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Rates of transitions between the hyperfine-splitting components of the ground-state
and the 3.5 eV isomer in22°Th8*
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For the hydrogenliké?°Th8®" ion, the rates of electromagnefitl transitions between hyperfine structure
levels, originating from the nuclear 5/2ground state and the first excited 3.5.0 eV 3/2 isomeric state,
are calculated. As a result of the mixing of the=2 components, these transitions turn out to be faster than the
nuclear isomericy transition in a bare nucleus by several orders of magnitude. The possibility of experimental
observation of these transitions is discus$&f556-28138)06606-0

PACS numbds): 27.90+b, 32.10.Fn, 32.30.Jc

. INTRODUCTION nuclear levels in??°Th8®" is expected to manifest itself via
an impressive enhancement of the radiative transitions be-
In 22°Th, a nuclear level with spin and parity 3/2vas  tween the pairs of the hyperfine-structutds) components,
indirectly established at an enerBy,,=3.5+1.0 eV above relative to the nuclear transition. Ways of experimental
the 5/2" ground statg1]. Because of the extremely low en- detection of this effect are considered.
ergy of theM1 nucleary transition, the half-life of this

excited state in a bare nucleus is expected to be within the|, L vPERFINE LEVEL STRUCTURE AND RADIATIVE
range of hOUr$2,3]. TRANSITIONS

This unique energy doublet is of great interest from vari-
ous points of view.

For a neutral atom, the energy separation between the two Referring to papef2], Fig. 1 shows level schemes of the
nuclear levels is close to the electronic transitioss=8s,  bare nucleus??°Th°*" and the hydrogenlike?Th®%* ion.
7s—9s of the sameM 1 multipolarity as they transition.  The hyperfine structure indicated in the right part of this
This fact, taken with the closeness of the @nd & levels, figure is determined by the magnetic interaction between the
makes??°Th a very likely candidate for discovering the ef- nucleus and the electron. This interaction is given by the
fect of the drastic acceleration of nuclear decay by the extertHamiltonian H,.g= — poBerr, Where u is the magnetic
nally applied laser radiation of the resonance frequgddy =~ moment operator of the nucleuss o/2 is the spin of the
Because of the closeness of the level spacings, the electrédectron, andB. is an effective magnetic field produced by
shell can be also used as a resonator for radiative pumpiri§€ €lectron at the nucleus. The level ordering and energy
the nuclear isomeric stafg]. ifferences are determined by the energy matrix

In the hydrogenlike??’Th8* ion, an enormous magnetic (FI|Hmagd!"F) calculated within the basis of states enumer-

field of about 28 MT is produced at the nucleus by a single®t€d by the values of nuclear spinand total angular mo-

electron in the § state[2]. In general, hyperfine interactions mentumF of the system =1+]). )
within such a coupled nucleus-electron system may mix '€ hfs levels are composed according to the angular mo-
nuclear states of the same parity that differ by one unit of "€Ntum addition rule
spin. Of course, such mixing does not violate rotational in-
variance, as angular momentum is conserved for the whole 1] EMY= 20 (Imju|FM)|Xm)| @) ,.), (1)
system. The near degeneracy of the*5&hd 3/2 nuclear mu
states in?2°Th8" should lead to a considerable mixing ef-
fect. Until now, such nuclear-spin mixing due to the mag-which consists of nucleaX,,,) and atomic|®,,) factors.
netic interaction(predicted a long time ag@5]) was ob- Three values off=1,2,3 are allowed, but there are two
served only in muonic aton{$]. F=2 components. The latter are exceptional as khggn,

In the present paper we show that the spin mixing of thanteraction mixes them and thus generates two mixtures of

