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Abstract

The Dragonfly Mission will send a high-purity germanium gamma-ray spectrometer one

billion miles from Earth to investigate the composition of the icy world Titan, Saturn’s

largest moon. The detector will be mounted on an autonomous rotorcraft and will travel

over 100 miles across Titan’s 94 K surface. A deuterium-tritium neutron generator will

interrogate Titan’s surface, producing gamma rays through neutron capture and inelastic

scatter interactions. The gamma-ray spectrometer will measure these gamma-rays to de-

termine the elemental composition of Titan’s surface. The spectrometer was designed to

operate in this unique environment, and was subjected to multiple tests to ensure design

viability. The system was shown to be operable after being subjected to rocket-launch like

vibration loads. A model was developed to simulate detector thermal performance and was

shown to be accurate by comparison to experimental data. The model predicts that the

detector will passively cool to an operating temperature of 100 K within seven days of the

detector arriving on Titan’s surface, meeting mission requirements. The ability to anneal,

or heat, the germanium crystal to repair radiation damage under Titan-like thermal condi-

tions was demonstrated. Annealing the detector for a low input power requires that vacuum

be maintained inside the cryostat. Vacuum performance was thoroughly characterized, and

long-duration vacuum maintenance was demonstrated using a non-evaporable getter. Ad-

ditionally, sensitivity to neutron-induced gamma rays was demonstrated under Titan-like

conditions. A radiation damage study was performed to investigate 1) the effects of neutron

damage on germanium energy resolution and 2) the anneal time required to repair neu-

tron damage. A correlation between neutron fluence and spectrometer energy resolution is

presented and an anneal recipe is provided.
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Chapter 1

Introduction

This work discusses development, design, and testing of a high-purity germanium (HPGe)

gamma-ray spectrometer (GRS) for the Dragonfly space mission to Titan, Saturn’s largest

moon. Located roughly one billion miles from Earth, Titan is an icy world covered with a

nitrogen and hydrocarbon rich atmosphere that is 4.4 times denser than that of Earth’s.14

Its 94 K surface is suspected to be covered with organic compounds, liquid hydrocarbon

lakes, and water-ice rocks, as shown in Figure 1.1. A liquid-water ocean is suspected to be

located beneath Titan’s crust, which could interact with Titan’s surface through cryovolcan-

ism, creating the potential for liquid water to interact with Titan’s organic-rich surface.3

The Dragonfly mission is led by Johns Hopkins University Applied Physics Laboratory (APL)

and is scheduled to launch in 2027. The spacecraft will travel approximately 7 years before

reaching Titan in 2034. Upon reaching Titan, a ∼400 kg robotic rotorcraft will be deployed

onto the moon. The rotorcraft will be powered by a multi-mission radioisotope thermal elec-

tric generator (MMRTG) and will contain an extensive scientific payload, including a mass

spectrometer (DraMS), gamma-ray and neutron spectrometer (DraGNS), meteorology and

geophysics instrumentation (DraGMet), and camera suite (DragonCam).3 The Dragonfly

rotorcraft will land in the Shangri-La sand dune region of Titan, shown in Figure 1.2. It will

then travel more than 100 miles to the Selk impact crater through multiple short-distance
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Figure 1.1: Titan Surface Conditions. Left1: Radar measurements from the Cassini mis-
sion indicate that liquid hydrocarbon lakes are present near the moon’s poles. Right2: A
picture of Titan’s surface was collected by the Huygens Probe, part of the Cassini mission.
The rock-like objects shown here are approximately 10 cm across and are suspected to be
water ice.3

flights. The rotorcraft will spend most of the ∼3 year mission on the ground performing mea-

surements or communicating data to Earth. It will relocate to new locations every 32 days,

with flight times expected to be 30 minutes.3

One of the science questions that will be addressed by the Dragonfly mission is: “What

chemical components and energy producing chemical pathways exist on Titan that could

drive prebiotic chemistry?”.3 From this question the science requirement of measuring el-

emental abundances of C, N, O, H, Na, Mg, P, S, Cl, and K was created. The DraGNS

instrument will utilize a deuterium-tritium (DT) neutron generator to interrogate Titan’s

surface with 14.1 MeV neutrons.15 Neutron interactions with elements on Titan’s surface

will generate gamma rays through neutron capture and inelastic scatter interactions. These

gamma-rays have energies characteristic of the element from which they were emitted. Some

of these gamma-rays will travel to and be measured by the GRS, allowing for the elemental

composition of Titan’s surface to be determined. Table 1.1 lists some of the gamma-rays
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Figure 1.2: Titan map.3 The Dragonfly rotorcraft is intended to land in Titan’s Shangri-La
sand dunes. It will then make fly to the Selk Crater, stopping every few kilometers to perform
measurements and recharge batteries.

targeted for measurement by the GRS.

A HPGe GRS was chosen for this mission due to its excellent energy resolution performance.

Energy resolution indicates statistical spread in gamma-ray energy measurements, and is

specified by the metric Full Width at Half Maximum (FWHM) or the ratio of FWHM to

the gamma-ray energy (reported as a percent value). Lower energy resolution is better

for gamma-ray spectroscopy, as it reduces overlaps between gamma-ray measurements. It

also reduces uncertainty in the number of gamma rays detected. As shown in Figure 1.3,

individual gamma-ray peaks typically sit atop a continuum. Determining the number of

gamma-rays events that fall within a peak requires that the continuum, or background, con-
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Element Gamma-ray Energy [keV] Interaction
Carbon 4438 +/- 216 Inelastic Scatter
Nitrogen 2313 +/- 0.316 Inelastic Scatter
Oxygen 6129 +/- 0.416 Inelastic Scatter
Hydrogen 2223.2517 Neutron Capture
Sodium 440 +/- 0.216 Inelastic Scatter

Magnesium 1368 +/- 0.116 Inelastic Scatter
Phosphorous 1266 +/- 0.116 Inelastic Scatter

Sulphur 2230 +/- 0.116 Inelastic Scatter
Chlorine 6110.842 +/- 0.02017 Neutron Capture
Potassium 1460.822 +/- 0.00618 Natural Background

Table 1.1: Elements and their Characteristic Gamma Rays

tribution be subtracted from the total peak area. Since background events are subject to

statistical fluctuation, larger FWHM values correspond to larger uncertainties.

Germanium detectors can provide 0.2% or better energy resolution19, while scintillator

gamma-ray detectors, the primary alternative to HPGe detectors, have more than an or-

der of magnitude poorer energy resolution.4 This can make peak separation more difficult

or impossible, as is illustrated by Figure 1.3.

The cost of the excellent energy resolution HPGe detectors provide is design complexity.

They require cooling to ∼100 K to minimize thermal electron-hole pair excitation and are

typically operated in vacuum to keep the crystal surface free of contamination and to main-

tain thermal isolation between the germanium crystal and ambient conditions.20 Thermally-

generated electron-hole pairs and crystal surface contamination both increase charge noise

and degrade energy resolution.20

Germanium GRSs have been successfully used in Earth21;22 and solar23 orbit, and explored

Earth’s moon24, Mars25;26, and Mercury27. Upcoming missions using HPGe detectors in-

clude Psyche28, which is scheduled to launch in 2022 and will visit an asteroid located in the

asteroid belt, and MMX29, which will visit Mars’ moons and has a planned launch date of

2024. The unique nature of the Dragonfly mission requires that a customized HPGe detector

be used. The Dragonfly detector will be sent farther from Earth than any previous HPGe

GRS and be the first HPGe detector to be inserted into a non-Earth planetary body with
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Figure 1.3: HPGe and scintillator spectroscopic performance comparison.4 The benefits
of superior resolution are illustrated by comparing the gamma-ray spectra measured by the
scintillator GRS onboard the Lunar Prospector5 and the HPGe GRS onboard SELENE.6

Note that some elements, such as silicon, are not visible in scintillator spectrum, but are
apparent in the HPGe spectrum.

an atmosphere.

Previous space HPGe GRSs cooled to operating temperature through mechanical cooling,

radiative cooling to space, or solid cryogen cooling. However, the Dragonfly GRS will take

the novel approach of convectively cooling to operating temperature using Titan’s cold sur-

face conditions. Another deviation from past missions is the mechanism for gamma-ray

production. Previous space detectors utilized cosmic ray interactions with planetary bod-

ies for gamma-ray production. However, Titan’s thick atmosphere significantly attenuates

these particles, preventing significant gamma-ray generation on its surface.14;15;30 Dragonfly

will instead utilize a DT neutron generator to interrogate Titan’s surface with 14.1 MeV

neutrons, which then excite gamma rays.

The Dragonfly GRS will be exposed to a damaging radiation environment over the course of

the mission. During cruise it will be exposed to high-energy galactic cosmic rays and solar

energetic particles7 and high-energy neutrons from the MMRTG. After arriving on Titan’s
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surface it will incur neutron radiation damage from both the MMRTG and DT neutron

generator. Since HPGe detector energy resolution is significantly degraded when exposed to

high-energy particles20, the Dragonfly GRS is designed to be capable of heating the HPGe

crystal to repair radiation damage. This process, referred to as annealing, will occur at the

end of cruise and possibly during surface operations.

This work will discuss design and testing of the Dragonfly GRS Development Model, hence-

forth referred to as the “DM”. The goal of the DM is to show that the GRS can meet

operational requirements in a laboratory setting, and to inform design changes that will be

integrated into subsequent GRS design iterations. This system will be shown to meet the

following requirements:

1. Rocket-launch compatibility: The Dragonfly GRS must be able to survive the violent

forces associated with rocket launch. This work will show that the DM remains opera-

ble and experienced no resolution degradation after being subjected 35 g and random

vibration loads representative of rocket-launch.

2. Passive cooling and annealing on Titan’s surface: Current mission plans are for the

Dragonfly GRS to passively cool to an operating temperature of 100 K and perform

a gamma-ray measurement within 1 Titan day (15.95 Earth days) of being deployed

on Titan’s surface. The GRS also must be able to heat the HPGe crystal to 378 K

to repair radiation damage with input power of ∼5 Watts or less. A thermal model

was developed to predict DM thermal performance on Titan, then benchmarked with

measured data. The model indicates the system meets these both the passive cooling

and anneal requirement.

3. Gamma-ray measurement: The DM must be able to measure gamma-rays from natural

decay of radionuclides and from neutron interactions with elements on Titan’s surface.

The instrument is specified to provide 4.2 keV or better energy resolution for 1333 keV

gamma rays. This work will show that the DM is sensitive to these gamma rays and
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meets resolution requirements while operating in a Titan-like thermal environment.

7



Chapter 2

Background

The Dragonfly mission will utilize a HPGe GRS to measure the surface composition of Titan.

HPGe technology has been successfully used in terrestrial and space applications for decades.

However, use of a HPGe GRS on Titan will require novel detector design, as the journey

to and operation on the icy world poses unique challenges. This chapter will discuss HPGe

GRS operation principles and discuss Dragonfly GRS design.

2.1 HPGe Gamma-ray Spectrometer Overview

Germanium detectors utilize the properties of a p-n junction to detect ionizing radiation.

HPGe detectors are fabricated from extremely pure germanium, typically with an impurity

density of the order ∼1010 cm-3. One side of the crystal is implanted with a electron ac-

cepting p-type material (boron) and electron donating n-type material (lithium) is drifted

into the other. Diffusion occurs, in which electrons and holes migrate into the p and n-type

regions, respectively. A net charge imbalance forms in the volume between the contacts and

an electric field forms in this region. The electric field builds in strength until it offsets net

charge carrier diffusion across the p-n junction. The region over which the electric field ex-

tends, called the depletion region, is highly resistive because it is depleted of charge carriers.

Voltage bias, typically 1-4 kV, is placed across the crystal by holding the n-contact at a
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positive voltage with respect to the p-contact. This increases the strength of the electric

field and grows the extent of the depletion region.

Gamma-rays interact with electrons in the depleted germanium through the photoelectric

effect, Compton scattering, and pair production. The resulting energized electrons transfer

energy to other electrons in the material, causing many electron-hole pairs to form. The

electric field sweeps electrons and holes to the n and p-contacts, respectively, in a fraction

of a microsecond for a Dragonfly-size HPGe detector. The motion of these charge carriers

induces a charge response on the crystal contacts that is measured and amplified with very

sensitive electronics. This induced charge is proportional to the gamma-ray energy deposited

into the detector, which allows gamma-ray energy to be determined. Section 2.3 further dis-

cusses signal generation in HPGe detectors.

HPGe detector energy resolution performance can be degraded by charge trapping, a process

by which impurity atoms introduce energy levels within germanium’s forbidden gap, or the

region between its conduction and valence bands.20 These impurities can trap charge carri-

ers before they complete their journey to the crystal contacts, causing variation in induced

charge. In addition to impurities, structural defects can cause charge trapping.20 One exam-

ple is germanium lattice damage from high-energy particles. The Dragonfly HPGe crystals

are specified to very pure to mitigate charge trapping from impurities, but charge trapping

due to radiation damage is expected. This will be discussed in Section 2.3.

Electron-hole pair formation requires approximately 2.96 eV of energy deposition.31 Hence,

∼3.4×105 charge carriers are generated per 1 MeV energy deposited by gamma-rays. This

is over an order of magnitude more charge carriers than are produced by a similar energy

deposition in high-performing scintillation detectors. This difference motivates the use of

HPGe detectors in applications that require precise gamma-ray spectroscopy, as statistical

variation in charge carrier production (proportional to the square-root of the number of

charge carriers produced) limits energy resolution.

HPGe detectors have strict operational requirements that require careful design. Germa-

9



Figure 2.1: Intrinsic germanium charge carrier density versus temperature. Charge carrier
concentration increases exponentially with temperature. This prevents gamma-ray detection
at room-temperature operation, as the number of charge carriers produced by MeV-energy
gamma-rays (∼105) are greatly outnumbered by those produced by thermally excitation.

nium’s bandgap, approximately 0.7 eV, prevents room-temperature operation, as thermal

energy imparted electrons can excite them to the conduction band.31 A corresponding hole

is also left in the valence band. These thermally-excited charge carriers are swept to the

crystal contact by the electric field placed across the crystal in a similar manner to charge

carriers excited by radiation interactions.

Charge carrier density in intrinsic germanium can be estimated by Equation 2.1.20

Ni = C ∗ T 1.5 ∗ e
−Eg

2∗kb∗T (2.1)

where Ni is the charge carrier concentration in intrinsic (pure) germanium, C is a material

constant, T is absolute temperature, Eg is the bandgap for germanium, and kb is the Boltz-

mann constant. Figure 2.1 shows intrinsic charge carrier concentration between 77 and 300 K.

If a HPGe detector is operated at too high of a temperature, the number of thermally-excited

charge carriers will greatly outnumber those generated by energy deposited from radiation.

Random fluctuation in current flow between the n and p contacts due to thermally-generated

charge carriers (leakage current) decreases detector sensitivity to radiation. Hence, leakage

10



current must be minimized. Commercially-available germanium detectors are cooled by liq-

uid nitrogen or utilize mechanical cryocoolers to cool the crystal to ∼120 K or less.20;32

HPGe detectors are typically housed in vacuum for two reasons. First, vacuum-isolation

limits thermal conduction between cold crystal from ambient conditions, which reduces the

amount of liquid nitrogen or cryocooler power needed to cool the system.33 This is critical

to portable systems, as they need to operate in situations in which liquid nitrogen is not

readily available or utilize batteries to power their cryocoolers.

Second, crystals must be kept extremely clean to maintain resolution performance. Very

small amounts of contamination on the crystal surface can cause surface current flow be-

tween the n and p contacts, contributing to leakage current.20 Similar to thermally-generated

electron-hole pairs, current from contamination can significantly degrade HPGe signal-to-

noise performance. Housing the crystal under vacuum prevents gas molecules from condens-

ing on the crystal’s surface and degrading energy resolution.

While HPGe crystals are designed to have an extremely low impurity level, some impurities

do remain. These impurities can make the bulk crystal slightly n or p-type. The Dragonfly

GRS will utilize a n-type coaxial HPGe detector. Coaxial HPGe detectors make of n-type Ge

have the n-contact in the inner well and the p-contact on the outer crystal surfaces. P-type

crystals have the opposite configuration.

The n and p contacts must be electrically isolated to prevent surface current flow. This is

done by ensuring that there is a region of intrinsic, high-resistivity Ge between the contacts.

This region is sensitive to surface contamination, as gases can condense on this gap region

and cause surface leakage current.

The Dragonfly GRS will utilize a n-type, coaxial detector with a blind well, as shown in Fig-

ure 2.2. It is rated to have 20% relative efficiency for detection of 1333 keV gamma-rays and

its diameter and length are both 5 cm. Relative efficiency is frequently used for specifying

the ability of HPGe detectors to measure gamma-rays. It refers to the ratio of the number

of 1333 keV gamma-ray detections measured by a HPGe detector to that of a Ø7.62 cm x
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7.62 cm cylindrical NaI(Tl) scintillator detector when source-detector distance is 25 cm.20

Figure 2.2: The Dragonfly coaxial HPGe detector. The Dragonfly GRS will utilize a 20%
relative efficiency, coaxial, n-type HPGe crystal. The n contact is constructed in the bore
hole and the p contact is applied to the outer walls. Highly-resistive, intrinsic germanium
separates the two contacts.

The Dragonfly GRS will measure gamma rays produced through neutron interactions with

Titan’s surface. Neutrons can interact with elements through multiple processes, including

elastic scattering, inelastic scattering, neutron capture, and fission interactions.31 The prob-

ability of a neutron interacting with a material is quantified by the reaction cross section.

The GRS will measure gamma rays produced by inelastic scatter and neutron capture in-

teractions to identify elements that comprise Titan’s surface. The Dragonfly DT neutron

generator will generate 14.1 MeV neutrons at a rate of 108 s−1 that will interrogate Ti-

tan’s surface within ∼2 m of the Dragonfly rotorcraft.3 The rate at which gamma-rays are

produced from inelastic neutrons interacting with a material is a function of neutron flux,

neutron energy, material volume, number density of target atoms, and the cross-section for

the interaction, as shown Equation 2.2

R = V ∗N ∗ ϕ(E) ∗ σ(E) (2.2)
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where R is the interaction rate, V is the volume of material, N is the number density of

atoms, ϕ is the energy-dependent neutron flux, and σ is the energy-dependent neutron in-

teraction cross section.

Equation 2.2 can be used to approximate the number of 440 keV inelastic gamma rays pro-

duced by a uniform flux of neutrons incident upon a thin, 1 cm3 NaCl target. Assuming a

106 [cm−2 ∗ s−1] monoenergetic flux of 14 MeV neutrons, the sodium inelastic scatter cross

section for 440 keV gamma-ray produciton is approximately 4.63×10−25 cm2.34 The number

density of sodium in NaCl is 1.1×1022 cm−3. Hence, approximately 104, 440 keV gamma-

rays would be produced per second.

