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Nuclear hyperfine mixing (NHM) is a distinctive effect through which nuclear properties and dynamics
can be efficiently controlled. Traditionally, the scientific consensus has predominantly associated NHM
with its pronounced impact on >2°Th, owing to the existence of its low-lying isomeric state. However, in the
present study, by developing a general theory for NHM, we predict a surprisingly substantial NHM effect in
boronlike 2%Pb ions (specifically, 2Pb7’*), featuring a nuclear transition energy of 2.329 keV. The
radiative lifetime of the 2%°Pb isomer is reduced by 4 orders of magnitude, from 15 min to 32 ms. This
remarkable and unexpected NHM effect stems from a heretofore unexplored process: an opening of a

magnetic dipole channel that is otherwise forbidden without NHM. 2%°Pb ions now emerge as an attractive
alternative candidate for experimental validation and investigation of the NHM effect.

DOI: 10.1103/PhysRevLett.133.032501

Introduction.—Nuclear isomers, characterized by their
relatively extended lifetimes, typically exceeding 1 ns, play
important roles in both fundamental nuclear physics [1] and
nuclear astrophysics [2,3]. Beyond their fundamental
significance, nuclear isomers exhibit intriguing potential
applications in nuclear optical clocks [4-7], nuclear energy
storage [8—10], nuclear lasers [11-13], etc. Active control
of nuclear isomers is the basis of realizing these applica-
tions. Various methods have been attempted or proposed,
involving the use of electrons [14—18], x rays [19-22], and
intense laser pulses [23-27], among others. These methods
predominantly focus on exciting the isomers without
altering their inherent properties, such as the radiative
lifetime—a pivotal parameter for these applications.

In this context, nuclear hyperfine mixing (NHM), also
known as nuclear spin mixing in hyperfine fields [28,29],
emerges as a unique phenomenon capable of modulating
the radiative lifetime of nuclear isomers. This effect arises
when an unpaired bound electron generates a potent
electromagnetic field near the nucleus, leading to the
mixing of different nuclear states through hyperfine (or
more general electromagnetic) interactions. It has been a
prevailing belief that NHM predominantly influences
highly charged ?*°Th ions due to the existence of a low-
lying isomeric state just 8 eV above the nuclear ground
state, facilitating efficient mixing due to the minuscule
nuclear transition energy [29,30]. Indeed, the NHM effect
exerts significant influence on hydrogenlike 2*°Th ions (i.e.,
the 2*Th®+ ion), causing a remarkable reduction of the
isomer’s radiative lifetime by 5 orders of magnitude [31].
Consequently, studies on the NHM effect have been
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dominantly restricted to highly charged ?*Th ions during
the past three decades [29-36]. However, experimental
verification of the NHM effect has been hindered by the
complexities of obtaining >*Th and detecting its radiative
decay signal [37-40].

In this Letter, we identify another nuclear isomer,
specifically 2%Pb, also exhibiting a substantial NHM effect.
This isomer holds significant astrophysical relevance as
previously indicated [41-43]. We unveil a 4-orders-of-
magnitude reduction in the radiative life time of the isomer
from 15 min in the bare nucleus state (2“Pb%2") to mere
32 ms in its boronlike (B-like) ionic state (2“Pb’’*). What
is surprising and unexpected is that this isomer has an
excitation energy of 2.329 keV [44], conventionally con-
sidered to be too large for efficient NHM. Given its
accessibility and cost-effectiveness, the 2*>Pb ion emerges
as a promising alternative for experimental validation and
investigation of the NHM effect. This revelation opens new
avenues for exploring and harnessing NHM across a
broader spectrum of nuclear isomers, enhancing the field’s
potential applications.

We find that this remarkable NHM effect arises from a
hitherto unexplored mechanism: the involvement of an
electronic excited state in the NHM process. This partici-
pation leads to the opening of a more efficient magnetic
dipole (M1) transition channel amid the existing electric
quadrupole (E2) channels. Consequently, not only does the
radiative lifetime alter, but also the angular momentum of
the emitted photons changes.

