Exotic applications of muons:
from fusion to the life sciences
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1 Principles of muon catalysed fusion (uCF)

1.1 Introduction

Nuclear fusion is a phenomena of well-known nuclear reactions occurring among, mostly,
light nuclei when they come close to each other within a few femtometres, the range of
the nuclear interaction. (1fm = 10~'3cm). There, because of a reduction of the sum of
the rest masses from the initial state to the final state, one can expect the production of
energy. In Table 1, the typical fusion reactions among light nuclei are summarised.

p+d — 3He + v 5.5 MeV
p+t — ‘He +v 19.8 MeV
d+d — 3He +n 3.3 MeV

— t+p 4.0 MeV

— “He +vy 24.0 MeV

d+t — *He +n 17.6 MeV
t+t — ‘He +2n | 10.0 MeV

d+ 3He — *He + p | 18.35 MeV

Table 1. Typical fusion reactions

Most fusion reactions have been studied at high energy (above 100keV) using acceler- i
ators. In this case the reaction partners must come close enough together to overcome the } i
Coulomb repulsion. As described in this article, the muon catalysed fusion (frequently
the word of uCF is used hereafter) phenomenon is a nuclear reaction at zero energy. Thus
we must interpolate our knowledge of the nuclear physics of the fusion reaction at high
energy.

Among two types of muons, namely, = and p~, only the p~ is involved in muon
catalysed fusion research. The most fascinating features regarding muon catalysed fu-
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sion concern (1) types of phenomena related to the interplay of nuclear phenomena and
atomic phenomena related to the interplay of nuclear and electromagnetic interactions,
respectively, and (2) possible future applications to energy resources. This is particularly
true regarding the 4CF in a deuterium and tritium (DT) mixture with a high density ¢
comparable to the liquid hydrogen density, ¢y (0.425 x 1023 nuclei/cc). In the following,
the present understanding and future prospects of the yCF are summarised with a par-
ticular emphasis on the DT uCF and some limited descriptions on the uCF in the other
systems listed in Table 1.

1.2 Muonic atoms and molecules

After the end of slowing down inside the condensed matter, the accelerator producing
MeV-u~ takes the form of muonic atoms. Then, in a cascade process inside the atom, the
p~ reached to the ground-state of muonic atom where the y~ stays until it decays into
electron or until it is captured to the nucleus.
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Figure 1. Properties of muonic hydrogen atom and muonic hydrogen molecular ion.

The properties of the ground-state of muonic atoms where the 1~ stays most of its
lifetime after being injected into the materials are characterised by the following factors;
the binding energy, size, lifetime, etc. Based upon the Bohr model of hydrogen-like single-
electron atom, as depicted in Figure 1, the radial wavefunction Ry,(1s) and binding energy
E,,(1s) of the ground-state can be described as follows, when the 1~ forms a muonic atom
around the light nuclei with atomic number Z.

270 )
R,(1s) - X 107" (cm)
E,(1s) 13.6 x 207 x Z% (eV)

This is almost correct until the 1s orbital becomes close to the nuclear size, which increases
as 1.2x A% x10~13(cm) where A is the mass number of the nucleus. Therefore, correction
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becomes significant for nuclei heavier than Fe, Cu, etc. The energy levels are significantly
changed from the classical and point-nucleus approximation due to the following two
corrections; finite-size nature of nuclear charge distribution and vacuum polarization.

The lifetime of the ground state is also subject to the nuclear capture rate A, which
depends upon the Z number; the higher the Z of the nuclei, the more the nuclear capture
rate is enhanced. The elementary nuclear capture process is p~+p—n+v, . Therefore,
the capture rate is the x~ density at nucleus proportional to [1/R,(1s)]* (proportional to
Z3) times. the proton number (proportional to Z) so that A, is proportional to Z* (the
Z* law). Thus, the nuclear capture rate is given as

Ac = A0Z4

where Ay is the capture rate to the hydrogen. Various theoretical and experimental studies
have been carried out to obtain the further correction terms to the Z* law.

When the ;= injected into materials composed of many different elements, the p~ is
captured to each atom according to specific population mechanism. This model of atomic
capture was first studied by Fermi and Teller (1947). Sometime, the atomic capture itself
is called Fermi-Teller law.

The original Fermi-Teller law suggests the following populations P(Z), P(Z,), ...
for the molecules made of elements like (Z1)m(Z2)n - .. (e.g. for Fe;O3 we have Z; = 26,
m =2, Zy, =6 and n = 3),

P(Z,) = mZ, P(Zy) =nZy,...

Experimentally, several studies have been made to test the Fermi-Teller law. A systematic
deviation was seen. Significant examples are found in the case of oxides like Z;Op,
where the relative population (m/k)(P(Z)/P(0O)) is found not to be Z/8 as the Fermi-
Teller law predicted. Moreover, the deviation seems to follow the periodic table. Revised
atomic capture law has been proposed by Ponomarev (1973), Daniel (1975), Leon (1977),
Schneuwley (1977) and others.

Among hydrogen isotopes, p, d and t, the formation rate of each muonic atom is
considered to be proportional to the concentration of each nuclei, no matter how nuclei
are contained in specific molecular states.

As described later, the muon catalysed fusion takes place inside the muon molecular
(more correctly a muonic molecular ion) formed by two nuclei such as d, t and the p~.
Now, let us consider how small molecules can be formed. The = at the ground state of
muonic hydrogen is known to take an orbit with a radius of 270fm and a binding energy
of 2.8keV. By analogy to the conversion from H(1s) to HJ (g.s.), where the radius of Ho+
(g.s.) becomes 2 times larger and the binding energy becomes 1/10 times smaller than
that of H(1s), respectively, one can consider the (Hop™)* molecular ion takes a radius of
2 x 270fm and a binding energy of 2.8x(1/10) keV as shown in Figure 1.

1.3 Basic concepts of muon catalysed fusion

The basic phenomena of the uCF involve the following two processes; 1) the formation of
a small molecule, called a muonic molecule, consisting of two nuclei and a =~ and an intra-
molecular fusion reaction and 2) a series of chain reactions of the fusion reactions mediated
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by a single p1~. Regarding the case of the DT pCF, these two processes are schematically
summarised in Figures 2 and Figure 3. Sometimes, historically in particular, the chain
reaction is presented in the form of a cyclic reaction by connecting the final part of one
unit of the chain reaction to the beginning, as shown in Figure 4. The basic processes for
DT u CF, the details of which are described in Section 2, can be summarised as follows.

Nuclear Fusion at Short Distance
1000 fm

/4
© 7
@ @O

Coulomb Repulsion

Neutron

Hot Fusion Muon Catalysed Fusion
Climb barrier by thermal Coulomb barrier disappears
motion in small neutral atom

Figure 2. Conceptual view of the role of a negative muon used to remove the repulsive
potential between d and t to catalyze nuclear fusion with reference to thermal nuclear
fusion.

