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Delivery of refractory radioactive ion beams via in-trap decay at ISOLDE
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An approach to deliver intense ion beams of refractory radioactive isotopes utilizing in-trap β− decay is
demonstrated using the gas-filled ISCOOL ion trap at CERN-ISOLDE. Ion beams of 97,98Rb+ and 98Sr+ were
injected into the ion trap, where they underwent β− decay and the daughter ions were successfully confined in the
same trap. The produced singly charged ions were subsequently extracted and identified using the ISOLTRAP
multireflection time-of-flight mass spectrometer, where the beam composition was analyzed as a function of
trapping time. Modeling the observed time-dependent populations of the parent and daughter ions using the
Bateman equations reproduces the isotopes’ known half-lives, thereby confirming production via in-trap decay,
achieving an overall efficiency for the singly charged daughter beams on the order of 1% relative to the parent
intensity. Using this method, delivery of a singly charged atomic ion beam of 98Y+ is thus reported for the
first time at ISOLDE. These results demonstrate a practical and operationally simple method for delivering
refractory isotopes at thick-target isotope-separation-on-line facilities, opening new opportunities for nuclear-
structure studies of chemically challenging isotopes.

DOI: 10.1103/6m5s-pxyz

I. INTRODUCTION

Radioactive ion beam facilities based on the isotope
separation on-line (ISOL) production method have been a cor-
nerstone of precision experiments with radioactive nuclei for
several decades [1]. Remaining at the forefront of applied and
fundamental science with rare isotope beams, ISOL facilities
around the world host numerous experiments on nuclear struc-
ture, nuclear astrophysics, tests of fundamental symmetries,
biophysics, and materials science.

In the ISOL method, radioactive isotopes are produced by
bombarding a heavy target material with energetic beams of
protons or neutrons [2]. The interaction with the energetic
projectiles induces fragmentation, spallation, and fission of
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the stable nuclei in the target, releasing thousands of radioac-
tive isotopes across the nuclear chart as products [2]. The
produced radioisotopes are contained within the matrix of the
target material, so the target is heated to high temperature
(1000–2200 ◦C depending on the material) to enable their
release. The high temperature facilitates the diffusion of the
radiogenic atoms through the solid material and their subse-
quent effusion from the surface. The radiogenic atomic vapor
is then ionized using a variety of techniques [3–5], and the
ions are accelerated to kinetic energies typically above 20 keV.
The fast ion beam is finally mass-separated from contaminants
to form a mass-purified, fast radioactive ion beam that is
delivered for study.

Whether an element’s radioactive isotopes can be delivered
as intense ion beams at ISOL facilities strongly depends on
the chemical properties of the element as a neutral atom. That
is because refractory atoms do not diffuse through the target
material efficiently even at high temperature, and therefore the
radiogenic isotopes remain contained within the solid matrix.
Reactive atoms, however, may diffuse and effuse efficiently,
but tend to form a variety of molecules of different mass,
leading to a large reduction in the intensity of the ion beam
at any given mass-to-charge ratio. Lastly, atoms with high
ionization potential can be efficiently extracted from the target
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FIG. 1. Experimental setup. (a) Radioisotopes are produced in the target material by energetic collisions with 1.4-GeV proton beams. The
radiogenic atoms effuse out of the target and enter the ion source, where they undergo surface or laser ionization. The ions are accelerated
to ≈30 keV, purified using two magnetic dipole separators, and trapped in the gas-filled ISCOOL linear Paul trap. The trapping time within
ISCOOL is varied to explore production of radioisotopes via confined in-trap decay of the injected beam. After ejection from ISCOOL, the ions
are briefly rebunched in the ISOLTRAP RFQ-cb and then mass-separated in the ISOLTRAP MR-ToF MS, which provides isobaric separation
with a mass-resolving power of 200 000. (b) Laser ionization scheme used to produce Sr+ beams. For Rb+, surface ionization is used.

without forming molecules, but require ionization via electron
bombardment that typically leads to a beam full of isobaric
contaminants that persist through the first stage of mass
separation.

A consequence of these chemical considerations is that
the short-lived isotopes of several elements cannot be deliv-
ered as ISOL-produced ion beams with sufficient intensity
and chemical purity to be studied with certain experimen-
tal methods, such as various nuclear reactions techniques,
solid-state investigations, and to a lesser extent, collinear
laser spectroscopy. For example, several regions of the nu-
clear chart corresponding to refractory and reactive elements
still lack extensive laser spectroscopy of their short-lived
isotopes [6,7].

