenuation through a glass shield.  

Source activity 30 Ci 

Beta energy 0.512 MeV 

Thickness of glass shield 1.25 cm 

Thickness of glass window on lid 760 m 

Beta energy loss through shield1 4.76 MeV 

Beta energy loss through lid1 0.290 MeV 

Total stopping power of glass  1.71 MeVcm2/g 

Density of glass  2.23 g/cm3 

Gamma energy 0.662 MeV 

Linear attenuation coeff. of glass2,  0.179 cm-1 

Gammas attenuated by shield 15-20% 

1. ESTAR, NIST database for E =0.5 MeV [Ber05] 

2. XCOM, NIST database for E  = 0.662 MeV [Ber98] 

 

Beta vs. gamma detection 

When 137Cs decays, it emits beta particles (with an endpoint energy of 0.514 MeV) 

94.4% of the time and gamma-rays (with an energy of 0.662 MeV) 85.1% of the time 

[Fir99].  A 1.25 cm-thick glass shield was placed between the 137Cs source and detector in 

order to block the beta particles (Table 4.1).  This thickness would effectively stop all of 

the beta particles from hitting the detector and attenuate the gamma count by 15–20%.  

The measured count rates dropped by 20–35% with the glass shield present, indicating 

that the majority of the measured counts were from the detection of gamma radiation.  

The source-detector distance, d1, was 2.1 cm. 
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Intrinsic detection efficiency 

The intrinsic detection efficiency was calculated using the peak count rate of 15.5 cps 

with a 99 µCi source at d1 = 10 cm.  The active detection area, SD, was 11.8 mm2.  

Subtracting the background rate (i.e., 4 cps) and assuming only gamma detection with 

each gamma ray triggering only one recorded event, the estimated efficiency was 3.34%. 

 

  
(a) (b) 

Figure 4.20: (a) A graph of sample distributions of true detection events and the false 
alarm events and 5 threshold values. (b) The corresponding ROC curve showing that 
each (FPR, TPR) point is related to a threshold value. [Bro06] 

 

Receiver operating characteristics (ROC) curves 

The ROC curve depicts the compromise between successful detection events and 

false alarm rates [Kno10, Faw06, Bro06].  The true positive rate (TPR) is the fraction of 

true detection events (i.e., when a source is present) above a predetermined threshold of 

counts.  The false positive rate (FPR) is the fraction of detection events above the same 

threshold without a source present, i.e., background events.  ‘Thresholds’ in this case 

represent values of total collected counts (Fig. 4.20a).  Each point on the ROC curve 

corresponds to an (FPR, TPR) value for a particular threshold value (Fig. 4.20b).  For 
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example, TPR=0.5, corresponds to the threshold value, t4, where the area of the true 

detection events curve that lies above t4 is 0.5.  At this threshold, 50% of the detected 

events will be true detection events and the corresponding FPR value on the curve is the 

fraction of false alarm events.   

Moving to the right of the curve, the corresponding threshold values decrease.  At t1 

the threshold value is too low and includes all of the detection events with and without a 

source.  On the other side, t5 is too high and excludes any of the detection events.  In 

other words, at these values, the detector is unable to discriminate the presence of a 

source.  At y=x, the dashed line signifies random guessing or the inability to discriminate. 

Detection events or counts were recorded as a function of time for a bias voltage of 

790V (Fig. 4.21a).  The source-detector distance was fixed at 30.5 cm with a 99 µCi 137Cs 

source.  The time stamps were stored using the segmented memory mode on the Agilent 

  
(a) (b) 

Figure 4.21: (a) Collected detection events (“counts”) as a function of time for a bias 
voltage of 790V.  The slopes of the curves estimate the counting rates.  The step-like 
behavior is the due to counts appearing in clusters or bursts.  The count rate with the 
source present was approximately 1.8X the background rates.  The time stamps were 
stored using the segmented memory mode on the Agilent oscilloscope.  (b) The average 
count rate (cps) as a function of integration time.  The variation in the averages is 
predominantly the result of count rates appearing in small clusters or bursts.  Source-
detector distance was fixed at 30.5 cm with a 99 µCi 137Cs source. 
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oscilloscope.  The slopes of the curves estimate the counting rates.  The step-like 

behavior is due to counts appearing in clusters or bursts.  The count rate with the source 

present was approximately 1.8X the background rates.  Fig. 4.21b shows the average 

count rate (cps) as a function of integration time.  The variation in the averages is 

predominantly the result of count rates appearing in small clusters or bursts. 

  
(a) (b) 

  
(c) (d) 

Figure 4.22: The ROC curves for varying integration times ranging from 30s to 300s.  
Vapplied = 790V, source-detector distance = 30.5 cm. The ‘non-overlapping window’ bin 
approach appears to underestimate the ROC compared to the ‘sliding window’ bin method.  
Regardless, each ROC curve lies higher than the random guessing line, which indicates that 
under the described set of circumstances, the detector is predicted to consistently identify 
the presence of a source. 
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Integration time is the measurement time window where the detector is collecting 

detection events or “counts”.  There were two types of windowing methods, ‘non-

overlapping windows’ and ‘sliding windows’.  Non-overlapping windows parse the full 

measurement time into uniform window segments.  The sliding windows method begins 

at t=0s and advances the window by a specified amount of time until the end of the 

measurement time is reached.   

The impact of integration time on the ROC curves was evaluated for the detector 

(Fig. 4.22a-d).  The curves were calculated from experimental results using MATLAB 

7.11.  The ‘non-overlapping window’ bin approach appears to underestimate the ROC 

compared to the ‘sliding window’ bin method.  Regardless, each ROC curve lies higher 

than the random guessing line, which indicates that under the described set of 

circumstances, the detector is predicted to consistently identify the presence of a source.  

The sliding window method was chosen for the rest of this analysis because this method 

improves non-uniformities in the measured counting.  

Figure 4.23 shows ROC curves for integration times ranging from 60 s to 360 s.  

Figure 4.23 also compares tabulated threshold values for TPR and FPR.  For example, for 

an integration time of 180 s, the threshold values for TPR=0.5 and FPR=0.5 were 42 

counts and 23 counts, respectively.  This indicates that the number of measured counts 

with a source present were typically twice the background counts.  The most favorable 

operating points appear to be at FPR values ranging from 0.15-0.25.  As integration times 

increased from 60 s to 360 s, the likelihood of a true detection event increased from 35% 

to 95% for a corresponding false positive rate of 20%.  The source-detector distance was 

fixed at 30.5 cm. 
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 Threshold count values (counts) 
Integr. time (s) TPR=0.5 FPR=0.5 

60 10 0-1 
180 42 23 
360 84 41 

 

Figure 4.23: ROC curves (generated using MATLAB 7.11) for various integration times 
ranging from 60 sec to 360 sec.  Each point represents the tradeoff for a threshold count 
value.  Some threshold count values are listed in the table.  Greater integration times 
(larger windows) result in a more favorable ROC curve.  This is relying on sufficient 
number of data points to accommodate the larger window sizes. The ROC improves due 
to the increased probability of a detection event.  The source-detector distance was fixed 
at 30.5 cm.  Vapplied = 790V.  
 
 

PCB powering module 

In order to have a standalone micro-detector system, the powering module and 

readout scheme that interfaces with the micro-detector must be efficient, compact, light-

weight, and battery-operated.  The required components for the powering module include 

a battery source, an adjustable voltage regulator, a high-voltage converter, the detector 

bias circuitry, and a readout scheme (Fig. 4.24a).  A PCB power module has been 

designed and populated (Fig. 4.24b). 
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The readout scheme should be simple and reliable.  An optical readout offers 

instantaneous signaling and requires no additional wiring or measurement equipment.  

Positioning the LED in the current path of the detector can assure that each triggered 

event will generate an optical signal.  However, this scheme would require the current 

output from the detector to be high enough to turn on the LED.  The optical LED can be 

interchanged with an IR LED along with an IR receiver positioned in the proximity 

(approx. 10 m) of the detector board. 

 

Impact of a transient source 

The ability of the device to detect a transient source at various speeds was evaluated.  

A 99µCi 137Cs source was translated at a fixed height and velocity along a 30 cm long 

 
(a) 

 
(b) 

Figure 4.24: (a) A circuit schematic and (b) populated PCB of a HV powering module for 
the detector.  It included coin cell batteries, a voltage regulator circuit, the commercial 
high voltage converter, the detector bias circuit, and the LED readout.  The total PCB 
weighs 26.5 g. 
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straight path, with the detector positioned at a distance of 3.8 cm orthogonal to the 

midpoint of the path (Fig. 4.25a).  An LED attached to the cathode of the detector 

produced optical pulses to visually indicate each detection event.  Figure 4.25b shows an 

optical pulse triggered by the transient source.  The background count rates were 1-2 cpm 

with an applied voltage of 440 V. 

The speed of each pass was analyzed and signal detection was determined  (Fig. 

4.26a-c).  A “1” indicates a detected signal and a “0” indicates no signal detected.  For 

speeds in the range of 0-0.2 m/s, multiple signals (>2) were detected per pass.  Fewer 

signals were detected for 0.2-0.3 m/s and steadily decline for speeds from 0.3-0.6 m/s. As 

the speed of the source increased from 0.03–0.5 m/s, the likelihood of signal detection 

decreased from 94% to 25% (Fig. 4.27). 

  
(a) (b) 

Figure 4.25: (a) Photograph of the source mounted on the miniature vehicle.  The 
detector and powering module is positioned on the ruler.  The green LED is directed 
toward the camcorder to maximize visibility. (b) A still frame of the moving vehicle and 
the detected event indicated by the captured LED flash. 
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(a) (b) 

 

Figure 4.26: Signal detection as a function 
of vehicle speed.  A “1” indicates the 
detection of an LED flash as a result of a 
vehicle pass. A”0” indicates the absence of 
an LED flash. (a) Signal detection for 
vehicles speeds in the range of 0-0.2 m/s.  
(b) Signal detection for vehicles speeds in 
the range of 0.2-0.3 m/s. (c) Signal 
detection for vehicles speeds in the range 
of 0.3-0.6 m/s. 

(c) 
 
 

 
Figure 4.27: Transient source detection (a) As the speed of the vehicle increases, the 
likelihood of signal detection decreases.  For speeds in the range of 0-0.1 m/s, the 
fraction of detected signals was 94%.  The likelihood decreases to near 25% for speeds 
in the range of 0.4-0.6 m/s.  
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Table 4.2: Summary of vehicle speeds, the fraction of detected events, and the number of 
total sample points for each speed interval. 

Speed interval 
(m/s) 

Fraction of passes 
with LED flash 

# of sample 
points 

0-0.1 0.94 18 
0.1-0.2 0.7 30 
0.2-0.3 0.55 36 
0.3-0.4 0.55 18 
0.4-0.6 0.25 12 

 

 
Figure 4.28: The measured signal delay as a function of vehicle speed.  For lower vehicle 
speeds, there was an increase in negative delays.  Negative delays occur when an LED 
flash is detected prior to the source passing over the detector.  These may be due to the 
longer radiation exposure times, which increase the likelihood of signal detection.  For 
higher vehicle speeds, there appears to be an increase in positive delays.  Positive delays 
occur when an LED flash is detected after the source passes over the detector.  These 
may be attributed to the integration time. 
 

Negative and positive delays indicate that either an event was detected prior to or 

after the source traveled past the detector, respectively (Fig. 4.28).  Negative delays were 
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observed predominantly for lower source speeds (0-0.2 m/s), where the device was able 

to detect the approach of the source.  For higher source speeds (0.2-0.5 m/s), an increase 

in positive delays was observed (as much as 1 s).  This may be related to the integration 

time. 

 

High-frequency measurements 

The high-frequency voltage probe allowed a more accurate capture (i.e., compared to 

the current probe) of the discharge behavior isolated within the detector structure.  There 

were two main pulse shapes observed, a single peak and a double peak (Fig. 4.29).  Each 

single-peaked pulse had two main components: an initial peak on the order of 5–10 ns 

and a longer decaying peak on order of 100s of ns.  The double peaks demonstrated an 

oscillatory effect, where there were two very fast peaks that were 5–10 ns in duration and 

opposing in magnitude, followed by a slower decaying tail. 

  
(a) (b) 

Figure 4.29: High-frequency voltage probe measurements showed two basic pulse 
shapes: (a) A single-peaked pulse, which has two main components, a very fast initial 
peak (5-10 ns duration) followed by a slower decaying tail (100s of ns) and (b) a double-
peaked pulse, which has two fast peaks, opposite in direction and followed by a slower 
decaying tail. 
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(a) (b) 

Figure 4.30: High-frequency measurements of the current pulses exiting the detector 
cathode showed rapid ripples approx. 0.5-1.0 ns in duration.  These characteristics may 
be the main contributors to the high-frequency content that is inherent to discharge-based 
signaling. 

 

In addition, high-frequency measurements of the current pulses exiting the detector 

cathode showed rapid ripples approx. 0.5-1.0 ns in duration, which corresponds to 

frequencies ranging from 1-2 GHz (Fig. 4.30).  These characteristics may be responsible 

for the high frequency content (extending into the GHz range) that is inherent to 

discharge-based signaling. 

4.4.3 Wireless measurements 

In order to minimize background noise and reflections and accurately measure the 

transmitted wireless spectra, the device was operated in an anechoic chamber.  The 

transmitted spectra were measured with a 200 MHz–1 GHz log-periodic antenna (EMCO 

93146) connected to a spectrum analyzer.  (An integration period of 1 min was necessary 

in order to fully capture the transmitted frequency content due to the wide measurement 

bandwidth and slow scanning speed of the spectrum analyzer.)  In the presence of 0.1 µCi 

from 90Sr, the detector transmitted wireless spectra spanning 1.25 GHz with peaks at 550 
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MHz, 750 MHz, and 1.1 GHz (Fig. 4.31).  Fig. 4.32 shows that the received signal power 

decreased with increasing antenna-detector distances, d2.   

 

  
(a) (b) 

Figure 4.31: Wireless measurement.  The generated wireless spectra measured in an 
anechoic chamber with a log-periodic antenna attached to a spectrum analyzer showed 
frequency content spanning 1.25 GHz with peaks at 550 MHz, 750 MHz, and 1.1 GHz.  
The received wireless spectrum (a) of the background (i.e., with no microdischarges 
present) and (b) during detector operation (with microdischarges present).  Receiver-
antenna distance of 61 cm with a detector bias of 655 V in an anechoic chamber. 

 

 
Figure 4.32: Wireless measurement. The received wireless power decreased with 
increasing antenna-detector distance.  Strong signaling was observed at distances >89 
cm.  0.1 µCi from 90Sr was used.  VAPPLIED = 650 V. 
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The wireless signal from a detector operating in a normal laboratory environment was 

also evaluated, in order to observe the transient nature and robustness of the signal 

generation and reception.  In this case, an 800 MHz whip antenna (d2 = 15.25 cm) was 

connected to an oscilloscope.  A simultaneous measurement of the time-domain current 

pulse (using a current probe at the cathode) and the received RF signal showed the 

instantaneous nature of the transmitted signal and a strong correlation between the 

antenna response and the microdischarge (Fig. 4.16b).  This experiment demonstrated the 

ability of the detector to wirelessly transmit count rate information as well as confirmed 

the ability to receive the RF transmission using simple, off-the-shelf components in a 

noisy environment. 

S parameter measurements of the detector and package3 

The frequency responses of the detector and of an empty device package (not 

hermetically sealed) were characterized using a network analyzer (Agilent E5071B 30 

kHz - 8.5 GHz).  There appears to be several resonant peaks at the higher end of the 

frequency spectrum, which are inherent to the detector package (Fig. 4.33a).  With the 

addition of micromachined electrode structures, these peak points appear to shift slightly 

to the lower frequencies although the majority of the response looks very similar (Fig. 

4.33b).  The response was first purely capacitive and then shifted to purely inductive until 

near 1.8-2 GHz.  The response behaved relatively well until approximately 1.1-1.47 GHz, 

where more interesting behavior is seen.  Meaning losses due to parasitic inductances 

were low until 1.1 GHz.  The majority of the capacitance was added by the empty can 

and holder. 

