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Introduction General Formalism

» uli, uBe, uB are two-particle bound states of muon and
nucleus;

» The muon is two hundred times heavier than the electron. It
leads to a lower Bohr radius of the muon. Thus, an influence
of vacuum polarization and nuclear structure effects in
hyperfine splitting increases;

» Muonic atoms play an important role in check of QED, theory
of bound states and in precise measurement of fundamental
constants;

» Measurement of the LS in light muonic atoms allows us to
obtain more precise values of charge radii of corresponding
atoms.
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Proton radius puzzle

In the experiment carried out at PSI (Paul Scherrer Institute) transition frequency
2P§/:22 — 25{'—/:21 in muonic hydrogen were measured with the following unexpected
results:

» New value of proton charge radius appeared to be 7.9 standard deviations
smaller than the CODATA value r, = 0.8768(69)fm.
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@ A. Antognini et al., Science 339, 417 (2013).
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The experiment with muonic deuterium

Similar measurements for muonic deuterium also show noticeable discrepancy of 7.50
with CODATA-2010 value. The discrepancy with CODATA-2014 value is slightly
smaller - "only" 60.
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@ R.Pohl et al. (the CREMA Collaboration). Laser spectroscopy of muonic
deuterium // Science. 2016. V. 353. P. 669-637.
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One of the future scientific directions of CREMA collaboration is related with
light muonic atoms of lithium, beryllium and boron.

In our recent papers we calculated some corrections to the Lamb shift (2P-2S)
and hyperfine splitting of S-states in muonic lithium, beryllium and boron and
obtain more precise values of these energy intervals. This work continues our
investigation to the case of P-wave part of the spectrum.

@ A. A. Krutov, A. P. Martynenko, F. A. Martynenko, O. S. Sukhorukova,
Phys. Rev. A 94, 062505 (2016).

@ A. E. Dorokhov et al., Phys. Rev. A 98, 042501 (2018).

The account of hyperfine structure of P-levels is also necessary because
experimental transition frequencies are measured between different components
of 2P and 2S states.

The aim of this work is to calculate hyperfine splitting intervals for P-states in muonic
Li, Be, B with the account of corrections to vacuum polarization and nuclear structure.
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HFS of spin-3/2 nuclei has the following structure:

We use designation n?f 1L ; — HFS consists of six states:
2Py 5, 2Py, 21P3 0, 23P3 )5, 2°P3 5, 27P3 5.
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The contribution of the leading order a* to HFS of P-states is determined by the

amplitude of one-photon interaction which is denoted Ty:

» In this work, we use both the momentum and coordinate representations to

describe the interaction of particles.
» We begin with momentum representation of interaction amplitude in which
two-particle bound state wave function of 2P-state can be written in the tensor

form:

Y2p(p) = (¢ np) R21(p),
where g5 is the polarization vector of orbital motion, n, = (0,p/p) is the unit vector,
R>1(p) is the radial wave function in momentum space. Then the contribution to the
energy spectrum is determined by the integral:

AE"S :/(a*-nq)Rzl(q)(z;I%/(a-np)Rzl(p)(;%AV”%(p,q)-
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The hyperfine potential AV5 can be constructed by means of one-photon interaction
amplitude Ty, using the method of projection operators on states with definite
quantum numbers. These projection operators can be written at the rest frame in
covariant form.

Ty (po) = 4mZa (=" 1) [3an) (b1 + ), 2mn + (14 ) o5 ) u(en) ) (e mp) ¢

P2+ q2 kA
gFl (kz) +ga50'1/>\
2mo

% Dy (K)Ver (p2) {gaa P (K?) +

A
Kaky (P2 + @2y p 2y 4 Kby, | K2 (k2>} ve (42).

