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Dedicated to my wife Vera Pavlovna,
a faithful friend and a reliable rear guard

HISTORICAL BACKGROUND

Of all the discovered elementary particles, ;1 mesons from the very beginning
were the most accessible for experimental study, since the bulk of cosmic
radiation at sea level and even at mountain heights consists of strongly
penetrating p mesons, which traverse significant layers of heavy matter, losing
energy only for ionization. This particle was discovered in 1936 and was first
called the mesotron by analogy with the positron discovered in 1933. The main
properties of ;1 mesons were studied even before the launch of large accelerators.
After the discovery of the m meson and the phenomenon of m — u decay,
mesotrons were called p mesons. At the first stage of research, which began in
1936-1937, the phenomenon of 7 — u — e decay was discovered and the basic
properties of p mesons were established. The second period in the experimental
study of the properties of © mesons begins in 1948-1949 and is associated with
the use of accelerators. Beams of u mesons created with accelerators allowed
one to check, supplement and significantly improve the main results obtained
earlier with cosmic radiation. New methods of research made it possible to obtain
essentially new results. Thus, for example, during this period the spectroscopy of
mesonic X-ray emission of u-meson atoms was developed, which gave impetus to
extensive studies of mesoatomic and mesonuclear processes, and the interesting
phenomenon of p-meson catalysis of the proton-deuteron fusion reaction was
discovered. Since the end of 1956, a new period in the physics of x mesons
has begun: new and completely unanticipated properties were discovered — the
presence of u-meson longitudinal polarization, which made it possible to measure
its magnetic moment, and then the property of depolarization of the muon spin
allowed a huge series of studies of nuclear, atomic and even chemical properties
of matter. The problem of depolarization is closely related to the discovery of
a new hydrogen-like atom consisting of a u™ meson and an electron, called
muonium. At the same time, it was confirmed with great accuracy that ; mesons
and electrons interact with the electromagnetic field equally [11] and thus the
i meson began to be called “heavy electron”.

All the above-mentioned problems and properties of muons have been widely
and comprehensively investigated at the Laboratory of Nuclear Problems using
muon and pion beams of the Phasotron. Muon physics has its own peculiarity and
advantage: during the research process the experimenter has the opportunity to
work and communicate with an individual muon. The proposed review is devoted
to one problem — the problem of muon capture by the nucleus. Experimental
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work carried out at the Laboratory of Nuclear Problems and work that was
carried out at the University of Bonn (Germany) with the participation of an
LNP staff member are reviewed.

INTRODUCTION

The study of interactions of mesons with complex nuclei yields important
results relating to the properties of nuclei and the fundamental laws of strong,
weak and electromagnetic interactions. The electromagnetic properties of the
muon (charge, magnetic moment, etc.) are in complete agreement with the
electromagnetic properties of the ordinary electron. With this identity, the
mass of the muon is 200 times the mass of the electron. Therefore, in all
electromagnetic processes, the muon behaves like a “heavy” electron.

The process of mesoatom formation can be divided into four conditionally
independent stages. At the first one, the relativistic muons are slowed down by
ionization to velocities comparable to those of electrons on the outer shell of the
medium’s atoms. The deceleration time can be estimated using the well-known
formula for ionization losses. For condensed media this estimate gives 71 ~
~ 1079—10"19 s [1]. The second stage involves the final deceleration of muons to
thermal velocities and adiabatic capture to higher-lying levels of the mesoatom,
i.e., transition to a negative-energy state. Here the characteristic time 7o is
10-13-10-!% s [2]. The third stage is the mesoatomic cascade, a process of
muon transfer from high orbits to the ground state. The characteristic time of
a mesoatomic cascade 13 in light nuclei does not exceed 1071221013 s, and in
heavy nuclei it is even less [1]. The fourth stage is the stay of the muon in
the K orbit of the mesoatom, culminating in its decay or nuclear capture. The
muon lifetime in the K orbit 74 depends on the nuclear charge and varies from
a free muon lifetime of 2.2-107% s in mesohydrogen to ~8-107% s for the
heaviest elements. This is due to the very strong dependence of the probability
of p capture on the nuclear charge. Of the two competing processes, the decay
is more likely in light nuclei, while at Z = 11 (Na) their rates are comparable,
and with increasing Z capture predominates [2, 3] (Fig. 1).
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Fig. 1. Dependence of the relative muon capture rate on the nucleus charge Z [3]



The characteristic times 7, 79 and 73 of mesoatom formation are much
shorter than the lifetime 74 of the muon in the K orbit. All events occurring at
the first three stages can be considered prompt, while those at the fourth stage
are delayed relative to the stopping of the muon in the target. It is known that
muons trapped by the electric field of a nucleus, when moving to a lower energy
level, emit quanta of energy, so-called muonic X rays, similar to the X rays
emitted when an electron moves to a lower level in ordinary atoms, but much
more energetic due to the muon’s large mass.

1. RADIATIONLESS TRANSITIONS IN HEAVY MESOATOMS

As is well known, the capture of a p meson into the atomic orbit is a
cascading process. The final stage of this process is the 2p — 1s transition in
the p mesoatom. As a result of this transition, energy may be transferred to a
gamma quantum, or (in heavy elements) a nucleus.

J.A. Wheeler [4] predicted two fission mechanisms of heavy nuclei by
pu~ mesons: “internal” fission, when the energy necessary for fission is released
when the nucleus captures a muon from the lowest level of the mesoatom, and
“external” fission, when the muon does not disappear, but the energy necessary
for fission is released in a radiationless transition of the mesoatom to level 1s.

The probability of non-radiative transfer of energy to the nucleus must be
directly related to the photoelectric cross section on the nucleus. Since the
lifetime of a 4 meson in the K orbit is much larger than that of a compound
nucleus, the next stage of the process after the 2p — 1s transition is the decay
of the excited nucleus. In particular, a fission process is possible if the transition
energy is larger than the fission barrier. In the most favorable case, when the
fission width is greater than all other nuclear widths, a catalytic nuclear fission
process is possible. It should be noted that nuclear fission can occur not only as
a result of non-radiative excitation of the nucleus, but also as a result of capture
of a 4 meson from the K orbit of the nucleus — “internal” fission. These two
fission mechanisms can be distinguished experimentally by the fact that in the
first case fission is not accompanied by gamma quantum emission corresponding
to the 2p — ls transition. D.F. Zaretsky evaluated the effects associated with
this process. As an example the nucleus 23U [5] was considered, because the
greatest number of experimental data are available for it. Thus, the obtained
estimate of the ratio of the probability of radiationless excitation Wj to the
probability of emission of muonic X ray 2p — 1s radiation, W, is

W,/ W,y ~ 5-20.

So, the radiationless excitation process is more probable than radiation transition.

Several experimental works have been carried out to investigate the process
of nuclear fission during muon capture using photoplates [6-8] and carried out
using electronic methods of particle registration [16]. G. E. Belovitsky et al. (see
Ref. [6]) concluded that stopping of p mesons in 238U led only to “internal”
fission with a probability of 0.07; radiationless fission was not observed by the
authors and has a probability less than 1%. In Ref. [8] M.G.Petrascu and
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A. K. Mihul estimated the ratio of the probabilities of radiationless excitation
(W4) and emission of v quanta in 2p — 1s transition (W) for muon capture by

a 232Th nucleus:
Wy/W, = 0.1 +0.07.

