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OUTLINE

− introduce a test bed for new quantum technologies: a macro-coherent atomic state

− how we accomplished coherence among 1013 atoms

⇒ rare-earth doped materials (Er:YSO, Er:YLF)
⇒ spectroscopic properties and coherence time

− macro-coherence in superfluorescence

⇒ pulsed emission dynamics
⇒ average intensity of the coherent emission

− applicability to elusive particles detection: axions, neutrinos
(quantum sensing in particle physics)
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EMISSION BY AN ENSEMBLE OF N EXCITED ATOMS
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(OSCILLATION AND AMPLIFICATION)

FLUORESCENCE

OCEM

PTEP 2012, 04D002 A. Fukumi et al.

Fig. 5. Cartoon of spontaneous emission from a body of target atoms.

Fig. 6. Cartoon of explosive PSR.

Appendix A. The upshot of this approach is to use bound or nearly free electron wave functions under
the influence of nuclear Coulomb potential for computation of atomic transition matrix elements, as
in the following discussions.

It is useful first to compare PSR to the related process of single-photon superradiance [14– 16],
or SR. We shall thus begin with some rudimentary discussions on SR. These two phenomena have
similarities and differences. Cartoons showing spontaneous emission and paired superradiance are
illustrated in Fig. 5 and Fig. 6. At a superficial level these cartoons may give an impression that PSR
is similar to SR, but the photon energy, the region of macro-coherence, and how they are realized are
all entirely different, as explained below.

2.1. Superradiance and extension to two-photon emission process
The most common de-excitation process for excited atoms as occurs in a dilute gas is the spontaneous
decay |e⟩ → |g⟩+ γ , which arises in the presence of a non-vanishing electric dipole (E1) transition
moment between two relevant levels, |e⟩ and |g⟩. The decay follows, as time t increases, the exponen-
tial law e−"t with a decay rate " whose inverse is a major portion of lifetime (the inverse lifetime is
given by a sum of rates over other de-excitation processes). The interaction Hamiltonian that appears
in the Fermi golden rule for the transition rate contains a product of the dipole matrix element and
the electric field E⃗ of the emitted photon: H = ⟨g|d⃗|e⟩ · E⃗ . The selection rule for this dipole-allowed
transition is the parity change and the angular momentum rule #J = ± 1, 0 (except for the strictly
forbidden J = 0→ 0 transition) between two states. A typical lifetime would be around 10 ns, tak-
ing an atomic energy difference of 1 eV and atomic size of 10−8 cm. Between the same parity states
the E1 transition is forbidden and the dominant process of radiative decay may be a weaker magnetic
dipole (M1) transition which is caused, for instance, by an atomic operator geS⃗ · B⃗/(2me), where S⃗
is the electron spin operator and B⃗ is the magnetic field of the emitted photon. The M1 decay rate is
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— stimulated emission
(O) coherent emission

— spontaneous emission
(O) incoherent emission
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Fig. 5. Cartoon of spontaneous emission from a body of target atoms.

Fig. 6. Cartoon of explosive PSR.

Appendix A. The upshot of this approach is to use bound or nearly free electron wave functions under
the influence of nuclear Coulomb potential for computation of atomic transition matrix elements, as
in the following discussions.

It is useful first to compare PSR to the related process of single-photon superradiance [14– 16],
or SR. We shall thus begin with some rudimentary discussions on SR. These two phenomena have
similarities and differences. Cartoons showing spontaneous emission and paired superradiance are
illustrated in Fig. 5 and Fig. 6. At a superficial level these cartoons may give an impression that PSR
is similar to SR, but the photon energy, the region of macro-coherence, and how they are realized are
all entirely different, as explained below.

2.1. Superradiance and extension to two-photon emission process
The most common de-excitation process for excited atoms as occurs in a dilute gas is the spontaneous
decay |e⟩ → |g⟩+ γ , which arises in the presence of a non-vanishing electric dipole (E1) transition
moment between two relevant levels, |e⟩ and |g⟩. The decay follows, as time t increases, the exponen-
tial law e−"t with a decay rate " whose inverse is a major portion of lifetime (the inverse lifetime is
given by a sum of rates over other de-excitation processes). The interaction Hamiltonian that appears
in the Fermi golden rule for the transition rate contains a product of the dipole matrix element and
the electric field E⃗ of the emitted photon: H = ⟨g|d⃗|e⟩ · E⃗ . The selection rule for this dipole-allowed
transition is the parity change and the angular momentum rule #J = ± 1, 0 (except for the strictly
forbidden J = 0→ 0 transition) between two states. A typical lifetime would be around 10 ns, tak-
ing an atomic energy difference of 1 eV and atomic size of 10−8 cm. Between the same parity states
the E1 transition is forbidden and the dominant process of radiative decay may be a weaker magnetic
dipole (M1) transition which is caused, for instance, by an atomic operator geS⃗ · B⃗/(2me), where S⃗
is the electron spin operator and B⃗ is the magnetic field of the emitted photon. The M1 decay rate is
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Fig. 5. Cartoon of spontaneous emission from a body of target atoms.

Fig. 6. Cartoon of explosive PSR.

Appendix A. The upshot of this approach is to use bound or nearly free electron wave functions under
the influence of nuclear Coulomb potential for computation of atomic transition matrix elements, as
in the following discussions.