The above calculation assumes that the target is thin, which implies that the target thick-

ness is much shorter that the 14.1 MeV neutron mean free path. This allows one to estimate

that each neutron interacts only once with the target. Calculating gamma ray generation

from neutron interrogation of Titan is more difficult, as neutrons may interact multiple times

with Titan’s surface. As indicated in Equation 2.2, cross sections are dependent on neutron

energy. This is especially true for neutron capture interactions, as neutrons must thermalize

by loosing kinetic energy through other interactions (downscattering) prior to neutron cap-

ture occurring. While monoenergetic neutrons are emitted from the DT neutron generator,

some neutrons will inevitably downscatter through interactions with Titan’s surface. This

both reduces their energy and changes the cross section for subsequent interactions. Neu-

tron transport simulations using Monte Carlo methods offer a way to estimate gamma-ray

production on Titan’s surface. Simulation can also estimate the number of gamma-rays that

arrive at and interact with the Dragonfly GRS. APL is developing a GEANT4 model to sim-

ulate neutron transport and gamma-ray interactions with the GRS. Simulation development

is ongoing, but current estimates indicate that ∼104 gamma-rays will interact with the GRS

every second when the neutron generator is active.
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2.2 Dragonfly Gamma-Ray Spectrometer Design

The Dragonfly HPGe crystal is encapsulated in a vacuum-evacuated aluminum canister. An

encapsulated-crystal design was chosen to protect the crystal from gasses present during

Earth-based testing and during operation on Titan’s surface. The encapsulated crystal was

provided by Mirion Technologies, Inc. and is based off encapsulated Ge detectors used for

the EUROBALL cluster detector35 and the Advanced Gamma Tracking Array (AGATA).36

These encapsulated detectors were developed to increase the reliability of large HPGe detec-

tor assemblies, which were subject to failure due to condensable gasses collecting on crystal

intrinsic surfaces. Housing individual HPGe detectors in vacuum-tight containers mitigated

this issue.37

Vacuum inside the encapsulation is maintained with a non-evaporable getter (NEG) that is

activated during assembly. The crystal is held rigidly inside the encapsulation to prevent the

crystal from moving inside the encapsulation during rocket launch. The entire encapsulation

has a mass of approximately 900 g. The crystal’s outer, p-contact is electrically-connected to

the encapsulation walls and held at ground potential. The n-contact inner-bore is connected

to a high voltage feedthrough that is welded into the top of the encapsulation. The crystal

encapsulation is also fitted with a temperature sensor and anneal heater.

The crystal encapsulation is suspended inside a custom outer cryostat via Kevlar, providing

ruggedized, thermally-isolated containment for the crystal encapsulation. The Kevlar sus-

pension system was inspired by previous space HPGe detectors (Psyche and MEGANE33)

and utilizes multiple spring washers to maintain a constant preload on the encapsulation.

The cryostat has two conflat flanges attached to its lid. One houses a SAES D100 NEG

that is used to maintain vacuum inside the cryostat. The other is used for attaching the

DM to laboratory pumps. There are two electrical feedthroughs in the cryostat lid: one

Teledyne-Reynolds Series 600 high-voltage connector38 for supplying bias to and extracting

signal from the crystal and one 9-pin Micro-D Metal (MDM) signal connector39 for connect-

ing to the temperature sensor and anneal heater. Figure 2.3 shows how the Ge crystal is
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integrated into the DM.

Figure 2.3: The HPGe crystal is integrated into an aluminum encapsulation that is supplied
by Mirion Technologies, Inc. The encapsulation is then installed into the DM cryostat.

2.2.1 Rocket-launch Compatible Mechanical Design

The Dragonfly GRS must be compatible with vibration forces associated with rocket launch.

The system was designed to survive 35 g vibration, a specification derived from Jet Propulsion

Laboratory’s (JPL) Mass Acceleration Curve (MAC).40 This was achieved by packaging the

crystal under force within its encapsulation and preloading the encapsulation within the

cryostat.

2.2.1.1 Crystal Encapsulation

Although specific design details of the crystal encapsulation are proprietary to Mirion, Inc.,

the strategy for constraining crystal motion will be generally discussed. The encapsulation is

designed to hold the crystal firmly and prevent relative motion when the system is subjected
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to rocket-launch forces. This is critical, as the fragile crystal can be easily damaged if allowed

to interact with the encapsulation walls during vibration. Since vibration forces occur in all

directions, a method was needed to preload the crystal along all axes. This was achieved

by machining a 45° chamfer onto the crystals edges. Mounting jigs with matching chamfers

were used on each end of the crystal. A 400-N preload was applied to one jig and a wave

spring exerted a complementary force to the other. This method constrains crystal motion

in the x, y, and z direction. Figure 2.4 shows the encapsulation preload method.

Figure 2.4: Encapsulation preload. The Dragonfly GRS crystal has 45° chamfers that fit
against mating mounting jigs. A 400 N preload is applied to one mounting jig and a spring
washer (represented by a simple spring in this figure) applies an equal force to the other.
This technique allows the crystal to be securely held within the encapsulation.

2.2.1.2 Encapsulation Suspension

The crystal encapsulation needed to be mounted within the DM cryostat in a way that both

constrained its motion during rocket launch and thermally-isolated it to facilitate low-power

annealing. Meeting these two requirements was non-trivial, as many high-strength solutions

result in a low-thermal resistance connection between the cryostat and encapsulation. While

16



typical high-thermal resistance attachment techniques work well in laboratory environments,

they are not suited for rocket launch.

The Dragonfly GRS utilizes a proprietary Kevlar suspension system to suspend the crystal

encapsulation within the cryostat. The Kevlar suspension system is preloaded at 1150 N

using 4 stainless steel wave springs.41 This technique constrains encapsulation motion during

vibration and thermally isolates the encapsulation. A similar method was used for previous

LLNL-developed space GRSs used for the MESSENGER, Psyche, and MMX missions.42–44

2.2.2 Thermal Design for Passive Cooling and Annealing

The Dragonfly DM was designed to meet two thermal requirements:

1. Passive cooling to operational temperature within one Titan day after deployment on

Titan’s surface

2. Surface and cruise annealing for less than 5 Watts of input power

During cruise and prior to Entry, Descent, and Landing (EDL) operations, the GRS will be

held at approximately 273 K using energy from the MMRTG. Once exposed to Titan’s atmo-

sphere, it will begin to convectively cool to Titan’s surface temperature. Titan temperature

was measured to be 94 K14 at the Huygens Probe landing site, which is in close proximity

to where the Dragonfly lander will operate, and diurnal temperature fluctuation is expected

to be ±1.5 K.45 Passive cooling must allow the detector to cool to operational temperature

(≤100 K) within 16 days of landing to perform a planned gamma-ray measurement.

The annealing requirement involves heating the crystal encapsulation to 378 K7 for many

hours with ≤5 Watts of steady-state power input in two different scenarios: cruise and

surface operations. The cruise anneal will repair radiation damage incurred during travel

between Earth and Titan. Depending on the severity of radiation damage incurred during

surface operations, another anneal may be required while the system is deployed on Titan.

The GRS outer cryostat will be exposed to a 94 K, gaseous environment during surface op-
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erations (see Figure 2.5). The surface anneal case represents a worst-case scenario for anneal

power due to the colder boundary condition. Hence, this scenario will be investigated in this

work, as meeting this requirement indicates that the cruise anneal requirement is also met.

Figure 2.5: Dragonfly DM annealing. The DM is designed to allow for the crystal to be
annealed for less than 5 Watts of input power. Annealing will occur during cruise and surface
operations, when the outer cryostat is held at 273 K and 94 K, respectively.

Quick passive cooling and low-power annealing are conflicting requirements. Minimizing

GRS cooling time is accomplished by increasing thermal conductance between Titan’s at-

mosphere and the crystal. Conversely, anneal power is lowered by decreasing thermal con-

ductance between the crystal and ambient conditions.

Understanding heat exchange between the GRS and Titan’s environment is key to ensuring

the system meets thermal requirements. Heat can be transferred via conduction, convec-

tion, and radiation. Conduction can occur through solid, liquid and gas media. Conduction

between the crystal encapsulation and the outer cryostat includes contributions from signal

wires and Kevlar cords and from gas molecules that are contained inside the cryostat.

Gaseous conduction between the crystal encapsulation and the cryostat can be reduced if

the cryostat is vacuum evacuated, as is the case for the DM. If the internal gas is in the
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free molecular flow regime (i.e. molecular mean free path is larger than the gap between the

encapsulation and the cryostat), thermal conduction is proportional to pressure.13 Hence,

reducing system pressure results in a linear decrease in gas conduction. The DM is designed

to maintain internal pressure of ≤10-4 mbar, which will result in a negligible amount of heat

transfer through the gas. This claim is discussed in Appendix B.6.

Convective heat transfer is caused by bulk movements of fluid that surrounds a surface.

Convection is negligible for heat transfer between the crystal encapsulation and the cryostat

due to the vacuum condition, but is critical for passively cooling the GRS on Titan’s surface.

Analysis is in progress to estimate a convective heat transfer coefficient for the Dragonfly

mission. Since this study is ongoing at the time of this writing, subsequent thermal anal-

ysis will utilize an estimated Titan convective heat transfer coefficient published by Lorenz

et al. using data from the Huygens Probe.46 The heat transfer coefficient on Titan’s sur-

face was estimated to be between 1.4 and 4 [W ∗ m−2 ∗ K−1], hence an average value of

2.7 [W ∗m−2 ∗K−1] will be used for this work.

Radiative heat transfer occurs when photons are emitted from one surface and deposit energy

on another. Radiative heat transfer between the DM and Titan’s surface can be considered

negligible in comparison to convection46, but is a significant contributor to heat transfer

between the crystal encapsulation and cryostat.

Heat transfer between the GRS and Titan’s ambient can be modeled by an electrical analogy,

where temperature, thermal resistance, and heat flow are represented similarly to voltage,

resistance and current, respectively.47 Figure 2.6 shows a simplified DM thermal model.

Nodes represent component temperatures. The leftmost is Titan ambient, the middle is the

cryostat, and the rightmost is the crystal encapsulation. The HPGe crystal is thermally

connected to the crystal encapsulation with large-area metal contacts. Hence the two com-

ponents are isothermal. Red arrows refer to heat that is injected into the system at various

nodes. Heat power for annealing the crystal is represented by the rightmost arrow in Figure

2.6. This value will be zero during the cooldown and during typical operation on Titan’s
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Figure 2.6: Dragonfly DM thermal model. Nodes represent component temperatures, re-
sistors indicate thermal resistances between components, and red arrows indicate heat being
injected into the system.

surface. It will be non zero only during GRS annealing.

The Dragonfly GRS will be attached to the lander by a bracket and a wiring harness, and

some heat from inside the warm lander will be transmitted to the outer cryostat via these

components. This heat flow, represented as the leftmost red arrow in Figure 2.6, has not yet

been specified by mission planners because bracket and harness design have not been final-

ized. However, lander designers have estimated that the bracket will apply approximately

1 Watt of heat to the cryostat. This value will be used for calculations performed in this

work.

Analysis of heat flow at the cryostat and crystal encapsulation allow for two coupled differ-

ential equations to be developed. Equations 2.3 and 2.4 represent heat flow at the crystal

encapsulation and cryostat, respectively.

mEcE
dTE

dt
= qA − [

TE − TC

(R−1
th,Rad +R−1

th,Cond)
−1

] (2.3)

mCcC
dTC

dt
= [

TE − TC

(R−1
th,Rad +R−1

th,Cond)
−1

+ qL]− [
TC − TAmb

Rth,Conv

] (2.4)

Table 2.1 overviews the variables used in Equations 2.3 and 2.4. Derivation of Equations 2.3

and 2.4 and calculations for the thermal resistances are shown in Appendix B.
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Table 2.1: Thermal Model Parameters
Variable Name Description
t Time
TAmb Ambient temperature
TC Cryostat temperature
TE Crystal encapsulation temperature
Rth,Conv Convective thermal resistance to Titan environment
Rth,Rad Radiative thermal resistance
Rth,Cond Conductive thermal resistance
qL Heat input from lander
qA Heat input from anneal heater
mC Cryostat mass
mE Encapsulation mass
cC Cryostat specific heat
cE Encapsulation specific heat

The thermal model allows for DM thermal performance on Titan to be simulated. However,

it required benchmarking against experimental data to confirm it accurately captures DM

heat transfer. An experiment is discussed in Section 3.2 in which the DM was passively-

cooled in a Titan-like thermal environment. Data from this measurement were then used

to validate the thermal model, allowing for prediction of thermal performance on Titan’s

surface.

2.2.3 Vacuum Design for Operation on Titan’s Surface

The Dragonfly DM has two regions that are held under vacuum. The crystal encapsulation

is vacuum evacuated and sealed during manufacturing. This keeps the crystal surface free of

contaminants and prevents high voltage breakdown. This vacuum region does not thermally-

isolate the crystal from the encapsulation, as the two are connected via soft metal contacts.

The encapsulation is suspended inside the outer cryostat, which is also held at vacuum. The

primary purpose of this vacuum stage is to thermally isolate the encapsulation from Titan

conditions by preventing heat transfer via gas conduction.

Both regions utilize non-evaporable getters. This strategy was chosen because getters can
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collect gasses (i.e. maintain vacuum) without active power. This is a useful feature for space

instrumentation, which typically have limited power budgets. Bulk getters are composed of

chemically active materials that adsorb non-hydrogen molecules onto their surface. Eventu-

ally the getter surface will become saturated with collected gas molecules and the getter’s

effective pumping speed becomes negligible. Pumping performance can be restored by ac-

tivation, or heating the getter material to several hundred degrees Celsius. This diffuses

adsorbed gasses deep into the getter and enables surface adsorption to continue. Activation

is required every time a getter is removed from vacuum or if the getter has reached its satu-

ration capacity for any one gas. Hydrogen is captured through a bulk rather than a surface

process, which allows for extremely high hydrogen pumping capacity.

It should be noted that getters are unable to capture some gasses, such as noble gasses. Ad-

ditionally, the getter considered for the Dragonfly cryostat is unable to pump methane unless

it is maintained at a temperature above 300°C48, which is not practical for the Dragonfly

mission. The inability to pump argon and methane is relevant for Dragonfly GRS, as the

system will need to maintain vacuum on Earth (∼ 1% argon atmosphere49) and on Titan

(∼ 5% methane atmosphere14). Hence, it is critical that the DM be leak tight.

2.2.3.1 Encapsulation Vacuum

The encapsulated crystal is held at vacuum to prevent volatile gasses from condensing on

the germanium crystal surface and to avoid high-voltage discharges inside the encapsula-

tion. The crystal encapsulation vacuum was designed, tested, and thoroughly characterized

by Mirion Technologies, Inc. and SAES Group.37 The basic method to maintain vacuum

inside the crystal encapsulation is as follows: 1) Pump and bake encapsulation for many

hours using laboratory pumps, 2) Activate getter, 3) Separate encapsulation from labora-

tory pumps via an aluminum pinch-off tube. Once separated from laboratory pumps, the

portable crystal encapsulation maintains vacuum using only a model St 175 SAES non-

evaporable getter.50 Discussions with encapsulation developers indicate that it was designed
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to maintain a pressure below 10-4 mbar for 50 years51, which is approximately five times

longer than the Dragonfly mission duration. While characterization of the encapsulation

getter is not considered in this work, the vacuum condition inside the encapsulation was

monitored indirectly through GRS measurements. If the getter fails to maintain sufficient

vacuum, energy resolution may degrade due to leakage current and/or high-voltage break-

down may occur. Both energy resolution and breakdown were monitored throughout DM

development.

2.2.3.2 Cryostat Vacuum

The crystal encapsulation is suspended inside the cryostat. The region inside the cryostat

and outside the crystal encapsulation is held at vacuum to ensure low-power annealing on

Titan’s surface. It should be noted that at the time of this writing a trade study is being

performed to determine if a surface anneal will be required on Titan. If the results of

this study indicate that a surface anneal is not necessary, future GRS iterations may not

maintain a vacuum in the cryostat. However, this study will not conclude until after the

DM is developed. Since vacuum design is a non-trivial task, it was decided that the DM

be designed to have the cryostat vacuum evacuated. This allowed the design to mature

throughout GRS development. If it is later determined that a surface anneal is not required,

the outer vacuum region can be descoped with minimal impact to GRS development schedule.

This work investigates use of SAES St 17248 sintered getter material to maintain vacuum

in the outer cryostat. An off-the-shelf option, SAES model D10052, was chosen for several

reasons:

• High Sorption Capacity: Sorption capacity refers to how much of a gas, typically

indicated in units of mbar×liters, a getter can adsorb before requiring reactivation.

This is a critical parameter, as it indicates how long the getter can maintain vacuum

between activations.
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• Ready-to-Use: The SAES getter is comprised of multiple sintered getter disks that are

packaged into a stainless steel housing that is mounted onto a 2-3/4” Conflat (CF)

flange. The D100 also includes integrated resistive heaters that are used for getter

activation.52 This packaged solution was ideal for GRS development as it could be

integrated into the system with minimal customization. Future GRS versions can

either utilize the D100, or repackage its disks to reduce size and mass.

• Off-Pump Activation: After activation, the getter will maintain vacuum until it absorbs

sufficient gas to saturate its surface. It then requires reactivation to restore its ability

to collect gas molecules. St-172 getters can be activated without being connected to

laboratory pumps48;53. This is a good feature, as it allows the getter to be reactivated

in cruise (without use of complicated valves for space venting) and on Titan’s surface.

• Rocket Launch Compatibility: The D100 non-evaporable getter must be compatible

with vibration loads associated with rocket launch. Past space GRSs have considered

using a powdered SAES getter. However, first-hand experience indicates that this

type of getter is incompatible with rocket launch, as the getter powder does not stay

confined to packaging during vibration. Discussions with SAES and vibration testing

conducted by for the PHEBUS instrument54;55 indicate that sintered, St 172 getter

material is well suited for space use.

Use of a getter does not guarantee that a system is able to maintain vacuum. Both gas

load and gas type must be considered when determining if a getter is viable for vacuum

maintenance.

Getters have finite pumping capacity, meaning they can pump only so many gas molecules

before their pumping speed is diminished. Once pumping speed is negligible, the getter is

considered saturated, and must be activated to restore pumping ability. Hence gas load, or

the number of gas molecules entering a system due to leaks, permeation, and outgassing,

directly affects how long a NEG can maintain vacuum between activations. The DM is
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designed for minimum gas load. Indium seals were chosen for the removable top and bottom

flanges they have a low-leak rate, even at cryogenic temperatures.56 Welded, ultra-high

vacuum electrical feedthroughs were also chosen to minimize gas infiltration into the cryostat.

Outgassing was minimized using the below techniques:

• Component Cleaning: Removing volatile material, such as machine oil and other or-

ganic compounds, from vacuum component surfaces is critical to reduce outgassing.

All DM components were thoroughly cleaned prior to assembly. This procedure be-

gan with rinsing components with filtered distilled water, then ultasonic cleaning them

with detergent. This was followed by a distilled water rinse and ultrasonic bath. The

last cleaning step was to ultrasonically clean components in isopropanol.

• Handling: Components were always handled with gloves to reduce the chances of

contamination by skin contact.

