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Abstract. Many experimental observables in clustering require high-sensitivity, almost background-free mea-
surements. The use of Time Projection Chambers (TPCs) over the past 15 years have demonstrated their
capability as a step change in the accessibility of many of these observables, as well as the possibility to study
clustering via new techniques.
A summary of the difficulties and pitfalls of determining the type of clustering from observables is briefly
discussed, with a focus on α-condensation and the possibility of an additional (Efimov) 0+ state in 12C, below
the Hoyle state. The expansion of the technique used to tackle this challenge to study 3α + p clustering in
13N is also discussed, highlighting the exciting opportunities TPCs provide to study clustering inaccessible by
conventional means.
Finally, an overview of the recent and upcoming advances in TPC technology is given as well as listing addi-
tional future challenges that are needed to be overcome, in the context of discussing the next-generation upgrade
to the existing TexAT TPC, known as TeBAT (TExas Birmingham Active Target).

1 Introduction

When studying exotic signatures of α-clustering, in partic-
ular clustering such as condensation [1] and linear-chain
configurations [2], the experimental observables may re-
quire high sensitivity in order to separate the more con-
ventional cluster configurations. It is important to de-
velop a clear and fair null hypothesis that ‘this signature
can be described by conventional α-clustering rather than
the exotic form of α-clustering’ which one can then re-
ject with a high precision measurement of an experimen-
tal observable in comparison to two theoretically-robust
(or with well-quantified errors) predictions for the differ-
ent scenarios. If a given experimental observable is con-
sistent with both a normally-clustered α-particle state and
an α-condensate for example, we cannot take this observ-
able as evidence of α-condensation as has been claimed in
some experiments — it is merely consistent with it. This in
fact is a logical fallacy known as the ‘fallacy of affirming
the consequent’ [3] and also ‘underdetermination’. Conse-
quently, future experiments should choose an alternate ob-
servable to differentiate these hypotheses. In reality, these
different observables may be even harder to measure or
have an absence of theoretical predictions but, to make a
definitive statement about the existence/non-existence of
these states, an alternative route is necessary.
∗e-mail: j.bishop.2@bham.ac.uk

In order to statistically meaningfully reject the null
hypothesis for situations where the observable is a small
branching ratio, minimising the background is paramount.
One experimental detector system that is becoming in-
creasingly popular and powerful at addressing this chal-
lenge is the Time Projection Chamber (TPC).

2 Time Projection Chambers

TPCs comprise a vacuum vessel that is filled with a gas
(with specific restrictions, discussed below). Surround-
ing the gas volume, a field cage is constructed which,
via a series of high voltage wires progressively stepping
down in voltage, produces a linear electric field known
as the drift field. As charged particles pass through the
gas volume, they undergo energy loss and produce elec-
trons and ions from the gas. The drift field separates the
two opposing charges and the electrons are drifted onto a
position-sensitive readout system to measure the incident
charge. The position sensitivity in combination with the
arrival time of the drifted electrons allows for a full 3D re-
construction of the charged-particle tracks in the gas vol-
ume — see Fig. 1. The primary electrons drifted through
the gas volume are however insufficient to be readout via
charge-sensitive amplifiers and as such are amplified by a
strong electric field (> 1 kV/mm) immediately above the
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position-sensitive readout over the distance of a few hun-
dred microns which causes a Townsend avalanche and a
very large associated gas gain. The most commonly used
device for this is known as a Micromegas (Micro-Mesh
Gaseous Structure) [4].

When operating in ‘active-target mode’, the gas used
inside of the TPC is simultaneously the readout medium
and also the target. This is an extremely powerful mode
of operation as the effective target thickness versus a solid
target can be an order of magnitude or more higher without
the associated energy straggling issues as the interaction
vertex can be identified and the correct energy loss correc-
tion made. Not all gases are suited for readout in a TPC
however. Their ionisation properties may cause break-
down in the Micromegas due to the production of UV pho-
tons during the avalanche process that can induce a sec-
ondary avalanche process non-locally. If this process con-
tinues, the Micromegas will spark and damage may occur.
For some undesirable gases (such as helium) for which this
occurs, a small amount of a quenching gas which reduces
the secondary avalanche process is added (typically CO2)
at a few percent level. New innovative Micromegas de-
signs physically prevent this secondary avalanche process
and, as such, can run with pure helium gas [5].

