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Abstract

This article presents an upgraded in-trap decay spectroscopy apparatus which has been developed and constructed for

use with TRIUMF’s Ion Trap for Atomic and Nuclear science (TITAN). This device consists of an open-access electron-

beam ion-trap (EBIT), which is surrounded radially by seven low-energy planar Si(Li) detectors. The environment of

the EBIT allows for the detection of low-energy photons by providing backing-free storage of the radioactive ions, while

guiding charged decay particles away from the trap centre via the strong (up to 6 T) magnetic field. In addition to

excellent ion confinement and storage, the EBIT also provides a venue for performing decay spectroscopy on highly-

charged radioactive ions. Recent technical advancements have been able to provide a significant increase in sensitivity for

low-energy photon detection, towards the goal of measuring weak electron-capture branching ratios of the intermediate

nuclei in the two-neutrino double beta (2νββ) decay process. The design, development, and commissioning of this

apparatus are presented together with the main physics objectives. The future of the device and experimental technique

are discussed.

Keywords: in-trap decay spectroscopy, beta-decay of highly-charged ions, X-ray detection, electron-beam ion trap,

2νββ-decay nuclear matrix elements

1. Introduction

1.1. High sensitivity decay spectroscopy

The characterization of radioactive decay via photon

detection is a key measurement method and is among the

primary experimental techniques currently employed in

nuclear physics [1]. With the advancement of rare-isotope

beam (RIB) facilities worldwide [2], access to increasingly

exotic radioactive nuclei has become possible, allowing for
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a variety of decay experiments on short- and long-lived nu-

clei. Modern decay spectroscopy devices employ multiple

detection systems for both charged particles and photons

to further increase the sensitivity of the experiment, thus

allowing for the observation of weak signals [3]. The re-

duction of photon backgrounds is at the forefront of these

efforts, and requires a high level of control over the decay

environment which can be provided using ion traps [4].

The concept of observing decays from trapped radioac-

tive nuclei has been employed for years, most notably us-

ing magneto-optical traps and Paul traps, where charged

particles and daughter recoils are detected to provide di-
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rect and indirect information about neutrinos [5–9], elec-

trons [10], and neutrons [11]. More recently, Penning traps

have been considered to provide control over the decay

environment [12–20], where charged particles are guided

along strong magnetic-field lines. Therefore, further ex-

tension of this concept may be possible for performing

high-sensitivity decay-spectroscopy measurements.

1.2. Nuclear matrix elements for ββ decay

Recent evidence that neutrinos have mass has gener-

ated a great deal of interest in exotic nuclear decay modes [21,

22]. As a part of these studies, searches for the neutrino-

less (0ν) mode of double beta (ββ) decay is among the

most relevant since it violates lepton-number conservation

and would establish the neutrino as a Majorana parti-

cle [23, 24]. If this decay mode is observed, the effective

Majorana mass of the neutrino, 〈mββ〉, can be deduced

from 0νββ measurements,

(T 0ν
1/2)−1 = G0ν(Q,Z)|M0ν |2〈mββ〉2, (1)

where T 0ν
1/2 is the observed half-life of the 0νββ decay and

G0ν(Q,Z) is the phase-space factor. The term M0ν is

the nuclear matrix element (NME) connecting the initial

and final 0+ states, which results entirely from theoret-

ical calculations. The calculation of ββ-decay NMEs is

the source of current theoretical efforts and include sev-

eral different model descriptions. The accuracy and pre-

cision from Eqn. 1 is limited by the ability to calculate

the NMEs, and any uncertainty in the calculations are di-

rectly translated to 〈mββ〉. Therefore, constraints on these

calculations are required from detailed experimental data.

Typically, the NME calculations are benchmarked to

two-neutrino (2ν) ββ data [25] (a process allowed by the

Standard Model) where the decay path proceeds through

1+ states in the odd-odd intermediate nucleus [26]. There-

fore, measurements of the β− and electron-capture (EC)

branching ratios of the intermediate nuclei in the 2νββ-

decay process are directly relevant for capturing the nuclear-

physics information required in the calculation of M2ν .
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Figure 1: A schematic view of the TITAN facility at TRIUMF. For

decay spectroscopy experiments, the cooled/bunched ions are ex-

tracted from the RFQ and injected as singly charged ions to the

EBIT (path shown in green), where they are stored and charge-bred.

The ion-bunch is subsequently extracted, and dumped downstream

away from the photon detectors (path shown in red).

The EC transitions are several orders of magnitude weaker

than the dominant β− decays from the same parent nu-

cleus, making them difficult to detect. Due to the weak na-

ture of these decay branches, these studies require intense

RIBs and low-background, high-sensitivity decay spectroscopy

tools [16, 26].