After high-energy p~ injection and stopping in a DT mixture, either the (du) or (tu)
atom is formed, depending upon the concentrations of D and T, C; and C respectively
with Cy+ C; = 1. Because of the difference in the binding energy of atomic states (either
excited or ground) between (du) and (tu), the p~ in the atomic state of (du) takes a
transfer reaction to (tu) during a collision with the surrounding t in either DT or Ty
molecule like (dy) + t — (tu) + d at the rate of A\g. The thus formed (ty), either after
thermalization or before, does react with Dy, DT or Ty to form a muon molecule, where
the formation of a specific state of the (dtu) molecule through the resonant formation
mechanism is important at a rate of Ay, . Once the (dtu) molecule is formed at the
specific state, a rapid cascade transition process of the p~ inside the dtu molecule takes
place followed by the fusion reaction at the low-lying molecular state of the (dtu), where
a distance between d and t is close enough for the fusion reaction to take place. Then, a
14-MeV neutron and 3.6-MeV « are emitted. After the fusion reaction inside the (dtu)
molecule, most of the i~ is liberated to participate into the second pCF cycle. Some small
fraction of the = has a possibility to be captured by the recoiling positively charged «.
The probability of forming an (au)™ ion is called the sticking probability ws. Once the
(ap)™ is formed, since the p~ has an initial kinetic energy of 90keV compared to the
10keV binding energy of the ground state of (au), the u~ can be stripped from the stuck
(ap) ion. This process is called regeneration. Thus, = in the form of either a non-stuck
u~ or a regenerated one from the stuck (au) can participate into the second pCF cycle.
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Some details concerning the dtp uCF cycle are shown in Figure 4. In the (du) to t
transfer, there is a possibility that the y~ is transferred from excited (du) states. Since t,
d and g~ have spin, there should be a hyperfine (spin-dependent) effect in the formation
process of a muon molecule. Also, the existence of He impurity is inevitable due to t-decay
and pCF itself; the = loss due to capture to a *He must be taken into account.

In fact, various types of physical processes are involved in these main processes. The
fusion reaction in a small muon molecule is the most significant part where nuclear in-
teraction dominates. Also, a nuclear interaction does affect muon sticking and related
processes. Thus the remaining processes are due mainly to electromagnetic-interactions.
There, in order to understand electromagnetic-interaction related #CF nhenomena, the

basic roles of the 1~ can be understood by considering the 4~ to be a heavy electron with
a mass ratio m,/m, of 207.

Therefore, in order to understand the physics of the uCF, the following classifica-
tion of the processes is relevant: (1) nuclear-process fusion reaction in a muon molecule;
(2) intermediate-process muon sticking regeneration and electromagnetic; (3) atomic and
molecular processes, muonic atom formation/ intra-atomic cascade and slowing-down,
muon transfer among hydrogen isotopes, formation of a muon molecule/intra-molecular
transition and a He impurity effect in the uCF of hydrogen isotopes, etc.

The concept of the uCF has been introduced independently by Frank (1947) and
Sakhalov (1948). An experimental observation of pdp uCF was made by Alvarez et al
(1956) at Berkeley. The major historical trend of the HCF studies is summarised in
Table 2. Several review articles are available regarding the pCF phenomena (Breunlich
1989, Ponomorev 1990, Nagamine and Kamimura, 1998).

Hypothesis of the xCF cycle
Estimate of the fusion rate Add \dt
1956 | Observation of pdy fusion

1957 | Calculation of the dtu cycle and sticking Jackson
1966 | Observation of the T-dependence of Addy Dzhelepov
Theory of the resonant formation of ddu Vesman
Prediction of large Adty

Observation of the upper limit on Adtp

Frank
Sakharov
Alvarez

Gerstein, Ponomarev

1979 | Observation of the hyperfine effect in Addy PSI

1982 | Measurement of Adtpr At LAMPF
1987 | Observation of X-rays from pat in DT uCF PSI, KEK
1987 | Observation of X-rays from dHep KEK

1993 | Observation of a large Addy in solid Dy TRIUMF
1994 | Observation of X-rays from muon tranfer PSI, KEK
1995 | Observation of Adty With eV ty TRIUMP
1997 | Systematic studies of X-rays, neutrons from DT uCF | RIKEN-RAL

Table 2. Major historical trends of muon catalysed fusion studies
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2 Present and future of muon catalysed fusion

2.1 Present understandings
Nuclear fusion reaction inside the muon molecule

In the concept of the £CF, the fusion reaction becomes realised by utilizing a neutral small
atom formed by the 1~ and hydrogen isotopes and by forming a small molecule (actually
molecular ion) among the d, t and p~ for the DT pCF. Since the range of the nuclear
interaction (a few fm) is close to the size of the molecule, with the help of zero-point
motion of the molecular ion, the fusion reaction proceeds at a high rate.

Historically, the rate of nuclear fusion inside the small muon molecule (\gs) was cal-
culated by the so-called factorization relations (Jackson 1957).

Aus = afusw)(R) |27

where ag,s is a reaction constant related to the fusion cross section at zero relative energy,
which can be obtained by an interpolation from the nuclear reaction data at higher ener-
gies, and |1(R)|? is the probability density of finding the two nuclei at a distance of R.
The constant ag,s can be obtained by the interpolation (v — 0) with a description of the
low-energy cross section of the fusion reaction,

2
0 = Qs Cy U,

where ¢, is the Gamov factor of s-wave scattering and v is the relative velocity at infinity.
Aus ~ 101257 was given.

There have been several shortcomings in factorization treatments of the fusion rate.
First of all, we need knowledge concerning the fusion rate at the excited state of the muonic
molecule specified by the rotational quantum number (J) and vibrational one (v), since,
as described later, the formation of a muonic molecule takes place at the excited state
of the muon molecule. Secondly, distortion of the molecular wave function due to the
nuclear interaction should be taken into account. Moreover, a correction is needed in the
formula, of Aps due to the dominance of a near-threshold resonance in the reaction cross
section.

Advanced calculations of the fusion rates in the muonic molecule dty were made by
Bogdanova et al. (1988) and Kamimura (1989) within the complex nuclear potential (opti-
cal potential) method and by Struensee et al. (1988) and Szalewicz et al. (1990/91)within
the R-matrix method. Four types of calculations gave similar results concerning the fusion
rates of the J = 0 states of (dty).

