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ABSTRACT

The Beta-decay Paul Trap (BPT) measures the beta-neutrino angular correlation coefficient
ag, in the Gamow-Teller decays of *Li and ®B (decaying to ®Be* — 2a) to search for an
electroweak tensor coupling, a beyond-Standard Model possibility. The new BPT Mk IV
trap reduces [-scattering by a factor of 4, a key source of systematic uncertainty, and has
recently been commissioned with 8Li with 2.7 million triple coincidence events. In addition, a
complete detector characterization has been performed with an a beam to reduce systematic
uncertainties associated with the silicon strip detector response. This new high-statistics 8Li
data set, coupled with the experimental advancements, will allow for improved sensitivity to
a tensor contribution once data analysis is completed and unblinded. In the near future, the
BPT should be able to reach an uncertainty of A|Cr/Ca|*> < 1073, though the theoretical

understanding of the nuclear structure still requires improvement.
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Chapter 1

INTRODUCTION
1.1 The Standard Model and weak interaction

As with any experiment looking for “new physics,” we begin with a (very) brief description
of the Standard Model (SM), whose particle content is shown Figure 1.1. Skipping over the
decades of theoretical and experimental work to create and verify the SM, the SM is a
chiral gauge theory with SU(3)sxSU(2),xU(1)y symmetry, based on the strong interaction
(SU(3)¢), weak isospin (SU(2)), and weak hypercharge (U(1)y ), as well as the Higgs boson.
From only a few free parameters, the SM predicts particle and interaction properties with

an astonishing degree of accuracy [2].

Standard Model of Elementary Particles

three generations of matter
(fermions)

interactions / force carriers
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Figure 1.1: The Standard Model. From Wikipedia.

However, we know from several different observations that the SM is incomplete, includ-

ing: the fact that gravity is not included in the theory, that neutrinos are observed to have

mass, that matter is dominant over antimatter, and that dark matter and dark energy make



up the vast majority of the observable universe. These questions, as well as others, open the
door to tests of the SM that interrogate it to a high degree of precision to search for new
physics that can improve the theory.

Low-energy tests of the SM are uniquely situated to provide broadband tests of new
physics at energy scales well above their typical kinetic energies [3]. By measuring the
B-decay spectrum (~MeV scale) very precisely, deviations from the SM can indicate the
presence of additional electroweak interactions and new particles at above the TeV-scale, in

a broadband, model-independent way.

Rare / forbidden processes

Precision measurements
Light & weakly coupled
/ \ Absolute vV mass,

ovBB V scattering, sterile v, ...

Charged LFV \

(H—e.e—T)

N

_ EDMs, ..., PV electron scattering,
n-n oscillations Muon g-2, B-decays, ...

\ / Searches for dark bosons
(e-scattering), neutron
/ interferometry ...

Figure 1.2: Four interconnected questions about fundamental interactions and the observed
universe that can be explored with nuclear physics. From Ref. [3].

In the SM, the weak interaction is a chiral interaction that maximally violates parity
conservation, as posited by Lee and Yang [4] and confirmed by Wu et al. [5]. The long history
of the development of the weak interaction is available in e.g. Ref. [6]. Assuming no neutrino
mass, the nucleon-level effective field theory Lagrangian describing weak interactions to

leading order is given in general by [7]



L=— ]S”y”n(C"J}é’yuuL + Cyévuvr) + 157“7571(02{6%1@ + Cyév,vR)
1
— pn(Cdevy + Cyevg) — 51‘)0“”71(0;560“,,% + Créovr) (1.1)

— pysn(Chevy — Cyévg) +hee.,

where the C’; parameterize the strengths of the effective interactions between the nucleons
and leptons at low energies. The superscripts refer to the neutrino chirality where +(—) is
left-handed (right-handed). The subscripts V, A, S, T, and P (vector, axial vector, scalar, ten-
sor, and pseudoscalar) are the 5 possible Lorentz-invariant form factors that can contribute
to the weak interaction. Although, in principle, any of these 5 terms could be present, only 2
have been found to exist in reality, leading to the vector minus axial-vector (V' — A) structure
of the weak interaction in the SM.

Historically, equation (1.1) has usually been written with the Wilson coefficients C’)(Q 8]

where!

_ Cx+Cx
- 2

., Cf—Cx
., Oy = % (1.2)

Cx

It is physically more transparent to instead write the coefficients in a way where the neu-

trino chirality is apparent. This form makes it easier to connect the effective nucleon-level

interactions to the chiral effective field theory effective coupling strengths that describe the

quark-level interactions [7, 9]. Additionally, the C’; form reduces correlations for experiment
interpretations.

An imaginary part of the C’)j? would imply time-reversal violation, or equivalently, si-

multaneous charge-conjugation and parity violation; searches for time-reversal violation in

p-decay require polarized nuclei [8]. New efforts at measuring this are underway (e.g. [10]).

IThere have been several different conventions for writing these equations with different numerical factors
depending on the specific convention; this makes interpretation across experiments slightly tricky. This work
tries to use C* notation but may report some results using C) coefficients.



Searches for time-reversal violation can also be performed using electric dipole moments [3].
New sources of charge-parity violation are required to help explain the abundance of matter
over antimatter [3]. This work does not have access to any imaginary portions of the C;,
and so they are taken to be real here. Additionally, contributions from the pseudo-scalar

term are highly suppressed, and they are also neglected [7].

1.2 Nuclear S-decay observables

[-decay can be a sensitive probe of the weak interaction, on par with sensitivities achieved
in high-energy experiments and from other bounds [9, 11-13]. The theory of §-decay de-
veloped over the course of the 20th century [6]; the entire history will not be recited here.
Transitions in f-decay are dependent on the Fermi (F) and Gamow-Teller (GT) nuclear ma-
trix elements. In a Fermi decay, the outgoing leptons (3, v) have spins that are anti-aligned,
requiring that the spin of the baryons are the same before and after the decay (angular mo-
mentum AJ = 0 and isospin AT = 0). In a Gamow-Teller decay, the leptons have aligned
spins, and the spin of the baryon can flip (AJ = 0,+1, AT =0,+1, but not J =0 — 0 or
T =0 — 0). Mixed transitions contain both F and GT contributions. Transitions where
the leptons carry away no angular momentum (L = 0) are known as “allowed” transitions.
Relating these to equation (1.1), Fermi transitions are sensitive only to vector (C5) and
scalar (C%) couplings, while Gamow-Teller transitions are sensitive to axial-vector (C%) and
tensor (C5) couplings.

Assuming time-reversal conservation (real C’;) and summing over the polarizations of the
child nucleus and 3, the differential decay width for an allowed transition (J — J' = J, J+1)

to leading order is given by [7, 8, 12, 14]
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where J refers to the parent nucleus spin. Experiments typically measure the various corre-
lation coefficient parameters (b, a, A, B, ¢), where the sensitivity to particular terms depends
on the experiment details (including which particles are detected and whether polarization is
measured). Typically, experiments seeking to place limits on beyond-Standard Model (BSM)
terms have relied upon pure F or GT transitions; mixed decays require an understanding
of the relative ratio between the two types of transitions. A notable exception is the mixed
decay of the neutron, which is a key system to study due to its relative simplicity. Addition-
ally, there is recent interest in exploring forbidden transitions [15]. Full expressions for these
correlation coefficients may be found in e.g. Ref. [7, 12], but we focus on two coefficients

that are relevant to this work, a and b. For these correlation coefficients, we have

§= (CHP +(CEP + (CrP + (€3 + SR ICHP + (G + (o + (€]

bé = 421 CHOE 1+ O 0% (V)" CHOH + C7Cx
§ = VS+VS+<CX)2:0[AT+AT]

af = (CF)? = (CH)? + (Cp)2 = (C5)? — Eg% 2[(CF)? = (CF)? +(C1)* = (CF )]

(1.4)

The b coefficient is known as the Fierz interference term as it clearly contains interference
between the different C%; the +(—) in equation (1.4) is from electron (positron) decay. The a
coefficient is the f—v angular correlation coefficient, and it is sensitive to angular correlations
between these particles, as seen from equation (1.3). The p is the mixing ratio for mixed

decays. It can be clearly seen that, for the SM, b = 0 and a = —1/3 for GT decays, such as



in this work. A deviation from these values (aside from SM corrections) would indicate new
physics.

Experiments can measure several different observables or their combination, such as the
[ energy spectrum or the recoiling nucleus energy spectrum which are discussed in the
next section. With the advent of ion and atom trapping techniques, modern experiments
are often able to measure both spectra, as well as angular correlations directly. Historically,
experiments have tended to measure a as an asymmetry integrated over the energy spectrum
of the decay, assuming that b = 0 (or, equivalently, that C; = 0 with SM C; = 0). This
then gives sensitivity only to C; through the a term. This results in a measured correlation

coefficient different than the true correlation coefficient as

a
14+ b(m./E.)’

a

(1.5)

where (m./E.) is an average over the energies that contribute in the experiment. If the
restriction that b = 0 is lifted, equation (1.5) can then be used to reinterpret the measured a
to provide a limit on C as well. Note that this treatment is not wholly correct for measure-
ments of differential spectra [16, 17]. Additionally, this treatment ignores the correlations
between a and b, which are explored further in section 1.3.2.

Combining data from different isotopes and measurements of different correlation coef-
ficients leads to better sensitivities. Using data from superallowed [-decay measurements,
neutron decay measurements, and mirror S-decay measurements, a global limit on the BSM
coupling coefficients has recently been placed [7]?. Interestingly, the data from S-decay seem
to favor a non-zero Cy ., though this is pulled by the result of Ref. [18]. This is shown in

Figure 1.3. The values of the O3 of the global fit [7] are

ZNote that this global fit [7] does not include any of the results of the BPT measurements with 8Li and
B.
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Figure 1.3: From Ref. [7]: Marginalized Ax? = x* — x2,, distributions for the Wilson
coefficients C, (left) and C7 (right), with (red) and without (blue) taking account the input
from mirror beta decay.

Recently, it has been suggested to measure observables in unique first-forbidden /3 decay
transitions (AJ = 2 with a change in parity, sensitive to A and T" couplings) as a complement
to the usual measurements of allowed transitions [15]. Specifically, it is found that the (
energy spectrum for first-forbidden transitions is sensitive to C7 (right-handed neutrino
tensor couplings). This is in contrast to the § energy spectrum for allowed transitions,
which are insensitive to C. and only sensitive to C;f. Note that recoil energy spectrum in
allowed transitions, however, is sensitive to both couplings, though some care must be taken
in extracting the limits [17] (discussed in section 1.3.2).

There are several essential corrections to low-energy observables of the weak Lagrangian;
these stem largely from electromagnetic corrections due to the fact that the S-decay occurs
inside a nucleus. Corrections to this Lagrangian from electromagnetic contributions have

been noted for decades [19-21]. Electromagnetic corrections are typically divided into “inner”



and “outer” radiative corrections [22, 23]. The outer radiative corrections are due to the fact
that real and virtual photons can contribute to altering the decay spectrum; these corrections
depend on the nucleus under study and its structure. Due to its impact in determining Vg,
the u, d quark mixing matrix element of the CKM matrix, the inner radiative correction has
been a topic of considerable recent interest by a number of authors (e.g. Ref. [24]). At
the level of precision of modern experiments, recoil-order corrections also contribute to the
[-decay spectrum shape [21]. These corrections are essential for the study of Li and ®B,

the subject of this thesis.

1.3 Measurements of the 5 — v angular correlation

As noted in the previous section, measurements of the § — v angular correlation in (-
decay can provide limits on S and T couplings present in the SM [13]. To consider this
further, we rewrite equation (1.3) after averaging over the spin variables of the nucleus and

electron [25]. The decay rate is then proportional to

N(E.,05,)dE.dQy x p.E.p? |1+ b% + a% cos(0s,) | dE.dQ. (1.7)

Note that E. and 6, are independent variables in this equation, with the assumption that
the neutrino is massless.

It is not strictly necessary to measure the angle between the § and the v (which cannot be
detected) to measure the angular correlation. Instead, the recoil momentum (or, usually, the
recoil energy) spectrum is measured, which can be seen through a change of variables in the
above equation [17, 25]. Neglecting the energy of the recoiling nucleus, this transformation

leads to

1 me | p;—p:— P,
N Eea T dEed T Y TEG v 1 b—- " dEed T 1.8
(Ee, pr)dEedp, o< oprEepy |1+ b5 + =2 p0n p (1.8)

where p,. is the momentum of the recoiling nucleus. Note that p, is dependent upon E, with



the restriction that [p. — p,| < pr < |pe + po| for a fixed value of E.. This effectively means
that the recoil spectrum is, to some degree, sensitive to both E, and 03,.
Considering only GT decays, which are sensitive to A and T' couplings, and taking C'; =0

(no right-handed neutrino A couplings)?, we have from equation (1.4),

o L(CRP (O = (Cp)* 11— (CF/Ch) — (Cr/Ch) (1.9
T SO (G2 +(Cr)2 31+ (CE/CE)2 + (Cr JCH)? '
and
bar = 2 CACr = 42 C1/Ci (1.10)

(CH)? + (CF)? + (Cr)? L+ (CF/CR)? + (Cp [C)*
where it is more experimentally useful to consider the relative strengths of the couplings,
C}/CT and C/C%. Similar expressions are found for allowed F decays, with S and V
couplings and a factor of +1 instead of —1/3 in a.

Note that a measurement of b is sensitive only to Cf and not C from the numerator,
while a measurement of a can constrain both couplings. However, note also that a depends
quadratically on the BSM couplings, while b depends linearly. This suggests that a mea-
surement of b will be more sensitive to small couplings, a feature which is discussed in more
detail in the next section. Note also that the sign of b depends on whether the decay is 5~ or
B; the sign is taken as +(—) for electron (positron) decay. This means that measurements
of both types of decays can be combined for a joint limit that can be much more sensitive;
this has recently been performed with 8Li and ®B by the BPT [26].

The § — v angular correlation coefficient a has been measured in many isotopes over the
years. A selection of (mostly) recent results measuring the angular correlation coefficient is
presented in Figure 1.4; these agree with the SM for the most part. Many of the latest and

most accurate measurements in nuclei come from ion or atom traps, as indicated in Table

3For correlation measurements such as that of the BPT, the only sensitive to C, comes from the Fierz
interference term, as the correlation a cannot distinguish between C’; and CX. The global fit [7] results
shown in equation (1.6) show that the limits on C; and C7 . are sufficiently small that their combination

C, Cr in b is vanishingly small compared to the CXC}' term.



1.1. With traps, it is possible to detect the energies of the 8 and the recoil (and/or delayed
particle emission) as well as their positions; this allows for a full kinematic reconstruction to

determine the v energy and momentum.

o.m.. /o ®He (1963, 199 ™ pure Gamow-Teller (T)
® pure Fermi (S)
i—a—i S2Ar (1999) A mixed
Lo 38mK (2005) —+— stat. uncerta!nty
--4-- total uncertainty
b —h—i -1 21Na (2008)

beeeet - v....; ®He (2011)

b —my -4 OLi (2015)
Brrannas Aot | n (2020, aSPECT)

[ T I CE— n (2021, aCORN)
s BLI (2022)

b —..4| °He (2022)

b, 8B (2023)

0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10
agv(exp) / agy (SM)

Figure 1.4: Select experiments measuring ag, in nuclei and neutrons.

1.3.1 Enhancement to sensitivity from [-delayed particle decays

It was noticed by Holstein in Ref. [21] that S-delayed particle decays have an enhancement
to their sensitivity to recoil-order contributions. This comes from the fact that the child
nucleus is oriented after the initial S-decay, and the subsequent emission of a particle is
sensitive to the recoil of the child nucleus. In particular, delayed particles emitted in the
direction of the recoil momentum will have their energies Doppler shifted in what has been
called a kinematic shift. For events in which the delayed particle is emitted in the opposite
direction as the [, the kinetic shift is maximum. The size of the enhancement depends on
the spin sequence in the decay with a derivation demonstrating this enhanced sensitivity

provided in Refs. [40, 41].
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Isotope (F/GT) Notes Year(s) Relevant references
®He (GT) recoil energy 1963, 1998 [27, 28]
2Ar (F) delayed p energy 1999 [29]
BIK () full kinematics, 92005 130]

atom trap
21Na (mixed) recoil energy, atom 2008 31, 32]
trap
SHe (GT) full kinematics, ion 92011 133]
trap
n, aSPECT (mixed) recoil energy 2020 [18]
n, aCORN (mixed) | £ and recoil energies 2021 (34, 35]
full kinematics, ion
8 . ) —
Li (GT) trop (BPT) 2013, 2015, 2022 [36-38]
SHe (G'T) full kinematics, 9029 139]
atom trap
5B (GT) full kinematics, ion 9023 126]

trap (BPT)

Table 1.1: Experiments included in Figure 1.4; results from the BPT are combined into a
single line for 8Li. Fermi (F) decays are sensitive to scalar currents; Gamow-Teller (GT)
decays are sensitive to tensor currents.
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Ref. [40] measured the kinematic shift in **Na S-delayed « decay. 2°Na decays to a
number of levels in 2°Ne before subsequently emitting an «; there are pure GT, pure F,
and mixed transitions. The spin sequence in this decay is 2* — 27 — 0%. By measuring
the energy shift of the a when the o and [ are anti-parallel, a factor of 3 enhancement in
sensitivity is gained. The results of Ref. [40] for the most populated GT level is shown in
Figure 1.5. The measurement was used to classify the different transitions and to measure

the mixing ratio; the results are not sensitive enough to place limits on exotic currents today.
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Figure 1.5: From Ref. [40]: Coincidence data for the most populated **Na [-delayed o
level showing the energy shift as a function of the measured S-particle energy with the angle
between the o and ( indicated. The curves show the expected kinematic shift for a pure
Fermi (F) and a pure Gamow-Teller (G) transition.

It is not strictly necessary to measure the S energy to perform a kinematic shift mea-

surement, provided that the angle between the o and the S is known. If the S energies are

12



integrated over, there will be still be a non-zero kinematic shift, as can be seen from 1.5.
The kinematic shift technique was also successfully employed in a delayed p measurement
from 32Ar decay in Ref. [29], which placed strict limits on scalar currents. Using a delayed
7, a Doppler shift from the 3-decay was used also to measure the angular correlation in *Ne
and O, but these have rather low precision of only a few percent [42, 43]. By detecting
the delayed o from the decay of 8Li, limits on tensor currents have been placed by the Beta-
decay Paul Trap (BPT) [36-38]. Future experiments are planned with other delayed proton

emitters [44, 45] that are sensitive to both scalar and tensor currents.

1.3.2 Sensitivity to the Fierz interference term

There has been considerable discussion in recent years about measuring the Fierz inter-
ference term b in addition to the angular correlation a [12, 17]. In allowed transitions, both
the 8 energy spectrum and the recoiling energy spectrum (or angular correlation) are sensi-
tive to the Fierz interference term, though this may not be immediately obvious in the latter
case. To see this qualitatively, note that the recoil energy (from equation (1.8)) is dependent
upon both E. and 63,. Additionally, if only the recoil energy spectrum is measured, this
integrates out the 3 energy and leads to a normalization factor that includes b. This results
in the expression given in equation (1.5), which can be seen to include a dependence on b.
Historically, measurements of the recoil energy spectrum have taken b = 0 initially (equiva-
lent to an assumption of no left-handed neutrino couplings), and fit the measured spectrum
with a (now called @) as a free parameter in equation (1.8). Then, by the prescription of
equation (1.5), the b = 0 assumption can be lifted to report uncertainties on both a and b
(or on the BSM couplings directly). This is effectively the treatment that the BPT has used
in its recent measurements [26, 38] to report joint limits on Cf and C7..

The a prescription is problematic when applied to the recoil energy spectrum, as pointed
out in Ref. [17]. This is due to the fact that the recoil energy depends on the (3 energy,

and therefore the b term cannot be cleanly integrated. This has led to future experiments
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that are poised to be sensitive to b (and C;) only, such as a measurement of the 3 energy
spectrum in ®He using the cyclotron radiation emission spectroscopy technique [46].
Though Ref. [17] suggests fitting both a and b simultaneously in the analysis of an
experiment, this treatment leaves out the correlation between these two parameters, namely
that they contain different combinations of the same BSM coupling strengths (equations
(1.9) and (1.10)), which are the real parameters of interest. Since it is really the BSM
coupling constants that these experiments are interested in, it seems of limited utility to
discuss measuring a and b, though it can be easier to fit these constants in the analysis of
an experiment. For the level of precision that experiments are aiming towards these days, it
is likely more instructive to more fully consider the correlations between these parameters.
In addition, all modern experiments rely on Monte Carlo simulations of decays, including
recoil order terms, to evaluate their system response and the effect of various analysis cuts.
It is not clear how more simple treatments of a and b are affected when these cuts and other

possible experimental correlations are taken into account.

1.4 Correlations between a and b

We now more properly evaluate the sensitivity and biases of the various methods to
analyze the results of a § energy or recoil energy spectrum measurement. In particular, we
want to look more closely at the correlation between the angular correlation coefficient a and
the Fierz interference term b and their effects on the various spectra that can be measured.
For now, we consider only allowed GT decays, whose spectra are given in equations (1.7) and
(1.8). Correlation coefficients a and b are given in equations (1.9) and (1.10), respectively.
The a prescription is given in equation (1.5). Compared to the a prescription of equation
(1.5), which treats a and b independently, this method keeps the correlations between the
parameters of interest. Note that we do not yet consider the case of a delayed particle

emission; these have a larger phase space (4D instead of 2D) and are more complicated.

1At large numbers of events (N 2> 10 million events, depending on @), these correlations are less important
due to the dominance of the b term relative to the a term.
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These will be analyzed in the future.

First, we demonstrate that the 63, and p, spectra are more sensitive to b than to a as
C} — 0 (assuming C; = 0). This is expected behavior since b depends linearly on Cj:
while a has a quadratic dependence. This can be seen explicitly by comparing the spectra
(integrated over the 3 energy E.) at various values of C: /C7, as shown in Figure 1.6 for a
B~-decay with a Q value of 13 MeV (the 8Li S-decay Q value). The E, spectrum is generally
more sensitive than the other spectra to Cf (though insensitive to C7 ), but there are many
experimental difficulties in an accurate measurement of the 3 energy spectrum. Interestingly,
note that there is a near-exact cancellation for a particular value of C//C¥ in the 65, and
p, spectra; in the 2D parameter space (Cf/C%, Cr/CF), the combinations of parameters
creating a near-exact cancellation forms a circle.

The sensitivity for different () values and the locations of these approximate cancellations
in the p, spectrum can be seen in Figure 1.7. At each value of C}/C¥ (assuming C; = 0),
the absolute value of the relative difference between the SM and BSM p, spectra is found,
then averaged across p,. The average relative difference is highest for ) ~ 2 MeV, leading
to the highest sensitivity. Points of near cancellation are observed, which occur when the a
and b terms approximately cancel; these are dependent on the () value.

To emphasize, as Cf. — 0, the 63, and p, spectra become more sensitive to b, which
is linearly sensitive to BSM contributions. We therefore have the extremely interesting
situation in which, as the number of events N increases in an experiment measuring 6, or
pr, the expected sensitivity changes from being proportional to 1/ VN to1 / V/N. Due to the
dependence of p, on E,, the recoil spectrum has better than 1/ v/N scaling in its sensitivity
to begin with, but this becomes more like 1/v/N scaling as Cj: — 0.

For the case of Cf = 0,C; # 0, the b term is absent. This means that p, and 6, will
both have 1/ v/N scaling in their sensitivities, given that E, is not sensitive to Cr.

Keeping this in mind, we now explore experimental sensitivities in the 2D parameter

space for the various spectra at different () values and for different numbers of events. We
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Figure 1.6: Comparison of F.,6p,, and p, spectra for various values of C./CY assuming
Cr = 0; these are for S~ -decay with ) = 13 MeV. Vertical axis is relative difference from
the SM (C} = 0), shown in blue, with the a contribution in orange and the b contribution
in green. Note that, in the 63, and p, spectra, as C} — 0, the b contributes more compared
to the a term. There are near-exact cancellations between the a and b terms for these two
spectra.
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difference between the SM and BSM p, spectra is found, then averaged across p,. The average
relative difference is highest for @) ~ 2 MeV, leading to the highest sensitivity. Points of
near cancellation are observed, which occur when the a and b terms approximately cancel;
these are dependent on the @) value.
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examine only 3~ decays for simplicity; results will be the same for 1 decays but mirrored
about the C = 0 line. We compute the median expected statistical sensitivities at the 68%
and 95% confidence level (CL) using the asymptotic limit from the Asimov data set [47].
This method is well-known in high-energy physics but is not as well known in low-energy
nuclear physics, to my knowledge.? Using this method eliminates the need for Monte Carlo
simulations; these would be extremely time-consuming to perform across the large parameter
space, at different QQ values, and for large numbers of events. Details about this technique,
including a simple example of its application, are provided in Appendix B. At each point in
(CFf/C%, C7 /CF) space on some grid, we use the equations mentioned above to compute the
p-value of the Asimov data set compared to the SM data set null hypothesis; this provides
the median expected sensitivities with all of the correlations between a and b included. The
whole decay spectrum is used, though in an actual experiment, it is likely that the very

lowest and very highest energies may not be detected or kept in the analysis.
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Figure 1.8: Median expected sensitivities at 68% CL (dashed) and 95% CL (solid) for ) = 13
MeV with 1 million and 4 million events. The colors refer to measurements of the different
spectra: E. (green), p, (pink), 6, (orange). The blue curve is a measurement of the joint
spectrum, either (E., 0g,) or (E., p,), which give identical limits as expected. See text for
additional details.

Figure 1.8 shows the median expected sensitivities for 1 million and 4 million events at

@ = 13 MeV. The colors refer to measurements of the different spectra: FE. (green), p,

SThank you to Michael D. Hank for pointing me to this method.
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(pink), 0, (orange). The blue curve is a measurement of the joint spectrum, either (E., 03,)
or (E., p.), which give identical limits as expected. There is an symmetry in the sensitivity
of 85, (approximate for p,) about Cf /C} = —1(m./E.), ~ 0.048 for this @ value.

The E, distribution has no sensitivity to C as noted above. Note the p, and 60,
distributions explore slightly different parts of the parameter space; this comes from the fact
that p, has dependence on F., which also contributes to its increased sensitivity. These plots
also speak to the power of experiments that can measure two spectra simultaneously to then
perform a 2D analysis. These types of experiments (which can be performed using traps)
can place limits on both Cff and C; and use all of the information from the decays.

We turn to look at the dependence on N, as shown in Figure 1.9. Note that there is a
symmetry in 63, (and part of p,) about Cf /C} &~ —0.048, and the lower branch is not shown
(in part because it can be ruled out by other experiments). The 63, distribution initially
shows a 1/ v/N dependence, which then becomes a 1 / V/N dependence as predicted. The p,
distribution does not show this behavior for these N, but this is because the distribution
is already dominated by b. This can be seen by noting that, in Figure 1.6, the a,b near

cancellation value of Ci /CT a~ —0.15, which is already largely ruled out at these N.
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Figure 1.9: Median expected sensitivity at 68% CL to (a) C;f /C't (assuming C; /CT = 0)
and (b) C5/C% (assuming C./Ch = 0) as a function of the number of events for @ = 13
MeV.
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We can also make a comparison of the sensitivities of different isotopes for these various
spectra. This is performed with 100 million events, the level of statistics that the next
generation of f-decay experiments is aiming towards. This is shown in Figure 1.10, where
the absolute value of the parameter is shown since the limits are the same above and below
zero. As can be seen, the sensitivity for Cf /C} is best at lower @ values (~ 1-4 MeV) with
measurements of F.. Measurements of the 2D spectra do only slightly better but are able
to place limits on C /C}. The sensitivity to C /C} is much less dependent on the ) value

and is more than an order of magnitude worse than for Cf /C¥.
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Figure 1.10: Median expected sensitivity at 68% CL to (a) |C/CH| (assuming C7 /CF = 0)
and (b) |C7/C%] (assuming Cf /CF = 0) as a function of @ value for 100 million events.

Finally, we make a comparison to the a treatment. As a reminder, this treatment sets
b = 0 and fits a as a free parameter; lifting this restriction via equation (1.5) allows for a limit
on b to be set. As demonstrated in Figures 1.6 and 1.7, the BSM contribution from the b term
begins to dominate over that of a as Cf — 0. This implies that the a prescription becomes
invalid for experiments sensitive to small C} /C'} contributions (most modern experiments).
Note that the a prescription is perfectly valid under the assumption Cf = 0 when searching
for only a C contribution, as this case contains no b contribution. This is noted in Ref.

[17], which suggests as a remedy to 1) fix a to the SM value and fit b or 2) fit both a and b

as free parameters, noting the correlation between them.

20



A comparison between these several treatments is shown in Figure 1.11 for two different
() values with 4 million events. In addition to the direct comparison of the spectra, two
other analyses of the p, spectrum are shown: the a treatment (light pink) and a treatment
in which a is fixed to the SM value and b is fit (light blue).® Only the median expected 68%
CL are shown for simplicity.

There are a few items of note. First, the a treatment results in an allowed parameter
space very similar to that of the 3, spectrum; this makes sense given that the a treatment
integrates over F,. The a treatment also perfectly coincides with the proper treatment on
the Cf /Ct = 0 axis, where b = 0, as expected. Correspondingly, the treatment where b is
fit agrees well with the proper treatment on the C7. /C} = 0 axis, where the contribution
from b dominates over the BSM contribution from a. This agreement is shown in Figure

1.12 for different () values with 4 million events.
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Figure 1.11: Median expected sensitivity at 68% CL for two different () values with 4 mil-
lion events, demonstrating the differing results obtained with different spectra and analysis
approaches. See text for details.