1.3. TITAN at TRIUMF-ISAC

The Isotope Separator and Accelerator (ISAC) facil-

ity [27, 28] at TRIUMF in Vancouver, Canada, employs

a high-intensity (up to 100 µA) beam of 500 MeV pro-

tons to produce RIBs using the isotope separation on-line

(ISOL) technique [2, 29]. ISAC is currently able to provide

a wide variety of RIBs through the use of several different

production target and ion-source combinations, including
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the recent use of uranium-carbide (UCx) targets [30]. Fol-

lowing the in-target production and ionization, the ions

are mass separated before being delivered to the experi-

mental hall. The mass-selected, continuous beam of ra-

dioactive, singly charged ions (SCIs) is delivered at low

energies (< 60 keV) to a suite of experimental facilities for

both cooled- and stopped-beam experiments [30], where

TRIUMF’s Ion Trap for Atomic and Nuclear Science (TI-

TAN) [31, 32] is located. The TITAN system consists of

three ion traps:

1. A radio-frequency quadrupole (RFQ) linear Paul trap [33,

34] for buffer-gas cooling and bunching the low-energy

ion beam,

2. A 3.7 T, high-precision mass-measurement Penning

trap (MPET) [35], and

3. An electron-beam ion trap (EBIT) which is used to

create highly charged ions (HCIs) [38], and for per-

forming decay spectroscopy on trapped radioactive

nuclei.

A schematic view of the TITAN facility at TRIUMF-ISAC

is shown in Fig. 1, along with the ion path for typical

decay-spectroscopy experiments.

1.4. In-Trap Decay Spectroscopy with TITAN

The prospect of performing decay spectroscopy with

TITAN was first presented in Refs. [13, 16]. In these mea-

surements, a low-energy germanium (LEGe) detector was

placed in the EBIT for photon counting, and no electron

beam was employed for ion confinement of charge breed-

ing. In this mode of operation, the EBIT effectively serves

as a cylindrical Penning trap. The results from these

measurements demonstrated that ions could be injected,

stored, and extracted from the EBIT for the purpose of

decay spectroscopy, however storage times were limited to

tens of ms due to losses at the trap center. Additionally,

the in-trap losses meant that information regarding the

precise location of where the decays were occurring was

Figure 2: A technical depiction of the TITAN EBIT. The ion-bunch

trajectories during operation are schematically depicted here by the

black double-arrow. The individual components are discussed further

in the text.

lost, and thus a determination of the photon detection ef-

ficiency was not possible. Since the primary science goal

of this apparatus is the characterization of weak decay

branches (10−3-10−5), an improvement of the experiment

was required, and new techniques were developed.

This article presents a significant upgrade to the ap-

paratus, and addresses the above deficiencies towards the

goal of high-sensitivity in-trap decay spectroscopy. These

improvements include: a new trapping mechanism, differ-

ent photon detectors, improved ion-bunch manipulation,

a superior data-acquisition system, and improved environ-

mental monitoring and control.

2. The Decay Spectroscopy Trap

The TITAN EBIT (Fig. 2) is composed of an up-to

500 mA electron gun2, a cold drift-tube assembly which

is thermally coupled to a superconducting magnet, and

an electron collector. The drift-tube assembly is conically

shaped which improves the trapping profile while retaining

a large geometric acceptance for the incoming ions. The

8-fold radially segmented central electrode forms the po-

tential where the ions are stored during the trapping cycle,

2An upgrade for the electron gun is planned, which will allow for

beam currents of up to 5 A.
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Figure 3: Simulated [36] and calculated [37] magnetic field strengths (a) along and (b) perpendicular to the trap axis, for the Helmholtz-like

configuration used in the EBIT [38]. The relative magnetic field strengths are normalized to the maximum value, which occurs along the trap

axis at the coils. The arrows in panel (b) indicate the radial location of the photon detectors used for decay spectroscopy.

and has an inner radius of 7.0 mm [38]. The trapped ions

are axially confined by an electrostatic square-well poten-

tial formed by applying voltage to the drift tubes. Radial

confinement is provided by both the electron-beam space-

charge potential and magnetic field. The up-to 6 Tesla

magnetic field is produced by two superconducting Nb3Sn

coils in a Helmholtz-like configuration. At the trap cen-

ter, the field is reduced by 8% from this configuration, as

shown in Fig. 3, creating a magnetic bottle. The radial

confinement provides a spatial profile for the ions which

is approximately equal to the radial extent of the electron

beam.