Figure 1. Schematic demonstrating how the combination of po-
sition information (denoted by the strength of colours on the pix-
els shown) with the drift time (denoted by the dashed lines) al-
lows for the full 3D track to be reconstructed. Random scattering
processes in the gas also causes a dispersion of the drift electrons
in the transverse and longitudinal direction that can be potentially
beneficial to get sub-pixel resolution via fitting the charge spread
across multiple pixels.

Due to the fact that all charged-particles within the
gas volume are observed with an exceptionally-low energy
threshold, the use of TPCs allows for a high-sensitivity,
low-background approach to the measurement of many
signatures of α-clustering in light nuclei. This work will
focus on experiments performed with the TexAT (TEXas
Active Target) TPC.

3 TexAT

TexAT [6] is a rectilinear TPC with an active area of 224
x 245 x 130 mm3 in the beam, perpendicular and drift di-
rections respectively — the CAD is shown in Fig. 2. The
position sensitive readout is a 128-µm-high Micromegas
detector with pads of 1.75 x 3.5 mm in the central beam re-
gion (8 pads wide) with the side regions being multiplexed
into strips and chains to reduce the number of electronics

channels. The pads are read out via the General Electron-
ics for TPCs (GET) system which is widely used across
nuclear physics TPCs and fully digitises the waveforms
with a clock speed of up to 100 MHz with 12-bit ADCs
for 512 time buckets. Collections of 64 channels are fed
into an AGET chip with a single ASIC-ADC (AsAd) board
containing 4 ASIC for GET (AGET) chips. Then, 4 AsAd
boards are then read out by a Concentration Board (CoBo)
which sits in a µTCA crate from where the data are sent
over Ethernet to the data acquisition machine. Each CoBo
therefore can read out 1024 channels. For the TexAT elec-
tronics setup, the triggering and timing is controlled by
a µTCA Multiplicity Timing And Triggering (MuTAnT)
module.

Since commissioning in 2017, TexAT has been used
to study a variety of exotic clustering signatures with a
multitude of techniques.

Figure 2. CAD of the TexAT Time Projection Chamber. The gas
is contained within a 1-inch-thick aluminium chamber with the
beam entering through a 4-µm-thick Havar window at the right.
The active area of the TPC is denoted by the space occupied by
the red (online) rectangle which is the negatively-charged cath-
ode which defines the start of the drift field. The Micromegas sits
at the top of the chamber (shown dissected) where the positive
field is applied that attracts drift electrons. The TPC can also be
surrounded by an array of silicon detectors backed by caesium-
iodide detectors that measure the energy of particles that escape
the active region.

4 Signatures of α-condensates

The archetypal case of α-clustering is that of the Hoyle
state in 12C, sitting above the 3α-decay threshold with an
excitation energy of 7.65 MeV. The specific form of clus-
tering, whether a bent-arm configuration [7], a triangu-
lar arrangement [8], a linear chain configuration [2] (dis-
proven by the rotational band’s moment of inertia) or a di-
lute gas of α-particles known as an α-condensate [1], has
been a question since the existence of the state was experi-
mentally confirmed [9]. The last of these postulated struc-
tures has received renewed interest in the past 25 years
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with the advent of the THSR wavefunction [1] which is
a physically-motivated wavefunction ansatz that treats the
α particles in a condensate as a weakly-interacting pseu-
doboson gas. The question of what specific observables
would characterise a state as an α-condensate is a difficult
one that was tackled a few years after the THSR wave-
function [10]. Since then, the experimental community
has focused on a specific observable — the observation of
the direct decay of the Hoyle state, not through the inter-
mediate 8Be system but directly into three α particles. For
an α-condensate, this direct decay component is expected
to be enhanced relative to a traditionally α-clustered state
(due to the similarity in their wavefunctions). Theoret-
ical predictions of the exact value for the two scenarios
have been difficult to calculate due to the dependence of
the three-body breakup model chosen and the influence of
the ghost for the 8Be ground state [11, 12].

