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Excitation of the low-energy " Th isomer in the electron bridge process via the continuum
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The paper studies the excitation of the > Th nucleus to the anomalously low-lying isomeric state 3/2*(8.28 &
0.17 eV) in the electron bridge process via the continuum of the electron spectrum. Resonant excitation of the
nucleus was found to be always possible in the scheme, no matter where the electron levels of an atom or
ion were located. Formulas for the excitation cross section by narrow and wide laser lines are obtained. In the
resonance, where the process under consideration turns into laser photoionization followed by nuclear excitation
in electron capture, the cross section of the process was shown to be comparable in magnitude with that of the

photoionization of the thorium atom. Experimental schemes for testing the effect were proposed, which would
allow measuring the frequency of the nuclear isomeric transition 3/2* — 5/2% to a high precision, which is the
first-priority (and still unresolved) task for creating a nuclear clock.
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I. INTRODUCTION

An anomalously low-lying state of Ejs energy in the range
of 8.1-8.5 eV in the **Th nucleus [1] offers ambitious
prospects for research in the convergence of low-energy nu-
clear physics with other fields of science, i.e., solid state
physics, laser physics, plasma physics, optics, and others.
References to the potential existence of a low-lying level
3/21(Eis < 100 eV) in >*Th were first made in the work [2].
However, thanks to works [3,4] it turned out that in this
case we were dealing with the transition of optical energy.
According to 2007 measurements, the level energy is 7.6 &+
0.5 eV [5,6]. The most recent isomer energy data are given
in [1]. According to them, Ej; = 8.28 £ 0.17 eV.

Nowadays, characteristics of isomeric state 3/27(8.28 +
0.17 eV) and parameters of the M1 nuclear transition from
isomeric to the ground state 5/2%(0.0) are being actively
explored. Works [1,7,8] have revealed an internal conversion
(IC), which is direct evidence of a low-lying level, and pri-
marily estimated its lifetime. The magnetic dipole and electric
quadrupole moments of the isomeric level were measured
in [9], and the charge radius of the >**"Th nucleus was found
in [10].

A great interest in this unique nuclear state is deter-
mined by a number of new fundamental physical effects
and promising applications which could be realized with the
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help of 2" Th. Among the most notable ones is a “nuclear
clock” [11-14], a nuclear laser in the optical range [15,16],
tests of the variation of strong interaction parameter [17-20]
and the fine structure constant [21], controlling y decay via
boundary conditions (the Purcell effect) [22], the o decay of
the isomeric state [23], the Mossbauer effect in the optical
range [15], and others.

The effective excitation of *’Th nuclei to the given iso-
meric state is one of the most significant challenges. It should
significantly speed up the exploration of the above phenom-
ena. With the energy of an isomeric nuclear transition lying
in the optical region of the spectrum, intense laser radiation
could be used to excite 2 Th [24]. Meanwhile, there are two
excitation channels of the isomeric state: direct photoexcita-
tion with the direct absorption of resonance photons by the
nuclei [24], and the so-called electron bridge (EB) [24-26],
a third-order process for the electromagnetic interaction con-
stant e, where the electron shell serves as an intermediate link
between laser photons and the nucleus.

The concept of an electron bridge was introduced into
physics by Krutov (see [27] and references therein). In
works [28,29] it was used to describe the £E3 (76 eV) nu-
clear transition in >*U between the ground state and the
first excited state. Decay of a low-lying isomer in **Th
over the electron bridge channel was first studied in [30].
The inverse process—the excitation of nuclei in the process
of the electron bridge through discrete and continuous parts
of the electron spectrum—was first considered in [31] for
25U, In works [25,26,32], the electron bridge was proposed
to excite the >*"Th isomer. Since at that time the value of

©2019 American Physical Society
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FIG. 1. Direct (a) and exchange (b) Feynman diagrams of the EB
process.