• Vacuum-baking. Once the DM was assembled, it was vacuum evacuated while being

heated to 100°C for ∼1 week. This recipe was chosen to ensure the indium seals used to

seal the cryostat would not fail, and was guided by previous publications that prepped

components for ultra-high vacuum.57 Vacuum baking served two purposes. First, it

reduces total system outgassing. Second, in-situ vacuum baking changes the dominant

gas species in a chamber. The primary gas type in a non-baked chamber that hasn’t

been pumped for a long time is water vapor.57 However, the gas composition can be

changed to approximately 90% H2 and 10%: CO, CO2, and CH4 (in decreasing order)

by a moderate-temperature vacuum baking cycle.58 The getter investigated in this

work has a large capacity for H2, CO, CO2, making vacuum-baking critical for the

Dragonfly DM.

The types of gasses present inside a chamber are also critical to maintaining vacuum with a

non-evaporable getter. The D100 getter used for the DM can pump the types and quantities

of gasses listed in Table 2.2.52 As noted earlier, the DM cryostat getter is unable to pump
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Table 2.2: SAES D100 Sorption Capacity
Gas Type Quantity captured per activation [mbar×liter] Capture Method

CO 3.3 ×10−1 Surface
CO2 3.3 ×10−1 Surface
O2 2.7 ×100 Surface
H2O 6.7 ×100 Surface
N2 1.3 ×10−2 Surface
H2 1.8×102 Bulk

noble gasses and methane. These are of key interest to the Dragonfly Mission, as argon is

present in Earth’s atmosphere and Titan’s atmosphere contains methane. Concerns over gas

infiltration motivated the choice of indium seals and welded feedthroughs discussed earlier.

DM gas load and type were characterized in this work. Additionally, ability to maintain

vacuum using the D100 getter was investigated.

2.2.4 Readout Electronics

Dragonfly GRS amplifier development is being conducted by APL. Detailed discussion of

amplifier design and testing is outside the scope of this work. However, a brief overview is

provided as the DM will utilize an APL-developed amplifier to perform gamma-ray measure-

ments discussed in Section 3.4.

Germanium gamma-ray detectors typically use charge-integrating amplifiers to measure

charge induced by gamma-ray energy deposition. The amplifier contains a Junction Field

Effect Transistor (JFET) and RC feedback loop that are typically mounted on or near the

cryogenically-cooled detector to reduce thermal noise.59 An operational amplifier (Op Amp),

typically kept at room temperature, is connected to the JFET and feedback loop. These

components integrate charge induced by gamma-ray energy deposition, and output a low-

noise voltage signal that is shaped, amplified, and binned to produce gamma-ray spectra.

Commercial systems typically position the JFET, feedback loop, and Op Amp close to the

detector to reduce capacitance and pick-up noise.60
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Dragonfly operating conditions pose a unique challenge to HPGe amplifier design. Since the

GRS will be mounted outside the rotorcraft to facilitate passive cooling, it will be exposed

to Titan’s 94 K environment. Hence, it is difficult to both position the Op Amp close to the

detector and keep it warm.

This work utilizes an prototype APL-developed charge-integrating amplifier. The JFET and

feedback loop are mounted on the top flange of the DM and are connected to an Op Amp

via ∼1-m long cables. This allows the Op Amp to be kept warm by positioning it inside the

rotorcraft. It should be noted that at the time of this writing, internal lander temperature

has not been specified. Current estimates indicate that locating the Op Amp inside the

lander will allow it to be maintained at approximately 273 K. Figure 2.7 shows a simplified

schematic of the amplifier used in this work.

Figure 2.7: Schematic of DM prototype amplifier. An APL-developed charge-sensitive am-
plifier was used in this work to perform gamma-ray spectroscopy with the DM. This custom
amplifier separates cold components (JFET and feedback loop) from the warm Op Amp with
∼1 m long cables.

One advantage of this design is that all preamplifier components are mounted outside the
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cryostat. External placement allows components, such as the JFET and coupling capacitor,

to be replaced without breaching cryostat vacuum. Recall that prepping the cryostat vacuum

after atmospheric exposure can take many days. Placing preamplifier components outside

the cryostat is also beneficial for reducing system gas load. Even vacuum-rated insulators

have orders of magnitude higher outgassing rates than metals.57 This means that very small

amounts of insulator material can significantly increase gas load. Additionally, electronics

often require soldering, which is detrimental to vacuum quality. External preamplifier place-

ment also minimizes the number of signal feedthroughs, which reduces leak rate. Hence, this

design is ideal from a vacuum-maintenance perspective.

There are some concerns with this design. One issue is that the JFET source and drain

cables are required to be long (∼ 1 m), as they need to connect components located on

the cryostat to components that are located inside the lander. This cable length is over an

order of magnitude longer than previous space GRSs33, which can increase noise pick up and

sensitivity to microphonics. As of this writing, a trade study is underway at APL to finalize

Dragonfly GRS preamplifier design.

2.3 HPGe Radiation Damage from MMRTG Neutrons

HPGe detectors are sensitive to radiation damage from high-energy particles, such as pro-

tons and neutrons. This work focuses on fast-neutron radiation damage, which results from

neutrons imparting some of their energy to germanium atoms through elastic and inelastic

neutron interactions.61 The number of these interactions can be estimated by using Equation

2.2 with either the inelastic or the elastic cross sections for germanium. A portion of the en-

ergy transferred to the recoil Ge atom is available to create Frenkel defects in the germanium

lattice.62 Kraner et al. calculated that the average energy available to create lattice displace-

ments from 5 MeV neutron interactions with germanium is 4.2×104 eV.61 Since formation

of a Ge lattice defect requires as little as ∼30 eV of energy, one neutron interaction could
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create many hundreds or even thousands of defects.61;63 Similarly, energetic protons can also

cause lattice defects in Ge. Lattice damage results in the production of acceptor sites in the

bandgap structure that trap holes.64 Hole trapping reduces charge collection efficiency and

degrades energy resolution.

Recall from Section 2.1 that coaxial detectors made of n-type Ge have the n-contact on the

inner well and the p-contact on the outer crystal surface. Since the n-contact is positively

biased with respect to the p-contact, coaxial HPGe detectors made of n-type germanium

collect holes on the outer contact and electrons in the inner well. This electrode configura-

tion is referred to as “reverse electrode”.65 P-type coaxial HPGe detectors have an opposite,

or “conventional electrode”, configuration and collect holes and electrons on the inner well

and outer crystal surface, respectively. Figure 2.8 shows the different configurations. By

a volumetric argument, most interactions (and subsequent charge carrier generation) occur

in the outer regions of a coaxial detector, and signal generation is dominated by charge

carriers that travel to the inner well.20;65 Therefore, electron collection dominates signal

in reverse-electrode HPGe detectors and hole collection dominates signal in conventional-

electrode HPGe detectors. This is illustrated in Figure 2.9. A reverse-electrode configured

coaxial detector is shown and 3 gamma-ray interaction locations are identified. Resulting

induced charge for each interaction location are also shown. Appendix A shows the method

used to produce these pulse shapes.

Since radiation damage results in hole trapping and signal generation in reverse-electrode

HPGe detectors is dominated by electrons rather than holes, it is logical to assume that

reverse-electrode detectors would be more resilient to radiation damage than conventional-

electrode detectors. Pehl et al. showed this experimentally by exposing two 7% relative

efficiency coaxial HPGe detectors, one conventional and one reverse-electrode configured, to

an unmoderated Cf-252 neutron source.65 Energy resolution was measured intermittently,

allowing for resolution degradation to be documented at several neutron fluences. This

experiment indicated that reverse-electrode HPGe detectors experienced ∼28 times less res-
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Figure 2.8: HPGe coaxial crystal configurations. Coaxial detectors made with p-type Ge
have the n contact on the outer crystal surface and p contact on the inner well. This is
referred to as a conventional-electrode configuration and is shown in the top figure. N-type
coaxial detectors have a reverse-electrode configuration, in which the n contact is on the inner
well and the p contact is on the outer crystal surface, as shown in the bottom figure. Since the
n contact is positively biased with respect to the p contact, coaxial detectors with conventional
electrode configurations collect holes (indicated with the letter “h”) on the inner contact and
collect electrons (indicated with the letter “e”) on the outer crystal surface. The opposite is
true for detectors with reverse electrode configurations.

olution degradation than p-type when exposed to the same neutron flux. This motivated the

choice of a reverse-electrode coaxial detector for the Dragonfly mission, as it will experience

significant radiation damage during its cruise to and operation on Titan.

The plots shown in Figure 2.9 correspond to a detector that exhibits no permanent charge

trapping, as all of the charge is collected after ∼200 ns. This is not the case for HPGe

detectors that are exposed to large fluences of fast neutrons. As mentioned earlier, radiation

damage creates hole traps that can immobilize holes before they arrive at the p contact.

Since the trapped hole is unable to complete its journey to the contact, it induces less charge

than holes that do not experience trapping. This leads to spreading in gamma-ray energy
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Figure 2.9: Charge collection for reverse-electrode HPGe detectors. Gamma-ray interac-
tions with germanium result in generation of electrons and holes. An electric field then
sweeps these charge carriers to the n and p contacts, which induces charge. Shown on the
left are 3 gamma-ray interaction locations in a reverse-electrode HPGe detector. The re-
sulting induced charge from each of these interaction locations is shown on the right. Note
that induced charge resulting from interactions in the outer region of the detector (#2 and
#3) are dominated by electron collection. The method used to calculate induced charge is
described in Appendix A.

measurements, as two gamma rays of the same energy can induce a different amount of

charge.

The probability of a hole successfully reaching the p contact without trapping was expressed
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by DeW et al.for a coaxial HPGe detector and is shown in Equation 2.5

pq(ro, rp) = exp

(
−
∣∣∣∣∫ rp

ro

ρt ∗ σt(r)dr

∣∣∣∣) (2.5)

where ro is the radial position corresponding to where the hole was created, rp is radial

position of the p contact, ρt is the hole trap density, and σt(r) is the hole trapping cross

section.66 This probability function allows one to simulate the effects of charge trapping

in HPGe detectors. Using a method outlined in Appendix A.2, two simulations were per-

formed. One considered an undamaged detector that has no significant charge trapping. The

other corresponds to a detector that has been exposed to a fast neutron flux of approximately

1010 cm−2. Detector dimensions were similar to the Dragonfly GRS. Ten thousand, 1333 keV

gamma-ray interactions were simulated for each scenario and electron-hole pairs were pro-

duced in proportion to gamma-ray energy. Inherent statistical fluctuation in electron-hole

pair production was considered. It was assumed that all electron-hole pairs were created

at a fixed position corresponding to the gamma-ray interaction location, and interaction

locations were randomly sampled from a uniform areal distribution that corresponded to

the coaxial crystal cross section. Simulation results are shown in Figure 2.10. Data shown

in black correspond to an undamaged detector. Statistical spread in this photopeak is due

to statistical fluctuation in charge carrier production. Note that the peak is Gaussian and

exhibits no significant low-energy tailing. Data shown in gray correspond a detector ex-

posed to a large fluence of fast neutrons. The damaged detector exhibits both low-energy

tailing and a decrease in photopeak centroid energy. Both of these observations indicate

incomplete charge collection due to trapping. While this model is useful for illustrating the

physics behind charge trapping, it is built upon simplifying assumptions that limit its ability

to precisely predict spectral performance of HPGe detectors that are exposed to damaging

radiation. Details about this simulation are discussed in Appendix A.2.

Broadening of the full-energy peak, or resolution degradation, has two significant implica-
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Figure 2.10: Charge trapping simulation. Two simulations were performed to illustrate the
effects of charge trapping in a reverse-electrode detector. Data shown in black represent a
1333 keV full-energy peak measured by a detector that has not been exposed to damaging ra-
diation. Data shown in red correspond to the same gamma-ray peak measured with a detector
that has been damaged by a large fluence of fast neutrons. Both simulations considered 104

gamma-ray interactions. The damaged detector exhibits two signs of charge carrier trapping:
lowering of the peak centroid energy and low-energy tailing.

tions for gamma-ray spectroscopy. First, as the peak width grows, the potential for two

gamma-ray events to overlap increases. For example, neutron interrogation of Titan will

result in neutron capture interactions with hydrogen and inelastic scatter interactions with

sulphur that produce 2223 keV17 and 2230 keV gamma rays16, respectively. An undamaged

detector providing ∼0.2% FWHM resolution, would be able to distinguish the two peaks

with minimal overlap. However, if the detector is significantly damaged, the low-energy tail

of the sulphur peak would overlap with the hydrogen peak. This decreases the ability to

resolve individual gamma-ray measurements.

Second, peak broadening decreases overall detector sensitivity to gamma-ray events. Gamma-

ray peaks typically sit atop a continuum, or background, that must be subtracted from the

peak to determine how many events were measured. This can be considered in terms of

signal and noise, where signal refers to the number of events recorded in the gamma-ray

peak and noise indicates random fluctuation of the number of events in the peak and the

continuum under the peak (square root of background events). If the peak area is large
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compared to the number of background events under it, the signal to noise ratio (SNR) is

high and the number of events recorded in the peak can be known with high confidence. By

the same argument, broadening of the gamma-ray peak results in a decrease of SNR and

lower confidence in peak area.

Previous publications investigated neutron radiation damage in coaxial HPGe detectors.

They indicate that operating temperature, crystal volume, neutron energy, and neutron flu-

ence affects the severity of resolution degradation from radiation damage.20;63;67;68 Table 2.3

shows the results from some of these studies. The column labeled “Neutron Environment”

indicates the fluence and average energy of neutrons interacting with the HPGe detector.

Initial and final FWHM refer to the 1333 keV photopeak energy resolution before and after

the detector was irradiated with neutrons, respectively. Note that if relative efficiency was

not provided in the publication, it was estimated using the detector volume.

Table 2.3: Reverse-electrode HPGe neutron radiation damage experiments
Study Rel. Eff. Neutron Environment Init. FWHM Final FWHM

Pehl et al.65 7% 1 ×1010 n
cm2 , 2 MeV Ave. 1.8 keV 2.7 keV

Raudorf et al.69 10% 4 ×109 n
cm2 , 4.2 MeV Ave. 1.7 keV 3.0 keV

Thomas et al.70 23% 2.2 ×109 n
cm2 , 1.3 MeV Ave. 1.9 keV 2.4 keV

Hull63 ∼50% 3.2 ×108 n
cm2 , 183 MeV Ave. 1.9 keV 2.4 keV

Borrel et al.68 ∼40% 1.6 ×109 n
cm2 , 5 MeV Ave. ∼2.1 keV 2.4 keV

Borrel et al.68 ∼40% 5.0 ×109 n
cm2 , 16 MeV Ave. ∼2.1 keV 5.75 keV

Borrel et al.68 ∼40% 5.9 ×108 n
cm2 , 27 MeV Ave. ∼2.1 keV 2.9 keV

Lattice defects from radiation damage in HPGe detectors can be repaired by high tempera-

ture annealing.19 Repairing radiation-damaged n-type, cylindrical HPGe detectors has been

investigated in the past.7;63;69–72 These publications indicated that resolution degradation

can be reversed if the crystal is heated for a sufficient amount of time. Table 2.4 summarizes

some past HPGe annealing experiments. Note that the “Anneal Recipe” column refers to

the anneal time and temperature required to achieve full energy resolution recovery. The

studies shown in Table 2.4 indicate that the anneal recipe varies according to the radiation

environment in which the HPGe detector is operated.
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Table 2.4: Reverse-electrode HPGe neutron radiation annealing
Study Rel. Eff. Neutron Environment Anneal Recipe

Darken et al.71 7% 1 ×1010 n
cm2 , 2 MeV Ave. 346 hr @ 80 to 120°C

Raudorf et al.69 10% 4 ×109 n
cm2 , 4.2 MeV Ave. 72 hr @ 120°C

Kandel et al.72 40% 1.2 ×109 n
cm2 , 5 MeV Ave. 24 hr @ 105°C

Kandel et al.72 40% 5.9 ×108 n
cm2 , 27 MeV Ave. 216 hr @ 105°C

Annealing is not without consequences. First, HPGe detectors can not be operated during

annealing due to elevated temperature (see Figure 2.1). Since annealing can take tens or

even hundreds of hours, radiation damage repair significantly reduces the amount of time

measurements can be performed. This downtime is especially significant for space missions,

which have very tight measurement schedules and limited operation time. Second, increasing

detector temperature for extended periods of time results in a loss in gamma-ray detection ef-

ficiency. This is due to thermal diffusion of the detector’s lithium contact. Reverse-electrode

HPGe detectors have lithium diffused into their inner bore hole. As the crystal is heated,

the lithium thermally diffuses into the bulk of the crystal, reducing the volume sensitive to

gamma-ray interactions. Peploski et al. investigated this effect and produced the plot shown

in Figure 2.11.7 These results indicate that annealing can significantly reduce detection ef-

ficiency.

The Dragonfly GRS will be exposed to multiple sources of radiation damage:

1. MMRTG neutrons: Dragonfly will utilize a MMRTG that converts heat energy from

PuO2 alpha decay to electrical power for the spacecraft and rotorcraft. High-energy

neutrons capable of damaging the HPGe detector will continuously be emitted from the

PuO2 fuel during the ∼7-year cruise and expected ∼3-year surface operations. Hence,

radiation damage will accrue throughout the mission.

MMRTG neutrons are produced by three processes: spontaneous fission, (α, n) interac-

tions with light elements, and induced fissions.73 Photoneutron production is possible,

but is negligible in comparison to the other neutron production processes.8 Sponta-

neous fission neutron activity in a PuO2 source is dominated by Pu-238, and have an
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Figure 2.11: HPGe efficiency loss from annealing.7 High-temperature annealing causes
efficiency loss in germanium detectors. This is due to lithium from the n-contact drifting
into the crystal bulk and reducing the active volume. Peplowski et al. showed that efficiency
loss was more severe at higher annealing temperatures.

average energy of approximately 2 MeV.8 Mass-normalized spontaneous fission neu-

tron activity for Pu-238 and PuO2 are 2.8 × 103 [n ∗ s−1 ∗ g(Pu− 238)−1] and 2× 103

[n ∗ s−1 ∗ g(PuO2)
−1], respectively.8

(α, n) activity is highly dependent on the isotopic composition of the oxygen in the

PuO2 fuel as well as light-element impurities.8;9;73 Neutrons from from alpha inter-

actions can dwarf those from spontaneous fission, as shown in Figure 2.12. Previous

space-based MMRTGs have decreased neutron emission by significantly reducing O-17

and O-18 content in the PuO2 fuel.9

Induced fission neutrons are produced when neutrons downscatter in the MMRTG fuel

and packaging and cause fissions in plutonium. This process produces neutrons with

energies similar to those of spontaneous fission, but their amount is dependent on MM-

RTG geometry. One estimate from Jet Propulsion Laboratory estimated that 45% of
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Figure 2.12: PuO2 fuel neutron emmission spectrum.8 Neutrons are emitted from PuO2

through spontaneous fission, (α, n) interactions, and induced fissions. Shown here is a
calculated neutron emission spectrum from a MMRTG. It illustrates how low-z impurities
and oxygen isotopes can contribute to PuO2 neutron emission. Modern MMRTG fabrication
reduces both components in order to lower neutron yield.

all neutrons from a MMRTG fuel capsule were from induced fissions.8 However, this

result can not used for other MMRTGs due to differences in fuel geometry.