Here, we explore the possibility of delivering beams of
refractory radioactive isotopes by first producing beams of
the chemically favorable parent isotopes and confining them
in a linear Paul trap with high-density helium buffer gas.
The parent isotopes undergo β-decay while in the ion trap,
which successfully confines the recoiling daughter isotopes
and subsequently releases them as a fast ion beam. We exper-
imentally demonstrate this approach using primary beams of
97,98Rb+ and 98Sr+, respectively delivering secondary beams
of 97,98Sr+ and 98Y+ via in-trap decay.

In-trap decay has been demonstrated at ISOLDE in the
past, where initial tests were performed with 61Mn using
the HIE-ISOLDE REXTRAP Penning trap [8] and 61−63Mn
using the ISOLTRAP Penning trap [9,10]. ISOLTRAP again
revisited this method to produce 34mAl via in-trap decay of
34Mg [11] in the Penning trap, and also by performing the
decay in a linear Paul trap for decay lifetime measurements
[12], but without successfully confining the decay products.
Beyond ISOLDE, in-trap decay of 8Li into 8B in a Paul

trap has been performed for weak-interaction tests [13] at
Argonne National Laboratory, with a new iteration of the
trap presented in Ref. [14], and at the IGISOL facility where
in-trap decay was performed on 113Tc [15] and 114Ru [16].
In this work, we extend this approach to a general-purpose
linear Paul trap at ISOLDE that can provide radioactive ion
beams to all permanent and temporary experimental stations
in the facility, including experiments with post-accelerated
beams. We thus use this approach to produce ion beams of
short-lived 98Y, an isotope of the refractory element yttrium
that has not been delivered as an atomic ion beam at ISOLDE
so far.

II. METHODS

Figure 1(a) shows a schematic overview of the experi-
mental setup. Radioactive isotopes across the nuclear chart
are produced by impinging 1.4-GeV proton beams onto a
uranium carbide target heated to 1950 ◦C. 97,98Rb+ ions are
produced by surface ionization of the neutral rubidium atoms
via collisions with the walls of a hot tantalum capillary, heated
to 2050 ◦C. When strontium isotopes are used as the primary
beam in the ion trap, 98Sr+ is produced by laser resonance
ionization using the laser scheme shown in Fig. 1(b); no
surface-ionized strontium was observed. Details on the pro-
duction of radioisotopes at ISOLDE and the thermochemical
processes involved can be found in Refs. [2,17].

After ionization, the radioactive isotopes are accelerated as
a continuous ion beam with a kinetic energy of 30 240 eV con-
taining isotopes of tens of elements. To remove contaminants
that are not isobaric with the isotope of interest, the ion beam
passes through two magnetic dipole separators that select only
ions with the same mass-to-charge ratio.
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FIG. 2. ISCOOL ion trap. (a) The ion trap mounted within the vacuum chamber. (b) Oblique side view and (c) front view of the ion trap
assembly. The hyperbolic electrodes (colored gold only for visual assistance) are used to create radial (x̂-ŷ plane) confinement by applying an
RF potential, while the gray fins protruding between them are used to create the axial DC confinement along the ẑ axis. The DC electrodes
are separated by electrically insulating PEEK spacers (light gray) to create segmented axial confinement. (d) Electric potential induced by the
axial electrodes along the central axis of the ion trap (x = y = 0), simulated using COMSOL for the electric potentials used in the experiment.
The black line shows the potential profile when the final axial electrode is biased to 50 V, forming a potential well. The red line indicates the
potential profile when the final axial electrode is returned to platform potential, allowing the trapped ions to be ejected.

A. ISCOOL ion trap

The mass-purified ion beam is then injected in the ISCOOL
ion trap, shown in Fig. 2(a). ISCOOL is a general-purpose
gas-filled linear Paul trap [18] whose key purpose is to de-
liver uniformly cooled ion bunches to all permanent and
temporary experimental setups connected to the HRS sepa-
rator at ISOLDE. Within ISCOOL, four hyperbolic electrodes
[Figs. 2(b) and 2(c)] spanning the trap length are used to apply
an RF potential (ωrf/2π = 325.62 kHz, Vrf = 200 V) that cre-
ates radial confinement of the ions. A series of twenty-five DC
electrodes provide segmented axial confinement. The voltages
on the axial electrodes are tuned such that the electric potential
at the trap center (x = y = 0) along the length of the trap is as
shown in Fig. 2(d).

