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Reaction processes in muon catalyzed fusion (uwCF), (dftp)j—p—0 > ¢ +n+pu +17.6MeV or (ou)y +
n+17.6MeV in a deuterium-tritium (D-T) mixture were comprehensively studied by Kamimura, Kino, and
Yamashita [Phys. Rev. C 107, 034607 (2023)] by solving the dtu-anp coupled channel (CC) Schrodinger
equation under a boundary condition where the muonic molecule (dfp);—,—o Was set as the initial state and
the outgoing wave was in the anu channel. We approximate this CC framework and propose a consider-
ably more tractable model using the 7-matrix method based on the Lippmann-Schwinger equation. Nuclear
interactions adopted in the 7-matrix model are determined by reproducing the cross section of the reaction
d+t— a+n+17.6MeV at low energies. The cross section of the strong-coupling rearrangement reaction is
presented in a simple closed form based on our new model. This 7-matrix model has reproduced most of the
calculated results on the above uCF reaction reported by Kamimura et al. (2023) and is applicable to other uCF

systems such as (dd ), (ttp), (dtp)*, (ddu)*.

DOLI: 10.1103/PhysRevC.109.054625

I. INTRODUCTION

To ensure that nuclear fusion occurs within nuclear dis-
tance (a few fms) the Coulomb barrier between two nuclei
must be overcome, which typically requires very high tem-
peratures. At low temperatures, negative muons injected into
a mixture of deuterium (D) and tritium (T) can catalyze the
fusion reaction

d+t— a+n+17.6 MeV, (1.1)

which is energetically the most effective nuclear fusion re-
action. Following the catalyzed reaction, free muons can
facilitate another fusion reaction taking the well-known cycle
illustrated in Fig. 1. This cyclic reaction is called muon cat-
alyzed fusion (uCF). The fusion of the muonic molecule dtu
has attracted more attention compared to that of molecules
such as ddpu, ttp from the perspective of utilization as a
future energy source. The history of «CF since 1947 has been
reviewed in Refs. [1-4]. The present status of the study of df
fusion is briefly summarized in Ref. [5].

Recently, the «CF has regained considerable attention ow-
ing to experimental and theoretical developments (i) in the
production of energy by uCF using the high-temperature gas
target of a D/T mixture with high thermal efficiency and
(i1) in an ultraslow negative muon beam by utilizing nCF
for various applications including scanning negative muon
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microscope and an injection source for the muon collider. This
is explained in detail in the Introduction of Ref. [5].

The study of Ref. [5] performed a comprehensive exami-
nation of the following dtu fusion reaction:

(dtp)j—y—o — a@ +n +p + 17.6 MeV
N\ (@) +n+17.6MeV.

(1.2a)
(1.2b)

For the first time, this study solved a coupled-channel (CC)
Schrodinger equation for the reaction (1.2) using the appro-
priate boundary conditions where (dtu);—,—o was set as the
initial state and the outgoing wave was expressed in the anu
channel. All interactions were selected such that the low-
energy cross sections of the reaction (1.1) were reproduced
using the CC calculations for the reaction. They calculated
the fusion rate of the (dfu);—,—o molecule, energy (momen-
tum) spectra of the muon emitted by ©CF, and «-u sticking
probability [5].

As investigated in Ref. [6], the ddp and ffp fusions play
important roles for the new kinematics of the uCF cycle in
case of high temperature D-T mixtures. Although the ddu
fusion is known to be considerably weaker than dru fusion,
the former should be studied more precisely because the dd i
experiment is an important preliminary experiment of dtpu,
which has a difficulty in the tritium treatment. Although a
study on reaction processes in the ddu and ttu fusion is
underway [7] using the same CC method of Ref. [5], solving
the CC equations for the reactions expressed as Eq. (1.2)
is difficult. Therefore, creating a starting point from the CC
method [5], such as an approximation method that simulates
their results more easily would be beneficial.

©2024 American Physical Society
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FIG. 1. Schematic diagram of the 4 CF cycle by a muon injected
into the D/T mixture. (a) Formation of dru molecule, (b) fusion
reaction, (c¢) a-u initial sticking, and (d) muon reactivation. This
illustration is taken from Ref. [5].

The purpose of the present paper is to propose consider-
ably more tractable 7 -matrix model than the aforementioned
CC model of Ref. [5]. Instead of directly solving the CC
Schrodinger equations for the reactions (1.1) and (1.2), we
approximate the 7 matrix based on the Lippmann-Schwinger
equation [8] that is equivalent to the Schrodinger equation.
Nuclear interactions are selected to reproduce the cross sec-
tion of reaction (1.1) at the center-of-mass (c.m.) energy
~1-300 keV. The total angular momentum / and parity of the
scattering states is known to be I = 3/27. In the following,
we explain the scenario of our model in Steps (i)—(v).

Step (i). First, we reproduce the cross section of low-energy
reaction (1.1) by using the d-t optical-potential model adopted
in Refs. [9]. Absorption cross section is regarded as the cross
section of reaction (1.1) because no other open channels exist
at these energies than the d-r and «-n channels. The d-t
scattering wave function is denoted as dJE;ng (Sec. ITA).

Step (ii). We diagonalize the dfp Hamiltonian composed
of the Coulomb potentials and d-t optical potential to ob-
tain the complex eigenenergy (Er + iEj) and wave function
®;_,—o(dtp) of the ground state of (dfu) molecule. The fu-
sion rate (decay rate) of the molecule is expressed as —2FE1/h
(Sec. 11 B). Here, we introduce CIJ(!;”:O)(dt W) as the product
of ®;_,_o(dr) and the d-t spin flzmction X%M(dt).

