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We suggest a qualitative explanation of oscillations in electron capture decays of hydrogen-like **°Pr and '?Pm
ions observed recently in an ion experimental storage ring (ESR) of Gesellschaft fiir Schwerionenforschung (GSI)
mbH, Darmstadt, Germany. This explanation is based on the electron multiphoton Rabi oscillations between
two Zeeman states of the hyperfine ground level with the total angular momentum F = 1/2. The Zeeman
splitting is produced by a constant magnetic field in the ESR. Transitions between these states are produced by
the second, sufficiently strong alternating magnetic field that approximates realistic fields in the GSI ESR. The
Zeeman splitting amounts to only about 107° €V. This allows explaining the observed quantum beats with the

period 7 s.

1. INTRODUCTION

The authors of Ref. [1] reported recently on
time-modulated weak decays observed in the or-
bital electron capture of hydrogen-like '“°Prsg, and
“2Pmgg, ions (these ions have odd—odd nuclei)
coasting in the ion experimental storage ring (ESR)
in Gesellschaft fiir Schwerionenforschung (GSIT) mbH,
Darmstadt, Germany. Using a nondestructive sing-
le-ion time-resolved Schottky mass spectrometry, they
found that an exponential decay is modulated in
time with a modulation period of about 7 seconds
for both ions. The authors of Ref. [1] attributed this
observation to a coherent superposition of finite-mass
eigenstates of the electron neutrinos from the weak
decay into a two-body final state. This idea was deve-
loped in Ref. [2], where time modulation was explained
in terms of the interference of two massive-neutrino
mass eigenstates. But it was concluded in Ref. [3] that
the decay rate measured at GSI cannot oscillate using
approach in Ref. [2] if only standard physics of the
weak interaction is involved.

Further, another explanation was proposed in [4]. It
is based on a mechanism related to Rabi multiphoton
oscillations between atomic hyperfine levels that can
offer such a period. The Rabi multiphoton frequency
was derived using the multiphoton perturbation theory.
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Fig.1. Hyperfine splitting of the ground 1s state for

odd-odd nuclei *°Prsg and *?Pmg;

Only a weak perturbing oscillating (magnetic) field was
considered in [4]. Here, we extend this approach to a
strong perturbing field based on our previous adiabatic
approximations for a two-level system [5,6]. The nu-
clear spin of odd-odd nuclei '*°Prsy and '*>Pmg; is
equal to one. The energy of the hydrogen-like 1s state
with the nuclear charge Z = 59 is equal to

E =mc*\/1 - (Za)? —mc® ~ —52 keV.

This level is splits (Fig. 1) into two hyperfine levels
with the total angular momentum F = 1/2 (lower)
and F' = 3/2 (higher). The electron capture decay
from the F' = 3/2 state is forbidden because the fully
ionized daughter nucleus has the spin I = 0. 50 % of
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2 In the GSI storage ring, ultrarelativistic atomic ions
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70l e circulate in the plane perpendicular to the strong mag-
;‘?}2 netic field about Hy = 0.1 T. This is an average value
g of the field because the actual value varies. The ra-

60 Ti ! dius of the circle in the ring is » = 15 m. The Zeeman
g 0 0.15 0.25 0.35 splitting of the lower state F' = 1/2 is hiwp = 2ue Hy =

50 F =1.2-107? eV, where i, is an electron Bohr magneton.

Frequency, Hz ﬂ |

40 IS i .Tl .i.li. .I.!. .. .. { ..! 'l \ Ry i
AR e B B
sor WEH U MY I TR TR
[ A0t g &
20 % T
10 I SIO I SIO I 7IO | 90
5s

Fig.2. The number N of electron capture decays of

hydrogen-like '*°Prso ions per second as a function of

the time ¢ after the injection into the experimental stor-

age ring [1]. The inset shows the fast fourier transform
of these data

the decay of the 1{°Prsg nucleus is the Gamov—Teller
1+ — 0% B*-decay:

140 140 +
81 Prsg — 32 0658 +et + V..