In order to understand the overall fusion rate in a muon molecule, the details con-
cerning the intra-molecular cascade transitions should be known. As described later, the
formation of a muonic molecule is done mostly via resonance reactions to form an excited
rotational vibrational (Jv) state with J = v = 1, which is very weakly bound with respect
to the (tp);s +d threshold. The de-excitation of the muonic molecule levels proceeds via
Auger transitions, like

[(dtu)JudQe]* - [(dt/l)J’u’dQe}* t+e.
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These Auger de-excitation processes of the muonic molecule have been theoretically es-
timated by Bogdanova et al. (1982). The essential parts of the results are summarised
in Figure 5. The p~ cascades down to the lower levels where the fusion reaction takes
place. In Figure 5, the fusion reaction rates and the cascade transition rates for the DT
pCF are summarised; 80% of the fusion takes place at the (Jv)=(01) state and 20% at
the (00) state, both of which are formed after cascading down from the (11) state. As
also shown in Figure 5, in the case of ddy , which is formed at the (Jv)=(11) state, the
fusion reaction takes place at the (11) and (10) state at a rate of 5x10'%s~1, Combining
all of these arguments on the rates of fusion and de-excitation, we can conclude that in
a time of 10~ ''s (rate of 10''s™!) the fusion reaction is completed in the muon molecule
after the formation of the (11) state or after the formation of the dty molecule during a
collision between (tu) and Ds,.

1 +0—[dtp),, d2e]* dptD2 ~[(ddp),, d2e]*

Jy =11

'Wa\

8x107

20
(=

dp + D,

REPEY, pptt, p
1-Wd_ 1 43He +q

WeN p3He +n

Figure 5. Scheme of cascade processes in dtm and ddm molecleles after the resonant
molecular formation at (1,1) state, calculated by Bogdanova et al.

Muon sticking after nuclear fusion

So far, various experimental methods have been applied in order to investigate the muon
catalysed fusion (4CF) phenomena for DT #CF. Let us explain how to obtain the reaction
rates such as Ay, and )y, as well as the loss probability, such as w, experimentally.
The measurements of 14-MeV fusion neutrons can be used to obtain the fusion neutron
yield, the cycling rate of the uCF, etc, where the decay electron measurement is mostly
used for normalization purposes. Measurements of the characteristic X-ray in the pCF
can also provide very valuable insights concerning each process of the yCF. A time-
dependent measurement of these fusion neutrons and characteristic X-rays from muonic
atoms/molecules can reveal the time evolution of uCF phenomena. Combinations of
these experimental methods may provide the most satisfactory information about each
process of the uCF cycle. Most of the experiments on DT pCF conducted at Los Alamos
(Jones 1983, Jones 1986) and PSI (Breunlich, 1987) around 1990 have focused on neutron
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measurements; both systematic neutron and X-ray combined measurements were carried
out for the first time rather recently at RIKEN-RAL.

Regarding the rate of cycling (A;) with a loss probability (W) including muon-to-
alpha sticking phenomena, several experimental methods have been applied. Here, we
summarise relations between the experimental observables and physical parameters in
the uCF cycle.

We first consider neutron methods. Measurements of the absolute yield Y, and
disappearance rate ), give us the loss rate W, seen by neutrons, thus providing some
limiting factor on w,. The total yield Y, is obtained by integrating Y, (t) over all time:

Yn(t) = ¢/\ceil\nta

AAc
Y, =
An
where
/\n = )\0 + /\anv

W, = w, + other losses.

Secondly we consider X-ray methods. X-ray measurements from (uc)t ions gives
knowledge directly about sticking phenomena. The combination between Y, (t) and Y, (t)
gives a direct measure of w;.

Yy(t) = ¢pAckwle ™

PAckw’
y, = 20
An
Y,
?n = K/(.L)g,

where the «, given by the theory of atomic processes of (ua)* ion and WY is the initial
sticking right after the fusion reaction in the muon molecule. Actually w? is the sum of
the initial sticking to each orbit of the (pua)* ion,

w? =Y wl(nl).
nl

The w, which appears in the total loss probability W, is obtained after correcting the

regeneration factor R,
w, = w(1 — R).

Again, since the regeneration process depends upon the initial state of the (ua)™ ion, the
w, should be written as
ws = Y [1 = R(nd)Jw)(nl).
nl

The experiments so far conducted as well as the values so far obtained are summarised
in Figure 6, where values of the effective sticking of w; are presented as a function of ¢.

Theoretical studies on the a-sticking have been initiated by Jackson (1957), where a
sudden approximation has been applied. The probability of a (ua)™ atom formation in

an nl state is given by
wg(nl) = z 1Fnlm|21
m
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Figure 6. The existing data concerning the sticking probability w, versus density ¢ in
the muon catalysed fusion of a DT mizture

where

* —1q- 3
Fnlm = /d)nmle o rwo(r)d r,

and ¢py is the wave function of the (1a)™ atom in the state nim. The vector q is equal
to muv, where v is the velocity of (1)) ™. The function 9y (r) is the normalised muon wave
function at the instant of fusion, which can be expressed through muon-molecule wave
function, ¥, (r,R) by ¢o(r) = Ny (r, R = 0), where R is the inter-nuclear distance
and r is the muon coordinate with respect to the c.m. of the two nuclei, with N being
the normalization constant.

Since 1986, X-ray measurements have been applied for the direct measurements of the
p — a sticking probability in DT uCF at PSI (Bossy 1987), at UTMSL/KEK (Nagamine
1987, Nagamine 1990, Nagamine 1993) and recently at RIKEN/RAL. The experiment at
PSI was performed with dc muons for a low C; (~ 10~*) DT mixture, and that at KEK-
MSL and RIKEN/RAL with pulsed muons for high-C; (from 0.1 to 0.7). As for X-ray
detection in dtp pCF, the radiation background of the bremsstrahlung associated with t
beta-decay is serious; the background, energy of which extends up to 17keV, does mask
all wy-related X-rays (E(K,)=8.2keV, E(K3)=9.6keV, etc. ). The use of pulsed muons,
now available at KEK or at RIKEN/RAL, is really helpful; by operating the detection
system only in a short time interval around a muon pulse, a significant improvement in
the signal to noise ratio can be expected.

Following the first successful observation of Ka X-ray from (uc)" in high density and
high-C; (Cy = 0.3) DT mixtures at UTMSL/KEK, systematic data on w, and A, have been
obtained in high-density (¢ = 1.2-1.5) and high-C; (C;= 0.1-0.7) DT mixtures at RIKEN-
RAL. There, several important improvements exist for the experimental method: (1) high
intensity and low-background pulsed p~ beam is used; (2) in order to obtain data for a 3He-
free pure DT mixture, in-situ *He removal as well as a chemical-analysis apparatus have
been introduced. The actual steps for analyzing the data are taken as follows. (a) From the
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time slope constant of the neutron yield Y;, the value of AW, = (A, — Xo)/¢ is obtained,
while, from the absolute neutron yield Yy, the value of A, = Y, \./® is obtained, so that
both )\, and W, are obtained from the fusion neutron data. (b) After confirming the time
slope constant of the X-ray yield Y, (¢) being consistent with that of the fusion neutron
An, the value of kwy is obtained by taking the ratio Y,/Y, so that the effective sticking
seen by X-ray wy(X)(= Y;/Y, x (1 — R)/k) is obtained by using the theoretical values
of k and R. (c) The overall consistency of this analysis can be checked by the condition
Wy, > wy.

