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Cross section of the Coulomb excitation of 22" Th by low energy muons”
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Abstract: The inelastic scattering cross section for muons, u~, with energies E = 9—100 ¢V from the 22° Th nuclei
is calculated in the framework of the second order of the perturbation theory for quantum electrodynamics. The dom-
inant contribution to the excitation of the low energy isomer 22 Th(3/2%,8.19+0.12 eV) originates from the E2

multipole. The excitation cross section reaches the value of 102! ¢m? in the range E ~10 eV. This value is four to

five orders of magnitude larger than the electron excitation cross section and is sufficient for the efficient excitation

of 22" Th on the muon beam at the next generation of muon colliders.
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I. INTRODUCTION

The low-lying isomeric state 3/2* (Ejs < 10 eV) in the
229Th nucleus has garnered considerable interest owing to
the possibility of designing the ultra-precise nuclear clock
[1-4], the nuclear laser in the optical range [5, 6], and the
nuclear light-emitting diode of the VUV range [7], as
well as the study on a number of unusual processes: ex-
citation and decay of *?*"Th by laser radiation via the
electron shell at the electron bridge [8-15], control of the
isomeric level y decay via the boundary conditions [16]
or chemical environment [17, 18], @ decay of the 2**"Th
isomer [19] and accompanying bremsstrahlung [20], the
relative effects of the variation of the fine structure con-
stant and the strong interaction parameter [21-23], a
check of the exponentiality of the decay law at long times
[24], etc.

The ??°"Th isomeric state has the lowest excitation
energy among all known nuclei. According to the latest
data [25], its energy, Eis, is 8.19+0.12 eV. This result is
approximately the value Ej; =8.28 +0.17 eV obtained in
Ref. [26], the measurements of Ref. [27] Ejs = 8.10+0.17
eV, and E;; =7.8+0.5 ¢V from Ref. [28]. Prior to that,
for a fairly long period of time from 1990 to 2007, it was
believed that E;; <5 eV [29, 30].

Currently, the a decay of 23U is practically the only
way to obtain the *?*"Th isomer. Effective excitation of
229mTh via laser radiation is not feasible today, as it re-
quires knowledge of the transition energy with a signific-
antly greater accuracy than that achieved currently.
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Therefore, in [7], the excitation of ?*"Th via inelastic
electron scattering was proposed. It was found that, in the
beam energy region E ~ 10 eV, the excitation cross sec-
tion reaches the value of 107> ¢m?. Such a large cross
section indicates that the method of obtaining of 22*"Th
using beams of negatively charged particles is promising.
As a continuation of [7], we consider here the process of
inelastic scattering of low-energy muons from the >?°Th
nuclei.

A prerequisite for such work may include the follow-
ing considerations. In the Born approximation, cross sec-
tions for nuclear excitation to an isomeric state with the
energy Ej; were obtained analytically in Ref. [31] for the
electric excitation and in Ref. [32] for the magnetic excit-
ation. The cross sections for the magnetodipole (M1)
transitions and electroquadrupole (E2) transitions take
the form [31,32]

Bom _ 1672 22E—Eis VE + VE-Ej
MET 9 E VE - VE—Ex

64r° [E-E;
B 2 2 is
Oy = 5 M\ T SB(E2),

where E = p?/2m is the kinetic energy of a scattering
particle with the mass m and momentum p = |p| in the ini-
tial state of the nonrelativistic approximation, and B(M1)
and B(E2) are the reduced probabilities of the nuclear
transition from the ground state to the isomeric state.
Based on the above formulas, the magnetic dipole

B(M1),
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cross section, o-]‘?;’lm, does not depend on the parameters of
the scattered particle and is the same for electrons and
muons. However, the cross section aggm includes the
square of the mass of the scattered particle [31, 32]. Be-
cause the masses of the muon, m,, and electron, m,, are
related as m, /m, ~ 206.77, in the scattering of a muon and
an electron of the same energy, we have
B (u) /By (e™) ~ 4x 10*. If this relationship is re-
tained in the low-energy region, then we can expect that
the total M1+E2 cross section for the scattering of
muons by the ??Th nuclei will be several orders of mag-
nitude larger than the cross section for scattering of slow
electrons considered in [7].

In this paper, we will consider the ?° Th excitation by
muons, calculate the cross section of the 2°Th (u~,u")

229mTh reaction for the low energy muons (we demon-

232
O'EML:4e/l (—
(M) Yis Eis

Eis

strate that it is significantly larger than the cross section
of the 2 Th(e™,e™)?**" Th reaction), and discuss the new
possibilities of studying the properties of the >*° Th nucle-
ar transition 5/2%(0.0) & 3/2%(8.19+0.12 ¢V) in the next
generation of the muon colliders.