Eiy = 1 4 eV [3] was taken for the isomer energy, with the
ionization potential of the thorium atom being equal to 6.3 eV,
the case of excitation was studied only via the discrete spec-
trum. Subsequently, the electron bridge to excite the *’Th
nucleus in thorium ions was discussed in [33,34], and others.
In this paper, we consider the excitation of the 3/27(8.28 +
0.17 eV) isomeric level in 2 Th by the electron bridge mech-
anism via the continuous part of the electron spectrum, and
show that in some cases the process can have cross sections
which are sufficient enough for the isomer to be effectively
excited. On the basis of the results, we propose an experi-
mental scheme on the photoionization of 2 Th neutral atoms.
The experiment will allow us to determine the frequency of
the M 1 nuclear transition between the low-lying isomeric and
the ground states 5/2% — 3/2% to a high precision, which is
sufficiently enough to put the “nuclear clock” in practice.

II. THEORY OF THE ELECTRON BRIDGE

The nucleus excitation in the electron bridge process
is described by two third-order Feynman diagrams (see
Fig. 1). These diagrams correspond to a third-order S-matrix
element [35]

5 = [ dtdtad*as gy tavier G xiey" yica)

X [Au,(xl )Dup(x3 - )Cz) +Av(x2)Dup(x3 — X1 )]
X Wi (x3)iep” W (x3), (1

where e and e, are electron and proton charges, correspond-
ingly, J? is the nuclear current operator, x; = (tj,r;) for
j =1,2,3 are the vertex coordinates, and y* are the Dirac
matrices.

Let us take a photon wave function in the form

Au(x) = e A (r),

where wy is the laser photon energy. Photon propagators in
the diagrams in Fig. 1 are written down as Fourier transforms
of the propagation functions in the frequency-coordinate rep-
resentation (that is, through integrals over the energy of the
virtual photon)

dw

Dyup(xi — xj) = / P

The electron propagator ( Green’s function) in (1) is generally
written down as a sum over discrete (bound) states with

—iw(ti—t;) .
e Dy (s T — 1)),

negative energy E, < 0 and integral over states of the con-
tinuum spectrum with positive energy E. > 0,

G, x1) =Y Yn(x2) Yra(x1)

d*pe
@Qn)

As stated above, excitation of the nucleus via bound
states is described in detail in many works [25,26,32-34].
Therefore, we shall limit ourselves here to considering the
process through a continuous part of the spectrum. Note that
the inverse process, namely, the decay of the isomer 2**"Th
via the electron bridge, taking into account the states of the
electron continuum, has already been considered in different
approaches and with varying degrees of detail in [36-39].
Here we give a sequential derivation of formulas for the cross
section of the >*’Th nucleus excitation process in the frame-
work of perturbation theory for quantum electrodynamics.

Wave functions (WFs) of an electron in the initial |i) of the
E; energy, the final |f) of the E; energy and intermediate |c)
of the E, energy states are

Vicr.o() = e F0O Y (r),

and wave functions of the nucleus in the ground state of the
E,; energy and isomeric state of the Ejs energy are

+ / Ve(x2) Ye(xy)

Wer(x) = e Wy (r),
Wi () = e BTN (r),

Moreover, we introduced a full width of nuclear level I'}" into
the WF of the final (isomeric) state of the nucleus (the system
of units i = ¢ = 1 is used).

Now the S-matrix element (1) takes the form

d*p, /da)
Qr)y ) 2x

S](‘31) = /dlldtzdt3 /d371d3r2d3r3

x ey (riey e Y (xy)

X Pe(rp)e™Miey e y(ry)

X [e AL (r)e D, (@i x5 — 1)

+ 72 A, (r)e 5 TVD,, (Wi T3 — 1p)]

x BT (03 )i, /P Wy (r3)e Bt (2)
Time integration in expression (2) is carried out using the

integral representation of the delta function

1 ;
8(Q) = —/e’Q’dt 3)
2
and the formula

fei(8+ir/2)ldt — (4)

e+il/2’

which follows from the expression which is readily provable
by the residue theory

iet
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Substituting (3) and (4) into (2) and integrating over times
11, ty, t3, we have for the direct (a) and exchange (b) diagrams
in Fig. 1, correspondingly,

i
oy + o+ il/2°

i
wy +o+ilo/2
Now we involve the notation wy for the energy of nuclear
transition wy = Ejs — Eq.