2mo

4m3 2my 4m3 2my
Where:
> p12= mrlnlf‘rznz)P =+ p are four-momenta of initial muon and nuclear,
qi2 = (m:uf’;z)Q =+ q are four-momenta of final muon and nuclear (expressed in

terms of total two-particle momenta P, Q and relative momenta p, q);
» a, is the muon anomalous magnetic moment;
> D, (k) is the photon propagator which is taken to be in the Coulomb gauge;
Four form factors which parameterise the nucleus electromagnetic current can
be expressed through multipole form factors measured in experiments: charge

Ggo, electroquadrupole Gga, magnetic-dipole Gyj; and magnetic-octupole Gy3
form factors.
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To describe the hyperfine structure of state 2P; /> we introduce:

> The projection operator on the muon state with j = 1/2:

a2 = (00 O)1/2 = = (= ) U(0),

where 1(0) is the Dirac spinor describing the muon state with j = 1/2,
v =(1,0,0,0) = P/ (m1 + mo) is the auxiliary four vector.
» To project muon-nucleus pair on state with total momentum F = 2 we use the
projection operator:
A _ 1+7
Mi—1/2(F = 2) = [(0)Va(0)]f—p = ﬁ%éam

where the tensor £, describes the state F = 2.

We make the summation over projections of the total momentum F using the equation

2
1 1 1
D chafan = [5 BaXnp + 5 X5pXna = gxﬁkxap} » Xgo = (8ap — vsVa)
Mp=—2
Samara University
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Then the averaged over the projections Mg amplitude takes the form:

—F—j=1/2 Za g1+ m p1+ m
T17(P7CIJF:2/ = ?” ( )ru( )’}’5(

— V) X
2my 2my e w)

1+ 7
oy Tr{%Tﬁ (vs — vs) s
14+0  (p2—m2) (G2 — m2) A
2v2 o 2m> Zﬁ 2my Dlv“’(k)n/ﬁU,OqPLaal Lgg,,

where we introduce for the convenience short designations of nucleus vertex function

(p2 + g2) 2 KA 2 kakg (p2 + q2) 2 ko kg KA 2
rv. = 2T E (k — R (k B TR ey (K 2P o —Fa (K
aB 8ap 2ma 1 ( ) +8apouA 2ma 2 ( ) + am? 2ma 3 ( ) + Tux e a ( )

the lepton vertex function

_ Pt a1

k
M = +(1+3u)0u67€:
2my 2my

and the Lorentz factors of vector fields

Pa Pa ps ps
tocatony = [goos = (1= ) (v = 52 ) s = (- ) (o - 52 |-
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Using Form, we obtain the muon-nucleus interaction operator for the state 25P1/2:

=1/2 N { m1 (P ¢7> 27my (P q)
V N = -_— + — —_ = - 4+ = 4+ — - -
1~ (P Q)J,.-fz ( 2 Pq Pq (pa) (pa) +

9m1 (pq 2 9 9 P q 9 (pq 2 a 27 m2 27 (pq 2
7—Q+au quff(pq)(f+ >+—( L 7—pq(1+—)+—( L
m2  pq 4 4 q p 4 pq F2(0) 4 my 4 pq

27mz (pa) (5 N ﬂ)] . 27(pq) (pz _q2)2 27 {pq (2+ % " i) — 72 0q) (E + E)

8my q p 8(p — a)2F2(0)pg  8F2(0) q P
2
+(pa) (E + ﬂ) +4m1mz@ _ 2m (pa) ] } .
q p Pq

mz  pq
The expression contains typical momentum integrals:

B dq dp pq Pq 3
i [ R0 s [ R0 S G <<p—q>2> e

_< (pa)? >_i J_<(pq)(p2+q2)>_i J_<(pq)(p2—q2)2>_£
2" pa(p —q)2/ 48’ 2T pa(p — q)? T4 VT pq(p — q)* 6

It is important to note that when constructing potentials in this way, we obtain not

only the hyperfine part of the potentials, but also the Coulomb contributions and

contributions to the fine structure, which are further reduced when considering

hyperfine splitting.
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Let us consider also the construction of the potential in the case of 23P1/2 state. We
represent the state with s, = 3/2 as the sum of two moments §; =1/2 and L =1

2 1
Ve,—3/2,F=1,Mr = \/;‘ngo,pzl,MF + \/;w§:1,F:1,MF7

The projection operators on these states

140
= = s5ca,Ma(S=1,F=1
2v2 ( )

w
4 Yo€aopw vPe

_— = Za 1470 (1 + mq) (1 + m1)
1/2 5w
T (5=0)= —n n, Tr — — v, _ Y, — — V) X
17 (P, )Y 0) MO {75 a5 (15— ve) s o F o ® (Yoo — )
1+0  (p2 — m2) (P2 + q2) 2 K 2 kakg (p2 + a2),
F; t Bapon—Fa (KB) 4 B2 TR0y
2v2 s 2mp e 2my B ( ) EapTur ma 2 ( )