During ion injection in ISCOOL, the first axial electrode,
which is at the highest potential in the trap [see Fig. 2(d)], is
set approximately 10 V higher than the acceleration potential
of the injected ion beam. This set value of 10 V was obtained
empirically to maximize transmission into the trap; we note
that the true voltage applied to the electrode could have an
offset (common for all electrodes) of a few volts with respect
to the set value, and only the set voltage is referred to here. At
this value, the potential of the first axial electrode provides a
slowing field that decelerates the injected ions as they enter,
causing them to lose kinetic energy without being reflected
back. Collisions with the helium buffer gas further decrease
the kinetic energy of the ions as they travel along the trap,
causing them to be confined within the potential well formed
when the last axial electrode is biased to 50 V [black line in
Fig. 2(d)]. While in the potential well, the ions continue to
collide with the helium buffer gas and are uniformly cooled to
room temperature.

The voltage on the last electrode can be switched between
the platform potential, shown as the red line in Fig. 2(d), and
50 V above the platform potential using a fast voltage switch,

providing control over confinement or ejection of the ions.
All potentials are referenced to the ISCOOL high-voltage
platform at 30 240 V. The ions are ejected as a bunch, thus
acquiring a pulsed structure, contrary to the continuous in-
jected beam. As a result, ISCOOL is often referred to as a
radiofrequency quadrupole cooler-buncher (RFQ-cb).

A detailed treatment of ion dynamics in linear Paul traps
can be found in Refs. [19,20]. Here, only a brief summary is
given for the expressions relevant to ISCOOL, which is a 2D
linear Paul trap. In 2D Paul traps, radial ion confinement (x̂-ŷ
plane) is achieved using an oscillating potential Vrf (x, y, t ) of
the form

Vrf (x, y, t ) = V 0
rf

R2
0

(x2 − y2) cos(ωrft ), (1)

with amplitude V 0
rf , effective radial distance R0 between the

radial electrodes and the trap center, and an angular frequency
ωrf lying in the RF range.

Axially, DC voltages are used to confine ions in an elec-
trostatic potential well, as shown by the black solid line in
Fig. 2(d), which in this case is formed toward the end of the
trap after the injected ions have been sufficiently slowed. The
axial DC potential has an additional antitrapping effect along
x̂ and ŷ–as a consequence of the Laplace equation ∇2V = 0
for the total electric potential—such that the total DC potential
Vdc(x, y, z) is

Vdc(x, y, z) = V 0
dc

Z2
0

(
z2 − x2 + y2

2

)
, (2)

where V 0
dc is the depth of the DC potential well and Z0 is the

effective axial distance between the axial electrodes and the
minimum of the potential well.

Combining Eqs. (1) and (2) into a total electric poten-
tial and using the dimensionless transformation τ = ωrft/2,
the equations of motion in Cartesian coordinates can be
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written as

∂2x

∂τ 2
+

[
− V 0

dc

2Z2
0

+ V 0
rf

R2
0

cos(2τ )

]
8e

mω2
rf

x = 0, (3)

∂2y

∂τ 2
−

[
V 0

dc

2Z2
0

+ V 0
rf

R2
0

cos(2τ )

]
8e

mω2
rf

y = 0, (4)

∂2z

∂τ 2
+ V 0

dc

Z2
0

8e

mω2
rf

z = 0, (5)

where m is the mass of a singly charged ion and e is the
fundamental charge.

Equations (3)–(5), known as the Mathieu equations rele-
vant to the 2D linear Paul trap, have the general form of

∂2u

∂τ 2
+ [au + 2qu cos(2τ )]u = 0, (6)

where u is a Cartesian coordinate and au and qu are the Math-
ieu parameters for coordinate u. The DC potential information
is encapsulated in au and the RF potential information in
qu, and the two sets of parameters define the range of trap
operation for which trapped-ion trajectories are bound and
thus stable.

