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Experimental investigations of muonic atoms are used to study the following problems in the physics of atomic
nuclei: charge distribution, muonic isomer shift, polarizability of the nucleus by the muon, and the influence
of the spatial distribution of the magnetization on the hyperfine splitting of the x-ray emission of the muon
and on the nuclear gamma radiation (the Bohr—Weisskopf effect), The hyperfine electric quadrupole splitting
of muonic x-ray emission and the possibility of an independent determination, with the aid of a precise model,
of the quadrupole moment of the ground state of the nucleus are discussed. Comparison with other methods

is used to examine the universality of the electron—nucleon and muon—nucleon interactions, 1o check on
quantum electrodynamics, and to consider the "calibration" of the Mdssbauer isomer shift and of the quadru-

pole splitting in pionic atoms,

INTRODUCTION

The Coulomb field of the nucleus of an ordinary atom in
the bound state contains Z electrons. However, any other
negatively-charged particles can also become a compo-
nent part of the atom. Such an atom is called exotic, to
distinguish it from an ordinary atom, If the particle is
quasistable, i.e., its lifetime exceeds the duration of atom-
ic processes, then it has time to execute a number of
transitions over the orbits. These transitions are accom-
panied by x-ray emission, The characteristics of par-
ticles that can form exotic atoms are listed in Table 1,
which contains also references to experiments in which
such systems were observed.

The considerable interest in exotic atoms is due to
their unique properties, The masses of negatively charged
particles are at least 200 times larger than the electron
mass. The Bohr orbits of such particles are therefore
situated deep in the interior of the electron shell of the
atom, so that the exotic atoms are hydrogen-like. The
calculation of such systems reduces to a solution of the
equations of the two-body problem, namely the Dirac
equation for spin-1/2 particles and the Klein—Gordon
equation for 0-spin particles, The wave functions of the
higher-excited bound states overlap weakly the region
where the charge of the atomic nucleus is distributed.
The transitions between these states are used to study the
properties of the negatively charged particles themselves,
namely the mass (u~, 7, K™, p), the magnetic moment
(Z£7), or the corrections for the vacuum polarization (u7).
In the case of the low-lying levels, the overlap with the
region of the nucleus is large, and the transitions are
used to study nuclear properties,

In the sections that follow we discuss several exper-
imental results on nuclear properties,as wellas the prog-
ress made in the measurement techniques. The text of
this review is based on four lectures delivered by Engfer
in Dubna and Leningrad. The problem is dealt with in a
large number of very good reviews,’,?%:51:61,%,99,100 5pq
we confine ourselves to a discussion of new results and
further trends in the development of research in this field,
We pay principal attention to research carried out with
the CERN muon channel during the last four years, with
participation of representatives from the following four
institutions:

The Hahn— Meitner Institute of Nuclear Research (U,
Jahnke, K, H. Lindenberger, R. Mickelsen, G, Roschert);
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The Institute of Technical Nuclear Physics of the
Higher Technical School in Darmstadt (H. Backe, E,
Kankeleit, R, Link, W, U, Schroder, K. Wien);

The Physics Institute of the Freiburg (Switzerland)
University (T. Dubler, B, Robert-Tissot, L. Schellenberg,
H. Schneuwly);

The Technical School and the Swiss Institute of Nu-
clear Physics in Zurich (R. Engfer, A, H, von Gunten,
L. Flury, J. L. Vuillermier, S, Petitjean, H, K, Walter,
A, Zender),

1. PRECISION MEASUREMENTS OF
v TRANSITION ENERGIES IN
MUONIC ATOMS

Modern Ge(Li) detectors make it possible to mea-
sure the absolute values of the y-quantum energies in
u atoms with a high degree of accuracy. Thus, the mea-
surement error is about 15 eV at a quantum energy 100
keV, and about 0.5 keV at 6 MeV. In some investigations
it has been possible to observe transitions from very high
excited states (up to n = 16; see Fig. 2 of ref, 39), A typ-
ical y-quantum spectrum, including a complicated combi-
nation of transitions, is shown in Fig, 1, The cascade
transitions in the y atom can be broken up into three groups,
depending on the radii of the orbits between which they
take place:

1) Transitions between the levels for which the prin-
cipal quantum number takes on values n = 3. In this case
the wave function of the muon strongly overlaps the re-
gion of the nuclear charge distribution, and the charac-
teristics of such transitions are very sensitive to the con-
crete form of the distribution. This is why the transi-
tions of the first group were intensively investigated in
the past. We shall not discuss here this entire problem,
but shall dwell only on certain new aspects connected with
the determination of the radius of the nuclear charge dis-
tribution from data on transitions in muonic atoms,

2) Transitions between levels for which the overlap
with the nucleus is small or practically nonexistent, but
the corresponding orbits are below the electron orbits
(in the case of heavy atoms these are orbits with 3 <n <
6). The characteristics of such transitions depend only
on the electromagnetic interaction of the muon, so that
we can investigate different effects predicted by quantum
electrodynamics,

3) Transitions between highly excited states (n > 6),
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TABLE 1. Characteristics of Particles Capable of Forming Exotic Atoms, The
Electron is Listed Only for Comparison; ap is the Bohr Radius in Hydrogen. The
Parentheses Contain the Measurement Errors

Particle | Spin | Mass, MeV
e 1/2 0.511006(2)
n- 1/2 105.659(2)
- 0- 139.578(13)
K- 0- 493.82(11)
oy 1/2+ 1197.32(11)
== 1/2+ 1321.7(7)
Q- 3/2+ 1672.4(6)
P 1/2+ 938.256(5)

Lifetime
' F Experiments®
107 sec b d
52017 —_
2198.3(8) 256 s
260.4(7) 194 [8, 10]
123.5(4) 54.7 [10]
1.64(6) 22.6 [10]
1.66(4) 20.5 None
1.3(4) 16.2 None
28.8 [11]

'Only basic papers are indicated; see the bibliographies in these papers,
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Fig. 1. Spectrum of prompt x-ray emission in the muonic 2**8i atom (from the data of ref. 4), Each line can be
set in correspondence either with a transition between definite states of the muonic 2**Bi atom with principal quan-
tum numbers n —n', or a transition in the muonic oxygen atom that constitutes the background, or else an elec-
tronic K-series transition in the atoms Pb and Bi, as well as a delayed y transition due to muon capture by the pro-
ton of the nucleus (designated by the letter V) and a prompt nuclear transition in the muonic 2*i atom (designated
by the letter N). The following three prompt y -quantum lines could not be identified in the spectrum: 39 (56,5

keV), 42 (601.7 keV), and 43,

whose prineipal quantum numbers differ by several units
(An > 1) and whose orbits overlap with the electron orbits.,
The study of these transitions makes it possible to de-
termine the distribution of the electron-cloud density in
the atom,*

In the sections that follow we shall discuss certain
new results pertaining to the first two groups of transi-
tions, Only a few investigations are devoted to the tran-
sitions of the third group and deal with the influence of
the electron cloud on the muon binding energy, The cor-
responding results are shown in Table 1 of ref, 39 and in
Table 1 of ref. 5. The employed distributions of the elec-
tron density in the atoms have led to results that agree
with the experimental data,?+42:44:88 However, to distin-
guish between the details of the employed approximations
it is necessary to increase the measurement accuracy by
reducing the error to several electron volts, Such an ac-
curacy will make it possible to observe also effects con-
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nected with the restructuring of the electron shell during
the course of muon cascade transitions.