It is useful first to compare PSR to the related process of single-photon superradiance [14– 16],
or SR. We shall thus begin with some rudimentary discussions on SR. These two phenomena have
similarities and differences. Cartoons showing spontaneous emission and paired superradiance are
illustrated in Fig. 5 and Fig. 6. At a superficial level these cartoons may give an impression that PSR
is similar to SR, but the photon energy, the region of macro-coherence, and how they are realized are
all entirely different, as explained below.

2.1. Superradiance and extension to two-photon emission process
The most common de-excitation process for excited atoms as occurs in a dilute gas is the spontaneous
decay |e⟩ → |g⟩+ γ , which arises in the presence of a non-vanishing electric dipole (E1) transition
moment between two relevant levels, |e⟩ and |g⟩. The decay follows, as time t increases, the exponen-
tial law e−"t with a decay rate " whose inverse is a major portion of lifetime (the inverse lifetime is
given by a sum of rates over other de-excitation processes). The interaction Hamiltonian that appears
in the Fermi golden rule for the transition rate contains a product of the dipole matrix element and
the electric field E⃗ of the emitted photon: H = ⟨g|d⃗|e⟩ · E⃗ . The selection rule for this dipole-allowed
transition is the parity change and the angular momentum rule #J = ± 1, 0 (except for the strictly
forbidden J = 0→ 0 transition) between two states. A typical lifetime would be around 10 ns, tak-
ing an atomic energy difference of 1 eV and atomic size of 10−8 cm. Between the same parity states
the E1 transition is forbidden and the dominant process of radiative decay may be a weaker magnetic
dipole (M1) transition which is caused, for instance, by an atomic operator geS⃗ · B⃗/(2me), where S⃗
is the electron spin operator and B⃗ is the magnetic field of the emitted photon. The M1 decay rate is
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— stimulated emission
(O) coherent emission

— macro-dipole formation
(O) pulsed coherent emission

— spontaneous emission
(O) incoherent emission

I

time

I

time

I = I0 exp(�t/⌧0)
<latexit sha1_base64="SU6UWFzZ8ZCghWgCNdJuwtmRKIA=">AAAB/XicbVDJSgNBEO1xjXEbl5uXwSDEg7FHBT0oBLyYWwSzQGYYejqdpEnPQneNGIfgr3jxoIhX/8Obf2MnmYMmPih4vFdFVT0/FlwBxt/G3PzC4tJybiW/ura+sWlubddVlEjKajQSkWz6RDHBQ1YDDoI1Y8lI4AvW8PvXI79xz6TiUXgHg5i5AemGvMMpAS155m7lquJhhz3ExSM4doAkHj70zAIu4TGsWWJnpIAyVD3zy2lHNAlYCFQQpVo2jsFNiQROBRvmnUSxmNA+6bKWpiEJmHLT8fVD60ArbasTSV0hWGP190RKAqUGga87AwI9Ne2NxP+8VgKdCzflYZwAC+lkUScRFkTWKAqrzSWjIAaaECq5vtWiPSIJBR1YXodgT788S+onJfu0hG/PCuXLLI4c2kP7qIhsdI7K6AZVUQ1R9Iie0St6M56MF+Pd+Ji0zhnZzA76A+PzB0ewk8w=</latexit>

It / N
<latexit sha1_base64="lH9N3TJNDNa6O7n7l6IGWCqG8Kc=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJaliW3BRcKMbqWAf0A4lk6ZtaGYSk0yhDP0ONy4UcevHuPNvzLQVVPTAhcM593LvPYES3FiEPryl5ZXVtfXMRnZza3tnN7e33zAy1pTVqRRStwJimOARq1tuBWspzUgYCNYMRpep3xwzbbiM7uxEMT8kg4j3OSXWSf5118KO0lJZCW+6uTwqIIQwxjAluHSOHKlUykVchji1HPJggVo3997pSRqHLLJUEGPaGCnrJ0RbTgWbZjuxYYrQERmwtqMRCZnxk9nRU3jslB7sS+0qsnCmfp9ISGjMJAxcZ0js0Pz2UvEvrx3bftlPeKRiyyI6X9SPBXQvpgnAHteMWjFxhFDN3a2QDokm1Lqcsi6Er0/h/6RRLODTAro9y1cvFnFkwCE4AicAgxKogitQA3VAwT14AE/g2Rt7j96L9zpvXfIWMwfgB7y3T2WYkdg=</latexit>

It / N2
<latexit sha1_base64="Ksf2nB49p2S/+poq/QSSsDvC2RQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5JUsa2rghvdSAX7gHYcMmmmDc08SDJCHfolblwo4tZPceffmGkrqOiBC4dz7uXee7xYcKUR+rByS8srq2v59cLG5tZ20d7ZbasokZS1aCQi2fWIYoKHrKW5FqwbS0YCT7CONz7P/M4dk4pH4Y2exMwJyDDkPqdEG8m1i5euhv1YRrGO4NVtxbVLqIwQwhjDjODqKTKkXq9VcA3izDIogQWarv3eH0Q0CVioqSBK9TCKtZMSqTkVbFroJ4rFhI7JkPUMDUnAlJPODp/CQ6MMoB9JU6GGM/X7REoCpSaBZzoDokfqt5eJf3m9RPs1J+VhnGgW0vkiPxHQPJmlAAdcMqrFxBBCJTe3QjoiklBtsiqYEL4+hf+TdqWMj8vo+qTUOFvEkQf74AAcAQyqoAEuQBO0AAUJeABP4Nm6tx6tF+t13pqzFjN74Aest08KvZKr</latexit>It / N

