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ABSTRACT

Next-generation "°Ge neutrinoless double-beta decay experiments will re-
quire an unprecedented ultra-low level of radioactive background. The cryo-
stat, shielding materials, and front-end electronics are a significant source of
background. Efforts to improve materials purity are ongoing and analysis tech-
niques are under development to mitigate the few expected remaining back-
grounds. Two of these techniques — detector segmentation and pulse-shape
discrimination — have been implemented for a prototype physically-segmented
p-type germanium detector (PSEG) to experimentally quantify background re-
jection efficacy. The result of applying both cuts is a 90% improvement in the
predicted Tlo/”zdiscovery sensitivity for a PSEG-based next-generation experi-
ment. When considering the practical reality of having to electronically in-
strument each additional segment, the increased experimental background re-
sults in a 19% reduction in the 77),discovery sensitivity for a PSEG-based next-
generation experiment. In comparison, using the published background rejec-
tion efficacy for a new type of unsegmented germanium detector (p-type point
contact — PPC) resulted in a 168% improvement in the predicted 77},discovery
sensitivity for a PPC-based next-generation experiment. The two active "°Ge
neutrinoless double-beta decay collaborations — MAJORANA and GERDA — are
planning to field some or all segmented germanium detectors. In light of the
research presented in this document, these collaborations must consider that

the added background associated with segmentation can quickly negate any

v



benefit gained and even reduce the sensitivity of a next-generation "°Ge neu-

trinoless double-beta decay experiment.
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CHAPTER 1

INTRODUCTION

The late nineteenth and early twentieth century was a truly exciting time
in Chemistry and Physics. Following Rontgen’s accidental discovery of the x-
ray in 1895, a rapid series of related discoveries were made. In 1896, Bec-
querel classified three types of emitted rays, which he determined were nega-
tive, positive, and neutral. His work continued into the 1900’s, during which
time one of his students, Marie Curie, first referred to this ray-emitting process
as radioactivity. Becquerel along with Marie and Pierre Curie shared the 1903
Nobel Prize for their pioneering work with radioactivity. But, it was Ernest
Rutherford’s discovery and classification of radioactivity based upon penetrat-
ing ability — alpha-, beta-, and gamma-rays — that marked the birth of Nuclear
Physics.[36]

In the 1920’s, physicists were puzzled by the continuous energy spectrum of
electrons emitted in beta decay. By the end of the decade, a crisis was brewing
as none of the existing theories could explain this behavior. In response to
the situation, Wolfgang Pauli postulated the existence of a new particle. He
theorized that this light, neutral, spin-1/2 particle is emitted simultaneously
with the beta-decay electron in a manner such that the sum of the energies is
constant.[11] Two years later, Enrico Fermi developed the formal theory of beta
decay and clearly demonstrated its agreement with experimental data.[25]

In the seventy-nine years since the existence of the neutrino was first pos-
tulated, tremendous effort has gone into elucidating the properties of these

weakly-interacting particles. For nearly fifty years after Pauli’s postulation



and Fermi’s formal theory on beta decay, those physicists who believed neutri-
nos existed, also believed them to be massless. This belief was reinforced by
the development of the Standard Model during the 1970’s, whose core theoreti-
cal predictions were based on a massless neutrino.[11] However, evidence from
neutrino oscillation experiments has proven that neutrinos are indeed massive
particles, implying physics beyond the Standard Model.[28][3]

Neutrino oscillation experiments have precisely measured the difference in
mass eigenstates of neutrinos that undergo a flavor change, however, they are
incapable of determining the absolute neutrino-mass scale. The only known
practical ways to probe the mass range suggested by these oscillation experi-
ments are through precision tritium endpoint-energy measurement or neutri-
noless double-beta decay (0v33-decay).

Of these two techniques, 0v(3/3-decay experiments are much more sensitive
probes of the suggested neutrino mass range. Additionally, Ov33-decay is the
only practical method to determine if the neutrino is its own anti-particle (Ma-
jorana) or whether they are distinct particles (Dirac). If the neutrino is Majo-
rana in nature, this has important consequences as it would be the first evi-
dence for lepton number non-conservation. Some of the proposed Ov/33-decay
experiments have additional physics reach into dark matter, neutrino astron-
omy, solar axion, electron lifetime, coherent neutrino scattering, and neutrino-

interaction cross-section measurements.

1.1. TRITIUM ENDPOINT ENERGY MEASUREMENTS

Of the two methods mentioned above, tritium endpoint energy measure-
ment is the only direct search for neutrino mass. And unlike 0r33-decay ex-
periments, it is not sensitive to the Majorana or Dirac nature of the neutrino.
Tritium is used for this type of experiment because it has the second lowest

endpoint energy (18.6 keV), a short halflife, (12.3 yr), and because of the simple



electron shell configuration — which makes ¢~ plus *H interaction corrections
easier to calculate.
Like all beta-decay isotopes, the decay of tritium results in the emission of

an electron and an electron anti-neutrino:
SH — 3He  + ¢ + 17, (1)

The resulting electron energy spectrum is continuous up to the endpoint energy
— see Figure 1.1a. Since the neutrino is a massive particle, the actual end-
point energy of the spectrum, £, must be less than the theoretically-predicted
endpoint for a massless neutrino, F,. For the case of a massive neutrino, the

energy spectrum is given by:[17]

% =C x F(Z,E)p(E +m.c*)(Ey — E)\/(Ey — E)2—m2-0(Ey — E —m,) (2)

where m, is the mass of the electron neutrino, m,. is the mass of the electron,
O(FEy, — E —mv) is a step function to guarantee energy conservation, p(E +m.c?)
is the momentum of the electron, and F(Z, F) is the Fermi function. The value
of C is given by:

GQ
C = 2—7_‘2(3082 Oc|M|? (3)

where G is the Fermi constant, 6. is the Cabibbo angle, and M is the nuclear
matrix element for the process. In an experiment, a slight distortion in the
energy spectrum will be observed at the electron energy Fy — m(v.). Where

m(v.) is defined as:
3
m*(ve) = Y |Uekl” - mi . (4)
k=1

and U, is the neutrino mixing matrix. This energy spectrum distortion is il-
lustrated in Figure 1.1b for an electron neutrino mass of 1 eV.
There is currently one international collaboration — KATRIN — that is ac-

tively pursuing a new tritium endpoint-energy measurement. The experiment



has been designed to measure the mass of the electron neutrino with a sen-
sitivity of 0.2 eV. The tritium source and magnetic spectrometer have been

constructed and experimental runs are about to begin.[16]
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FIGURE 1.1. The electron energy spectrum of tritium 3 decay:
complete (a) and narrow region around endpoint E; (b). The
spectrum is shown for neutrino masses of 0 and 1 eV. The value of
2x107'3 shown in (b) is the fraction of the total number of events
that fall within the last 1 eV before the endpoint. Graphic taken
from [17]

1.2. DOUBLE-BETA DECAY

For most even-even nuclei, ordinary beta decay is energetically forbidden.
However, for some of these nuclei an energetically permissible process known
as double-beta decay exists, whereby the nucleus changes atomic number by
two while simultaneously emitting two beta particles.

To understand why double-beta emission is permissible while single-beta
emission is forbidden, one must look at the binding energy of the nucleus, B,
given by:

B(A,Z) = [Z(My,+me) + (A= Z)M,, — M(A, Z)] - ¢ (5)



where 1M, is the mass of the proton, m. is the mass of the electron, M, is
the mass of the neutron, A is the mass number, and 7 is the atomic num-
ber. The Weisdcker formula, also known as the semi-empirical mass formula
(equation 6) is a parameterization of the nuclear mass, M in terms of A and Z,

and is given by the phenomenological formula: [42][8][50]

M(A,Z) = NM,+ ZM,+ Zm, — a,A + a;,A*? ©)

72 (N—Z)2 )
+ aCA1/3+aa 1A +A1/2

where a, (volume), a, (surface), a. (Coulomb), a, (asymmetry) , and J (pair-
ing) are constants whose exact values depend on the mass range of interest.
For the current discussion, only the pairing term is of interest. For odd-odd
nuclei, § is positive. For odd-even nuclei, § is zero. And for even-even nu-
clei, ¢ is negative. Therefore in the case of double-beta decay candidate nuclei,
M (even, even) < M (even,odd) and thus B(even, even) > B(even,odd). For A=76,
the mass parabola in Figure 1.2 shows the effect of a more strongly bound

even-even nucleus.
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FIGURE 1.2. Mass parabola for A=76. [27]



1.2.1. Double-Beta Decay Modes. The two modes of double-beta decay
most frequently studied are referred to as two-neutrino (2v) and zero-neutrino
(Ov). In the 2v mode, two neutrinos are emitted simultaneously with two beta-
decay electrons, resulting in a continuous energy spectrum similar to ordinary
beta decay. In the Or mode, the two beta-decay electrons are emitted without
accompanying neutrinos, and the electrons practically share the entire decay
energy. This mode results in a monoenergetic line in the energy spectrum at
the Qgpg of the isotope. These two modes are illustrated in Figure 1.3 and a
list of eleven double-beta decay candidate isotopes is compiled in Table 1.1.[9]
With either mode, it is possible for the decay to proceed through excited states
in the Z+2 daughter nuclei. Details of these excited state transitions will not
be discussed in this work. However, there are extremely exciting research op-
portunities since unique gamma-ray energies can be measured along with the

electrons. [5][6][48]

(Arbitrary Units)
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FIGURE 1.3. This plot shows the difference in the energy spectra
of the two double-beta decay modes.



1.2.2. Neutrino Mass from 0r Double-Beta Decay. While techniques
will vary, the goal of a double-beta decay experiment is to measure the de-
cay and thus the half life of the candidate isotope. For the 2v33-decay mode,
the half-life has been measured in eleven isotopes — refer to Table 1.2. The

theoretically-predicted 2v33-decay half-life is given by,
[T2) 7 = Gau(Qpp, Z)| Moy |* (7)

where G5, (Qss, Z) is the four-particle phase space factor, and M,, is the nu-
clear matrix element for this process. The decay rate for this process does not
depend on the masses of the neutrinos. However, accurate measurement helps
to validate the models used to calculate the nuclear matrix elements.