Step (iii). The cross section of reaction (1.1) can also be
expressed by the exact T matrix introduced in Eq. (4.1) of
Ref. [5], where W(" denotes the exact solution of the CC
wave function for the reaction (1.1) and Vs stands for a
coupling potential Vj; o, between the d-t and «-n channels.
In our model, we replace the exact W(™ with the d-r wave

function @;‘;"2 ,, Obtained in Step (). @fl(;pg . 18 considered
to include thezeffects of the outgoing o-n czhannel using the
imaginary part of the d-t potential. The coupling potential
Vit.an 1s determined by reproducing the cross section of re-
action (1.1). Notably, the cross section of a strong coupling
rearrangement reaction as shown in Eq. (1.1) is expressed,

based on our model, in a simple closed form that can success-

fully reproduce the observed data at low energies (Sec. III).

This coupling potential V; 4, is used in Steps (iv) and (v).
Step (iv). In the work of Ref. [5], the T matrix (4.1) was

used to study the three-body fusion reaction (1.2) in the man-

ner of Eqs. (5.2)—(5.7) with outgoing waves in the (a¢w)-n

channel. There, the exact \Ilo(f) in the 7" matrix was replaced

with the three-body CC wave function lI/gL) of Eq. (3.3) [5]. In

2

our model, the exact W{" is replaced with the wave function
@2’;”:(’)([11 ) of the df . molecule obtained in Step (ii). Fur-

thér, the a-p sticking probability is derived using the fusion
rates to the o-p4 continuum states and those to the a-u bound
states.

Step (v). We make another calculation of the fusion rate of
reaction (1.2) using 7" matrix (4.1) in Ref. [5] with outgoing
waves in the (an)-u channel. The exact W™ of Eq. (3.3) in
Ref. [5] is again replaced with CD(QJ;":O)(dtu) as in iv). We

further calculate the momentum and energy spectrum of the
muons emitted by ©CF.

We shall examine 20 sets of the parameters for the nuclear
interactions and show that the results do not significantly
depend on the choice of the parameter sets as long as the
reaction (1.1) is explained by using them. We shall report that
most of the results obtained in Ref. [5] are well reproduced by
the present model.

This paper is organized as follows. In Sec. II, using the
optical-potential model, we calculate the cross section of re-
action (1.1) and fusion rate of the (dfu);—,—¢9 molecule. In
Sec. 11, the coupling potential between d-f and «-n channels
is determined using the 7-matrix method. In Sec. IV, we
calculate the o-p sticking probability and the fusion rate of
(dt{4)j=y=0 With the method described in Step (iv). In Sec. V,
the spectra of the muons emitted by «CF and the fusion rate
of the (dtt);-,—¢ are calculated using the method in Step (v).
The conclusions are presented in Sec. VI.

II. OPTICAL-POTENTIAL MODEL FOR
FUSION PROCESSES

A. Fusion cross section

Following Step (i), we first investigate the fusion reaction
(1.1) by using the optical-potential model of Ref. [9]. The po-
tential parameters of the nuclear d-¢ potential are determined
by reproducing the cross section of the reaction. The total
angular-momentum and parity J” of the reaction (1.1) at low
energies is I = 3/2% with S wave and spin 3/2 in the d-t
channel while D wave and spin 1/2 in the @-n channel.

We present the d- scattering wave function <I>g;p 2 y(E1)
at the c.m. energy E as “

PP (B 1) = BT (E. 1) (D),

@2.1)

where ¢>‘(;;%2)(E ,r) is the spatial part of the S-wave function
and x3,,(dr) is the d-t spin 3/2 function. Schrédinger equa-

tion for ¢((1‘;p012) (E,r) is presented as

(Hy — E) 50 (E x) =0, (22)
Hy = To + V3 (1) + W0 () + Vi (), (23)
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FIG. 2. Calculated S factor S(E) of the reaction d +t — o +
n+17.6 MeV using five different d-t optical potentials A to E
listed in Table I. The black solid line (Exp.) is taken from a re-
view paper [10]; it fits the literature data using the function S(E) =
(26 — 0.361E 4 248E?)/1 + [(E — 0.0479)/0.0392]> MeV b (E in
MeV).

where the spin-independent d-t optical potential is given by

VAN () = Vo/ (1 + Ry, 24)
Wirl(r) = Wo/ (1 4 &0/, 2.5)
2/(2R.))(3 — r*/R?), R.

with taking the charge radius R. = Ry.

In the energy regions shown in Fig. 2, only the «-n chan-
nel is open, except for the incoming channel. Therefore, the
absorption cross section becomes the cross section of the
reaction (1.1) as

21+ 1 T
QI+ 1D)(2L + 1) k2

with S-matrix S;(E). In Eq. 2.7), I; = 1,1, = 1/2, and k =
V2uq.E /h. The astrophysical S factor S(E) is derived from
the cross section as

Odi—an(E) = S(E)e "B /E,

(1= 1S,E)*) @7

Odt—an (E) =

2.8)

where 7(E’) denotes the Sommerfeld parameter.

Owing to the lack of d-t elastic scattering information for
E <300 keV demonstrating the nuclear-interaction effect, it is
impossible to determine a unique d-¢ optical potential based
on the observed S factor in Fig. 2 (black solid line). Therefore,
in Ref. [9], five sets of d-t optical potentials, denoted as
A-E, were selected to reproduce the observed data. In the
present study, the parameter W, is changed slightly to improve
the agreement with the experimental S factor S(E) for £ <
10 keV. The calculated S(E) values with optical potentials
A-E are shown in Fig. 2; within the experimental error range
[10], the observed S(E) is reproduced well. The potential
parameters are listed in Table .

TABLE I. Five sets (A to E) of the d-t optical-potential parameters.