Comparing Eq. (6) with Eqs. (3)–(5), it is seen that

ax = − 4e

mω2
rf

V 0
dc

Z2
0

, (7)

ay = − 4e

mω2
rf

V 0
dc

Z2
0

, (8)

az = 8e

mω2
rf

V 0
dc

Z2
0

, (9)

and

qx = 4e

mω2
rf

V 0
rf

R2
0

, (10)

qy = − 4e

mω2
rf

V 0
rf

R2
0

, (11)

qz = 0. (12)

The ion motion in the trap can be decomposed into two
parts, a slow component due to the harmonic potential that is
referred to as secular motion, and a much faster, RF-driven
component referred to as the RF micromotion. The Mathieu
au and qu parameters are related to the frequencies of secular
motion of the ions in the trap, which can be calculated as

�u ≈ ωrf

2

√
au + q2

u

2
(13)

for u = x, y, z. In turn, the secular frequencies can be related
to an approximate expression for the trap depth along each
coordinate axis, as

Uu ≈ 1
2 m�2

uu2
max, (14)

where umax is the maximum distance from trap center along
axis û that an ion can extend to before escaping the trap.

Table I lists the values of the operational parameters of
the ISCOOL linear Paul trap relevant to the present results,
neglecting the impact of the buffer gas.

TABLE I. Operational parameters of the ISCOOL linear Paul
trap used for in-trap decay in this work, neglecting the impact of
the buffer gas.

Parameter Value

R0 2 cm

Z0 2.87 cm

V 0
rf 200 V

V 0
dc 50 V

ωrf/2π 325 kHz
ax = ay −0.058
az 0.116
qx = −qy 0.48

qz 0

�x/2π = �y/2π 38.9 kHz

�z/2π 55.3 kHz
Ux = Uy 12.1 eV
Uz 50.6 eV

B. Effect of buffer gas

The expressions presented so far assume no buffer gas
within the trap volume. When adding buffer gas, the Mathieu
equations are modified by the additional drag force experi-
enced by the ions due to collisions with the neutral atoms. As
a result, the effective trap depths are significantly increased
in the presence of the buffer gas, leading to the successful
confinement of highly energetic β-decay products within the
ion trap. In Ref. [21], a modification factor for the effective
trap depth of a linear Paul trap in the presence of buffer gas
was introduced as

Ũu = Uuγ
−R0/λ, (15)

where Ũu is the gas-modified effective trap depth and Uu is
the gas-less one, and R0 (relevant for u = x, y) is the effec-
tive radial distance between electrodes and trap center, as in
Eq. (1). For u = z, R0 should be replaced with Z0 from Eq. (2).
The parameter γ quantifies the momentum transfer between
the ions of mass mion and buffer-gas atoms of mass mbuffer,
calculated as

γ =
(

mion − mbuffer

mion + mbuffer

)2

, (16)

and λ is the mean free path for ion-atom collisions from
Langevin theory [21]

λ =
√

2με0vionRTbuffer

e
√

αeNAP
, (17)

where μ is the reduced mass of the ion-atom system, ε0 is the
permittivity of space, vion is the speed of the ions, R is the
universal gas constant, Tbuffer is the buffer-gas temperature, e
is the elementary charge, αe is the electric polarizability of the
neutral atoms, NA is Avogadro constant, and P is the buffer-gas
pressure.

The ion speed vion of relevance to the decay-product con-
finement can be determined from the maximum recoil kinetic
energy of the daughter nuclide in β decay, corresponding
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to approximately 660, 900, and 200 eV for the decay of
97Rb, 98Rb, and 98Sr, respectively. These recoil energy val-
ues exceed the trap depth in the absence of buffer gas, and
therefore the decay product would not be confined within a
gas-less trap. It is noted that recoil from internal-conversion
electron emission contributes negligibly to the confinement
of the decay products. Conversion electron recoil energies
for the relevant decay schemes are at most a few tens of
eV, substantially below the β-decay recoil energies for these
ions [22].

Following Eq. (15), when helium is added to the trap
at a pressure of 5 × 10−4 mbar, the trap depth in the radial
direction for the trap properties of Table I is increased to
approximately 1 keV for singly charged ions. This effective
depth is enough to keep the decay products trapped. In IS-
COOL, the 300-K helium buffer gas is injected within the
enclosed trap volume using a long capillary attached to the
trap at the midpoint. There is no pressure gauge directly
monitoring the volume enclosed by the trap electrodes, but
there is a gauge to monitor the pressure in the surrounding
vacuum chamber. The ratio of the pressure in the surrounding
vacuum chamber and within the enclosed trap volume has
been estimated using a vacuum conductance calculation to
be a factor of 239. During normal operation, the pressure in
the surrounding chamber is typically around 4 × 10−6 mbar,
which translates to ≈1 × 10−3 mbar within the trap, which
leads to successful decay product confinement.