As of this writing, the Dragonfly MMRTG has not been fabricated. Current estimates

indicate that it will contain 4.8 kg of PuO2 and have a neutron activity of ∼5× 103

[n ∗ s−1 ∗ g(PuO2)
−1]. This indicates it will emit approximately 2.4×107 neutrons per

second. Average MMRTG neutron energy is estimated to be 2.3 MeV based on a pre-

vious publication of modern MMRTG fuel neutron emission9 and conversations with

Dragonfly MMRTG designers. A future study will characterize the Dragonfly MM-

RTG’s neutron activity and energy distribution. It should be noted that the number

and energy of neutrons interacting with the Dragonfly GRS also depends on separation
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distance and scattering from interactions with lander materials. While GRS-MMRTG

separation distance has been estimated to be 200 cm, lander shielding effects have not

been quantified as of this writing.

2. DT neutrons: A DT neutron generator producing 108 14.1 MeV neutrons per second

will be used to interrogate Titan’s surface. The DT generator will be inactive during

cruise, and will perform an 8-hour interrogation at an estimated 33 landing locations

during Dragonfly mission operations. Approximate GRS-neutron generator separation

distance is 150 cm.

3. Galactic cosmic rays and solar energetic particles: The GRS will be exposed to high-

energy particles from galactic and solar origin during its ∼7 year cruise to Titan.

These sources of radiation include protons and atomic nuclei that have energies ranging

from sub-MeV to greater than 100 GeV, and have been shown to severely degrade

deep-space HPGe GRSs.7 Modeling Dragonfly mission cosmic ray fluence is necessary

for determining expected GRS resolution degradation and the amount of annealing

required to restore GRS performance.

The Dragonfly GRS will be damaged by MMRTG neutrons, galactic cosmic rays and solar

energetic particles during cruise between Earth and Titan. Additionally, energetic particle

interactions with the spacecraft will produce neutrons capable of damaging the GRS. During

surface operations, the MMRTG and DT neutron generator will contribute to GRS resolu-

tion degradation. Cosmic rays will not be a factor during surface operations due to shielding

from Titan’s thick atmosphere.14;30

Radiation damage incurred by the GRS during cruise will be repaired via annealing when

the spacecraft arrives at Titan. Note that only one “cruise anneal” is needed because the

passively-cooled detector is unable to operate onboard the relatively warm spacecraft. Hence,

the goal of the cruise anneal is to restore GRS energy resolution prior to measurements being

performed on Titan’s surface. Cruise anneal duration is being investigated by APL. Their
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study builds upon a past work that investigated galactic cosmic ray and solar energetic parti-

cle radiation damage and repair for the the Psyche and Martian Moons eXploration (MMX)

deep-space HPGe detectors.7

Whether or not the Dragonlfly GRS will require annealing during surface operations has

not been determined as of this writing. DM GRS thermal and vacuum design allows a sur-

face anneal, but this is only needed if radiation damage during surface operations degrades

energy resolution past the 4.2 keV FWHM specification. Eliminating the surface-anneal

capability would allow GRS thermal and vacuum design to be simplified. This work in-

vestigates Dragonfly GRS energy resolution degradation during surface operations due to

MMRTG neutrons. While DT generator neutrons will also damage the GRS, DT fluence

will be less than 10% of MMRTG fluence at the GRS (assuming distance−2 flux dependence

and no shielding materials between the neutron sources and the GRS). Studies presented in

Table 2.3 indicate that resolution degradation from neutron damage varies significantly de-

pending on experimental conditions, including neutron energy, neutron fluence, and detector

volume (indicated by its relative efficiency specification). Additionally, crystal temperature

can affect the severity of radiation damage.67 The many contributions to energy resolution

degradation in HPGe detectors made it inadvisable to use previous radiation damage studies

to predict Dragonfly GRS spectral performance on Titan. Hence an experiment was per-

formed to investigate GRS resolution degradation due MMRTG neutron radiation damage.

Annealing was also investigated, allowing for an anneal recipe to be formulated. Efficiency

loss due to lithium diffusion was monitored throughout the annealing process.
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Chapter 3

Dragonfly GRS Testing

The Dragonfly GRS DM is a functional HPGe detector designed for the Dragonfly mission.

This system must survive rocket launch, be able to passively cool and anneal on Titan’s

surface, and be sensitive to neutron-induced gamma rays. The following chapter overviews

experiments performed to ensure the system will achieve these goals. Additionally, GRS

performance degradation from neutron radiation damage is documented and subsequent

repair is presented.

3.1 Rocket-Launch Survivability

The DM’s ability to survive rocket launch was evaluated through multiple laboratory tests.

The methods, results, and implications of these experiments will be discussed in this section.

3.1.1 Vibration Testing Methods

At the time of this writing, Dragonfly launch loads are not yet determined. In lieu of

mission-specific vibration loads, the DM was designed survive two generic spacecraft vibra-

tion environments. The first is a 35 g sine burst test between 5 and 50 Hz. This test is

intended to determine if the system can survive high-g, quasi-static forces and investigate
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for workmanship issues.74 The second is a random vibration test between the frequencies of

20 an 2 ×103 Hz. Random testing evaluated if the GRS can survive acoustic forces asso-

ciated with launch. Details of the random vibration testing performed on the DM can be

found in Goddard Space Flight Center’s (GSFC) General Environmental Verification Stan-

dard (GEVS).74

Forces associated with rocket-launch are three dimensional. However, only a one-axis vibra-

tion table was available during detector development. Specialized jigs were fabricated that

allowed the DM to be oriented in multiple ways to allow for testing along each axes. Hence,

three separate tests were performed to evaluate DM compatibility with rocket launch. Sub-

sequent versions of the Dragonfly GRS will be evaluated using a three-dimensional vibration

table.

The vibration table was fitted with a control accelerometer and programmed to produce a

desired vibration profile. This accelerometer provided feedback for ensuring the vibration

table was performing correctly. Another accelerometer was placed on the suspended encap-

sulated crystal, allowing for system response to be monitored. The experimental setup is

shown in Figure 3.1. GRS resonance response to vibration testing was observed by compar-

Figure 3.1: Experimental configuration for DM vibration testing. DM vibration testing
utilized two accelerometers: one was placed on the vibration table to measure the output
vibration profile and another was placed on the encapsulated crystal to measure DM response.
Data from both accelerometers were saved using a digital acquisition system.

ing the control and encapsulation accelerometers. The ratio of the encapsulation acceleration

to the control acceleration is the response ratio. A response ratio much greater than unity
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indicates the presence of a resonance. The DM resonates at several frequencies, as shown in

Figure 3.2.

Figure 3.2: DM resonance response. Use of accelerometers allowed DM resonance response
to be measured. Resonances are indicated when the acceleration measured by the encapsula-
tion accelerometer is much higher than the acceleration provided by the vibration table. The
ratio of the encapsulation acceleration to the input vibration is reported as the response ratio
in this plot. Resonance frequencies are indicated by peaks in the data. These frequencies were
monitored before and after vibration testing to look for changes in DM structural properties.

A procedure was developed to test the DM’s ability to survive rocket launch. Testing began

by determining the encapsulated crystal’s baseline energy resolution. Commercially-available

amplifier electronics and dipstick cryostat were used for this measurement. A Co-60 gamma-

ray source was positioned ∼20 cm away from the side of the detector. The detector was

biased at +3 kV, and pulse processing was performed using a trapezoidal filter with param-

eters 8 µs rise time and 0.8µs flat top width. This resulted in a dead time of approximately

2%. The measurement was performed until greater than 104 events were recorded in the

1332.5 keV photopeak.

Next, the encapsulation was removed from the commercial cryostat and installed into the

DM cryostat for vibration testing. The system was initially vibrated at 0.5 g between 5 and

2 ×103 Hz. This test, referred to as a pre-vibration sine survey, indicates the frequencies at

which the system resonates. The system was then subjected to GEVS random vibration, a
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35 g sine burst measurement, and another sine survey. The vibration testing procedure is

summarized below:

1. Pre-vibration 0.5 g sine survey

2. GEVS random vibration

3. Sine burst test

4. Post-vibration 0.5 g sine survey

The above measurements were performed on each GRS axis, resulting in 3 sets of 4 mea-

surements. After the vibration campaign, the encapsulated detector was removed from the

DM cryostat and reinstalled into the commercially-available cryostat. Another gamma-ray

measurement was performed using similar conditions as the initial measurement.

The pre and post-vibration gamma-ray measurements were intended to determine if: 1) the

detector became damaged during vibration in such a way that prevented operation and 2) if

vibration testing affected detector spectral performance, specifically energy resolution. Mon-

itoring system resonances before and after the vibration campaign indicated if the system

sustained major structural damage. The frequencies at which the DM resonates are func-

tions of the GRS’s mechanical properties, such as material stiffness and detector preload.

Hence, a post-vibration change in resonance frequencies would indicate that a structural

change occurred. This would be interpreted as a failure, as the system is not designed to be

mechanically changed by vibration.

3.1.2 Detector Performance Before & After Vibration Testing

Figure 3.3 shows DM resonance response after z-axis vibration, as indicated by the pre

and post-vibration sine surveys. Table 3.1 summarizes results of the pre and post-vibration

sine survey measurements that were performed on each axis. Gamma-ray measurements

performed before and after vibration testing are shown Figure 3.4. FWHM energy resolution

was 1.8 keV for both measurements.
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Figure 3.3: Z-Axis Pre and Post-Vibration Resonance Response. Low-g sine survey mea-
surements were performed before and after each DM axis was vibration tested. The y-axis
indicates the ratio of the acceleration reported by the encapsulation and control accelerom-
eters. Data shown in black and red data indicate system response before and after z-axis
vibration testing, respectively. DM resonance frequencies are indicated by peaks in the spec-
trum.

Table 3.1: DM Resonance Analysis Before and After Vibration Testing
Parameter Peak 1 Peak 2 Peak 3 Peak 4
Z-Axis

Pre-Vibe Frequency 334 Hz 358 Hz N/A N/A
Pre-Vibe Ratio 14.6 16.4 N/A N/A

Post-Vibe Frequency 317 Hz 346 Hz N/A N/A
Post-Vibe Ratio 16.4 19.8 N/A N/A

X-Axis
Pre-Vibe Frequency 328 Hz 367 Hz 451 Hz 473 Hz

Pre-Vibe Ratio 38.9 12.2 12 15.5
Post-Vibe Frequency 321 Hz 367 Hz 449 Hz 473 Hz

Post-Vibe Ratio 34.3 11.2 11.5 16.3
Y-Axis

Pre-Vibe Frequency 326 Hz 358 Hz 372 Hz 455 Hz
Pre-Vibe Ratio 11.9 19.7 32.7 31.5

Post-Vibe Frequency 311 Hz 339 Hz 366 Hz 455 Hz
Post-Vibe Ratio 15 20 11.9 25

3.1.3 Vibration Testing Discussion

The Dragonfly DM was subjected to spaceflight-like vibration loads to determine if it could

survive rocket launch. Pass/fail criteria was determined by resonance analysis, spectral per-
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Figure 3.4: Pre and post-vibration spectral measurements. Co-60 gamma-ray measurements
were performed before and after the Dragonfly DM was vibration tested. The measurements
shown in black and red were performed before and after the vibration campaign, respectively.
FWHM resolution was 1.8 keV for both measurements. Note that the peaks were normalized
to the same height for easy comparison of peak shapes.

formance, and CT scans. Pre and post-vibration sine surveys indicated if major changes in

resonance frequencies occurred. What constitutes a major change in resonance frequency

varies according the type of component being tested. Experience developing spaceflight de-

tectors33 that utilized a similar mechanical design indicates that resonance shifts greater

than ∼15% are of concern and may point to mechanical failure. Smaller changes are at-

tributed to settling of the Kevlar suspension.

Table 3.1 shows the resonance peaks and amplitudes measured by the low-g sine surveys.

Although some frequency shifts were observed, they were small do not indicate structural

damage. No major amplitude increases were observed, however there were significant de-

creases in amplitude observed during y-axis testing. This is attributed to settling in the the

Kevlar suspension system and is not of concern. Results from resonance analysis indicate

that the DM did not experience major mechanical failures during vibration. Additionally,

data from this measurement can be referenced and compared against when future Dragonfly
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GRSs are vibration tested. Significant differences in resonance response may indicate work-

manship problems or assembly issues.

Results from resonance analysis were supplemented by comparing detector spectral perfor-

mance before and after the vibration campaign. This method indicated if the detector was

operable after vibration and, if so, whether energy resolution was degraded. The spectral

measurement shown in Figure 3.4 indicates that the GRS remained functional after vibration

and that it did not exhibit resolution degradation. Additionally, the detector was used for

gamma-ray measurements for the 6 months following vibration testing and showed consistent

energy resolution. This indicates that vibration testing did not compromise the encapsu-

lation vacuum, as a vacuum breach would allow contaminants to condense on the crystal

surface and degrade resolution.

The encapsulated detector was also computational tomography (CT) scanned before and af-

ter vibration testing. These measurements were performed to determine if the crystal tilted

or if the encapsulation components (such as the getter) were damaged after vibration testing.

The pre and post-vibration CT scans indicated the crystal did not move during vibration and

that internal structures were undamaged. CT scans are not shown in this work to protect

intellectual property.

3.2 Dragonfly GRS Passive Cooling and Annealing Mea-

surements

The Dragonfly DM’s ability to passively cool to operating temperature and anneal for low

input power was demonstrated experimentally. Data from this experiment was then used to

tune a thermal model that can simulate DM thermal performance in various conditions. This

section describes experimental methods and results, as well as thermal model benchmarking

efforts.
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3.2.1 Thermal Testing Techniques and Methods

DM thermal performance was measured in an environmental chamber in conditions similar

to those expected on Titan: the chamber was purged with gaseous nitrogen and held at 93

+/- 1 K. Encapsulated HPGe crystals were unavailable at the time of this measurement.

Instead, a representative aluminum cylinder was used. In order to make this measurement

realistic, the detector proxy was designed to have the same heat capacity as an encapsulated

crystal. It was constructed similarly to the crystal encapsulation, which allowed it to be

suspended via the low-conductivity Kevlar suspension system and use a DM-style wiring

scheme. Lastly, the cryostat was vacuum evacuated per the baseline DM design.

The detector proxy was outfitted with an anneal heater and a DT-470 Si diode tempera-

ture sensor. The heater was used to apply heat power to the encapsulation to facilitate

annealing, and the temperature sensor reported encapsulation temperature throughout the

experiment. A SAES D100 getter was used to maintain vacuum inside the DM. Temperature

was recorded and monitored via a LakeShore 218E temperature controller, and anneal heater

power was documented by hand. The cryostat was supported by its bottom flange using a

thin metal grate that allowed cold, gaseous nitrogen to interact with all exterior cryostat

surfaces. Figure 3.5 shows the system in the environmental chamber.

DM cooling began with the cryostat and crystal encapsulation at 290 K and 320 K, respec-

tively. Environmental chamber temperature was initially 293 K, but cooled to 93 K within

a few minutes of the start of the experiment. Once the system cooled below ∼100 K, the

anneal heater was activated and the detector proxy was heated to anneal temperature.

3.2.2 Passive Cooling and Annealing Performance

The measured cooling curve is shown in Figure 3.6. Note that the latter five measurements

have different temporal spacing than previous measurements. This is because automatic

temperature logging software was not used after approximately 73 hours into the measure-

ment. After that point, temperature and time were documented by hand.
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Figure 3.5: DM thermal experiment. Dragonfly DM thermal performance was measured
under Titan-like conditions. It was passively cooled and annealed in a 93 K gaseous envi-
ronment. Cooling time and anneal power were recorded throughout the experiment.

After cooling, the DM was annealed. Steady-state detector proxy temperature was 370 K

with 1.85 W of anneal power. Note that this temperature is slightly lower than the anneal

temperature goal of 378 K (see Chapter 1). This is because the anneal heater was set to a

constant output power rather than operated using a control loop. 370 K was the tempera-

ture at which the system equilibrated with a constant input power. Power could have been

48



incremented up until a steady-state detector temperature of 378 K was achieved, however

this was not possible in the time available to perform the experiment. .

3.2.3 Thermal Testing Discussion and GRS Performance on Titan

Thermal testing investigated the DM’s ability to meet thermal performance requirements

associated with the Dragonfly mission. As of this writing, the GRS is required to passively

cool to operating temperature within the first 16 days of landing on Titan and be able

to be annealed on Titan’s surface using less than 5 W of heater power. Results shown in

Section 3.2.2 show that the DM can passively cool to operating temperature in a Titan-like

environment within 6 days and be annealed with less than 2 W input power.

Experimental results were used to benchmark and tune the thermal model presented earlier

in this work. Model parameters were updated to be consistent with experimental conditions:

a solid aluminum cylinder rather than a germanium/aluminum detector encapsulation was

modeled, no heat from the lander bracket was included in the model, and the starting

temperature was set to be consistent with experimental conditions. Next, the assumed

surface emissivity used for modeling infrared heat transfer was adjusted slightly to achieve

good agreement between measured and modeled data. As discussed in Appendix B, an

emissivity value of 0.05 was chosen, which is consistent with the process used to machine

infrared transmitting surfaces in the DM. Figure 3.6 shows that modeled and measured

cooling curves. Comparison of measured and simulated DM cooling and annealing indicates

the thermal model accurately simulates DM thermal performance. The maximum difference

between measured and simulated detector temperature during passive cooling is less than

1%, which is sufficiently accurate for predicting DM thermal performance. Modeled and

measured annealing power were also compared. Measurements indicate that 1.85 W of input

power results in a detector temperature of 370 K. The thermal model predicts the detector

will reach 372 K with the same amount of annealing power.

The validated thermal model was then used to predict DM thermal performance on Titan.
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Figure 3.6: DM passive cooling and thermal model. Top: Black markers show measured
data from the passive cooling experiment. At time = 0, the DM was placed in a 93 K, gaseous
nitrogen environment and passively cooling began. Detector temperature vs cooling time is
shown here. Automated temperature and time logging software was used for measurements
before time = 73 hours. Subsequent measurements were documented by hand. The dashed
blue line shows predicted cooling from the thermal model. Bottom: Black squares indicate
the difference between the measured and modeled temperature. All deviations between mea-
sured and simulated temperature were <1%.

It was assumed that the cryostat and crystal encapsulation were held at 273 K during cruise,

then exposed to Titan’s atmosphere (94 K, 2.7 [ W
m2∗K ] convection coefficient) at time = 0.