General theory of NHM.—The nucleus-electron system
can be described by the Hamiltonian

© 2024 American Physical Society
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H:H6+Hn+Henv (1)

where H, and H,, are the Hamiltonian of the atomic electrons
and of the nucleus, respectively. H,, is the electron-nucleus
electromagnetic interaction, and it can be written as a
summation over irreducible tensor operators [45]:

Hey = Z Z(_l)m LemTLm (2)

t=EM Lm

where M7, and T}, are the multipole operators of rank L for
the atomic nucleus and for the electrons, respectively. The
explicit expressions of M7, and 77, can be found in the
literature, e.g., Refs. [27,45], respectively. Here, 7 = E or M
denotes electric or magnetic multipoles.

In the absence of the interaction H,,, the system is
described by the product of nuclear state |Im;) with nuclear
spin / and electronic state |yJm;) with angular momentum
J, where m; and m; are nuclear and electronic magnetic
quantum numbers, respectively, and y contains all other
electronic quantum numbers. With the interaction, the
nuclear spin / and the electronic angular momentum J
are coupled to form a total angular momentum F. The
coupled basis can be written as

|Fmp(IyJ)) = ZC(F’Iv‘];vamlva)|Im1>|}/~]m1>7 (3)

mym,;

where mp is the projection of the total angular momentum
F and C(F,I,J;mp,m;,my) is a Clebsch-Gordan coef-
ficient. For the electron(s) in the ground state |y.J.m, ),
the nuclear hyperfine levels are obtained: [F,m Fﬂ)s
|Fmpg(I,y.J.)). Here, we use u (¢) to denote the nuclear
state (electronic state).

NHM can be described using perturbation theory as

|FymF,,>+ = ‘FﬂmF) + Zcﬂe,y’s’|FmF(IM’7/s’J€’)>’ (4)

u'e

where the ket with a plus-sign subscript denotes a state with

NHM included and ¢, . is a mixing coefficient:
(—l)ltﬂLjs’JfF Iy’ Jo F
Chentd =p T Eg 2\J, I, L
ue — Fu'e T ety
X (L |IMEL) r e d o IT Iy ed o) (5)

Here, E, is the energy corresponding to the state
|FmF(Iy7/sJe)>’ <I/4’||MZ||I/4> and <}/£’Je’||TZ||yeJe> are
the reduced transition matrix elements of the nucleus
and of the electrons, respectively. The summation in
Eq. (4) contains different nuclear states, leading to the
NHM effect. This summation can often be restricted to the
nuclear ground state and the isomeric state, if higher states
are energetically well separated. For example, for the ?>°Th

nucleus, the energy of the isomeric state is 8.3 eV, while the
energy of the second excited state is 29 keV. For the >*>Pb
nucleus under consideration, the energy of the isomeric
state is 2.329 keV, whereas the energy of the second excited
state lies at 262.8 keV [44].

With the NHM effect taken into account, the nuclear
transition rate (of type order rL) between the isomeric state
|Fomp,), and the ground state [F ng(,>+ is calculated as

(2]
F:ZK L+1[L]

Ln?* L
X Z|+<F g"MF,
m
where K is the wave number defined by the nuclear

transition energy, the notation [L] represents 2L -+ 1, and
17,, 1s the multipole transition operator of the electron:

2

IZm + MZmlFemFg>+

. (9)

1 47
E __ P L 3
th - KC(L 4 1) [L] Je v X L[I’ YLm(ea ¢)]d r,

I 4 [ . L 13
= m\/%/h LY ,,(0,9)]r"dr. (7)

Here, Y;,,(0, ¢) is spherical harmonics, L = —ir x V is the
angular momentum operator, and j, (r) is the current density
operator of the electron.