<latexit sha1_base64="lH9N3TJNDNa6O7n7l6IGWCqG8Kc=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJaliW3BRcKMbqWAf0A4lk6ZtaGYSk0yhDP0ONy4UcevHuPNvzLQVVPTAhcM593LvPYES3FiEPryl5ZXVtfXMRnZza3tnN7e33zAy1pTVqRRStwJimOARq1tuBWspzUgYCNYMRpep3xwzbbiM7uxEMT8kg4j3OSXWSf5118KO0lJZCW+6uTwqIIQwxjAluHSOHKlUykVchji1HPJggVo3997pSRqHLLJUEGPaGCnrJ0RbTgWbZjuxYYrQERmwtqMRCZnxk9nRU3jslB7sS+0qsnCmfp9ISGjMJAxcZ0js0Pz2UvEvrx3bftlPeKRiyyI6X9SPBXQvpgnAHteMWjFxhFDN3a2QDokm1Lqcsi6Er0/h/6RRLODTAro9y1cvFnFkwCE4AicAgxKogitQA3VAwT14AE/g2Rt7j96L9zpvXfIWMwfgB7y3T2WYkdg=</latexit>

I(t) = 4P sech2

✓
t � td
2⌧R

◆

<latexit sha1_base64="2JQaW5kjnqCtzZfK6YKzUnPytEM="></latexit>

I

time

P

td
<latexit sha1_base64="eRCil6yzd9uiH1IPsSrNTj+2F/I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBi8eK1hbaUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCajhUijeQoGSd1LNaRxI3g5GN1O//cS1EYl6wHHK/ZgOlIgEo2ile+yH/WrNrbszkGXiFaQGBZr96lcvTFgWc4VMUmO6npuin1ONgkk+qfQyw1PKRnTAu5YqGnPj57NTJ+TEKiGJEm1LIZmpvydyGhszjgPbGVMcmkVvKv7ndTOMrv1cqDRDrth8UZRJggmZ/k1CoTlDObaEMi3srYQNqaYMbToVG4K3+PIyeTyre+d19+6i1rgs4ijDERzDKXhwBQ24hSa0gMEAnuEV3hzpvDjvzse8teQUM4fwB87nD0/yjcU=</latexit>

⌧R = ⌧0/N
<latexit sha1_base64="Gcy6dwyhIABylAf24yRYIp1Tzt8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCqzhpa7WgUHDjSqrYB7QhTKaTdujkwcxEqKFf4saFIm79FHf+jUlaiq8Dl3s4517mznFCzqRC6FPLLS2vrK7l1wsbm1vbRX1nty2DSBDaIgEPRNfBknLm05ZiitNuKCj2HE47zvgy9Tv3VEgW+HdqElLLw0OfuYxglUi2XuwrHNm3F1lDx9e2XkIGMsvopAaRUSmbZq0OTQNlWJASmKNp6x/9QUAij/qKcCxlz0ShsmIsFCOcTgv9SNIQkzEe0l5CfexRacXZ4VN4mCgD6AYiKV/BTP2+EWNPyonnJJMeViP520vF/7xepNwzK2Z+GCnqk9lDbsShCmCaAhwwQYnik4RgIlhyKyQjLDBRSVaFLIR6itrfvy9Iu2yYFaN6Uy01zudx5ME+OABHwASnoAGuQBO0AAEReATP4EV70J60V+1tNprT5jt74Ae09y8gwpLe</latexit>

SUPERRADIANCE
R. Dicke (1954)

— initial moment
(O) pulsed coherent emission
It / N2

<latexit sha1_base64="Ksf2nB49p2S/+poq/QSSsDvC2RQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5JUsa2rghvdSAX7gHYcMmmmDc08SDJCHfolblwo4tZPceffmGkrqOiBC4dz7uXee7xYcKUR+rByS8srq2v59cLG5tZ20d7ZbasokZS1aCQi2fWIYoKHrKW5FqwbS0YCT7CONz7P/M4dk4pH4Y2exMwJyDDkPqdEG8m1i5euhv1YRrGO4NVtxbVLqIwQwhjDjODqKTKkXq9VcA3izDIogQWarv3eH0Q0CVioqSBK9TCKtZMSqTkVbFroJ4rFhI7JkPUMDUnAlJPODp/CQ6MMoB9JU6GGM/X7REoCpSaBZzoDokfqt5eJf3m9RPs1J+VhnGgW0vkiPxHQPJmlAAdcMqrFxBBCJTe3QjoiklBtsiqYEL4+hf+TdqWMj8vo+qTUOFvEkQf74AAcAQyqoAEuQBO0AAUJeABP4Nm6tx6tF+t13pqzFjN74Aest08KvZKr</latexit>

I(t) = 4P sech2

✓
t � td
2⌧R

◆

<latexit sha1_base64="2JQaW5kjnqCtzZfK6YKzUnPytEM="></latexit>

I

time

P

td
<latexit sha1_base64="eRCil6yzd9uiH1IPsSrNTj+2F/I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBi8eK1hbaUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCajhUijeQoGSd1LNaRxI3g5GN1O//cS1EYl6wHHK/ZgOlIgEo2ile+yH/WrNrbszkGXiFaQGBZr96lcvTFgWc4VMUmO6npuin1ONgkk+qfQyw1PKRnTAu5YqGnPj57NTJ+TEKiGJEm1LIZmpvydyGhszjgPbGVMcmkVvKv7ndTOMrv1cqDRDrth8UZRJggmZ/k1CoTlDObaEMi3srYQNqaYMbToVG4K3+PIyeTyre+d19+6i1rgs4ijDERzDKXhwBQ24hSa0gMEAnuEV3hzpvDjvzse8teQUM4fwB87nD0/yjcU=</latexit>