The other 50 % of the decay of the {{°Prsg nucleus is
an electron capture:

140 — 140
81 Prsg + e — 82 0658 + Ve.

The relativistic hyperfine splitting of the 1s; /5 state
with the charge Z for nuclear spin 1 is [7]

_ 273 N Ry2
V1= (Za)? [2\/1 —(Za) - 1] pun Mpc?’

AE

where pn is the nuclear magneton and p = +0.88uN
is the magnetic moment of the odd—odd nucleus with
nuclear spin 1. In the case of the {{°Prsg nucleus, this
splitting is AE = 0.4 eV. The M1 spontaneous gamma-
decay 3/27 — 1/2% occurs during the short time

me?\
<E> =0.03 S,
and we should therefore discuss electron capture from
the lower hyperfine state F' = 1/2.
The experimental data in Ref. [1] are shown in
Fig. 2. The number of electron capture decays of hyd-

rogen-like MOPr ions per second is given as a function
of time. The case of the 1*2Pmg; ion is similar.
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Hence, wp ~ 101°1/s. The lower state is (1/2,—1/2)
and the upper state is (1/2,+1/2). The second oscil-
lating magnetic field in the ESR produces transitions
between these states (the focusing of the ion beam oc-
curs due to several quadrupole magnets). The oscil-
lating magnetic field hsinwt is directed in the plane
perpendicular to the constant magnetic field. The field
has the frequency of the order of w ~ Ne¢/r ~ 10° 1/s.
Here, N ~ 100 is the possible number of magnetic de-
vices on the ring. Hence, wp/w ~ 10.

2. ADIABATIC APPROXIMATION FOR A
TWO-LEVEL SYSTEM IN A STRONG
OSCILLATING FIELD

The goal of this section is to investigate the interac-
tion of a strong classical magnetic field with a two-level
system in the case of a multiphoton resonance [5]. The
basic assumption is the smallness of the frequency of
the field in comparison with the separation between
levels (in atomic units), i.e., w < wp. Of course,
the well-known results of time-dependent perturbation
theory are not applicable for strong alternating fields.
We use the adiabatic approximation to calculate the
rate for transition from the lower state (+1/2) into the
upper state (—1/2). As is well known, it is mathema-
tically equivalent to the WKB approximation for the
problem of above-barrier reflection. We direct the con-
stant magnetic field producing the Zeeman splitting
along the z axis. We also first direct the oscillating
magnetic field hsin(wt) along the x axis.

We seek eigenstates of the adiabatic Schrédinger
equation

H(t) = pe6-Ho + pieo5hsin(wt),

where 6, and &. are Pauli matrices. The wave func-
tion is presented in the form of a superposition of the
unperturbed lower and upper states
a
U= < ! > .

a2
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We obtain the following equations for a; and as:

E(t)a1

—@ a1 + peh sin(wt)as,
2 (1)

h
E(t)as = -I-% as + peh sin(wt)ay .

From system (1), we find that the energy eigenvalues
are given by

h
Ei»(t) = :F% \/ 1+ ¢2sin?(wt),

where we introduce the dimensionless quantity

_Z,ueh_i
1= th _HO.

(2)

(3)

Similarly to the problem of above-barrier reflection, we
are only interested in the complex turning points ¢
that lie in the upper half-plane. They are determined
from the condition F(ty) = E>(t)), whence

km i
tk = — +—
w o w

1
arcsh—, k=0,£1,£2,... (4)
q

These points are the fundamental branch points
for E172 (t)

We first consider the point ty. According to [8,9],
we obtain the following result for the contribution to
the transition probability introduced by the point ¢t
(k=0):

to
—2Im /

t1

Wiz = €xp [Ex(t) — Ey(1)] dt (5)

Here, t; is an arbitrary point on the real time axis.
2
wiz = R7,

Wo

Evaluating the integral, we find

1 (6)

! e’“’{ me<m>}

where D(z) is the complete elliptic integral of the third
kind. It follows that the quantity wis is exponentially
small in terms of the adiabatic parameter wg/w > 1.
Referring to this formula, we also emphasize that the
unit pre-exponential factor is exact.