V() R() a W() R[ ay
(MeV) (fm) (fm) MeV) (fm) (fm)

A —58.52 2.5 0.3 —0.30 2.5 0.3
B —38.01 3.0 0.5 —0.30 3.0 0.5
C —28.27 3.0 1.0 —0.66 2.0 1.0
D —16.04 5.0 0.3 —-0.22 2.5 0.3
E —13.19 5.0 1.0 —0.33 3.0 1.0

B. Fusion rate of muonic molecule

Following Step (ii), we calculate the fusion rate of the re-
action (1.2) by diagonalizing the dtu three body Hamiltonian
including the Coulomb force and the d-t nuclear complex po-
tentials determined in the previous subsection. We perform a
nonadiabatic three-body calculation of the ground-state wave
function of the dru molecule, ®,;_,_o(d?w), using the Gaus-
sian expansion method (GEM) for few-body systems [11-13]:

(Hatp — Eoo) Py=v=0(dt 1) =0, 2.9)
Hiyp =T + To, + V) +V ()
H VI (r3) 4+ W5 (r3) + Vi (r3). (2.10)

®;_,—o(dtu) is constructed as the sum of amplitudes of the
three rearrangement channels ¢ = 1, 2, and 3 as shown in
Fig. 3:

®y_yoo(dip) = O (11, Ry) + &5 (r2, Ry) + @ (r3, Ry).

2.11)
The amplitude of each channel c¢ is expanded in terms of
Gaussian basis functions of the Jacobian coordinates r. and
R.:

o5)(re, R) = Z AY) N [Bna CVNL (R

ngle,NeLe

(2.12)

L X0

FIG. 3. Three-body Jacobi coordinates used in this study.
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TABLE II. Nonlinear variational parameters of the Gaussian ba-
sis functions in Egs. (2.13) and (2.14). r;(R;) and ryax (Rmax) are in
units of a, where a, = h*/m,e* = 255.9 fm, m, being the muon
mass.

r P R R
c L g [a,] [a,] L. Npx laul [a,]
1 0 25 0.1 10 0 15 0.05 10
2 0 25 0.1 10 0 15 0.05 10
3 0 25 0.1 10 0 15 0.05 10
| 1 15 0.2 10 1 15 0.3 15
2 1 15 0.2 10 1 15 0.3 15
3 1 15 0.2 10 1 15 0.3 15
3 0 25 0.001 0.05 0 15 0.05 10

where ¢ = 1-3 and

Gutm (1) = Bt (1)Yim (F),
Gu(r) = Nur'e™" (1= 1 — nyay).
Ui (R) = Y (R)Yiy (R),

UnL(R) = Ny REe M (N =1 = Now)  (2.13)

with normalization constants N,; and Ny;. The Gaus-
sian range parameters v, and A, are chosen in geometric
progression:

(n =1- nmax)a

Ry =RiAY™", (N =1— Npa)-

v, = 1/r,21, r,=rad"",

Ay = 1/R%, (2.14)
Subsequently, the eigenenergy and wave function are obtained
using the Rayleigh-Ritz variational method. The advantages
of using the GEM basis functions are explained in detail in
Sec. III A in Ref. [14].

As the eigenenergy Ep is a complex number, we
write Egy = Eé(r)eal) + iE(()z)mag). We introduce ggp = Eégeal) -
Ew, with E(= —2711.24 eV) being the (#it)15s + d thresh-
old energy. The diagonalization in the cases of [.x =4
and Ihx = 1 yield, respectively, oo = —319.14 eV and
—319.12 eV. According to Ref. [5], the digits below 1 eV did
not affect the reaction calculation. Thus, we employ [.x = 1.
The input Gaussian basis is shown in Table II. We took seven
lines of Gaussian basis parameters where the final line is
effective to the d-¢ nuclear interaction.

The fusion rate )\ﬁo) of reaction (1.2) can be derived by
MY = 2ES™ /1 and is given as A” = (1.11 £0.04) x
10"2s~! using five sets of the d-t potentials as presented in
Table III. It is consistent with the results 1.15 x 10'?s~! ob-
tained in Ref. [5].

TABLE III. Fusion rate of the reaction (1.2) using the five sets
(A to E) of the d-t optical-potential parameters in Table I.

A B C D E

A}‘”(lo”s—l) 1.14 1.15 1.12 1.07 1.07

0.10 T T T T T

E=10keV

0.08}

0.06

0.04r

(E, r)| (fm™"?)

(opt)
1,00

|u

0.02f

r (fm)

FIG. 4. Absolute value of the d-t radial wave function
u;(;f)&(E, r) in Eq. (2.15) at E = 10 keV with the use of optical
potentials A and E in black and red lines, respectively.

Here, we consider why the use of quite different sets of
potentials A to E that reproduce the observed S factor can
result in almost the same fusion rates of the dru molecule.
In Fig. 4, we illustrate the absolute value of the radial wave
function ufj‘;f’(t))o(E , 7) defined using ¢E(1(t’f’(§)o(E ,r)in Eq. (2.1) as

1
PR (E, 1) = —ulSP) (E, r)Yoo(F) 2.15)

- di,00
in the case of using the potentials A and E at E = 10 keV.
The two lines are quite different in the interaction region, but
approach each other in the asymptotic region (the case of po-
tentials B-D are between the two lines); similarly for the real
and imaginary components of ufg% (E, r). This means that all
cases result in almost the same absorption cross section (2.7)
of the d-t scattering. The same behavior is observed for other
energies seen in Fig. 2. In the fusion time of the dtu molecule,
the d and ¢ approach each other with very low energies' pass-
ing under the Coulomb barrier and cause the reaction (1.1)
with negligible influence from the third particle, the far-away
muon. Therefore, the fusion behavior in the asymptotic region
exhibits almost no difference among the cases of potentials A
to E. It will be shown that this consideration also works in the
following sections about various behaviors of the dfp fusion
in the asymptotic region.

For the sake of the following calculations, we multiply
®;_,—o(dtp) by the d-t spin function X%M(dt):

O TN ) = Dymmo(dip) Xy (dr), (216)

which will be used in Secs. IV and V as the ground-state wave
function the (dzu) molecule.