3
 The data in this section was collected with the assistance of Dr. Andy Peczalski at Honeywell Labs. 
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(a) (b) 
Figure 4.33:The Smith charts showing the frequency response of (a) an empty TO-5 
package and lid (not hermetically-sealed & BNC socket, which connects the device to the 
analyzer.  (b) The frequency response of the TO-5 package with micromachined steel and 
glass elements installed and hermetically-sealed with an Ar fill-gas.  The resonant 
frequencies shifted slightly to lower frequencies. 
 
 
Table 4.3: Comparison of resonant peak frequencies of the stacked micro-detector with 
the TO-5 package alone. 

 Package alone Stacked micro-detector 
1st resonance 3.07 GHz 2.95 GHz 
2nd resonance 4.02 GHz 4.03 GHz 
3rd resonance 4.69 GHz 5.41 GHz 

 

 
Figure 4.34: PCB power module used to drive the micro-detector, which was modified 
in order to accommodate the high-frequency voltage probe and RF components. 
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Attaching an external RF components to circuit board4  

A 13.56 MHz hand held single loop antenna measures 40 mm by 30 mm and was 

attached across a 50  load at the cathode of the detector power module (Fig. 4.34).  A 

photograph of the loop antenna and its corresponding frequency response is shown in Fig. 

4.35a-b.  A corresponding 13.56 MHz receiving antenna was attached to a spectrum 

analyzer approximately 200 cm from the detector.  During detector operation, the 

receiving antenna did not detect a signal from the transmitter antenna.   

  
(a) (b) 

Figure 4.35: (a) A 13.56 MHz loop antenna, similar to the one attached to the detector. 
(b) The corresponding Smith chart for the frequency range 5-20MHz showing a resonant 
peak near 13 MHz as expected.  

 

 
Figure 4.36: The impact of a 12 MHz crystal resonator attached to the detector. 

4
 The data in this section was collected with the assistance of Dr. Andy Peczalski at Honeywell Labs. 
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A 12 MHz crystal resonator (ZTA07-13MT) was attached to the same 50  load (with 

the 13.56 MHz antenna removed) and the voltage pulse behavior was measured shown in 

Fig. 4.36.  A small 2ns secondary peak was consistently observed.  This behavior was not 

seen in any of the other measurements. 

 

4.5 Discussion 

The primary goal of this work was to investigate the performance compromises 

imposed by the decision to leverage commercial micromachining processes.  For 

example, the use of wet etching to machine the electrodes may be a contributing factor to 

the sensitivity of the detector response to applied bias.  A high-density of structural 

asperities (on the order of 5–10 µm) has been observed in the sidewalls of the 

perforations.  These sharp features, which are artifacts of the manufacturing process, 

create localized high-field regions leading to spurious discharges or excessive 

dependence on bias conditions.  Possible approaches to alleviate this sensitivity include 

electro-polishing of the electrode surface and in particular, targeting the roughness in the 

sidewalls to decrease the sharp profile.  Another approach to reduce the bias dependence 

and reduce the propensity for spurious discharges is to introduce a trace amount (5–10%) 

of a quench agent to the fill-gas (e.g., chlorine or bromine) [Kno00].  Quench gases are a 

common method to extinguish discharges faster and to reduce spurious discharges 

extending electrode lifetimes. 

The ROC curves offer a graphical representation of compromises for different 

operating conditions, e.g., the choice of threshold count values.  Each point on the curve 

indicates the TPR and FPR for a particular threshold.  As the threshold count value 
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decreases (i.e., by moving to the right of the curve), the likelihood of true positive events 

and the likelihood of false positives increase.  By choosing the appropriate threshold 

value, a specific TPR and FPR can be achieved.  The compromises between integration 

time and SNR are also evident.  Detectors with smaller detection volumes may perform 

adequately in applications that accommodate larger integration times.  

If detection events were uniformly distributed in time, threshold count values would 

be linear with integration time.  However, shorter integration times (e.g., 60 s) indicated a 

slight non-linearity, which suggests that the events occurred in clusters or bursts.  Further 

study may provide additional insight into the operational mechanics of the detector and 

the source detected. 

The compromise between integration time and detection capability was also observed 

for transient sources.  As source speed increases, the corresponding integration time 

decreases and the rate of detection decreases.  The application of the device in this 

manner demonstrated a simple, threshold detection method for low intensity moving 

targets.  Human beings walk with an average speed of 1.25-1.5 m/s.  Vehicles speeds are 

much higher.  The detector is limited in terms of detecting fast moving sources.  

However, placement of detectors at stop points for pedestrians and vehicles has the 

potential to be an effective solution.  Possible solutions to increasing the detectable 

source speeds is to lower the dead volume (e.g., the space between the electrodes and the 

package lids), which may scatter or attenuate the radiation, preventing it from entering 

the biased gap. 

The detector demonstrated two output modes: wireline and wireless.  Quantitative 

assessment of radiation levels is important and can be accomplished by both modes.  



 

107

Using the detector in ‘wireline’ mode, a quantitative assessment of radiation level is 

simple; the count rate is proportional to radiation level.  

A quantitative assessment of the radiation level while the detector is operating in a 

‘wireless’ mode depends on the duration of the transmitted electromagnetic pulses and 

the speed of the receiver.  As seen in Fig. 4.16, the duration of the transmitted signal is 40 

ns, which is comparable to the corresponding current pulse duration (20 ns) measured at 

the cathode.  The transmitted wireless signal from the current pulses appears to be nearly 

instantaneous.  Since the FCC allocation of the ultra-wideband (UWB) frequency spectra 

[FCC02], there has been extensive research in using narrow, impulse-shaped signals 

(with durations less than a few ns) to drive low-power, high data rate UWB transceivers 

that can exceed 110 Mb/s [Wen07, Hey05, Nam03, Yin10].  Advantages provided by 

UWB communications include robustness to jamming, as well as a low probability of 

interception and detection. 

Note that for the results presented in Fig. 4.31 and Fig. 4.32, a spectrum analyzer was 

used to capture the frequency spectra in order to evaluate the frequency content and 

bandwidth of the transmitted signal.  However, the acquisition speed of the spectrum 

analyzer is slow and in a single scan some instantaneous wireless content can be missed.  

Therefore, an integration period of 1 min was necessary to accurately capture the 

frequency content while the detector was continuously operated during this period.  

As ultimately noted, this is not representative of a dedicated, tuned receiver, which 

can count individual detection events, particularly when the radiation count is low.  

Additionally, having a custom designed receiving antenna tuned to the transmitted 
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frequencies can greatly increase the signal-to-noise ratio (SNR) and improve the detector-

to-antenna range. 

The distance between the sensor and receiving antenna is limited in this effort 

because the receiving antenna used is general-purpose and was not designed for this 

particular application. In addition, the bias circuit for the detector has not been optimized 

for wireless signaling and improvements in this respect can increase the transmitted SNR.   

The main goal of the voltage probe measurements (Fig. 4.29 and Fig. 4.30) was to 

capture true high-frequency behavior.  The ripples that had been observed previously 

using the inductive current probe were not observed, which suggests that the ripples were 

artifacts of the probe and not inherent to the current pulse behavior.  The majority of the 

pulses observed were single-peaked clean pulses.  Each pulse had a very sharp initial 

peak (due to the fast mobility of electrons), followed by a slower decaying tail (attributed 

to the ion mobility).  The double-peaked pulses suggest some resonance behavior from 

the detector, causing the electrons (or ions) to change direction suddenly.  A closer 

observation revealed ripples within the pulse.  The oscillations were on the order of 1 ns 

in duration, corresponding to a 1 GHz frequency content.  This could also be attributed to 

the resonances of the detector. 

Overall, the frequency analysis of the detector showed that it remained capacitive 

until approximately 800 MHz.  The lack of signal transmission using the 13.56 MHz loop 

antenna indicates that a higher frequency antenna might be necessary.  Additionally 

HFSS modeling of the electrode structure would be helpful in determining the most 

appropriate antenna to couple to the detector structure.  Also, the bias circuit is not 

optimal and several changes should be made in order to achieve an antenna response.  
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The requirements include decreasing the ballast resistors in order to increase the energy 

fed into the antenna.  Also, the circuit needs to match a 50  input impedance required 

by most RF components.  

4.6 Conclusions 

In this work, a wireless-enabled micromachined radiation detector manufactured 

using in-package assembly methods has been presented.  The overall detector diameter 

and height were 9 mm and 9.6 mm, respectively, and weighed 0.97 g.  The device 

generated count rates >15.5 cps.  The estimated intrinsic detection efficiency (i.e., with 

the background rate subtracted) was 3.34%.  The transmitted wideband wireless spectra 

spanned >1.25 GHz.  The main intent of this effort was to explore a configuration that 

can be easily manufactured and cost-effective.  The detector leveraged commercial 

processes and off-the-shelf packaging components in order to achieve a high-throughput, 

cost effective design.  This approach to manufacturing and assembly demonstrated a 

scalable path for increasing detection efficiency for a given form factor.  For example, the 

presented structure can be modified easily to accommodate an arrayed electrode 

structure, i.e., by simply increasing the number of stacked electrode structures.  

Miniaturized wireless radiation sensors are envisioned for use in rapidly deployable, 

mobile network configurations. 
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CHAPTER 5:  APPLICATIONS FOR MINIATURIZED RADIATION 
DETECTORS 

 

5.0 Target Applications 

Miniaturized radiation detector systems lend themselves to high portability and low 

power applications.  Miniaturized radiation sensors can be useful both as individual 

devices and in networks.  Individually, these could be used in applications for which the 

weight or space is at a premium, e.g. micro-air-vehicles (MAVs), helmets, or cell phones.  

Additionally, these devices can be mounted on mobile platforms that are actively 

searching for a target (Fig. 5.1).  As elements of a network, these can facilitate cost-

effective sensing in public spaces (e.g., football stadiums, amusement parks, and 

shopping malls), or in dangerous and inaccessible environments (e.g., contaminated or 

remote areas). 

This chapter discusses two application spaces that this thesis is targeting: mobile 

platforms and sensor network distributions.  Section 5.1 discusses the integration of a 

micro-detector onto a flying mobile platform.  This application space requires the 

detector to be small, light-weight, low power, and able to be integrated or embedded with 

other structures or platforms.  Section 5.2 describes a preliminary demonstration of the 

micro-detectors operating in a distributed network.  
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Figure 5.1: A conceptual representation 
of the MAST mission objective, the 
integration of miniaturized sensor 
systems, (e.g, micro-detectors for beta 
and gamma radiation) onto a mobile 
flying platform.  Required sensor 
characteristics include compact, light-
weight, and low-power. (Figure 
courtesy of K. Sarabandi.) 

 

5.1 Application 1: Integrating onto a flying mobile platform 

The army research laboratory (ARL) was a major source of funding for this thesis 

work from Sept. 2008- Oct. 2010 under the contract No. W911NF-08-2-0004.  The Micro 

Autonomous Systems and Technology (MAST) Collaborative Technology Alliance 

sought to design a mobile sensor platform using innovative new approaches and 

incorporating bio-mimetic methods for low-cost, low-power, durable, fault-tolerant, 

miniaturized, packaged electronics for intelligent sensors, transceivers, and navigational 

aids, aimed at boosting military situational awareness in urban environments.  Part of the 

mission for the radiation detector portion of the project, was to conduct a joint 

experiment involving the University of Michigan and University of Maryland5, which 

took place on Aug. 25, 2010 at the Autonomous Vehicle Laboratory (AVL) in College 

Park, MD.  

5.1.1 Description of joint experiment 

The main research directives were to 1) develop a miniature, light-weight, and ultra-

low-power nuclear sensor for beta and gamma radiation (Single-stacked steel & glass 

5
 The UMD portion of the project was led by Prof. Sean Humbert and graduate student Joseph Conroy. 
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micro-detector) and to 2) integrate the sensor with associated electronics for power 

conversion and communication (Gen. 4 PCB powering module) onto a flying mobile 

platform. 

One of objectives was to explore the detection limits of the miniaturized sensor on the 

mobile platform.  For example, how far from the radiation source can the flying platform 

and detector hover and still successfully detect it?  Also, how long does the flying 

platform and detector need to hover over an area (i.e., integration time) in order to detect 

the radiation source? 

 

 
Figure 5.2: Test setup showing flying quadrotor platform with the radiation detector board 
and radiation source mounted to the underside.  The radiation source was a 300 µCi 137Cs 
source on a metal rod and was positioned on the floor. 

 

5.1.2 Experimental setup 

The overall experimental test setup is shown in Fig. 5.2.  A schematic for the 

powering module is shown below (Fig. 5.3a).  The output from a battery supply is fed 
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into a voltage regulator circuit, which provides an adjustable output voltage to control the 

high-voltage converter.  The converter is a commercial unit, which takes a 0-5V input 

and linearly boosts to a 0-2000V output.  The module also contains the detector bias 

circuitry, an LED readout, and a Schmitt trigger buffer to condition the output signal.  A 

custom designed PCB (Fig. 5.3 b), which houses these components has been 

manufactured and populated. 

(a)

 

(b)  
Figure 5.3: (a) Schematic of the Gen. 4 detector power module and (b) a photograph of 
the completed and tested Gen. 4 detector power module. 

 
Mounting location - The radiation detector board (Fig. 5.3b) was mounted to the 

underside of the quadrotor platform, with the detector facing towards the ground.  The 

radiation source (300 µCi of Cs-137) was located on the ground (Fig. 5.2). 
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Powering scheme - A 7.4V Lipo battery located on the mobile platform powered the 

radiation board and also powered two other on-board PCBs needed for navigation.  

Signal conditioning - On the radiation board, the voltage output from the onboard LED is 

fed into the Schmitt trigger buffer in order to output a 5V TTL signal for each detected 

event.  These events are collected by the navigation platform and sent to the base station 

(via Bluetooth) every 33 msec.  The total counts are then divided by a user-defined 

measurement time window (varied from 3-30 sec) to obtain the count rate (cps). 

 

 
Figure 5.4: The testing involved positioning the quadrotor at set x-positions for a 
predetermined integration time. 

 

5.1.3 Testing parameters 

Initially, the micro-detector (more specifically, single-stacked steel and glass) and 

quadrotor were positioned “far” from the radiation source (e.g., >1.5 m).  During a 

measurement run, the quadrotor is in a hovering position and moved in the +x-direction, 

in x-position intervals.  The x-position intervals ranged from 0.5 - 1.0 m.  The quadrotor 

hovered over each x-position for a predetermined integration period (Fig. 5.4).  The count 

rates were recorded onboard the quadrotor and wirelessly communicated to a near-by 

computer base station via Bluetooth.  The source was positioned at x = 0 and y = 0. 
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Table 5.1: Summary of position parameters for the quadrotor 
Testing parameters: x (m) y (m) z (m) 
Rad source position 0 0 0 
Initial quadrotor position -1.5 0 predetermined value 
X-position intervals 0.5-1.0   

 

5.1.4 Initial experimental results 

The stainless steel and glass single-stack micro-detectors (introduced in Ch. 4) were 

prepared for the experiment.  The detectors were hermetically-sealed using resistance 

projection welding with an Ar environment near 760 Torr.  Initial experimental runs were 

conducted in order to determine the proper integration times (i.e., the amount of time the 

quadrotor was positioned at an x-position), source-detector distances, and x-position 

intervals.  

During the experiment, the quadrotor navigated multiple passes over the radiation 

source.  For example, it flew along the x-axis in a single direction (Pass 1), flying past the 

radiation source, and then returned along the same path (Pass 2). 

Table 5.2: Summary of testing parameters for the device. 
Steel & glass micro-detector Run 1 Run 2 Run 3 
Vapplied (V) 685 685 685 
Integration time (s) 30 15 10 
Source-detector distance (cm) 16 15 19.3 
X-position interval 0.5 m 0.5 m 0.25 m 

 

The measured count rates (approx. 8-20 cps) consistently peaked above background 

rates (approx 4 cps) at the source location with very large signal to noise ratios (Fig. 5.5a-

b).  Longer integration times were investigated (10-30 s).  Fig. 5.5c shows the results for 

an elevated radiation source.  The source was placed on 12.7 cm above the ground to 

investigate whether this increase in distance would allow for more refined counting 

statistics.  Not all of the devices tested during these experiments performed equally well; 
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some presented lower count rates and sensitivity.  The device with the highest 

performance was chosen for the joint experiment. 