Heat input from the lander (qL in Figure 2.6) was assumed to be 1 W, which is consistent with

current estimates provided by mission planners. Figure 3.7 shows the predicted encapsulation

and cryostat temperature versus time. The thermal model predicts that the DM will cool to

operating temperature within 6.5 days of landing on Titan, and is capable of annealing for

1.9 W of input power. This indicates that the design will meet thermal requirements.

It should be noted that there are uncertainties remaining regarding DM thermal performance

on Titan. One example is the way in which the GRS will be mounted onto the rotorcraft. At

the time of this writing, the attachment method and location has not been determined. Two
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Figure 3.7: Simulated Dragonfly DM passive cooling on Titan’s surface.The thermal model
was used to estimate the crystal encapsulation temperature (TE, shown in black) and the
cryostat temperature (TC, shown in red) during passive cooling on Titan’s surface. The
model predicts that crystal will cool to operating temperature within ∼6.5 days of landing on
Titan’s surface.

possible locations are shown in Figure 3.8. If the GRS is mounted near the body of the lander,

Figure 3.8: Potential GRS mounting locations. At the time of this writing, GRS mounting
location on the lander has not been finalized. Two potential locations are shown here. If the
GRS is mounted on the lander shell, a significant amount of heat could be transferred to the
cryostat, which would increase crystal temperature. If mounted on the lander skids, much
less heat would be transmitted to the cryostat, and crystal temperature would be similar to
Titan ambient.
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shown as Location 1, the attachment bracket will penetrate through the insulated lander shell

and attach to the rotorcraft frame. Heat will then be transferred from the relatively warm

rotorcraft interior to the cold cryostat. The wiring harness connecting DM electronics to the

rotorcraft also contributes to this effect. As indicated by the thermal model, steady-state

crystal temperature is the same as the outer cryostat temperature. Hence, heat input from

the rotorcraft directly affects crystal operating temperature. If heat flow is high enough,

crystal temperature may exceed the maximum operation temperature of 100 K. Heat flow

from the rotorcraft via the attachment bracket and wiring harness is balanced by convective

cooling to Titan’s atmosphere. Steady-state crystal temperature can be calculated using

Equation 3.1

TCrys =
qL

h ∗ Asurf

+ TAmb (3.1)

where TCrys is the steady-state crystal temperature, qL is heat flow from the lander due to the

mounting bracket and the wiring harness, h is the convective coefficient on Titan (estimated

to be 2.7 Watts
m2∗K ), Asurf is the outer surface area of the cryostat, and TAmb is Titan’s surface

temperature. Estimated steady-state crystal temperature versus heat input from the lander

is shown in Figure 3.9. If the GRS is mounted on the lander skids, shown as Location 2 in

Figure 3.8, heat transfer from the rotorcraft will be much smaller, as the landing skids are

heat sunk to Titan’s environment. The steady-state crystal temperature at Location 2 will

be approximately 94 K.

It should be noted that heat lift due to Titan’s ambient conditions is a source of uncer-

tainty. The convection coefficient used in this work is an average of a range of convection

coefficients calculated by analyzing data from the Huygens Probe.46 It is unlikely that this

data is perfectly applicable to the Dragonfly GRS, as gas flow around the system will be

different from that of the Huygens Probe. While the thermal model presented in this work

indicates the GRS will meet thermal requirements, it should be revisited when a Dragonfly

Mission-specific convection coefficient is calculated.

Another source of uncertainty is GRS vacuum condition. This work investigated thermal
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Figure 3.9: Effect of heat from rotorcraft (via bracket and electrical harness) on crystal
temperature. Heat from the rotorcraft can travel to the GRS cryostat via the mounting
bracket and electrical harness. If heat flow is high enough, the steady-state GRS temperature
can exceed its intended operating temperature of 100 K.

performance of the DM which is vacuum evacuated using a non-evaporable getter. However,

at the time of this writing, GRS vacuum design has not been finalized. Other vacuum main-

tenance methods are being investigated, such as zeolite molecular sieves and space-venting

through a valve. Even a design that doesn’t maintain vacuum at all is being considered.

Each of these strategies correlate to a different vacuum condition inside the GRS and have

major implications for the amount of power required for annealing (see Appendix B). There-

fore, there will be significant uncertainties in GRS thermal performance until the vacuum

design is determined.

The benchmarked thermal model presented in this work helps mitigate some uncertainty in

Dragonfly GRS design. It can easily be updated to reflect changes in lander heat input,

estimated Titan convection coefficient, and/or vacuum condition, making it a valuable tool

for evaluating the thermal performance of future Dragonfly GRS design iterations.
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3.3 GRS Vacuum Characterization and Measurements

The baseline Dragonfly GRS design calls for the cryostat to be vacuum isolated from the

environment. This work performed multiple experiments to quantify the amount and types

of gasses in the DM cryostat. It also investigated the efficacy of using a non-evaporable

getter for vacuum maintenance.

3.3.1 Methods used for Measuring Gas Load and Type

A test station was created to facilitate DM vacuum measurements. Turbomolecular and ion

pumps were mounted onto a reducer Tee and were connected to a 4-way cross via a UHV

valve. The remaining three flanges on the cross were connected to the DM, a Pfeifer CMR

375 capacitance pressure gauge, and a Stanford Research Systems (SRS) 100 AMU residual

gas analyzer (RGA). The test station is shown in Figure 3.10.

UHV vacuum practices were followed throughout DM vacuum testing, including using UHV-

rated components and metal seals and always wearing gloves when handling vacuum com-

ponents. It should be noted that the DM does not require pressure to be in the UHV range

to operate properly. Rather, following UHV guidelines helps mitigate contamination and

outgassing that could significantly contribute to DM gas load.

System gas load was measured using the rate of rise (RoR) method.57 This technique involves

pumping a chamber, then isolating it with a valve. Pressure inside a well-baked chamber

will increase linearly with time, and the time rate of pressure increase in the chamber is

proportional to gas load. This is shown in Eq 3.2

Q =
∆P

∆t
∗ V (3.2)

where Q is gas load, P is pressure, t is time, and V is gas volume. DM gas volume is

approximately 1 liter. This document will use the units [mbar ∗ liter ∗ s−1], mbar, seconds,

and liter for gas load, pressure, and time, respectively.
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Figure 3.10: Test station used for gas load and type measurements. Left: A CAD drawing
of the Dragonfly vacuum test station is shown. This was used for gas load and gas type
measurements. Right: A schematic representation of the vacuum test station is shown. An
ion and a turbo pump were connected to a four-way cross via a UHV valve. The DM, a
capacitance pressure gauge, and a RGA were connected to the remaining cross flanges. The
capacitance gauge indicated DM pressure and the RGA monitored DM gas type.

Prior to the gas load measurment, the DM was baked for 5 days at 373 K while being pumped

by the turbo and ion pumps. This baking temperature was chosen because the encapsulated

crystal’s maximum temperature rating is 378 K. After the 5-day bake, the system passively

cooled to room temperature and the UHV valve was closed. This isolated the DM from

the vacuum pumps and caused pressure to increase due to gas load. Pressure increase was

measured by the capacitance pressure gauge and recorded by a Pfeiffer TPG 366 pressure

gauge controller. It should be noted that a D100 non-evaporable getter was installed in the

DM prior to the start of the experiment. However it was not activated until after gas load

and type measurements. This ensured that pumping from the getter was negligible.53

DM gas type was measured using the SRS RGA shown in Figure 3.10. Shortly after the gas

load measurement was completed, the UHV valve was opened and the DM was again pumped

using the laboratory pumps. Once base pressure was reached, the RGA was activated and a
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gas-type measurement was recorded.

The DM’s ability to maintain its vacuum using a getter was measured indirectly by observing

the amount of power required to anneal the crystal encapsulation. When the DM is vacuum

evacuated, anneal power is a function of solid conduction and infrared heat transfer. However,

as pressure increases, gas thermal conduction begins to increase proportionally (see Section

B.6). This allowed an experiment to be designed to monitor cryostat vacuum condition via

anneal power.

At the start of the experiment, the DM had been pumped and baked via laboratory pumps

for approximately 5 days (corresponding to the gas load and type measurements mentioned

above). The getter was activated and the system was separated from laboratory pumps

by a copper pinch tube. DM anneal power was recorded for two configurations, each of

which had a different boundary condition. In one configuration, the exterior surfaces of the

DM were exposed to room-temperature air (∼293 K). The DM was submerged in liquid

nitrogen (77 K) in the other configuration. Power was supplied to the anneal heater until

the encapsulation temperature reached a steady-state value of ∼378 K. Power was then

documented and the heater was deactivated. These measurements were repeated multiple

times over approximately 5 months.

3.3.2 Vacuum Characterization and Hold Time Measurements

After baking, the DM gas load was measured to be 9 × 10−9 [mbar ∗ liter ∗ s−1]. The

corresponding RoR measurement is shown in Figure 3.11. The RGA scan of the baked,

room-temperature DM is shown in Figure 3.12.

DM vacuum hold time was investigated immediately after gas load and type measurements.

Note that the DM was not exposed to atmospheric conditions between measurements. Fig-

ure 3.13 shows measured anneal power versus elapsed time for two DM boundary conditions:

room temperature and liquid nitrogen. At the start of the measurement, the getter was acti-

vated and the system was separated from laboratory pumps. The getter was not reactivated
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Figure 3.11: Room-temperature ROR measurement. The DM was pumped and baked for
approximately 5 days at 100°C, then allowed to passively cool. Gas load was measured via
RoR once the system reached room temperature.

Figure 3.12: Room-temperature RGA Measurement. A RGA measurement was performed
on the well-baked DM to characterize the types and relative amounts of gasses in the system.

during the measurement.
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Figure 3.13: Vacuum-hold measurement. The ability of the DM to maintain vacuum using
a getter was investigated by recording anneal power over several months. At the beginning of
the experiment (time = 0), system had been baked at 373 K for 5 days and the getter had
just been activated. Data shown in blue circles corresponds to the liquid nitrogen boundary
condition, in which the DM was held at 77 K during annealing. Data shown in black triangles
corresponds to a room-temperature boundary condition.

3.3.3 Vacuum Measurement Discussion and Implications

Results from vacuum measurements indicate that pumping and baking the DM for ∼5 days

will result in a gas load of 9 ×10−9 [mbar ∗ liter ∗ s−1] (including leaks and outgassing) when

all components are held at room temperature. This is a positive result and it seems unlikely

that DM gas load could be significantly decreased below this amount for several reasons.

First, the DM contains ∼2×103 cm2 of aluminum and stainless steel surfaces. Hence, if

outgassing from metal surfaces were the only contributors to gas load, the area-normalized

gas load would be ∼5 ×10−12 [mbar ∗ liter ∗ s−1 ∗ cm−2]. This is near the outgassing rate

expected for well-baked stainless steel.57 Note that it is unlikely that metal surfaces are the

only sources of outgassing, as the DM contains nearly a foot of braided Kevlar and PTFE

wire insulation that has a large effective surface area.

Second, the DM has two electrical feedthroughs that have non-zero leak rates. The high
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voltage connector38 is specified to have a maximum helium leak-rate of 10−8 [atm ∗ cc ∗ s−1]

and the MDM connector39 is specified to have a helium leak rate less than 10−9 [atm∗cc∗s−1].

These can be converted to air leak rates by using Equation 3.3

LHe

LAir

=

√
MAir

MHe

(3.3)

where LHe is the specified helium leak rate, LAir is the equivalent air leak rate, MHe is the

molar mass of helium (4 [g ∗mol−1]), and MAir is the molar mass of air (29 [g ∗mol−1]). Use

of Equation 3.3 indicates that the combined air leak rate through both feedthroughs is not

guaranteed to be lower than 4× 10−9 [mbar ∗ liter ∗ s−1]. This is approximately half of the

measured DM gas load.

The DM gas load measurement likely overestimates gas load during cruise, as it was per-

formed with approximately 1 bar pressure differential across the cryostat seals and feedthroughs.

This resulted in a non-zero leak rate and gas permeation. During cruise the cryostat will be

exposed to space-vacuum, which will eliminate atmospheric gas infiltration. Furthermore,

colder temperature during cruise and on Titan’s surface will also decrease gas load.

RGA measurements indicate that the primary gasses in the DM cryostat produce RGA peaks

at 2, 28, and 44 AMU. The peak at 2 is from H2, which is the primary outgassing component

in vacuum systems prepped for ultra-high vacuum.57 A peak at 28 AMU could be from N2 or

CO. RGA fragmentation patterns indicate that ionization of N2 should result in a 14 AMU

fragment with 12% magnitude of the 28 AMU signal. As shown in Figure 3.12, no such

fragment was measured. Detection of CO should result in a 5% contribution to the 12 AMU

peak, which is visible in the RGA scan. The peak at 44 AMU is the primary signal from

CO2 fragmentation. Other CO2 fragments include 28, 16, and 12 AMU, listed in order of

decreasing magnitude. This is consistent with the DM RGA measurement.

Water is present in the system, as evidenced by RGA scan features at 16, 17, and 18 AMU.

Contributions from this gas source could be reduced further by more baking. Peaks at 19,
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20, 50, and 69 AMU are likely from polytetrafluoroethylene (PTFE) tubing used to provide

insulation for cryostat wiring. This can not be known for certain, as the RGA was only

able to scan for gasses less than or equal to 100 AMU. Further investigation is needed, but

replacement of PTFE insulators with polyether ether ketone (PEEK) versions is being con-

sidered. PEEK offers both insulation and are ultra-high vacuum compatible. Lastly, the

peak at 66 AMU is likely a fragment of a large-chain hydrocarbon molecule. Personal expe-

rience indicates that this RGA trace is associated with hand oil. While gloves were always

used when handling DM components, cross contamination is possible. This measurement

indicates that handling procedures should be followed more carefully in subsequent builds.

RGA analysis indicates that the major contributors to DM gas load are able to be captured

by the getter. The D100 has massive hydrogen capacity, and significant capacity for CO and

CO2. If one assumes that the DM gas load is comprised equally of H2, CO, and CO2, then

one could expect the getter to maintain pressure inside the cryostat of less than 10-8 mbar

for between one and two years. This is a conservative estimate of vacuum hold time, as gas

load will be lower when the system is cool during cruise and on Titan’s surface. Once the

getter is saturated, it would need to be reactivated to migrate adsorbed CO and CO2 from

the getter’s surface to its internal volume. Once reactivation is completed, the getter surface

will be clear of adsorbed gasses and be able to continue to maintain vacuum.

A SAES D100 getter was shown to maintain DM vacuum under two thermal boundary con-

ditions: room temperature and liquid nitrogen. There were two motivations for using liquid

nitrogen. First, an environmental chamber was not available for the entirety of this mea-

surement. Liquid nitrogen, however, was readily available. Second, use of liquid nitrogen

provided a conservative estimate of anneal power on Titan. The convection coefficient as-

sociated with liquid is higher than that of Titan’s gaseous atmosphere. Additionally, liquid

nitrogen temperature is ∼17 K lower than that of Titan. These two considerations make

the liquid-nitrogen anneal power shown in Figure 3.13 an overestimate of what is expected

during Titan surface operations.
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This experiment shows that the Dragonfly GRS is capable of maintaining vacuum sufficient

for annealing for greater than 160 days and indicates that a getter-only strategy is viable for

the Dragonfly GRS. However, more testing is needed. Getters can adsorb a finite amount of

gas before they saturate, at which point they can no longer pump gasses. The finite nature

of getter pumping means that the results shown in Figure 3.13 can not be extrapolated

to many years. Hence, longer-term testing is needed to investigate whether the getter can

maintain vacuum throughout the mission.

3.4 Detecting Radioisotope and Neutron-Induced Gamma-

rays

This section will discuss DM spectral measurements performed in a Titan-like thermal en-

vironment. Energy resolution was quantified and the system was shown to be sensitive to

neutron-induced gamma rays relevant to gamma-ray spectroscopy on Titan.

3.4.1 Experimental Methods for Gamma-ray Detection in a Titan-

like Thermal Environment

Gamma-ray measurements were performed with the DM GRS in a flight-like configura-

tion. The system consisted of an encapsulated detector mounted in the cryostat via Kevlar

suspension. The cryostat was sealed using indium, a getter maintained vacuum, and an

APL-developed, charge-sensitive amplifier was used for signal readout. The amplifier was

separated into two regions. The cold side attached to the top of the cryostat and housed an

AC-coupled JFET and feedback loop. The warm side contained an Op Amp and connected

to the cold components by ∼1 m cables. It was kept at room temperature throughout the

measurement. The output of the warm-side amplifier connected to an ORTEC DSPEC 5075

that provided trapezoidal pulse shaping and amplification. The DSPEC 50 was also used as
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a multi-channel analyzer and supplied bias voltage to the detector. A desktop computer and

ORTEC Maestro software were used to record and display measured data. The preamplifier

was outfitted with a test input that allowed a low-noise pulser signal to be injected into the

JFET gate. The pulser signal, which is not subject to the statistical fluctuations inherent to

gamma-ray signals, propagates through the detector electronics chain and is reported in the

MCA as a Gaussian peak. The statistical spread of the pulser peak allows detector electronic

noise to be quantified.

Care was taken to create Titan-like conditions during DM testing. A pressurized environ-

mental chamber was not available during this phase of detector development. Instead, an 81

liter liquid nitrogen dewar76 was used to passively cool the GRS. The detector was suspended

inside the dewar so that its lower half was submerged in liquid nitrogen. The top portion of

the DM and the cold region of the amplifier were above the liquid nitrogen level. This was

done to prevent liquid nitrogen from interacting with the preamplifier electronics. Crystal

temperature was 77 K throughout the measurement.

A NIST-calibrated 18.2 µCi Eu-152 gamma-ray source was used to characterize DM energy

resolution. Figure 3.14 shows the experimental setup used for this measurement.

Capture and inelastic scatter gamma rays were measured by interrogating 6 kg of high-

density polyethylene (HDPE) and 7 kg NaCl with a Cf-252 neutron source that produced

3.5×104 neutrons per second. This allowed DM sensitivity to gamma-rays with energies up

to 8.6 MeV to be measured. Figure 3.15 shows the experimental setup for neutron-induced

gamma-ray measurements. Borated HDPE bricks and bags of boric acid were used to lower

neutron radiation dose in the area around the experiment. The detector was biased at +3 kV

for both the Eu-152 and Cf-252 measurement. Pulse processing was performed using a trape-

zoidal filter with parameters 14 µs rise time and 1.0µs flat top width. Measurement dead

time for the Eu-152 and Cf-252 measurements were 13.5% and 3.5%, respectively.

62



Figure 3.14: DM Eu-152 gamma-ray measurement. The DM was passively-cooled to 77 K
by being placed in a large liquid-nitrogen dewar. An Eu-152 gamma-ray source was placed
outside the dewar, approximately 30 cm away from the DM. A custom amplifier was used for
charge collection and an ORTEC DSPEC 50 was used for signal processing and bias voltage
supply.

Figure 3.15: DM neutron-induced gamma-ray measurement. An 8.1 µCi Cf-252 source
was placed just outside the dewar, approximately 30 cm away from the DM. The source was
enclosed by an HDPE cylinder and surrounded by NaCl bricks. The experiment was shielded
by borated HDPE and boric acid.