2.1. Ion Storage

The total ion trapping capacity of an electron-beam

device is roughly determined by the fact that a significant

fraction of the electron beam negative space charge can be

compensated by the trapped positive ions [39]. The num-

ber of negative elementary charges within the central trap

region depends linearly on the electron beam current, and

inversely on the square root of its energy. For the TITAN

EBIT, with an up-to 500 mA, 10 keV electron beam, the

trapping region contains roughly 109 electrons. For an av-

erage ion charge state of q ≈ 30+, this implies that roughly

107 ions can be confined. This relatively large value is only

possible due to the negative space charge of the beam,

which counterbalances the mutual ion repulsion acting in

a pure Penning configuration. Furthermore, under these

operating parameters, the radial trapping potential for a

positively charged ion of q = 30+ is on the order of 10

keV. Under these conditions, ion losses are expected to be

very small, and the cycling of the charge state of the ion

due to successive ionization and recombination processes

does not affect the ion inventory. In principle, the axial

evaporation, which is controlled by voltages applied to the

drift tubes surrounding the central region, is the essential

loss mechanism. Since Ba and W naturally accumulate in

the trap due to their emission from the cathode material,

elements lighter than Z = 50 may suffer stronger evapo-

rative losses. An evaluation of possible in-trap losses with

the TITAN EBIT are discussed further in Section 5.1.
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Figure 4: A design drawing cross-sectional view of the EBIT. The

magnet housing and central-electrode assembly shown in Fig. 5 are

at the center of the trap, and are surrounded by the vacuum vessel.

Seven access ports are cut into the outer housing of the EBIT, at

two different distances from the center, and each holds one Si(Li)

detector. The dimensions labelled represent the distances between

the front faces of Si(Li) detectors on opposite sides of the trap.

2.2. Trajectories of Charged Decay Products

The primary advantage of performing decay spectroscopy

in a high magnetic field environment stems from the re-

moval of light, charged decay products which generate

large background (ie. β+/−, p, α, etc.). For the physics

cases outlined in Section 1.2 and Ref. [26], a reduction

of large decay-electron backgrounds from β− decay is re-

quired. In the EBIT, β-particles that are emitted from the

confined ion bunch follow the magnetic field lines, and are

guided away from the trap volume along its axis. From

SIMION [40] simulations at ~B-field strengths of 4, 5, and

6 T, the fraction of decay electrons that escape is roughly

77%. This process requires that the emission angle of the

β-particle must be less than the critical trapping angle.

This critical angle depends on the ratio between the mag-

netic field at the electron origin and the maximal magnetic

field. However, nearly 100% of the charged decay products

are eliminated from the trap, since the β-particles have

a high probability to both Coulomb scatter with the ion

cloud, and cool via synchrotron radiation. The increase in

Figure 5: Photographs of the components that comprise the TITAN

EBIT interior. Displayed are: (a) the central electrode (copper) and

the housing cylinder (aluminum) that sit inside (b) the magnet coil

holder. The solid-angle acceptance for photon detection from in-

trap decays are limited by the slits in the electrode housing, shown

in panel (a).

scattering probability results from the high cyclotron fre-

quency for electrons in a high-field environment [20]. Both

of the above processes cause the decay products to drop

below the critical angle and immediately escape the trap

volume along the beam axis. These studies are particularly

important within the context of β+ decay, as the complete

removal of decay positrons serves to suppress 511 keV an-

nihilation radiation [18, 19].
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Figure 6: (left) A technical drawing of the TITAN decay spectroscopy setup. (right) A photograph of three of the seven Si(Li) detectors that

surround the southern hemisphere of the EBIT. The e-collector is at the left of the image, where ion bunches from the RFQ are injected and

extracted from the trap.

2.3. Trap Access

The EBIT features seven external ports of two differ-

ent sizes, separated by 45◦ from each other (Fig. 4), each

with a 35.0 mm radius opening. These ports are covered

with 0.25 mm thick, > 99% pure, pinhole-free Be win-

dows to provide vacuum isolation for the ultra-high vac-

uum (UHV) environment of the EBIT, which is better than

10−11 Torr. A separate Be foil (0.08 mm thick) is located

on the internal heat shield of the trap. The access ports

corresponding to the large slits in the electrode-housing

cylinder (Fig. 5(a)) are located at 90◦, 180◦, and 270◦ rel-

ative to the cryo-cooler at the top of the magnet housing.

Due to the design of the EBIT, the detectors located in

the small ports are slightly further from the trap centre

(230 mm), as opposed to those located in the large ports

(226 mm) (see Fig. 4).

2.4. EBIT Operation

The EBIT is operated in a cycling mode which typically

consists of three parts: injection, storage/trapping, and

extraction. The cycles are controlled by logic signals that

are sent to the drift-tube electrodes by a programmable

pulse-generator (PPG). For decay spectroscopy experiments,

the cycles are optimized to increase the signal-to-background

ratio for the species of interest, and thus trapping portions

of the cycle can last anywhere from a few seconds to min-

utes. These values are typically 103 to 104 times longer

than is usually employed for charge-breeding related to

the mass-measurement program with TITAN.
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3. Planar Si(Li) Detectors

Each of the seven access ports around the EBIT house a

lithium-drifted silicon detector (Si(Li)) (Fig. 6), which has

good resolution and high efficiency at low photon energies

(< 50 keV) [1]. These detectors were chosen over high-

purity germanium (HPGe) crystals due to their decreased

X-ray escape peak intensity3 and the prospect of perform-

ing a high-sensitivity X-ray measurement on 76Ge [26].