Nuclear charge distribution. The high sen-
sitivity of the characteristics of a bound muon to the charge
density distribution is illustrated in Fig. 2. For heavy
atoms, the radii of the 2s,/,, 28/, 2p1/2,and2p3/2 orbits
are of the same order of magnitude as the nuclear dimen-
sions, The effects due to the finite nuclear dimensions
can therefore no longer be regarded as small corrections
to the results obtained for a point nucleus. The binding
energies of the low-lying levels are compared in Fig. 3
for the case of a point and extended T1 nucleus. It follows
from the presented data that it is the 1sy/, 28,4, and the
two 2p levels which are mainly sensitive to the character
of the nuclear charge distribution. From the transitions
between the indicated states one can determine at most
three independent parameters. The wave functions of the
different levels overlap differently with the region of the
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Fig. 2. Dependence of the muon density distribution |1/‘;|z on R in different
states of the muonic T1 atom: dashed curve — region where the nuclear
charge is distributed.
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Fig. 3. Level scheme of muonic atom 20571 dashed curve — point nucleus,
solid curve — extended nucleus, Transitions in which the 35/ and 4s /p
states participate are very weak (less than 1% per stopped muon) and have
not yet been observed.

nuclear charge distribution, so that each state determines
an independent distribution parameter. A good illustra-
tion of this statement is Fig. 11 of ref. 5. The measured
transition energies were analyzed in that reference within
the framework of a two-parameter Fermi distribution of
the density (with parameters ¢ and t). Insuchan approach,
however, it was impossible to account for the experi-
mental data, so that it became necessary to introduce a
third parameter® to take into account the nuclear polari-
zation, Its value turned out to be 8 keV for the 1s,/, level
of the muonic atom of 2®*T1, Thus, allowance for the po-
larizability of the nucleus leads to a shift of the muon
level in the atom. This correction was calculated in many
papers }1+40:41:74,75,82 The ghtained values agree on the
whole with the experimental data.?***%"" It must beborne
in mind, however, that the experimental values themselves
are the results of a mathematical reduction of primary
data and depend strongly on the methods used in the re-
duction. Since the influence of the polarizability on the
level shifts is not very well known, this limits at present
the accuracy with which the nuclear charge distribution
parameters are determined.

The fact that light nuclei have finite dimensions in-
fluences only the characteristics of the 1s,/, level, and
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furthermore to a much lesser extent than in the case of
heavy nuclei, In light muonic atoms we can therefore
find only one charge-distribution parameter. In partic-
ular, for the muonic carbon atom the energy of the 2p;/4—
1s,/ transition is 75.248 keV, and the effect due to the
finite dimensions amounts to 394 eV, Taking into account
the + 15 eV measurement error we find that the nuclear
radius is determined with an approximate accuracy of 4%.
The shift depends little on the model representations used
in the calculation, and the obtained value of the mean
squared radius can be regarded as model-independent,
The measured radii of several light nuclei, including the
latest experimental data,’** are listed in Table 2,

Comparative analysis of results obtained

from experiments on electron scattering

and from a study of cascade transitions in
muonic atoms. The nuclear radii determined from
the experimental data on elastic scattering of electrons
and from data on cascade transitions in muonic atoms
should coincide, since the interaction of the muons and
electrons with the nucleus is limited to Coulomb attrac-
tion., Any observable deviation not connected with uncer-
tainties in the conditions under which the concrete ex-
periment was performed will offer evidence either of a
difference between the electron—nuclear and muon— nu-
clear interactions,’® or of a difference between the muon
and electron radii,” or else of incomplete allowance for
the corrections, such as those necessitated by the polar-
izability of the nucleus, dispersion effects, polarization
of the vacuum, radiative corrections, or screening by the
electron cloud.

Different transitions in the muonic atom determine
different moments in the distribution of the nucleus. In
the case of electron scattering, the moments turn out to
depend on the momentum transferred by the electron, It
is therefore expedient to introduce the concept of the
equivalent momentum transfer g, at which the model de-
pendence of the results of data extracted from electron
scattering and from cascade transitions in the atom is
the same. According to ref, 36, this momentum is given
by

¢ =62[[ 5", ], (1)

where ap = 256 F, corresponding to scattering of elec-
trons with approximate energy 50 MeV. The data ob-
tained at higher incident-electron energies, say 500 MeV,
are much more sensitive to the details of the charge dis-
tribution. In this case, however, we obtain information
not on the mean squared radius (r’), but on charge-dis-
tribution moments higher than the second, The discrep-
ancies between the electronic and atomic data at such
energies can therefore be attributed to the model depen-
dence, whereas at equivalent momentum transfers the
model dependence hardly comes into play.

The radii of nuclei in the region of iron were com-
pared in ref. 78 with allowance for the equivalent mo-
mentum transfer, The agreement obtained between the
muonic-atom data and electron-scattering data was very
good when the results of the electron scattering were
normalized to the 12C radius determinedby the Amsterdam
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TABLE 2, Mean Squared Radii of the Nuclei B 1‘lN, and 1'SO, Obtained from
Muonic Atoms and from Experimental Data on Electron Scattering. All the

Quantities are in Fermi Units

the 1N 160 Experiments Reference
2.40+0.02 — 2.65+0.04 |(e, €) 183 MeV 28]
2.424-0.04 -, — (e, €) 50 MeV " 37]
— 2.64 — (e, e) 400MeV 29]
2.460-£0.025 e 2.7304:0.025 | (e.e)375; 750 MeV 83]
2.44540.015 — — (e, €) 20—80 MeV 55]
2.453+0.008 — Shell model 55]
2.3050.028 | 2.492:40.033 | 2.666==0.033 | (e, e) 30—60 MeV [16]
Shell model
2.454-0.03 2.56--0.03 2.70+0.03 | (e, e)31—60 MeV 81]
2.404-0.56 2.67+0.26 2.61+£0.14 Muonic atoms 7]
2.49+0.05 | 2.552:0.03 2.70+0.02 | Muonic atoms 6]

group.”® If the normalization is against the result of the
Darmstadt group, obtained with a gas 1;z1rget,m the dis-
crepancy is of the order of two standard deviations, The
latest data on transitions in the muonic ?C atom show
that the mean squared radius obtained in such measure-
ments agrees with the data of the Amsterdam group on
elastic scattering and with the old Darmstadt results ob-
tained by using carbon foils.’” This means that the Darm-
stadt measurements witha gas target are subject to a sys-
tematic error. Recent calculations with the experimental
data of ref. 81 has indeed led to a larger value of (r’) and
to better agreement with the results of the Amsterdam
group. The mean squared radii of °C, obtained by dif-
ferent groups, are given in Table 2,

Starting with the agreement of the measured values
of (r*y, we can draw the conclusion that no difference was
observed between the muon—nucleon and electron—nu-
cleon interactions, This contradicts the theoretical es-
timates in which a neutral pseudoscalar meson was in-
troduced as an intermediate particle.

From the data of Table 2 we can establish®®* an up-
per bound on the difference between the muon and elec-
tron radii. This limit is (?)— (r}) =< 0.17 F* and agrees
with the value = 0,014 F° obtained from a comparison of
the results of ep and pp scattering at high energies, and
with the value = 0,004 F2, obtained by measuring the (g—
2) factor,

=

Use of muonic atoms to check on quan-
tum electrodynamics. The most important cor-
rection to the muon binding energy in the atom is due to
the polarization of the vacuum (or renormalization of
the charge). It is known that in an ordinary electronic
atom this correction is small in comparison with the
Lamb shift (mass renormalization)., In a muonic atom,
owing to the difference between the muon and electron
masses, the situation is reversed. The Lamb shift leads
to a decrease of the binding energy in an ordinary atom,
and the small increase due to allowance for the vacuum
polarization can be neglected, In the muonic atom, on
the contrary, the binding energy increases, since the
main correction is connected with the polarization of the
vacuum, In the light muonic atoms (yH) and (uHe), for
which the effect of the finite nuclear dimensions is small,
the 2s;/, state is more strongly bound than 2p,/, and is
metastable, This does not occur in heavy muonic atoms,
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where the effect of the finite dimensions is much stronger
than the radiative corrections,