Fs (K*) +
2 4m§ 2mp ( )
ka kg KA 2\ | (G2 — m2) -

pyee UV)\EFA (k ) T Duv(kNgyoayplaas Lps, (galﬂl — Vay V/al)
- Za 14+ v
1/2 5

T (Y26 =1) = o {'Yp

= annp Tr

(G2 +m) _ (P1+ m)
(vs —vs)v8——Tp——75 (Yw — V) X
2my 2my
140 (P2 —m2) (P2 +a2), . (2 K 2\, kaks (P2 +2), _ /.2
F1 (K?) + gapouy —F2 (K¥) + =22 =2V R (K2) +
P o Py () g () + B 2, (12
ke k K> G2 — m
aks N Fa (kz) (G2 2)
4m2 2my 2m;

N } Duv(k)laaslpps€ppzaypycrazprw (gwlﬂ:l T Ve ‘//31)
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Omitting other details of the calculation we obtain the hyperfine splitting of 2Py />
state as follows:

2a(Zo¢)3u3uN my 3my

hfs 5 3 _ s — =
AE (2 P/ —2 P1/2) = 2 amaFal®)

1.t
+ —au +
2#

27mymp

3Be : —183.2929meV
40
iy

7Li : 210.8960meV
818.1086meV

In case of j = 3/2 we can perform calculations in the similar way. We obtain the

hyperfine splitting of 2P3 5 state as follows:

7,
o ZoN3 3 1 5m 15m Li: 63.8246meV
AEME (27,;3/2 _ 25,:3/2) _ oz wien [1 s A T gBe : —55.7466meV
45mym, 4 4mz  8m2F2(0) 11p . 246.6252mev
7,
sa(Za)? 13 1 5m 15m Li: 42.5497meV
DE™ (2°P3 ) — 2°P3)3) = 2o(Z) 7N [1 —Za, 42 71] = | §Be: —37.164amev
135mym, 4 4mz  8m2F2(0) 115 164.4168meV
7,
o Za)? 3 1 5m 15m Li:21.2932meV
AEME (2P )y - 2Py 3) = 2oy 1 pen {1 s A T §Be: ~18.5822meV
135m1m, 4 4mz  8m2F2(0) 115 §2.2084mev

The numerical values of these contributions are large. Therefore, it makes sense to

consider a number of corrections to these formulas.
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However, firstly we want to use another approach to solve this problem in the
coordinate representation. To calculate the HFS of the spectrum of P-levels, it is

necessary to use the following term from the Hamiltonian:

4 Za (1
AHMs — _£O8N [1 +m o L} (Lsz) — Za(l+au)en [s1s2 — 3 (s1r) (s2r)]
2mymar3 my  magn 2mymor3
A fine part of the Hamiltonian:

V4
AHS = 2% 114 ™2 4o (14 22)] (Lsy)
myimor3 2my my

Averaging this formula over the wave functions of the 2P state, we obtain the main

contribution to the fine splitting:

o (Zayhs Mo Mo TLi: 747.8581meV
AES — [1 2 (1 n 7” ={ 3Be:2372.2215meV
16mymy 2m m i1B : 5804.9674meV

The hyperfine part includes operators:

T1 = LSz, T2 = 8182 — 3 (sln) (Szn)