 

  
(a) (b) 

 

Figure 5.5: Summary of experimental 
data for the device.  Distinctive peaks in 
counting rates were consistently seen for 
Runs 1-3.  Source-detector distance was 
approximately 15-16 cm.   
(a) Run 1 - integration time = 30 s.  
(b) Run 2 - integration time = 15 s.  
(c) Run 3 - Elevated Source.   
Source was elevated 12.7 cm above the 
ground. 

(c) 
  

5.1.5 Experimental results from live demonstration 

For the joint experiment, the micro-detector was tested for two source-detector 

distances, 8 and 28 cm (Fig. 5.6a-b, respectively).  The count rates consistently peaked at 

the source location.  As the source-detector distance increased from 8 to 28 cm, the peak 

count rates decreased from 22-33 cps to 14 cps.  Figure 5.6b illustrates a transient effect 

that was observed.  From x= -2m up to the source location, the count rates were very 

small (near 0 cps).  At the source location, the count rates peaked.  However, as the 
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quadrotor moved away from the source, the detector continued to output counts, even 

past x=1m. 

Table 5.3: Summary of testing parameters for the joint experiment. 
Steel & glass micro-detector Run 1 Run 2 
Vapplied (V) 685 685 
Integration time (s) 10 20 
Source-detector distance (cm) 8 28 
X-position interval 0.5 m 0.5 m 

 

  
(a) (b) 

Figure 5.6: Summary of experimental data for the joint experiment.  Distinctive peaks in 
counting rates were consistently demonstrated.  Source-detector distance ranged from 
approximately 8-28 cpm.  (a) Run 1 - integration time = 10 s. (b) Run 2 - integration time 
= 20 s. 
 

5.1.6 Summary of Device Performance & Conclusions 

 
Experimental findings 
 

There were several key learning points that were gained from these joint experiments.  

One of the challenges was the communications protocol between the mobile platform and 

the base station.  Delays in the associated electronics can limit the accuracy of the 

detector output readings.  Another challenge, also associated with the communications 

setup, was the count integration method employed by the onboard electronics.  This 
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method involved 33 msec integration windows where the total number of counts were 

stored onboard the mobile platform.  At the end of the integration window, this packet of 

information would be sent via Bluetooth wireless protocol to the base station.  As a 

result, real-time estimation of count rates were limited to averaged counts per 

measurement window.    

The voltage rippling from the current power conversion circuit led to an unstable bias 

applied to the detector.  This can result in inconsistent operation and higher background 

rates or spurious counts.  The ripple can be controlled using more sophisticated, larger 

footprint, and more expensive converters, which are commercially-available. 

With regard to the performance of the detector, the primary conclusion is that while 

the detector is functional in its current form, there are occasional challenges with 

quenching the discharges.  These are manifested by the continuation of discharges even 

when the detector is removed from the proximity of a radiation source after an initial 

exposure.  A secondary consequence of excessive discharging can be the depletion of 

power stored in the drive circuit capacitor, which can delay response of the detector to a 

subsequent exposure.  It is known that changing the fill-gas to include a trace amount of a 

quench gas (e.g., chlorine or bromine) can effectively reduce such behavior in 

conventional Geiger counters.  However, finding a vendor able to hermetically package 

this gas mixture has been challenging. 

The performance of the single-stacked micro-detector can additionally benefit from 

smoother sidewalls inside the etched perforations, which would avoid creating highly 

non-uniform electric fields.  In the present version, structural asperities of 5-10 µm range 
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are formed as a consequence of the photochemical etching process.  These are likely 

contributing to the bias sensitivity of the detector, as well as, the need for quenching.   

The joint experiment also generated several positive results including the successful 

integration of the detector power module onto the flying mobile platform.  The detector 

PCB was able to communicate with the mobile platform.  Also, the detector was 

successful in identifying the source location consistently while on the moving platform 

and for source-detector distances up to 28 cm.   

One of the long-term visions for this project is the ability to perform a gradient-

descent search pattern.  By increasing the number of sensing gaps within a detector 

structure, theoretically, the detector sensitivity will also increase.  The next steps in this 

project will involve a new detector structure that utilizes a multi-stacked electrode array 

scheme that is targeted to increase the detector sensitivity for a given form factor. 

 

5.2 Application 2: Preliminary network demonstration 

The ability to not only detect the presence of a radiation source but also determine the 

position and direction of the source is important.  GM tubes cannot provide directionality 

information.  One method to achieve directionality is to employ segmented detection 

volumes or alternatively, by using a distribution of network sensors.  Segmentation of a 

detector volume includes dividing the total detection volume into smaller, separate 

volumes, each with its own readout pad.  A distribution of sensors can achieve this same 

effect.  The detectors in the line-of-sight of the source will display higher count rates 

compared to those outside of this region.  From this information, the source direction can 



 

120

be approximated.  A distribution of miniature, radiation sensor networks can be useful for 

such configurations.   

5.2.1 Networked detectors to determine directionality of a radiation source 

Two single-stack stainless-steel and glass micro-detectors (Ch. 4) were employed in 

this effort.  The pair of detectors was spaced at various distances apart ranging from 5-45 

cm.  A 99 µCi 137Cs source was positioned at various points in the vicinity of and around 

the detector arrangement.  The main goals were to evaluate the directional capability of 

these detector arrangements and to determine the impact of detector spacing.  Table 5.4 

summarizes the experimental conditions.  

Table 5.4: Operating parameters for the detector network. 
Detector-detector 
spacing (cm) 

Vapplied (V) Background rate (cpm) Peak counts (cps) 
Det. 1 Det. 2 Det. 1 Det. 2 Det. 1 Det. 2 

5 508 602 3 1.1 8.4 2.4 

15 514 610 17.4 19.4 57 55.2 

45 508 602 3 1.1 10.8 3 

 
 
Detector-detector spacing of 5 cm 

 Figure 5.7 displays contour plots of normalized count rates from each device for a 

detector-detector spacing of 5 cm.  The count rates were normalized to the peak value 

(i.e., counts collected with the source positioned over the detector) with the background 

rates subtracted.  Higher count rates were localized to the region in close proximity to the 

detector.  The source-detector distances around the arrangement ranged from 0-20 cm.  

These source positions are indicated by an X.  There is some non-uniformity in 

sensitivity for source-detector distances >10 cm.  This may be attributed to non-

uniformities within the detector introduced by manufacturing and assembly methods, e.g., 
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inconsistent gap spacings or higher field regions near a biased package pin and the edge 

of an electrode layer.  

 
Figure 5.7: Wireline measurements. Normalized count rates for detector-detector spacing 
of 5 cm. The count rates have been normalized to the peak counts measured at the 
respective detector location. Background rates have been subtracted.  The source was 
positioned at z = 0 cm.   
 

 
Figure 5.8: Wireline measurements. Normalized count rates for detector-detector spacing 
of 15 cm. The count rates have been normalized to the peak counts measured at the 
respective detector location.  Background rates have been subtracted.  The source was 
positioned at z = 15.25 cm. 
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Detector-detector spacing of 15 cm 

 Figure 5.8 displays contour plots of normalized count rates from each device for a 

detector-detector spacing of 15 cm.  The peak count rates were localized to the region in 

close proximity to the detector, as expected.  The source was positioned at varying 

distances around the arrangement (following a semi-circular path) with source-detector 

distances ranging from 0-30 cm and at a height of 15.25 cm.  The detection limits of each 

individual detector can be seen.  Determining source directionality with this arrangement 

is very limited. 

 
Figure 5.9: Wireline measurements. Normalized count rates for detector-detector spacing 
of 45 cm.  The count rates have been normalized to the peak counts measured at the 
respective detector location.  Background rates have been subtracted.  The source was 
positioned at z = 15.25 cm. 
 
Detector-detector spacing of 45 cm 

 Figure 5.9 displays contour plots of normalized count rates from each device for a 

detector-detector spacing of 45 cm.  The peak count rates are localized to the region in 

close proximity to the detector, as expected.  The source was positioned at varying 

distances around the arrangement (following a semi-circular path) with source-detector 

distances ranging from 0-40 cm and at a height of 15.25 cm.  The source direction can be 
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estimated by calculating the ratios of the normalized count rates, det1/det2.  For values 

>1, the source direction is in the -x direction, and conversely, for values <1, the source 

direction is in the +x-direction.  For example, at x = 40 cm, det1=near zer, det2=0.5, the 

detector ratio is <1, therefore the source is located to the +x-direction.  Conversely, at x = 

-40 cm, det1=0.8, det2=0.4, the detector ratio is >1, therefore the source is located to the 

+x-direction. 

Determining the source direction with two detectors is non-trivial.  Ideally, 3+ 

detectors would be needed.  The detector positions should attempt to approach the 

formation of a circular perimeter.  The greater the number of detectors, the more refined 

the approximation of the source direction can be made.  In addition, non-uniformities of 

the detector sensitivities need to be well calibrated or minimized in the manufacturing 

process in order to accurately determine the source direction. 

 

5.2.2 Characterizing position response and directionality in the detector 

It is important to determine if the detector has an intrinsic directionality or is more 

sensitive to radiation in a particular direction.  Once this information is known, one can 

calibrate the received count rate to the expected count rate for a particular direction.  The 

network setup includes the arrangement of 4 detectors in a fixed position around the 

perimeter of a circle with a diameter of 20 cm (Fig. 5.10).  The stars indicate the detector 

position.  The source was placed 7.5 cm ± 0.5 cm above each numbered position around 

the circle.  The integration time was fixed at 1 min. and the number of sample points for 

each position ranged from 3-7.  One detector was operated at a time due to measurement 

equipment limitations.   
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(a)  (b)  
Figure 5.10: (a) The network setup showing the arrangement of 4 detectors around the 
perimeter of a circle with a diameter of 20 cm.  The stars indicate the detector position.  
The source was placed 7.5 cm ± 0.5 cm above each numbered position.  The integration 
time was fixed at 1 min. and the number of sample points for each position ranged from 
3-7.  (b) A photograph of the network setup. 
 
Table 5.5: The applied biases for each detector ranged from 432-635V.   

PCB Device Vapplied (V) Peak count 
rates (cpm) 

Lowest count 
rate (cpm) 

Background 
rates (cpm) 

1 13 432 12.25 2 1.33 
2 14 600 12.4 0.67 1.41 
3 6 448 21 2.67 2.5 
4 8 635 21.25 9.25 6.87 

 
Table 5.5 summarizes the measurement findings.  The peak count rates ranged from 

12-21 cpm and background rates ranged from 1.1-7 cpm.  Figure 5.11 shows the contour 

plots of normalized count rates (with background rates subtracted) for each detector 

perspective.  The red dot indicates the detector position.  For example, for PCB#1, the 

count rates peaked directly over the detector and were the lowest at the far source 

positions (6-8) as expected (Fig. 5.11a).  There may be some inherent directionality of the 

detector, which appeared to favor the right side as indicated by the higher count rates for 

positions 2 & 3.  PCB#2 also demonstrated some directionality (Fig. 5.11b), which 

appeared to favor the right side as indicated by the higher count rates for positions 3 & 4.  

For PCB#3, the count rates were the lowest at the far source positions, 2-4 (Fig. 5.11c).  
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The count rates were relatively symmetric for PCB #3 at the y=x axis.  PCB#4 also seems 

to favor the right-hand side of the detector (Fig. 5.11d).   

 
Figure 5.11: Contour plots of the count rates for each detector and powering PCB.   
 

Figure 5.12 compares the performance of PCB#3 for two operating voltages, 448 V 

and 456 V.  As expected, the counting rates, including the background rates increased 

with bias voltage.  It was observed that the increase in applied bias impacted the detector 

operation non-uniformly.  The right hand side of the detector appeared to be less 

influenced by applied bias. 
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(a) (b) 

Figure 5.12: PCB#3 was also operated at two voltage (a) 448V and (b) a higher voltage, 
456 V.  The detection rate and the background rates increased, as expected. 

 

Directionality of the wireless transmissions 

 The wireless transmissions produced by the microdischarges have been measured at 

various locations around the perimeter of a circle.  The received spectra are relatively 

uniform and do not show a particular direction in its transmissions (Fig. A7a). 

5.2.3 Conclusions 

There were some interesting findings in this exercise. For example, the directionality 

of the detector response was evident in 3 out of the 4 detectors that were evaluated.  This 

may be due to non-uniformities in the detector sense gap, which cause the detector to 

favor one region to another in terms of discharging location.  Despite the limited 

detection range of the micro-detectors, the ability to locate a source using a network 

distribution was demonstrated.  The highest count rates consistently occurred while the 

source was positioned in the proximity of the detector.  In addition, the detectors 

demonstrated the ability to detect within a 10-12 cm radius. 
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CHAPTER 6:  STACKED ELECTRODE ARRAYS FOR INCREASED 
SENSITIVITY 

 

6.0 Motivation 

One inherent limitation of gas-based detectors is the low-density of the gaseous 

detection medium, which results in low detection efficiencies (1-3%), in particular for 

gamma and neutron radiation [Kno00, Hen02].  Utilizing multiple stacks of a detector 

structure can potentially increase detection efficiencies for a device with a given form 

factor. 

Past work on stacking detector structures in order to achieve improved performance 

includes a variation on the gas electron multiplier (GEM) [Sau02].  The GEMs use an 

insulating film (50-100 µm-thick polyimde) with a thin metal laminate (1-5 µm-thick) on 

both sides.  The structures are perforated, with openings 25-150 µm in diameter spaced 

apart by 50-200 µm [Sau02, Sau01].  An applied voltage generates concentrated electric 

fields (50-70 kV/cm) at the edges of the perforations, which accelerates the ionized 

particles through the openings.  Each perforation acts as an independent proportional 

counter.  The triple GEM detector utilizes the parallel stacking of three GEM structures 

in order to increase the amplification of the carriers (or gain) at lower bias conditions (as 

compared to a single GEM).  These GEM stacked structures require several bias voltages 

(for each layer of GEM, as well as for the drift and readout plate) for proper operation. 
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This chapter evaluates a scalable path for increasing detection efficiency by utilizing 

a three-dimensional micromachined structure with a perimeter-supported stack of 

electrodes [Eun11b].  This approach maximizes the overall effective sensitive volume for 

a given detector by increasing the number of sensing gaps, increasing the amount of high-

Z materials for gamma interaction, and utilizing the entire volume of a given package (for 

this effort a TO-5 header).  Only one electrical bias is utilized.  This structure builds upon 

the single anode-cathode pair evaluated in Chapter 4 [Eun11a]. 

Section 6.1 details the device concept, followed by details of the electric field 

modeling.  Section 6.2 describes the fabrication and assembly process, followed by 

Section 6.3, which details the experimental results.  Section 6.4 discusses the results and 

impact of this work.   

 
Figure 6.1: Arrayed device concept. The detector comprises an arrayed arrangement of 
multi-element stainless steel electrodes (i.e., anode and cathode) and a glass insulator, 
assembled within a commercial TO-5 package base.  Each electrode is an array of 3 or 4 
‘linked’ elements.  Machined shelves within the spacer maintain a 200 µm-wide gap 
spacing between each electrode layer.  Gamma radiation interacts with the metal layers, 
which releases photoelectrons into the biased gap.  These charged particles trigger 
avalanche within the biased gap, leading to wireless signaling. 
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6.1 Device Concept 

The detector structure includes two sets of perforated, stainless steel #304 electrode 

arrays.  The anode has 4 elements and the cathode has 3 elements.  The elements in each 

set are connected by v-shaped links.  Each set is designed to be plastically deformed into 

a stack of parallel elements.  These elements are inserted into an insulating glass structure 

with micromachined shelves, which maintain a 200 µm-wide anode-cathode gap-spacing 

(Fig. 6.1).  The glass structure and steel elements are installed onto a TO-5 header base 

using the package pins for stability and electrical access.  The electrode assembly is 

contained within a glass cylinder of 1 mm wall thickness, and capped by a glass lid of 50 

µm thickness.  An applied bias generates high-field regions near the perforations.  The 

detector structure is surrounded by a fill-gas environment (e.g., either 100% Ar or an Ar-

CH4 mixture) near 760 Torr.  Beta radiation directly interacts with the fill-gas, whereas 

gamma radiation mostly interacts with the steel electrodes to generate photoelectrons.  