II. CROSS SECTION

The cross section of the nuclear excitation by muons
(electrons) in the process illustrated in Fig. 1 was ob-
tained in the framework of quantum electrodynamics in
[7]. In the energy region where the kinetic energy of the
muon in the initial state, £ =&—-m, (& is the relativistic

energy &= ,/p?+m?) satisfies the condition E < my, the
cross section is given by

XZ QL+D2ji+D2jr+1)

Q2L+1)2

livdi
Ipip

where A, =2n/E; is the wavelength of the isomeric nuc-
lear y transition, ag is the Bohr radius, ag = 1/(¢’*m,), e
and m, are the charge and mass of the electron, and j; s
and J; ; are the total and orbital angular momenta of the
muon in the initial and final states, respectively. In the
case of the ML transition, one replaces [; by I =2j;—1;.
The muon matrix elements in Eq. (1) are

. d
it = [ a0 oS,
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where x =r/ag [hence, in Egs. (1)—(2) and in the Dirac
equations, the Bohr radius apg is adopted as a natural
parameter characterizing the size of the electron shell of
the Thorium atom (ion)]. Here the large, g(x), and the
small, f(x), components of the Dirac wave function are
the solution of the Dirac equations with the interaction
potential V(x):

g/(x)+ 1i<(g(x)_ iz(é + @ — m)f(x) - 0’
X e \me e e
1- 1(& V
O+ —2 )+ (— L i‘))gm —0. ()
X € e Mg e

The function g(x) in Eq. (3) is normalized at x — co with
the condition g(x) =sin(pagx+¢;;)/x, where ¢;; is a

E )_3/2( E 1)_1/2 B(E(M)L;J; — Jy)
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phase, k = I(l+1)— j(j+1)—1/4.

The total potential of the nucleus and the electron
shell was built in the standard way, described in detail in
[7, 33]: the nucleus was taken in the form of a uniformly
charged ball of radius Ry =1.24'3 fm, where A is the
atomic number, and the electron shell was calculated
within the DFT theory [34, 35] via the self-consistent
procedure. After that, the potential was obtained as a res-
ult of the double integration of the electron density.

The excitation by muons has its own characteristics.
The wave function of a scattering muon, in comparison
with the wave function of a scattered electron, has a sig-
nificantly larger amplitude in the region of the nucleus
(see examples of wave functions in Fig. 2). However, the
wavelength of the muon is substantially shorter than the
wavelength of the electron, and the muon wave function

) )/

229

229m

Th Th
Fig. 1. The Feynman diagram of the inelastic scattering pro-
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Fig. 2.  (color online) Wave functions of scattered muons
and electrons with the energy E = 10 eV in the potential of the
Th atom. Here,xg, = Ro/ag is a nuclear radius in units of ap.

oscillates more rapidly. Therefore, the muon matrix ele-
ment is formed in a significantly smaller region than that
of the electron. The calculations indicate that the muon
matrix element reaches a plateau at r~ 5Ry~ 0.007ag,
while the electron matrix element is formed in the region
r < 0.1ag [7]. Owing to this compensation, the muon and
electron matrix elements in the case of the M1 excitation
end up being close in magnitude. Consequently, the cross
sections for the magnetic dipole excitation of the 22" Th
isomer by the low-energy muons and electrons are com-
parable in magnitude (see below in Fig. 3).

The situation is different for the E2 excitation. The
factor 1/x~! in Eq. (2) at L =2 enhances the contribu-
tion to the matrix element from the small x region.
However, inside the nucleus, the amplitudes of the muon
wave functions exceed the amplitudes of the electron
wave functions by an order of magnitude. This explains
the significant increase in the cross section for the elec-
troquadrupole excitation of the 22" Th isomer by muons
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Fig. 3. (color online) Total and partial E2E2 cross sections

for the 22Th(u ,u)***"Th reaction for By, (E2;3/2* —
5/2*)=11.7. For comparison, the total M1 cross section for
Bw..(M1;3/2% = 5/2*)=0.031 and the total M1+ E2 electron
cross section from [7] o, (Tho) are shown.

in comparison with electrons.

III. RESULTS OF CALCULATIONS

The calculation results of the ?2*"Th isomer excita-
tion cross section by muons are presented in Fig. 3 and
Fig. 4. As expected, the cross section for the magnetic di-
pole excitation turned out to lie close in magnitude (with-
in an order of magnitude) to the electron cross section
from [7] and is approximately four orders of magnitude
smaller than the cross section for the electroquadrupole
excitation, Fig. 3. This is an interesting and useful obser-
vation, which allows us to extract the value of the re-
duced probability of the E2 nuclear transition
Bw.u.(E2,5/27 = 3/2%) from the 2°Th(u~,u")***"Th re-
action.

The total excitation cross sections of the 2> Th iso-
mer for two selected values of the reduced probability of
the nuclear E2 transition 3/2* — 5/2% are shown in Fig. 4.
The first value, Bw.u (E2;3/2" — 5/2*)=11.7, 1s an aver-
age over four experimental measurements [36-39] of the
E?2 transitions between the 3/2%[631] and 5/2%[633] rota-
tion bands in the 2> Th nucleus found with Alaga rules in
Ref. [40]). The second value, By, (E2;3/2* — 5/2%) =27,
was obtained theoretically in Ref. [41], as a result of the
computer calculations within the modern nuclear models.