3.1. Design specifications

The detectors were designed and constructed by Canberra-

France, and each contains a 5 mm thick Si(Li) crystal with

a < 0.2 µm dead-layer and 2000 mm2 active surface area.

Each crystal is located 7 mm from the front face of the de-

tector, which consists of a 0.6 mm layer of carbon that acts

as a vacuum and thermal shield for the Si(Li) crystal in-

side the detector. The crystals are kept at liquid-nitrogen

(LN2) temperatures for operation. The LN2 is provided to

the crystals by an individual dewar directly attached to the

cryostat that is controlled by the ISAC-EPICS [41] system.

The detectors are structurally supported by a custom-built

aluminum frame that surrounds the central plane of the

EBIT, which is mounted at the base of the magnet hous-

ing. The current mounting point of the frame has been a

source of mechanical vibrations from the EBIT compres-

sor, and is discussed in detail in Section 4.2. To reduce

the detection of ambient background in the Si(Li) crys-

tals, the outer casing of each detector is surrounded radi-

ally by 2 mm of copper, followed by 1 mm of low-activity4

lead, which reduces the overall ambient background con-

tribution to the measured spectra by more than a factor

of 3.

3.2. Power supply and conditioning

Each detector contains a Canberra PSC 854 transistor-

reset preamplifier, which provides both energy and timing

3Roughly four orders of magnitude at 20 keV [1].
4A 210Pb activity of ≤ 70 Bq/kg.

outputs with a nominal impedance of 50 Ω. The low-

voltage power for the preamplifier and detector electron-

ics is provided by a DC ±28 V power supply, while pas-

sively cooled linear voltage regulators provide voltages of

DC ±12 V and ±24 V separately for each detector, with

a stability of ∼ 1 mV.

The individual crystals are biased to between −550 V

and −600 V using an 8-channel iseg EHS 8210x high-

precision high-voltage (HV) power supply. The power-

supply is controlled via a CAN-interface, and has an auto-

shutdown feature in case of a detector warm-up. The

detector preamplifier, HV, and data acquisition (DAQ)

power supplies are all protected by a UPS backup system,

which provides pure sine-wave power conditioning with an

output voltage regulation of ±2%.

3.3. Electronics and signal processing

The preamplified signals from the detector are condi-

tioned by a custom-built signal-processing amplifier be-

fore being digitized by an analogue-to-digital converter

(ADC). The development and construction of a custom

amplifier was necessary to both filter and decouple the

4 V transistor-reset output signal from the Si(Li) detector.

After processing, the signal digitization is performed by a

self-triggered, 100 MHz 8-channel SIS3302 FPGA-based

sampling ADC [42]. For each channel, the trigger thresh-

old and required pulse shape (or rise time) are set indi-

vidually. The ADC hardware applies a trapezoidal energy

filter to generate a moving-average window with adaptable

parameters that are used to approximate the pulse inte-

gration [42]. Once triggered, each pulse is recorded with

a 48-bit time-stamp generated by the ADC clock that is

offset by the EBIT PPG signal. This provides a time for

each event relative to the start of each measurement cycle.

In addition to recording energies and times, the ADC

records full waveforms for each signal which can be sub-

sequently used for an off-line pulse-shape analysis (PSA).

This method of analysis allows for the removal of invalid
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Figure 7: The absolute efficiency response as a function of energy

for a typical Si(Li) detector, compared to a geant4 simulation. The

experimental data were acquired using three different radioactive

calibration sources when the Si(Li) detector was not mounted to the

trap. The error bars result from both the statistical and source-to-

detector distance uncertainties, and in most cases are smaller than

the data points.

signals caused by noise and false triggers for the reduction

of background events, as well as filtering and fitting valid

waveforms to improve the spectral resolution.

3.4. geant4 Simulations

One of the current limitations of this apparatus is a

lack of access to the center of the trap for performing cali-

brations with radioactive sources. Therefore, detailed sim-

ulations are required to model the detector efficiencies dur-

ing on-line running conditions. A geant4 [43] simulation

was therefore developed to properly model the spectral re-

sponse of the Si(Li) array surrounding the EBIT.

Of particular importance for determining the detection

efficiency of the apparatus, a simulation of the realistic ion-

cloud distribution is required, since the solid-angle accep-

tance differs due to the slit sizes in the electrode-housing

cylinder (Fig. 5(a)). This variation in the access-port ge-

ometries generates a decrease in acceptance for the small

ports of nearly a factor of 2, leading to a 1.9% geometric

acceptance for the full array.

