
In-Trap Spectroscopy of Charge-Bred Radioactive Ions

A. Lennarz,1,2 A. Grossheim,2,3 K. G. Leach,2,3 M. Alanssari,1 T. Brunner,2,† A. Chaudhuri,2 U. Chowdhury,2,4

J. R. Crespo López-Urrutia,5 A. T. Gallant,2,6 M. Holl,1 A. A. Kwiatkowski,2 J. Lassen,2 T. D. Macdonald,2,6

B. E. Schultz,2 S. Seeraji,3 M. C. Simon,2 C. Andreoiu,3 J. Dilling,2,6 and D. Frekers1,*
1Institut für Kernphysik, Westfälische Wilhelms-Universität, 48149 Münster, Germany

2TRIUMF, Vancouver, British Columbia V6T 2A3, Canada
3Department of Chemistry, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada

4Department of Physics, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada
5Max Planck Institute for Nuclear Physics, 69117 Heidelberg, Germany

6Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada
(Received 4 April 2014; published 21 August 2014)

In this Letter, we introduce the concept of in-trap nuclear decay spectroscopy of highly charged
radioactive ions and describe its successful application as a novel spectroscopic tool. This is demonstrated
by a measurement of the decay properties of radioactive mass A ¼ 124 ions (here, 124In and 124Cs) in the
electron-beam ion trap of the TITAN facility at TRIUMF. By subjecting the trapped ions to an intense
electron beam, the ions are charge bred to high charge states (i.e., equivalent to the removal of N-shell
electrons), and an increase of storage times to the level of minutes without significant ion losses is achieved.
The present technique opens the venue for precision spectroscopy of low branching ratios and is being
developed in the context of measuring electron-capture branching ratios needed for determining the nuclear
ground-state properties of the intermediate odd-odd nuclei in double-beta (ββ) decay.
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The storage of radioactive ions in an open-access ion trap
opens the potential of observing their decay in a backing-free
environment [1,2]. This unique feature is especially advanta-
geous in cases of electron-capture (EC) decays, where
measurements of low-energy X-ray photons are required
[3]. Recent experiments using a trap-assisted technique for
isotopic and isobaric purification have already demonstrated
the power of ion traps as a tool for enhanced spectroscopy
[4–8]. The trap-assisted technique was applied to EC
measurements of 100Tc and 116In, which are the intermediate
nuclei in the 100Mo and 116Cd ββ decays [4,8]. However,
purified beams still needed to be implanted on a carrier, and
the background induced by the orders of magnitude more
intense β− decay made X-ray observation difficult.
The technique of in-trap spectroscopy described in this

Letter through a proof-of-principle measurement addresses
these limitations by providing backing-free ion-cloud stor-
age inside a 4.5 T magnetic holding field of the electron-
beam ion trap (EBIT) [9,10] at the ISAC radioactive
ion-beam facility at TRIUMF [11]. The magnetic field
causes β particles to spiral out of the trap and away from
surrounding detectors if their initial spiral path diameter is
less than the radial extent of the central trap electrodes,
which in the present case is 7.0 mm [9]. Further, as the
spiraling decay electrons or positrons quickly lose energy
and change momentum through interactions with the elec-
tron beam, the trapped ion cloud, the rest-gas molecules, or
through synchrotron radiation, their trapping in themagnetic
bottle is largely avoided, and in the case of βþ decays,

annihilation processes are effectively removed from the
central trap region [12].
The EBIT is a central part of the TITAN ion trap system at

TRIUMF. It consists of a 500 mA electron gun, a drift-tube
assembly inside a superconducting magnet in a Helmholtz-
like configuration [9], and an electron collector. Its
successful operation was demonstrated in recent mass
measurements including those where it operated in
charge-breeding mode [13–22]. The trap combines a number
of advantages for enhanced in-trap nuclear decay spectros-
copy. It features seven access ports (∅ 150 and 200 mm)
perpendicular to the beam, which permit an unobstructed
view into the center of the trap region. The ports are
equipped with 0.25 mm vacuum-protecting, high-purity
Be windows, which minimize X-ray absorption. Large area
(i.e., 2000 mm2) Si(Li) detectors (thickness 5 mm) are
mounted onto each port covering a solid angle acceptance
of ≈2%. The detectors were chosen for their highly efficient
X-ray detection and their insensitivity to high-energy γ rays.
Further, to shield against low-energy Compton backscattered
γ rays, the Al housings were covered with a 2 mm thick Cu
and 1 mm thick low-activity Pb sleeve [23].
The objective of the present in-trap experiment with

radioactive 124Cs ions was to demonstrate the photon or
charged particle separation necessary forX-ray spectroscopy
of EC processes at low branching ratios and to demonstrate
the increase of ion-storage times through charge breeding,
thereby allowing decay studies of long-lived radio isotopes.
The use of 124Cswasmotivated by its comparatively large