Most important, though, is the fact that the a treatment gives an allowed parameter space

that is much larger than the proper treatment. Values of (C}/Ct, Cr/CF) that should be

SFitting both a and b as free parameters and incorporating the correlation between them is difficult to
interpret in the (Cf: /C}, O /C) parameter space and is thought to give result largely similar to the proper
treatment that already includes the correlation in the definitions of a and b, i.e. equations (1.9) and (1.10).
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excluded by the experiment are not; for () values smaller than about 3 MeV, the a treatment
actually excludes too much of the parameter space compared to the proper treatment, as
seen in Figure 1.12. This observation has been noted in Ref. [17] previously, though without

a comparison to the proper treatment that includes the correlation between a and b.
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Figure 1.12: Median expected sensitivities at 68% CL for different ) values with 4 million
events; the limit is (nearly) symmetric about zero and hence the absolute value is shown.
(a) Expected sensitivity for |C /C't| assuming C. /C't = 0, and (b) expected sensitivity for
|C7 /C%| assuming Cf /C'H = 0.

We have not considered the enhancement to sensitivity from delayed particle decays. As
mentioned above, this is more complicated to perform general sensitivities of due to the more
complex expressions and higher dimensionality. This will be tackled in the future, though.
For 27 — 27 — 0T delayed « decays (the case for 8Li, ®B, and ?°Na), the enhancement is
a factor of 3 for events where the @ momentum is anti-parallel to the § momentum. With
100 million of such events, this should improve the sensitivity of p, to C; in Figure 1.10(b)

by a factor of 3.

1.5 Structure and decay of ®Li and *B

Both 5Li (J© = 2+, isospin T = 1, Q3=16.00413(6) MeV [48]) and *B (2*, 1, 16.9579(10)
MeV) predominantly decay to a broad 3 MeV excited state (I'° ~ 1.4 MeV) in 8Be (2T, 0),

with decays to a higher 16 MeV doublet also contributing. Only the 2% states are populated
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by the decay due to selection rules. The excited 8Be* subsequently a-decays within ~ 10722
seconds. The « particles therefore have energies up to ~8.5 MeV; due to the recoil momentum
of the 8Be*, the difference in « energy can be up to ~ 400 keV, with up to a few degrees of
angular separation in the lab frame. Note also that the ) value of the decay is distribution
and varies according to the excitation energy in ®Be to which the decay occurs.

The known decay scheme of 8Li and ®B is illustrated in Figure 1.13 with only relevant
levels shown. Note that the 2 states at 16.6 and 16.9 MeV are mixtures of pure T=0
and T=1 states [49]. Both ®Li and ®B are nearly pure Gamow-Teller decays; the amount
of a Fermi component due to this high-lying T=1 state has been calculated to be below
5.0(1.5) x 10~* [50]. The spin sequence for the whole decay is 2% — 27 — 0%, with the «
particles having orbital angular momentum L = 2. As both 8Li and ®B are pure GT decays,

they are sensitive to exotic tensor couplings, as discussed in previous sections.

16.957 2+;1

16.922 2+;0+1

16.004  2+;1

16.626 2+ ;0+1

B
3.03 2+;0
0.0 0+
0.(22_ -
Be o+

Figure 1.13: Decay scheme of ®Li and ®B with only relevant levels shown.

In addition to the known 27 levels, it has been argued, first by Barker [51, 52|, that an
“Intruder” 2% state exists between the 3 MeV and 16 MeV states. Such an intruder state
has not been unambiguously confirmed experimentally by other authors.” However, a recent

calculation of the recoil corrections for the 8Li decay suggested that such an intruder state

TA succinct history of the controversy over intruder states in 8Be is provided in Ref. [53].
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may exist [54]. Notably, in Ref. [54], it also was identified that the different 2% states in the
decay have vastly different recoil-order corrections associated with them. This means that
it is necessary to know the relative state contributions as a function of excitation energy
in ®Be. In principle, this can be determined by o — « scattering phase shift data or by an
R-matrix fit to the 8Be excitation energy spectrum, but neither technique has been sensitive
enough to conclusively rule out an intruder state.

In Ref. [38], due to uncertainty over the presence of an intruder state, the range of
excitation energies used in the f—v angular correlation measurement was confined to energies
close to the 3 MeV level to reduce uncertainties associated with the presence of the intruder
state and the resulting impact on recoil-order corrections. This is shown in Figure 1.14,
which demonstrates that R-matrix fits to the excitation energy spectrum cannot distinguish

between the two cases.

+. |
16922 2501 @
E 16.0041 2*:1
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30250
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00 070 \=0.0918.._.
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107 107 107" 107 107 107!
dN/dE, MeV™") dN/dE, (MeV™)
Figure 1.14: From Ref. [38]: Level scheme of ®Be with proposed intruder state. Two different
R-matrix fits are shown (a) without the intruder state and (b) with the intruder state. The
fit is equally good and cannot distinguish between the two cases. In light blue, the selected

excitation energy range around the 3 MeV peak for the angular correlation measurement to
reduce possible contamination from the intruder state.

It is absolutely essential to include recoil-order terms in describing the decay of ®Li and
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8B. The full, recoil-order expression for the decay may be found in Ref. [21] with a concise
explanation of the various terms and estimate of their size for 3Li provided in Ref. [41].
These terms have been measured experimentally by Refs. [55-58], but these experiments
averaged over the excitation energy and did not consider the state-dependent nature of the
form factors. In Ref. [54], the uncertainties on these form factors was reduced by 50%

from theoretical calculations, and the state-dependent nature of the form factors was also

identified.

1.6 3 — v angular correlation in trapped ®Li

To measure the recoil energy spectrum of 8Li, both a need to be detected. In addition, to
make use of the enhancement to sensitivity from the delayed « (section 1.3.1), the direction
of the 8 must also be detected. In the BPT experiment, this is performed by trapping ®Li

3 size. A schematic showing

ions at almost zero kinetic energy in an ion cloud of a few mm
the general experiment setup is provided in Figure 1.15. By surrounding the ion cloud with
position-sensitive silicon detectors (chapter 4), the energies and positions of the two a and
the position of the § can be detected, allowing for a full kinematic reconstruction of the
event. Events where two a and the § are detected are referred to as “triples” while events
where only two « are detected are called “doubles.” Comparisons between these types of
events allows for checks on systematic uncertainties. Events where the two « particles are
perpendicular to the # can also be used for systematic checks.

Notably, only events where the [ is (approximately) parallel to an « are used for the final
search for tensor couplings, resulting in a factor of 3 increase in sensitivity. These events have
the largest kinematic shift of the « particle energies. In addition, because the a particles
are nearly back-to-back, the energy difference between the a particles contains information
about the kinematic shift. Using this technique, the BPT has published several limits on
tensor couplings in ®Li [36-38] and in ®B [26].

The « energy difference spectrum from the latest BPT measurement [38] is shown in
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32x32 DSSDs

Plastic Scintillator

Figure 1.15: From Ref. [38]: General setup of the BPT measurement of 8Li decays.

Figure 1.16. Under the assumption of Cr = —C%. (b = 0), the experiment found |Cr/C4|? =
0.0012 £ 0.001944a¢ = 0.00284ys¢, a result consistent with the SM. The systematic uncertainty
budget from this measurement is shown in Table 1.2.

By taking the « energy difference for parallel § events, sensitivity to exotic tensor cou-
plings is maximized, while systematic uncertainties associated with the detector response are
minimized. This comes from the fact that the energy of the o anti-parallel to the § is always
subtracted from that of the « parallel with the 8. This effectively forms a kind of asymmetry
measurement where both common and individual detector uncertainties are subtracted out,
though uncertainties that are a energy-dependent can still play an important role (such as
detector dead layers).

Scattering of the [ is an important systematic uncertainty, as well. In the experiment,
[ may scatter off of detectors or trap surface and into a detector coincident with an «; this
would then look like an event where the [ was parallel with the o and be included in the

measurement, spectrum. This effect is modeled in simulations but it is still an important
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Figure 1.16: From Ref. [38]: Final « energy difference spectrum which is compared to
simulation (black curve) to place limits on tensor couplings. The blue curve shows the
expected spectrum in the case of purely tensor couplings. n.b. A 40.0005 correction was
added to the result shown in the figure to account for possible contamination from the
intruder state; see Ref. [38] for details.

. . A|Ct/Cal? | A|Ct/Cal?
Systematic uncertainty (2016 data) (2022 data)
.
recoil-order terms 1.3 x 1073 ok
theor
bremsstrahlung / radiative corrections 8 x 1074 8 x 1074 . >
lmprovements
fractional state distribution 5x 107% 5x 1074 )
2
cuts to data 9 x1074 ~5x 1074
detector
. . ) —4 - —4
« energy corrections / calibration 7 x 10 4 x 10 characterization
a Si detector lineshape 9x 1074 ~5x107* )
B scattering 1x1073 ~3x1074 }new trap design
Total 28x 1073 | ~ 1.3 x 1073

Table 1.2: Uncertainty budget from measurement of Ref. [38] and the expected uncertainty
budget from the 8Li data campaign performed in this work. ***Key recoil-order terms will
be attempted to be measured experimentally from the data by performing a “global” fit to
the data, which can reduce or eliminate this systematic uncertainty.
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systematic uncertainty.

The largest uncertainties come from theory corrections, particularly the recoil-order form
factors, despite the recent reduction to their uncertainty by 50% [54]. Radiative correction
uncertainties come in part from the correlation with the delayed o and can likely be im-
proved by theory. The final state distribution in ®Be will require additional experimental

and theoretical work.

1.6.1 Recent studies of the B 2a spectrum

No BPT student thesis has yet discussed the ®B 2a spectrum so a brief discussion is
provided here. Notably, some possibly unidentified problems with previous measurements
are pointed out.

Historically, experiments to study the decay of ®B have been conducted for at least
70 years [59], with experiments studying ®Li going back at least to the 1930s.® More re-
cent experiments (post-2000) have greatly improved energy resolutions and more rigorous
systematic uncertainty quantification, and these experiments are generally used for compar-
ison. Currently, the most promising technique to measure the ®B neutrino spectrum is by
using silicon detectors to detect the energies of the 2 back-to-back « particles from the decay,
either in the same detector or in separate detectors. This excitation energy spectrum can
then be transformed into the un-oscillated neutrino spectrum, which is an important input to
the analysis of solar neutrino observatories [61]. The shape uncertainty associated with the
solar neutrino spectrum is particularly important, though no quantification of uncertainty
requirements for future observatories has been recently performed.

Several recent experiments from about the last 20 years are listed in Table 1.3; most of
these were interested in obtaining the 8B neutrino spectrum by measuring the 2o spectrum.
Ortiz et al. [62] is particularly notable in that this was the first experiment to detect the 2 «

particles in separate detectors, though the measurement suffered from unreported systematic

8See Ref. [60] for a brief historical overview.
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Authors

Notes

Publication year(s)

Relevant references

Ortiz et al.*

Winter et al.

Bhattacharya et al.

Kirsebom et al.

Roger et al.

Vinals et al.

Longfellow et al.
(BPT)

foil implantation of
8B with a PIN
detector

direct implantation
of 8B into an SSB

foil implantation of
8B with SSBs

foil implantation of

8B with DSSDs

direct implantation
of ®B into a DSSD

foil implantation of
8B with DSSDs

trapped 8B with
DSSDs

2000

2003, 2006

2006

2011

2012

2020

2023

62, 63]
(see also [61])

[60, 64, 65]
(see also [66])

[67]

53, 68, 69]

[70]
(see also [68, 71, 72])

73, 74]

[75]

*Ortiz et al.

disregarded: see Ref. [61], p. 225.

suffered from additional experimental uncertainties not reported anywhere and should be

Table 1.3: Some recent experiments studying the 8B 2« spectrum with silicon detectors.
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uncertainties that mean it should be disregarded [61]. Winter et al. [64] and Bhattacharya
et al. [67] used silicon surface barrier (SSB) detectors, while Kirsebom et al. [68] and Roger
et al. [70] used double-sided silicon strip detector (DSSD)s. See Table 1.3 for additional
references for these experiments. Vinals et al. [74] used DSSDs and was primarily interested
in studying the 16 MeV doublet and possible electron-capture decay branch; the experiment
is included in Table 1.3 as it is referenced later in this work. Commentary back and forth
between these experiments (especially Refs. [66, 71, 72]) focuses primarily on detector re-
sponses and calibration, highlighting the importance that detector characterization plays in
determining the energy spectrum accurately.

A key distinction between experiments over the last 20 years is whether the ®B is im-
planted onto a thin catcher foil, implanted directly into a silicon detector, or held in an ion
trap as with the BPT. Each technique has advantages and disadvantages. In particular,
using a catcher foil means that a particles from the decay will necessarily lose energy in the
foil and detector dead layers, affecting the final deposited energy of the particle. Contribu-
tions from dead layers are avoided with direct implantation into a silicon detector, but the
outgoing S then contributes some energy to the signal. Ion traps avoid foil losses since the
ions are held in a cloud but are still susceptible to detector dead layer losses.

At first glance, then, direct detector implantation might seem to be the most promising
approach since it avoids both of these losses. However, direct implantation into a silicon
detector should ideally be deep enough to ensure that a particles cannot escape the detector
without depositing their entire energy. The implantation energy for ®B should therefore
be ~ 35 MeV. Unfortunately, both experiments using the direct implantation technique
implanted 8B beams at lower energies, resulting in some o particles escaping without full
energy deposition. In addition, direct implantation suffers from the fact that the S from the
decay will deposit energy in the detector, around 25 keV, though this can be corrected for
with knowledge of the angle of the 5. The effect of S-summing can also be greatly suppressed

either by including a second detector to select events where the [ exits the silicon detector
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close to the normal of the detector surface, or by using a pixelated detector to veto events
where energy is deposited outside of the implanted pixel [76].

The Winter et al. experiment implanted 8B directly into a silicon surface barrier detector;
the 8B energy was 27.3 & 0.2 MeV resulting in an implantation depth of 42.2 £ 2.0 pm with
a distribution full width at half maximum (FWHM) of 0.7 pm [65]. The detector thickness
was 91 pm to minimize 8 energy deposition. However, this implantation depth is not deep
enough to collect the full energy from « particles = 7.5 MeV exiting at angles close to normal
to the detector surface.” This energy loss would distort the 2a spectrum above about 14
MeV, with about 15% of these events depositing less energy than expected (depending on
« energy, emission position, angle, and path straggling). Low statistics in this part of the
spectrum means that the impact of this distortion is likely small. In addition, for solar
neutrino experiments, the high energy neutrino spectrum is most important, corresponding
to the lower energies of the 2a spectrum, so the impact here should also be very small. To
the best of my knowledge, this source of distortion has not been pointed out before and
could be responsible for some of the spectrum disagreements at higher energies with the
other experiments.

The Roger et al. experiment also suffers from an implantation depth that is too shallow
to fully capture the energies, with an even more dramatic effect. Here, the DSSD was 78
pm thick and the implantation depth was 26 4 5 pm, with the ®B beam having energy
18.69 + 0.27 MeV. This means that a particles with energies as low as 3-4 MeV will escape
the detector without depositing the full amount of their energies, severely distorting the
spectrum. The correction factor varies from a few percent at the 3 MeV peak to up to a
factor of 5 near the 16 MeV doublet. From simulations, a correction function is obtained and
applied to the measured spectrum in order to recover the true energy spectrum. However,
the shape uncertainty associated with the correction function is not reported nor does it

seem to have been included in the recovered spectrum.

9Expected o ranges are provided in Figure 4.2b.
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Given that the BPT experiment is primarily interested in the [-v angular correlation
in ®Li and ®B, it is not possible to use detector implantation method since the momentum
of each a cannot be measured. This means that the BPT must account for detector dead
layers. Since ions are held in free space instead of being implanted in a foil, though, there
are no source losses. As with the other experiments mentioned here, accurate knowledge of
the BPT detector response is extremely important and the complete characterization of the
DSSDs is presented in Chapter 4.

Winter et al., Kirsebom et al., and Roger et al. all used the S-delayed o decay of ’Na
for calibration points as low as 2.15 MeV « energy. Calibration at these lower energies
is obviously very desirable given that the a energy peaks at 1.5 MeV for the break-up of
8Be*. Unfortunately, the BPT has not been able to use 2°Na in its calibration; in previous
attempts, the isotope has not been produced and cooled at high enough rates to merit
trapping for calibration. Further beam development for 2°Na production would be of value

for the experiment.

1.7 This work

This work reports on several experimental improvements that will reduce systematic
uncertainties associated with J scattering and the detector response. The various response
functions of the BPT experiment are shown in Figure 1.17. FEach of these distributions
contributes (to varying degrees) to the systematic uncertainty of the final result, the limit
on tensor couplings. In this thesis, experimental improvements are made to reduce the
systematic uncertainties associated with these distributions.

In chapter 2, the design and construction of a new trap, the BPT Mk IV, is described.
This trap features a number of innovations to simultaneously reduce 3 scattering and detector
noise from the nearby electrodes. In chapter 3, the BPT Mk IV is used for a new °Li

data run, which collected about 30% higher statistics than previous BPT measurements
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with reduced systematic uncertainties.!® In chapter 4, the silicon detectors used with the
BPT are directly and fully characterized with an a beam, resulting in the measurement of
dead layer thicknesses and the identification of an energy-dependent charge-sharing effect.
Finally, in chapter 5, conclusions from this work are drawn and new possibilities for future
experiments are suggested. In addition to the experimental improvements, a new exploration
of the correlations between a and b are provided in section 1.4, with an eye towards next

generation experiments.
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Figure 1.17: Effects involved in the final distribution of observables (the « energy difference
spectrum) for the BPT measurement.

10Tn addition to the 2022 8Li data campaign, I also participated in a 2019 ®B data campaign, as well as
many experiments using the Canadian Penning Trap, which are not detailed here.
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Chapter 2

THE BETA-DECAY PAUL TRAP MK IV

Portions of this chapter have been adapted from Ref. [77].

2.1 A brief history of the Beta-decay Paul Trap

The BPT has performed many successful experiments since its first publication in 2012
[78] and has been the subject of at least eight previous doctoral theses [36, 41, 79-84], with
the contributions of many additional masters students, doctoral students, postdocs, and
staff. Over the course of this experimental effort, reducing RF pickup has been one of the
major challenges; indeed, one of the motivations for the trap redesign in this work was further
reduction of RF pickup. The trap has undergone a number of redesigns with the primary aim
of reducing RF pickup on the DSSDs in its history. A brief summary of the design changes
in the BPT is provided in Table 2.1; this is likely not an exhaustive list of publications. Note
the BPT version with a trap electrode radius to center » = 11 mm; this version was used
primarily to study isotopes that undergo [-delayed neutron decay and required a smaller
RF voltage so as to minimize the energy disruption of the recoiling ion. A dedicated trap
for 5-delayed neutron spectroscopy (BEARtrap) is currently under development [85].

In addition to the physical RF reduction strategies used, all of the versions of the BPT also
rely upon long shaping times to integrate out the high frequency RF pick up (section 2.6.1).
Some earlier versions also incorporated low pass filters as part of their shaping amplifiers.
The previous version of the BPT [86] introduced tunable notch filters on each DSSD front
strip that effectively remove most of the RF amplitude at the trap frequency (section 2.6.2).
The previous version of the BPT also added “RF outer shields” which act as Faraday cages
to suppress RF pick up; unfortunately, these shields were found to dramatically increase S
scattering.

In this work, the design of the BPT is re-visited once again in an attempt to reduce RF
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RF reduction First publication

. Relevant references
strategles year

BPT picture

RF shielding 2012 [78]

hollow electrodes,
RF shielding, nickel 2012 (36, 87]
mesh shielding

split electrodes

(r =11 mm), RF 2013 [79, 581’9822]’ 84,
shielding
split electrodes
(r =17.4 mm), RF 2013 [26, 37, 80]
shielding
split electrodes
(r =17.4 mm),
add’l. RF shielding, 2018 [38, 41, 75, 83, 86]
notch filters
rod electrodes, RF
shielding, notch 2023 this work

filters

Table 2.1: A brief history of changes to the BPT; the last row is the BPT Mk IV. The version
with a trap electrode radius to center » = 11 mm was used primarily to study isotopes that
undergo [-delayed neutron decay. Pictures taken from Refs. [78, 80, 81, 87]
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pick up as well as to reduce the incidence of 3 scattering. As a result of this work, the BPT
Mk IV has been designed, constructed, and commissioned and is the subject of the rest of

this chapter.

2.2 Physics of a Paul trap

From Maxwell’s equations for electromagnetism, it is clear that a charge cannot be stably
trapped at rest by a purely electrostatic field, a result which is called Earnshaw’s theorem.!
In a simple way, this is because a stable trapping point requires a local minimum, where
the divergence of the field is negative. However, this point then must act as a sink, which
is not possible in free space from Gauss’s law. Note, though, that this argument only holds
for charges at rest in static fields.

A Paul trap uses oscillating inhomogeneous electric fields (without the use of magnetic
fields) to trap ions almost at rest in free space. By selecting the correct oscillation frequency
for the ion mass and charge of interest, a harmonic pseudo-potential can be formed that stably
traps ions. The development of the Paul trap has had a significant scientific and industrial
impact, resulting in Paul’s Nobel Prize in 1989 [93]. Paul traps in various forms are now
common throughout many laboratories, and their development for numerous applications
continues [94]. For nuclear physics, ion traps (both Paul traps and other types of ion traps)
have had many recent developments and uses, as summarized in Ref. [95]. Paul’s original
trap was formed by a three-dimensional hyperbolic trap. For the BPT, a linear Paul trap is
instead used, where trapping along the axial direction is formed by a DC potential only.

The Mathieu equations? describe the ion motion in a Paul trap. The derivation of these
equations from the potential has been shown many times over the past 70 years, including in

many previous student theses (e.g. [41, 80, 87]). This work will not re-derive them but will

'Due to the fascinating and convoluted historical development of the theory of electromagnetism in the
18th and 19th centuries, Earnshaw’s result came about decades before Maxwell wrote his equations that
unified the work of other prominent names. This, again, was decades before Heaviside’s transcription of
Maxwell’s equations into the vector calculus form familiar to us today.

2 Also first introduced in the 19th century.
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present the most important aspects, particularly those relevant to the design of the BPT
Mk IV (section 2.5). For a detailed derivation and discussion, see Ref. [94] and references
therein.

The ideal electric potential for a Paul trap has a hyperbolic shape, which, in two dimen-
sions, can be formed by four electrodes arranged with quadrupole symmetry. Considering
only two dimensions, the potential at a particular point in time is written

Lo

P(x,y) = 27% ('TQ - y2)a (2.1)

where 7y is the minimum distance from the center to the surface of the hyperbolic electrodes
that have an applied potential of £®(/2. This hyperbolic potential is illustrated in Figure
2.1. The static field will not trap an ion since the center is clearly a saddle point. However,
trapping can occur in one direction (dependent upon the sign of the ion charge), and, if the
potential were inverted, then trapping could occur along the other direction. This, then, is
the basic idea of a Paul trap: to oscillate a quadrupole potential so that the average potential
traps an ion in both (or all three) dimensions.

In the case of the BPT, the electrodes are decidedly not hyperbolic. However, from
Laplace’s equation and by arguments of symmetry, it is required that the potential near the
center form a hyperbolic potential. Away from the center, higher-order anharmonicities may
be present which reduce the performance of the trap by introducing instabilities in the ion
motion [96]. As shown in section 2.5, the goal in designing a linear Paul trap is to maximize
the extent of the hyperbolic region, while maintaining optical access to the ion cloud. For
the BPT Mk IV, an equivalent hyperbolic trap would have electrodes at a radius ry = 16.5
mm, compared to a front-face distance of 15.3 mm in the actual trap.

Continuing with the physics, the potential is allowed to oscillate at frequency 2 = 27 f
with peak-to-peak amplitude V' (the opposite phase electrodes have maximal amplitudes of
+V/2), giving &g = V cos(Qt). A DC offset £U on the opposite phase electrodes can be

added to provide mass filtering. The equations of motion for an ion of mass M and charge @)
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Figure 2.1: Illustration of a quadrupole potential with some equipotential lines shown. Solid
lines are positive potential; dashed lines are negative. The straight lines along the diagonals
are at zero potential.

in this potential are then given by the Mathieu equations. For the mass-filtering case, they

are
Z+ (a — 2qcos27)x = 0,
(2.2)
i — (a —2qcos271)y =0,
where
4QU 20V 1
= —— = —— d = -0t 2.3
¢ MQ?rg’ 1 MQ2rg’ e T=ath (2:3)

and the derivatives are with respect to 7. The BPT operates without mass-filtering (a = 0),
and the reader is directed to Ref. [94] to further consider mass-filtering applications. Ions
can be stably trapped in several regions in the (a, q) phase space (see e.g. Refs. [41, 80, 87]
for examples of the stable region). Most non-mass-filtering ion traps, including the BPT,

operate in the first stability region with ¢ < 0.908, with ¢ &~ 0.4 conventionally taken as the
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ideal practical case [97].

Ions in this oscillating potential undergo both a “macromotion” and a “micromotion.”
The macromotion is a simple harmonic motion in the time-averaged trap potential, modu-
lated by small-amplitude micromotion from the driving RF field. (Again, see e.g. Refs. [41,
80, 87] for examples of the ion motion.) Since we are usually interested in trapping ions on
a timescale much longer than several RF phases, this motion can be averaged over many
RF periods. This leads to an approximation of the time-averaged Paul trap as a harmonic
pseudo-potential (see Ref. [94] for a complete derivation). The radial pseudo-potential at a

radius r is given by

QV: , M@,

b [ A _
o(7) ozt T 160 1

(2.4)

In a linear Paul trap, the radial pseudo-potential is modified by axial defocusing, which
can usually be neglected when the central trapping segment has a length longer than the
radial spacing of the electrodes. From Laplace’s equation, the DC potential applied along
the axis will diverge in the radial (RF) plane. The effect on the pseudo-potential has been
considered in Ref. [98]. Practically, tuning of the trapping amplitudes is required so that the
RF force overcomes the defocusing. For the BPT Mk IV, this effect is observed to be small.
Because the axial potential is formed by DC voltages, it is a simple harmonic potential close
to the trap center that does not depend on the ion species or RF frequency, only on the field
gradient along the axis.

Of critical importance to the operation of the BPT and most other Paul traps is the
inclusion of a cooling mechanism, typically a helium buffer gas. The applications of buffer
gas are explored in detail in Ref. [99]. In an ion trap, the buffer gas collides with the
trapped ions and removes energy from them, thermalizing them to the temperature of the
gas. Collisions with the buffer gas also effectively couple the radial and axial modes of
motion. Buffer gas also reduces the emittance of the injected ions, allowing for more efficient

trapping and transport. The effect of buffer gas on trapped ions can be modeled in the
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Mathieu equations (Eq. 2.2) through the inclusion of a drag term [41, 87], which increases

the size of the stability region.

2.2.1 Ion cloud energy and spatial distributions

Conveniently for the BPT, the back-to-back « particles from the decay allow for direct
imaging of the ion cloud spatial distribution. The equations of motion for individual ions are
not important for the BPT since the experiment is only sensitive to the spatial distribution
of the decays. During the design process of the BPT Mk IV (section 2.5), an estimate of the
ion cloud spatial distribution was however required.

The energy and spatial distribution of the ion cloud is of considerable interest for many
experiments but is also difficult to calculate. This difficulty comes from the various effects
of ion-ion interactions (space charge), RF heating, and buffer gas collisions. It has been
observed and computed that a Gaussian spatial distribution describes well the ion cloud
extent for helium buffer gas for most values of ¢ when a = 0 [100]. In this case, it was
observed that the ion velocity distribution matches well the expectation from the Maxwell-

Boltzmann distribution.
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Figure 2.2: Maxwell-Boltzmann distributions of energies at liquid nitrogen temperature (80
K, blue) and at room temperature (300 K, orange). (a) Probability density. (b) Cumulative
distribution with the energy extents of 90%, 95%, and 99% of particles at 80 K indicated.

In the BPT Mk IV design process, the Maxwell-Boltzmann distribution was naively taken

to describe the energy distribution of the ions after thermalization with the helium buffer
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gas. Using the quadratic coefficient ¢ that describes the field gradient of the radial pseudo-
potential or the axial DC potential, the energy of ions can be matched to the height of the
potential to find the radius at which the ions are contained. It is also easy to solve for the
required field gradient to achieve a particular ion cloud size. Note that this treats the two
potentials in (r, z) independently which is not a fully accurate treatment.

(2.5)

T =

E
c

Two Maxwell-Boltzmann energy distributions are shown in Figure 2.2, at 80 K and at
300 K. This figure shows the significant advantage that using a cryogenic ion trap brings.
At 80 K, 99% of ions have an energy less than ~ 40 meV, compared to ~ 150 meV at 300
K. The voltage required to contain the ions in the same volume is then almost a factor 2

smaller at this lower temperature.

2.3 General BPT description®

Before describing the design of the new BPT Mk IV, a general description of the trap is
provided; these details are the same between trap versions.

The BPT is a linear Paul trap: it uses a quadrupole arrangement of electrodes with
voltages oscillating at radio-frequencies to confine ions in the radial plane and uses seg-
mented, static voltage electrodes to confine ions in the axial direction. An ideal Paul trap
uses hyperbolic electrodes to maximize the physical extent of the trapping potential while
minimizing its anharmonicity. Any arrangement of electrodes with quadrupole symmetry
will have a hyperbolic potential near its center, enabling the electrode shape to have a more
open geometry to allow for optical access to the ion cloud. Different electrode geometries,
however, will have an impact on the size of this hyperbolic region, as discussed in section
2.5. Previous changes to the trap electrodes and experimental components have been noted

in section 2.1.

3This section is adapted from Ref. [77].
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The entire BPT and vacuum chamber meet ultra-high vacuum (UHV) standards to main-
tain an environment free from out-gassing that might affect the trapping lifetime. The typical
pressure achieved prior to cryogenic cooling is < 1 x 107® mbar. The BPT uses ultra-pure
99.999% helium gas at a ~ 107> mbar pressure to cool ions through collisions with the gas.
The frame of the trap is hollow and liquid nitrogen is circulated to bring the trap and gas
to approximately 80 K [101]: in this way, the ions of interest are thermalized to this lower
temperature, reducing the overall size of the ion cloud. As shown in section 2.2.1, a low
thermalization temperature is critical for the experiment. From the Maxwell-Boltzmann
distribution at 80 K, 99% of ions have an energy less than ~ 40 meV, compared to ~ 150
meV at room temperature. Therefore, the voltage required to contain the ions in the same
volume is almost a factor 2 smaller at this lower temperature, reducing RF pickup on the
detectors. In addition, the cryogenic temperature greatly reduces out-gassing of trap con-
struction materials, leading to a longer trap lifetime of at least tens of seconds [78]. The
BPT rests on four quartz spheres to provide thermal isolation from the vacuum chamber.