Experimentally, a series of measurements [13–17] fol-
lowed an anomalous measurement [18] which converged
on an upper limit at the 95% confidence level to a direct
decay branching ratio of < 0.02%. Theoretical predictions
for the α-condensate lay around the 0.01% value so a large
improvement in experimental technique was necessary to
be able to measure an absolute branching ratio rather than
a limit.

To overcome the fundamental limitations of silicon de-
tector approaches to measure the direct decay (mainly ran-
dom coincidences), the TexAT TPC was used to study the
decay of the Hoyle state at rest by populating the state via
β-decay of 12N [19]. By implanting and stopping the 12N
inside the gas, the β energy loss is sufficiently small to
not contribute to the tracks of the 3 α particles that can
have their energy and momentum reconstructed. To en-
sure the measurement remains background free, the 12N is
implanted one ion at a time and only once it has had suffi-
cient time to decay, is a new ion implanted. To measure the
direct decay component, two metrics were used to separate
the sequential decay component: the angle between the 3
α-particles and the energy partition (where direct decays
have a preference for an equal energy sharing rather than
one α-particle taking ≈ 50% of the decay energy). Ex-
amples of both of these events are demonstrated in Fig. 3.
A Bayesian approach was used to determine the likelihood
distribution of the direct decay branching ratio based on an
ensemble of 19,000 decays which were assigned a proba-
bility of being either direct or sequential, event-by-event.
The results of this work are shown in Fig. 4 where for the
first time, sensitivity to the absolute branching ratio was
demonstrated rather than an upper limit. The most likely
branching ratio is 0.01%, entirely commensurate with the
upper limits seen by previous measurements.

This result was then used to examine our null hypoth-
esis that these data are consistent with a traditionally α-
clustered state rather than an α-condensate. There was
first one additional complication, what we observed in our
experiment are what we describe as "direct-like" decays
rather than direct decays. This is due to the possibility
that the Hoyle state is decaying through the ghost of the
8Be(g.s). The strength of this contribution can be as large
as 0.01%, i.e. the branching ratio we observed. Disentan-

gling the direct-like from the true direct decays is therefore
extremely difficult and the baton of understanding is then
passed towards further theoretical studies. A robust esti-
mation of the strength of decays through the ghost would
then mean the remaining strength would be attributed to
true direct decays. Current predictions (with large error
bars due to different models) pin the ghost contribution to
around 0.01% (but also at large as 0.06% [12]) suggesting
the true direct component is much smaller — in agreement
with a separate indirect measurement [20] with an optical
TPC (which relied on assumptions about the Hoyle state
rotational band).

Returning to the hypotheses, we are obviously unable
to state that the branching ratio observed is inconsistent
with a geometric α-clustered state (i.e. the null hypothesis
cannot be rejected). Additionally, we are also unable to
unequivocally state our data are inconsistent with an α-
condensate without additional theoretical input.

This specific case highlights not only the unparalleled
sensitivity of TPCs to achieve measurements that are just
beyond the limits of even the best-designed silicon de-
tector array experiments, but also the care one must take
when evaluating the agreement between theoretical mod-
els and experimental data. The agreement of our obser-
vations with hypothesis A (that the Hoyle state is an α-
condensate) does not mean hypothesis A is true if it is also
in agreement with hypothesis B (that the Hoyle state is a
geometrically α-clustered state) if A and B are mutually
exclusive hypotheses.

