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On the existence of a quadrupole moment in muonium
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It is shown that even in its ground-state, muonium (hydrogen, mu-nucleonic atom) has a quadrupole

moment which is comparable in magnitude to nuclear quadrupole moments. This leads to a pronounced
effect of inhomogeneous intracrystalline fields on the spin precession and relaxation of p* mesons and may
serve as a basis for carrying out experiments with muonium (mu-nucleonic atoms) which are analogous to

quadrupole resonance and relaxation.

PACS numbers: 36.10.Dr

It is well known that the principal quantum character-
istic of muonium is its magnetic moment. It is specifi-
cally the existence of this magnetic moment that gave
rise to the meson method for studying properties of mat-
ter, a distinctive analogue of NMR and EPR, and to its
intensive development in recent times (cf., the review
article!™), It will be shown below that muonium in its
ground state has yet another quantum characteristic—a
quadrupole moment. The existence of a quadrupole
moment in muonium opens up new possibilities in the
meson method associated with the investigation of quad-

" rupole splitting of muonium levels and of the mechanism
of its quadrupole relaxation in matter. In this sense the
meson method becomes similar to nuclear quadrupole
resonance and can be utilized to study not only magnetic
but also inhomogeneous intracrystalline electric fields.

At first sight the assertion made above contradicts the
well-known circumstance that as a result of spherical
symmetry of the Coulomb interaction the ground 1S-state
of muonium (of a hydrogen atom, and of other hydrogen-
like systems) is described by a spherically symmetric
wave function. As a consequence of this the aforemen-
tioned systems should not have any electric multipole
moments., However, it is necessary to note that a viola-
tion of central symmetry, although insignificant at first
sight, arises as a result of the hyperfine interaction be-
tween the spins of the electron and of the yu* meson in
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muonium (y”~ meson and the nucleus in a mesic atom,
etc,). As a result of this the ground state does not have
spherical symmetry and the appearance becomes possible
of a quadrupole moment'®? comparable, as it turns out,

in order of magnitude with nuclear quadrupole moments.
Indeed, the energy of the hyperfine interaction, for ex-
ample, in the system p'e” can be written in the form™?

V(r, s, 1) =V,(r)0,0:+V3(r) {30,n) (0:n) —010}’, (1)
where
Vi(r) =—"/snp,p.5(r),

Vai(r) =—ppo/r’, n=r/r,

-v are the Pauli matrices, 8=30;, 1=30,, y, is the mag-

netic moment of e~, p, is the magnetic moment of y*.

In the usual analysis of the hyperfine splitting of levels
of atoms which are in the ground 1S state the second term
in (1) is not taken into account since on averaging over a
spherically symmetric state it is equal to zero.t*? How-
ever, the interaction proportional to V, can admix to the
triplet state.of muonium, for example, the 3D, state, As
a result of this, without practically altering the energy
of the triplet level the small admixture to it of the D
state will lead to a qualitatively new result: to the ap-
pearance in the system of a quadrupole moment Q™
(cf., with the analogous mechanism for the appearance
of a quadrupole moment in a deuteron'*]; we also note
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that the spin structure of the second term in (1) is analo-
gous to the spin structure of the tensor part of the nu-
clear potential responsible for the appearance of @ in the
case of a deuteron).

In the absence of the hyperfine interaction the wave
functions |nlsjiFM) and the energy spectrum of a hydro-
genlike atom are characterized by the quantum numbers
nlsijFM (n is the principal quantum number, 1 is the or-

bital angular momentum, j=1+8 is the angular momentum

of the atomic shell, i is the angular momentum of y*
(proton, atomic nucleus), F=j+1 is the total angular mo-
mentum of the atom, M is the magnetic quantum number
corresponding to the angular momentum F),5!

