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Feasibility of probing the NEEC
process using storage rings

Yi Yang, Yumiao Wang, Zhiguo Ma, Changbo Fu*, Wanbing He*
and Yugang Ma*

Key Laboratory of Nuclear Physics and lon-beam Application (MoE), Institute of Modern Physics, Fudan
University, Shanghai, China

One of the fundamental processes in nuclear physics is nuclear excitation by
electron capture (NEEC). Having been proposed theoretically for almost 50 years,
the experimental confirmation of NEEC is still missing, making it imperative to
validate this process. In this paper, we propose a new experimental method based
on the anti-coincidence principle to search for the long-anticipated NEEC
phenomenon, which involve heavy-ion storage rings. Our calculations indicate
that the proposed experimental setup, storage ring, have the potential to
surmount background noise, particularly Radiative Recombination (RR) and
Coulomb Excitation (CE), and offer a high likelihood of discovering the long-
awaited NEEC process.
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1 Introduction

The Nuclear Excitation by Electron Capture (NEEC) mechanism involves the capture of
an electron to an atomic shell or orbital, which result in the excitation of the atomic nucleus to
an excited state [1, 2]. The NEEC process is the reverse process of Internal Conversion (IC),
and is regarded as one of the most promising mechanisms for producing isomers for nuclear
clocks [3-7], as well as other fields such as medical treatment [8, 9], and nuclear batteries
[10-12]. Especially, clocks based on transitions in nuclear energy levels hold the potential for
greater accuracy than any existing clock, raising hopes for advancements in timekeeping
technology [3, 13-15]. One of promising isotope candidates for nuclear clocks is **"Th, which
has an excited state of around 8.35574 (3) eV [7]. However, a key challenge impeding the
realization of a nuclear clock is efficiently exciting a nucleus to its excited state. It is anticipated
that NEEC could provide a highly efficient approach to addressing this challenge. By
employing a monoenergetic electron beam, the production rate of some isomers can be
significantly enhanced, potentially by several orders of magnitude compared to photon beams.

The NEEC process is illustrated in Figure 1. An atom captures a free electron and
subsequently transfers the energy, which is the sum of the electron’s kinetic energy and the
binding energy of the electron to the atomic orbit, to the nucleus. As a result, the nucleus
becomes excited from its ground state to an isomeric state.

The first experimental evidence of NEEC about *”Mo was reported in 2018 [16].
However, subsequent studies by Guo et al. [17, 18] expressed reservations. Especially, the
theoretical results in Ref. [19] show nine orders of magnitude discrepancy with the
experimental excitation probability of 0.010 (3) in Ref. [16]. These works highlighted
concerns regarding a potential significant overestimation of the NEEC cross-section in their
experimental data analyses. A follow-up experiment conducted by Guo et al. [20] in the
subsequent year aimed to replicate the studies on **”Mo, but with significantly reduced
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FIGURE 1

The NEEC process illustrated schematically. On the left side is the atomic level of the system, represents the capture of a free electron by a charged
ion and transitioning to a bound state. On the right side is the nuclear level, where a nucleus initially in its ground state is excited to an excited state.
Subsequently, the nucleus undergoes de-excitation, and then emits a photon.

background noise. This subsequent experiment yielded a negative
outcome regarding the excitation of **”Mo via the NEEC
mechanism. Later, J. Rzadkiewicz propose a novel theoretical
approach describing the depletion of the **”Mo isomer, asserting
that the Compton profile must be considered in the analysis of the
NEEC-RT (NEEC in Resonant Transfer) process [21, 22]. As of now,
the exploration of the NEEC process remains ongoing.

In this study, we propose a detection scheme for observing the
NEEC process, employing anti-coincidence techniques to
suppress background noise, particularly arising from radiative
recombination (RR) and Coulomb Excitation (CE) processes. We
calculate the NEEC rates for various candidate nuclei. Our results
reveal a significant improvement in the signal-to-noise ratio
(SNR), thereby
proposed scheme.

underscoring the promise of our

This paper is structured as follows: Section 1 offers a succinct
overview of the historical context of NEEC research. Section 2
presents the theoretical formulas employed for calculating NEEC
cross-sections. In Section 3, an alternative approach for validating
NEEC using a cooling storage ring will be outlined. A concluding
summary will be provided at the end.