3.4.2 Gamma-Ray Measurements

The Eu-152 gamma-ray spectrum is shown in Figure 3.16. Detector live time for this mea-

surement was 11.1 hr and a test pulser signal was injected into the preamplifier to quantify
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electrical noise to be 1.92 keV FWHM. Eu-152 decay results in the emission of multiple

gamma rays, and the 10 most probable are identified in Figure 3.16.20

Figure 3.16: Eu-152 gamma ray spectrum. The DM was used to measure gamma-rays
emitted from Eu-152 gamma-ray source. Detector live time was 11.1 hours and total count
rate was 3350 counts per second (CPS). The 10 most probable gamma-ray emissions from
Eu-152 decay are shown.

A 6.5-day measurement of neutron-induced gamma-rays was performed using the configura-

tion shown in Figure 3.15. Electronic noise for this configuration was 2.1 keV. The resulting

spectrum is shown in Figure 3.17. Peak areas and measurement details are shown in Ap-

pendix C.

3.4.3 GRS Spectral Performance

The DM was used to measure gamma-rays from radioactive isotopes and from neutron inter-

actions with various materials. The purpose of these measurements was to demonstrate that

the Dragonfly DM is able to perform gamma-ray spectroscopy in a Titan-like environment.

Measurements performed in this work also verified the performance of custom preamplifier

electronics.

Figure 3.18 shows DM energy resolution as a function of gamma-ray energy. The width of a
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Figure 3.17: Neutron-induced gamma-ray spectrum. A Cf-252 neutron source was used
to measure gamma-rays from neutron interactions with hydrogen, sodium, and chlorine.
Gamma-rays identified for measurement on Titan (see Table 1.1) are visible in this spec-
trum. Detector live time was 155.9 hours and gamma-ray count rate was 834 CPS.

Figure 3.18: DM FWHM resolution. An Eu-152 gamma-ray source was used to quantify
GRS energy resolution at multiple energies. Measured FWHM energy resolution is shown by
the black markers. Contributions from statistical fluctuations of charge carrier production,
incomplete charge collection, and electronic noise are shown by the green, blue, and gray
dashed lines, respectively.
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gamma-ray full-energy peak is determined by three factors: Statistical noise in charge carrier

production (ΓD), incomplete charge collection (ΓX), and broadening due to electronic com-

ponents (ΓE).
20 The individual contributions to DM resolution are identified in Figure 3.18.

Each factor contributes to total resolution (shown as black circles in Figure 3.18) according

to Equation 3.4.

ΓT =
√

Γ2
D + Γ2

E + Γ2
X (3.4)

ΓD is a function of the number of charge carriers produced by gamma-ray energy deposition

and is shown in Equation 3.5

Γ2
D = 2.352 ∗ F ∗ ϵ ∗ E (3.5)

where F is the Fano factor, ϵ is the energy needed to produce an electron-hole pair, and

E is gamma-ray energy.20 The Fano factor scales Poisson-statistic predicted charge carrier

fluctuation to a value that agrees with experimental data, and is approximately 0.08 for

germanium detectors.20 The energy needed to produce and electron-hole pair is approxi-

mately 2.96 eV. Peak broadening from statistical fluctuation was calculated using Equation

3.5 and is shown by the green line in Figure 3.18. Electronic noise (ΓE) was determined

to be 1.92 keV using an electronic pulser and is shown in the gray dashed-line in Figure

3.18. ΓX was calculated by rearranging Equation 3.5 and is shown as a blue line in Figure

3.18. This measurement indicates that the DM is producing energy resolution well below

its specification of 4.2 keV. However this can be improved, as the main contributor to DM

energy resolution is electronic noise. A lower noise amplifier is currently being developed by

APL.

Figure 3.17 shows that the DM is able to measure gamma-rays produced from neutron

interrogation of sodium, chlorine, and hydrogen targets. Three gamma-rays identified for

measurement on Titan are shown in Figure 3.17. Detection of these elements indicate the

the DM GRS is able to measure gamma rays relevant to Dragonfly science requirements

while both using custom preamplifier electronics and operating in a cryogenic environment.

66



3.5 Dragonfly GRS MMRTG Radiation Damage and

Repair

The Dragonfly rotorcraft will operate for multiple years on Titan’s surface. It will be pow-

ered by an MMRTG, which converts thermal energy from PuO2 alpha decay to electric en-

ergy. Fast neutrons capable of degrading GRS spectral resolution will also be continuously

emitted. Energy resolution degradation due to these fast neutrons was quantified through

experimentation. Additionally, repair of neutron radiation damage through annealing was

also investigated.

3.5.1 Radiation Damage and Annealing Experimental Setup and

Methods

A custom dipstick cryostat provided by Mirion, Inc. was used for the radiation damage

and repair experiment. A Dragonfly encapsulated detector was installed into the cryostat

and was conductively-cooled by a ∼75 cm copper rod. One end of the rod was placed

in a LN dewar and was held at 77 K and the other was heat sunk to the encapsulated

detector. Though the cryostat was vacuum evacuated to thermally-isolate the encapsulated

detector, infrared and conductive heat input caused the encapsulated detector to be held at a

steady-state temperature of 99 K. Cooling time to reach this temperature was approximately

4 hours. It should be noted that the DM cryostat was not used for this experiment due to

its long passive-cooling time. Figure 3.19 shows the dipstick cryostat. The cryostat allowed

the encapsulated crystal to connect to commercially-available preamplifier electronics. The

preamplifier output was connected to an ORTEC DSPEC 50 shaping amplifier and MCA,

which also provided bias voltage to the detector. The DSPEC 50 was connected to a laptop

computer and ORTEC Maestro software was used to record pulse-height spectra.
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Figure 3.19: Liquid-nitrogen dipstick cryostat. Left: A custom cryostat was used to house
the Dragonfly encapsulated crystal for the radiation damage and repair experiment. The
vacuum-evacuated cryostat used liquid nitrogen to conductively cool the crystal to 99 K via
a copper rod. The system used commercially-available preamplifier electronics for signal
readout and was outfitted with an anneal heater for radiation damage repair. Right: The
dipstick cryostat was mounted onto a portable liquid nitrogen Dewar that allowed the detector
to be kept at a constant temperature during neutron irradiation.
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3.5.1.1 Radiation Damage

The detector was irradiated with a plutonium-boron (PuB) neutron source. This source was

chosen because it offered a similar neutron energy spectrum to that of a MMRTG. Figure

3.20 compares MMRTG and PuB neutron spectra. The PuB source had neutron activity

Figure 3.20: Comparison between PuB and MMRTG neutron spectra. Data shown in black
is from a publication by Smith that simulated neutron energy spectra from a generic MMRTG
with fuel composition representative of past space MMRTGs.9 Data shown in blue is from
a simulation by Gauld et al. that calculated the neutron energy spectrum from PuB.10 The
average neutron energies of simulated MMRTG and PuB neutrons were 2.3 and 2.9 MeV,
respectively.

of 5 × 106 neutrons per second at the time of the experiment and was encapsulated in a

31 mm diameter by 40 mm long stainless steel shell. Other sources of radiation associated

with this source include alpha particles and gamma rays, both of which do not contribute to

GRS lattice damage. The source was placed approximately 68 mm away from the centerline

of the coaxial HPGe crystal, as shown in Figure 3.21. The center of the source was vertically

aligned with the center of the crystal. MCNP6 was used to estimate neutron flux in the

HPGe crystal. The PuB neutron source was modeled as a distributed source with a neutron

emission spectrum from Gauld et al.10 The encapsulated detector was also modeled and a
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F4 tally was used to determine neutron flux inside the crystal.

Figure 3.21: Dipstick cryostat with neutron and gamma-ray source holders. Left: The
PuB neutron source was placed in a tray and vertically aligned with the center of the HPGe
crystal. A source holder was used to position a gamma-ray check source 25 cm away from
the planer face of the coaxial HPGe crystal. Right: The PuB neutron source was placed
68 mm away the HPGe crystal centerline.

The neutron damage experiment was designed to track energy resolution degradation at

various neutron fluences. This was accomplished by first measuring the detector’s energy

resolution prior to irradiation. A Co-60 gamma-ray source was placed in a holder 25 cm
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away from the face of the HPGe detector and a gamma-ray measurement was performed.

Note that cryostat design dictated that the encapsulated detector be mounted so that the

open end of the crystal’s coaxial well faced the gamma-ray source. DSPEC 50 trapezoidal

rise time and width parameters were 14 µs an 1 µs, respectively. This long shaping time was

used to mitigate high-frequency noise visible in the preamplifier output. After the gamma-

ray measurement was complete, the PuB source was placed next to the detector, as shown

in Figure 3.21. After multiple hours of irradiation, the PuB source was removed, neutron

irradiation time was documented, and another gamma-ray measurement was performed using

the same shaping parameters as the initial measurement. This process was repeated until the

detector was exposed to a PuB neutron fluence >1010 cm−2. The encapsulated crystal was

maintained at 99 K and was biased at 3 kV throughout the irradiation experiment. Table

3.2 shows measurement details.

GRS energy resolution degradation was observed by monitoring the structure of the 1333 keV

photopeak from Co-60 decay. Peaks were fit with a Gaussian, an exponentially-modified

Gaussian, and a step function. Gaussian fitting is commonly used to fit gamma-ray spectra,

but an exponentially-modified Gaussian function was needed to account for low-energy tailing

associated with radiation damage. The step function subtracts background from the full-

energy peak. All gamma-ray measurements had less than 10% dead time.

3.5.1.2 Radiation Damage Repair

Annealing was performed in stages so energy resolution performance and photopeak effi-

ciency could be correlated to cumulative annealing time. Prior to annealing, the LN dipstick

cryostat was removed from the LN dewar and connected to a turbo molecular pump via a

valve and ∼1 m long vacuum bellows. Active pumping ensured that the gas load generated

during annealing was extracted from the cryostat. Once the detector passively warmed to

room temperature, a temperature controller was used to supply power to an anneal heater

that was connected to the encapsulated detector. The controller utilized temperature feed-
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Table 3.2: Neutron Radiation Damage Measurements
Measurement Total irradiation time [hr] Total fluence [cm−2] Live time [s]

1 0 0 300
2 18.95 6×108 300
3 42.45 1.4×109 300
4 61.92 2.1×109 300
5 88.42 3.0×109 300
6 155.92 5.3×109 300
7 171.10 5.8×109 300
8 193.63 6.5×109 300
9 220.45 7.4×109 300
10 314.23 1.06×1010 600
11 330.60 1.11×1010 600
12 358.12 1.21×1010 600
13 407.20 1.37×1010 600

back to maintain the crystal at 378 +/- 0.5 K. This temperature was maintained for the

duration of the anneal. The experimental setup used for annealing the detector is shown in

Figure 3.22. After the anneal was complete, the anneal heater was deactivated, anneal dura-

tion was documented, and the encapsulated detector passively cooled to room temperature.

The valve was then closed and the dipstick cryostat was inserted into the LN Dewar. Once

the detector cooled to 99 K, it was biased to 3 kV and a Co-60 gamma-ray measurement was

performed to determine energy resolution and photopeak efficiency. Pulse processing param-

eters and gamma-ray source location were identical to those discussed in Section 3.5.1.1 and

dead time did not exceed 10%. This process was repeated multiple times, with gamma-ray

measurements performed after each anneal. Table 3.3 summarizes these measurements.

Table 3.3: Anneal Measurements
Measurement Cumulative anneal time [hr] Live time [s]

1A 85.8 4400
2A 181.8 16014
3A 277.1 4200
4A 373.1 11400
5A 495.6 18000
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Figure 3.22: Annealing setup. A temperature controller was used to maintain detector
temperature at 378+/-0.5 K during annealing. A turbo pump was connected to the dipstick
cryostat via a valve and was used extract excess outgassing produced by heating internal
components.

3.5.2 Results from Radiation Damage and Annealing Experiments

Figure 3.23 shows measured Co-60 gamma-ray spectra at multiple neutron fluence levels.

The photopeak measured prior to radiation damage shows no low-energy tailing. However,

tailing becomes apparent as neutron fluence increases.
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Figure 3.23: 1333 keV Co-60 photopeak at various neutron fluences. Measurements shown
in this figure correspond to measurements 1, 5, 8, and 13 (from right to left) listed in Table
3.2. Photopeak measurements performed with the radiation-damaged detector exhibit signifi-
cant low-energy tailing due to charge trapping.

HPGe resolution degradation due to neutron damage was quantified by observing the struc-

ture of the 1333 keV photopeak from Co-60 decay. Figure 3.24 shows FWHM energy reso-

lution measurements at multiple neutron fluences. Fitting parameters used to fit the data

are located in Appendix D. Due to the non-Gaussian shape peak shapes measured with the

radiation damaged detector, the FWHM values reported here can not be used to quantify

statistical spread in measured data (as is the case for normally-distributed data). Rather,

they simply indicate the width of the photopeak at one half its maximum value. FWHM

was determined by interpolating the function used to fit the data.

Complete restoration of detector energy resolution was accomplished through long-duration

annealing at 378 K. Figure 3.25 shows measured FWHM and full width tenth maximum
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Figure 3.24: Energy resolution versus neutron fluence. The GRS energy resolution was
severely degraded due to fast neutrons. GRS energy resolution was characterized at multiple
neutron fluences.

(FWTM) values corresponding to multiple anneal times. Data shown at time = 0 corre-

spond to measurement 13 in Table 3.2 and all other data came from measurements listed in

Table 3.3. Fitting parameters used to analyze this data are located in Appendix D.

Figure 3.25: Energy resolution recovery from annealing. GRS spectral performance was
documented at various anneal times by monitoring FWHM and FWTM energy resolution
for the 1333 keV Co-60 full-energy peak. Full GRS spectral performance was restored after
annealing the detector at 378 K for 280 hours. The upper and lower horizontal dashed lines
indicate FWTM and FWHM energy resolution, respectively, prior to radiation damage.

Detector efficiency was also monitored throughout annealing. Figure 3.26 shows 1333 keV

photopeak areas at different anneal times. Source-detector placement was constant through-
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out these measurements and change in Co-60 activity due to radioactive decay was consid-

ered. The measurement shown at time = 0 was performed before the detector was exposed

to the neutron source (measurement 1 in Table 3.2) and other data correspond to Table 3.3.

All data was normalized to the initial measurement.

Figure 3.26: Effect of annealing on photopeak efficiency. The Dragonfly HPGe crystal was
annealed for approximately 500 hours and Co-60 gamma-ray measurements were performed
intermittently to quantify efficiency loss due to annealing. The leftmost measurement was
measured with the undamaged detector (measurement 1 in Table 3.2). It has a larger uncer-
tainty in comparison to the other measurements due to shorter measurement time.

3.5.3 Interpretation of Radiation Damage and Annealing Experi-

ments

Data presented in Figure 3.23 show that radiation damage results in a decrease in full-energy

peak centroid and low-energy tailing. The radiation damage simulation discussed in Section

2.3 predicted both of these outcomes by modeling hole trapping in coaxial HPGe detectors.

This indicates that the physics behind resolution degradation shown in Figure 3.23 are un-

derstood and that results produced in this work align with expectations. There are some

differences between full-energy peak shapes predicted by the simulation and measured in

this work. This is not unexpected, as the model is built upon simplifying assumptions (see

Appendix A.2) and uses parameters that can vary between experiments. Future work could
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use data presented in this work to increase the accuracy of the model.

At the time of this writing, the Dragonfly rotorcraft layout has not been finalized. While

the separation distance between the GRS and MMRTG has been estimated to be 200 cm,

shielding between the two components is not well known. With respect to radiation dam-

age, a conservative estimate of resolution degradation due to the MMRTG can be made by

assuming no shielding between the GRS and MMRTG. Using the MMRTG neutron activity

discussed in Section 2.3 and an assumption of inverse distance-squared flux dependence8,

the MMRTG neutron flux at the GRS can be estimated to be ∼48 [cm−2 ∗ s−1]. This corre-

sponds to a MMRTG mission neutron fluence of ∼ 5× 109 cm−2. Data shown in Figure 3.24

indicates that FWHM resolution corresponding to this neutron fluence is near the 4.2 keV

FWHM instrument requirement. Neutron damage from the DT neutron generator and the

possibility of a mission extension increase GRS radiation damage. Hence, this conservative

estimate indicates that a surface anneal would likely be needed on Titan’s surface to restore

detector energy resolution performance. It should also be mentioned that, while the PuB

source has a similar neutron energy spectrum to that of a MMRTG, its average neutron

energy is higher (2.9 vs. 2.3 MeV). Previous studies indicate that this difference makes PuB

radiation damage slightly more damaging than the MMRTG.61;63;68 Hence, data shown in

Figure 3.24 overestimates GRS energy resolution degradation due to MMRTG neutrons.

Future work should include a less conservative, more precise prediction of GRS spectral per-

formance during surface operations. This requires resolution degradation results presented

in this work to be supplemented with simulations. APL has developed a GEANT4 model

that calculates the neutron environment at the GRS mounting location on the Dragonfly

rotorcraft. Neutron shielding due to material between the GRS and MMRTG and neutron

contributions from the MMRTG, neutron generator, and reflection from the environment are

being considered. Simulations are ongoing, as uncertainties in lander layout and material

have prevented results from being finalized. Results will be used to inform GRS development

and operations on Titan’s surface, as neutron shielding and downscattering may reduce GRS
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radiation damage and eliminate the need to anneal the detector on Titan’s surface. This

would allow GRS design to be simplified and would reduce GRS downtime during surface

operations.

Accurate prediction of GRS spectral performance during surface operations also requires a

precise estimate of detector temperature on Titan. As indicated in Figure 3.9, the steady-

state crystal temperature on Titan is a function heat transfer from the rotorcraft via the

mounting bracket and electrical harness. Since the amount of energy resolution degradation

exhibited by a radiation-damaged HPGe detector is temperature dependent67, accurate es-

timation of GRS temperature on Titan is critical to predicting spectral performance. Data

shown in this work correspond to a detector operated at 99 K, or 5 K above Titan’s ambient

temperature. More radiation damage measurements should be performed if refined estimates

of the Dragonfly GRS operation temperature exceed 99 K.

Results from the annealing measurement indicate that resolution degradation corresponding

to a fast neutron fluence of approximately 1.4 ×1010 cm−2 can be repaired by annealing the

detector at 378 K for 277 hours. This result provides an upper bound for annealing duration

during surface operations on Titan, as it is very unlikely that the detector will incur neutron

fluence greater than 1.4×1010 cm−2, even if the mission is extended by a factor of two. Detec-

tor annealing continued after spectral performance was restored in order to track efficiency

loss. This effect is believed to be due to diffusion of lithium from the n-contact into the

bulk of the germanium.7 Efficiency loss shown in Figure 3.26 indicates the need to carefully

plan Dragonfly GRS anneals. Of particular concern is the cruise anneal that is scheduled

to be performed in space prior to the rotorcraft being deployed onto Titan. The purpose of

this anneal is to repair radiation damage that the GRS incurs from MMRTG neutrons and

cosmic rays during travel between Earth and Titan. Due to the GRS’s passively-cooled ther-

mal design, the effectiveness of the orbit anneal will not be determined until the rotorcraft

is deployed onto Titan’s surface and the GRS cools to operating temperature. If the cruise

anneal duration was not sufficient to restore GRS energy resolution, then a surface anneal
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will be required. This should be avoided because it would delay measurements on Titan’s

surface. The probability of successfully repairing the detector during cruise can be increased

by extending the duration of the cruise anneal. This work indicates that one drawback to

this strategy is GRS efficiency loss. Future work should develop an annealing recipe that

balances these considerations. One strategy would be to utilize a monitor that characterizes

the radiation environment onboard the Dragonfly spacecraft during cruise. Data from this

system could be used by mission planners to determine the duration of the cruise anneal.