'Dominant contribution to the fusion rate k_(fo) comes from the
resonance tail below £ =~ 10 keV in Fig. 2, not from the resonance
peak. This was presented in Fig. 5 of Ref. [14].
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III. T-MATIX MODEL FORd +t — a +n + 17.6 MeV

In this section, following Step (iii), we propose tractable
T -matrix model for the reaction (1.1) to approximate the CC
model described in Ref. [5] [cf. Egs. (2.1)—(2.10)] using the
results of the optical-potential model in the previous section.

At low energies, the d-t wave function has the total angular
momentum / = 3/2 with an § wave in the d-t channel and D
wave in the «-n channel. The authors of Ref. [5] solved the
following dt-an CC Schrodinger equation (Q = 17.6 MeV)
using the coordinates r3 and r4 for the d-t and «-n motion,
respectively (cf. Fig. 3):

(Has = E) @y 30, (65) = =V 10, (03, 1) @7 (1),

dt,an
(Hon = (E + Q)@ 1 (1) = =Vl (14, 15) Dy 33(13)
(3.1

. .. . . . (T)
with trivial notations. The channel-coupling potential V,, ;.
(Vd(tTgm) is of the tensor type. The reaction cross section is

presented as
21 +1
2L+ D@L +

(dt om)|

Ogi»an(E) = (3.2)

1) k2
where the § matrix S; (@an) appears in the asymptotic form of
the outgoing wave, <I>(+) [5].

According to the Llppmann-Schwinger theory, the cross
section is alternatively ex;;ressed exactly as follows using the
solution @, 3, and CD( of Eq. (3.1) (cf. Sec. IV A of

Ref. [5]):

2
Tdr—an(E) = <2M22) Z/|Tngj>+T,,§?>|2dK, (3.3)

T = (€57 X1, | Vi | P, 10) (3.4)
1,2 = (€% sy, )| Vi @) ). (3.5)

where x L, (n) is the neutron spin function, V,, is the «-n po-
tential, vs (v4) is the velocity of the d-t («-n) relative motion
along r3 (r4), i,, is the reduced mass associated with r4, and
K is the wave number vector.

The coupling potential V( . between the an-dt channels
are taken in the following form [5]

2 p2
Vot(n)dt(r4’ r;) = v(() Vr3,e TR [y (T34) Sa(dt, an)]oo,
3.6)

where r3y=r3;—ry and Ry =r3+ry. In Eq. (3.6),
S,(dt, an) is a spin-tensor operator comprising the spins of d¢
and an pairs. However, the explicit form of S;(dt, an) needs
not to be determined as explained below [cf. Eq. (3.4)].

In our model, we perform another T-matrix calculation
for 04, an(E) by using Eq. (3.3) considering the following

approximation. We replace @, 1, in T,V with <I>(°p " in

Eq. (2.1) and neglect T,\*) because d>(°p ) ,; does not 1nc1ude

n is considered

to reflect the effect of the a-n channel usmg the imaginary

the a-n component explicitly. However, <I>( P)

potential iW "(r3) in Eq. (2.2). Thus, Egs. (3.3)~(3.5) are
approximated as

2
u; Mr, ’ >
45;)—1;)0111( ) - (27_[;-12> 2/ ’Trr(h1 )|2dK’

T3 = (€™ 1, W] VD, (b4, 13) @57 (E, T3).

g an,dt dt, %M

3.7)

(3.8)

Instead of Eq. (3.6), we employ the following separable non-
local form:

Va(,f)dt (rs,r3) = véT)rf e s i [Y2(Ts) Sy (dt, an)loo,
(3.9)

which is easier to handle than Eq. (3.6). Consequently, the
cross section (3.7) can be explicitly expressed as

(our) (Ey=2 ( My ) }U(T)S(T)Fojz |2 (3.10)

Udt—)an 2 h2
with
Fy= f BLT0(E T3) e 7 drs, (3.11)
J2:47r/j2(Kr4)r4%67“4’42 rfdm
3
1 2/ K 2 nak?
- —(l> (—) e, (3.12)
4\ g M4

where ¢‘(;l’p(§2) (E, r3) is normalized asymptotically as
=g i Folk, 13) Fo(k, 13)
k}’3

¢>f;;f’(;2)(E, r;) == + (outgoing wave) (3.13)
with the S-wave Coulomb function Fy(k, r) and phase shift
09. ja(kry) is the spherical Bessel function of order 2. In
Eq. (3.10), the constant S(()T) is presented, independently of m,

as (cf. Eq. (2.12) of Ref. [5])

1
s = ﬁ( X%ms(an)} [S2(at, an) X%(dt)]%%).
Therefore, the explicit form of S,(dt, an) needs not to be
known, and v(()T)SOT) can be considered as an adjustable pa-
rameter for the T-matrix calculations.

We determmed the parameter sets for the dt-an cou-
pling potential A . dt(r4, r3) in Eq. (3.9) so as to reproduce
the observed S factor S(E). We employed, in Eq. (3.8),

CIDS;ZP[}) 4, (E 13) obtained in Sec. IT A using the optical poten-
tials A-E in Table 1. The resulting parameters are listed in
Table IV. Sets A1-A4 were obtained using the optical poten-
tial of Set A, and similarly for others.

In Fig. 5, the calculated S(E) factors using Sets A1-E1 are
illustrated. The experimental data are well reproduced with
the same quality of fitting as in Fig. 4 by the CC calculation
in of Ref. [5]. The use of the other sets yielded a similar
agreement. Subsequently, we employ all d¢-an tensor cou-
pling potentials in Secs. IV and V. The cross section of the
strong coupling rearrangement reaction (1.1) is expressed in a
simple closed form (3.10)—(3.12) that can reproduce observed

(3.14)
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TABLE IV. Parameters of the dr-an coupling potential
y @™ (r4, r3) in Eq. (3.9). Sets A1-A4 were determined using the

an,dt

optical potential Set A in Table I; similarly for the others.