The ion capture, transport, and delivery system are described in section 3.1. Details of

the BPT trap cycling are provided in section 3.3.

2.4 [ scattering in the previous BPT*

As seen from the uncertainty budget in Table 1.2, 3 scattering is an important experimen-
tal systematic uncertainty. In designing the BPT Mk IV, the current sources of scattering
must be understood in the previous trap.

The BPT has an open geometry, but material and design choices still strongly impact £
scattering. A modified version of the BPT Geant4 (release 10.5.1) simulation code was used
to study the effect of different design choices on g scattering. The Geant4 simulation used
the “option3” standard electromagnetic physics list [102-104]. A CAD model of the BPT was

designed in Autodesk Inventor [105] then exported to STP files. Using a modified version of

4This section is adapted from Ref. [77].
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an existing script [106], these files are then converted to GDML files readable by Geant4. An
ion cloud of realistic dimensions (obtained from previous experiments) and decay spectrum
was simulated. Simulated events where both a particles hit opposite DSSDs and the ( hits a
coincident detector were used to determine the scattered ratio (triple correlation events prior
to final analysis cuts). If a detector hit of a 5 did not match its true original momentum, it
was counted as scattered. Statistical uncertainty on the scattered fractions reported below
is ~0.1% with ~150,000 triple coincidences from each simulation.

The previous BPT was found to have 21.1% of triple coincidence events from scattered
[ particles. It is not entirely possible to cleanly separate physical sources of scattering, but
by adding and removing trap elements in the Geant4 model, the major contributions can be
understood. Of the total 21.1% scattering, 5.5% is attributed to the 0.01” thick stainless steel
“RF outer shields” (Figure 2.4e) used in an attempt to reduce to RF pickup on the DSSDs
[80, 86]; these outer shields were later found to have no measurable impact on RF pickup
reduction and therefore were removed for the BPT Mk IV design. Additional metal elements
surrounding the DSSDs (0.006” thick stainless steel “RF hoods” and 1/16” thick gold-plated
aluminum detector covers, Figure 2.4e) were found to have some RF shielding efficacy but
contributed an additional 5.5% to (3 scattering. These elements were redesigned. A further
5.6% is attributed to the 2 mm thick stainless steel flat electrodes® (Figure 2.4c), primarily
the center electrode that forms the axial potential well (Figure 2.4a). The redesign of the
electrodes is the focus of the next section. The remaining 4.5% comes from back-scattering on
the DSSDs and scattering on the electrode support structure. This last portion is considered
largely irreducible in the BPT Mk IV design, as this would require an extensive re-design of
the vacuum vessel and supporting plastic scintillator detector locations.

Note that both material choice and material thickness affect § scattering. Figure 2.3
shows this impact by changing the RF hood thickness and material in the Geant4 simulation

and looking at the effect on the scattered fraction of events. Note that, for stainless steel

®Reported incorrectly as 1.6 mm in [86].

43



(blue), the scattering rises to a maximum and then falls off. It is expected that a similar
behavior for aluminum would occur, but likely outside of the tested (and practical) thickness
range. It is thought that two competing effects are contributing: 1) the typical path length
between scatters of a  in the material, and 2) the stopping power of the material. For
thicknesses below or close to the typical path length between scatters in that material,
multiple scatters increase the chance for a 8 to hit a detector. For large enough thicknesses,
though, the g particles can lose most or all of their energy inside the material, leading to a
reduction in the scattered fraction. In practice, it is impractical to have a very thick RF hood

design (and the scattered fraction is still considerably higher than at thinner thicknesses).

16 O previous BPT
—4— aluminum
14 — —— stainless steel

12

10

scattered fraction (%)
oo

0 20 40 60 80 100 120 140
RF hood thickness (thou)

Figure 2.3: Effect on [ scattering of material and thickness choices for the previous BPT
RF hood from simulations. Unluckily, the 0.006” stainless steel (blue) design used in the
previous BPT actually maximized the [ scattering.
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2.5 Design of the BPT Mk IV®

From the uncertainty budget in Table 1.2, it can be seen that ( scattering is an impor-
tant experimental uncertainty. A reduction in f-scattering is the major motivation for the
redesign of the BPT. In addition, the new design reduces the required RF, leading to lower
pickup on the DSSDs.

The design of the BPT Mk IV is shown in Figure 2.5. A detailed comparison of major
design elements between the previous BPT and the BPT Mk IV is shown in Figure 2.4.
The design goals for the BPT Mk IV were the reduction of both [ scattering and RF
pickup on the DSSDs [86]. These two goals compete with each other since a reduction in
scattering necessitates removing material close to the ion cloud, while reducing the necessary
RF amplitude requires moving the electrodes closer to the ion clouds. The new design also
includes five electrode segments along the trap axis (“DC electrode regions”) in an effort to
reduce disturbing the ion cloud during capture pulses. The previous BPT trap design used
three DC electrode regions, leading to some heating of the ion cloud during a capture cycle
as the potential at the trap center was perturbed during the capture of additional ions.

The other major redesigned elements are the detector covers and RF hoods (Figure 2.4f),
which provide RF shielding of the DSSDs. These are made of 0.002” full-hard stainless steel,
which is the thinnest sheet metal found to be sufficiently self-supporting. Compared to the
previous electrodes and detector assembly (Figure 2.4), this design has much less material
near the trapped ion cloud, reducing the chance of g scattering. The RF hood also has a
much shallower angle that minimizes the effective thickness of metal that g particles see,
demonstrated in Figure 2.6. These parts were photo-etched then folded by the ANL central
machine shop to the final design. Though not perfect, the accuracy of the part is much
better than the hand-cut and folded parts of the previous BPT. As part of the overall effort
to minimize the amount of material in the vicinity of the ion trap, the stainless steel frame

rails that support the electrodes and the detector mounts were also made thinner. The

6This section is adapted from Ref. [77].
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(a) previous BPT electrodes (beam axis horizon- (b) BPT Mk IV electrodes (beam axis horizon-
tal) tal)

glassy carbon rods

graphite

(c) previous BPT electrodes (along beam axis) (d) BPT Mk IV electrodes (along beam axis)

calibration

o sources
hood hood
F.QF vss 9 I.Qof)z"o ss (&1 ,

detector cover

detector cover r
1/16” Au-plated Al 4 .002” SS

(e) previous BPT detector assembly (f) BPT Mk IV detector assembly

Figure 2.4: Comparison of major design elements between the previous BPT, as used in Refs.
[38, 75], and the BPT Mk IV, performed in Autodesk Inventor [105]. Unlabeled components
are made of stainless steel (grey) or alumina ceramic (white). (a) and (b) compare a single
quadrant of the electrodes with the beam axis horizontal. The different DC voltage regions
in the Mk IV are lettered in yellow. (c) and (d) compare the electrodes along the beam axis;
note that the cross section in the BPT Mk IV changes along the beam axis—cf. (b)—and
only the rods are present in the center trapping region. The voltage pattern applied the
Mk IV is labeled in yellow. (e) and (f) compare a sectioned view of the detector and RF
shielding assemblies. See text for additional details.
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15cm

Figure 2.5: Sectioned view of the final design of the BPT Mk IV performed in Autodesk
Inventor [105]. See Figure 2.4 and text for additional details.
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endplates have a cylindrical hole and are held at a low DC potential to allow the ions to
make the transition from the drift tube of the beamline to the trap (Figure 2.5).

A calibration « source illuminated an entire DSSD at a better-known position. In the
previous BPT, the calibration a sources faced detectors across the trapping volume, and
two sources each illuminated half of the DSSD with significant overlap in the middle of the
detector. Additionally, a quarter of the detector was not illuminated, making calibration
difficult on these strips. The calibration sources in the BPT Mk IV are described in more
detail in section 2.8.

The RF electrodes were designed so that they did not block the line of sight between
the ion cloud and the DSSDs. The ion cloud was assumed to have maximal dimensions of
1.5mm x 1.5mm x 1.5mm, a realistic size from previous traps. This is illustrated in Figure
2.6. Tolerance to allow for a slightly larger size was included in the final design. The optimal
angles of the RF hood were also determined from this process, essentially determined to be
the angles where the § particles could not see the interior of the hood.

SIMION v8.1 was used to model the electric potential for different electrode designs [107].
A grid spacing of up to 0.05 mm/grid unit was required to accurately determine the potential
differences between rods of < 1 mm diameter, though most design work was conducted at
0.2 mm/grid unit. The basic electrode design premise was that the center electrode region,
where the ion cloud is held, labeled region “C” in Figure 2.4b, should be formed by wires
or rods supported at the ends of the trap. This arrangement entirely removes the support
structure near the critical scattering region nearest to the DSSDs (Figure 2.5). As shown in
Figure 2.4d, the rods supply the RF potential radially; the DC electrodes provide trapping
along the axis. It was found that the DC electrode structure needed to “reinforce” the RF
radial potential, hence the pattern of applied voltages shown in Figure 2.4d.

To better approximate the curvature of an ideal hyperbolic electrode shape, tests were
conducted with the 2 rods spaced as widely as possible in the allowable electrode region

(Figure 2.7a). A 3 rod design spaced in a more hyperbolic shape was also tested. No
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significant difference in the electric potential near the trap center was found between the 2
and 3 rod designs, and scattering favored as few structures as possible. Thin metal wires, such
as gold-plated tungsten wires common in time projection chambers, were considered, but due
to the engineering challenges involved, a simpler design using larger diameter (~ 1 mm), more
rigid rods was favored. Following a similar approach as in Ref. [108], the potential calculated
along the radial direction from the center to the electrodes was fit to even polynomial terms

of order ° to 7%

. The radius at which terms higher than quadratic order contribute more
than 2% to the total potential is then shown in Figure 2.7b. Anharmonicities from these
higher order contributions lead to greater instability in the ion motion, leading to fewer
trapped ions [96]. This treatment provides a metric for determining the stable trapping
region for capture before the ions cool to a much smaller radius.

In the energy range of interest (< 17 MeV), the cross section for  scattering increases
with target material proton number as Z2, so a low Z material is intrinsically desirable
[109]. Glassy carbon rods are commercially available with diameters as small as 1.0 mm and
were found to contribute a relatively low amount of scattering due to both their low Z and
relatively low density of 1.42 g/cm? [110]. Glassy carbon is non-porous, chemically inert,
and electrically conductive, making it an ideal material. The final design selected rods of 1.0
mm diameter at a distance of 15.5 mm from the center with a separation of 5.2 mm (Figure
2.4d), which achieves a similar ion acceptance region as the previous BPT while requiring
only 68% of the previous BPT RF amplitude (Figure 2.7c). A key design challenge was the
support structure for the glassy carbon rods, as these rods are flexible yet easy to shatter.
In addition, the thermal contraction of the stainless steel frame amounts to about 0.8 mm
reduction in length across the entire trap frame [111]. However, glassy carbon contracts
about an order of magnitude less [110]. To limit the amount of sag in the glassy carbon rod,
a stainless steel spring providing ~ 2 pounds of force is used to mount the rods to keep them
under tension (Figure 2.8¢).

To design the DC electrodes that provide axial confinement, SIMION was used to model
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thin planar electrodes at a larger radius than the rods. It was found that a stack of three
electrodes, with RF+DC on the outer two and DC on the middle, was needed, as shown in
Figure 2.4d. This design was then optimized for the length of each electrode region (labeled
as shown in Figure 2.4b) to ensure a sufficiently large axial potential gradient in the center
of the trap. The minimum length of the center region (“C”) was limited by scattering and
the allowable electrode region (previously described). The optimal center region length was
determined to be 35 mm with an interior DC electrode (“B” and “D”) length of 40 mm. The
interior electrodes “B” and “D” are made of graphite, a much less expensive option than
glassy carbon, while the exterior electrodes “A” and “E,” which are further away from the
ion cloud, are made of stainless steel, as they have negligible impact on scattering. Some
basic tests were performed to evaluate the suitability of graphite for UHV, as described in
section 2.5.1.

The BPT Mk IV during assembly is shown in Figure 2.8. All elements are constructed
from UHV compatible materials and were thoroughly cleaned before assembly. The final
design consisted of more than 500 individual parts. From Geant4 simulations of the final
design, 5.3% of triple coincidence events came from scattered 3, a roughly 4 x reduction from
the previous trap.

Thank you to Guy Savard for his help with the installation of the glassy carbon rods;
we had a 50% breakage rate during installation but fortunately had just enough spares to

complete the trap.

2.5.1 Suitability of graphite for ultra-high vacuum

Graphite is a porous material and has been investigated for use in UHV environments
over the decades but its use has been limited due to concerns over its purity, porosity, and
contribution to out-gassing [112, 113]. However, graphite also comes in a wide variety of
grades with various porosities and purities and is an inexpensive material, even at high

purities and relatively low porosities. Of significant advantage to us is that graphite is a
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(b) graphite and glassy carbon electrodes (c) glassy carbon rod support structure

Figure 2.8: The BPT Mk IV during assembly. (a) Full view of the trap with liquid nitrogen
circulation lines shown. (b) A view of the center trapping region. (c) Support structure for
the glassy carbon rods, which are held by friction in a small collar. A spring, indicated by
a white arrow in lower left, is inserted into each alignment hole to tension the rods.
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conductor and that it can be easily machined to very high precision with wire electrical
discharge machining.

To test the suitability of graphite for UHV, a sample of grade G535 [114] with surface
area of 12 sq. in. (85 sq. in. was required in the final trap design) was tested in a small
chamber at both room temperature and at ~100 K. The graphite was rinsed with acetone and
ethanol before being installed in the test chamber; no particular preparation of the chamber
was performed. The graphite sample was attached to the cold finger of a liquid nitrogen
dewar that extended into the chamber. It was found that the pressure in the chamber with
graphite at room temperature was the same as that of the empty chamber after 64 hours of
pumping with a turbomolecular pump, with an ion gauge reading of 1.2 x 10~7 mbar. At
cryogenic temperature after 6 hours, the pressure was < 2 x 10719 mbar, around the limit
of the ion gauge in use. This simple test is not a rigorous measurement of the out-gassing
rate of this grade of graphite but provided strong indication that it would be an acceptable
material for use in the BPT Mk IV.

Graphite is of interest for other ion traps measuring angular correlations that are sensitive
to O scattering (e.g. [115] by private communication). For traps that do not operate at
cryogenic temperatures, a more rigourous test of the suitability of graphite of UHV may
be required. Note that glassy carbon is well-suited for UHV since it is non-porous, but the
material is expensive both in large quantities and to machine. From limited testing, it was
found that glassy carbon had a tendency to fracture like a glass but machining with diamond

tooling produced acceptable results.

2.5.2 Estimated cloud size in the BPT Mk IV

The final trapping parameters of the BPT Mk IV are used to compute the estimated ion
cloud size and compare it to the experimentally observed size using the model presented in
section 2.2. From the final trap settings (Table 3.1) and equation 2.4, the radial pseudo-

potential has an effective field gradient of 0.042 V/mm? near the trap center and ¢ = 0.32.
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From the Maxwell-Boltzmann distribution at 80 K, 68% of ions have an energy less than 11.6
meV. Converting this into a maximum distance from the trap center, this corresponds to
0.53 mm, a lo radius of the ion cloud (corresponding to a FWHM of 1.25 mm). During the
actual experiment (section 3.2), the radial cloud was measured to have o = 0.4 mm, about
20% smaller than predicted. In the axial direction, the field gradient is much shallower at
0.007 V/mm?. This corresponds to an axial cloud with ¢ = 1.31 mm. The axial cloud during
the experiment was measured to have o = 1.48 mm, about 13% higher than predicted from
the simplified model. This simple model is not accurate enough to rely on for the BPT
simulations, but it is quite reasonable for design purposes and gives an indication of cloud
sizes during tuning.

To facilitate tuning of the BPT Mk IV for future experiments, several plots are provided
in Figure 2.9 that indicate the estimated cloud size as a function of different combinations of
voltages and frequencies. These are produced by the same treatment, which takes the axial
and radial potentials to be independent, which is not a wholly accurate treatment (off by up
to ~ 20% as seen above). However, during tuning, it is extremely useful to have an idea of
the relative change in the trap size, which these plots show. In particular, these plots show
regions of the parameter space where operation of the trap is likely not possible (in yellow

and black), due to a cloud size that is too large or where ¢ > 0.9.

2.5.3 RF resonator’

A new RF resonator circuit was required for the BPT Mk IV due to the increased number
of electrodes, additional electrode regions, and the different electrical properties of the trap.
The circuit design is shown in Figure 2.10. A primary LC' resonator circuit is shown on
the left of the diagram, which uses a homemade air core transformer and an air variable
capacitor. Five of the modules, indicated by dashed lines, are attached in parallel to the

primary resonator circuit to create the independent circuits for each electrode pair. An

"This section is adapted from Ref. [77].
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in-house constructed common mode choke acting as a 1:1 transformer is used to provide
a different DC offset to the electrode pairs while allowing each pair to have identical RF
amplitudes and phases. The chokes are made using an N49 ferrite [116], which has relatively
low losses around the 1 MHz frequency range of interest. Voltages for each electrode pair are
taken from the “+” and “-” labeled sources, which have opposite RF phases but identical DC
offsets. The DC input has a simple filter to attenuate any RF feedback to the power supply.
A pulser is capacitively coupled to provide a fast voltage switch of up to a few hundred volts
with ~ 10 ns rise time; these pulses are used to lower the electrode voltages during capture

and ejection of the ions.

OF

— 1uF —— 14F
25 uH I

10 kQ

Figure 2.10: Circuit diagram of the resonator for the BPT Mk IV. See text for details.

The inductor on the primary resonator circuit is relatively low-valued due to a high trap
capacitance of roughly ~ 600 pF. This is likely due to the fact that thin Kapton wires
with a coaxial ground shield were used to deliver the voltages to the trap in an attempt to
reduce pickup inside of the chamber; these have a stated capacitance of 137 pF/m [117]. To
allow the circuit to achieve higher frequencies, an inductor can be added in parallel with the
primary resonator circuit with a switch (not shown in Figure 2.10). The resonator circuit
is tuned to the appropriate frequency with the variable capacitor. The resonator is driven
by an RF amplifier (model T&C ULTRA 2020), in turn driven by an SRS DS345 function
generator [118] providing a sine-wave of the desired frequency.

The quality factor of the resonator circuit is fairly low, with ) ~ 10. Measurements of
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the RF voltage and phase on each electrode pair are difficult to perform accurately since
attaching e.g. an oscilloscope to the electrodes slightly changes the properties of the circuit.
With this in mind, the electrodes have amplitudes within < 1% of each other and no phase
mismatch was noticeable.

Thank you to Michael Oberling and Daniel P. Burdette who provided significant help in

the construction of the RF resonator.

2.6 Detectors

The BPT uses 4 DSSDs to detect the position and energy of the two back-to-back «
particles and the position of the 8. The DSSDs are 1 mm thick Micron Semiconductor Ltd.
BB7(DS) 7P/2M detectors with 100 nm junction side windows and 2 mm strip pitch [119].
Each detector has 32 front (junction) strips and 32 back (ohmic) strips, for a total of 256
channels. The DSSDs are held at ~80 K during the experiment and fully depleted with a
bias voltage of 4180 V applied to the back strips. The cryogenic cooling provides for lower
leakage currents, giving improved resolution. Notch filters are attached to the front strips
(section 2.6.2) to reduce the RF pickup on each strip. The DSSDs have a typical a-particle
resolution of about 20 keV FWHM. The minimum-ionizing £ particles deposit a few hundred
keV in the 1 mm thickness of the DSSD. An extensive description and full characterization
of these detectors is given in Chapter 4.

A picture of a DSSD can be seen in Figure 4.10. These DSSDs are mounted to the frame
of the BPT at a distance of 6.5 cm from the trap center. This arrangement provides about
25% solid angle coverage with a ~2° angular resolution per pixel. Note that the front strips
run horizontally along the beam axis, and the back strips are perpendicular to the beam
axis. The front strips are therefore sensitive to the radial size of the ion cloud, while the
back strips are sensitive to the axial extent of the ion cloud.

A plastic scintillator with a photomultiplier tube is mounted behind each DSSD (four

scintillators total) to detect the remaining [ energy. These organic plastic scintillators are
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made of polyvinyltoluene by Eljen Technology, model EJ-200 [120] The scintillators are
6.2” in diameter and 6” in length. The rise time is 0.9 ns with a decay time of 2.1 ns.
The scintillators are coupled to Hamamatsu R877-100 photomultiplier tubes [121] operated
at -1300 V. These scintillators have been studied in detail in Ref. [83]. Due to the high
outgassing rate of the plastic scintillators, they are separated from the trap vacuum chamber
by a thin window. The windows are made of Kapton polyamide film (0.008 mm thickness)
evaporatively coated on both sides with a 100 pg/cm? layer of aluminum [122]. The plastic
detectors are then held at ~ 1 x 1072 mbar while the trap volume is maintained at a UHV

level of ~ 1 x 10~® mbar, prior to the addition of helium buffer gas.

2.6.1 RF pickup

A major challenge for the BPT has been RF pickup on the DSSDs: placing charge-
sensitive detectors next to oscillating high voltage is, in general, not a good idea. An oscil-
lating baseline is induced on the DSSDs due to their close proximity to the RF electrodes.
This RF pickup can be much larger than the signal induced by an « particle and can swamp
the preamplifiers, destroying the resolution of the o energy. Examples of spectra with high
RF pick up can be seen in Refs. [41, 86]. Figure 2.11 shows the effect of RF on a pulse
from an « at the preamp output; RF mitigation including notch filters (section 2.6.2) was in
place, demonstrating the considerable pickup still present. This waveform was taken from
the previous BPT [86] at 470 kHz, the trapping frequency for the 2019 ®B data set [75].

In the course of this work, the RF pickup was directly measured across a DSSD; I ap-
preciate the aid of Daniel P. Burdette with these measurements. A phase and amplitude
pattern was observed, shown in Figure 2.13, that indicated that the majority of the effect
comes from the electrodes directly inducing a voltage onto the DSSDs. The amplitude and
phase dependence comes from the fact that the front strips are parallel to the length of the
electrodes (both parallel to the beam axis). Therefore, front strips closer to one phase of

the electrodes will have a higher contribution from that phase. An illustration of this effect
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Figure 2.11: Waveforms from the output of a preamplifier showing the size of RF pickup
relative to an « pulse. RF mitigation including notch filters were in place.
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is shown in Figure 2.12. The middle front strip of the DSSD should therefore have very
little amplitude, since the contributions of each phase of the electrodes will cancel: this is
observed nearly perfectly. The off-set from the middle is likely due to the fact that, in the
split electrode design, there is a metal cover on the ceramic that is also at RF voltage (shown
in Figure 2.12) which causes an asymmetry in the field. The effect of the RF shielding can
also be directly seen in Figure 2.13. Front strips near the edges that were shielded from the

electrodes had much lower pickup.
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Figure 2.13: Measured RF amplitude and phase from the output of a preamplifier on the
front strips of a DSSD.

Back strips were observed to have very little, if any, RF pickup. This is likely due both
to the fact that they are perpendicular to the electrodes, resulting in a cancellation of the
pickup, and that they are shielded to some degree by the front strips. Given this striking
pattern of RF pickup, a logical approach would be to rotate the DSSDs by 90° in order to
make the front strips perpendicular to the electrodes instead. Unfortunately, the geometry
of the ceramic detector mounts (Figure 4.10) and other trap components prevents this. To
incorporate a rotation of the DSSDs into the BPT Mk IV design likely would have required
a new vacuum chamber and/or extensive overhaul of the mounting system of the plastic
scintillator detectors (section 2.6), which was beyond the scope of this work.

It is possible that there are additional contributions to the RF pickup from wires carrying
RF voltages to the trap. In an effort to reduce this impact, the BPT Mk IV uses coaxial

wires with grounded shields to deliver RF voltages to the trap [117].
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2.6.2 Notch filters

In order to avoid saturating the input of the Mesytec MPR-32 preamplifiers [123] due
to RF pickup, notch filters are added between the output of each DSSD front strip and
the input of the preamplifiers. The circuit diagram of the notch filter is shown in Figure
2.14. The filters have a trimmer capacitor for fine tuning of the filtered frequency; the
trimmer capacitor is quite large compared to the fixed capacitor to allow for a broad range
of frequencies during the BPT trap tuning. This notch filter design is slightly different than
the previous BPT [41, 86]. Here, the inductor and capacitors are attached prior to the
resistor; in the previous version, they were attached after (cf. Figure 6 of Ref. [86]). This
subtle change in design actually results in better filtering because the DSSD strip acts as a

current source and the preamplifier has low impendence.

from
DSSlg strip 15' IpF
330 uH 1
LYY Y\ 4?
2
% 2000 Al
8 - 40 pF
preamp|
to DAQ

Figure 2.14: Circuit diagram of notch filter; notch filters are only used with the front strips.

The notch filters are in sets of 8 on a separate printed circuit board (PCB) that attaches
to feed out PCBs on the vacuum chamber. A total of 16 filter sets are required to cover the
128 front strip channels.

At the beginning of the 8Li run (chapter 3), a range of trapping frequencies were tested
for their trapping efficiency and the amount of RF pickup induced on the DSSDs. During this

time, the trimmer capacitors were tuned to match the trapping frequency using a ceramic
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screwdriver and with the detectors at their full bias voltage. Because the capacitance of the
DSSD changes when depleted, it is important to tune the notch filters with full bias. Once
the final trapping frequency of 1400 kHz was selected, the trimmer capacitors were tuned a
final time for the rest of the data collection.

During the course of the commissioning runs (chapter 3), a number of different filter
configurations were tested with various values of resistors and inductors. Michael Oberling
and Edward J. Boron, III, were indispensable in assisting with the configuration and re-
configuration of the filters on very short timescales. This experiment would not have been

possible without them, and I sincerely appreciate their help.

2.7 Data acquisition system

The BPT uses analog electronics for its data acquisition, with both NIM and CAMAC
modules. With 256 DSSD channels, upgrading to a digital data acquisition system (DAQ)
system is not an inexpensive upgrade and has not yet been necessary, though it may offer
some benefits, as described in section 5.2. A schematic of key features of the data acquisition
chain related to the DSSDs is shown in Figure 2.15. This figure does not show all of the
elements but provides an overview. The data acquisition system used is called SCARLET
[124], written and maintained by Ken Teh. SCARLET is an in-house, Linux-based data
acquisition system that supports multiple CAMAC crates. Events are written to a hex
format and can be later sorted into a ROOT format for further processing and analysis
[125].

For the DSSDs, Mesytec MPR-32 differential output preamplifiers are used [123]. A total
of 8 preamplifiers are needed for the 128 front strips and 128 back strips. An example of
the output of the preamplifiers with RF can be seen in Figure 2.11. RF is therefore still a
serious problem even with the tuned notch filters (section 2.6.2).

The differential output of the preamplifiers are fed to the Mesytec MSCF-16 F shaping

amplifiers (“shapers”) [126] with twisted pair ribbon cables. Sixteen shapers (model number
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MSCF-16-F-Sh8-70-V-D) are used. These were ordered in two different sets of 8 during the
experiment development around 2012. It was learned during the 2022 8Li experiment that
these different sets have two different firmware versions, but this does not seem to have an
impact.

A relatively long shaping time of 4 ps is used to integrate out the effect of the RF on
the shaped signal. This can be seen in Figure 2.16. Typically, shaping amplifiers split an
incoming signal between a fast trigger and a slower shaped energy signal. Instead, these
shaping amplifiers have a custom chip to reduce the impact of RF on the trigger. This chip
allows the shaping amplifiers to use a leading edge discriminator to trigger on the shaped
signal, effectively removing the false triggers on the RF [127]. In a typical BPT experiment,
trigger rates are well below 1 kHz total across all 128 front strips, allowing for a long shaping

time without any event pile-ups.

500mV [aF]  s00mv 4.00ps 250MS/s J/11sv 500mV 4.00ps 250MS/s /" 900mv
=7 19.7880ps 20kpoints  <10Hz =" 19.7880us 20kpoints  <10Hz

(a) 2 ps shaping time (b) 4 pns shaping time

Figure 2.16: Shaping amplifier output with a shaping time of (a) 2 ps and (b) 4 ps, showing
that the RF pickup is effectively integrated out at 4 ps. Images are from an oscilloscope
showing energy output (yellow) and trigger output (blue).

Triggers from the front strips are combined into a master trigger (Figure 2.15). Back strip
triggers are not used. The master trigger is used to generate a gate for the peak-sensing
ADCs (model Phillips 7164H [128]) which measure the pulse height of the shaped output.
The master trigger also starts an event clock to provide timing information about each front

strip trigger, which can be used for event analysis later. For additional details about the
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timing information of the events, see section 3.4.2.

Finally, the master trigger is used to start recording a SCARLET event. Data recorded
in each event includes the front and back strip energies, the relative front strip trigger times,
and some other timing and information about the current trap cycle, as well as data from
the plastic scintillators.

One difference in the DAQ for the ®Li data campaign (chapter 3) is the use of a baseline
restoration setting on the shaping amplifiers. During initial setup and testing, it was found
that the RF pickup was still quite large on the detectors. Baseline restoration can help
to remove low-frequency signals (the RF is at a lower frequency than the rise time of a
pulse), and this setting was found to help reduce the noise in the system. It was observed
during testing that this setting also seemed to cause a non-linearity in the DAQ response,
however, and so a relatively low baseline restoration strength was used (a setting of “57).
As described in section 3.4.3, a precision pulser was used to test the linearity of the system

with this setting enabled in order to correct for any apparent non-linearities.

2.8 Calibration sources in the BPT Mk IV

The BPT uses in situ « sources for calibration; these are *8Gd and ?**Cm sources and
are described and characterized in sections 4.1 and 4.3. The a particles from these sources
are easily removed from the final spectrum of an experiment by timing coincidence cuts and
by cuts on energy and position of 2a coincidences. This section describes some specific of
positioning and mounting these sources in the BPT Mk IV.