⌧R = ⌧0/N
<latexit sha1_base64="Gcy6dwyhIABylAf24yRYIp1Tzt8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCqzhpa7WgUHDjSqrYB7QhTKaTdujkwcxEqKFf4saFIm79FHf+jUlaiq8Dl3s4517mznFCzqRC6FPLLS2vrK7l1wsbm1vbRX1nty2DSBDaIgEPRNfBknLm05ZiitNuKCj2HE47zvgy9Tv3VEgW+HdqElLLw0OfuYxglUi2XuwrHNm3F1lDx9e2XkIGMsvopAaRUSmbZq0OTQNlWJASmKNp6x/9QUAij/qKcCxlz0ShsmIsFCOcTgv9SNIQkzEe0l5CfexRacXZ4VN4mCgD6AYiKV/BTP2+EWNPyonnJJMeViP520vF/7xepNwzK2Z+GCnqk9lDbsShCmCaAhwwQYnik4RgIlhyKyQjLDBRSVaFLIR6itrfvy9Iu2yYFaN6Uy01zudx5ME+OABHwASnoAGuQBO0AAEReATP4EV70J60V+1tNprT5jt74Ae09y8gwpLe</latexit>

www.sciencemag.org    SCIENCE    VOL 325    18 SEPTEMBER 2009 1511

PERSPECTIVES

emitters). This is made possible by condi-
tioned preparation of the initial atomic states 
(see the fi gure, panel A) ( 4,  5).

With the large sample, however, it is not 
so clear why the emitted photon should go 
in the same direction as the exciting photon 
given that there is no antenna dipole asso-
ciated with the atoms (see the fi gure, panel 
B). One atom is excited, but we do not know 
which one. The answer is associated with tim-
ing: The atoms at the front of the sample are 
excited fi rst and those at the back, last ( 4,  5). 
These excitations appear as spatial phase fac-

tors. It is this timing that yields directional-
ity in the emitted radiation. Without the timed 
excitation, the radiation will be substantially 
trapped in the gas ( 11).

In particular, in the conditioned excita-
tion case, the decay rate continues to be pro-
portional to the number of atoms; but it also 
involves the diffraction factor (λ/R)2, where 
R is the radius of the sample. This is the case 
for gas clouds that are large compared with 
λ but small compared with the size of the 
radiation pulse length L

p
. However, when 

R > L
p
, the coupled atom-radiation system 

shows absorption-emission oscillations 
(see the fi gure, panel C) that are similar to 
those observed in cavity QED ( 13), where 
the Rabi oscillation frequency is determined 
by the volume of the cavity and the number 
of photons in the cavity. In the present case, 
the oscillation frequency is determined by 
the volume of the cloud and the number of 
atoms ( 14). This surprising result is indeed a 
new kind of cavity QED.

Another fascinating aspect of single-pho-
ton superradiance is the collective N-atom 
Lamb shift, which is due to the rapid emission 
and reabsorption of (virtual) photons ( 10– 12). 
As the decay rate is enhanced by collective 
emission, so too is the frequency shift asso-
ciated with the virtual photons. Furthermore, 
the virtual photons dramatically change the 
evolution of trapped states ( 11). They provide 
new decay channels, which ultimately result 
in a slow decay of the otherwise trapped state. 
However, for the rapidly decaying states, these 
virtual processes are relatively unimportant 
( 11). In such a case, virtual photons excite 
other states with only a relatively small prob-
ability, depending on the size of the atomic 
cloud. In addition, the essentially new many-
particle Lamb shift is not divergent. That is, 
the usual single-atom Lamb shift calculations 
involve infi nities, high-frequency cutoffs, and 
so forth. However, in the many-atom version, 
the most interesting physics comes from this 
“infi nity-free QED.”

A single photon stored in a large cloud of 
atoms provides new insights into the radia-
tion physics of single-photon superradiance, 
virtual photons, and more. The single-photon 
states also have potential for application to 
quantum informatics. 
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Collective action. (A) Conditioned excitation prepares the timed uniform state in three logical steps ( 4): (i) 
Consider a pair of short single-photon pulses produced by a down converter (which absorbs one “blue” pho-
ton and emits two lower-energy “red” photons). A count in detector D

2
 ensures that a photon of wave vector 

~k
0
 is entering the atomic cloud at some time t

0
. (ii) The atoms are detuned from resonance by an amount ∆ 

so that the excitation probability is weak and every atom is equally likely to be excited but at different times, 
depending on its position. (iii) Most of the time the photon will pass through the gas, and a count is registered 
in the “perfect” detector D

1
; lack of a count tells us one atom is excited, but we don’t know which one. Then, 

conditioned on a count in D
2
, but not in D

1
, the detuning ∆ is switched to zero. The atoms are now resonant 

with k
0
 and emit spontaneously. (B) For a large atomic sample, the conditioned preparation depicted in (A) 

results in a radiation pattern that is strongly peaked in the k
0
 direction. To a good approximation, the timed 

excitation yields emission speedup, which is proportional to the number of atoms and the solid diffraction 
angle given by the squared ratio of the wavelength to the sample size. Evolution of the single-photon timed 
state in the large sample has much in common with evolution of the symmetric state for a small atomic cloud. 
(C) For a very large cloud, the photon is reabsorbed and reemitted many times and the atomic state oscillates 
with a frequency that goes as √N. This is to be compared to the cavity QED scenario ( 13) in which an atom is 
cycled between the ground and excited states with a frequency which goes as √n, where n is the number of 
photons in the cavity. P is the probability that the atom is excited. 10.1126/science.1176695
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independent atoms correlated atoms

as the coherent region is limited 
by the emission wavelength (~1 μm) 

 → N < 108 (for 1020 cm-3) 

  N can reach the Avogadro number
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MACROCOHERENCE/
SUPERFLUORESCENCE

PTEP 2012, 04D002 A. Fukumi et al.