5 3α Efimov states

A related scenario has also been addressed with the
claimed observation of anomalous signatures in heavy ion
collisions where structure is seen in 12C at an energy of
7.458 MeV. This state has varyingly been ascribed as a
possible Efimov state or a Thomas state [21–23] as a man-
ifestation of the general quantum phenomenon where a
three-body system can become more bound due to the
interplay of the unbound two-body subsystems creating
a system with a large radius than exceeds the two-body
force range. Using the same dataset as the experiment
above, stringent limits were placed based on the popula-
tion of such a state via the β-decay of 12N multiplied by
the α-decay branching ratio [24], shown in Fig. 5, which
was possible due to the extremely-low energy threshold
inside the TPC of 10 keV (without a contribution from
the β particle). Utilising previous data from Gammasphere
which examined the β-decay of 12B (which will contain the
same population strength information) [25], stringent lim-
its were also placed on the non-observation in the γ-decay
channel. Additionally, an astrophysical argument was also
made where if such a state were to α-decay sequentially
rather directly, it would be inconsistent with the red giant
phase of stars.

Subsequent work by another group took data obtained
with the CHIMERA detector at INFN LNS which were
examined to look for the same signature in the α-decay
channel [26]. They examined the expected contribution of
an Efimov state to their expected excitation function from
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Figure 3. 2D projections of 3D TexAT tracks. a) An example of a direct-like Hoyle state decay showing a more equal energy sharing
of the 3 α-particles. b) An example of the ‘Y’ shape corresponding to sequential decay through the 8Be ground state. Measuring the
full tracks of all charged-particles provides the sensitivity to observe the very rare direct-like decay for the first time with confidence
the event does not originate from pile-up. As shown in Ref. [19].

Figure 4. The solid magenta line shows the likelihood distri-
bution for the direct decay branching ratio from the TexAT data
set. The most likely value is 10−4, i.e. 0.01%. One can also ob-
tain a 95% confidence level limit from the data of 0.043% which
agrees with existing data. One can also determine that the di-
rect 3α branching ratio is >10−5 at the 95% confidence level due
to the observation of several ‘direct-like’ events. As shown in
Ref. [19].

12C(α, α′). The conclusion of this work was that they were
able to exclude the presence of a state if it were to un-
dergo sequential decay, but their data are ‘compatible with
its direct decay’ despite the sequential decay expected to
dominate. While their conclusions acknowledge the pos-
sibility that this state does not exist, one must be careful
to frame the conclusions of this work properly else gener-
ate another case of ‘fallacy of affirming the consequent’:
if a direct-decaying Efimov state were to exist, it would be
consistent with their current data but the fact that their data
are consistent with that hypothesis does not mean one can
infer a direct-decaying Efimov state exists. This highlights

Figure 5. The 95% confidence level exclusion plot for the non-
observation of an Efimov state from the TexAT data with varying
β-decay population strengths (relative to the Hoyle state) against
different γ-decay branching ratios. Our data are inconsistent with
the observation of an Efimov state unless the state is populated
at a level of < 1% that of the Hoyle state for all branching ratio
values. As shown in Ref. [24].

the difficulty in rejecting the null hypothesis when the ex-
perimental set-up does not have the sensitivity required
due to the background limitations of large silicon detec-
tor arrays. While a solely direct-decaying Efimov state
would be consistent with the astrophysical argument made
in our previous work [24] which assumed a sequential de-
cay mode, this is still inconsistent with our TexAT result as
well as many high-resolution inelastic scattering measure-
ments that will be published shortly (where the missing
mass technique is agnostic of the decay mechanism which
should be γ-decay dominated).
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6 Cluster physics via new decay modes

