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Excitation and probing of low-energy nuclear states at high-energy storage rings
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229Th with a low-lying nuclear isomeric state is an essential candidate for a nuclear clock as well as many other
applications. Laser excitation of the isomeric state has been a long-standing goal. With relativistic 229Th ions
in storage rings, high-power lasers with wavelengths in the visible range or longer can be used to achieve high
excitation rates of 229Th isomers. This can be realized through direct resonant excitation or excitation via an inter-
mediate nuclear or electronic state, facilitated by the tunability of both the laser-beam and ion-bunch parameters.
Unique opportunities are offered by highly charged 229Th ions due to the nuclear-state mixing. The significantly
reduced isomeric-state lifetime corresponds to a much higher excitation rate for direct resonant excitation.
Importantly, we propose electric dipole transitions changing both the electronic and nuclear states that are opened
by the nuclear hyperfine mixing. We suggest using them for efficient isomer excitation in Li-like 229Th ions, via
stimulated Raman adiabatic passage or single-laser excitation. We also propose schemes for probing the isomers,
utilizing nuclear radiative decay or laser spectroscopy on electronic transitions, through which the isomeric-state
energy can be determined with an orders-of-magnitude higher precision than the current value. The schemes
proposed here for 229Th could also be adapted to low-energy nuclear states in other nuclei, such as 229Pa.

DOI: 10.1103/PhysRevResearch.5.023134

I. INTRODUCTION

The first nuclear excited state in 229Th (Z = 90), about
8 eV above the ground state, has the lowest excited-state
energy among all intrinsic nuclear excitations observed so far
[1–3]. It also has a long radiative lifetime, on the order of
103–104 s [4]. This unique nuclear isomeric state (denoted
as 229mTh below) opens opportunities for building a high-
precision nuclear clock, testing fundamental physics, as well
as for other interdisciplinary research such as investigating the
interplay between the nuclear and electronic degrees of free-
dom of the atom; see, for example, Refs. [5,6] and references
therein.

There has been significant effort in pursuing excitation
and detection of 229mTh [7–11]. For instance, excitation of
229Th ions doped in a crystal host using vacuum ultraviolet
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photons was experimentally attempted [7], but population of
the isomeric state was not observed. There have also been
proposals of using the internal conversion (IC) in neutral
thorium atoms [10], and using the electron-bridge process in
low-charge [12,13] or highly charged 229Th ions (229Th35+ in
Ref. [14]) for investigating isomer excitation or decay. 229mTh
can also be produced through excitation of the second nuclear
exited state at 29 keV. X-ray pumping of the isomeric state
using this approach was demonstrated in Ref. [15]. Recently,
the radiative decay of 229mTh was observed at the ISOLDE
facility at CERN [16]. However, laser excitation of 229mTh has
not been realized yet, and the isomeric-state energy has not
been determined precisely (only with a relative uncertainty of
2% in Refs. [1,2]1).

Most studies on 229mTh have dealt with nonrelativistic
atoms or ions in low charge states, posing high demand on the
light source required for excitation. This manuscript surveys
the possibilities of laser excitation and probing of 229mTh
using relativistic highly charged ions (HCI) in high-energy
storage rings, leveraging the relativistic effect and the signifi-
cant nuclear-state mixing in highly charged 229Th ions.

10.3% was recently reported in Ref. [16].
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The energy of relativistic ions in storage rings can be
flexibly adjusted, complementary to tuning the laser photon
energy. With the Lorentz boost of photon energies in the
ion frame, high-power lasers with wavelengths in the visi-
ble range or longer combined with a Fabry–Pérot cavity can
be used to obtain high isomer-excitation rates. Remarkably,
even higher excitation rates and more unique opportunities
become available when using H- or Li-like thorium ions.
The tightly bound unpaired electron in those ions produces
a strong magnetic field at the nucleus, mixing hyperfine levels
corresponding to different nuclear states, known as the nuclear
hyperfine mixing (NHM) [17–19]. The NHM effect could
reduce the isomeric-state lifetime by orders of magnitude,
which leads to significantly higher excitation rates in the direct
resonant excitation and could enable implementing a π pulse.
Furthermore, as a key point of this work, we propose electric-
dipole (E1) forbidden transitions in Li-like 229Th ions that are
opened by the NHM (Sec. III B). We present isomer excitation
schemes using those transitions, including both stimulated
Raman adiabatic passage (STIRAP) and single laser excita-
tion. An encouraging aspect of the proposal is that it employs
only the technologies already available today. We also discuss
direct resonant excitation in bare nuclei and excitation via
the second nuclear excited state. Candidate storage rings for
implementing those schemes can be, for instance, those at
GSI/FAIR [20–23], HIAF [24], and the proposed Gamma
Factory (GF) at CERN [25–29].

Among the discussed excitation schemes, exploiting the
NHM effect could be most favorable and efficient for ex-
perimental implementation (Secs. III A 2 and III B). Schemes
utilizing repeated pumping can significantly relax the demand
on the laser-pulse intensity by using a longer pulse sequence
(Secs. III A 1 and III C 1). STIRAP excitation via the second
nuclear excited state would require further development of
the laser or storage-ring technologies (Sec. III C 2). Schemes
using an intermediate state could also be realized by using
x-ray pulses combined with static or moderately accelerated
229Th ions (Sec. III D).

We also propose schemes for detecting the isomers in
high-energy storage rings, including one dedicated to Li-like
229Th, where laser spectroscopy on electronic transitions al-
lows for distinguishing the nuclear ground and isomeric states
(Sec. IV C). We also suggest determining the isomeric-state
energy using the recent precision measurement of the energy
of the second nuclear excited state (Sec. IV B). According to
our estimate, the energy of the isomeric state can be measured
with a precision better than 10−4 or even down to below 10−6,
which is orders of magnitude improvement of the present
value. This would pave the way for further improvement in
determining the isomeric-state energy and bring a precise
nuclear clock and fundamental-physics experiments with this
system closer to reality.

This manuscript is structured as follows. In Sec. II,
we introduce possible ways to obtain thorium ions stored
in a high-energy storage ring and ion-bunch parameters
for various operational or planned facilities. We discuss
schemes for isomer excitation in Sec. III, sorted by the
energy of corresponding transitions. Methods for probing
produced isomers are presented in Sec. IV. We discuss search-
ing for the resonant excitation in Sec. V. Extending the

schemes to other low-energy nuclear states is discussed in
Sec. VI.

II. PREPARATION OF STORED AND COOLED INTENSE
BEAMS OF THORIUM-229

There are several technological prerequisites for the studies
proposed to become possible.

One of the major challenges is to obtain HCI stored in ac-
celerators. An efficient method for producing beams of heavy
HCI is to start with low-charge ions from an ion source, and
then accelerate them to high energies before focusing onto a
stripper target to remove more of the bound electrons; see,
for example, Refs. [30–32]. The relatively long half-life of
about 7880 y makes it possible in principle to prepare a 229Th
beam directly from an ion source, like it is done for instance
for beams of 7Be [33]. In such case, 229Th nuclei need to be
produced via irradiation of uranium or thorium targets and
chemically purified from inevitable contaminants. Still, the
electrodes will be highly active and the overall process is
technologically challenging.

Alternatively, a projectile-fragmentation nuclear reaction
can be employed for in-flight production of 229Th beams.
Here, either 238U or 232Th primary beams can be accelerated
and fragmented in a target, thereby creating 229Th ions of in-
terest. The kinetic energy of the beam together with the target
material and its thickness can be chosen such that the Th ions
emerge from the target in the desired atomic charge state [34].
Assuming, for example, a 238U (232Th) beam at 600 A MeV
with a realistic intensity of 1010 particles/s impinging on a
1 g/cm2 9Be production target, we obtain after the target
3 × 105 (3 × 106) 229Th ions per second [35]. These rates
can easily be scaled if higher primary beam intensities are
available. Accumulation schemes would be needed to achieve
the required 229Th intensities.

Another issue is related to the transport of laser beams
into the ultra-high vacuum environment of the ring. Vari-
ous solutions have been realized at several facilities, see,
for example, Ref. [36]. A high-photon-flux extreme ultravi-
olet source based on high harmonic generation was recently
commissioned at the CRYRING [37,38]. For this purpose
viewports are placed at dedicated locations to enable the
spacial overlap of the stored beam with the injected laser
photons. Since the photon beam cannot be bent, a special
design of bending dipole magnets is required, which might
be a challenging task for already existing machines and/or if
superconducting magnets are considered [39].

Presently, stored and cooled beams of highly charged sta-
ble or radioactive ions are routinely available at GSI [40].
The experimental storage ring ESR [41] offers beams at
energies of about 4–400 A MeV for a variety of precision stud-
ies [20,42]. Relevant here are the possibilities to collide the
stored beams with photon [43], electron [44], or atomic [45]
targets. The production and in-ring purification of stored
beams of secondary 234Pa and 237U ions was demonstrated
in Refs. [44,46]. Following these experiments, a pure beam of
few-electron 229Th ions was prepared in the ESR in 2022 [47].
Also an efficient accumulation scheme is established at the
ESR [31]. At lower energies, the CRYRING [48] facility can
be employed. We also note a proposal to study 229mTh in the
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TABLE I. Relativistic HCI beams expected at different accelerators. Here, γmax is the maximal relativistic Lorentz factor of highly charged
229Thq+ ions (q ≈ 90 in this work). The Lorentz boost of laser photon energies is (1 + β )γ in the ion frame. �γ/γ is roughly the FWHM
relative range of γ , due to the ion energy spread. The lower bound of �γ/γ may be reached by laser cooling, which might require reducing the
intensity of the ion bunch to alleviate intrabeam scattering [67]. The number of particles Nion per bunch relates to expected maximum particle
intensities that can be stored in the machine, irrespective to the actual production method of 229Th beams.

Facility Lab. γmax �γ/γ Nion/bunch 1-σ radius Circumference, fb Nb

LHC [29] CERN 2950 ∼10−4–(10−6) 108 16 µm 26.7 km, 11.2 kHz 592–1232
SPS [26]a CERN 109 ∼10−4–(10−6) 108 0.5 mm 6911 m, 43.4 kHz � 36
RHIC [60,61] BNL 100 7.5 × 10−4 4.5 × 1010 100 µm 3834 m, 78.2 kHz 106
SIS100 [23,39] FAIRb 100 10−3–(10−7) 1013 ∼mmc 1084 m, 280 kHz 1d,e

Main Ring [62–64] J-PARC-HIb 22 ∼10−3 f 1011 ∼mmc 1567.5 m, 191 kHz 8
PS [65] CERN 11.4 ∼10−3 f 1014 ∼mmc 628 m, 478 kHz �4
HESR [21,22,66] FAIRb 6 ∼10−5 108 ∼2.1 mmc 575 m, 522 kHz 1g

BRING1 [24] HIAFb 4.4 ∼10−3 f 2 × 1011 ∼mmc 600 m, 490 kHz 1d

SRING [24] HIAFb 2.1 (β = 0.879) ∼10−5 108 ∼mmc 273 m, 966 kHz 1-2g,d

ESR [41] GSI 1.5 (β = 0.745) ∼10−5 108 ∼mmc 108 m, 2.07 MHz 1-2g,d

aThe parameters are from Ref. [26] for Li-like Pb ions. Beam parameters for Li-like Th ions should be similar.
bUnder construction.
cA rough estimate. The beam size is determined by the intra-beam repulsion and counteracting cooling force [31]. Beam envelope varies along
the machine lattice dependent on the Twiss functions. No dedicated focus is presently considered in the optics design of this facility.
dAdditional bunching can be achieved by a dedicated exciter creating up to several tens of bunches [39], with the total number of stored ions
remaining the same.
eBunches with a duration of several ns can be generated using a bunch-compression scheme.
fRough estimate based on a typical synchrotron performance.
gCoasting or unbunched ion beams, i.e., the ion beam filling the whole storage ring almost uniformly.

experimental cooler-storage ring CSRe at IMP in China [49].
Importantly, the ESR, CRYRING, and CSRe are specially
designed for laser-spectroscopy studies.