Of more fundamental importance is the measurement of Ov(3-decay since
the rate is mediated by the neutrino mass. The theoretically-predicted rate is
given by,

(T3] = Gou(Qps, Z)|Mow|*(miss)” | (8)

where Gy, (Qss, Z) is the phase space factor for the emission of the two elec-
trons, M), is the Ov nuclear matrix element, and (mgs) is the effective Majorana

mass of the electron neutrino given by,

(mag) = > miU%)| 9)
k

(mgg) = [ma|Ua[* + ma|Ue |20 4 mg|Ugg|?e -1 72| (10)

where U, is the neutrino mixing matrix that turns well-defined mass eigen-
states into well-defined flavor eigenstates. The imaginary terms describe the
Majorana («; and «») and Dirac (4) phases, and can be neglected if one chooses

to neglect CP violation.[5]



To extract the effective neutrino mass from the experimental measurement

one begins with equation 8 and with simple rearrangement obtains,
(mgg) = [T Gou(Qag, Z)| Moy [] /2. (11)
Multiplying both sides by the electron mass yields,
(mgg) = me[TP,Go, (Qpp, Z)| Moy [*mZ] 71/ . (12)

Combining all of the nuclear model-dependent parameters into the nuclear

structure function, Fy,
Fy = Go,(Qpp, Z)| My, |*m? (13)
one obtains the compact form,
(mgg) = me[T{}Fn] 72 (14)

The discovery sensitivity of a next-generation experiment is given by the

analytical expression, [4]

T10/V2(na) =

416 x 10%% (aa) Mt
w

bA—(E) ; (15)

No

where n, is the desired standard deviation of the measurement, ¢ is the event-
detection efficiency, a is the isotopic abundance in the source material, IV is the
molecular weight of the source material, M is the total mass of the source, b is
the background rate in counts/(keV kg y), and AE is the spectral resolution of
the experiment. To determine the mass sensitivity of a next-generation 0v3-
decay experiment, one need only substitute equation 15 into equation 14.

This very brief experimentally-motivated theoretical discussion would not
be complete without addressing an important outstanding issue. While Tl%can

be precisely measured in a carefully conducted experiment, the calculation of



the effective neutrino mass — equation 14 — is not as certain. This uncertainty
results from the uncertainty in the calculation of the nuclear matrix element,
M,,. Over the past several years, the values of the nuclear structure function
have changed substantially for all of the candidate isotopes. This was largely
the result of the increased focus on double-beta decay after the neutrino os-
cillation experiments verified a massive neutrino. The models that have been

used in the calculations have and will continue to improve.

TABLE 1.1. Candidate double-beta decay isotopes, their theoreti-
cal end-point energy, and the best reported limits for T[l)72.[5]

p3-Decay Candidates Qgs (keV) T, (yrs) (mgs) (eV)
8Ca 4271 > 1.4 x 10% <7.2-44.7
6Ge 2039 > 1.9 x 10% <0.35
6Ge 2039  (2.237031) x 10®  0.3240.03
6Ge 2039 >1.57x 10 < (0.33 —1.35)

82Se 2995 > 2.1 x 10?3 <(1.2-3.2)
100Mo 3034 > 5.8 x 10?3 <(0.6-2.7)
16Cd 2802 > 1.7 x 10% <1.7
128 868 > 7.7 x 10% <(1.1-1.5)
130T 2527 > 3.0 x 10* <(0.41-0.98)
136X e 2479 > 4.5 x 10?3 <(0.8-5.6)
150Nd 3367 > 3.6 x 102!

1.3. SUMMARY

Tremendous excitement exists in the neutrino physics community today.
Solar and atmospheric neutrino oscillation experiments have precisely mea-
sured the differences in the mass eigenstates and thus proven the existence
of a massive neutrino. Many outstanding questions regarding the nature of
the neutrino still remain — what is the absolute mass scale of the neutrino,
what is the neutrino mass hierarchy (m; < m? (inverted) or m; > m; (normal)),

is the neutrino a Majorana or Dirac particle? It is the goal of next-generation



TABLE 1.2. A list of double-beta decay isotopes and the experi-
mentally determined 77/,values. [5]

Isotope T2, (years)

28U 2.0 +£0.6) x 10%

4803. ( 2+2 1) % 1019
Ge (1.5 £ 0.1) x 102!
82Ge (0.92 % 0.07) x 1020
%Zr (2.0 £0.3) x 10"
100Mo (7.14+0.4) x 108
16Cq (3.0£0.2) x 101
128Te (2.5+0.3) x 10*
1390Ba 2v  (2.2+0.5) x 10*
130Tg (0.9 £ 0.1) x 102!
150Nd (7.8 4£0.7) x 10'8
( )

Ovp3p-decay experiments to find these answers. In the following chapters the
details of the development of a new type of germanium detector proposed for
Ge Ov33-decay are presented. Advanced analysis techniques have been im-
plemented with this prototype detector to improve the neutrino mass sensitiv-
ity of planned next-generation experiments. The efficacy of these techniques is
quantified and discussed. New experimental evidence is presented that should
be seriously considered when choosing the type of germanium detector for next-

generation Ov(33-decay experiments.
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CHAPTER 2
EXPERIMENTALLY MEASURING NEUTRINOLESS

DOUBLE-BETA DECAY

Next-generation neutrinoless double-beta decay experiments will employ a
variety of measurement techniques based upon the candidate isotope. For Ge
Ov3-decay, the favored technique is to use HPGe detectors that have been en-
riched to 86% in °Ge. First suggested by Ettore Fiorini, this source-in-detector
technique yields dramatically higher detection efficiency.[26] Currently, there
are two collaborations working toward a next-generation experiment — GERDA
and MAJORANA. GERDA is a funded effort to operate ~35 kg of segmented
germanium detectors by direct immersion in liquid argon.[14] MAJORANA is a
proposed experiment consisting of ~60 kg of germanium detectors using con-
ventional cryostat cooling techniques.[20][18] Both of these collaborations are
currently working to resolve technological issues related to achieving a 1 ton
scale "°Ge Ov33-decay experiment. On the surface, these two experiments have
only a candidate isotope in common. To some degree that is true, but the re-
search detailed in this document pertains equally to both experiments since
the underlying technology — germanium detectors — and major issues — back-

grounds — remain the same.

2.1. BACKGROUNDS AND SIGNALS IN GERMANIUM DETECTORS

The difficulty inherent to all neutrinoless double-beta decay experiments
is the extremely low-background levels required to reach the needed sensitiv-

ity. These low-background levels are driven by the extremely long half-lives
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of the candidate isotopes. Fortunately, most backgrounds can be mitigated in
carefully constructed experiments.

For germanium-based experiments, the remaining backgrounds fall into
one of two categories — primordial contamination and cosmogenically produced.
Primordial contamination, consisting of the 2**U and ?*Th decay chains and
Bremsstrahlung radiation from the 2:°Pb daughter %'Bi, is found in the cryo-
stat, internal electronics components, and shielding materials. Cosmogenically
produced backgrounds are found in the germanium crystal (**Mn, *"*2Co, %°Zn,
%8Ge) and in copper used in the cryostat and for shielding (°*Mn, °6:57:58:69Co,
M Fe).

These background sources are problematic because they decay by emitting
a positron or gamma ray(s) that are above the Qs for ®Ge (2039.006 keV [23])
and could easily contaminate the Ov33-decay region of interest (ROI). Differ-
entiating between these backgrounds and the Ov(33-decay signal is a necessary
objective.

The electrons emitted in a double-beta decay event have a short mean-
free path length in germanium — on the order of 1 mm. This means that the
electron-hole pairs created in the germanium crystal by each double-beta decay
electron are indistinguishable. Analysis of the current pulse from the detector
would lead one to believe that a single electron-hole cloud was produced in this
event. This type of event is referred to as a single-site event.

For the background sources listed above, historical evidence and simula-
tions have shown that these backgrounds tend to deposit energy at multiple lo-
cations within the germanium crystal through Compton scattering or positron
annihilation.[29][1] Analysis of the current pulse from the detector would dis-
tinctively show the arrival of different electron-hole clouds. Events that de-
posit energy at multiple-locations within the crystal are thus referred to as

multi-site events.
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Differentiating between the double-beta decay signal and the background
is then a matter of determining the multiplicity of the event. In Figures 2.1
to 2.8, several graphical examples are given for the different types of energy-

depositing interactions that can occur in a detector.

FIGURE 2.1. Background external to the germanium crystal. All
of the energy is deposited at a single location in the crystal —
single-site event.

2.2. ANALYSIS TECHNIQUES FOR BACKGROUND REMEDIATION

Using ultra-low background materials and implementing special handling
techniques reduces a majority of experimental backgrounds. Unfortunately, a
level is reached where it is no longer practical or feasible to remove the re-
maining backgrounds. In addition to a basic energy cut, analysis techniques
are being developed to mitigate the effects of trace radioactive impurities, by
taking advantage of the large number of germanium crystals, high-bandwidth
electronics, and the excellent energy resolution of germanium. Taken together,
the effect of all the analysis-based mitigation techniques is a predicted reduc-

tion in the remaining background of up to 90%.[20]
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FI1GURE 2.2. Background external to the germanium crystal. En-
ergy is deposited at a single location and then scatters out of the
crystal — single-site event.

2.2.1. Granularity. The term granularity refers to detector-to-detector co-
incidence background rejection. In a large array of densely packed detectors,
the close placement of germanium crystals allows one to veto events where sig-
nals are simultaneously generated in more than one detector. These events
include external gamma rays that hit one detector, and Compton scatter into
an adjacent detector (see Figures 2.2 and 2.4), or internally generated gamma
rays that escape the crystal (see Figures 2.6 and 2.8). External backgrounds
such as ?°°Tl and 2'*Bi from the 23?Th decay chain and®°Co have decay schemes
well suited to granularity cuts. As an example, assume that an external 2°°TI
gamma ray (2615 keV) hits a crystal and deposits 2039 keV of energy at a sin-
gle site inside the crystal. There is a high probability that the escaping gamma
would hit one of the surrounding detectors depositing the remaining 576 keV.

With an expected count rate for MAJORANA of 1 count per day per crystal any

14



FIGURE 2.3. Background external to the germanium crystal. All
of the energy is deposited at multiple locations within the crystal
— multi-site event.

two-detector events within a time window of 1 us could be vetoed with negligi-

ble effect on the system live-time.[20]

2.2.2. Single-Site Time Correlation. Single-Site Time Correlation is a
decay-chain specific cut that looks forward or backward in time from an event
in the Qs ROI (2039 keV) to find signatures of parent or daughter isotopes.
For an event rate of ~1 event per day per detector this cut will work excep-
tionally well for internal short-lived parent/daughter nuclei like Ge/*®*Ga and
for other backgrounds, such as 2°*T1 and 2'*Bi, with a somewhat lower rejection
efficiency.[19][20]

Using internal ®*Ge contamination as an example, the efficacy of the single-
site time correlation cut can be explored. The decay of ®®*Ge via electron capture
releases a series of soft x-rays. Within a few half-lives of the daughter, Ga,

a positron of end-point energy 2.9 MeV should be detected. Looking backward
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FIGURE 2.4. Background external to the germanium crystal. En-
ergy is deposited at multiple locations and then scatters out of the
crystal — multi-site event.

FIGURE 2.5. Background internal to the germanium crystal. All
of the energy is deposited at a single location in the crystal —
single-site event.
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FIGURE 2.6. Background internal to the germanium crystal.
Part of the total energy is deposited at a single location in the
crystal — single-site event. The remaining decay energy escapes
the crystal. A.) Corresponds to internal 3Ge. B.) Corresponds to
internal ®Co.

FIGURE 2.7. Background internal to the germanium crystal. All
of the decay energy is deposited at multiple locations in the crys-
tal — multi-site event. A.) Corresponds to internal ®*Ge. B.) Cor-
responds to internal °Co.
in time from the positron event, the decay of *Ge should be seen, providing a
time-correlated cut for events that may have passed the other analysis cuts.