[t is suggested that in the case of thorium the excitation energy of the nucleus is
transferred back to the meson, with the transition of the latter from the 1s to the
2p state being more probable than for uranium. J. A. Diaz et al. [9] also concluded
that radiationless fission, if it occurs, should cause only a small fraction of
the number of fission acts. D.F.Zaretsky [5] showed by his calculations that
the probability of radiationless transitions in a uranium mesoatom, where the
density of nuclear levels is high, must be significant. In the lead mesoatom
with low density of nuclear levels (magic nucleus), this probability is practically
equal to zero. Based on this work by Zaretsky, a group of physicists headed by
B. Pontecorvo carried out an experiment to measure the yield difference of the
corresponding radiative X-ray transitions in U and Pb [10]. Measurements were
made using a muon beam of the JINR LNP synchrocyclotron, with a Nal(TI)
detector 30 mm in diameter and 35 mm high. Figure 2 shows photon spectra for
mesouranium and mesolead in the energy range from 3 to 8 MeV.

The spectra are normalized to the same number of g mesons stopped
in the target. The 2p — ls transition energy in lead is E, = 6.02 MeV, in
uranium 200 keV less. Within the resolving power of the Nal(Tl) crystal, the
peaks in the spectrum are quite close. The difference in photon intensities at
energies ~6 MeV in mesouranium and mesolead with identical geometry and

N
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E,,MeV due to interpolation of uranium
3 4 5 6 7 8 and lead spectra; III — rough
0 L ! Loy Ll background estimate obtained
10 20 30 40 50 from the condition of equal widths
Number of channel of uranium and lead spectra



close emission energies indicates that the effect of radiationless transfer of
p mesons to the ls mesouranium level is indeed observed here. Assuming that
the radiationless transition probability in lead W} is negligibly small compared
with the probability W, of photon emission, the limits are obtained:

0.1 < (Wy/W,) U8 < 1.

Assuming that the widths of the uranium and lead peaks are the same, an
estimate close to the lower limit of the inequality is obtained:

W/ Wy ~ 0.2.

The significance of the discovery consists primarily in the discovery of a
new electromagnetic process in mesoatoms, in the possibility of studying the
behavior of excited nuclei and the realization of nuclear reactions of a new type.
The mechanism of nuclear reactions of this type was discussed in detail at the IV
International Conference on High Energy Physics and Nucleus Structure, held
in Dubna in 1971.

The discovery was included in the State Register of Discoveries of the
USSR under the number 100 with the priority of June 17, 1959. The formula
of the discovery states: “A previously unknown property of mesoatoms has
been established, consisting in radiationless transfer of all the transition energy
between mesoatom levels to the nucleus, when such an energy is close to the
difference between the energies of nuclear levels”.

Table 1. Results of studies done in [47]

Y (2p — ls) Y (2p — ls)

Nucleus Y (2p = 1s) Nucleus Y (2p = 1s)

w 1 +0.08 2351 0.71 + 0.05

Pb 1 238y 0.77 + 0.04

Th 0.85 4 0.07 29%pu | 0.59+0.06
Bi 1 +0.06

Further studies on radiationless transitions in heavy mesoatoms have been
published in the literature [47] (see Table 1).

2. THE FATE OF THE MUON AFTER RADIATIONLESS
NUCLEAR FISSION

Now it is interesting to trace the fate of the pu meson after nucleus fission.
There are two possibilities:

1) the p meson stays with the heavy fragment and perishes due to nuclear
capture;

2) the p meson is also knocked off in the process of fission from the excited
fragment.

One possible result of 2p — 1s (or 3p — 1s) radiationless muon transition in
a heavy mesoatom may be nuclear fission (so-called “prompt” fission [5]). This
raises the question: what is the probability of detecting a muon in light or heavy
fragments after fission? Several theoretical papers have estimated the probability
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of detecting a muon in light and heavy fragments (10% and 90% obtained
respectively by calculations in Ref. [11], and 50% and 50% in Ref. [12]). The
results of Refs. [13, 14] qualitatively alter the original estimates of the probability
of detecting a muon in light or heavy fragments. In muon problems, the finite
size of the nucleus is of great importance. The use of the muon binding energy
calculated in this work in the field of a finite-sized nucleus leads to a three- to
fourfold increase in the muon transition probability to the nearest excited level of
the fragment. The result of this work is that the average probability of detecting
a muon in a light fragment (computed from the experimental distribution of
fragments) is 1% and correspondingly 99% for a heavy fragment.

A meson ejection in the fission process is an unlikely event, because the
flight of the fragments is slow compared to the muon velocity.

Another possible route for p-meson ejection is via the mechanism of internal
conversion from an excited fragment. A theoretical evaluation of the internal
conversion coefficient [11,15] indicates that the electric dipole conversion
coefficient for an average fragment excitation energy of ~ 10 MeV is less than 1.
This means that the py-meson ejection cannot compete with the emission of the
first neutron from the fragment.

Recently, the probability of a muon sticking to light fragments has been
measured at PSI. This experiment used a setup involving surface-barrier Si
detectors to measure the kinetic energies of fragments, combined with the
SINDRUM40 magnetic spectrometer consisting of five multiwire proportional
chambers and a hodoscope. While Si detectors recorded fission fragments
arising from radiationless transitions, SINDRUMA40 detected electrons from
muon S decay. This allows one to reconstruct the electron trajectories and hence
to localize the region from which the electron from muon decay was emitted.
As a result, one could determine whether the muon was attached to a light
or to a heavy fragment. Thus, in addition to previously observed muon atoms
of heavy fragments, muon atoms of light fragments decaying with lifetimes of
(182 + 27) ns [39,40] were also detected. From a preliminary analysis, the yield
of muon atoms of light fragments was found to be 0.057 + 0.007. Taking into
account the probability of muon conversion to light fragments, the total yield of
muon atoms of light fragments is found to be about 7%. At the same time, there
are noticeable variations in the muon accession probability within the group of
light fragments, ranging from 0.015 4+ 0.15 to 0.090 + 0.027 for mass windows
of 77-87 and 107-117, respectively.

3. MUONIC X-RAY EMISSION FROM PROMPT
FISSION FRAGMENTS

After evaporation of the neutron, electromagnetic processes “come into play”
and successfully compete with evaporation of the second neutron. In the presence
of a bound muon, the following becomes possible: first, the conversion of
~ rays on the muon [5,11] and, second, the resonance process of radiationless
enhancement of the muon energy up to an excited state with subsequent
mesoatomic radiative transition [5, 15]. Theoretical predictions for the population
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probability of the 2p level of the muonic atom of a heavy fragment range from 1%
to 10% per single fission event. These processes are quite possible because the
experimental spectrum of ~ rays of fission fragments extends up to 9 MeV [4],
which significantly exceeds the muon binding energy of heavy (5.8 MeV) and
light (3.3 MeV) fragments. D.F. Zaretsky and F.F. Karpeshin have considered
resonance scattering of 4 rays on a muon [11, 18].

To estimate the probability of muonic X-ray emission per one prompt fission
(PF), the following circumstances are taken into account. Fission produces heavy
fragments with atomic numbers in the interval Z = 51-57 [17,19] with a
probability greater than 90%. For these elements, a change of Z by one, as the
calculation shows, shifts the muonic X-ray line by 100 keV, so the total muonic
X-ray spectrum of seven elements will occupy the interval of ~ 700 keV.

In the spectrum of ~ rays from PF fragments, there will be two lines
corresponding to each isotope that are associated with resonant scattering of
~ quanta on the muon and enhancement of its energy up to the intermediate
states 2p; /o and 2p3 9, separated by ~60 keV. The expected spectrum is shown
in Fig. 3. The position of the lines is extremely sensitive to the charge distribution
over the volume of the fragment: a change in r¢ from 1.20 to 1.25 fm shifts the
lines by 100 keV.