As of today, no facility exists to provide stored and cooled
beams of 229Th at much higher energies. Beams with energies
of up to 5 A GeV will be available at the FAIR facility in
Darmstadt. The design parameters are to provide accelerated
238U28+ beams with an intensity of 1013 particles/s [50].
Technically, acceleration of 232Th beams is also possible. The
secondary 229Th ions produced from projectile fragmentation
will be separated from contaminants via the high-acceptance
in-flight fragment separator Super-FRS [51] and injected into
the collector ring CR [52]. The CR is designed for fast
stochastic cooling of secondary beams. Afterwards, the beam
will be transferred to and accumulated in the high-energy stor-
age ring HESR [53] for precision experiments. An additional
storage ring, RESR, between the CR and HESR, is foreseen
at a later stage of FAIR to achieve a more efficient beam
accumulation. Two 0◦ laser-ion intersection regions are being
prepared in the HESR [22,54–56]. A similar scheme will be
possible to realize at the HIAF facility under construction in
China [24].

At CERN, the in-flight production of 229Th beam can be
envisioned between the proton synchrotron (PS) and the super
proton synchrotron (SPS). Also the isotope separation on-
line (ISOL) production method can be employed as utilized
at the ISOLDE facility [57,58]. Here, a post-accelerated to
10 A MeV 229Th beam will need to be transported from
the ISOLDE hall to the CERN accelerator chain. The ad-
vantage of this approach would be the much larger 229Th
production yields owing to several hundred times thicker pro-
duction targets. The proposal for the Gamma Factory [29]

also contains a dedicated storage ring for storing beams of
radioactive nuclei from ISOLDE. In such configuration, the
beams of 229Th ions will be stored at about 10 A MeV
energy [59] and irradiated with high-energy photons from
the GF.

Parameters of some synchrotron facilities and ion storage
rings are listed in Table I sorted by the relativistic Lorentz
factor γ = 1/(1 − β2)1/2 (β = v/c with v and c being the
speed of ions and light, respectively). Technical solutions for
production and cooling of highly charged 229Th beams and/or
coupling of laser beams are in place for the ESR and are
planned for HESR and BRING. This would also need to be
done for the other machines. It is not our aim in the present
work to investigate possible upgrades of these facilities, but
to show that the challenges can be met at the present level of
technology. The parameters in Table I assume a stored beam
of 229Thq+ ions (q ≈ 90), though such beams cannot presently
be provided at some of the listed facilities.

III. EXCITATION OF THE THORIUM ISOMER

We begin with introducing the low-lying nuclear energy
levels of 229Th related to this work (see Fig. 1). The iso-
meric state has an energy of Eiso = 8.19(12) eV [6], an
average of two experimental values from Refs. [1,2]. The
radiative half-life of the isomeric state in bare nuclei is
T rad

1/2 ≈ 5.2 × 103 s, derived theoretically in Ref. [4] using a
reduced transition probability B(M1) ≈ 0.0076 W.u. (Weis-
skopf units). The second nuclear excited state, with an energy
of E2nd = 29, 189.93(7) [15] and a radiative half-life of about
25 ns, can likewise only decay via radiative transitions, while
the internal conversion channel is energetically forbidden in
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FIG. 1. Low-lying nuclear levels of 229Th. These levels belong
to two rotational bands (indicated by the horizontal offset) labeled
by spin, parity, Nilsson quantum numbers, energy, and (radiative)
half-life T (rad)

1/2 . T rad
1/2 of the isomeric state is derived from Ref. [4].

T rad
1/2 of the second excited state is obtained using experimental results

in Refs. [2,15]. 9.3% and 90.7% are the radiative branching ratios.
The nuclear magnetic dipole moment μ and electric quadrupole
moment Q are presented for the ground and isomeric states
[68–70].

highly charged thorium ions discussed in this work. The
cross-band transition from the second excited state to the
ground state has a radiative width of �cr

γ = 1.70(40) neV,
determined experimentally in Ref. [15]. The branching ratio
of this transition is BRcr

γ = 9.3(6)% [2]. We can further derive
the branching ratio, BRin

γ = 90.7(6)%, and radiative width,
�in

γ = 16.6(41) neV, for the in-band transition, from the sec-
ond excited state to the isomeric state (see also Ref. [71]). The
nuclear magnetic dipole moment μ and electric quadrupole
moment Q of the ground and isomeric states shown in Fig. 1
are from Refs. [68–70].

Excitation of 229mTh could be pursued via using relativistic
229Th ions in high-energy storage rings and lasers with wave-
lengths within the visible range or longer; see Fig. 2. In the
following, we assume dealing with ultrarelativistic (β ≈ 1)
and highly charged ions (HCI), from Li-like 229Th ions to bare
229Th nuclei. Activities of ground-state 229Th nuclei would be
negligible due to the long half-life, relativistic time dilation to-
gether with the rather small number of 229Th ions stored in the
ring. We note that, heavy-ion storage rings have successfully

been employed for studying de-excitation of nuclear excited
states in highly charged ions [72–75].

A. Resonant excitation of the isomer

Assuming nearly head-on collisions between laser photons
and the ions, due to the relativistic Doppler effect, the photon
energy in the ion frame becomes [29]

h̄ω′ = (1 + β cos θl )γ h̄ω ≈ (1 + β )γ h̄ω ≈ 2γ h̄ω, (1)

where θl ≈ 0 is the incident angle and h̄ω is the laser-photon
energy (h̄ is the reduced Planck constant); see Fig. 2. The
last relation in Eq. (1) holds for β ≈ 1, i.e., 2γ 2 � 1. We use
unprimed quantities (θl and h̄ω here) for the laboratory frame,
and primed quantities for the ion frame, unless otherwise
specified.

Resonant excitation requires h̄ω′ = Eiso. The width of the
photon absorption spectrum in our case is dominated by
the Doppler width, �D ≈ h̄ω′�γ/γ , due to the relative ion-
energy spread �γ/γ . Since �γ/γ is typically smaller than
the relative uncertainty of the isomeric-state energy, we need
to scan across the possible energy range of the isomeric state
to search for the resonance. This can be done by tuning γ ave

(the central value of γ ) of the ion bunch and/or the laser-
photon energy, which is discussed in Sec. V. We assume
below 2γ aveh̄ω = Eiso.

We calculate the population transfer using the density
matrix approach in the ion frame, solving the master equa-
tion [76]

dρ

dt
= 1

ih̄
[Heff, ρ] − γSE

2

(
−2ρee ρge

ρeg 2ρee

)
, (2)

where the interaction-picture Hamiltonian Heff in the rotating
wave approximation is given by

Heff = −h̄

(
0 �R (t )

2
�R (t )

2 �

)
, (3)

with �R(t ) being the time-dependent Rabi frequency, and
� = 2γω − Eiso/h̄ = (γ /γ ave − 1)Eiso/h̄ being the detuning
for taking account of the ion energy spread. γSE = �rad/h̄ is
the spontaneous decay rate of the excited state. We assumed
employing fully coherent laser pulses.

229gTh in the ring 229mTh in the ring

Laser excitation Excited ion Decay into the electronic ground state,
nuclear isomeric state

FIG. 2. Laser excitation of 229mTh isomers in the storage ring. The laser pulse nearly counter propagates with the relativistic highly
charged thorium ions. The intermediate state of the excited ion depends on the specific excitation scheme. The intermediate state shown
here corresponds to exciting the 279 eV transition in Li-like 229Th ions, see Sec. III B 3. The purple arrow denotes the photon emitted from the
2P1/2 → 2S1/2 electronic decay, after which the ion remains in the nuclear isomeric state. Produced 229mTh will circulate in the storage ring,
with the radiative decay indicated by the orange arrow.

023134-4



EXCITATION AND PROBING OF LOW-ENERGY NUCLEAR … PHYSICAL REVIEW RESEARCH 5, 023134 (2023)

To resonantly excite a large fraction of the ions, we can
tune the laser spectral linewidth in the ion frame to be close
to the Doppler width due to ion-energy spread; see Ref. [77].
This can be achieved by adjusting the duration of the laser
pulse. The pulse is assumed to have a Gaussian temporal
profile in intensity I ′(t ) = I ′

0 exp [−(4 ln 2)t2/t ′2
p ], where I ′

0 is
the peak intensity and t ′

p is the full width at half maximum
(FWHM in intensity) pulse duration in the ion frame. The
corresponding spectral width of the laser light in the ion frame
is �′

p ≈ (4 ln 2)h̄/t ′
p. �′

p ≈ �D leads to

t ′
p ≈ 4 ln (2)

γ

�γ

1

ω′ . (4)

Alternatively, we can introduce incident-angle divergence
of the laser beam to match the Doppler width as frequently
done in experiments with atomic beams; see, for example,
Ref. [78] and references therein. However, this might make
the approximation of nearly head-on collisions between the
laser beam and ion bunch invalid. Therefore, in the following
we consider head-on collisions and tuning the pulse duration
of Gaussian shaped laser pulses according to Eq. (4) to match
the laser-pulse spectrum with the photon absorption spectrum
considering the ion energy spread.

During such pulse duration the radiative decay of the ex-
cited state is negligible, i.e., γSEt ′

p � 1. Therefore, Eq. (2) can
be simplified into

dρ

dt
= 1

ih̄
[Heff, ρ]. (5)

The time-dependent Rabi frequency is

�R(t ) = μB′(t )

h̄
≈

(
6πc2�radI ′

h̄2ω′3

)1/2

, (6)

where μ is the magnetic dipole (M1) transition moment, re-
lated to the radiative width of the isomeric state, and B′ =
(2μ0I ′/c)1/2 is the magnetic-field amplitude of the laser light
with μ0 being the vacuum permeability.

The population-transfer fraction induced by one laser pulse
is dependent on the detuning, denoted as ρee(�). The average
population-transfer fraction can be estimated as

ρ0 =
∫

1√
2πσ

exp

(
− �2

2σ 2

)
ρee(�)d� (7)

by averaging over the whole ion ensemble. Here, we as-
sume that the detuning due to the ion energy spread has a
Gaussian distribution with the FWHM being �D/h̄, so that
2(2 ln 2)1/2σ = �D/h̄. We consider adjusting the laser beam
waist wl to match the 1-σ radius wb of the ion bunch, lead-
ing to Sl ≈ Sb, where Sl (b) = πw2

l (b) are the transverse cross
sections of the laser beam and ion bunch, respectively. The
number of ions excited by a single laser pulse is about ρ0Nion

with Nion being the number of ions per bunch.
Implementing a π pulse [

∫
�R(t )dt = π ] for ions in the

resonant group (� ≈ 0) requires a peak laser-pulse intensity
of

I ′
0π = ln 2

3

h̄2ω′3

t ′2
p c2�rad

≈ 1

48 ln (2)

h̄2ω′5

c2�rad

(
�γ

γ

)2

, (8)

FIG. 3. Production of 229mTh isomers through (a) resonant ex-
citation or (b) excitation via the second nuclear excited state. The
second scenario requires a large Lorentz factor of the ion bunch,
which could be achieved at the Large Hadron Collider (LHC).

corresponding to a laser-pulse energy of E ′
p ≈ I ′

0t ′
pSb. These

laser-pulse parameters are for the ion frame and are related to
the laboratory-frame parameters by

t ′
p = tp/2γ ,

E ′
p = 2γ Ep,

I ′ = (2γ )2I. (9)

The π -pulse intensity in Eq. (8) would be high when hav-
ing a narrow radiative width and a large relative ion-energy
spread. Therefore, we instead consider isomer excitation in
229Th nuclei using repeated pumping, seen by an ion over
multiple round trips (Sec. III A 1). Such excitation relaxes the
requirements on individual laser pulses via using a longer
excitation sequence. We will discuss the possibility of exci-
tation using π pulses in H- or Li-like 229Th ions (Sec. III A 2),
since the expected NHM effect increases the radiative width
by orders of magnitude compared to bare nuclei.

1. Excitation in bare nuclei using repeated pumping

To realize repeated pumping, we need the same repetition
frequency and proper synchronization of laser pulses and ion
bunches. Thus, the laser-pulse repetition rate is adjusted to be
fl = Nb fb, with Nb and fb being the number of ion bunches
and the circulating frequency of a single ion bunch in the
storage ring, respectively.

The population-transfer fraction in each ion bunch, denoted
as ρex, depends on the number of laser pulses having collided
with the ion bunch, denoted as ncol. The population evolution
under repeated pumping (ρex versus ncol) can be obtained by
repeatedly calculating Eqs. (5) and (7) in a loop [Eq. (7) resets
initial conditions of population for Eq. (5)].