Beta radiation or photoelectrons initiate current-driven avalanche pulses between the 

biased electrodes, which transmit wideband wireless signals.   

Assuming that the gamma source forms a narrow beam of photons, and this beam 

interacts with the electrode material to generate one photoelectron per gamma radiation 

(i.e., the photoelectric effect), then the estimated percentage of detected photons is: 

 (6.1) 

  
where µ is the linear attenuation coefficient (cm-1) of the electrode material, x (cm) is the 

thickness of the electrodes, and B is the buildup factor [Kno00].  For steel, the collision 

processes are dominated by the photoelectric effect and Compton scattering [Ber98].  In 

%photon interaction =100 (1 B(x,E )e µx )
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order to eject a photoelectron from the surface of a metal layer, the incident photon must 

have an energy greater than the work function of the metal surface.  Typical work 

function energies range from 4-6 eV [Hay08].  The buildup factor corrects for the 

fraction of scattered gamma rays that are retained in the photon beam [Kno00].  The 

magnitude of the buildup factor depends on the absorber material, thickness, and photon 

energy [Bur70].  For these calculations, B is assumed to be unity. 

 
Figure 6.2: Estimated percentage photon interaction as a function of metal thickness.  As 
the number of metal layers increase, the higher the potential detection efficiency.  Three 
photon energies are evaluated: 300 keV, 662 keV, and 1 MeV.  As energies increase, the 
likelihood of photon interaction with the metal (e.g., stainless steel #304) decreases.  The 
linear attenuation coefficient, µ, ranged from 0.477-0.84 cm-1.  Photon interactions can 
occur in either the anode or cathode. 
 

The estimated percentage of photons that interact with the structure is calculated as a 

function of metal thickness (Fig. 6.2).  Three photon energies were evaluated for stainless 

steel #304, 300 keV, 662 keV (which corresponds to a 137Cs source), and 1 MeV.  For 

two metal layers, the estimated photon interaction using a 137Cs source is 1.5-2.0 %.  As 

the number of metal layers increase (e.g., 7 metal layers), the higher the potential 
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detection efficiency (6-7%).  Lower photon energies result in higher interaction 

percentages for a given electrode material and thickness.  For example, 300 keV photons 

have 1.5X-1.8X greater interaction probabilities compared to 662 keV and 1 MeV.  The 

gamma intensity attenuation through the 1 mm-thick glass sidewalls and 50 µm-thick 

glass lid were 1.5% and less than 0.1%, respectively.  The beta energy attenuation 

through the sidewalls and lid were 380 keV and less than 9.52 keV, respectively.   

6.1.1 Characterizing gamma sensitivity 

Similar to the method presented in Ch. 2 for beta sensitivity, gamma sensitivity is the 

measured count rate divided by the exposure rate (mR/hr) [Mar06].  Exposure rates are 

dependent on gamma radiation flux, photon energy, and the mass absorption coefficient.  

The photon energy fluence rate is given by [Mar06]: 

=
EAf

4 r2
(MeVdps/cm2) (6.2) 

where A is the source activity (in units of Bq), f is the fractional yield of radiation emitted 

with the energy, E (MeV), mass absorption coefficient (cm2/g) and r is the source-

detector distance (cm).  The exposure rate is the product of the photon energy fluence 

rate, the mass absorption coefficient, and various conversion factors, normalized to the 

w-value.  The w-value is the average energy required to produce an ion pair.   

•

=
w

µen( ) 106eV /MeV( ) 1.602 10 19C / ion pair( )

                                                 1000g / kg( ) 3600s / h( ) R / 2.58 10 4C / kg( )
(mR/hr) (6.3) 

The mass absorption coefficient for Ar and air, are shown in Table 6.1 [Ber98].  

Table 6.1: Mass absorption coefficients and w-values for Ar and air [Ber98, Kno00]. 
Fill-gas w-value (eV/ion pair) µen/p (cm2/g) for E=0.662 MeV 

Ar 26.4 0.07 

air 33.8 0.03 
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Figure 6.3: Calculated exposure 
rates as a function of source-
detector distance for Ar and air.  
The higher mass absorption 
coeff. for Ar results in a greater 
transfer of energy from the 
photons to the gas. 

 

The exposure rate as a function of source-detector distance for Ar and air are shown 

in Fig. 6.3.  Typically, calculations of gamma sensitivity use exposure rates in air.  

Gamma sensitivity is given by: 

Gamma  sensitivity =
measured  count  rate

X ,air (mR / hr) (cps/mR/hr) (6.4) 

 

6.2 Electric Field Modeling 

Finite element analysis (FEA) using COMSOL 3.5a was used to model the electric 

field profile of the arrayed electrode configuration (Fig. 6.4a).  The simulations show that 

with a 200-µm gap-spacing and a bias level of 600 V, a maximum electric field of 

approximately 4-5 MV/m is generated near the perforation corners.  Figure 6.4b shows a 

magnified view of the field profile near a perforation.  The wet etching process that forms 

the perforations results in a slight sloped profile and a peak-like feature at the center of 

the perforation.  There is a 50 µm difference in hole diameter from the top of the 

perforation to its center.  Compared to straight sidewalls, these peak features result in 

increased field strengths (that is approximately 75% higher for a given bias voltage) 

within the perforation.  An SEM photograph illustrates the peak feature (Fig. 6.4c). 
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(a)  

(b)  (c)  
Figure 6.4: (a) Cross-section view of 2D finite element modeling of the electrode field 
generated in the electrode array stack. Vapplied = 600V (b) A magnified view of the field 
profile near the peaked feature. Units are in MV/m. (c) SEM photographs of the 
perforations show a top diameter of 225 µm and center diameter of 175 µm.  

 

One-dimensional field profiles following different paths through the detector were 

modeled for a range of applied biases (Fig. 6.5).  Figure 6.5a follows a vertical path 

through the center of the perforations.  The impact of applied bias is most pronounced at 

the peak features.  Figure 6.5b follows a vertical path near the edge of the perforations 

(passing through the peak features) and shows a maximum field of 2.75 MV/m for a 

600V bias.  Figure 6.5c follows a vertical path through the center of the electrodes.  The 

highest field concentrations occurred near the corner edges of the electrodes, which 

showed a maximum field between 4-5 MV/m  (Fig. 6.5d).  
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(a)

 

(b)

 

(c)

 

(d)

 
Figure 6.5: Electric field profiles of different regions of the electrode array for applied 

biases ranging from 450-600V.  (a) Line A follows vertically along the center of the 

perforations. (b) Line B follows vertically along the edge of the electrode. (c) Line C 

follows vertically through the center of the electrodes. (d) Line D follows horizontally 

along the top edge of a cathode layer.  The same vertical scale is used in all 4 plots to 

allow easy comparison.  The highest field concentrations occur near the corner edges of 

the electrodes. 
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6.3 Fabrication and Assembly 

 The detector elements are manufactured by commercial processes.  In particular, the 

electrodes are formed by photochemical machining of steel foil (Kemac Technology, 

CA), whereas the glass spacers are formed by ultrasonic machining (Bullen Ultrasonics, 

OH).  To fabricate the electrodes, dry photoresist is laminated on both sides of 150 µm-

thick stainless steel (#304).  Following double-sided lithography, the sample is through-

etched by a hot etchant spray.  In this particular design, 175 µm-diameter circular 

perforations are formed, with 300 µm center-to-center spacing.  The glass spacer is 

formed by ultrasonically machining a 1.14 mm-thick borosilicate-glass substrate.  During 

the machining process, a lithographic mask is used to pattern the glass substrate.  The 

machined grooves in the spacer are 200 µm-thick and separated by 200 µm-gaps. 

  
(a) (b) (c) 

Figure 6.6: Arrayed device assembly. (a) Beginning with a planar arrangement of linked 

elements, (b) each element is folded at the link to create an accordion pattern. (c) The 

micromachined glass spacer has 7 pairs of slotted shelves to house the electrode arrays. 

(d) The folded anode and cathode are placed within the glass spacer, separated by 

machined shelves and into the package base using the alignment pins. 
 
The assembly of the device is executed in-house.  Each electrode array begins planar 

(Fig. 6.6a), and has been designed to plastically-deform at the links, similar to an 

accordion pattern.  This results in a parallel configuration of electrode elements with each 

element separated by approximately 600 µm (Fig. 6.6b).  The links provide structure 
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stability and help to maintain the element-element separation.  In addition, these provide 

a continuous electrical connection for the entire array, simplifying bias requirements 

during operation.  The first modified electrode array (i.e., the anode) is carefully inserted 

into the glass spacer (Fig. 6.6c), followed by the cathode array.  Each electrode element is 

aligned with a spacer shelf.  The pair of electrode arrays is interdigitated with alternating 

anode and cathode elements.  To facilitate assembly, the spacer shelves are 50 µm-taller 

than the thickness of the electrodes.  In addition, each steel element is designed with 

openings to align with the package pins.  These pins provide electrical contact to the 

electrodes.  The glass spacer fits between adjacent pins (Fig. 6.7).  The package is a 

commercial, 8-pin TO-5 metal header with a 9 mm diameter and 9.6 mm height.  

Electrical feed-throughs are available as pins through the package base. 

 

 
Figure 6.7: The folded anode and cathode are placed within the glass spacer, separated by 
machined shelves and into the package base using the alignment pins. 
 

6.4 Experimental Results 

The testing configuration is shown in Fig. 6.8.  As noted in Section 6.2, the electrode 

assembly is contained within a glass enclosure with 1 mm-thick sidewalls and a 50 µm-
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thick lid.  The enclosure featured an inlet and outlet port for gas flow (Fig. 6.9).  In a 

typical test procedure, the enclosure was positioned above the TO-5 package base, 

encapsulating the detector structure.  It was sealed onto the detector TO-5 base with 

epoxy; the inlet port was attached to the gas regulator, while the outlet port was attached 

to the pressure sensor and roughing pump.  Valves were used to regulate the gas flow and 

pressure inside the glass enclosure and detector structure.  The detector structures were 

characterized with a small 99 µCi radiation source of 137Cs, which emits both beta and 

gamma radiation.  The radiation source was positioned above the glass lid, minimizing 

the attenuation.  Wireline measurements of the count rate were provided by a high-

frequency inductive current probe attached to an oscilloscope (Agilent DSO8064A, 600 

MHz).  The wireless transmissions were measured by the same oscilloscope connected to 

an 800 MHz whip antenna. 

 

 
Figure 6.8: The test setup with the device and bias circuitry (positioned at distance, d1, 

from the radiation source).  Wireline measurements of the current pulses were taken at 

the cathode with a high-frequency inductive current probe attached to an oscilloscope.  

Wireless measurements were taken with a receiving antenna attached to an oscilloscope 

at distance, d2, from the detector. 
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Figure 6.9: Photographs of the arrayed detector structure with a custom manufactured 
glass lid and PCB power module.  The fitted lid has an inlet and outlet port to enable 
testing of various fill-gases and pressures. 
 

 
Figure 6.10: An oscilloscope trace of the current pulses with 100-150 ns duration 
showing smaller 20-50 ns pulses contained within the main pulse. 
 

6.4.1 Wireline measurements 

Typical current discharge pulses are of 100-150 ns duration and are comprised of 

multiple smaller peaks with 25-50 ns duration and 100 mA amplitude (Fig. 6.10).  The 

applied biases for the detector ranged from 500-575 V for a pure Ar fill-gas and 675-775 

V for a P-10 fill-gas (90% Ar and 10% CH4) operating near 760 Torr.   
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Figure 6.11: Count rates as a function of applied bias and fill-gases.  Two fill-gases were 
examined including P-10 fill-gas (i.e., 90% Ar and 10% CH4) and Ar near 760 Torr.  
Background rates increase at a slower rate.  
 

Impact of applied bias and fill-gas 

Figure 6.11 illustrates the impact of applied bias on counting rates.  At a 520 V bias 

with Ar fill-gas, typical count rates were near 170 counts per minute (cpm) at a 99 µCi 

137Cs-to-detector distance of 30.5 cm.  At a 685 V bias and a P-10 fill-gas, typical count 

rates were near 127 cpm.  Measured background rates (i.e., in the absence of a radiation 

source) ranged from 1.1-5.8 cpm.  The rates while operating with P-10 increased 6X for a 

10V increase in applied bias.  In comparison, the background counts were not as sensitive 

to bias and only doubled. 

 

Receiver operating characteristics (ROC) curves 

Receiver operating characteristics were calculated (using MATLAB 7.11) for these 

detector structures.  Detection events were recorded as a function of time for a bias 

voltage of 520 V (Fig. 6.12a).  The source-detector distance was fixed at 30.5 cm.  A 

constant volumetric mass flow rate (MFR) of 60 sccm (standard cubic centimeters per 

minute) of Ar was gassed into the glass encapsulation affixed around the micro-detector.  
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The time stamps for each triggered event were stored using the segmented acquisition 

mode on the oscilloscope.  The slopes of the curves provided estimates of the counting 

rates.  The step-like behavior was due to counts appearing in clusters or bursts.  The 

typical count rate in the presence of the source was approximately 13.5X the background 

rates.   

This corresponds to an intrinsic detection efficiency of 3.49%.  The intrinsic detector 

efficiency, int is defined as the percentage of radiation incident on the detector that 

results in recorded pulses [Kno00].  Assuming a point isotropic source of activity, A (Ci), 

a source-detector distance, d1 (m), and a detector surface area (i.e., facing the direction of 

the source), SD (m2), then int can be rewritten as: 

 (6.5) 

 

Figure 6.12b shows the ROC curves from the data presented in Fig. 6.12a.  As 

integration times increased, the receiver characteristics improved.  An integration time of 

180 s resulted in an ROC curve approaching the ideal ROC curve (FPR=0, TPR=1).  For 

an integration time of 60 s, the threshold values for TPR=0.5 and FPR=0.5 were 78 

counts and 6 counts, respectively.  This indicated that the number of measured counts 

with a source present were typically 13X the background counts.  The most favorable 

operating points appeared to be at FPR values ranging from 0.1-0.2.  As integration times 

increased from 30 s to 180 s, the likelihood of a true detection event increased from 80% 

to near 100% for a corresponding false positive rate near zero. 

 

int =
Measured  count  rate  (cps)

A 3.7 1010 SD

4 d1
2

100
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(a) (b) 

Figure 6.12: (a) The distribution of counts in time with and without a source present.  The 

average count rate and background rate were approximately 78 cpm and 5.76 cpm, 

respectively.   (b) The ROC curves for various integration times ranging from 30-180 s. 
 

 
Figure 6.13: The impact of gas flow on detector count rates.  With near zero gas flow, the 
count rates were approx. 2X higher than the rates with achieved with 60 sccm.   
 

Impact of gas flow 

The impact of packaging on the detector performance was studied.  Hermetic 

packaging of a device confines a discrete amount of gas in the detector chamber.  

However, the detector performance can potentially change with the presence of a moving 

gas medium.  The use of a flowing fill-gas can result in behavior deviating from what can 
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be expected with hermetically-sealed detectors.  Figure 6.13 shows an example of the 

potential impact while operating with a pure Ar fill-gas at a constant bias of 520 V.  With 

a MFR=60 sccm, the average count rate (taken over the entire measurement duration) 

was approximately half the rate with zero MFR.  However, a large increase in the 

counting rate was observed after approximately 360 s of operation.   

 

 
Figure 6.14: Count rates as a function of applied bias and gas flow rate.  P-10 fill-gas 
(i.e., 90% Ar and 10% CH4) near 760 Torr.  Backgrounds rates increase at a slower rate. 
 

A different behavior was observed for the counting rates while operating with a P-10 

fill-gas with varying flow rates.  The absence of gas flow resulted in an increase in 

required operating voltages in order to achieve the similar counting rates as compared to 

counting rates measured with zero gas flow (Fig. 6.14).  There may be competing 

processes that are impacting the bias voltages and counting rates.  A potential cause may 

be the consumption of the CH4 in the P-10 fill-gas with an MFR=0, which can deposit a 

film on the electrodes leading to increased operating voltages.  It is likely that with an 

MFR>0, the polymerized particulates can be flushed from the system before coating the 

electrodes. 
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6.4.2 Wireless measurements 

The current pulse measurement showed 20-50 ns duration (Fig. 6.15a), which was 

similar in behavior to the transmitted wireless spectra (Fig. 6.15b) received using a 

commercial 800 MHz whip antenna.  The antenna was 30.5 cm in length and positioned 

at an antenna-detector distance of 15.24 cm, perpendicular to the ground.  The receiving 

antenna was able to receive transmitted pulses at a rate similar to the wireline count rates.  