(T) o(T) —1/2 —1/2

U So M3 Hy
Potential set (MeV fm™>) (fm) (fm)
Set Al 2.307 1.6 1.6
Set A2 0.138 2.0 52
Set A3 0.245 32 1.6
Set A4 0.402 2.0 2.8
Set Bl 1.001 2.8 1.6
Set B2 0.016 4.0 2.4
Set B3 0.065 3.6 2.0
Set B4 0.003 4.0 5.6
Set Cl 0.122 2.4 2.4
Set C2 0.052 1.6 6.4
Set C3 0.029 32 4.8
Set C4 0.191 4.4 1.6
Set DI 1.291 3.6 1.6
Set D2 0.151 32 2.0
Set D3 0.405 4.4 1.6
Set D4 0.032 4.0 5.6
SetEl 0.054 5.2 2.0
Set E2 0.166 2.0 2.0
Set E3 0.054 4.4 2.8
Set E4 0.019 4.4 52

data by tuning the parameters of V;zii,(r4, r3). This is a key
finding of this study.

Here, we highlight the consistency of our model in terms
of its potentials. In the process of tuning the potential param-
eter sets, we considered the plane wave (D wave) of the a-n
relative motion in the 7 matrix (3.8) where the «-n potential

100
d+t—>a+tn

(T-matrix method)

—_
=

S(E) (MeV b)

—_
T

0.1y 10 100 300

E (keV)

FIG. 5. Calculated S factor S(E) of the reaction d +t — o +
n+ 17.6 MeV. Five lines A1-E1 denote the cases using the dr-an
coupling potentials with the parameter Sets A1-E1, respectively, in
Table IV. The black solid line indicating the experimental data is
from a review paper [10].

Discretization of continuum states

kn

k; I
Oim(k, 1) —=rn—=
ki1

qﬁu,,,(r)

0

FIG. 6. Schematic illustration of Eq. (4.1) to construct the
continuum-discretized wave function ¢y, (r) by averaging the con-
tinuum wave functions ¢;,,(k, r) in each momentum bin Ak; = k; —
ki1

Ven(r4) did not appear explicitly. We consider that the effect of
the a-n potential is effectively renormalized into the coupling
potential Va(g)d , which is tuned to reproduce the observed S(E)
without V,, (’r4). In Secs. IV and V, we consistently use the
same potentials without V,,,(r4) in the T-matrix calculations
of the three-body dfpu-anp system. As shown later, most of
the results of Ref. [5] are well reproduced by our model.

IV. a-p STICKING PROBABILITY

After fusion occurs in the dfu molecule, the emitted muon
can be captured by the o particle or freely emitted, as shown
in Eq. (1.2). In this section, according to Step (iv) of the
Introduction, we calculate the fusion rate of the reaction (1.2)
and the a-u sticking probability by referring to the 7-matrix
calculation of those quantities in Sec. IV of Ref. [5] with the
outgoing waves in channel ¢ = 5 (Fig. 3).

The authors of Ref. [5] solved the CC Schrodinger equa-
tion (3.7) for the reaction (1.2) and generated the wave
function ‘-IJEL) (E) expressed as Eq. (3.3). They constructed the

2

T -matrix elements (5.2)—(5.3) for use in another fusion calcu-
lation by substituting their \Ilgtj (E) into the exact wave func-
2

tion W{M(E,) in the definition of T matrix (4.1) in Ref. [5].

Because the functions ¢g(&p) in the outgoing channel B in
the 7 matrix are orthonormalized functions of discrete states,
they discretized and orthonormalized the - wave function
of the k-continuum state, for example, ¢;,,(k, r5), to generate
¢im(rs) and energy €;. This discretization was performed by
employing the procedure (Fig. 6)

- 1 ki
Funrs) = /k Sk, rs)dk, i=1—N, (41)

- R~ ~ ki+ki 1 \> Ak?

= M o (bt 24
2 12

4.2)
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This has often been used in the continuum-discretized couple-
channels (CDCC) method for studying the projectile-breakup
reactions (for example, see review papers [15-17]). On the
other hand, ¢,;,,(rs) stands for the bound states (&/it)um.
Then, it can be said that Ref. [5] investigated the reaction

(4.3)
4.4)

(dtp)j—y—0 — (ap)y +n+17.6 MeV
N (@) +n+17.6MeV,

considering a precise discretization of the «-u continuum.
In our model, we replace \I!(+)(E ) with <I>(J v=0) (dtw) in

the T-matrix elements (5.2)— (5 3) in Ref. [5] ThlS is a key
point of the proposed model. d>(J U= O)(dtu) is the ground-

state wave function of the (dm) molecule with the total
angular momentum spin 3/2 and was obtained in Egs. (2.9)
and (2.15) with the d-t optical potential. As dD(J ==D(dtp)

does not explicitly include the anp amplitude, the third lines
of Eqs. (5.2) and (5.3) in Ref. [5] were excluded. \pgfvj (dtp) +
\IJ(;V; (dtp) that is the dominant component of :IJ;; (E) is
replaced with Q(%J; =0 (dt ). Consequently, we obtain our T-
matrix elements with the outgoing wave functions in channel
c=235:

T, = (% Gn(rs) 1, )| Vi3 | 9450t 0)

il ,mmy an,dt
4.5)
for the transition to discretized states (o4 )y, and

100 = (5 (e, 0| VT | 00570t 10)

nl,mmy an,dt
4.6)

for the transition to bound states (o ut)u,. Here, we take
R4 = Ry [5] (cf. Fig. 3). The (p)-n plane waves along R5
are denoted by ¢KiRs and ¢KwRs in which the momentum K
and K, are derived from energy conservation as follows (cf.
Fig. 2 and Sec. V of Ref. [5]):

2

E4+% =En+0Q, E= K2, (4.7)
2/uR;
hZ
E,+e&,=Eo+Q, E,= K2, (4.8)
2Ry

where g; (g,) is the energy of aﬂm(rS) [@nim(rs)] and Egy =~
3.030 keV which is negligible in the present scattering prob-
lem compared with Q = 17.6 MeV.