To give a specific example, we consider exciting relativistic
229Th ions at the SPS; see also Fig. 3(a) and Table I. There can
be up to Nb = 36 ion bunches circulating in the storage ring
with Sb ≈ π (0.5 mm)2 and Nion ≈ 108 per bunch. A pulsed
CO2 laser (h̄ω = 0.117 eV) having an energy of Ep = 100 μJ
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TABLE II. Repeated pumping of 229mTh isomers at the SPS and
HESR. γ , tp and I0 are some of the considered parameters of the ion
bunch and laser beam. ρee(� = 0) and ρ0 are the population-transfer
fraction of the ion group resonant with the laser pulse and the transfer
fraction averaged over all ions, respectively, in the first round. tex is
the time needed to achieve 99% of the maximal population transfer,
ρmax ≈ 0.5 in both cases (corresponding to 5 × 107 ions per bunch).

Facility γ tp (ps) I0 (W/m2) ρee(� = 0) ρ0 tex (ms)

SPS 35 150 8.2 × 1016 1.25 × 10−3 8.9 × 10−4 60
HESR 6 260 2.7 × 1015 1.22 × 10−4 8.6 × 10−5 56

per pulse and operating at a repetition rate of fl = 1.56 MHz
synchronized to the circulating ion bunches can be used to
excite the nuclear isomeric state in 229Th ions. The required
Lorentz factor of the ion bunch is γ ≈ 35 (�γ/γ ≈ 10−4

at the SPS). We further assume using a Fabry–Pérot cavity
offering a factor of ≈105 enhancement of the laser power
inside the cavity, leading to Ep = 10 J. The average power is
Ep fl = 1.56 × 107 W.

We obtain t ′
p ≈ 2.2 ps and I ′

0 ≈ 4.0 × 1020 W/m2. The I ′
0

is orders of magnitude below the intensity required for a π

pulse I ′
0π ≈ 7.9 × 1023 W/m2 [see Eq. (8)]. The numerical re-

sults show ρee(� = 0) ≈ 1.25 × 10−3 and ρ0 ≈ 8.9 × 10−4;
see Table II (for laboratory-frame parameters). This indicates
that the ion-energy spread leads to a relatively small correction
[ρ0 ≈ 0.71ρee(� = 0)], which is as expected from matching
the laser spectrum with the photon-absorption spectrum of
ions. The population transfer is presented in Fig. 4(a). The
maximal population-transfer fraction is ρmax ≈ 0.50. ρex =
0.99ρmax is reached after ncol ≈ 2600 collisions, correspond-
ing to an excitation time of tex = ncol/ fb ≈ 60 ms. We note
that with ρ0 � ρmax, the increase of ρex can be well described
by a simple exponential behavior (see Fig. 4)

ρex = ρmax

[
1 − exp

(
− ρ0

ρmax
ncol

)]
. (10)

This can be understood from the fact that the excitation pro-
cess, using repeated pumping, is effectively incoherent since
the optical phase for consecutive interactions of an ion with
the laser light is random.

We consider another similar example of resonant excitation
of 229mTh isomers, this time at HESR. Electron cooling of
ion bunches with energies of up to about 3.5 A GeV and
variable stochastic cooling up to the highest energies will
be available in the HESR [56]. As a consequence, a smaller
ion-beam energy spread (down to �γ/γ � 10−5) can be
achieved. Assuming using cooled relativistic ions with γ ≈ 6
(�γ/γ ≈ 10−5), the energy of laser photons should be h̄ω ≈
8.19/12 = 0.683 eV. Consider that there is one ion bunch
containing ≈108 229Th ions interacting with laser pulses re-
peated at fl = 522 kHz (synchronized to the ion bunch) and
again, Ep = 10 J (inside a Fabry–Pérot cavity).

Following a procedure similar to the one discussed above
for SPS, we obtain the results for HESR, as shown in Table II.
We have, again, ρ0 ≈ 0.71ρee(� = 0), and the increase of ρex

can be well described by Eq. (10); see Fig. 4(b).

FIG. 4. Repeated pumping at (a) SPS and (b) HESR. The blue
solid curve is derived from repeatedly calculating the population
transfer using Eqs. (5) and (7), which also agrees with Eq. (10)
shown as the orange dashed curve. The characteristic time for
reaching population saturation is about 60 ms in both cases, see
the text.

Direct resonant excitation could also be pursued at the
LHC, where the large γ could allow excitation using the
magnetic field produced in an undulator (e.g., a Halbach
array made of permanent magnets) or a microwave source
[29].

2. Excitation in H- or Li-like Th ions using π pulses

In H- or Li-like Th ions, the lifetime of the isomeric state
could be reduced by orders of magnitude compared to bare
nuclei because of the nuclear hyperfine mixing (NHM) effect;
see, for example, Refs. [17–19]. Direct resonant excitation of
229mTh isomers using H- or Li-like 229Th ions was proposed
at GSI; see, for example, Ref. [79]. The increased radiative
width would significantly reduce the peak laser-pulse intensity
required for implementing a π pulse. We calculate below the
transition dipole moment considering the NHM effect and
the laser-pulse intensity needed for isomer excitation using
a π pulse. We show that, with the NHM effect, Eq. (8) still
works as a proper estimate, and the required intensity could
be experimentally achievable.

The electronic ground state of H-like 229Th ions, 2S1/2, has
two hyperfine components, F = 2, 3 (F = 1, 2) for nuclei in
the ground (isomeric) state. F is the total angular momentum
quantum number. NHM mixes states with the same F and the
same magnetic quantum number MF . The two F = 2 levels of
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FIG. 5. Energy levels of the nuclear ground and isomeric states
and related radiative transition rates (�rad/h̄) in bare thorium nuclei
(left) and H-like thorium ions (right). The values are from Ref. [19].
Due to the NHM effect in H-like thorium, the two F = 2 HFS
levels are mixed, leading to significantly higher radiative transi-
tion rates from the isomeric state to the ground state compared to
bare nuclei. Similar effect also exists in Li-like thorium ions; see
the text.

different nuclear states (3/2+ and 5/2+) can be represented as
[19]∣∣∣∣5

2

+
, F, MF

〉
=

√
1 − b2

∣∣∣∣5

2

+
, F, MF

〉
− b

∣∣∣∣3

2

+
, F, MF

〉
,∣∣∣∣3

2

+
, F, MF

〉
=

√
1 − b2

∣∣∣∣3

2

+
, F, MF

〉
+ b

∣∣∣∣5

2

+
, F, MF

〉
,

(11)

where b is the NHM coefficient. We use below b = −2.9 ×
10−2 and −4.9 × 10−3 for H- and Li-like thorium ions,
respectively, according to the theoretical calculations in
Ref. [19]. Theoretical results of the hyperfine structure (HFS)
energies and radiative transition rates between the HFS levels
are presented in Ref. [19] and also shown in Fig. 5.

The higher HFS level of H-like 229gTh (“g” denotes the
nuclear ground state) has a lifetime of about 183 ms in the ion
frame. Therefore, after 229gTh ions are produced and circulate
in the storage ring for a sufficiently long time, all the ions are
in the lower HFS level, |5/2+, F = 2〉. Interaction of the ion
beam with the magnetic fields of the ring lattice and collisions
with rest gas atoms and electrons of the cooler may alter the
population of the hyperfine states. However, no repopulation
of the upper HFS was so far observed in sensitive HCI ex-
periments at the ESR [80–85]. Therefore, in the following
we neglect the machine-induced (de)excitation of hyperfine
states.

We consider exciting the transition from |g〉 =
|5/2+, F = 2〉 to |e〉 = |3/2+, F = 2〉. The radiative
width of the corresponding decay channel |e〉 → |g〉
is �rad ≈ 1.4 × 10−14 eV, and the transition energy is
h̄ω′ = 8.31(13) eV [19]. Again, as discussed above, we
adjust the laser-pulse duration according to Eq. (4) and
search for the resonance, so that we have �′

p ≈ �D and
2γ aveh̄ω ≈ 8.31 eV.

The dipole moment of the M1 transition between sublevels
|5/2+, F = 2, MF 〉 and |3/2+, F = 2, M ′

F 〉 is

μ =
∣∣∣∣∣
〈

3

2

+
, F, M ′

F

∣∣∣∣MLλ

∣∣∣∣5

2

+
, F, MF

〉∣∣∣∣∣
≈

∣∣∣∣∣
〈

3

2

+
, F, M ′

F

∣∣∣∣M (e)
Lλ

∣∣∣∣5

2

+
, F, MF

〉∣∣∣∣∣
= |〈FMF Lλ|FM ′

F 〉| |b|
√

1 − b2

√
2F + 1

×
∣∣∣∣〈5

2

+
, F

∣∣∣∣∣∣∣∣M (e)
L

∣∣∣∣∣∣∣∣5

2

+
, F

〉
−

〈
3

2

+
, F

∣∣∣∣∣∣∣∣M (e)
L

∣∣∣∣∣∣∣∣3

2

+
, F

〉∣∣∣∣,
(12)

where 〈FMF Lλ|FM ′
F 〉 is the Clebsch–Gordan coefficient,

〈·||ML||·〉 is the reduced matrix element, MLλ = M (e)
Lλ + M (n)

Lλ

is the magnetic multipole operator composed of the electronic
part M (e)

Lλ and the nuclear part M (n)
Lλ with L and λ representing

the radiative transition multipolarity and photon polarization.
Here, we have L = 1 for the M1 transition. μ is dominated by
the electronic part as a result of the NHM, which can be seen
from the fact that |b| � μN/μB ≈ 5 × 10−4 (μN and μB are
the nuclear and Bohr magneton, respectively).

μ can be derived from the radiative rate of the |e〉 → |g〉
transition [19]:

�rad

h̄
= μ0

3π h̄

(
ω′

c

)3 1

2F + 1

×
∑

M ′
F ,MF ,λ

∣∣∣∣〈5

2

+
FMF

∣∣∣∣MLλ

∣∣∣∣3

2

+
FM ′

F

〉∣∣∣∣2

≈ μ0

3π h̄

(
ω′

c

)3 ∑
M ′

F ,MF ,λ

|〈FMF Lλ|FM ′
F 〉|2μ2

r

= μ0

3π h̄

(
ω′

c

)3
μ2

r

2F + 1
. (13)

We have used the reduced magnetic dipole moment μr =
(2F + 1)1/2μ/|〈FMF Lλ|FM ′

F 〉|, which is independent of the
magnetic quantum numbers (MF , M ′

F , λ).
The reduced Rabi frequency �r ∼ [μr/(2F + 1)1/2]B′/h̄

satisfies Eq. (6), so the peak laser-pulse intensity required in
the ion frame for a (nominal) π pulse,

∫
�r(t )dt = π , can be

deduced using Eq. (8). Such intensity would produce ρee(� =
0) ≈ 1. Considering the ion-energy spread, the average exci-
tation fraction is ρ0 ≈ 0.7ρee(� = 0) ≈ 0.7; see Eq. (7).

We return to the example of exciting 229mTh at the SPS
using relativistic ion bunches with γ ≈ 35 (�γ/γ ≈ 10−4)
but for now dealing with H-like 229Th ions. The required laser-
beam parameters (in the laboratory frame) for implementing
the π pulse are I0 = 1.1 × 1015 W/m2 and Ep = 140 mJ (tp ≈
150 ps). For the HESR, we derive I0 = 3.7 × 1014 W/m2 and
Ep ≈ 1.4 J (tp ≈ 260 ps). The pulse energies required here
are smaller than Ep = 10 J assumed in Sec. III A 1, thus eas-
ier to achieve experimentally. Also, when exciting isomers
using π pulses, we do not need high repetition rate of the
laser pulses. For Li-like 229Th ions, the NHM coefficient b
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is smaller compared to H-like 229Th ions, leading to lower
radiative decay rates of the HFS levels [19].

The higher HFS level of Li-like 229gTh in the electronic
ground state 1s 22s1/2 (2S1/2) has a long lifetime of about
27 s in the ion frame. Therefore, instead of considering all
ions decaying into the lower HFS level, we can assume
that both HFS levels (|5/2+, F = 2〉 and |5/2+, F = 3〉) are
populated and the relative population is proportional to the
degeneracy factor gF = 2F + 1. In this case, besides exciting
transitions from |5/2+, F = 2〉, we also need to consider
transitions from |5/2+, F = 3〉 to |3/2+, F = 2〉. We note
that Eq. (6) also holds for those transitions. The radiative
transition rates (�rad/h̄) of |3/2+, F ′ = 2〉 → |5/2+, F = 2〉,
|3/2+, F ′ = 2〉 → |5/2+, F = 3〉 and |3/2+, F ′ = 1〉 →
|5/2+, F = 2〉 are about 0.72, 0.39, and 0.45 s−1 [19],
respectively. The required laser intensity for a (nominal)
π pulse corresponding to those transitions can be obtained
using Eq. (8).

