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Abstract:

Various theories have predicted the deep Dirac levels (DDLs) in atoms for many years.

However, the existence of the DDL is still under debating, and need to be confirmed. With the develop-
ment of high intensity lasers, nowadays, electrons can be accelerated to relativistic energies by high intens-
ity lasers. Furthermore, electron-positron pairs can be created, and nuclear reactions can be ignited, which
provide a new tool to explore the DDL related fields. In this paper, we propose a new experimental meth-
od to study the DDL levels by monitoring nuclei's orbital electron capture life time in plasma induced by
high intensity lasers. The present study reveal that if a DDL exists, a nuclear electron capture rate could
be enhanced by factor of over 107, which makes it a very sensitive method for the DDL detecting.
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1 Introduction

Traditionally, in quantum mechanics, when one
solves the Schrodinger equations, Dirac equations, or
Klein-Gordon equations, to obtain the bound states of
an atom, at some points, the sign of a parameter’s
square root has to be chosen, and the choice leads
either to “usual” solution or “anomalous” solution!!.

The traditionally discarded
tions can be explained as quantum states occupied by
electrons under the “usual” Bohr ground level. The
bounding energy is comparable to the rest mass of the
electron, and therefore is called to be deep Dirac level
(DDL), electron deep level, or relativistically bounded
level in literatures .

The existence of the DDLs are debated theoretic-
ally, as well as experimentally. Some experimental

“ anomalous” solu-

phenomenons have been explained as existence of the
DDLsl* 6}, but being questioned by othersl™ 10,

With the development of high intensity lasers,
nowadays, the electrons, and even the nuclei, can be
accelerated by the lasers to relativistic energies in a
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very short distance like 1 pm, and therefore may pop-
ulate atoms to the DDL states. Due to the very short
distance from the electron’s DDL orbit to the nuclei,
the electron capture (EC) life time can be changed
greatly. Therefore one can use the EC rate as an in-
dicator of the DDL state. In this paper, We propose a
novel nuclear indicator of DDL existing, for the first
time. The nuclear capture life time will be dramatic-
ally changed if DDL is formed. We will also discuss
the possibilities of using high intensity laser facilities
to test the existence of the hypothetical DDLs.

2 The deep dirac level

For simplicity, here we only briefly give the DDL
solution of the Klein-Gordon equation. The DDL solu-
Sch-
rodinger equation and Dirac equation can be found in

tions of other equations like the relativistic

Ref. [11]. Considering the Klein-Gordon equation of a

hydrogen-like atomm,

[(ih0, — U)* + R*A] b, = mc*yy, (1)

Foundation item: National Natural Science Foundation of China (11875191, 11775140)
Biography: FU Changbo(1974-), male, Nanyang, Henan, Professor, Ph.D., working on nuclear physics research;

E-mail: cbfu@fudan.edu.cn.


https://doi.org/10.11804/NuclPhysRev.37.2019CNPC20
mailto:cbfu@fudan.&lt;linebreak/&gt;edu.cn.
mailto:cbfu@fudan.&lt;linebreak/&gt;edu.cn.
mailto:cbfu@fudan.&lt;linebreak/&gt;edu.cn.
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn

- 378 . R 7 &Y H T’

37 %

where 7 is the Plank constant, ¢ is the speed of light,
my is the mass of electron, U(r) = —£2< is the cou-
lomb potential, « is the fine structure constant, r is
distance between electron and nuclei, and Z is the
charge of the nuclear. This equation has solution of

Ref. [3],

5=3/2 —s —r/r
__" roe"/m0 e—iEot/h (2)
25-1/2, /(3 — 2s) ’

(o

where I'(z) is the gamma function, ¢ is time. The
corresponding energy FEj, and the orbit r, are:

, Za
\/g’

EO = MyC

3)

and

_h 1

 mecy/s
The s=3(1—-+1—-4Z%a2) ~0 solution is the

normal non-relativistic one, the Bohr state. In this

case, the corresponding energy, orbit, and the wave
function are:

(4)

1
Ey = moc? (1 - 522042 + ) ~ moc® — 7% x 13.6 eV,
(5)

h 1 0.53 o
~ —_—~— 6
o moc Zow Z A (6)
o ~ e m/m e~ iBot/h (7)
' 32w .
The s = ;(1+ 1 —4Z2a?) ~ 1 solution is is the

“anomalous” one, i.e. the so-called DDL level. In this
case, the energy, orbit, and wave function can be sim-
plified as,

Ef =moc® - Za ~mec® — (511 — 3.72- Z) keV, (8)

h o
f i~ ~0.0039 9
To IMaC A, 9)
_ -7 7‘#
¢# -~ T 16 / OefiEgt/h. (10>

°T 2t

As one can see, taking Z =1 as an example, in
the case of the DDL, the electron is deeply bounded
to 0.5073MeV, compared with the well-known Bohr
case 13.6 eV. The DDL's orbit is only about 390fm
away from the nucleus, compared with the Bohr orbit,
0.53 A.

