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Abstract

SENSING y-QUANTUM-MUON-NUCLEAR INTERACTION EFFECTS:
DISCHARGE OF METASTABLE NUCLEI DURING MUON CAPTURE

S. V. Malinovskaya

Consistent theoretical scheme developed and used for sensing new y quantum-muon-nuclear
interaction effects, which can be used for creation of the new type sensors in tasks of nuclear
technologies. Estimates of probabilities for discharge of a nucleus with emission of y quantum
and further muon or electron conversion are presented.
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Pesrome

JETEKTYBAHHS HOBUX E®EKTIB B3AEMO/IIT v-KBAHTIB, MIOOHIB I SIJIEP:
PO3PAAKA METACTABLJIBHUX AJEP B ITPOLIECI 3AXOIIVIEHHA MIOOHA

C. B. Maaunoecvka

IMocnmigoBHA TEOpEeTUYHA CXeMa PO3BMHYTA Ta BUKOPHCTAHA y 3ajadyi IeTEKTYBaHHS HOBUX
e(eKTiB B3a€MO/IIi Y-KBAHTIB, MIOOHIB 1 sJIep, SKi MOXXYTh OYTH BUKOPUCTAHI MPH TTOOYTI0BI HO-
BUX THUITIB CEHCOPIB JIJIS 3a7a4 SIASPHUX TEXHOJIOTIH. BUKOHAaHI OIIIHKM IMOBIPHOCTEH PO3PSIKH
METacTaOUILHOTO Siipa 3 BUIIPOMIHIOBAHHSM Y-KBAaHTa Ta MOAAJIBIIO MIOOHHOIO 1 €JIEKTPO-
HHOIO KOHBEPCIEH0.

KurouoBi ci1oBa: syiepHi ceHCOpH, IeTEKTYBaHHS HOBUX €(EKTiB B3a€MO/Ii1 g-KBAHTIB, MIOOHIB
1 simep, IMOBIPHICTI PO3Maay, KBAHTOBA TEOPisl.
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Pe3rome

JETEKTUPOBAHUE HOBBIX D®®EKTOB B3AUMO/IENCTBUA v-KBAHTOB,
MIOOHOB U AAEP: PASPAAKA METACTABMIbHBIX A/IEP
B ITPOLIECCE 3AXBATA MIOOHA

C. B. Manunoeckasn

ITocnemoBaTenbHas TEOPETUUYECKAS CXEMa Pa3BHUTA M HUCIIOJIB30BAHA B 3aJade NETEKTUPOBA-
HUS HOBBIX 3(Q(PEKTOB B3aUMOJICHCTBUS Y-KBAHTOB, MIOOHOB H SJIEP, KOTOPBIE MOTYT OBITH UC-
ITOJIb30BAHBI IIPX CO3JAHUN HOBBIX TUIIOB CEHCOPOB JUIS 3a/1a4 SIAEPHBIX TEXHOJIOTUI. BeImoHe-
HBI OLICHKU BEPOSITHOCTEN pa3psiIKU METACTAOMIIBHOTO sI/Ipa ¢ U3JTyUYEHUEM Y-KBAHTA U TaIbHEN-

el MIOOHHOM M 3JIEKTPOHHOW KOHBEPCHEN.

KroueBbie ciioBa: AACPHBIC CCHCOPLBI, ACTCKTUPOBAHNC HOBBIX B(I)Q)GKTOB B3aMOJIEHCTBUS g-
KBAHTOB, MIOOHOB U A1€P, BEPOATHOCTH paciiaga, KBaAaHTOBAsS TCOPHUA.