One can also produce polarized Li-like 229gTh ions via op-
tical pumping using the electronic transition between 1s 22s1/2

(2S1/2) and 1s 22p1/2 (2P1/2); see Sec. IV C, from which fully
polarized ions, population only in the |5/2+, F = 3, MF = 3〉
state, could be obtained. Afterwards, a π pulse could be
applied to transfer the population into the isomeric state
|3/2+, F = 2, MF = 2〉. The peak laser-pulse intensity re-
quired for

∫
�R(t )dt = π (�R = �r|〈331 − 1|22〉|) is I0 ≈

8.5 × 10 16W /m2, corresponding to Ep ≈ 11 J, at the SPS.

B. Excitation via the electronic excited state in Li-like 229Th

1. Forbidden E1 transitions opened by the NHM effect

We present in Fig. 6 the low-lying energy levels in Li-like
229Th ions and transitions between hyperfine components that
change both the electronic and nuclear states. Naively, one
would consider those transitions to be E1 forbidden. However,
they are actually all E1 allowed due to the NHM effect, i.e.,
hyperfine levels in the 2S1/2 (or 2P1/2) with different nuclear
states can be mixed.

First, consider the transitions from the nuclear ground state
to the isomeric state, denoted by the arrows pointing from the
left top to right bottom in Fig. 6. We denote the higher and
lower levels as

|e〉 = | 2P1/2, Ig, Fe〉

≈ | 2P1/2, Ig, Fe〉 − δFe,2be| 2P1/2, Ie, Fe〉,

|g〉 = | 2S1/2, Ie, Fg〉

≈ | 2S1/2, Ie, Fg〉 + δFg,2bg| 2S1/2, Ig, Fg〉, (14)

where δFe,2be and δFg,2bg (both � 1) are the NHM factors of
the HFS levels Fe in the electronic excited 2P1/2 state and Fg

in the electronic ground state 2S1/2, respectively. Here, δFg(e),2

is the Kronecker delta symbol meaning that the NHM occurs
between the two Fg(e) = 2 levels. bg ≈ −4.9 × 10−3 is derived
in Ref. [19]. However, to the best of our knowledge, be has not
been calculated yet.

In Ref. [19], the authors also calculated the NHM ef-
fect for boron-like 229Th ions in the electronic ground

FIG. 6. The low-lying energy levels in Li-like 229Th ions and
transitions between hyperfine components that change both the nu-
clear and electronic states. The transitions denoted by the solid
arrows, although occurring between different nuclear states, are all
E1 transitions, due to the NHM effect. Since the mixing only occurs
between states with the same total angular momentum quantum
number F , the transitions represented by the blue (orange) arrows
are allowed due to mixing of the two F = 2 levels in the electronic
ground (excited) state, 2S1/2 ( 2P1/2). The transitions denoted by
green arrows include contributions from mixing in both 2S1/2 and
2P1/2 manifolds.

state, 1s22s 22p1/2 ( 2P1/2). The NHM factor in this case is
bg(B) ≈ −1.7 × 10−3. be of Li-like 229Th ions should satisfy
|bg(B)| < |be(Li)| < |bg(Li)|, thus we roughly estimate it as
be ≈ −3 × 10−3.

The reduced E1 transition dipole between the states is

de→g = 〈
g
∣∣∣∣E (e)

L

∣∣∣∣e〉
≈ δFg,2bg

〈2S1/2, Ig, Fg

∣∣∣∣E (e)
L

∣∣∣∣ 2P1/2, Ig, Fe
〉

− δFe,2be
〈
2S1/2, Ie, Fg

∣∣∣∣E (e)
L

∣∣∣∣ 2P1/2, Ie, Fe
〉
, (15)

where 〈 2S1/2, I, Fg||E (e)
L || 2P1/2, I, Fe〉 can be further related to

the reduced matrix element between the fine-structure levels
according to [86]〈

ξg, Jg, I, Fg

∣∣∣∣E (e)
L

∣∣∣∣ξe, Je, I, Fe
〉

= (−1)Jg+I+Fe+1 · (
gFe gFg

)1/2
{

Jg Fg I
Fe Je 1

}
× 〈

ξgJg

∣∣∣∣E (e)
L

∣∣∣∣ξeJe
〉
. (16)

Here, Jg(e) = 1/2 is the total electronic angular momentum of
the 2S1/2( 2P1/2) fine structure level, ξg(e) incorporates all other
electronic quantum numbers, and gFg(Fe ) is the degeneracy
factor of the Fg(Fe) HFS level. Therefore, Eq. (15) can be
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TABLE III. Energies Ei f and radiative widths �i f estimated
for transitions between HFS levels in Li-like 229Th ions. These
transitions change both the electronic and nuclear states; see also
Fig. 6. For comparison, we note that the radiative widths of the pure
electronic transition, 2P1/2 → 2S1/2, and the pure nuclear transition,
IP
e = 3/2+ → IP

g = 5/2+ (without NHM), are about 1.12 × 10−5

and 8.8 × 10−20 eV, respectively.

Transition
2P1/2, IP

i , Fi → 2S1/2, IP
f , Ff Ei f (eV) �i f (eV)

5/2+, 3 → 3/2+, 2 263 1.4 × 10−10

5/2+, 2 → 3/2+, 1 263 4.6 × 10−11

5/2+, 2 → 3/2+, 2 263 2.0 × 10−10

3/2+, 1 → 5/2+, 2 279 2.4 × 10−10

3/2+, 2 → 5/2+, 3 279 8.5 × 10−11

3/2+, 2 → 5/2+, 2 279 2.9 × 10−10

rewritten as

de→g

dξeJe→ξgJg

≈ δFg,2
(
5gFe

)1/2
bg

{
1/2 2 5/2
Fe 1/2 1

}
+ δFe,2

(
5gFg

)1/2
be

{
1/2 Fg 3/2
2 1/2 1

}
, (17)

using the notation dξeJe→ξgJg = 〈ξgJg||E (e)
L ||ξeJe〉 and neglect-

ing the overall phase factor (−1)Fe .
Since E1 transitions have a radiative width [86,87]

�a→b = ω3
ab

3πε0c3

1

ga
|da→b|2, (18)

where ga is the degeneracy factor of state a, the radiative width
of the transition |e〉 → |g〉, denoted as �eg, can be derived
from

�eg

�ξeJe→ξgJg

= 2Je + 1

2Fe + 1

(
ωeg

ωξeJe→ξgJg

)3∣∣∣∣∣ de→g

dξeJe→ξgJg

∣∣∣∣∣
2

. (19)

�ξeJe→ξgJg = h̄/TξeJe = 1.12 × 10−5 eV is the radiative width
of the 2P1/2 → 2S1/2 transition, with TξeJe = 5.90 × 10−11 s
being the radiative lifetime of the 2P1/2 state [88].

Transitions from the nuclear excited state to ground state,
denoted by the arrows pointing from the right top to left bot-
tom in Fig. 6, can be treated similarly. The estimated radiative
widths are presented in Table III. These widths are larger than
that of the purely nuclear radiative transition (without consid-
ering the NHM effect) by about nine orders of magnitude.

2. Isomer excitation via STIRAP

In this section we discuss the possibility of exciting
229mTh isomers via the intermediate electronic excited state
1s 22p1/2( 2P1/2) in Li-like thorium ions, relying on the NHM
effect. This is essentially addressing a three-level system in
a so-called � configuration with two laser fields that transfer
the population between the nuclear ground state and isomeric
state. In the following we discuss coherent population transfer
via STIRAP.

In STIRAP [89,90], two coherent laser fields, comprising
the pump and the Stokes pulses, couple to a three-level �

FIG. 7. (a) A generic STIRAP scheme. The pump and Stokes and
pulses interact with a three-level � system. Under STIRAP condi-
tions, the population from state 1 can be fully transferred to state
3, while the population of state 2 remains nominally zero through-
out the process. (b) Excitation of 229mTh via the electronic state
1s 22p1/2( 2P1/2) in Li-like thorium. Red solid lines denote energy
levels of thorium ions in the nuclear isomeric state IP = 3/2+. Other
energy levels are for thorium ions in the nuclear ground state IP =
5/2+. Here, as an example, we consider a pump laser driving the tran-
sition between |5/2+, 2S1/2, F = 3〉 and |5/2+, 2P1/2, F = 3〉, and a

Stokes laser driving the transition between |3/2+, 2S1/2, F = 2〉 and
|5/2+, 2P1/2, F = 3〉. The latter transition is allowed due to the NHM
effect; see the text.

system as shown in Fig. 7(a). STIRAP is characterized by
its robustness against fluctuations of experimental parameters
and is independent of spontaneous decay rates and the branch-
ing ratio of the upper state.

During the STIRAP process a so-called dark state [89]

|D〉 = �S(t )√
�S(t )2 + �P(t )2

|1〉 − �P(t )√
�S(t )2 + �P(t )2

|3〉 (20)

is formed, with �S/P being the time dependent Rabi frequency
of the Stokes/pump pulse. By adjusting laser parameters such
as the delay time �τ and the pulse energy, the entire popula-
tion can be transferred from |1〉 to |3〉 via the time-dependent
dark state without occupying the intermediate state |2〉.

To give a concrete example, we consider our system
initially in the |1〉 = | 2S1/2, 5/2+, F = 3, MF = 3〉 state.
This corresponds to fully polarized thorium ions, which
can be produced via optical pumping, see also Sec. IV C.
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Our three-level � scheme is shown in Fig. 7. A pump
laser couples the initial state |1〉 and the intermediate
state |2〉 = | 2P1/2, 5/2+, F = 3, MF = 2〉, while the Stokes
laser couples the state |2〉 and the final state |3〉 =
| 2S1/2, 3/2+, F = 2, MF = 1〉, which, due to the NHM, is
a superposition state of | 2S1/2, 3/2+, F = 2, MF = 1〉 and
| 2S1/2, 5/2+, F = 2, MF = 1〉; see Eq. (11).

The energies and radiative widths of transitions between
HFS levels of 2S1/2 and 2P1/2 are presented in Table VII for
Li-like 229gTh and 229mTh, respectively. These transitions do
not involve change of the nuclear states. Transitions changing
both the nuclear and electronic state are presented in Table III.
The reduced transition dipole moment of these E1 transitions
is related to the radiative width, see Eq. (18).

The Rabi frequency in the ion frame corresponding to the
pump laser is given by

�P = dPE ′

h̄
=

∣∣〈FgMFgLλ
∣∣FeMFe

〉∣∣
g1/2

Fe

drE ′

h̄

= ∣∣〈FgMFgLλ
∣∣FeMFe

〉∣∣(6πc2I ′
P�Fe→Fg

h̄2ω′3
P

)1/2

, (21)

where dP is the transition dipole moment amplitude,
〈FgMFgLλ|FeMFe〉 = 〈331 − 1|32〉, h̄ω′

P ≈ 271 eV is the tran-
sition energy, �Fe→Fg = 5.0 × 10−6 eV is the radiative width
of the transition | 2P1/2, Fe〉 → | 2S1/2, Fg〉 in Li-like 229gTh
ions, I ′

P(t ) = I ′
P0 exp [−(4 ln 2)(t − τ ′

P)2/t ′2
p ] is the intensity

of the pump-laser pulse, which is assumed to have a Gaus-
sian shape, with τ ′

P denoting the peak position, and E ′ =
[2I ′

P(t )/ε0c]1/2 is the time-dependent amplitude of the electric
field in the ion frame with ε0 being the vacuum permittivity.

The reduced transition dipole moment of the transi-
tion driven by the Stokes laser, considering the NHM,
can be estimated as dr of the transition between |2〉 and
| 2S1/2, 5/2+, F = 2, MF = 1〉 multiplied by the NHM co-
efficient; see Eq. (15). Consequently, the Rabi frequency
corresponding to the Stokes laser can be derived as

�S = |bg| × ∣∣〈FgMFgLλ
∣∣FeMFe

〉∣∣(6πc2I ′
S�Fe→Fg

h̄2ω′3
P

)1/2

, (22)

where 〈FgMFgLλ|FeMFe〉 = 〈2111|32〉, �Fe→Fg =
6.2 × 10−6 eV for Li-like 229gTh ions, I ′

S(t ) =
I ′
S0 exp [−(4 ln 2)(t − τ ′

S)2/t ′2
p ] with τ ′

S = τ ′
P − �τ ′, where

�τ ′ � 0 is the delay of the pump pulse relative to the Stokes
pulse.

