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G. Gamow, Z. Phys. 51, 204 (1928) 
alpha decay: Because probabil-
ities occur naturally in quan-
tum mechanics, it became easy
to understand the observed sta-
tistical character of alpha
radioactivity, with its constant
transition rate (as in the
Golden Rule of perturbation
theory) and exponential decay;
and the theories yielded a func-
tional relationship between the decay rate (or the nuclear
half-life) and the energies of the emitted alpha particles
that was in semiquantitative agreement with experiment.

The three theoreticians who solved the puzzle posed
by radioactive alpha-particle emission at surprisingly low
energies were familiar with the earlier work of Oppen-
heimer, Nordheim, and Fowler, and patterned their calcu-
lations on those models. Gurney and Condon also cited
Hund’s work as a precursor. They even carried out a cal-
culation now well known to students of quantum mechan-
ics: If a particle is in the ground state of a harmonic oscil-
lator potential, what is the probability of finding it outside
the classically allowed region? (Answer: 15.7%.)

Gurney and Condon as well as Gamow recognized that
a stationary state with sharp energy, as in bound-state
problems or in the time-independent method for calculat-
ing scattering cross sections, is inadequate to predict the
decay process. The continuity equation for the probability
density r and the current density j,

(4)

does not permit a stationary state to represent a current
of particles that is only outgoing from an interior region.
Yet the three authors also understood that the smallness
of the decay constant compared with the nuclear energies
implies a very small current and an alpha-particle state
that is nearly stationary. They all drew on the experience
with simple rectangular 1D potential barriers, such as in
figure 5, for which exact results for transmission rates
could be obtained.

In the nuclear case, the strong attractive forces inside
the nucleus—still of mysterious origin in 1928—and the
external Coulomb repulsion combine to form the potential
barrier. Sketched in figure 6, this barrier was, of course,
quite unlike a rectangular barrier or even the triangular
barrier of figure 4 used for field emission, and the calcu-
lation had to be appropriately modified. The critically
important exponent in the formula for the transmission
coefficient was expressed as the phase (or action) integral

in units of Planck’s constant,

(5)

where the limits r1 and r2 are the inner and outer classi-
cal turning points for an alpha particle with energy E. The
integral was an obvious generalization of Hund’s formula
and of Nordheim’s result for a rectangular barrier, but it
also had a more rigorous justification in the theory of the
WKB approximation, familiar to the theorists from Gregor
Wentzel’s 1926 paper.16 Gurney and Condon evaluated the
integral graphically, but Gamow—although averse to com-
plex mathematical analysis—produced an excellent ana-
lytic approximation. The resulting formula for the trans-
mission coefficient, or barrier penetrability,

(6)

for a particle of charge Z1e emitted with final velocity v
from a nucleus of atomic number Z2, defines the Gamow
factor G.

The alpha decay rate l is proportional to the expo-
nential function e–2G, with a prefactor that depends on the
alpha-particle wavefunction inside the nucleus and has
only a minor influence on the energy dependence of the
decay rate. As shown in figure 7, the tunneling theories of
1928 reproduced remarkably well the empirical relation-
ship, established by Geiger and John Nuttall in 1912,
between the decay rate and the energy of the emitted alpha
particle, and at last provided firm evidence for the valid-
ity of quantum mechanics in the nuclear domain.

Many theoretical derivations of alpha decay have sub-
sequently found their way into the literature. Most assume
that the alpha particle is somehow preformed inside the
nucleus and can be treated as existing in a nearly bound
state before being emitted. The methods used can be sorted
into a few categories:
! With his strong physical intuition, Gamow assumed a
quasi-stationary state solution of the Schrödinger equa-
tion; he allowed for a small imaginary contribution to the
energy and a correspondingly small source term in the con-
tinuity equation that expresses conservation of probabil-
ity. That strategy gave a good approximation for the decay
rate. As a solution of the time-dependent Schrödinger
equation, the quasi-stationary and nearly bound decaying
state represents a wavepacket that models the decay
process.
! Gurney and Condon applied a less consistently quan-
tum mechanical treatment to the problem. They reasoned
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FIGURE 6. POTENTIAL EXPERIENCED BY AN ALPHA PARTICLE,
sketched by Ronald Gurney and Edward Condon as a function
of radial distance from the center of the nucleus. The x-axis is
in units of 10–12 cm and the y-axis is in 10–5 erg (10–12 joules).
The horizontal lines represent the alpha-decay energies for var-
ious elements: uranium-238 (4.18 MeV, with a half-life of 4.5
billion years); radium A (polonium-218, 6 MeV and 3 min-
utes); radium C´ (polonium-214, 7.7 MeV and 160 microsec-
onds). The potential was calculated for Ra A. (From ref. 14.)
The photo shows Condon in 1931. (Photo by J. Frenkel, cour-
tesy AIP Emilio Segrè Visual Archives.)
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that in the classically accessible regions—inside the
nucleus and outside the barrier—the alpha particle could
be supposed to perform periodic and aperiodic classical
motions, respectively, although the discrete energy of the
nearly bound alpha-particle state should in principle be
determined by quantum mechanics. In their first
announcement in Nature, Gurney and Condon concluded,
“Much has been written of the explosive violence with
which the a-particle is hurled from its place in the nucleus.
But from the process pictured above, one would rather say
that the a-particle slips away almost unnoticed.”
! A fundamentally more consistent method is to con-
struct a wavepacket that is initially confined to the inside
of the nucleus. This nonstationary state is a superposition
of a narrow band of truly stationary states, with energies
centered around an almost discrete quasi-bound state and
extending over a narrow range of energies with width of
order G ⊂ \l. As time progresses, the stationary states
that make up this wavepacket interfere to produce pre-
cisely Gamow’s decaying state, with a wavefront that
spreads out from the nucleus. It was soon realized that
the decay can also be pictured as the final stage in the
scattering of a sharply defined wavepacket with a mean
energy that corresponds to a narrow, and thus long-lived,
resonance.
! As an alternate approach, it is natural to apply a ver-
sion of first-order time-dependent perturbation theory to
the problem. This treatment is akin to Oppenheimer’s the-
ory of field ionization of an atom and thus subject to the
same criticism. Born developed the theory along these
lines in 1929, regarding the decay as a transition between
a discrete stationary state and a set of continuum states.17

The characteristic exponential energy dependence of the
decay rate arises in this theory from the transition matrix
elements between stationary-state eigenfunctions that
extend into the classically forbidden region and overlap
there.