The hyperfine interaction V admixes to the ground
triplet state of muonium (hydrogen) characterized by the
quantum numbers n=1, =0, s=3, j=i=3, F=1, M,
excited states |nlsjiFM) allowed by the law of conser-
vation of F and M and having the same parity as the
ground state. As a result of this in first order in V the
wave function of the ground triplet state can be written
in the form

$is¥=110"/""/, 1M>

+ Z SREDAATLES WIS L DAAAY 28 @)

where 8¢9 and B'” are the mixing coefficients of the
nS and nD states:

|

@ _ <m0 A AMIVI0Ya s 1M 2 Rae(0)Ry(0)
bl Es—E.s 3 Palla Es—E. '
3)
- An2%/3% s AMI V1105 Y/ s AM) — <n2|r-*|10>

|
ip,f"’= =—¥8 pypa

Eu_EnD Em"'EnD )

4)
Here the radial matrix element is taken between the
ground, #=1, I=0, and the excited, »,1=2, D states
(cf., below for its explicit form) E,s and E,p are the
fine structure energies corresponding to them, R,4(0)
and R,,(0) are the radial Coulomb functions for » =0
(cf., Refs. 3 and 5 for their form).

The quadrupole moment of the system in the ground
(triplet) state of a hydrogenlike atom of interest to us is
determined by the expression

0=(¢18"|Qlll‘¢l§x>l—lv (5)

. where @,, is the operator for the zz component of the
quadrupole moment. In the center of inertia system for
- the atom we have

Zm*—m,*
(m+m,)?

Q:s (3z2—r), - (6)

where Z and m, are the charge and the mass of the atom-
ic nucleus (in muonium p* plays the role of the nucleus),
m, is the mass of the electron (y~ meson, if we are deal-
ing with a mesic atom, p~+nucleus). From (6) it can be
seen that positronium (Z =1, m, =m,) does not have a
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quadrupole moment.

Substituting (2—-4) into (5) one can obtain for the quad-
rupole moment of the system in the ground triplet state

“in first order with respect to mixing the following ex-

pression:
_ 8 Zmi—m,’ i <n2|r-*[10><n2|r*[10>
5 (mtmy) Ew—Enp '

ne=g

0= (7

where the radial matrix elements are taken, just as in
(4), between the ground and the excited D states of the
atom and are equal to

o3 _2 1 (t2)1\% 9 .
210 = 5 n*(n+1)* ((n—3)l) F( (n 3)'2-6vm)a , 9
(n21r*1105=96 ”3_(M)"'F(_(n_3) 762 ) (

(n 1)\ (n—3)1 16— )d,

F are hypergeometric functions, a =(%2/Ze)(m,+m,)/
m;m, is the Bohr radius of the system under considera-
tion. :

The quadrupole moment of muonium (of a hydrogen
atom) is obtained from (7), if we set Z=1, and is equal
t0 Qy,=2.2X%10"% cm?® (Qr=0.7%10"%° cm?). We recall
for comparison that the quadrupole moment of a deuter-
on is equal to @,=0.28%1072% cm?,

The existence of a nonvanishing quadrupole moment
leads to the fact that even in the absence of a magnetic
field the polarization vector of a y* meson in muonium
(1~ in a mesic atom) whose surroundings do not have
cubic symmetry, will oscillate at a frequency deter-
mined by the quadrupole splitting of the levels with M =0
and M=+1. Since the magnitude of @ is of the order of
nuclear quadrupole moments one should expect that also
the magnitude of the quadrupole splitting will be of the
order of splitting observed in NQR, i.e., the beat fre-
quency for u* will be of the order of 108~10" sec™®, and
this lies in the range of frequencies typical for experi-
ments with muonium. If a magnetic field is turned on,
then the levels with M =+1 will be split and the y* me-
son will oscillate at two frequencies determined by the
energy difference of levels with M=0 and M=-~1 (M =0
and M=1). Explicit expressions for the magnitude of the
splitting of the levels of the triplet state of an atom (i.e.,
the splitting of levels of a particle with unit spin) in a
magnetic and an inhomogeneous electric field of arbi-
trary orientation can be easily obtained if one utilizes the
known solution of a similar problem in NQR (cf., for
example, Ref. 6).

The hyperfine interaction leads to the appearance of @
also in excited triplet S states of atoms (this circum-
stance for »> 3 was noted in Ref. 7).