o Za)3 3 — my— 3m
E(22F+1Pj>: (Za)*r un {T1+—1 1

T —(1+a,)T:
2myimp ! 1+ “) 2}

__3m
ma 2maF2(0)
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7,
(Za)3u3 N 5my 15m Li: 795.7265meV
E (27P3/2) _Ef a(Zo) u”pn [1 _ G P e gBe : 2330.4116meV
60my m, 4 4mz  8m2F2(0) 113 5089.9363meV
7.
(Za)3u3 s 5m 15m Li:731.9019meV
E (2 Ps/z) _Ef _ a(Zo) u” [1 _ & M 71] = gBe : 2386.1582meV
180mym, 4m  4mz  8mz2F2(0) L1p . 5743.3111meV
7.
11a(Za)? 13 5 5m 15m Li : 689.3522meV
E(22Py)2) = E° Be(Za) w7 py {1 _ 3  5m 15m ] - gBe  423.325meV
540my m, 4 4mz  8ma2F2(0) 11p . 5578.8943meV
7,
o Za 3ﬂ3ﬂ N 5ms 15mq Li : 668.0773meV
E (21,;3/2) —_Ef _ o Za)"u iy P Tt e S gBe : 2441.9047meV
36mym, 4 4mz  8m2F2(0) 113 . 5496.6859meV
7,
(Za)3u3 N m 3m Li:79.0860meV
E (25P1/2) AZay wipn [1+ po M 71] = gBe : —68.7348meV
36mym, 2 2my 4m2F2(0) 1B :306.7907meV
7,
5a(Za) 43 5 m Li: —131.8100meV
E(2Py)2) _BalZey N [1 4o 71] = gse : 114.5581meV
108mym, 2 2m2F2(0) 113 —511.3179meV
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The contribution of quadruple interaction

In the leading order o in the energy spectrum of muonic ions Li, Be, B there is
important contribution of the quadrupole interaction.
The muon and nucleus interaction operator (where p,(r’) is charge density

distribution):
_ Pn("/)d3rl
Vin = *e/ e

using the multipole expansion, where 0 is the angle between r and r’:
1 = r!

r
= Z = Pj(cos ),
=0 "

lr—r|

|
fe/zl //+1|p" (r'Yd3r Pi(cos9),
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According to the addition theorem for spherical harmonics:

1
P(cos0) = Y (—1)7C(0’¢")C! (0" 6",
q=—1

where
47

2/ +

Then for | = 2, separating muon and nuclear coordinates, we have:

o'’y = Yiq(6, 9).

2
1
Viw = —¢ 32 (=17 [ 11210a()C2(0' 0 )P =2 2 (676",

g=—2 |r[3

In terms of irreducible tensor operators:

VO = —eQ@2(m T2 (1),

General Formalism

where Qi(n), qu(u) are irreducible tensor operators of rank 2 for nucleus and muon cloud quadrupole

moments respectively.

For irreducible tensor operators we have the following explicit expressions:

2 47 1
Ta(u) =/ 5 SYZq(9’¢’)-

HFS of P-states in muonic ions of Li, Be and B
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To calculate the contribution of quadrupole interaction to HFS, we have to average V@ over the

muon-nucleus wave functions:

GF = iIF >= 3 C(F;m— p, p)®] "W,
N

where m is the projection of total angular momentum F = L + S + | on z-axis,
1 - is the projection J = L 4+ S on z-axis,
C(ljF; m — p, p) is Clebsch-Gordan coefficient,
d>;"7“ = |Im — p > is the nuclear wave function,
\IJ}L = |ju > is the muon wave function.
In the first order of perturbation theory, we need to calculate the following matrix element:
AEQ = <j’/F| ve (j/F> =—e > CUFim — p, W) CUiF;sm — p/, )%

wop!
2 . 2 .
X </m — ‘ Qg (n) ‘ Im — u'> <JH‘ Tq () |Ju'>
For the next step we need to use Wigner-Eckart theorem:

W GITE D

NS Clrs"s =, q, ')

where <j' H TH ||j> is reduced matrix element, Tq” is irreducible tensor operator,  is tensor rank.

(W | T |in) = (-1

@ N.N. CobenbmaH, "BeeaeHne B Teoputo aToMHbIx cnektpos”
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Let us apply Wigner-Eckart theorem to our expression:

AEQ = —e(—1)7 > C(Fim — p, w)CUFim — ', 1) x
q, s’

><<lm7u|Q§(n)|’m7u’> <ju| Tf(u)‘ju'> =

=—e > CUF;m— p, p)CUFim —pu, pn')x
q,m,p’
CG2j iy q, ') CU20m — p, —q, m — ')

