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Superradiance in alpha clustered mirror nuclei
Alexander Volya 1,2✉, Marina Barbui 2, Vladilen Z. Goldberg2 & Grigory V. Rogachev2,3,4

Resonances in unstable quantum systems are radiating states that despite decaying overall

normalization have a well-defined structure which is being balanced by outgoing radiation.

Such an interplay between outgoing wave and internal quantum many-body dynamics leads

to several unique effects. One of those is known as superradiance, or alignment, where due to

decay or virtual coupling to the continuum the states undergo restructuring so that their wave

functions align towards the decay channels thus facilitating the decay. This effect is well

understood theoretically and is closely related to the fundamental properties of reaction

physics. Direct observation of superradiance in open quantum many-body systems is difficult

because it is hard to find identical complex quantum systems that are different only in their

coupling to the continuum of reaction states describing the decay. Here we report this

phenomenon in alpha cluster decays of mirror nuclei 18O and 18Ne.
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The physics of open or unstable quantum many-body sys-
tems is at the frontier of modern science including broad
areas such as quantum information science, mesoscopic

physics, and biological systems. Atomic nuclei, being unique
natural self-bound quantum systems that drastically vary in size
and shape and exhibit phenomena covering quantum many-body
physics, relativity, chaos, and physics beyond the standard model,
offer a perfect arena for exploring the physics on the verge of
stability. Recent advancements in experimental techniques using
unstable radioactive beams and over a hundred years of devel-
opment of theoretical methods position nuclear physics at the
focal point.

The concept of an isolated quantum system is an idealization
that becomes problematic for unstable systems or once we
manipulate or carry out measurements. The dynamics of a rela-
tively long-lived quasi-stationary state in the most physically
relevant time interval is described by an exponential time-
dependence in the wave function expð�iEt � Γt=2Þ that can be
viewed as a complex energy state

E ¼ E � i
2
Γ: ð1Þ

This exponential dynamics reflects the time evolution of the
primary resonant component, the early-time evolution that
depends on the structure of the initial state, and the late-time
evolution once the principal resonant component decays are
different1–3.

Among many possible theoretical strategies the approach
where the time evolution of an open system is described with an
effective non-hermitian energy-dependent Hamiltonian operator
HðEÞ is the most convenient one because it naturally extends the
stationary state formalism used in many-body configuration
interaction techniques. The matrix element of HðEÞ operator is
written as

H12ðEÞ ¼ H12ðEÞ �
i
2

∑
cðopenÞ

Ac
1ðEÞAc�

2 ðEÞ; ð2Þ

where in similarity with the expression for the energy in Eq. (1),
H represents the hermitian part, and the remaining non-
hermitian part is given by energy-dependent channel vectors
for each open decay channel c. The non-hermitian energy-
dependent effective Hamiltonian (2) is a part of a many-body
propagator and the resulting approach is formally exact and
amounts to the Feshbach projection formalism4 that separates
Hilbert space into internal and external subspaces. The method is
closely connected to other strategies going back to old works5–8.
The non-hermitian energy-dependent effective Hamiltonian
approach is widely used in practice9–12 as it provides a rather
natural generalization of Eq. (1) and a good strategy for dis-
cussing the role of decay and its effects on the structure. In
particular, when the decay is slow and thus the decay widths are
small the non-hermitian part can be treated perturbatively.
Starting from a stationary solution H ψ

�
�
� ¼ E ψ

�
�
�

we recover
Eq. (1) as

E � hψjHjψi ¼ E � i
2
∑
c
Γc where Γc ¼ jhAcjψij2: ð3Þ

An interesting situation, referred to as superradiance, is
expected in the opposite limit when the non-hermitian part
becomes very large13. In that limit, due to the factorized nature of
the Hamiltonian operator in Eq. (2) the structure of resonant
states changes. Some states become more aligned along the
dominant channels and thus become superradiant, while others
decouple from the decay and become trapped. The term super-
radiance originates from the coherent radiation phenomenon by
gas atoms coupled through a common radiation field14–16 is well

known in quantum optics and has been observed in some atomic
systems, however, its manifestation in nuclear physics is not yet
clear17.

