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Laser-driven inverse electronic bridge process:
An optical tool for determining low-energy separation of nearby nuclear states
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An optical method to determine the low-energy separation (1 + 4 eV) of nearby nuclear states
of ?*°Th is presented. It is shown that the Coulomb field of a deexciting electron of the 2*°Th
atom can cause transition between the near-lying nuclear states if the atom emits a photon with
an energy equal to the difference between the energies of the electron and nuclear transitions. It is
also predicted that the process can be enhanced through induced emission by applying a laser of
resonant photon energy. The transition probabilities per unit time of the spontaneous and the laser

induced processes are given.

PACS number(s): 23.20.Nx, 23.20.Lv, 32.30.Jc, 27.90.+b

The energy separation D of two intrinsic states at the
ground state of 22Th nucleus takes on the value D = 1+4
eV (but in any event it is certainly less than 10 eV) [1].
In the present paper we deal with the possibility of mod-
ification of the transition between these states by an in-
verse electronic bridge process. (The electronic-bridge
process was observed a few years ago [2].) In contrast to
the common belief that lasers of optical or UV frequen-
cies that are available nowadays are not appropriate to
modify nuclear transitions [3—4], it will be shown below
that, not questioning this statement, due to the small-
ness of its transition energy there is a chance to modify
the above-mentioned nuclear process [5,6].

In the case of the doublet nuclear states of ?2°Th we
suggest studying a laser-driven inverse electronic-bridge
process. It is supposed that a laser (or lasers) excites (or
excite) the atomic electron to a state of angular momen-
tum defined by the selection rules in the next deexcita-
tion phase. During the electronic deexcitation the exci-
tation of the nucleus and the emission of a photon take
place simultaneously. The energy of the photon is then
equal to the difference of the electronic and nuclear tran-
sition energies (Fig. 1). The nuclear quadrupole transi-
tion with the photon emission in the dipole regime im-
pose the condition j; + j» > 3 on the sum of initial and
final electronic angular momenta j; and j,. The electron
excitation mechanism is not discussed here. It is sup-
posed that the electron has already reached the initial
electronic state. Since the electronic deexcitation initi-
ating a nuclear excitation is accompanied by a photon
emission of definite energy, a new line appears in the
optical spectrum of the laser excited ?2°Th sample. By
measuring the energy (i.e., the angular frequency wp) of
this new line the nuclear transition energy Awy, can be
determined as Awp, = Awy2 — Awg, where Aw, 2 is the elec-
tron transition energy and Awg is the photon energy of
the new line observed.

Once the value of wg is known the rate of the process
can be increased by applying a laser of frequency wy = wop
as the laser field of frequency resonant with the sponta-
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neously outcoming optical photon induces the emission
of the photon.

In recent papers [7,8] similar processes were studied
with the important difference that no outcoming photon
was considered in them. In Refs. [7,8] it is the excita-
tion process of the nuclear isomeric state which is mainly
traced and which can come off owing to the finite width
of the final electronic state. In the above papers the cal-
culations were carried out near resonances which allows
for retaining only a few terms from the infinite series
constituting the S-matrix element.

In this paper we try to show the consequences of the
emission of a resonant photon and handle the infinite
series of the S matrix in a different way—without re-
stricting the calculations to one or two resonant terms—-
resulting in an estimation of a compact form. We treat
the process in the simplest way. We use a one-electron,
hydrogenlike Hamiltonian

22 2
H. = —3h°V?/k — Ze*r

for the electron, where & is the rest mass of the electron,
e is the elementary charge, and Z is the proton number
of the nucleus.

The initial and final electronic states are
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FIG. 1. Energy scheme of the inverse electronic-bridge pro-
cess of 22°Th.
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and

12(t)) = pa(r)e™*,

where @1 = Rp,1, Yi,m, and @2 = R,,1,Y1,m, With Ry
and Y}, denoting the radial and angular parts of the elec-
tronic states of hydrogenic type in spherical coordinates.
E, = he, and E, = he, are the energy eigenvalues of the
states, respectively.