In summary, quantum mechanics explains alpha
decay as a resonance phenomenon, represented by wave-
functions with large amplitude inside and small amplitude
outside the nucleus. Between the sharp, narrow reso-
nances lie extended energy regions that correspond to an
exponential attenuation of the external wavefunction con-
tinued smoothly under the potential barrier. At those ener-
gies, alpha-particle scattering is essentially Coulombic
without significant modification by the nuclear forces.

Before the advent of quantum mechanics, Rutherford
had devised an ad hoc explanation for the emission of

alpha particles from heavy nuclei based on the assumption
that two electrons could attach themselves to a helium
nucleus and then get stripped off once the particle has
passed out of the parent nucleus. In a similar vein, the cold
emission of electrons from metal surfaces exposed to an
electric field had been attributed by the leading experi-
mentalists—especially Millikan—to some unusual quality
of the conduction electrons, which would be distinct from
the electrons that leave the metal surface in thermionic
emission. In both instances, wave mechanics provided a
straightforward, unifying, and convincing account of the
observed phenomena.

Contrary to the popular view of quantum mechanics,
the tunnel effect reveals smoother and more continuous
features than the abrupt behavior found in the correspon-
ding classical description. Between 1926 and 1929, the the-
oretical developments described here proved unequivo-
cally—if any such demonstration was still needed—that
there could be no substitute for quantum mechanics, with
its astonishing explanatory power in the microscopic
domain.

I owe thanks to Hans Frauenfelder, who suggested this study,
and to Harry Lustig, Peter Price, and Roger Stuewer for their
valuable help.
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FIGURE 7. GEORGE GAMOW’S SEMILOG PLOT compares his
approximate formula for the decay constant l versus the alpha-
particle energy E, and the empirical data of Hans Geiger and
John Nuttall for the radioactive uranium series. The excellent
agreement was the greatest triumph of the early days of the
tunnel effect. (From ref. 12).

inside the metal, C is the height of the potential barrier at
the metal surface, and F is the electric force experienced
by the emitted electrons. The two factors on the left-hand
side are the maximum effective wave number under the
barrier and the width of the barrier penetrated by the con-
duction electrons. The dependence of the cold-emission
current on the field strength F/e and on the work function
C – W was found to be consistent with experiments. In the
absence of a field, there is zero transmission, and the cur-
rent increases dramatically at high field strengths. Fowler
and Nordheim also estimated the effect of including
thermionic emission and of more realistic, less abruptly
discontinuous potentials. Here they applied Harold Jef-
freys’s 1924 pre-wave mechanics version of the WKB
method (sometimes called the JWKB method).

The rotationally induced dissociation of a diatomic
molecule from an excited state, observed through the
broadening of infrared spectral lines, was first interpreted
by Oscar Rice (1903– 78) as a manifestation of tunneling
from a potential “valley” through a “mountain” into the
“plains.” In a 1930 paper submitted to The Physical Review
when he was a National Research Fellow in
Leipzig and had consulted with Heisenberg,
Felix Bloch, and Hendrik Kramers,9 Rice
treated the theory of this breakup and
stressed the analogy with alpha decay, in
which the tunnel effect had scored its great-
est triumphs.

Tunneling in nuclei
Roger Stuewer has given a full his-
torical account of George Gamow’s
theory of alpha decay.10 Gamow
(1904– 68) popularized the story in
his entertaining memoirs, My World
Line,11 and we have reports as well
from other physicists who witnessed
the remarkable events in 1928. Over
the years, the history of Gamow’s the-
oretical discovery has become color-
fully embellished, because the mis-
chievous Gamow never made it easy
to separate fiction from fact. It
appears, however, that he almost
immediately saw an opportunity for
applying quantum mechanics to the
nucleus, when, on arriving in Göttin-
gen from the Soviet Union, he read
Ernest Rutherford’s 1927 article in
the Philosophical Magazine about
the puzzle surrounding Hans
Geiger’s 1921 experiments on scat-

tering alpha particles from uranium.
The dilemma that Rutherford confronted was stark:

Scattering experiments with alpha particles from radioac-
tive thorium C´ (nowadays known as polonium-212) con-
firmed the validity of the repulsive Coulomb potential in
uranium up to a height of at least 8.57 MeV. On the other
hand, uranium-238 was known to emit alpha particles of
less than half that energy (4.2 MeV), which posed a conun-
drum if the particles had to pass over the top of the
Coulomb barrier to emerge from the nuclear interior. The
tortured theories that had been proposed to account for
this paradox vanished almost overnight when Gamow, on
29 July 1928, and, independently, Ronald Gurney
(1898– 1953) and Edward Condon (1902– 74), on the next
day, submitted their quantum mechanical explanations
based on the tunnel effect. Publishing in the Zeitschrift für
Physik,12 Gamow thanked Born for his hospitality in Göt-
tingen, and his friend N. Kotschin for help with some
tricky integrals. Gurney and Condon published their first
note in Nature,13 followed by a longer exposition in The
Physical Review in February 1929;14 both papers were sent

from Princeton University. A poignant per-
sonal account by Condon of Gurney’s under-
appreciated role in proposing the quantum
theory of alpha decay was published posthu-
mously.15 (For more on Condon’s own life, see
Jessica Wang’s article, “Edward Condon and
the Cold War Politics of Loyalty,” in PHYSICS
TODAY, December 2001, page 35.)