The observation of muonic X-ray radiation from a light fragment is hardly
possible because of the low probability of muon capture by a light shard, which
is about 1% [13]. As follows from experimental data [7], it is highly probable
that the muon is propelled up to higher discrete states of the heavy fragment.

Pb

I Z =54
2p3/2

3.7 38  E,MeV
Fig. 3. Calculated shape of the hard Fig. 4. Experimental setup: S1,S2 —
part of the spectrum of v radiation of scintillators; C — collimators; PPAD —
prompt fission fragments fission detector; Ge — germanium detectors;

CsF — CsF detector; BGO — BisGesOyg
detectors; Pb — lead shield



Experimental study of muonic X-ray lines would give information on
the multipolarity of hard ~ transitions of nuclear fission fragments. Such
an experiment was carried out at the University of Bonn by the group of
Prof. P. David [20]. The experimental setup [23] consisted of two germanium
detectors to detect X rays and an avalanche counter with several parallel plates
filled with 238U metal foil, which served as the active target (Fig.4).

Muonic X rays from a 23U target were recorded in coincidence with both
prompt and delayed fission fragments. The muonic X-ray spectrum coinciding
with prompt fission also had to contain muonic X-ray emission from fission
fragments. The energies of both lines of the 2p — s transition complex of the
most likely isotope 40Xes, are 3.7 and 3.8 MeV, respectively. Because of the
charge distribution, the 2p — 1s transitions of muon heavy fragments should be
within the energy range of about 700 keV [18]. Additional complexity arises from
the mass distribution. Furthemore, Doppler broadening smears out the separate
lines [21]. Figure 5 shows the spectrum recorded in coincidence with the PF of
one of the high-purity Ge diodes.

102 3
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Fig. 5. The muonic X-ray spectrum recorded by a single Ge detector in coincidence

with the PF in the 2¥U(u~,~f) experiment [23]. The full lines show the fit to this

spectrum, the background and the Gaussian curve. The upper spectrum (a) contains the

fit with a broad Gaussian structure at 3910 keV, the lower spectrum (b) is without such
a structure
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A broad structure can be visualized in the energy region between the 3d — 2p
and 2p — 1s muon transitions of 238U, and it appears to be a suitable candidate
for muon 2p — 1s transitions of muons trapped by heavy fragments and made
to occupy discrete states. Thus, an attempt has been made to fit this spectrum
using the FIT program [22] over a wide energy range, taking into account
all muonic X-ray lines and the background as described in [23]. A Gaussian
function was used to describe the observed total structure. The fitting for the
spectrum of one detector is shown in Fig. 5. The final results were obtained from
the data measured by both Ge detectors. The position of the conglomerate was
determined to be (3910 4+ 40) keV with a width of (640 + 110) keV (FWHM).
The intensity I of this conglomerate with respect to the intensity I,; observed
during the prompt fission was determined to be I, /I, = (6.0 +2.1)%. Although
the experimental value for the occurrence of this phenomenon is weak, it is still
the first experimental indication of its existence.

4. SYSTEMATICS OF THE ABSOLUTE YIELDS FOR HEAVY NUCLEI
AFTER FISSION IN THE CASE OF = CAPTURE

To systematize the yields of the various reactions such as fission or
neutron emission after the excitation process, the fraction of radiationless muon
transitions that directly excite the nucleus must be known. This fraction for
2p — ls transitions can be defined as the difference between the occupancy
of the 2p level and the intensity of 2p — 1s radiation transitions. In the
works by B.Pontecorvo [10] and J. A.Diaz [30], only a qualitative estimation
of the fraction of radiationless transitions in actinide nuclei is given by the
decrease in the intensity of 2p — ls transitions in thorium, uranium and
plutonium as compared to the intensity of this transition in the magic lead
nucleus. It was assumed that the intensity of higher radiation transitions in
these nuclei must be equal. Otherwise the missing part of the intensity of
v rays cannot be simply related to radiationless transitions. To verify these
assumptions, a group led by S. M. Polikanov has systematically investigated the

fission of heavy nuclei in the case of u-meson capture: 232Tp, 238y, 235y, 237Np,

242py and 23%Pu [24-27]. Nuclear fission due to p-meson capture differs from
other types of fission [37, 38], because it proceeds with a characteristic average
lifetime of about 80 ns and the average excitation energy of the nucleus is
estimated to be 15-20 MeV [28]. This is sufficient to open the fission channel
in the de-excitation modes of the nucleus. The excitation of a nucleus in the
radiationless transition of a muon to the K orbit occurs within a time interval
characteristic of muon cascading, such as 10714-10~1% s from the moment of
p-atomic capture [4]. It is therefore called the prompt fission process. There
are some features that are of great interest in terms of fission barrier research.
Figure 6 shows the experimental setup together with a block diagram of the
recording electronics [36].

A fast multi-plate ionization chamber filled with methane was used in
the experiment. The control measurement of the fast coincidences f—~ had a
resolution time of 2.5 ns. The fission fragments were recorded with an efficiency
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Fig. 6. Block diagram of the electronics used in conjunction with the fission chamber
and telescope counters

of at least 90%. All measurements were carried out simultaneously for two
isotopes: the test and 238U as a reference. The targets were deposited by
sedimentation on aluminium foils about 13 mg/cm? thick. Natural uranium 238U
and 23U (95% isotopic purity) were deposited as U3Og oxides. The thorium
target (monoisotope 232Th ) was fabricated as ThO, oxide. The targets were
prepared as discs 47 mm in diameter and 2.6, 0.7 and 3.1 mg/cm? thick for 238U,

2351J and 232Th, respectively. When measured, the chamber contained 857 mg
238y | 237 mg 235 | and 1020 mg 232Th,

The measurements were carried out with pu~- and 7~ -separated beams of
the JINR LNP synchrocyclotron at E, = 680 MeV. The = beam of 98% purity
with an average energy of 85 MeV and dispersion AE =9 MeV was slowed
down in a moderator of 30 g/cm? equivalent thickness. By measuring the time
distribution of the induced fission, the ratios of prompt and delayed fission and
the induced fission yields of 232Th and 235U in relation to the fission yield of 238U
were obtained. To control the stability of the timing system and to analyze the
response curves of the fast coincidences, measurements with 7= mesons were
made periodically for each measurement cycle (Fig. 7).

The relative fission probabilities of fission induced by 7~ mesons of ?32Th,
235U and 28U were obtained: (43 & 3)%, (120 +5)% and 100%, respectively.
Using literature data on the measurement of the fission probability of 233U
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Fig. 8. Time distribution of fission events in 232Th, 233U and 23U induced by .~ mesons
(background has been subtracted)

induced by 7~ mesons [28] and adopting the mean value 0.45 +0.10 as a basis,
the values 0.22 + 0.05 for 232Th and 0.54 + 0.12 for 235U were obtained. The
time distributions of fission events induced by p~ in the three isotopes studied
are shown in Fig. 8.

The weighted prompt versus delayed fission yield ratios for the three
measured isotopes are compared with the results from [29-31]. There is a
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Table 2. The prompt and delayed fission yields per ;= capture [24]

Type of Fission yield per pu~ capture

fission 232Th 2387y 2351

Prompt | (5.0+1.2)-107* | (2.03+0.45)-1073 | (5.1 £1.2)-1073
Delayed | (3.8+0.9)-10=% | (2.90+0.65)- 102 | (3.2 +0.8) - 102

discrepancy for ?32Th and 23°U. From a compilation of all available fission yield
data on pu~ capture [6,8,29-31], the final experimental results for the absolute
probabilities of prompt and delayed fission yields are obtained. These are shown
in Table 2.