The nuclear Hamiltonian is denoted by Hy whose de-
tailed form is not needed in the present study. We assume
that |a) and |b) are two eigenstates of Hy with the usual
time evolution |a(t)) = |a)e <t and |b(t)) = |b)e i+t
with F, = he, and E, = he;, being the corresponding
energy eigenvalues.

The interaction of the electron and the quantized elec-
tromagnetic field is represented by

H, =er-E4(t). (1)

r stands for the electron coordinate, E,(t) is the electric
field strength of the quantized radiation field, which in
dipole approximation can be expressed in the usual way
in terms of the photon annihilation and creation opera-
tors ay, and a;rw as

E,(t) = 12 <27;/hw)1/2

k,v

e,,(akue_i“’t - afwe'-“’t). (2)

€, determines the state of polarization, Aw and k are the
energy and wave number of the photon, and V is the
volume of normalization.

For the description of the electron-nucleus interaction
a simple Hamiltonian

A 3)

is used [9], where x,, for p = 1,...,Z are proton coor-
dinates. Thus the total Hamiltonian of the system is
H=H.+H,+H,+Hy.

The rate of the process can be calculated in the above
model by ordinary perturbation calculation to the second
order (Fig. 2). The corresponding S-matrix elements are

_ Z <f[HI|n7 O><nv0|H2|i>

S4 =
f _ihz(wba + wnl)

27!’5((4.150 +w — w12) (4)

3

FIG. 2. The two graphs of the inverse electronic-bridge pro-
cess. The dashed line represents the Coulomb interaction be-
tween the electron cloud and the nucleus.

and

1)
B __ <f|H2|n71)<n71|H1I7'>
Spi= z —ih?(w + wn1)

2n8(wpa + w — wi2), (5)

n

where the superscripts refer to the graphs of Figs. 2(a)
and 2(b). Here H] = er - E} with

27w
E;:—’LZ( % ) EVCLLU

and |f) = [2)|b)[1w, k,v), |§) = |1)|a}|0w, k,v), In,0) =
|n)[b)|0w, k, v}, and |n,1) = |n)|a)|lw, k,v) are the final,
initial, and intermediate states of the electron-nucleus-
photon system. |[2) = ¢a(r),|1) = ¢1(r),|n) = @n(r)
are electronic eigenstates and |lw, k, v) and |0w, k, v) are
photon number states of angular frequency w, wave vec-
tor k, and polarization v.

Now the following changes are made in the total S-
matrix element Sy; = S + Sfl As wpe + Wn1 = Wha —
W12 + Wpa = Wna — Wo the argument of the Dirac delta
allows the w,2 — wg = wp2 — w substitution in Eq. (4).
Using the identities

(w+w,.1)_1 =w? —w‘lwnl(w-l—wnl)_l (6)

and

1

(Wn2 —w) ™" = —w 4 w—lwnz(wnz — u.))_1 (7

and applying the formula of completeness

> In)n| = 8(r — 1) (8)
in Sy; the terms originated from w™! and —w™?! cancel.
Using wgerap = tPag/k [10] in the two remainders

Spi = (Z

n

+Z (f|Hz|n,1)(n, 1|iepE] /xli >)

(fliepEl/k|n, 0)(n, 0| Ha|i)

—ih? (wny — wW)w

—ih?(w + wp1)w
><27r(5(wba +w — wi2). 9)

Here p = —iAV. Applying again Egs. (6) and (7) in
Eq. (9) and using Eq. (8) in the terms that contain w™!
and —w™!, these two terms give a part of the S-matrix
element as

S = (ah) Y f|HL|3) 2718 (wha + w — wi2), (10)
where

2

zZ
HT=—a*-vE

« =1 |r_x-P

(11)

with

e . omhw\Y/? 1
ol = ;12 ( v ) ;Ea;fwe,,, (12)
k
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which can be considered at least as a good underesti-
mation of the whole S-matrix element for the following
reasons.