The new quantum mechanical theories
could account for two important features of

FIGURE 4. RALPH FOWLER AND LOTHAR NORDHEIM’S
schematic potential model for the field emission of elec-
trons from a metal surface by tunneling. A surface barrier
of height C confines electrons within a metal. (i) Without
an electric field, there is essentially no emission of elec-
trons unless the metal is significantly heated (so-called
thermionic emission). (ii) A strong electric field makes the
tunneling barrier triangular and increases the likelihood of
emission. (From ref. 8.) The photo shows Fowler in 1939
(courtesy AIP Emilio Segrè Visual Archives).

FIGURE 5. ONE-DIMENSIONAL POTENTIAL used by
George Gamow to illustrate the tunneling of alpha parti-
cles. A wavefunction is sketched for an alpha particle of
energy E near the bottom of the well in regions III and
III´, each of width q0, within the nucleus. In regions I and
I´ outside the nucleus, the wavefunction amplitude is sup-
pressed by an exponential factor, with exponent propor-
tional to !(U0 – E)1/2, where ! and U0 are the width and
height of the barrier (regions II and II´). (From ref. 12.)
The photo shows Gamow in the early 1930s (courtesy
AIP Emilio Segrè Visual Archives, Frenkel Collection).
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Eα 
(MeV) 

T1/2 

Radium C’ 214Po 7.7 160 µs 

Radium A 218Po 6.0 3 mins 

Uranium 238U 4.2 4.5 GYrs 

Quantitative description of 
Geiger-Nuttall Rule: 
 
    log(T1/2) = a + bQα

−1/2 
 
H.Geiger and J.M.Nuttall, Phil. Mag. 22 613 (1911) 
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Superfluid Tunneling Model (STM) 
The Schrödinger equation describing  
the model is: 

ξ  = generalized deformation variable 
 
Calculation of decay constant: 
λ  = P . f . T 
 
P= preformation of decay configuration 
f = frequency of hitting barrier 
T = transmission coefficient through barrier 

“Nuclear Superfluidity: Pairing in Finite Systems” 
David M. Brink and Ricardo A. Broglia 
Cambridge University Press, 2005 

F. Barranco, G.F. Bertsch, R.A.Broglia, E.Vigezzi, 
NPA 512 253 (1990) 
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Decay Constant 

λ = P f T 

Alpha-particle formation probability,  
 

! = ! ! = 1 ! = !
! !

−!2
,         !! = !"

ℏ!   

Knocking frequency,  

Transmission through barrier, 

è Investigate dependencies on Δ, Q, L 

Potential parameter, C,  
is dependent on Q-value 

Inertial mass parameter, D,  
depends on pairing gap, Δ. 
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Superheavy Nuclei 

Nature 565, 
553 (2019). 
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Alpha Decay of Even-Even Isotopes: Fm to Og 
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R.M. Clark and D. Rudolph, PRC 97 02433 (2018) 
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Modern “Geiger-Nuttall” Formula 

STM 
NPA 848 (2010) 279 

282 G. Royer / Nuclear Physics A 848 (2010) 279–291

formulas an explicit dependence on l has been researched and the following empirical formulas
are proposed. They lead respectively for the 84 even–odd, 76 odd–even and 48 odd–odd nuclei
to a RMS deviation of 0.5552, 0.6661 and 0.6807.

log10[T ] = −27.750 − 1.1138A
1
6
√

Z + 1.6378Z√
Q

+ 1.7383 × 10−6ANZ[l(l + 1)] 1
4

Q
+ 0.002457A

[
1 − (−1)l

]
, (5)

log10[T ] = −27.915 − 1.1292A
1
6
√

Z + 1.6531Z√
Q

+ 8.9785 × 10−7ANZ[l(l + 1)] 1
4

Q
+ 0.002513A

[
1 − (−1)l

]
, (6)

log10[T ] = −26.448 − 1.1023A
1
6
√

Z + 1.5967Z√
Q

+ 1.6961 × 10−6ANZ[l(l + 1)] 1
4

Q
+ 0.00101A

[
1 − (−1)l

]
. (7)

The agreement with experimental data is better due to the introduction of two new additional em-
pirical terms depending on l and simulating the centrifugal effects and the hindrance of α emis-
sion with odd values of l. The Qα values, the evacuated angular momentum, the experimental
ground state to ground state α-decay half-lives and values evaluated from formulas (1), (5)–(7)
are given in Tables 2–5. For most of the nuclei, the difference between the experimental and
theoretical data is relatively weak but for only some nuclei such as 113

53 I, 149
64 Gd, 206

85 At, 218
91 Pa and

235
95 Am the difference is very important and increases strongly the RMS deviation. The extracted

experimental data on these specific nuclei seem perhaps questionable.
Additionally for the 59 heavy (N > 126 and Z > 82) e–e nuclei of this data set the following

formula

log10[T ] = −27.690 − 1.0441A
1
6
√

Z + 1.5702Z√
Q

(8)

leads to a very small RMS deviation of 0.1867 while for the 77 remaining lighter e–e nuclei the
expression

log10[T ] = −28.786 − 1.0329A
1
6
√

Z + 1.6127Z√
Q

(9)

leads to a RMS deviation of only 0.2659.
For comparison, the coefficients of the formulas proposed in [28] have been recalculated using

the Qα values of Audi et al. [6]. They are given below and the RMS deviation is respectively
0.3283, 0.6158, 0.6748 and 0.6792 for the 136 even–even, 84 even–odd, 76 odd–even and 48
odd–odd nuclei.

log10[T ] = −25.926 − 1.1471(A − 4)
1
6
√

Z + 1.5917Z√
Q

, (10)

log10[T ] = −29.989 − 1.0670(A − 4)
1
6
√

Z + 1.6750Z√
Q

+ 0.7182A
1
6
√

l(l + 1)

Q
+ 0.6932

[
1 − (−1)l

]
, (11)

even-odd 
odd-even 
odd-odd 
even-even 

×4 
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NEW REGION OF ALPHA RADIOACTIVITY*

Ronald D. Macfarlane
Department of Chemistry, McMaster University, Hamilton, Ontario, Canada

and

Antti Siivola
Lawrence Radiation Laboratory, University of California, Berkeley, California

{Received 30 November 1964)