Slowing-down of hydrogen muonic atoms

All of the processes in puCF are started from the p~ injection into a DT or Dy mixture
at high energies (MeV or higher). Then, the 4~ undergoes a slowing-down process by
jonisation of the surrounding molecules/atoms and is eventually captured by the d or t
to form a muonic d or t atom with a population proportional to the concentration.

It was pointed out both theoretically and experimentally that when a hydrogen-isotope
target stays at liquid-hydrogen density ¢o, the time required for muonic atom formation
is less than 10~'%s. The atomic state of the muonic atom is considered to take around
n = 14(m,/m,)"/?. The intra-atomic cascade transition then takes place via an Auger
process at earlier stage (among higher atomic orbits) and radiative process at later stage,
where a Stark-mixing process takes on a significant role at high target density. The cascade
process to the ground-state of the muonic atom at ¢ = ¢y is considered to take less than
10~ s. The thus-formed neutral atoms undergo a further slowing-down process through
a series of the elastic collisions with the surrounding atoms/molecules and eventually
undergo the slowing-down towards thermalisation .

The above picture of muonic atom formation — intra-atomic cascade — thermali-
sation should be subject to a drastic change when the muonic hydrogen is formed in a
high-density hydrogen-isotope mixture, e.g. a (du) or (tu) atom in DT mixture. More
rapid processes might be competing with either cascade or thermalisation processes. As
described later, significant examples exist, such as muon transfer from an excited atomic
state, muon-molecule formation at epithermal energy, etc. In any case, it had been recog-
nised that we need more advanced knowledge concerning the most fundamental process of
elastic scattering of a neutral hydrogen atom with the surrounding atoms and molecules.

Muon transfer among hydrogen isotopes

When the g~ is injected into a DT mixture with Dy, Ty and DT, the atomic states of
(dp) and (tp) are produced roughly proportional to the concentration, Cy or Cy (with
Cy+ C, = 1). In a DT mixture with a density ¢ of around ¢y, after injection with
MeV energy, it takes 10~ '% for the p~ to reach the ground state of either (dp) or (tu).
Then, the p~ remains during most of its lifetime in the ground-state, where the nuclear
capture rate to either d or t is negligibly small (400s~! for dp ). Since the ground-state
energy of (tu) is deeper than that of (du ) by 48eV, the p~ at the ground state of (dpu)
can easily be transferred through the reaction (du) + t — (tp) + d via a collision with
t in either Ty or DT. Theoretical studies on the ground-state transfer reaction among
hydrogen isotopes have been carried out by several groups, and results of the transfer rate
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at thermal energies (= 2.7x10%™") have explained the observed values.

Since the cascade transition rate of the p~ in (dp) or (tu) is comparable to the radiative
transition rate, there is a possibility for the p~ to take a transfer reaction to (tu) from
its excited state of (du). By denoting g5 to be a probability for the p~ to reach to the
ground state, the problem of the z~ transfer at the excited state is sometimes called the
q15 problem; g;5 = 1 corresponds to the p~ transfer after the pu~ reaches the ground state.
Moreover, it has been pointed out that the (du) — (tp) transfer reaction might occur at
the epithermal energy of (du).

Some qualitative arguments can be summarised concerning the gq;; values at various
C,, ¢ and E(dp), as shown in Figure 7. Some indirect knowledge existed about the
values of qi; in DT pCF based on Ci dependence measurements of fusion neutrons in
a DT mixture. There is a deviation between theory and experiment. An example of a
possible explanation may be the possible existence of the side-path proposed by Froelich
and Wallenius (1995). The excited (tu)zs states formed via a transfer reaction from the
excited (dp)gs states does collide with Dy to resonantly form a (dty)* molecule with
n = 2, which mostly decays into the (dw)1s + t channel; apparently, (dp)qs is formed.
This process can be considered as muon transfer from (ti)ss to (dp)1s via three-body
resonances of (dtu). This enlarges the (dp)1s population and improves the agreement

with the experimental gi,.
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Figure 7. Theoretical prediction of the s values in the (dm) + t — (tm) + p transfer
reaction and the ezperimental ones, extracted from neutron data in dtm-pCF as a function

of CT at various (dm) energies and densities.

Formation of the muon molecule

The lifetime of ¢~ in vacuum and in a muonic hydrogen atom is 2.20pus, corresponding to
a decay rate of \g = 0.455x 106s~!. Due to the heavy mass, the atomic ground state of =
around d or t is small (260fm) and tightly bound (-2.7keV). A small neutral atom (tp)
may come close to d in Dy or DT to form a small molecule of (dtp)+, whose ground state
is small in size (520fm) and tightly bound (-300eV). Usually, the rate of formation of a
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tightly bound molecular state is relatively slow. The most promising way is the so-called
Auger capture, like

(du) + Dy — [(ddp)de] + e,

(tp) + Dy — [(dtp)de] +e”.
The theoretically predicted rate for the final state of a muonic molecule becomes fairly
slow, such as 10%s~! (comparable to Ag).

However, Ponomarev and collaborators (Gerstein and Ponomarev 1977) have theo-
retically predicted that an extremely shallow bound state with both a rotational and
vibration angular momentum of one (Jv) = (11) exists at an energy of Ey; = —0.6eV,
measured from the threshold energy of (tp);s + d. Due to the existence of this shal-
low bound state, substantially enhanced formation rates are expected by the following
reaction process called resonant molecular formations, as can be seen in Figure 8:

(t,LL)+D2 — [(dtu)11d2€}* (/\dt,ufd)’
(tp) + DT — [(dtu)nﬂe]* (Adtp—t)-

]

G | T TT T | vi=t
| =T
\ ]
€ ddp \ ] AEv
N\ /
A S SO
\ ! D2 V¢=0

[(ddp)deel

lk-——— ~600eV
| —~
I C
1 "

Figure 8. Energy-level diagram for resonant molecular formation; dtp versus ddu

Experimentally, the formation rate of a muon molecule can be obtained through the
relations between the observed cycling rate A, and the rate of the processes, e.g. Ag; and
Mg - Let us consider high-density and high-C; DT pCF and assume that the atomic
capture rate (Ag, and Ay,) and fusion rate (Ans) are sufficiently high compared to the
muon decay rate ( Agy , My, Afus > Ao). Then, the cycle time (A1) is due to the waiting
time of du for muon transfer to t and that to form the molecule.