Applying the formula wg,pag = —i(VZe?/r)gq [10] in
the two remainders and using Eqgs. (6)—(8) in them the
terms containing w™! and —w ™! cancel. It can be shown
with the aid of the identity

wag(VZez/r)ﬁa = [VZez/r, H.)ga

that the order of magnitude of the other two terms is
less by e?/hc than the term given by Eq. (10). Here it
is worth mentioning that when computing the transition
probability per unit time the w dependence will disap-
pear in consequence of the Dirac delta, which imposes
the w = wp substitution. As Aw;, and Awy both are the
order of magnitude of eV, Eq. (10) may be the leading
term. In any case it is certainly true that when deriving
Eq. (10) from Eq. (9) and using Egs. (6) and (7) the
subtraction due to the w™! and —w™' terms led to an
underestimation of Eq. (9).

The application of Egs. (6) and (7) may lead to an
incorrect result if the frequency wg is nearly resonant
to an electronic transition or if it becomes very small,
ie., if w2 —wp, ~ 0. In these cases the approximate
form Eq. (10) of the S-matrix element also fails. But,
practically, this situation can be avoided with choosing
an appropriately different initial electronic state.

If we restrict ourselves to the point nucleus (z, < r)
approximation then the expressions

L
Zmz’

2 e2 4 ) .
2 = 2 ap 1 MM ()
p=1 M

(13)
and
V(Y (B)r~ D)
= Y el +1)VPRL+1)(-1)F
p©=1,0,—1
y L+1 1 L
-M—-—p p M
XYpi1,—m—pr” EF? (14)

can be applied in Eq. (11). (# = 1,—1,0 correspond to
the two transverse and the longitudinal states of polar-
ization [11].) For convenience the following notations are
introduced for the different factors appearing in the S

matrix:
a>

<b
= erb (el Gy (B )

—myp Mg

Z ezII;YLM(f(p)

P

(15)

where (b || Qp || a) is the reduced matrix element of
the multipole moment of order L, M between the nuclear
states |a) and |b) expressed in Weisskopf units, jp, ms,
Ja, and m, denote the total angular momentum quantum
numbers and the magnetic quantum numbers of the final
and initial nuclear states, respectively. L is determined
by the nuclear transition, ro = RoA(l)/3 is the nuclear
radius with Ay being the nucleon number. We also in-
troduce

IAZ}Tllelz = ag+2/R"111 (Zeff(nl)yT)
Xanlz(Zeﬂ"('nQ)’r)r_Ldrv (16)

with ap denoting the Bohr radius and Z.g the effective
nuclear charge of the state.

With the help of these formulas and notations in Eq.
(11), taking |Sy;|? and dividing it by 27§(0) = T, the
transition probability per unit time Wy; of the sponta-
neous process is obtained as

Wi = Wb || Qu |l )Pl IEh,, 1P

L,nyly
Loy L+1)\°
x(212+1)(65 0 ) (17)
with
wo o (T} ¢ smilyy 1
fi ap k2c3ay (2L + 1)(2jq + 1) Fuwg
/L+1 1 L\
X 18
S (Aaw)

p=1,-1
~L<M<L

where fuwo = (w12 — wee) is the energy of the outgoing
photon and fwi2 = A(e1 — €2) and Awp, = Ep — E, are
the electronic and the nuclear transition energies, respec-
tively. In obtaining Egs. (17) and (18), the following
manipulations have also been made. The result of the an-
gular integral of the product of three spherical harmonics
has been substituted. In order to average over the initial
and to sum up with respect to the final states the addi-
tion theorem of the 3j symbols has been used twice. The
sum over k is changed for an integral in the phase space
of the outcoming photon.

By measuring the energy of the emitted photon, the
spacing of the nuclear energy levels can be determined as
hwp, = w1z — hwg. At the same time, the uncertainty
concerning the question of the ground state could also be
resolved: in case of hwp, < 0 (i.e., w12 < Awo) the state

of angular momentum 3 is the ground state [1].

Knowing the value of wo the process can be acceler-
ated by applying a laser of frequency wy, = wg. The laser
of photon frequency resonant with the outcoming optical
photon can induce its emission. The transition probabil-
ity per unit time of this induced, inverse electronic-bridge
process can be obtained repeating the calculation with
the following modifications.