The location of these sources in the BPT Mk IV is quite different than in the previous
iteration of the BPT. In the previous trap, two of each source (**Gd and ?**Cm) were located
on the RF shield opposite of the illuminated DSSD, as shown in Figure 2.17. This positioning
allowed the a particles to enter the DSSD almost normal to the detector surface, with up to
an 18% increase in the effective dead layer at the largest angles. Each set of sources covered

about half of the detector surface. However, several downsides were present. A major issue
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was that 8 back strips on each DSSD (1/4 of the total surface area) were not illuminated at
all due to shadowing from the RF hoods, shown in Figure 2.18. This made calibration of
these back strips difficult. In addition, the fact that two sources illuminated the middle of
the detector made measuring the precise position of the sources nearly impossible. This was
further complicated by the fact that the RF shields and hoods were cut and folded by hand
and not machined with any precision. The exact position of the shadowing of each source
was unpredictable. A great deal of time and effort was spent trying to measure the source

positions from the data without success.

_Distance between DSSD surfaces: ~13 cm

Total length: ~0.3 m

Figure 2.17: Calibration « source locations in the previous BPT. Reproduced from Ref. [86].

For the BPT Mk IV, the location of the calibration sources was changed. As shown
in Figure 2.4f, the sources are instead mounted directly into the redesigned RF hood of
the detector they illuminate. This allows the entire DSSD to be illuminated by a single
calibration source, dramatically reducing the complexity of determining the source position.
The sources were also re-mounted in a more precise source holder, shown in Figure 2.19. The
0.002” full-hard stainless steel plates that sandwich the source foils were made by photo-
etching, reducing the uncertainty on source positions from the previous BPT mounts, which
were handmade.

One disadvantage is that the a particles from the sources now enter the DSSD at much
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Figure 2.18: Example of 1**Gd source shadowing in the previous BPT. Two sources each
illuminated half of the detector, hence the higher counts in the middle of the detector. Front
strip shadowing from the RF hood, indicated by the red arrows, was unpredictable due to
their hand-made construction. Back strip shadowing, indicated by the blue arrow, made

calibration difficult on these strips in previous data sets.

Figure 2.19: Source holder for the BPT Mk IV. Source foils (one *#Gd, one ?**Cm) are
sandwiched between two 0.002” thick stainless steel pieces, held together by M1.2 screws.
The 1.5 mm diameter holes in the plates allow the source foils to see the detector. See Figure

2.4f for the mounting position.
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shallower angles, leading to an increase in the effective dead layer by up to a factor of x2.5,
resulting in up to about 20 keV additional energy loss. Additionally, some of the o particles
exit the source at relatively shallow angles, which contributes to energy loss on the order of
a few keV. From the characterization of the source dead layer (section 4.3) and the detector
response (chapter 4), these effects can be modeled to produce an accurate calibration.

The count rate distribution across the DSSD can be used to fit the source position;
this distribution is shown in Figure 2.20. This distribution clearly shows the expected 1/r?
dependence. It is not clear where the two spurious peaks at the front come from, but these are
present on almost every detector/source combination and in almost the exact same position.
It was not possible to remove these peaks by noise cuts or energy cuts, suggesting they are
not from RF pickup or noise. It is considered unlikely that these are from the calibration
sources of other DSSDs from geometry constraints. It is possible that, at these very shallow
angles, some additional parts of the source foil are viewable by these pixels underneath the
layer of source holder, leading to a higher rate. This is very difficult to model and is not
attempted.

Using only the count rate, it is possible to fit the position of the sources (assuming
a point source for simplicity). This results in fitted source positions that agree in two
dimensions (front strip direction, back strip direction) within about 2-3 mm of the nominal
source positions. The height of the source (distance between plane of DSSD and the source)
disagrees by about 1 cm, which is not realistic, and so the nominal height is taken. In
performing these fits, the parts of the DSSD with the spurious peaks are removed from the
fits.

69



7118
RO
71N ~70000
LR
7 11/!,,.0. o X ~60000
WAL Q’.é‘
At ~50000
7,;1”1,’,’,’,’,',','"',"0.’0’0“ RN ~40000
Y AR \ SO 30000
B A R
gy ee e ‘\ ORI |
”"'"/ Q%:.:.".' '."'"\‘ W -~
- MiliiwasitEss > &
W35 20 &
5. z 15 ‘Qo"
10 &
fro 15 K :;é
Nt sg,, 20 5 N
"o ny, 22 30 0 &
Mbe, ©

Figure 2.20: Distribution of counts across one of the DSSDs from its **Gd source. Front
strip 24 is dead on this detector, hence no counts. It is not clear where the two small peaks

near the front come from. See text for details.
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Chapter 3

LI DATA CAMPAIGN

The 8Li data campaign took place at Argonne National Laboratory (ANL) using the
Argonne Tandem Linear Accelerator System (ATLAS) under experiment #1957 [129] from
May 10, 2022, to June 7, 2022.

Two 8Li commissioning runs were attempted in March and April, 2022. However, these
runs ultimately did not result in any ®Li being delivered to the BPT Mk IV. It was found
after these runs that a degrader used in 8B production had slipped into the path of the beam,
resulting in the wrong energy being delivered to the gas catcher so that most of the beam
was stopped near to the front of the device and not efficiently extracted.

These experiments, especially the month-long data campaign, were absolutely exhausting
and would not have been possible without the aid of a team of people. In particular, I would
like to thank Daniel P. Burdette, Jason A. Clark, and Guy Savard for their significant help
over several months in setting up and tuning the entire transport system. Special thanks
also to Aaron T. Gallant and Brenden Longfellow for their help with setting up, especially
with the notch filters and the DAQ. Finally, thanks to all of my collaborators who helped

with shifts and other responsibilities; see the acknowledgements for a complete list.

3.1 8Li production, capture, and transport

A facility map of ATLAS is shown in Figure 3.1. The BPT is located in the Triangle
Room, labeled as “Trap Area.” The gas target, focusing magnet, gas catcher, and other
elements are located in Area II. Due to its location, this experiment does not use the full
accelerator and thus cannot reach the maximum beam energy of the facility. However, the
first few accelerating segments of the linac provide the necessary energy to produce ®Li (and
8B). The ®Li production, capture, and transport systems are unchanged with respect to the

previous trap and experiments, with details found in Refs. [41, 78, 80, 87]. Only key features
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are highlighted here.! Along the beamline are several different silicon detectors and micro-
channel plate (MCP) detectors used for diagnostics and tuning; these are not described.
Additional details of the cycling timing for the various elements is provided in section 3.3.

For most of the run, the beam current as measured on the beamstop was 20-30 enA.

ATLAS Argonne &
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Figure 3.1: ATLAS facility layout. The BPT is located in the Triangle Room, labeled as
“Trap Area.” Other production elements are located in Area II. From Ref. [130].

The experiment used the "Li(d,p)3Li reaction with a 22 MeV "Li** primary beam on a
cryogenic deuterium gas (D) target. The “Li ions were produced via heating a stable solid

source in a commercial oven.? The beam of “Li is then accelerated to 22 MeV towards the

!There are too many tuning parameters for the system for the specific voltages and frequencies to be
reported here, and these were changed throughout the run to continuously improve the extraction efficiency.
20n the third day of the 8Li data campaign, it was learned that the ion source might have possible actinium
contamination from a previous experiment. After the experiment was completed, it was determined that no
contamination was present. However, due to safety restrictions imposed in the interim, it was not possible to
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Figure 3.2: From Ref. [41]: An overview of the beamline used to create and transfer Li to
the BPT.

gas target. The gas target is 4.5 cm long and holds about 550 torr of deuterium at ~80 K.
Liquid nitrogen is circulated through the gas target frame using a custom pump [101]. The
entrance window of the gas target is a 1.3 mg/cm? titanium window; the exit window is 1.8
mg/cm? titanium.

The "Li(d,p)®Li reaction has a cross section of around 75 mb [131]. Most of the un-
reacted primary beam that scatters less than ~ 5° is stopped by a tantalum beamstop
downstream of the gas target. Scattered primary beam and ®Li reaction products are focused
and separated via a large bore, 1 T magnet (Figure 3.2). Backwards center-of-mass angles
are selected, which reduces the cross section by an order of magnitude [132], but allows for
better separation between the 8Li and the scattered primary beam.

The resultant beam then impinges onto the gas catcher [133]. The gas catcher (Figure 3.2)
uses a 3.3 mg/cm? aluminum window to contain about 50 torr of ultra-high purity 99.999%
helium gas. This helium gas stops the 8Li products inside of the gas catcher, producing He

ions and various other molecules. Removing as much primary beam as possible is required

open the oven to replenish the lithium supply. Therefore, the experiment ran only with the limited supply
of lithium initially installed, making it very uncertain when the ion supply would run out. This led us to
tune the system as quickly as possible and establish the final trapping parameters of the BPT quickly. This
resulted in less tuning of the BPT than may have been optimal, though the resulting ion cloud was still of
a reasonable size. Though it was thought that the initial supply of lithium might last as little as a week, it
ended up lasting for the entire month of the experiment.
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to avoid saturating the gas catcher with charge, which leads to space charge effects that
reduce the extraction efficiency of the ®Li products. The helium gas thermalizes the ions,
while RF voltage (frequency around 5 MHz) inside the gas catcher pushes ions away from
the walls and focuses the ions towards the exit nozzle into a continuous, low-energy beam.
A DC gradient accelerates ions towards the exit. The helium gas flow itself is key to the
efficient extraction of ions. Helium is used for several reasons, an important one being that
it has the highest ionization potential of any gas, which limits charge exchange with ions
entering the gas catcher.

Due to the low mass of the ®Li, the extraction efficiency is only on the order of 0.1% -
1%. The efficiency also depends highly on the amount of primary beam entering the gas
catcher. In the data campaign, as in previous experiments, it is clear that the gas catcher
saturates even at relatively low beam currents.® Additionally, most of the 8Li nuclei that
exit the gas catcher are incorporated into various molecules that form inside the gas catcher.
These molecules have been found to be mostly around mass 25 u (likely *LiOH™) and mass
~40 u (perhaps ®LiOH-H,O7"). Gas cell chemistry is not well-understood and is obviously
complex due to the amount of energy and charge in the cell (plus the atypical species often
used in other experiments). Both of these molecules originate from water contamination
inside of the gas catcher; some water molecules are required to extract 8Li nuclei, but too
much contamination quickly results in inefficient extraction. To limit the amount of water in
the system, the ultra-pure helium gas passes through two charcoal-filtration cold traps held
in liquid nitrogen baths to freeze out water and other contaminants from the gas flow. A
commercial getter further purifies the gas flow. Finally, the gas catcher can be chilled with a
refrigerant fluid system to around -20 °C to further freeze out water. The temperature of the
gas catcher was adjusted during the data campaign to add and remove water contamination
as necessary. The gas catcher is also contained in its own vacuum chamber, held at around

1 mbar, which prevents any leaks to atmosphere from the gas catcher itself.

3This is one reason that the lithium source was able to last so long in this experiment.
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In the extraction of ®B, it is found that a high level of water contamination is essential
for efficient extraction of molecules. In ®B experiments, therefore, several of these water
reduction strategies are not used. The gas catcher itself is typically vented to atmosphere
and pumped down immediately before a run and can be heated above room temperature to
drive water off into the helium gas. Future experiments are considering adding water directly
to the helium gas flow through the use of a nafion gas-exchange membrane [134], which can
selectively humidify a gas stream.

The continuous beam of low-energy 8Li products exits the gas catcher and is directed
towards a radio frequency quadrupole (RFQ), illustrated in Figure 3.2. The RFQ is yet
another helium-filled, RF and DC voltage device and therefore a type of Paul trap. The
RFQ is held at room temperature and the ions thermalize to this temperature through
collisions with the ~1 mbar of helium gas. Split into several different segments, the RFQ
focuses the ions exiting the gas catcher and traps them via a DC gradient into a “bunch”
in the final segment.* In this experiment, the RFQ was operated without a mass-selectivity
DC offset (section 2.2), but some mass selectivity does occur from the applied RF frequency,
about 2 MHz.

Every 40 ms (25 Hz), the cooled and bunched ions are ejected from the RFQ downstream
at a voltage of 1490 V. Directly after the RFQ are two electrostatic deflectors that can be
used to perform mass selection of the ion bunch. These deflectors are separated by roughly a
meter of beamline, allowing for ions of different masses to achieve a few ps of time separation.
Pulsing the deflectors at the right time allows only masses in a small range to enter the next
beamline element, the Advanced Penning Trap, operating as an isotope separator (IS). In
the data campaign, ions around 25 u were selected (LiOHT).

A Penning trap is another type of ion trap that uses a magnetic field to confine ions
instead of purely RF and DC voltages. The physics of a Penning trap is not described here

but can be found in a number of publications and previous theses, e.g. [41, 80, 87, 135,

4Since the ions are cooled and bunched, the device is often called a RFQ cooler-buncher.
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136]. The IS operates under a magnetic field of 2.5 T and contains about 4 x 107% mbar
of helium gas. By applying a dipole excitation pulse at w_ to the ions, energy is added
the 8LiOH™, which then disassociates by collision with the helium gas, forming pure 8Li™.
The disassociation energy is about 1 eV [137]. Then, by applying a quadrupole excitation
at the w, of 8LiT, these ions can be driven towards the center of the Penning trap, while
the remaining masses are driven away. This converts the SLiOHT molecules to ®Li™ with an
efficiency of close to 100%.%> To allow for a measurement cycle in the BPT, 4 ion bunches

from the RFQ are collected in the IS at a time, before ejection to the BPT every 160 ms.

3.2 To the BPT Mk IV

The collected ion bunches are ejected from the IS and captured by the BPT, their final
destination and where the measurement occurs. This ®Li data campaign was the first exper-
iment to use the BPT Mk IV, which performed successfully and without any major surprises
(though the blinded data analysis is on-going). Figure 3.3 shows the BPT installed in its

vacuum chamber, with key components labeled.

3.2.1 Off-line commissioning®

Offline testing of the BPT Mk IV was performed using argon and nitrogen gases in spring
2022, which have masses of 40 u and 28 u respectively. Ions were produced by introducing
these gasses close to the RF(Q cooler-buncher and then ionizing them with a cold cathode
gauge. This ionization and trapping process has a low efficiency, but plenty of ions were
produced for commissioning. Trapping voltages and frequencies for the BPT Mk IV were
found to be comparable to simulations, but only a limited amount of trap tuning is possible

without a radioactive beam.

SUnfortunately, this technique does not work for the break up of ®B molecules, which seem to have a
much larger disassociation energy. These ions are typically trapped in the BPT at mass 42 u, probably
8B(OH)3 . Due to the extremely large @ value for the 3+ decay of 16.9 MeV and the subsequent 2« break
up, there should be essentially no impact on the decay products from the molecule.

6This section is adapted from Ref. [77].
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Figure 3.3: The BPT Mk IV installed in its vacuum chamber, with major components
labeled.

Tuning the BPT Mk IV requires a slightly different technique than tuning the previous
BPT or other typical beamline elements. Since the glassy carbon rods are closer to the ions
than the DC electrodes, there is a voltage-screening effect, necessitating a higher applied DC
voltage on the electrodes to form a trapping potential on the axis. This also means that the
capture and ejection pulses applied to the DC electrodes must be relatively high (roughly
-100 V). Therefore, it tends to be important to consider the relative difference between the
rod DC voltage and the other voltages. Using the estimates shown in Figure 2.9 can make

tuning much easier.

3.2.2 On-line commissioning’

As mentioned at the beginning of this chapter, two on-line commissioning runs with 8Li
were planned but were not successful in delivering beam to the BPT Mk IV. Therefore, the

first time that the BPT Mk IV was tuned for 8Li was during the data campaign. After

"This section is adapted from Ref. [77].
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tuning the entire system for roughly a week, the BPT voltage settings were finalized and
held constant during the rest of the data collection. As indicated at the beginning of the
chapter, it was unclear how long the data campaign might actually last, so this length of
tuning time was a compromise between a small ion cloud and the prospects of getting any
useful data. Data was collected for a total of 377 hours, resulting in around 2.6 x 10° triple
coincidence events.

A summary of the final trap settings is given in Table 3.1, with the resulting axial
potential shown in Figure 3.4, as determined from SIMION using the applied voltages from
the experiment. The applied RF voltage is known only to about 10%, due to the fact that
probing the circuit changes its properties and that the probes used may not have been
impedance matched to the oscilloscope properly. There was no measurable phase offset
between the two phases of the electrodes; the two phases also had identical amplitudes to
within ~1%.

The helium buffer gas pressure was ~ 1.2 x 107> mbar as read by a cold cathode gauge in
the trap vacuum chamber. Note that the pressure inside the BPT itself may have been up
to an order of magnitude higher due to a lower pumping speed in the confined space of the
trap. The capture and trapping efficiency was estimated to be roughly ~ 25%; the efficiency
likely could have been improved through additional tuning. The typical trap population was
estimated to be a few hundred 8Li ions. The trapping lifetime was not measured directly but
was many tens of seconds, as shown in section 3.3, long enough that it was not a concern
for the experiment.

During capture, only electrode “A” is pulsed down to allow ions into the trap, but this
pulse causes a large amount of noise pick-up on the DSSDs. Data from the first 6 — 8 ms of
each trapping cycle are unusable. It is not well understood why this time period of unusable
data is so long compared to the pulse length of a few microseconds. This is not a problem
for the final data analysis, as this is during the initial ion cooling period of roughly 30 ms

and therefore would be discarded anyway.
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electrode  DC (V) pulse (V)

“A” +65 -91
“B” -15

“C” (rods) -35
“D” -15 -91
“B” +66 -100
RF 1400 kHz, 300 V,,

Table 3.1: Voltage settings for the BPT Mk IV during the commissioning 8Li run. Electrodes
are labeled as in Figure 2.4b. Electrode “A” is pulsed during capture; electrodes “D” and
“E” are pulsed during ejection. The resulting axial DC potential is shown in Figure 3.4.

1
— trapping —= capture —-== ejection DC electrodes

potential on axis (V)

—-100 -75 -50 -25 0 25 50 75 100
beam axis (mm)

Figure 3.4: Axial DC potential of the BPT Mk IV during the commissioning ®Li experiment,
as determined from SIMION using the applied voltages from the experiment. Applied volt-
ages are shown in Table 3.1. The potential during trapping (blue), during a capture pulse
(orange) and during ejection (green) are shown. The widths of the DC electrodes are shown

as grey bands. The center region has no DC electrode, with the potential supplied directly
onto the rods.
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Due to the back-to-back a particles emitted from the ®Li decay, it is possible to image
the ion cloud directly [78]. Using the double « coincidences, the ion cloud cooling may be
observed during the trapping cycle, as shown in Figure 3.5. Details of the trapping cycle
are provided in section 3.3. The cooling time of about 30 ms is similar to that observed in
previous BPT experiments [78]. The spatial extent of the ion cloud is determined through
a comparison to simulations; in the figures shown, this was performed assuming that all
DSSD strips were functional, and therefore should be taken as an estimate only. A precise
determination of the ion cloud size will be performed in the course of subsequent data analysis
to determine ag,. From this initial estimate, however, the axial FWHM is close to 3.5 mm
and the radial FWHM is about 0.9 mm. The axial cloud size is roughly 15% larger than
that calculated from the curvature of the axial trapping potential, but this is fairly good
agreement. This final ion cloud size (accounting for the extent of 99.7% of the ions) is larger
than the design assumption, but a built-in tolerance means that this ion cloud size still has
a full view of the detectors and the electrodes do not block decay products. (Details of the
BPT Mk IV design are given in section 2.5.)
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Figure 3.5: ®Li ion cloud cooling as a function of cycle time with (a) showing axial cooling
and (b) showing radial cooling. The first few ms of data are unusable as noted in the text.
The two different DSSDs pairs are shown separately in each plot, (right-left, R-L, and top-
bottom, T-B). There is good agreement between the two pairs, and discrepancies may be
due to non-functioning strips, which have not been accounted for.
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3.3 Trapping cycle of the BPT

The BPT operates by accumulating ion bunches to build up an equilibrium population
during data-taking before ejecting all of the ions to perform a background measurement.
The cycle for this 8Li run was an ion bunch injection every 160 ms for a total of 70 bunches,
then an 800 ms background measurement, for a total of a 12 second measurement cycle.
Data is ignored during the first ~ 30 ms following injection, during thermalization with the
80 K buffer gas, to avoid systematic effects associated with a larger ion cloud size. The ion
cloud cooling can be measured directly due to the back-to-back « particles in the decay.
Figure 3.5 shows the cooling as a function of time after capture, demonstrating that this
occurs in about 30 ms. The background measurement is used to search for a contribution to
the measurement spectrum, thought to be primarily from untrapped ®Li since random triple
coincidences from cosmic rays or other sources are unlikely.

The trapping cycle of the BPT can be modeled to evaluate the trapping lifetime of the ions
and to identify the optimal trapping cycle to maximize count rates. Practically, this is rather
intuitive and does not require extensive modelling: ideally, enough ion bunches should be
injected into the BPT to maintain an equilibrium population for as long as possible before
a background measurement is performed. However, there can be some gains in efficiency
through better modeling and, as a particular motivation, the specific trapping cycle can have
an impact on the background measurement and scaling. Since the background measurement
occurs at the end of the 12 s trapping cycle, the number of events observed during this time
must be scaled to account for the ®Li lifetime and the trapping cycle length. The model
presented here is specific to the BPT due to its transport and delivery system (section 3.3)
but can be easily adapted for different ion traps.

In the BPT beamline, there are four main features that play a role in the trapping cycle:
1) the continuous beam from the gas catcher, 2) the RFQ buncher that produces a bunched

beam, 3) the isobar separator Penning trap (IS) that accumulates bunches before ejecting
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them as a group, and 4) the BPT which accumulates these secondary bunches. The ion
travel time between these elements is ignored since this is very small (tens of ps) compared
to the other timescales. The cycling time for all elements is set by the buncher time t,
because this is the first element that converts ions from a continuous beam to a bunched
beam. Throwing away bunches needlessly will reduce the overall data rate.

The trapping model then depends on the following variables, with values from the latest

8Li experiment given:

7 - the lifetime of the species, 840 ms /In2 = 1211 ms for 8Li

tp - the buncher time, 40 ms

e ¢ - the number of IS injections from the buncher, 4

e d - the number of BPT injections from the IS, 70

v - the veto time after BPT injection, 35 ms

[ - background measurement time, 800 ms

The continuous beam from the gas catcher is bunched and cooled in the buncher. We
take the beginning of the bunching cycle as the start of our clock, such that the population of
ions in the buncher is 0 and their lifetime clock is reset. The build-up of the ion population

N in the buncher is given by

dN, 1
— =7r — =N, 1
dt " - (3.1)

where we assume the rate of capture r is constant and 7 is the lifetime of the radioactive ion

(but could also include the trapping lifetime). The solution to this differential equation is

Ny(ty) = 7(1 — e~8/7), (3.2)
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where we have taken r = 1 for simplicity. At the end of every buncher cycle t,, we have
a population N, that gets injected into the IS, ignoring any effect on the capture efficiency
from shorter or longer storage times. Several bunches are accumulated in the IS for a time.
We again ignore any efficiency losses that depend on e.g. the number of ions in the IS. For

a single injection to the IS, the population ¢ time after injection is given by

N[s(t) = Nbei(t)/‘r.

After ¢ number of IS injections, the population is

st(t + (C - 1)751,) == Nbe_t/T Z €_mtb/T
m=0 (3.3)

At the end of every IS cycle, we then have a population Nyg that gets injected into the BPT

after an additional ¢, (just before the next injection when the IS cycle starts over).

ty/T _ e—(c—l)tb/r

et/T — 1
1 — e—ctb/T

Petn/r —1

N15<Ctb) = Nbeitb/‘re

The derivation for the BPT follows the same pattern as for the IS. However, now we are
interested in the number of decays that occur during each trapping cycle, which should be
directly proportional to the population of the trap. So the number of decays detected at
time ¢ after BPT injection number j (total number of injections d) is proportional to the

following expression:
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7j—1
NBPT(t + (] — 1)0251,) = nge_t/T Z e_mCtb/T
m=0 (3.4)
cty/T _ o—(j—D)cty/T
_ —15/7'6 €
- N[S@ ectb/T _ 1

The expanded expression is

1 — e—ctb/r 6ctb/T o e—(j—l)ctb/T

Nppr(t+ (j — Vecty) = 7(1 — e~ /") S 1 T e T, (3.5)

We can simply integrate the expression to get a quantity proportional to the total number
of decays D; for a given BPT cycle j. Only one term depends on the time after injection ¢

and we integrate from ¢ = 0 to the next injection, which occurs at t = ct,

1 _ efctb/‘r eCtb/T _ ef(jfl)ctb/‘r cty
o 7 —t/T
Dj = 7—(]. (& ) etb/T - 1 ectb/T _ 1 /0 € dt (36)

Since the ion cloud takes some time to cool down after injection, we would typically want
to remove those decays from our analysis. We can include this in our equation by integrating

from a time different than 0, our veto time v (typically 20-30 ms for the BPT).

1 — e—ctb/f 6ctb/T o 6—(j—1)0tb/7' ctp
o . *tb/T 7t/T
Dy=r(l—etin I 2 / et (3.7)

Using this final expression, the different trapping parameters can be optimized for the par-
ticular species of interest. One detail not included in the derivation here is the fact that,
during the 800 ms background measurement, ions are stored in the IS until the BPT is ready
for injection again. This means that the first BPT injection likely contains a larger number
of ions than the other injections. Additionally, the lifetime of the ions may be modified due
to a finite trap lifetime.

The model presented, with the inclusion of a larger first BPT injection, can be compared

against the ®Li data, using the 2 coincidence to increase statistics. As shown in Figure 3.6,
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there is fairly good agreement with the model, though the number of events during the first
capture is not modeled as well. A fit of the model is performed to estimate the trap lifetime,
resulting in a trap lifetime of 83 4+ 29 seconds. Given that the entire measurement cycle is
only 12 seconds, this is clearly not a precision measurement of the trap lifetime, but it does

indicate that the trap lifetime is more than long enough.

1.8 "
1.6 o
1.4 ¢

1.2 f model (2 =1.22)

¢ events
1.0 =

doubles per capture (100K)
o,

normalized residuals
[ ]
L[]
[ ]

0 10 20 30 40 50 60 70
BPT capture number

Figure 3.6: Trap cycle model comparison with the 8Li, including a larger first injection and
a finite trap lifetime. Events where two o were detected are used. See text for details.

3.3.1 Impact on background measurement

The triple correlation of the two o and the 8 from the ®Li decay provides a very clear
experimental signature, but it is possible for some background events to be present. There are
two cases of background to consider: 1) background uniform in time and 2) a background
dependent on the trapping cycle, perhaps from untrapped ions that land on the DSSDs.
Each of these has a different scale factor associated with it. In past BPT experiments, the
background was taken to be uniform, so it is interesting to see the impact of a better estimate

of the untrapped background. The background measurement occurs after the d BPT cycle.
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This lasts for some length of time [ after the last injection has been held for ct,.
In the uniform case, we merely need to scale the measured background by the ratio of
the background measurement to the live time. For the entire BPT cycle, this scale factor is
live time d(cty, —v)

Runi orm — 5 = . 3.8
f background time [ (38)

In the second case of untrapped ions, we use the model results to investigate a trapping-
dependent background. We assume that some constant fraction of ions injected into the BPT
become untrapped and serve as a background, perhaps ions that charge-exchange, become
neutral, and land on trap elements or detectors, or ions that escape the potential during
injection or thermalization. This background is then dependent on the population in the
BPT by some additional untrapping efficiency n (set to 1 for simplicity), and we can use
the expression already derived for the population in the BPT. The background measurement
occurs after the last cycle d so we need to adjust the integral as well. The measured number

of background counts is

—cty/T pcty/T —(d—1)cty /T ctp+l
Bm:T(l—e_tb/T)l_e b/T et/ — o )b//b

etb/T -1 ectb/T -1

e VTdt. (3.9)

173
Now we need to find the number of background events expected during the live time. The

background B per BPT cycle j is

1 - e—ctb/T 6ctb/7’ _ e—(j—l)ctb/T cty
o . —tb/’r —t/’?’
B] — ,7_(1 e ) etb/q- —3 ectb/T 1 /vv e dt (310)

However, we should also include the untrapped ions that remain from the previous BPT

trapping cycle since these will not get ejected. The expression is then more properly
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1— e—ctb/r ectb/T _ 6—(j—1)ctb/r cty
o . 7tb/T 7t/T
BJ = 7'(1 & ) eto/T — 1 < ect/T — 1 /v‘ € dt

€Ctb/T _ e—(d—l)ctb/T /Ctb+l+j0tb
c

+ ectb/‘r -1

e‘t/Tdt) . (3.11)

tb+l+(j71)ctb+v

The importance of including this contribution can be seen in Figure 3.7. Note that this second
factor is not included in the expression for B,, because, for the BPT, the full trapping cycle
is much longer than the lifetime and essentially all background counts from the previous
trapping cycle will have decayed after the first few injections. For a longer-lived species,
this correction could be included. The untrapped population from cycles further in the past

could also be included if the trapping cycle is much shorter than the lifetime.
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Figure 3.7: Untrapped ion background from current cycle and previous cycle, demonstrating

the need to account for untrapped ions leftover from the previous measurement cycle.

The total number of background counts over the cycle is the sum over each injection j.
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Finally, the background scale factor for the untrapped ion case is then

B

Runt rapped —
1YY Bm

A comparison, shown in Figure 3.8, between these two assumptions for the background
source shows that the scale factor from the untrapped ion case is larger, up to about 40%
larger at the 70 BPT injections per measurement cycle used in the 8Li experiment. This

scale factor is therefore taken as the more conservative case.
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Figure 3.8: Background scale factors as a function of the total number of BPT injections and
the number of injections to the IS. The other parameters are from the most recent 8Li run;
the selected number of IS captures was 4, which gives a ratio slightly higher than the uniform
background assumption (black dashed line) but results in a higher data rate efficiency.
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3.4 Experiment analysis

The analysis of the ®Li data is on-going. Thanks to previous iterations of this measure-
ment, much of the analysis infrastructure is in place, though there are some specific details
that must be accounted for with this data set. Several aspects of the data analysis are pre-

sented here, though the full, blinded analysis is still on-going.