The experimental method of β-delayed charged-particle
spectroscopy was shown by the work highlighted in the
previous two sections to be a very powerful tool for work
in the high-sensitivity regime for studying previously-
known resonances in 12C. Adding just one proton to the
12C system to make 13N affords a fantastic opportunity
to understand how clustering evolves from α-conjugate to
molecular cluster systems. The most commonly used ap-
proach to study α-clustering in a new system is the use
of Thick Target in Inverse Kinematics (TTIK) to study
the α-particle elastic scattering cross section at large an-
gles, away from the Rutherford regime [27]. For 13N,
this necessitates the study of 9B(α, α). Unfortunately na-
ture does not make life so simple for experimentalists,
9B is unstable and with a lifetime of 0.54 keV (10−18 s),
not even in-flight radioactive beams techniques will al-
low for a measurement of this reaction. Additionally, even
if we are able to populate these α-clustered states in 13N
by other means, these states will decay into 3α+p (either
through α+9B → α + (8Be + p) → α + (α + α + p) or
p+ 12C(0+2 )+ p→ (8Be+α)+ p→ (α+α+α)+ p)). One
therefore needs to measure these four particles and then
use invariant mass reconstruction to obtain the excitation
energy and decay channels. To obtain reasonable statistics
with a silicon detector array, one needs both a very high
solid angle coverage and high beam current making the
probability of pile-up/event mixing very high and there-
fore the excitation energy spectrum will likely have a very
large background.

Instead, we populated 13N via the β-decay of 13O and
implanted the 13O into the TexAT TPC as achieved previ-
ously with the 12N beam. Observing the four particles after
one-at-a-time implant and decay inside the TPC naturally
comes with a 100% solid angle coverage and an almost
background-free measurements can be made.

Our experimental set-up for this work [28, 29] was ex-
tremely similar to the previous experiment [19] but with a
higher gas pressure of 50 Torr of CO2. A beam of 13O with
an energy of 15.1 MeV/u and an intensity of 5 pps was
produced via the 3He(14N, 13O) with the K500 Cyclotron
and Momentum Achromat Recoil Separator (MARS) at
the Texas A&M University Cyclotron Institute. A total
of 1.9 ×105 13O ions were implanted and events were se-
lected where states above the α-particle decay threshold in
13N were populated that decayed into 3α+p. In total, 149
such β-delayed 3αp events were observed giving a branch-
ing ratio of 0.078(6)% and this rare decay mode was ob-
served for the first time.

Due to the finite stopping power afforded by the size of
our TPC and the chosen gas pressure, only 102 of the 149
events were available to be fully reconstructed due to high
energy α-particles exiting the active region of the TPC.
For almost all events, the proton had sufficient range to
exit the active area, however, the proton was reconstructed
from momentum conservation by measuring the momen-
tum vectors of the α-particles from their range in the gas.
With the information on the four particles, the invariant
masses for 8Be, 9B, 12C and 13N could be ascertained. The
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Figure 6. Invariant mass excitation spectrum for β-delayed 3αp
events. The expected energy of the Hoyle state at 7.654 MeV is
shown by a dashed red vertical line. For energies above Ex = 8
MeV, these events were reconstructed to test for states in 9B. As
shown in Ref. [29].
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Figure 7. Relative energy spectrum for 9B from 8Be(g.s)+p. The
dashed red line shows the GEANT4 simulation contribution ex-
pected for the ground state which replicates the data well. The
expected lineshapes for the Jπ = 1

2
+ and 5

2
+ resonances are shown

by a solid red line. As shown in Ref. [29].

first step was to take the lowest-energy pairs of α-particles
to ensure that decays proceeded through the 8Be ground
state. All except 2 events had a relative energy commen-
surate with the 92 keV ground state for 8Be. With the two
α-particles that originated from 8Be identified, both the 9B
and 12C invariant mass spectra were produced to identify
whether the states in 13N first underwent α-particle decay
or proton decay. The excitation spectrum for 12C is shown
in Fig. 6 where a strong peak corresponding to the Hoyle
state can be seen with a broad continuum at higher ener-
gies. A gate was placed around the 7.65 MeV peak with
these states identified as having a p2 decay channel and the
relative energy spectrum for 9B was measured for events
with 12C(Ex) > 8 MeV. The 9B relative energy spectrum,
shown in Fig. 7, then showed evidence of three states in 9B
that were populated from the α decay of 13N. The ground
state (expected at 278 keV) has an unusual shape (due to
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the propagation of errors in the proton momentum due to
uncertainties in the α-particle energy-range relation at low
energies) which was well-replicated by GEANT4 simula-
tions shown by the dashed red line. Additionally, yield can
be seen above the ground state contribution with strength
around 2 and 3 MeV. These were identified, as shown by
the solid red lines in the figure, as originating from the
1
2
+ and 5