Similar to the geometric acceptance, the intrinsic re-

sponse of the crystals must be accurately reproduced by

the simulation in order to generate the correct absolute

efficiency of the array. This was accomplished by varying

the carbon-window thickness and Si(Li) dead-layer in the

geant4 geometry to match the observed crystal response

from source measurements. A comparison of the experi-

mental and simulated photopeak detection efficiencies for

one of the Si(Li) detectors is displayed in Fig. 7.

4. Environmental Effects

The TITAN facility is located roughly 5 metres above

the floor on a raised platform in the ISAC-I experimental

hall. As a result, environmental fluctuations which may af-

fect the sensitivity of the experiment must be continuously

monitored. To accomplish this, several diagnostic compo-

nents are situated in various locations around the experi-

mental setup, including thermocouples, vibration sensors,

optical-light sensors, and voltage monitors.

4.1. Thermal instabilities

The day/night temperature variations in the experi-

mental hall were observed to be between 5 and 10◦ C,

with a maximum summer temperature near the EBIT ap-

proaching 35◦C. These thermal instabilities manifest them-

selves in gain drifts of the preamplifier electronics, which

were observed to be < 1% and can be corrected for. The

detector resolution and efficiencies were shown to be con-

stant over this temperature range and are thus not affected

by the thermal cycles. The ADC and amplifier are also lo-

cated in a non-temperature controlled environment, which

can reach 40◦C in the summer and may also contribute

to the observed gain shift. This effect can also be cor-

rected for, and does therefore not generate anomalously

poor resolutions.

4.2. Vibration-induced noise

The EBIT employs a two-stage Gifford-McMahon he-

lium cryo-cooler that keeps the superconducting magnet

8
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on (blue) and off (red). The low-frequency region has been omit-

ted to highlight the induced vibrational resonances in the Al frame.

These measurements result from a fast-Fourier-transform (FFT) per-

formed on data acquired by a TinkerForge inertial-measurement unit

(IMU) [44].

at temperatures of < 6 K using a liquid-helium-free sys-

tem [38]. The cooling is performed by a compressor unit

that supplies high-pressure He gas to the cold-head and

re-compresses the returned gas. In this process, the com-

pression cylinder generates low-frequency (1.2 Hz) vibra-

tional noise, which is subsequently transferred to the EBIT

through the cold-head. The low-frequency noise does not

pose a significant concern to the extracted signal due to the

filtering process that is applied before digitization. How-

ever, these vibrations resonate at many frequencies in the

aluminum detector-support frame and generate acoustic

noise up to several-hundred Hz. The distribution of high-

frequency vibrations that exist at one of the horizontal

access ports is displayed in Fig. 8, and shows significant

noise at ∼ 120 Hz and ∼ 380 Hz which is only present

when the compressor is running. The magnitude of this

effect varies from detector to detector, and is correlated to

the distance each port has from the frame mounting. A

decrease in resolution by more than 20% at 50 keV results

from mounting the detectors directly to the Al frame, with

no isolation. To reduce this effect, the use of vibration-

isolation material is currently being implemented in the

system, and is presented in detail in Ref. [45].

4.3. Magnetic field effects

The radial field strength at the crystal location is roughly

5% of the value at the trap center, as displayed in Fig. 3.

Thus, for a typical magnet setting of 4 T, the field experi-

enced by the Si(Li) crystals is 0.2 T. To confirm previous

investigations of ~B-field effects on HPGe detectors [46, 47],

the effect on the Si(Li) detection efficiency, spectral resolu-

tion, and ADC channel number were investigated for fields

at the trap center of 0-2.5 T, in 0.5 T steps. These studies

were performed using a 133Ba source placed on the outer

housing of one of the Si(Li) detectors while it was mounted

on the trap. The spectral resolution at 53 keV was found

to be constant to within 5%, and no variations in the de-

tection efficiency were observed to within 1%. A slight

increasing linear trend in the ADC location of the peak

centriod was observed as a function of photon energy for

different ~B fields, and the dependence was found to be at

most 0.27 channels/keV. The centroid shifts do not pose a

problem, as the magnetic field of the EBIT decays by less

than 1.2% per week, and a typical experimental run is less

than two hours.

5. On-Line Commissioning

The first on-line commissioning with radioactive beam

was performed using six Si(Li) detectors, and is reported

in Ref. [19]. The goal of this measurement was to char-

acterize and examine the capabilities of the setup through

the observation of X-rays resulting from 124Cs EC decay.