1 _ QLSCd 1

A MG AauCa’
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Here, the factor ¢;,Cy is the probability that the muon reaches the ground state of dyu ,
reflecting the fact that the transfer rate in the excited states of (du) are very rapid, as is
the excited-state cascade.

In the above formula for )., the maximum Ae can be obtained for

Ct = (1 + 7)_17 Y= \/ )‘dt/qls/\dtu-

In a DT mixture, there are three molecules D,, DT and T, with the concentration ratios
Cpa, Cpr and Cry, respectively determined by the rate of chemical equilibrium. Thus,
the rate A\g, can be decomposed into the sum of two terms,

Adty = Adtu—-dCp2 + Aatu—1Cpr.

The idea of resonant molecular formation was experimentally confirmed, at least qualita-
tively, by the Dubna group in 1979, and in more detail by the experiments at Los Alamos
(Jones 1983, Jones 1986) and at PSI (Breunlich 1987), where both “three-body effects*
and a strange temperature dependence have been discovered . At the same time, a very
rapid formation rate (order of 6x10%71) was experimentally established for ¢ = ¢, for a
temperature range of up to 500K. These experimental data are summarised in Figure 9.
Theoretical predictions based upon the resonant molecular formation have not been able
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Figure 9. Cycling rate of DT uCF versus density

to explain the observed temperature dependence of the molecular-formation rate; accord-

ing to theoretical predictions, there should be a steeper decrease in Ay, towards the lowest
temperature.

Experimentally, the existence of nonlinear many-body collisions in Ay,_4 has been
consistently confirmed. There, the resonant process between (t) and Dy proceeds under
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the influence of the other Do,
(tn) + Dy + Dy — [(dtp)d2e]™ + Ds.

Experimental data have shown that such an effect does exist only for (tu ) + Dy and
not for (tp) + DT. At the same time, the effect is effective only for C; > 0.3. Assuming
Aty = [)\((iltzkd + A3§L4d¢]cd+ )‘EiltL~tCi7 from the Los Alamos experiment (Jones 1986), the
following values are obtained; )\%Lﬂi = 206(29), )\E;L_d = 450(50) and /\((iltL_t = 23(6) in
units of 10%s™! at temperatures below 130K.

Recent experiments involving X-ray/neutron measurements on DT uCF in high-density
and high-C; DT mixture at RIKEN-RAL have also produced, in addition to u a sticking
phenomena, important new insights concerning the formation mechanism of dtu. The
results can be summarised as follows.

« The density dependence, which had been observed from the gas phase to the liquid
phase (¢=1.2), seems to exist from liquid to solid (¢ = 1.5) in Cy = 0.28 and
0.70, suggesting that the three-body collision effect in Aaty does coexist under the
condensed-matter effect.

« The 3He accumulation effect, really significant in the solid but not significant in the
liquid, has been precisely measured in order to be used for an interpretation of Ag,.

As for the well-understood DD pCF, it was found that there is a marked deviation
between the experiment and theory below 20K, corresponding to the solid phase (Demin
1995, Knowles 1995). The deviation should be explained by the following two mechanisms
(either one of two or both of them): a) due to a non-thermalisation effect during the
slowing-down of (du), the existence of an energy gap in solid Dy does suppress complete
slowing-down, thus producing a non-thermalised epithermal (du) (about energy being
20K); b) the resection mechanism of the molecular formation may be dramatically changed
due to a change in the final-state energy spectrum .

2.2 Future of muon catalysed fusion

Possible applications of the sCF have been considered in various fields. At this moment,
the following three subjects are under serious discussions towards realization; a) an energy
source; b) a 14-MeV neutron source and ¢) an ultra-slow p~ source. Let us consider the
first subject, namely, related to the energy problem.

Energy production of muon catalysed fusion

In order to consider the energy-production efficiency, it is required to know how much
energy is needed to produce a single muon (a muon cost). There have been several discus-
sions on the optimization of 7~ production and 7~ — p~ conversion. For 7~ production,
the fundamental processes in the nucleon-nucleon inelastic process are nn — prm~ and
nm —ppr—. Therefore, the use of accelerated nuclei other than protons is inevitable. A
deuteron beam as well as a triton beam have been considered for a cost (energy) estimation
for economical p~ production.
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Following the argument made by Petrov et. al. (1979), a realistic solution seems to be
as follows. By using a 1GeV /nucleon t(d) beam bombarded onto Li or Be nuclei, we can
obtain 0.22(0.17) 7~ from a single t(d). By using a large- scale superconducting solenoid
with a reflecting mirror, one can expect 75 % efficiency for u~ production from a single
7. Thus, a 1GeV energy of t(d) produce 0.17 u~ so that one = can be produced by an
energy of 6(8) GeV. Sometimes, by selecting the values mentioned for 7~ production in
a t-t collision the eventual cheapest cost would be about 7~ /4GeV and 1~ /5GeV.

Several ideas have been proposed how to reduce the muon cost. Studies have been
done for optimizing the type of incident accelerated particle, particle energy and choice of
the fixed target. By summarizing these studies, the optimization does not seem to exceed
the value mentioned above ( 7~ /4GeV). Another method to reduce the 7~ production
cost is to use a colliding beam. In this case, the energy of the center-of-mass motion,
which is wasted at a fixed target geometry, would be efficiently used. It is claimed that
7~ /1.8GeV (0.55 77 /GeV) can be realised by a d-d collider. However, the realization of
a beyond-MW-MW collider is totally uncertain.

On the other hand, the energy-production capability Epty of the uCF is determined
by Egte=17.6x Y, (MeV) in the case of DT uCF, which has a stringent limiting factor
due to the sticking probability w, like Byt < 17.6xw; ! (MeV). A situation related to
Ep¢rp is summarised in Figure 10.

(GeV)
o e ———
100 — 1.8
~—— uCF NEUTRON OBSERVED
200 —

~——STICKING PROBABILITY LIMIT

300 — 5.3 ~<——COST FOR u~ PRODUCTION
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500 8.8 uCF IN New (¢,T,Cr)
LASER CONTROLLED uCF

600 uCF IN PLASMA
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900 — 15.8 ECONOMICAL BREAK-EVEN

Figure 10. Number of fusions and produced energy from dtm-pCF with required remarks.