NE vers il A VAU C DX

Then we have to take into account the following relation for Clebsch-Gordan coefficients:

cG2i sy p’ =, p)CGIF 'y m — p') = V2F + 120 +1 x
X > W(2F1 F)CRIF p' — p, m — p)CUFF; p, m — p).
f

Assuming that g = pu/ — u:

r_ . AV2F+1
AEQ = o 3 (Lyp-n V2L

CUIF; pym — pw)CU2m — oy — ) %
T GIF; p m)C( Hop—p)

pp'f

x C(2f; ' — pu, m — ' YCUFF; py m — p)W(i2FT; j' £) <j’ H T2 ||J> </ H @? H /> )
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Considering normalization and symmetry properties of Clebsch-Gordan coefficients, we
have the next expression:

ST(=DFECUm = pp— W) CQIF ! = pm = ') = (~1)2.

’

©w

Delta-function §;r removes the sum over f in the initial equation and the remaining
sum is equal to 1 because of the orthogonality of Clebsch-Gordan coefficients. Racah
coefficient can be expressed in the following way:

W(i2FT; 1) = (—1) 2= FH+ Wi’ 1; F2).
Thus we obtain the following general expression:

AEQ = —e(—1)" ' =FW(jlj'I; F2) GINTAN @3-

In our calculation we use the relation between Racah coefficient and 6j-symblos:

W (jijojsja: jaj) = (—1) 2 —j2—Ja—is J:l 1:2 J:3 . 1
(rj2dsja; jaje) = (—1) { Qa5 Je 1)
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By definition:

eQ=2(1|Q3(n)|1I).
and according to Wigner-Eckart theorem when g = 0, the matrix element has the
form:

wlgmm=co-aremin( L, 5 ).

eQ:Z(/HQ(”)H’)( _'/ 3 ; )

o2 1\
<,||Q(n)||/>:§[( —1 0 /)} '
In the same way:

G T [ = -2+ 127 +1(-1y+* ( j

1 R 1
< =3 >= \Ilzp(r)f\llzp(r)dr.
r 0 r

Then we have:

o N
I
N|=
~
AN
Wl
w
v

@ Handbook of Atomic, Molecular, and Optical Physics
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Therefore, for matrix elements of quadrupole correction we have the following relation

. -1
AEQ,VP:(_l)J/+%—F—J+1—I{JI J-I/ }TQ[ )} »
72
X\2j+ 12/ +1 ( 1 j; )< >
2 2

a4;L3 3Q

56 6F1 — 38 SF.3).
240 (50F,0 +9F1 F,2+0F3)

AEQ =
ILi: —299.136 meV,

AEC = 9Be : 933.724 meV,
1B :1412.630 meV.

@ Drake G.W.F., Byer L.L. Lamb shifts and fine-structure splittings for the muonic
ions plLi, pBe, and puB: A proposed experiment //Phys. Rev. A. 1985. V. 32. P.

713-719.

Samara University
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In order to obtain vacuum polarization correction in quadrupole interaction, we use
modified Coulomb potential:

Vip(r) = —/ (€) g/p(’_d r g—2metlr—r'|

The general expression for VP-correction has the form:

. -1
QWP _ (_q\i+i-F—jti—1f j | F la@ 21
AETT = (-1 7= {/ /o2 2 |\~ 01 x
/ 2 : a 672m55r 4m2 2r2
X2+ 1/2] + 1 ( (Y )[gT(Hzmegw%)].
2 2

After numerical integration, we have:

?Li: —0.510 meV,
AEJP = 9Be : 1.954 meV,
:1B :3.403 meV.

Sukhorukova O.S. Samara University
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Using the method of projection operators formulated above, we can distinguish in the
amplitude of the one-photon interaction a part proportional to the quadrupole form
factor Ggp (kz). Its value at zero Gg»(0) = m% Q/Z, and the magnitude of the
quadrupole moment of the nucleus @ sets the numerical value of this correction. The
averaged amplitudes of quadrupole interaction for different states have the form:

——~j=3/2 a@ _ P a (pa)?
Tay QP Y = 0k _ a2 [pq 4(pq) (q + p) +7Tq ,
Ty - aQ P a\ . (pa)?
T1iy,0(P, a))¢ = S0 a2 [QPQ+4(PQ) (q + p) 17—pq ,
—  J=3/2 3/2 _ aQ _ P (pa)?
Tiy, P a)ey " = 20— a2 {pq 4(pa) (q + p) +7— s } ,

T oY aQ _ p . a\ _(pa)?
Tiy,0(P.aYg” = ka2 [ 3pq + 4(pa) (q + p) S—W .