A. Energy levels
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3.62eV arise in the transition matrix elemeri (2 up—2 low), in
.7 4ls F=1 the first order of perturbation theory:
35eV RORU 3.52eV
32+ I F=2upp M,(2 up—2 low)
=(2 upM;mixedH (M1)[2 low,M’;mixed
17 ms =BNZ[(5/2 1/2;M|H (M1,0)|5/2 1/2,;2M")
4h 48 ms —(3/2 1/2;2M[H (M1,0)[3/2 1/12;2M")].  (3)
26 ms
Thus, transitions between components with the same nuclear
spins occur via a spin flip of the orbital electron, like transi-
0.39 eV . )
, Fe3 tions between normal components of hyperfine structure.
/,’ They are much faster than the radiative transition between
gss. }_ . the isomeric and ground states of the bare nucleus.
5/2+ (\\ 56 ms A straightforward calculation gives the following expres-
' sion for the matrix element in the nonmixed basis:
\\ FoMo:jl[H (M1,g)|lj;F{M
. 0646V (FoMosjl | N D|1j;FiMy)
F=2low ‘ i 1 Fy
:(_1)]+I+F1+1 /2F1+1 E 1 ]
229 Th 90 + 229 Th 89 + 2 &+

X(F{M{1q|F>M5){j||H,(M1)||j), (4)
FIG. 1. Left: the ground and the first excited states in the bare < e Q| 2 2><J” 4 ”]>
229Th [1] nucleus, and thé1 y transition between these states where(j[H(M1)[j) is the reduced matrix element of the
with the half-life estimated in Ref2]. For an account of the level- 1s electronyinteraction with the electromagnetic field. We
energy uncertainty, see Sec. lll. Right: the relevant hfs componentﬁave used the fact that (M1,q) is a tensor operator ’

Y ! :

and electromagneticM1 transitions in the hydrogenlike ion The presence of the one-electron reduced matrix element
229ThB%*  The mean lifetimes of these transitions are obtained in the

present work taking into account the mixing of the tive 2 states. ml thg right suge Qf th(4) allows_onef, byhmeans Of a smpli
Positions of the levels are not to scale. Calculations have beeft'9€Pra, to obtain the expression for t, e transition rate e_'
performed for the magnetic-interaction matrix elements used in Refween the hfs components in the following transparent form:

2] NG
W(2 up—2 low)=28 NB (2F5,+1)

Foo j |
IR
1=32s2| ] Fp 1

12 upM;mixedy={[3/2 1/2;2\)+ B|5/2 1/2;2M)}Ng, In Eq. (5), W, is the radiative width of the spin-flip transition
] of the electron. The electron is in thes Bhell in both the
12 low,M;mixed)={—B[3/2 1/2;2M) initial and final states, as explained above. The valug/gf

+[5/2 1/2;M)}Ng, (2a) can be expressed as follows:

the primary nuclearl5/2") and |3/2") states. The new,
mixed states are denoted Bl =2i,M;mixed), where the %

; : N _ Wo. 5
indexi (= up, low) distinguishes one from the other:

where g is the mixing amplitude andll;=1/y1+ B2

= i 1 2:
For the other, nonmixed states, Wo W|<J”H7(M1)HJ>| daw

3 2
f GFjl(wr)dr} ,
0

(6)

|3M)=|5/2 1/2;3M),
where « is the fine structure constang) is the transition
energy,j,(wr) is the spherical Bessel function, aGdandF
are the large and small components of the radial wave func-
tion, correspondingly. In the case of a transition between the
hfs components corresponding to the same nuclear state,
without spin mixing, formulag5) and (6) reduce to the cor-
responding equations of R¢f7]. Finally, with the numerical

The radiativeM1 transition between the mixed states, values of the coefficients, the transition régis obtained as
2 up—2 low, is due to the electromagnetic interaction given
by a tensor operatod (M1,4q) of rank 1, whereq is the W(2 up—2 low) = 2(5/6)?WoB°Nj . (7)
projection of the photon angular momentum on the quanti-
zation axis. In the absence of nuclear-spin mixing, this opif the Dirac wave function of an electron in the Coulomb
erator connects different nuclear states. But as a consequenfield of the point charge is used in E@), the result folW,
of nuclear-spin mixing, terms diagonal in the nuclear spinis

ILM)=|3/2 1/2;IM). (2b)

With the wave functions known, the rates of radiative tran-
sitions can be calculated.