2
+ states in 9B. While statistics are poor for the

1
2
+, it was impossible to replicate the data without it and

the parameters are consistent with the work of Wheldon
et al. [30]. The exact parameters of this state are still
much discussed as two possible excitation energies have
been proposed, one at Ex ≈ 0.8 MeV and one at Ex ≈ 1.8
MeV with much ongoing experimental work attempted to
rectify this disparity. Population of this state is extremely
difficult however and the current work highlights that pop-
ulation via 13N⋆ may prove a viable production route. As
discussed above, the difficulty of measuring 4 particles
with high resolution is extremely difficult however and res-
onantly populating 13N via 12C(p,α) as suggested by For-
tune and Sherr [31] means that the α-particles will lose a
lot of energy inside the target and may not be detectable
and missing mass may be required, significantly increas-
ing the background. Subsequently, measurement of the
9B( 1

2
+) via β-delayed charged-particle spectroscopy with a

TPC, optimised for the energy of the α-particles originat-
ing from the reaction provides the best current opportunity
to rectify this long-standing issue of the position of the
9B( 1

2
+) state with a well-understood mirror in 9Be. The

Thomas-Ehrmann for this mirror system then affords the
opportunity to study one of the simplest molecular con-
figurations. Unfortunately, the limitation of the β-decay
population rules means that one cannot study 9B( 1

2
+) from

9C decay due to its Jπ = 3
2
− ground state meaning the pop-

ulation of negative parity states (Jπ = 1
2
−, 3

2
− and 5

2
−) in

9B will dominate.
By identifying the decay channel for the states in 13N

as being p2, α0, α1 or α3, the 13N excitation energy spec-
trum was generated for the four channels. This is shown in
Fig. 8 where a series of four new states were observed. Af-
ter correcting for the efficiency to reconstruct different re-
action channels (i.e. where α particles may escape the ac-
tive area) as a function of excitation energy, the branching
ratio for these states was determined. While we lacked the
resolution to determine the total width of these states, the
ratio to the Wigner limit could not be determined to exam-
ine the magnitude of clustering, we were able to identify
the dominant form of clustering. These four states were
seen to have a [9B(g.s)

⊗
α/ 12C(0+2 ) + p], [9B( 1

2
+)
⊗
α],

[9B( 5
2
+)
⊗
α] and [9B( 5

2
+)
⊗
α] structure showing the

evolution of clustering to be strong when adding valence
nucleons onto 12C. Preliminary results on the mirror sys-
tem of 14O:14C studying the next step of this clustering
evolution with TexAT via 10C(α, α), presented as part of
the conference, will be submitted shortly.

This experiment on 13N neatly demonstrates the power
to measure clustering with a TPC from a beam intensity of
only 5 pps. A very small β3αp branching ratio of 0.078%
was obtained and the ability to disentangle the decay prod-

ucts meant that structural information about 13N, inacces-
sible by TTIK, was determined showing the prevalence of
both [9B

⊗
α and p + 12C(0+2 )] clustering. Overcoming

limitations in terms of the resolution to which one can
reconstruct the momentum vectors of the particles would
provide even greater insight into this system. The next
generation of TPCs may offer such opportunities.
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Figure 8. Excitation spectrum in 13N for 3α+ p separated by de-
cay channels: a) The sum of all channels, b) p2, c) α0, d) α1, and
e) α3. The locations of previously-observed states are shown at
the top by black arrows [32] with the observed states in the cur-
rent work shown by vertical dashed lines. As shown in Ref. [29].