The number of half-lives that can be used to find the precursor signal are lim-

ited by the count rate of that detector. One must be careful in looking back

17



FIGURE 2.8. Background internal to the germanium crystal.
Part of the total energy is deposited at multiple locations in the
crystal — multi-site event. The remaining decay energy escapes
the crystal. A.) Corresponds to internal *Ge. B.) Corresponds to
internal ®Co.

through too many half-lives because the probability of catching a random event
increases for each half-life that is included in the cut. Figure 2.9 illustrates the

effect of the single-site time correlation cut on internal *Ge contamination.

FIGURE 2.9. Effect of applying the Single-Site Time Correla-
tion cut to simulated internal %®Ge contamination looking back
3 (green) and 5 (red) half lives, with rejection factors 8 and 32
respectively.[20]

2.2.3. Detector Segmentation. Segmentation uses the electrical isola-
tion of the detector contacts to effectively create sub-volume elements within

a single germanium crystal. Similar to the granularity cut, one is able to veto
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those events that occur in more than one segment. Highly-segmented germa-
nium detectors have demonstrated, utilizing advanced pulse-shape analysis,
gamma-ray-interaction position resolution of ~1 mm.[15] The downside to this
degree of segmentation is not only in the added monetary expense to the experi-
ment, but more so in the added background from each additional electronically-
instrumented segment. The segmentation cut works well for both internal and
external multi-site events. Referring to Figures 2.3, 2.4, 2.7, and 2.8, one could
imagine how detector with active subvolumes would be able to differentiate
multi-site events from single-site events. A more detailed discussion of detec-

tor segmentation can be found in chapter 3.

2.2.4. Pulse-Shape Discrimination (PSD). Pulse-shape discrimination
uses the unique features in the shape of the evolved current pulse to determine
the number of unique energy deposition locations within a crystal for a given
event. Regardless of whether an event is multi-site or single-site, each elec-
tron or hole cloud created by a radiation event will drift towards its respective
contact with a velocity proportional to the electric field. A majority of the time,
the electron and hole clouds will arrive at their respective contacts at different
times. This time difference, coupled to the amount of charge measured by the
electronics can crudely determine the event location within the crystal. If mul-
tiple electron-hole clouds reach the contact in a short time window (<1us), the
event is considered multi-site and vetoed. This principle is illustrated in Fig-
ure 2.10. Again, referring to Figures 2.3, 2.4, 2.7, and 2.8, one could imagine
how the arrival of multiple electron-hole clouds could be determined by analyz-
ing the current pulse. A more detailed description of the pulse shape analysis

technique used in this research can be found in section 5.2.
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FI1GURE 2.10. This figure shows two example current pulses from
a commercial germanium detector. The top graph represents a
typical single-site energy deposition. As the electrons and holes
drift toward the contacts, they arrive at different times. Based
upon the shape of the pulse (size of the measured charge and time
of collection), this event occurred near the outside radius of the
crystal. The bottom graph represents a typical multi-site energy
deposition with at least three distinct arrivals of charge.

2.2.,5. Quantifying Remediation Efficacy. To quantify the efficacy of the
analysis cuts a figure of merit (FOM) can be defined. This FOM is a multiplica-
tive factor on Tl%(equation 15) and thus directly yields the sensitivity improve-
ment one might expect to obtain by implementing the analysis cuts. This figure
of merit is defined as:

FOM = —%2 (16)
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where €33 and €epacground are the post-cut acceptance fractions, for 0v33-decay
events and background events, respectively. To test the efficacy of the cuts
just described, it is necessary to find a substitute for the 0v3/3-decay signal. A
single-site surrogate can be obtained from double-escape peak (DEP) events.
When a high-energy gamma ray enters the detector and produces an electron-
positron pair, the positron immediately annihilates with an electron in the lat-
tice, producing back-to-back 511 keV gammas. Since the germanium detector
is finite in size, either one or both the gammas can escape the crystal. If both
gammas escape (double-escape) then the energy of the event will appear to
have been deposited at a single location within the detector — similar to the
Ovp3p-decay signature.

For a germanium-based experiment, the figure of merit can vary substan-
tially based on the design of the experiment — degree of segmentation, elec-
tronic bandwidth, background level, etc. An example based on segmentation
might help illustrate this variability.

Consider the calculated figures of merit in Table 2.1. These values were
calculated using equation 16 from a EGS4-based Monte Carlo simulation of
various internal and external — to the crystal — background sources. The sim-
ulations recorded energy deposition location such that arbitrary segmentation
schemes could be applied to the same data set. To avoid any possible geometric
bias, each individual element for a given segmentation scheme is equal-volume.
It is clear from this tabulated data that “more is better” when it comes to seg-
mentation. This of course disregards many other real-world experimental fac-
tors that must be considered.

A final note regarding the use of this FOM for multiple analysis cuts. In
attempting to determine the overall efficacy of background removal, one can
not simply add the FOMs for each analysis cut in order to obtain the overall

FOM for the experiment. Some of the analysis cuts — such as segmentation
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TABLE 2.1. Table summarizing the calculated figures-of-merit
(FOM) from simulated data for various segmentation schemes
and background sources. Z is the number of axial segments and ¢
is the number of azimuthal segments.

No of Segs Figure of Merit (FOM)
Z 0Co Int °Co Ext %Ge Int 2°°T1 Ext

-

3.121 2.520 1.808 1.958
4.081 3.295 2.158 2.148
4.875 3.946 2474 2.262
5.247 4.600 2.792 2.365
6.733 5.103 2.932 2410
6.821 5.467 3.130 2.518
7.720 5.638 3.263 2474
7.763 6.785 3.372 2.500
8.600 6.871 3.744 2.605
11.525 7.531 4.027 2.589
5.481 4.268 2.658 2.319
8.075 6.638 3.656 2.542
10.979 9.303 4.202 2.643
12.998 9.393 4.855 2.666
15.992  10.394 5.430 2.653
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and PSD — will almost certainly overlap in the events that are cut. If this
fact is neglected then the overall predicted background-reduction efficacy of
the cuts will be overestimated resulting in an unrealistic predicted-sensitivity
enhancement for the experiment. More details on this topic are presented in

chapter 5.

2.3. SUMMARY

Determining the validity of the simulation-based FOMs in Table 2.1 is ex-
tremely important. In the next chapter, the details of the development of a new
type of segmented detector will be presented. This unique detector is an ideal
tool for determining the true FOMs for segmentation and PSD along with the
orthogonality of these cuts.
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CHAPTER 3
A NEW TYPE OF SEGMENTED GERMANIUM

DETECTOR FOR "“GE DOUBLE-BETA DECAY

Spurred by the technological achievements of World War II, a considerable
effort was dedicated to investigating new materials for radiation detection —
specifically, direct charge collection with insulating single crystals such as dia-
mond and alkali halides. Initial research into germanium as a radiation detec-
tor occurred in 1949 under the direction of Kenneth McKay of Bell Laborato-
ries. Unlike most of the materials being investigated at the time, McKay found
that charge-trapping and recombination were absent in his reverse-biased ger-
manium diode structure. Unfortunately, McKay’s detector suffered from poor
counting geometry. Coupled with the poor charge-collection performance of
other materials being investigated at the time, germanium as a radiation de-
tector was largely overlooked until the late 1950’s and early 1960’s.[38][39]

From the early 1960’s and continuing to this day, germanium-based radia-
tion detectors have continued to evolve. Because of their superior energy res-
olution and ability to be manufactured in volumes exceeding 800 mL (4.4 kg)
[45], modern germanium detectors are the standard tool for gamma-ray spec-
troscopy. Arguably, the most significant advancement in the last two decades
has been the development of segmented germanium detectors. Segmentation
effectively creates individual active-volume elements within a single germa-
nium crystal and is achieved by electrically isolating (segmenting) the surface
contacts through photolithography, masking, etching, or physical grooving.[49]

Originally conceived as an alternative to the large arrays of small germanium
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detectors utilized in medical imaging, segmented germanium detectors are cur-
rently utilized in many aspects of nuclear physics including gamma-ray track-
ing, gamma-ray imaging, and Compton imaging.[49] Before continuing with
the details of the development of a new type of segmented germanium detector,

it may be helpful to discuss the history and motivation behind this research.

3.1. EARLY SEGMENTED DETECTOR DEVELOPMENT

When segmentation was first investigated, both p-type and n-type germa-
nium crystals were used to fabricate detectors. The initial work with p-type
crystals involved the masking of the outer contact prior to the application of
the n-type lithium contact.[46] This work was met with limited success because
subsequent warming and detector reconditioning (bake and pump) allowed the
lithium to migrate on the outer surface thus destroying the electrical isolation
of the contacts. Similarly, for n-type crystals, the outer surface of the detector
was masked prior to the ion-implantation of boron to make the p-n junction.
Since boron does not migrate with the application of heat, n-type segmented
detectors were more tolerant to warming and multiple bake-and-pump cycles.
Because of this robustness to reconditioning and the relative ease of masking
the p-type contact, all commercially available segmented detectors are bulk n-
type. There are, however, disadvantages to n-type detectors when considering
their use in a large-scale "°Ge neutrinoless double-beta decay experiment.

When a germanium crystal is grown, there is no a priori knowledge whether
the final crystal will be n-type or p-type. In practice, a majority of crystals tend
to be p-type. In a large scale Ov(33-decay experiment consisting of hundreds of
detectors, requiring the use of only n-type crystals results in a slow detector
production rate since every p-type crystal must be returned to the crystal melt
for regrowth. In addition to the significant added expense, increased exposure

time above ground results in increased cosmic-ray muon produced backgrounds
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in the germanium.[24] Crystal regrowth removes most of these cosmogenic con-
taminants, however, the ®®Ge concentration will continue to increase as long as
the germanium material remains above ground. If segmented detectors are to
be used in a large-scale experiment, the use of both n-type and p-type germa-
nium crystals is highly desirable in order to keep cost and internal cosmogenic
backgrounds as low as possible.

A second downside to using n-type segmented detectors is the limited ven-
dor choice — currently only one manufacturer. This has the potential of devas-
tating consequences to a large-scale experiment should a problem arise with
the manufacturing facility or process. Relying upon a single manufacturer
presents a very high risk to the success of the project. Because manufactur-
ers are not likely to share fabrication technology or trade secrets, it would be
highly desirable to find a solution that would allow other manufacturers to
fabricate segmented detectors using non-proprietary methods.

While low detector yield and limited vendor choice are significant issues,
arguably the most significant downside to using n-type segmented germanium
detectors is the extreme care that must be exercised in handling a finished de-
tector. The outer p-type contact is extremely thin - a few microns thick - and
even the most delicate touch on the outer surface can have devastating con-
sequences ranging from high surface leakage to destroyed segmentation. By
contrast, p-type detectors are much more tolerant to handling since the outer
lithium-diffused dead layer is 100 or more microns in depth. The question
then becomes, how does one manufacture a p-type segmented germanium de-
tector that will withstand thermal cycling and detector reconditioning. One
solution is to apply amorphous germanium to the outer surface in the desired
contact geometry. This type of segmentation has been demonstrated with suc-
cess. However, the amorphous contacts are sensitive and require special han-

dling similar to that of n-type detectors.[32] Another segmentation solution is
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to physically cut grooves into the surface of the detector to form the desired
contact geometry. In 2004, as part of the research efforts associated with the
proposed MAJORANA experiment, Dr. Frank T. Avignone III of the University
of South Carolina proposed a research project to investigate the feasibility of a
physically segmented p-type semi-coaxial HPGe detector for a sensitive search

for "“Ge neutrinoless double-beta decay.