3.4.1 Simulations

Details of the simulations used in the analysis have been presented previously [41] and
are largely unchanged from prior work. Some key aspects are presented here. The different
simulation pieces follow the diagram shown in Figure 1.17.

The event generator is based on code written by Nicholas D. Scielzo [32] and updated by
Aaron T. Gallant. A decay is created following the differential rate given in Ref. [21], which
includes the recoil-order form factors. As mentioned in section 1.5, these form factors have
been both experimentally measured [55-58] and theoretical calculations have been performed
to determine their size [54]. The final state distribution of the decay is also included, which
determines where the decay lands in the excitation energy spectrum of ®Be and its associated
() value. Incorporating these effects leads to the generation of most events in the spectrum.

Bremsstrahlung must also be accounted for; in about 6.5% of events, a photon is created
as the (3 exits the ®Be nucleus [41]. The additional steps and correlations required to add a
photon to the event generation are described in Ref. [22]. Additional details can be found
in Ref. [41].

To simulate $-decays created from a tensor interaction, a similar procedure is used. Ref.
[21] provides the decay rate assuming the SM; to change from A events to T events, the sign
(£) of each term containing a  — v correlation is swapped (details provided in Ref. [41]).
Given that the tensor interaction has been constrained to such low contributions, only the

leading order terms matter.
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After creating a decay event, its origin inside of the ion cloud is determined. The ion
cloud is assumed to be a 3-dimensional Gaussian whose size and position is determined from
fits to data. The decay origin is placed inside of this distribution and the particle momenta
propagated to the position of the detectors.

For the (8 particles, it is necessary to perform a simulation of scattering using Geant4.
This effect is modeled with a detailed Geant4 simulation using the “option3” standard elec-
tromagnetic physics list [102-104]. A full CAD model of the trap is included to model the
scattering. Small materials, such as bolts and wires, are not included in the simulation to
reduce the complexity required; these are also located far from the ion cloud and have neg-
ligible impact on the scattering. More information about the Geant4 simulations, including
comparisons to the previous ®Li data set, can be found in Ref. [41].

Finally, the detector response must be included in the simulation. A full characterization
of the DSSDs has been completed in this work and can be found in chapter 4. All detector
effects contributing to the detector response are included in the discussion there.

The final simulated events are stored in a ROOT file for analysis and comparison to data.
By performing a fit to a linear combination of the axial-vector events and the tensor events,

a limit on the tensor fraction in the ®Li data can be obtained.

3.4.2 Timing information

As noted in section 2.7, the BPT events contain timing information about each front
strip trigger relative to the first trigger of an event. The relativistic 8 particle will always
hit the DSSD well before an «, as shown in Figure 3.9. In principle, a silicon detector with
good enough timing resolution (a few ns) should be able to easily discriminate between them.
Some additional details about the intrinsic timing resolution of the DSSDs are provided in
section 4.4.3.

The situation in the BPT is decidedly more complicated. Because the DSSDs have

considerable RF pickup (section 2.6.1), notch filters (section 2.6.2) and a long shaping time
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Figure 3.9: Time of flight for a (blue) and 5 (orange) particles as a function of kinetic energy,
assuming a 7.5 cm distance from the trap center to the DSSD surface.

of 4 ps (section 2.7) are used to filter out the RF signal from the shaped energy pulse.
However, as detailed in section 2.7, a leading edge discriminator triggers on the shaped
pulse to avoid constant triggering on the RF pickup. This effectively destroys any timing
resolution that the DSSDs would have and also introduces a considerable walk to the trigger
as a function of the particle energy. The walk can be seen in Figure 3.10, where a walk of
up to 5 s can be observed for low energies. This is in line with the shaping time of 4 ps.
Though they should arrive at the DSSD first, § particles are observed to trigger first
in only a few percent of events. The timing resolution can be seen to be several hundred
nanoseconds at best, as well. Therefore, the BPT is unable to discriminate between a and
[ particles on the basis of timing information and must rely on energy cuts to identify
particles. Timing information can be used to reject random coincidences with calibration
source « particles, however, which effectively removes the vast majority of them from the
data set. Additional energy and position cuts remove the rest of these random coincidences.

In addition to the relative timing between particle hits, the time after capture and ejection
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Figure 3.10: Timing information from triple correlation events (only one run is shown).
Timing is relative to the trigger of the first particle; a considerable walk of up to 5 ps can be
seen as a function of particle energy. The blank space around 700 keV comes from a particle
identification cut.

is also recorded. During capture and ejection, the electrodes are quickly pulsed by a relatively
large voltage (~ 100V); consequently, a large amount of noise triggers are observed in the
data during these times. However, there is additional noise seen up to about 10 ps after a
capture or ejection pulse. This noise is only seen in conjunction with a pulse, though the
reason for the long timescale relative to the fast pulse is unclear. Data during the first 10
ns after capture is unusable to the high level of noise. This does not particularly affect the
analysis however, since the ion cloud is cooling during this time, and this data would be

discarded for the final measurement.

3.4.3 DAAQ linearity

During the ®Li campaign, the linearity of the DAQ was tested using two PB-5 precision
pulsers [138], one for the front strips and one for the back strips since these require opposite

polarity signals. These pulsers were coupled to the pulser input of the MPR-32 preamplifiers,
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as shown in Figure 2.15, with each pulser signal split between the 8 inputs such that all
channels received simultaneous signals. The two pulsers were triggered so that pulses were
sent simultaneously to both front and back channels. The DAQ then triggered normally on
the front strip signals, as would occur for an « event. It is easy to separate pulser signals
from « signals due to the high multiplicity of these events.

During the data campaign, a pulser test was conducted approximately every four hours.
This involved sending ~3000 test pulses (100 Hz for 30 seconds) at 24 different energies across
the ADC range; such a test took approximately 15 minutes. These tests were automated by
a Python script to ensure consistency. By looking at the DAQ response to these test pulses,
the linearity and stability of the DAQ electronics can be tested. In between these tests, the
pulsers were disconnected from the rest of the DAQ due to an apparent increase in noise
when they were coupled. The source of this increased noise is not clear, but it could be due
to poor grounding between the pulser and the preamplifiers.

In addition to these regular pulser tests, a final linearity test was conducted at the end
of the data campaign using 137 peaks with extremely fine spacing (5 seconds per energy at
250 Hz). This test was performed to check the effect of the baseline restorer setting (section
2.7) used in this measurement, to ensure that this did not alter the linearity or affect the
efficiency of events. This effect was observed during initial testing with strong baseline
restoration. A much lower baseline restoration strength was used in the ®Li measurement,
but the finely-spaced pulser test is essential to determine any potential impact from the
baseline restoration.

Figure 3.11 shows the time structure of the applied pulses for one standard pulser test;
this is used to separate the peaks to fit them with Gaussian distributions individually. This is
particularly important in the case of the finely-spaced pulser test, where the individual peaks
have energy overlap. The pulser peaks are applied starting at lwoer energies and increasing
to higher energies. The first peak is below the trigger threshold for some strips, hence the

fewer triggers in Figure 3.11 for the first interval. At higher pulser peaks, close to or beyond
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Figure 3.11: Time structure of a pulser test. Vertical axis has arbitrary units but scales with
the number of triggers (blue). The green line is used to determine the time cuts (orange
lines) to separate the pulses.

the end of the ADC range , some strips begin to double trigger and have other non-linear
effects, leading to the the higher number of triggers seen. Time cuts were automatically
determined for each individual pulser test and used for data sorting later. Using the time
cuts, the pulser peak at each energy were individually fit for every strip. The resulting fits
can be compared with the pulser voltage (an indication of the amount of injected charge) to
determine whether there is a linear relationship.

An example of this procedure for one strip is shown in Figure 3.12. There is a clear non-
linearity for the upper ~2% of ADC channels, above about channel 4000. This is observed
on all strips, though the exact location of the non-linearity is not constant. From this, events
above channel 4000 should be discarded, as it is too difficult to accurately determine the
energies in this range.

In addition, note the residuals shown in 3.12b; these have a very strange structure. The

odd residual structure comes from a mistake in the operation of the pulser. Internally,
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Figure 3.12: (a) Linearity evaluation from a pulser test, showing significant deviation about
ADC channel 4000. (b) Residuals show a strange behavior that comes from pulser attenua-
tion settings used, as detailed in the text.

the pulser has several different attenuation options (presumably through resistors) that can
attenuate a higher voltage to a lower one; this can give more precise small voltages. Unfor-
tunately, due to my misunderstanding, these attenuation options were changed during the
pulser tests rather than using a single attentuation. This was intended to give more accurate
pulses, but the pulser linearity itself changes with the use of different resistors, which makes

sense in hindsight.
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Figure 3.13: (a) Linearity evaluation from a pulser test restricted only to peaks with identical
attenuation settings (colors). (b) Residuals.
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Restricting analysis of the pulser data to those peaks with identical attenuation settings
shows very good linearity with sensible residuals, as seen in Figure 3.13. Unfortunately
again, several attenuation settings have only 2 or 3 peaks in them, making it impossible to
use a quadratic fit to determine the size of the non-linearity. For the last two attenuation
settings (yellow and blue), however, it is possible to use a quadratic fit. The non-linearity in
these regions is determined to be negligible (< 0.02 keV). In addition, the linear coefficient
at all of the attenuation settings is found to be similar. However, attempting to correct the
peak energies for the different attenuation factors is too difficult to perform.

In addition to the linearity of the system, which is found to be quite good, the pulser
data gives an indication of the stability of the DAQ over the whole experiment. The pulser
stability is actually found to be worse than the stability determined from the calibration
peaks. Therefore, it is surmised that the pulser itself drifted during the experiment, and the

stability from the calibration sources is used instead.

3.4.4 On-going data analysis

The full analysis of this new ®Li data set is on-going, with results expected within 1-2
years. The analysis is blinded. In addition, thanks to the reduction of £ scattering from
the new trap, fits to simultaneously extract a limit on tensor currents and the recoil-order
parameters are being investigated. It is hoped that this experimental data will be able to
improve the precision to which the recoil-order parameters are known, which will lead to

overall improvements in the uncertainty on tensor currents.
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Chapter 4

DSSD AND CALIBRATION SOURCE CHARACTERIZATIONS

The BPT has an ultimate measurement precision goal of A|Ct/Ca|?> <1 x 1073, The
latest systematic uncertainty with 8Li is A|Cp/Cal? = 2.8 x 1072 [38]. Of this total sys-
tematic uncertainty, cuts to the data and knowledge of the detector response each account
for 0.9 x 1073. Therefore, in order to reach the precision goal, it is necessary to have a full
understanding of the detector response of the DSSDs used in the experiment. Most recently,
another experiment at the Isotope mass Separator On-Line facility (ISOLDE) studying the
decay of ®B with DSSDs has also studied the detector response with similar detectors [73,
74]. Some additional comments on comparison to other experiments are noted in section
1.6.1.

This chapter provides an overview of the general silicon detector response to a particles
in section 4.2. A characterization of the calibration « sources used is provided in section 4.3.
The DSSDs in the BPT experiment are described in detail in section 4.4. (For information
about the DSSD timing relevant for the BPT experiment, see section 3.4.2.) An experiment
to directly characterize the DSSD detector energy response is described in section 4.5.

Portions of this chapter are adapted from ATLAS experiment proposal #1905 [139]. T
appreciate the help of everyone involved in this experiment, particularly Daniel Santiago-
Gonzalez, Ivan Tolstukhin, Heshani Jayatissa, and Ryan Tang, who provided assistance with
the beam monitor and the data acquisition system. Thanks also to the ATLAS operators
who made this challenging experiment possible.

Note that the 2013 version of the Stopping and Range of Tons in Matter program [1]

(SRIM) and the stopping powers within are used throughout this work.
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« energy (keV) intensity (%)
1481 3182.690(24) 100
244 5762.64(3) 23.1(1)
5804.77(5) 76.9(1)

Table 4.1: Relevant « energies and intensities from **Gd [144] and ***Cm [143].

4.1 Calibration o sources

The « sources used for calibration in this work are 8Gd and 2**Cm spectroscopy-grade
a sources manufactured by Eckert & Ziegler. Two sources of each isotope were purchased
in 2015 with activity of roughly 100 nCi [140, 141]. The sources had their active material
electrodeposited onto a platinum backing, with active diameter of 5 mm. These sources
were then each cut into four quadrants for use in the BPT; this was not performed precisely
so different foils may have slightly different active areas. These commercial, spectroscopy-
grade « sources have a much thinner dead layer than those produced by drop-deposition
in-house [87], which greatly improved the energy calibration possible in the experiment [41,
142]. The energy distributions of « particles from the sources are investigated in section
4.3. The « energies and intensities from these sources are listed in Table 4.1. Note that
244Cm has additional o energies at much lower intensities that are not considered in this
work [143]. The uncertainties on the emitted a energy are much smaller than uncertainties

on the detector response and calibration in this work and are, in general, ignored.

4.2 Silicon detector response to a particles

For monoenergetic incoming « particles, the resulting spectrum recorded with a silicon
detector is asymmetric and cannot be approximated by a Gaussian at the level of precision
for this experiment. The sources of this asymmetry have been largely understood for several
decades (see e.g. Refs. [145, 146]), and an analytic fitting function has been developed

to approximate the line shape of the detector response [147]. For the typical peak fitting
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performed in this work (e.g. calibrations), the analytic fitting function used was taken
from Ref. [147] and is composed of a Gaussian distribution and two left-sided exponential
distributions to approximate the symmetric and asymmetric components of the detector

response, respectively. The fitting function takes the form

where m is the total number of peaks and the remaining variables are parameters for the
fit. For a full derivation of this function and an explanation of the parameters and their
physical interpretation, see Refs. [145-147]. Note that these fit parameters are in general
energy-dependent; the parameters also depend on the thickness of the dead layers that «
particles traverse (thicker dead layers result in a broader distribution) and other detector
characteristics. Therefore, the parameters are treated independently for the 14¥Gd and 2*4Cm
calibration sources; the parameter o corresponding to the width of the symmetric component
may also be treated independently for the different peaks resulting from the different dead
layers. This analytic formula is only appropriate for use in simple treatments, such as fitting
calibration spectra to extract the peak energy.

To approximate the more complicated detector response for the BPT, a numerical con-
volution combines the distributions of each of the physical processes that contributes to «
energy loss. These functions model the details of both the source and the detector in order
to characterize the physical processes that reduce the a energy and broaden the peaks in the
spectrum. The final energy spectrum H (h) is then the convolution of the energy distribution

from the source N(Es) and the detector response function R(Es, h)
H(h) = / N(Es)R(E, h)dE;. (4.2)
0
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Contribution Shape Determined by

Source distribution

energy loss and
N(E,) straggling due to asymmetric experiment, SRIM
emission depth

Detector response

Djead detector dead layer Gaussian SRIM

D, non-ionization asymmetric Ref. [148]

D fano e-h pair creation Gaussian Ref. [149]
(Fano factor)

Djee electronic noise Gaussian reference pulser

Table 4.2: Contributions to the energy loss distribution and detector response function.
Adapted from Ref. [145].

Table 4.2 list the various energy loss mechanisms and the distributions that model them:;
note that these distributions correspond to a symmetric Gaussian component and two asym-
metric (tailed) components, similar to equation 4.1.

For a particular incoming « energy, these distributions are largely energy-dependent,
meaning that the variation in the response over the ~ 20 — 30 keV FWHM spread of a
monoenergetic incoming « can be treated as a convolution of independent distributions.
This is an important fact since the moments of the convolution of independent distributions
is simply the sum of the individual moments. Therefore, the mean energy loss of each of
these distributions can simply be added to find the total mean energy loss. Practically, this
is very useful since, after performing the numerical convolution, the mean of the resulting
distribution can simply be aligned to the sum of the means of the input distributions. This
method ensures that the absolute energy of the response is kept, as opposed to only the line
shape.

The following subsections provide an overview of the physical processes affecting the de-
tector response, which were simulated in SRIM where noted. The intermediate and final
distributions for a “8Gd calibration source are shown in Figure 4.1. The different curves

represent the source distribution at different stages of the convolution. The measured calibra-

100



— source
- peak: 3182.61 keV
204 — detector deadlayer
| - . peak: 3161.45 keVv
—— non-ionizing
- peak: 3154.12 keV
£ 154 —— final distribution
= - peak: 3152.31 keV
)
o
E 1.0 4
<
0.5
0.0
T T T T
3100 3120 3140 3160 3180 3200

Energy (keV)

Figure 4.1: Intermediate and final distributions for a *8Gd source, assuming a 100 nm Si
dead layer and 8 keV electronic noise 0. See text for details.

tion source distribution N(E;) (section 4.3) is shown in black. This distribution is convolved
with a 100 nm Si dead layer energy loss distribution Dge.q (section 4.2.1) and is shown in red.
This is then convolved with the non-ionizing energy loss distribution D, (section 4.2.2)
and is shown in blue. Finally, this is convolved with distributions for the electron-hole pair
statistics Dyqno and electronic noise Dy (sections 4.2.3 and 4.2.4) and is shown in green.
This procedure shows that there is about 30 keV of lost energy for this calibration source
compared to the emitted a energy; this is an important shift as the BPT experiment would
like to have an energy calibration known to 5 keV or better. Note that accurately accounting
for both the asymmetry in the distribution and width of the electronic noise Gaussian is
required, since these shift the final peak location, as can be seen by the 2 keV shift between

the blue and green distributions.
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4.2.1 Dead layers

As « particles transit the window and doped layer (the dead layer) of a silicon detector,
some energy is deposited into this layer. As there is no drift field in this region, ionization
produced is not transported, and the energy is therefore “lost” from the resulting charge
collection. This energy loss is statistically distributed and depends on the thickness and
composition of the dead layer, as well as the incident a energy. Due to the wide range of «
energies in the decay of Li and ®B, a good knowledge of the detector dead layers is essential.

The detector dead layer distribution Dg..q can be modeled directly in SRIM by trans-
porting « particles of various energies through the appropriate thicknesses of the relevant
materials (in this work: Si, Al, SiO,, and HyO). The assumed densities of the detector mate-
rials has a direct effect on the stopping power and thus on the thicknesses measured in later
sections. The densities of silicon and aluminum were taken to be 2.32 g/cm? and 2.7 g/cm?,
respectively. Silicon dioxide has a wide range of densities depending on its crystal structure;
in silicon devices, the SiOs layer is typically formed via thermal oxidation with a density of
2.2 g/cm? [150).

For an alpha particle passing through the dead layer, the energy loss distribution is
practically Gaussian and is modeled as such. Particles passing through the dead layer at
an angle different from normal can be simply treated as passing through a thicker dead
layer. The mean of the Gaussian is controlled by the stopping power of the material and the
thickness of the dead layer; total stopping powers (both electronic and nuclear stopping) and
projected ranges from SRIM are shown in Figure 4.2. Since the stopping power is a function
of the energy of the «, it can be numerically integrated as the « loses energy as it traverses
the material to provide a final energy loss.

SRIM reports that for He ions, the program’s stopping powers match experiments to
within 2%. Since, in this work, only the product of dead layer thickness and stopping
power is required, all dead layer thicknesses reported assume SRIM stopping powers and

uncertainty on the stopping powers are not incorporated into the reported uncertainties on
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Figure 4.2: Total stopping powers (including both electronic and nuclear stopping) and
projected ranges and range straggling from SRIM for « particles of materials relevant to this
work.

the dead layers.

For compounds where hydrogen bonds have a sizable impact on the stopping, such as
water, a compound correction factor for SRIM is used. It is entirely unclear from SRIM
documentation what correction factor should be used for solid water (the phase of the target
also impacts the scattering). However, Figure 4.3 taken from the SRIM website [151] suggests
a correction factor 0.95 may be appropriate. In this work, the density of ice of 0.917 g/cm?
is used. These uncertainties are likely unimportant since an HyO dead layer has so far only
been identified during an experiment to characterize the DSSDs used in the BPT (section

4.5), but not during the BPT ®Li measurement itself.

4.2.2 Non-ionizing energy losses

After an « enters the depleted portion of the silicon detector, the particle’s energy can
produce detectable ionization in the form of e-h pairs, forming the D,,, distribution. The
detector volume has an electric field applied to it to collect the e-h pairs and produce a
signal that can then be amplified. When an « particle enters the detector volume, it loses

energy to electronic ionization and excitation, as well as to recoils with silicon nuclei. With
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Figure 4.3: Helium stopping in water vapor and solid, suggesting a correction factor of 0.95
for solid water. From Ref. [151]

enough recoil energy, these silicon nuclei can in turn produce ionization or dissipate the
energy as phonons. Energy from the alpha particle that is dissipated as phonons is not
collected by the detector and, thus, the energy of the alpha particle can be underestimated.
To understand the distribution of energy losses to ionization, it is equivalent to model the
non-ionizing energy loss distribution (NIEL). The vast amount of energy of the alpha is given
to ionization (> 99% according to SRIM calculations), but the long-tailed asymmetry in the
NIEL is important to reproduce the asymmetry seen in the detector response.

To model the NIEL distribution, alphas from 300 keV to 8700 keV in 100 keV increments
were propagated through up to 50 pm of silicon (depending on the range of the o) in SRIM.
SRIM itself does not record the NIEL distribution, but, using its output files, the distribution
can be reconstructed. In particular, SRIM reports the average non-ionizing energy loss for a
particular simulation; by running many simulations with a single « each, the reported average
loss can be built into the NIEL distribution. Fits to these simulations were performed using
a Burr (Type III) function which reproduced the shape well. The resulting distributions of

non-ionizing energy losses for several different « energies can be seen in Figure 4.4. There is
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Figure 4.4: Non-ionizing energy loss distributions for several « energies simulated by SRIM.

a relatively weak dependence on incoming « energy.

The NIEL distribution has been investigated by other authors (including Refs. [68,
142, 148, 152]). The more recent of these works also use SRIM, but Ref. [68] reports
only the average energy loss. Ref. [142] used a different procedure with SRIM to produce
the distributions. A comparison of several distributions is shown in Figure 6 of Ref. [142];
agreement is very good between these distributions for the average energy lost. Interestingly,
the simulations performed in the course of this work (Figure 4.4) have a lower average energy
loss but agrees well with the peak of energy loss.

A more recent calculation of the NIEL distribution, Ref. [148], used a version of SRIM
modified by the program’s author to output the NIEL distribution directly. The reported
distributions have slightly higher average energy loss and larger tails. As an example, Figure
4.5 compares the NIEL distribution of a 1500 keV « as determined by this work and Ref.

[148].1 However, the distributions of Ref. [148] have a larger peak energy loss compared to

!Note that in Figure 8 of Ref. [148], there is an error in the scaling of the vertical axis; it should divided
by a factor of 2 [153].
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Ref. [142], though the average is similar.
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Figure 4.5: Non-ionizing energy loss distribution of a 1500 keV « from this work and Ref.
[148].

It is not immediately clear which distribution is more accurate, but it is possible that the
distribution of Ref. [148] should be used, given that it simulated the NIEL with a version
of SRIM modified by the program’s author. In Ref. [75], a heavier tail was added to the
detector response to account for that seen in the data; this could have been attributed in
part to the NIEL distribution. However, in Refs. [38, 41|, a NIEL distribution more similar
to this work was used instead. During the analysis performed in section 4.6, the NIEL of
Ref. [148] was adopted.

Note that Ref. [148] was published two years after the calibration source characterization
was completed (see section 4.3). The source characterization used the NIEL distribution
reported here (Figure 4.4), not that of Ref. [148]. The source characterization also found
that a heavier tail was required to explain the source distribution, though this was attributed
to the source composition. It is possible that this should have been attributed to the NIEL

instead. However, it is beyond the scope of this work to revisit the source characterization
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to test the distribution of Ref. [148]. It is possible that the question of the more accurate

NIEL distribution may need to be revisited in the future.

4.2.3 Electron-hole pair statistics

The distribution D 4, represents the number of created electron-hole pairs for an electron
with a particular energy E,.. After the alpha particle enters the detector and ionizes electrons,
these electrons create e-h pairs in the detector that are collected. This process is Gaussian,

as detailed by Ref. [146] and references therein, with mean w and standard deviation

0w = VWE.F (4.3)

where F' is the Fano factor. For photons in silicon at room temperature, w = 3.67 £ 0.02
eV/e-h pair and F' = 0.13 (see Ref. [146] and references therein for additional details). The
BPT has detectors at 80 K; the ionization energy was measured at 90 K to be g = 3.81+£0.02
eV /e-h pair for photons and « particles [154]. In addition, see section 4.2.5 for a non-linearity

in the silicon response related to electron-hole pair creation.

4.2.4 Electronic noise and energy resolution

The electronic noise distribution D.;.. is modeled as a Gaussian with a mean of zero
(no energy loss, only spreading). The electronic noise can be determined through the use
of a reference pulser at several points in the energy region of interest in the DAQ. The
reference pulser used in this work is a Berkeley Nucleonics Corporation model no. PB-5
[138]. In general, the width of the noise Gaussian varies over the spectrum, so mapping out
the energy dependence using the pulser is essential.

See section 4.4.1 for an averaging procedure to overcome the electronic noise resolution

limit by comparing simultaneous measurements of electrons and holes in a DSSD.
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4.2.5 Silicon response non-linearity (pulse height defect)

It has been known for several decades that the energy response of silicon detectors depends
on the Z of the incoming ion in what is typically called the “pulse height defect.”? This pulse
height defect has been suggested to come from two competing effects: 1) the average e-h
pair production energy ¢, which decreases for higher electronic stopping powers, and 2) e-h
recombination in the plasma created along heavy ion tracks. These effects have been studied
for around fifty years in various papers (see e.g. [152, 156, 157] and references therein).

In one of the first papers® to examine this effect with low-Z ions [152], the number of

electron-hole pairs produced as a function of incident particle energy is modeled as

Poo dE
Neh(EO):/O 0~ kS(B)’ (4.4)

Here ¢y = 3.67 £ 0.02 eV /e-h pair for photons in Si at room temperature [152, 154] and
k is a constant, independent of Z, that represents the average length traversed to create
one e-h pair. The value of k was measured to be k = 2.8 = 0.3 x 107* nm/e-h pair for Si
[159]. The electronic stopping power is included as S(FE). This model was found to explain
the dependence of the detector pulse height on Z, although it does not account for plasma
recombination, which was assumed to be an important competing factor for heavier ions
[152].

However, this model also introduces a non-linearity in the Si response due to the inclusion
of the electronic stopping power, which varies as a function of particle energy. The non-

linearity is small and can typically be ignored for experiments where the range of ion energies

2The term “pulse height defect” has been used to refer to several distinct effects by various authors at
different points in time over the last fifty years (see ch. 11 of Ref. [155]). The effects described in this
section are separate from the dead layer losses and non-ionizing losses described in the previous sections,
which also depend on the ion Z and must also be accounted for when different species are detected with the
same detector.

3Eq. 4.4 is nearly identical in form and interpretation to that of Birks’ Law for scintillators, which
describes quenching and recombination effects resulting in a non-linear response [158]. Surprisingly, this
similarity in model is not referenced in Ref. [152], which was written 35 years later, and seems to have been
overlooked by later authors as well.

108



is not large. For the purposes of calibration, the resulting non-linearity can more easily be
expressed through a series expansion [156]. Given that %S (E) ~ 1072, equation 4.4 may be
expanded as
1 1 [Pk
Nen(Eo) = —Ep + — —S(E)dE + ..., (4.5)

€o € Jo €o
where higher order terms contribute < 0.05% for « particles in Si at energies relevant to this
work.

In the decays of ®Li and ®B, « particles have energies over a considerable range (from
< 1—8 MeV), and this intrinsic non-linearity impacts the detector response. A method for
calibration including the silicon non-linearity is described in Ref. [156]. The impact of this
non-linearity for the BPT was considered in Ref. [142] (see Figure 8 therein). This silicon
non-linearity is included in the analysis of the previous BPT experiments (Refs. [26, 38,
75]). It is not clear, however, that this non-linearity is accounted for in other experiments
studying ®B, for example, such as Refs. [65, 67, 68, 73]. For example, Ref. [66] makes
the approximation, at least for o particles, that the number of e-h pairs is linearly related
to the amount of deposited energy (minus the non-ionizing portion of the energy). Other
recent authors have argued that this plasma recombination effect may be overstated and
did not identify a non-linearity in the silicon response [160]. Previous authors have stated
that they have used SRIM to determine the pulse heights of a particles at different energies;
this is interpreted to mean that SRIM was used to simulate the NIEL distribution. It is
emphasized that SRIM does not compute the number of e-h pairs produced, nor does it
account for plasma recombination effects.

In Figure 4.6, an estimate of the impact on the apparent energy of an « is shown. From a
hypothetical calibration, it is estimated that could be a significant non-linearity introduced
from this effect, on the order of 10-15 keV. This estimate is quite similar to the results
presented in Figure 8 of Ref. [142], though that analysis used 3 calibration points. A

calibration that corrects for the silicon non-linearity using the approximation in equation
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Figure 4.6: The number of electron-hole pairs N, produced by an alpha in silicon depends
non-linearly on its initial energy, according the model of Ref. [152]. (a) Ng, as a function of
initial alpha energy according to the linear and non-linear models. (b) The relative difference
in N, between these two models. (c) A hypothetical linear calibration to energy with 4Gd
and ?**Cm ignoring the pulse height defect (blue), demonstrating that this non-linear effect
can have a significant impact on the BPT calibration. The calibration corrected for the pulse
height defect (orange) is much improved.
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4.5 is shown in 4.6¢, demonstrating much better agreement. The disagreement seen at lower
energies comes from the missing higher order terms in the approximation.

Note that since the band gap in silicon is temperature-dependent, the ionization energy
is also temperature dependent. The BPT has detectors at 80 K. The ionization energy was
measured at 90 K to be ¢y = 3.81 £ 0.02 eV/e-h pair for photons (as well as a particles)
[154], though Ref. [155] gives the ionization energy at 77 K to be €y = 3.76 eV /e-h pair. In
previous BPT analyses, the change in ionization energy was not considered and the room
temperature value was used. Fortunately, the impact on the silicon non-linearity is very
small, and the absolute number of e-h pairs is irrelevant after calibration. Assuming a room
temperature ionization energy instead of the 80 K value was estimated to have a shift of
< 0.15 keV on the calibrated energies across the 0.7 - 8.5 MeV range. This is more than an
order of magnitude below other calibration uncertainties.