Fig. 5. Cartoon of spontaneous emission from a body of target atoms.

Fig. 6. Cartoon of explosive PSR.

Appendix A. The upshot of this approach is to use bound or nearly free electron wave functions under
the influence of nuclear Coulomb potential for computation of atomic transition matrix elements, as
in the following discussions.

It is useful first to compare PSR to the related process of single-photon superradiance [14– 16],
or SR. We shall thus begin with some rudimentary discussions on SR. These two phenomena have
similarities and differences. Cartoons showing spontaneous emission and paired superradiance are
illustrated in Fig. 5 and Fig. 6. At a superficial level these cartoons may give an impression that PSR
is similar to SR, but the photon energy, the region of macro-coherence, and how they are realized are
all entirely different, as explained below.

2.1. Superradiance and extension to two-photon emission process
The most common de-excitation process for excited atoms as occurs in a dilute gas is the spontaneous
decay |e⟩ → |g⟩+ γ , which arises in the presence of a non-vanishing electric dipole (E1) transition
moment between two relevant levels, |e⟩ and |g⟩. The decay follows, as time t increases, the exponen-
tial law e−"t with a decay rate " whose inverse is a major portion of lifetime (the inverse lifetime is
given by a sum of rates over other de-excitation processes). The interaction Hamiltonian that appears
in the Fermi golden rule for the transition rate contains a product of the dipole matrix element and
the electric field E⃗ of the emitted photon: H = ⟨g|d⃗|e⟩ · E⃗ . The selection rule for this dipole-allowed
transition is the parity change and the angular momentum rule #J = ± 1, 0 (except for the strictly
forbidden J = 0→ 0 transition) between two states. A typical lifetime would be around 10 ns, tak-
ing an atomic energy difference of 1 eV and atomic size of 10−8 cm. Between the same parity states
the E1 transition is forbidden and the dominant process of radiative decay may be a weaker magnetic
dipole (M1) transition which is caused, for instance, by an atomic operator geS⃗ · B⃗/(2me), where S⃗
is the electron spin operator and B⃗ is the magnetic field of the emitted photon. The M1 decay rate is
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REQUIREMENTS

Superfluorescence, which is the signature of macrocoherence, is
observed when other interactions (collisions, thermal noise, . . . )
do not influence the phase of identical atoms during emission

τR < T?2 , T?2 = 1
πΓinh

(Γinh inhomogeneous linewidth)

τE < τc < τR < T2,T?2 with τE = L/c (L sample length)

⇒ Long coherence time T2:
The coherence time T2 is defined as the time during which a single atom
keeps its state unperturbed both in terms of energy level and transition
dipole phase. T2 = 1

πΓh
, with Γh the homogeneous linewidth.

⇒ Identical emitters:
To phase-lock, the oscillators must have similar frequencies ∆φ = ∆ωt.
T?2 = 1

πΓinh
, with Γinh the inhomogeneous linewidth.
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Rare Earth (RE)-doped materials (laser crystals, scintillators, quantum computing etc. . . )
Re3+=[Xe]4fn (trivalent) with [Xe]=1s22s22p63s23p63d104s24p64d105s25p6

4f electrons:
− their wavefunctions are compressed by the 5s25p6 outer
orbitals of the Xe configuration
→ they are shielded from the environment

⇒when doped into solid matrices, the crystal field is
treated as a perturbation
⇒when T . 4 K longest coherence times are observed
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Re3+=[Xe]4fn (trivalent) with [Xe]=1s22s22p63s23p63d104s24p64d105s25p6

1.2. Line broadening and vibronic side bands 19

Figure 1.2: Scheme of the energy levels splitting due to the different types of interactions. [9].

to the energy level splitting is summarized.
The influence of crystal-field and, more generally, the coupling with the crystal envi-

ronment, is much stronger for the 5d energy levels than for the 4f ones. As a consequence,
the crystal field interaction cannot be treated as a perturbation term and the previuos es-
timations can be applied only to 4fn levels. In spite of this, from experimentally estimated
parameters by Dorenbos [10] it is possible to predict the 5d energy levels for the twelve
Lantanides in hundreds of different host materials with an accuracy of ± 600 cm�1.

1.2. Line broadening and vibronic side bands

The several factors that determine the linewidth and the line profile of absorption and
fluorescence of optically active centers can be divided into two types: homogeneous and
inhomogeneous. The former broadens the line of each atom in the same way and the
line profile is generally close to a Lorentzian function, whereas the latter distributes the
resonance frequencies of the atom over a given band and the line profile is close to a
Gaussian function [2, 11].