Averaging over initial states, summing over final states,
and using the Wigner-Eckart theorem, the transition rate
can be deduced into the following form:

_2[L][FJK L +1
I

|+ (Fyllf, + ML),

L®)

where  (Ff||M||F;), and | (Fy|[t]||F;), are reduced
transition matrix elements for the nuclear multipole oper-
ators M7, and the electronic multipole operators 77,
respectively. These matrix elements can be explicitly
expressed by utilizing the expansion given in Eq. (4)
corresponding to the states |F ng_q>+ and |F,mp,) . :

(F M5 IF.) —{1” te L}<I||Mf||1> ©)
+\ g L el + Fe Fg Jg g Lilte/»

J, Jo L
+<Fg||t2||Fe>+:Z[Cee,ge’{ : ‘ }<7€J€||t2||ye"]s’>

=4 F, Fg I!J
. Jo J. L .
+ Cgs.ee’ F, Fg 1, <75' Jo | |tL | |76Js>
X (_I)Jgr—Jg+1p—1_[/:| . (10)

Only leading-order terms have been kept. The first matrix
element | (Fy|[|[M]||F,), describes the contribution from
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FIG. 1. Left: the ground state and the isomeric state of the bare

205pb nucleus (?*Pb%*). Middle: hyperfine structure in the
205pb77+ jon without hyperfine mixing. Right: hyperfine mixing
in the 2Pb”7* ion. The additional energy-level shifts caused by
hyperfine mixing (on top of the hyperfine structure) are negli-
gibly small, but the transitions are dramatically altered. The most
notable change is that the transition between F, = 1 and F, = 2
is now dominated by a newly opened M1 transition, which has a
much higher rate than the E2 counterpart. See Table I for the rates
and lifetimes.

the bare nucleus to the transition. The second matrix
element | (F[|¢] ||F,) ., which contains the mixing coef-
ficients given in Eq. (5), describes the transition induced by
the NHM effect. It is to be emphasized that Eq. (8) is a
general expression for NHM, with all mixing coefficients
corresponding to different electronic states and different
types of nuclear transition included. In contrast, existing
works on the NHM effect [29-36] consider only the mixing
coefficients corresponding to the electronic ground state.

Results for 2*Pb.—For the 2*Pb nucleus, the ground
state has spin parity 5/27, and the isomeric state has spin
parity 1/2~ with energy 2.329 keV (illustrated in Fig. 1,
left). The decay of the isomer is dominated by E?2 transition
(M1 is forbidden). The isomer has a relatively long half-life
T, around 15 min for the bare nucleus. (The nonradiative
half-life via internal conversion is 24.2 ps [44]. For highly
charged ions or the bare nucleus, internal-conversion
channels are closed, and only the radiative half-life is of
concern.) The nuclear reduced matrix element (/, || M]||1,)

TABLE 1.
channel that is opened by the NHM effect.

can be determined from the reduced nuclear transition
probability  B(zL.1, — I,) = L]/ (4xlL.))|{1,|IM]|1,)
In the current work, the value for B(E2,1, — I,,) is adopted
as 0.127 W.u. [44].

The B-like 2°°Pb ion has an unpaired 2p , electron in
the ground configuration (1s5?25°2p 2P ,). Without con-
sidering hyperfine mixing, this 2p,/, electron leads to a
hyperfine structure as shown in Fig. 1 (middle). The
isomeric state splits into two levels with F, =1 (energy
shift 0.017 eV) and F, = 0 (energy shift —0.051 eV). The
ground state splits into two levels with F, = 3 (energy shift
0.019 eV) and F, = 2 (energy shift —0.027 eV). Three E2
transitions are possible from the upper two levels to the
lower two levels, as listed in Table I (left part, without
NHM). In the calculation, we have taken the magnetic
moments of the nuclear ground and isomeric states to be
0.71py [44] and 0.64u, [46], respectively. The magnetic
moment of the isomeric state is calculated using the
Schmidt model.

The inclusion of NHM leads to dramatic changes to the
nuclear transitions, as listed in Table I (right part, with
NHM). [NHM causes negligible additional energy-level
shifts though, as illustrated in Fig. 1 (right).] The most
notable change is the opening of a new M1 transition
channel from the F, = 1 level to the F; = 2 level that is
otherwise forbidden. This new M1 channel has a much
higher transition rate than the £2 counterpart, reducing the
lifetime of the ', = 1 level by over 4 orders of magnitude,
from 15 min to 32 ms. One also notices that the E2
transition channels from F, =1to Fy=2and to F, =3
have also been accelerated due to NHM. The E2 transition
channel from F,=0 to F,=2 remains unchanged,
because the mixing coefficient is zero.