C. Mass identification

After ejection from ISCOOL, the ion bunches are briefly
rebunched in the ISOLTRAP RFQ-cb for a short dura-
tion of 10 ms for data-acquisition synchronization with the
ISOLTRAP apparatus and to reduce the time spread of the
bunches. The full timing sequence is shown in Fig. 3. The
ISOLDE beam gate is open for 400 µs only, thereby con-
trolling the filling window and cooling time of ISCOOL.
The bunches are released with a kinetic energy of 3.2 keV
before entering the multireflection time-of-flight (ToF) mass
spectrometer (MR-ToF MS). The ISOLTRAP MR-ToF MS is
described in detail in Ref. [23] and recent examples of its use
for nuclear-structure studies with a high mass-resolving power
can be found in Refs. [24–27]. The MR-ToF MS separates the
isobaric contents of the ion beam into well-separated peaks
in time of flight, as shown in Figs. 4(b) and 4(d). By varying
the total trapping time in ISCOOL while monitoring the areas
under each ToF peak with the MR-ToF MS, we investigate
the delivery of ion beams of radioactive species produced and
confined within the ISCOOL Paul trap from the β− decay of
the injected (parent) ions.

The MR-ToF MS was tuned to only detect singly charged
ions in this work.

D. Charge state of the confined decay products

It should be noted that when a species of charge state z
undergoes β− decay, the product can be found in different
charge states z′ � z (not to be confused with the axial coor-
dinate z) with varying probability [28], with z′ = z + 1 being
the most probable. As a result, since the parent ions injected

FIG. 3. Overview of the timing sequence between ISCOOL, the
ISOLTRAP RFQ-cb, the ISOLTRAP pulse drift tube (PDT), and
ISOLTRAP MR-ToF MS. The channel labels refer to the follow-
ing: A, the ISOLDE beam gate that controls the injection window
into ISCOOL, which is synchronized to the proton pulses; B, the
ISCOOL cooling time; C, the ISCOOL ejection window; D, the
ISOLTRAP RFQ-cb cooling time; E, the ISOLTRAP RFQ-cb ejec-
tion window; F, the ISOLTRAP PDT high-tension pulse down delay;
G, the ISOLTRAP PDT high-tension pulse; H, the data acquisition
start pulse; I, the MR-ToF MS cavity delay; J, the MR-ToF MS
trapping time; K, the MR-ToF ejection window; and L, the MR-ToF
MS reclosure window. Timings for F, I, and J are mass-dependent
values and are optimized to maximize the ion signal. The ISCOOL
cooling time (B) was varied from 0 to 1.4 s throughout the course of
the experiment. The ISOLDE beam gate (A) duration was optimized
for each A/q data set, with typical values of 10–400 µs.

in the ISCOOL ion trap have z = +1, the majority of the
product ions are expected to be found with z′ = +2, with a
practically negligible probability of z′ = z = 1. Indeed, the
2+ charge state directly impacts the ion confinement stability
within the trap. This is highlighted in the Mathieu parameters
(au and qu) which scale with charge, doubling the values
(ax = ay = −0.116, qx = 0.96). This would result in the ion
falling close to the edge of the stability region.