EC branch of 7.0% and its half-life of 30.9 s [24]. The total
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expected Kα and Kβ intensities from the EC=βþ decays and
various conversion processes are reported in Ref. [24] as
IðKαÞ ¼ 6.92� 0.15% and IðKβÞ ¼ 1.46� 0.05%. More
details about the 124Cs decay can be found in Ref. [25].
The TRIUMF ISAC facility provided the radioactive beam

by bombarding a uranium-carbide (UC) target with a
480 MeV, 9.8 μA proton beam. The radioactive ion beam
was accumulated and cooled in the TITAN-RFQ [26] for 1 s,
tuned formassA ¼ 124, and transported into theEBIT. Itwas
composed of the 124Cs, Jπ ¼ 1þ ground state (g.s.), the
Jπ ¼ 7þ, 462.5 keVisomer, andof 124In ions,where the latter
appeared as the Jπ ¼ 8− isomer located at ≈50 keV excita-
tion energy [24]. The high level of 124In contamination was
primarily due to the use of the UC production target, because
124In was not detected with a previously used Ta target [27].
The relevant decay schemes of the two nuclei appear in Fig. 1.
The trapped ions in the EBIT were bombarded with a

continuous 85 mA electron beam. Two different electron
energies (1.5 and 2.0 keV) were chosen during the experi-
ment. At these settings, Cs and In ions were charge bred to
configurations corresponding to the removal of the atomic
N-shell and parts of theM-shell, or, respectively, to average
charge states of q ¼ 26–32. Charge-state equilibrium was
typically reached after ≈100 ms (see also Refs. [9,22,28]).
The continuous electron beam ensures high-equilibrium
charge states, and it efficiently reduces ion losses.
Cycle times of 30 s total, consisting of 20 s of trapping

time and 10 s of background-measurement time were used
over ≈48 h of data taking. Prior to each background-
measuring cycle, the trapping potential was lifted to empty
the trap. Trap loading and emptying was realized on
submillisecond time scales.
Detected X-ray and γ-ray events were time stamped

relative to the ion-bunch injection to measure the radio-
isotope decay times. In Figs. 2(a)–2(c), time-sliced photon-
energy spectra between 10 to 140 keV are presented. Kα

and Kβ X-rays from the three isobars are observed, i.e.,
124Cs [from internal conversion (IC) of 124mCs], 124Xe
(from 124Cs EC g.s. decay), and 124Sn (from IC following
124mIn β− decay). Further, γ rays from the 124mCs decay are

observed at 53.9, 58.2, 89.5, and 96.6 keV. Those from the
decay of the 3.7 s 124mIn appear at 102.9 and 120.3 keV
(cf. Fig. 1). The figure shows the different time depend-
ences, as evidenced by the disappearance of the short-lived
components of the 124mIn and 124mCs decays and the
successively enhanced signature from the 30.9 s 124Cs
EC leading to Xe X-rays at EðKαÞ ¼ 29.7 keV and
EðKβÞ ¼ 33.7 keV [29]. The spectrum acquired during
the 10 s empty-trap intervals is shown in Fig. 2(d). No signs
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FIG. 1. Decay schemes of 124Cs and 124In and their isomers.
Nuclear transitions indicated by arrows are those observed in the
present experiment [24].
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FIG. 2. Photon-energy spectra (10 to 140 keV) for three time
intervals: (a) 0–4 s, (b) 8–12 s, and (c) 16–20 s. The spectra show
nuclear transitions from 124;124mIn (3.7 s) and 124mCs (6.3 s)
decays (logarithmic part) and low-energy X-rays (linear part)
with the appearance of Xe X-rays from the (30.9 s) EC decay of
the 124Cs ground state. The background during 10 s empty-trap
cycles is shown in (d). The spectrum summed over all time
intervals of the loaded trap is shown in (e) with the inset
indicating the suppression of the 511 keV annihilation γ rays
from the βþ-g.s. decay of 124Cs.
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of an accumulated contamination of the trap were observed,
indicating the efficient removal of ions from the trap. The
spectrum summed over all time intervals of the filled trap is
shown in Fig. 2(e). The absence of the 511 keVannihilation
line from the 124Cs βþ-decay branch (see inset) demon-
strates the efficient spatial separation of X-rays and βþ
particles. One may note that the intensity of the annihilation
line is ≈181% compared to ≈8.4% of the X-rays from the
124Cs decay. Folding the spectrumwith the Si(Li) photopeak
efficiencies at 511 keVof ≈0.04%, one arrives at a 511 keV
suppression factor of ≥ 20 given the present statistics.
The efficient ion-bunch injection and trapping is facili-

tated by the electron beam and was not possible in a
previous measurement [27], where 90% of the Cs ions were
lost in the first 100 ms after injection. Further, the trapped
highly charged ions are confined within a radial extent of
100–200 μm, which is an order of magnitude smaller than
in the experiment presented in Ref. [27].
The analysis of the Si(Li) spectra was assisted by a