The 2p, /, electronic ground state does not contribute to
the mixing coefficient due to the angular-momentum selec-
tion rules. The 2ps, electronic excited state (denoted £) is
2.356 keV above the 2p, /, state. One immediately notices
that this electronic transition energy is close to the nuclear
transition energy of 2.329 keV, allowing an efficient mixing
between |F,mp (1,7.J.)) (i.e., nucleus in excited state e
and electron in ground state ) and |F,mp_(I,y:Jz)) (i.e.,
nucleus in ground state g and electron in excited state £).

Nuclear transitions in the 2Pb”’* ion (left part) without NHM and (right part) with NHM. Note the new M1 transition

Without NHM With NHM
Transition Type Rate (s7!) T Transition Type Rate (s~!) T
|F,=1) = |F,=2) E2 1.7 x107* 68 min |Fe=1), = |Fy=2), E2 1.7 x 1072 41 s
M1 2.2 x 10! 32 ms
|F,=1) = |F,=3) E2 6.2 x 107 19 min |Fe=1), = |Fy=3), E2 2.6 x 107! 2.7s
|F, =0) = |F,=2) E2 7.9 x 107 15 min |F,=0), = |F,=2), E2 7.9 x 107* 15 min
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In fact, the newly opened M1 transition is mainly between
the mixed component of |F,mp (I,7;J;)) state and the
|Fymp (IgyeJ.)) state. Higher electronic states are far off
resonance. As a result, there is a single dominant mixing
coefficient c,, 4 involving the electronic 2ps/, state, and
other mixing coefficients are negligible in comparison.

We use the GRASP2K package [47] to calculate the energy
levels of the B-like 2%Pb ion. This package is based on a
fully relativistic multiconfiguration Dirac-Hartree-Fock
method. An active-set approach has been employed to
systematically enhance the precision of the atomic calcu-
lation. Our calculation of the energy of the 2p;/, state
agrees very closely to the result given in Ref. [48]. With the
relativistic wave functions numerically solved using the
GRASP2K package, the dominant mixing coefficient c,, g is
calculated to be

¢ =-1.97 x 107>

ee, g8
for F, = 1. It is zero for F, = 0 due to selection rules.
Then, the nuclear transition rates between the isomeric and
the ground states can be calculated using Egs. (8)—(10).
This is how the results in Table I are obtained.

Further discussions.—Up till now, the NHM effect has
not been observed experimentally, and proposals of exper-
imental verification have been solely based on *?°Th ions
[30-36]. 2%Pb offers an alternative target for the exper-
imental validation. Besides, the decay signal is 2.329-keV
photons in the x-ray range which can be detected with very
high efficiency.

The half-life of the 2%Pb nucleus is very long
(1.73 x 107 yr [44]) to allow for long-time storage and
experimentation. A potential experiment to verify the NHM
effect can be performed using intense-laser optical excita-
tion in storage rings [49-51], in which the ions are
accelerated to move with relativistic velocities. With the
relativistic Doppler effect, the laser peak intensity I,
angular frequency w,, and duration ¢, in the ion rest frame
are related to the corresponding values in the laboratory
frame (I, w,, t,) by I, = (27)%1,, @, = 2yw,, and t, =
t,/2y [52,53], with y being the Lorentz factor.