Several remarks can be given for a possible increase in the energy- production capabil-
ity from the DT pCF. (a) Since the conditions so far used for the DT target in the uCF
experiment, namely, density, temperature and C; as well as the energy of the (tp) atoms
Ey, controlled by the mixture of Hy into DT mixture have not been satisfactory, there
might exist more favorable conditions toward higher energy production; the uCF experi-
ment at a higher density DT mixture, like ¢ = 2¢y, should be the typical example. (b) In
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order to increase Ag4,, more a favorable matching condition in terms of resonant molecular
formation might exist which will be realised by exciting the molecular levels of Dy or DT
by e.g. lasers. (c) In order to decrease wy, or in order to in crease R, several ideas have
been proposed, and, among them, the use of a DT plasma where enhanced regeneration is
expected due to an elongated (o)t mean-free path as well as the application of electric
field acceleration of (ua)* might be worth trying (d) In an actual 10-100MW power plant,
if it exists, there might be several ;= associated atoms or molecules interacting with each
other, and thus causing a new non-linear phenomena possibly associated with a higher
energy production which should be examined by using a high-brightness muon beam, like
slow p~.

Contrary to the energy-production-India solely via the uCF, the concept of muon
catalysed hybrid reactor has been proposed by Petrov (1980) and later by Eliezer et al.
(1987). There, the accelerated 1-GeV /nucleon d beam is bombarded on Li or Be target
with the remaining beam stopping in #*U, where ~30% of the beam is spent on 7~ pro-
duction and 70% is spent on ***U fission and **Pu production as electronuclear breeding.
The produced 7~ is used for the 4CF in DT mixture, where produced 14-MeV neutron
stops in the blanket of ?**U and SLi producing #*Pu and T. The Pu thus produced is
used for thermal nuclear reactor and the fission energy is used to feed the accelerator
and the rest of the system. It is concluded that the proposed hybrid system can double
the electric-power output of non-hybrid electronuclear breeding. There is an argument
against the use of the yCF for fuel production of a thermal nuclear reactor which brings
all the problems of a nuclear reactor like radioactive waste disposal, etc.

14-MeV neutron source

When thermal nuclear fusion becomes realistic, it is pointed out to be important to
develop a material to be used for the first wall next to the inner-most core of the fusion
reactor. For this purpose, it is important to investigate a highly irradiation test facility
by 14-MeV neutrons. One practical idea is to have an intense source of a 200keV d beam
and produce 14-MeV neutrons via the d + t — « + n reaction. In parallel to this idea,
the 14-MeV neutrons from the uCF can be considered to be an alternative way for the
materials irradiation facility.

Some realistic scheme has been considered (Petitjean 1993). Let us consider 1.5GeV
and 12mA deuteron accelerators available. By placing a 30-50cm graphite target under
the confinement field of 5-10T superconducting solenoid, intense pion production and
efficient ¢4~ production can be realised. There, the uCF in the DT target occur, followed
by intense 14MeV neutrons on the order of 10 /cm?s for the material under testing placed
at one surface of the DT container. Most importantly, the power consumption by the uCF
method is substantially lower compared to that in the d accelerator method ( ~0.1!). An
alternative idea has been proposed by Petrov. Some realistic plant design is in progress.

Slow u~

For the case of negative muons (1), it has been considered to be very difficult to produce
an intense slow = beam due to the following reasons: (1) because of a strong absorption
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material, so that there is no surface p~, except for a small probability for liquid Hy or
He; (2) because of muonic atom formation, the stopped p~ cannot be liberated from
the stopping material after thermalisation inside the condensed matter, and, thus, no
re-emission can be expected for the case of p™.

For a more realistic estimate, the kinetics in uCF must be taken into account. In
order to overcome the second difficulty, a new idea has been proposed for the source of
slow g, which will be realised with the help of uCF phenomena (Nagamine 1989). The
principle is as follows (see Figure 11): (a) at the disappearance of the core nuclei of 5He
at the instant of uCF, a slow p~ with an energy of around 10keV is released; (b) this
liberation process is known to be repeated up to 150 times during the p~ lifetime; (c)
after successive liberation processes of slow p~, we can expect that a significant fraction
of the p~ stopping inside a thin solid DT layer would be re-emitted from the surface.
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Figure 11. Schematic view of low-energy m- production from dtm-pCF in a thin solid
layer of a DT mizture and its extended version with a Ramsauer-effect enhancement.
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When there are no leakage processes from the DT layer, (solid and C; being around
0.3-0.5) the conversion efficiency can be estimated to be the ratio of the range of the 10keV
p~ (0.3pm) versus that of the incoming p~ with an energy of, say, 1MeV (0.9mm). The
multiplication factor due to the number of uCF cycles is abouty/150, this giving v/150x
0.3 x 1073/0.9 = 0.004. More realistically, the kinetics in CF must be taken into account.
For instance, the diffusion length of the neutral (du) or (tu) gives a significant correction
to the value mentioned above. Assuming 1um for the diffusion length of (du) and (tu) in
the DT layer with a 7um layer thickness, the conversion efficiency from stopping 1MeV a
p~ (below 10keV) emissions is around 2 x10~* instead of 4x1073.

In order to enhance the conversion efficiency, a two-layer structure was proposed by
Marshall which would form an optimised DT layer on a 1mm thick Hy layer with 0.1%
T, (see Figure 11), the range of the injected MeV u~ can be effectively reduced due to
the Ramsauer-Townsend effect. Already, in order to confirm the reduced range concept,
test experiments have been carried out at UTMSL/KEK and at TRIUMF for DD uCF
by using 2eV (du) from the Hy(Dy) mixture. There, a value of 1.5um was obtained.
Assuming that eV(tu) stopping in the D, layer is similar to eV(tu) stopping in the DT
layer, one can obtain the conversion efficiency from 1MeV p~ to the slow p~ in a two-
layer configuration, like 2x10~* [0.9mm/1.5um]xe€;,, = 0.12¢,, , where ¢, is the emission
probability of eV(ty) from stopping 1. From our knowledge, €, is around 0.1, leading
to a conversion efficiency of 0.012.

The generation of intense slow x4~ has an important application field, namely, p*pu~
colliders; for the TeV lepton colliders, a circular accelerating and colliding machine is only
possible for muons having a limited synchrotron radiation loss. A slow muon source, as
already realised for the p along with the slow 1~ source described here, can be efficiently
used for a realistic cooling method of muons.

3 Muon life science

3.1 Introduction

As described in the other sections, the uSR method has been widely applied to explore
new physics and chemistry in various condensed matter systems. According to some
excellent features of the uSR method such as high sensitivity to the dynamical motion
of the weak microscopic magnetism, it has for some time been suggested that the uSR
can contribute to the solution of various bio-medical problems. Rather recently, namely
since November 1997, some successful experiments have been performed to explore the
microscopic nature of electron transfer in protein.