As the MR-ToF MS was tuned to detect singly charged
ions, successfully detected decay products have undergone
a charge exchange process within the trap. It is likely that
the charge exchange process occurs via collisions with a
neutral atom or molecule present in the buffer gas. The ef-
ficiency of the charge exchange process is governed by the
energy defect (�E ) between the ionization potential of the
charged particle (IP2) and the neutral particle (IP1). Efficient
charge exchange occurs when �E = IP2 − IP1 is near zero.
In this work, the resulting decay products confined within
the trap are Sr2+ (IP2 ≈ 11 eV) and Y2+ (IP2 ≈ 12.2 eV),
which have a significantly different ionization potential
compared to He (IP1 ≈ 24.6 eV) [29]. Therefore, the large
�E indicates inefficient charge exchange. Alternatively, trace
contaminants such as O2, H2O, CH4, CO, and CO2 all possess
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FIG. 4. Population of Rb+, Sr+, and Y+ detected with the MR-ToF MS. (a) Evolution of ion counts with mass-to-charge ratio of A/q = 97
as a function of trapping time in ISCOOL. The y-axis corresponds to the total ions recorded across all shots for each trapping time. (b) Mass-
separated MR-ToF peaks for ions with A/q = 97, integrated across all trapping times in panel (a). Panels (c) and (d) are similar to panels
(a) and (b), respectively, for ions with mass-to-charge ratio of A/q = 98. (e) Population of 86g+Rb (half-life t1/2 = 18.7 days) ions separated
with the MR-ToF MS as a function of trapping time in ISCOOL.

IP1 ≈ 12.1–14.0 eV [30]. In particular, O2 possesses a near-
resonant IP1 = 12.07 eV with Y2+, where the energy defect
is �E = +0.13 eV. Consequently, it is suggested that the
charge exchange process is more likely to occur with the trace
contaminants than with the He buffer gas itself, since it gives
a more energetically plausible mechanism for the observed
charge-state reset.

III. RESULTS

In the measurements presented here, the decay chains of
interest are 97Rb → 97Sr [t1/2 = 169.1(6) ms → 431(5) ms]
and 98Rb → 98Sr → 98Y [t1/2 = 115(6) ms → 653(2) ms →
548(1) ms], where the half-lives are taken from NuDat 3 [31].
Figure 4 shows that 97,98Sr+ and 98Y+ ion beams produced via
the confined β− decay of their parent isotopes (97,98Rb and
98Sr, respectively) within ISCOOL were successfully deliv-
ered to ISOLTRAP. In Figs. 4(a) amd 4(b), the laser ionization
scheme for Sr [Fig. 1(b)] was not applied, and as a result the
ion beam does not contain 97Sr+ for short ISCOOL trapping
times. As the ions are being trapped for longer durations
within ISCOOL, the population of 97Rb+ delivered to the
ISOLTRAP MR-ToF MS decays exponentially, while the pop-
ulation of 97Sr+ increases. It is noted that the 97Rb+ ion counts
in Fig. 4(a) are truncated such that data points corresponding
to very short trapping times are ignored due to the high ion
number, which leads to detector saturation.

The population of 97Rb+ is not being fed by the decay of
another isotope in the ion trap. Therefore, 97Rb+ acts as a

parent nuclide and its ion counts can be fitted with a simple
exponential function of the form:

N1(t ) = N1(0)e−λt + C, (18)

where N1(0) is the initial population of the nuclide, λ is the
decay constant that is related to the nuclide’s half-life as t1/2 =
ln 2/λ, and C is a constant background term.

The population of 97Sr+, however, is being fed by the
decay of 97Rb+ in the ISCOOL ion trap, while also under-
going radioactive decay of its own. As a result, its description
over time requires the use of the solution to the two-species
Bateman equations:

N2(t ) = ε12N1(0)
λ1

λ2 − λ1
(e−λ1t − e−λ2t )

+ N2(0)e−λ2t + C, (19)

with isotope 1 being the parent nuclide and isotope 2 the
daughter. ε12 is the efficiency of confining the daughter nu-
clide in the trap, and ε12N1(0) can be treated as a single
amplitude.

Equation (18) is fitted to the 97Rb+ data and Eq. (19) to
the 97Sr+ data in Fig. 4(a). Since no 97Y+ ions were detected,
a three-species Bateman equation for the granddaughter iso-
tope is not needed. The absence of 97Y+ is consistent with
the findings presented in this work. Firstly, since no laser
ionization scheme was employed for Sr during the A/q = 97
measurement, 97Sr+ is seen only due to the in-trap β-decay of
97Rb+. Therefore, any production of 97Y+ would arise from
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a second sequential decay (97Rb → 97Sr → 97Y). A two-step
decay chain would compound the confinement inefficiencies
of each individual decay step and is therefore expected to yield
a substantially smaller population than the single-decay case.
Furthermore, there is a 15% branching ratio for the decay of
97Sr to the (9/2)+ isomeric state in 97Y (t1/2 = 1.17 s), which
predominantly decays to 97Zr rather than by γ emission to
the 97Y ground state [32]. Trapping times on the order of
900 ms would result in a large fraction of 97mY decaying to
97Zr while being confined within ISCOOL. These combined
factors can account for the absence of 97Y+ under the present
experimental conditions.