The received signal attenuated with increasing antenna-detector distance.     

 

(a)  

(b)  
Figure 6.15: (a) Current pulse measurement (of a “count”) showed approx. 100 mA peaks 
and 20–50 ns duration. (b) Transmitted wireless signal was received using an 800 MHz 
whip antenna attached to an oscilloscope.  The antenna-detector distance was 15.24 cm.  
The time domain behavior of the RF transmission followed closely with the current pulse 
measurement. 99 µCi from 137Cs was used. 

 

6.5 Discussion 

The use of multiple, vertically-stacked electrode layers has been previously reported 

e.g., the triple GEM structure [Sau02, Sau01].  This structure was operated at a lower bias 

field and intended to proportionately amplify charge carriers.  The carriers were 



 

144

accelerated from one GEM layer to the next, which required multiple voltage biases.  In 

contrast, the structure described here is operated at a higher bias, in the Geiger-Muller 

regime.  The interdigitated, arrayed electrodes, which require only a single bias level, 

serve to increase the gamma detection efficiency.  The stacked electrodes also increase 

the photon-photoelectron conversion efficiency, which increases the overall gamma 

sensitivity. 

The peak features observed within the sidewalls of the electrode perforations are one 

of the major manufacturing limitations introduced by the wet chemical etching process. 

However, these features can be more advantageous than straighter side-walls.  With 

straight side-walls the field concentrations are extremely high near the perforation 

corners, which is still apparent to a lesser degree for this design (as seen in Fig. 6.4b).  

The result is a small fraction of areas with extremely high field concentrations and the 

rest of the detection area with low field concentrations, which can result in low detector 

efficiencies for two reasons.  The first reason is the extreme sensitivity of the detector to 

applied biases.  A small increase in applied bias will result in large increases in field 

strengths at these corners.  The second reason is the rapid amounts of wear the electrodes 

of the detector will likely experience.  The large field concentration makes these 

electrode corners targets for discharges, which may also increase the rate of spurious 

discharges from electrode debris or damage.  Taking advantage of these features is not a 

practical approach possible because these cannot be controlled and cannot be predicted. 

The reduction in operating voltages (as compared to the single-stacked steel detector) 

may be attributed to several factors.  For instance, for a given source strength, the 

increase in high-Z elements can translate into an increase in gamma photon interaction 
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and a larger number of photoelectrons generated.  These photoelectrons may be enough 

in number and have enough energy to trigger discharges with a lower applied field (i.e., 

these do not require as much acceleration and amplification from the field).  Another 

explanation, also involving the electrodes and the increase in photoelectrons, may be that 

the photoelectrons (or UV photons) that are generated in one electrode layer go on to 

propagate additional ionizations and photoelectrons in subsequent layers, creating a 

cascade effect.  These two explanations are not mutually-exclusive.  Another possibility 

for the reduced operating voltages may have to do with non-planarities in the electrode 

structure.  If there are some regions with smaller gap spacings than others, these areas 

will produce discharges at a lower bias level.  This can result in some regions of low 

sensitivity and localized electrode wear in other regions. 

Regarding the impact of flow rate on an Ar fill-gas, Fig. 6.12 not only showed the 2X 

increase in counting rates with an MFR near zero, but the counting curves also showed 2 

distinct slopes for the MFR=60 sccm.  There appears to be a period (of approximately 

360 s) where the counting rate was near 0.55 cps, and then rapidly increased to a rate 

similar to an MFR near zero.  Perhaps there is a latency effect associated with the flow of 

gas or a threshold associated with radiation exposure time. 

Operating voltages were higher with P-10 fill-gases than with pure Ar.  This is 

consistent with expectations: the polyatomic quench gas, methane, absorbs UV photons 

generated during the avalanche process, which otherwise would go on to create additional 

ionizations.  Therefore, a larger electric field is required to generate enough avalanching 

for comparable discharge operation [Wol74, Sha93].  The addition of the methane in the 

Ar fill-gas can increase operational stability (i.e., accommodate a wider range of 
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operating voltages) and decrease spurious discharges.  In particular, the presence of a 

quench gas can alleviate the sensitivity of bias conditions that is caused by electric field 

concentrations.  However, methane can also introduce a few complications.  For example, 

it is flammable and also eventually becomes consumed in the fill-gas [Kno00].  Typical 

detectors filled with P-10 operate with lifetimes on the order of 106-108 total counts.  For 

particularly high-count rate applications, this can truly be a limiting factor.  In addition, a 

byproduct of the discharge process is a polymer film, which can be deposited on the 

electrodes, creating a barrier to future discharges.  The use of halogen quench gases can 

alleviate these issues of lifetime and byproducts, but can be corrosive to certain metals.  

Platinum coatings are sometimes used to protect the electrode structures.  

 

6.6 Conclusions 

Chapter 6 presented a step forward from Chapter 4 by describing an arrayed electrode 

structure that demonstrated a scalable path for increasing detection efficiency.  Elements 

for stacked detectors were manufactured by commercial micromachining technologies, in 

particular, photochemical etching of the electrodes and ultrasonic machining of the spacer 

structure.  The elements were then assembled within commercial packages; to form 7 

stacked electrode arrays for gamma and beta detection.  The detector diameter and height 

were 9 mm and 9.6 mm, respectively, and weight was 1.01 g.  The device performance 

was characterized using two fill-gases (i.e., Ar and P-10) near 760 Torr, with a 99 µCi 

137Cs source (which is a beta and gamma emitter).  It demonstrated outputs >78 cpm with 

a source-detector distance of 30.5 cm. 
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Table 6.2:  Performance comparison of the multi-stacked array detector with the steel and 
glass stacked detector presented in Chapter 4, and a COTS GM tube. 

 LND 726  
(COTS GM tube) 

Stacked Detector 
(Chapter 4) 

Multi-stacked Array 
Detector (Chapter 6) 

Gas filling Ne + Halogen Ar Ar 

Cathode material 446 Stainless Steel 304 Stainless Steel 304 Stainless Steel 

Maximum length (mm)  49.8 9.6 9.6 

1Effective length (mm)  10.2 0.15 0.90 

Max. diameter (mm)  8.7 9 9 
1Effective diameter 

(mm) 
6.4 1.94 1.94 

Volume (mm3) 328 1.77 10.62 

Operating voltage range 

(V)  
660 – 800 V 630 – 655 V 480 – 520 V 

Gamma sensitivity 

(cps/mR/hr) 
3.5 0.67 3.79 

2Normalized gamma 
sensitivity 

(cps/mR/hr/mm3) 

0.010 
-calibrated with 

60Co. 

0.39 
-calibr. with 99 Ci 

137Cs at d = 30.5 cm 

0.36 
-calibr. with 99 Ci 

137Cs at d = 30.5 cm 

Background rates 
10 cpm  

(shielded, with 

50mm Pb + 3mm Al)

7-8 cpm  
(unshielded) 

5-6 cpm 
(unshielded) 

Maximum measured 
detection efficiency for 

99 Ci at d=30.5 cm (%) 

N/A 0.27 3.49 

Weight (grams)  10 0.97 1.01 
1 Effective length/diameter refers to active/sensitive region of detector 
2 Normalized to detector sensitive volume - volume between anode/cathode. 
3 Measured at an exposure rate of 0.343 mR/hr. 
 

 
The performance of the multi-stacked arrayed detector compared to the structure 

presented in Chapter 4, as well as to a COTS GM tube is summarized in Table 6.2.  The 

arrayed detector displayed a gamma sensitivity that was slightly better than the 

commercial unit and when normalized to detector sensitive volume, performed 30X 

higher.  The detector sensitive volume is the total volume encapsulated between the 

anode and cathode.  (The arrayed detector volume was only 3% the volume of the 
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commercial device.)  The background rates from the micro-detectors were lower than the 

commercial unit, which was expected since the Geiger-Muller detector has a much larger 

sensing volume.  Comparing the arrayed detector to the single anode-cathode 

configuration described in Chapter 4 [Eun11a], the arrayed detector had a volume 6X 

greater than the single-stacked and the arrayed detector contained 2.3X more electrode 

layers.  The arrayed detector demonstrated gamma sensitivities that were proportionately 

higher (6X) compared to the single-stacked. 

Receiver operating characteristics evaluated for integration times ranging from 30-

180 s showed improvement with longer integration time.  The estimated intrinsic 

detection efficiency (i.e., with the background rate subtracted) was 3.49%.  Portable 

powering modules developed for these detectors were also presented.  Wireless signaling 

during detector operation exhibited fast transient durations on the order of tens of 

nanoseconds.  Wireless radiation sensors are envisioned for use in rapidly deployable, 

mobile network configurations.  
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CHAPTER 7:  CONCLUSIONS & FUTURE WORK 
 

This chapter provides the summary and conclusions of the research efforts presented 

in previous chapters, as well as outlines suggested directions for future work. 

7.0 Conclusions 

 
This thesis sought to address the design and implementation of wireless 

micromachined, gas-based radiation detectors, specifically targeting small form factors.  

The intended applications space included environmental monitoring and nuclear security.  

Two core concepts were investigated in this work: (1) leveraging existing 

micromachining technologies to design and manufacture miniaturized gas-based radiation 

detectors and (2) leveraging the radiation-induced microdischarges for wireless signaling 

purposes. 

Chapter 2 presented work on micro-detectors for beta radiation (SiG micro-detectors) 

that can be fabricated using a very simple two-mask process involving stacks of Si and 

glass.  Detection cavities varying in size from 9 mm2 to 64 mm2 were explored as well as 

various fill-gases (e.g., He and Ne) at near atmospheric pressure.  Weak beta sources 

(e.g., 90Sr, 204Tl, and a uranium ore) were used to evaluate the structures.  The unsealed 

devices showed sensitivity that was comparable to a commercial gas-based radiation 

monitor.  The design allowed for flexibility in terms of sizing and integration with other 

types of sensors to form composite structures with greater functionality.  For example, a 

two-tiered structure (double-stacked SiG micro-detector) with aligned detection cavities 
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could enable simple, front-end energy spectroscopy, providing distinguishable profiles 

for 90Sr and 204Tl.  This design can be further extended to include multiple stacks with 

varying attenuator thicknesses, which can increase the energy resolution of the micro-

detector. 

Chapter 3 explored the possibility of using microdischarges to generate broadband 

radio-frequency (RF) signaling from gas-based micro-detectors of beta radiation.  The 

concept was evaluated using two types of lithographically-manufactured test structures: 

(1) the SiG single-stacked structure presented in Chapter 2 and (2) a planar, metal-on-

glass structure.  The test structures included electrodes that bias a fill-gas region with a 

high electric field, in which incident beta particles initiate avalanche-driven 

microdischarge pulses that inherently transmit RF spectra with frequency content 

extending into the UWB range of communication.  The discharge gaps ranged from 165-

500 µm.   

The impact of operating pressure, fill-gases (which are typically a mixture of Ne and 

N2) and electrode materials (Ni, Cu) on operating voltage and wireless signaling 

performance was evaluated.  Tests were performed in the proximity of weak (0.1–1.0 

µCi) beta sources (90Sr, 204Tl).  Both types of test structures were capable of producing 

UWB signals spanning >1 GHz.  Measurements in an anechoic chamber using various 

receiver antennas showed that microdischarges can produce field strengths up to 90 

dBµV/m measured at 1.67 m from the test structure.  

Chapter 4 presented a micromachined beta and gamma radiation detector with 

wireless signaling capability.  The detector was manufactured using in-package assembly 

methods.  The detector was hermetically-packaged in an Ar environment at 760 Torr 
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using resistance projection welding.  The overall detector diameter and height were 9 mm 

and 9.6 mm, respectively, and weighed 0.97 g.  The device generated count rates >15.5 

cps, which corresponded to an estimated intrinsic detection efficiency (i.e., with the 

background rate subtracted) of 3.34%.  The transmitted wideband wireless spectra was 

characterized and found to span >1.25 GHz.   

The main intent of this effort was to explore a configuration that can be easily 

manufactured and cost-effective.  The detector leveraged commercial processes and off-

the-shelf packaging components in order to achieve a high-throughput, cost effective 

design.  This approach to manufacturing and assembly demonstrated a scalable path for 

increasing detection efficiency for a given form factor.  For example, the presented 

structure can be modified easily to accommodate an arrayed electrode structure, i.e., by 

simply increasing the number of stacked electrode structures.  Miniaturized wireless 

radiation sensors are envisioned for use in rapidly deployable, mobile network 

configurations. 

Chapter 5 discussed demonstrations in two targeted application spaces, mobile 

platforms and network distributions.  The first demonstration involved the integration of 

a micro-detector onto a flying mobile platform, where size, weight, power consumption, 

and the ability to be integrated or embedded with other structures were a necessity.  The 

experiment was commissioned by the army research laboratory (ARL) and involved the 

University of Michigan (responsible for the micro-detector) and University of Maryland 

(responsible for the flying mobile platform).  The single-stacked micro-detector presented 

in Chapter 4, along with the Gen. 4 PCB powering module were integrated onto the 

mobile platform.  The joint experiment generated several positive results including the 



 

152

successful integration of the detector power module onto the flying mobile platform.  The 

detector successfully identified the source location consistently, while on the moving 

platform and for source-detector distances up to 28 cm.   

Table 7.1: Comparison of the detectors presented in this thesis with a COTS detector. 

LND 726  
(COTS GM tube)

SiG single-
stacked  
(Ch. 2.1) 

SiG double-
stacked  
(Ch. 2.2) 

Stacked 
Detector  
(Ch. 4) 

Multi-Stacked 
Arrayed Detector 

(Ch. 6) 

Gas filling Ne + Halogen 
He/air 
Ne/air 

Ne/air Ar 
Ar 

90%Ar, 10%CH4 

Packaged (Y/N) Y N N Y N 

Cathode material 
446 Stainless 

Steel 
doped Si doped Si 

304 Stainless 
Steel 

304 Stainless 
Steel 

Maximum length 
(mm)  

49.8 1.5 2.5 9.6 9.6 

1
Effective length 

(mm)  
10.2 0.5 1.5 0.15 0.90 

Max. diameter (mm)  8.7 10x20 footprint 10x20 footprint 9 9 
1
Effective diameter 

(mm) 
6.4 

<8mmx8mm 
>2mmx2mm 

<8mmx8mm 
>2mmx2mm 

1.94 1.94 

Operating voltage 
range (volts)  

660 - 800 800-1000 800-1000 630 - 655 480 - 520 

Targeted radiation 
species 

,    ,  ,  

Volume (mm
3
) 328 30.2 60.4 1.77 10.62 

Exposure rate 
(mR/hr) 

N/A 13.5 mRad/hr 13.5 mRad/hr 0.343 0.343 

2
Normalized gamma 

sensitivity 
(cps/mR/hr/mm

3
) 

0.010 
-calibrated with 

60
Co. 

0.02 
(beta 

sensitivity) 

0.014 
(beta 

sensitivity) 

0.39 
-calibrated with

99 Ci 
137

Cs  
at d = 30.5 cm 

0.36 
-calibrated with 

99 Ci 
137

Cs  
at d = 30.5 cm 

Background rates 

10 cpm 
(shielded, with 

50mm Pb + 3mm
Al) 

- - 
7-8 cpm  

(unshielded) 
5-6 cpm 

(unshielded) 

Max. measured 
detection eff. for 99 

Ci at d=30.5 cm (%)
N/A N/A N/A 0.27 3.49 

Weight (grams)  10 0.25 0.45 0.97 1.01 
1 Effective length/diameter refers to active/sensitive region of detector 
2 Normalized to detector sensitive volume 
 

Chapter 5 also discusses the preliminary demonstration of the micro-detectors 

operating in a distributed network.  Two single-stacked steel and glass micro-detectors 

were operated in a segmented detection mode in order to resolve source directionality.  
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Various detector-detector distances were tested.  Two salient observations were made: (1) 

>2 detectors are needed to truly resolve source directionality and (2) there appears to be a 

small amount of inherent directionality in the detectors.  This may be due to the 

manufacturing and assembly limitations that cause the detector to be more sensitive in 

one region compared to another (e.g., burrs on the electrodes or an uneven gap 

distribution).  In addition, four single-stacked stainless-steel detectors powered by PCB 

modules were arranged around the perimeter of a 20 cm diameter circle.  A radiation 

source was positioned at various points around the circle and the detector count rates 

were collected.  The detector range was found to be limited, which will inform the 

density of detectors in a network distribution. 