B. Transition rates
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a1+2y 2 TABLE I. Calculated energies» and mean lifetimes for ra-
wSo=— ) w3 (8) diative transitions between the four states of hfs in#&€h®** ion.
m? 3 Calculations have been performed for the magnetic-interaction ma-

) _ trix elements used in Ref2]. For a discussion of the role of un-
An account of the nuclear size produces a small effect, whicRertainties in these matrix elements, especially dramatic foFthe

was, however, studied in the present paper, as it is of interest1 ., F,=2 up transition, see Sec. IIl.
itself. Higher-order effects, such as vacuum polarization and

magnetization density, are neglected, since they lead to cog,, [eV] 4.5 3.5 25
rections much less than the expected uncertainties; see Seixing 82 [%] 1.35 2.06 3.51
II.
The other transition rates are found in the same fashion tgransition © T ® T ® T
be Fi—Fs [evl [s] [evl [s] [evl [
W(1—2 up =5/6 W, Nf;y 1—-2 up 0.12 24.0 0.10 41 0.08 82
1—-2 low 524 0.022 4.26 0.026 3.28 0.033
W(1—2 low)=5/6 W, ,32 N%, 2up—3 411 0.031 3.13 0.046 2.15 0.085
2 up—2 low 512 0.013 4.16 0.017 3.20 0.023
W(2 up—3)=7/6 W, 52 N%, 3—2 low 1.01 0.060 1.03 0.056 1.05 0.054
W(3—2 low)=5/9 W, N3. 9)

h . he f . he i | Next, the role of uncertainties of the magnetic moments is
For each transition, the facttW, gives the time scale as investigated for Exgon=3.5 €V and (2 3/2Hpagl5/2 2)
explained above. The latter is also characterized by the tran- ; £o"ay,/

sition energyw. Notice that rates of three transitions are First, the magnetic moment of the isomer is fixed to

proportional to the amount of n;ixingsz, which is rather —0.08u, and the two extreme values 051 and 0.3%,,
small. However, small va_Iues @" are compen_sated by the yefined by the error limits, are taken for the ground state.
larger energies involved in these three transitions. The relevant energies of tHe=2 low level are—0.71 and
—0.56 eV. The energy differences between fhe 3 and
IIl. NUMERICAL RESULTS F=2 low states are then 1.15 and 0.90 eV, respectively. The

In this section the calculations for the hfs energy levelscorreésponding values g8” are 1.99% and 2.14%. For the
and radiative transition rates are presented. These are baded 5— F =2 low transition, the relevant mean lifetimes are
on experimental input which is presented and discussed. 41 @nd 85 s. Changes of tife=2 up state energy, with re-

The most recent value of the isomer energy ist3150 ey~ SPeCt to that given in Fig. 1, are below 0.01 eV.

[1]. For E,.,, assumed to be 4.5, 3.5, or 2.5 eV, the half-life Second, the_: magnetic moment of the isomer is set equal to
values for the nucleay transition are estimated to be 1.7, 4, 0> @nd 0.4, is kept for the ground state. This yields 3.50
and 10 h, respectivelj2]. These estimates apply to a bare 2d 3'528 eV for the energies of the=1 andF =2 up levels
nucleus. In the presence of complete electron shells, the raWith 8“=2.00%. Compared to Fig. 1, the order of these
diative transition rates might be enhanced by the specifit¥© levels becomes reversed. This is a result of the mixing
effect of an “electron bridge” considered in Refd0,3,1].  and the related mutual repelling of the=2up and

The hfs energy levels and relevant transition energies, thE =2 low states. The energy of th&=2low state is
mixing amplitudeB, and the decay rates are determined bychanged only a little to-0.63 eV. _
the energyE;s,m, the magnetic moments of the ground and  N&Xt, Eisom @nd the magnetic moments are fixed to the
isomeric states, and the mixing matrix element. experimental values, but the. m|xmg-matr|x. element is

In Ref.[2], the magnetic moments of the ground and iso-changed _to 0.65 or 0.53 eV. This leads to a minor change in
meric states were adopted to be (Q4%06)u, and the spacing of th&c=3 and F=2 low Ievels{ which be-
(—0.08+0.08)x,,, respectively. The mixing matrix element COMes 1.05 or 1.0_1 eV. The relevaBt value is 2.47% or
was found to be2 3/2H yaq]5/2 2)=0.59+0.06 eV. 1.68%, correspondingly.