This case was chosen as the initial measurement due to

its relatively large EC branching-ratio and short half-life,

which are both well known and therefore suited to provid-

ing a benchmark test. The summed data over ∼ 48 h for

both portions of the measurement cycle from 15-130 keV

are displayed in Fig. 10, highlighting the observed X- and
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Figure 9: A comparison of the observed photon spectrum from

27 keV to 37 keV for both the trap-full and trap-empty portions

of the EBIT cycle. The two panels compare the results when the

ion-trap is operated in (a) Penning-trap mode with a LEGe detec-

tor (Ref. [16]) and (b) EBIT mode with Si(Li) detectors (this work

and Ref. [18]). In panel (a), the X-rays result from the EC decay of

126Cs, using several hours of constant injection followed by a long

trap-empty spectrum. The presence of decay X-rays in the trap-

empty spectrum demonstrates the significant loss of ions in the trap.

In panel (b), a cycled mode was used (see text) where the shorter-

lived 124Cs was trapped for 20 s followed by 5 s of trap-empty data.

The differences in the intensity and resolution of the observed X-rays

results from different production targets and detectors, respectively.

γ-ray lines from both 124Cs and 124In. The sections be-

low outline the successful demonstration of the technical

upgrades to the system under on-line running conditions.

5.1. Storage losses

Previous decay measurements performed with TITAN

suffered from a continual loss of ions after injection, which

were likely due to off-axis injection and extraction. A mit-

igation of these effects was possible in the present work

by exploiting improved ion manipulation provided by the

electron beam.

To investigate the improved confinement effects, sig-

nificantly longer trapping times were employed using a

similar RIB5 to Ref. [16], which primarily consisted of

124Cs (t1/2 = 30.8(5) s [48]). The RIB was delivered to

the TITAN-RFQ where it was accumulated, cooled, and

bunched for 1 s in the RFQ, and subsequently transported

at 1.5 kV to the EBIT where it was stored for 20 s. Fol-

lowing storage and decay, the ions were pulsed out of the

trap, and 5 s of trap-empty background was measured to

characterize possible in-trap ion losses. The summed data

over ∼ 48 h for both portions of the measurement cycle

from 15-130 keV are displayed in Fig. 10, highlighting the

observed X- and γ-ray lines present during the storage

portion of the cycle. The significant suppression of back-

ground radiation, as well as the non-observation of the

photon lines in the trap-empty spectrum, demonstrate the

complete removal of ions from the trap. This represents a

significant trapping improvement over the previous works

in Refs. [13, 16], as demonstrated in Fig. 9. Storage times

of up to a minute were also tested, and no evidence of ion

loss was observed, suggesting that even longer trapping

cycle times may be employed in the future.

5.2. Suppression of 511 keV annihilation radiation

The decay-particle trajectories described in Section 2.2

also serve to suppress the detection of 511 keV positron

annihilation radiation. Since the decay of 124Cs has a

significant β+-decay branch, a direct comparison of the

efficiency-corrected photopeak areas at 354 keV and 511 keV

provide an estimate for the positron-annihilation back-

ground suppression. The suppression factor

S511 =

(
I511
I354

)
lit.

×
(
N354

N511

)
exp.

×
(
ε511
ε354

)
sim.

,(2)

where I is the relative peak intensity from the literature [48],

and ε is the simulated absolute photo-peak detection effi-

ciency. The ratio N354

N511
is the fraction of observed counts in

the 354 keV peak relative to 511 keV. However, the data

does not display any evidence of a 511 keV peak (Fig. 10

5The measurement in Ref. [16] does not show signs of the In decay,

as it used a different ISAC production target.
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Figure 10: The observed photon spectrum from 15-130 keV, taken

during the commissioning experiment, showing both the trap-full

data (20 s/cycle) and simulation in black and blue, respectively. The

trap-empty data (5 s/cycle) (red) is representative of the ambient

photon background, and has been time-scaled for a direct compar-

ison. The complete removal of ions during the extraction phase of

the cycle is demonstrated by the absence of X- and γ-ray lines in

the trap-empty background spectrum. The inset displays the energy

region from 480-540 keV, highlighting the absence of the 511 keV

positron annihilation radiation relative to a geant4 simulation with

no ~B field.

(inset)), the relative peak area used in Eqn. 2 represents

the statistical 1σ upper limit of 26 counts above ambi-

ent background. A lower limit on the suppression effect

was thus found to be a factor of 20, which was also vali-

dated through a comparison of the experimental data to

a geant4 simulation with no magnetic field (Fig. 10 (in-

set)). This comparison also serves as an analogue estimate

for β− removal from the trap.