Because the wave function liII(l) ¥4 = 00, this “un-
physical” solution was rejected in textbooks like Ref. [1].

However, the infinity comes from the assumption that
the nucleus is point-like, and therefore the Coulomb
potential is infinite at r = 0. Even though, the sys-
tem's wave function % and momentum p} = —ih 9,
are still square integrable. In fact, the wave function
Eq. (2) has already been normalized in r € [0, 00).

3 Populate electrons to the DDL

As shown above, if DDL exists, a free electron
can drop to a DDL, and X-ray with energy of about
0.5 MeV will be emitted. Because we do not observe
so many energetic photons in our normal environ-
ment,
photon-emission must be highly forbidden.

First, the DDLs may be populated via electron-
positron pair effect. When a relativistic electron ap-

proaches a nucleus, pairs can be produced

that means directly populating DDLs via

e"et

through the following two processesm_lg}:
Z+e —Z+2 +et, (11)
and
Z+e »Z+e +y—>Z+2 +et, (12)

where the Z represents nuclear with charge z. The
previous process can create electron-positron pair dir-
ectly in the nuclear coulomb field. The later process
has two steps, i.e., in the first step, generating a -y
photon with energy larger than > 2m.c?, and then
the gamma decays to an electron-positron pair. In
both cases, the electron could be captured to the
DDL. The larger the electrical field, i.e. the closer to
the nuclear, the higher the possibility is. Therefore,
the electrons produced near the nuclei have higher
chance to be bounded to be DDLs. Because the elec-
tron in the DDL is much closer to the nucleus, it has
higher possibility to be caught which results in a short
EC life time. The life time of the nuclei's electron cap-
ture decay may serve as an indicator of DDLs.

Secondly, the DDL may also be produced by
mechanism called Nuclear Excitation by FElectron
Transition (NEET)!". When an electron moves from
an outside orbit to an inner one, the energy difference
AFE,. between the two orbits is usually carried away
by X rays or Auger electrons. However, it is possible
that this energy AF, can also excite the atomic nuc-
leus. The NEET has been founded in several nuclei,
e.g., YTAy, 1890s, and M31r ete.15716] With the high
intensity lasers, the DDL may be produced through
the NEET mechanism.

With the development of high intensity laser
technologies, the intensities of today's laser could be
as high as 1022 W/ch[m. With high intensity laser,
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the electron-positron pairs have been experimentally
observed™). When an ee* pair is created near nuc-
lei, the positron escapes due to the coulomb field, and
the electrons may be caught to the DDLs. Due to the
electron quiver effect, electrons in high-intensity laser
fields can acquire relativistic energy, and then the
NEET may be triggered.

For the DDL purposes, the high-intensity lasers
have relatively clean background. In a typical high-in-
tensity laser experiment, a laser pulse's duration is
normally shorter than nanosecond. The radiation pro-
duced in this time interval include X-rays, ~-rays,
neutrons, high energy electrons, positrons, high en-
ergy ions, and radioactive isotopes. The photons (X-
ray and ~y-ray) decline immediately in nanoseconds.
After the original pulse, the high energy electrons, as
well as the ions, fly away from the target, and hit on
materials around to have Bremsstrahlung ~v-ray or
other neutrons. This process may last another several
nanoseconds. The positrons may last longer, but their
annihilation energy is smaller than 2mgc® = 1.022
MeV if the detectors capture one photon from the an-
nihilation, and equals to 1.022MeV if capture both.

However, from the experimental point of view,
the positrons themselves only are hardly to be used as
an indicator of the DDLs. After all, a lot of positrons,
as well as different energy photos, are produced by
lasers in a time interval smaller than one nanosecond.
It's very hard to trace the history of a positron experi-
mental in this circumstance.

There are two kinds of « background in the typ-
ical high-intensity laser experiment: laser induced and
ambient gamma. The later one comes from cosmic
rays or the radiation of the ambient materials. The
laser background after roughly about 100ns almost
disappears. The ambient -~ background normally is
very small compared with the laser v background at
t ~ 0, but as the measurement time goes longer and
longer, it will dominate. Therefore, a window of about
100ns to 1 min is reasonable for the DDL detecting.

After about 100ns, almost all observed photons
with E, > 1.1 MeV must come from 5 sources: neut-
ron capture reactions, activated radioactive isotopes,
ambient sources, the energy fluctuation of ¢* annihila-
tion which is a gaussian distribution with the center
at 1.022MeV, and the possible EC from DDLs. The
first two sources have their own characteristic -ray,
and can be distinguished from the DDL cases. The
ambient background can be compressed by choosing a
proper time window, let's say, from 102 to 10'!' ns.
The positron background can be compressed by choos-
ing a proper energy window. Base on the discussion
above, the laser-induced EC decay may be an ideal

probe for the DDL studies.
4 Electron capture rates of the DDL

Let’s consider the EC process,
2X+e = LAY 4. (13)

The EC decay probability per time unit is given by
Fermiis golden rule,

2o

i) %05, (14)

where i, f are initial and final states respectively, p;
is the neutrino final states per energy unit, and O is
the weak interaction operator.