The excitation scheme in Fig. 7 could be implemented at
the SPS using relativistic Li-like thorium ions with γ = 100
(�γ/γ = 10−4). Other parameters of the ion bunches remain
those listed in Table I. Once more we consider Sl = Sb and
�′

P = �D (see Sec. III A), which leads to the laser pulse dura-
tion t ′

p = 67 fs. The durations of the two pulses with similar
photon energies are approximately the same. The laser photon
energies are about h̄ωP = 1.36 eV and h̄ωS = 1.31 eV.

The population transfer in a Raman scheme can be accom-
plished by implementing two consecutive π pulses (a pump
pulse followed by a Stokes pulse in contrast to the STIRAP
case) such that

∫
�P(t )dt = π and

∫
�S(t )dt = π , requir-

FIG. 8. Population transfer into the isomeric state |3〉 via the
STIRAP set-up. (a) Population transfer under different laser-pulse
intensities and pulse delays �τ ′ (given in the unit of t ′

p). (b) Popula-
tion evolution under I ′

S0 = 6 × 1022 W/m2 with delay �τ ′ = 0.07 t ′
p

(the minimum I ′
S0 for 100% population transfer). ρii denotes the

relative population of the state |i〉. (c) Similar to (b) but for I ′
S0 =

6 × 1023 W/m2 and �τ ′ = 0.76 t ′
p. The laser intensities are given

for I ′
S0. I ′

P0 is related to I ′
S0 by letting �P and �S have the same peak

value.

ing I ′
P0 = 2.2 × 1018 W/m2 and I ′

S0 = 2.8 × 1022 W/m2. The
latter corresponds to a pulse energy of Ep = 7.8 J. The life-
time of the intermediate state |2〉 is τ2 ≈ 5.9 × 10−11 s, much
longer than t ′

p.
STIRAP is generally a more robust approach to population

transfer and does not require driving a precise π pulse. To
show the population transfer, we solve the master equation in a
simplified case neglecting damping as Eq. (5). The relaxation
due to the spontaneous radiative decay of the intermediate
state is neglected during the STIRAP process because the
lifetime of the intermediate state τ2 is much longer than the
pulse duration and delay between the two pulses (t ′

p/τ2 ≈
10−3 � 1). We are now dealing with a three-level system,
with Heff being [89]

Heff = −h̄

⎛⎜⎜⎝
0 �P(t )

2 0
�P(t )

2 �P
�S(t )

2

0 �S(t )
2 δ

⎞⎟⎟⎠, (23)

where �P(S) = 2γωP(S) − E12(32) is the single photon de-
tuning, δ = �P − �S is the so-called two-photon detuning,
E12(32) is the energy difference between the states |1〉(|3〉)
and |2〉. We again assume searching for the resonance, thus
2γ aveh̄ωP(S) ≈ E12(32), and consider δ ≈ 0.

Through adjusting the laser-pulse intensities and the delay
between the two pulses, we identify the lowest I ′

S0 needed
for achieving nearly 100% population transfer as I ′

S0 ≈ 6 ×
1022 W/m2 with the delay �τ ′ = 0.07 t ′

p; see Fig. 8(a). The
evolution of populations in different states under these optimal
parameters is shown in Fig. 8(b), where the transient popula-
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TABLE IV. Isomer excitation via STIRAP setup at the SPS using an intermediate electronic excited state in Li-like 229Th ions. The
laser-beam parameters, including the photon energy h̄ωP/S, peak intensity IS/P0 and pulse duration tp, are given in the laboratory frame, related
to the ion-frame parameters according to Eqs. (9). ρ0 is the isomer excitation fraction considering the ion-energy spread. The excitation scheme
and the population transfer are displayed in Figs. 7 and 8(b), respectively. Note that for real STIRAP with almost no transient population of
the intermediate state, one order of magnitude higher intensity would be needed; see Fig. 8(c). The average isomer excitation rate in the last
column is estimated as ρ0NionNb fb.

γ h̄ωS (eV) h̄ωP (eV) IS0 (W/m2) IP0 (W/m2) tp (ps) ρ0 rate (s−1)

100 1.31 1.36 1.5 × 1018 1.2 × 1014 13 0.85 1.3 × 1014

tion in the intermediate state implies that the transfer process
is not ideally adiabatic, which should be limited by the laser-
pulse intensity. For instance, if I ′

S0 is increased by an order
of magnitude together with a suitable delay between the two
pulses, the maximal transient population of the intermediate
state would be smaller than five percent, see Fig. 8(c). An
empirical criterion based on the adiabaticity condition [90,91]
gives the order of magnitude required for the peak Rabi
frequency amplitude, �2

0 � 200 ln 2/t ′2
p , for coherent pulses,

leading to ĨS0
′ ≈ 9 × 1023 W/m2 and ĨP0

′ ≈ 7 × 1019 W/m2.
We note that in Fig. 8, I ′

P0 is related to I ′
S0 by letting the

peak value of �P equal to that of �S. The minimum I ′
S0 ≈ 6 ×

1022 W/m2 corresponds to I ′
P0 ≈ 4.8 × 1018 W/m2. A larger

I ′
P0, for instance, increased by a factor of five, would actually

reduce the population transfer, and would require a larger I ′
S0

instead of relieving the requirement to achieve again the 100%
population transfer. Reducing I ′

P0 has a similar effect.
The population transfer displayed in Fig. 7 is for ions

corresponding to �P ≈ �S ≈ 0. The ion-energy spread can
be further considered using Eq. (7), resulting in a relatively
small correction, since we have adjusted the pulse duration
to match the laser-pulse spectrum and the photon-absorption
spectrum considering the ion-energy spread. For instance, the
100% population transfer for the scenario shown in Fig. 8(b)
corresponds to an average population transfer of ρ0 = 85%
when considering the ion energy spread. The laser-beam pa-
rameters and corresponding excitation rates are presented in
Table IV.

Due to the NHM, one can also excite the transitions with
energies of about 279 eV, exciting both the nuclear and elec-
tronic states (see Fig. 6). Therefore, in the STIRAP scheme
shown in Fig. 7, we can also use the state | 2P1/2, 3/2+, F = 2〉
as the intermediate state.

If one does not start with fully polarized ions, population in
| 2S1/2, 5/2+, F = 2〉 level can be transferred to the isomeric

state, | 2S1/2, 3/2+, F = 2〉, via STIRAP with any of the four
HFS levels of 2P1/2 being the intermediate state.

3. Isomer excitation via the 279 eV level using a single laser

Besides STIRAP, one can also excite the nuclear isomeric
state using only a single laser to drive the 279 eV transition
(see Fig. 6), which involves simultaneous excitation of both
the nuclear and electronic states, enabled by the NHM effect.
The required laser-pulse intensity for implementing a π pulse
(between two HFS levels) can be derived using Eq. (8) and the
radiative widths listed in Table III.

After driving the transition, thorium ions will first quickly
decay (TξeJe = 5.9 × 10−11 s in the ion frame) from the elec-
tronic excited state to the electronic ground state but remain
in the nuclear isomeric state which has a much longer lifetime
(about 1 s in the ion frame). Detecting the spontaneously
emitted photons from the 271 eV electronic transition af-
ter exciting the 279 eV transition would unambiguously
demonstrate isomer excitation. This would also serve as an
experimental demonstration of the expected NHM effect in
229Th ions. We note that, after excitation, the branching ratio
of direct decay into the state with both the electron and nu-
cleus in the ground state is negligible, on the order of 10−5;
see Table III.

While an excitation scheme using a single laser beam
is, in principle, simpler to implement, STIRAP may still
be beneficial for certain experiments. Indeed, the method
is tolerant to single-photon detuning and provides a robust
and complete transfer to the isomeric state. Additionally,
since STIRAP is a coherent process, all ions will experi-
ence the same photon recoil during the excitation process,
while spontaneous-emission step leads to a random “kick.”
The latter may become important when deep laser cooling is
implemented in stored highly relativistic HCI [39,67].

C. Excitation via the 29 keV level

While direct resonant excitation of the isomeric state can,
in principle, be implemented at many accelerators, laser
(∼eV) excitation via the 29 keV level requires a relatively
large Lorentz factor, which can be achieved at a smaller num-
ber of accelerators, e.g., the LHC. However, in contrast to
the large uncertainty in the energy of the isomeric state, the
energy of the second nuclear excited state has been measured
precisely as E2nd = 29, 189.93(7) eV [15] with a relative
uncertainty about 2.4 × 10−6, smaller than �γ/γ typically
achievable at storage rings. Therefore, the resonance can be
found more easily compared to the direct excitation scenario.
The precise knowledge of the energy of the 29 keV level
would also allow one to determine the central value of γ , γ ave,
with a similar relative precision via detection of secondary
photons from radiative decay of this state; see Sec. IV B,
thereby removing one of the major systematic uncertainties
in storage-ring-based laser spectroscopy experiments [43,92].
Some other key properties of this state are shown in Fig. 1.

1. Incoherent population transfer

X-ray pumping of the isomer state via the 29 keV level has
been demonstrated in Ref. [15], where 229Th nuclei in a solid
target were excited using 29 keV synchrotron radiation. Here,
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TABLE V. Repeated pumping of 229mTh isomers via the 29 keV
level at the LHC. γ , tp and I0 are some of the considered param-
eters of the ion bunch and laser beam. ρee(� = 0) and ρ0 are the
population-transfer fraction of the ion group resonant with the laser
pulse and the transfer fraction averaged over all ions, respectively, in
the first round. tex is the time needed to achieve 99% of the maximal
population transfer, ρmax ≈ 1, corresponding to ≈108 ions per bunch.
If one considers implementing a π pulse, the required intensity is
I0π ≈ 2100I0.

γ tp (ps) I0 (W/m2) ρee(� = 0) ρ0 tex (s)

2950 3.7 3.2 × 1020 6.0 × 10−4 4.2 × 10−4 0.56

we discuss laser excitation of the isomeric state using rela-
tivistic 229Th ions. 229Th ions with γ ≈ 2950 (�γ/γ ≈ 10−4)
can be obtained at the LHC; see Table I. Thereby, a laser
with photon energy h̄ω12 ≈ 4.95 eV can be used for resonant
excitation of this transition with nearly head-on collisions
between laser photons and the ion bunch.

Suppose that we employ a pulsed laser with an energy
of 10 μJ per pulse and a repetition rate of fl = Nb fb ≈
13.8 MHz (Nb = 1232) synchronized to the ion bunch, and
a cavity further enhancing the laser power by a factor of 105

(leading to Ep = 1 J). We consider again Sl = Sb and �′
P =

�D (see Sec. III A), which leads to a pulse duration tp ≈ 3.7 ps
and peak intensity I0 ≈ 3.2 × 1020 W/m2.

When exciting the M1 transition from the nuclear ground
state to the 29 keV state, the system can be approximated as a
two-level system since the radiative decay of the excited state
is negligible due to its long lifetime compared to the pulse
duration. The population evolution induced by individual laser
pulses can be derived by solving Eq. (5). The Rabi frequency
of the transition can be derived from Eq. (6) with �rad replaced
by the partial width �cr

γ ≈ 1.70 neV in this case. After the ion
bunch is excited by a laser pulse, it circulates in the storage
ring before interacting with the next laser pulse. One needs
to consider the spontaneous radiative decay of the 29 keV
level during this period, which could end up in both the
nuclear ground and isomeric states with the relative radiative
branching ratios being about 9% and 91%, respectively. Only
radiative branching ratios are considered here because IC
channels are energetically forbidden in highly charged 229Th
ions (only 2p3/2 or higher orbitals have ionization energies
smaller than 29 keV [93]).

The parameters and results of repeated isomer excita-
tion via the 29 keV level at LHC are presented in Table V
and Fig. 9. The increase of ρex can be approximated using
Eq. (10), but with ρmax ≈ 1 and ρ0 substituted by ρ0/ fdec,
because we are now considering a three-level system. fdec =
1 − exp [−(1/ fb)/(γ T rad

1/2 / ln 2)] = 0.57 is the decay fraction
of ions in the 29 keV level during one circulation in the storage
ring and γ T rad

1/2 / ln 2 is the laboratory-frame radiative lifetime
of the 29 keV level.