5.3. Atomic-structure effects

In addition to the significant trapping advantages pro-

vided by the electron beam, the atomic structure of the

trapped ions are also altered through electron-impact ion-

ization [50] (Fig. 11). This effect was observed in the com-
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X
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Figure 11: The theoretical change in a) Kβ and b) Kα X-ray en-

ergies as a function of charge-state for Cs ions. The calculations

were performed using the multiconfigurational, relativistic Dirac-

Fock software, fac [49], and display increasing Kα and Kβ energies

as the charge-state increases. The dashed lines serve to illustrate

the increasing energy difference relative to a neutral Cs atom. The

weighted-average energy curves for Kα and Kβ result from the rela-

tive X-ray intensities, and represent what would be observed exper-

imentally due to limited energy resolution.

missioning experiment, and the observed relative average

X-ray energy shift for 124Xe of 〈Kβ−Kα〉 = 90(40) eV was

in good agreement with the calculated value of 92 eV [19].

Furthermore, noKβ2 X-rays were observed since the charge

states of the trapped Cs ions (≈ 28+) corresponded to a

fully stripped N -shell. A distribution of ions in various

charge-states simultaneously exist in the trap, which is

well understood and has been investigated previously for

TITAN’s EBIT [38]. Additional atomic effects were also

observed, including changes in the Kα/Kβ ratio, and in

all cases were found to be consistent with theoretical cal-

culations [19].
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5.4. Comparison to simulation

Benchmarking of the geant4 simulations to in-trap

data was also performed for the commissioning experi-

ment. A comparison of the simulated and measured spec-

tra is displayed in Fig. 10. Since the exact in-trap contri-

butions of each species can vary from experiment to ex-

periment, these quantities must be derived from the ob-

served spectra. As a result, the simulated decay spectra

are individually scaled and combined with an ambient-

background spline function derived from the trap-empty

measurements. The total Monte-Carlo spectrum (blue)

that results from this procedure exhibits general agree-

ment with the data. The photon-energy deposition in the

crystal is combined with the realistic Si(Li) response func-

tion that is derived from calibration measurements. These

response functions include crystal imperfections that lead

to slightly asymmetric photo-peaks due to incomplete charge-

collection and trapped-charge effects [1].

6. Future Upgrades

6.1. Multiple ion-bunch stacking

For RIBs from ISAC with yields ≥ 106 s−1, the limiting

factor for ion-storage in the EBIT is the space-charge of

the RFQ (∼ 105-106) [34]. For nuclei with small branch-

ing ratios (< 10−4), this limit would exclude the possi-

bility of performing statistically significant measurements

within a reasonable amount of time. As a result, a method

for overcoming this space-charge limit was recently tested

using a beam of 116g,mIn, with short (≈ 25 ms) RFQ ac-

cumulation times, and the subsequent injection of many

ion bunches into the EBIT without extraction [51]. By us-

ing this multiple-injection technique [52], it was possible

to stack several hundred ion-bunches in the EBIT, thus al-

lowing for significantly more ions to be stored in the trap

for one decay cycle. The demonstration of this technique

has opened the venue for experiments that were previously

unfeasible.

6.2. Isobaric purification with the MR-ToF technique

One of the advantages of manipulating ion-bunches in

a multi-trap system is the possibility of isobaric clean-

ing. This form of beam purification has traditionally been

performed with the assistance of a buffer-gas filled Pen-

ning trap, however this technique typically limits the total

number of charges allowed to ∼ 103 − 104 [53]. The TI-

TAN facility is currently in the process of implementing

a multi-reflection time-of-flight (MR-ToF) device6, which

can achieve ion capacities in excess of 106 ions per second,

while maintaining a mass resolving power of ∆m/m ≥

105 [54]. This component is to be included downstream

from the RFQ, thus allowing for purification of SCIs be-

fore they are injected into the EBIT.

6.3. High-purity germanium detectors

Although the current photon detectors have a high low-

energy photon detection efficiency, it drops dramatically

at roughly 30 keV which limits the range of experiments

that are possible. The experimental capabilities can be

increased using HPGe detectors, thereby increasing the

versatility of performing in-trap decay spectroscopy with

TITAN. With the recent decommissioning of the 8π γ-ray

spectrometer [55] from TRIUMF, the prospect of deploy-

ing up to seven of these detectors in the ports around the

EBIT exists due to their compatible size and availabil-

ity. Each individual detector is composed of a cylindrical

HPGe crystal with a radius of 2.65 cm, and a length of

6.0 cm. The crystals are located in an LN2-cooled cryostat,

which is heat- and vacuum-shielded by a thin Be window

on the front-face. This set-up has already been modelled in

a geant4 simulation, and a comparison of the simulated

absolute efficiencies for the HPGe and Si(Li) crystals are

displayed in Fig. 12.

6This device was designed and constructed in Germany at JLU

Gießen [54] and is currently undergoing offline commissioning at TRI-

UMF.
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Figure 12: A comparison of the simulated intrinsic efficiencies for

a TITAN Si(Li) detector and an 8π HPGe detector separated from

the source by the EBIT Be windows. The efficiency profiles are

nearly identical below ∼ 20 keV, but a large increase in detection

efficiency above this can be gained from using HPGe. This energy-

dependent response therefore increases the versatility of performing

decay spectroscopy in-trap with the TITAN EBIT. The low-energy

character of the respective curves is determined by the thickness of

the Be and C front-face windows on the HPGe and Si(Li) detectors,

respectively.