Taking the turning points with k& # 0 into account
(they all lie at the same distance from the real time
axis) allows passing from absolute probabilities to pro-
babilities per unit time (rates). According to the prin-
ciple of superposition of quantum mechanics [10], the
total amplitude Aq» for a transition into the upper state
is a sum of the amplitudes a; associated with the in-
dividual turning points t;. The resonance condition
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is that these amplitudes be added together coherently.
The phase factor exp(iS) appears in the amplitude ay,
in connection with the transition from a given turning
point to the next. Here, the quantity

5= /\/1+q2sin2god<p
w
0

represents the accumulation of the classical action bet-
ween neighboring turning points. The minus sign ap-
pears in front of the exponential in the phase factor
because the WKB wave contains the factor [E(t)]~'/?;
it changes sign during the transition from the point #
to the point tg41. It follows from Eq. (7) that

(7)

q
N

where E(x) is the complete elliptic integral of the
second kind.  The quantity S is a semiclassical
phase (classical action) taken on the temporal interval
[0, 7 /w].

Summing the amplitudes from the N turning points
and taking the absolute value squared of A5, we find

S=N/1+£E , (8)
w

sin? [N (S — 71')/2].
sin? [(S — ) /2]

The resonance condition has the form

|A12|2 = w12

(9)

(S—=m)/2=mr+~, ~v—0, (10)

where m is an integer. The time interval T is related
to N by the formula 7' = 7 N/w. Finally, we express
the transition rate as

o |A12|2 o 2w2
T or

X 0 |-ﬂ /W\/1+q2sin2<pdg0—Kw-| ,
[ 4 ]

where K = 2m + 1. Therefore, the transition only oc-
curs in odd harmonics. The d-function in Eq. (11) ex-
presses the energy conservation law, and its argument
contains the magnitude of the energy shift due to the
external field (the Stark effect).

We next proceed to an analysis of the transition
rate Wis. If Kq? < 1, we use Eq. (11) to obtain the
transition rate in the perturbation theory:

Wl 2

(11)

2

Wis = — (%q)w( 3(wo — Kw).

We see that the perturbation theory validity criterion
with regard to the transition rate is more stringent than

(12)
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with regard to the Stark shift. On the other hand, we
write the well-known expression for the transition rate
obtained by direct application of time-dependent per-
turbation theory:

2 - 2K
Wy (exact) = — <ﬁ> S(wo—Kw). (13)

[(K=1)!* \ 4

Using Stirling’s formula, it is easy to verify that
Eqs. (12) and (13) agree exactly for K > 1. It turns out
that the WKB approximation works reasonably well
even for small values of K. For example, the ratio of
these rates is equal to 0.75 for K = 1.

The adiabatic linearly independent basic functions
are given by

/2) ”
P (t) = ( —sin (6()/2) )exp {10/
2) t
5 )]

( ) - {_i

where we introduce the notation

cos (A(t) Q

(r)d
- (14)
sin (0(t)/ () dr

va(t) cos (6()/

tgO(t) = gsin(wt),
Qt) = ﬂ\/ 1+ ¢?sin(wt) .
The general solution on the temporal interval [0, 7/w] is

2
a superposition of the linearly independent basic func-
tions, Eq. (14):

(15)

U = Ciiy + Catha.

We continue this solution analytically along the real
axis into the next temporal interval [7/w,2m/w], by
passing the branch point ¢; (for the function ¥ (t))

and ¢ (for the function 5 (t)). The Hamiltonian H(t)
is invariant under the transformation

e ()
=6,exp| — =

w Ot
which is a translation by 7/w in the time ¢ and a si-
multaneous rotation through the angle 7 around the z
axis in the energy—spin space. Therefore, the solutions
can be chosen such that they are eigenfunctions of 7":

T

A

TU(t) = 6.9 (t 4+ m/w) = exp(ime/w)V(t). (16)
Because applying the transformation T twice gives
translation by a whole period, these solutions describe
states with a definite quasi-energy e.
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Using conditions (16), we obtain the following equa-
tions for the coefficients Cy and Cy:

4 [exp(iﬂ'a/w) - Mexp(iS)] =
= CyRexp(—iS),

Cy [exp(iﬂ'a/w) ++v1-—R? exp(—z’S)] =
= C1Rexp(iS).