3.2. DETECTOR DESIGN

After extensive simulations and in consultation with the MAJORANA Col-
laboration, the segmentation scheme of the detector was chosen to illustrate
the background rejection efficacy of detector segmentation in conjunction with
pulse-shape discrimination (PSD). In general, the PSD method will function as
a radial-event discriminator since it uses the time of arrival of electrons and
holes as the basis of discrimination. Of the other two coordinates, z and ¢, sim-
ulation results along with practicality and difficulty of physical segmentation
dictated z-segmentation — also referred to as axial segmentation.

To prove that cutting grooves into the surface of a p-type crystal provided a
viable segmentation option, a proof-of-concept detector was fabricated. Using
a freshly-refurbished p-type HPGe crystal of approximately 40% relative effi-
ciency, a deep circumferential groove was cut into the detector approximately
1 cm from the closed end. Since the diffusion depth of the lithium was not
accurately know, the cut was made deep enough such that penetration of the
dead layer was guaranteed. The location and depth of the cut can be seen in
the photo in Figure 3.1. After the groove was cut, the crystal was reprocessed
and the newly-cut groove was chemically treated to form a surface of high re-
sistance. This process is identical to the process used to separate the n- and
p-type crystal contacts. By creating the high resistance surface, the outer elec-

trical contact is separated and electrically isolated. Tests using a low-energy
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monoenergetic gamma-ray source demonstrated that electrical segmentation

\

of the detector was achieved.

FIGURE 3.1. Photograph of the first USC p-type segmented ger-
manium detector. The purpose of this detector was to demonstrate
the feasibility of segmenting p-type detectors by cutting through
the dead layer. This photograph shows the location and depth of
the cut.

With the success of the proof-of-concept detector, a larger p-type crystal of
70% relative efficiency was procured from Canberra Industries and fabricated
into a detector at Princeton Gamma Tech (PGT). The crystal has dimensions of
70.5 mm in length and 63.2 mm in diameter with a Li-diffused deadlayer thick-
ness of ~0.5 mm. After confirming that the detector was performing within
manufacturer specifications, it was sent to Reeves and Sons, LLC for groove
machining. The details of the groove-machining process can be found in refer-

ence [33]. A total of four ~0.5 mm wide and ~3mm deep grooves were cut. The
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location of the grooves is illustrated in Figure 3.2. Figure 3.3 is a photograph

of the crystal after the grooves were machined and prior to final processing.

63.2 mm
i 5t L
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[3.95 mm

[3.95 mm
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FIGURE 3.2. Schematic illustration of the placement of the
grooves in the crystal. Prior to final processing, the grooves were
cut to ~3 mm depth and ~0.5 mm width. After chemical treat-
ment of the grooves to create a high-resistance surface, the width
grew to ~1.1 mm. The depth of the grooves is estimated to be ~3.3
mm.

After successfully machining the circumferential grooves, the crystal was
returned to PGT for processing and installation into a custom built cryostat.
A schematic illustration of the assembled cryostat is shown in Figure 3.4 with
detailed mechanical drawings of the cryostat given in Appendix A. The outer
electrical contacts are not illustrated in this figure, but deserve mention. To
make the outer electrical contacts, holes were drilled and tapped through the
inner can to allow special bolts to press a thin wire into an indium patch on the
segment. Indium is a commonly used material to make electrical contact with

a germanium crystal because of its softness and conductivity.
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FIGURE 3.3. Photograph of the PSEG detector after the grooves
were cut and prior to final processing.

The detector required multiple processing attempts at PGT before the crys-
tal was able to operate at depletion voltage. The delivered detector, named
PSEG, is show in Figure 3.5 shortly after it arrived at the University of South
Carolina.

After arriving at the University and verifying that the packaged detector
operated within acceptable leakage current parameters, it was necessary to
perform a controlled series of measurements to determine if the individual
segments were electrically isolated. To do this, a well collimated low-energy
gamma-ray source, \°°Cd, was placed approximately 6 inches from the crystal.
With the collimated beam of gamma-rays focused at the center of the segment,
data were collected from all six contacts. The data were then histogrammed to
show whether there was signal leakage between segments. The results of this
series of measurements clearly demonstrated that each segment was well iso-
lated. Figure 3.6 is an example of a data set taken during the initial tests.[34]

In this figure, the collimated source is focused at segment two. No evidence of
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FIGURE 3.4. Anillustration of the inside of the cryostat. Drawing
is to scale. The abundance of space inside the cryostat was to
facilitate prototype assembly. The electrical contacts of the outer
segments are not shown. All six preamplifiers are rigidly mounted
to the cryostat collar.

the 88 keV gamma ray peak can be seen in either segment one or three. While
this does not indicate how effective segmentation will be, it does indicate that

the physical grooving of the detector is a viable path to pursue further.
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FIGURE 3.5. A photograph of the PSEG detector shortly after it
arrived at the University of South Carolina. The boxes radiating
outward from the cryostat are the preamplifiers. There are six
preamplifiers in total - one for the center contact and one for each
of the five outer contacts.
Additional details and a more thorough explanation of early measurements
with PSEG can be found in references [33] and [34] but will not be further

discussed except as needed. The remainder of this chapter focuses on recent

improvements to the PSEG electronics.

3.3. ELECTRONICS

Core components of the PSEG detector are its preamplifiers. The center con-
tact and each of the five segments is instrumented with a PGT RG11B charge-
integrating preamplifier. The design of the preamplifier is decades old, but, it
is still one of the more utilitarian preamplifiers for HPGe detectors due to the
adjustability of operating parameters such at FET voltage, FET current, pole
zero, and DC offset. There are two configurations in which HPGe preamplifiers

can operate. In the first mode, the first stage of amplification is located in the
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FIGURE 3.6. Example of the electrical isolation of the detector
segments. In this particular data set, the collimated gamma-ray
source was focused on segment two. In this figure, the upper left
histogram is the center contact. Upper right histogram is segment
one. Middle left histogram is segment two.

vacuum cryostat close to the germanium crystal. This is referred to as a cold
FET configuration — see Figure 3.7(a). Conversely, in the second mode, the first
stage of amplification is colocated with the second stage outside the vacuum.
This is referred to as a warm FET configuration — see Figure 3.7(b).

There are positives and negatives with either configuration. For the PSEG
detector, the preamplifiers were operated in the warm configuration because
of the possibility of accidentally damaging the JFET in the first stage. In a
warm configuration, its a simple matter of removing the preamplifier cover,
removing the non-functioning JFET and soldering in a working replacement.

In a cold configuration, if the JFET is damaged, the detector has to be warmed
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FIGURE 3.7. Schematic illustrations of the first stage of the
preamplifier. The germanium crystal is represented by the diode
at the top of the figure. Figure (a) is the cold configuration with
first stage located in the vacuum. Figure (b) is the warm configu-
ration with the first stage colocated with the second stage outside
of the vacuum. This is the configuration used with the PSEG de-
tector.

and the vacuum cryostat breached in order to replace the JFET. This was not an
acceptable risk for the PSEG detector since it was unknown whether warming
the crystal would degrade or destroy segmentation. The downside of using the
warm configuration for PSEG is the possible degradation of the signal prior
to the first stage of preamplification. This could result in degraded energy
resolution or signal bandwidth for pulse-shape discrimination. Previous work
has shown that the minimum signal bandwidth to obtain satisfactory pulse-

shape discrimination results is 25 MHz.[1]

3.3.1. Preamplifier Performance. Early efforts to demonstrate electri-
cal segmentation were met with great success. However, further analysis ef-
forts were hampered by extremely poor energy resolution. It was quickly ob-
served that the magnitude and frequency of electronic noise in the system
would prevent further analysis if not first addressed. Figure 3.8 shows some of

the noise problems initially encountered in the system.
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FIGURE 3.8. Oscilloscope traces illustrating typical electronics
noise encountered with PSEG. The four different-colored traces
represent the four channels of a single XIA Pixie-4 DAQ card.
Noise problems were constant, but the noise pattern would
change randomly. (a) illustrates large amplitude low-frequency
(~700 Hz) baseline noise. (b) illustrates large-amplitude random
baseline noise chirps.

An extensive effort began in 2007 to track down and eliminate the sources
of noise. To begin, new high voltage, signal, and preamplifier-power cables
were procured and equal-length cable bundles assembled. A new Ortec Model
4003 NIM-based preamplifier power supply with 6 isolated and filtered chan-

nels was installed, and a high-capacity uninterruptible power supply was used
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to filter the incoming main power. All of these efforts yielded only a small
improvement. During these upgrades, the preamplifiers were observed to be
rather old and in slightly differing configurations. This was a concern as older
marginally-operational discrete components are known sources of noise. Sev-
eral attempts were made to replace suspected-bad components. These repairs
helped in most cases, and it was quickly apparent the the preamplifiers were
the limiting factor in the noise performance.

It was decided that new preamplifiers would be purchased and installed.
Upon complete replacement of the RG11s, a dramatic improvement in the
noise performance was noted. For the center contact channel — primary energy
channel — a base-line noise level of approximately 2 milli-Volts peak to peak
(~2 mVpp) was achieved. The outer-contact electronics channels did not expe-
rience the same performance improvement and suffered from noise in the mi-
crophonic frequency range with as much as 10 mVpp amplitude. Although not
optimal, the microphonics are on a time scale that is sufficiently long (>10 ms)
compared to the median charge-collection time of a typical event (~500 ns),
thus the impact on energy resolution performance is minimal. The reduced
noise levels resulted in an improvement of the energy resolution on the center
contact by a factor of 3 (~9 keV at 2615 keV to <3 keV at 2615 keV). Similar

improvements were made in the energy resolution for the outer contacts.

3.3.2. Digital Waveform Acquisition. One of the most critical compo-
nents of the electronics is the data acquisition system (DAQ). Originally, the
PSEG detector was instrumented with the CAMAC-based DGF4C from XIA,
LLC.[31] Each CAMAC module contains four pseudo-independently operated
channels with flexible triggering that can span multiple modules. Each chan-
nel has an analog signal conditioning stage followed by a 14-bit 40 MHz ADC.
The energy of the event is then reconstructed in a digital signal processor (DSP)

using an adjustable trapezoidal digital filter. The user has the ability to store
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digitized pulses up to 100 us in length for later analysis, such as pulse-shape
discrimination (PSD).

Initial PSD results with the PSEG detector indicated that the 40 MHz dig-
itization rate was inadequate to maintain the fine structure of the pulses. To
solve this problem, a newer product from XIA (Pixie-4) was installed. The
compact-PCI based Pixie-4 system has the same functionality of the CAMAC-
based system, but with lower overall noise and a faster 14-bit 75 MHz ADC.

Complete details of the Pixie-4 system can be found in reference [30].