 Chapter 6 presented a step forward from Chapter 4 by describing a stacked device 

that uses an arrayed electrode structure to demonstrate a scalable path for increasing 

detection efficiency.  The average measured count rate was 1.3 cps for a source-detector 

distance of 30.5 cm with a 99 µCi 137Cs source.  The arrayed structure showed 

approximately a 6X reduction in integration time (i.e., compared to the single-stacked 

stainless-steel detector) necessary to achieve similar ROC performances.  The arrayed 

detector displayed a gamma sensitivity that was slightly better than the COTS unit and 

when normalized to detector volume, performed 30X higher.  (The arrayed detector 

volume was only 3% the volume of the COTS device.)   

Table 7.1 compares the performances of the various detector structures presented in 

this thesis along with a commercial GM tube.  Normalized to detector active volume, the 

stainless steel and glass detectors presented in Chapters 4 and 6 performed well compared 
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to the COTS detector.  In addition, the background rates of these detectors were 

comparably low considering the detectors were unshielded during these measurements.   

 

7.1 Contributions 

 
The main contributions of this work include: 

• The first reported use of bulk Si micromachining techniques to form etched 

cavities and a unique electrode design (with a central cathode island surrounded 

by an anode wall) in order to achieve two distinct regions of operation, a drift 

region and an amplification region. 

• The first reported work where simple energy spectroscopy has been performed 

using stacked cavities and calibrated energy absorption with glass.  

• The first reported work where radiation-induced microdischarges have been used 

as a wireless signaling mechanism.  

• A unique approach to manufacturing and assembly using micromachined steel 

and glass elements and industry standard TO-5 packages. 

• The first reported work to employ a unique, folded assembly design in order to 

increase detection efficiency for a given form factor. 

• The successful integration of a micromachined radiation detector onto a flying 

mobile platform and the successful demonstration of source detection on the 

moving platform. 
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(a) (b) 

Figure 7.1: (a) SEM image of unpolished stainless steel electrodes with 125 µm-diameter 
perforations, showing asperities and a cornered feature within the side walls.  (b) A side 
profile of the perforation, before and after electrochemical polishing.   
 

7.2 Suggested Future Work I 

From the radiation detector perspective 

7.2.1 Electropolishing of electrodes to improve detector operation 

In the work presented in Chapter 4, one of the primary goals was to investigate the 

performance compromises imposed by the decision to leverage commercial 

micromachining processes.  One of the more apparent performance issues was the 

detector response sensitivity to applied bias.  This was attributed in part to the high-

density of structural asperities (on the order of 5–10 µm) that were observed in the 

sidewalls of the perforations.  These sharp features, which are artifacts of the 

manufacturing process, create localized high-field regions leading to spurious discharges 

or excessive dependence on bias conditions (Fig. 7.1a).  Possible approaches to alleviate 
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this sensitivity include electro-polishing of the electrode surface and in particular, 

targeting the roughness in the sidewalls to decrease the sharp profile (Fig. 7.1b). 

Electrochemical polishing of metals is a well-established process.  This process 

typically begins with a biased anode and cathode immersed within an electropolishing 

solution (e.g., EPS4000).  The solution is a mineral slurry sometimes containing a 

mixture sulphuric and phosphoric acid.  The anode is your work piece and the cathode is 

an auxiliary electrode.  A current flowing through the anode causes the anode surface to 

oxidize and dissolve in the electrolyte.  The cathode completes the circuit where a 

reduction reaction takes place.  Regions of high current densities (e.g., the cornered 

feature or the asperities) will etch faster.  With the correct values for the process 

parameters (e.g., solution temperature, stirring speed, applied current, and electrode 

spacings), an improved, polished surface is produced.  Commercial polishing services can 

achieve surface finishes down 200 nm (8 µ-inches) [Abl08].  

 
Figure 7.2: Cross-section of a 3-electrode configuration.  An applied voltage charges up
the high-impedance, floating electrode.  Two regions are defined: a charging gap and a
sensing gap.  When radiation enters the sensing gap and triggers a discharge, the high-
impedance electrode limits the discharge energy. The impact of external magnetic fields
is discussed in Appendix A. 
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7.2.2 Multi-electrode configurations to control discharge energy 

Multi-electrode geometries for chemical detection of vapors at atmospheric pressure 

have been explored [Mit05].  Utilizing a high-impedance middle electrode, the three-

terminal FlashFET was able to achieve lower power discharges (22.5 µJ/pulse) at high 

speeds and without loss in spectral resolution.  Similarly, a 3-electrode configuration was 

examined for this application space.   

A high-impedance electrode, positioned between a pair of planar electrodes help to 

control the amount of current per microdischarge (Fig. 7.2).  An applied voltage charges 

up the high-impedance electrode, which defines two regions: a charging gap and a 

sensing gap.  When radiation enters the sensing gap and triggers a discharge, the high-

impedance electrode limits the discharge energy.  Further details of this work can be 

found in Appendix B.  Results showed a 10X reduction in the current pulse amplitudes, 

an increase in device response rates, and a decrease in the recovery time (compared to the 

2-electrode device).  This approach may be a viable way to decrease spurious discharges 

by using the high impedance electrode as an electrical quenching mechanism.  In 

addition, it can help drive down sensor power consumption and increase sensor response 

rates. 

7.2.3 Thin-film coatings to enhance gamma sensitivity 

One possible method to increase gamma sensitivity is the application of high density, 

high-Z materials with high secondary electron emission coefficients, e.g., Pt or Ir.  Such 

materials increase the probability of interaction with gamma radiation, as well as increase 

the number of photoelectrons emitted with each gamma photon interaction.  Figure 7.3 



 

158

shows one possible implementation where thin-film coatings of high-Z metals are 

deposited on top of the micromachined electrode structures.   

 
Figure 7.3: Application of high-Z, high SEEC thin-film coatings to the detector 
electrodes can enhance gamma sensitivity. 

 
Some advantageous metals with high densities and high SEEC are listed in Table 7.2 

and compared with stainless steel [Bar50].   

Table 7.2: A comparison of various candidates for metal coatings to increase gamma 
sensitivity [Bar50, Bru54]. 

Metal Z Density (kg/m3) SEEC Ionization energy (kJ/mol) 
SS304 26 7900 1.3 (Fe) 762 (Fe) 
Ir 77 22650 - 880 
Pt 78 21090 1.8 870 
Au 79 19300 1.45 890 
Ag 47 10490 1.5 731 
W 74 19250 1.4 770 
Pb 82 11340 1.1 715 

 

Platinum offers high gamma sensitivity and is commonly plated onto the inside of 

stainless steel 446 cathode tubes.  There are several issues that can arise from the 

platinum plating process, such as porosity and lack of adhesion, particularly for larger 

stainless steel tubes having a diameter of exceeding 1".  Deviation from optimum process 
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can lead to the formation of a porous deposit and premature loss of cathode sensitivity.  

Porosity becomes a very important issue when quench gases (e.g., bromine or chlorine) 

are used because the porosity of the platinum permits the free halogen in the gas to attack 

the stainless steel cathode.  As the operating temperature increases, the rate of attack is 

greater.  Platinum coatings are targeted for used in GM-tubes to increase gamma 

sensitivity in high-temperature, high vibration applications, such as oil well logging and 

density gauging [LND, Inc.].  Another important consideration is cost and Pt, Ir, and W 

are very expensive materials.  Smaller scale detectors would offer greater quality of metal 

coatings and require less material. 

7.2.4 Thin-film coatings to enhance neutron sensitivity 

Neutrons that are not contained within an atomic nucleus (i.e., free neutrons) are 

radioactive and eventually undergo beta decay (i.e., break up into a proton, beta-particle, 

and anti-neutrino).  Neutrons have no electrical charge. These interact with matter only 

through collisions with atomic nuclei, which are infrequent and cannot be influenced by 

applied electric fields.  This allows them to have the longest penetration depths, but 

makes them extremely difficult to detect.   

Neutrons and their detection have gained increasing importance from a nuclear 

nonproliferation standpoint because the presence of neutrons of certain energies can be an 

indicator of Special Nuclear Materials (SNMs).  SNMs are fissile material that can 

potentially be used in a nuclear weapon, including highly enriched uranium and 

plutonium.   

The application of thin-film conversion layers to increase neutron sensitivity has been 

reported [Vei04, Eng04].  For example, 1µm-thick 6LiF films were deposited on parallel 
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stainless steel plates and separated by 3 mm.  The plates were operated in a gas chamber 

with an Ar, CH4 mixtures at varying pressures between 0.5-4 atm.  The reported detection 

efficiency was 3% [Eng04].   

 
Figure 7.4: The use of thin-film conversion layers e.g., 6Li, 10B to enable enhanced 
neutron sensitivity.  A polyethylene layer acts as a moderator, converting fast neutrons 
into slower, thermal neutrons.  These converter foils react with neutrons to emit an alpha 
particle, which triggers microdischarges.  

 
The use of thin-film conversion layers e.g., 6Li, 10B deposited on micromachined 

electrodes can enable enhanced neutron sensitivity.  For example, the configuration 

shown in Fig. 7.2 can be applied to the work presented in Chapter 4 and Chapter 6.  It 

comprises an optional polyethylene layer, which acts as a moderator, converting fast 

neutrons (E between 0.1-1.0 MeV) into slower, thermal neutrons (E~0.025 eV).  These 

neutrons interact with the converter foil layer, which results in the emission of an alpha 

particle (which are high in energy) and triggers a microdischarge or “count.”  Table 7.3 

compares common materials used in neutron detection.  All (with the exception of 3He 

since it is a gas) have the potential to be adapted for thin-film conversion layers deposited 

on micro-structures.   
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Another option to facilitate neutron detection is to use a fill-gas with large-neutron 

cross-sections under high pressures.  GM tubes encapsulated with 3He gas have shown to 

be highly sensitive to neutrons.  Unfortunately, this particular gas is rare and 

experiencing a shortage from declining reserves of tritium.  Another neutron sensitive gas 

is BF3, which has a very high concentration of 10B.   

Table 7.3: Comparison of neutron converter materials, the emitted particles, and example 
efficiencies from thin films [Lan03, Kno00]. 
Converter 
material 

Emission 
particle 

Energy (MeV) 
Thermal neutron 

cross section (barns) 
Efficiency in a 

20 µm layer 
3He proton 0.573 5330 - 
6Li alpha 2.05 940 1% 
10B alpha 1.47 3840 3-4% 

157Gd 
gammas 
x-rays 
electrons 

gammas < 2MeV 
x-rays = 44-80 keV 
electrons = 72 keV 

255,000 30% 

 

Some of the detection limitations that exist for small-scale beta/gamma detectors are 

even more pronounced for neutron detection (partly due to the uncharged and high-

energy nature of the neutron).  Gas-based detection is also inherently a low efficiency 

solution, as are thin-film converter foils.  However, the arrayed electrode approach 

presented in Chapter 6 coupled with converter foils can provide an avenue for developing 

higher efficiency neutron detectors by increasing the number of detector stacks. 

7.3 Suggested Future Work II 

From the wireless transmission perspective 
 

7.3.1 Application of external magnetic fields to enhance discharge performance 

Employing large permanent magnets in plasma magnetron systems for 

micromachining have found widespread use with sputtering deposition systems. 
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Traditionally, plasma magnetrons made use of powerful magnets to increase plasma 

density and consequently increase sputtering efficiency.  The mean free path is relatively 

large (on the order of a few cm) due to operation at lower pressures (on the order of 5-10 

mTorr of pressure) [Sho98].  Miniaturized permanent magnets have been utilized in the 

past to enhance and confine dc microplasmas to enable localized, maskless etching of 

silicon with SF6 gas [Wil04]. 

 

 
Figure 7.5: Photograph of SiG micro-detector in the ring magnet arrangement
(Configuration R).  Further details are available in Appendix A.   

 

The use of external magnetic fields can be applied to discharge-based radiation 

detectors.  The impact of an external magnetic field on discharge characteristics has been 

studied and detailed in Appendix A.  An arrangement of miniature rare earth magnets and 

the single-stacked SiG micro-detector structure showed significant enhancement in the 

transmitted wireless spectra.  Further on-chip integration to achieve more localization of 

the applied magnetic field is one potential method to better control the spatial and 

temporal development of the discharge.  In so doing, it would also provide a method to 

tune and shape the discharge spectra.   
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Figure 7.6: Illustration of the various approaches to tuning the transmitted frequency 
spectra from a microdischarge.  Approach #1 was mainly addressed in Chapters 3 and 4, 
while Approach #3 was briefly mentioned in Chapter 4.  Further research and 
development are recommended for future work.  

 

7.3.2 Tailored transmitter & receiver antennas 

In terms of the various approaches to tuning the discharge spectra introduced in 

Chapter 1 (seen again in Fig. 7.6), the scope of this work has focused mainly on 

Approach #1: pre-discharge processing.  The consequence with this approach is the 
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wideband nature of the transmitted RF spectra.  This presents challenges for certain 

sensor network arrangements, where unique frequency signatures are desired.  

Approaches #2: post discharge processing and #3: pulse mode operation can potentially 

generate such tunable, narrowband RF spectra.   

Chapter 4 provided some data on addressing Approach #3, where a miniature 

13.56 MHz loop antenna was attached to the cathode of the detector.  However the 

findings were not substantive.  Similar were the results for the 12 MHz crystal resonator 

that was attached to the detector cathode.  One of the main limitations was the bias circuit 

arrangement.  Much work still remains in developing a drive circuit that compliments not 

only the detector functionality but can also efficiently drive an external antenna patch or 

resonant cavity.  Further integration of the detector and antenna will strengthen its 

potential application space ten-fold. 

In addition, developing a method to model the frequency spectra during the 

microdischarge as it develops in both space and time was beyond the scope of this work.  

However, it would be very useful not just for this work, but also for any discharge-based 

technology.   

 

7.4 Suggested Future Work III 

From the applications perspective 
 

7.4.1 Synchronous radiation detection 

The concept of synchronous radiation detection is discussed in Appendix C.  The 

limited results from the experiments conducted at Honeywell were presented.  The 

experiment was unsuccessful because the background rates of the current detectors were 
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too unstable to be able to distinguish the presence of the radiation source from the 

background.  However, the concept is still worthy of exploring.  The synchronous 

detection fits nicely with the concept of distributed micro-detectors, where the whole is 

indeed greater than the sum of its parts.  With improvement of future detectors, 

synchronous detection should be realizable.      

 

 
Figure 7.7: A schematic for wireless micromachined radiation detectors integrated as 
water filters to sense and locate potential contamination in the water supply.  A similar 
concept can be extended for air filters. 

7.4.2 Micromachined radiation detectors integrated as filters 

Surveillance of radioactive material in the air or water can potentially be addressed by 

miniaturized wireless detectors integrated into filters for use in pipes or air vents (Fig. 

7.7).  Instead of the traditional search approach where the detector searches for the 

radiation source, the radioactive material will be transported to the detector.  If 

radioactive material is airborne or dissolved into a water supply, the filter-style radiation 

detectors can help to sense the radiation and wireless communicate the location of the 

contamination.   
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APPENDIX A: IMPACT OF EXTERNAL MAGNETIC FIELDS ON 
MICRO-SCALE DISCHARGES 

 
 

A.1 Background 

Past work on lithographically microfabricated radiation sensors has included solid-

state and gas-based X-ray detectors [Aud90, Cha02, Kem87, Wad87, Wun97].  It has 

been shown that a micromachined Geiger counter generating gas microdischarges created 

by the passage of a beta particle transmits radio-wave signals potentially suitable for 

sensor networking [Eun05, Eun06a].  These RF transmissions produced by the SiG 

micro-detector were controlled by bias circuitry components.   

