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Effects of the Hyperfine Interaction on Orbital Electron Capture
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Electron capture from an unfilled atomic s orbital is investigated theoretically. Analyses are carried
out for two simple situations, a mirror transition of a nucleus with a nucleon in an outer sl/2 state
and a Gamow-Teller transition decreasing the nuclear spin by one unit. It is shown that the hyperfine
interaction between electron and nuclear spins has a great infIuence on the rate of electron capture at
temperatures small compared to the hyperfine splitting. The possibility of inducing electron capture
with resonant electromagnetic fields is discussed.

PACS numbers: 23.40.—s, 31.30.Gs

~ = G(lf ll'+ ~'If ~l'), (3)

The techniques of atom [1] and ion [2,3] trapping
and cooling provide wonderful opportunities to study
systems that are well isolated from their surroundings.
A cold trapped cloud provides a unique environment to
investigate unusual aspects of orbital electron capture. In
this Letter we discuss hyperfine effects on electron capture
that may be observed in free atoms or ions at temperatures
low compared to hyperfine splittings.

The orbital electron capture process, in which a nucleus
absorbs a bound atomic electron and emits a neutrino, i.e.,

Z+e ~(Z —1)+ v, ,

is closely related to classic p decay [4—7]. It is well
known that a classic p-decay rate does not depend on
nuclear spin orientation. For polarized nuclei the proba-
bility of emission of a particle (electron or antineutrino)
along the direction of nuclear polarization differs from the
probability for emission in the opposite direction. How-
ever, the total rate of the p decay does not depend on
nuclear spin orientation because of the isotropy of space.
Our idea is that the situation is significantly different for
orbital electron capture. We will show, for an electron-
nucleus system coupled by the hyperfine interaction, that
the total rate of decay depends strongly on the mutual ori-
entation of the electron and nuclear spins, and hence on
temperature.

Let us consider a free atom or ion with one electron in
an outer s orbital ~ For our purposes, it is enough to use
the simple, nonrelativistic theory of electron capture [5].
The rate of the process is given by the standard formula

~ = (2~/&)IHfi I'pf, (2)

where Hf; is the matrix element for the transition between
the initial and final states, pf = (cfog) ~E is the density
of final states per unit energy range, and F, is the
neutrino energy (approximately the disintegration energy).
Ignoring the hyperfine interaction, one can write the wave
function of the initial state of the system as a product of
the nuclear and electronic wave functions. In this case
one obtains the well-known expression for the rate of the
electron capture,

where G = (2'/fi)pfg u2(0), the weak interaction cou-
pling constant g —10 2 Jms, u2(0) is the electron den-
sity at the nucleus, f 1 and f cr are the matrix elements of
the Fermi and Gamow-Teller interactions for the nuclear
states, and the factor A is close to 1. Taking into con-
sideration the hyperfine interaction we have to deal with a
superposition of electron and nuclear wave functions. We
will consider here two simple cases to illustrate our idea.

(1) Mirror transition —Cons. ider a nucleus with one
proton in the outer nuclear shell. In the electron capture
process this proton transforms to a neutron without
changing the spatial and spin components of its wave
function (i.e., a "mirmr transition"). For such a transition
we can consider electron capture as approximately a
two-particle nucleon-lepton process by neglecting the
inhuence of other nucleons. The matrix element for such
a process may be written in the form

Hfi g(pf I rl &2&1 —&trt tr2)&(rt —r2)l p, ), (4)

where 7-i connects states of a proton and a neutron, ~2
does the same for an electron and a neutrino, cr] and o.2
are the Pauli matrices for the nucleon and lepton spins,
rt and r2 are the nucleon and lepton coordinates, and tii;

and Pf are the initial and final states of the nucleon-lepton
system.