The structural effects due to system being open and unstable
are illusive because experimentally it is difficult to turn off the
decay or provide an identical system with a different level of
openness. In this work we use charge independence of nuclear
forces, also referred to as isospin symmetry. While this symmetry
is not exact, being primarily broken by the Coulomb interaction,
it is of a perturbative nature. Except for some special cases such as
near-degeneracy between levels, the isospin mixing in the wave
functions is at the level of a few percent. This means that struc-
turally the wave functions of the well-bound mirror systems are
nearly identical. The coupling of mirror systems to decay chan-
nels can, however, be extremely different. Different decay ener-
gies, and differences in the coulomb barrier, lead to very different
decay widths. Some structural differences are also expected in the
direct vicinity of the thresholds.

Results and discussion
Illustrative model. Let us illustrate the superradiance mechanism
using a simple two-level model18,19, this model has been realized
and studied experimentally, for example, using two interacting
resonances in a microwave cavity20. Consider two unperturbed
levels with spacing ϵ that interact with the off-diagonal interac-
tion v and the upper level is coupled to a continuum, thus has a
width Γ. The effective non-hermitian Hamiltonian for this system
has a matrix form

H ¼ ϵ� i
2 Γ v

v 0

� �

¼ H0 �
iΓ
2
AyA; where A ¼ 1

0

� �

:

ð4Þ
Here A is a channel vector. To simplify the model we assume that
being relatively far from the thresholds the energy dependence is
weak and the effective Hamiltonian does not change much in the
energy region of interest.

For a stable system, when Γ= 0, we recover a textbook problem
of a two-state system, where diagonalization gives energies of the
two states as

E1;2 ¼
1
2

ϵ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ϵ2 þ 4v2
p� �

; ð5Þ
and their wave functions expressed in this basis as two-
component eigenvectors. The spectroscopic factors (SF), deter-
mined by overlaps of eigenvectors with the channel vector, A are

SF1;2 ¼
1
2

1 ±
ϵ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ϵ2 þ 4v2
p

� �

: ð6Þ

In the general case, when a decaying system is described by non-
hermitian Hamiltonian in Eq. (4), the eigenvalues are complex
corresponding to resonances and their widths. These complex
energies are

E1;2 ¼
1
2

ϵ� i
2
Γ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ϵ� i
2
Γ

� �2

þ 4v2

s0

@

1

A: ð7Þ

The width of the states are Γ1;2 ¼ �2 Im E1;2

� �

; and the

spectroscopic factors are still equal to the magnitude squared of
overlaps of eigenvectors with the channel vector A. However, it
can be shown that

SF1;2 ¼ Γ1;2=Γ: ð8Þ
This exact expression is very convenient in practice as it allows to
determine spectroscopic factors based on observed widths and the
total channel strength given by the width Γ.
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It follows from Eq. (7) that as Γ increases and becomes very
large, the superradiant state E2 (solution with a minus sign)
absorbs all of the width, while the other state becomes decoupled
from decay, having nearly zero width. In Fig. 1a we show the
widths of the two states as a function of Γ.

The effect of structural alignment is highlighted by the changes
in the SFs. Given our choice of parameters with nearly maximal
level mixing (large v), initially, the two levels have nearly the same
SFs and about the same width, but when Γ becomes large one
state becomes superradiant. The SF of the superradiant state is
shown in Fig. 1b as a function of its width Γ2; as its width
increases, implying stronger continuum coupling, the state aligns
towards the decay channel and SF approaches the maximum
allowed value of 1. This simple, yet fundamental, model also
exemplifies the overlapping nature of resonances by relating level
spacing d ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ϵ2 þ 4v2
p

to the cumulative width Γ of the channel.
The transition to superradiance takes place when the real part of
the expression under the square root in Eq. (7) becomes zero, at
Γ= 2d, meaning that the resonances become overlapping.
Because there are only two levels the superradiant state spectro-
scopic factor (the larger one) is always greater than 0.5, which of
course is not the case in general.