This paper goes on our studies [1,2] on carrying
out theoretical schemes for sensing new y quantum-
muon-nuclear interaction effects , which can be used
for creation of the new type sensors in tasks of nucle-
ar technologies. Let us note at beginning that in last
years with appearance of the intensive neutron pen-
sils, powerful laser sources new interest attracts a
class of problems, connected with the y quantum-
muon-nuclear interactions (c.f.[1-5]). In fact, speech
is about processes of elementary particle-nuclear in-
teractions, which were studied ealier (c.f.[6-10]), but
for significantly other energy and geometry scales. It
is well known that a negative muon U captures by a
metastable nucleus may accelerate the discharge of
the latter by many orders of magnitude (c.f.[7,8]).
Principal possibility of storage of significant quanti-
ties f the metastable nuclei in processes of the nucle-
ar technology and their concentrating by chemical
and laser methods leads to question regarding meth-
ods of governing velocity of their decay. It had been
studied a possibility of action on processes of decay
of the nuclei with participating the electrons of
atomic shells (K-capture and internal conversion)by
means their ionization (c¢.f.[1,2,7]). It had been con-
sidered a possibility of accelerating discharge of a
metastable nucleus by means of the angle momen-
tum part to electron shell of atom [2,6]. A compre-
hensive QED theory of cooperative laser-electron-
nuclear processes is developed in refs. [1,2,10-15].
An effect of electron shell is quite small as the pa-
rameter 7 /r_is small (7 is a radius of nucleus and r,
is a radius of atom). A meso-atomic system differs
advantageously of usual atom, as a relation » /r can
vary in the wide limits in dependence upon the nu-
clear charge. For a certain relation between the ener-
gy range of the nuclear and muonic levels the dis-
charge of metastable nucleus may be followed by the
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ejection of a muon, which may then participate in the
discharge of other nuclei. Below we will present the
estimates regarding probabilities for discharge of a
nucleus with emission of y quantum and further
muon or electron conversion, using a consistent en-
ergy approach [1,2]in the QED theory. Traditional
processes of the muon capture are considered in the
fundamental papers (c.f.[7,8]) and here are not stud-
ied. Within energy approach (c.f.[1,2,10-17]), a de-
cay probability is presented as an imaginary part of
the energy shift (an energy of excited state of the
system). In our situation the probability of the corre-
sponding process (decay) is linked with an imagi-
nary part of the “nucleus core + proton + muon or
electron” system. For radiative decays it is manifest-
ed as effect of the retarding in interaction and self-
action.

We consider a simple one-particle system of nu-
cleus (c.f.[2,7,8]). It is supposed that the system con-
sists off a twice-magic core. A single proton and sin-
gle muon moves in the core field. The proton and
muon interact through the Coulomb potential. This
interaction will be accounted for in the first order of
the atomic perturbation theory (PT) or second order
of the QED PT (c.f.[15-17]). Surely a majority of
known excited nuclear states have the multi-particle
character and it is hardly possible to describe their
structure within one-particle model. Nevertheless,
the studied effects of muon-proton interaction are
not connected with one-particle character of the
model. In principle it is possible to consider also a
dynamical interaction of two particles through the
core. It accounts for a finiteness of mass of the core.
However this interaction may decrease a multipolity
of nuclear transition only on unit. Indeed, an interest
attract strongly forbidden transitions of high
multipolity. We will calculate probabilities of decay
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to different channels of the system, which consists of
the proton (in an excited state @ ;) and muon (in
the ground state ‘Pt ). Three channels should be tak-
en into account: i). a radiative purely nuclear 2 -poled
transition (probability P)); ii). non-radiative decay,
when proton transits to the ground state and muon

leaves a nucleus with energy: E=4E}, —-E,;

AEy , is the energy of nuclear transition; E; is a
bond energy of muon in the /s state (P,); iii). transi-
tion of a proton to the ground state with excitation of
muon and emission of e-quantum with energy
hw=AEY , —A4E}, (P,). The Feynman diagrams,
corresponding to different channels of decay of the
muon-nuclear system, are presented in figure 1.
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Figure 1. Feynman diagrams corresponding to different channels of decay of the mesosystem

The diagram A (fig.1) is corresponding to the
first channel, diagram B- to the second channel and
diagrams C and C, — to third channel. The thin line
on the diagrams is corresponding to the muon state,
the bold line — to the proton state. The indexes on
the lines are corresponding to initial and final states
of proton and muon. The dashed line with index j
means the Coulomb interaction between muon and
proton with exchange of 2-pole quanta. The waved
line is corresponding to operator of the radiative di-
pole transition. This effect is due to the muon-proton
interaction. The diagram A (fig.1) has a zeroth order
on the muon-proton interaction; other diagrams
(fig.1) — the first order. A probability of the purely
radiative nuclear 2) — pole transition is defined by
standard way as follows (7 =5-10""cm) [8]:

n  j+l 3 )Z(AE[MeV]
JIj+DUT j+3 40

The diagrams C and C, account for an effect of
interaction of the particles on the initial state. Surely
there are other versions of these diagrams, but their
contribution to probabilities of studied processes is
significantly less than contribution of the diagrams
C,and C, (c.f.[3]).