Now we assume, for simplicity, that the considered
nucleon is in an s&i2 state (e.g., 'S decays to 'P from an

si/2 state and electron capture competes with e+ emission
[5]). In this case we can write the wave functions as
products of spatial and spin parts

P, ~ R, (rt, r2)g, and Pf ~ Rf(rt r2)gf . (5)

Neglecting the variations in the lepton wave functions
inside the nucleus we may put

R;(ri, r2) R;(ri)u(0) and Rf(rt, r2) Rf(rt) . (6)

Taking into consideration that for mirror transitions
R;(rt) = Rf(rt) we obtain

~ = G14fl(1 —~~t ~2)l~, &l'.

Let us calculate the value of W. Since the hyperfine
interaction operator commutes with the operator of the
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W = Wp = G(4 + 3e) for F = 0,
W=W] =Go forF =1. (9)

Substituting e = 0.26 [g], we find that the rate of the elec-
tron capture from the state with F = 0 is approximately
340 times larger than the rate for the state with F = l.

For arbitrary temperature T we have the general
expression

W = apWp exp( Ep/kT) +—a~ W~ exp( —E~/kT)
(1o)

ap exp( —Ep/kT) + a~ exp( E~/kT)—

where Fo and F] are the energies, ao and a~ are the num-
bers of states; for total spin F = 0 and F = 1, respec-
tively. In the limit of vanishing hyperfine interaction (i.e.,
5 = ~E~ —Ep~ 0) and using ap = I and a~ = 3 we get

W = G(4 + 6e + 3e ) = G(1 + 3A ),
in agreement with the expression obtained using (3) with
~ f 1~ = 1 and

~ f o.
~

= 3 for the transition considered
[5]. The same result (W = 5.SG) is, of course, obtained
in the high temperature region, kT » 5, meaning the
correlation between the orientations of the electron and
nuclear spin is small in this limit.

The situation changes drastically at low temperatures,
5 » kT. In this region the capture rate depends critically
on the sign of the hyperfine constant A. If A ) 0 (i.e.,
F = 0 is the ground state of the system), then the rate of
capture is W = 23G, approximately 4 times the value at
high T. If A ( 0 then W = 0.068G, i.e., capture of the
unpaired electron practically stops.

(2) Gamow Teller transition-—Now let us c.onsider
electron capture with a decrease in the nuclear spin by
one unit. In this case, in contrast to the previous one,
the transition is caused by the Gamow-Teller interaction
only. We will show that the influence of the hyperfine
interaction on the electron capture rate may be caused by
angular momentum conservation alone. Suppose we have
a nuclear spin I (I ~ 1) in the initial state and spin I —1

in the final state [e.g. , decay of Be (I = ~) to the excited
state Li* (I = 2) or " Sb (I = 2) to the excited state
'"Sn' (I = —,) [9,10]].

In the initial state of the system we have a nucleus and
an electron, and in the final state there are the transformed

square of the total spin F2, the spin function g, is an
eigenfunction of F . We have four possible initial states,

y; = 2 ' (a(P2 —P(a2) for F = 0,
(g)

a
1 a2 pl p2 2 (a 1 p2 + pl a2)

where n = (p) and P = (, ). The matrix element in (7)
connects only the same spin states of the nucleon-lepton
system in accordance with the conservation of the total
spin F and its projection F . Using the well-known
relations for the Pauli matrices and putting e = A —1

yields

nucleus and a neutrino. The total angular momentum
F of the initial state may take two values, F = I +
[ 1

2 and F = I —2. For the final state we have F = I —
~

3
'

Ior F = I —
2 (only one value, F = 2, if I = 1). It is

Iclear that electron capture from the state with F = I + z
is forbidden by angular momentum conservation. So only
the transition from the state with F = I —

2 is possible.
Let the rate of this AF = 0 transition be Wo. Then for
arbitrary temperature T the capture rate is again described
by (10) with ap ——2I, a~ = 2(I + 1), and W~ = 0. For
high temperatures, kT » 5, W is given by

W = Wpj/(2I + 1) . (12)

At low temperatures, 6 » kT, the rate W again depends
on the sign of the hyperfine interaction constant A. If A )
0 then W = Wo, i.e., the rate of the process is increased
2 + 1/I times compared to (12). In the opposite case, the
capture of the unpaired electron is again practically halted.