In the initial state, there are one proton, one elec-
tron, and other nucleons in X, [i) = [p,e) |22V ). In
the finial state, there have one neutron, one neutrino,
and other nucleons in ,4Y, |f)=|nv)|321Y).
Since the operator O acts only on weak interaction
participants, the EC decay rate is roughly proportion-
al to the possibility of finding the electron in the nuc-

lear volumel!!?! ,

Ao fo" |2 - dmrdr, (15)

where 1. is the electron's wave function, and r, is ra-
dius of the nucleus. Here we use the assumption that
the nucleon's wave function is constant in the nuclear
volume. Furthermore, the coulomb interaction differ-
ence between the normal Bohr state and the DDL is
very small compared with the strong interaction in-
side the nuclei. Therefore, the other parts of the mat-
rix for the Bohr level and the DDL are roughly same.
Defining 7'/, to be the half life of capturing an elec-
tron from normal Bohr level, and 77}, from DDL,

their ratio can be simplified asl19720]

T, [Q ()]’

T, [Q# wz(mn] (16)
L ]
= {(1moc2/cz)wg<m|} ’ (a7)

where the @ and Q" is the reaction @Q-value for Bohr

and the DDL states respectively. The }ZQET“;} is the ra-
o'\

tio of the electron wave functions evaluated at the
nuclear surface r = r,. And also take Q" = Q — myc?.

From Eq. (7) and (10), we have

T ri)1/ 2y
I,

Since r, is in order of fm level, 7} is about 390fm,
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and 1, is about 0.53 /O\ , we have exp[r,/rh — ry/ro] ~ 1. 108
The equation can be re-written as,
1ok DDL
Tn Tn
w ~ 2V2Za, (19)
|5 (rn)] To
104
insert it to the Eq. (17), we have o
=
T, 27 rn\’ 20) =0
T1/2 (L =mec?/Q)? \ 1o . * r*********]}ghr*s?tfe **********
100 3
The results, chosen as examples, are shown as Tl(/Df LD
in Table 1. 102
We also numerically solve the Eq. (1) with a
more realistic potential, specifically, assuming that the 104 . .
charge is evenly distributed in the nucleus. The poten- 0 2X107]r5/m 4x1077

tial Uin Eq. (1) has the form:

Table 1  The new life time of several radioactive nuc-
lei if the DDL exist. Tl(% represents the original
half life of the corresponding nucleus.

Nucleus Q /MeV A Tl(% Tl(?QDU) T1(72DL2)
Be 0.861 4 532d 21 ms 52 ms
e 1.982 6  203m 18 us 19 ps
BN 2.220 7 100m 14 ps 16 ps
150 2.757 8 1225 4.3 s 4.8 ps

Mg 4.056 12 113s 1.5 ps 1.9 ps

3p 4.232 15 250m 47 ps 64 ps
P3Fe 3.742 26 85lm 1.3 ms 2.9 ms
62Cu 3.958 29 9.67m 2.2 ms 5.9 ms
837n 3.367 30 38.47m 10 ms 30 ms
bCu 1.675 29 12.7h 0.28s 0.7s
Zahe
- r >,
Ur) = Zaher? (21)
- T < T

Once obtaining the numerical wave functions, the EC
decay ratio were then calculated according to Eq.
(15). The results are shown as Tl(?QD ) in Table 1. As
an example, the numerically-solved wave functions for
62Cu's Bohr state and DDL are shown in Fig. 1.

The present studies reveal that the nuclei listed
in the Table 1 are possible candidates for the laser
DDL studies. They will be prepared at accelerators or
nuclear reactors in advance, and then server as laser
targets. They can be obtained by one-nucleon trans-
ferring reactions and relatively easier to be prepared.

Tl(?QD Y are much longer

Furthermore, because theirs
than 100ns, but relatively shorter regarding the cos-

mic and ambient radiation backgrounds (look the ar-

Fig. 1 A comparison of the numerical evaluation of

ar2|p(r)|2(r < ra) for the %2Cu's Bohr state (dash
line) and DDL (solid line).

gument in Sec. 3), a high signal-to-noise ratio can be
achieved if using these nuclei.

5 Summary

In this work we provide a new experimental
method to explore the deep Dirac levels. The DDLs
may be populated by high intensity lasers through the
mechanism of ete™ pair or the NEET. Because the
DDL orbit is very close to the nucleus, the electron
capture (EC) rate can be enhanced greatly. We estim-
ate that the EC rate will be over 107 times higher if
the DDL exist. The characteristic EC decay ~-ray
could be used as the indicator of the DDL's existence.
We suggest a detecting time window, from 100ns to
1 min, which can avoid both the laser-induced ~-ray
at ¢ =0 and the ambient v-ray. We also provide sev-
eral candidate nuclei which can be relatively easily
created in laser setups. Their relatively high decay en-
ergies can benefit the detecting signal-to-noise ratios.
We expect that this new laser-induced EC decay
method will help to understand more about the long-
existing DDL puzzle.
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