In order for the BPT analysis to be accurate and to reach the stated precision goal, it
is likely necessary to be certain that this non-linearity is properly included and that the
evidence supports its inclusion. In the experiment described in section 4.5, identifying this
possible non-linearity was attempted. However, due to uncertainties in the absolute beam
energies, it was not possible to conclusively confirm or dismiss this possibility. For future

BPT measurements, this effect may need to be studied further.

4.3 Calibration source characterization

The calibration sources (section 4.1) have a thin deposit of active material from which «
particles are emitted. However, this active layer still has some thickness that degrades the
energy of particles emitted from deeper in the source. The source energy distribution N (FEj)
can be modeled by a Gaussian describing the energy loss of an alpha particle produced at a
particular depth, convolved over the thickness of the source [145]. This Gaussian describes
both the average energy loss and the energy straggling, the statistical spread in energy loss,

which are both proportional to the emission depth. As noted in Ref. [145], with adjustment
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to account for the angular dependence of the travel distance of the emitted alphas, this can

be modeled as

_ds_ _
Ny cos(0) [ 1 (B -E)?

N(E;) = 0 i —\/me 20%(=)  duz, (4.6)
where Ny is the number of detected particles, dg is the thickness of the source, 6 is the
angle between the normal to the source and the normal to the detector, F(x) is the mean
energy of the « particles with initial energy Ey exiting the source from depth z, and (x)
is the energy straggling variation as a function of emission depth. These parameters can be
estimated by simulating via SRIM alpha emissions from various depths in a source. The
resulting distributions of transmitted energies as a function of emission depth can be fitted
and simple, parameterized expressions for E(z) and €(z) can be found.

The source distribution was measured in 2018 in a small experiment using a Canberra
25 mm? passivated implanted planar silicon (PIPS) detector (model no. PD 25-11-300 AM).
This work was summarized in Ref. [41] and some additional details are reported here.

The calibration sources were placed at a fixed distance and rotated with respect to the
PIPS detector so that a particles were emitted at different angles and therefore through
different thicknesses of the source. Three different angles were tested: 0° (normal to de-
tector surface), 45°, and 60°. The PIPS detector has a nominal depletion depth of 300 pm
and a nominal dead layer of <50 nm. This detector dead layer was not measured in this
experiment and a 5% uncertainty on the dead layer thickness was assigned. The DAQ was a
CAEN DT5724 digitizer. A small vacuum chamber was used; the sources were mounted to a
rotatable post and the PIPS detector was placed in a fixed position. The setup is shown in
Figure 4.7. A reference pulser was used to estimate the electronic noise and track any drift in
the system. Four of the BPT calibration sources (two Gd, two ?**Cm) were characterized
using this system as a consistency check.

A model was created to account for the change in the source distribution at these different

angles. In modeling the source, it is difficult to know the actual thickness of the electroplated
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Figure 4.7: Setup of calibration sources and PIPS detector for source characterization. The
sources are mounted to a rotatable post; other hardware is present from a parallel experiment.

material and its composition. The material that is deposited on the surface of the source
can be made of several different species, in addition to the active material, and its thickness
can depend on the electroplating time and other factors (see e.g. [161, 162]). These details
do not matter very much to the BPT experiment, as only the energy loss distribution of the
source is needed, so the source can be treated as composed of a single species.

The spectrum from the experiment indicated that a highly asymmetric distribution was
required to explain the source spectrum.* An illustration of the adopted model is shown
in Figure 4.8. The source dead layer (green) was found to be unnecessary to explain the
distribution and set to zero. This has an exponential distribution with most of the active
material near the surface. Two parameters are needed for this model: the source thickness
and the length scale of the exponential distribution.

A fitting routine was created to minimize these parameters using the angle-dependent
spectra. Uncertainty in the geometry of the setup was estimated and included. Note that
this parameterization of the source should not be taken to necessarily correspond to the

physical dimensions of the source, given that the source may be composed of several different

4In Ref. [148], published in 2020, a NIEL distribution with a larger tail is presented and could account
for some of this tail seen in the source distribution: see section 4.2.2 for a discussion. It is beyond the scope
of this work to revisit the source distribution model to attempt to incorporate this.
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Figure 4.8: Illustration of the source distribution model adopted for the calibration sources:
two parameters were needed, the thickness and length scale of the exponential distribution.
The source dead layer with no active material (green) was found to be unnecessary and set
to zero.

elements with different thicknesses. The length scale parameters for all four sources were
treated independently but determined to be about 21 £ 1 nm, with good agreement between
all. After testing, it was found that the source thickness could be fixed to 200 nm with little
impact on the resulting spectrum, which makes sense given that the length scale parameter
is much smaller than this. The resulting source distribution for **Gd can be seen in Figure
4.1.

Most importantly, using this model, the impact on the calibration peak was determined.
Compared to a monoenergetic a source, there is a shift in the peak energy of 3-5 keV for
148Gd and ?**Cm with the BPT DSSDs; this shift is also slightly different between **Gd
and ?**Cm which introduces a change in the calibration slope. Figure 4.9 shows this shift
assuming a Si detector dead layer of 100 nm with 8 keV electronic noise . The points are
averaged between the two “8Gd sources and two 2**Cm sources measured. The two 8Gd
sources agreed very well in their final shifts and source distributions and have an uncertainty
of 0.2 keV. The two ?**Cm sources had slightly worse agreement, and this is incorporated
linearly into the total uncertainty of 0.45 keV. Given that there were two ?**Cm and two
148Gd sources originally ordered (section 4.1), this is reasonable. There is a slight dependence

on the electronic noise; between 6 keV and 12 keV electronic noise o, there is about a 1 keV
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Figure 4.9: Decrease in the peak energy with the modeled calibration source distribution
compared to a monoenergetic «, assuming a 100 nm Si detector dead layer and 8 keV
electronic noise o.

shift in the position of the peak and the uncertainty on the peak position can increase
by about 30%. The electronic noise effect can be taken into account through the proper
convolution of the distributions and is generally better than 12 keV.

For a future, even more precise determination of the tensor contribution, the calibration
source model may need to be revisited and each of the sources in the experiment measured

and characterized.

4.4 DSSD description

The DSSDs are 1 mm thick Micron Semiconductor Ltd. BB7(DS) 7P/2M detectors with
100 nm junction side windows and 2 mm strip pitch [119]. The detectors are mounted to a
custom ceramic PCB to maintain UHV. Front strips (junction side) and back strips (ohmic
side) are perpendicular to each other; event coincidence between a front strip and back strip

is used to identify the pixel that an « struck. Each strip spans about 2° for the a particles
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from the 8Li decay. The DSSDs cover about 25% of the total solid angle. These detectors
were specifically chosen for their large area, thin windows to reduce alpha energy losses,
and relatively large thickness to sample the energy of the beta from the decay. During
operation, the DSSDs are biased to +180 V on the ohmic side, which is at least 30 V over
full depletion. The detectors are cooled to ~ 80 K, which reduces the leakage current to < 10
nA and improves the resolution. For calibration, 18Gd and 2**Cm sources are used (section
4.1). Due to the high Q-value of the decay and the broad excited state in ®Be, alphas from
the subsequent break-up can range in energy from less than 1 MeV to around 8 MeV. A

picture of a DSSD mounted to the detector assembly of the BPT is shown in Figure 4.10.

Figure 4.10: A DSSD mounted to the detector assembly of the BPT; junction side shown.

The detector response is a multi-dimensional function that depends on the incoming alpha
energy, the entrance angle, and the position of the alpha relative to the surface features of
each front strip. The response of the detector is a statistical distribution of pulse heights,
both in the incident front and back strips, as well as the neighboring strips due to charge-
sharing. The detector response of a different model of a DSSD has recently been studied by

another experiment at ISOLDE studying the decay of 8B [73, 74].
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When an « enters the DSSD (range < 50 pm at 8 MeV), an electron-hole cloud is
created, with the number of pairs corresponding to the amount of energy deposited in the
active material of the detector. The electrons drift to the back strips and the holes drift to
the front strips, following the electric field lines. Since the back strips are perpendicular to
the front strips and the detectors are 1 mm thick, the electron cloud may be shared between
two neighboring strips if the «a struck near the boundary between two back strips. This back
strip charge-sharing occurs for roughly 12% of the « particles, making it a very significant
effect. Back strip charge sharing is studied in greater detail in section 4.5.

The front strip surface features of the DSSD are also extremely important in accurately
understanding the detector response; these are shown in Figure 4.11 and a comparison
between the manufacturer-provided values and the measured values is given in Table 4.3.
Micron Semiconductor Ltd. kindly provided additional information and an estimation of
the uncertainties of several surface features [163]. A ~ 100 nm dead layer is formed by the
p+ implantation (ion-implanted boron) and covers most of the strip surface. In Ref. [41],
this dead layer was measured to be 100 & 3.5 nm by using a calibrated ®Li spectrum and
examining the energy shift over the surface of the detector. A more accurate measurement
of this dead layer using a direct o beam characterization was attempted but was ultimately
not successful in extracting a more precise measurement, as detailed in section 4.5.

In addition to the 100 nm dead layer, several different layers exist at the interstrip gaps.
At the edges of each strip, a thicker p+ implantation layer and an aluminum strip provide the
electrical contact for biasing and read-out. A silicon dioxide (SiO3) layer insulates between
the strip electrodes. This interstrip gap region greatly impacts the detector response function
as described in detail in section 4.4.2. Figure 4.12 shows the detector response of a single
pixel on the detector to the calibration **Gd and ?*4Cm sources in channels. A number of

different features are labeled and will be discussed in detail in the rest of the chapter.
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Figure 4.11: Dimensions of the DSSD junction side surface features, not to scale. Approxi-
mate dimensions only; see Table 4.3.
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Figure 4.12: DSSD response from a single pixel (single front strip and single back strip) in
ADC channels. Two calibration alpha sources were used as indicated on the figure; a low-
energy background peak from cosmic rays is also present. A: normal calibration line; B: back
strip charge-sharing from electron cloud drift; C: front strip charge-sharing from interstrip
gap; D: incomplete charge collection, presumably without front strip charge-sharing and with
opposite polarity pulse on neighboring strip.
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stated dimensions .
. . measured measurement section for
surface feature dimensions dimensions e from o« beam details
[163] P (this work)
8Li o
entrance trum
window 100 nm 100 + 3.5 nm spectrurt 4.6.3
. energy shift
thickness
[41]
Al thickness 300 £ 30 nm 270 nm profilometer 273'17113: 6.9 4.6.4
profilometer,
Al width 30£1 pm 30 pm optical 29.2 £ 0.6 nm 4.6.4
interferometry
periphery p+
implant 500 = 100 nm 263.1515 58 4.6.4 and 4.6.6
thickness
eriphery - profilometer,
Penphery p 50 + 1 pm 50 pm optical 50.6 &+ 0.9 um | 4.6.4 and 4.6.6
implant width .
interferometry
SiO5 thickness - 650 nm profilometer see Fig. 4.28 4.6.4 and 4.6.6
profilometer,
SiOs width 25 pm 25 pm optical 24.6 £ 0.8 ym | 4.6.4 and 4.6.6
interferometry

Table 4.3: Dimensions of key surface features of the BPT DSSDs. Profilometer and optical
interferometry measurements performed by Tsviki Hirsh and Tal Zaharoni (Soreq NRC,

Israel). Details of the o beam characterization of the DSSD are presented in section 4.5 and
section 4.6.
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4.4.1 Resolution improvement from simultaneous e-h measurements

After a charged particle creates an e-h cloud in the silicon detector, these charges are
separated and drift towards opposite sides of the detector (in a typical silicon detector geom-
etry, such as the DSSDs in use in the BPT). Charges are collected by the anode and cathode
of the detector, and the current is detected by a charge-sensitive pre-amplifier that outputs a
voltage corresponding to the total charge collected. This charge-collection and amplification
process is affected by electronic noise, typically modeled as a Gaussian distribution with zero
energy loss. Usually (and in the case of the BPT), this electronic noise dominates the resolu-
tion of detector. Note, however, that the electrons and the holes are collected separately and
therefore have independent electronic noise contributions for a particular event. This means
that by measuring the collected energy of the electrons and holes separately and taking an
average for each event, it is possible to achieve a better resolution than by measuring either

alone.
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Figure 4.13: Improvement in resolution from taking a weighted average compared to a simple
average, assuming two independent Gaussian noise contributions.
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In the DSSDs used with the BPT, the electrons and holes are already measured separately
since the electrons and holes are collected on the back strips and front strips respectively.
One complication arises from the fact that the electronic noise contributions on front and
back strips can be quite different (from RF pick-up, poor grounding, etc.). This is easily
overcome, though, by taking an average weighted by the electronic noise contribution of the
strips. The weighted average is simple to perform and is the theoretical best resolution, as
seen in Figure 4.13.

Figure 4.13 assumes two independent Gaussian distributions with different o, 05 and
means of zero. A simple Monte Carlo is conducted by drawing events and computing the
average or weighted average. A full maximum likelihood is also computed, as this corresponds
to the theoretical best limit but is expensive to compute. (Note that in the large N limit,
the weighted average corresponds to the maximum likelihood treatment.) In the weighted
average and maximum likelihood cases, knowledge of the o,y is required. In the case of
the BPT, this can be easily estimated from the spectra. The weighted average is simple to
perform and aligns with the theoretical best improvement in resolution, up to about 30%
improvement. For a small difference in resolution between the front and back strips (up to
about 25%), a simple average also improves the resolution to a similar degree. At larger
differences in resolution (larger than 75%), however, the average can actually degrade the
resolution. Note that in Ref. [74], only a simple average was used between the front and
back strips of their DSSD; this is a fine approximation due to the very similar resolutions
in most of their detectors. For one of their detectors, an averaging was not performed due
to a resolution worse by a factor of 2; if a weighted average had been used instead, a 10%
improvement in resolution could have been achieved.

One caveat is that the weighted averaging procedure can bias the averaged result if e.g.
either the front or back strip has a poor calibration. However, this can be overcome by
re-calibrating the averaged spectra. Finally, note that this procedure only improves the

resolution from the electronic noise. Energy loss distributions common to the front and
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back strips (dead layer losses, non-ionizing losses, and the Fano factor conversion between
deposited charge and e-h pair production) cannot have their resolutions improved. Given
that the electronic noise typically dominates the resolution, though, the improvement can still
be substantial. As an example of this improvement, Figure 4.14 demonstrates the resolution
improvement with a 1550 keV « beam with a single pixel (see section 4.5 for experiment
details). The electronic noise o was determined through a fit with the detector response
model; the front energy has o = 7.0 keV, the back energy has o = 6.6 keV, and the average

energy has o = 4.9 keV, an improvement of 26% and very close to the theoretical limit.
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Figure 4.14: Resolution improvement from a simple average of front strip and back strip
energies demonstrated with a 1550 keV « beam.

4.4.2 Interstrip gap region

Key detector effects for the BPT come from the interstrip gap region of the DSSD. These
regions of the detector have several different layers of different materials that the a particles
traverse and lose varying amounts of energy in. Due the wide range of « energies in the

experiment, the amount of energy lost in the layers is highly dependent on the incoming
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a energy. Between each of the 32 front strips of the DSSD is a 25 pm region of silicon
passivated with a layer of SiO,. On each side of this region are the electrode contacts for two
strips, which have a 50 pm wide p+ implant layer with the Al contact on top (Figure 4.11).
These regions are approximately 1.25% of the detector surface by area. Using a combination
of optical microscopy, optical interferometry, and a Bruker DektakXT profilometer [164],
Tsviki Hirsh and Tal Zaharoni (Soreq NRC, Israel) were able to measure the interstrip
surface feature dimensions directly, shown in Figure 4.15 and Figure 4.16. Note that in the
optical microscopy image in Figure 4.15, SiO, is optically transparent at the wavelength of
light used and therefore appears to have a lower height. These measurements show good
agreement with the manufacturer’s specifications, as listed in Table 4.3. An interesting
feature is the 10 pm wide, 30 nm deep trench near the Al , which is not present in the design

specifications. This corresponds to the boundary of the thicker p+ implant.

400
350 -
300
250
200
150 3
100 4

50 4

: i B F
o e T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 B30

Figure 4.15: DSSD interstrip gap using optical interferometry. This picture was taken at
the far edge of a strip, hence the rounded corners. Note that SiO is optically transparent

at the wavelength of light used and therefore appears to have a lower than expected height.
(Credit to Tsviki Hirsh and Tal Zaharoni, Soreq NRC, Israel.)

One of the key detector effects investigated in Ref. [41] was the presence of the “extra
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Figure 4.16: Heights and widths of the DSSD interstrip gap features using a Bruker Dek-

takXT profilometer [164]. (Credit to Tsviki Hirsh and Tal Zaharoni, Soreq NRC, Israel.)
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dead layer,” corresponding to the combination of the thicker p+ implant and the Al contact.
In Ref. [41], this was estimated to be made of a 300 nm Al layer and a 270 nm Si layer; these
thicknesses correspond fairly well to the stated and measured thicknesses. Note, however,
that there are an additional two dead layers that must be considered for a full characteriza-
tion. Due to the 10 pm periphery of thicker p+ implant outside of the Al contact, an a can
pass directly through this layer without passing through the Al layer. These two dead layers
have similar surface area coverage (Al & thick p+: 3.0%, only thick p+: 2.0%) but quite
different energy losses. Finally, an « can pass through the SiO, layer, which covers 1.25% of
the surface.

The situation however is further complicated by the charge-sharing that occurs between
neighboring strips when alphas strike the interstrip gap. Alphas that strike this interstrip
gap region and the surrounding area create electron-hole pairs. Due to the distorted electric
field lines near the interstrip gap, and depending on the specific position and penetration
depth of the alpha, the holes may either be shared between the neighboring front strips or
may get trapped at this SiO, interface region, leading to incomplete charge collection on
the front strip. In addition holes that are trapped at the interface region can induce an
opposite polarity event in the neighboring strip. (Note that the analog electronics that the
BPT uses do not trigger on or record this opposite polarity pulse.) Additionally, electrons
can be trapped at this interface region, leading to a lower-than-expected collection at the
back strip.

Importantly, this incomplete charge collection on the front strips means that the calibra-
tion coefficients are not correct for these events, leading to a systematic energy defect for
alphas that strike this interstrip gap region. This effect has been observed in the literature
(see e.g. [165-168]), as shown in Figure 4.17. Incomplete charge collection has also been

confirmed in the DSSDs used by the BPT, as seen in Figure 4.12.> The size of this effect

5Tt is not clear that opposite polarity events have been observed in the BPT detectors since the DAQ
used does not record such events. However, these events have been inferred from the energy loss present in
the spectrum.
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is dependent on the specific position that the alpha hits relative to the interstrip gap cen-
ter, the energy of the alpha, and possibly the angle at which the alpha enters, making it
a complicated effect to study. Events where the holes are shared between front strips can
be removed in analysis with a cut, which has been performed in previous BPT analyses.
However, it is impossible to remove events that have induced an opposite polarity pulse in
the neighboring strip instead due to the BPT analog electronics which do not record such
events, making the study of such events important.

Unfortunately, however, this thesis will not be able to put to rest the question of these
opposite polarity events. In section 4.5, an experiment that attempted to characterize these
events and the full detector response is described, but, for reasons unknown, these opposite
polarity events were only recorded when in coincidence with a specific back strip and two
specific front strips. As there is no known reason why these events should be linked to a
particular back strip, it is assumed that there may have been some problem with the trigger
set up of the DAQ and these events were not properly recorded. Further study of these

events may be required.

4.4.3 Timing resolution

The intrinsic timing resolution of the DSSDs can be on the order of several ns. Note,
however, as detailed in section 3.4.2, that the timing resolution is terrible when used in the
BPT due to the RF pickup mitigation strategies used. Briefly, the intrinsic timing resolution
of the DSSDs will be discussed here, with BPT-specific modifications of the resolution left
to section 3.4.2.

The timing resolution of a silicon detector depends on the electron and hole mobilities,
which essentially quantifies how quickly the charge can be collected. Note that mobilities
for electrons and holes can differ by a factor of 2-3 [155]. At room temperature, the electron
mobility for silicon is 1350 c¢m?/V-s, while the hole mobility is 480 c¢cm?/V-s. However,

at liquid nitrogen temperature, the mobilities increase by a factor of ~15, improving the
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Fig. 3. Energy signal amplitude profiles for the 998 ym thick DSSSD with a proton
beam energy of 1700 keV and a scanning area centered on the front inter-strip
F8-F9 and on strip B7. B/D indicates the ratio between the applied bias and the full
depletion voltage. (a) Inter-strip behavior for strips F8 and F9. (b) Strip B7 response
versus the horizontal beam position.

(b)

(a)

Figure 4.17: (a) Distortion of the electric field in the interstrip gap region can cause holes

to be trapped at the SiO, interface. This diagram of simulated data demonstrates how
the different regions of the field distortion lead to different pulse heights in the neighboring
strips. Taken from Ref. [165], color annotations added. (b) Demonstration of inverted
polarity signals in neighboring front strips using a micro-proton beam across the interstrip
gap. The lower figure shows how the back strip also suffers from a loss of electrons that are
taken up by the SiO, interface. Taken from Ref. [166].
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intrinsic resolution by approximately this much as well. At 77 K, the electron mobility
becomes 2.1 x 10* cm?/V-s, while the hole mobility is 1.1 x 10 cm?/Vs.

The DSSDs are 1 mm thick and have a bias of +180 V. For an « particle, e-h pairs are
created within the first ~50 pm of the front surface. Holes drift to the front of the detector
and electrons drift to the back. The expected time scale for the holes to be collected would
be something like 0.25 ns. For electrons, this would be more like 5 ns. Shaping of the
signals in the charge-sensitive preamplifier (and in a shaping amplifier present for the BPT)
will result in a longer time scale. Note that for the experiment discussed in section 4.5, no
significant difference between the rise time of signals on the front strip and on the back strip
was observed. This may be due to the fact that the preamplifier used, a mesytec MPR-32,
has a risetime of 12 ns [123].

For the BPT, 3 particles are also detected by the DSSDs. These are primarily minimum
ionizing particles and traverse the whole 1 mm thickness of the DSSD while depositing
charge. This creates e-h pairs throughout the detector. The expected drift times are then
similar between the electrons and holes, but they will be accumulated over a longer period of
time than the expected short bunch from an « signal. This may result in a differently-shaped
pulse that could be discriminated against, though this would likely require digital electronics

and waveform recording, which the BPT does not currently use.

4.5 « beam characterization of a DSSD

An a-beam was used to directly characterize a DSSD at several different energies from
1.2 MeV (the lowest possible energy at ATLAS) to 8.5 MeV. This experiment was proposed
as ATLAS experiment #1905. This proposal was allocated about one week of beam-time,
and the experiment was conducted in two separate segments in January 2021 and March

2021. 6

6ATLAS is designed for accelerating heavy ion beams for use in nuclear reactions. Using an o beam at
low-energies to characterize a detector is an atypical experiment for the facility and would ordinarily likely
not be granted beam-time. However, due to restrictions on outside users imposed during the COVID-19
pandemic at this time period in early 2021, the facility was available to perform this experiment. I greatly
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The measurement goals for the detector characterization experiment were as follows [139]:

1) A complete characterization of the DSSD detector response function for alphas in the

energy range 1.2 — 8.5 MeV.

2) An investigation of the energy and angle dependence of the response of the DSSD
interstrip gap to alphas in the energy range 1.2 — 8.5 MeV, including the inverted

polarity signals generated in neighboring strips.

3) A measurement of the non-linearity of the response of silicon detectors to alphas in the

energy range 1.2 — 8.5 MeV.

In order to perform these measurements, the a beam was required to have a low intensity
(< 15 pps/mm?) with a large beam spot (2 1 ¢cm) in order to homogeneously cover several
pixels of the detector surface with a rate that would not saturate the data acquisition system.
The beam energy was required to be known absolutely and to have very little spread. In
order to study the possible silicon non-linearity, the beam energy needed to be determined
by a method other than using a silicon detector. This was attempted by performing a time
of flight measurement of a higher-energy beam and then scaling two magnetic dipole field
settings based on this energy. In the analysis of the data, the actual beam energy was found
to be within 50 keV of the stated beam energy and the beam energy spread was estimated
to be less than 10 keV FWHM from the analysis. These beam settings are acceptable for
most of the detector characterization, but, unfortunately, the beam energy was not accurate
enough to make any definitive statement about a non-linearity in the response of silicon.
(See section 4.6.7 for details.) Even though the dipole magnet settings were scaled based
on the time of flight, the different energy beams may have entered the magnets at slightly
different positions and been affected by slightly different fields.

Of particular interest was a measurement of the detector window, which causes the alphas

to lose energy that is not deposited as electron-hole pairs in the detector and therefore is not

appreciate the flexibility and efforts of the facility and its staff.
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collected. The manufacturer quotes the window to be 100 nm thick, but a small uncertainty
in this value can cause a significant shift in the calibration due to the large angle at which
alphas enter the detector in the BPT. This angle is as large as 30°, corresponding to an
increase in the dead layer thickness of up to about 15%. However, as explained later, it
seems that water vapor may have frozen onto the surface of the detector, increasing the
apparent dead layer and preventing an accurate measurement of its thickness. In addition,
due to an apparent malfunction or misunderstanding of the DAQ triggers, opposite polarity
events were only recorded when in coincidence with a specific back strip and two specific
front strips. These opposite polarity events should not depend on which back strip collected
charge, so most likely, the DAQ was not set up as intended.

Therefore, the data from ATLAS experiment #1905 is used primarily to explore the en-
ergy and angle dependence of charge-sharing and determine the probability of these different
kinds of events. The data can also be used to better estimate some of the relative thicknesses
of the different layers, though not their absolute thicknesses. Details of the experiment are

provided in the next section, followed by an analysis of the data.

4.5.1 Experiment details

The o beam was delivered to the ATSCAT area at ATLAS where an MCP-based beam
monitor and the detector characterization chamber were assembled (Figure 4.18). This
beam monitor was a prototype designed for use at ATLAS; thanks to Ivan Tolstukhin and
Daniel Santiago-Gonzalez (ANL) for their help with the instrument. The beam monitor was
required in order to tune the beam, determine that the beamspot is sufficiently large, assess
the spatial homogeneity of beam, and ensure that the rate is low enough so as not to damage
the DSSD downstream. It is important that the beam is spatially homogeneous so that the
detector area of interest is illuminated uniformly; this can be accomplished by defocusing
the beam to a rather large beamspot (e.g. radius £ 1 cm) just upstream of the detector.

In the beam monitor, the beam passes through a thin film causing electrons to be knocked
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off. These electrons are then focused with a permanent magnet towards a position sensitive
MCP. By viewing the processed signals from the MCP on an oscilloscope, the shape and
size of the o beam can be seen in real time which aids tuning greatly. A defocused beam is
shown in Figure 4.19; note that due to mismatched impedance or a cable defect, the edges of
the image appear artificially flattened. Importantly, note that the beam monitor is mounted
on a motorized linear feedthrough and was removed during the actual measurement of the
DSSD response; as the beam passes through the foil of the beam monitor, it loses energy
and its energy spread increases, both of which were unacceptable for this experiment. After
the beam monitor was removed, a gate valve was opened to expose the DSSD to the beam
for the data-taking process, which should last roughly an hour. This process was repeated

for each beam energy.

Figure 4.18: Set-up of experiment #1905 (see text for details).

The detector assembly was mounted to a differentially-pumped rotary platform that will
allow in-vacuum rotation in increments of about 0.9° (Figure 4.20). The DSSD was attached
to the cold finger of a liquid nitrogen dewar and was cooled to ~ 80 K. A detector cover

was placed on top of the detector to reduce the amount of residual gas that freezes on the
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Figure 4.19: A defocused a beam as imaged by the MCP-based beam monitor and viewed
on an oscilloscope.

detector (although this proved not to be sufficient, as described later). A Leybold 3501
turbomolecular pump was attached to the chamber, and the pressure reached ~ 1 x 1078
mbar while the assembly was cold. Note that the ATLAS beam line pressure immediately
upstream of the detector chamber was ~ 1 x 107% mbar. Although a gate valve separated
these two areas most of the time, during measurements with the beam, this was opened and
a clear pressure increase in the detector chamber was observed. This higher pressure may
have contributed to the water freezing problem discussed in section 4.6.

At each of the beam energies, the detector was rotated to several different angles, from
0° to 30°, which is the maximum angle that alphas enter the detector in the BPT using
trapped ions. A mask directly upstream of the DSSD exposed a 7 mm x 10 mm area on the
detector, which caused several pixels to be totally illuminated by the beam while minimizing
the trigger rate.

A digitizer system from the MUIti-Sampling Ionization Chamber (MUSIC) experiment
was used to record the waveforms of these events; this digitizer has up to 40 channels, a
14 bit analog-to-digital converter (ADC), and samples at a rate of 100 MS/s. Only 10

channels were used in this experiment. Five front strips and five back strips were recorded
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Figure 4.20: Model of the DSSD vacuum chamber assembly. The differentially-pumped
rotary platform is at the top. Cooling is provided by an attached liquid nitrogen dewar (not
shown) and a copper rod along the rotation axis. This assembly allows in-vacuum rotation
while maintaining cooling. The detector mask is shown at the front.

on the illuminated section of the detector. However, the outer strips were only used when
triggering in coincidence with one of the inner strips in order to ensure the full illumination
of a pixel. It is important to acquire signals from these neighboring strips in order to identify
those interstrip gap events that cause a negative polarity pulse in a neighboring strip. The
digitizer triggered on both the negative and positive polarity pulses (though there seems to
have been problems with this, as discussed in the analysis later). During the experiment,
the trigger rate was typically a few hundred Hz per channel. For calibration, a “®Gd and a
244Cm spectroscopy-grade alpha sources (section 4.1) were mounted to the detector assembly
at a fixed position relative to the detector. The experiment attempted to use a reference
pulser to monitor drifts in the DAQ, but this introduced a large amount of noise during the
experiment that was not able to be resolved quickly. Therefore, no reference pulser peaks
are present; drifts were instead evaluated using the calibration peaks (section 4.6.2).
During the first run in January 2021, the rotary stage had not yet been delivered and so
the experiment was conducted at a fixed angle. This data set has limited utility but does

provide a check on the results obtained during the March 2021 run. During this second
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run, the DSSD previously used was found to be malfunctioning and so a back-up DSSD was
swapped in. This means that these two runs therefore provide a check on the consistency
of results across two different detectors. The nominal beam energies in the March run were:
1200, 1500, 2500, 6500, 7500, and 8500 keV. The January run included these energies as well
as 3500 keV « beam.