For the above discretization of the a-u continuum states
¢im(k, rs5), we considered N = 200 for [ = 0 to 25, and max-
imum momentum %iky = 10MeV/c (€y = 487 keV) with the
constant Ak;, which is the same as those used in Ref. [5].

Reaction rates of the reactions (4.3) and (4.4) are expressed

as follows:
Tp = v,ﬂ( ) Z/ |]:1(15an: 2R, 49)
i = FRs ) =
ey <2 h2) X Z/!TMU A, (4.10)

10" T T T

10111 88 e .
%
.,
10"e ' 8 s . .
—'L”/ 10° 8 2
2 e ®
8 108, ° conti. 8o
: {
8 107, . . rl[aound
3 o )
= 10°k o r‘;on“' Kamimura et al.
10° o r}mund Kamimura et al.
(o]
4 [ ] ! ! !
10 0 5 10 15 20

o—p angular momentum /

FIG. 7. Calculated reaction rate r}"’“"d (black closed circle) for
the bound state and r{°™ (red closed circle) for the continuum states
with respect to the angular momentum /. The black and red open
circles are the results of Kamimura et al. in Ref. [5] for comparison.
The potential Set B1 is used.

which is derived, respectively, by approximating Egs. (5.6)
and (5.7) in Ref. [5] according to our proposed model. Here,
vy = hK;/ g, is the velocity of the (auw);-n relative motion
associated with Rs, and similarly for v, = /K, /ug,. The
sum of the quantum number n for r,; and i for 7; yields the
total reaction rate rlbound for the bound states and r{°™ for the
continuum states:
Z ri.

bound § : conl
Tnls
bound

In Fig. 7, we show the calculated r, and r/°" with / up
to 20 under the potential Set B1 in Table IV. For comparison,
we presented the rP°" and rf™ obtained in Ref. [5]. Both
results have similar tendency with respect to /.

The total reaction rates to the «-i4 bound states and contin-
uum states are defined as follows:

@.11)

cont

20
)Lbound Z bound’ )\?)m' — Z r;:ont (4]2)
=0
Consequently, their sum
AL) = jhound 45 cont. (4.13)

is the fusion rate of the (dtu);—,—0 molecule calculated on
channel ¢ = 5.

Table V lists the fusion rates Aﬁs) for all 20 different poten-
tial Sets in Table IV. All the fusion rates XES) are within a small
range of 1.1-1.2 x 10'?s~!. This proves that the choice of
the potentials does not influence the fusion rate significantly.
This fusion rate is consistent with AEO), which was derived in
Sec. II B from the imaginary part of the complex eigenenergy
of the (dt);—y—0 molecule. Notably, in the proposed model,
the fusion rates Aﬁs) have been calculated based on the ampli-
tude of the outgoing anu wave.
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TABLE V. Fusion rates AfS) calculated on the channel ¢ =5
with Eq. (4.13). @ is the a-u sticking probability calculated with
Eq. (4.14). See Table IV for the potential sets. Another type of
the fusion rate k(4) is discussed in Sec. V on the channel ¢ = 4.
A = (1.15+0. 05) x 105" and A(Y = (1.15+£0.04) x 10'%s7",
on average.

A w(s) A@D
Potential set (1012571 (%) (1012571
Set Al 1.12 0.942 1.11
Set A2 1.15 0.943 1.15
Set A3 1.11 0.942 1.11
Set A4 1.13 0.944 1.12
Set B1 1.14 0.942 1.13
Set B2 1.14 0.940 1.12
Set B3 1.13 0.940 1.12
Set B4 1.14 0.939 1.15
Set C1 1.14 0.928 1.14
Set C2 1.18 0.931 1.19
Set C3 1.18 0.945 1.18
Set C4 1.20 0.936 1.19
Set D1 1.13 0.943 1.13
Set D2 1.13 0.941 1.14
Set D3 1.15 0.937 1.13
Set D4 1.17 0.930 1.18
Set E1 1.16 0.935 1.15
Set E2 1.15 0.933 1.14
Set E3 1.16 0.938 1.15
Set E4 1.17 0.937 1.17

The initial «-p¢ sticking probability a)g is the probability
of the muon being captured by an « particle after the fusion
happens. This is expressed by the following formula in the
same manner as in Eq. (5.3) in Ref. [5]:

bound
)‘f

0 _
Wy = )L?ound + )L<f:0nt.' (4]4)

The second column of Table V presents the initial stick-
ing probabilities »? for different potential sets. The @?(=
0.938 £ 0.07%) are consistent and are close to the results
(0.91%-0.93%) obtained by using optical-potential models
[9,18] and by the R-matrix methods [19-24] considering the
d-t nuclear interaction; note that our calculation is based on
the absolute values of Af°"" and A¢o™.

However, the values of «? in Table V are ~9% larger than
Y (= 0.857%) given by Ref. [5] in which the coupling to
the anp channel is included explicitly. This may be attributed
to the following reason. In the CC work [5], strong coupling
between the anp outgoing amplitude \D§+)(anu) and the nu-

clear dtu amplitude \II(N) (dtu) is expected to enhance the

contribution of the transmon to the o-p continuum states in
Egs. (5.2)—(5.3) of Ref. [5] more than that to the «- bound
states, which enhances the A{°", and then reduces wg How-
ever, the present model does not exhibit such a CC effect.