Subsequently integrating over w and p. (d’p. =

mpdE.dQy, , E. = p% /2m is the kinetic energy, and m
is the electron mass) we have

2r8(Ey — E. — 0)2n8(E. — E; — wp)

2m8(Ef — Eo — ) 2m8(Ee — E; — )

T Erd oy —op —E+iT°2 7
f N L i is

X / d3r1d3r2d3r31/_ff(r2)ie)/”

X [VE,=E 40, CDVE~E 1, (T1)

x A, (r1)D,,(w;r3 —17)

= VE=E—on (0 VE=E oy (T1)

x Ay (12)D, (w313 — 11)]iey y;(ry)

x Wi (13)ie,d” W (r3).
In the direct diagram, the intermediate states . lie in the
positive energy region E, = E; + w;, while in the exchange
diagram they have negative energies E. = E; — wy < 0. This
will allow omitting the exchange diagram and operating only
the direct one. As discussed later, this fact simplifies the
calculation drastically and leads to the factorization of the
third-order process by the product of the first- and second-
order processes.

The cross section for the S-matrix element is obtained from
the formula [35]
32
1 1 l Z |S fi )
Zji +1 2Igr +12 mj,m T
A”Igfvf‘lls

&)

ogg(wr) =

Summing in (5) is carried out by magnetic quantum numbers
of electron m;, my, and nucleus My, Mjs, and photon polariza-
tions «, j; and I, are respectively the electron and the nucleus
spin in the initial state. The characteristic time of the process
is T >~ 1/I"}". As a result, we have for the cross section

r
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1 1 1 2
X — _<Q) Z
2ji+ 120 +12\ n ) £

Mgr Mig
'3

ogp(wr) =

2
X

/ Erd(rDiey Yi(E)A, (o1, 1)

X

f & radrsi p(02)iey" Yie(rs)

2

()

X Dvp(wN; r; — r2)\yg(r3)iepqujgr(r3)

e ey e

(b)

FIG. 2. Feynman diagrams of photoionization (a) and internal
conversion (b).

where only those intermediate states are considered for which
EC = E,‘ + wr.

In (6), the EB factorization can be clearly seen. In the
resonance, where the continuum state plays the role of a real
state, the intermediate-state electron line is cut between points
x1 and x; in the direct diagram in Fig. 1(a). In this case the
EB process would split into the ionization of atomic shell |i),
with the electron emitting into the continuum state |c), and the
nucleus excitation in the electron capture from the continuum
|c) to the final (bound) electron state in the atom | f).

The process of nuclear excitation during the capture of a
free electron into a bound state of the ion was proposed by
Goldanskii and Namiot in 1976 [40]. The authors named it
inverse internal electron conversion (IIEC), since this process
essentially is inverse to the internal electron conversion, the
well-known decay channel of the isomeric nuclear state, when
the excitation energy transfers to one of atomic electrons,
resulting in ionization of the atom. However, currently, in
publications, this process is referred to as nuclear excitation
by electron capture (NEEC). Using this terminology, the
resonant excitation of the nucleus via the electron shell can be
called laser-photoionization followed by NEEC. (Note that the
NEEC process should not be confused with the electroweak
process of nuclear excitation by electron capture, i.e., the
process in which the nucleus excites when it absorbs an
atomic shell electron in the reaction p + ¢~ — n + v,.)

In view of the foregoing, we can rewrite formula (6)
more clearly. Let us find expressions for the photoionization
cross section of the electron shell |i) as shown in Fig. 2(a),
and internal electron conversion from the shell as shown in
Fig. 2(b).

In taking the first-order S-matrix element which corre-
sponds to the diagram in Fig. 2(a)

Sy = f Ve (x))iey " Yi(x)A, (wr, x1)d*x

and operating with it as detailed above for S}(fi) , we obtain the
following expression for the photoionization cross section:

/d37‘]

X Ye(rp)iey  yi(r)A, (o, r1)

1 1mp,
Oion(wr) = mz - Z

mj,me

2

. (D

where E. = E; + w;, as mentioned above.
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On performing similar operations on the second-order S-
matrix element which describes internal electron conversion

5(2) /Vfc(xz)ley Yr(x2)Dy (@5 X3 — X2)
X \Il;;(x3)iepJp\Ilis(x3)d )Czd X3,

the probability of IC during the electron transition from the
bound state |f) to the continuum spectrum |c) as a result of
nuclear transition with energy wy from the isomeric state W;g
to the ground state W,, will be expressed as