Under the name of muon life science, historically, the use of muonic X-ray is sug-
gested to investigate the biological functions of human body through its capability of
non-destructive element analysis of the specific organ in human body. Recently, a large-
scale extension has been suggested by employing an ingenious photon-collimation system
called a Sudare collimator to specify very accurately muon stopping region.
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3.2 uSR application to bio-medical studies
Electron transfer in proteins

Electron transfer in macro-molecules such as protein is the most important mechanism for
various biological phenomena such as storage and consumption of energy, photo-synthesis,
brain function, etc.. Various experimental investigations have been applied to explore the
electron transfer phenomena in protein related chemical compounds. One of the important
methods to date to measure a long-distance electron transfer is to measure the electron-
transfer kinetics from the reduced heme (Fe?*) to the oxidised surface-bound Ru complex
(Ru®") using a flash-quench procedure, thus concentrating on the specific path of the
electron transfer. However, almost all the existing information on the electron transfer
have been obtained by essentially macroscopic methods. It is quite important to study
microscopically the electron transfer phenomena in proteins.

Among various types of proteins, cytochrome ¢ attracts much attention (Pettigrew
and Moor 1987, Scott and Mauk 1995), since it plays an essential role in the respiratory
electron transport chain in mitochondria holding a position next to the final process of the
cycle and transfers electrons to the surrounding oxidase complex. The three-dimensional
molecular structure of cytochrome c has been determined by X-ray structural analysis in
sixties.

Role of u for electron-transfer studies

In order to obtain microscopic information on the electron transfer in the macro-molecule,
the use of muon spin relaxation (4SR) method is potentially important. Polarised positive
muons (u%), obtained in the MeV energy region from a beam channel installed at a high
energy proton accelerator facility, can be injected into a biological substance (Figure 12a).
During the slowing-down process, the injected pu* picks up one electron to form a neutral
atomic state called muonium (Figure 12b). The muonium is then thermalised followed by
chemical bonding to a molecule of the substance. Then, depending upon the nature of
the molecule, the electron brought by the p* into the molecule can take a characteristic
behaviour including localization to form a radical state or a linear motion along the chain
(Figure 12c). These behaviours can be detected most sensitively by measuring the spin
relaxation process of the 4t using the uSR method. Muon spin relaxation occurs through
a magnetic interaction between the 4% and the moving electron produced by the ' itself.
Here, the pu* takes a double role, namely, an electron producer and a sensitive observer
of the electron behaviour.

This idea of the sensitive detection of the electron behaviour in macro-molecules has
been successfully applied to the studies of electron transport in conducting polymers. A
soliton-like motion in trans-polyacetylene, in contrast to the localization in the formation
of a radical state in cis-polyacetylene, has been studied for the yu* produced electron
(Nagamine 1984, Ishida 1985). Polaron-type electron transport phenomena in poly-aniline
has also been studied (Pratt 1997).

Some significant observables in the uSR studies can be summarised as follows. In
longitudinal relaxation measurements, due to the dipolar interaction between moving
electrons and stationary muons, the characteristic dimensionality of the electron motion
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electron

Figure 12. Behaviour of u* after being injected in to macro-molecules: (a)high energy
pt ingection; (b) slowing-down and electron capture to form muonium (u*e~) followed by
deceleration of the muonium; (c) chemical bonding of the muonium and electron emission
followed by electron localization or motion along the molecular- chain.

can be studied by the external field (Be) dependence of the muon spin relaxation rate
(Au) ; for the one-dimensional electron motion A, o [Bex) '/, for the two-dimensional
electron motion A, o [log Bey] ™! and for the three-dimensional electron motion Ay does
not have Bey, dependence (Butler 1976).

Progress has been made toward the theoretical understanding of this paramagnetic
relaxation process by considering the direct stochastic treatment of the random-walk
process of a spin which is rapidly diffusing along a topologically one-dimensional chain
(Risch and Kehr 1992). An error-function type longitudinal relaxation function (called
R-K function, hearafter) G(¢) = exp (I't) erfc (v/Tt) was proposed for Mmayx > 1, where
A is the electron spin flip rate, g, is the experimental time scale and T' a relaxation
parameter. In recent experiments, the usefulness of the R-K function has been confirmed
experimentally for the polaron-motion of conducting electrons in polyaniline. In this
theoretical treatment, I' is proportional to 1/Bey in the case of a linear electron motion.

As a natural extension of this type of application of the uSR method, possible studies of
electron transfer in protein have been proposed in 1987 by the present author (Nagamine
1987). None of the uSR studies on protein have been made up to now.

puSR experiment on cytochrome c

Experiments on the p* relaxation in cytochrome ¢ have been conducted by using intense
pulsed (a single pulse of 70ns pulse width and 20ms seperation under a pulse-kicker opera-
tion in the muon beam channel) 4MeV p* at the RIKEN-RAL muon facility. By installing
a large solid-angle uSR spectrometer, a precise and long-time range spin relaxation of the
p* can be measured in a relatively short measurement time (10° events/min). As estab-
lished in earlier works of muon science experiments, the use of pulsed muons is essential for
measuring long relaxation times appearing in the present type of spin relaxation studies.

The cytochrome c used here is a polycrystalline powder form extracted from horse
heart (Wako-Chemical product). The present u*SR measurements at various tempera-
tures (5-300K) under various longitudinal fields (0.0-0.4T) have been conducted by using
the powder sample as received.

At each of the measurement temperatures, the ut relaxation function which corre-
sponds to a time-dependent change of the u* polarization was found to have an external
field dependence as depicted in Figure 13 for some typical temperatures and applied lon-
gitudinal fields. The observed relaxation functions, G(¢), were fitted by the R-K function
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Figure 13. Typical pt spin depolarization time spectra in cytochrome at 5K, 110K
and 280K under external longitudinal fields of 0G, 50G and 500G, where lines are fitting
curves by using the R-K function.

and the obtained longitudinal relaxation parameter I' at various temperatures decreases
monotonically against an increase of external field Bex; applied along the p* initial spin di-
rection (Figure 14), while initial asymmetry at ¢ = 0, A,(0) increases against Bex;. (Note
that the time dependent change of the spin polarization is described by A,(0)G(t)). By
a close look at the Be dependence of I', there seems to be two components: (1) a weak-
field dependence region (lower field) and (2) a (Bex;) ! dependence region (higher field).
The latter region seems to exhibit the characteristic ut spin relaxation due to a linear
motion of a paramagnetic electron. As seen in Figure 14, the critical field (hereafter, we
call cutoff field) where the second region becomes significant over the first region has a
temperature dependence; a lower cross-over field at lower temperature. As summarised
in Figure 15, temperature dependence of the cutoff field can be presented as having two
components; one with an activation energy of 150meV (dominant above 200K) and the
other with that less than 2meV (dominant below 200K).