V. MOMENTUM AND ENERGY SPECTRA OF MUON
EMITTED BY pCF

In this section, according to Step (v), we calculate the
momentum and energy spectra of the muons emitted by re-
action (1.2) and derive another type of fusion rate of the
(dt i) j=y=o molecule. We perform a T-matrix calculation by
referring to Sec. VI of Ref. [5] with («n)-u outgoing waves
in channel ¢ = 4 (Fig. 3). We discretize and orthonormalize
the wave functions of the a-n continuum states; for example,
Pim(k, rqa) with [ = 2, generating ¢,1m(r4) in the same manner
as described in Sec. I'V.

We begin with the 7 matrix expressed as Eq. (6.2) in
Ref. [5], where \Ing;/I)(E ) is the total wave function obtained

using the CC Schrédinger equatlon (3.7) in Ref. [5]. In the
proposed model, we replace lI! (E) with <I>(J == 0)(dtu)

which is the ground-state wave functlon of the (dt u) molecule
obtained from Eqgs. (2.9) and (2.15) including the d-t optical
potential. This is the same key point of our model as men-
tioned in Sec. IV. Thus, in the three 7T-matrix elements in
Eq. (6.2) of Ref. [5], we exclude the third line because the
wave function CD(J e (dtu) does not have an anu scat-

tering amplitude, and replace \i’g(j&(dtu) + \I’gj;(dtu) with
2 2
q>g’;”:°>(dm).
2
‘We obtain 7T-matrix elements as follows [cf. Eq. (4.5)]:

T.(f” = (eif(,».m ¢7izm(l’4)X%ms(n)| yD |¢(J v= 0)(dtu)).

an,dt

5.1)

The outgoing wave is located in channel ¢ = 4 and composed
of the plane wave ng" R+ and discretized orthonormalized a-n
continuum states ¢;,,,(rs), which is constructed in the same
manner as that in Eq. (4.1) in Sec. IV.

Funlrs) = / gulkrdk (=1-N). (2)

The average energy ¢; and momentum E, of qg;[m(r4)~are
given, similarly to Eq. (4.2). Therefore, the momentum K; of

the plane wave ¢®'R+ is derived from the following energy
conservation (Q = 17.6 MeV):

2

K2 (5.3)

1

E+% =En+0, E-=
2R,

A new problem in Sec. V is that we aim to generate the
set {K;;i =1 — N} with equal intervals and obtain the mo-
mentum spectrum as a smooth function of K to determine
its peak easily. Figure 8 illustrates the manner in which k
space is discretized. Following Ref. [5], we first assume the
maximum value Ky of K space [Ky, Ky] with Ky = 0 at the
left side of the figure. We then divide the K space into N bins
(K;, i = 0 — N) with equal intervals AK. Correspondingly, we
divide the k space [ky, ko] on the right side of the figure to N
bins (k;, i = 0 — N) with the energy conservation kept as

"2 K2
Ei+e=Eo+Q, E=-—K &=-—%k,

; (5.4)
2[’LR4 Q'Mm
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Discretization of continuum states
E;+¢ei=Ep+Q

K ELp+Q—-En)
v Ky Ey > EN kx
Ky Eyn_j > EN—1 ky—1
K, B . & ki
e KiR E, <meenee ’5/ — @il (1)
K1 B2 )| 77} ki_q
K1 £y ! l‘l
S
Ky=0 —————Fy=0 —> & ko '
EEn+Q)
(an) — u o —n

FIG. 8. Schematic illustration for discretization of the momen-
tum space [Kjy, Ky] of the (an)-u relative motion along Ry (left
half) and that of the «-n relative motion [ky, ko] along r4 (right half)
while maintaining E; + &; = Ego + Q. The resulting discretized o-n
continuum states ;i;,-lm (r4)(i = 1 — N) are indicated by the red lines.
The associated muon plane waves ¢®i®+ are indicated by the blue
lines in the left half. This illustration is taken from Ref. [5].

where K; increases (k; decreases) with an increase in i. The bin
width Ak; = |k; — k;—1| depends on i. Subsequently, ¢, (rs)
is generated by using Eq. (5.2) with energy ;. Finally, E; is
expressed as Eq. (5.3) as shown in Fig. 8.

Similar to Ref. [5], we consider N = 200 setting AiKy =
6.0 MeV/c(Ey =175 keV) in Fig. 8. This is sufficient
for deriving the muon momentum spectrum with a smooth
function.

A. Fusion rate of the dt u molecule

In our model, instead of Eq. (6.4) in Ref. [5], we can write
the reaction rate to a continuum discretized state (an);;,

(dtp)j=v=0 — (an)y +pn + 17.6 MeV, (5.5
as follows:
2
/“LR4 (4) 2 =

rip =vi| —=> T dK;, 5.6
l I(ZTL’EZ) ,,,Zm:/| ll,mm,;‘ ( )

where v;; = hl?, /IR, 18 the (an);-p relative velocity.

The sum of the transition rates

=3 (5.7)

il

is the fusion rate of the (dfu);—y,—o molecule using the T
matrix based on channel ¢ = 4 (cf. Eq. (6.5) in Ref. [5]). The
contribution to Ag‘” from the final states ¢;;,,(r4) with [ #£ 2 is
negligible under the present df-an tensor coupling interaction.

The calculated fusion rates )\f‘) are presented in the final
column of Table V for 20 sets of potentials listed in Table IV.
)»f” = 1.1-1.2 x 10'%s~! exhibits minimal dependence on the
potential sets and agrees with the result (1.15 x 10'2s™!) pre-
sented in Ref. [5]. Moreover, the fusion rates kf) and )Lﬁs)
under the same potential set yield almost the same values.