1 1 -
- mp /d%rzd r3
2+ 120 +1 7

st Mgf

Tis(oy; f) =

X &c(rZ)ievaf(rZ)Dvp(wN; rs — 1'2)
2

X W;(rs)iepjp Wis(13) (8)

Using expressions (7) and (8), we write the EB process cross
section as

Flot FIC(wIC7f)
(CUL res) + (Ftot/z)z

Oion(@L), &)

ogs(wr) =g

where Filsc(wlc; f) is the partial width (probability) of the M1
internal conversion from the |f) shell of the thorium atom
at the virtual photon energy wic = wr + E; — Ey (it does not
coincide with the nuclear transition energy wy far-off reso-
nance), ojo, 1S the photoionization cross section from Eq. (7).
The full width of low-lying isomer nuclear level in >?°Th,
I, is the sum of all partial widths, namely, radiation and
IC widths from the 7s and 6d atomic shells participating in
the internal conversion; w;** = Ey — E; + wy is the resonant
energy of laser photons wy, at which the resonant excitation of
nucleus occurs; and g is the statistical factor of order 1

_2jf+12[is+1 1
T 241 2y + 1 Q2j + 1)

which connects the excitation processes of the nucleus Wy, —
W;s when an electron passes from the continuum |c) to the | f)
state, and the decay of the isomeric state W;; — W, through
the channel of internal conversion with the electron emission
from the |f) shell to the continuum |c). Factor 1/(2j. + 1)?
occurred due to the summation over the final states in the
WF 4. in photoionization and internal conversion processes
in Fig. 2. There is no similar summation in the EB process in
Fig. 1, where WF . describes an intermediate electron state.

Formula (9) corresponds to the excitation cross section of
the nucleus as having a very narrow laser beam, whose width
is much shorter than the characteristic excitation widths of
the involved atomic and nuclear states. It is possible that the
laser line has a width which exceeds substantially the width
of the nuclear level in (9). In order to account for that fact, we
introduce the photon energy distribution function g; (@ — wy)
normalized by the condition

/gL(@ —wp)do =1

and average the cross section (9) over it,

opp(w) = fGEB(d)) gL(® — wr)db. (10)

Let us choose a Lorentzian laser line, which is most frequent
in the experiment,

1 ACL)L
27 (& — wp)* + (Awp /2)?
Integration over formula (10) with account of explicit form

ogp from (9) and g (® — wy) from (11) leads to the expression
for the EB cross section

AwL T (o; f)
(o1 — w;es) + (Awg/2)?

an

gL —wp) =

ogs(wr) = g 1on(ereS)» (12)

which is valid at Fllsc <« Awy. For integration, we have made
use of the fact that for small I')" and the condition I'l' «
Awp, the following relation is satisfied:

1 Ftot
lim — =8(& — o).
rot—0 21 (a) wzes) (Ftot/z)

In the resonance, as illustrated by the excitation scheme in
Fig. 3, the EB cross section from the |i) shell to the | f) shell

through the continuum can be written in an intuitively clear
way:

FIC(wzv,f)

Aoy 10n(eres; l) (13)

O’EB(a)rLes;i g f) =
Far from resonance, there will be the Aw,T'C/(w; — @i*)?
factor instead of the I''C/Aw, factor in formula (13). It
completely suppresses the excitation process of the nucleus
if the detuning w;, — w;** significantly goes beyond the width
of the laser line.

III. RESULTS AND DISCUSSION

The process considered in this paper has one principal
advantage, namely, the resonant excitation of the nucleus via
the electron continuum, whose schemes are shown in Fig. 3,
is always available, regardless of the structure of atomic
states or the magnitude of the energy of nuclear transition.
This is not the case with the EB process via bound states.
Here intermediate discrete levels have fixed, strictly defined
energies E,. For the nucleus to be effectively excited, there is a
necessity for a resonant coincidence of energy w,r = Ef — E,
of atomic transition from the intermediate to the final state
|n) — |f) with the nuclear transition energy wy. But it is still
unknown whether such a pair of levels |n) and | f) exists in the
atom or ion of thorium.