Superradiance in 18O and 18Ne mirror nuclei. In realistic
situations the coupling to continuum, modeled above by Γ, is
primarily determined by the structure of the state in question and
the kinematics of the decay channel defined by the decay energy,
and Coulomb and centrifugal barriers (angular momentum).
Assessing the role of continuum in atomic nuclei is difficult
because there is no option of modifying the role of the continuum
(continuum coupling) by changing, for example, the strength of
Coulomb interaction or shifting the energy of the state in ques-
tion with respect to the Coulomb or centrifugal barriers. In this
sense, the structure of states in mirror nuclei provides a unique
perspective on the effects of different continuum coupling. The
wave functions for the analogous states in mirror nuclei are
expected to be nearly identical in bound state approximation due
to proton-neutron symmetry. On the other hand, coupling to the
continuum may be very different as a result of different electric
charges and energy above the respective decay threshold.

There are, of course, well-documented single particle differ-
ences related to continuum21, such as Nolen-Schiffer effect22.
Recent observations of extreme proton-rich nuclei23 address
some similar phenomena. However, strongly continuum-coupled
single-particle states often appear low in the spectrum where the
density of states is low. Such resonances are well described by the
particle plus potential model and are not intermixed with

many-body complexity. As a result, they do not allow for a good
assessment of the continuum effects on many-body wave
functions. On the other hand, single-particle strength in complex,
compound resonances, is extremely weak to draw any conclusion
about structural changes due to decay.

Clustering, being a many-body phenomenon, combined with
isospin symmetry is a perfect arena to explore the effects of the
continuum on the many-body structure. The connection between
clustering, continuum, and decay thresholds has been highlighted
long ago by Ikeda24. In mirror nuclei, the threshold for the decay
by alpha particles is different, therefore the observed widths of
mirror alpha cluster resonances should differ because of different
penetrability. The different widths should influence the interac-
tion with the continuum, and we expect differences in the
reduced widths (spectroscopic factors, preformation factors) of
alpha cluster states in mirror nuclei. Moreover, due to many-body
complexity, many channels with different angular momentum
can be present which results in many strongly clustered states
with different continuum coupling.

The development of rare isotope beam facilities propelled
experimental studies of alpha cluster structures, including mirror
nuclei25–27. However, going away from the N= Z line is more
challenging as additional nucleonic degrees of freedom compli-
cate the resonant spectrum and introduce new decay channels.
Here we report on a single case that we were able to find which
appears to be just right for this study. This is the case of 14C+ α28

and 14O+ α27 which allows to compare alpha resonances in
mirror nuclei 18O and 18Ne. The α particle decay thresholds are
6.23 MeV in 18O and 5.11 MeV in 18Ne; this and the difference in
the Coulomb barrier results in the difference in penetrability
factors. The levels with substantial reduced alpha width and thus
well coupled to alpha channels were observed in both
measurements27,28. These resonances are selected for a compara-
tive analysis in Table 1. For each pair of mirror states of a given
spin-parity in 18Ne and 18O the table includes excitation energy,
Eex; the observed total width Γtot; and the partial width for the
alpha channel Γα; with the remaining width being predominantly
in the single particle channel. The dimensionless reduced width,
θ2α, also listed in the table, represents the ratio of the α-reduced
width obtained from the R-matrix fit for each resonance to
the single particle limit (also called Wigner limit)27,29. Following
Eq. (8) we interpret it as the spectroscopic factor.

Comparative analysis of mirror data in Table 1 shows
remarkable evidence of superradiance: the spectroscopic factors
of mirror states are not equal and the states with larger alpha
partial widths also tend to have larger spectroscopic factors and
larger dimensional reduced widths. We emphasize, that given
isospin symmetry, one would expect these quantities to be

Fig. 1 Superradiance in the two-level model. a Widths of states in the two-level model as a function of continuum coupling Γ. The width of the
superradiant state Γ2 is shown by the solid black line, while the width of the continuum-decoupled state Γ1 is shown with a blue dashed line. The
parameters of the model ϵ= 0.1 and v= 1. Energy scale is defined by the level spacing d. The effect of superradiance is in that one state absorbs all of the
width, while the other state becomes trapped and its decay width goes to zero. b Spectroscopic factor of the superradiant state SF2 as a function of its
width Γ2. Sharp increase of the spectroscopic factor indicates a superradiant alignment.
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roughly the same since they represent a structural overlap of the
wave function with the channel, see Eqs. (6) and (8). The results
suggest superradiance shown in Fig. 1b where SF increases with
the width. Given the high excitation energy, the widths of these
broad states are comparable with the level spacing; thus, the
condition for superradiance is satisfied. The trapped states, being
nearly decoupled from the alpha channels, are difficult to see in
these experiments, however many states are known from other
studies. The number of channels, which for each partial wave are
differentiated by the number of nodes in the relative wave
function, is known; and general location in the excitation
spectrum and structure of the broad states, including which
channels they are coupled to is relatively well understood
theoretically from the quantum many-body configuration inter-
action calculations27. The existing theory, which commonly relies
on isospin symmetry, is not yet at the level of precision to give a
quantitative assessment of the observed realignment effects due
to decay.