In the case of the mass-to-charge ratio A/q = 98 data
[Figs. 4(c) and 4(d)], the in-source laser ionization scheme
for Sr was used, leading to an initial population of 98Sr+

in the ion trap. In this case, 98Y+ ions were detected in the
MR-ToF MS, resulting in the three nuclide populations as a
function of ISCOOL trapping time, as shown in Fig. 4(c).
The populations of 98Rb+ and 98Sr+ can be described using
Eqs. (18) and (19), respectively, as with the A/q = 97 data.
The population of 98Y+ can be analyzed with the three-species
analog of Eq. (19) that describes the population evolution
of the granddaughter nuclide. In the analysis of 98Y+ in
Fig. 4(c) we find that the half-life of 98Y agrees with the
NuDat 3 value only if the initial population of 98Rb+ in the
three-species Bateman equation is consistent with zero (ei-
ther by explicit constraint or by chi-squared minimization).
In that case, the time evolution of 98Y+ is simply described
by Eq. (19). This implies that the detected 98Y+ ions do
not originate from two successive β− decays starting from
98Rb+. Instead, 98Y+ ions are produced via a single in-trap
β− decay of the 98Sr+ ions that are initially present in the
ion trap, produced with laser ionization in the ion source.
This is consistent with the fact that no 97Y+ is seen in the
A/q = 97 data, where the laser ionization scheme of Sr was
not used.

Figure 4(e) shows the evolution of 86Rb+ ions measured
with the MR-ToF MS as a function of trapping time in
ISCOOL. 86Rb has a half-life of 18.7 days, and therefore
no detectable change in the ion counts is expected due
to radioactive decay for the studied trapping timescale. In-
deed, no statistically significant loss is observed for 86Rb+,
which indicates that radioactive decay is the dominant mech-
anism for the parent-ion loss in Figs. 4(a) and 4(c) since
other loss mechanisms are negligible. It is noted that IS-
COOL parameters are optimized for each mass-to-charge ratio
in Fig. 4.

In Table II, the half-lives of the isotopes extracted from
the data in Fig. 4 are compared to the values listed in the
NuDat 3 database [31]. Agreement within 1σ is found in all
cases.

As seen in Fig. 4, for sufficiently long trapping times within
ISCOOL, the singly charged ion beam of the daughter isotope
can reach an intensity on the order of 1 − 2% compared to the
initial population of the parent isotope at very short trapping
times. We therefore consider an efficiency on the order of a
percent for the in-trap-decay production of daughter isotopes
with the same atomic charge state as the parent. We note that
the absolute ion counts in Fig. 4 do not represent the full

TABLE II. Comparison between isotope half-lives measured via
in-trap decay in this work and the values listed in the NuDat 3
database.

Half-life t1/2 (ms)

In-trap decay analysis NuDat 3 [31]

97Rb 175(6) 169.1(6)
97Sr 399(99) 431(5)
98Rb 109(6) 115(6)
98Sr 509(258) 653(2)
98gY 529(86) 548(1)

intensity of the ion beams. The intensity of the ion beams in-
jected into the MR-ToF MS was reduced using an electrostatic
beam gate to prevent peak coalescence in mass separation and
damaging the ion detector. Considering that the full intensity
of the parent beams of 97,98Rb+ and 98Sr+ was measured using
a Faraday cup to be approximately 1 × 107 ions per second for
each isotope, the source-equivalent intensity of the 98Y+ ion
beam produced via in-trap decay was on the order of 1 × 105

ions per second. Under realistic settings, only a fraction of
the daughter beam can be delivered for future study at the
different experimental setups at ISOLDE, since delivering the
full intensity would require trapping the parent ion beam in
ISCOOL at its maximum intensity, which can be challenging
due to space-charge effects. However, the delivered intensity
is still sufficient for the application of several experimental
techniques used in nuclear physics.