The same applies to cross sections. To estimate numeri-
cally the excitation cross section of the Th nucleus by the
EB mechanism through the continuum, there is no need to
know the nuclear transition energy to the width of an inter-
mediate atomic state ¥,. In the continuum, there is always
such a state ¥ that the resonance condition E, — Ef = wy is
fulfilled. Therefore, we may give quite realistic estimates for
ogp even now, when there is sufficiently large uncertainty in
the energy of the isomer nuclear level.
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FIG. 3. "Th excitation schemes in the EB process via con-
tinuum: (a) inelastic EB with the population of the excited atomic
state; (b) inelastic EB with preliminary excitation of a Thorium atom;
(c) elastic EB.

There are several approximately equivalent schemes for the
effective excitation of the nucleus via the EB channel. First
of all, it is an inelastic electron bridge, whose examples are
given in Fig. 3(a) and 3(b). The initial |i) and final |f) states
of the electron are different in an inelastic EB. In addition,
the so-called multipole exchange is possible when the photon
absorbed by the electron shell and the virtual photon exciting
the nucleus in the second electron transition have different
multipolarities. The nuclear isomeric transition in >*Th is a
magnetic dipole one. And the maximum contribution to the
photoionization cross section is made by the £1 component
of the plane wave. Therefore, the 2**"Th isomer excitation

. . . . El M1 .
scheme with electronic transitions |i) —> |c¢) —> |f) is one
of the most optimal ones.

TABLE 1. Internal conversion widths T\ (wy; f) of **"Th in
units of I (wy; 7s) for wy = 8.1-8.5 eV.

1f) Ts1p 6d3
TIC(H)/TiCTs) 1

is

Tpi2 8sip 8p12 9s1/2
0.0025 0.023 0.078 0.0065 0.028

The choice of the final electron state | f) is also important.
As can be seen from Table I, in the isomer decaying, the prob-
ability of internal conversion from the 7s atomic state signif-
icantly exceeds IC widths from the other levels. Accordingly,
the working section of the laser photon spectrum, leading to
the resonant excitation of the nucleus by the EB mechanism
in the schemes in Figs. 3(b) and 3(c), where the final state
is the 7s shell, is significantly larger than in the scheme in
Fig. 3(a) with the 7p, final state. In particular, for a similar
reason, the process involving 6d electrons is less efficient,
despite the fact that the cross section for photoionization of
the 6d state is not inferior in magnitude to the cross section
for photoionization of the 7s shell (see in Fig. 4).

When the initial and final states of the electron coincide,

the 2?°Th isomer can be excited by the elastic EB in elec-

. - .. Ml M1 . .
tronic transitions as in |i) —> |c¢) —> |f = i). According to

Table I, probabilities of internal conversion from the 7s; , and
7p1 2 states satisfy the condition FLC (Tp1p) KT 1I§C (7s1/2) and
as we noted above, that fact has an impact on the magnitudes
of the working sections of laser photon spectra. However, a
major drawback of the scheme is that the partial cross section

. . M1 .
of photoionization ojo,(wy; i —> ¢) is smaller than the cross

section oion(wp ;i i1> c) about eight orders of magnitude as
was shown by the calculation using the FAC code (see the next
paragraph). According to the scheme in Fig. 3(c), this makes
an elastic EB for the 2> Th nucleus practically unobservable.
Let us estimate the EB cross section numerically. The pho-
toionization cross sections are calculated using the FAC code

1600

a9 ] —6d?75°CF,) = 64°7s!

o -

s 1] - = 6d?75'7p'°GY) = 6d27s!

(]

= 12001 —-=6d?75°CF,) = 6d'7s

=)

£ 10001

3 ]

& 800

§ ]

S 600-

=) ]

S

g 400-

3 .

S 200-

'LE‘ 4
0 N T T T T T T T T T T T T T T 1
4 6 8 10 12 14 16 18 20

E (eV)

FIG. 4. Photoionization cross sections of the Th atom calculated
using the FAC code (see the text).
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based on the relativistic configuration interaction method [41].
Photoionization of the s electron (E'1, M1) and d electron
(E1) is calculated from the ground state of the Th atom
6d>7s*> CF,), p electron from the 64*7s7p (°GS) state with
energy 1.793 eV (NIST database [42]; by comparison, FAC
calculations give 1.759 eV). It can be seen that the partial
cross sections of photoionization in Fig. 4 in the 8.1-8.5 eV
photon energy range are approximately 10~'7 cm?.