In obtaining the quadrupole moment in an excited state
one should take into account the fact that for large » the
hyperfine interaction can be comparable with the spacing
between the level nS and the level of the fine structure
nD closest to it. For this reason the mixing of wave func-
tions by the hyperfine interaction must be investigated
with the aid of perturbation theory in the presence of
closely spaced levels. Simple, but sufficiently awkward
calculations yield the following expression for the quad-
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rupole moment of levels which, as the hyperfine interac-
tion tends to zero, go over into xS levels (the contribu-
tion of only the nD levels closest to the #S level under
consideration is taken into account):

Oue = V8 Zm2—my* H.e—E.s
TS (Mt my)® Vasao

Hox=E o5 <0/, AM |V | 002/ A MY =E s —*/ sy paBn* (0) ,

<n21r*1n0y, 9)

Enal'=l/2 (Hns+HnD) + ’/2[ (Hns" nD) 2+4| V-s, nD l z]'h’

8 12
HoomEnstn2 Yy /3 AMIVIN2 Y3y AMD =By + — 2
15 (na)?

Vs, ao=Cn0Y2 2o AM | V| 0245/ 5/ AM> =Y 8, piaCn0 | -2 | n2>.

(10)

We note that the hyperfine interaction does not mix the
3S and 3D levels, and also 4S and ;lD levels (for n=3
this fact was noted by Berestetskiim). For this reason
the quadrupole moment in these states is possible only
as a consequence of taking into account the admixture
to them of states with different 7.

We add, that in the case of u~ +a nucleus there is yet
another important mechanism for the formation of a
quadrupole moment in a mesic atom produced by the vio-
lation of the spherical symmetry of the Coulomb field of
nuclei the spin of which is J>1, In order to estimate
the magnitude of @ in this case we consider the ground
state of a 4~ mesic atom, for example, with a nucleus
characterized by J=3/2. For the nuclear model we
choose the rigid deformed rotator, symmetric with re-
spect to some axis. The nuclear state in this model can
be specified by the quantum numbers J, M;, K (the total
angular momentum of the nucleus, its component along
the z axis and its component along the symmetry axis).
We assume that the deviation from spherical symmetry
of the Coulomb field due to the presence of an internal
quadrupole moment of the nucleus @, is small, i.e., the
quadrupole interaction Vg of the y” meson with the nu-
cleus can be regarded as a perturbation of the fine struc-
ture of the mesic atom." In the absence of the quadru-
pole interaction the wave functions |JK, nlj, FM) and
the energy spectrum of the atom are characterized by
the quantum numbers JKnljFM (n is the principal quan-
tum number, 1lis the orbital angular momentum, j=1+8
is the angular momentum of the y~ meson, F=j+J is the
total angular momentum of the atom, M is its compo-
nent along the z-axis). In first order with respect to Vo
the wave function of the ground (K =J) triplet state of the
atom can be written in the form

Bus =110 o, AMD+ Y 87120, 2, 40D

n=3

+ Y8714/, m2 s, 1), (11)

n=3

where g{P# are the mixing coefficients of the D states
with §=3/2 and =5/2. In (11) we have omitted the ex-
cited S states which gave no contribution in first order
in Q. In the model chosen by us™® we have

Vo=— %f(r) Py(cos 0),

(12)
where P,(cosf) is a Legendre polynomial, 6 is the angle
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between the position vector of the y~ meson and the nu-
clear symmetry axis, the function f(r) is defined in Ref,
9. Using the standard method for dealing with tensor
operators, ! and also the explicit form for the mixing
coefficients B (cf., Ref. 9), we obtain for the quadrupole
moment of the mesic atom in the ground triplet state

2 <n2|r*110><n2lf(r) 110>

2
Qu"nue=0w +—=e"Qo

125 v E\sy,—Enpy,
3, o <n21rr110)<n21f(r) 110> 13)
+ _1556 Qo "Z_,l Els'I.-EnD‘/- (

where Q,, is the observed so-called spectroscopic quad-
rupole moment of the nucleus, the radial matrix ele-
ments are taken between the ground and the excited D
states of the u~ atom (Q,, takes into account the contri-
bution of the p~).

In the model based on a surface quadrupole charge
distribution'®® we obtain for the quadrupole moment due
to the mechanism under consideration the estimate Q'
~Qep~1072°-10"%* cm?®, 1t is of interest that if the so-
called dynamic E2 effects'® are taken into account this
leads to the appearance of a quadrupole moment in the
ground states of mesic atoms whose nuclei also have a
spin lower than unity.