Highly disordered crystalline structure can be an important inhomogeneous factor,
especially at low temperature: each rare earth ion experiences a quite different local en-
vironment which influences the energy of the ion level. As a consequence, inhomogeneous
linewidth as large as 100 cm�1 may be occur. For the same reason, the narrowest lines

=1.24 eV 4f electrons:
− their wavefunctions are compressed by the 5s25p6

outer orbitals of the Xe configuration
→ they are shielded from the environment

⇒when doped into solid matrices, the crystal field
is treated as a perturbation
⇒when T . 4 K longest coherence times are
observed
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MACRO-COHERENCE IN OUR LAB

A macroscopic dipole involving N = 4× 1012 atoms,
whose decay rate is enhanced by more than 1-million times

compared to τ0 (spontaneous emission, independently emitting atoms)

C. Braggio et al., Spontaneous formation of a macroscopically extended coherent state arXiv:1909.00999 (2019)
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the cryogenically cooled crystal

− T ∼ 1.6 K

− 4× 5× 6.2 mm3-volume Er:YSO

− 0.1%→ Er3+ ions at ∼ 5 nm relative
distance (∼ 1019 ions/cm3)

− pencil-shaped sample (L < ω0 � λ)
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the EXCITED ATOMS ensemble

− incoherently excited (phononic steps)

− CW pump laser Ti:Sa stabilized ring
cavity, 10 MHz linewidth

− steady-state population inversion
between |e〉 (4I13/2, τ0 = 15 ± 0.1 ms)
and |g〉 4I15/2

~1
60

0 
nm

~8
09

 n
m

4I9/2
4I11/2

4I13/2

En
er

gy
 [1

03 
 cm

-1
]

0

2

4

6

8

10

12

4I15/2

15
35

15
55

15
59

15
45

16
40

16
57

16
66

15
76



Macro-coherence RE SF in Er:YSO axion detection backup slides

the excited atoms ensemble

− incoherently excited (phononic steps)

− CW pump laser Ti:Sa stabilized ring
cavity, 10 MHz linewidth

− steady-state population inversion
between |e〉 (4I13/2, τ0 = 15 ± 0.1 ms)
and |g〉 4I15/2
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PULSED EMISSION DYNAMICS

MACROCOHERENCE/
SUPERFLUORESCENCE

PTEP 2012, 04D002 A. Fukumi et al.

Fig. 5. Cartoon of spontaneous emission from a body of target atoms.

Fig. 6. Cartoon of explosive PSR.

Appendix A. The upshot of this approach is to use bound or nearly free electron wave functions under
the influence of nuclear Coulomb potential for computation of atomic transition matrix elements, as
in the following discussions.

It is useful first to compare PSR to the related process of single-photon superradiance [14– 16],
or SR. We shall thus begin with some rudimentary discussions on SR. These two phenomena have
similarities and differences. Cartoons showing spontaneous emission and paired superradiance are
illustrated in Fig. 5 and Fig. 6. At a superficial level these cartoons may give an impression that PSR
is similar to SR, but the photon energy, the region of macro-coherence, and how they are realized are
all entirely different, as explained below.

2.1. Superradiance and extension to two-photon emission process
The most common de-excitation process for excited atoms as occurs in a dilute gas is the spontaneous
decay |e⟩ → |g⟩+ γ , which arises in the presence of a non-vanishing electric dipole (E1) transition
moment between two relevant levels, |e⟩ and |g⟩. The decay follows, as time t increases, the exponen-
tial law e−"t with a decay rate " whose inverse is a major portion of lifetime (the inverse lifetime is
given by a sum of rates over other de-excitation processes). The interaction Hamiltonian that appears
in the Fermi golden rule for the transition rate contains a product of the dipole matrix element and
the electric field E⃗ of the emitted photon: H = ⟨g|d⃗|e⟩ · E⃗ . The selection rule for this dipole-allowed
transition is the parity change and the angular momentum rule #J = ± 1, 0 (except for the strictly
forbidden J = 0→ 0 transition) between two states. A typical lifetime would be around 10 ns, tak-
ing an atomic energy difference of 1 eV and atomic size of 10−8 cm. Between the same parity states
the E1 transition is forbidden and the dominant process of radiative decay may be a weaker magnetic
dipole (M1) transition which is caused, for instance, by an atomic operator geS⃗ · B⃗/(2me), where S⃗
is the electron spin operator and B⃗ is the magnetic field of the emitted photon. The M1 decay rate is
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PULSED EMISSION DYNAMICS

MACROCOHERENCE/
SUPERFLUORESCENCE

PTEP 2012, 04D002 A. Fukumi et al.

Fig. 5. Cartoon of spontaneous emission from a body of target atoms.

Fig. 6. Cartoon of explosive PSR.

Appendix A. The upshot of this approach is to use bound or nearly free electron wave functions under
the influence of nuclear Coulomb potential for computation of atomic transition matrix elements, as
in the following discussions.

It is useful first to compare PSR to the related process of single-photon superradiance [14– 16],
or SR. We shall thus begin with some rudimentary discussions on SR. These two phenomena have
similarities and differences. Cartoons showing spontaneous emission and paired superradiance are
illustrated in Fig. 5 and Fig. 6. At a superficial level these cartoons may give an impression that PSR
is similar to SR, but the photon energy, the region of macro-coherence, and how they are realized are
all entirely different, as explained below.