When measured in [8], a half-life of the 3/27(8.28 &
0.17 eV) state of the 2*Th nucleus Tijp =7=%1 us could be
considered with the account of work [43] as a tentative value
of a full conversion width of the level T ~ 10710 eV.

If the width of the laser line satisfies the condition I'l?" <«
Aw; and the formulas (12)—(13) are true, then the resonance
cross section for the nucleus excitation in the EB process can
be estimated from the relation ogg ~ 10717 x (10719/Aw;),
where Awy 1s measured in electron-volts.

In irradiating the target by a laser with a very short
width of line Aw; K FiISC(f) the formula (9) is valid. In
this case, while selecting correctly the final state |f) the
EB cross section in the resonance can practically be com-
pared in magnitude with one of the partial photoioniza-
tion cross sections in Fig. 4. As for the resonance pho-
toexcitation cross section of the 2*’Th nucleus, then it is
calculated by the formula o, = A2 /27r)1"i‘;ld /Awp >~ 3.6 X
1072TI€/ Awy, since the radiation width of the isomeric level
is '™ =T/q, and the internal conversion coefficient is
o ~ 10° for wy = 8.1-8.5 eV. We see that for a laser beam
with the width of Aw;, = 10~1-10712 eV the cross section
o0, can be less than ogg by two and one orders of magnitude
respectively.

Being far-off resonance, the EB cross section is quickly
suppressed by the energy denominator—the square of the
detuning which is equal to the difference between the energy
of the laser photons and their resonance value. Thus, it is
possible to excite a nucleus in the inverse electron bridge
process via a continuum only in a very narrow part of laser
photon energies around the resonant frequencies. And it
should be several resonant frequencies in accordance with the
permissible selection rules for the final states |f).

In scanning the observed energy range with a tunable laser
with a line width '} <« Awy. in the photoionization current
graph there will be narrow “dips” with resonant photon en-
ergies, with a width of Aw;, when there occurs excitation
of the *°Th nucleus isomeric state along with atomic shell
photoionization.

Based on the above analysis, we consider several pho-
toionization schemes in more detail in another graphical rep-
resentation (compared to the one in Fig. 3). These schemes
would allow detecting the resonance at the wy frequency of
the nuclear isomeric transition 3/2% — 5/2% and measuring
its magnitude to a high precision, which is the priority task to
develop a nuclear clock. If we start from the initial atomic-
nuclear 7s(5/2%) state and the final state is 7s(3/2%), then
the contribution of direct single-photon ionization via the
E1 transitions in the EB is absent (since these two states
have the same parity), and the desired resonance would not
be practically observed. However, this problem is solved
by using two-photon or two-laser (cascade) schemes. The
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FIG. 5. Photoionization schemes to observe the EB resonance:
(a) during internal conversion from the 7s(3/2%) state; (b) during
internal conversion from the 7p(3/27) state.

two-photon scheme is shown in Fig. 5(a) by green arrows.
It describes the following case: the desired resonance is ob-
served when the laser frequency w;, is scanned near half the
frequency of the nuclear isomeric transition 3/2% — 5/2%,
The cascade scheme shown by blue arrows in Fig. 5(a) may
prove to be more efficient and flexible. Here, the lower laser
with a fixed frequency w;; resonantly excites (akin to the
E1 transition) some intermediate atomic level of the discrete
spectrum, and the upper laser with a tunable frequency wy,
performs photoionization. In this case, the desired resonance
will be observed when the sum of frequencies (wp; + w2)
varies near the frequency of the nuclear isomeric transition
3/2% — 5/2%. Similarly, a cascade scheme can be described
using four (six and so on) lasers.

In our opinion, another promising alternative is when the
initial state is 7s(5/2%), and the final one is the p state
of the electron in the external shell, for example, 7p(3/2%1)

044306-6



EXCITATION OF THE LOW-ENERGY ***"Th ...