(17)

The quantities R and S are given by Egs. (6) and (8).
Equating the determinant of the system (17) to zero,
we obtain the equation for the quasi-energy
sin (ﬂ—s) =v1—-R?sin S, (18)
w
which has two solutions, € and &/ = 7 — ¢.

In the neighborhood of a multiphoton resonance,
the semiclassical phase is

2K + 1)r

S = 5

+AS, AS—0

and the quasi-energy is of the form

2K + 1w

1/2
> .

w

= + = [(AS)? + R?] (19)
™

Corresponding to the two values of the quasi-energy,

¢ and ¢/ = m — ¢, there are two sets of coefficients C

and Cs:
1 [ 1-R? i
Cli:{i 1+ 1+1;2tg23 } ’
1 1- R2 i .
Cf:i{i ”\/ﬁ }

When the interaction is turned off adiabatically, the
solution ¥+ goes over into the wave function

1 1.
gt ( 0 > exp <5zw0t>

which describes an electron in the lower hyperfine state.
Tt suffices to define the wave function of a quasi-energy
state on the temporal interval [0, 7/w] only, because it
can be constructed easily on other temporal intervals
by means of condition (16).

The probability of a transition from the lower hy-
perfine state (1/2,+1/2) to the upper hyperfine state
(1/2,—1/2) during the adiabatic turning on of the per-
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turbation is determined by the square of the lower com-
ponent of the spinor ¥+:

1— R2? .
1 — cos H(t) m — Sin H(t) X

t
R cos S—Q/Q(T)dr
« 0

W(t)

2

(21)

Vcos2 S + R2?sin? S

The quantity Q(7) is defined in Eq. (15). The last term
in this expression describes rapid oscillations with a
small amplitude except in the neighborhood of a mul-
tiphoton resonance, where these oscillation are modu-
lated by the function sin 0(t).

Averaging (21) over time leads to the transition
probability from the lower hyperfine state (1/2,+1/2)
to the upper hyperfine state (1/2,—1/2), which is in-
dependent of time:

1

W=-

2(1—P),

(22)

z 1— R?
o\ (1+¢?)(1+R2 tg2 S)

w7 )

Here, K (x) is the complete elliptic integral of the first
kind. At the resonance point, P = 0 and W = 1/2.
That the populations are equal at the exact resonance
is a fact not related to the adiabatic approximation,
and is also true for the exact solution of the problem.

We now turn to the case of instantaneous turning
on the perturbation. In this case, the solution is a
superposition of the quasi-energy states ¥+ and ¥™.
The coefficients of this superposition are found from
the condition that at the initial instant ¢ = 0, the sys-
tem is in the lower state. Omitting the intermediate
steps, we find that the average probability of popula-
tion of the upper level is

1 2
W:i(l—P ), (23)

where the value of P is given by Eq. (22).

At points where the condition

2K +1
wo WQZE(L): x2-|- W
w

(24)

NTE
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Fig.3. Derived dependence of the capture decay on
time ¢ taking Rabi oscillations into account

holds (with K an integer), the occupation probability
for each level is 1/2. Condition (24) gives the posi-
tions of multiphoton resonances in the case of a strong
field and is independent of the way the external field is
turned on, adiabatically or instantaneously.

According to Eq. (19) the quasi-energies in the ex-
act K -photon resonance are of the form
2K + 1w

2

Hence, the Rabi frequency of oscillations between two

levels (in the case of an exact multiphoton resonance)
is

+YR
Vs

QRabz - R =
D1 2\—1/2
™ w ,/1+q2

Substituting wg/w ~ 10 (see above) and using an
asymptotic expression for the elliptic integral, we ob-

tain
} st

The experimental value of the multiphoton Rabi fre-
quency is of the order of 0.1 s~!'. It follows from
Eq. (26) that h = 0.4Hy = 0.04 T, which is in agree-
ment with experimental data.