Omitting all theoretical speculations, the main conclusions from the
measurement results can be given:

1) in 238U and 23°U the prompt fission is induced mainly by K, radiationless
transitions; in 232Th other higher radiationless transitions may contribute
significantly;

2) there is a strong lessening of the photofission probability of nuclei with a
muon in the 1ls orbit; i.e., the probability of photofission of the nuclei examined
with a muon in the Is orbit Py, is much lower than that of Pyy (without a muon
in the 1s orbit);

3) there is a fairly sharp change in the P,/Py ratio from one nucleus to the
other, while for Py alone there is little change.

[t seemed interesting to extend the systematics to include such nuclei as
239py, 242Py and 237Np. And so the following study was devoted to investigating
the absolute yields for these three additional isotopes, two of which, 237Np
and 2*?Pu, had not been studied [25]. The experimental setup, measurement
procedure and analysis were identical to those given above. The measurements
were carried out using 4~ and 7~ separated synchrocyclotron beams at the JINR
Laboratory of Nuclear Problems at 680 MeV. Fission events were recorded in a
fast multi-plate ionization chamber filled with methane. The = -stop events were
recorded by a telescope counter consisting of four plastic scintillators operating
in the ordinary coincidence mode of 1234. The chamber contained (111 +6) mg
23TNp, (7.70 + 0.85) mg 2*>Pu and 125 mg ?3?Pu. The detection efficiency was
(95-100)% in measurements with 23’ Np and 24?Pu, and (52 +5)% in the case
of 239Pu. The time distributions of fission events with respect to the stopping
point were measured simultaneously for the following isotope pairs: 23’Np and

2381y, 239Py and 235U, 242Pu and 23°Pu. From the relative fission yields, absolute
yields can be obtained using the values for 238U and 235U given in Ref. [24].

The measured spectra summed over all 16 channels are shown in Fig. 9. The
mean decay time was found by the least square method with a confidence level
of 0.05.

The primary spectra were fitted using the prompt coincidence response curve
determined in 7~ measurements and its convolution with an exponential decay
curve and a constant background. This procedure resulted in relative yields for
the two types of fission and fission probability ratios for the studied nuclei. The
absolute yields for 7~ capture were found using the values for 233U and 23°U
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given in [24]. The results are shown in Fig. 10 together with the photofission
probability for the photon energy corresponding to the energy of the 2p — ls
muon transition in these nuclei.
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Conclusions as the follows:

a) the prompt fission yield is much smaller than the photodetachment
probability and shows a pronounced change with the fission parameter x;

b) the probabilities of fission induced by trapped muons (delayed fission)
are several times lower than predicted from the systematic I',/T'; ratio, as far
as is currently known for the 15-20 MeV nuclear excitation characteristic of
w~ trapping.

Thus, by measuring the relative yields of fission events, absolute yields could
be obtained using the corresponding values for 238U and 23°U published in [24].
Fission induced by 7~ reproduces only prompt events, and measurements with a
7~ beam allow the characteristics of the timing system to be controlled and the
response curve of the prompt coincidence to be analyzed for each measurement
independently together with the photon separation probability for the photon
energy corresponding to the 2p — 1s muon transition energy in these nuclei
(see Fig. 10). The yields for the prompt fission, normalized to the emissionless
transition probabilities, were taken from [24].

In this analysis, it has been assumed that the energy spectra of the fragments
are the same for prompt and delayed fission. The prompt fission yield is much
lower than the photofission probability and shows a pronounced change with the
fissibility parameter x [41-43].

Knowing the intensity of muonic X-ray transitions is important for studying
the properties of muon atoms. The fraction of radiationless muon transitions
directly exciting the nucleus for 2p — 1s transitions can be defined as the
difference between the 2p level occupancy and the intensity of radiation
transitions 2p — 1s. In order to check these assumptions, an experiment
for measurement of the intensities of the main muonic X-ray lines in lead,
thorium and uranium was carried out [27]. The experiment was carried out
with the separated beam of negative muons of JINR LNP synchrocyclotron
(Ep =670 MeV). The muonic X-ray radiation was recorded using a coaxial
Ge(Li) detector with a 45 cm3 sensitive volume, in coincidence with the
stopping signal in the target. The time resolution of 27 was 10 ns, while the
energy resolution of the Ge(Li) detector was 3 and 8 keV for gammas with
energies of 1 and 8 MeV, respectively. All targets had the same dimensions of
60 x 77 mm, their weight was approximately 50 g, and their effective thickness
was ~ 2 g/cm?. Of great importance for the present experiment was the reliable
determination of the ~-ray registration efficiency and of the number of ™~ stops in
the target. In order to reduce errors associated with the possible beam instability,
ten measurement cycles were carried out. In each cycle, six measurements were
carried out with four targets in the following order: Al, Pb, Al, Th, Al, U. In this
way, an effective averaging of the beam fluctuations was achieved. The efficiency
curve of the Ge(Li) detector was normalized to absolute units by the known K,
muonic X-ray line intensity in Al [33].

The measurements were carried out in two stages. First, the intensities of
6h — 5g and 5g — 4f transitions in Pb, Th, U were determined; then muonic
X-ray spectra of all targets in the range from 150 kev to 7 MeV were measured
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for a long time and the relative intensities of transitions were determined.
The final results of these measurements are shown in Table 3. The photopeak
relative detection efficiency curve has been determined using known calibration
sources and the 3Cl(n,~) reaction. For functional representation of this curve
by means of the polynomial of the fourth degree in twice logarithmic coordinates
(log e, log E7), the error corridor with a relative width of 0.5% was calculated.
The gamma-ray spectra were processed using the SAMPO software [34]. Then,
in Fig.11 the experimental results were compared with the predictions of cascade
calculations according to the Hiifner program [35]. The calculations took into
account radiative FE1 transitions and Auger transitions, and, also, electron
conversion on K, L, M shells, and the initial occupancy for n = 20 was assumed
to have the form p ~ (20 + 1) exp (af).

The experimental and theoretical values of intensity of transitions 6 — 9,
95— 4 and 4 — 3 in lead coincide at a = 0.14. But for such a value of a,
the calculated intensities of transitions 3 — 2 and 2 — 1 are much larger than
the experimental values. Moreover, for uranium and thorium the agreement
between the calculated and experimental values cannot be achieved at any
value of a. From these measurements we can conclude that the intensities
of the corresponding transitions for lead and actinides are markedly different.

1.0 T T T T
0.9 Intensities of muonic X rays
‘ o — Pb (nat)
A — 22T 3—2
0.8 o 287 .
o 0.7F _
2
=
S 06 i
=
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Fig. 11. Results of cascade calculation of intensity of muon transitions per act of u~

capture for Z = 82 and 92. The dependence of the transition intensity on the parameter a

of the initial distribution is presented: p ~ (2¢ 4 1)exp (af). Dashed lines show the
measurement results
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Consequently, the decrease in muonic X-ray intensity cannot be attributed solely
to the fraction of radiationless transitions. Apparently, this indicates that the
mentioned assumptions of cascade calculations concerning the initial population
in muon atoms are incorrect. In addition, it is possible that these calculations
do not reproduce the observed intensity because they do not take into account
the coupling between nuclear and atomic motions. For a reliable determination
of the fraction of radiationless transitions, it is necessary, first, to improve
the theoretical methodology for calculating the process of muon cascading and,
second, to measure more carefully the difference between the probabilities of
occupying muon states and of their radiation decay, which requires a significant
increase in the sensitivity of the measurement.