PHYSICAL REVIEW C 100, 044306 (2019)

[see Figs. 5(b) and 3(a)]. In this case, parities of the initial and
final states are different and, therefore, the EB process can be
performed by the direct single-photon E'1 ionization, which is
shown in Fig. 5(b) by a green arrow, and the desired resonance
will be observed at the frequency w; = (wy + ws—,), where
ws—p is a well-known frequency of the optical intra-atomic
transition 7p — 7s. However, as the expected frequency of the
isomeric transition wy = 8.1-8.5 eV it is extremely difficult
to find a laser source in that short-wave region. Therefore, one
can use three-photon or cascade three-laser ionization shown
by blue arrows in Fig. 5(b). In this cascade, two lower lasers
with fixed frequencies w;; and wy, excite any two convenient
(from a practical point of view) intra-atomic dipole transi-
tions, and the frequency of the third laser wy3 varies in the
region of the resonance: (wpi + w2 + wr3) = (wWy + ws—p).
Similarly, one can describe five-laser cascade ionization.

It is to be noted that since the probability of internal con-
version from the 7s state of the atom significantly exceeds the
internal conversion widths from other levels (and in particular
from the 7p state), in terms of the resonances magnitude in
the photoionization spectrum, the case shown in Fig. 5(a)
is preferable to the diagram in Fig. 5(b). However, the case
in Fig. 5(b) has additional features due to the fact that the
bound upper level 7p(3/2) decays spontaneously and rapidly
into a lower level 7s(3/2"), generating spontaneous photons
at the frequency of the 7p — 7s intra-atomic transition [a
red wavy line in Fig. 5(b)]. Now these photons can also be
used to detect the desired resonance if we use photodetection
equipment selectively tuned to a narrow spectral region with
a well-known frequency of 7p — 7s transition. At the same
time, sensitivity of this method can be even higher in detecting
the EB resonance than in detecting a photoionization signal. In
fact, since spontaneous 7p — 7s photons are entirely absent
far-off resonance, the desired EB resonance will have a zero
background, whose noise background will be determined only
by the apparatus dark noise. Moreover, when using the pho-
toionization signal, a narrow and small EB resonance will be
observed against a large background with a fairly high noise
level, which significantly reduces the signal-to-noise ratio.

It should be noted that the account of the fine and hyperfine
structure will give nothing that is ground breaking. When
measuring, instead of a single EB resonance, we will have
several smaller and narrower ones.

In conclusion, we compare EB via the continuum and
discrete parts of the electronic spectrum. In addition to the
important features of both processes described at the very
beginning of this section, we should note that the smallness
of photoionization cross section can be considered as a re-
lational disadvantage of EB via the continuum. The cross
section of resonant photoexcitation of an atom oy, Which is
a component of the EB cross section through discrete levels
o5 [25,26]

d
Opg = Oexc PNEET,

is proportional to the square of the transition wavelength, i.e.,
relatively large. The photoionization cross section is much
smaller. On the other hand, the relative probability of the
nucleus excitation in the second (inverse) atomic transition
between the bound states, Pyggr, is included into the EB cross
section via the discrete spectrum. The function Pyggr and the
nuclear excitation in electron transition (NEET) process were
suggested by Morita in 1973 [44]. As a rule, the value Pyggr
is much smaller than unity [25,26,45] and depends on the
structure of atomic wave functions. And in case of the EB
cross section via the continuum, an additional reducing factor
is either the ratio of the partial internal conversion width to
the width of the laser line, or the ratio of the partial and
total IC widths of the isomeric state. These two factors can
be made close to unity by the appropriate choice of emitter,
which compensates for the above-mentioned smallness of the
photoionization cross section.

IV. CONCLUSION

In the paper we have studied the excitation of the low-
lying isomer 3/2%(8.28 £0.17 eV) of the *Th nucleus in
the electron bridge process via continuum states. The given
mechanism is shown to invariably provide resonant excitation
of the nucleus, regardless of the structure and spectrum of
atomic states. When the resonance occurs, this process can be
seen as the laser photoionization followed by NEEC, which
does not require any resonant coincidence between the energy
of a nuclear transition and the energy of one of the atomic
transitions between the bound states. It was found that when
22Th atoms are under laser radiation with a very narrow
line, the excitation cross section of the nucleus becomes
comparable in magnitude to the partial photoionization cross
section of the atomic electron shell. Altogether, this suggests
that the EB process via the electron continuum should be
a promising way of producing the isomeric nucleus >**"Th.
Based on the results, experimental schemes for testing the
effect were proposed, which would allow measuring the fre-
quency of nuclear isomeric transition 3/2% — 5/27 to a high
precision, which is the first-priority (and still unresolved) task
for creating a nuclear clock.
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