Alpha radioactivity is a mode of decay com-
monly associated with the heavier elements.
In this paper we report on a discovery of al-
pha decay from nuclides in the region of mass
100.
It has long been recognized from atomic mass

data that an enhancement of the alpha-decay
energies of the tellurium isotopes is present
due to the effect of the 50-proton closed shell.
The enhancement, however, is not large enough
to produce a detectable instability toward al-
pha-particle emission among the tellurium
isotopes presently known. Some unsuccessful
attempts to produce neutron-deficient telluri-
um alpha emitters by high-energy proton spal-
lation have been previously reported. '~ 2 We
have obtained results on the alpha radioactiv-
ity of the very light tellurium isotopes whose
alpha-decay energies are additionally enhanced
by the N = 50 closed shell.
We bombarded a 90% enriched Ru" target

with high-energy 0 ions from the Berkeley
heavy-ion linear accelerator (Hilac), and ob-
tained alpha-particle spectra of the products
using techniques described in an earlier pa-
per. ' Two weak alpha groups (established by
dE/dx experiments) were observed at 3.28
MeV and 3.08 MeV, which decayed with half-
lives of 2.2 sec and 5.3 sec, respectively.

Alpha- particle energy (MeV) 40
Excitation energy (MeV)
60 80 IOO

An alpha-particle spectrum of these activities
is shown in Fig. 1. We established that these
activities were due to isotopes of tellurium
when we observed that they could not be pro-
duced in Ru' +N'~ bombardments.
%'e obtained mass assignments for these

activities from excitation function measure-
ments using the results of Black on heavy-ion
reactions in this mass region to interpret our
data. ' As shown in Fig. 2, the peak cross sec-
tion for the production of the 3.28-MeV alpha
activity falls at a bombarding energy of 104
MeV. This energy compares most favorably
with that expected for the reaction Ru"(0",
5n)Te' '. The excitation function for the 3.08-
MeV group peaks at a bombarding energy of
87 MeV which is close to the value expected
for the reaction Rue'(0", 4n)Te' '. The results
are summarized in Table I.
These nuclides represent the first opportun-

ity to study alpha decay from nuclei where the
"valence" neutrons and protons are in the same
single-particle level, in this case, the 1g7/
level. This may give rise to a kind of "super-
allowed" alpha decay resulting in large re-
duced alpha widths. At present, we cannot
give any estimates of the alpha reduced widths
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Alpha radioactivity is a mode of decay com-
monly associated with the heavier elements.
In this paper we report on a discovery of al-
pha decay from nuclides in the region of mass
100.
It has long been recognized from atomic mass

data that an enhancement of the alpha-decay
energies of the tellurium isotopes is present
due to the effect of the 50-proton closed shell.
The enhancement, however, is not large enough
to produce a detectable instability toward al-
pha-particle emission among the tellurium
isotopes presently known. Some unsuccessful
attempts to produce neutron-deficient telluri-
um alpha emitters by high-energy proton spal-
lation have been previously reported. '~ 2 We
have obtained results on the alpha radioactiv-
ity of the very light tellurium isotopes whose
alpha-decay energies are additionally enhanced
by the N = 50 closed shell.
We bombarded a 90% enriched Ru" target

with high-energy 0 ions from the Berkeley
heavy-ion linear accelerator (Hilac), and ob-
tained alpha-particle spectra of the products
using techniques described in an earlier pa-
per. ' Two weak alpha groups (established by
dE/dx experiments) were observed at 3.28
MeV and 3.08 MeV, which decayed with half-
lives of 2.2 sec and 5.3 sec, respectively.

Alpha- particle energy (MeV) 40
Excitation energy (MeV)
60 80 IOO

An alpha-particle spectrum of these activities
is shown in Fig. 1. We established that these
activities were due to isotopes of tellurium
when we observed that they could not be pro-
duced in Ru' +N'~ bombardments.
%'e obtained mass assignments for these

activities from excitation function measure-
ments using the results of Black on heavy-ion
reactions in this mass region to interpret our
data. ' As shown in Fig. 2, the peak cross sec-
tion for the production of the 3.28-MeV alpha
activity falls at a bombarding energy of 104
MeV. This energy compares most favorably
with that expected for the reaction Ru"(0",
5n)Te' '. The excitation function for the 3.08-
MeV group peaks at a bombarding energy of
87 MeV which is close to the value expected
for the reaction Rue'(0", 4n)Te' '. The results
are summarized in Table I.
These nuclides represent the first opportun-

ity to study alpha decay from nuclei where the
"valence" neutrons and protons are in the same
single-particle level, in this case, the 1g7/
level. This may give rise to a kind of "super-
allowed" alpha decay resulting in large re-
duced alpha widths. At present, we cannot
give any estimates of the alpha reduced widths
for Te'~ and Te' ' because the alpha. branch-
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Fig. 1. The nuclear chart in the proximity of 100Sn. A nucleus is marked as an α
emitter, if it has an α-decay branch greater than 5%. The proton and α decays rel-
evant for this work are indicated with black and green arrows, respectively. Decays 
observed in earlier experiments are indicated with solid lines, whereas those stud-
ied in this work are marked with dashed lines.

[15,16]. Recently, state-of-the-art nonadiabatic quasiparticle model 
of proton decay [17] required addition of triaxiality to reproduce 
the measured 109I proton-decay rate [18]. Interestingly, the pro-
tons in the odd-odd 112Cs are more bound than in 113Cs, resulting 
in longer half-life for the more exotic nucleus [19]. Similar half-life 
anomaly was recently reported for the lighter N ≈ Z nuclei 72,73Rb 
[20]. In addition, odd-odd proton emitters shed light on the role of 
the odd neutron, which does not participate in the proton decay, 
but it determines the spin of the proton-decaying state and thus 
influences the proton-decay rate [21].