2.1. Superradiance and extension to two-photon emission process
The most common de-excitation process for excited atoms as occurs in a dilute gas is the spontaneous
decay |e⟩ → |g⟩+ γ , which arises in the presence of a non-vanishing electric dipole (E1) transition
moment between two relevant levels, |e⟩ and |g⟩. The decay follows, as time t increases, the exponen-
tial law e−"t with a decay rate " whose inverse is a major portion of lifetime (the inverse lifetime is
given by a sum of rates over other de-excitation processes). The interaction Hamiltonian that appears
in the Fermi golden rule for the transition rate contains a product of the dipole matrix element and
the electric field E⃗ of the emitted photon: H = ⟨g|d⃗|e⟩ · E⃗ . The selection rule for this dipole-allowed
transition is the parity change and the angular momentum rule #J = ± 1, 0 (except for the strictly
forbidden J = 0→ 0 transition) between two states. A typical lifetime would be around 10 ns, tak-
ing an atomic energy difference of 1 eV and atomic size of 10−8 cm. Between the same parity states
the E1 transition is forbidden and the dominant process of radiative decay may be a weaker magnetic
dipole (M1) transition which is caused, for instance, by an atomic operator geS⃗ · B⃗/(2me), where S⃗
is the electron spin operator and B⃗ is the magnetic field of the emitted photon. The M1 decay rate is
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— macro-dipole formation
(out) bunched coherent emission
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− for higher laser fluence (red dots)
→ greater N (correlated atoms)

− signatures are those expected for pure
superfluorescence regime
(N2-dependence of intensity)
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AVERAGE FORWARD EMISSION INTENSITY
spontaneous selection of a subensemble of ∼ 1012 “identical” atoms

from a steady state population inversion of 1015 atoms
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OBJECTIVE

to introduce a new paradigm in elusive particle detection, in which the smallest of interaction rates
is intrinsically amplified by a mechanism of macrocoherence

FIELD OF APPLICATION

− axion searches: conventional haloscopes, but also blooming of new concept, table-top
experiments (complementary effort)

− neutrino physics (accelerators, big detectors)

Prior: macro-coherent amplification mechanism [M. Yoshimura, N. Sasao, M. Tanaka, Phys. Rev. A 86, 013812
(2012)] in the Radiative Emission of Neutrino Pair (RENP) [M. Yoshimura, Phys. Rev. D 75, 113007 (2007)]

limited by QED backgrounds
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EMISSION RATE ENHANCEMENT VIA MACROCOHERENCE

Coherent emission of particles (in a generic process involving axions/neutrinos and photons) from a collective
ensemble of target (and excited) atoms is characterised by a quantum mechanical rate:

|
N∑

n=1

ei
∑M

m=1
~km·(~r−~rn)An(~r, t)|2

~km momenta of the emitted particles
rn atom position
An(~r, t) atomic amplitude part, slowly varying with ~rn in the wavelength scale of ~ki

one emitted photon (m = 1) as in SF/SR:

|e〉 → |g〉+ γ

Rγ ∝ |
∑N

n=1 ei~k·(~r−~rn)An(~r, t)|2∝ N2

JPS 2014 Autumn Meeting, Saga University, Sep. 18-21, 201419aSJ-06

Macro-coherent Amplification

• Macro-Coherent Amplification!
• Coherence in macroscopic size can enhance the rate of de-excitation. 

• Not enlarge the amount of target atoms, but enlarge its transition rate."
!
!
!
!
!
!
!
!
!
!
!

!
• The mutual phase among N atoms have to be same.!
• Momentum of emitted particles should be conserved.

6

…

N |A|2 |NA|2

…

incoherent de-excitation coherent de-excitation
1 2 N-1 N 1 2 N-1 N

⇥N

�����
NX

a

e�i
P

i kirMa

�����

2



Macro-coherence RE SF in Er:YSO axion detection backup slides

THANKS TO:

C. Braggio, F. Chiossi, N. Crescini
University of Padova and INFN

G. Carugno,
INFN Padova

A. Ortolan, G. Ruoso,
INFN-LNL

GROUP FUNDING ID

INFN gr2 (QUAX), gr5 (AXIOMA call),
STEMS-ATTRACT (EU Commission)



Macro-coherence RE SF in Er:YSO axion detection backup slides

RADIATIVE EMISSION OF NEUTRINO PAIRS

A. Fukumi et al Prog. Theor. Exp. Phys. (2012), 04D002

− radiative emission of neutrino pairs from excited atoms decaying to the ground level

− photon spectrum reveals: absolute mass, NH/IH, Majorana-Dirac, CP phases (α, β − δ)
(ωeg ∼ mν , in laser spectroscopy sub-meV energy resolution)

− rate of the RENP process ∼ 1/(1026years) for single atom (current sensitivity of 0νββ)

21th ICEPP Symposium  2/8-11  @ Hakuba

• Motivation :  
　Neutrino absolute mass measurement using atomic de-excitation.

2SPAN Collaboration
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図 3: Xe 3P1 → 1S0 (励起エネルギー 8.4 eV) の光子エ
ネルギースペクトル。標的密度 7×1019cm−3 (気体の最
大値), 標的体積 102cm3 を仮定。
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図 4: 図3の閾値付近の拡大図。ディラック型最小質量 (最
も軽いニュートリノの質量) m0 = 10, 50 meVを仮定し
て, 実線で NH(Normal Hierarchy), 破線で IH(Inverted

Hierarchy)を図示。

これがレプトン数非保存の起源となる。私たちの提唱す
る励起原子からのニュートリノ質量分光では, ニュート
リノ対が放出されるが, マヨラナ粒子のときは, この二
粒子の波動関数は反対称化されて, 同種フェルミオンの
干渉効果が生じる。その効果は質量閾値付近で特に顕著
になる [2],[4]。
図 5 に, マヨラナ・ディラック識別の有力手段である,