Over the entire temperature range the initial amplitude A,,(0) recovers with increasing
weak-field. Tt shows, a first recovery at lower field (up to 300G) and then it shows a second
recovery at higher field (above 300G) (see Figure 14). The low-field recovery along with
the weak-field dependence of T'indicates that pt depolarization takes place due to the
dynamics of the surrounding molecules, while the high-field recovery along with (Bext) ™
dependence of ' reminds us that the pt depolarization is due to the effect of a linearly
moving electrons.

Revealed microscopic aspects of electron transfer in cytochrome c

All of these results may support the following microscopic pictures of the electron transfer
process in cytochrome c.

1. An electron brought in by the u* and liberated at the bonding site makes a topo-
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Figure 14. The relazation parameter versus external longitudinal magnetic field for the
ut in cytochrome c at various temperatures, where the B~' dependence part can be seen
to become significant at higher field region and the critical field (cutoff field) of the onset
of the B~' dependence can be seen to have a clear temperature dependence.

logically linear motion along the chain of the cyctochrome c.

_ The electron transfer process, depending upon the temperature region, has two

different modes as seen in the temperature dependence of the cutoff field (Figure 15) ;
one with a characteristic activation energy of 150meV seen above 200K and the other
with an activation energy of less than 2meV seen below 200K. The characteristic
change at 200K of the cutoff field seems to be related to the well-known structure
change of some proteins which has suggested as glass-like transition. A naive picture
based upon previous SR studies on conducting polymers suggests an increase of
a three-dimensional diffusion at temperatures higher than 200K. It is not clear
whether this picture is consistent with a glass transition or not.

_ The diffusion rate along the chain Dy, which can be obtained by the measured I'

and the hyperfine coupling constant (500MHz) estimated from the recovery curve
of the initial asymmetry, becomes a value of the order of 10"?rad/s and almost
temperature-independent (Figure 15). The obtained D, can be converted to the
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Figure 15. The cutoff field determined in Fig.2 against inverse temperature, where
activation-type energies can be determined (below). The temperature dependence of the
diffusion constant of electron(s) in cytochrome c derived from the B~! dependent part of
the relazation parameter (above).

velocity v, of 10m/s assuming Dy, = v.l where [ is the mean free path and taken as
a size of cytochrome ¢ (100A) .

The most important remaining problems in the present x*SR studies might be: (1)
Where is the location and electronic structure of the u*? (2) From where the electron
takes a linear motion? At this stage of our uSR studies, there is no information on these
questions. In this respect, the lower field relaxation part seen in I' for Be,; below the
cross-over might provide key information; if it comes from the magnetism of the Fe ions
situated at the center of cytrochrome c, by measuring a precise value of the hyperfine
interaction parameter between the stationary yt and the Fe ion (and its temperature as
well as angular dependence) may reveal the u* location. For this purpose, muon spin rf
resonance as well as level crossing resonance will be most helpful and be conducted in the
nearest future.

Although, as mentioned above, there are some unknown factors in the nature of the
't probe, the electron transfer phenomena through the microscopic section of somewhere
in cythochrome ¢ was directly detected in the present experiment. The present pSR
method should be compared to the experiments using photo-excited electrons, where
electron transfer was measured through a path connecting between heme-Fe and Ru-
substituted portion (bis (2,2'-bipyridine) imidozale). It should also be compared to the
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electron transfer measurements within a zinc-substituted protein initiated by flash photo-
production, where electron transfer through a path connecting heme-centres is inhibited.

The ptSR measurement, where high efficiency of the measurements should be em-
phasised (typically 5min. for each uSR spectrum shown in Figure 12, is easily able to
be extended to cytochrome c in various chemical and biological environments; e.g. in
solutions with different values of pH, etc. It is interesting to-conduct similar experiments
on other related proteins, such as (1) as suggested by N. Go, (Lysozyme without Fe ions
where no electron transfer is expected) and (2) as suggested by Ataka and Kubota, cy-
tochrome ¢ with Fe?* ions where electron transfer is somewhat suppressed. Preliminary
measurements on these systems have given some supporting evidence, details of which
will be reported elsewhere.

The highly sensitive uSR method which was successfully applied for the first time to
prove a microscopic nature of the electron transfer phenomena in protein may open a
wide-variety of application fields. Most importantly, because of the original high energy
nature of the probe, this method can be applied to the protein in vivo. New information
might be obtained on the basic functions of brain activity, for example.

3.3 Muonic X-ray studies of element analysis

As shown in Section 1, X-ray from the muonic atom formed by the injected u~ and the
atomic nuclei of the stopping material is a characteristic high-energy photon and can be
easily detected by the detector placed outside the stopping substance like human body.
The unique correspondence exists between Z of the stopping element and energy of muonic
X-ray e.g. K, X-ray line in the 2p—1s transition as seen in Figure 16.

At the same time, stopping region of the y~ can be determined by the range-energy
direction in the depth (z) direction and by beam-collimation and/or beam positional-
identification in the (xy) distribution along the plane perpendicular to the beam. Each
distribution has a spacial broadening-width according to a range straggling as well as a
momentum width of the beam in z-direction and a range straggling as well as a multiple-
scattering in xy direction. A realistic case, namely for the = with a momentum spread
of 5%, is shown in Figure 17. Again, for 100MeV/c corresponding to the range in water
of 10cm, both longitudinal and transverse spreads become 3.0mm.

As described in Section 1, the rate of muonic atom formation is roughly proportional
to the product of Z-value of the element and elemental concentration C(Z). Therefore,
for the qualitative purpose at least, the intensity of the muonic X-ray after correcting
energy-dependent efficiency one can obtain elemental concentration C(Z) in the local
region, where the y~ is stopping.

Element analysis by the muonic X-ray method can be carried out using an exper-

imental set-up schematically shown in Figure 18, where beam collimator as well as a
range-adjusting energy-absorber is placed to control the stopping region of the p~.

A typical example of the muonic X-ray analysis to medical diagnostics is in the case
of osteoporosis which is known to be a disease due to the anomalous Al concentration in
the central trabecularpart of the human backbone. As is seen in Figure 19, depth-profile
of the Al concentration has been measured for a model called phontom by Tohoku-Tokyo
collaboration experiment conducted at TRIUMF (Sakamoto 1992).
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: ‘ Figure 16. Typical energies of muonic K, X-ray.

Recently, a new advanced method of muonic X-ray element analysis was proposed by
employing Sudare collimator invented by M. Oda which has applied to various astrophysi-
cal problems. It employs essentially a photon-collimation by the detector-slit to identify a
narrow line connecting from the photon source of the = stopping location to the narrow
area of the detector.

By using the Sudare collimator, it is expected to achieve spacial resolution better than

With a sub-mm spacial resolution, element analysis in vivo may reveal an important
function of the human body to probe a movement of the dilute imparity like oxygen
increase in hemoglobin related to the brain function.
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