Antimony isotopes act as a gate for the astrophysical rp-process 
flow towards the region of α activity, starting with the tellurium 
isotopes. Proton separation energies (S p = −Q p ) of antimony iso-
topes determine the breakout path. It has been suggested that 
the rp-process terminates in a Sn-Sb-Te cycle, proceeding through 
106Sb [22]. Later, based on precise mass measurements [23], it was 
concluded that only 3% of the total flow proceeds through 106Sb, 
and that a stronger branch of 13% can be expected to proceed via 
107Sb. In terms of proton separation energy, 108Sb is an even bet-
ter candidate as a potential gateway nucleus, but this branch is 
suppressed by the long, 115 s [24], β-decay half-life of 106Sn. Fur-
thermore, in another α-decay study [18], it was shown that the 
Sn-Sb-Te cycle cannot proceed through 105Sb. However, it has been 
speculated [18,19] that it is possible for the cycle to flow via 104Sb, 
if this nucleus is more proton-bound than expected due to en-
hanced proton-neutron interactions [25], similarly to 112Cs.

To date, it is not certain whether the Sn-Sb-Te cycle proceeds 
through 104Sb. To address this question, the proton separation 
energy of 104Sb needs to be determined. Due to low produc-
tion cross sections, precise mass measurements, as well as di-
rect reaction rate studies, are beyond the reach of current ex-
perimental techniques. In addition, the expected proton decay 
branch of 104Sb is below 1% [26], which makes the direct ob-
servation of this proton decay difficult. However, as the Q α val-
ues of 108I and 107Te are known, this can be done indirectly by 
measuring the Q p value of 108I, and using energy conservation [

Q p(104Sb) = Q α(107Te) + Q p(108I) − Q α(108I)
]
, see Fig. 1 for vi-

sualization. Multiple attempts to identify a proton emission branch 
in 108I have been undertaken [27– 29], but without success. Here, 
we report the first observation of proton emission from 108I. From 
the measured Q p(108I) value, Q p(104Sb) is deduced. The implica-
tions for the termination of the rp-process are addressed. In ad-
dition, more precise properties of the 108I, 107Te, and 112Cs nuclei 
are reported.

2. Experimental details

The neutron-deficient nuclei of interest were produced us-
ing the 54Fe(58Ni,p3n)108I fusion-evaporation reaction. The fusion-
evaporation residues (referred to as recoils hereafter) were sepa-
rated from the primary beam with the Fragment Mass Analyzer 
(FMA) [30]. The 58Ni beam, delivered by the ATLAS facility of Ar-
gonne National Laboratory, had an average intensity of 30 pnA 
and an energy of 254 MeV. The total irradiation time of the self-
supporting, 450-µg/cm2 thick 54Fe targets was approximately 155 
hours. The high beam intensity was accommodated by mounting 
the targets on a rotating wheel. A 20-µg/cm2 thick stationary car-
bon charge-state reset foil was placed downstream from the target 
wheel. The FMA was set to collect recoils with A = 108 and +26
and +27 charge states. Some 107Te and 109I recoils were collected 
as a side product due to partially overlapping mass-to-charge-
state ratios, which were measured at the FMA focal plane with 
a position-sensitive parallel-grid avalanche counter (PGAC). After 
passing through PGAC, the recoils were implanted into a 64 mm ×
64 mm, 100-µm thick, 160 × 160 strip double-sided silicon strip 
detector (DSSD). The gain parameter of a linear energy calibration 
was obtained for the DSSD by using an α-calibration source con-
taining the 240Pu and 244Cm isotopes. The offset parameter was 
obtained separately for protons and α particles from the observed 
activities of 109I (Q p = 820(4) keV [31]) and 108Te (Eα = 3314(4)
keV [32]). The data from all channels were recorded independently, 
and each event was time-stamped with a 100 MHz clock. An ap-
proximately 4-µs long waveform was collected for each DSSD event 
in order to analyze pile-up events.

The identification of the decay events of interest was based on 
the search for consecutive recoil implantation-decay (R-d1) or re-
coil implantation-decay-decay (R-d1-d2) event chains in the same 
pixel of the DSSD. An event was considered as a recoil implan-
tation if the PGAC yielded a horizontal position corresponding to 
mass number 108, the energy registered in the DSSD was greater 
than 15 MeV, and a time-of-flight condition between the PGAC 
and the DSSD was satisfied. An event without a PGAC signal was 
considered as a decay event, which may correspond to a proton 
decay, an α-particle emission, or a β+ decay. Because the DSSD 
was rather thin, β+ particles were likely to punch through, result-
ing in a low-energy background.

3. Results

The energy spectrum of decay events for all observed R-d1
chains is displayed in Fig. 2. The energy deposited in the DSSD 
by α decay of 108I and 107Te, once corrected for the α-decay re-
coil effect [33,34], yielded respective Q α values of 4097(10) and 
4007(10) keV. In Figs. 3(a) and 3(b), the time difference between 
the recoil and the decay event of R-d1 chains is shown for the 
α decay of 108I and 107Te, respectively. The half-lives of 26.4(8) 
ms and 3.6(2) ms for 108I and 107Te, were obtained with the 
logarithmic-time scale method of Ref. [35], modified for two or 
three components. The long-lived component, labeled as “Bgr” in 
Fig. 3, is a result of decay-like events, randomly correlated with 
a recoil event. The third component in Fig. 3(b) is needed to ac-
count for partially overlapping α-particle energies of the nuclei of 
interest.

Fig. 4 contains the energy-energy matrix for the two consec-
utive decay events in the observed R-d1-d2 event chains, where 
d1 and d2 decay times were limited to 130 ms and 18 ms, i.e., ap-
proximately 5 times the half-lives of 108I and 107Te, respectively. In 
Fig. 4, a group of eight events are temporally and spatially (same 
pixel of the DSSD) correlated with the known α-decay of 107Te, 
implying proton emission from 108I. The time distribution of these 

K. Auranen et al., Phys. Lett. B 792 (2019) 187  



9 
 
 

9 UNIVERSITY OF 
CALIFORNIA 

Office of 
Science 

Experiment vs. Models 

R. M. CLARK et al. PHYSICAL REVIEW C 101, 034313 (2020)

TABLE I. The half lives of the known α decays from the ground states of even-even nuclei near 100Sn, T1/2,expt (α) in seconds. The
experimentally measured total half lives and branching ratios are taken into account. The third column gives the energy of the α decay Eα in
MeV. The fourth gives the decimal logarithm of the experimental half life, which can be compared to the values calculated using the empirical
parametriztion of Royer and the STM, as discussed in the text, which are given in the fifth and sixth columns, respectively. The seventh column
gives the value of the pairing gap, "fit, in MeV, that must be used in the STM in order to reproduce the experimental half life. The eighth
column gives the calculated α-formation probability P, corresponding to the fitted lifetimes.