The Lamb shift has been measured in electronic at-
oms, in experiments on electron scattering, and in the
determination of the (g— 2) factor,”! The effect due to
vacuum polarization can be measured in muonic atoms
(such measurements were performed in refs. 15, 18, 43,
and 46, where earlier investigations are cited), To de-
termine the transitions that are best used for the mea-
surement of definite characteristies, let us turn to Tables
3 and 4, These tables list the shifts, due to different ef-
fects, of certain levels of the muonic atoms of H, He,
and *®T1, respectively. It follows from the data presented
that the vacuum polarization effect is best determined
either on the basis of the metastable 2s, /» level of muonic
H or He, or in medium and heavy atoms in transitions
with principal quantum numbers 4 — 3 and 5— 4. Mea-
surements of the 2s;/, — 2p, s, transition energies in muonic
H are now underway at CERN.!®? [t should be noted, how-
ever, that there is still no experimental procedure for ob-
taining the absolute values of the y-quantum energies in
the region from 1 to 3 keV with an accuracy of several
thousandths of an eV, This is why the 2p — 1s transition
in muonic H and He cannot yield the required information,
In ref, 33 the authors measured 4 — 3 and 5 — 4 transitions
for certain nuclei in the range from Z = 47 to 82, The
experimental data reveal an appreciable discrepancy be-
tween theory and experiment, which depends furthermore
on Z, This discrepancy is due in part to the subsequently
ohserved error in the actual calculation of the radiative
corrections, which had no bearing on the theory itself.®
Errors were incurred in the determination of not only the
values but also in the sign of the term of order o(aZ)?
in the expression used to calculate the effects connected
with vacuum polarization.!®»!® New calculations made it
possible to decrease the discrepancy somewhat, This
situation has made it necessary to repeat the measure-
ments. This need was also brought about by the fact that
the old experimental data’!? contradicted the later mea-
surements.”® The measurements for certain nuclei were
repeated” with a new calibration system, which will be
described later on, The results were in very good agree-
ment with the data of ref. 33. A summary of these ex-
perimental data is given in Table 4.

Thus, the following situation has developed by now:
In heavy muonic atoms there are discrepancies between
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TABLE 3. Corrections to the 2sy /» ~ 2py /o Energy Difference in Muonic Hy-
drogen (pH) and Muonic Helium ( uHe) (refs. 20, 46)

Corrections to energy difference uH, 10-3 eV uHe, 10-3 eV
2py o~ 2ps fo, fine structure 8.416 145.7
Polarization of vacuum:

of order o —205.0 —1665.9
of order a2 —1.508 —11.5
Lamb shift H]bbg -14.3
Delay . ; L1387 o
Finite nuclear dimensions* +3.474+0.081 1-293.74+7.0
E(2s) o)L ('_’.pl',._,) —200.988-+0.081 —1369.4-+7.0
E (25 0)— £ (2py)a) —209.404:£0.081 | —1515.12:7.0

* The rms radius <r2>1/2(H) = 0,80 * 0,02 F, used in the calculation, wastaken
from ref, 96, We present also later results obtained in experiments on electron
scattering at a small momentum wransfer (= 0.4F'2), 0,82 0,07 F (ref, 54),
0.85% 0.02 F (ref. 87) <*>'/2(tie) = 1,67+ 0,03F.

TABLE 4. Theoretical Calculations of the Transition Energies in the Muonic
20371 Atom, from the Data of refs, 5 and 90

Vacuum polariza- Other |Polar- J s
Tortal tion, € electro- |izab- |Elec- | Finite dimen-
Transition| ansi- higher dynamic ility of| ron sions of nu-
tionen-| «® brders |correc~ |the nu- ?;re?{'- cleus, eV
ergy, eV tions* |cleus. | 108
eV

2pg/a—1si;a | 5906630 |37520) 930 | e —3570 | 4900 | —4 —1 839 700
2p)jo—lsy /o | 5725890 | 34 750| 870 *% ~2800 | 5000 | -4 —0 499 000
3d5,0—2pg,0 |2 448 060 | 19 380| —50 [ = —1000 | 1800 | —13 —~219 90¢
Bdgp—2pyp [ 2587970 |21 330 —go | = —-320 | 1870 | -13 ~558 400
bgoa—if7e | 420777 2038 32| —40 —4 5 | —80 =3
Sgya—hisse | 42688L| 2117[ 30| —47 1 6 | —78 -9

. 5 " . "
Including the correction for the Lamb shift, for the anomalous magnetic mo-
ment, for the relativistic reduced mass, and for the muonic polarization of

vacuum.

L] & e
These corrections are smaller than the measurement errors of the transitions

in question.

theory and experiment, on the order of two standard de-
viations, which cannot be eliminated even if all the known
corrections are taken into account, It is necesary, how-
ever, to bear in mind the uncertainties in the calculations
of the higher terms of the radiative corrections. The
errors that arise in the calculation of the screening by the
electron cloud are smaller than the experimentally ob-
served!! discrepancies, They canbe attributed to screening
only by making very unlikely assumptions concerning the
character of the electron-density distribution, A differ-
ence may also take place in the yN and eN interactions,
as indicated in refs, 13 and 14. However, since the nu-
clear radii obtained from data on muonic atoms and from
experiments on electron scattering are equal, it becomes
necessary to analyze in greater detail assumptions of this
type also in the calculation of radiative corrections, If
the experimental energy of the 2s,/, — 2p, s transition in
muonic helium!® turns out subsequently to agree with the
theoretical value, then this fact will not contradict the
existing discrepancies in the case of heavy muonic atoms
(Fig. 4). The point is that the error that arises in the
calculation in terms of higher order in oZ is negligibly
small for muonic atoms with small Z.

2. MAGNETIC HYPERFINE INTERACTION
IN MUONIC ATOMS

Theoretical analysis. The muon is a lepton,
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so that the magnetic hyperfine interaction of a muon with
an atomic nucleus in a muonic atom is perfectly analogous
to the hyperfine interaction in an ordinary electronic at-
om, The shift of the hyperfine component of the level is
determined by the Fermi— Segree equation

AWnee A, (I, ntj) HEEO=TTL) =G 4+1)

2Ij ' @)

If we confine ourselves to the muon 1s,/, level, then j =
1/2 and F = I + 1/2, In this case we have doublet splitting
amounting to

ABw=4(1; 15 0; 1/2)25EL, (3)
For a point nucleus, the hyperfine splitting constant A(I,
nlj) is proportional to “IHu' Unlike the electron in an or-
dinary atom, a muon on the 1s,/, orbit of a heavy muonic
atom produces a very strong magnetic field, with inten-
sity on the order of H = 10" G, We can therefore expect
the magnetic splitting to be of the order of 1 keV/u. The
radius of the first Bohr orbit of the muon is comparable
with the dimensions of the nucleus. The magnetic field
produced is therefore inhomogeneous, and the magnetic

splitting depends strongly on the nature of the distribu-
tion of the magnetization in the nucleus,

In ordinary atoms, effects connected with the finite
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Fig. 4. Deviation of the theoretical values of the energies of the 4f — 3d
and 5g —»4f wansitions from the experimental values®'%%%% in certain
muonic atoms,

size of the nucleus are small,!® Moreover, it is impos-
sible to determine the value of this effect for each isotope,
since the absolute value of the density distribution of the
electrons in an ordinary atom cannot be measured, Op-
tical spectroscopy methods®®** can determine only the
relative magnitude of the effect in different isotopes. Let
us consider, for two isotopes @ and b, the expression

An[u” (AuexP/AEXP}(gl?xp;g:(exP)'— 1 X Eq— ¥y, (4)
where
ASXP — gpointf 4y,

The quantity A,}, determines the difference between the
effects due to the finite nuclear size in the two isotopes.
In the case of a muonic atom, the muon distribution den-

sity is caleulated with a high degree of accuracy by solving

the Dirac equation. We can therefore calculate the ef-
fect for each isotope with allowance for the character of
the distribution of the nuclear magnetism, Such calcula-
tions were performed first in ref. 65 (see also refs, 38
and 59). The expression for Ay is

R 00 :
A= —geponr (O (1 gy iy ar - § 1) gy ara,y .
S b R
(5)

To calculate this quantity it is necessary to know the wave
function @, i.e., it is necessary to use a definite model.