3.4. SUMMARY

The development of a new type of segmented germanium detector has been
quite successful. While there are still outstanding questions regarding the
long-term viability of a physically segmented p-type germanium detector — tol-
erance to thermal cycling and detector reconditioning — electrical isolation of
segments and excellent energy resolution have been demonstrated. In the next
chapter, details of the unique data analysis requirements related to improving
the energy resolution and identification of valid energy depositions are pre-

sented.

36



CHAPTER 4

PSEG ANALYSIS

The analysis of PSEG data is fundamentally no different than it is for any
other segmented germanium detector. For modestly-segmented detectors such
as PSEG, 1 mm position resolution will never be achievable and therefore
the complex analysis techniques used with highly-segmented detectors can be
avoided. There are however several complications that make the analysis and
event reconstruction for PSEG more challenging than a non-segmented detec-
tor. In the following sections, the analysis challenges will be reviewed and the

solutions detailed.

4.1. EVENT RECONSTRUCTION

The begin the PSEG analysis, it is necessary to reconstruct the hit pat-
tern for each event. The hit pattern is a TRUE-FALSE mask indicating which
segments contain a valid energy deposition. Like most segmented germanium
detector setups, the PSEG electronics are triggered by the center contact. For
each trigger, the XIA Pixie-4 system, described in section 3.3.2, digitizes the
preamplifier output pulse from the center contact and each of the five outer
contacts. Each stored pulse is 6 us in length to allow for offline application of
user-implemented digital filtering if so desired. Figure 4.1 shows the digitized
preamplifier outputs of a typical PSEG event. This triggering scheme ensures
that spurious signals from outer contact channels do not falsely trigger the sys-
tem. However, triggering the system in such a manner does not allow one to

immediately know which segments contained an energy deposition.
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To obtain the hit pattern, the data are processed on an event-by-event ba-
sis. The digitized preamplifier pulses from the five outer contacts are read into
computer memory. For each pulse, the first 60 digitized points are averaged
(AVGy.4:,) and last 60 digitized points are averaged (AVG,, ). If the difference
(AVGe,,q - AVGiy.gin) is greater than 1000 ADC units, then the channel is consid-
ered to contain a valid event and the hit pattern for that channel is set TRUE,
otherwise the hit pattern for that channel is set FALSE. The segmentation ge-

ometry of the PSEG detector results in 31 possible hit patterns.

Center Contact Segment 1
o006

g

TR A T ° E sanof

FIGURE 4.1. Digitized preamplifier traces for a typical event.
The energy of this event is 1593.0 keV and the energy was en-
tirely deposited in segment 2. Image charge can clearly be seen in
segments 1 and 3.

Comment: The determination of what constitutes a valid energy deposition
is a potential topic for debate. The method just described is in essence a crude
high-pass energy filter. The need to implement such a filter is the result of im-

age charge formation in the detector and the XIA Pixie-4 system’s inability to
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FIGURE 4.2. Digitized preamplifier traces for a typical event.
The energy of this event is 1596.3 keV and the energy was en-
tirely deposited in segment 2. Image charge can clearly be seen in
segments 1, 3, 4, and 5.

correctly calculate the energy of such events. The events shown in Figures 4.1
and 4.2 correspond to energy depositions in only segment 2. As one would
expect, the event is seen in segment 2 and the center contact. The pulses in
segments 1, 3, 4, and 5 correspond to image charge. In comparing Figure 4.1
and Figure 4.2, the reader will likely notice the polarity difference in the im-
age charge in segments one and three. This change in polarity results from the
structure of the electric field within the crystal and the location of the energy
deposition within the crystal. Image charge formation is a well studied char-
acteristic of segmented germanium detectors and is crucial to obtaining the
~1 mm position resolution in highly-segmented detectors.[21][35][40][22][13]
For PSEG, the information that can be obtained from image charge is not

needed for current research efforts and is presently ignored.
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It is also necessary to explain the choice of a 1000 ADC unit threshold. It
is said that a figure is worth a thousand words and that is certainly true in
this case. The event in Figure 4.3 is very similar to the events in Figures 4.1
and 4.2 — the event deposited ~1590 keV in segment 2 and image charge is
recorded in segments 1, 3, 4, and 5. The difficulty with this event lies in seg-
ment 1. In addition to the image charge formation resulting from the energy
deposition in segment 2, a low-energy energy deposition occurred in segment 1.
This type of event easily passes the crude energy filter for low threshold values,
however, the energy that is calculated by the XIA Pixie-4 energy filter is erro-
neously high. With threshold values less than ~700 ADC units, these events
were included in the processed data stream resulting in degraded PSEG en-
ergy resolution. This type of event occurs in less than 1% of the entire data
set used in the analysis, therefore the incorrect classification of this type of
event as single-segment has negligible consequences to the segmentation and

pulse-shape discrimination analysis discussed in the following chapter.

4.2. ENERGY CALIBRATION

The second step in the analysis of PSEG data is to perform a proper energy
calibration for center contact events. A calibration is performed so that one can
convert raw ADC values recorded by the Pixie-4 electronics into energy. To do
this, a radioactive source with a broad range of well-know gamma-ray energies
is placed in close proximity to the germanium crystal. Data are collected for
a period of time sufficient to yield adequate counting statistics. Figure 4.4
is an example of a typical ADC spectrum obtained from PSEG using a ?*?Th
source. Centroids from five or more known peaks spanning the entire ADC
dynamic range are located. The energy of the peak is plotted as a function
of peak centroid and the data is fit with a second-order polynomial. While

germanium detectors are know to be extremely linear in their response, slight
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FIGURE 4.3. Digitized preamplifier traces for an event where
most of the energy was deposited in segment 2 and a small frac-
tion was deposited in segment 1. The pulse in segment 1 is a
combination of the event in the segment plus the image charge
from the large energy deposition (~1590 keV) in segment 2.

variations are compensated for by using the second-order term. Figure 4.5
shows an example of the fitting process. The fit produces three coefficients
— the second order coefficient is the non-linearity (NL) term, the first order
coefficient is the gain (G), and the zeroth order term is the offset (O). The fit
coefficients are then used to convert from ADC units to energy in the following

manner:

Energy = O + (G x ADC) + (NL x ADC?) (17

In a typical germanium detector, this energy calibration is straight forward,
but for the PSEG detector, the process is more complicated. In segmented ger-

manium detectors, the energy of the event is measured at the center contact
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FIGURE 4.4. A typical ADC value spectrum from the center con-
tact of the PSEG detector. The ADC stores values as a 16-bit word
corresponding to a spectrum range from 0 to 65,535.
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FIGURE 4.5. Peak energy plotted as a function of ADC centroid

location and the second order polynomial fit to the data. The fit is
nearly linear with an extremely small second-order term (~10-1%)
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and the outer contacts are used to determine the location of the event within
the crystal. Calibrating the gain for the outer segments of PSEG is accom-
plished with the method previously described. For the inner contact however
a more extensive procedure is required. Figure 4.6 illustrates the complexity
inherent to the center contact data from PSEG. This portion of the ADC spec-
trum corresponds to the 2615 keV gamma ray from the decay of 2°*TI. In this
histogram there appear to be two, possibly three, distinct peaks. Even more
problematic is the energy region just above and below the double-escape peak

(DEP) from the 2°*T1 2615 keV gamma ray, see Figure 4.7.
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FIGURE 4.6. A range of ADC values corresponding to the 2615
keV gamma ray from 2°5TI.

An explanation for these multiplet peaks can be obtained through a simpli-
fied view of the PSEG detector. As discussed in section 3.2, the detector has one
inner electronic contact — at negative high voltage — and five outer electronic

contacts — at ground potential. As such, one could view PSEG as five individual

detectors each with a slightly different electronic gain. By gain correcting each
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FIGURE 4.7. A portion of the ADC spectrum that contains the
double-escape peak (DEP) of the 2615 keV gamma ray of 25Tl.
The cluster of peaks on the left of the histogram correspond to the
1592 keV DEP and the 1588 keV gamma ray of ??%Ac.

of the five segments separately, one should obtain a properly gain corrected

energy spectrum without multiplet peaks.

4.3. CENTER CONTACT GAIN CORRECTION — SINGLE-SEGMENT

EVENTS

To test this solution, the center contact data were processed using the hit
pattern described earlier to locate events where energy was deposited in only
one segment. Five histograms were incremented according to which segment
contained the energy deposition. The data in these histograms did not exhibit
the multiplet peaks seen in Figures 4.6 or 4.7. This was a good sign that a
solution was at hand. Using the procedure described earlier, center-contact

gain-correction coefficients were obtained for each segment — O, , G,.,, and
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NL,., where seg is the segment number where the energy was deposited. The
code used to process and sort the data was modified to perform on-the-fly gain
correction. Upon reprocessing the "single segment” data, the energy resolution
performance for each segment and the sum were calculated. These values can
be found in Table 4.1. The improvement in the resolution of the 2615 keV peak
is shown in Figure 4.8 and the improvement in the region of the 2615 keV DEP

is shown in Figure 4.9.

TABLE 4.1. Energy resolution measurements of the five individ-
ual segments. Each measurement corresponds to data in which
the energy of the incident gamma ray was deposited solely in the
corresponding segment.

Segment Number Peak Centroid (keV) Energy Resolution - FWHM (keV)

1 2614.86 2.75
2 2614.84 2.77
3 2614.92 2.81
4 2614.82 291
5 2614.89 3.00
Sum 2614.83 2.87

Treating the individual segments of PSEG as unique detectors is clearly a
viable method for gain correction. A difficulty is introduced into the analysis
when one attempts to process events in which the incident gamma-ray energy
is deposited in more than one segment — multi-segment events. How does one
perform a proper gain correction for these type of events? The answer lies in
the signals from the outer contacts. Since these contacts are instrumented with
preamplifiers capable of obtaining excellent energy resolution, one is able to
determine how much of the total event energy was deposited in each segment.
Using the fractional energy in each segment, along with the center contact

gain shifting parameters for each individual segment, one can properly correct
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FIGURE 4.8. The 2615 keV gamma-ray peak from the decay of
208 after properly gain shifting data from single-segment events.
The shape of the peak in this figure can be compared to the mul-
tiplet peak in Figure 4.6. The data in both figures correspond to
the same gamma-ray energy.

the energy of the event. Details of this calculation are presented in the next

section.

4.4. CENTER CONTACT GAIN CORRECTION — MULTI-SEGMENT

EVENTS

Correctly performing a gain shift on center contact data is tricky when mul-
tiple segments are involved in the event. The process that is described in this
section works for those events that deposit energy in two to five segments.
The examples and equations provided are for events where all five segments
contained an energy deposition. For lower segment-multiplicity events it is a
simple matter of neglecting terms involving segments without an energy depo-

sition.
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FIGURE 4.9. A 100 keV region around the 1592 keV DEP from
208 after properly gain shifting data from single segment events.
This energy range corresponds to the ADC range shown in Fig-
ure 4.7.

As an example of the process, consider that each of the five PSEG segments
contains an energy deposition. Using the process described in section 4.2, the
reconstructed energy from the segment 1 outer contact is given by E?c. Sim-
ilarly, the segment 2 outer contact energy is Egc, the segment 3 outer contact
energy is EQC, the segment 4 outer contact energy is Egc, and the segment 5
outer contact energy is E2C.