T1/2,expt (α) Eα log10(T1/2,expt ) log10(T1/2,Royer ) log10(T1/2,STM) "fit P
Nucleus (s) (MeV) (s) (s) (s) (MeV) (×10−2)

114Ba 42+25
−18 3.480(20) 1.62+0.21

−0.24 2.21+0.14
−0.13 1.98+0.14

−0.13 1.74+0.39
−0.28 1.74+1.63

−0.89
[6] [6]

112Xe 338+475
−234 3.216(7) 2.53+0.38

−0.51 2.74+0.05
−0.05 2.54+0.05

−0.05 1.49+0.46
−0.24 0.98+1.70

−0.55
[7,8] [7]

110Xe 0.148+0.090
−0.087 3.720(20) −0.83+0.21

−0.38 −0.52+0.11
−0.12 −0.71+0.11

−0.12 1.58+0.47
−0.20 1.36+1.95

−0.60
[6] [6]

108Xe 58+106
−23 × 10−6 4.4(2) −4.25+0.46

−0.21 −4.01+0.96
−0.89 −4.14+0.94

−0.88 1.58+1.72
−0.63 1.56+8.43

−1.43
[2] [2]

110Te 2.78(12) × 106 2.624(15) 6.44+0.02
−0.02 6.23+0.15

−0.14 6.06+0.15
−0.14 1.27+0.09

−0.07 0.43+0.17
−0.12

[9,10] [9]
108Te 4.3(4) 3.314(4) 0.63+0.04

−0.04 0.75+0.03
−0.03 0.58+0.03

−0.03 1.47+0.04
−0.05 1.00+0.14

−0.12
[7,8,11] [11]

106Te 70+20
−15 × 10−6 4.128(9) −4.15+0.10

−0.11 −3.85+0.04
−0.04 −3.97+0.04

−0.04 1.66+0.13
−0.12 1.98+0.57

−0.46
[6,7,12] [7]

104Te < 18 × 10−9 4.9(2) < −7.74 −7.10+0.74
−0.70 −7.14+0.76

−0.69 > 1.47 > 1.65
[2] [2]

show that there is a larger α-particle formation probability
in nuclei of this region, when compared to analogous nuclei
above 208Pb. However, this is shown to be consistent with
the expectations of the systematic variation of the pair gap
" as a function of mass number A. In Sec. III we examine
the recent experimental data on the α decay of the N = Z
nuclei 104Te and 108Xe, which are shown to leave open the
possibility of enhanced α-particle formation involving pairing
correlations beyond the standard treatment of like-nucleon
isovector pairing. Such a mechanism has been suggested as
underlying superallowed α decay. This will be followed by a
short summary.

II. ALPHA DECAYS IN EVEN-EVEN NUCLEI NEAR 100Sn

Using the STM as discussed above and described in the
Appendix, we have calculated the ground-state–to–ground-
state decays for the known α-decaying even-even nuclei in the
100Sn region. The results are presented in Table I. For com-
parison, we have also calculated the ground-state–to–ground-
state decays for “analogous” nuclei in the 208Pb region. The
results are presented in Table II. By analogous we mean
the nuclei have the same type and number of nucleons beyond
the closed shell reference nucleus. For instance, we would call
214Po analogous to 106Te since they both have an additional
two protons and four neutrons outside the doubly magic core
nuclei of 208Pb and 100Sn, respectively.

In order to perform the STM calculations we must estimate
the pair gap ", which is used as an input. The pair gap
has long been known [29] to show a smooth decrease with

increasing atomic mass number A, and there are different
expressions which aim at reproducing the empirical pair gaps
extracted from multipoint mass-difference formulas [30]. In
particular, we have considered an expression of the form

" =
{

a − b
[

(N − Z )
A

]2
}

A−1/3. (1)

This equation was originally proposed in [31] with fit param-
eters of a = 7.2 MeV and b = 44 MeV. To see how well
the STM reproduces the data using this parametrization for
", one can compare the values of the decimal logarithms in
columns 4–6 of Tables I and II. Note that the fifth column of
both Tables I and II are the predictions from the empirically
fitted formula of Royer [32], T1/2,Royer. The errors in the
calculated half lives, for T1/2,Royer and T1/2,STM, reflect the
uncertainty in the α-decay energies Eα . One clearly sees that
the experimental data are reproduced rather well by both
the Royer formula and the STM calculation. A difference in
decimal logarithm of ±0.477 would correspond to a factor-
of-3 difference between the experimental and theoretical half
lives. Generally, the data and calculation agree to within that
difference and, on this basis, one would suggest that there is
nothing unusual about the α decay in the region above 100Sn.
In the STM, the experimental values are described within
typical uncertainties once the systematic variation of the pair
gap, as expressed in Eq. (1), is taken into account.

One can look at the problem in reverse and use the STM
in order to extract estimates of the pair gap. Tables I and II
present, in the seventh column, the values of the pair gaps,

034313-2

R.M. Clark et al., Phys. Rev. C 101 034313 (2020) 
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We report the first observation of the 108Xe → 104Te → 100Sn α-decay chain. The α emitters, 108Xe
[Eα ¼ 4.4ð2Þ MeV, T1=2 ¼ 58þ106

−23 μs] and 104Te [Eα ¼ 4.9ð2Þ MeV, T1=2 < 18 ns], decaying into doubly
magic 100Sn were produced using a fusion-evaporation reaction 54Feð58Ni; 4nÞ108Xe, and identified with a
recoil mass separator and an implantation-decay correlation technique. This is the first time α radioactivity
has been observed to a heavy self-conjugate nucleus. A previous benchmark for study of this fundamental
decay mode has been the decay of 212Po into doubly magic 208Pb. Enhanced proton-neutron interactions in
the N ¼ Z parent nuclei may result in superallowed α decays with reduced α-decay widths significantly
greater than that for 212Po. From the decay chain, we deduce that the α-reduced width for 108Xe or 104Te is
more than a factor of 5 larger than that for 212Po.