The main feature of superradiance is that out of all states
coupled to a given channel one absorbs most of the width and the
other ones become trapped is seen in many alpha scattering
experiments where broad states saturating the Wigner limit have
been seen. Our study here makes a causal connection because
stronger alignment is found in faster decaying nucleus of the two
otherwise symmetric isospin partners.

In order to highlight the alignment effect associated with
superradiance, in Fig. 2 for each pair of mirror states, we plot the
ratio of spectroscopic factors as a function of the ratio of the
partial alpha decay widths. If the spectroscopic factors of mirror
states were the same then the ratio θ2α(Ne)/θ

2
α(O)= 1, this is

shown by the dashed line. Some deviations from unity can be
expected, however Fig. 2 shows that the spectroscopic factors are
correlated with the level of continuum coupling. Stronger
continuum coupling (thus larger width) implies a larger spectro-
scopic factor; so that if Γα(Ne)/Γα(O) > 1 then θ2α(Ne)/θ

2
α(O) > 1,

(area highlighted in red); and vice versa, weaker coupling implies
smaller spectroscopic factor (area highlighted in blue). Despite
the error bars and other limitations of the experiment, the

evidence for alignment is significant; out of 20 data points all, but
one, which is a very broad 0+ with large experimental
uncertainties, follow this trend. The likelihood of this occurring
by chance is small. This observation provides an interesting and
exciting hint for the superradiance in nuclear systems. Of course,
this observation should be scrutinized in future work. High
statistics measurements and R-matrix analysis that directly
includes other decay channels are necessary. It would also be
interesting to use different reactions, such as alpha-transfer, to
populate the cluster states and provide an independent measure
of the total width and branching ratios in mirror nuclei to verify
and benchmark current findings. Yet, our findings here may be
the clearest manifestation of the superradiance phenomenon in
nuclear physics to date.

Table 1 Mirror resonances in 18Ne and 18O.

18Ne 18O

Jπ Eex (MeV) Γtot (keV) Γα (keV) θ2α Eex (MeV) Γtot (keV) Γα (keV) θ2α

0+ 9.8 (3) 4200 4200 1.4 (6) 9.9 (1) 3200 3200 1.9 (5)
1− 9.13 (2) 990 390 0.22 (2) 9.19 (2) 220 200 0.20 (1)
1− 9.61 (2) 1640 1120 0.52 (5) 9.76 (2) 700 630 0.46 (4)
1− 10.56 (4) 380 320 0.11 (5) 10.8 (3) 690 630 0.29 (4)
1− 13.73 (1) 1200 780 0.2 (1) 14.3 (3) 900 400 0.10 (4)
2+ 9.21 (3) 540 270 0.21 (2) 9.79 (6) 170 90 0.10 (3)
2+ 10.8 (1) 1580 1350 0.55 (3) 12.21 (8) 1100 1000 0.37 (9)
2+ 13.4 (2) 1800 1750 0.45 (8) 12.8 (3) 4800 4800 1.56 (13)
3− 8.76 (8) 870 440 1.0 (4) 9.35 (2) 180 110 0.48 (13)
3− 11.0 (1) 1130 380 0.21 (7) 11.95 (1) 560 300 0.17 (2)
3− 12.7 (2) 2300 2000 0.7 (2) 12.98 (4) 1040 770 0.32 (5)
3− 14.8 (2) 5300 4000 1.0 (2) 14.0 (2) 2600 2100 0.7 (1)
4+ 13.3 (3) 870 850 0.37 (4) 13.46 (2) 540 210 0.12 (1)
4+ 14.15 (21) 620 380 0.14 (10) 14.77 (5) 680 680 0.28 (2)
5− 11.31 (4) 65 15 0.03 (2) 11.63 (1) 40 30 0.13 (1)
5− 12.9 (2) 670 530 0.48 (12) 13.08 (1) 180 120 0.17 (1)
5− 13.79 (8) 290 220 0.14 (10) 14.1 (1) 560 260 0.23 (2)
5− 14.6 (7) 1180 520 0.27 (20) 14.7 (1) 280 230 0.16 (6)
6+ 11.8 (2) 260 40 0.23 (7) 11.69 (5) 23 12 0.23 (1)
6+ 12.4 (2) 350 170 0.56 (26) 12.57 (1) 70 50 0.38 (8)