Gas discharges across relatively large gaps (on the order of cm) have been employed 

in the past with spark gap transmitters for communication applications dating back to 

Guglielmo Marconi in the mid-1890’s [Bri04].  In 1901, Bose reported utilizing 

discharges within waveguides in order to generate microwaves, and more recent activity 

has also been reported [Hea74]. 

Networked radiation sensors are envisioned for monitoring public buildings with high 

pedestrian traffic such as train stations, football stadiums and shopping malls.  Wireless 

communication between sensors can enable rapid and low cost deployment or 

reconfiguration of networks.  Wireless networks can also be employed for monitoring 

environmental hazards and inaccessible terrains.  The prospect of not only utilizing the 

inherent RF transmissions from discharge-based sensors, but also to have the ability to 
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control and influence the wireless signal output is very attractive from a viewpoint of 

implementing a wireless network.  

Employing large permanent magnets in plasma magnetron systems for 

micromachining have found widespread use with sputtering deposition systems. 

Traditionally, plasma magnetrons made use of powerful magnets to increase plasma 

density and consequently increase sputtering efficiency.  The mean free path is relatively 

large (on the order of a few cm) due to operation at lower pressures (on the order of 5-10 

mTorr of pressure) [Sho98].  Miniaturized permanent magnets have been utilized in the 

past to enhance and confine dc microplasmas to enable localized, maskless etching of 

silicon with SF6 gas [Wil04]. 

This work presents a magnetically enhanced gas-based micromachined radiation 

detector for -particle detection, which uses permanent magnets along with glass/Si 

structures to produce wireless transmission in the ultra wideband (UWB) window.  In 

Section A2, device concepts such as basic discharge-based wireless operation as well as 

the magnet configuration used to achieve RF field strength enhancement is discussed.  

Section A3 presents the recent experimental results including field enhancement data and 

emission pattern plots.  Section A4 concludes with a discussion of possible applications.  

 

A.2 Device Concepts and Operation 

 
A.2.1 Basic Discharge-Based Wireless Operation 

The basic device includes a lithographically micromachined component which is a 

glass-Si-glass sandwich in which a central Si post forms the cathode and a peripheral Si 

ring forms the anode.  This component measures 1x2 cm2 and contains 6 different 
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detection cavities that share a common anode on each die.  The region proximal to the 

cathode has a weak field and is called the drift region, whereas that adjacent to the anode 

is the higher field amplification region. Discharges can be either electrostatically initiated 

(exceeding gas breakdown voltage) or beta particle-initiated.  As beta particles pass 

through the glass window, these ionize the surrounding gas atoms, resulting in an 

avalanche current pulse and consequent RF transmission.  The SiG micro-detector 

inherently operates as a UWB transmitter along the guidelines specified in [FCC02].   

 

 

 
Figure A.1: (a) Cross-section of device in ring magnet configuration (Configuration R).
(b) Cross-section of device in square magnet configuration (Configuration S).  
 
A.2.2 Magnetic Enhancement Configuration 

Configuration R (Fig. A.1a) and Configuration S (Fig. A.1b) show the cross-section 

of the device in the different configurations tested.  These utilize strong magnetic fields 
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provided by miniaturized neodymium-iron-boron (NdFeB) rare earth magnets.  Ring-

shaped as well as square-shaped magnets were used to construct the sandwich structures.  

Each square magnet measured 6X6X6 mm3.  A steel spacer was utilized as the cathode 

electrode contact to avoid passing large amounts of current through the permanent 

magnets and consequently damaging the upper permanent magnet.  Each ring magnet 

measured 6 mm outer radius and a 2.5 mm inner radius.  Figure A.2 shows a photograph 

of the SiG micro-detector assembled in Configuration R.  The electrical contact for the 

cathode passes through the opening of the top ring-shaped magnet.  The structure is 

stabilized by the second magnet located below the SiG micro-detector.  The magnetic 

field lines were aimed to be positioned perpendicular to the discharge path.   

 
Figure A.2: Photograph of SiG micro-detector in the ring magnet arrangement
(Configuration R). 
 

A particle that is moving in the presence of both an electric field and an orthogonal 

magnetic field, B0, which is also consequently perpendicular to the discharge path, will 

give rise to a drift velocity, vF, perpendicular to both fields: 

vF =
(F / q) B

B0
2  (A.1) 

 

F  represents the transverse force due to the electric field acting on the particle.  B is the 

component of the magnetic field that is orthogonal to the electric field and q represents 
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the charge.  The particle velocity is directly proportional to the applied magnetic field.  

The particle will experience a gyrating motion, much like a spiral coil course, around this 

new, elongated discharge path [Lie05].  Since each accelerating particle emits 

electromagnetic radiation, increasing the number of excited atoms can generate a stronger 

overall signal.  In essence, this new discharge path provides an opportunity for more ion-

to-neutral gas atom collisions and thereby creates more ionized particles that can 

participate in the wireless transmission.   

 

  
(a) (b) 

Figure A.3: (a) Magnetic flux density of a square magnet with respect to axial distance
measured with a Hall probe (Bell Hall Generator: BH-205).  (b) Magnetic flux density of
a ring magnet with respect to axial distance. 
 

A.3 Experimental Results 

 Magnetic field strength measurements of each magnet (square and ring) were taken 

in the X and Z direction with a Hall sensor and the results are shown in Fig. A.3a and Fig. 

A.3b, respectively.  The magnetic flux density in the Z direction of each square magnet 

ranged from 0.17 to 2.40 kG measured at a distance from 2 to 12 mm.   The strength of 

the ring magnet in the Z direction varied from a flux density of 0.11 to 0.91 kG measured 

at a distance of 3 to 16 mm.  In the X direction, the strength varied between 0.05 to 0.50 

kG and 0.05 to 0.90 kG for the square and ring magnet, respectively.  The X distances 
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ranged between 5 to 21 mm.  The strength of the square magnet in the Z direction was 

greater than the ring magnet but was measured to be weaker in the X direction.  The 

measured magnetic field strength dropped off exponentially as expected.   

Table A.1: Magnet shape and pole orientation for each configuration. 

Configuration 
Magnet 
shape 

Pole orientation 

SN Square North up 

SS Square South up 

RN Ring North up 

RS Ring South up 

 

 

Figure A.4: Schematic illustrating
rotation angle used to plot radiation
pattern.  The reference axis defined the
0° measurement and all subsequent
angles were measured from this.
Measurements ranged from 0° to 180°
in 15° intervals. 

 

The experimental setup is shown in Fig. A.4.  The antenna of an RF field strength 

analyzer (Protek 3290) was positioned 91.5 cm away from the device while the source to 

detector distance was fixed at 5 cm.  Frequency scans were taken in narrow-band 

frequency modulation (NBFM) reception mode spanning the frequency range from 2.0 

GHz to 2.8 GHz in 5 MHz steps.  All measurements were taken in a Ne/air gas 

environment with the various magnetic arrangements summarized in Table A.1.  (A 

compass was used to determine the pole direction on the magnet.) For beta-initiated 

discharges, the pure beta emitters, 90Sr and 204Tl, were used with strengths 0.1 and 1.0 

µCi, respectively. 
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(a) (b) 

Figure A.5: (a) Discharge spectra of electrostatic breakdown measured using an RF field
strength analyzer (Protek, Inc., #3290).  The control was taken in the absence of magnets
with steel spacer providing electrical contact to cathode.  Configuration SN and SS are
also shown.  Spectral strength increases in the presence of the magnetic field.  (b)
Discharge spectra of beta-initiated breakdown using 204Tl as the radioactive source.
Configuration SN and SS are shown along with the control measurement. Tests were
conducted in a Ne/air environment. 

 

Figure A.5a shows the resulting spectrum using the square magnet assembly 

(Configuration S) during electrostatic breakdown.  Electrostatic breakdown occurs when 

the applied voltage exceeds the gas breakdown potential.  A significant increase in signal 

strength (~7 rel. dBµV) was observed around 2.3 and 2.6 GHz compared to the control 

measurement.  The control measurement for Configuration S was taken without magnets 

present but with the steel spacer providing electrical contact to the cathode.  Figure A.5b 

shows the same configuration but this time with beta-initiated discharges using the 

radioisotope, 204Tl.  The resulting spectra showed a dramatic improvement in field 

strength (~8 dBµV) between 2.0 and 2.8 GHz with the exception of 2.2 to 2.3 GHz.  

Figures A.6a and A.6b illustrate the same series of measurements but this time using 

the dual ring-shaped assemblage (Configuration R).  Both plots show significant increase 

in signal strength measured when compared to the control measurement.  
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(a) (b) 

Figure A.6: (a) Discharge spectra of electrostatic breakdown.  The control was taken in the
absence of magnets.  Configuration RN and RS are also shown.  A significant peak
increases in signal strength can be seen around 2.1, 2.5 and 2.7 GHz. (b) Discharge spectra
of beta-initiated breakdown using 204Tl as the radioactive source. Significant spectral
enhancement was achieved spanning the entire 800 MHz (2.0-2.8 GHz) bandwidth in the
presence of the magnetic field. 

 

A measurement was performed to determine the directionality of the transmitted RF 

spectra.  The emitted radiation pattern of the RF transmissions from the microdischarges 

received as a function of in-plane rotation angle has been plotted in Fig. A.7.  The applied 

bias voltage was kept constant at 900 V in the presence of 90Sr while the sensor and 

source were rotated at various angles relative to the RF field strength analyzer.  Figure 

A.7(a-top) shows the control measurement of the RF transmission characteristics in the 

absence of the permanent magnets spanning from 0° to 180°, measured at 15° intervals, 

at a constant radius of 91.5 cm.  The tested frequencies spanned 2.0 to 2.8 GHz in NBFM 

reception mode.  Electrical contact was made directly to the central cathode.  The plot 

shows fairly uniform spectra spanning the perimeter of the circle.  Figure A.7(b-bottom) 

shows the same transmission characteristics, this time in the presence of the applied 

magnetic field in Configuration RN.  A fairly uniform enhancement in the spectrum in the 

presence of the magnets compared to the absence was observed.  
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(a)  

(b)  
Figure A.7: Radiation pattern plots for the SiG micro-detector discharges spanning from 
0° to 180° around the perimeter of a circle with a radius of 91.4 cm.  (a-top) Taken in the 
absence of an external magnetic field.  (b-bottom) Taken in the presence of an external 
magnetic field, Configuration RN.  The 2.0-2.8 GHz radiation patterns are fairly uniform 
around the circle. 

 

These results show a clear magnetic enhancement of spectral strength observed while 

operating in both Configuration S and Configuration R.  Experimental results have also 

demonstrated that the microdischarges are relatively uniform and thereby independent of 
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rotation angle.  This supports the idea that magnetic enhancement of the RF transmission 

is taking place rather than magnetic shaping of the spectra. 

 

A.4 Conclusions 

With the fast emergence of wireless sensor applications along with new wireless 

standards, developing distributed wireless sensing networks is very attractive.  Utilizing 

miniaturized magnets to considerably increase the inherent emission characteristics of 

discharge-based transducers that do not require additional electronics would be a 

significant step in wireless sensor networking.  The presence of the magnetic field 

induces a drift velocity of the electrons and ions that is perpendicular to the discharge 

path.  This additional velocity force results in a change in the current discharge behavior 

that is realized during operation of the SiG micro-detector.  The device integrated a 1x2 

cm2 micromachined glass/Si cavity between two miniaturized NdFeB rare earth magnets.   

Experiments involved several different magnet orientations as well as two different 

shapes of magnets (square and ring) were investigated.  Weak radioactive sources with 

strengths ranging from 0.1-1.0 µCi were used.  Each square and ring magnet had a 

maximum flux density of 2.40 and 0.91 kG, respectively.  Preliminary results show that 

in the presence of miniaturized magnets, the RF spectra emitted by the gas discharges in 

the 2.0 to 2.8 GHz frequency range showed consistent increase in the field strength 

intensity.  The significant change in the received RF spectrum shows the influence of the 

magnets on the plasma resistance even at atmospheric pressure.  Increasing field strength 

can offer a larger transmission distances and a potentially wider sensing area.  
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Experimental results have also demonstrated that the microdischarges are relatively 

independent of rotation angle.  

It is noteworthy that discharges are observed in other contexts in the micro-domain.  

Microdischarge-based chemical sensors used for vapor and liquids are known to produce 

optical spectra that are characteristic of chemical species [Mit05].  Additionally, 

microdischarges are generated unintentionally in electrostatic transducers [Ono00].  The 

findings presented here could potentially extend to these other contexts. 
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APPENDIX B: A 3-ELECTRODE CONFIGURATION UTILIZING A 
HIGH-IMPEDANCE ELECTRODE FOR MANAGING 
DISCHARGE ENERGY 

 

B.1 Introduction 

 
Multi-electrode geometries for chemical detection of vapors at atmospheric pressure 

have been explored [Mit05].  Utilizing a high-impedance middle electrode, the three-

terminal FlashFET was able to achieve lower power discharges (22.5 µJ/pulse) at high 

speeds and without loss in spectral resolution.  The device comprised three planar Cu 

electrodes with an active area of 1 mm2.  Copper electrodes tend to outperform doped 

silicon electrodes for discharge applications by having lower sheet resistance and higher 

durability and lifetime.  One problematic aspect of micro-electrodes is the tendency to 

wear, which results from sputtering.  This limits device lifetime and can lead to 

inconsistent device operation. 

Miniaturized permanent magnets have been utilized in the past to enhance and 

confine dc microplasmas to enable localized, maskless etching of silicon with SF6 gas 

[Wil04].  More recently, studies integrating small rare earth magnets with Si/glass 

micromachined radiation sensors have shown an enhancement in the received wireless 

signal [Eun06b]. 

The work presented here describes a tri-electrode micromachined test structure that 

uses a high impedance (floating) electrode to control discharge energy.  The structure 

also employs miniature rare earth magnets (NdFeB) integrated with planar MOG (Cu) 
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electrode geometries to produce wireless transmissions in the UWB window.  Section B2 

describes the concepts realized in the 2- and 3-electrode MOG (Cu) device, the 

employment of permanent magnets to enhance RF transmission, and finally the FEA of 

the electric field profile during device operation.  Section B3 presents the recent 

experimental results comparing pulse height spectra obtained from the 2- and 3-electrode 

device operation, and the magnetic enhancement of the wireless signal with the 3-

electrode device.  Section B4 concludes with a discussion of possible applications.  

 

B.2 Device Concepts 

This section first describes the power saving operation with the 3-electrode 

configuration, and then presents a theory of how signal enhancement is achieved with the 

magnetic configuration. 

 

B.2.1 Device Configuration 

There are two electrode configurations of interest: 2- and 3-electrode geometries that 

use closely spaced Cu electrodes electroplated on an insulating glass substrate.  The main 

interest involves the 3-electrode device that uses a high impedance (floating) electrode 

that remains unwired.  The sensing gap (Fig. B.1) located between the cathode and 

floating electrode has a relatively large interaction area (200X500 µm2) and a high 

electric field (1-2 MV/m).  Initially, weak (field-emission) leakage current charges the 

capacitor (CP) to a high voltage through the charging gap, located between the floating 

electrode and anode.  When beta radiation initiates a microdischarge within the sensing 

gap, the charge on CP ( 1.1 pF) is dumped through the low impedance path, lowering the 
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applied voltage and quickly quenching the discharge.  Consequently, it results in rapid 

current switching, which is favorable for RF generation, because it increases the time 

derivative of current pulses.  Also, the resulting current pulses are smaller, decreasing the 

operating energy and temperature of the electrodes, reducing the sputtering effect noted 

previously.  This decreases electrode wear and extends the lifetime compared to the 2-

electrode configuration.   

The 2-electrode device involves the sensing gap alone.  The floating electrode is 

hardwired to serve as the anode connection, while the cathode is still grounded.  The 2-

electrode geometry is used as a control to compare performance with the 3-electrode 

device under similar experimental conditions. 

 
Figure B.1: Cross-section of device in Configuration 3eRN.  Each ring magnet measured
6 mm outer diameter and 3 mm inner diameter.  The 3-electrode micro-Geiger counter is
fabricated on Pyrex #7740 substrate with 25 µm thick electroplated Cu electrodes.  The
charging gap and sensing gap are shown on the right. 