Magnetic hyperfine splitting and x-ray
emission energies in muonic atoms. The
magnetic hyperfine splitting of the 2p,/,—1s,/, line in
heavy muonic atoms can be determined only from the
broadening, inasmuch as at high energies (3.4 and 6 MeV
in the muonic atoms of In and Bi, respectively) the reso-
lution of even the best detectors is only 3.5 and 5 keV,
respectively. This analysis, however, is very complicated
and is not at all unambiguous, since it is necessary to
determine the shape of the experimental curve on the basis
of the calibration curve, which is a priori not identical
with the experimental curve, In addition, it is necessary
to take into account the Lorentz broadening, the magnitude
of which is of the order of half a keV, A typical situation
is shown in Fig. 8 of ref. 77, with 2*Bi as an example,

The magnetic hyperfine splitting is also influenced by ef-
fects due to nuclear polarizability (see below); the cor-
responding correction can reach 25%, as is the case in
the ***Bi muonic atom.”
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Ge(Li) detectors have the best absolute resolution at
low radiation energies., However, the magnetic hyperfine
splitting of lines corresponding to transitions between
high-lying states at low radiation energies is usually too
small to be resolved. An exception is the 2s,/5 — 2p;/,
transition. In addition, it has one more advantage: The
levels 2s,/, and 2p, /, have different dependences on the
character of the magnetization distribution in the nucleus
than the level 1s;/,. It therefore becomes possible to de-
termine different components of the magnetization dis-
tribution. In the case of a point nucleus, the 2s, /2 and
2py/» levels are degenerate. Allowance for the finite di-
mensions of the nucleus shifts the 2s,,, level by a larger
amount than the 2p,/, level (for example, in the !1%In muonic
atom this difference is 260 keV), so that transitions be-
tween these states can be observed. The probability of
populating-the 2s,/, level in cascade transitions, however,
is very small (~1,5%), and to accumulate the required
statistics, rather long accelerator operating time is neces-
sary. The level scheme of the '9In muonic atom is shown
in Fig. 5, and the corresponding experimental spectrum
is given in ref, 69, Analogous data on the Nb muonic at-
om can be found in ref. 76.

The measured values of the hyperfine splitting of the
2p,/; level must be corrected for the "pseudomagnetic
splitting” "+ The point is that, in first-order pertur-
bation theory, the quadrupole hyperfine interaction leads
to a splitting of the 2p,/, level and does not influence the
2p,/» level. In second order, however, these levels be-
come infermixed. We shall demonstrate this with the
15T muonic atom as an example, The quadrupole inter-
action in the hyperfine-structure states with spins F = 4
and 5 mixes the 2p,/, and 2p;, components, The result,
besides a small shift, is a pseudomagnetic splitting
amounting to approximately 180 eV.

Magnetic hyperfine splitting of nuclear
radiation in muonic atoms, The nucleus of
many heavy muonic atoms becomes excited in the course

" of the cascade transitions of the muon. This is due to a

random coincidence of the radiation energy and of the
nuclear-level energy. The phenomenon itself will be dis-
cussed in detail later on. We note here, however, one

500

7000 -

Energy, keV

5000 -

Fig. 5. Scheme of 2p - 1s and 25 - 2p transitions in the **°*In muonic atom,
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important detail: A - quantum is emitted from the ex-
cited state of the nucleus in the presence of a muon in
the 1s;/, orbit of the atom. The latter produces a mag-
netic field, whose intensity is of the order of 10'* G. As
a result, both the ground and the excited states of the nu-
cleus hecome split into doublets,!'” By way of example,
Fig. 6 considers the case of the **T] muonic atom, The
electromagnetic M1 transition between the states of the
doublet proceeds rapidly. Consequently only the splitting
of the ground state, which is identical to the 1s; /2-Ieve1
splitting observed in the 2p — 1s transition, affects the
vy-radiation spectra, Since the energy of the nuclear
radiation is much smaller than the energy of the 2p — 1s
transition, the magnetic hyperfine splitting can be easily
resolved with the aid of Ge(Li) detectors. The hyperfine-
splitting constant can therefore be determined with much
greater accuracy. The spectrum of the nuclear transi-
tions in the *®T1 muonic atom in the energy interval 275-
282 keV is shown in Fig. 7. The corresponding data for
the *T1 muonic atom can be found in Fig, 3 of ref. 5.

Cascade transitions of a muon excite, with high prob-
ability, rotational 2% states of deformed nuclei, Owing
to the presence of the muon, the excited 2% state splits
into two. The rate of the electromagnetic transition be-
tween the states of the doublet is high, so that the split-
ting can be observed only in those cases when the nuclear
transitions are also rapid, By way of example, Fig, 8
shows the case of the !*°Os muonic atom, The half-life of
the 2% level in the "0s nucleus is 350 psec. The com-
peting process is a transition between the doublet states
and lasts 30 psec. Therefore the intensity of the ¢ tran-
sition from the upper state F = 5/2 of the hyperfine doublet
is only 8%. In the total spectrum, this transition appears
in the form of a slight distortion, on the high-energy side,
of the strong line due to the transition from the lower
state of the doublet, with spin F = 3/2. The corresponding
experimental spectrum in the '**Os muonic atom is shown
in Fig. 9.

Comparison of experimental data on the
hyperfine splitting in muonic atoms with
theoretical predictions, The experimental and
theoretical values of the magnetic hyperfine splitting are

Zﬁ‘in

20571 475 /2 muon

2 Tyy=18 psec

T¢=1.3 nsec

205,75 %eV S

0

Fig. 6. Magnetic hyperfine splitting of ground and first excited states in the

%571 muonic atom (right). The same levels, but in the absence of the muon,
are shown on the left. The splitting was calculated within the framework of

the shell model with allowance for configuration mixing.:m
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Fig, 7. Spectrum of prompt y quanta in 2371 muonic atom (enriched tar-
get) in the region of nuclear 3/2% — 12" y wansition (energy ~ 279 kev);
solid curve — result of reduction of the experimental spectra, The two outer
maxima are the result of the hyperfine splitting of the nuclear level in the
muon field. The small central maximum is the same y transition due to
inelastic scattering of the delayed neutrons from the p capture,

1
: 52

T=350 msec 2= Y 0,665 kev TM1)=28 peec
, ][3/2
|
|
186.7 keV | 5
| <
|
o* : V2
I ! F
I
Wps o 1| Mg 731/2 muon

Fig. 8. Scheme of nuclear 2% — 0" y transition in **Os muonic atom, in
accordance with the data of ref, 70,

shown for a large number of atoms in Table 5, The ex-
perimental values®®**? are much smaller than those cal-
culated assuming a point distribution of the magnetic mo-
ment, Thus, in the case of the "®In muonic atom, the
hyperfine-splitting constants are,? in this approximation,
A1(131/2) = 2,51, Ay(2p,/y) = 0.628,and A (2s,/,) = 0,425 keV,
As follows from Table 5, the experimental values are
smaller by 35, 25, and 45%, respectively, than the theoret-
ical ones., This indicates that the different muonic levels
depend quite strongly, and in different manners, on the
character of the magnetic-moment distribution,

The models describing the magnetization distribu-
tion in the nucleus should also account for the value of
the magnetic moment. In odd nuclei, the magnetic mo-
ment is due to the magnetic moment of the unpaired par-
ticle, and the contribution of the core is usually small,
Consequently, the properties of the unpaired nucleon can
be assessed in principle from the magnetic splitting in
the muonic atom. The results of calculations performed
in different models agree with the experimental data,
The difference between the results obtained in different
models (model with configuration mixing, model with
pairing, model with pairing and quadrupole— quadrupole
interaction®®) is too small in comparison with the mea-
surement error, and it is therefore impossible to choose
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Fig, 9. Spectrum of prompt y quanta in Os muonic atom® (natwral isotope
mixwre). The x-ray transitions in the muonic atom are labeled with the
principal quantum numbers of the n —n' levels. The y line of the nuclear
2% - 0" transition is shown for each isotope (a). Insert: 187-keV nuclear
2* - 0+ transition in **0s muonic atom and results of reduction of the spec-
trum with separation of the hyperfine-structure components (b), The half-
life of the 2% level in %0 is large (710 nsec) so that the F = 5/2 compo-
nent of the hyperfine structure is very weak in comparison with the princi-
pal component F = 3/2 (3,4%) and is not observed in the experimem.u

between them. The measurement error was small only
in the case of the *®+2%T] muonic atoms, for which it was
possible to resolve fully the hyperfine structure of the
nuclear y lines. However, it is precisely for this case
that all the calculations®?:%? Jead to too large a splitting.
For the electronic 1p/, level, the experimental value
Agp(*®=25T1) = + (0,01050 +0,00015)% contradicts the the-
oretical® Agp = (40,041 £0,017)%. This discrepancy has
been eliminated in part in recent calculations, in which
the results of the latest measurements of the isotopic shift
were used. Nonetheless, further calculations of the hy-
perfine splitting in the optical and muonic-atom spectra
are necessary.