5. NEUTRON EMISSION IN THE CASE OF NUCLEAR p— CAPTURE

B. Pontecorvo [44] (1950) assumed that the interaction of a = meson with
a nucleus may be described by analogy with K capture in nuclear 8 decay. The
capture by the nucleus of an orbital electron is described by the reaction

p+e —n+vr.

Similarly, a y meson in the K shell of a mesoatom can be captured by a nuclear
proton. As in the above reaction, the proton will turn into a neutron and a
neutrino will be emitted:

p+u—>n+vr.

For the first time (1962), the yu~-meson capture reaction was observed directly
in a liquid hydrogen bubble chamber in a well-purified beam of p~ mesons at
the Chicago accelerator (99% of p~ mesons, the 7~ -meson contamination was
about 0.5%). The neutrons produced in this reaction should have energies close
to &~ 5.2 MeV [45,46]. The data obtained by measuring the spectrum of neutrons
arising from stopping p~ mesons in the chamber are shown in Fig. 12 (the
background measurements are subtracted from these data).

Thus, the results of the experimental study of the interaction of = mesons
with the simplest nuclei have been summarized, and the first theoretical
justification of the mechanism of nuclear p capture has been given. From the
data considered, it followed that the interaction of a = meson with nuclear
matter can be explained by the reaction

uwo+p—=n-+v,

in which the proton that absorbed the p~ meson transforms into a neutron, and
nearly all the energy released in this process, close to the y~-meson rest energy,
is carried away by neutrinos.

If a 4~ meson is captured by a proton at rest, the energy of the neutron is
close to 5.2 MeV. Due to the nucleon motion in the nucleus, the neutron energy
turns out to be noticeably higher and can reach several tens of megaelectronvolts.
A fast neutron either leaves the nucleus or knocks a particle out of the nucleus in
actual interaction, or it transfers its energy to intranuclear nucleons, “heating up”
the nucleus. The secondary particles produced in the nuclear capture reaction
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of the muon are the neutrino and neutron. The absorption of a ©~ meson by a
proton reduces the charge of the nucleus by one:

W ZA— (Z—-1)A+w.

In the first experiments, neutron counters used to register neutrons were in the
form of proportional counters filled with BF3, enriched '°B trifluoride boron. For
greater efficiency, in other works a liquid scintillator with cadmium introduced
into it was used. The ultimate goal of the measurements was to record the
multiplicity of emitted neutrons 7 (see Table 4).

For a long time it was believed that absorption of the muon by a nucleus was
due to its interaction with one of the protons of the nucleus, while all the other
nucleons — protons and neutrons — acted only as an external medium, in which
the elementary act of converting the proton-muon pair into a neutron—neutrino
pair occurred [49, 50]. In 1963, a group of theorists from the Institute of Nuclear
Physics of Moscow State University and the Laboratory of Theoretical Physics
of the Joint Institute for Nuclear Research, headed by Professor V.V.Balashov,
put forward a fundamentally different model of the process, which was based on
the idea that absorption by the nucleus is of a multi-particle collective nature.
A mathematical theory of the phenomenon was developed, and directions for its
experimental study were indicated [47].
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Table 4. Average number of neutrons 7 (multiplicity) per capture of 4~ meson

by a nucleus [46]

Nucleus | Z m Method
Na 11 1.0+ 0.4 | Boron counters for slow neutrons, magnetic analysis
of p-meason sign
Mg 12| 0.6+0.2 | Boron counters for slow neutrons
Al 13 | 0.95+0.17 | Boron counters for slow neutrons
Ca 20| 0.40+0.4 | Same
Ag 47 | 1.55 £ 0.06 | Liquid scintillator with Cd for neutron counting
Sn 50 | 1.54 +0.12 | Boron counters for slow neutrons
[ 57 | 1.7+0.4 | Radiochemical method: search for tellurium isotopes
1.49 4-0.06 | Accelerator
Pb 82 | 2.14 4+ 0.13 | Boron counters for slow neutrons
1.64 +0.07
1.70 +0.30
1.50 +-0.40 | Same
1.96 +0.72 | Boron counters for slow neutrons
2.32+0.17
Au 79 | 1.63 £0.06

In the problem of g~ capture, two problems are closely intertwined: the
first, related to the physics of elementary particles, is the understanding of the
nature of the fundamental interaction on the basis of the proposed theory of the
Universal Fermi Interaction (UFI), and the second is the study of the structure of
the nucleus by means of = mesons. In analyzing experimental data, the nucleus
was considered to make negligible changes in characteristics of the elementary
act of capture, and these changes were considered to be accounted for applying
the simplest models of nuclei. The abundance of different experimental data led
to formulation of the idea of giant resonance excitation in the nuclei during the
capture of = mesons. The main channel in the capture of 1 mesons by nuclei
is the neutron escape channel. The decisive role in determining the interaction
of the escaping neutron with the residual nucleus at energies of the order of
several megaelectronvolts is played by a proton hole that appears in one of the
nuclear shells as a result of the absorption of the u~ meson. The particle-hole
interaction leads to changes in the state of the residual nucleus and, eventually,
to coherent excitation of various degrees of freedom of the nucleus corresponding
to individual partial-hole configurations; a collective excited state of the nucleus,
the giant resonance, appears [51]. Excitation of the giant resonance is not
specific to the process of p-meson capture, but is a universal property of the
nucleus. Collective states, excited in this process, decay into different levels
of the oscillating nucleus and form the neutron spectrum. Thus, the basis of
modern ideas on the general properties of nuclear transitions into a continuous
spectrum during p capture is the idea of a resonant, collective mechanism of
muon absorption by the nucleus. In [47] a hypothesis was put forward concerning
the modes of decay of quasi-bound states of the intermediate nucleus. According
to this hypothesis, the energy of such states may (at least in the case of light
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nuclei) be concentrated on a single nucleon, most commonly a neutron. Neutron
energy spectra calculated using this approach have a characteristic line form
where each line corresponds to a transition between one of the quasi-bound states
of the intermediate nucleus and one of the states of the final nucleus produced
by the neutron escape.

To check the theoretical predictions, at the Laboratory of Nuclear Problems,
a series of experiments was performed under the guidance of V.S.Evseev for
the measurement of neutron yields from various nuclei during p capture, to
measure their energy spectra and to search for the line structure of neutron
spectra [52-54].

The work was carried out with a pure muon beam with a momentum of
158 MeV/c, obtained using the meson channel of the synchrocyclotron of the
JINR Laboratory of Nuclear Problems. The arrangement of the apparatus is
shown in Fig. 13. The muon stops are isolated according to the standard 1234
scheme (scintillator counters /-4 in Fig. 13). Distilled water targets M in a thin
container of polystyrene foam, molten sulfur, calcium metal and lead metal had
an area of 100 x 100 mm and a thickness (towards the neutron spectrometer 5)
of 2, 4, 4 and 6 g/cm?, respectively.

A stilbene crystal 30 mm in diameter and 20 mm thick with a photomultiplier
tube 56 AVP [55] was used as the neutron detector 5. The pulse shape
discrimination method was used to separate neutrons and gammas [55, 56]. The
coincidences in time between the pulses of the neutron detector and the pulses of
p~ stops triggered a multichannel amplitude analyzer (AI-4096) operating in the
two-dimensional mode, with the help of which the spectra of recoil protons and of
electrons from ~ quanta were measured simultaneously. Energy calibration of the
neutron spectrometer was carried out with the aid of neutron sources (Po-Be)
and monochromatic neutrons from reactions d(¢,n)o and 7= +p — n + . The
absolute accuracy of the energy scale for neutrons was + 5%, and the long-term
amplitude instability in the spectrometric channel did not exceed +1%. Figu-
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Fig. 13. Arrangement of the hardware in the meson beam [55]
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res 14-17 show neutron spectra obtained due to the capture of negative muons
by sulfur, oxygen, calcium and iodine nuclei.