The values oW, for different transition energies of in-
terest have been calculated by means of the package of the
computer codeRAINE [8]. Finite nuclear size is taken into
account. Calculated values W, for all the transitions were At GSI, in Darmstadt, hydrogenlike ions of heavy atoms
equal to 1.9558 10 w3 eV. These values may be com- can be produced either via in-flight stripping of lower charge
pared with the pure Coulomb width{8), which turn out to  ions accelerated in SIS or as products of fragmentation reac-
be 1.953% 10 **w® eV. The comparison shows the influ- tions. After injection into the storage ring ESR, these ions
ence of the nuclear size on the radiative widths. can be exposed to interactions with collinear laser pulses.

Now, to calculate the mean lifetimes of the radiative Recently, the first method was applied to inject into ESR
transitions between the hfs components’®h®®* the val-  a beam of2Bi®2* jons[9]. In this pioneering experiment,
ues given above were taken, in the first step, with no accourthe 5.4 eVM1 transition between thE=4 andF=5 hfs
for experimental uncertainties. The results for the three inpukevels of the 9/2 ground state was observed by the detection
Eisom Values are presented in Table | and only fy,, of laser-induced fluorescence. The distance between the two
=3.5eVin Fig. 1. levels could be calculated in advance with reasonable accu-

IV. PERSPECTIVES OF EXPERIMENTAL STUDIES
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racy because the magnetic moment of #i#i ground state V. SUMMARY AND CONCLUSIONS

was known with high precision. This facilitated the search  The doublet of the 5/2 ground state and the 3t51.0 eV
for the resonance condition. The lifetime of the=5 level  3/2" isomer in the??°Th nucleus offers interesting research
was determined as=0.351(16) ms. possibilities.

In principle, one can carry out a similar experiment with __ As shown in the present paper, nuclear-spin mixing in
229789+ jons in the ESR. Collinear laser beams of appropri- °Th%* is expected to have a drastic influence on the elec-
ate wavelengths could be used to exciteEhe3, 2 up and 1 tromagnetic transitions between pairs of hfs components re-

. . lated to the isomerK=1 and 2 and to the ground state
hfs levels. The time dependence of the induced fluorescen —3 andF=2). The calculated rates of these transitions

would contain information on the lifetimes. At present, poor gve enhanced by several orders of magnitude with respect to

initial knowledge of the transition energiéSec. Il) may  the isomeric nucleay transition.

make the experiment more difficult. A possible preceding From an experimental observation of these transitions and

high-precision measurement of the ground-state magneti@ determination of their rates, one could obtain the exact

moment would be only a partial solution of the problem. Vvalue of the unperturbed isomer energy and the matrix ele-
As this approach may be difficult, another one could pgnents responsible for both the hyperfine splitting of the

considered. In a fragmentation 81U nuclei on a Be target, nuclear levels and the nuclear-spin mixing of te 2 com-
. . ponents. Good knowledge of the isomer energy is important
the ground and isomeric states GPTh are presumably pro-

' i ! "~ for testing the available theoretical predictions on the cou-
duced with a Compal’able y|e|d. In view of the |0ng half-life p||ng Of the nuc'ear and atomic degrees Of freedom in a
of the isomer, in the beam of baf@°Th®®* nuclei injected  neutral 22°Th atom.

into the ring, both states would be present. A transformation With the use of the GSI storage ring a relevant although
of 229—I—h90+ into hydrogen"ke229'|'|*']89Jr by an electron cap- difficult eXpeI’iment could be conceived.

ture inside the ring would be followed by transitions with the ACKNOWLEDGMENTS
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