Let us estimate the possible rate of excitation of the
isomeric nuclei by u~. As can be observed from the
graphs in Fig. 4, for the problem under consideration,
muons with energies 10—100 eV are the most interesting,
because the excitation cross sections of the isomer have
the values 1072!-1072? ¢m? in this energy range.

A p~ beam slowed down to these energies was ob-
tained in [42]. Measurement of the stopping power indic-
ated that the absorption of u~ is very small in the range
E =10-100 eV [42]. This is an interesting result. This
implies that below the peak at approximately 10 keV, u~

O —a—Th"
+Th1+
_ ) +Th4+
Q) -21
510 B, (E2:3/2"=5/2") =27
=}
2
g
O 10-22_
B (E2:3/2"=5/2") =11.7
10 20 30 40 50 60 70 80 90 100
E (eV)
Fig. 4. (color online) Cross sections of the £2 excitation of

the 2297 Th isomer by muons in the Thorium atom (Th’) and
Thorium ions Th and Th*".
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becomes too slow to ionize atoms [43], and the stopping
power is induced by elastic collisions between the pro-
jectiles and the target nucleus [44]. The isomer excitation
reaction considered in this work is an additional channel
for the scattering process on nuclei, and it will proceed in
parallel with the elastic collision.

An important question is as follows: how many negat-
ive muons will survive at the required stage of decelera-
tion. It is well known [43] that in the energy range E < 5
keV, the dominant process is that in which the x~ takes
an atomic orbit around a nucleus, yielding the muonic
atom. A negative muon captured on the atomic shell can
excite the 2?°Th nucleus to high-lying levels in a cascade
of bound states transitions, provided that there is a coin-
cidence in energy and multipolarity between the nuclear
and muonic transitions [45].

In [42], Kapton was adopted as a moderator for decel-
erating negative muons to several eV. Consequently,
some of the muons avoided being captured by its atoms,
were slowed down to energies of the eV range by passing
through a Kapton layer of the thickness 1.3x107* cm.
Then the beam of slow muons was directed to the Au/Pd
target, where the muons were gradually stopped and cap-
tured by the target. In the range E < 100 eV, the stopping
power was =~ 1 eV A~! [46]. Therefore, the Au/Pd target
thickness of approximately 7 nm was selected; hence, the
main parts of the slow muons stopped and were captured
by the Au/Pd atoms. In accordance with the above estim-
ates, the optimal thorium target thickness # should be in
the range 1-10 nm.

The fraction of slow muons & was approximately
1074— 1073, relative to the particles of the initial beam
with E =54 MeV in [42]. Such a small value is ex-
plained by the fact that the authors selected y~ according
to the direction of motion and the value of energy. Ac-
cordingly, a beam of muons moving in one direction,
which has a narrow energy distribution, was produced.
To excite 22 Th nuclei, the creation of a narrow directed
monochromatic beam is not required. Hence, if we con-
sider all muons that passed through the Kapton (i.e., all
directions and all energies), the value of ¢ will increase

by two—three orders of magnitude in comparison with the
quoted value of [42].

The nuclear isomer 2?*"Th is registered using intern-
al conversion electrons with an efficiency n of approxim-
ately 1 [47, 26]. For estimates, we also take the most in-
tense modern source of muons (muon factory), which
gives currents j, ~4x10® s7! (i.e. 0.064 nA) [48].

The rate of u~ excitation of the isomeric nuclei in the
metallic target of the thickness 4 = 1-10 nm from the iso-
topically pure 2?°Th, with the density of nuclei
pth = 3% 10?2 cm—3, can be estimated by the formula

dNis/dt ~ notmhé juop =~ 10°-10° 7.

The first value dNj/dt~1 s~' corresponds to the
most pessimistic scenario, while the second (dN/df=~
103 s71) corresponds to the most optimistic one.

Note that in the electronic and muonic scattering ex-
periments, it is unnecessary to precisely tune the muon
energy and know the energy of the nuclear isomeric level
E;s with high accuracy, because the excitation process is
non-resonant.

IV. CONCLUSION

In conclusion, the cross section for the excitation of
the anomalous low-lying (3/2%,8.19+0.12 eV) level in
the 22°Th nucleus by low-energy muons was calculated. It
was demonstrated that a) the muon cross section is four
or five orders of magnitude larger than the electron one,
and b) in the region E ~ 10 eV, the muon cross section of
the electroquadrupole excitation reaches the value of
107! cm? andis approximately four orders of mag-
nitude larger than that of the muon magnetodipole excita-
tion. The dominance of the Coulomb E2 excitation at the
muon scattering makes it possible for the next generation
of the muon colliders to extract the value of the nuclear
matrix element of the E2 transition from the scattering
data and test some aspects of existing theoretical models
for the isomeric state.
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