In summary, we have shown that the rate of electron
capture from an unfilled s orbital of a free atom or
ion may change drastically when the temperature is
decreased so that kT is small in comparison to the
hyperfine splitting A. %'e have considered two simple
situations, a mirror transition for a nucleus in the s]yq
state and a Gamow- Teller transition with a decrease
in nuclear spin of 1. For both cases, with 5 » kT,
the rate of the capture W depends on the sign of
the hyperfine constant A. For positive A the value of
W is increased somewhat in comparison to the high
temperature region. For negative A, electron capture
practically ceases. In the latter situation it is possible to
induce electron capture by applying an electromagnetic
field at the resonant frequency 5/A, . The most dramatic
effects are expected for hydrogenlike ions, because of the
absence of competing decays from other bound electrons.

The authors believe that cold trapped ions can be
used to investigate the effects described above. Trapping
techniques have developed to the extent that it is now
possible to trap all ions of the hydrogen isoelectronic
sequence to U '+ [ll]. Experiments at a storage ring
have recently demonstrated the existence of bound state
p decay, using completely stripped ions [12]. Charged
particles can now be confined for long periods of time and
a number of fundamental physical quantities have been
measured, with great precision, using ion traps [13,14].

The experimental challenge in observing large hyper-
fine effects on electron capture is in the preparation of a
sample of hydrogenlike ions whose temperature is consid-
erably less than the hyperfine splitting of the ions. High Z
hydrogenlike ions trapped in an electron beam trap [3,11]
or storage ring [12] are very promising systems, because
of their large hyperfine splittings and rapid radiative relax-
ation of the hyperfine levels. As an example, consider the
decay of " Sb to the excited state " Sn~, with a decrease
in nuclear spin of one unit. This decay is followed by
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emission of a single, characteristic y ray. The magnetic
moment of '' Sb is +3.45@tv [9,10] and the lower hyper-
fine level of the ground state in '' Sb + will be F = 2.
For this case, 6 » kT at room temperature and the pop-
ulation in the upper hyperfine level is negligible. Appli-
cation of cw resonant electromagnetic fields (co = 5/6)
would allow the populations in the hyperfine states to be
equalized, with a 2.4 times reduction in the nuclear decay
rate. Changes in the decay rate could be monitored using
the characteristic y ray.

Low Z, hydrogenlike ions have small hyperfine split-
tings and low radiative relaxation rates and techniques are
needed to deplete the upper hyperfine level in an experi-
ment. This probably can be achieved using, for example,
exchange collision techniques [15]. A rather interesting
system for this type of experiment is 7Be +. The nuclear
magnetic moment of Be has not been measured, but it is
expected to be about —1.3ILtv [16]. Approximately 10%
of Be nuclei decay to Li*, with a decrease in spin of
one unit, followed by emission of a single, experimentally
detectable, y ray. If F = 2 is, in fact, the lower hyperfine
level of the ground state, then with 5 » kT the decay to
Li~ would be forbidden and an ion cloud would emit no

y rays. This provides the exciting possibility of control-
ling and switching a nuclear decay using hyperfine tran-
sitions. Driving the population into the F = 1 state with
a resonant electromagnetic ~ pulse will induce decay to
Li* followed by emission of y rays.

Smaller effects are expected in nonhydrogenlike ions
with one electron in an outer s orbital, due to competi-
tion from inner electrons. Nevertheless, the effects should
be detectable, particularly in Be+. In this case, optical
pumping of the 2s-3p transition or microwave pumping
of the 2s-2p transition may be used to deplete the upper
hyperfine level of the ground state [17]. Subsequent pe-
riodic sequences of resonant ~ pulses could be used to
modulate the hyperfine populations. This would cause a
modulation of the electron capture rate and consequently
the y-ray emission rate. Small amplitude modulations

of a y-ray emission could be detected with great sensi-
tivity using techniques such as phase sensitive detection.
Experimental and further theoretical work on these phe-
nomena is currently underway at the Polytechnic.

The authors gratefully acknowledge very useful discus-
sions with colleagues, especially with V. A. Sheverev.
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