As a result of a series of measurements, the following was obtained:

1. The absolute neutron yield (per u-capture act) was measured for u capture
in oxygen in the energy range from 2.5 to 7.5 MeV, 7 = 0.526 + 0.068; in sulfur,
1.5 to 10 MeV, m = 0.414 + 0.035; in calcium, 2 to 10 MeV, m = 0.263 4 0.033;
in iodine, 2 to 7. MeV, 7 = 0.536 + 0.031.
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2. The measured neutron spectra show a linear character, which is in
agreement with the literature data and with theoretical calculations (dashed
lines) [57-59].

Thus, in experiments led by V.S.Evseev, a line structure was found in the
neutron spectra emitted during the study of negative muon absorption in the
light and intermediate mass atomic nuclei of sulfur, calcium, oxygen and iodine.
The validity of the discovery was confirmed by the results obtained by American
and Western European physicists.

The discovery was included in the State Register of Discoveries of the
USSR under the number 173 in the following wording: “A previously unknown
phenomenon of resonance absorption of negative muons by atomic nuclei has
been established, consisting in the fact that the absorption of negative muons is
a collective excitation of atomic nuclei”.

The priority of the discovery was established by two dates: October 22, 1963
(theoretical substantiation) and October 8, 1968 (experimental confirmation).

6. INVESTIGATION OF CHARGED PARTICLE EMISSION
IN THE CASE OF NUCLEAR p.~ CAPTURE

Among the various channels of nucleus splitting in the absorption of muons,
the channels with the emission of charged particles occupy a special place. Muon
absorption may lead to the excitation of states of the giant resonance type. The
decay of these states in some cases leads to the emission of charged particles.

The presence of correlations between nucleons in the nucleus must lead to
the emission of charged particles. Of course, in all cases the neutron channel
will remain dominant. After the neutron is expelled by the intermediate nucleus
A — 1, thresholds of charged particle escape are often lower than the neutron
one in the resulting daughter nucleus A — 1, Z — 1. If the daughter nucleus is
formed in a highly excited state, then decay with the emission of a charged
particle can well compete with neutron decay. Thus, according to the resonance
model [68], the production of a charged particle y in the case of u capture
must be related not only to the channel (u,rx), but also (and perhaps mainly)
to the channel (u,vny). The charged particle spectrum of the resonant capture
mechanism should be mostly soft. Its linear structure will appear somewhat less
distinct than in the case of neutrons. The characteristics of charged particles in
the resonance region are poorly understood.

The first information on the observation of charged particles in the case of the
capture of muons by atomic nuclei was obtained long ago, back in experiments
with cosmic rays [60]. Experimental data on particle emission, especially at high
energies, are very scarce and incomplete [62-64]. The first studies were carried
out by Yu. A. Batusov et al. [65] and by H. Morinaga and W.F. Fray in 1953 [66]
on heavy photoemulsion nuclei. They showed that the emission of charged
particles was sharply suppressed as compared to that of neutrons, amounting
to only 3% of the total capture probability. The data on proton and a-particle
emission obtained by the authors could not be simultaneously reconciled with
theoretical calculations carried out by C.Ishii [67] based on a statistical model.
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A systematic study of the process began later. By now, some experimental
and theoretical information has already been accumulated [61], on the basis of
which one can systematize the available results and consider the possibilities of
their theoretical interpretation.

One effective method of studying the absorption of muons by atomic nuclei
with the emission of charged particles is the method of nuclear photoemulsions.
[ts use made it possible to determine the probability of events with the emission
of charged particles and to establish some regularities of this process [65, 68].

A series of measurements on charged particle yields during capture of p~
mesons by nuclei '2C, %0, ?°Ne, %°Ca, 8Br and !'Ag contained in a
photoemulsion were performed at the Laboratory of Nuclear Problems by the
group headed by V. M. Sidorov [65]. The integral yield of charged particles from
nuclei '2C and %0 is about 10%. In nuclei 2°Ne and *°Ca, the contribution of
this channel increases and reaches 15-20%. The emission of charged particles
remains almost at the same level in the case of slightly heavier even-even nucleus
5Ni. However, for odd-numbered nuclei in this region of mass numbers A,
these values already decrease sharply. For Br and Ag nuclei, included in the
photoemulsion, the yield of charged particles is 2.9%, for nuclei with mass
number A > 100 it does not exceed 1-2%. The maximum yield is for nuclei in
the 49Ca region. The spectrum of the charged particles is predominantly soft.
This most likely indicates that the mechanism of charged particle emission is
related to secondary processes occurring in the excited intermediate nucleus.

The height of the Coulomb barrier for nuclei with mass number A = 60
reaches 8 MeV, which strongly hinders the escape of slow secondary particles
if they are charged. So, naturally, the yield of charged particles as a result of
p capture in heavy nuclei is small.

The contribution of the hard component to the total spectrum of charged
particles is small and does not exceed 2-3%. The yield of high-energy particles
also has a maximum in the region of nuclei with Z = 20. For a more detailed
study of the mechanism of muon capture by nuclei and for a more delicate study
of the effect, it is necessary to improve the measuring equipment, increase the
efficiency and improve the accuracy of measurements.

For this purpose, a group of physicists of the JINR Laboratory of Nuclear
Problems headed by V.G. Zinov conducted a study of u-capture reactions with
the emission of charged particles. The aim of this work was to measure energy
spectra and the emission probabilities of protons, deuterons and tritium nuclei
with energies exceeding 10 MeV in the range of values of the core charge
10 < Z < 30. In order to achieve its objective, the group had to solve the
following problems by increasing the luminosity of the entire installation and by
enhancing the capabilities of the electronic apparatus:

a) separation of charged particles by mass;

b) measurement of the absolute energy spectra of protons, deuterons

and tritium nuclei at lowest possible energies;

¢) obtaining the dependence of the yields of these particles on the nucleus
charge.
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Fig. 18. Block diagram of the setup

Measurements were carried out with nuclei 28Si, 32S, 49Ca, 64Cu. Figure 18
shows a block diagram of the setup [71].

In the work, negative muons with a momentum of 130 MeV/c at the muon
tract exit were used. The intensity of the useful part of the time-stretched beam
was 18-103 s~!. The energy of emitted charged particles was measured with a
spectrometer based on a 12 x 2.4 cm CsI(TI) crystal. Simultaneous measurement
of ionization losses of particles with the help of proportional chambers 7, 2,
3 allowed separating them by mass. Communication of the multidimensional
analysis unit on line with the computer ensured accumulation of data, their
operative control and further processing.

Tables 5-8 show the final results of measurements and processing of the
energy spectra [77].

