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A diproton is an unusual particle, made of only two protons, which are believed to
be unbound. In the core of a main sequence star such as the Sun, protons first com-
bine to form diprotons in order for the proton-proton chain nuclear fusion reactions to
occur. Exploring properties and activities of diprotons plays an important role in un-
derstanding the physics of stellar energy generation by nuclear fusion. In laboratories,
it has been shown experimentally that some proton-rich radioactive heavy nuclei such
as ¥Fe and “Kr can decay with emissions of diprotons and longer lifetimes in com-
parison with lighter nuclei. In this study, we investigate diproton decays of proton-rich
or neutron-rare radioactive heavy nuclei. We first quantum-mechanically analyze to
formulate the expressions for the transmission probability and lifetime of the diproton
decays. Then, we numerically calculate the transmission probabilities and lifetimes of
the diproton decays. The numerical results obtained for the diproton decays of the two
typical proton-rich radioactive heavy nuclei Fe and ®’Kr are plotted as functions of
the energy of the emitted diproton and further compared with the measurements. It is
shown that the transmission probabilities rapidly increase with the energy of the emitted
diprotons, while the lifetimes for the diproton decays decrease with the energy of the

emitted diproton and can be consistent with the laboratory measurements.

1 Introduction

A diproton is the nucleus of a rare isotope of helium, >He,
and consists of only two protons. It is extremely unstable and
believed to be in an unbound state with a negative binding
energy due to the spins of the two protons to be anti-aligned
according to the Pauli exclusive principle [1,2]. A diproton
does not stably exist in nature but can be formed temporar-
ily in two ways (see Fig. 1): (1) combination of two separate
protons and (2) decay of proton-rich radioactive heavy nuclei.
Two separate protons, when they collide with enough energy
to tunnel through the Coulomb barrier between them, form
a diproton, 'H + 'H + Energy — 2He. This frequently oc-
curs in the core of the Sun or any star in the main sequence.
Approximately, there are about 10%° diprotons formed every
second in the core of the Sun. Most of them quickly separate
back to protons, 2He —> 'H + 'H, and only a very small part
rarely get fused into deuterons via positron decays with emis-
sions of neutrinos, 2He — 2H + e* + v.. The fusion rate of
the Sun should be about 10* protons per second according to
its luminosity, which is about 10?* times lower than the rate
of diproton formation. In addition to the rareness of positron
decays and difficultness of Coulomb barrier penetrations or
quantum tunneling, plasma waves or oscillations may also
play a significant role in the reduction of the rate of fusion
in the core of the Sun [3,4].

In laboratories, on the other hand, scientists have exper-
imentally discovered that some proton-rich (or neutron-rare)
heavy nuclei can emit diprotons [5, 6]. For instance, the pro-
ton-rich radioactive nuclei ’Ne, *Fe and ¢’ Kr can decay into

45Fe

43Cr

ZHe

Fig. 1: Two ways of diproton formation: either formed from combi-
nation of two separate protons or emitted from decay of proton-rich
radioactive heavy nuclei such as "Ne, “Fe, “Kr, and so on. The
right panel shows a schematic diagram for a “Fe nucleus to decay
into “3Cr after it emits a diproton 2He.

130, BCr, and %Se, respectively, after emitting a diproton
[7-9]. The emission of a diproton from a proton-rich heavy
nucleus is usually called diproton decay. The diproton decay
is a rare decay mode found in a few nuclei beyond the proton
drip line [10]. It is found, on the basis of the shell-model
mass extrapolation, that 4Fe nuclei are unbound and emit
diprotons in the decay. The half-life of *Fe calculated using
an R-matrix formula for the contribution due to the diproton
decay agrees with the experimental values [8]. The dipro-
ton tunneling half-life decreases with the decay energy. First
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observations of diproton decays from *’Fe showed the half-
life to be about 3.8 ms and the energy about 1.15MeV [5,6].
Fig.2 shows the observations of diproton decay of *Fe and
its half-life [6, 11]. Observations also show that the unbound
proton-rich nucleus '’Ne directly decays to 'O with a simul-
taneous diproton emission [7]. The diproton decay of 4'Kr is
measured to be unexpectedly fast [9].