2 Theoretical formulas of the cross
sections for NEEC

As depicted in Figure 1, the NEEC process involves three states:
initial, intermediate, and final states. The initial state can be
described as comprising a free electron and a nucleus in its
ground state, but no photons present,
ie, [i) = |pms, I;M}, ng, = 0). The intermediate state is denoted
by |d) = |nlj, 14M,, ngs = 0), which refers to a state with an
electron captured in the orbital of nlj, a nucleus in its excited
state, and no photon involved as well. The final state can be
written as |f) = |nlj, [;Mp,ng, = 1), which stands for a state
with an electron captured in the orbital of nl, an unexcited
nucleus, and an emitted photon. #y, is the number of photons

with polarization of ¢ = +1 and wavenumber and direction of k.
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According to Fermi’s golden rule, the NEEC cross section for a
nucleus to capture a free electron with a kinetic energy E, may be
written as [23],

2”2 Ad—?in—vd
ONEEC = —5 ——
L

Ly (E, + Ey — AE), (1)
where p?c? = E?> —m2c* = E + 2E,m,c* denotes the momentum
term of a free electron. Since the NEEC is a resonant process, the
Lorentz resonance factor is essential [23],

Fd/le'

Ly(E, + E, — AE) = ,
a b= AF) (E. +E, - AE) + 112

)

with E;, representing the bound orbital energy of the electron, AE for
the energy difference between the excitation level and nonexcitation
level of a nucleus, and T'; for the excitation level width of the nucleus.
As the Lorentz profile is normalized to unity, the resonance strength

is introduced as,
27.[2 Ad—> f Yiﬂd
Sneec = 7 % (3)

As previously indicated, the NEEC process detection consists of two
steps, with Y'~4 and A%~/ representing the reaction rates for excitation
and de-excitation, respectively. The formulas of Y;"d and Af_’f can

also be found in Refs. [23, 24]. Given that the NEEC is inverse to the IC,
the excited level width T; in Eqs 1, 2 is determined by,
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Interaction zone

Proposed experimental layout for NEEC detection employing a storage ring. The NEEC process takes place in the interaction zone, where the ion
beam, circulating in the CSR, interacts with the electron beam. A photon detector array surrounds the interaction zone. lons excited through NEEC or RR
mechanisms are collected by a particle detector. Further details are provided in the main text.

where I}, I; and Iy are the spins of the states |i), |d) and |f), B is the
reduced transition probability, and p; the density of the initial
electronic states, respectively. Other parameters, including j, j,
and «, can be studied and extracted from the electron orbital nl;.
The NEEC transition rate Y, has two different types with Y (¢ for
electric transitions and Y™ for magnetic transitions. The radial
integrals involved here can be written as [24],

R = jo dr 7 (Fres (D) for (F) & Gy (Dgex (P)s - (8)

R = j:’dr P (Gogss (D fr () & Frasa (MGen (D))o (9)

where f(r) and g.(r) in the integrals are parts of the partial-wave
expansion of the continuum electronic wave function.

The calculation of NEEC cross sections requires knowledge of
the reduced nuclear transition probabilities B (AL, I; — 1) as
depicted in Eq. 5. Additionally, the electron’s wave function,
denoted as fy, (1) and  gu (r), is
calculations. In this study, the AMBIT code [25] was employed

essential for these
to compute the electron’s wave function; and experimental data for
the reduced nuclear transition probabilities B (AL, I; — I,
were utilized.

3 Proposed method for NEEC
experiment at storage ring

NEEC shares many characteristics with the resonant process
known as dielectronic recombination (DR), in which a free electron
is captured and a bound electron is simultaneously excited forming a
doubly excited state [26-38]. Instead of a bound electron, the
nucleus is excited to a higher level in NEEC. Regarding the
detection of NEEC, some researchers have discussed the
feasibility on EBIT. In Ref. [39], Jon Ringuette discussed a
method of triggering NEEC in **"Sb at TITAN-EBIT. In Ref.
[40], a modified EBIT configuration is described, featuring two
electron guns with different energy settings. A. Palfty et al. proposed
an experimental method for spatially separating photon emissions
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based on the differing time scales of RR and NEEC process, and
provided theoretical evidence that the resonance strength of NEEC
could be increased by introduce the fast electronic x-ray decay [41].
In the following, this paper will focus on the discussion of the
method applied at storage ring, based on the anti-coincidence
principle. And it is expected to benefit the NEEC detection
greatly by improving the SNR, as introduced in detail later.

An electron-ion interaction experiment is expected to make the
NEEC process observable. And a heavy ion storage ring provides an
ideal experimental environment, in which relatively long-lived
isomers interact with electron beams, similar to the DR
experiment [26, 27, 42].