DOI: 10.1103/PhysRevLett.121.182501

The region around the self-conjugate doubly magic 100Sn
nucleus, located near the proton drip line [1], is one of the
focal points of nuclear structure [2]. Recently, 100Sn β decay
was shown to exhibit the largest Gamow-Teller strength
measured to date [3], and the first single-neutron excitation
was identified in 101Sn [4,5]. Another manifestation of the
doubly magic nature of 100Sn is the existence of an island of
enhanced α emitters which decay towards the Z ¼ N ¼ 50
closed shells. In fact, the emission of heavier clusters such
as 8Be, 12C, and 14C was also proposed in this region [6–8].
A similar decay pattern can be found in the well-studied
region near the stable doubly magic 208Pb nucleus. In
contrast to 208Pb, valence protons and neutrons in nuclei
near 100Sn occupy the same orbitals, resulting in stronger
proton-neutron interactions.
α decay is a fundamental nuclear decay mode. Despite

scores of known α emitters, calculating associated lifetimes
remains a challenge [9]. The α-emission probability is the
product of the formation probability of the α particle inside
the nucleus (preformation factor) and its transmission
through the Coulomb barrier. While the latter can be
readily computed, the former requires microscopic calcu-
lations, in which the preformation can be viewed as the
overlap between the initial-state wave function and those of
the states in the daughter nucleus and of the outgoing α

particle. Residual nucleon-nucleon interactions are an
important ingredient in such calculations. Because of its
simplicity, the α decay of 212Po to its doubly magic 208Pb
daughter can be viewed as a benchmark for models of α
emission [10]. In fact, it is the only known α decay to a
doubly magic daughter. The only other decay of the same
type involves 104Te, which is located far from the line of
stability and, prior to this work, had not been observed due
to a very small production cross section and anticipated
short half-life. It is noteworthy that this 104Te → 100Sn
decay is also of particular interest because enhanced
proton-neutron interactions could result in an unusually
large preformation factor. Hence, a comparison between
212Po and 104Te provides a direct assessment of the role of
these interactions in α-particle formation [11,12]. Such a
superallowed α decay was proposed already in 1965 by
Macfarlane and Siivola [13]. Experimentally, enhanced α
decays have been observed near the N ¼ Z line in 105Te
[14,15], 106Te [16,17], 110Xe [16,17], and 114Ba [17].
However, prior to this work, no information was available
for any self-conjugate α emitters, where this effect should
be the strongest.
In this Letter, the first observation of the new N ¼ Z

isotopes 108Xe and 104Te, decaying into doubly magic 100Sn,
is reported. The measured decay properties are compared

PHYSICAL REVIEW LETTERS 121, 182501 (2018)
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Two events (!) with the average 
properties: 

If extra proton-neutron correlations then the effect is likely to be biggest at N=Z. 
They would show up in unrealistically large values for the fitted pairing gaps. 
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Exclusion Plot for Pairing Gaps 

∑Eα =9.4 MeV 

Δ(108Xe)=Δ(104Te) 

Δ(108Xe)=1.32×Δ(104Te) 

0 

0.5 

1 

1.5 

2 

2.5 

3 

0 1 2 3 

Δ
(1

04
Te

) (
M

eV
) 

Δ(108Xe) (MeV) 

(BCS Limit) 

ΔVJH 

  !!"# =  ! − ! ! − !
!

!
 A!!/! 	

(Single j-shell limit) 

R.M. Clark et al., Phys. Rev. C 101 034313 (2020) 



14 
 
 

14 UNIVERSITY OF 
CALIFORNIA 

Office of 
Science 

Summary 

 
Superfluid Tunneling Model 

-  Able to reproduce known data on alpha decay 

-  All ingredients (Qα, L, Δ) essential to understanding 
 
 
In the 100Sn region 
 
-  Alpha preformation is larger near 100Sn than 208Pb 

-  Expected due to variation of pair gap 

-  Current data on N=Z nuclei 104Te and 108Xe still leave open possibility of 
 superallowed  alpha decay 
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Future Experiments at FRIB 

108Xe 112Ba 
FRIB 

Phase 
Day 1 Max Day 1 Max 

Primary 
Beam 

124Xe 124Xe 238U 238U 

Rate 7.6×10−4 3.0×10−2 

 
1.0×10−6 

 
3.0×10−3 

 
Per Day 65 2600 0.1 260 

108Xe should be feasible on Day One, 112Ba comes into reach later 
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Inertia 

Inertial mass parameter,  

n is the number of level crossings in rearrangement (n=4) 
 
v is the interaction matrix element,  

Inertial mass parameter, D, is dependent on pairing gap, Δ. 
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Potential Energy 

V(ξ=1) = Vn + Vc – Q  = C/2 

Potential energy parameter, C, is dependent on Q-value 
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Dependence on Pairing Gap, Δ=xΔ0 
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Using the STM: Variation of Δ with A and Z 

Bohr and Mottelson: 

Vogel, Jonson, Hansen: 
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EFFECT OF THE REDUCED PAIRING INTERACTION ON . . . PHYSICAL REVIEW C 90, 044324 (2014)

TABLE I. RMS errors of the decimal logarithms of α-decay half-
lives values for different models. The four lowest rows have been
taken from Ref. [25]. The quantity shown in brackets is the number
of studied decays.

Even-even Odd-A Odd-odd

0.383 (136) 0.890 (160) 0.514 (45) This work
0.328 (136) 0.613 (160) 0.429 (45) [45]
0.267 (157) 0.285 (231) 0.435 (79) [24]
0.3088 (136) 0.7816/0.7621 (84/76) 0.7546 (48) [25]
0.5165 (136) 1.1611/1.3348 (84/76) 1.2568 (48) [46]
0.3712 (136) 1.5425/1.3541 (84/76) 1.3307 (48) [47]
1.2928 (136) 1.4300/1.5607 (84/76) 1.2751 (48) [48]

contains the essential ingredients to describe features of α
decay.