Recently, the first author of this paper has theoretically
modeled and numerically studied the transmission and pro-
ton decay of unbound diprotons, transmission and positron
decay of protons, and transmission and diproton decay of
unbound proton-rich heavy nucleus ’Ne in accordance with
the Gamow theory for the quantum tunneling and radioactive
decays [14]. It was shown that an unbound diproton is ex-
tremely unstable and quickly decays through two types of de-
cay modes with lifetime to be extremely short down to about
1072! seconds. A diproton mostly undergoes a proton decay
to be two separate protons with a transmission probability
higher that 99.99%, and rarely undergoes a 8* decay to form
a deuteron with a transmission probability lower than 0.01%.
The transmission probability for the diproton decay of "Ne
increases with the energy.

In this paper, we quantum-mechanically study the trans-
mission probability and lifetime for the diproton decays of
proton-rich radioactive nuclei according to the Gamow the-
ory that describes and models the quantum tunneling of the
Coulomb barrier between the emitted diproton and the left-
over nucleus. We obtain that the transmission probability and
lifetime of unbound proton-rich heavy nuclei depend on the
energy of the emitted or decayed diprotons. In general, the
probability increases with the energy, while the lifetime de-
creases with the energy. With a certain probability, the heav-
ier the nucleus is, the greater the energy of the emitted dipro-
ton is. For *Fe nuclei, the lifetime of the diproton decay
with energy about 1.1-1.2 MeV, obtained from this study, is
about some milliseconds, which is consistent with the mea-
surements [8].

2  Quantum theory for diproton decay of heavy nuclei

In 1928, on the basis of quantum mechanics, George Gamow
proposed a theory for the a-decay of radioactive heavy nu-
clei [15]. In this study, we apply the Gamow theory to de-
scribe and explain the diproton decay of proton-rich radioac-
tive heavy nuclei. An « particle is a helium nucleus, “He,
while a diproton is an isotope of helium, 2He. Both are elec-
trically charged by 2e, where e is the electric charge of proton.
The Gamow theory that was developed for the a-decay of ra-
dioactive nuclei should be applicable to the diproton decay
of radioactive nuclei. During the diproton decay of a proton-
rich radioactive heavy nucleus, a diproton is electrically re-
pelled by and further escapes from the leftover nucleus. In
the Gamow theory, the potential energy function is approxi-
mately modeled by a finite potential square well to represent

Tianxi Zhang & Cornelius Salonis. Gamow Theory for Diproton Decays of Proton-Rich Heavy Nuclei *Fe and ¢’Kr

6 _45F'B 2
1

F1 8
0 1 1 1
Q 25 50 75

time (ms)
2 =3
0 1 1 1 L L L L

0 1 2 3 4 -] B r 8
energy (MeV)

Fig. 2: The energy and time distribution of decay events from **Fe,
measured in experiments by GANIL [12] and GSI [13]. The events
represented by black lines corresponding to the diproton decays,
while other high frequency events represented by green lines rep-
resented the f—decays.

the attractive nuclear force and joined with a Coulomb repul-
sive potential tail [14, 16],

Vo, if0<r<n

V(r) = 1 72> . (D
————, ifrn<r<o
drey r

Here Z; and Z, are atomic numbers or charge states of the
emitted particle and leftover nucleus; ¢ is the electric per-
mittivity constant in free space; and Vj is the depth of the
potential square well. Fig.3 is a schematic diagram for the
potential energy V(r) given by (1) as a function of the radial
distance r in all the classical and quantum regions. The width
of the potential square well, denoted by r;, can be determined
as the radius of the nucleus, given by a constant times the
cubic root of the mass number of the nucleus as

ri=rgA'? )
where A is the mass number of the nucleus and the constant
is 7o = 1.2 x 1075 m. The depth of the potential square well,
Vo, is much greater than the maximum height of the Coulomb
barrier, U, given by

3)