The fraction of the total event energy, Ef.,, in the segment, seg, is then
given by:

ocC

E seqg — —_— (18)
Jor =55 oe

The next step is to gain correct the center-contact ADC value (ADCcc) five
times — once for each of the 5 sets of gain correction coefficients. This is ac-

complished using the procedure in section 4.2 with the gain correction factors
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obtained in section 4.3, and is given by:

ES = 0.y + (Gyey x ADCec) + (NL,,, x ADCge) (19)

seqg

This will result in five different center contact energy values for the same event
— Ef¢, ESC, ESC, ESC, and ESC. Multiplying each E¢ by Ef,., — where scg

seg

corresponds to the segment number — and summing the five terms,

5

Energy = » E{Ef., (20)

seg=1

results in a properly gain-corrected center contact energy. Application of this
method results in an energy resolution (FWHM) for the 2615 keV peak of
2.86 keV with a peak-centroid location of 2614.71 keV. Figure 4.10 and 4.11
are from the histogram containing all of the reconstructed events for the data
set — 3,038,962 events. In comparing Figure 4.11 to Figure 4.9, the reader may
notice the increased intensity of the 1588 keV peak relative to the 1592 keV
peak. This is the result of including all event types in Figure 4.11, whereas
Figure 4.9 is for events that occur in a single segment. Since the 1592 keV line
is the double-escape peak from 2°*T1, one would not expect the intensity of this

line to increase as events with higher segment multiplicity are considered.

4.5. SUMMARY

In the final analysis, the event sorting and gain correction for PSEG is not
terribly complicated. However, that can only be said after many months of
work uncovering the many idiosyncrasies of the detector and electronics and
developing analysis routines to solve the problems. As a note, it is important
for the reader to understand that the simplification and assumptions made —
such as the sum of the energies measured at the outer contacts is equal to the

energy recorded at the center contact — are valid as evidenced by the excellent
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FIGURE 4.10. The 2615 keV gamma-ray peak from the decay of
208 after properly gain shifting data from all event types. This
figure should be compared to Figure 4.8 and 4.6 (for ADC values
corresponding to the same energy range).

energy resolution performance of the detector. The energy calibration tech-
nique and event sorting are crucial before more advanced analysis techniques,
such and pulse-shape discrimination and segmentation, can be implemented.
In the next chapter, the background reduction efficacy of applying these ad-

vanced techniques is quantified and discussed.
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FIGURE 4.11. 100 keV region around the 1592 keV DEP from
208 after properly gain shifting data from all event types. This
figure should be compared to Figure 4.9 and 4.7(for ADC values
corresponding to the same energy range).
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CHAPTER 5

BACKGROUND REDUCTION EFFICACY

When further efforts to increase materials purity are no longer practical,
analysis methods are required to mitigate remaining background interferences.
A complete list of techniques planned for next generation "°Ge 0v33-decay ex-
periments is provided in section 2.2. In this chapter, implementation of two of
these analysis cuts — segmentation and pulse-shape discrimination (PSD) — are

described and their background rejection efficacy for PSEG data is quantified.

5.1. BACKGROUND REDUCTION USING SEGMENTATION

The application of a segmentation cut is the most straightforward of the
two analysis cuts implemented for this work. As discussed previously, for each
event, a hit pattern is formed by looking at which segments contain a valid
energy deposition. The segmentation geometry of the PSEG detector results in
a total of 31 possible hit patterns. By applying a logical comparison between
the event hit pattern and the hit pattern required for analysis, an event can
be accepted or rejected. Figure 5.1 is an example that illustrates the power of
the segmentation cut. The figure contains three histograms - the white his-
togram is the raw (uncut) data, the grey histogram is the result of applying a
“single-segment only” cut, and the black histogram is the result of applying a
“two-adjacent-segment only” cut. While both cuts reduce the 1588 keV peak
by roughly half, the 1592 keV peak is almost entirely rejected by the “two-

adjacent-segment only” cut and accepted by the “single-segment only” cut. This
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is consistent since the 1592 keV line corresponds to the double-escape peak of

the 2615 keV gamma ray of 2°5T1.
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FIGURE 5.1. This figure illustrates the rejection of events based
on the number of segments involved in the event. The white his-
togram is the raw (uncut) data in the energy region 1550 keV to
1650 keV. The grey histogram is the result of vetoing events in
which more than one segment recorded an energy deposition. The
black histogram contains those events in which energy was de-
posited in two adjacent segments.

For a Ov/33-decay event, the signature will be single site and thus would be
single segment. Using the definition in equation 16, the efficacy of the single-
segment-only (single-site-only) segmentation cut can be quantified. Using the
data in Figure 5.1 the figure of merit (FOM) for the segmentation cut is 1.428.
Comparing this FOM value to that — calculated from simulation — in Table 2.1
for external ?°°TI for a 1-by-5 segmentation, its clear that the cut efficacy with
the PSEG detector is far short of the predicted value of 2.410. The impact
to next-generation experiments resulting from this lower-than-predicted FOM

are discussed in chapter 6.
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5.2. BACKGROUND REDUCTION USING PULSE-SHAPE DISCRIMI-

NATION

Several techniques for pulse-shape discrimination in germanium detectors
have been investigated[29][11[35][37]1[2][10]. All of these techniques use prop-
erties of the current pulse in an attempt to determine the number of unique
energy deposition locations within the crystal for a given event. In general, the
focus is to separate single-site events from multi-site events. For analysis of
the PSEG data, a multi-parametric approach was utilized. Complete details of
the technique can be found in reference [1], but a brief summary is presented

here.

5.2.1. Review of Multi-Parametric PSD. To begin, the current pulse is
reconstructed from the charge-integrated preamplifier output pulse using a
Savitzky-Golay (SG) filter.[43] (Figure 5.2 is an example of applying an SG fil-
ter of order 9 to an integrated preamplifier pulse.) The discriminator algorithm
then calculates three parameters from each current pulse. These parameters
were chosen as a result of extensive simulation studies on the charge transport,
charge collection, and electronics response of germanium detectors and there-
fore have a physically motivated origin.[1] The parameters are pulse width,
pulse asymmetry, and normalized moment and are calculated in the following

manner:

e The pulse width is the amount of time over which the current pulse
evolves. To calculate the value, the time at which the maximum cur-
rent is observed is located, MAXCURRENT. The beginning of the pulse
is found by moving back in time from MAXCURRENT until the value
of the current falls below a user defined threshold. The end of the
pulse is determined in a similar fashion by looking forward in time

from MAXCURRENT.
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e The pulse asymmetry is calculated from the area of the current pulse.
The midpoint of the pulse is located using the information calculated
in the previous step. The area under the curve is integrated for the
first half of the pulse — FRONT-HALF — and the last half of the pulse
— BACK-HALF. Subtracting the BACK-HALF from the FRONT-HALF
and dividing by their sum yields the pulse asymmetry.

e The normalized moment is calculated using the equation for the nor-
malized moment of a square pulse, namely:

N

> il(i = Nia) At)

i=Np

I, = (21)

N
T ) Gt

1=Np

where j; is the value of the current at i, N,,;; is the midpoint of the
pulse, At is the time step, IV, is the starting sample of the pulse, and N

is the number of samples between the beginning and end of the pulse.

By histogramming these three parameters for each event, a distribution is cre-
ated in a three-dimensional parameter space. The discriminator compares the
parameter-space distribution of experimental events to a parameter-space dis-
tribution of known single-site events. Events that fall outside of the specified
single-site distribution are considered to be multi-site and vetoed. Figure 5.3
is a example distribution of single-site events from a semi-coaxial germanium
detector — from the 1592 keV double-escape peak of 2°®Tl. Figure 5.4 is an
example distribution of single- and multi-site events from a semi-coaxial ger-
manium detector — from the energy range 1550 keV to 1700 keV. Using the
single-site distribution in Figure 5.3 to form the parameter-space acceptance
region, the PSD algorithm is applied to the data in Figure 5.4. The result
of applying the PSD cut is shown in Figure 5.5. The discriminator accepted
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FIGURE 5.2. Result of applying the Savitzky-Golay filter to re-
construct the current. The top pane is the preamplifier output
pulse (integrated) and the lower pane is the smoothed current
pulse (differentiated).

80.18% of the signal of interest (single-site events) while rejecting 73.55% of
background (multi-site events). This results in a figure of merit (FOM) of 1.56.

5.2.2. Pulse-Shape Discrimination with PSEG. With a basic under-
standing of the pulse-shape discrimination (PSD) algorithm now understood,
attention is directed to the implementation of the PSD cut to PSEG data. The
analysis begins with a sorted and gain-shifted data set. A three-dimensional
parameter space of single-site events is created by gating on events that fall
between 1592 keV and 1595 keV — the double-escape peak (DEP) from 2°*TI.
(As a note, the lopsided DEP region-of-interest (ROI) was chosen such that the
tail of the 1588 keV peak would not pollute the single-site population.) The
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FIGURE 5.3. The 3-D parameter space distribution of single-site
events. These events are from the double-escape peak of 2°°TI.
Graphic taken from [1].

resulting three-dimensional parameter space is shown in Figure 5.6 with two-
dimensional projections shown in Figures 5.7, 5.8, and 5.9. This parameter
space was created using a Savitzky-Golay (SG) filter of order 9 with 100 bins
per histogram axis.

Examining the parameter space for events of all energies — shown in Fig-
ure 5.10 with 2-D projections in Figures 5.11, 5.12, and 5.13 — one immediately
notices that the distribution of events is much less well defined than the accep-
tance region shown in Figure 5.6.

Applying the PSD cut to the events in an energy range from 1550 keV to
1650 keV, see Figure 5.14, one immediately notices that the 1592 keV peak
is almost completely preserved while the 1588 keV peak is reduced by roughly
one third. To quantify the efficacy of the cut, equation 16 is used, with ¢33 as the
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FIGURE 5.4. The 3-D parameter space distribution of multi-site
events. These events are from the 1620 keV full-energy peak of
212Bi. Graphic taken from [1].

acceptance fraction of 1592 keV-peak events (1.0) and €pqc1r0una the acceptance
fraction of 1588 keV-peak events (0.6884). This results in a FOM of 1.205.
While this FOM is good, its not as good as one might expect given previous
PSD results from reference [1]. Hope is not lost; there are two parameters
that can be “tweaked” in an attempt to improve the PSD cut efficacy. The
first is the parameter space acceptance fraction — the amount of the single-site
parameter-space distribution used to form the acceptance region. The second

is the binning granularity of the parameter space.

5.2.3. Adjusting the Acceptance Fraction. When the acceptance frac-
tion is adjusted, one is in essence focusing in on the core of the single-site
distribution. To explain this statement, its necessary to understand how the
acceptance region is defined. To begin the process, the DEP events used to

form the acceptance region are histogrammed into the parameter space. The
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FIGURE 5.5. Results of applying the 3-D parameter-space dis-
criminator to data from a 2°Tl source. The white spectrum is
the raw energy histogram. The gray spectrum is the result of
applying the discriminator — 1592 keV peak height has been nor-
malized. Graphic taken from [1].

histogram bins are then sorted in descending order of bin contents. The sorted
list is summed, also in descending order, until a user-specified percentage of
the total number of events is reached. This percentage is the parameter-space
(PS) acceptance fraction. This implies that a smaller PS acceptance fraction
results in a smaller acceptance region.