4.6 Analysis and results

Analysis was primarily conducted on the March data set to evaluate the angle-dependent
response of the detector; unless otherwise specified, details and figures are related to this
March data set.

At the different energies, the o beam was centered on different spots on the detector
as seen in Figure 4.21. The beam pattern matches the detector mask opening of 7 mm X
10 mm (front strip span x back strip span), with at least 4 front strips illuminated and at
least 4 back strips illuminated, as each strip is 2 mm wide. Unfortunately, excessive noise
on back strips 21 and 22 prevented their use with the DAQ. This ultimately reduced the
number of pixels that were fully illuminated and that had charge-sharing events recorded.
Four pixels, outlined in yellow in Figure 4.21, were fully illuminated and had charge-sharing
recorded with neighboring strips. These four pixels were used for analyses that required
either full illumination (such as the fraction of events passing through each dead layer) or
complete charge-sharing information. For estimates of the primary dead layer thickness, two
additional pixels were used, (f-14, b-24) and (f-14, b-25). Calibration was performed by strip
as described in section 4.6.2.

Note that these thickness determinations rely on an accurate stopping power and material
density. Because this analysis is only interested in reproducing the detector response, not in
determining the absolute thickness of the different dead layers, uncertainties on the stopping
powers and material densities are not included. Provided that the detector response is

properly reproduced, these effects are not important. Thickness results that differ from the
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stated or measured dimensions may be due to inaccuracies in the stopping powers or in the
material densities.

It was found that the 7500 keV and 8500 keV beam energy spectra of the March data set
had heavy tails that make estimating dead layer thicknesses and fractions from these spectra
unreliable. These tails were not reproduced by typical NIEL losses, and it is thought that

this energy spread was present in the beam.
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Figure 4.21: Beam spots at 1500 keV and 7500 keV. Pixels inside of the yellow box are
fully illuminated by the beam, along with all charge-sharing, and were primarily used for
the analysis.

A comparison between the nominal beam energies and the beam energies as determined
by the DSSD for the March run is shown in Table 4.4. See section 4.6.7 and Figure 4.41 for

a discussion of the possible silicon response non-linearity.

4.6.1 Data cuts and classification

Each impinging « results in charge collected on a single pixel (one front strip and one back
strip) or, if charge-sharing occurs, on up to two neighboring front strips and two neighboring

back strips. Because this characterization of the detector response is interested in the fraction
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Nominal energy (keV) | energy determined by DSSD (keV)
1200 12409 + 2.4
1500 1550.3 £ 2.5
2500 2550.3 + 2.0
6500 6480.2 + 2.1
7500 7482.2 + 2.8
8500 8431.3 4+ 3.0

Table 4.4: Nominal beam energies and energy determined by DSSD for the March run of
ATLAS experiment #1905.

Label Note

flbl | 1 front strip, 1 back strip (single pixel)
f1b2 1 front strip, 2 back strips

f2b1 2 front strips, 1 back strip

f2b2 2 front strips, 2 back strips

Table 4.5: Events are classified by the number of neighboring strips with deposited energy,
as shown.

of events that include charge-sharing, each event is classified by the number of strips in
which charge is deposited. Table 4.5 shows the labels used for these events based on the
charge-sharing. In addition to these labels, some single pixel events with front-back energy
disagreement were classified as charge-sharing events where the shared energy was low enough
to be missed by the trigger. This cut is detailed below.

To overcome the electronic noise resolution limit (section 4.4.1), a simple average was
taken between the front energy and the back energy for single pixel events. This simple
averaging (compared to a weighted average) was sufficient because the noise level was very
similar between front and back strips. See Figure 4.14 for an example spectrum demonstrat-
ing this resolution improvement.

For some beam energies, the a rate was high enough that a strip did not have sufficient
time to return to its baseline voltage before another event occurred (pileup). This affects
the recorded energy of the event. To remove these events, a cut was placed on the baseline

energy in the 1 ps prior to the trigger such that it was sufficiently close to the nominal
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baseline. In addition, events were removed where the total deposited energy on the front
strips or the back strips was more than 200 keV larger than the nominal beam energy, as
these were most likely due to pileup.

To accurately characterize the charge-sharing of the DSSD and to understand these dis-
tributions at very low energies close to the noise pedestal, it was necessary to place a noise
cut of 20 keV. For each event, a strip with an energy below the noise cut was removed from
the event and the remaining strips were analyzed. The exact position of the noise cut can
have an impact on the charge-sharing fractions primarily; a range of reasonable cuts was
evaluated for the impact on the uncertainty on the charge-sharing fraction but the impact
was negligibly small.

Some charge-sharing events where only a small fraction of the total energy was deposited
in a neighboring strip would not pass this noise cut or would otherwise not have triggered
due to noise fluctuations. In an attempt to evaluate this, a threshold of 50 keV was placed;
a single-pixel event with an energy disagreement between the front and back strips beyond
this threshold was assigned as a charge-sharing event. The location of this cut impacts the
charge-sharing fraction, but it was found that a 50 keV cut was reasonable and had only a
small impact on the charge-sharing fraction, below the other uncertainties.

Finally, since negative polarity events were assumed to not have been properly recorded

(see section 4.5), these events were discarded from the few pixels that did record such events.

4.6.2 Calibration

Data was calibrated using two a sources attached to the detector assembly (1*¥Gd and
244Cm, see section 4.1 and note that only the higher energy *4Cm o was used for calibration).
These sources are relatively weak and only a few hours elapsed between runs with exposure
to the a beam; this means that the calibration peaks contained a relatively low number of
counts. For this reason, data was calibrated by strip instead of by pixel. Only « events

that struck the pixels of interest were used for calibration to limit the angle of incidence
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between the source and the detector, which would affect the calibration. The position of the
sources was measured by hand and agreed with the computer-aided design (CAD) model of
the detector assembly; this model was then used to find the angle between each source and
the relevant pixels. For simplicity in the calibration and due to the low number of counts,
the average angle across each front strip and back strip was used, resulting in increases in
the apparent dead layer of between 1.7% and 4.8%. The increase across the relevant pixels
in each strip varied by at most 1%, corresponding to a difference in the apparent dead layer
of about 1.5 nm. This is roughly a factor 2x smaller than the uncertainty on the dead layer
thickness (see section 4.6.3 for the dead layer determination).

Calibration was split into two time periods to account for a small but noticeable dis-
agreement, between calibration coefficients during two different segments of the experiment.
This was checked by comparing calibration coefficients obtained with all calibration files to
coefficients obtained with individual files. This change in regime coincided with a DAQ crash
that required a full reboot of the digitizers and may have changed some trigger settings or
otherwise slightly modified the system response. The first calibration segment contained
nominal beam energies of 7500 and 8500 keV; the second segment contained beam energies
of 1200, 1500, 3500, and 6500 keV.

A linear calibration was assumed as only two calibration points were available. The cali-
bration « peaks were fit with a function matching equation 4.1. Using the fitted parameters,
the peak of the function was found. To account for the source distribution (section 4.3),
the peak shift resulting from using a realistic source distribution instead of a monoenergetic
source distribution (see Figure 4.9) was computed, assuming electronic noise of 6 keV ¢ and
for a dead layer of 153 nm Si-equivalent (see section 4.6.3). The uncertainty on the peak
was evaluated by drawing parameters from a multivariate normal distribution using the co-
variance matrix (the inverse Hessian) of the fit then evaluating the peak of the function.
This method properly accounts for the correlations between the various parameters of the

fit. The primary dead layer was taken to be composed of 100 nm of Si and 85 4+5 nm of
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H50O (section 4.6.3). The thickness of water was randomly drawn from a Gaussian during
the fitting routine. The uncertainty on the peak shift from the realistic source distribution
was taken as 0.2 keV for **Gd and 0.45 keV for **Cm (section 4.3). This fitting routine was
repeated 1000 times, and the standard deviation of the resulting distribution of peaks was
taken as the uncertainty. The total uncertainty at the nominal beam energies and calibration
energies is shown in Figure 4.22.

As described, the total uncertainty includes statistical uncertainty from fitting the cal-
ibration peaks and systematic uncertainties from the realistic source distribution and from
the uncertainty on the dead layer thickness. Additionally, a 15% uncertainty on the average
NIEL is added in quadrature, following Ref. [142]; this contributes about 2 keV uncertainty.
In contrast to Ref. [142], this work ignores uncertainties on the silicon non-linearity (“pulse
height defect”) as a goal of the analysis was to determine its existence assuming a linear cal-
ibration. The absolute size of the uncertainties on the calibration are rather small (including
the aforementioned effects) and primarily affect the determination of the beam energy; there
is not a strong impact on the determination of dead layer thicknesses.

The front strip - back strip energy difference for single pixel events provides some indi-

cation about the consistency of the calibration, as shown in Figure 4.23.

4.6.3 Primary DSSD dead layer

The primary dead layer thickness of the DSSD window (the p+ implant of nominal 100
nm thickness) was measured by looking at shift in the peak energy when the DSSD is at
different angles to the incident beam. The effective thickness of the dead layer increases with
the secant of the angle between the beam and the detector. The shift in energy is largest
at the lower beam energies, making these energies the most useful in measuring the dead
layer thickness. In addition, at the higher beam energies, there is not sufficient energy loss
separation between the dead layer of the thicker p+ implant and the primary dead layer. The

primary dead layer thickness was determined from the nominal 1500 keV « beam energy for
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these reasons, as well as the fact that the majority of the ®Li and ®B « spectrum is close to
this energy. The other beam energies were used to confirm that the result agreed reasonably
well.

In order to measure the primary dead layer thickness, events where an alpha hit a single
pixel (one front strip and one back strip) for the center pixels were fit with a function
matching equation 4.1. Using the fitted parameters, the peak of the function was found. The
uncertainty on the peak was evaluated by drawing parameters from a multivariate normal
distribution using the covariance matrix (the inverse Hessian) of the fit then evaluating
the peak of the function. This was repeated 1000 times, and the standard deviation of the
resulting distribution of peaks was taken as the statistical uncertainty. This method properly
accounts for the correlations between the various parameters of the fit. Typical statistical
uncertainties on the energy of the peaks are 0.05 keV or lower.

Figure 4.24 shows the peak energy as a function of angle with the nominal 1500 keV «
beam for six different pixels. As determined by the DSSD, the deposited energy corresponds
to about 1510 keV; the true energy of the alpha beam would be about 1550 keV, accounting
for the average energy losses from the dead layer and non-ionizing distribution. Note that the
pixels agree within about 2 keV, which roughly agrees with the uncertainty of the calibration.
In the fits to the peak shifts, the angle at which the beam was normal to the detector was
allowed to vary but was common to all pixels. The fit result of 40.3 £ 0.9° agrees well with
the nominal angle of 40°. It was considered that the plane of the detector may not have
been perpendicular to the plane of the floor, which could have resulted in some small shift
in the data. This was also allowed to vary and was found to be 0.0 4 0.9°.

Unfortunately, it is apparent from the data that the dead layer found here is much thicker
than stated (c.f. Table 4.3) or previously measured [41]. It is thought that water vapor from
the beam line (at ~ 107% mbar pressure) may have frozen onto the surface of the detector
when the gate valve was opened to allow beam to hit the DSSD. Although the detector

assembly had some shielding in place to try to prevent this, it evidently was not enough.
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Furthermore, the shift in the peak energy does not follow a line as well as one might expect,
as can be seen from the residuals. This could be due to an underestimation of the uncertainty
of the peak energy (though this seems appropriately calculated) or as the result of a shifts
from the DAQ or a very small deviation in beam energy e.g. from unstable power supplies.
In any case, this measurement is unable to accurately determine the thickness of the dead

layer. Instead, the result of Ref. [41] of 100 #+ 3.5 nm is used in the final detector response.
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Figure 4.24: Dependence of the peak energy as a function of angle with the nominal 1500
keV a beam.

However, the apparent dead layer thickness is applied to the calibration of the data and
so an estimate is required. Note that since this measurement looks at the change in the
position of the peak, a relative offset due to a less accurate calibration does not affect the
result. For simplicity, the thickness was estimated using the stopping power of silicon only, as
opposed to a combination of water and silicon. The average slope of the shifts is found to be
—40.5 £ 0.9. The average slope is quite consistent between different fitting approaches, but
the uncertainty on the result is very sensitive to the exact peak locations and was difficult

to estimate consistently. The uncertainty is therefore estimated by taking the average of the
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individual slope uncertainties; this estimate is slightly larger (about 15%) than the variance
of the individual slopes. From the slope of the shifts, the dead layer thickness was found
to be 153.0 £ 3.3 nm (Si-equivalent) with stopping powers taken from SRIM [1]. The dead
layer thickness is found to be consistent within uncertainties when using only the stopping
power or when including a full detector response to account for asymmetric distributions
that could affect the peak position.

In Ref. [41], the primary dead layer was measured in situ in the BPT using the calibrated
8Li o spectrum, since a particles from the decay impinge on the DSSDs at angles between 0°
and about 30°. This measurement gave a result of 100 & 3.5 nm. Taking this measurement
as the basis for the primary detector dead layer, the dead layer measured here can be split
into a composition of Si and H,O. SRIM was used to calculate the stopping power of water
(assuming a density 0.917 g/cm?® and a compound correction factor of 0.95). At 1550 keV,
the energy loss corresponds to a dead layer composed of the nominal 100 £+ 3.5 nm Si and
about 85 + 5 nm H50O as shown in Figure 4.25. This layer construction is used in the
calibration for the analysis of this experiment (section 4.6), including in Figure 4.24. This
different layer construction affects the calibration only a small amount (about 0.5 keV at the
highest energy of 8.5 MeV) with negligible impact on the determination of charge-sharing
fractions.

Note that water freezing onto the surface of the DSSDs is a concern in the BPT experi-
ment as well. However, the situation there is somewhat better than in this beam experiment.
In the BPT, the inner surface of the detectors faces an enclosed volume whose sides are held
at ~ 80 K, so water molecules are likely to freeze to the outer surface before they reach the
inside of the trap volume. The trap is cooled down from the outsides towards the detector
surface as well, so water present in the vacuum chamber is likely to freeze onto these surfaces
first before the DSSDs are below the freezing point. In addition, the BPT vacuum chamber
and entire beam line upstream of the chamber reach pressures of better than 1 x 10~ mbar

prior to cooling, at least an order of magnitude (if not two) better than the ATLAS beam

143



—— Si, 149.7 nm
50 I Si, 156.4 nm

“;“ \ === H,0: 80 nm, Si: 100 nm
45 | \ —=- H0: 90 nm, Si: 100 nm

S
o

w
w

w
o

energy loss (keV)

N
w

N
o

=
wu

0 2000 4000 6000 8000
a energy (keV)

Figure 4.25: Stopping power comparison between a layer composed of only silicon and one
composed of silicon and water.

line. As mentioned, Ref. [41] measured the dead layer in the BPT using a calibrated 3Li «
spectrum and obtained a thickness of 100 + 3.5 nm, consistent with no water being present.
The presence of water in this beam experiment indicates, though, that every BPT experi-
ment should perform a similar measurement against the data to ensure that water has not

frozen onto the detector surface.

4.6.4 Additional DSSD dead layers

In addition to the primary 100 nm Si dead layer of the DSSDs, there are 3 additional
dead layers that contribute to the energy spectrum at the few percent level (see section 4.4):
a layer formed from a thicker p+ implant region at the periphery of the front strips, an Al
electrode on top of this thicker region, and an insulating SiOs region between the front strips.
To determine the thickness of the additional dead layers, a similar approach as the primary
dead layer was attempted, by looking at the change in peak position as a function of angle.

However, this method proved unreliable due to overlap in peak positions and possible peak
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broadening that affect the location of the peaks. Slopes from the determined peak positions
corresponded to unrealistically large dead layers.

Instead, using the results for the primary dead layer (section 4.6.3), the thickness of the
additional dead layers is determined directly from the energy spectrum of « particles that hit
a single pixel (no charge-sharing) with the resolution enhancement from averaging the energy
of the front and back strips. Using a complete detector response function (section 4.2), 8
parameters were simultaneously fit to a spectrum: (1) the beam energy, (2) the electronic
noise o, (3)-(5) the dead layer thicknesses, and (6)-(8) the fraction of events through each
additional dead layer. The primary dead layer was taken as 100 nm Si. In addition, all
dead layers were taken to have 85 nm of H,O on top of them. The beam was assumed to be
monoenergetic; some beam broadening may be contained in the electronic noise o parameter
since this parameter broadens the detector response with a Gaussian of mean zero.

Figure 4.26 shows the energy spectrum for 1550.3 + 2.5 keV « particles showing the
contributions from each of the different dead layers. There is generally good agreement
between the detector response model and the data. The tails of the spectrum are not
reproduced as well as other features; this could be due to some energy tail in the beam
or deviations in the dead layers. In any case, these tail inaccuracies make up a very small
amount of the response and the most important features are reproduced well.

As with the primary dead layer, the nominal 1500 keV data set was primarily used for
the analysis, which was then validated with the remaining energies. This is due to the
large separation between the peaks resulting from the different dead layers and the fact that
this energy corresponds to the 8Li and ®B « peak, so it is most important to have a good
characterization of the DSSD at this energy. At higher energies, peak separation was not
as clear, particularly for the periphery p+ implant. An identical procedure at 1200 keV
nominal beam energy resulted in dead layer thicknesses within the statistical uncertainty as
the 1500 keV beam energy.

Fits were performed for each pixel at each angle, as well as a combined, simultaneous fit
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Figure 4.26: Energy spectrum for 1552.0 + 1.3 keV « particles that deposited charge in a
single front strip and single back strip (no charge-sharing) showing the contributions from
each of the different dead layers. All layers were also assumed to have 85 nm of H,O on top
of them. This spectrum is from a single pixel.
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across all angles. All parameters were assumed to be identical across each angle but were
allowed to be vary between pixels. This accounts for possible imperfections and differences
between pixels (dust, for example), and can provide an estimate of the uncertainty. This
treatment is compared with performing the independent fit for each angle as shown in Figure
4.27, for the periphery Si p+ implant, the Al electrodes, and the SiOs insulating gap. There
is generally good agreement between the independently-fitted colored points and the simul-
taneous fit to all angles. The four pixels were treated independently and there is also good
agreement among them. The periphery Si p+ implant is determined to have a thickness of
263.5 + 5.8 nm, and the Al electrode has a thickness of 273.7 + 6.9 nm. These results agree
reasonably well with those obtained in Ref. [41], which suggests that the treatment of frozen

H;0 was performed accurately.
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Figure 4.27: Thickness determination for (a) the periphery Si layer and (b) the Al layer
using the nominal 1500 keV « beam, assuming 85 nm of HyO on top. Each color represents
a different pixel. The points were fit independently, and colored horizontal lines show the
result for a simultaneous fit across the different angles; uncertainties on these are statistical
only. Black horizontal lines show the average and total uncertainty.

The SiO, interstrip gap is the primary site of front strip charge sharing, as observed in
section 4.6.6). Due to noise thresholds, the single pixel spectrum includes some events that
share only a small amount of charge with a neighboring front strip. This is likely responsible

for the extended tail of the SiOy peak seen in Figure 4.26. Using the single pixel spectrum
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to determine the thickness of the SiOy dead layer therefore gives a biased estimate towards
thicker dead layers. Instead, the back strip energies of the front strip charge sharing events
can be used to measure the thickness of the SiO, layer. Figure 4.37a shows examples of
these spectra where the SiO, dead layer is clearly and cleanly visible. Using these spectra
to determine the thickness, results for both the March and January data sets are shown in
Figure 4.28. Splines are produced from each set of data and the average is taken, as shown
in black; uncertainties are estimated by bootstrapping.

There is a clear energy dependence on the determined thickness of the SiO,; an angle
dependence was also observed at the level of about 2%. The physical dimension of the SiO,
layer was measured to be 650 nm (section 4.4.2). There is some agreement between the
measured physical dimension at the 8500 keV « energy, but at lower energies, there is up to
a 10% disagreement with the measured dimension. Some reasons for the disagreement could
include an incorrect stopping power or density of SiO,. It may also be the case that there
is some electron trapping near this interface that would appear as an increased dead layer;
the specific amount of this charge trapping would depend on the shape of the electric field
and the interplay with front strip charge sharing and is difficult to estimate.

The thickness of the periphery p+ implant can also be determined from the back energies
of front strip charge sharing events. This is only possible at the higher a energies (see section
4.6.6), but the values obtained agree well with the thickness determined from the single pixel
spectra, as shown in Figure 4.29.

For all parameters, the statistical uncertainty on their determination is smaller than
the standard deviation of the results for the four pixels of interest. Therefore, the sample
standard deviation is taken as the uncertainty instead, to account for possible differences
between the pixels across the detector. The systematic uncertainties on the 100 nm primary
Si dead layer and the 85 nm H,O dead layer are anti-correlated; to account for this, the
uncertainty on the Si-equivalent dead layer of 3.3 nm was used instead (section 4.6.3). The

uncertainty on the primary dead layer was added linearly, scaled for the difference in stopping
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Figure 4.28: Determination of the SiOy dead layer thickness from the back energies of front
strip charge-sharing. Uncertainties include statistical uncertainty and the systematic un-
certainty from the primary dead layer. A spline (black) is produced from the average with
uncertainties estimated by bootstrapping.
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Figure 4.29: Thickness of the periphery p+ implant from the back energies of front strip
charge-sharing. Results agree well with the thickness determined from the single pixel spectra
at 1500 keV nominal beam energy.

power of the other materials, since the measurement of the other dead layers is relative to
the primary dead layer. Uncertainty on the angle was taken to be negligible as the 0.9°
uncertainty would affect the effective thickness of the largest angle point by about 1% and
the other points by much less. As noted in section 4.6, uncertainties on the stopping powers
or material densities are not included, as this analysis is only interested in reproducing the
detector response.

The fraction of events through each layer is determined slightly differently depending on
each layer. The Al electrode dead layer is measured using only the fits from this section.
The measurements of the SiOy and periphery p+ implant layers depend on the results of
section 4.6.6.

For the Al electrode layer, a fit at each beam energy is performed. This is similar to the
fitting procedure described above, but includes a limited number of parameters, excluding

dead layers that do not have sufficient separation in the spectrum. This gives a fairly
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consistent result for the fraction of events passing through the Al electrode. A weighted
average of the points gives 2.92 + 0.06 % of events passing through the Al dead layer, as
shown in Figure 4.30. This corresponds to a width of 29.2 + 0.6 pm. All of these events
deposit energy in a single front strip. The 8500 keV point is likely biased due to a lower

energy separation between the primary dead layer and the Al electrode dead layer, but it

has little impact on the weighted average.
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Figure 4.30: Fraction of events passing through the Al electrode dead layer.

As discussed in section 4.6.6, events where an « passes through the SiO, layer are split
between single pixel events and front strip charge-sharing events. (Back strip charge sharing
events have the same response as for single pixel events.) For every energy, the fraction of
events that are single pixel and front strip charge sharing which pass through the SiO, layer
are added. This gives a nearly constant result across all energies, as shown in Figure 4.31a.
From a weighted average, the fraction of all events passing through the SiO, layer is 1.23 +
0.04%. This corresponds to a width of 24.6 4 0.8 pm, which closely matches the physical

dimensions. As discussed in section 4.6.6, the increasing fraction of front strip charge sharing
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events from the periphery p+ implant indicates that the maximum fraction of these events
from the SiO, layer is reached at the higher energies. The fraction of events from this layer
that have a single pixel response is then determined by subtraction from this maximum at
the lower energies. Negative fractions are not allowed. The result of this procedure is shown
in Figure 4.31b. Note this procedure uses only the results of Figure 4.40. The points shown
are from the fits of the spectra performed previously in this section and agree well, validating

the procedure and the total fraction of the DSSD surface covered by SiOs.
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Figure 4.31: (a) Fraction of all events passing through the SiO, layer. (b) Fraction of all
events passing through the SiO, layer that deposit energy in a single front strip. Compare
to Figure 4.40 and see text for details.

To determine the fraction of events passing through periphery p+ implant only (not
including those events which pass through both p+ implant and the Al electrode), a similar
procedure is used. In contrast to the SiOs layer, it cannot be assumed that the maximum
fraction of front strip charge sharing events of the periphery p+ implant is reached (Figure
4.40). Instead, since no front strip charge sharing events from the periphery p+ implant
are recorded at the lower energies, the fraction of these events in the single pixel spectrum
is taken as the maximum fraction. A weighted average of these three points gives 2.14 +
0.07% of events that pass through the periphery p+ implant. This corresponds to a total

width of 50.6 £+ 0.9 pm for the periphery p+ implant, accounting for the width of the Al
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electrode. Combining this fraction of events with the results of Figure 4.40 for the periphery

p+ implant gives the fraction of these events that deposit energy in a single pixel, as shown

in Figure 4.32.
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Figure 4.32: Fraction of events that pass through the periphery p+ layer and deposit energy
in a single pixel. Compare to Figure 4.40 and see text for details.

A summary of the different event fractions is given in section 4.6.8.

4.6.5 Back strip charge-sharing

Back strip charge-sharing is less complicated than front strip charge-sharing and is pre-
sented first. These events are labeled f1b2, as noted in Table 4.5. Events where an «
deposited energy in two back strips were assigned to the pixel where more energy was de-
posited.

A comparison of the summed back energy spectrum with the single pixel spectrum is
shown in Figure 4.33. Note that the front energies follow a nearly identical distribution
between these event types, but that some charge is lost on the back strips when charge-

sharing occurs. Some loss is expected, as the insulating interstrip gap between back strips
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can trap some drifting electrons.”

The average charge loss from back strip charge-sharing
is shown in Figure 4.34. The points in this figure have been corrected with the calibration
disagreements between front and back strips shown in Figure 4.23. For use in simulations

later, a simple line is fit to the average of the individual pixels, with uncertainties estimated

from the sample standard deviation to account for potential variations between the strips.

104
—— flbl front energy
—— flb2 sum back energies
—— flb2 front energy
103
>
0]
VA
w 102
+d
e ’
>
o
: /
10t

il

10° nm " |N |||Mm Hn |||4 |I i1

1250 1300 1350 1400 1450 1500 1550
energy (keV)

Figure 4.33: Spectrum of back strip charge-sharing (f1b2) events compared to single pixel
events for the nominal 1500 keV « beam. These spectra are the sum of the four pixels of
interest.

Figure 4.35 shows the back strip energy spectrum of a single for charge-sharing events,
(prior to the event-by-event summation shown in Figure 4.33). Note that the peaks at zero
energy and close to the maximum energy; events near the maximum deposited most of their
energy in the back strip of interest and almost zero energy in the neighboring back strip.
It was found that a beta distribution modeled the charge-sharing distribution well. For an
alpha of given energy E’ (after accounting for energy loss from dead layers and NIEL), the

amount of energy shared with a strip F is then

"See Ref. [166] for simulated field lines on back strips of a similar DSSD.
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Figure 4.34: Average charge loss in back strip charge-sharing (f1b2) events as a function of
a energy, corrected for calibration disagreements between individual front and back strips
(see Figure 4.23). A simple line (in black) is fit to the mean of the individual pixels, with
uncertainties shown (dashed).
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B(e, §)

where x is E/E’, B is the beta function, and a = 8 = 0.5.8 The distribution is convolved over

fla; o, B) = 21— 2) (4.7)

the range of deposited energies from the oo beam through the various dead layers. Corrections
are made to account for the charge-sharing energy loss (Figure 4.34) and a 20 keV noise cut.

Finally, the model is broadened by the electronic noise and Fano factor statistics (sections

4.2.3 and 4.2.4).
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Figure 4.35: Back strip energy spectrum of a single pixel for back strip charge-sharing events
with (a) nominal 1500 keV « and (b) nominal 8500 keV «. (Note that this spectrum is the
summation of several pixels to increase statistics.) A model based on the beta distribution
(Eq. 4.7) is shown in orange; see text for details.

The fraction of events that shared charge between two back strips was found to be
independent of angle, although a strong energy dependence was observed. Figure 4.36 shows
the back strip charge-sharing fraction as a function of beam energy. A smoothed spline
through the averages of these points in shown in black which is used in the detector response
model to estimate the charge-sharing fraction at other a energies. Uncertainties the fraction
of events are relatively small, but their effect on the spline is shown by the dashed lines.

Uncertainty on the beam energy is negligibly small.

8The beta distribution is defined on the interval [0,1], hence the definition of z.
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Figure 4.36: Back strip charge sharing fraction; a smoothed spline in black is overlaid.

Between the nominal 1200 keV and 8500 keV «a beams, there is about a factor of 2
increase in the fraction of events that experience back strip charge-sharing. Such a large
increase was somewhat unexpected and difficult to explain accurately without detailed de-
tector simulations that are beyond the scope of this work. A likely contribution comes from
the increase in range of an 8500 keV « (50 pm) compared to a 1200 keV « (4 pm). Addition-
ally, there is an increase in the lateral straggling (1.5 pm from 0.3 pm). Given the increased
range, increased lateral straggling, and the greater number of e-h pairs created in the DSSD,
it is reasonable that the fraction of charge-sharing should increase, though it is difficult to

quantify the increase.

4.6.6 Front strip charge-sharing

Because « particles penetrate the interstrip gap of the DSSD, the charge-sharing response
naturally depends the energy of the a due to the stopping-power dependence on energy.

Events where energy was deposited in two front strips and one back strip are labeled {2b1,
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as noted in Table 4.5.
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Figure 4.37: Spectrum of front strip charge-sharing (f2b1) events compared to single pixel
events for (a) the nominal 1500 keV « beam and (b) the nominal 7500 keV « beam. These
spectra are the sum of the four pixels of interest.