[x10"]
10
Muon momentum spectrum
R 8¢ ——Al
D —BI
S [ N C1
> 60 e DI
S —El
= A
‘\
N
<2t
O s L s =
0 1 2 3 4 5

hK (MeV/c)

FIG. 9. Momentum spectrum r(K) of the muon emitted by the
1CF reaction (1.2), which are calculated with Eq. (5.8) using the
potential Sets A1, B1, C1, D1, and E1 listed in Table IV.

B. Momentum and energy spectrum of the ejected muon

This subsection presents the muon momentum and energy
spectra derived as continuous functions of K and the kinetic
energy E, respectively, following Sec. VI B of Ref. [5]. The
momentum spectra, 7(K), is obtained by smoothing r; of
Eq. (5.6) as

K;
A =3 (i) AR 220 [ akydk. 5.8)
' T AK 0 ’ '

[x10"]
20
Muon energy spectrum

15t —Al
>
Q
=410
N
S
I~ 5l

% 5 10 15 20

E (keV)

FIG. 10. Energy spectrum 7(E) of the muon emitted by the uCF
reaction (1.2), which is calculated with Eq. (5.9) using potential Sets
Al, Bl, Cl1, DI, and El1 listed in Table IV.
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[x10"]
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S —— Kamimura et al.
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=)
O
< ol
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hK (MeV/c)

FIG. 11. Momentum spectrum 7(K) of the ejected muon (red
line) calculated with the potential Set B1 in Fig. 9 in comparison
to r(K) given by Kamimura et al. in Fig. 14 of Ref. [5].

where the present case AK = 0.03 MeV is sufficiently small.
The energy distribution, 7(E), is derived as follows:

F(E)AE = r(K)dK, E =*K*/2ug,. (5.9)

Figures 9 and 10 illustrate the muon momentum spectrum
r(K) and the energy spectrum 7(E) calculated using the poten-
tial Sets A1, B1, C1, D1, and E1 (Table IV). The five lines are
close to each other in both the figures. This demonstrates that
our results are potentially independent of each other. Further,
we verified that the figures obtained using potentials A3-E3
are similar to Figs. 9 and 10.

In Figs. 11 and 12, we compare our results for r(K) and
7(E) (red lines using Set B1) with the results in Ref. [5] (black
lines) taken from Figs. 14 and 15 using Eqgs. (6.9) and (6.11),
respectively. Our results agree well with those reported in Ref.
[5]. The use of any other potential set also reproduces the
result of Ref. [5] as is understood from Figs. 9 and 11.

In Table VI, the peak and average energies of the muon
energy spectrum 7(E) and those reported in Ref. [5] are
compared. The peak energy is located at E =~ 1.1 keV both
in our 7-matrix model and in Ref. [5]. The average energy

TABLE VI. Property of the muon energy spectrum 7(E) by the
present result with the use of potential Set B1 (Fig. 12). The case of
7(E) given by Ref. [5] is also listed for comparison.

Peak Average Peak
energy energy strength
Muon energy spectrum (keV) (keV) (skeV)™!
Present, 7(E) with Bl 1.1 8.9 1.54 x 10"
7(E) (Ref. [5]) 1.1 9.5 1.60 x 10!

[x10"]
20
Muon energy spectrum
15} —— BI

—— Kamimura et al.

(E) (s 'keV™)

}_,
O

0 5 10 15 20
E (keV)

FIG. 12. Energy spectrum 7(E) of the ejected muon (red line)
calculated with the potential Set B1 in Fig. 10 in comparison to 7(E)
given by Kamimura et al. in Fig. 15 of Ref. [5].

of 8.9 keV (Set B1) is also consistent with the result (9.5
keV) from Ref. [5]. This large average energy is caused by
the long high-energy tail of the energy spectrum as evident in
Fig. 12. Therefore, it can be concluded that muons with peak
energy of ~1 keV and the average energy of 10 keV are
emitted by dru fusion, which is the same as in Ref. [5]. These
results will be helpful to the ongoing experimental project
for generate an ultraslow negative muon beam using CF for
various applications.

VI. CONCLUSION

Recently, a comprehensive study of the «CF reaction (1.2)
was performed in Ref. [5] by solving two coupled channel
(CC) Schrodinger equations for the reactions (1.1) and (1.2).
In the present study, we have proposed a considerably more
tractable 7-matrix model to simulate the CC model [5] by
considering scenarios (i) —(v):

(i) We reproduced the low-energy cross sections of reac-
tion (1.1) by using an optical-potential (OP) model (Fig. 2
and Table I). The effect of the «-n channel is consid-
ered to be included using the imaginary part of the optical
potential.

(i1) The exact T matrix for the reaction (1.1) was approx-
imated by replacing the exact CC wave function with the
OP-model wave function obtained in i). The cross section of
the reaction (1.1) was expressed by the simple closed form
(3.10) based on our model and reproduced the observed cross
section by properly selecting the df-an coupling potential
(Fig. 5 and Table IV).

(iii) We calculated the (dft);—y,—¢ molecular wave func-
tion including the OP-model d-¢ potential determined in (i).
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(iv) We approximated the full 7 matrix in Ref. [5] for the
reaction (1.2) as follows: We replaced the CC wave function
for this reaction with the muonic (dfu);—,—¢ wave function
obtained in (iii).

(v) Using the approximated 7" matrix in (iv), we calculated
the reaction rates to the a-u continuum and the bound states,
fusion rates of reaction (1.2), «-p sticking probability, and
momentum and energy spectra of muons emitted by reaction
(1.2). Most of the results obtained in Ref. [5] were well
reproduced.

All the calculated results were insensitive to 20 sets of d-t
potential and dz-an coupling potential. In practical calcula-
tions, the use of only a few sets is sufficient.

Thus, the proposed tractable 7-matrix model was con-
structed, such that it reproduced most of the results obtained

in Ref. [5]. This model is applicable to other uCF systems
such as (ddw), (ttp), (dtp)*, and (ddu)*.
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