 

There are a number of compromises related to the size of CP (e.g. dynamic range 

versus recovery time).  While CP is discharging, the device is essentially unable to detect 

more incoming particles, this is known as “dead time.”  Consequently, with a large CP, 
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the device is able to detect a large influx of beta particles without lowering the operating 

voltage.  However, past studies have shown that a smaller CP results in a larger RF 

transmission, due to the faster current switching profile. 

 

B.2.2 Magnetic Enhancement Configuration 

The device also involves an arrangement of permanent magnets (NdFeB) that 

significantly enhances the RF generation.  The idea is similar to a magnetron, where 

magnets suppress wall collisions and increase the efficiency of the electro-discharges.  

The ring-shaped magnets sandwich the 3-electrode device.  The top magnet is electrically 

isolated from the Cu electrodes by an insulating spacer.  The second magnet located 

below the glass substrate is used to stabilize the arrangement.  The magnetic field lines 

are positioned perpendicular to the discharge path.  Photographs of the 3-electrode micro-

Geiger counter incorporating permanent magnets (Configuration 3eRN) are shown in Fig. 

B.2. 

 

 
Figure B.2: Photo of device in 3eRN configuration.  (Left)  Side view of 3-electrode
radiation sensor in magnetic sandwich against a U.S. penny.  (Right) Top view of the 3-
electrode device shown through magnet opening.  
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Figure B.3: FEM simulation of the electric field profile for the 3-electrode device.  The
data was extracted from a plane that is 50 µm above the substrate surface.  The anode
potential was set to 550 V, while the cathode was tied to ground. 
 

B.2.3 Finite Element Analysis (FEA) 

FEA of the electric field profile is performed on the 3-electrode arrangement (Fig. 

B.3).  The anode potential was set to 550 V, while the cathode was tied to ground.  The 

average field in the sensing gap for the 3-electrode configuration is greater than 1.2 

MV/m, which is sufficient for beta particle detection.  In typical gases at atmospheric 

pressure, the threshold field required for operation is on the order of 106 V/m [20].  

Generally, Geiger counters operate with electric fields (near the high field anode wire) of 

around a few MV/m. 

B.3 Experimental Results 

Tests were conducted in a neon-filled environment while sensing a 0.1 µCi 90Sr 

sample (Fig. B.4).  The dimensions for the sensing and charging gaps were 200 µm and 

50 µm, respectively.  For wireless measurements, an 800 MHz whip antenna was 

attached to the spectrum analyzer.  Figure B.5 shows the antenna gain factor supplied by 
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the manufacturer (Protek, Inc.) from 100 MHz to 2 GHz.  This characterization covers a 

significant portion of the frequency bandwidth of interest (200 MHz to 2.9 GHz).  

However, the antenna gain factor was not taken into account in wireless data provided 

here. 

 
Figure B.4: Test setup showing the spectrum analyzer (HP8592L) with device bias
circuitry.  Source-to-detector distance was fixed at 8 mm while detector-to-antenna
distance, d1, was varied from 5 to 80 cm.  All tests are operated in a neon/air gas
environment at 1 atm.  Applied voltage (VHV) was between 400 - 800 V. 
 

 
Figure B.5: Antenna gain factor for the 800 MHz whip antenna used for the wireless
measurement setup.  Data was provided by the manufacturer (Protek, Inc.) for the
frequencies spanning 100 MHz to 2 GHz. 
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Figure B.6: Hard-wired measurement.  Current pulses were measured by a fast pico-
ammeter (Keithley 486).  The 3-electrode arrangement shows more than a 10X reduction
of the current pulse amplitudes as well as an increase in device response and recovery
time.  The control involved the 2-electrode configuration. 
 

B.3.1 3-electrode configuration 

For hard-wired measurements, avalanche current pulses (IS) were measured by a high-

speed pico-ammeter for over 100 s during device operation (Fig. B.6).  The 3-electrode 

arrangement clearly shows a 10X reduction in pulse amplitudes as well as a faster 

response compared to the corresponding 2-electrode device.  The pulse reduction permits 

lower operating power and longer lifetime for the 3-electrode device.  Figure B.7 shows 

signal-to-noise ratios (SNR) of devices with 2- and 3-electrode arrangements from pulse 

height spectra measured using a multi-channel analyzer (MCA).  SNR is defined as the 

ratio of count rates with and without a radiation source present.  Count rates without a 

source present involve spontaneous electrostatic discharges (ESD) and background 

radiation.  ESDs tend to occur more frequently when the applied voltage exceeds or nears 

the gas breakdown voltage.  The 3-electrode device produced a higher SNR compared to 

that of the 2-electrode device over the measured range of anode bias (400-525 V).  A 
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higher SNR for the 3-electrode device allows more reliable operation at a wider range of 

bias voltages. 

 
Figure B.7: Hard-wired measurement.  Measured signal to background noise ratio (SNR)
of different electrode arrangements for applied voltage range: 400-525 V.  The 3-electrode
device shows 10X- 100X order of SNR improvement over the 2-electrode design. 

 

 
Figure B.8: Wireless measurement.  Discharge spectra of beta-initiated breakdown using
90Sr (0.1 µCi).  Significant increase in high frequency spectral strength was achieved
with the magnetic field present.  The frequency sweep spanned from 200 MHz-2.9 GHz. 

 

B.3.2 Magnetic Enhancement Configuration 

Figure B.8 shows the magnetically enhanced RF spectra produced while detecting 

90Sr in configuration 3eRN compared to spectra produced in the absence of magnets 

(Control).  A significant increase in high frequency spectral strength and bandwidth were 
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achieved in the presence of the magnetic field.  The total radiated power decays 

exponentially (Fig. B.9) with increasing detector-to-antenna distance, d1. 

 

 
Figure B.9: Wireless measurement.  Measured signal attenuation of total received signal
power spanning from 200 MHz to 2.9 GHz as a function of detector-to-antenna distance,
d1.  An extremely weak source of 90Sr (0.1 µCi) was used. 

 

B.4 Conclusions 

Preliminary results detecting 90Sr (0.1 µCi) with the 3-electrode device showed a 10X 

reduction in the current pulse amplitudes, as well as an increase in device response and 

recovery time as compared to the 2-electrode device.  Also, the 3-electrode device shows 

a 10X-100X SNR improvement over the 2-electrode design.  Other multi-electrode 

configurations can be envisioned to further improve device performance and lifetime.  In 

the presence of miniaturized magnets, the RF spectra emitted by the gas discharges 

spanned a frequency bandwidth of 200 MHz to 2.9 GHz as well as showing a significant 

increase in high frequency spectral strength.  Even though the effect of a magnetic field is 

weak while operating at atmospheric pressure, the significant difference in the received 

RF signal in the presence of magnets suggest there is sufficient field interaction, causing 
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signal enhancement.  Increasing field strength can offer larger transmission distances and 

potentially a wider sensing area.  

In this effort, a planar, 3-electrode copper device with a 250X500 µm2 active footprint 

electroplated onto a glass substrate between two miniaturized NdFeB ring magnets is 

described.  The presence of a third, “floating” electrode, improved detector performance 

by decreasing the resulting current pulses and increasing the switching or recovery speed.  

Smaller current pulses resulted in less sputtering of the micro-electrodes, which increased 

device performance and reliability.  The faster switching time increased the spectral 

strength of the consequent RF transmission since it is directly related to the derivative of 

the current pulse.   

Utilizing miniaturized magnets to considerably increase the inherent emission 

characteristics of discharge-based transducers would be a significant step in wireless 

sensor networking.  The presence of the magnetic field induces a drift velocity of the 

electrons and ions that is perpendicular to the discharge path.  This additional velocity 

force results in a change in the current discharge behavior that is realized during device 

operation. 
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APPENDIX C: NETWORK APPLICATION USING SYNCHRONOUS 
DETECTION 

 
 

C.1 Background 

The following exercise was conducted at Honeywell Labs in Minneapolis, MN under 

the guidance of Dr. Andy Peczalski. 

C.1.1 Description of synchronous detection 

The concept of synchronous radiation detection involves operating a group of 

radiation detectors in conjunction with another secondary surveillance method (e.g., 

video monitoring or thermal imaging).  The count rates from the group of detectors are 

monitored and if there is an increase in the mean value of the background counting rates, 

then the secondary surveillance method is used to determine and locate the source.  The 

additional surveillance method enables better overall SNR from lower sensitivity 

detectors e.g., miniature detectors.  For example, detectors with sensitivities close to 

background rates can be used to extract out the desired signal (i.e., from the radiation 

source) from the near background counts. 

C.2 Experimental Setup 

There were three micro-detectors and their corresponding PCB power modules 

employed for this effort.  A 5.0 µCi 137Cs radiation source was used to characterize the 

detectors.  Each detector was placed in a parallel fashion, 0.9-1.2 m away from the next 

detector, in order to avoid simultaneous detection from the presence of the radiation 
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source.  The radiation source was held (with axial alignment) at a constant distance 

ranging from 2.5-4.5 cm from the detector.  There was a COTS radiation monitor 

(Ludlum 44-7) that was used to calibrate the micro-detectors.  There were two primary 

tasks: 

1. Find the appropriate biasing voltage for each board to achieve near 

background count rates 

2. Find the appropriate source-detector distances in order to achieve near 

background rates 

C.3 Experimental Results 

The bias conditions for each micro-detector are summarized in Table C.1.  Initially, 

the background rates were relatively stable for all three counters and ranged from 1-3 

cpm.  The detectors were operated for over 2 hrs and the background rates were seen to 

drift from 2-3 cpm to 4-5 cpm for PCB #2.  PCB #3 did not drift, while PCB #1 

experienced increased spurious discharges or bursts of pulses for background and 

detection events. 

Table C.1: Summary of the experimental results comparing the micro-detector 
performances with a COTS radiation monitor. 
Parameter PCB #1 PCB #2 PCB #3 COTS - Ludlum 44-7  

Bias voltage (V) 427 444 608 900 

Background rates (cpm) 2.33 2.50 1.25 25 

5 Ci Cs-137 
d = 2.54 cm 

12.67 10.67 8.50 83000 

5 Ci Cs-137 
d = 4.5 cm 

7.67 6.25 2.8 46500 

Detector thickness 150 m 150 m 150 m 14.7 cm 

Calculated efficiency 
(normalized to detector 
thickness) 

1333.3 1100 493.3 173.8 
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C.4 Conclusions 

Unfortunately, the experiment required the detector rates (while operating near 

background rates) to be stable and not drift over time.  The current detector 

implementation was too unstable to perform the synchronous detection.   
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APPENDIX D: POWERING MODULES DESIGNED FOR MICRO-
DETECTORS 

 

D.1 Background 

 
In order to have a standalone micro-detector system, the powering module and 

readout scheme that interfaces with the micro-detector must be compact, light-weight and 

battery-operated.  The required components for the powering module include a battery 

source, an adjustable voltage regulator, a high-voltage converter, the detector bias 

circuitry (Fig. D.1), and a readout scheme. 

 
Figure D.1: The detector bias circuitry including passive components of ballast resistors 
and bias capacitors.  A current probe located at the detector cathode detects the detection 
events.  
 

D.1.1 High voltage conversion  

 There were two possibilities for a compact, high-voltage generator: a fly-back 

transformer (from the circuit of a disposable flash camera) and a commercially-available, 

miniature high-voltage converter (e.g., EMCO Q20-5).   
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(a)  

(b)  
Figure D.2: (a) Schematic of the high-voltage flash circuit and the detector drive circuit. 
(b) Photo of a battery-operated high-voltage supply weighing <8 g adapted from the 
flash circuit board of a disposable camera. 

 
The main components of the flash circuit include an oscillating transistor and a 

transformer. The transformer has primary and secondary coils along with another 

inductor that acts as a feedback coil.   The transistor is an electrically controlled switch 

and provides the oscillating AC current signal feeding into the transformer.  When the 

switch is “on,” short burst of current flows from the battery through the feedback coil to 

the base of the transistor.  The transistor is switched on and supplies current to the 

primary coil and consequently a changing AC voltage signal on the secondary coil.  A 

diode rectifies the amplified AC voltage signal into a high-voltage DC signal. The flash 

capacitor stores the generated charge until a radiation event triggers the detector to 

discharge. 
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(a)  (b)  
Figure D.3: The input/output voltage and current characteristics for the flash circuit.  A 
1kV achieved with Vin=4.5V. 

 

 (a)  
Figure D.4: The high voltage 
conversion performance for the 
flash circuit. (a) The voltage ripple 
seen on the input to the primary 
transformer. (b) The high-voltage 
output from the flash circuit 
showing approximately 700V.  (c) 
The ± 3V ripple on the output of 
the flash circuit. (b)  

(c)  
 

A 3.6V battery source can be boosted to a high-voltage value (400V- 2000V).  A HV 

converter was adapted from the flash circuit board of a disposable camera and used to 

power the micro-detector (Fig. D2).  The circuit board weighed less than 8 g. 



 

193

In addition, there are several, commercial miniature, high-voltage converters that can 

be used for the powering module.  EMCO offers several compact models that provide a 

scalable voltage in the kV range with a power capability of 0.5 W.  For example, the 

Q20-5 model receives a 0-5V input and outputs 0-2000V.  The converter is 1.25 cm on a 

side, weighs 4.25 g and is capable of sourcing 0.25 mA.  The HV converter produces a 

small (i.e., 0.25% peak-peak) AC voltage ripple with oscillation frequencies between 

400-500 kHz.  This variation in the voltage applied to the detector can cause 

inconsistencies in sensitivity and background count rates.  

 The readout scheme should be simple and reliable.  An optical readout offers 

instantaneous signaling and requires no additional wiring or measurement equipment.  

Positioning the LED in the current path of the detector can assure that each triggered 

event will generate an optical signal.  However, this scheme would require the current 

output from the detector to be high enough to turn on the LED.  The optical LED can be 

interchanged with an IR LED along with an IR receiver positioned in the proximity 

(approx. 10 m) of the detector board. 

 

D.2 PCB Circuit Designs 

 
 The following PCB circuits were designed to power the micro-detectors and facilitate 

testing on micro-air vehicles and network configurations.  

D.2.1 Generation 1 PCB circuit 

 The first PCB design was a simple, single-sided design and included the flash high-

voltage converter, a voltage regulator circuit, the detector bias circuit, and an optical 
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readout.  The flash HV converter components were appropriated from a FUJI disposable 

flash camera.  The PCB performed as expected.  The transformer in the flash converter 

circuit required a large amount of current and the rippling in the output voltage was too 

large to power the detector.  In addition, 3.7 V from the single Li-ion rechargeable battery 

was too low to operate the detector.   

(a)  

(b)  
Figure D.5: (a) Schematic of Gen. 1 HV powering module utilizing FUJI flash converter 
components. (b) Photograph of populated PCB. 
 

D.2.2 Generation 2 PCB circuit 

The second generation PCB design was 2-sided, more compact design and included 

two battery holders, the flash high-voltage converter, a voltage regulator circuit, the 

detector bias circuit, and an optical readout.  There were issues with HV generation.  The 
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flash converter failed to produce HV, possibly due to the routing of the metal leads 

interfering with the transformer operation.   

 
Figure D.6: (a) Schematic of Gen. 2 HV powering module utilizing FUJI flash converter 
components. (b) Photograph of populated PCB. 
 

(a)  

(b)  
Figure D.7: (a) Schematic of Gen. 3 HV powering module using a commercial HV 
converter and 2X coin cell batteries. 

D.2.3 Generation 3 PCB circuit 

The third generation PCB design was 2-sided, still more compact design.  The 

cylindrical batteries were switched to 2X coin cell batteries and the flash converter was 

replaced with a commercial unit (EMCO Q20-5).  The remaining circuit components 
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included a voltage regulator circuit, the detector bias circuit, and an optical readout.  The 

commercial converter produced HV with smaller ripples and consumed less power. 

 (a)

 

(b)  
Figure D.8: (a) Schematic of the fourth generation detector power module and (b) a 
photograph of the completed and tested detector power module. 

D.2.4 Generation 4 PCB circuit 

The fourth generation PCB powering module (described in Ch. 5) is shown in Fig. 

D.8.  It consists of two voltage regulator circuits, one provides an adjustable output 

voltage to control the commercial high-voltage converter and the other powers the 

Schmitt trigger buffer.  The Schmitt trigger buffer conditions the detector signal to 

provide a 0-5V output.  The module also contains the detector bias circuitry and an LED 

readout. 
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