Table 5. Proton energy spectra (number of particles/capture act x1 MeV) - 10*

Target

E, MeV C o Mg S

9 484+1.0
12 16.7+40 | 14.74+23 | 21.1+2.0 23.1+0.8
15 97+1.9 46+1.8 105+1.4 21.1+£0.5
18 44+1.3 6.0+14 74+1.0 10.3+0.3
21 3.24+0.9 3.24+1.0 45+0.8 6.5+£0.2
24 25+0.7 3.3+0.7 3.5+0.5 40+0.2
27 0.8+0.6 0.8+0.6 1.8+04 26+02
30 1.1+0.6 09+04 1.0£+0.3 1.74+0.1
33 07+04 1.1+0.3 0.8+0.2 1.1+0.1
36 1.0+£04 0.24+0.2 0.24+0.2 0.744+0.06
39 0.6+0.4 0.1+0.1 0.4+0.1 0.55+0.05
42 0.3+0.3 0.14+0.1 | 0.13£0.12 | 0.31+0.03
45 0.194+0.08 | 0.17+£0.02
48 0.10£0.08 | 0.074+0.02
51 0.10£0.05 | 0.06 +0.02
54 0.04+0.04 | 0.054+0.01
57 0.02+0.01
60 0.01+£0.01
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Table 6. Deuteron energy spectra (number of particles/capture act x 1 MeV) - 10*

Target

E, MeV C 0 Mg S

12 37+271914+£32 | 76+£1.9 7.84+0.6
15 64+18 | 444+24 | 76+13 6.9+£0.5
18 52+13|76+20 | 16+1.0 46+04
21 3.5+08 | 3.3£1.3 | 26+0.7 40+0.3
24 24407 | 1.84£09 | 0.8+0.6 1.6+0.2
27 04+06 | 16406 | 1.4+04 1.84+0.2
30 1.5+05 | 06£04 | 0.7+0.3 0.7+0.1
33 03+04 | 034+03|05+02 0.8+0.1
36 04+03|02+£03 | 02+0.1 | 0.40+£0.07
39 04+02 | 02+0.1]0.14+0.1 | 0.33+0.04
42 0.114+0.03
45 0.07 +0.03
48 0.07 +0.02
51 0.05+0.02
54 0.02+0.01

Table 7. Energy spectra of tritons (number of particles/capture act x | MeV) - 10*

Target

E, MeV C 0 Mg S

12 34+16|40+£28 | 42+15 1.4+0.3
15 1.8+1.2|53£1.7]294+1.0 0.6+0.3
18 14+10|22+14 | 154+06 1.2+0.2
21 22408 | 1.54+08 | 0.54+04 | 0.524+0.15
24 1.0+£06 | 1.0£05 | 024+04 | 0.48+0.10
27 03+04 | 0.1£04 | 02+0.3 | 0.19+£0.07
30 044+03|014+03|044+02 | 0.144+0.05
33 04+03|0.3£+03 | 00+0.1 | 0.06+0.04
36 0.05+0.04
39 0.01 +0.04
42 0.024+0.04
45 0.01 :0.02

Figure 19 shows one of the obtained charged particle mass spectra for the 28Si
nucleus. Three peaks are clearly distinguished in the spectrum, corresponding
to three tracks of ionization losses of departing particles. A few counts at the
edge of the spectrum are interpreted as tritium nuclei. The arrows indicate the
positions of the peaks.

The contribution of the resonance mechanism of p-meson capture becomes
insignificant at neutron emission energies above 10-15 MeV. In this energy
range, the main role can be played by the following two mechanisms: the direct
single-nucleon mechanism and the cluster mechanism.

In the first case, the 4~ meson interacts with one of the protons of the
nucleus and translates it directly into a noncontinuous spectrum [48]. In the
second case, the effect is due to short-range nucleon—-nucleon correlations. Due

27



Table 8. Probabilities of emission of fast protons, deuterons and tritium nuclei
in %, per act of capture in nuclei [68]

Threshold 28 32
energy, Sii4 Si6
MeV P d t P d t
15 0.88+0.06 — — 1.154+0.09 — —
18 0.64+0.05/0.334+0.03 — 0.78+0.07|0.34+0.04 —
24 0.33+0.03{0.154+0.02{0.02+0.01|0.4240.05{0.17+0.03| 0.04+0.01
42 0.04+0.01]0.02+0.01 — 0.06+0.01]{0.01 £0.01 —
Threshold 40 64
energy, Cazo Cuzg
MeV D d t 14 d t
15 1.30+0.11 — — 0.60+0.07 — —
18 0.94+0.0810.26 +0.04 — 0.46+0.06/0.104+0.03 —
24 0.48+0.06]0.19+0.03]0.024+0.01]0.27+0.05{0.08 =0.03 —
42 0.06+0.02 [0.02 +£0.01 — 0.04+£0.02]0.024+0.01]0.005 £ 0.005
N
80 -
T (e w)
60 - p
{
40
20 -
d
|
B t
j
0 U T T I T ] """nnl A
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Fig. 19. Charged particle mass spectrum for 2Si. The arrows indicate the positions of
the peaks

to such correlations, subsystems, i.e., clusters of two (quasi-deuteron), four
(quasi-alpha particle), etc., nucleons are formed in the nucleus. If the x meson
is captured by a proton from such a cluster, the process will no longer be
one-nucleon, because the produced neutron will immediately undergo rescattering
on the rest of the nucleons of the cluster. Thus, the whole association will take
part in the process. The nucleons of the nucleus that are not in the association
will not participate directly in this process. The role of the cluster mechanism
becomes noticeable in the region beyond the giant resonances as follows from
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the analysis of photonuclear reactions. One of the important consequences
of this process mechanism is the emission of fast particles. However, even
in photonuclear reactions this mechanism is very poorly investigated. As for
w capture, it has been estimated in [61] that the quasi-deuteron mechanism can
contribute up to 15% to the integral probability of the process.

The authors have analyzed in detail the high-energy part of the spectrum
of charged particles for four nuclei, Si, S, Ca and Cu, using a system of
semiconductor detectors, which allowed them to separate the particles by charge
and mass and to measure their energy [78].

Table 9. Energy spectra of protons and deuterons [78] (see also Fig. 20)

Silicon Sulfur Calcium Copper

E, MeV

N, Ny N, Ny N, Ny N, Ny
11 94+10 83+10 113+12 2947
14 1344122145190+ 15| 7+4 | 1324113 |13+4|534+£9|5+3
17 109+£10|36+£6|128+12|36+7| 95+11 [20+£5|30+7|7+3
20 89+9 [47+7| 65+£9 |24+6| 68+9 | 6+4 |28£6|1+3
23 50+7 |33+£6| 60+£8 [35+£7| 5248 |12+£5| 9+4 |2+3
26 A7T+7 |18+4| 4447 |13+4| 377 |124+4|17£5|5+3
29 27+5 | 10+£3| 3146 |[13+4| 27+£6 |11+4| 6+3 |3+2
32 2145 |[11+£3| 1945 | 843 17+5 3+2 | 943 (442
35 15+4 (12+4| 16£4 | 7+3 14+4 | 44+4 | 5£3 |1£2
38 12+4 | 7+3 8§8+3 7+3 11+4 7£3 |114£3
41 12+4 | 5+2 8§+3 7+3 5+3 1+4 | 242
44 6+2 241 442 3+2 5+3 3+2 | 1+£1 |241
47 1+1 241 6+3 241 241 442 | 1£1
50 7+£3 | 4+£2 1+1 442 1+1
53 1+1 442 3+2 1£1 | 1£1
56 241 1+1 I1+£1 | 1+£1 | 141

N

150 -
% ms
100
o Protons
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Fig. 20. Energy spectrum of protons and deuterons in 32S nucleus muon capture [68]
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From the experimental data presented in Table 9, it follows that the fraction
of high-energy charged particles is quite large. Table 9 and Fig.20 show the
integral yield of high-energy protons and deuterons in the case of p-meson
capture by some light nuclei [78].

Thus, the following conclusions are drawn as a result of the research [68]:

1. The greater the mass of a charged particle, the lower is the probability of
its emission.

2. In the spectra there are practically only protons and deuterons.

3. With increasing charge Z of the target nucleus, the share of deuterons in
the total yield of charged particles drops.

4. The proton yield has a maximum in the region of calcium, Z = 20.

5. Energy spectra of charged particles extend up to 50-60 MeV and are
characterized by a smooth exponential dependence (Fig. 18).