A comparison of the front strip charge sharing summed energy spectrum with the single
pixel spectrum is shown in Figure 4.37 for both the nominal 1500 keV and 7500 keV a beam.
Note that the summed front strip energies have a lower average than the back strip energies of
these events. This indicates an average charge loss, most likely a loss of holes that get trapped
in the interstrip gap region. The average charge loss energy is shown in Figure 4.39. A simple
line is fit to the data for use in simulations; this may not describe the data particularly well
at the lower energies, but this is unlikely to have any meaningful effect. Similarly to back
strip charge-sharing, a model based on the beta distribution (Eq. 4.7) describes the fraction
of charge in each front strip well, as shown in Figure 4.38. Disagreements between the model
and distribution are likely due to noise cuts.

The back strip energies in the 1500 keV « spectrum (Figure 4.37a) correspond exactly
to the SiO, interstrip gap dead layer, as compared to the single pixel spectrum. In the
7500 keV spectrum, two peaks are evident and correspond to the SiO, interstrip gap and
the thicker periphery p+4 implant. This indicates that the charge-sharing fraction and the

width of the charge-sharing region on the DSSD is energy-dependent. Specifically, it seems
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Figure 4.38: Front strip energy spectrum of a single pixel for front strip charge-sharing events
with nominal 8500 keV «. (Note that this spectrum is the summation of several pixels to
increase statistics.) A model based on the beta distribution (Eq. 4.7) is shown in orange.

that the higher energy a particles, which have a longer range, deposit charge in a region of
distorted field that exists underneath the periphery p+ implant at roughly 20 pm below the
surface. The lower energy alphas do not penetrate as deeply, and the field above this point
would fully collect the charge.

The relative contributions to front strip charge sharing events from the SiO; and the
periphery p+ implant can be extracted from the f1b2 back energy spectra. These contri-
butions are shown in Figure 4.40. The 3500 keV points were taken from January data. A
logistic model was used to describe the SiO,, with uncertainties estimated from bootstrap-
ping. Interpolation was used to describe the periphery p+ implant; uncertainties were also
estimated from bootstrapping. The contribution from the SiOs layer rises to a maximum at
the higher energies. From section 4.6.4, the maximum fraction was determined to be 1.23 4+
0.04%. At the higher energies, contributions from the periphery p+ implant begin to appear.

Unfortunately, no beam energies were taken between 3500 - 6500 keV, which appears to be
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Figure 4.39: Average charge loss in front strip charge-sharing (f2b1) events as a function of
a energy, corrected for calibration disagreements between individual front and back strips
(see Figure 4.23). A simple line (in black) is fit to the mean of the individual pixels, with
uncertainties shown (dashed).
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where the periphery p+ implant begins to contribute. Looking at the ?**Cm calibration
peak, it seems that there is a contribution from the periphery p+ region at its energy 5.8

MeV, but there are not enough statistics to make a reliable determination.
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Figure 4.40: Front strip charge sharing fraction of events by dead layer. Circles show the
total front strip charge sharing; squares and circles show contributions from the SiO, layer
and the periphery p+ implant. Lines show the adopted models for these contributions, with
uncertainties estimated in dashed lines. The 3.5 MeV points were taken from January data.

The energy-dependence of the front interstrip charge-sharing was somewhat investigated
in Ref. [166], which used 1700 keV and 6000 keV protons to study interstrip gap effects. It
was found that the effective interstrip gap width decreased at the higher energy, which is the

opposite of the finding here. There are a few relevant differences between these two studies,

as follows:

1) Ref. [166] used a model W1 DSSD which has Al metallization over the entire front
surface, while this work studies a BB7 DSSD that has only a periphery Al metallization.
Notably, in the BB7 studied here, there is a 10 pm gap between the SiOs gap and the

Al strip (see Figure 4.11). It is possible that the field lines near the interstrip gap are
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different than those of Ref. [166], which could lead to this energy-dependent effect. Tt
is beyond the scope of this work to model the electric field lines in the BB7 DSSD, but

this may be the best explanation.

The DSSD in Ref. [166] was presumably at room temperature, while this study was
collected at ~ 80 K. The hole mobility at 77 K is roughly 22 times higher than at room
temperature [155], which could possibily contribute some effect. However, Figure 5
of Ref. [166] indicates that the effective interstrip gap width decreased at higher bias
voltages, which also increases the drift velocity, suggesting that this may actually

reduce the size of the effect.

The projected range of 1700 keV protons is 35 pm and for 6000 keV protons is 295 pm.
The « range is between about 5 pm at 1200 keV to about 50 pm at 8500 keV (Fig.
4.2b). The creation of the e-h pairs along the particle track and the local electric field
at the creation sites is very different, particularly at the higher proton energies, which

penetrate much more deeply.

4.6.7 Silicon response non-linearity

The nominal beam energies and those determined from the DSSD are shown in Table

4.4. The nominal beam energies were determined by measuring the time of flight of the 7500
keV a beam and then scaling the magnetic field of a 22° bending magnet and a 17° bending
magnet along the beam line for the other energies. During the March experiment, the time
of flight was measured for the 8500 keV beam; however, shortly after this measurements,
problems with both the DSSD and the beam line appeared, necessitating a two day down-
time to fix the issues and replace the DSSD. Therefore, the time of flight for the 8500 keV

beam may not be accurate and is not used.

The time of flight was measured for the 7500 keV o beam but was not measured for lower

energies due to time constraints and a the time structure of the beam at the lower energies.
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The time of flight measurement gave an energy of 7.50+0.02 MeV. Using the recorded mag-
netic fields and scaling the energy from the time of flight, a comparison between the nominal
energy and the DSSD energy is made. Figure 4.41 shows the determined beam energies
from the DSSD and the nominal beam energies from the magnet scaling. The uncertainties
shown include those from the DSSD and its calibration, but the largest contribution by far
comes from the time of flight; this contribution to the uncertainty includes only the 20 keV
uncertainty on the 7500 keV energy and the resulting uncertainty from the magnetic field

scaling.
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Figure 4.41: Energy difference between nominal beam energy and energy determined from
the DSSD. See text for details about uncertainties.

There is clearly some discrepancy between the nominal energies, but its origin is not clear.
The size of a non-linearity due to the silicon response is several times larger than expected
(Figure 4.6). It is possible that some non-linearity (not due to the intrinsic silicon response)
is missing in the calibration of the DSSD. Due to a noise issue (and limited time to fix it)
during the experiment, it was not possible to use a precision pulser to check the linearity of

the DAQ. Additionally, it is not clear what uncertainty to assign the nominal beam energies;
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due to experimental time constraints, only a single beam energy was measured via time of
flight and magnet settings scaled from this reading. Note also that Figure 4.41 includes only
the uncertainty from the magnet scaling based on the measured time of flight uncertainty of
the 7500 keV a beam. Depending on the exact beam path through the steering elements, it
is possible that the beam energy may have been slightly shifted from its nominal value.
Due to these difficulties in interpretation, it is not possible to make a definitive statement
about this possible silicon non-linearity from this experiment. Therefore, throughout the

analysis of the a beam experiment, the beam energy as determined by the DSSD is used.

4.6.8 Summary of results

In this work, the DSSDs used in the BPT experiment have been fully characterized at
a energies between 1200 keV and 8500 keV. A complete detector response model has been
created, including all charge-sharing, which is found to be highly energy-dependent. Angle
dependence of the response was investigated and determined to be well modeled by the usual
sec(f) path length increase at all angles relevant to the BPT.

A summary of the DSSD dimensions measured in this experiment are presented in Table
4.3. Overall, the dimensions were found to be in excellent agreement with the manufacturer
specifications and with prior measurements with physical and optical probes. The periphery
p+ implant was found to be considerably thinner than manufacturer specifications, though
this could be due to incomplete charge collection instead of no charge collection in this area,
which would result in a thinner apparent dead layer.

Figure 4.42 provides a summary of the fraction of events passing through the different
dead layers as a function of o energy and whether charge is deposited in a single front strip
or two front strips. The remaining events pass through the entrance window dead layer of
100 £ 3.5 nm. Figure 4.36 shows the fraction of events undergoing back strip charge sharing
as a function of a energy. The average charge loss in these events is shown in Figure 4.34.

Figure 4.39 shows the average charge loss for front strip charge sharing events.
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Figure 4.42: Event fractions for the different dead layers and the number of front strips in
which charge is deposited.

This experiment was not able to measure the silicon response non-linearity due to un-
certainties on the a beam energies (section 4.6.7). In addition, opposite polarity front strip
charge sharing events were only observed when a particular back strip was hit, an unex-
pected behavior that might indicate a DAQ issue. However, given that the dimensions of
the SiOy agree very well with manufacturer dimensions, it seems unlikely that these events
are “missing.” Additional study of this particular DSSD model and these opposite polarity

events may be required in the future.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

This work has contributed several important experimental improvements to the measure-
ment of 8 — v angular correlation in ®Li (and ®B). With reference to Figure 1.17 and the
uncertainty budget in Table 1.2, this work has reduced the systematic uncertainties associ-
ated with both S-scattering and the detector response. The new BPT Mk IV trap (chapter
2) has successfully demonstrated a new rod design with graphite and glassy carbon materials
that reduce (8 scattering by a factor of 4 compared to the previous BPT, while also reducing
the required RF voltage. These are important experimental demonstrations which are of
use to other ion traps for which the minimization of 3 scattering is important. A complete
DSSD characterization has been performed (chapter 4) which has reduced detector uncer-
tainties and identified previously unknown detector effects. Experimental determinations of
the recoil order form factors will require use of data across the broad range of «a energies.
These measurements will also require combinations of observables other than the o energy
difference, which is less susceptible to detector uncertainties. The identification of several
energy-dependent detector effects is therefore of extreme importance to accurately and pre-
cisely measure these recoil-order terms.

Finally, the new, high-statistics ®Li data set collected with the BPT Mk IV (chapter 3)
will enable an improved limit to be set on electroweak tensor couplings, as well as a global
fit with the recoil-order terms to be investigated. The analysis of this blinded data set is
on-going, with results expected in the next couple of years. Coupled with the experimental
advancements, this data set will allow for improved sensitivity to a tensor contribution once
data analysis is completed.

In addition to the experimental improvements, this work has improved our collaboration’s
understanding of the correlation between the angular correlation coefficient a and the Fierz
interference term b, as shown in section 1.4. The future sensitivity of the BPT Mk IV

using 8Li and ®B has also been investigated, showing great promise for the next generation
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of experiments using this technique. In the near future, the BPT should be able to reach
an uncertainty of A|Cr/C4|? < 1073, though the theoretical understanding of the nuclear

structure still requires improvement.

5.1 Future directions

There are several opportunities to improve limits on tensor couplings to both left- and
right-handed neutrinos from measurements of S-decay spectra. For the next generation of
experiments, the measurement goal is to reach an uncertainty on the Fierz interference term
of Ab =1 x 1073, corresponding to AC} /C% = 2 x 1073, This is an ambitious goal that
will require many experimental and theoretical improvements.

Several experiments have or are planning to measure isotopes that undergo (-delayed
particle decays, as these have an enhanced sensitivity (section 1.3.1). As shown in section 1.4,
these experiments will need to take advantage of correlations between the angular correlation
coefficient a and the Fierz interference term b to correctly interpret these measurements. In
addition, it was shown that analyzing the 2D spectrum, either (E.,03,) or (E,, p,), provides
maximum sensitivity for the decay, which is important due to the time and effort required
to perform a measurement at the level of precision that the next generation of experiments
is designed for.

For the BPT to reach this level of uncertainty will require considerable effort, but it
is achievable. The decays of 8Li and ®B are disadvantaged by their large @) values when
compared to isotopes like the neutron and °He. However, the delayed o from these decays
improves the sensitivity by a factor of 3, bringing them to a level competitive with other
decays, particularly when systematic uncertainties are considered. Given the other bounds
on left-handed tensor couplings from other observables [12] and the plans for future mea-
surements with other isotopes, it may be that the best motivation for future measurements
of 8Li and B would be to improve limits on right-handed tensor couplings. From the current

tension in the global fit for C7, this is a powerful motivation.

167



5.2 Experiment upgrades and variations

Though trapping 8Li and ®B has advantages for the measurement, using a Paul trap comes
with some disadvantages. A key disadvantage, explored in depth in this work, is the RF
pickup on the DSSDs. This worsens the detector resolution and requires mitigation strategies
that eliminate the possibility of using time of flight to perform particle identification (section
3.4.2).

It may be possible to upgrade the DAQ to a digital acquisition system, which has been
explored to some degree though is not reported here. Digital acquisition offers the significant
advantage of waveform recording, allowing for offline analysis to fit and subtract off the
RF pickup in a straightforward way. This should improve the resolution of the detectors
and allow lower energy signals to be collected. However, any digital DAQ will require an
appropriate filtering algorithm at the trigger level to avoid constant triggering on RF pickup.
This is possible but requires filtering times on the order of ps that are longer than the usual
filtering times for digital acquisition systems, though this is not thought to be a significant
problem.

As noted in chapter 3, during the latest ®Li data run as well as previous ®Li and ®B
runs, it seems that the rate of ions produced has essentially been maximized for the current
system. This is largely due to charge saturation of the gas catcher in the case of 8Li. In
the case of ®B, it may be that additional water molecules are needed to transport the ions.
Modifications to the system could be made. One idea in the case of ®B is to use a water-
permeable nafion tubing [134] to humidify the helium gas supply of the gas catcher at very
small level.

One of the other challenges with the gas catcher is that the isotopes of interest exit
primarily as molecules over a wide range of masses (section 3.1). Since the BPT can trap
only a small mass range at a time during an experiment, some of the activity (up to ~50%)

must be sacrificed to select a particular mass peak. In principle, a trap is not required to
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study the decays of 8Li and 8B with sufficient precision for this measurement. These decays
break up into two « particles of ~MeV energies, which are high energy enough to escape
from a very thin foil with minimal energy deposition. One solution to this problem may
therefore be to switch from using a Paul trap to implanting in a thin film, since implantation
is mass-independent and therefore all ions could be implanted. To contribute negligibly to
the uncertainty of the measurement, such a film should be below 100 nm thick, as this is
roughly the thickness of the DSSD dead layer.

In recent years, thin, free-standing polymer films have been developed with thickness of
< 10 nm and areas of a few cm? [169]. Adapting these thins films for implantation would solve
a number of problems for the BPT. For one, ions of any mass could be implanted; this would
improve the statistics for 8B particularly, required for an improvement to the determination of
the unoscillated neutrino spectrum. Furthermore, implantation techniques would contribute
no RF pickup to the detector response, dramatically simplifying the required electronics; this
should improve the energy and timing resolution. Technical challenges remain to be worked
out, such as coating these polymer films in a conductive material, perhaps by atomic layer
deposition. In addition, there is a possibility for increase (§ scattering when using a thin film,
which must be estimated via simulation to understand the feasibility of performing such a
measurement.

Alternatively, it may also be possible to move the experiment to a facility with much
higher 8Li production, such as TRIUMF.

In addition to 8Li and ®B, another isotope of interest for the BPT is 2°Na. This isotope is
a (-delayed a emitter with the same spin sequence and hence same factor of 3 enhancement
but has not been used to search for exotic couplings before. Compared to ®Li and ®B, 2°Na
has a lower () value to the state of interest at ~ 6.5 MeV, making it more competitive with
other isotopes for measurements of left-handed neutrino tensor couplings Cf. In addition,
20Na contains both F and GT decays, making it possible to search for both S and T" couplings

(though it would be challenging to collect enough statistics to be competitive with limits on
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S couplings from other decays). *Na also decays to a sharply defined state, as opposed to ®Li
and ®B, and would not suffer from the uncertainty over an intruder state or state-dependent
recoil-order form factors. These recoil terms are likely also smaller for 2°Na. A Paul trap
will be required to detect all of the decay products, though, since the final **O nucleus is

too massive to escape from a thin film without significant energy loss.
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Appendices



Appendix A
AVAILABILITY OF PRODUCTS FROM THIS WORK

All code and scripts are stored in a private gitlab.phy.anl.gov repository and are
available upon request. Additionally, CAD models and prints of all components of the BPT

Mk IV are available upon request.
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Appendix B
EXPECTED SENSITIVITIES USING THE ASIMOV DATA SET

The results of a particular experiment (often expressed as confidence limits on a parame-
ter) depend on the exact data set obtained, including statistical fluctuations. It is therefore
not possible to predict with certainty what the sensitivity of a given experiment will be.
However, to give an idea and to plan future experiments, the median expected sensitivity
at some confidence level can be estimated, which gives a good sense of comparison between
different experiments. Ref. [47] presents a method for determining the significance of a
particular data set and/or for estimating the expected sensitivity of a future experiment.!
Based on likelihood tests, this method uses two key features: 1) the asymptotic behavior
of likelihood-based test statistics in the large N limit, and 2) a “median” data set called
the Asimov data set.? This method has been employed widely in high-energy physics and is
particularly valuable because it avoids computationally-expensive Monte Carlo simulations
when evaluating sensitivity over a parameter space. However, the Asimov data set is not
widely used in nuclear physics, and Ref. [47] is rather opaque in places (at least for this
author).

In this appendix, the results of Ref. [47] are applied to a trivial example as a simple
illustration of the method and to set up a framework for computing the results presented in
section 1.4. Note that, in contrast to many searches for rare physics processes in high-energy
physics, our measurement does not contain a typical background and signal process where
the number of events is Poisson distributed for each. Instead, we are looking for a change
in the shape of an energy spectrum compared to the SM case and the number of events is
constant, a slightly simpler case. Additionally, we ignore any nuisance parameters.

We begin with a short rehashing of the method of Ref. [47]; formulae and some text are

!'Thank you to Michael D. Hank for pointing me to this reference.

2From Ref. [47]: the name of the Asimov data set is inspired by the short story “Franchise,” by Isaac
Asimov [170]. In it, elections are held by selecting the single most representative voter to replace the entire
electorate.
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adapted from this reference. We have an experiment that measures a single parameter p in
some histogram with some number of counts. From the particular data of this experiment,
we would like to determine the true value of p (i;) and the associated uncertainty. This
can be done by performing a likelihood test for a particular u, where the likelihood ratio
A(pe), has an associated test statistic ¢,. In the cases presented in this work, we use the
multinomial likelihood ratio (equation 40.16 of Ref. [2], with terms removed as indicated in

the subsequent text). The likelihood ratio and associated test statistic are then

t,=—2In\(p) = Q;ni lnm (B.1)

n
i

where [ is the total number of bins in the histogram, n; is the number of counts in bin ¢ for
the data, and m;(u) is the expected number of counts in bin ¢ assuming a particular value
for the parameter of interest p. Using Equation B.1, one can therefore find the likelihood
ratios and test statistics for all values of p, given the particular data set. These in turn can
be used to determine the most likely ji of the underlying physics. The test statistic indicates

the level of disagreement between the data and a hypothesized value of 1, with larger values

indicating more disagreement. To quantify the level of disagreement, the p-value is computed

P = / Tt (B.2)

11,0bs
where f(t,|p) is the probability density function (PDF) of ¢, under the assumption of a
particular value of i, and ¢, s is the value of ¢, computed from the data at the particular
1 being tested. To determine the confidence band for fi, the p-value for every u can be
computed, then those pu with p < a can be excluded. This would then be referred to as a
1 —a CL. (Often, a = 0.05, and this would then be the 95% CL.) We require, then, f(t,|u)
to understand the distribution of the ¢, and to find the p-value.

With reference to the results of two earlier papers [171, 172], it can be shown that ¢,

follows a non-central chi-square distribution (for one degree of freedom for a single parameter
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of interest)

1 1
2y 2

where the non-centrality parameter is A =

f(tm A)

[T | o he ] ®3)

(p—p')?
0-2

in the large N limit. Here, the data
are distributed according to y' so that i = p' and the uncertainty on [ is given by o.
(This result can be generalized to additional parameters.) Now that we know the shape of
the distribution of the test statistic ¢,,, we need only estimate A to obtain the distribution
directly. Note that when p =/, this becomes a standard chi-square distribution.

This is where the Asimov data set comes in. The Asimov data set is defined as the data
set “such that when one uses it to evaluate the estimators for all parameters, one obtains
the true parameter values” [47]. For the cases considered here, the Asimov data set is easily
found by taking u' and using it to produce the PDF of the data directly (without any
randomization); this is essentially the expectation value for each bin ¢ assuming p'. Then,

using the Asimov data set to compute a likelihood ratio, we find

2
t,=—2InXs(p) = M =A. (B.4)
Importantly, the Asimov data set provides the median value of the test statistic. If we
are interested in the expected sensitivity of a planned experiment, typically taken at the
median, then we only need to use the Asimov data set assuming some p/, compute the test
statistic ¢, at every p, and find the p-values associated with the ¢,. This then allows us to

exclude i based on their median p-values, providing the expected sensitivity.

B.1 A simple example

It can be a little more instructive to consider this in the case of a hypothetical experiment
where we would like to estimate the projected sensitivity to some parameter. Our experiment

again measures a single parameter y in some histogram with some number of counts. It has
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some resolution s = 1. In the large N limit and assuming no bias, the PDF of the experiment
is then simply a Gaussian of mean p,; and standard deviation s. Assume that the SM p; = 0,
and we would like to understand our median sensitivity to a BSM p. Intuitively, our expected

95% CL sensitivity would be p; + 25/v/N.
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Figure B.1: (a) A typical single experiment in our Monte Carlo example. (b) The ¢, for this
single experiment. Note that the i for this particular experiment is not at the SM value of
Z€ero.

We test this in two ways: 1) by performing a Monte Carlo (MC), and 2) by using the
Asimov data set. For the MC, let us run 1000 experiments of 100 counts each. A typical
experiment might look like that in Figure B.la, with the ¢, for this experiment given by
Figure B.1b. By performing many experiments, we can build up f(¢,|u) directly. Examples
of f(t,|n) at several different values of i are shown in Figure B.2. The MC results for ¢, are
shown in blue and agree well with a non-central chi-square distribution (green). At u =0,
the distribution becomes the typical chi-squared distribution for a single degree of freedom
(yellow); this is because here pu = 1.

The median of the MC ¢, is found explicitly from the distribution (vertical blue dotted
line). To determine the median 95% CL sensitivity, we compare the median MC ¢, to the
t,=0 whose p = 0.05. This ¢, is shown as the solid black line. Above this line, the integral of

the yellow chi-square distribution contains 5% of its area. Essentially, this hypothesis test is
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telling us whether the data agrees better with g = 0 (the SM) or with the particular p under
question at 95% CL. In Figure B.2, we can see that we would reject © = —0.4 but accept
the other p shown. The cut-off is at = —0.2, where the ¢, is exactly on the p = 0.05 line
(to within the accuracy of the simulation). This means that our median expected sensitivity
at 95% CL would be —0.2 < u < 0.2. Our prediction for the range was +2s/v/N = 40.2,
exactly matching what we find by simulation (to within numerical fluctuations).

We now consider the second method using the Asimov data set. Here, we assume our
data is exactly distributed according to the Gaussian PDF with mean p' = pu;, scaled by
the number of events IV; this results in bins with fractional bin counts, which is fine for our
purpose. The resulting distribution is shown in orange in Figure B.la. Next, for every u of
interest, we compute the Asimov data set in the same way. We then compute the test statistic
t, between the 1/ Asimov data set and the y Asimov data set. This immediately gives us the
median ¢, and also the median p value. This can be seen in Figure B.2, where the Asimov
t, is shown by the orange dashed line, which agrees very well with the median ¢, found
from the MC. Moreover, the Asimov test statistic is equal to the non-centrality parameter A
from equation B.4. This method is actually how the non-centrality parameter for the green
distributions was computed, which is seen to perfectly match the MC distribution. Following
the same comparison above for the desired p value, using the Asimov test statistics results
in the same median expected sensitivity at 95% CL of —0.2 < p < 0.2, in line with our
prediction.

Therefore, all one needs to do is to compute the Asimov test statistic and compute its
p value using the standard chi-square distribution with the appropriate number of degrees
of freedom (equal to the number of parameters in question). Rejecting those u below the
desired a will result in the expected sensitivity at the 1 — a CL. The power of this method
comes from the fact that no Monte Carlos are required, only the computation of the test
statistic at each point of interest in the parameter space, making this method much faster

than performing many simulations, especially for higher-dimensional problems, where one
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would like to estimate sensitivities for multiple parameters of interest.

As a brief example of a higher-dimensional case, we consider a similar problem as before.
In this case, we are interested in measuring ju;, 1o and assume that we have Gaussian reso-
lution of s = 1 on each independently. (The covariance matrix is the identity matrix.) Our
experiment will measure 100 events. Using the Asimov method, we can quickly compute
the expected sensitivities at two different p-values of usual interest, 68% CL and 95% CL.
We use the chi-squared distribution with two degrees of freedom to compute the p-values of
the computed test statistics. The result is shown in Figure B.3. As before, this agrees with
the expectation. In this plot, we have tested 60 x 60 parameter combinations. If this were
computed using a Monte Carlo, we might expect to draw something like 360 million events
to test the same parameter space, assuming 1000 experiments per point, and computed 3.6
million test statistics. Instead, we have drawn no events and computed merely 3600 test

statistics using the Asimov treatment.
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Figure B.3: Expected sensitivities at two different p-values using the Asimov treatment for
estimating two independent, Gaussian-distributed parameters. See text for details.
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Appendix C
MICROPARTICLE LINEAR QUADRUPOLE ION TRAP FOR
DEMONSTRATIONS

Ion traps and related instruments have been used for more than a century (including the
work of Paul and colleagues [173]). For the purposes of an undergraduate lecture or public
demonstration, a linear quadrupole ion trap is a relatively simple, inexpensive device to
build and can be operated easily and reliably, both by the presenter and the general public.
Several different topics can be discussed related to charge, electrostatics and dynamics, and
the applications of ion traps.

I collaborated with John A. Varriano (Christian Brothers University, Memphis, Ten-
nessee, and my father) to build a demonstration ion trap based on a previously published
design [174].! This small devices traps Lycopodium (club moss) spores, which are about
20-30 pm in diameter and have a mass on the order of 10 ng [174]. Charge is given to the
spores by the triboelectric effect: cloth is rubbed against a polytetrafluoroethylene (PTFE)
rod which is then dipped into the spores. The spores can then be transferred from the rod
into the trap.

The entire demonstration was fabricated for a few hundred dollars using a commercially-
available high-voltage transformer. This transformer is a 6 kV, 30 mA current-limited trans-
former operated at 60 Hz, 115 VAC input, originally manufactured for neon signs or other
gas displays [176]. The trap and associated equipment is shown in Figure C.1. A variac is
used as the power input for the transformer and allows easy control of the voltage amplitude
on the trap. A green laser pointer is used to illuminate the spores to make them easier to
see by eye. The trap must be isolated from air currents which will disperse the light spores;
a cardboard box with plastic viewing windows works well.

The linear quadrupole trap itself (Figure C.2) is made of four 1/8” stainless steel rods

LA design for a demonstration surface ion trap has also been recently published [175], which may be of
interest.
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Figure C.1: The demonstration linear quadrupole ion trap and associated equipment.

Figure C.2: Spores (green dots) trapped in the microparticle linear quadrupole trap.
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spaced 3/8” apart, with a length of about 6”. A clear PTFE end piece serves as support for
the rods and also allows the laser pointer optical access for illumination. Additionally, the
PTFE end piece provides confinement along the axis of the trap, presumably by accumulating
charge during the trap operation. Copper plates are placed above and below the quadrupole
and can be biased to provide an electric field vertically. The bias on these plates can be used
to raise and lower the entire ion cloud and/or to remove particular charge states.

The circuit diagram of the device is shown in Figure C.3. The large resistors serve as
a safety measure to limit the current in the event of a short between the two AC outputs.

Two optional DC connections are provided for biasing the top and bottom plates, if desired.

GND AC 1 AC 2 DC1DC 2
W\ W v\
10 MQ 10 MQ2
5W 5W
L L
o || e
! 500 mA
" ® &

Figure C.3: Circuit diagram of the demonstration ion trap.

Figure C.2 shows a number of trapped spores, and Figure C.4 shows a single line of
trapped spores. Audience members are able to change the trapping amplitude by adjusting
the variac and can see the resulting effect on the ions. The extremely small size of the
spores means that they are susceptible to air currents but also that drag forces from the air
effectively “cool” their motion, resulting in structures that resemble Coulomb crystals. Ad-

ditionally, it was observed that the spores seemed to induce air currents themselves at high
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trapping amplitudes that cause large micromotions of the spores. This results in interesting
vortex-like structures that do not exist in the typical ion traps used in atomic or nuclear
physics. For audience members, this can be a great connection to hydrodynamics and soft
matter physics, where the scale of the physics studied often necessitates understanding seem-

ingly disordered systems.

 Peaitey Yt R R

Figure C.4: A single line of spores (green dots) trapped in the microparticle linear quadrupole
trap. Smeared lines show the micromotion oscillation of the spores. The nut visible is roughly
8 mm wide.

183



Appendix D
COLLABORATION PICTURES

For posterity, pictures taken during the 2022 8Li data campaign of some of the collabora-
tion members are included here. Collaborators for this experiment not pictured here include
Nathan Callahan, Sergio Lopez, Graeme Morgan, Patrick O’Malley, Fabio Rivero, Gemma

Wilson, and Rey Zite.
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Figure D.1: From left: Jason A. Clark, Guy Savard, Aaron T. Gallant, Mary T. Burkey,
Louis Varriano, and Nicholas D. Scielzo.
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Figure D.2: From left: Louis Varriano, Bernhard Maaf}, Jason A. Clark, Kay Kolos, Guy
Savard, Daniel P. Burdette, Peter Miieller, Adrian A. Valverde, W. Sam Porter, Aaron T.
Gallant, and Zach Purcell.
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Figure D.3: From left: Biying Liu, Adrian A. Valverde, Jason A. Clark, Maxime Brodeur,
Brenden Longfellow, Dwaipayan Ray, and Alec Cannon.
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Figure D.4: From left: Tsviki Hirsh and the author, looking extremely haggard after a month
of taking data.
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