2. STIRAP via the 29 keV state

We now consider exciting 229mTh isomers via STIRAP,
which is similar to the scheme in Sec. III B 2, but uses an
intermediate nuclear state at 29 keV instead of an electronic

FIG. 9. Repeated pumping at the LHC. The blue solid curve is
derived from the theoretical calculation described in the text, which
also agrees with Eq. (10) shown as the orange dashed curve. Nearly
full population transfer is reached after ncol ≈ 6300 collisions (tex ≈
0.56 s).

excited state and does not rely on the NMH. This scenario at
the GF was proposed in Ref. [29] and investigated theoreti-
cally in more detail in Ref. [71]. The corresponding nuclear
transition energies are E12 = E2nd ≈ 29.190 keV and E32 =
E2nd − Eiso ≈ 29.182 keV. |1〉, |2〉, and |3〉 denote the nuclear
ground, second excited, and isomeric state, respectively. Con-
sidering γ ≈ 2950 at the LHC, the required photon energies
for the pump and Stokes pulses are h̄ωP ≈ h̄ωS ≈ 4.95 eV.
Following Sec. III A, we set Sl = Sb and �′

p = �D, leading to
FWHM duration tp ≈ 3.7 ps for both Gaussian shaped pulses.

The coherent population-transfer dynamics can be evalu-
ated using the density matrix formalism following a procedure
similar to Sec. III B 2, solving Eq. (5) with the Hamiltonian
given in Eq. (23). We neglect the radiative decay of the 29 keV
state, since the radiative lifetime is much longer than the pulse
duration and the delay between the Stokes and pump pulses.
The time-dependent Stokes and pump Rabi frequencies are
given by Eq. (6), with the corresponding partial radiative
widths being �in

γ ≈ 16.6 neV and �cr
γ ≈ 1.70 neV, respec-

tively (see the beginning of Sec. III).
The empirical adiabaticity criterion [90,91] mentioned in

Sec. III B 2 provides the peak intensities required for the pump
and Stokes pulses for robust STIRAP, Ĩ ′

P0 ≈ 7.4 × 1032 W/m2

and Ĩ ′
S0 ≈ 7.6 × 1031 W/m2, corresponding to ĨP0 ≈ 2.1 ×

1025 W/m2 (pulse energy Ep ≈ 6.6 × 104 J) and ĨS0 ≈ 2.2 ×
1024 W/m2 in the laboratory frame. These intensities are
orders of magnitude higher than the I0 used for repeated
incoherent pumping in Sec. III C 1. However, the high laser-
pulse repetition rate required for accumulating excitation in
repeated pumping becomes unnecessary here.

Figure 10(a) shows the population transfer to state |3〉 after
a Stokes and pump pulse sequence, under different laser-
pulse intensities and different pulse delays �τ . Nearly full
population transfer can be reached for a large range of �τ

using the peak intensities given above. For lower intensities,
nearly full population transfer can still be achieved but in
a narrower range of �τ . Figure 10(b) shows an example
where full population transfer into state |3〉 with almost no
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FIG. 10. (a) Population transfer into the isomeric state |3〉 via
the STIRAP set-up under different laser-pulse intensities and pulse
delays. (b) Population evolution under 0.6 Ĩ ′

P/S,0 and �τ ′ = 0.78 t ′
p.

transient population of state |2〉 is achieved for peak intensity
values 0.6 Ĩ ′

P/S,0 with �τ ′ = 0.78 t ′
p. Similar to the discussion

in Sec. III B 2, the population transfer shown in Fig. 10 is
calculated for ions that satisfy the condition �P ≈ �S ≈ 0.
Ion-energy spread results in only a relatively small correction.

A more detailed discussion of the available ion bunch
and laser beam parameters for this STIRAP scenario is pre-
sented in Ref. [71]. Given that the 29 keV state has a
well-known energy and a favorable branching ratio to the
isomeric state, repeated incoherent pumping could be more
favorable for near-term experimental implementation. Its sim-
plicity (lower laser intensity and only one laser frequency)
should be weighed against more stringent requirements for
laser-frequency tuning as opposed to robust STIRAP tolerant
to laser detuning.

D. Isomer excitation with x-ray lasers

Some schemes discussed above (those in Secs. III B and
III C) could also be realized using x-ray pulses combined with
moderately accelerated or even static 229Th ions.

The photon energy needed for the schemes discussed in
Sec. III B is about 270 eV, well within reach of many x-ray
laser facilities. Excitation via STIRAP can be done by use
of a two-color x-ray free electron laser (FEL). These devices
are capable of generating intense x-ray pulses by guiding
relativistic bunches of electrons through a periodic array of
dipole magnets known as an undulator [94]. State-of-the-art
FELs allow for the generation of two pulses of different en-

ergies with tunable time delays [95], which potentially can be
used to perform STIRAP operations. Such experiments have
been proposed for purely nuclear transitions [96,97] and for
electronic ones [98]. One can also use just a single x-ray laser
to excite the 279 eV transition to transfer population into the
isomeric state, following the scheme discussed in Sec. III B 3.

The highly charged ions could be produced and trapped
using an electron beam ion trap (EBIT) installed as an end
station of an FEL. The EBIT operates by means of a magnet-
ically focused electron beam which ionizes neutral particles
which are introduced as, for example, a tenuous atomic beam
[99]. Ions remain trapped in the negative space-charge poten-
tial of the electron beam where they are sequentially ionized
further until the ionization energy is beyond the electron
beam energy. Production of HCI up to H-like uranium was
demonstrated [100]; production of Li-like thorium is pos-
sible with transportable devices such as the FLASH-EBIT,
which has already been used for one-photon spectroscopy at
FELs [101,102]. We stress, however, that due to the need to
produce 229Th in a nuclear reaction, the number of ions will
inevitably be tiny and also unavoidable contaminants needs
to be considered. Subsequent to the STIRAP or single-laser
excitation, the state of the thorium nucleus can be determined
in various ways. For example, this can be done by extracting
the ions and neutralizing them using an electrode or ultrathin
carbon foil to open the internal conversion (IC) channel which
results in detectable IC electrons in case the isomer would
have been excited [14].

We note that isomer excitation via the 29 keV level using
x-ray lasers is discussed in Ref. [71].

IV. DETECTION OF THE THORIUM ISOMER

Besides excitation of 229mTh isomers discussed above, ac-
celerators with relativistic HCI also offer unique opportunities
for detection of those isomers and precision measurements of
the isomeric-state energy.

We now present three different schemes for isomer detec-
tion, relying on (i) the radiative decay of 229mTh, (ii) further
excitation of the isomeric state to the 29 keV level followed
by radiative decay, and (iii) laser spectroscopy of electronic
transitions. In contrast to the first two approaches, the third
one requires using partially stripped ions (PSI) and electronic
transitions instead of only nuclear transitions. Besides the
demonstration of isomer excitation, we also discuss the pre-
cision that can be achieved in each scheme in determining the
energy of the isomeric state.

A. Radiative decay of the isomeric state

Until recently [16], there was no successful and unam-
biguous detection of photons from the radiative decay of
229mTh; see, for example, experiments in Refs. [7–9]. This
could be due to unexpected nonradiative decay processes in
the crystal/solid-state environment of these experiments [6].
In contrast, in HCI radiative decay should be the predominant
decay channel of 229mTh.

Photons from radiative decay of the isomeric state will
not be emitted at a fixed location in the storage ring but
rather at arbitrary locations along the ring perimeter during the
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circulation of the ion bunch. This is due to the long radiative
half-life of 229mTh, even when there is lifetime reduction due
to the NHM effect.

The average photon-detection rate can be estimated as

pd = NisoNb fb

[
exp

(
− t1

τ

)
− exp

(
− t2

τ

)]
≈ NisoNb fb

�t

τ
,

(24)

where Niso is the number of isomers per bunch, τ =
γ T rad

1/2 / ln 2 is the radiative lifetime of the isomeric state in
the laboratory frame, and �t = t2 − t1 is the time duration
related to the photon collection during each ion-bunch cir-
culation with t1 and t2 being the starting and ending times,
respectively. We assume that during each circulation, photons
emitted during the ions traveling in, say, 1 m can be detected,
i.e., c�t = 1 m. This photon-collection length refers to the
laboratory frame and can be made significantly longer with the
help of dedicated mirror systems, see, for example, Ref. [103].
Here, the time delay t1 (t1 � τ ) is introduced to help filter out
photons from the pulsed excitation laser and to collect photons
only from the radiative decay of 229mTh. Since the lifetime
of 229mTh is long compared to the laser pulse duration, back-
ground associated with the excitation laser could be entirely
eliminated.

We note that in the ion frame, photons from spontaneous
emission (referred to as secondary photons below) are emit-
ted in a broad angular distribution. As seen in laboratory
frame, however, due to the relativistic effect, the photons are
mainly emitted within a small angle (≈1/γ ) relative to the
ion-propagation direction. Photons re-emitted along the ions-
propagation direction are boosted in energy by another factor
of ≈2γ , so the maximal energy of the secondary photons is
about 2γ h̄ω′; see, for instance, Refs. [28,29] for more details.

For an estimate, we assume that almost all ions in a
bunch are excited to the isomeric state, i.e., Niso ≈ Nion is the
number of isomers per ion bunch. We obtain pd ≈ 3.9 s−1,
2.0 s−1, and 0.21 s−1 at the HESR (γ = 6), SPS (γ = 35),
and LHC (γ = 2950), respectively, for bare nuclei (T rad

1/2 ≈
5.2 × 103 s). The low counting rates are mainly due to the
large τ , and can be to some degree improved by using ion
bunches with a smaller γ , leading to shorter lifetime in the
laboratory frame. γ could be reduced to around 2, 10, and
200 at the HESR, SPS, and LHC, respectively. Then, we get
pd ∼ 10 s−1 at these accelerators. As mentioned above, higher
counting rates could also be obtained through increasing the
photon-collection length.

For H-like and Li-like thorium ions with the NHM, τ could
be reduced by a factor of about 105 and 104, respectively,
compared to bare nuclei, leading to increase of the photon
detection rate by the same factor. This can also serve as an
experimental evidence of the NHM effect, which has not been
measured in atoms or atomic ions as yet [19].

Detection of secondary photons from the radiative de-
cay of the isomeric state directly demonstrates excitation of
229mTh, which means the resonance condition for excitation,
Eiso = 2γ h̄ω, is fulfilled (h̄ω is the laser photon energy).
Therefore, the isomeric-state energy can be obtained, with a
relative precision of � �γ/γ . This precision corresponds to
the uncertainty in γ and depends on how well the laser-pulse

spectrum matches the photon-absorption spectrum consider-
ing the ion-energy spread. After improving the match (see
Sec. V), Eiso could be determined more precisely (with a
relative precision similar to that of γ ave) through measuring
γ ave.

γ ave can be determined via measuring the energy of sec-
ondary photons in the laboratory frame, E121 = 2γ Eiso. From
E121 = 2γ Eiso = 4γ 2h̄ω, we derive γ = (E121/4h̄ω)1/2 and
Eiso = 2γ h̄ω = (E121h̄ω)1/2; see also Refs. [29,104]. γ ave can
be measured with a relative precision of 1/2(pdtdet )1/2 with
tdet being the measurement time. In the case of bare nuclei,
because of the low detection rate, an 1-hour measurement
produces γ ave with a relative precision of about 3 × 10−3,
which gives no improvement compared to �γ/γ . For H-like
thorium ions, a 1-h measurement produces γ ave with a relative
precision of �10−5.

B. Further excitation of the isomeric state

Since the long radiative half-life of the isomeric state re-
duces detection rates of secondary photons, it could be more
efficient to further excite 229mTh from the isomeric state to
the second nuclear excited state at 29 keV which has a sig-
nificantly shorter half-life, T rad

1/2 ≈ 25 ns, although a large γ is
needed for such excitation.

For the isomer-production process discussed in Sec. III C 1,
when exciting the transition from the ground state to the
29 keV state, there are initially (before a significant fraction
of the nuclei are optically pumped) N0 ≈ Nionρ0/BRin

γ / fdec ≈
8.1 × 104 excitations into the 29 keV state induced by a sin-
gle laser pulse. The corresponding average photon-detection
rate is pd ≈ N0Nb fb�t/τ ≈ 3.5 × 107 s−1 [see Eq. (24)]. We
again assumed a 1-m collection length and a slight delay in
detection t1 � τ (here τ is for the 29 keV state).