The PS acceptance fraction is specified by the user at the time the PSD cut
is applied. To examine the effect of adjusting the PS acceptance fraction, the
data in Figure 5.14 were reprocessed with PS acceptance fractions of 0.75, 0.55,
and 0.45. The effect of reducing the acceptance region is seen in Figure 5.15.
The figures of merit for the different PS acceptance fractions are summarized

in Table 5.1.
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FIGURE 5.6. The 3-D parameter-space distribution correspond-
ing to those events in the double-escape peak (DEP) energy region
1592 keV to 1595 keV.

TABLE 5.1. Compilation of the figures of merit (FOM) for dif-
ferent parameter-space acceptance fractions for a given data set.
(Details: SG order = 9, bins per axis = 100)

Acceptance 1588 keV Pk Cts 1592 keV Pk Cts Figure of Merit
Fraction Raw Residual Raw Residual (FOM)
0.95 5076.74 3494.89 2270.94 2270.94 1.205
0.75 2577.63 1818.31 1.124
0.55 1901.08 1426.31 1.026
0.45 1293.56 1058.57 0.923

Analysis of the data shows the 1588 keV background peak to be increasingly
reduced as the PS acceptance fraction is reduced, so to is the 1592 keV single-
site peak. This is to be expected, however, the reduction in the 1588 keV peak

must be more than the square of the reduction in the 1592 keV peak in order
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FIGURE 5.7. A two dimensional projection of the three dimen-

sional parameter-space distribution corresponding to those events

in the double-escape peak (DEP) energy region 1592 keV to

1595 keV. The data have been projected onto the pulse asymmetry

vs. pulse width plane.
for the PSD cut to be more effective. The figures of merit in Table 5.1 indicate
that at a 55% parameter-space acceptance fraction, the PSD cut is no longer
effective. From this data set, one could conclude that it is beneficial to maintain
as much of the parameter-space acceptance region as possible. For larger data

sets that contain more DEP events, this conclusion may no longer hold as the

edges of the distribution will likely become less defined.

5.2.4. Adjusting the Binning Granularity. Another parameter that can
be adjusted in an attempt to improve PSD cut efficacy is the binning granu-
larity of parameter space. The previous analysis utilized a parameter space
of 100° bins — 1 million voxels (smallest distinguishable box-shaped part of a

three dimensional space). The hypothesis here is that increasing the number
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FIGURE 5.8. A two dimensional projection of the three dimen-
sional parameter-space distribution corresponding to those events
in the double-escape peak (DEP) energy region 1592 keV to
1595 keV. The data have been projected onto the normalized mo-
ment vs. pulse-width plane.

of bins in the parameter space will more sharply define the acceptance region.
To test this hypothesis, the single-site parameter space used to define the ac-
ceptance region was regenerated with 125 bins per histogram axis — roughly
doubling the number of voxels in parameter space. Results of applying the PSD
algorithm with parameter-space acceptance fractions of 0.95, 0.65, and 0.35 are
shown in Figure 5.16 and summarized in Table 5.2

Note: As the reader may have noticed, the acceptance fractions used in the
100 bins/axis versus 125 bins/axis analysis are different. This is a result of the
algorithm used to define the acceptance region in parameter space. As previ-

ously mentioned, the parameter-space histogram bins are sorted in descending
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FIGURE 5.9. A two dimensional projection of the three dimen-
sional parameter-space distribution corresponding to those events
in the double-escape peak (DEP) energy region 1592 keV to
1595 keV. The data have been projected onto the normalized mo-
ment vs. pulse-asymmetry plane.

TABLE 5.2. Compilation of the figures of merit (FOM) for dif-
ferent parameter-space acceptance fractions for a given data set.
(Details: SG order = 9, bins per axis = 125)

Acceptance 1588 keV Pk Cts 1592 keV Pk Cts Figure of Merit

Fraction Raw Residual Raw Residual (FOM)
0.95 5076.74 2743.47 2270.94 2270.94 1.360
0.65 1603.11 1520.04 1.191
0.35 931.06 936.00 0.962

order. The bins are then summed in descending order until the user-defined ac-
ceptance fraction of the total number of events is reached. The algorithm uses

the bin contents of the summed bin that surpassed the threshold to define the
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FIGURE 5.10. The 3-D parameter-space distribution correspond-
ing to those events in the double-escape peak (DEP) energy region
1592 keV to 1595 keV.

minimum bin contents used to define the edges of the acceptance region. An
example might be useful; if the acceptance fraction is reached and the bin con-
tents are 5 events, then the acceptance region is defined by those bins from the
DEP distribution that contain 5 or more events. By increasing the bin granu-
larity to 125 bins per axis, the user defined acceptance fraction may be reached
for a bin containing 3 events. So, as the granularity of parameter space is in-
creased each bin will, on average, contain fewer events and more bins will have

the same number of events.

5.3. COMMUTATION OF SEGMENTATION AND PSD CUTS

As alluded to in chapter 2, an important consideration in the application of
the analysis cuts is the order of operation. Does the application of a PSD cut

prior to a segmentation cut or a segmentation cut prior to a PSD cut change the
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FIGURE 5.11. A two dimensional projection of the three dimen-
sional parameter-space distribution corresponding to those events
in the double-escape peak (DEP) energy region 1592 keV to
1595 keV. The data have been projected onto the pulse asymmetry
vs. pulse width plane.

FOM? One would expect that the step-by-step FOM would be different based
on order of operation, but the overall FOM should not be dependent upon order
of operation. In this section the commutative nature of the segmentation and

PSD cuts is examined.

5.3.1. Segmentation Followed by PSD. To begin the study of how the
order of application of the cuts affects the figure of merit, the case of segmen-
tation followed by PSD is examined. The result of the cuts for a 1003 voxel pa-
rameter space are shown in Figure 5.17. The white histogram is the raw data,
the yellow histogram is the residue after applying the single-segment-only seg-

mentation cut, and the grey histogram is the result of applying the PSD cut to
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FIGURE 5.12. A two dimensional projection of the three dimen-
sional parameter-space distribution corresponding to those events
in the double-escape peak (DEP) energy region 1592 keV to
1595 keV. The data have been projected onto the normalized mo-
ment vs. pulse width plane.

the segmentation residue. These cuts were also applied to data defined by a pa-
rameter space of 1253 voxels and the results are shown in Figure 5.18. A FOM
was calculated for each cut individually as well as the cumulative (segmenta-
tion plus PSD) cut. These values are presented in Table 5.3. One should note
the difference in the cumulative cut efficacy for the 100? voxel versus 1253 voxel

parameter space.

5.3.2. PSD Followed by Segmentation. It has just been shown that the
granularity of the PSD parameter space has a significant impact on the cumu-

lative FOM. The study of the affect on the FOM due to the order of application

65



Parameter-Space Event Distribution

et
o

e
o
@

Normalized Moment
S e
13, o]

e
~

0.65—

O!BIIID.‘4II‘0.|2|||$ II-0‘.2||‘-0|.4
(F-B)/(F+B)

FIGURE 5.13. A two dimensional projection of the three dimen-
sional parameter-space distribution corresponding to those events
in the double-escape peak (DEP) energy region 1592 keV to
1595 keV. The data have been projected onto the normalized mo-
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TABLE 5.3. Table summarizing the figures of merit (FOMs) for
individual and cumulative cuts. Here, the segmentation cut was
applied first. The pulse-shape discrimination (PSD) cut was then
applied to the segmentation residue. The cumulative FOM is the
net result of both cuts.

1003 voxels 1253 voxels
Cut Type FOM Uncert FOM Uncert

Seg 1.428 +0.001 1.428 =+0.002
PSD 1.193 +£0.001 1.353 +0.002
Cumul 1.704 +£0.001 1.933 +0.002
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FIGURE 5.14. The result of applying a pulse-shape discrimina-
tion (PSD) cut. White histogram is raw (uncut) data. Grey his-
togram is what remains after PSD. (Details: SG order = 9, bins
per axis = 100, acceptance fraction = 0.95)

of the cuts continues with the case of PSD followed by segmentation. The re-
sults of applying the cuts to the 100% voxel and 125% voxel parameter spaces
are shown in Figures 5.19 and 5.20, respectively. The white histogram is the
raw data, the grey histogram is the residue after applying the PSD cut, and
the yellow histogram is the result of applying the segmentation cut to the PSD
residue. Again, the FOM was calculated for each cut as well as the cumu-
lative cut. These values are presented in Table 5.4. Again, one should note
the marked improvement in the cumulative FOM for the 125 voxel parame-
ter space versus the 100 voxel parameter space. Comparing the cumulative
FOMs in Table 5.3 with the values in Table 5.4, one could argue that the differ-
ence in the FOMs is statistically significant and a segmentation cut followed
by a PSD cut is more effective at reducing the background signal. However,
only statistical error has been considered up to this point. If one uses the vari-

ation on the PSD cut efficacy for 100? voxel versus 1252 voxel parameter space
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FIGURE 5.15. The results of applying a pulse-shape discrimina-
tion (PSD) cut with different parameter-space (PS) acceptance
fractions (AF). The white histogram is raw (uncut) data. Grey
histogram corresponds to a PS AF of 0.95. Red histogram cor-
responds to a PS AF of 0.75. Yellow histogram corresponds to a
PS AF of 0.55. Green histogram corresponds to a PS AF of 0.45.
(Details: SG order = 9, bins per axis = 100)

as a conservative estimate of the systematic uncertainty — ~10% — then the
cumulative FOMs are consistent regardless of the order in which the cuts are

applied.

5.4. SUMMARY

In this chapter, the efficacy of segmentation and pulse shape discrimination
analysis cuts for background reduction has been quantified. It was shown that
the experimentally determined FOM for the rejection of 2°8T1 is significantly
less than what was predicted by simulation. Additionally, the PSD FOM was

shown to be quite variable based on the parameters used to define the event
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FIGURE 5.16. The results of applying a pulse-shape discrimina-
tion (PSD) cut with different parameter-space (PS) acceptance
fractions (AF). The white histogram is raw (uncut) data. Grey
histogram corresponds to a PS AF of 0.95. Red histogram corre-
sponds to a PS AF of 0.65. Yellow histogram corresponds to a PS
AF of 0.35. (Details: SG order = 9, bins per axis = 125)

TABLE 5.4. Table summarizing the figures of merit (FOMs) for
individual and cumulative cuts. Here, the pulse-shape discrim-
ination (PSD) cut was applied first. The segmentation cut was
then applied to the PSD residue. The cumulative FOM is the net
result of both cuts.