GEANT4 [30] simulation, in which the Si(Li) detectors and
the surrounding materials were modeled to determine
efficiencies and background functions. Detailed results
for the low-energy X-ray region are shown in Fig. 3.
Four different time-sliced spectra are described by the
various Kα and Kβ components of Sn, Xe, and Cs and their
time dependences. The simulated background function
contains the features of the Compton edges from the
89.4, 96.5, 102.9, and 120.3 keV γ-ray transitions following
the 6.3 s decay of the 124Csð7þÞ and the 3.7 s β− decay of the
124Inð8−Þ isomers (cf. Fig. 1).
Figure 4 shows decay curves for the summed Kα and Kβ

transition intensities, fromwhich the half-life for each system

is extracted. For the 124Cs isomer and its ground state, these
are T1=2¼6.41�0.07s, and T1=2 ¼ 31� 3 s, respectively,
confirming the literature values [24]. One also notes that the
decay curve of the 124Cs ground-state decay is sufficiently
well described by a single exponential, since its feeding is too
small to be statistically significant. The time dependence of
the 124Sn X-rays resulting from the IC process following the
124mIn → 124Sn� β decay yields a value of T1=2 ¼ 3.67�
0.03 s, in agreement with the literature value of T1=2 ¼
3.7� 0.2 s [24]. From the relative peak intensities, efficien-
cies, and half-lives, one evaluates the beam composition for
the three radioactive species entering the EBIT, which is
124mCs 3%, 124Cs 65%, and 124mIn 32%.
Highly charged ions exhibit a change in binding energies

for the innermost electrons resulting in measurable energy
shifts for the Kα and Kβ X-rays. Further, since in the
present case, charge breeding removed the N-shell elec-
trons, one expects a suppression of the Kβ2 transition and a
change of the Kβ=Kα ratio.
To identify energy shifts, special attention was given to a

precise energy calibration of the spectra, whose accuracy in
the low-energy X-ray region was of order 50 eV at an
≈1.1 keV spectral resolution. Because relative energies are
less sensitive to possible calibration offsets, energy
differences ½EðKβÞ−EðKαÞ�q≈26–32were extracted and com-
pared with those for neutral atoms ½EðKβÞ − EðKαÞ�q¼0.
The extracted energy shifts were around þ110 eV with
uncertainties of ≈50%. These shifts are consistent with
theoretical calculations using the multiconfigurational
Dirac-Hartree-Fock code FAC [31]. The positive shifts
are caused by the relativistic scaling of the fine-structure
splitting,where higher angular-momentum states are pushed
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apart with increasing charge state. Figure 5(a) shows results
of these calculations for Cs for different charge states.
Similarly, X-ray intensity ratios R ¼ Kβ=Kα were deter-

mined, which yielded for Sn, R ¼ 0.21ð1Þ [0.172], for Xe,
R ¼ 0.22ð2Þ [0.178], and for Cs, R ¼ 0.21ð1Þ [0.179],
where the values in square brackets are those for the neutral
atoms excluding the Kβ2 transitions [32]. We observed that
the measured values did not differ significantly for the two
electron-beam energies used for charge breeding. The

observed increase of these ratios is consistent with the
FAC [31] calculations, which predict a general increase of
the Kβ=Kα ratios with increasing charge state, as shown in
Fig. 5(b) for the Cs case. The calculations yield a ratio of
R ¼ 0.178 (no Kβ2) for neutral Cs and a value of 0.194 at
q ¼ 32. An additional increase of this ratio is expected due
to the reduction of Auger and shakeoff rates in ions with
empty outer shells. Although the increase of the Kβ=Kα

ratios is significant, it does not appear to affect the nuclear
lifetimes or the ECbranching ratios. TheECbranching ratios
are mostly governed by theK, L, andM electron densities at
the origin (cf. Ref. [33]), and since the observed shifts are less
than a percent of the total electron binding energies, the
moderately high charge states in the present experiment will
not seriously affect the nuclear decay properties.
In summary, the advantages of using an EBIT as a tool

for low-background in-trap X-ray and γ-ray spectroscopy
for radioactive ions was demonstrated. Charge breeding
was shown to significantly lengthen storage times without
ion losses, thereby allowing lifetime measurements
of short-lived and medium-long lived radio isotopes.
Further, the extra timing information allowed identification
of radioactive isobars, which concurrently entered the trap.
The high magnetic field of the trap provided an efficient
spatial separation between decay photons and decay
positrons. A study of atomic properties showed that
moderately high charge states do not affect lifetimes or
EC branching ratios.
The present technique was developed for the measure-

ment of EC branching ratios of the intermediate odd-odd
nuclei in ββ decay, where competing β−-decay branches are
orders of magnitude more intense. It can be extended to a
variety of high-sensitivity decay measurements on nuclei
with low production yields at Radioactive Ion Beam (RIB)
facilities, potentially applied with existing or future elec-
tron-beam ion traps or sources [34–37].
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