Within the QED PT a full probability is divided
into the sum of the partial contributions, connected
with decay to definite final states of system. These
contributions are equal to the corresponding transi-
tions probabilities (P). For example, under condi-

P=2-10

)2_/+1 (1)

tion 4EY >E/’; a probability definition reduces to
QED calculation of probability of the autoionization
decay of the two-particle system. An imaginary part

of the energy of excited state of the system in the
lowest QED PT order can be written in a standard
form (c.f.[14-18]):

mE =¢’ hnilimJ‘J‘d4x1d4xzeY(t‘+t2) {D(1115 7002

< @1 | (jcv(xl)jcv(x2)) | ®1 >+
+D(rp|tl ’rp2t2) < @I | (jpv(x] )jpv(xz)) | ®1 >
+D(r/11t1’ry2t2) <D, | (j,uv(‘xl)jyv(XZ))l D, >}

Here D(rt,r,t,) is the photon propagator; j , T
Jju, are the four-dimensional components for opera-
tor of current for particles: core, proton, muon; x =
(r, r, ry, 1) includes the space co-ordinates of three
particles and time (equal for all particles); v - adia-
batic parameter. For the photon propagator it is pos-
sible to use the exact electrodynamical expression.
Below we are limited by the lowest order of the QED
PT, i.e. the next QED corrections to /m E will not be
considered. After trivial transformations one can get
the following expression for imaginary part of the
excited state energy of the system as a sum of the
corresponding contributions:

ImE =ImEc+ImEp+ImEy,

)

+lul

ImEa=-Z7. /477:2_”611;@1;2ﬂdrpldrpzﬂdr dr,,
F

D;()P;(2)- T,(L2)P ()P, (2), ©

T,(1,2) =exp(wyer,p,) /1 {l— oy},

Here r,, =7, =7, |; @, P, P, are the secondly
quantified operators of field of core particles, the
fields of proton and muon. Sum on /' means a sum-

mation on the final states of a system..
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Let us consider a case, when energy of excitation
of a nucleus AE” is more than energy of ionization of
the meso-atomic system E, . It is obvious that value
P, <<P, as P, has an additional small parameter on
interaction with electromagnetic field [3]. Calcula-
tion of the probability P, can be led to calculation of

probability of autoionization decay of the state for
two-particle system, i.e. P,=2ImE/h, where ImE is
defined by eq. (3). In table 1 we present the values
for probabilities of the electron (P¢,) and muon (Py,)
conversion and 2’-pole (P)) nuclear transition (nu-
cleus of Ca; Z=20).

Table 1.

Probabilities (s') of radiative 2/-pole nuclear transition P, muon conversion Py, and electron
conversion /¢, for A=A E\, (‘unit of energy 1 Mos, Z=20)

J P, P, P,

1 47104 F° 1,3-1016 1,7-1010E73
2 52100 1,7-1016 5810 E”
3 3,910° £/ 3,3-1015 9,210°E"
4 2,610 B 4,9-101% 8.4 10°E>
5 42107 El 5,7-108 54100
6 2,9-10-2ED 5,6:1012 2,3 105E"

Nuclear matrix elements are calculated as in
ref.[1]. As wave functions of muon (and electron)
the relativistic Dirac functions have been used. One
can see that it’s true the following relationship be-
tween corresponding probabilities: Pu,>>P >>P¢,
Besides, the relations Py /P, >and Pu/P¢, increase
very quickly with growth transition multipolity. In-
deed, the same situation has a place in the non-rela-
tivistic approximation [8]. For example, for J=1 cal-
culation of Letokohv-Ivanov gives the following
values: P =4,0-10"“E” , Pu,=10", P°,=1,3-10"E"".
So, when AEP > E L , areaction of the periodic capture
of muon by metastable nucleus occurs with further
muon conversion. An opposite case AE? < E/’l is cor-
responding to situation, when muon is captured to
the lowest /s state (resonant effect and nucleus is a
trap for muons), and considered in details in ref.[2].
Experimantal possibilities for search an effect of
discharge of the metastable nuclei have been consid-
ered in ref.[8,2] and require a choise of the special
type nuclei. A probability of muon capture by excit-
ed nucleus must be comparable or more than a prob-
ability of capture by other (non-excited or admix-
tured) nuclei of a target, radiated by muons. As re-
sult, a target must be prepared as the excited nuclei
concentrate with minimal size of order or more a
length / of free passing for muon in relation to cap-
ture by nucleus. The Ivanov-Letokhov condition for
minimal number of excited nuclei in a targer is
N, .>Fn, where n is density of the target atoms.For
preliminary slowing of muons to energies 0,1-0,3
MeV, their free passing length is ~0,1 cm. So, for
n,=10*cm™ necessary number of metastable nuclei
is N >10". Radioactivity of such target of excited
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nuclei willbe R=N /T, where T'is a decay time. For
example, for 7=100 days, R~10° curre.

So, it is obvious that a direct experimental obser-
vation of the manifestating Y quantum-muon-nuclear
interaction effects is of a great importance from the-
oretical point of view as well as different applica-
tions, including a construction of new type sensors
for tasks of nuclear physics and nuclear technolo-
gies.
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