The annealing experiment ensured that the Dragonfly encapsulated detectors are compati-

ble with long-duration anneals. The commercial version of these detectors are not typically

radiation damaged as severely as is expected for the Dragonfly mission. Normal practice is

to anneal them for ∼ten of hours51, while the Dragonfly GRS will potentially need to be

annealed for hundreds of hours. This difference was concerning as annealing increases gas

load inside the hermetically-sealed detector encapsulation and forces the getter to capture

more gas. If the getter is unable to maintain vacuum, pressure inside the encapsulation

could increase and cause high voltage breakdown and/or leakage current. The anneal study

presented in this work showed that the encapsulated detector could be annealed for ∼500

hours at 105°C without any resolution degradation or high-voltage breakdown.
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Chapter 4

Conclusion

The Dragonfly HPGe gamma-ray spectrometer will be sent roughly one-billion miles from

Earth to investigate the icy moon Titan. The system must survive intense vibration from

rocket launch, operate in Titan’s unique thermal environment, and perform high-resolution

gamma-ray spectroscopy on Titan’s surface. Additionally, the system must be able to repair

radiation damage incurred throughout the mission.

This work characterized the development model Dragonfly GRS to show that the system can

meet mission requirements. It was subjected to generic rocket launch vibration loads, then

checked for damage. Subsequent testing indicated that the system did not incur mechanical

damage or energy resolution degradation. The GRS was shown to meet passive cooling and

annealing thermal objectives through testing in an environmental chamber that mimicked Ti-

tan conditions. A thermal model was developed and benchmarked using experimental data,

and allows detector thermal performance to be simulated when it is subjected to various

conditions. This ability is critical to GRS development, as thermal boundary conditions are

not finalized. Thermal implications from changes in the GRS-rotorcraft mounting method

or updated estimates of the Titan convection coefficient can be quickly estimated with the

model presented in this work.

The development model GRS was designed to be annealed for 5 W or less during operations
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on Titan’s surface. Accomplishing a low-power anneal requires that the cryostat be vacuum

evacuated. This work extensively characterized the vacuum condition inside the cryostat.

Gas load was measured to be 9 ×10−9 [mbar ∗ liter ∗ s−1] and the major gasses compris-

ing GRS gas load were H2, CO, and CO2. A SAES D100 getter was shown to be able to

maintain vacuum inside the cryostat for ∼160 days. The finite nature of getter pumping

prevents the 160-day vacuum hold time measurement from being extrapolated to predict

multi-year vacuum performance. Longer duration testing should be performed in the future

to better estimate how frequently the getter will need to be reactivated during the mission.

Additionally, the getter’s inability to capture methane poses a risk for operation on Titan’s

surface, as Titan’s atmosphere contains 5% methane.

Future vacuum work should include investigating UHV-compatible replacements for PTFE

components. RGA scans indicated that fluorine, a constituent of PTFE, is present in the

system. Reduction of this material may reduce system gas load. Additionally, performing

higher-AMU scans would help investigate sources of the >44 AMU fragments apparent in

RGA scans and would help guide efforts to reduce gas load. Other vacuum maintenance

strategies should also be investigated for the Dragonfly GRS. One potential option involves

using a small valve to vent the cryostat to space vacuum during cruise. This guarantees

that GRS vacuum will be sufficient to facilitate a low-power cruise anneal. Just before being

deployed into Titan’s atmosphere, the valve would be closed and system vacuum would be

maintained with a molecular sieve, such a zeolite. This strategy is being actively considered

as of this writing.

Measurements indicate that the GRS is capable of measuring high-resolution gamma-ray

spectra using a custom, APL-developed charge-integrating preamplifier. Resolution mea-

surements were shown to be better than 4.2 keV FWHM for 1332 keV gamma rays, indicat-

ing that the system meets specifications. The GRS was also shown to be sensitive to gamma

rays from neutron interactions expected on Titan, including neutron capture interactions

with chlorine and hydrogen and inelastic scatter interactions with sodium.
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Future work should include refining amplifier design, as analysis indicated that electronic

noise was the main contributor to GRS energy resolution. This work is non-trivial, as all

amplifier components must be flight rated and cryogenically compatible. Future amplifier

testing should be conducted in an environmental chamber rather than liquid nitrogen. This

would be more representative of Titan’s thermal environment.

The Dragonfly GRS will be exposed to multiple sources of radiation damage, including cos-

mic rays and neutrons from the MMRTG and DT neutron generator, that will degrade

energy resolution performance. GRS energy resolution degradation due to MMRTG neutron

radiation damage was investigated by exposing a Dragonfly detector to neutrons from a PuB

source. This source has a similar neutron energy spectrum and average energy to that of

a MMRTG. Spectral measurements were performed throughout the experiment, allowing

energy resolution to be documented at multiple neutron fluences.

Results indicate that a MMRTG would likely degrade the Dragonfly GRS energy resolution

past specifications during surface operations if the MMRTG has direct line of sight to the

GRS. However, materials inside the Dragonfly rotorcraft will undoubtedly shield and down-

scatter MMRTG neutrons before they interact with the HPGe crystal. Simulations are in

progress to investigate the extent of this effect. In addition to shielding, simulations should

also consider neutrons from the DT neutron generator, MMRTG, and reflection off of Titan’s

surface.

Repair of the neutron-damaged detector was investigated in this work, leading to three im-

portant conclusions. First, a Dragonfly encapsulated that was exposed to a neutron fluence

of 1.4×1010 cm−2 was able to recover full energy resolution performance after 280 hours of

annealing at 378 K. This provides an upper bound for annealing time on Titan’s surface, as

this fluence is significantly higher than what is expected during surface operations. Second,

detector efficiency loss was monitored throughout a 500-hour anneal, allowing for a correla-

tion between anneal duration and efficiency loss. This data is useful for planning the cruise

anneal, which will occur just prior to the rotorcraft being deployed onto Titan’s surface.
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It also indicates the need to optimize annealing recipes to fully restore detector resolution

performance in the shortest time possible. Lastly, the long-duration annealing experiment

indicated that the encapsulated detector vacuum design is compatible with hundreds of hours

of annealing. This is an important result, as it was unknown if the encapsulation getter could

handle the increased gas load associated with long-duration anneals.
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Appendix A

Signal Formation and Charge

Trapping in Coaxial HPGe Detectors

A.1 Signal Formation

The section estimates induced charged from collection of electrons and holes in the coaxial

germanium detector, shown in Figure A.1. The method used for performing this analysis

uses the Shokley-Ramo theorem and makes use of the concept of a weighting potential. This

technique is outlined in Appendix D of Radiation Detection and Measurements 20 and it is

recommended that the reader consult this work for more in-depth analysis.

Assumptions used in this work include:

• True coaxial n-type HPGe detector (central bore hole extends through the entirety of

the detector). This allows one to assume that charge carriers travel in straight lines

between their point of generation and crystal contacts and that there is no z-component

in the detector electric and weighting fields.

• Charge carriers are generated at a fixed position within the detector that correspond

to a single, full-energy deposition gamma-ray interaction (photoelectric effect).
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• The electric field in the HPGe detector is sufficiently large to saturate charge carrier

velocities

Figure A.1: Reverse-electrode HPGe detector. A n-type coaxial detector is shown here.
The inner circle indicates the detector well (n contact) and the outer circle indicates the
crystal’s outer surface (p contact). r1 refers to the well radius and r2 is the crystal radius.
Electrons and holes are collected on the well and outer surface, respectively, for this crystal
configuration.

Charge induced by electrons and holes moving to crystal contacts can be estimated using

Equation A.120.

Q = q ∗∆Wp (A.1)

where Q is the induced charge, q is the charge of an electron, and ∆Wp is the change in

weight potential from the beginning to end of the charge carrier path. To determine weighting

potential as a function of charge carrier location, the Laplace equation for the geometry of

the detector must be solved, as shown Equation A.2.

∇Wp = 0 (A.2)
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For cylindrical coordinates, Equation A.2 can be written as

d2Wp

dr2
+

1

r

dWp

dr
= 0 (A.3)

The general solution to Equation A.3 is

Wp(r) = Ca ∗ ln(r) + Cb (A.4)

where Ca and Cb are constants.

Solving the for the constants in Equation A.4 requires use of boundary conditions. As

outlined in20, these boundary conditions are:

• The voltage on the electrode for which the induced charge is to be calculated is set to

1

• The voltages on all other electrodes are set to zero

Using these boundary conditions, the weighting potential for calculating induced charge on

the inner well of the coaxial detector is determined using Equation A.5

Wp,well(r) =
ln(r)

ln( r1
r2
)
− ln(r2)

ln( r1
r2
)

(A.5)

where r is the position of the charge carrier, r1 is the well radius, and r2 is the crystal radius.

Weighting potential for induced charge on the outer contact is calculated using Equation

A.6.

Wp,outer(r) =
ln(r)

ln( r2
r1
)
− ln(r1)

ln( r2
r1
)

(A.6)

To determine time-dependent induced charge, one must relate the radial position of a charge

carrier to time. This can be done using charge carrier velocity. As mentioned above, this

analysis assumes that the electric field inside the HPGe detector is sufficiently high to satu-

rate charge carrier velocities, which corresponds to an electric field strength of approximately
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105 volts per meter or higher20;63. This is a reasonable assumption, as HPGe detectors are

typically specified to be operated with electric fields in this range63. Saturation velocities

for both electrons and holes are approximately 105 [m ∗ s−1]20.

For reverse electrode HPGe detectors (n-type germanium), electrons travel to the well (see

Figure A.1). Electron position at any time can be calculated using Equation A.7

re(t) = ro − ve ∗ t (A.7)

where ro is the location where the electron was generated, ve is electron velocity, and t is

time. Similarly, A.8 can be used to determine time-dependent hole position

rh(t) = ro + vh ∗ t (A.8)

where vh is hole velocity.

Hence, time dependent induced charge from collection of electrons (qe) in reverse-configured

HPGe detectors can be determined by combining Equation A.1 with Equations A.5 and A.7.

qe(t) = q ∗

[(
ln(ro − ve ∗ t)

ln( r1
r2
)

− ln(r2)

ln( r1
r2
)

)
−

(
ln(ro)

ln( r1
r2
)
− ln(r2)

ln( r1
r2
)

)]
(A.9)

Time dependent induced charge from collection of holes (qh) is calculated by combining

Equation A.1 with Equations A.6 and A.8.

qh(t) = q ∗

[(
ln(ro + vh ∗ t)

ln( r2
r1
)

− ln(r1)

ln( r2
r1
)

)
−

(
ln(ro)

ln( r2
r1
)
− ln(r1)

ln( r2
r1
)

)]
(A.10)

Equations A.9 and A.10 were used to produce plots shown in Figure 2.9. Note that induced

current can be determined by simply taking the time derivative of Equations A.9 and A.10.

Induced charge in conventional HPGe detectors can be determined in a similar manner as

presented above. One must only change Equations A.7 and A.8 to reflect the fact that charges

move in opposite directions in conventional electrode detectors. Figure A.2 shows calculated
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induced charge for conventional and reverse-electrode HPGe detectors for 3 gamma-ray in-

teraction locations.
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Figure A.2: Comparison of induced charge in n and p-type coaxial HPGe detectors. The
top graphic shows a cross section of a HPGe detector with 3 interaction locations. Charge
induction resulting from electrons and holes are shown for each interaction location for both
n and p-type detectors.
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A.2 Charge Trapping

When a gamma ray interacts with a HPGe detector, electron-hole pairs are generated and

swept to the crystal contacts. As shown in Section A, these charge carriers induce signal as

they travel to the n and p-contacts. When a HPGe detector is exposed to a large fluence

of high energy particles, hole traps form that have the ability to immobilize holes before

they arrive at the p-contact. This reduces the amount of charge induced at the contacts

and degrades detector energy resolution. This section overviews a method for estimating

energy resolution degradation due to neutron radiation damage. Assumptions and signal

calculation described in Section A are used in this analysis.

The probability of charge trapping is quantified by a trapping cross section σt. This value

is inversely proportional to the electric field63;66 and is estimated by Equation A.1166

σt = αh ∗
q

ϵ ∗ E(r)
(A.11)

where αh is a dimensionless tuning parameter, q is the charge of an electron, ϵ is Ge permit-

tivity, and E(r) is the electric field in the detector. Experimental data indicates that 0.1 is

a reasonable value for αh
66.

The electric field in a true coaxial detector can be determined by solving Poisson’s equation

for electrical potential when impurities are present, as shown in Equation A.12.

d2V

dr2
+

1

r

dV

dr
= −ρ

ϵ
(A.12)

V represents voltage and ρ is the intrinsic space charge density in germanium. ρ for reverse-

electrode detectors is q ∗ND, where ND is the impurity concentration of donor atoms. The

general solution of radially-dependent voltage is shown in Equation A.13

V = −ρ ∗ r2

4 ∗ ϵ
+ C1 ∗ ln(r) + C2 (A.13)
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The constants shown in Equation A.13 can be determined using boundary conditions shown

in Figure A.1, namely V (r1) − V (r2) is equivalent to the bias applied to the crystal (Vb).

Hence the electric field in a reverse-electrode detector is shown in Equation A.14

E(r) =
ρ

2 ∗ ϵ
∗ r − C1

r
(A.14)

where C1 is

C1 =
Vb − ρ

4∗ϵ ∗ (r
2
2 − r21)

ln( r1
r2
)

(A.15)

The probability that a hole completes its journey from the gamma-ray interaction location to

the outer p-contact in a reverse-electrode detector can be estimated using Equation A.1666

pq(ro, r2) = exp

(
−
∫ r2

ro

ρt ∗ σt(r)dr

)
(A.16)

where ro is the gamma-ray interaction radial position and ρt is the density of hole traps in

the germanium detector. Darken et al. estimated that a fast neutron flux of 1010 [cm−2]

would produce a trap density of approximately 2× 109 [cm−3]62.

A computer simulation can be used to illustrate the effects of charge trapping on HPGe

gamma-ray spectroscopy. This is done by using Equation A.16 to calculate the probability

density and cumulative density functions for trapping. The probability density function

(PDF) for hole trap position is defined as

PDF = −dpq(ro, r)

dr
(A.17)

The integral of the PDF is the cumulative density function (CDF), which indicates the

probability that a hole created at ro never arrives at radial position r is

CDF = 1− pq(ro, r) (A.18)
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The inversion method can be used to sample the CDF to determine if a hole is trapped

before it reaches the detector contact, and, if so, the hole trap location. This is shown in

Equation A.19

x = CDF = 1− pq(ro, r2) (A.19)

where x is a random variable between 0 and 1. Further information about sampling tech-

niques can be found in66.

Sampling Equation A.19 provides a stochastic method for determining the final position of

the hole. If no trapping occurs, the final hole position is the detector p contact. If the

hole becomes trapped, its final location is somewhere between its original location and the

p contact. Once final hole location is determined, Equations A.9 and A.10 can be used to

determine the induced charge from electrons and holes.

This method was used to simulate charge trapping for two detectors. One was assumed

to not have any hole trapping and the other was assumed to have been exposed to a fast

neutron fluence of 1010 cm−2. Each simulation considered ten-thousand, 1333 keV gamma

ray interactions. Initial interaction positions (and resulting electron-hole pair generation lo-

cations) were randomly sampled from a uniform areal distribution that corresponded to the

crystal cross section. The average number of electron-hole pairs generated per gamma-ray

interaction (Np) is shown in Equation A.20

Np =
Ey

Ee−h

(A.20)

where Ey is gamma-ray energy and Ee−h is the average energy required to excite an electron-

hole pair in Ge (2.96 eV 20). It was assumed that Np is normally distributed with a standard

deviation of
√

Np ∗ F , where F is the Fano factor. Radiation Detection and Measurements 20

indicates reasonable values for F are between 0.057 and 0.129. Detector dimensions and

donor impurity content are consistent with the Dragonfly GRS. Simulation results and pa-

rameters are shown Figure A.3 and Table A.1, respectively. The magnitude of the radially-
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dependent electric field used in these calculations is shown in Figure A.4. Note that no

electron trapping was considered. This is a reasonable assumption, as it is estimated that

the electron trapping cross section is two orders of magnitude less than that of holes in HPGe

detectors that are damaged by high-energy neutrons66;71.

Table A.1: Trapping Simulation Parameters
Parameter Value Description

r1 5× 10−3 [m] Crystal well radius
r2 25× 10−3 [m] Crystal outer radius
q 1.6022× 10−19 [C] Electron charge
αh 0.1 Tuning parameter
ϵ 1.416× 10−10 [s4 ∗ A2 ∗m−3 ∗ kg−1] Ge permittivity

ND 1.3× 1016 [m]−3 Crystal donor density33

Vb 3000 [V ] Crystal bias
ρt 2× 1015 [m−3] Hole trap density
F 0.1 Fano factor

Figure A.3: Charge trapping simulation. Data shown in black correspond to a detector that
has not been exposed to fast neutrons and data shown in red correspond to the same detector
after exposure to a fast neutron fluence of 1010 cm−2.

The method presented here is useful for illustrating how neutron radiation damage de-

grades GRS spectral performance. However, it utilizes several simplifying assumptions that

limit its accuracy in predicting resolution degradation for the Dragonfly GRS. First, the
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Figure A.4: True coaxial detector electric field. The electric field calculated using Equation
A.14 and the parameters listed in Table A.1 is shown. Radial positions of 0.5 cm and 2.5 cm
correspond to the well (n contact) and outer crystal surface (p contact), respectively.

electric field calculation shown in Equation A.14 applies to true coaxial detectors. As indi-

cated in Figure 2.2, the Dragonfly GRS utilizes a closed-ended HPGe crystal. True coaxial

and closed-ended detectors have different electric fields, which affects both induced charge

calculations and trapping probability. This difference is illustrated in Figure A.511. Hole

trap density is difficult to estimate, as it depends on the electric field and the neutron en-

vironment. Lastly, this model assumes that gamma-rays deposit all of their energy at a

single location. While this is possible, gamma rays can also interact multiple times before

contributing to a full-energy peak. This affects signal formation and trapping, as multi-

ple interactions locations result in electron-hole pairs being generated at multiple positions

within the crystal.
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Figure A.5: Closed-ended HPGe detector11. Coaxial HPGe detectors have electric field lines
that extend between the outer crystal surface and the well. Shown here is cross section of a
closed-ended coaxial HPGe detector. Note that the electric field lines (dashed) are straight
and have nearly the same length in Region A. This is similar to a true coaxial detector’s
electric field, which was analytically determined in Equation A.14. However, the electric
field lines in Region B are not straight and vary in length due to the well. Additionally, the
magnitude of the electric field varies significantly in this region, as indicated by the potential
field (solid lines). Hence, signal generation and charge trapping effects in Region A will differ
from Region B.
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Appendix B

Dragonfly DM Thermal Model

B.1 Thermal Model Overview

Figure B.1: This thermal model was used to predict DM cooling and annealing power.