The proposed setup is shown in Figure 2. The electron beam
interacts with the ion beam in the interaction zone, which is
surrounded by a photon detector array. A particle detector is
located downstream away from the main beam path.

Suppose the ions in the storage ring have charge states of g + and
energy of E;, and the energy of a cooling electron beam is E,. If the
NEEC processes take place, the implicated ion’s charge state then
changes from g + to (g — 1) +, causing the ion to deflect from its
normal orbit and hit the particle detector. For NEEC, the nucleus is
excited, A*@"", while for RR, the nucleus stays on its ground state,
A“™*, which normally emit photons immediately at interaction zone,
as shown in Figure 3. The main source of noise is that the nucleus A“™*
gets excited when it hits the particle detector due to some mechanisms,
such as CE. The main idea of the method based on anti-coincidence lies
in voting the events in which a photon with energy AE is detected in the
interaction zone. Because the photon is supposed to come from the RR
processes. And in this way, the SNR is expected to be improved.

In the experiment, the NEEC rate is dependent on the relative
energy between the electron beam and the ion beam. According to
the relativistic velocity formula, the collision energy (E) in the center
of mass coordinate (cm) can be written as,

E = y(E. - Bpec),

2PetPi
E.+E;

is the momentum of electron, p; is the momentum of ion, E, is the energy

where y = %ﬁz and = Vou/c, Von = € is the velocity of system, p,

of the electron in the laboratory coordinate system, and E; is the energy of

03 frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1410076

Yang et al. 10.3389/fphy.2024.1410076
A
*(q—-1)+
N\
Aq+ RR
M CE
NEEC event YNEEC
B
ATt E; 7 Al@-D+
-7"‘7 - Aq+
leaked yrg 4
RR-leak event YcE
FIGURE 3

Two types of events, (A) NEEC events and (B) RR-leak events. In NEEC event, the nucleus A is on its excited state, i.e., A¥@* For the RR process, the
nucleus A is on its ground state, i.e.,, A9V* The events, which are not vetoed by the photon detector array, and also produce CE signals at particle

detector, are noted as "RR-leak events”. Look the main text for details.

TABLE 1 Reaction rates of NEEC for some candidate isotopes. All isotopes are assumed to be bare nuclei, with electrons captured into their K-shell. The
initial state of the nuclei in all cases presented in this table is on their ground states.

HCls Life time of isomer (ns)  Transition type T4 (eV) Sheec (b-€V)  AE (keV) E. (keV) A (/s) SNR
ITi 200 E2 228 x 107 237 x 107 125.0 289 321x10° <01
v 900 E2 6.43 x 107" 7.20 x 107 108.0 265 132 x 10 <0.1
7iGa 31 M1 1.45 x 107 1.99 x 107 56.55 181 148 x 10 <0.1
7Kr 118 El 3.87 x 107 391 x 107 66.50 189 2.03 x 107 21
1Rk 26 El 1.29 x 10 356 x 107 74.78 186 143 x 107° 30
*Ag 161 E2 2.83 x 107 3.58 x 107* 107.2 230 6.66 x 107 <0.1
19Gd 276 El 1.28 x 107 2.89 x 107 67.83 124 143 x 107 17

the ion beam in the laboratory coordinate system. For a given energy
distribution function P(E), the reaction rate of NEEC can be expressed as,

Angsc = jdEaNEEc (E)P(E) j LOn(dr,  (10)

with the I(r) and n,(r) representing the ion flux density and the
electron density in the interaction zone, respectively.

As examples, some candidates for searching the NEEC process are
listed in Table 1. Seven different nuclei are chosen, including *'Ti, **V,
™Ga, ’Kr, "Rh, **Ag, and "*’Gd. The parameters used here are listed in
Table 2, which are typical experimental conditions for a storage ring.
And the NEEC rates for these nuclei are given with Eq. 10, in which the
NEEC cross sections are calculated following Eqs 1-9.