Summary of the resonance parameters observed in the elastic scattering of 14O on α, ref. 27 and 14C on α, ref. 28. Eex is the excitation energy of the state, Jπ indicates spin and parity, Γtot is the total width
of the state, Γα, is the partial alpha width, θ2α is the alpha dimensionless reduced width. The particle thresholds for alpha emission are 5.112 MeV for 18Ne and 6.227 MeV for 18O.

Fig. 2 Ratios of spectroscopic factors in mirror nuclei. For each pair of
mirror states the ratio of spectroscopic factors θ2α(Ne)/θ

2
α(O) is shown as a

function of the ratio of the observed alpha decay widths Γα(Ne)/Γα(O). The
dashed line shows θ2α(Ne)/θ

2
α(O)=1; points in highlighted areas support

superradiance. The error bars represent the uncertainties in the R-matrix fit
parameters.
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Conclusion
Studies of alpha clustering in mirror nuclei is a promising new
direction of research which among many benefits also allows to
explore the physics of open quantum many-body systems and
study how different decay rates reflected by the amplitude of the
outgoing wave influences the structure of the resonating state.
The first measurements of alpha clustering in mirror systems 18O
and 18Ne reported in recent experiments27,28 provide evidence for
superradiance where decaying states appear to gain additional
alignment towards decay channels due to their decay. Future
experiments and continuum shell model studies should allow for
a more in-depth and quantitative understanding of the
phenomenon.

Methods
Our findings are based on the results of two experiments27,28. The Thick Target
Inverse Kinematics technique (TTIK) was used to measure the excitation function
for the 14C + α elastic scattering at the Florida State University, John D. Fox
Superconducting Linear Accelerator facility. Though 14C is radioactive (T1/2 ≈ 5300
years), the long half-life gives a possibility to use the accumulated 14C material for
the acceleration, and the intensity of the 14C beam was high. Therefore, the
measurements28 have good counting statistics. The energy resolution is conven-
tional for the TTIK measurements (30 keV c.m. at large c.m. scattering angles but
gradually deteriorating toward smaller c.m. angles). The excitation functions were
analyzed using a multilevel, multichannel R-matrix code.

The 14O+ α excitation measurements were performed at the radioactive beam
facility (MARS) of the Cyclotron Institute at Texas A&M University30 at 14O beam
intensity of 104 pps. The reaction 14O+ α was also studied in inverse kinematics
using the TexAT active target31. The TexAT active target allows to have the same
energy resolution at all angles and separates elastic scattering from the inelastic one
(the last was important because of a lower decay threshold in 18Ne). The 14O+ α
excitation functions for elastic scattering were analyzed using the same R-matrix
code as in work by Avila et al.28 and the same channel radius was used in the fit.
Data26, where 14O+ α resonance elastic scattering excitation function was mea-
sured at 180∘ in c.m., was also used in the fit.

The spectroscopic factor is assessed relative to the Wigner single particle decay
width limit which is calculated as ℏ2/μa2, where μ is the reduced mass of the system
and a is a channel radius. The Wigner limit is evaluated27 assuming a channel
radius of a= 5.2 fm following the phenomenological approach29. The same
channel radius is used in the R-matrix fits for both the 18O and 18Ne nuclei. Since
coupling to the continuum is almost exclusively determined by barrier penetr-
ability, the channel radius and the exact method of its evaluation do not change our
discussion and conclusions.

Data availability
All data generated or analyzed during this study are included in this published article.
The excitation functions for 14C + α and 14O + α resonance scattering and the raw data
for the 14O + α experiment are available upon request.
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