Connected with the T1 muonic atom is another inter-
esting problem pertaining to the excited 3/2% level: If
the spin part of the magnetic moment of the valence nu-
cleon is cancelled out by the orbital part, then the total
magnetic moment is very small, This effect is known
in the literature as the Bohr— Weisskopf effect, For the
d;/» proton, the magnetic moment is

e 8 F
(312 =3 g, —5 & ="0-124, (6)
where
gh=1 and g5 =>5.584526.

This situation is typical, in particular, of the excited 3/2+
states of the nuclei 2%+2°T1, 197Au, and ¥%:1%1r. In the
20571 nucleus, without allowance for the spatial distribu-
tion of the magnetization, the splitting should be equal to
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AEPOINt _ g 94 keV, and the value corresponding to an
extended nucleus® is AE®Xt = 1,11 keV. In the case of
level splitting in the muonic atom, there is no mutual
cancellation,andto the contrary, the splitting should be
four times larger than the value expected for a point nu-
cleus. The Bohr—Weisskopf effect discussed above in
muonic atoms has not been observed to this day. The
state 3/2%, particularly in 23:2%T] can also be described
on the basis of the weak-coupling model:"® The proton in
the 3s,/, state is coupled with the excited core in the 27
state. According to this model, the magnetic splitting
should be small, Therefore, an experiment in which it
is possible to resolve the magnetic hyperfine splitting of
the ground and excited states in a nuclear v transition

in the T1 muonic atom is capable of distinguishing between
the two nuclear models,

The distribution of the magnetic moment in the ex-
cited 27 state of a deformed nucleus is due to collective
motion of the charge. In the rigid-rotator model, in which
the nucleus rotates as a rigid body about an axis perpen-
dicular to the deformation axis, the magnetization dis-
tribution density is given by

oo

M (R) ~ S rpe (r)dr, (7)
R

where p, (1) is the charge distribution density (see also
ref, 101), For the 27 state of Os, it follows from this
model that Ap(!*°0s) = 0.275 and™ Ay(*? Os) = 0.331 keV.
This is in good agreement with the experimental values
(see Table 5).

In the case of the **Hg nucleus, the agreement is
better [A7(***Hg) = 0.284 keV] if p(r) is replaced by the
density p,(r), which takes into account only the rotation
of the surface quadrupole charge.”! The determination
of this quantity can be found, in particular, in ref, 98,
Calculations hased on a microscopic description of the
magnetization distribution in the 2t state of a deformed
nucleus were performed in ref, 73. The distribution has
two maxima corresponding to two different radii. The
total magnetic moment turned out to be concentrated in
the smaller radius, and the resultant magnetic splitting
was larger in magnitude than that predicted by the model
of a simple rigid rotator, The result obtained for the Os
muonic atom was AI(’%OS) = 0,320 and AI(mOs) =0.344
keV, in good agreement with the experimental data, More-
over, the microscopic approach employed has made it
possible to describe in addition both the magnetic mo-
ment?) and the isomer shift (see below).

3. NUCLEAR v TRANSITIONS IN
MUONIC ATOMS

Nuclear excitations in muonic atoms,
The excitation of the levels of a deformed nucleus in the
course of muon cascade transitions were investigated in
refs, 53 and 95. The scheme of the processes is shown

in Fig. 10. The parity and the total angular momentum of
the states

\I’A=I2p3{'2, O*, F=3/2) and qra=¥2p1’,nz, 2, F=3/2)
are the same (in this case, F = 3/2), and these two states
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TABLE 5, Constant Ay of the Hyperfine Splitting for Different Levels (15 /5, 251/20 2P1 /20 2P3 f2s 3dg/2s and 3dg/a) of
Muonic Atoms, The Theoretical Values of This Quantity, Calculated Assuming a Point Magnetic Moment of the Nu-
cleus, Are Shown for Comparison, The Calculation Was Carried Out with the Wave Funcrion of the Muon in the Field

of an Extended Nucleus

ex 2R

Isotope Azexkpe(isi/ | 4 i é@?uzh A%XP | ey By £ kg‘iuzi- Aihe(:{fgauzl: A}he‘ffkev gg:ie

®Nb(9/2¢) | 1.64£0.41 | 0.3640.08 6.167 2.32 0.426 [25]

$3Nb(9/2+) | 1.560+0.048 | 0.374::0.0208 (23, , :0.227:1-0.023) 6.167 2.32 0.426  |2s,,,:0.356| [76]

UsIn(9/2+) | 1.6540.07 | 0.55:-0.13 5.5351 2.51 0.628 66]

5In(9/2+) | 1.61:0.03 | 0.446:0.060¢ |23, , : 0.236-:0.060| 5.5351 2.51 0.628 |25, :0.425 [7619]
2P : 0.16-£0.06 2pg/5:0.221

1271(5/2+) 0.89::0.09 | 0.294::0.089 (34, : 0.045:-0.005) 2.8091 1.44 0.405  [3dg,5:0.046 | [67]
3d; 5 :0.030-£0.005 3d;, : 0,032

1980s(7/24) | 1.11240.18 | 0.50+0.20 2.5789 1.34 0.405 [66]

39La(7/2%) | 1.35+0.08 | 0.48:-0.08 2.7781 1.50 0.481 [25)

t41pr(5/2t) | 1.5340.45 | 0.62::0.20 4.28 2.41 0.881 [66]

14pr(5/24) | 1.52::0.06 4.28 2.4 0.881 158

151Eu(5/2*) | 0.80£0.27 3.465 2.04 0.772 [21]

1900s(2+)m | 0.266-£0.032¢ 0.662(17]]  0.447 - [70]

19205(24)m | 0.320-:0.032¢ 0.797[62]]  0.538 - [70)

199Hg(1/27) | 0.117--0.029i 0.502702  0.371 0.089 (7]

200Hg(2+)m 0.252:;;3;33%‘ 0.43 0.318 0.076 (7]

203TY(1/2) | 0,6424-0.040% 1.61169 | 1.201 0.639 5]

205T)(1/2+) | 0.5752-0.008¢ 1.62754 | 1.213 0.644 5]
[ |2Pan:030:0.08 2p3 10.356

205T1(1/2+) | 0.61+0.03 | 0.53+0.06 { |3%3/270.091£0.0101 4 g5y 1.213 0.644 | |393/2:0-099 15
3dy 5 :0.054::0.006 3dg 5 : 0.065

209Bi(9/2-) 2.5+0.5 1.2:£0.5 4.0802 3.07 1.702 [77)

200Bi(9/2-) 2.140.2 1.120.1 4.0802 3.07 1.702 [22]
2pg g :0.69:£0.08 2y 1 0.944

209Bi(9/27) | 2.462:0.45 | 1.50:£0.20 | |3dy,,:0.2720.03 |4.0802 3.07 1.702 | |3d,,,:0.269| [68]
( [3d5 5 :0.09:0.01 | |3ds5:0.176

l)O]:vtainecl from hyperfine splitting of nuclear ¥ line in the presence of a muon in the 1sy /2 orbit.

m)Splil:ting of first excited state of the nucleus.