1003 voxels 1253 voxels
Cut Type FOM Uncert FOM Uncert

PSD 1.205 £0.001 1.360 =+0.001
Seg 1.385 +£0.001 1.378 +0.002
Cumul 1.669 +0.001 1.874 +0.002
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FIGURE 5.17. Result of applying a single-segment-only segmen-
tation cut (yellow) followed by a pulse-shape discrimination (PSD)
cut (grey). The PSD acceptance region is 100% voxels.

acceptance region. And finally, it was shown that to within systematic un-
certainty, the order in which the individual cuts is applied does not change the
overall FOM for the cumulative cut. In the next chapter, the impact on the sen-
sitivity of a next-generation "°Ge Ov33-decay experiment using a PSEG-type

detector and implementing multi-parametric PSD is estimated and discussed.

70



counts

5000
4000/ —
3000
2000 — ﬂ m
1000 — ﬂ ﬂ
- Hﬂﬂﬂ\;;
e

1550 1560 1570 1580 1590 1600 1610 1620 1630 1640 1650
keV

FIGURE 5.18. Result of applying a single-segment-only segmen-
tation cut (yellow) followed by a pulse-shape discrimination (PSD)
cut (grey). The PSD acceptance region is 125° voxels.
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FIGURE 5.19. Result of applying a pulse-shape discrimination
(PSD) cut (grey) followed by a single-segment-only segmentation
cut (yellow). The PSD acceptance region is 100° voxels.
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FIGURE 5.20. Result of applying a pulse-shape discrimination
(PSD) cut (grey) followed by a single-segment-only segmentation
cut (yellow). The PSD acceptance region is 1253 voxels.
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CHAPTER 6
IMPROVING THE PHYSICS IMPACT OF
NEXT-GENERATION GE DOUBLE-BETA DECAY

EXPERIMENTS

In the previous chapter, details of the implementation of segmentation and
pulse-shape discrimination cuts on PSEG data were presented and the efficacy
of these cuts quantified. In this chapter, that information is used to estimate
the impact on the 77},and (ms)sensitivity of a next generation "Ge neutrino-
less double-beta decay experiment. Additionally, a practical matter surround-
ing the use of segmented detectors is discussed and the true impact on 7}},and

(mps)sensitivity is calculated.

6.1. QUANTIFYING Tlo/’/QIMPROVEMENT

As stated previously, the figure of merit (FOM) defined in equation 16 is a

direct multiplier onto the Tlo/”Qdiscovery sensitivity of the experiment,

w

Tov 416 x 10*%y (5@) Mt
bA(E)

1/2(”0) = n

One could rewrite this equation as:

T%(n,) = FOM -

4.16 x 1020y (5@) Mt

w/\ bA(E) (22)

w

Ng

As a reminder — n, is the desired standard deviation of the measurement,
¢ is the event-detection efficiency, a is the isotopic abundance in the source

material, W is the molecular weight of the source material, M is the total
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mass of the source, ¢ is the experiment live time, b is the background rate in
counts/(keV kg y) before segmentation and PSD, and AE is the spectral resolu-
tion of the experiment — also called the ROL.

The cumulative FOM given in Table 5.3 for the 1253-voxel parameter space
is approximately 1.9. This means that by simply implementing these two anal-
ysis cuts, the half life sensitivity of a PSEG-based "*Ge 0v33-decay experiment
is nearly doubled. Additionally, for a fixed Tl%sensitivity implementation of
segmentation and PSD cuts is equivalent to having increased the mass (M) of
the experiment by a factor of 3.6 or reduced the background (b) by a factor of
3.6.

To illustrate the impact of segmentation and PSD analysis cuts on a next-
generation °Ge Ov(33-decay experiment, consider the following. Such an ex-
periment will have a mass (M) of 1000 kg and run for 10 years (t=10). Using
the values of « = 0.86, W = 76, AE = 3.5 keV, a projected (before any cuts)
background (b) of 0.001 counts/(keV kg yr), and an event identification effi-
ciency of 95% (e = 0.95), one could expect at the 30 (99.73%) confidence level a
T7/,sensitivity of:

T7,(FOM = 1) = 2.52 x 10°" yr

Using the segmentation plus PSD FOM of 1.9, the Tlo/”QsensitiVity becomes:
T, (FOM = 1.9) = 4.78 x 10°" yr

In the following section, this 77},sensitivity enhancement is used to predict
the neutrino mass-range sensitivity of a next-generation "°Ge Ov/33-decay ex-

periment.
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6.2. IMPLICATIONS TO IMPROVING THE NEUTRINO MASS SEN-

SITIVITY

How does the T7/,sensitivity enhancement effect the neutrino mass ({ms))
sensitivity of this next-generation experiment? From equation 14, we have:
(mgg) = me[T Fy)~'/? (23)
where Fy is defined as:

Fy = Go,(Qpp, Z)| My, |*m? (24)

As mentioned in section 1.2.2, there is a good deal of uncertainty in the value
of the nuclear matrix element, M,,, for all Ov53-decay candidate isotopes.[47]
This uncertainty is propagated into the nuclear structure function, Fly.

Using the Tl%values calculated above (section 6.1) and three published val-
ues of Fy, the effective Majorana neutrino mass sensitivity of the experiment
can be calculated. This calculation was performed for Fiy = 1.227519 x 10714 [44],

Fn =4.29 x 10714 [41], and Fy = 7.01 x 10~** [12]. Disregarding segmentation

and PSD cuts (FOM=1), this results in a (mgs)sensitivity range of:
<mgg> =38 — 92 meV (25)

An experiment using PSEG-type detectors and incorporating segmentation and

PSD cuts (FOM=1.9) will have an improved (msz)sensitivity of:
<mgg> =29 — 69 meV (26)

A complete summary of the calculation results can be found in Table 6.1.
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TABLE 6.1. Calculated values of (mgs)based on three different
published values of the nuclear structure function, Fy.[44][41][12]
The calculated 77, values from section 6.1 have been used.

(mgz)(meV) for (mgz)(meV) for
Fy (yrY)  TY@FOM=1) T, (FOM=1.9)

1.221099 x 10714 [44] 92 69
4.29 x 10714 [41] 49 37
7.01 x 107 [12] 38 29

6.3. RECOGNIZING A DECEPTIVE FIGURE OF MERIT

A very important detail has thus far been overlooked. While the calcula-
tions in sections 6.1 and 6.2 are correct, the segmentation plus PSD FOM of
1.9 must be tempered by reality. In instrumenting a segmented detector for a
Ge 0v33-decay experiment, it is necessary to locate the first stage of pream-
plification close to the germanium crystal. This is dictated by the minimum
25 MHz electronics bandwidth required for pulse-shape discrimination. The
first stage of the preamplifier contains electronic components that are known
to have trace radioactive impurities. These impurities are extremely difficult
to mitigate and would contribute significantly to the background of an exper-
iment. For example, the MAJORANA Collaboration expects that 90% of the
background will come from "small parts” — front-end electronics. Using this
value, one can go back to equation 22 and calculate the corrected or "true” fig-
ure of merit — FOM’ — for a PSEG-based experiment utilizing segmentation
and PSD cuts. For the 1000 kg example, the background (b) would increase
by a factor of 5.5 — from 0.001 counts/(keV kg yr) to 0.0055 counts/(keV kg yr).
Using the original segmentation plus PSD FOM of 1.9 and a new background
of b=0.0055, the "true” FOM for the experiment would be FOM’=0.81. This is

significant because it means the sensitivity of a PSEG-based experiment would
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be reduced by 19% when compared to a comparable experiment using unseg-

mented detectors. The corresponding values of Tlo/”Qand (mgg)are then:
77, (FOM = 0.81) = 2.04 x 10°" yr

and:

<Mg@> =43 — 102 meV (27)

The reduced neutrino mass sensitivity resulting from the increased back-
ground clearly shows that any advantage resulting from segmentation is more
than eliminated. This conclusion is completely dependent upon the background
model used by the MAJORANA Collaboration. If a method is developed to im-
prove material purity of the electronic components, then the calculation must

be revisited.

6.4. A NEWER DETECTOR FOR “GE DOUBLE-BETA DECAY

There is an interesting new development in the °Ge 0v33-decay commu-
nity. Researchers at the University of Chicago have been working on a new
type of germanium detector — p-type point contact (PPC) — for use in dark-
matter and neutrino-scattering experiments.[7] This detector technology has
been around for many years, however the use of low-background low-noise elec-
tronics is a new development. One of the primary advantages of this detector
is the ability to determine the number of unique energy deposition locations
within the crystal by simply counting the number of times that charge arrives
at the point contact. No complex multi-parametric PSD or segmentation is re-
quired. Using the same calculation for the FOM that was used throughout this
work, the experimentally determined PPC FOM is 2.68.[7] This would corre-
spond to a Tlo/”zand (mgp)sensitivity improvement for our example experiment
of:

77, (FOM = 2.68) = 6.75 x 10°" yr
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and:

(m55> =23 — 56 meV (28)

This exciting result implies a physics reach down into the normal hierarchy
region of neutrino parameter space.

Due to the simplicity of the analysis and the overall decrease in experi-
mental complexity (ie. fewer signal cables and electronics) p-type point contact
detectors should be considered for use in next-generation experiments. One
downside that currently exists with this type of detector is the limited size a
detector can be made and still efficiently collect the charge. Research with PPC
detectors is currently being conducted by several members of the MAJORNA

Collaboration.

6.5. SUMMARY AND CONCLUSION

In this chapter the impact of implementing segmentation and pulse-shape
discrimination cuts to improve the sensitivity of a PSEG-based next-generation
Ge Ovp33-decay experiment have been explored. It was shown that these
two analysis cuts can improve the Tlo/”QsensitiVity of such an experiment by
90%. However, when one includes the practical aspect of having to instru-
ment the added segments using electronics with radioactive impurities, the
T7/,sensitivity of the experiment is reduced by 19%.

This has extremely important consequences for planned next-generation ex-
periments since both active collaborations, MAJORANA and GERDA, initially
planned to, and still may, use some or all segmented detectors to mitigate back-
grounds. For many years now, these two collaborations strongly advocated the
use of highly-segmented germanium detectors. Based upon the research in this
document, it is the strong opinion of the author that implementation of even

modestly-segmented germanium detectors can not be justified when consider-

ing the current radioactive impurity level of front-end electronics. Without an

79



intensive research effort to improve the radioactive cleanliness of these com-
ponents, the use of segmented germanium detectors in a next-generation "°Ge
Ov3[3-decay experiment should be abandoned. At present, the only reasonable
conclusion that can be reached is that either unsegmented semi-coaxial p-type
or p-type point contact detectors should be considered for a next-generation
experiment.

While this research has shown that segmented germanium detectors are
not a suitable choice for a next-generation "°Ge 0v33-decay experiment, the
technology of a physically-segmented p-type germanium detector has proven
itself, thus far, to be a useful and practical tool in modern nuclear physics.
The technology of the PSEG detector deserves further consideration and de-
velopment. One potential application for this technology is in the analysis of
fission products. Exploiting the unique coincidence signatures found in nearly
all fission products to increase the signal-to-background ratio, a researcher can
detect and quantify low-activity isotopes that were previously obscured in back-

ground interferences.
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APPENDIX A

PSEG CRYOSTAT DESIGN SPECIFICATIONS

The following is a complete set of measured drawings used to construct the

PSEG cryostat.
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