After almost all ions are excited to the isomeric state,
which can be known from the decrease of the detection rate
of photons from the radiative decay of the 29 keV level,
we can decrease γ or the laser-photon energy to change the
ion-frame laser-photon energy by about Eiso, and observe
increased photon collection rates due to excitation of the iso-
meric state. Excitations of the isomeric state and the ground
state can be distinguished since the transition widths are both
around 29.2 keV × �γ/γ ≈ 2.9 eV in the ion frame, while
the energy difference between the isomeric and ground state
is about 8.2 eV. We note that this probing method could also
be applied to isomers produced at the PS or SPS, since ion
bunches at those facilities can be transferred to the LHC and
further accelerated for excitation of the 29 keV transition.

Besides probing isomer production, a precise determina-
tion of the isomeric-state energy can be realized in this process
via detecting secondary photons from radiative decay of the
29 keV level, utilizing the recent precise measurement of the
energy of the 29 keV state [15].

Following a procedure similar to the one in Sec. III C 1,
we obtain excitation events from the isomeric state to the
29 keV state as N0 ≈ 8.0 × 105 induced by one laser pulse for
Niso ≈ 108 isomers per bunch. The average photon-collection
rate is pd ≈ 3.5 × 108 s−1. Since nearly 9% of the ions ex-
cited to the 29 keV level will decay into the ground state,
the number of isomers per ion bunch as well as the photon-
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FIG. 11. Detection of 229mTh via laser spectroscopy on the 2S1/2 → 2P1/2 electronic transition (≈271 eV) of Li-like thorium ions in (a) the
nuclear ground state and (b) the isomeric state. The 2S1/2 and 2P1/2 energy levels without considering the HFS are denoted by dashed lines on
the left. The HFS levels are shown as solid lines on the right and corresponding energy level splittings are indicated. All energies are given in
eV. See the text for details of the transition energies, E 229g and E 229m, and the hyperfine splittings.

collection rate will decrease within a second. To keep the
high photon-collection rate, a second laser can be employed
to excite ions from the nuclear ground state to the isomeric
state via the 29 keV level.

We assume two lasers with photon energy h̄ω12 and h̄ω32

in the laboratory frame are tuned to be resonant with the
transitions from the nuclear ground and isomeric state to the
29 keV level, respectively. Here, as in Sec III C 2, states |1〉,
|2〉, and |3〉 represent the nuclear ground state, 29 keV state,
and isomeric state, respectively. Eiso can be obtained from

Eiso = 2γ (h̄ω12 − h̄ω32) = E2nd

h̄ω12
(h̄ω12 − h̄ω32). (25)

Here, 2γ h̄ω12 = E2nd and 2γ h̄ω32 = E2nd − Eiso are the reso-
nance conditions. After matching the laser-pulse spectrum in
the ion frame and the photon-absorption spectrum considering
the ion-energy spread (see Sec. V), γ = E2nd/2h̄ω12 can be
determined with a relative precision similar to that of E2nd,
about 2.4 × 10−6 as measured in Ref. [15]. Eiso = 2γ (h̄ω12 −
h̄ω32) could be determined with almost the same precision.
We have assumed that h̄ωave

12(32), i.e., the central values of
photon energies of the two lasers, can be known with a better
precision. We note that, this scheme, exploiting the recent
measurement of E2nd, does not require precise knowledge
of energies of secondary photons, thus it might be easier to
implement experimentally.

A higher precision of Eiso could be derived via measur-
ing energies of secondary photons. Secondary photons from
the radiative decay of the 29 keV level into the nuclear
ground state and the isomeric state have maximal energies
of E321 = 2γ E2nd and E323 = 2γ (E2nd − Eiso), respectively,
in the laboratory frame. Detecting those high-energy pho-
tons could be realized using the photon detector described
in Ref. [104]. With a measurement time of tdet = 1 h, E323

can be determined with a relative uncertainty �E323/E323 ≈
1/(pdtdetBRin

γ )1/2 ≈ 9.4 × 10−7. γ = (E323/4h̄ω32)1/2 can be
determined with a relative precision of 4.7 × 10−7, allowing
for measuring Eiso with almost the same precision. E2nd can

also be measured with a similar precision in this process due
to E2nd = 2γ h̄ω12, which would be better than the precision
obtained in Ref. [15].

C. Nuclear spectroscopy via electronic transitions

Population transfer into the isomeric state can also be
probed via laser spectroscopy of electronic transitions, see, for
example, Ref. [105]. The electronic-transition spectra would
change mainly due to (1) the difference in the mean-square
charge radii of thorium nuclei in the ground state and the
isomeric state; and (2) the change in the hyperfine structure.

We address in the following Li-like 229Th ions and the
electronic transition between the fine structure components
1s 22s1/2 (2S1/2) and 1s 22p1/2 (2P1/2); see Fig. 11.

1. Isomer shift and hyperfine splitting

The energy of this transition in Li-like 232Th ions (in
the nuclear ground state) has been calculated as E232g =
270.913(98) eV [106]. The isotope shift of a transition can
be obtained from

δEA,A′ = 2π h̄�K̃RMS M ′ − M

M ′M
+ 2π h̄FFSδ〈r2〉A,A′

(26)

in the first-order perturbation-theory approximation [107].
Here, �K̃RMS is the relativistic mass-shift parameter, M ′
and M are the nuclear masses, FFS is the field-shift fac-
tor, and δ〈r2〉A,A′ = 〈r2〉A − 〈r2〉A′

is the difference in the
mean-square charge radii. For Li-like Th87+, we can use
�K̃RMS = −7.832 × 105 GHz u (u is the unified atomic mass
unit) and FFS = −1.518 × 105 GHz/fm2 [107]. The uncer-
tainties of �K̃RMS and FFS, which are not presented here,
have negligible contribution to the error of the isomer shift
δE229m,229g and the error of transition energies between hy-
perfine components of 2S1/2 and 2P1/2 in 229m,229gTh. The

former is dominated by the uncertainty in δ〈r2〉229m,229g, while
the latter is dominated by the uncertainty in E232g. Consider-
ing δ〈r2〉232g,229g = 0.334(1) fm2 [108] and δ〈r2〉229m,229g =
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TABLE VI. The hyperfine splitting of 2S1/2 and 2P1/2 electronic
levels of Li-like 229g(m)Th ions.

HFS Ahf (2π h̄ × 106 MHz) Ehf (10−2 eV)

229gTh 2S1/2, F = 2 9.66(19) −6.99(14)
2S1/2, F = 3 9.66(19) 5.00(10)
2P1/2, F = 2 3.20(6) −2.31(4)
2P1/2, F = 3 3.20(6) 1.65(3)

229mTh 2S1/2, F = 1 −16.6(19) 8.6(9)
2S1/2, F = 2 −16.6(19) −5.1(5)
2P1/2, F = 1 −5.5(8) 2.8(4)
2P1/2, F = 2 −5.5(8) −1.7(2)

0.0105(13) fm2 [109], the energy of the transition 2S1/2 →
2P1/2 can be derived as E229g = 271.122(98) eV and
E229m = 271.116(98) eV for nuclei in the ground and iso-
meric state, respectively. The isomeric shift is δE229m,229g =
2π h̄FFSδ〈r2〉229m,229g = −0.0066(8) eV.

Now we calculate the hyperfine splitting in Li-like 229Th
ions. The 2S1/2 and 2P1/2 levels have two hyperfine compo-
nents, F = I − 1/2, I + 1/2. Since the electric quadrupole
interaction is zero in the Li-like ion system with J = 1/2,
we only consider the magnetic dipole interaction between
the electrons and the nucleus. Therefore, the energy shifts
of HFS have the form of Ehf = Ahf〈�I · �J〉/h̄2 = Ahf[F (F +
1) − I (I + 1) − J (J + 1)]/2. The Ahf coefficients, as listed in
Table VI, are calculated through the multiconfiguration Dirac
Fock (MCDF) method using the GRASP software package
[110]. The energy shifts of the F = 2 levels due to the NHM
are negligible, about 2 × 10−4 eV in Li-like 229Th ions [19].

2. Photoabsorption spectra with unpolarized and polarized nuclei

The excitation rate of the transition from a HFS level
|g〉 = |2S1/2, I, Fg〉 to |e〉 = |2P1/2, I, Fe〉 is proportional to the
radiative width of the decay channel |e〉 → |g〉, given by [86]

�Fe→Fg = gFggJe

{
Je Fe I
Fg Jg L

}2

�ξeJe→ξgJg, (27)

where gFg = 2Fg + 1 and gJe = 2Je + 1 are the degeneracy
factors, L = 1 stands for the E1 transition, �ξeJe→ξgJg =
1.12(1) × 10−5 eV is the radiative width of the 2P1/2 state
[88]. We list the gFe�Fe→Fg values directly relevant to the rela-
tive excitation rates, and the transition energy Ei f in Table VII
for 229g(m)Th ions.

With the ion-energy spread (assumed to have a Gaussian
line shape) taken into account, the relative excitation rate as a
function of photon energies in the ion frame is

Rexc = gFe∑
Fg

gFg

�Fe→Fg

�ξeJe→ξgJg

1√
2πσE

exp

{
− (E − Ei f )2

2σ 2
E

}
,

(28)

where 2
√

2 ln 2σE ≈ (�γ/γ )Ei f is the FWHM energy of
the transition resulting from the ion-energy spread, and the
relative population of hyperfine level Fg is assumed to be pro-
portional to the level degeneracy. We note that the ion-frame
lifetime of the HFS level Fg = 3 in Li-like 229gTh is about

TABLE VII. The energies (Ei f ) and gFe�Fe→Fg of transitions be-
tween hyperfine components in Li-like 229g(m)Th ions.

Transition gFe · �Fe→Fg
2S1/2 → 2P1/2 Ei f (eV) (10−5 eV)

229gTh Fg = 3 → Fe = 2 271.049(98) 4.34(4)
Fg = 3 → Fe = 3 271.089(98) 3.47(4)
Fg = 2 → Fe = 2 271.169(98) 1.24(1)
Fg = 2 → Fe = 3 271.208(98) 4.34(4)

229mTh Fg = 1 → Fe = 2 271.012(98) 2.79(2)
Fg = 1 → Fe = 1 271.057(98) 0.558(3)
Fg = 2 → Fe = 2 271.149(98) 2.79(2)
Fg = 2 → Fe = 1 271.194(98) 2.79(2)

27 s. The lifetimes of HFS levels Fg = 1 and 2 in Li-like
229mTh are about 2.2 s and 0.88 s, respectively, considering
the NHM [19]. The photon-absorption spectra in the ion frame
for 229gTh and 229mTh are displayed in Fig. 12(a) for �γ/γ =
10−4. Through tuning photon energies and monitoring the
variation of detection rates of secondary photons, excitation
of the isomeric state can be probed. For instance, with pho-
ton energies tuned to 271.01 × (1 ± 0.5�γ/γ ) eV in the ion
frame, there is a significant contrast in excitation rates of ions
in the nuclear ground state and the isomeric state. Essentially,
only ions in the isomeric state can be excited (from Fg = 1 to
Fe = 2).

Up to now, we have not discussed the effects of nuclear and
electronic polarization. In fact, it is possible to produce polar-
ized PSI by optical pumping, see, for instance, Refs. [28,77].

FIG. 12. Relative excitation rates of (a) transitions from
|2S1/2, I, Fg〉 to |2P1/2, I, Fe〉 in unpolarized Li-like 229Th ions; see
Eq. (28), and (b) transitions from |2S1/2, I, FgMFg〉 to | 2P1/2, I, FeMFe 〉
in fully polarized Li-like 229Th ions; see Eq. (30). The horizontal axis
denotes photon energies in the ion frame. Solid lines and dashed lines
are for ions with nuclei in the ground and isomeric state, respectively.
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They would be easier to probe using laser photons with suit-
able polarization. Ions could be polarized in a single path
through the interaction region with efficient optical pumping.
If these ions are probed promptly, it may be unnecessary
to preserve the polarization for a round trip in the storage
ring. Preserving the polarization of PSI in the ring is under
investigation, see, for instance, Ref. [111].