S)Corrected for the pseudomagnetic splitting due to the quadrupole mixing of the 2pg/; and 2p; /, states.

are quite close to each other in energy. In this case the
mixing of the states A and B is determined by an inter-
action whosescale coincides with the distance E, = Ep
between the levels, In deformed nuclei such a perturba-
tion is an electric quadrupole interaction, the value of
which amounts to 100-200 keV, and consequently always
satisfies the resonance condition%?

|42 [< 1, (8)

where M (\IvAIHI\IJB) is the interaction matrix element,

However, quadrupole interaction between 2p levels of
the fine structure is not the only one capable of exciting
the nucleus. An interaction of different multipolarity can
also cause excitation provided the condition for the onset
of resonance is satisfied, and the spins and parities of
the states of the system coincide, The types of resonance
observed or predicted by now are EO (ref. 48), E1 (ref.
85), E3 (refs. 4, 5, 23, 50), and M1 (refs. 1, 67).
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Isomer shift in muonic atoms. A muon
undergoing a cascade transition, say from the 3d;/, level,
populates with sufficiently high probability the states in
which the nucleus is excited. The lifetime of the nuclear
excitation is of the order of 10~? sec, It is large in com-

3dssy 52
sa,}; 32

i;zz al2p,,y 2%, F=3/2>+3l2py,, 0 F=5/2>

2 +
TZPM
86,7 kev

153.7 kev
l 01“

28,, V2 120,50 F=1/2
0ps a b F

T2 2P, 5, 24 F- 3>+ 125y, 0 F3/25

Fig, 10, Mixing of the 2p; s, and 2ps / muonic states and 2% and 0% nuclear
states, due to the dynamic electric quadrupole interaction in *®0s, Only
strong transitions are indicated: a) without allowance for nuclear-state
mixing; b) with allowance for the mixing.
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parison with the time within which the E1transition takes
place between the states 2p —~ 1s (on the order of 10~
sec). The muon therefore reaches the 1s;/, ground state,
whereas the nucleus remains excited, The muon lifetime
in the 1s,/, state is determined by the rate of its capture
by the protons of the nucleus, and amounts to about 100
nsec, which is much longer than the lifetime of the ex-
cited state of the nucleus. As a result, the nuclear 7y
quanta are emitted in the presence of a muon in the 1s,/
orbit,

In addition to the magnetic hyperfine splitting, the
presence of the muon leads also to a shift of the excited-
state energy, due to the monopole part of the interaction
with the extended nucleus, The corresponding scheme is
shown in Fig, 11, According to perturbation theory, the
expression for the "muonic isomer shift" is of the form

K, it { V, (r) Ap (r) dr. (9)

where V() is the potential produced by the muon in the
1s,/, state. Thus, the quantity AE;q is connected with the
difference between the nuclear charge distributions Ap(r)
in the ground and excited states, To determine the shift

AByp = E.—E (10)
it is necessary to measure simultaneously with good ac-
curacy the energy E , of the transition in the presence of
the muon, and the corresponding energy in the usual ra-
dioactive source, If the magnetic splitting cannot be re-
solved in this case, then allowance must be made for cor-
rections due to the magnetic hyperfine splitting, to the
character of the population of the hyperfine-structure
components at the initial instant, and to the M1 transi-
tion®+*%:97 between the doublet components. For the nu-
clear 2t — ot transition, even if Ejg = 0, a pseudoisomer
shift will be observed, and can reach a value Ang =
—(3/2)AEy,. The limiting case takes place if the time
during which the transition between the doublet components
takes place is short in comparison with the lifetime of
the nuclear 2% level, In the isotopes 1%0.19%20g it was pos-
sible to resolve the hyperfine-structure components (see
TFig. 9) and determine experimentally the values of the
corrections, In the remaining nuclei, these corrections
must be caleulated. In the isotopes ®+**T1 it was also
possible to resolve the splitting of the ground state. For
the 3/27 excited state, however, it was necessary to use
the theoretical values of the corrections, The nuclear

/ Ey*AEjq
Ey 7
2 /
"l M e2=8 Fig. 11, Mucnic isomer shift: Ey is
470 the energy of ¥ radiation; E¢(Ep) is the
8 binding energy of the 1s; /, muon state
57 calculated with allowance for the charge
U = distribution pylpp) in the main excited
Nuclear  Nuclus + fs5,, muon  state.
levels -
By=8, Bs#8y
Pa=Fy Pa# Py
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models used for the calculation (the single-particle and
the weak-coupling models) differ quite strongly, so that
the correction has not been uniquely determined to date,

In the case of the 2 — 0*transition, the muonic isomer
shift AE*{S is determined from the measured energy shift®
with the aid of the relation

ABY = ABexp + AEw (5 — 2 Re) [(1+ Ri, (11)

b

where

T o (M)
[+ B Tyq )+ Ty, (OIT) '

Ry =By (12)

AEp, is the magnetic hyperfine splitting of the 27 level;
B; is the ratio of the populations of the states of the hy-
perfine structure with spins F = 5/2 and 3/2 at the initial
instant, calculated with allowance for the resonant inter-
action; Ty (1) is the half-life of the 27 state; Ty 5(M1) is
the half-life connected with the transition between the
doublet components,

The results of all the measurements of the muonic
isomer shift are listed” in Table 6. The theory of this
phenomenon for deformed nuclei is developed in a splendid
paper by Powers,”

Comparison of muonic and Mdsshauer
isomer shifts. Inthe investigation of the M&ssbauer
effect one measures a quantity that is essentially analo-
gous to the muonic shift. The difference lies only in the
fact that in the former case one determines the difference
between the shifts due to different chemical compositions
of the lattices:

BE e 5 V& — V) Ap () dv e Ay (0) [P A (%)

—- small corrections, (13)
where V{!) and vﬁf) are the electronic potentials in two
different chemical components. The quantity Al (0)|? is
the difference between the electron densities., It must

be calculated theoretically and is the cause of the prin-
cipal uncerminty."'0 In the case of the muonic isomer
shift, V can be easily calculated by solving the Dirac
equations, The presence of the electrons can then be
completely neglected. It is expedient to "calibrate™ A
Iz,b(O)|2 by comparing the results of the Mossbauer and
muonic shifts, To this end it is necessary to satisfy the
following conditions: It is necessary to have experimental
data both on the muonic and on the Mdssbauer shift; the
isomer shift should be sufficiently large to make the ac-
curacy of the results high; it is necessary to know the
ratio of the muonic isomer shift AE{’L to the quantity

A (r’y. The density of the muonic function of the 1s, /2
level on the nuclear surface is only 30% of the central
density, whereas the electron density is almost constant
in the volume of the nucleus., The Mé&ssbauer isomer shift
is therefore sensitive only to changes in A (rz) , Whereas
the muonic shift is determined by other moments of the
charge distribution., For example, for heavy atoms the
muonic shift determines a quantity close to A{r’?). It
follows therefore that there is no direct connection be-
tween the data of the two experiments, but a connection
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TABLE 6. Excitation Probabilities Pu and Isomer Shifts AEjg of Nuclear Levels
of Different Muonic Atoms, The Errors Shown Take into Account Possible Un-
certainties in the Calculations of the Corrections Necessitated by the Magnetic

Hyperfine Splirting

Isotope Lervel Py s AE; . eV
Lo keV | qn stoppings =
150Nd 130.2 2+ - 900--130 *
152510 1218 o+ 307 85070
) 121.8 2+ = 910-_80
153Gy, 1231 2+ i 1120150 *
156G dg 89.0 2+ 33+8 100
138Gy, 79.5 2+ 4611
60Gd g 75.3 2+ 814
W, 80.6 2+ i
170y 84.3 9+ 4511
182y, 100.1 2+ 41310
00.1 g+ =
81, 111.2 2¢ 4410 0550
111.2 2+ = 106120 *
1801y, 122.6 2+ 37+8 —40=70
12216 2+ ~
18803575 155.0 2+ 51414 — B0
633.1 2+ 832 1380+ 150
790.0 3+ b2 "
190057, 186.7 2+ 34:-8 —1457 52
558.0 o+ 5.4:1.5 1440120
102054, 205.8 2+ 22-:5 —195+00
489 1 2+ 3.320.7 760100
690.4 3+ 0.850.2 630=200
4Pt 325.5 2+ 1743 3007180
622.1 2+ 7.8:-2.0 st Ll
190D g 355.7 2+ 12:43 39(Jj§§8
195 Hggy 411.8 2+ 27:£10 a90= 110
200}y, 368.0 2+ 124 —s501459
202Hg,, 439.5 3.71.5 —157130
EECT 83.4 72+ | 28.2:6.8 —65--130
97.4 5/2- 0.70.8 —4845=160
103.2 3/2+ 4.271.6 —6036+150
151.6 772~ 3.310.7 —5325-180
172.9 5/2+ 1.920.7
1934 9/2+ 54411 130160
269.7 7/2+ 1.4£0.3
19T gy 8.4 372+ — 455130
1182 5/2+ %6 —3174120
138.9 7/2+ 4.61.5 —4602-160
817y 136.3 | o+ 256 so 210
482.0 5/2+ 340041100
18530, 125.3 7/2+ 347 15125
18741070 134.2 7/2+ 307 5125
19111, 129.4 5/2+ 2245 80-£120
19y 139.3 5/2+ 2945 —10%:150
198Hgg, 158.4 5/2- 18+4 2644150
208.2 32 1304 440120
203, 279.2 32+ | 4.0+1.0 —310110
203.7 32+ | 6.5+3.5 —650-£110
619.4 5/2+ —500300
923.8 7/2+ 1900600
203T 1, 1140.7 3/2+ —2100+500
1340 4 3/2+ —12003-400
26231 5/2- 710021000
1608.5 | 13/2+ 1.3:£0.7 3r20+5%0
1608.5 | 13/2+ 3480590 ++
2564.5 | 972+ 2.7+0,8 6180430
200 2564.5 | 972+ 3.1 5800490 +
2741.0 | 152+ 4.20.5 67802450
2041.0 | 15/2- 3.7 6250--380 +*

.. - . -
A, Gal et al.*® and the literature cited therein.