後述のパリティ非保存非対称度をプロットした。マヨラ
ナ・ディラックの区別はレベル間隔の小さい遷移でも数
10% のレベルで可能である。
標準ゲージ理論では, 暗黒物質および暗黒エネルギー

の存在, 宇宙の物質・反物質不均衡という, 現在の宇宙
の大域的組成, それと関連する大規模構造を説明するこ
とができない。また, 電弱統一は左右非対称性をあらわ
に含み, これが超高エネルギーまで続くのは, 魅力ある
考えとも思えない。事実, SO(10)群に基づく大統一理論
などでは, 二成分ニュートリノの重いパートナー（三つ
ある）が存在し, 電弱統一より高いスケールの質量エネ

Dirac NH

Dirac IH
Majorana NH

Majarana IH

Dirac NH, Majorana NH

Dirac IH, Majarana IH

図 5: 3P2Yb 遷移のパリティ非保存量。正の量は光偏光
の逆転, 負の量は磁場逆転に対応する非対称度を表す。
光偏光逆転の場合, ディラック, マヨラナ, NH, IH の 4

ケースの区別が識別される（最小質量 5 meVを仮定）。
仮定された標的密度は 1022cm−3, 標的体積は 102cm3。
文献 [10] の結果を転載。
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図 6: 仮想レベル間隔 ϵeg = ϵeg(Yb)/5 を仮定したケー
スでの, スペクトルのマヨラナ位相依存性。仮定された
CP位相, (α, β − δ) は赤実線 (0, 0), 黒点線 (π/2, 0), 青
破線 (0, π/2)すべて最小質量 2 meVを仮定。文献 [5]の
結果を転載。

ルギーをもつことが期待されている。このような可能性
を考えると, シーソー機構によりニュートリノ質量がき
わめて小さいこと, 宇宙の物質・反物質不均衡を説明す
ることが可能となる。
重いパートナーは宇宙初期にのみ存在するが, 崩壊す

るときレプトンと反レプトンの非対称性を発生し, これ
が物質・反物質非対称性に転化するという, Leptogenesis

のシナリオが提案されている。このシナリオにとっては,

通常のニュートリノがマヨラナ粒子であることを実験的
に確定することと, その CP非保存位相を検証すること
が重要になる。三つのマヨラナ粒子の混合行列には小
林・益川型の位相 δ に加えて, 二つの CP位相 α, β が
独立に存在する。RENPのレートは, α, β − δ に独立に
依存し, 原理的にこれらを分離して測定可能である。
図 6 にもっとも測定が難しい, CP位相の違いによる

スペクトルを示した。
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図 4: 図3の閾値付近の拡大図。ディラック型最小質量 (最
も軽いニュートリノの質量) m0 = 10, 50 meVを仮定し
て, 実線で NH(Normal Hierarchy), 破線で IH(Inverted

Hierarchy)を図示。
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干渉効果が生じる。その効果は質量閾値付近で特に顕著
になる [2],[4]。
図 5 に, マヨラナ・ディラック識別の有力手段である,
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ケースの区別が識別される（最小質量 5 meVを仮定）。
仮定された標的密度は 1022cm−3, 標的体積は 102cm3。
文献 [10] の結果を転載。
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ルギーをもつことが期待されている。このような可能性
を考えると, シーソー機構によりニュートリノ質量がき
わめて小さいこと, 宇宙の物質・反物質不均衡を説明す
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のシナリオが提案されている。このシナリオにとっては,

通常のニュートリノがマヨラナ粒子であることを実験的
に確定することと, その CP非保存位相を検証すること
が重要になる。三つのマヨラナ粒子の混合行列には小
林・益川型の位相 δ に加えて, 二つの CP位相 α, β が
独立に存在する。RENPのレートは, α, β − δ に独立に
依存し, 原理的にこれらを分離して測定可能である。
図 6 にもっとも測定が難しい, CP位相の違いによる
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　ωeg  ～ mν                             →　Atomic transition!
　sub meV energy resolution →　Laser spectroscopy
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RADIATIVE EMISSION OF NEUTRINO PAIRS

A. Fukumi et al Prog. Theor. Exp. Phys. (2012), 04D002

− radiative emission of neutrino pairs from excited atoms decaying to the ground level

− rate of the RENP process ∼ 1/(1026years) for single atom (current sensitivity of 0νββ)

→ coherence between |e〉 and |g〉 via Raman adiabatic process
− + trigger laser

21th ICEPP Symposium  2/8-11  @ Hakuba

• Motivation :  
　Neutrino absolute mass measurement using atomic de-excitation.

2SPAN Collaboration
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Diagrams of RENP
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three emitted particles (m = 3): |e〉 → |g〉+ γ + νi + νj

Rγ ∝ |
∑N

n=1 ei(~k1+~k2+~k3)·(~r−~rn)An(~r, t)|2∝ N2

if ~k1 + ~k2 + ~k3 = 0

LIMITATIONS

strong QED backgrounds (McQn, n involved photons)

JPS 2014 Autumn Meeting, Saga University, Sep. 18-21, 201419aSJ-06

Macro-coherent Amplification

• Macro-Coherent Amplification!
• Coherence in macroscopic size can enhance the rate of de-excitation. 

• Not enlarge the amount of target atoms, but enlarge its transition rate."
!
!
!
!
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!
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!
• The mutual phase among N atoms have to be same.!
• Momentum of emitted particles should be conserved.
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AXION DETECTION
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