Figure B.1 show a thermal model of the Dragonfly GRS. Nodes represent temperatures:

TE is the crystal encapsulation, TC is the cryostat, and TAmb refers to Titan’s ambient

conditions. Red arrows represent heat input. qL is heat flow from the lander and qAn

represents heat input from an onboard anneal heater.

Analysis of the DM begins with creating a control volume around the cryostat and a energy

flow balance:

dEstored

dt
= Ėin − ˙Eout + ˙Egen (B.1)

By replacing energy rate terms with heat flows and energy storage with heat capacity, Equa-
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tion B.2 can be used

mC ∗ cC
dTC

dt
= [qE + qL]− [qAmb] (B.2)

where qE is heat flow from the encapsulation to the cryostat, qL is heat flow from the lander,

and qAmb is heat flow from the cryostat to Titan’s atmosphere. Other variables are listed in

Table 2.1. Using a electrical analogy heat transfer method discussed in47, one can write heat

flows (q) as functions of thermal resistance (Rth) and temperature drop (∆T), as shown in

Equation B.3.

∆T = q ∗Rth (B.3)

This allows for Equation B.2 to be rewritten as:

mC ∗ cC ∗ dTC

dt
=

[
TE − TC

(R−1
th,Rad +R−1

th,Cond)
−1

+ qL

]
−
[
TC − TAmb

Rth,Conv

]
(B.4)

Heat transfer at the crystal encapsulation can be analyzed similarly. Analysis of heat flow

at a control volume encompassing crystal encapsulation results in Equation B.5.

mE ∗ cE
dTE

dt
= [qA]− [qC ] (B.5)

qA represents heat inflow from the anneal heater and qC is heat outflow to the cryostat.

Using Equation B.3, the Equation B.6 can be written.

mE ∗ cE ∗ dTE

dt
= qAn −

[
TE − TC

(R−1
th,Rad +R−1

th,Cond)
−1

]
(B.6)

Equations B.4 and B.6 are coupled differential equations that must be solved simultaneously

to model DM temperature. These equations were solved using a Python iterative differential

equation solver.

The analysis presented here assumes that that there is no significant temperature gradi-
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ent across the cryostat or crystal encapsulation. That is, each component is assumed to

have uniform temperature at any instant of transient heating or cooling. This assumption

simplifies thermal modeling, but its validity needs to be verified47. This can be done by

calculating a dimensionless parameter called Biot number (Bi), which is the ratio of a com-

ponent’s internal thermal resistance to the thermal resistance of heat flowing into or out of

the component. If Bi is less than 10-1, the error associated with the uniform temperature

assumption is small and the uniform-temperature assumption is valid. Bi calculations for

the cryostat and encapsulation are discussed in Section B.5.

B.2 Thermal Resistance Calculations

Thermal resistances (inverse of thermal conductance) are used to quantify a materials resis-

tance to heat flow. There are three thermal resistances considered for the Dragonfly DM:

convective thermal resistance between the GRS and Titan’s atmosphere, radiative thermal

resistance between the encapsulated detector and the outer cryostat, and conductive thermal

resistance between the encapsulated detector and the outer cryostat. Thermal resistance is

calculated using Equation B.3. Figure B.2 illustrates the thermal resistances considered in

the thermal model.

Convective thermal resistance between the outer cryostat and Titan ambient conditions can

be calculated using Equation B.747

Rth,Conv =
1

h ∗ Asurf

(B.7)

where h is the convective heat transfer coefficient on Titan’s surface (2.7 W
m2∗K

46) and Asurf

is outer surface area of the cryostat.

Radiative thermal resistance was calculated by modeling the encapsulation and cryostat as

concentric cylinders. Heat transfer between concentric cylinders was is calculated by Howell
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Figure B.2: Thermal resistances control heat flow in the thermal model. The encapsulated
detector is thermally connected to the cryostat via a conductive thermal resistance comprised
of wires and Kevlar cords and a radiative thermal resistance. The cryostat is convectively
connected to Titan’s atmosphere through a convective thermal resistance.

et al. and is shown in Equation B.8. Derivation of this formula is located in13.

qRad =
A1 ∗ σ ∗ (T 4

1 − T 4
2 )

1
ϵ1
+ A1

A2
∗ ( 1

ϵ2
− 1)

(B.8)

Subscripts 1 and 2 indicate the inner and outer cylinders, ϵ is surface emissivity, and A is

cylindrical surface area.

By Equation B.3, Radiative thermal resistance is calculated by dividing temperature differ-

ence (T1-T2) by Equation B.8. Radiative thermal resistance for the DM is shown in Equation

B.9.

Rth,Rad =
1
ϵE

+ AE

AC
∗ ( 1

ϵC
− 1)

AE ∗ σ ∗ (T 2
E + T 2

C) ∗ (TE + TC)
(B.9)

Subscripts 1 and 2 were replaced with E and C, respectively, to indicate which variables

are associated with the encapsulation and cryostat. Both the encapsulation and cryostat
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were fabricated clean, low-surface roughness (≤0.8 µ m Ra) aluminum. Hence, a emissiv-

ity value of 0.05 was used for both components. This is consistent with lightly-polished

metal47. Equation B.9 is applicable for diffuse, gray surfaces, i.e. it is assumed that photons

are emitted uniformly in all directions and emissivity and absorptivity are independent of

wavelength.

Conductive thermal resistance considers heat flow through solids that span between the en-

capsulation and cryostat and is comprised of two parallel components: Kevlar and wires.

Kevlar thermal resistance is shown in Equation B.10

Rth,Kevlar =
LKevlar

kKevlar ∗ AKevlar ∗NKevlar

(B.10)

where LKevlar is the length of the Kevlar spanning between the cryostat and crystal encap-

sulation, kKevlar is the thermal conductivity of Kevlar 49 (see Section B.3), AKevlar is the

cross sectional area of the Kevlar, and NKevlar is the number of Kevlar strands connecting

the cryostat and encapsulation.

Wire thermal resistance is calculated by Equation B.11

Rth,Wire =
LWire

kWire ∗ AWire ∗NWire

(B.11)

where LWire is the length of the wire spanning between the cryostat and crystal encapsulation,

kWire is the thermal conductivity of the wire (see Section B.3), AWire is the cross sectional

area of the wire, and NWire is the number of wires used.

The total conductive thermal resistance between the cryostat and encapsulation is calculated

by Equation B.12.

Rth,Cond = (R−1
th,Kevlar +R−1

th,Wire)
−1 (B.12)
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B.3 Temperature Dependent Thermal Properties

Kevlar thermal conductivity is shown in Equation B.1377

kKevlar = 5.03 ∗ 5.07 ∗ exp (−0.00487 ∗ T ) (B.13)

where T is temperature in Kelvin and kKevlar is calculated in units of W
m∗K . Note that the

Kevlar cords span between two components (the crystal encapsulation and the cryostat)

that are at different temperatures. This means that the Kevlar will not be isothermal. To

account for this, Kevlar thermal conductivity was calculated using the average of the crystal

encapsulation and cryostat temperatures.

Thermal conductivity of the copper wires used with the DM was calculated using Equation

B.1478

kWires = 10
a+c∗T0.5+e∗T+g∗T1.5+i∗T2

1+b∗T0.5+d∗T+f∗T1.5+h∗T2 (B.14)

where a-i are shown in Table B.1. Similar to Kevlar thermal conductivity, wire thermal

conductivity calculations used an average temperature.

Temperature dependent heat capacity of 6061-T6 aluminum is shown in Equation B.379

cAl = 10a+b∗log10(T )+c∗(log10(T ))2+d∗(log10(T ))3+e∗(log10(T ))4

+f∗(log10(T ))5+g∗(log10(T ))6+h∗(log10(T ))7+i∗(log10(T ))8

where variables a-i are listed in Table B.1.

Temperature dependent specific heat capacity of germanium is shown in Figure B.3.

B.4 Thermal Model Thermal Resistances

Figure B.4 shows thermal resistance values corresponding to a predicted passive cool down

on Titan’s surface. This simulation assumes that the GRS was at a steady-state temperature

of 273 K at time = 0, after which it was exposed to Titans atmosphere (94 K, 2.7 W
m2∗K ).
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Table B.1: NIST Conductivity and Specific Heat Parameters
Variable Name Equation B.14 Equation B.3
a 1.8743 46.6467
b -0.41538 -314.292
c -0.6018 866.662
d 0.13294 -1298.3
e 0.26426 1162.27
f -0.0219 -637.795
g -0.051276 210.351
h 0.0014871 -38.3094
i 0.003723 2.96344

Figure B.3: Temperature dependent germanium heat capacity12

B.5 Biot Number Calculation

Biot number for the cryostat was calculated using Equation B.1547

Bi =
Rcond

Rconv

=
h ∗ Lc

k
(B.15)

where h is the heat transfer coefficient and k is the thermal conductivity of the solid material.

Lc is the characteristic length of the system and can be calculated by Equation B.16

Lc =
V

As

(B.16)
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Figure B.4: Thermal model predicted passive cooling and thermal resistances. Top: Sim-
ulated crystal encapsulation and cryostat temperatures during passive cooling are shown in
the solid black and red lines, respectively. Bottom: As GRS temperature changes, so do
thermal resistances. Radiative thermal resistance is shown by the dashed brown line, conduc-
tive thermal resistance from the Kevlar and copper wires are shown in the dashed blue and
gray lines, respectively, and convective thermal resistance is shown by the dashed green line.

where V is the component volume and As is the area of the cryostat that interacts with the

convective boundary.

Cryostat Biot number was calculated to be 10-4 at a cryostat temperature of 273 K. This

indicates that the uniform temperature assumption was valid.

Evaluating the temperature gradient of the crystal encapsulation is more difficult. This is

because encapsulation internal design is proprietary to the manufacturer. Hence, it is not

possible to calculate internal thermal resistance. Discussions with the manufacturer indicate
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that the crystal is thermally connected to the aluminum encapsulation via large area soft

metal contacts. This means that the the crystal is heat sunk to to the crystal encapsulation.

Additionally, both germanium and aluminum have high thermal conductivity (both over

100 W
m∗K at 273 K). This indicates that encapsulation internal thermal resistance should be

low. Heat transfer out of the encapsulation (to the cryostat) was designed to be small to

facilitate low-power annealing on Titan’s surface. Therefore, it is reasonable to claim that

the temperature gradient across the crystal encapsulation should be small in comparison to

the temperature difference between the encapsulation and cryostat.
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B.6 Gas Thermal Conduction

This section relates cryostat pressure to steady-state gas conduction heat transfer for the

Dragonfly DM. The following assumption were made:

• The Dragonfly DM was be modeled as two concentric cylinders, separated by a 1 cm

gap. The inner cylinder represents the crystal encapsulation and the outer cylinder

represents the cryostat.

• Both cylinders were assumed to have uniform temperature

• The gas was assumed to be 100% nitrogen

Gas conduction depends on flow regime. Three types are possible: continuum, mixed, free

molecular flow. In continuum flow, the mean free path, or average distance a molecule travels

before interacting with other molecules, is much shorter than enclosure dimensions. Hence,

heat is transferred between molecule-molecule interactions. The mean free path (MFP) in

free molecular flow regime (FMF) is much longer than chamber dimensions. This means

that gas heat transfer is dominated by molecule-enclosure interactions. Lastly, mixed flow

occurs when MFP is similar to enclosure dimensions.

Flow regimes in a system can be determined by calculating the Knudsen number, as shown

in Equation B.17

Kn =
MFP

LE

(B.17)

where Kn is the Knudsen number and Le is the characteristic length of a system. Charac-

teristic length is calculated in Equation B.18.

Le =
4 ∗ V
As

(B.18)

For concentric cylinders, V is the gas volume between the cylinders and As is the cylinder

surface area. Table B.2 shows ranges of Knudsen numbers for each flow regime.
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MFP can be calculated using Equation B.1949

MFP =
2.33 ∗ 10−20

p ∗Dm

(B.19)

where p and Dm are the pressure and the molecular diameter of the gas.

Table B.2: Knudsen Numbers for Flow Regimes13

Flow Regime Kn

Continuum Kn<10-2

Mixed 10-2<Kn<3×10-1

Free Molecular Flow Kn>3×10-1

Gas conduction in the molecular state is proportional to pressure13. Hence, high quality

vacuum is needed to reduce gas conduction to a negligible amount. FMF heat transfer

between concentric cylinders can be calculated using a method published by Barron et al.

This process will be briefly overviewed here, but it is recommended that the reader consult13

for in-depth analysis.

Heat transfer by gas in the molecular flow regime can be calculated by Equation B.20.

Q =
Fa ∗G ∗ p ∗ (T2 − T1)

A1

(B.20)

Q refers to net heat transferred between surfaces. Subscripts 1 and 2 refer to the inner and

outer cylinders, respectively, p is pressure, T is surface temperature, and A is surface area.

The accommodation coefficient factor, Fa for concentric cylinders is calculated in Equation

B.21. It relates molecule-surface heat transfer to geometry and gas properties.

Fa =

(
1

a1
+

A1

A2

∗
(

1

a2
− 1

))−1

(B.21)

An accommodation coefficient (a) is the ratio of the actual energy transferred by a molecule-

wall interaction to the the maximum possible energy transfer. It is dependent on gas species
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and surface condition.

G is calculated by Equation B.22

G =

(
γ + 1

γ − 1
∗
(

R

8 ∗ π ∗ T

)0.5
)

(B.22)

Equation B.17 was used to determine that flow in the DM is in the free molecular region

for pressures lower than 10-2 mbar. Equation B.20 was used to estimate DM gas heat

transfer at multiple pressures. Note that the surface anneal case was considered, where

the crystal encapsulation (inner cylinder) will be held at 378 K and the cryostat will be

approximately 94K. This represents worst-case heat transfer, as the temperature difference

between the surfaces is maximized. Figures B.6 and B.5 show the results of these calculation.

Table B.3 lists variables used for calculations performed in this section.

Figure B.5: The Knudsen number was calculated for the DM. This calculation indicates
when FMF heat transfer calculations are applicable.

Table B.3: FMF Heat Transfer and Kn Variables
Variable Symbol Value
Inner cyl. temperature T1 378 K
Outer cyl. Temperature T2 94 K
Inner cyl. surface area A1 2.5 ×10−2 m2

Outer cyl. surface area A2 4.0 ×10−2 m2

Gas volume V 3.2 ×10−4 m3

Spec. heat ratio γ 1.4
Accommodation Coefficient a 0.913
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Figure B.6: This plot shows estimated gas heat transfer for the DM in the FMF regime.
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Appendix C

Neutron-Induced Gamma-ray

Measurements

Table C.1: DM Cf-252 Measurement
Energy [keV] Interaction Red. Chi2 FWHM [keV] Net Area [CPS]

8579 Cl-35(n,γ) 1.25 6.74 +/- 1.16 ×10−1 1.637 ×10−3 +/- 5.40 ×10−5

7790 Cl-35(n,γ) 1.47 5.76 +/- 5.58 ×10−2 5.122 ×10−3 +/- 9.55 ×10−5

6977 Cl-35(n,γ) 1.45 5.27 +/- 1.50 ×10−1 1.923 ×10−3 +/- 5.853 ×10−5

5713 Cl-35(n,γ) 0.566 4.91 +/- 7.26 ×10−2 5.903 ×10−3 +/- 1.026 ×10−4

4978 Cl-35(n,γ) 1.21 4.39 +/- 8.30 ×10−2 4.523 ×10−3 +/- 8.977 ×10−5

3061 Cl-35(n,γ) 1.08 3.55 +/- 5.01 ×10−2 7.550 ×10−3 +/- 1.160 ×10−4

2614 Background 1.49 3.42 +/- 1.90 ×10−2 2.694 ×10−2 +/- 2.191 ×10−4

2223 H-1(n,γ) 3.83 3.15 +/- 5.00 ×10−3 1.673 ×10−1 +/- 5.460 ×10−4

1461 Background 2.82 2.83 +/- 7.88 ×10−3 1.042 ×10−1 +/- 4.309 ×10−4

1165 Cl-35(n,γ) 3.47 2.74 +/- 8.06 ×10−3 1.103 ×10−1 +/- 4.433 ×10−4
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Appendix D

Photopeak Fits for Radiation

Damage/Annealing Experiment

Three functions were used to fit data measured during the radiation damage and annealing

experiment: Gaussian, exponentially-modified Gaussian, and step functions. Equation D.1

shows the formula for the Gaussian component of the data fit.

F (x, ag, µg, σg) = ag ∗ exp
(
−(x− µg)

2

2 ∗ σ2
g

)
(D.1)

ag, µg, and σg
2 are the amplitude, mean energy, and variance of the Gaussian function.

Equation D.2 is the exponentially-modified Gaussian (EMG) function used for fitting.

F (x, aEMG, µEMG, σEMG, τ) = aEMG ∗ exp
((

1
2∗τ ∗

(
2 ∗ x− 2 ∗ µEMG +

σ2
EMG

τ

)))
∗erfc(x−µEMG)+

σ2
EMG
τ√

2∗σEMG
)

(D.2)

where aEMG is the amplitude, and µEMG and σEMG
2 are the mean energy and variance

of the Gaussian component of the EMF function, respectively. τ indicates the severity of

low-energy tailing in the EMF function.

Equation D.3 is a step function used to subtract background contributions to the photopeak.
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F (EH , S, µstep, σ) =
S

2
∗ erfc

(
x− µstep√

2 ∗ σ

)
+ EH (D.3)

EH is the gamma-ray continuum level on the high-energy side of the photopeak, S is the

difference between continuum on the low-energy side of the photopeak and EH, and µstep is

the mean of the step function.

The sum of Equations D.1, D.2, and D.3 were used to fit the 1333 keV Co-60 photopeak

measured during the radiation damage and annealing experiments. The Python fitting code

iminuit80 was used to fit the data. Note that the variable σEMG was constrained to be greater

than 0.7 to make fitting stable.

Fit parameters for the measurements listed in Table 3.2 are shown in Table D.1. These fits

correspond to the experiment in which detector energy resolution was measured at various

neutron fluences. Plots of raw data and fits are shown in Figure D.1.

Fit parameters for the measurements listed in Table 3.3 are shown in Table D.2. These

fits correspond to the experiment in which the radiation-damaged detector’s Co-60 energy

resolution and photopeak efficiency were measured as a function of anneal time.
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Figure D.1: Radiation-damaged detector 1333 keV photopeak measurement with fits. Six
photopeak measurements are shown that correspond to different exposures to fast neutron
fluence. Each plot shows measured data (black markers), total fit function (black line),
Gaussian component of the fit (dark gray line), EMG component of the fit (gray line), and
the step function used to subtract background (light gray line). Fit residuals, or the ratio of
the deviation between the fit and measured data to measurement error are shown below each
photopeak.
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