**W. Y. Lee et al,®

can be established with the aid of reliable theoretical
calculations,

The maximum isomer shift is observed in measure-
ments of the Mdssbauer effect for the 97-and 103-keV
levels of !*Eu. Since neither level belongs to the ground-
state rotational band, theory®"" predicts a low probability
of their excitation in muon cascade transitions. However,
the experimentally observed intensity is quite large and
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amounts®® to about 2%. The measured y-radiation spec-

trum is shown in Fig, 12, The use of a variegated ex-
perimental technique for the interpretation of six lines

of nuclear v radiation makes this experiment a good ex-
ample of identification of unknown v transitions, and we
shall therefore describe it here. As a result of the shift,
the energy of the v, transition was 93 keV instead of 97 .4.
Superimposed on this line was the 4p — 1s transition line

Engfer et al.
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Fig, 12, Prompt, delayed, and calibration spectra“ of muonactivated EuyOy (natural isotope mixture). The back-
ground of the muonic atoms C, N, and O is noted: 1) delayed-emission spectrum measured with a delay from 15
to 35 nsec relative to the instant of muon stopping; 2) delayed-emission spectrum with delay from 35 to 300 nsec.
The calibration was carried out by simultaneously measuring the emission from the source, The spectrum in the

case of enriched %Ey is given in ref, 92,

in the carbon muonic atom, which was excluded by using
a system of coincidences with the pulse in the Nal crys-
tal (see below). The shift caused the energy of the 7y,
transition to be 97 keV instead of 103.2, The 12 — 8 tran-
sition line in the Eu muonic atom was superimposed on
this line. However, the lifetime of the nuclear level was
long and amounted to 5.4 nsec. The corresponding ra-
diation was delayed relative to the prompt 12 — 8 tran-
sition, thus facilitating separation of the nuclear level,
The background did not affect the remaining four + lines,
from 5 to 4. A line from the 7 — 6 transition in the
muonic atom was superimposed on the strong 83.37-keV
v line corresponding to the transition to the first rota-
tional state. No experimental trickery was capable of
getting rid of the 7 — 6 line, whose intensity was large
because of the anomalously high intensity of the 7 — 6
transition (see Fig, 5 of ref, 92), The identified - tran-
sitions in the !®Eu nucleus are shown on the level scheme
(Fig. 13) together with the values of the muonic isomer
shift, By taking into account the result of ref, 73 it is
possible to obtain the electron density difference A|y(0)|%=
(2.67 = 0.30) - 10% cm~? between the divalent and trivalent
states® of Eu.

This "ealibration" of the Mossbauer isomer shift can
be extrapolated also to other rare-earth nuclei’? andyields
more reliable information on A (r2> . Comparing the val-
ues of A (r’) obtained in this manner with data on A(t_'k)
by starting from the muonic isomer shift, we can deter-
mine the variation of the charge-distribution parameters
c and t on going from the ground state to the excited state.
An attempt at such an analysis was made in ref. 91, but
the large ambiguities arising in the determination of var-
ious corrections have not made it possible to reach a def-
inite conclusion.

163 Sov. J. Particles Nucl., Vol. 5, No. 2, Oct.-Dec. 1974

4. QUADRUPOLE INTERACTION IN
MUONIC ATOMS

Hyperfine quadrupole splitting of 2p —
1s and 3d — 2p lines, Itwas already noted above
that owing to the presence of magnetic dipole (M1) and
electric quadrupole (E2) interaction between the muon
and the nucleus, the levels of the muonic atom become
split, The quadrupole interaction is proportional to m®
and the magnetic-dipole interaction to .mi:. The quadr#pole
splitting in muonic atoms, unlike ordinary atoms, there-
fore exceeds the magnetic dipole splitting, In deformed
nuclei with large quadrupole moments,the resultant split-
ting is comparable with the fine splitting and amounts?®,%,95,%
to 100-200 keV. In addition to the static quadrupole in-
teraction there is also a strong dynamic E2 interaction
that leads to resonant excitation of the rotational nuclear
states, This effect has already been discussed. As a re-
sult of this interaction, a large quadrupole splitting will
also be observed in strongly deformed nuclei with I = 0,
By way of illustration we can cite Fig, 26 of ref, 99, de-
voted to a study of tungsten isotopes.

The static quadrupole interaction in muonic atoms is
calculated in analogy with the ordinary atom.?%*? How-
ever, owing to the strong mixing of the muonic and rota-
tional nuclear states, it is necessary in the case of de-
formed nuclei to carry out detailed calculations of the
influence of the off-diagonal matrix elements (see, e.g.,
ref, 98), Within the framework of definite nuclear models
one can relate the internal and spectroscopic quadrupole
moments, and also the deformation parameter § and the
quantity B(E2, 0t — 2+). Therefore only one parameter
is free, and it is this parameter which must be deter-
mined from the experimental data. We emphasize that
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the result of such a reduction of the experimental data
depends strongly on the model assumptions. Moreover,
allowance for the polarizability of the nucleus™also changes
the value of the quadrupole splitting, First attempts at
such an analysis did not lead to unambiguous conclusions
concerning the nuclear models.” For future investiga-
tions it is essential to have a better resolution and a com-
bined reduction of the experimental data with the use of
exact values of the quadrupole moments obtained from
transitions between high-lying states of the muonic atom,
It must be recognized here that the internal quadrupole
moments of the ground and excited states may differ,®

Model-independent precision measure-
ments of quadrupole moments, In muonic at-
oms, the finite dimensions and the polarizability of the
nucleus do not influence the binding energy and the qua-
drupole splitting of the high-lying levels (e.g., the 4/ level),
since the quadrupole moment can be determined from the
splitting independently of the model. The splitting in this
case is, however, much smaller than for the low-lying
2py/y level. It is therefore necessary to use Ge(Li) de-
tectors with high resolution, The results of the first such
measurements are shown in Fig. 14. A preliminary re-
sult of the reduction of the experimental data leads to a
quadrupole moment @ = 3,74 +0.05 b for the **'Lu nucleus
Although the effects of the finite dimensions and polariza-
bility of the nucleus are small for the 47 level (the 3d-
level corrections for these effects amount to only 4%, it
is necessary nevertheless to take into account a number
of other corrections to make the accuracy of the final re-
sult not worse than 1%. In 5— 4 transitions one can usually
neglect the excitation of the nucleus. Caution is necessary,
however, since a resonance can occur accidentally, as is
the case®® in the 7 — 6 transition of the !®Eu muonic atom.
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The magnetic hyperfine splitting, the mixing of the 47 and
5f levels, the Lorentz broadening, and the observed line
asymmetry can be taken into account with sufficient re-
liability. The influence of the polarizability of vacuum
and of the screening of the electron cloud on the hyper-
fine-splitting picture can apparently be neglected, although
this has not yet been rigorously demonstrated anywhere,

In high-spin nuclei, a contribution on the order of
several percent can result from taking the hexadecapole
moment into account, but the value of this moment is not
known very accurately, The main uncertainty in the case
of the 3d level is due to the hexadecapole splitting and to
model-dependent effects connected with the finite dimen-
sions of the nucleus., For the 47 level, all these effects
are negligibly small. The hexadecapole splitting differs
greatly in character from the quadrupole splitting, There-
fore an analysis of a spectrum measured with high reso-
lution makes it possible in principle to determine the
hexadecapole moment independently, This program can
be carried out in experiments with meson factories.