The primary source of background noise in NEEC arises from the
RR events in the interaction zone, as depicted in Figure 3. To address
this challenge, we propose employing an anti-coincidence method to
effectively discriminate between NEEC and RR events. Following the
bending magnet, ions A*““"V* originating from NEEC and A% "* from
RR are collected. The occurrence of NEEC is confirmed if photons
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yneec With energy E, = AE are detected at the particle detector.
Additionally, as illustrated in Figure 2, a photon detector is
strategically positioned around the interaction zone to detect RR
photons. Taking the anti-coincidence of RR photon signals with the
signals from the particle detectors, one will distinguish NEEC events
from the RR events, and then have much enhanced SNR,

Figure 3 gives a description of the source of noise, even though
we have voted the majority of the RR events. An NEEC event should
only be recorded when a photon with energy AE is detected at
particle detector, but no photon at interaction zone, as shown in
Figure 3A. However, an RR-leak event (b) behaves the same because
of the limited size and detection efficiency of the veto detector.
Obviously, the source of noise happens in the case when RR photon
leaks out and the nucleus gets excited at particle detector.

After exiting the storage ring, the isomers were decelerated by the
detector materials where they were brought to a complete stop. This
stopping process typically takes less than a few nanoseconds. Radiation
associated with this period, such as X-rays stemming from atomic
processes, bremsstrahlung photons, and most nuclear reaction

frontiersin.org
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TABLE 2 The input parameters utilized for estimating the NEEC rates in the
storage-ring scheme.

Parameters Design metrics

Electron current | 1 mA

Electron energy = (depending on E; and AE)

AEJE, @ 107"
Ion energy = 50 MeV/u

AE/E; 10
Electron beam radius = ~ 0.5 mm
Ton beam radius | ~ 0.5 mm

Number of Ions in CSRe | 107
Circumference of CSRe | 128 m

Length of cooling section | 4 m

products, dissipates at the time when the isomers are totally stopped.
Consequently, subsequent detection of isomer decays occurs in an
environment free from these backgrounds. Additionally, the gamma-
rays emitted from the A* decay are mono-energetic, facilitating the
identification of anticipated events.

Define the SNR to be,

pNEEC

SNR= ———————,
PRR*(l - ’1)*pCE

where Pyrrpc(Prr) is the possibility of the NEEC (RR) process in the
interaction zone, Pcp is for CE process in the particle detector and
17 > 99% is the detecting efficiency of photons. Taking '*Gd as an
example, Pyppe=2.5% 10°and Prg =1 — Pygpe ~ 1, and Pep < 1.4 X
107°. Taking these values, an SNR of higher than 17 is expected.
Noting that the RR cross section utilized in the calculation is
supported by the FAC (Flexible Atomic Code) program [43], and
the CE cross section is computed using the method outlined in Ref.
[44], as described in Equations II B. (37) — (38).

Several heavy ion storage rings can be used for this proposed
experiment. For example, there are storage rings at the IMP in Lanzhou,
China [45-47]. The facility has a main cooler storage ring (CSRm) as a
synchrotron, an experimental cooler storage ring (CSRe), a radioactive
beam line as fragment separator (RIBLL2), and several experimental
terminals. The heavy ions with energy of several MeV u™' delivered
from the cyclotron are first injected into the CSRm, cooled, and
accelerated to several hundred MeV u™ in the CSRm. Then the ions
are extracted and delivered to the CSRe. Isotopes with a relatively short
life time, which may benefit NEEC studies, can be generated and stored
in the ring. As an illustration, *Ga can be produced with reaction
75Ge (p,°He) *Ga and then sent to CSRe with an intensity of > 108, A
simulation, with the experimental assumption listed in Table 2,
demonstrates that the proposed setup allows for the observation of
NEEC events with rate of tens of events per day by taking the isomer
decay in the flight before being stopped in the particle detector.

It should be noted that a significant §E can potentially disrupt the
stability of ions within a CSR, consequently limiting the number of
orbits an ion can maintain within the CSR. The contradiction created by
the dual uses of electron beam energy to sustain the ion beam and
induce NEEC may have two potential solutions: either select a reaction
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system whose resonance energy is within the range to maintain the ion
beam, or optimize the experimental setup. HIAF [48] may offer a
workable solution: build two electron beams, one for cooling electrons
to preserve beam stability and the other for resonance electrons, which
can be applied to DR as well as NEEC experiments.

4 Summary

In this manuscript, we propose an anti-coincidence approach for
NEEC studies employing storage rings. Simulations of NEEC rates for
different candidate nuclei are conducted. With the adoption of
parameters deemed practically acceptable, our simulations
demonstrate that a high signal-to-noise ratio of approximately five
can be achieved for certain nuclei such as 77Kr, "“Rh and "Gd, as
detailed in Table 1. The execution of these suggested experiments holds
the potential to validate the presence of NEEC. Such advancements
would have far-reaching implications across various domains, including

nuclear astrophysics, nuclear clocks, nuclear medicine, and beyond.
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