Going over to the discussion of the possibility of an ex-
perimental observation of the quadrupole moment of me-
sic atoms we first of all turn our attention to y~ atoms,
i.e., to the system u~+ a nucleus. The dimensions of
such mesic atoms are significantly smaller than the di-
mensions of ordinary atoms and interatomic distances.
For this reason the expressions given above, in which
the distortions of the excited states by the medium are
not taken into account, are applicable to them. If a me-
sic atom has a unit spin and is situated in an inhomo-
geneous intracrystalline field characterized by axial
symmetry, then, as has already been pointed out, the
levels with =0 and M =+1 undergo a splitting and the
polarization vector for the u~ mesons will in the absence
of a magnetic field exhibit beats at the splitting frequency.
But if the field does not have axial symmetry then the
levels with M=+1 and M=~1 will also be split. As a
result of this even in the absence of a magnetic field in
consequence of the quadrupole splitting of the levels it
turns out to be possible to observe two-frequency beats
of the polarization vector of the u~ mesons over a wide
range of frequencies of the order of 10° - 10° sec™ (cf.,
above). It is important to note that such experiments
in the absence of a magnetic field can be carried out us-
ing polycrystalline samples. But if a magnetic field is
applied to the target then as a result of the dependence
of the magnitude of the level splitting on the orientation
of the crystal with respect to the magnetic field it is
necessary for the observation of the effect of beats due
to quadrupole splitting to use single crystals as targets.
The situation here is completely analogous to quadrupole
resonance,®?

One can also observe quadrupole splitting of lines of
hydrogenlike atoms in vacuum in an inhomogeneous elec-
tric field produced, for example, by a standing laser
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wave.”®] The magnitude of the splitting of excited states
in the field of a wave of ~10* V/cm turns out to be of

the order of 10"-10% sec, and this can be recorded by
modern methods of laser spectroscopy (cf., for example,
Ref. 10).

Thus, the discussion given above indicates completely

realistic (particularly in the case of y"-mesic atoms) ex- |

‘perimental possibilities of observing the rotation and
relaxation of spin of u* mesons due to a quadrupole mo-
ment under very varied conditions, and this can be uti-
lized for a further extension of the possibilities of the .-
meson method for investigation of matter. The mech-
anism for the formation of a quadrupole moment noted
above should also be taken into account in investigating
the quadrupole and nuclear y resonances in the case of
ions which have common electron-nucleus levels.
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Study of the temperature dependence of the probabilities of
emission and absorption of resonance y rays by 82W

without loss of energy to recoil
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The current method of y-ray detection has been used to measure the Mdssbauer effect in the 100.1-keV
level of '*2W in the absorber temperature range 109-255 K at a constant source temperature of 89 K and
in the range of source temperatures 93.5-160 K at a constant absorber temperature of 101 K. We have
determined the temperature dependence of the probability of absorption and emission of resonance y rays
by '®2W without loss of energy to recoil, and the Debye temperatures of metallic tungsten and tantalum.

PACS numbers: 76.80.+y, 75.40.—s

The further extension of the region of nuclei in which
it is possible to observe and study the Mdssbauer effect
depends, on the one hand, on the possibility of selecting
sources and absorbers with a large ratio ©/T, where ©
is the Debye temperature and T is the absolute tempera-
ture, and on the other hand—on an increase in the accu-
racy of the measurements, which is achieved by detec-
tion of a very large number of events in relatively short
time interval which depends on the stability of the ap-
paratus. However, in the latter case experimenters en-
counter the problem of dead time in the measuring sys-
tem,

As a result there has recently been a tendency to use
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not the pulse method of y-ray detection, but the current
method.'*3! This method provides the possibility of in-
vestigating nuclei with small expected Mossbauer effect,
whose study by the usual pulse method of y-ray spec-
trometry is extremely difficult. In order to use the cur-
rent method for Mdssbauer spectroscopy, we have de-
veloped an apparatus based on an LP-4050 512-channel
analyzer and a scintillation detector.

The temperature dependence of the MOssbauer effect
in the 100. 1-keV level of %W in the temperature range
roughly from 20 to 160 K has been studied only once,'*
by detection of conversion electrons by a g spectrometer
of the Kofoed-Hansen type. However, in that work as a
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