Making momentum integration we obtain contributions to the energy levels
22F+1 P3/22

aQ(pZa)?
240

This result coincides exactly with calculations made in coordinate representation.

Angs = [6F3 — 38F2 + 8F1 + 53F0] -

Sukhorukova O.S. Samara University

HFS of P-states in muonic ions of Li, Be and B



Introduction

General Formalism
To calculate VP-correction in momentum representation we should use the following
replacement in the photon propagator T, o(p, q)

/ 3/2
- Tiye(pa)f
1 a oo p(&)d¢ > 2 4
— 5 — —1(2 .
b aF 3 G aE e MO=VE 1(26%+1) /¢
Then the correction to vacuum polarization in the quadrupole interaction can be

expressed in terms of three momentum integrals which are calculated analytically

dq dp Pq
h = /R21(q) EETE /R21(P) @2 (o)

2 am2e?]

B Pq ~ a(32+8)+6 _ Ameg

S \lp -2 +am2e2] /[ 2(a+2)* pZa
o (pa) _Ba+®+10 (pa)(P* + 47) _ 2(4a+5)
27 \ pallp — 02 + 4m2e?] 6(at2* palp — @)% + 4m2e3] | 3(a+2)*

As a result we obtain following formula for the energy correction
2 3
AEg(z(zFﬂ)Ps/z): a®(Za)*Q

oo (A A ()
+ (5222 —8) Mu} } (55r0 + 0F1 — 3052 + dra], a1 — —¢
a1

uZa‘
Corresponding numerical results for the states 2(2F+1)P3/2 are included in the Table
Sukhorukova O.S.

Samara University
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Corrections to the vacuum polarization and nucleus structure

The main contribution of the effects of vacuum polarization in the hyperfine structure
of the energy spectrum of the P-states is related with a modification of the
Hamiltonian, which in turn is determined by the replacement in the photon propagator.

hfs oo p(€)d€ my (P q)
AVIBQRTp, , — 5P / — > = l12pg+15—=pg + 12 e
w (2°P3/2 3/2) = B35r )1 (pa) +amiez { pq o pq (pa) i

2 2 2
pq pq P q pq 45m Pq
36PY" _ 5m (PO i +a,‘[ 3pq+12(pq)<7+7>—21u]—71[p _pa) 1,
pq mz2  pq q p Pq 2mzF2(0) Pq

2
hfs 145 3 hfs (57 5 hfs (53 1
AVVPS(Z P32 —2°P3/5) = gAij(z P32 —2°P3)5) = 2AVVP5(2 P32 — 2" P33).

AVEE@RPPy , — 23Py ) =

my P, q
vp {12pq+6—pq76(pq)<7+—> -
m2 q p

)
8l ./ (p— q)2 + 4m2§2

1 (pa)® P q (pa)? 9my pa)®
— >~ +a,|6pg—6 = 6— | — - =]
m2  pq o [ pq = 8(pa) (q * n) - Pq } m2F2(0) [pa Pq ]

Sukhorukova O.S. Samara University
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Further integration over the momentum variables and spectral parameter £ can be
performed analytically. But the answer for hyperfine splitting in the energy spectrum is
more conveniently written in the integral form over &:

a? 3,3 oo
AENS (2P, 5 25Py ) = (Za)’n u/v/ p(€)dE
1

16 20 32 40*
135mmymp (a+2)4[ * +a( + 2)

15m
1527 _ au(4 +8a+ 153°%) —

o W(4+83+3a )]

2
DB (2°P3jp = 2Py p) = SAE(27P3jp — 2°P3 ) = 20 B (2°P3jp — 2Py o),

Al—':é',fs(?spl/z - 23P1/2) =

2 3,3 oo
2a%(Za)’p “’V/ AOLS [16+3za+1832+
1

8lmmyimp (a+2)4

272 (44 82+ 32%) + 2,(8 + 162+ 122%) — — (4482 +347)|.
m2

2F2(0)

The numerical results are presented in the Table for separate energy levels.