7 Next generation of TPCs

In order to better access increasingly-difficult-to-measure
experimental signatures — detector advances are required
and there have recently been a number in the areas of Time
Projection Chambers. These will be briefly discussed and
how they can improve the quality of our data to access α-
clustering signatures, examined through a lens of ongoing
design and construction for the TeBAT (TExas Birming-
ham Active Target) TPC, the next-generation upgrade to
TexAT.
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7.1 Pure gases and higher pressures

As discussed above, there are specific limitations about
what gases can be used in a TPC. Recent further advances
in an additional gain step, the GEM (Gas Electron Mul-
tiplier), have meant that pure gases such as He can be
used. GEMs operate in a similar way to Micromegas with
a well-contained large electric field which generates a high
gas gain through a hole drilled through a dielectric mate-
rial. By stacking several gas gain stages together, a new
form of GEMs was developed, known as the Multi-layer
Thick GEM (M-THGEM) [33]. This modification means
that the avalanche stage takes place well within the hole in
the material such that secondary photons cannot propagate
throughout the detector and cause sustained breakdown.

These developments are extremely important for the
accessibility of α-cluster signatures which require high
sensitivity when operating in active target mode — the
removal of a quenching gas means that the background
contaminating events are suppressed by several orders of
magnitude which is an absolute necessity.

7.2 Improved position resolution

Another key component to improve the accessibility of
cluster signatures in key areas is the ability to resolve
tracks with high fidelity. This can be both: a) improving
the angular/position resolution of tracks measured in the
TPC and b) the separation of tracks from high-multiplicity
events. There are three components to this position resolu-
tion: pad size, gas gain, and intrinsic pad resolution. The
first of these is fairly simple, if a TPC has smaller pads,
the position resolution will improve. However, the sec-
ond component to this is that if the pads become smaller
and smaller then for a given gas pressure, the energy loss
of the particles for a single pad will decrease and corre-
spondingly the signal amplitude and resolution will suffer
and may be below threshold. Configurations with smaller
pads therefore will require a higher overall gas gain. When
dealing across the entire detector, this larger global gain
may start to cause complications where the gas detector is
approaching the Raether limit [34], effectively creating a
lower limit for the pad size. Additionally, the number of
electronics channels (and therefore cost and data rate) will
increase with a larger number of pads.

The third component is the intrinsic pad resolution.
For some detector pad sizes, the drift electrons have insuf-
ficient spread to be dispersed across multiple pads (where
the electron cloud will have a Gaussian dispersion with a
typical spread after drifting through a height, h, given as
σ ∝

√
h) and therefore the charge measured from a single

point is typically contained in one or two pixels. New de-
tector technologies deliberately spread the charge across a
series of pads giving a position resolution far below that
of the pad size. Two related techniques to achieve this
are currently available; the DLC (Diamond-Like Carbon)
resistive layer Micromegas coating and the resistive + ca-
pacitive sharing Micromegas.

7.2.1 DLC Resistive Layer

Given that the use of a DLC Micromegas will be used for
TeBAT, it will briefly be discussed here. In Fig. 9, how
the incident charge from the Micromegas is incident upon
a PCB with several layers is shown. The charge impinges
onto the DLC coating and the charge disperses across a 2D
RC network [35]. This charge spreads spatially and in a fi-
nite time which induces, via capacitive coupling, a signal
on the position sensitive pads. The largest (and least de-
layed) signal is induced directly above where the primary
electron cloud is incident on the DLC with adjacent pads
having a smaller amplitude and slightly delayed signal de-
pending on the RC value of the DLC+PCB configuration.
The typical sheet resistance of the DLC used for these
means it is in the range of 0.1 ÷ 10 MΩ/□ (also denoted as
MΩ/sq to differentiate bulk vs sheet resistance). A larger
resistance also has the advantage of providing spark pro-
tection to the electronics although the spark resilience at
or below a value of 1 MΩ/□ is expected to weaken. By
choosing the correct DLC bulk resistance in tandem with
the associated PCB capacitance, the RC value can be sen-
sibly chosen such that the charge is dispersed across sev-
eral pads with a reasonable amplitude. If the RC value is
too large however, the signal produced will have a tail at
long times that will significantly limit the rate capabilities
of a TPC due to significant pile-up.