B. Pairing reduction in multi-quasiparticle states

The main focus of this work is to study how large an impact
the reduction in pairing has on the α-decay half-lives of multi-
QP isomeric states. The α decays of these states differ from
ground-state α decays in three ways. (i) The Qα(i.s.→g.s.)
value compared to the Qα(g.s.→g.s.) value is larger; (ii) the
angular momentum difference between the states gives rise
to a large L barrier; and (iii) the magnitude of the pairing
interaction is reduced. Of these effects the first two are well
known. The first has the 1/

√
Qα dependence on α-decay half-

lives [49,50], making the α decay faster and the second, the
L barrier, introduces an additional hindrance factor, making
the α decay slower as demonstrated in Fig. 2 of Ref. [51].
To our knowledge, the effect of the pairing reduction was
not explicitly examined in earlier studies. To illustrate this
effect, a dramatic example shown in Fig. 3, we have taken
the reduction in pairing into account by modifying the pairing
gap " and calculating the factors f,P,T , and t1/2 for the α
decay of element 294118 assuming a hypothetical, K = 10+

FIG. 1. (Color online) Decimal logarithms of the ratios between
theoretical and experimental half-lives of even-even α emitters. The
theoretical values have been calculated with the tunneling theory and
the Royer formula [45]. The dashed line shows the RMS deviation
of σ = 0.383. The effect of Z = 82 and N = 126 on α-particle
preformation factors is clearly visible in both theories.

FIG. 2. (Color online) Pairing gaps extracted from the experi-
mental α-decay half-lives by using the superfluid tunneling model.
The even-even nuclei are shown as circles (black) and odd-A and
odd-odd nuclei in squares (red). The standard average gap is shown
as a solid curve. See text for more details.

2-QP isomeric state at E = 1.05 MeV, which corresponds to
Qα = 12.87 MeV. To form an α particle, a pair of neutrons
and a pair of protons need to be coupled together. Therefore,
the reduction in the pairing interaction has a remarkable effect
on the α-particle preformation factor, which is clearly seen in
Fig. 3.

We would like to comment here that the measured half-
life of the ground state of element 294118 is t1/2 = 0.69 ms
[52], which is 1–2 orders of magnitudes shorter than of the
hypothetical isomeric state (see Fig. 3). Therefore, assuming
a stiff axial deformation to persist, we can expect the heaviest
elements to have isomeric states with longer half-lives than
their ground states.

Determination of pairing reduction factor
for multi-quasiparticle states

We have calculated the α-decay half-lives for 15 α-decaying
multi-QP isomeric states in odd-A and or even-even nuclei
with known t1/2,L, and Qα with the pairing gap varied between
0.6–1 of the "g.s.. Only the α transitions to the ground states

FIG. 3. (Color online) Contribution of the pairing reduction on
different factors f,P,T , and t1/2 on the α decay of a hypothetic 2-QP
isomeric state in element 118. See text for more details.

044324-3

  !!" =  12 A!!/! !"#	

a=7.2 MeV and b =44MeV 

A. Bohr and B. Mottelson, Nuclear Structure (Benjamin, New York, 1975), Vol. 1. 
P. Vogel, B. Jonson, and P.G. Hansen, Phys. Lett. B 139, 227 (1984). 
 

First hint that nothing unusual 
about “superallowed” decay? 
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What About N=Z? 

 

108Xe, Eα=4.4(2) MeV, !!/! = 58!!"!!"# µs 
104Te, Eα=4.9(2) MeV, !!/! < 18 ns.  

The sum of the alpha energy is better constrained to value of 9.3(1)MeV 

Also, assuming BCS applies, Δ(108Xe)>Δ(104Te) 

In case of pure pairing in single-j shell:  

! = ! !
2 ! − !2                                                                   

Implying maximum of Δ(108Xe)=1.32×Δ(104Te) 

 

If extra proton-neutron correlations are contributing then the effect is likely to be 
biggest with the N=Z chain 108Xeè104Teè100Sn.  
 
They would show up in unrealistically large values for the fitted pairing gaps. 
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Exclusion Plot for Pairing Gaps 
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New Results from JAEA 

Search for α decay of 104 Te with a novel recoil-decay scintillation detector 
Phys. Rev. C, Y. Xiao et al., Accepted16 August 2019 

ABSTRACT 
A search for super-allowed α decay of N=Z nuclei104Te and 108Xe was carried out using novel recoil-decay scintillator detector 
at the tandem accelerator facility at Japan Atomic Energy Agency (JAEA). Inorganic crystal scintillation material of YAP:Ce  
(Yttrium Aluminium Perowskite) coupled to position-sensitive photo-multiplier tube (PSPMT) was implemented for the first time in 
radioactive decay experiment. Residues from the fusion-evaporation reaction 58Ni+54Fe→ 112Xe∗ were separated by the JAEA 
Recoil Mass Separator (RMS) and implanted into the YAP:Ce crystal. α decays of neutron-deficient tellurium isotopes were 
identified and proton-emission of 109I was observed. The α decay chain 109Xe →105Te → 101Sn was recorded with time interval  
of 960 ns between two αpulses. Position localization in the crystal for decays and ions in the energy range from hundreds keV to 60 
MeV was achieved with the accuracy of 0.67 mm, proving that this detector is capable of making temporal and spatial correlations 
for fast decay events. No conclusive evidence was found for the decay chain 108Xe → 104Te → 100Sn within 3 days experiment. 
However, two events were observed with properties consistent with the reported observation at Fragment Mass Analyzer (FMA) 
but with the separation between signals less than 4 ns. The cross section limit of 130 pb was obtained for production of two events 
of 108Xe, about an order of magnitude below the expectation based on earlier cross section measurements and HIVAP fusion-
evaporation code. 

T1/2(104Te)<4ns? 
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Exclusion Plot for Pairing Gaps 
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