Consider using a 267-nm (v, = 4.65 eV, third harmonic
of 800 nm) intense laser pulse to resonantly excite the 2*>Pb
nucleus. The Lorentz factor required is about y = 250,
which can be achieved at the Large Hadron Collider (LHC)
at CERN (the maximal achievable Lorentz factor is about
3000 [54]). Assume the laser pulse has a peak intensity
I, = 10" W/cm?, duration t, = 1 ns, and a Gaussian
beam profile with waist 16 pm (which is the radius of
the ion bunch at the LHC [54]). The energy of the laser
pulse is then about 80 mJ. The intensity /, and the duration
t, in the ion rest frame are 2.5 x 10'® W/cm? and 2 ps,
respectively. With the NHM effect, the nuclear excitation
probability by this laser pulse is calculated to be

7.4 x 107>, (Detailed formulas of calculating optical exci-
tation can be found in [27].) The depletion of the electronic
ground state is calculated to be negligible, because the
transition energy between the electronic ground and excited
states are far off resonance with the optical frequency w,.
Every bunch contains about 10® target ions at the LHC [54],
so the number of excited nuclei is about 7.4 x 10° per pulse
per bunch. These excited nuclei are expected to emit a
similar number of 2.329-keV x-ray photons within the
second following optical excitation, and these photons can
be detected and analyzed.

Alternatively, the experiment may be performed using a
combination of electron beam ion traps [55,56] and x-ray
free electron lasers (XFELs), as seen in previous studies
[57]. Let us consider the European XFEL, which can
produce 2.329-keV 100-fs x-ray pulses in bunches [58].
Each bunch, lasting 0.6 ms and comprising 2700 pulses, is
followed by a 100-ms gap before the next bunch. Given the
isomeric state’s half-life of 32 ms, considerably longer than
the bunch duration but shorter than the gap time, this
bunch-gap cycle naturally facilitates excitation and detec-
tion, repeating 10 times per second. With approximately
103 photons per pulse and an intensity exceeding
10'8 W/cm? [58], the nuclear excitation probability for
a single nucleus by one bunch is calculated to be approx-
imately 1073. Assuming a number of 100 ions irradiated by
the x-ray pulses, the excitation efficiency is approximately
one nucleus per ten bunches. Consequently, one decaying
photon datum would be anticipated every second (i.e.,
every ten gaps), with its decay time registered (time zero is
set at the end of each bunch). Detecting such decaying
photons would directly confirm the NHM effect, as the
excitation efficiency would be negligibly small without this
effect. With sufficient decaying-photon data collected over
experimental time along with decay-time information, the
isomeric state’s half-life could also be determined.
Moreover, future XFEL facilities like Linac Coherent
Light Source I (LCLS-II) [59] or Shanghai High
Repetition Rate XFEL and Extreme Light Facility
(SHINE) [60], designed to output 1 million pulses per
second, hold promise for enhancing data collection
efficiency.

Lastly, the bound internal conversion (BIC) process [61]
is worth mentioning. In this process, the excited nucleus
undergoes nonradiative decay by exciting an electron,
provided the energy mismatch between the transitions is
compensated by their respective widths, particularly the
width of the electronic excited state. However, in the >>Pb
ion, the natural width of the 2p;, state is only
1.4 x 107* eV, significantly smaller than the 27-eV mis-
match. Consequently, the excited nucleus decays radia-
tively without interference from BIC.

Conclusion.—In this Letter, we have uncovered a novel
nuclear system, extending beyond the scope of 2?°Th,
showcasing significant NHM effects. Our investigation
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into B-like 2°Pb ions reveals an extraordinary 4-orders-of-
magnitude decrease in the half-life of the nuclear isomeric
state—from 15 min to a mere 32 ms. Remarkably, the 2*Pb
nucleus features a transition energy of 2.329 keV, and non-
negligible NHM effect would not be expected from current
understanding of the community. The unexpected substan-
tial NHM effect in B-like 2%Pb ions is attributed to a
previously unexplored mechanism: the opening of a for-
bidden M1 channel by NHM. Notably, electronic excited
states are found to participate in the NHM process for the
first time. Our study represents a significant stride forward
in comprehending the NHM effect and opens up alternative
avenues for experimental verification and investigation.
This new understanding holds the potential for actively and
efficiently controlling atomic nuclei, particularly through
advanced light sources like intense lasers, synchrotron
radiations, and x-ray free electron lasers.
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