Quadrupole effects related to strong
interaction in pionic atoms, In pionic atoms
produced from deformed nuclei with spins 1 > 1, just as
in muonic atoms, a hyperfine quadrupole level splitting
with orbital angular momentum [ =1 is produced, There
is, however, a certain difference between these two types
of atoms. In pionic atoms the splitting can be observed
only for high-lying levels that are not greatly affected by
the strong interaction of the pions with the nucleons of
the nucleus, For the low-lying levels, the intensity of
the cascade transitions is small because of the strong
pion-absorption effect.” The pion in the field of the nu-
cleus is described by the Klein— Gordon equation and not
by the Dirac equation, and the strong interaction with the
nucleons must be taken into account, say with the aid of
an optical potential,

The level shift in pionic atoms was calculated in ref,
80. According to that reference, the energy shift of the
hyperfine component, due to the quadrupole interaction, is

L Sg-af Ly

500

Energy, keV

] 1
J20 JFaq
Counts/channel

Fig. 14, Spectrum of u5g — 4f transition in the *Lu muonic atom:* solid
line — result of preliminary least-squares reduction. The quadrupole mo-
ment turned out to be 3,74 £ 0,05 b,
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AW, I, FY=A4,C(I, I, F), (14)
where
n_ X (X)) 4T (T4 I+1) |
C, 1, Fy= AERI—-DIE-—1) : Y
X=T({I+1)4 L1+ 1D)—F (F+1). (16)

The quantities in the equations are so defined that C(I,
l,F) =1 when F assumes its maximum values Fyygx =
1+I. For estimates we can use the value of A, obtained
in the point nucleus approximation and using nonrelati-
vistic hydrogenlike wave functions:

L[ Z \3 1
AgweZQ(-;) nd (1) @I+ 1) @+3) °

(17)

where B = 194 F.

The expressions for the shift due to the strong in-
teraction and for the hyperfine-structure level width are

e(F)=¢go-LeC(I. I, F);
M(Fy=T4-+-1C(I, I, F),

(18)
(19)

where the quantities ¢, and I are connected with the mo-
nopole part of the strong-interaction potential. The ad-
ditional shift £, and the width T, are proportional to the
energy of the static electric E2 interaction, As shown
in ref. 80, the following approximate relation is valid:

{ pa(r) r2t+2dr
g2 . T2 51 i
& T 8n(243) " w
\ po (r) r2t+2dr
0

(20)

As a result the expressions used to reduce the experi-
mental spectrum acquire only one new parameter in ad-

dition to the unperturbed energy ¢, and the unperturbed
width Tj.

For the sake of clarity we can draw the following
simple picture, which illustrates the effect of the qua-
drupole interaction: In the field of the deformed nucleus,
each hyperfine-structure level with spin F has a definite
spatial orientation relative to the deformation axis of
the nucleus, The overlap of the wave function with the
region of distribution of nuclear matter is therefore some-
what different for each state. Thus, the hyperfine-struc-
ture levels, being differently oriented relative to the de-
formation axis and reflecting primarily the mass distri-
bution on the surface of the nucleus, depend on the mo-
ment (I,zl> obtained with the quadrupole deformed density
component p,. The picture of the hyperfine splitting of
the 4f level of the " Lu pionic atom is given in Fig. 1 of
ref, 80,

Since the quadrupole effect £, due to the strong in-
teraction is small (it amounts® to only 3.2% for the 47
level of the ! Lu pionic atom), it follows that the normal
static quadrupole moment should be known at least with
the same accuracy. The ratio ¢,/A, is proportional to the
difference between the exact value of the quadrupole mo-
ment, obtained from data on transitions between high-
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and oxygen.

_detect events from light atoms.

lying states, and the effective quadrupole moment deter-
mined from the 5 — 4 transition,

The first attempts at such investigations were re-
ported in ref, 32, It follows from the preliminary analysis
that the effective quadrupole moment is approximately
20% larger than the value obtained from transitions in
muonic atoms. A final conclusion, however, calls for
taking into accountall the corrections referred to in Sec. 4.

5, FURTHER DEVELOPMENT OF
THE EXPERIMENTAL TECHNIQUES
FOR THE STUDY OF MUONIC ATOMS

The general scheme of the experiments in which
muonic atoms are investigated has heen described in
many papers 2% We ghall therefore discuss here
only certain questions connected with further develop-
ment of the experimental techniques,

Background due to radiation from the
light muonic atoms of carbon, nitrogen,
The K and L series of light muonic at-
oms (of carbon, nitrogen, and oxygen) are observed as
a background in all the measurements, These elements
are contained in the materials of the apparatus itself
(plastic scintillators, Plexiglas light pipes, etc.). The
transition energies in such systems frequently coincide
with the energy of the x-ray or nuclear  radiation of the
heavy muonic atom., The use of scintillators and light
pipes that contain no oxygen atoms and the use of gaseous
helium in the anticoincidence counters decrease the in-
tensities of the lines corresponding to nitrogen and oxygen
without affecting the carbon lines, By using an additional
coincidence circuit, it is possible to suppress these lines
almost ccrrnplc;‘ztely.2‘1""'92 If a large (5" x 4") Nal crystal
is placed in line with the target, it will detect v quanta
of energy higher than 50-80 keV. A germanium detector
operating in coincidence with the crystal selects only
events pertaining to heavy muonic atoms, and does not
In particular, in the
case of oxygen the crystal transmits only the line cor-
responding to the 2p — 1s transition, since the energy is
equal to 134 keV, which exceeds the detection threshold.
As to the L series, the energy of such transitions is only
25-45 keV, The setup will not record any cascade in
coincidence with the 2p — 1s line of oxygen, For heavy
muonic atoms, the energies of the transitions from the
orbits up to n = 8 exceed the threshold energy and the
apparatus will record the entire cascade, The intensity
of the x rays from heavy muonic atoms is attenuated
thereby to 20-50 %, depending on the dimensions and geom-
etry of the crystal and on the charge Z of the target,
while that of the light muonic atoms will be attenuated
by a factor larger than 100, By way of illustration, Fig,
12 shows the spectrum of the muonic atom of Er mea-
sured using the procedure discussed above, Another
example is Fig, 2 of ref. 39.

Energy calibration. Energy calibration is one
of the principal problems in experiments with muonic
atoms, When comparing the x-ray emission of a muonic
atom with the y emission of a radicactive source, ac-
count must be taken of effects that influence the line po-
sition, The temporal distribution of the x-ray emission
intensity is a reflection of the temporal structure of the
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accelerator pulse, whereas the intensity of the calibra-
tion y line is constant in time, The line position depends
on the counting rate of the Ge(Li) detector and varies in
time because of the usual instability of the entire system,
consisting of the preamplifier and the analog— digital con-
verter. The calibration signal must therefore be de-
tected under the same temporal conditions as the events
themselves. This can be done by detecting the calibra-
tion symbol with the aid of random coincidences to the
counter signals, whose intensity is proportional to the
muon-beam intensity.” In addition to the difference in the
temporal structure, the target and radioactive source
differ in dimensions and in their placements relative to
the Ge(Li) detector, The appropriate correction must be
taken into account,

All the foregoing difficulties can be avoided if the
calibration line is emitted as a result of interaction of
the muon beam with the target itself. The only process
that can be used for this purpose involves the muon-ab-
sorption reaction, for example

25T (u”, vn) ***Hg* —20%Hg |-y (439.54 ke V). (21)

The same y emission can simultaneously be obtained from
a radioactive ***T1 source. Comparison of the two lines
in one experiment will provide a check on the reliability
and accuracy of the calibration procedure, The attained
accuracy is 20 eV at energies® up to 500 keV,

Urhe calculations were carried out with the wave function of the muon in
the field of an extended nucleus,

2)The magnetic moments turned out to be p(““Os) = 0.694 and p(*®0s)=
0.756, The experimental values are given in Table 5,
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