Suppose that we have produced fully polarized ions, where
only the sublevel of 2S1/2 with the maximum MFg is populated.
This could be realized via optical pumping using broadband
σ+ light to drive transitions between 2S1/2 and 2P1/2. Then
we can use σ− light for probing. The transitions that will be
excited in 229gTh are from Fg, MFg = 3, 3 to Fe, MFe = 2, 2 and
3,2. For ions in the isomeric state, they are transitions from
Fg, MFg = 2, 2 to Fe, MFe = 1, 1 and 2,1.

Radiative widths of the corresponding decay channels from
Fe, MFe to Fg, MFg are given by

�FeMFe →FgMFg
= gFe gJe

{
Je Fe I
Fg Jg L

}2

�ξeJe→ξgJg

× ∣∣〈FeMFe Lλ
∣∣FgMFg

〉∣∣2
, (29)

where we have L = 1 for E1 transitions and λ = MFg − MFe .
The relative excitation rate displayed in Fig. 12(b) is

Rexc = �FeMFe →FgMFg

�ξeJe→ξgJg

1√
2πσE

exp

{
− (E − Ei f )2

2σ 2
E

}
. (30)

We can see that the two spectra in the figure are well separated
and therefore can be more easily distinguished than those in
Fig. 12(a).

Excitation of the 271 eV transition can be implemented,
for example, at the SPS or LHC. Generally, electronic tran-
sitions can be excited more efficiently compared to nuclear
transitions. Significantly higher photon-detection rate can be
obtained, thus affording a higher statistical precision in a
given detection time. The photon-detection rate using the
electronic transition between 2S1/2 and 2P1/2 can reach pd ∼
NionNb fb, which is pd ∼ 1014 s−1 and 1015 s−1 at the SPS
and LHC, respectively. Note that the nuclear isomeric state
has a radiative lifetime of about γ × 1 s in the laboratory
frame. During the long lifetime, we can tune the laser to
excite transitions between different HFS levels. Exciting dif-
ferent transitions, which could also be achieved using multiple
lasers, is needed for continuous detection here because there is
no cycling transition between HFS levels of 2S1/2 and 2P1/2.
Measuring the energy of the secondary photons, denoted as
Esps, could determine γ ave with a high precision according
to γ = (Esps/4h̄ωsp)1/2, where h̄ωsp is the laboratory-frame
photon energy of the laser exciting the electronic transition.
Depending on how the isomers are produced, the isomeric-
state energy could be determined with a precision similar to
that of γ ave.

Another potential advantage of using PSI is that laser cool-
ing via electronic transitions could be implemented (see, for
example, Ref. [112]), which would further reduce the ion-
energy spread allowing for better resolution of the transitions
in Fig. 12. Laser cooling of ultrarelativistic Li-like Pb ions via
the 2S1/2 → 2P1/2 electronic transition was proposed for SPS
[26]. At lower energies, laser cooling of a bunched Li-like

carbon and oxygen ion beam was already demonstrated at
ESR and CSRe ion storage rings, see Refs. [113,114] and the
review [31].

V. SEARCH FOR THE RESONANCE

In the direct excitation case, we need to scan across the pos-
sible energy of the isomeric state, which is currently known as
8.19(12) eV [6], to search for the resonance. Besides tuning
the energy of laser photons, we can also tune the energy of
relativistic HCI, i.e., the relativistic Lorentz factor γ , and the
ion energy spread. We can start with ions having a relative
energy spread of �γ/γ ≈ 10−3, and tune γ to scan across
the energy range, 8.19 ± (3 × 0.12) eV, which would require
about 90 scan steps. The resonant excitation rate of isomers
could be sufficiently high for experiments even for bare nuclei,
where there is no NHM and the isomeric state has a narrow
radiative width. For instance, it takes around 0.6 s to excite a
significant fraction of ions in an ion bunch composed of bare
nuclei at the SPS for �γ/γ = 10−3 (see also the examples in
Sec. III A 1). Detection of isomer excitation can be done by
using the schemes presented in Sec. IV.

After finding the resonance, i.e, finding the γ required for
Eiso = 2γ h̄ω, the transition energy is known with a relative
precision of about �γ/γ ≈ 10−3. At the second stage, we
can reduce the relative ion-energy spread from 10−3 to 10−4,
and, again, tune the relativistic factor γ to scan across the
narrower energy range. Through this process, the transition
energy would be determined with a precision improved by one
order of magnitude. One can continue such procedure if the
ion-energy spread can be further reduced.

Determining the ion-frame transition energy requires
knowing the central value of γ , γ ave, with a high precision,
which could be done via, for example, measuring secondary
photons (see Ref. [28] and schemes in Sec. IV). Prior to preci-
sion measurements of γ ave, we should achieve a better match
between the photon-absorption spectrum considering the ion-
energy spread and the laser-pulse spectrum in the ion frame
in terms of their centers, i.e., |Eiso − 2γ aveh̄ω|/Eiso � �γ/γ .
This could be accomplished by utilizing a laser with a narrow
bandwidth and scanning the laser-photon energy h̄ω, maxi-
mizing the isomer-production rate. Matching the two spectra
would allow more precise determination of the isomeric-state
energy via measuring γ ave; see Sec. IV.

As mentioned above, further improvement could be
granted by employing laser cooling of PSI, for instance, as
projected for Li-like lead ions at the SPS [26], which could
reduce the ion-energy spread by another one or two orders of
magnitude.

The transitions related to an intermediate electronic excited
state discussed in Sec. III B have a relative energy uncertainty
of about 5 × 10−4. When exciting these transitions, one can
start with ions having a relative energy spread of �γ/γ ≈
10−4 to search for the resonance. For transitions discussed
in Sec. III C, the relative uncertainty of the transition energy
between the nuclear ground (isomeric) state and the 29 keV
state is about 2.4 × 10−6 (4.8 × 10−6), which is more precise
than the typical ion energy spread, �γ/γ ≈ 10−3 − 10−5 in
storage rings. Therefore, these transitions could be excited
directly without varying γ to scan across a large energy range.
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In these cases, we also need to match the photon-absorption
spectrum and the laser-pulse spectrum, to drive the transi-
tion efficiently and to facilitate further measurement of the
isomeric-state energy.

VI. OTHER LOW-LYING NUCLEAR TRANSITIONS

The excitation and probing schemes of 229mTh discussed
above could also be applied to other low-lying nuclear states
with experimental parameters regarding the laser beam and
ion bunch chosen case by case. 229Th is unique in featuring a
nuclear excited state in the eV range. The next confirmed low-
energy nuclear excitation occurs in 235U at 76 eV [115]. The
extremely narrow radiative width (�rad/h̄ ≈ 9.9 × 10−25 s−1)
and E3 multipolarity [29] discourage laser excitation of the
isomeric state. A survey of other relatively low-lying nuclear
transitions can be found in Ref. [29], where the proposed
Gamma Factory can access those transition energies.

Notably, there exists another interesting case, 229Pa (a nu-
cleus with the same mass number A as 229Th but one more
proton). 229Pa is expected to have octupole deformation in its
nuclear ground state (IP = 5/2+), which may have a nearly
degenerate first excited state of opposite parity (IP = 5/2−),
with an excitation energy as low as 60 ± 50 eV [116,117].
This would enhance the nuclear Schiff moment [118] and
make 229Pa orders of magnitude more sensitive to hadronic CP
violation compared to other nuclei such as 199Hg [119,120].
However, the existence of the low-lying nuclear excited state
has not been unambiguously proven. The large error in a
recent analysis (60 ± 50 eV [117]) still makes the existence
of the ground-state doublet uncertain.

Laser spectroscopy of relativistic highly charged 229Pa ions
could provide alternative approaches to probing the doublet
[121]. The IP = 5/2− state could be excited by either direct
resonance excitation or excitation via an intermediate state.
An E1 transition could be allowed between the nuclear ground
and first excited states.

For direct laser excitation, we need to scan across a large
energy range, 60 ± 50 eV, to search for the resonance. This
can be realized, for example, at SPS by tuning the relativistic
factor of the HCI from γ = 10 to 110 together with a laser
having a fixed energy of about 0.5 eV in the laboratory frame.
It could take up to about 2400 scan steps assuming using ions
with a relative energy spread of �γ/γ = 10−3. One could
probe the existence of the doublet and the energy splitting
via measuring the radiative decay of the IP = 5/2− state. Fur-
thermore, measurement of an enhanced E3 transition strength
between the doublet would indicate the octupole collectivity
of 229Pa unambiguously.

Besides, one could also excite the transition from the nu-
clear ground state to a higher nuclear excited state at 11.4(2)
or 11.6(3) keV [115]. Measuring radiative decay of the higher
state could determine whether there is a decay channel into
a low-lying nuclear state and probe the energy splitting of
the ground-state doublet. The expected small energy splitting
in the ground state doublet, if it exists, would enhance the
NHM effect in H- or Li-like 229Pa ions, which might offer
more possibilities for laser excitation of the first excited state,
similar to those discussed in Secs. III A 2 and III B. We can
also detect the change of the nuclear state via laser spec-

troscopy on electronic transitions, following the discussion in
Sec. IV C.

We note that neutral 229gPa atoms in the nuclear ground
state have a half-life of about 1.5(5) d [122] due to electron
capture and α-decay which would pose a severe challenge
for producing a beam from an ion source. Hence, 229Pa ions
need to be freshly produced at a radioactive ion beam facil-
ity. Projectile fragmentation of 238U is well suited for this
purpose [35]. Assuming the same beam/target parameters
as in Sec. II, we obtain 6 × 106 229Pa ions produced per
pulse. Large amounts of 229Pa can be produced at FRIB [123]
and RIKEN [124] where the worldwide highest uranium pri-
mary beam intensities are available. The advantage of using
GSI/FAIR, HIAF, or CERN facilities would be the higher
projectile energy and thus the ability to efficiently produce
fully stripped ions. Furthermore, storage facilities would be
available as discussed above for the 229Th ions. In bare nu-
clei the 99.52(5)% electron capture branch [122] is disabled
correspondingly increasing the half-life of 229gPa91+ nuclei.
Moreover, if stored at high energy in a storage ring, then the
half-life is further increased in the laboratory frame due to the
relativistic time dilation.

VII. CONCLUSION

We propose multiple approaches toward laser excitation
of the nuclear isomeric state in relativistic highly charged
229Th ions at high-energy storage rings. It can be achieved
via direct resonant excitation, excitation via an intermediate
electronic excited state, or excitation via an intermediate nu-
clear excited state. Due to the Lorentz boost of laser photon
energies in the ion frame, lasers with wavelengths in the vis-
ible range or longer can be used for excitation. Searching for
the resonance and matching the laser-pulse spectrum and the
photon-absorption spectrum in the ion frame can be realized
through scanning the ion energy, adjusting the ion-energy
spread, as well as tuning the laser beam.

Among the discussed excitation schemes, STIRAP exci-
tation via the 29 keV state may require further development
of the laser or storage-ring technologies. Schemes utilizing
repeated pumping relax the demand on the laser-pulse inten-
sity. Nuclear-hyperfine-mixing-assisted excitation schemes
are also discussed, and could be most favorable for ex-
perimental implementation. In the direct resonant excitation
scenario, the significantly reduced isomeric-state lifetime in
H- or Li-like 229Th ions corresponds to much higher excitation
rates compared to bare thorium nuclei, thus making it more
practical to implement a π pulse. Furthermore, the NHM ef-
fect induces E1 transitions that change both the electronic and
nuclear states, enabling efficient nuclear isomer excitation via
an intermediate electronic excited state in Li-like 229Th. The
transition energies are also easily accessible by x-ray lasers,
possibly allowing for isomer excitation in static 229Th ions
using x-ray pulses.

We also present schemes to probe the produced 229mTh
isomers, exploiting the radiative decay of the isomeric state,
radiative decay of the second nuclear excited state, or laser
spectroscopy of electronic transitions. Among those detec-
tion schemes, the NHM effect helps increase the photon
detection rate of the isomer decay, the precise knowledge
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of the second nuclear excited state energy can be ex-
ploited to measure the isomeric-state energy precisely, and
using electronic transitions leads to higher photon detec-
tion rates than nuclear transitions. Our estimates show that
the isomeric-state energy can be determined with orders-of-
magnitude improvement in precision compared to the current
result.

The schemes proposed here for 229Th could also be adapted
to low-energy nuclear states in other nuclei including 229Pa.
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