Simulations performed for TeBAT have shown that
dispersing the charge across 4 pads either side of the pri-
mary electrons can produce a position resolution as low
as 200 µm from a pad size of 3 x 3 mm2 in ideal circum-
stances, far exceeding the 1/

√
12 rule of thumb. The prac-

tical limit for the position resolution is however dependent
on the gain, energy deposition of the particle and noise
present in the system but resistive layer Micromegas offer
an excellent opportunity to significantly improve the posi-
tion resolution without drastically reducing the pad size.

Figure 9. Schematic (not to scale) showing the composition of
the DLC resistive layer Micromegas. After the drift electrons
pass into the high voltage region between the DLC and woven
mesh, the number of electrons drastically increases due to an
avalanche. The incident charge is then spread out through the
DLC which causes a signal to be induced across multiple pads
due to capacitive coupling. The DLC itself is held at ground.
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7.3 Overcoming beam rate limitations

One final experimental hurdle to overcome to provide a
step change in cluster physics studies with TPCs is to pro-
duce a set-up that is able to take beam rates in excess of 106

pps. As the beam rate (energy and ion dependent) exceeds
values around 105 pps, the space charge that is produced
by the beam has an equilibrium value that is sufficient to
significantly affect the electric drift field inside the TPC.
This means that the tracks are perceived as being curved
when reconstructed and also receive significant perturba-
tion to the charge amplitude measured [36].

Secondly, when dealing with a TPC with a higher gain
(necessary to measure low dE/dx particles such as pro-
tons) a high beam rate means that the Micromegas may
struggle to recover between beam pulses and subsequently
may either undergo constant breakdown damage or fail
to generate an avalanche signal. Trivial solutions to this
problem have included ignoring certain pads in the TPC,
modifying the bias across the detector such that the beam
only enters low gain portions, suppressing the drift elec-
trons in the beam region, increasing the drift field strength
and remapping the electric field map to correct for space
charge aberrations. Unfortunately all these solutions do
not fully solve both of the listed issues. Further develop-
ment is necessary to properly address this issue such as
producing a field cage that sits around the beam region to
regulate the electric field in the surrounding regions and
more effectively remove space charges.

The final beam rate limitation concerns the total data
throughput generated with a high trigger rate and large
number of channels. The TeBAT TPC has a grid of 84
x 84 pads for a total of 7056. With each channel having
12 bits of data for 512 time buckets, if every channel fires
(or is set to be read out) then a single event can generate
5 MB of data. With beam rates exceeding 106 pps, sig-
nificant electronics developments are required to be able
to write ever increasing data streams without considerable
dead time. Opportunities in streaming electronics such as
the SALSA chip may provide such an option [37].

As radioactive beam facilities further improve their ca-
pabilities (as well as a myriad of studies possible with sta-
ble beams), inventive solutions are needed to ensure TPCs
can utilise the maximum beam intensity available.

8 Conclusion

A summary of the opportunities to use TPCs to study α-
cluster phenomena has been given with an emphasis on the
difficulties and pitfalls one must negotiate when measuring
experimental observables to compare to theory.

The need and importance of robust theoretical predic-
tions such as the direct-decay branching ratio of the Hoyle
state if it is an α-condensate is also highlighted.

The next generation of TPCs are overcoming spe-
cific limitations that limit the sensitivity of measuring α-
clustering phenomena and with the advent of these de-
vices, such as TeBAT, a new range of experiments become
possible.
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