The outer turning point (i.e. at r = r») can be determined,
in terms of the energy E of the emitted « particle to be equal
to the potential energy at r;, by

lezez
rp = .
2 471'60E

“4)

In this central force problem with potential V(r) given by
(1) or shown in Fig. 3, the radial Schrodinger equation of the
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Fig. 3: The Gamow model for the potential energy of an electrically
charged particle to be emitted from a radioactive nucleus. It consists
of the potential energy square well for the attractive nuclear force
and the Coulomb potential energy tail for the repulsive electric force
between the emitted particle and the leftover nucleus of the decay.

particle wave is [14, 16],

d*u(r) 2u Id+1)
e =ﬁ[V(r)—E]u(r)+

u(r), (&)

12
where u(r) is the radial wave function, u = mmy/(m; + my)
is the reduced mass with m; the mass of the emitted parti-
cle and m, the mass of the leftover nucleus. The integer / is
the quantum number for the magnitude of angular momen-
tum and h = 2x7 is the Planck constant. A two-body system
with a central force or potential can be generally described as
a system of one body with the reduced mass.

According to the WKB approximation of quantum me-
chanics, we can approximately solve the radial Schrodinger
equation and find the radial wave functions to be

1
ur) = exp [i- flp(r')ldr’] , (6)
Ip(r)l h
where the parameter p(r) is defined by
p(r) = \2ulV(r) - E]. @)

Here, it should be pointed out that the general solution of
the radial Schrodinger equation should be the combination
of these two corresponding to the plus sign and minus sign.
We have also neglected the effect of angular motion and con-
sidered the case of / = 0.

Then, from the solved wave function, the transmission (or
tunneling) probability for the electrically charged particle to
tunnel through the Coulomb barrier is obtained as [14, 16]

T=e¢?%,

®)
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where the parameter y is determined by

L[
y=3 [ arVEo -

r

= ";#E [rz (g — arcsin \/:j;) - m] .

And the lifetime of the parent nucleus or decay is given by

2?‘1
T="=¢e%,
v

(10)

where v = V2E/m, is simply chosen to be the speed of the
emitted (or @) particle. It should be noted that, although be-
ing proposed for explaining the @-decay of radioactive nuclei,
the Gamow model is applicable in general for the decay or
emission of any type of charged particles from a radioactive
nucleus such as the 8* decay from a proton, and emission of
a proton or a diproton from a proton-rich radioactive heavy
nucleus (e.g. diproton decays of ’Ne, ’Fe, ®’Kr, and so on).

3 Probability and lifetime of diproton decay

A heavy nucleus with the elemental formula X, if it is pro-
ton-rich (or A < 2Z), may be radioactive and decay. If the
emitted particle of the decay is a diproton, we call the dipro-
ton decay. Here X is the elemental symbol of the nucleus,
usually called the parent nucleus, Z is the atomic number of
the parent nucleus, and A is the mass number of the parent
nucleus. In this diproton decay, we have Z; = 2,7, = Z - 2,
my = 2mp,, my = (A —2)my, and u = (my X mp)/(m; + my),
where m, = 1.67 x 107%" kg is the proton mass. We have ap-
proximately considered both proton and neutron having about
the same mass. The width of the potential square well or the
radius of the parent nucleus, r;, can be estimated from (2)
and the outer turning point, r,, can be calculated from (4).
With the values of these parameters and given a nucleus’ Z
and A, we can calculate, from (8) to (10), the transmission
probability and lifetime of the diproton decay. For the typical
proton-rich radioactive heavy nuclei **Fe and %’Kr, we have
plotted the results obtained from calculations of the transmis-
sion probability and lifetimes of the diproton decay.