Sukhorukova O.S. Samara University
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Nucleus of Li, Be and B have sufficiently large size, so the structure effects can be
significant. For their estimation in order a® we use an expansion of charge, magnetic
dipole and electric quadrupole form factors:

1 1 1 1
Fi(k?) ~1— gréokz, Fa(k?) ~ F2(0)[1 — gr,‘zﬂkz], F3(k?) ~ 2[1 — grgokz] — 2Gg2(0)[1 — gr,§2k2],

and take into account terms proportional to charge rg, magnetic dipole ry; and
electric quadrupole rgs radii. For example, the potential for j = 1/2 hyperfine splitting
in momentum representation is the following:

27 3m1 (pq)?
AV (25P; 5 — 23P —r2 -
str(2° P12 1/2) = 27m1m2{ "E0 s g 1+
2 2
my my (Pq Pq
R0y [209 + Thpg — TLPDT L (g 4 (PO) )1}
m m2  pq Pq

The calculation of remaining momentum integrals gives < pg >= 3/8,

2
< —(p:q) >=1/8 and shifts of the energy levels 22F+1PJ. To obtain corresponding
numerical results we set approximately rgg = ry1 and omit quadruple radius rgs.

Sukhorukova O.S. Samara University
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HFS of 2P-states in muonic ions Li, Be, B.

The contribution 23Py /3, 25Py /3, 2TP; /3, 23P3 5, 2P /3, 27P3 /3,
meV meV meV meV meV meV
Leading order -131.8100 79.0860 668.0773 689.3522 731.9019 795.7265
a® correction 114.5581 -68.7348 2441.9047 2423.3225 2386.1582 2330.4116
-511.3179 306.7907 5496.6859 5578.8943 5743.3111 5989.9363
Quadrupole 0 0 -186.9598 -37.3920 112.1759 -37.3920
correction 0 0 583.5774 116.7155 -350.1465 116.7155
of order o® 0 0 882.8935 176.5787 -529.7361 176.5787
VP correction -0.2122 0.1273 -0.0618 -0.0453 -0.0124 0.0371
of order o® 0.2275 -0.1365 0.0743 0.0545 0.0149 -0.0446
-1.1746 0.7048 -0.4038 -0.2961 -0.0808 0.2423
Quadrupole and 0 0 -0.3189 -0.0638 0.1913 -0.0638
VP correction 0 0 1.2214 0.2443 -0.7328 0.2443
of order o® 0 0 2.1266 0.4253 -1.2760 0.4253
Relativistic 0.7320 -1.2200 -0.1090 -0.0799 -0.0218 0.0654
correction 1.8588 -1.1153 0.1661 0.1218 0.0332 -0.0997
of order o -12.9534 7.7721 -1.1575 -0.8489 -0.2315 0.6945
VP correction -0.0011 -0.0007 -0.0004 -0.0003 -0.0001 0.0002
of order o 0.0011 -0.0007 0.0005 0.0003 0.0001 -0.0003
-0.0054 0.0032 -0.0023 -0.0017 -0.0005 0.0014
Structure -0.0784 0.0471 -0.0008 -0.0007 -0.0004 -0.0001
correction 0.1295 -0.0777 0.0018 0.0015 0.0008 -0.0001
of order o® -0.8292 0.4975 -0.0050 -0.0043 -0.0028 -0.0007
Summary -131.3697 78.0397 480.6266 651.7702 843.8518 758.3733
contribution 116.7750 -70.0650 3026.9462 2540.4604 2035.3279 2447.2267
-526.2805 315.7683 6380.9450 5755.3395 5212.1450 6167.2528

Sukhorukova O.S.
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Summary and discussion

» The account of hyperfine structure of P-levels is necessary
because experimental transition frequencies are measured
between different components of 2P and 2S states.

» HFS of P-states in muonic ions of Li, Be and B was calculated
previously in
[ G.W.F. Drake and L. L. Byer, Phys. Rev. A 32, 713
(1985).

However, this work contains only general formula of hyperfine
structure in leading order.

Sukhorukova O.S. Samara University
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