First, it is assumed that the electron is excited above
the initial state and reaches it by spontaneous deexci-
tation. Under these circumstances the initial, excited
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electronic state has an energy distribution

p(er) = 1{2x[(ex — €10)* + 73 /41}

where v, is the width of the state and %ey¢ is the central
energy of the broadened level. This energy distribution
has to be used as a weight factor in an integral with
respect to £; when we average over the initial electronic
states. The integral can be calculated with the aid of
the Dirac delta obtained in time integration. If the laser
has an angular frequency fulfilling the condition €19 =
€2 + Wpe + wr then the integral results 271"17r_1.

Secondly, in the case of induced emission the pho-
ton parts of the initial and final states are modified to
|Nwr,ko,v0) and |(N+1)wg, ko, 1), respectively, result-
ing in a factor N +1 ~ N, and since ko and v are fixed
the factor 7=2VwZc ™3 brought in by the phase-space in-
tegral is not necessary.

As the laser lux ® = N¢/V (® = I /hwr, I is the laser
intensity) the transition probability per unit time Wle of
the laser induced inverse electronic-bridge process can be
given as

Wi = 2m) T WrX T, (19)

where Ay is the wavelength of the laser radiation.
Now we give a numerical estimation of the rate of the
spontaneous process [see Egs. (17) and (18)]. The initial

. + +
and final angular momenta are j, = 2 % ,

5 and jp =
so they can be coupled by a quadrupole transition, i.e.,
L = 2. Since the thorium shell has 6d27s? configuration
it seems to be an acceptable assumption that the initial
state is obtained by exciting a 6d electron into an 8p

state. Thus l; = 1 and l; = 2, hence (2l; + 1) = 5,

1 2 3)2
(0 0 0) = %,and
Z 3 1 2 __E
4 -M-p p M) 3
p=1,—1
—2<M<2

Furthermore, Eq. (18) gives W}’i = 8.7 x 1075 (Aw,) !
s~!, where fiwp is measured in electronvolts and |I§4,|? =
4.49 x 10™* with Z.g(8) = 2.169 (n; = 8,l; = 1) and
Zeg(6) = 4.649 (n2 = 6,1, = 2). With these numerical

values, Eq. (17) gives

Wy = 1.7 x 1073((b || Qi || a)[*(wo) ™ s,

I(b || QL || a)|? is expected to have a value between 102
and 102 [12].

The 22°Th has a half-life 7 = 2.3x 10! s [13]. A sample
of Ny 229Th atoms has a radioactivity A = 8.1 x 10723 N,
in Ci units. Thus, for a sample with Ny = 108 we have
A = 81uCi. It can be expected that a few percent of
the atoms (e.g., 1%) can be populated in the appropriate
electronic initial state. In this case the rate of photon
emission R can be estimated as

R=17x10%(b || Qr | a)|*(Fwo)* s~
This is certainly larger than 10° s~!, which seems to
be an observable value. Moreover, since the state |b) (of
angular momentum %+) can have a much smaller half-life
than the state |a), the process can result in an increase
of the activity of the sample.

According to the calculations of Ref. 7] for the activ-
ity due to state |b) with a supposed half-life of 10 days
and an irradiation time 10%2-10% s on Ny = 1013 22°Th
nuclei A = 10°-107 Bq can be obtained. This activity
corresponds to an induced rate 108-101° s~ of transition
a — b. Converting this rate to the case Ny = 10'8, which
corresponds to our choice Ny = 10!® with the assumption
that 1% of the atoms is in the appropriate initial state,
we obtain 1011103 s~ for their rate. Although this pro-
cess is somewhat different from the one studied by us, it
is comforting to see that its induced rate moves over and
in the same orders of magnitude as the R obtained here.

Finally,, we can conclude that the laser-driven inverse
electronic-bridge mechanism can offer a method to deter-
mine the energy difference of closely lying nuclear states
of 22°Th and a possibility of enhancement of a radioactive
decay rate.
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