7. Summary and Conclusions

In summary, a significantly improved in-trap decay spec-

troscopy setup has been developed using the TITAN facil-

ity at TRIUMF. The apparatus consists of 7 low-energy

planar Si(Li) detectors which surround the TITAN EBIT;

an open-access charge-breeding ion trap with a magnetic

field of up to 6 T. The current goal of this new facility is to

provide a low-background environment for the observation

of weak EC branching ratios of the intermediate nuclei for

ββ decay. The ion-trap environment allows for the de-

tection of low-energy photons by providing backing-free

storage, while simultaneously guiding charged decay par-

ticles away from the trap center via the strong magnetic

field. When combined with the intense electron beam of

the EBIT, the strong magnetic field provides excellent ion

confinement, which allows for storage times of minutes,

or more. Impact ionization induced by the electron beam

increases the typical charge-states of the trapped ions to

such a level that changes to the atomic structures were ob-

served via X-ray energy shifts and Kα/Kβ ratio changes.

Although these atomic-structure alterations are a byprod-

uct of the improved ion storage, these effects could be ex-

ploited in the future for studies on β decay of HCIs [56].

The background reduction provided by the apparatus pre-

sented in this work represents a significant step towards

measuring weak branching ratios of 10−4 or less. This new

facility is therefore poised to make a significant impact in

the field of low-intensity spectroscopy.
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014017 (2013).

13



[5] A. Gorelov, D. Melconian, W.P. Alford, D. Ashery, G. Ball,

J.A. Behr, P.G. Bricault, J.M. D’Auria, J. Deutsch, J. Dilling,
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N. Severijns, Nucl. Instrum. Meth. Phys. Res. B 266, 4515

(2008).

[9] G. Li, R. Segel, N.D. Scielzo, P.F. Bertone, F. Buchinger,

S. Caldwell, A. Chaudhuri, J.A. Clark, J.E. Crawford,

C.M. Deibel, J. Fallis, S. Gulick, G. Gwinner, D. Lascar,

A.F. Levand, M. Pedretti, G. Savard, K.S. Sharma, M.G. Stern-

berg, T. Sun, J. Van Schelt, R.M. Yee, and B.J. Zabransky,

Phys. Rev. Lett. 110, 092502 (2013).

[10] C. Couratin, Ph. Velten, X. Fléchard, E. Liénard, G. Ban,
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K. Siegién-Iwaniuk, and J.-C. Thomas, Phys. Rev. Lett. 108,

243201 (2012).

[11] R.M. Yee, N.D. Scielzo, P.F. Bertone, F. Buchinger, S. Cald-

well, J.A. Clark, C.M. Deibel, J. Fallis, J.P. Greene, S. Gulick,

D. Lascar, A.F. Levand, G. Li, E.B. Norman, M. Pe-

dretti, G. Savard, R.E. Segel, K.S. Sharma, M.G. Sternberg,

J. Van Schelt, and B.J. Zabransky, Phys. Rev. Lett. 110, 092501

(2013).

[12] J. Rissanen, V.-V. Elomaa, T. Eronen, J. Hakala, A. Jokinen,

S. Rahaman, S. Rinta-Antila, and J. Äystö, Eur. Phys. J. A 34,
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E. Mané, M.R. Pearson, B.E. Schultz, M.C. Simon, V.V. Si-

mon, Hyper. Inter. 225, 157 (2014).

[19] A. Lennarz, A. Grossheim, K.G. Leach, M. Alanssari, T. Brun-

ner, A. Chaudhuri, U. Chowdhury, J.R. Crespo López-Urrutia,

A.T. Gallant, M. Holl, A.A. Kwiatkowski, J. Lassens, T.D. Mac-

donald, B.E. Schultz, S. Seeraji, M.C. Simon, C. Andreoiu,

J. Dilling, and D. Frekers, Phys. Rev. Lett. 113, 082502 (2014).

[20] D.M. Asner, R.F. Bradley, L. de Viveiros, P.J. Doe, J.L. Fernan-

des, M. Fertl, E.C. Finn, J.A. Formaggio, D. Furse, A.M. Jones,

J.N. Kofron, B.H. LaRoque, M. Leber, E.L. McBride,

M.L. Miller, P. Mohanmurthy, B. Monreal, N.S. Oblath,

R.G.H. Robertson, L.J. Rosenberg, G. Rybka, D. Rysewyk,

M.G. Sternberg, J.R. Tedeschi, T. Thümmler, B.A. VanDeven-
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