For the diproton decay of “Fe, the leftover nucleus is
43Cr. In this case, we have Z = 26, A = 45, Z; = 2, Z, = 24,
my = 2my,, my = 43mp, u = 1.91m,,, The width of the poten-
tial square well or the radius of **Fe nucleus can be obtained
from (2) as r; =~ 4.27 x 10" m. With the values of these
parameters and (8) to (10), we can plot, in Fig. 4, the trans-
mission probability for the diproton decay from a radioactive
nucleus ¥Fe (red line) and the lifetime of the nucleus “’Fe
via this diproton decay mode (blue line) as a function of the
energy of the diproton. It is seen that the transmission prob-
ability increases with the energy. In the energy range from
1 MeV to 5 MeV, the transmission probability of the diproton
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Fig. 4: Diproton decay transmission probability and lifetime of “*Fe
nucleus. The red line plots the transmission probability of emitting
a diproton from the radioactive nucleus “*Fe in the potential energy
well to tunnel through the Coulomb barrier as a function of the en-
ergy of the diproton. The blue line plots the lifetime of the diproton
decay.
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Fig. 5: Diproton decay transmission probability and lifetime of ’Kr
nucleus. The red line plots the transmission probability of emitting
a diproton from the radioactive nucleus ’Kr in the potential energy
well to tunnel through the Coulomb barrier as a function of the en-
ergy of the diproton. The blue line plots the lifetime of diproton
decay.

decay increases from 10729 to 1074, while the lifetime de-
creases from 1073 s to 1077 s. It is consistent with the mea-
surement at energy 1.15MeV with the lifetime of diproton
decay from **Fe to be of order 1073 s [8].

For the diproton decay of %Kr, the leftover nucleus is
%8e. In this case, we have Z = 36, A = 67, Z, = 2, Z, = 34,
my = 2my, my = 65m,, up = 1.94m,,. The width of the poten-
tial square well or the radius of ®Kr nucleus can be obtained
from (2) as r; ~ 4.87 x 10715 m. With the values of these
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parameters and (8) to (10), we can plot, in Fig.5, the trans-
mission probability for the diproton decay from a radioactive
nucleus ®’Kr (red line) and the lifetime of the nucleus ¢’ Kr
via this diproton decay mode (blue line) as a function of the
energy of the diproton. It is seen that the transmission prob-
ability increases with the energy. In the energy range from
2MeV to 10MeV, the transmission probability of the dipro-
ton decay increases from 1072° to 1073, while the lifetime
decreases from 10™*s to 1079s.

4 Discussions and conclusions

The fact or observations that diprotons are emitted from the
decays of proton-rich radioactive nuclei implies that dipro-
tons might have bound states with a positive binding energy.
Even if a diproton is only weakly bound with an extremely
small but positive biding energy, e.g. 0.384 MeV [17], a star
such as the Sun would fuse its protons to deuterons at a rate
many orders faster (i.e. > 10% protons/s) so that the star be-
comes much brighter in luminosity (i.e. > 10%® W). This will
result in a universe to fail the life support [18,19]. This dipro-
ton disaster can be overcome by plasma oscillations or waves,
which have been shown recently by the first author of this
paper to be extremely efficient in inhibiting the nuclear reac-
tion [3, 4], to have the observed luminosity without need to
adjust the stars’ central temperature, density, and initial num-
ber of deuterons. We will study in more details the transmis-
sion probability of bound diprotons for the fusion reaction in
future.

As a consequence of this study, we have investigated di-
proton decays of two typical proton-rich (or neutron-rare) ra-
dioactive heavy nuclei “Fe and %’Kr. First, we have ap-
plied the Gamow theory for the a-decay of radioactive heavy
nuclei to quantum-mechanically model the diproton decay
of proton-rich radioactive heavy nuclei. We have derived
expressions for the transmission probability and lifetime of
diproton decay. Then, for the two typical proton-rich radioac-
tive nuclei, we have numerically calculated the transmission
probabilities and lifetimes of the diproton decays. We have
found that the transmission probabilities rapidly increase with
the energy of the emitted diprotons, and the lifetimes for the
diproton decay decrease with the energy of the emitted par-
ticle. And finally, we have compared our obtained results
with laboratory measurements. At the energy of 1.15MeV,
the lifetime for the diproton decay of *’Fe is observed to be
about the order of milliseconds, which is consistent with the
results of Gamow modeling obtained from this study.
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