Since the MR-ToF MS is set to detect only singly charged
ions for the mass-to-charge ratios we are interested in, suc-
cessful detection of in-trap decay in this work relies on a
single charge-exchange reaction taking place between neu-
tral atoms present in the buffer gas and the decay products,
which are primarily emitted as doubly charged ions. The
ion charge-state distribution can also be affected by internal
conversion, where the resulting atomic-shell electron vacancy
may relax via Auger emission [33], consequently producing
charge states higher than z + 1 and thus requiring further
neutralization. A full investigation of this effect is beyond the
scope of the present work.

For the decay products to be successfully detected by the
MR-ToF MS, they must undergo a charge-exchange reaction
with contaminants present in the high-purity He buffer gas.
At the same time, we do not observe any losses of the pri-
mary singly charged ions due to neutralizing reactions [see
Fig. 4(e)], indicating a very small cross section for singly
charged ions moving at speeds defined by their secular mo-
tion within the trap. Due to the high kinetic energy of the
decay products immediately after β decay, the reaction rate
can be enhanced by several orders of magnitude. Therefore,
it is possible that the fast doubly charged decay products
react with the neutral atoms at an enhanced rate, while the
singly charged ions do not undergo a reaction within the
trapping timescale of relevance to these results. However, we
note that a rigorous quantitative investigation is needed to
confirm this.
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FIG. 5. Ratio of 97Sr+ ions produced via in-trap decay to the
97Rb+ parent ions within ISCOOL, as a function of the expected
buffer-gas pressure within the trap volume. The ions were trapped
in ISCOOL for 785 ms and the counts are measured following mass
separation using the ISOLTRAP MR-ToF MS.

Slowing down and confining the fast β− decay products
within ISCOOL strongly depends on the buffer-gas pressure
within the trap volume. Collisions with the buffer gas provide
a drag force that can quickly reduce the kinetic energy of the
decay products. Therefore, it can be expected that increasing
the buffer-gas pressure in the trap has a strong effect on
the product confinement efficiency, until a saturation level is
reached. The rate of charge-exchanging collisions between the
ions and the buffer gas is also dependent on the gas pres-
sure. Based on numerical estimates using Eq. (15), a helium
pressure of 5 × 10−4 mbar within the trap volume is enough
to increase the effective trap depth to approximately 1 keV,
which suffices for trapping the decay products considered
here. Figure 5 shows how the ratio of 97Sr+ ions produced
via in-trap decay of 97Rb+ changes as a function of the buffer-
gas pressure within the trap volume, after being trapped for
785 ms. Due to technical reasons, a limited set of pressure
values could be used and included in Fig. 5. It is seen that a
fivefold increase in the gas pressure induces only a twofold
increase in the decay-product ratio.

Additionally, the pressure of diminishing returns roughly
agrees with the estimate for the pressure threshold from
Eq. (15).

While Fig. 5 does not disentangle the product-confinement
efficiency from the charge-exchange reaction efficiency, the

results indicate that a further increase in buffer-gas pressure
will not lead to improved confinement efficiency for the decay
products. On the contrary, further increasing the buffer-gas
pressure would likely result in a reduction in the overall cap-
ture and trapping efficiency of the parent ions.

IV. CONCLUSION

Singly charged 97,98Sr+ and 98Y+ beams were produced
through the in-trap decay of 97,98Rb+ and 98Sr+, respectively.
This constitutes the first delivery of an atomic 98Y+ beam
at ISOLDE. While molecular extraction is compatible with
decay spectroscopy, mass spectrometry, and often nuclear re-
action experiments, laser spectroscopy is species-sensitive and
atomic ion beams are often preferred over molecular ones.
Therefore, in-trap decay offers a complementary production
method for specialized cases, including atomic ion beams
of refractory species. An efficiency at the percent level is
demonstrated for the delivery of singly charged atomic ion
beams produced via in-trap decay of singly charged parent
beams. The main limitation of this approach will remain with
the maximum beam intensity that can be injected into IS-
COOL due to space charge effects, even if the efficiencies are
improved in the future.

Crucially, this approach requires no modification to the
existing target or ion source and utilizes the existing beamline
infrastructure at ISOLDE, making it immediately applicable
to other favorable parent-daughter decay chains. Based on the
chemical accessibility of the parent isotopes and their decay
properties, other promising candidates for future in-trap decay
studies are Mn → Fe, Ga → Ge, Ba → La, and Lu → Hf,
for several of which the daughters remain largely inaccessible
by precision laser spectroscopy techniques due to their refrac-
tory nature.
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