6. Within the limits of measurement errors, proton spectra from S and Ca
nuclei agree with the neutron spectra measured in [69], but quite strongly differ
from the spectra given in [57,70].

7. SEARCH FOR A THIRD TYPE OF MUON CAPTURE
BY THE NUCLEUS

All of the above processes occur within the two well-known types of
excitation of the nucleus in muon atoms: excitation in the process of muon
cascade transitions (resonant or radiationless) and excitation as a result of
p capture by the nucleus. As mentioned above, the search for the first type of
excitation led to the theoretical and then to the experimental discovery of the
process, for which it was included in the All-Union Register of Discoveries of
the USSR [10]. The third possible fate of the muon, which fell into the sphere of
influence of the nucleus, remained without attention of all “muonists”, although
indirectly, as if in passing, the possibility of the muon decaying on the K orbit of
the nucleus was mentioned, but without a consideration of the process continuing
to occur in the nucleus. An experiment to find this process was imminent. The
idea of the experiment was to theoretically and experimentally investigate the
possibility of a third type of excitation of the nucleus in the case of a bound muon
decaying. The physics of this excitation is similar to the well-known shaking
of electron shells in nuclear 8 decay, when the charge of the nucleus changes
by one. The energy released in u decay is much higher than the energy of
low-lying nuclear excitations. The potential acting from the bound muon on the
nucleus is almost instantly “turned off”, which causes quantum transitions in
the latter. Since the muon with orbital momentum ¢ = O creates a spherically
symmetric electromagnetic field around the nucleus, its instantaneous removal
causes electromagnetic shaking of the nucleus, and this explains the process by
which predominantly monopole excitation of the nucleus must occur. The study
of the excitation of the nucleus during the decay of a bound muon, which is of
independent interest — the discovery of a new process and verification of the
correctness of our ideas about it, could provide in the future a new additional
method to study the nuclear monopole states [72]. The muon, in passing through
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three stages of the process of mesoatom formation, reaches the K orbit in a time
of 10710-101* s. Its fate ends either by nuclear capture or decay according to
the scheme =~ — e~ + 2v. As shown in the theoretical works of 1. S. Batkin [73],
the low-lying monopole states of the nucleus can be excited during the decay of
a bound p~ meson in the mesoatom. This process also seems to be a unique
tool to investigate monopole states of atomic nuclei. But the main goal of the
experiment is to detect monopole excitation of the nucleus, which would serve
as evidence for the existence of a third type of pu-capture excitation of the
nucleus. The first estimates of this process based on the Davydov—Chaban droplet
model yielded a probability w ~ 1.6 - 10=2 [73]. The following estimate, made
by I. A. Mitropolsky, is based on the microscopic approach which considers the
excitation of several 0" states and gives a much lower probability of excitation
of the lowest 01 level: w < 3-107* [74]. When planning the experiment, one
should bear in mind that the nuclear transition can be converted. The main
purpose of the experiment is to register v quanta in coincidence with the decay
electron. This experiment was proposed in 1976 by the author of this review
to Academician B. Pontecorvo, the discoverer of radiationless muon capture. The
proposal was accepted and strongly supported.

A 1528m nucleus (Fig.21) was chosen as the object of study.

In Table 10, probabilities of conversion and radiation discharge of 0% levels
in deformed nuclei are given. The nucleus 232U is given for comparison, the first
0" level of which has a close energy [74].

From the table, one can see that the first 0F level in 12Sm will be discharged
mainly by v quanta, while the 0% level in 232U with the same energy will be
almost completely converted.

In 1976, the LNP accelerator was stopped for an upgrade. It was necessary
to reorient to the accelerator of Leningrad Institute of Nuclear Physics (LINP)

Fig. 21. Scheme of the excitation and decay of the nuclear 0% level of a !®2Sm
nucleus [75]

Table 10. Probabilities of conversion and radiation discharge of 0 levels in
deformed nuclei [74]

Nucleus | Ep+, MeV | Ey+, MeV X T.(E2)/T,(E2) | T.(E0)/T,(E2)

1528 m 0.685 0.122 0.07 0.01 0.02
232y 0.695 0.048 0.17 0.02 0.96

Note. X = B(E0;0f —07)/B(E2;0{ —2{).

31



in Gatchina. The Scientific Council of the LINP accepted the proposal of the
experiment. The experimental setup MEGA (MEsonGAmma), consisting of a
system of scintillation counters 1, 2, 3, 4 to provide for muon stopping in the
target, a Ge(Li) v detector with a sensitive volume of 55 cm® and a Cherenkov
counter of electrons 5a + 5b made of heavy lead glass TF-1, was mounted on the
LINP muon beam. The muon beam provided ~ 10* s~! stops in a 117 g target.
The target was in the form of samarium trioxide powder SmyOg3 enriched up to
98% '°Sm. A scheme of the MEGA experimental setup designed to study the
excitation of nuclei during bound muon decay is shown in Fig. 22.

The registration of 7 quanta is carried out using a Ge(Li) detector of large
volume. Particular requirements are imposed on the timing characteristics of
the setup which determine the efficiency of useful signal extraction. Figure 23
shows a time spectrum obtained with the MEGA experimental facility. The
time windows marked with numbers correspond to the following processes: I —
background radiation in “negative” time before muon stopping, 2 — prompt
spectrum of muonic X-ray radiation, 3 — delayed v quanta from nucleus after
capture or decay of muon, 4 — background spectrum.

The working region is the third time window, the exponential decay of the
radiation intensity in which is determined by the lifetime of the muon in the
K orbit of the mesoatom. From measurements at MEGA, this time for 1°2Sm is
~ 85 ns, and the width of the Gaussian distribution of muonic X rays (window 2)
is less than 5 ns.

During preliminary experimental sessions, 1.5 - 10° muon stops in a target
were recorded [75-76].

[TDd @Ec
[ mini PC

Fig. 22. Block diagram of the MEGA pilot plant

32



Figure 24 shows the spectrum of delayed gamma rays from nuclear
transitions caused by muon decay in the K orbit of the mesoatom, coinciding
with the fast electron [76]. The arrow indicates the place where the peak from
the sought transition should be. The dark area on the energy scale corresponds
to the width of the peak at half-height; the shaded area, to that at 0.1 height.

The experimental data allow us to establish an upper limit for the probability
of excitation of the first 0 level of '%2Sm in the decay of a bound muon:
w < 5-1073. This does not allow us to confirm the correctness of the theoretical
results given in Ref. [74], but it experimentally closes the early estimate of
the probability w ~ 1.6 - 10~2 [73]. The results give us hope for a successful
development of research in this direction [76]. Obviously, this experiment should
be repeated with much improved apparatus so that high-statistics measurements
can be made in very low background conditions.

10000
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Fig. 23. Timing spectrum of + radiation during muon stopping in a '»?’Sm target. One
channel is 1 ns
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Fig. 24. Spectrum of delayed v quanta with selection on the basis of the presence of fast
electron from muon decay
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CONCLUSIONS

In summary, the results of completely different and independent experimental
approaches to the problem of interaction of muons with nuclei have been
described. The experimental data require refinement, in particular, with respect
to fission fragment spectroscopy, secondary particle spectroscopy, and statistical
accuracy. All of the experimental methods described rely on interpretation within
theoretical models. Improvements in each of these parts will mutually stimulate
refinements or new paths in subsequent studies.
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