We assume that the capture rate from the upper
sublevel (m = +1/2) is equal to A + § and the capture
rate from the lower sublevel (m = —1/2) is A — 4. The
electron capture decay is modulated by Rabi oscilla-
tions:

w(t) = [ch(dt) 4 sh(0t) cos(2QRranit)] exp(—At),

4H,

QRrapi = 10 exp {—10 In - (26)
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0K\ <K Qravi- ﬁ(t) = pe6-Ho + peh (6, cos(wt) + 6, sin(wt)) ,
In particular, if we setl A=1/3 mi‘n_l, 0=1/30min~",  where Gz, Oy, 6. are the Pauli matrices. The wave
and Qrep; = 10 min™", then the time dependence of the  fynction is presented in the form of a superposition of
electron capture decay is as depicted in Fig. 3. the unperturbed lower and upper states
3. TWO-LEVEL SYSTEM IN A CIRCULARLY U = ( “ > .
POLARIZED FIELD a2
In the preceding sections, we assumed that the os- We obtain the following equations for the quantities a;
cillating magnetic field is directed along the = axis. We and as:
now consider the evolution of a two-level system in a
circularly polarized magnetic field in the plane (z,y) . dat ;
yp g P Y zhd— = peHoay + pehexp(—iwt) as,
that is perpendicular to the constant magnetic field, dt (27)
which is directed along the z axis. ih% = —peHoas + pehexp(iwt) a;.
We seek a solution of the Schrédinger equation
The exact solution of these equations satisfying the ini-
., 0U(t) -
ZhT =H(t)¥(t), tial condition a;(0) = 1, a2(0) = 0 is of the form
\
1 hwg cos(wot) — 1(hw/2 — e Hy) sin(wot)] exp(—iwt /2
fiwo —ipehsin(wot) exp(iwt/2)
Here, we introduce the notation moving with 71 % of the speed of light (Lorentz factor
is equal to 1.43). The modulation amplitude is a = 0.20
fiwoy = \/u§h2 + (hw/2 — peHo)? . (29) on average for all three ions. Such modulation periods

correspond to the small energy difference 8.6-1016 eV,
and 7.5 - 10716 eV, for the phenomenon of a quantum
beat type. Kienle attributed it to the mixing of mas-

B(t) = ( cos(wot) exp(—iwt /2) > (30) sive electron neutrinos emitted in the decays with the

In the resonance case hw/2 = p.Hy, we obtain the
well-known result

squared mass difference (Am)? = 2.20-10~% eV2. Tt
is about 2.9 times larger than latest value reported by
the antineutrino oscillation experiment.

—isin(wot) exp(iwt/2)

and the Rabi frequency is
In recent review papers [13,14], the authors con-
QRabi = wo = pteh/h. (31) clude that it is probable that the H-like ions are pro-
duced in a coherent superposition of the two hyperfine
However, this Rabi frequency is too high at any realis-  ¢tates with the total angular momenta F = 1/2 and
tic values of the magnetic field h. Therefore, circularly g _ g /2. This could lead to well-known quantum beats
polarized magnetic field cannot explain the observed  with the beat period T = h /AE, where AE is the hy-
oscillations of the electron capture decay. perfine splitting. However, the AE values in °Pr and
142Pm jons are about 1 eV, which leads to beat peri-
ods of more than twelve orders of magnitude shorter
than the observed ones. In contrast to that approach,
Kienle [11,12] theoretically investigated the time — We consider two Zeeman states of the lower hyperfine
dependence of the orbital electron capture decays of  State with the total angular momentum F = 1/2. The
H-like 'OPr, 2Pm, and '22T ions in a heavy-ion stor- Zeeman splitting amounts to only about 107> eV, and
age ring at GSI Darmstadt, Germany, and found that therefore quantum beats with the period of 7 s are pos-
the electron capture rate is not purely exponential but sible.
is in addition time-modulated with the respective pe- A new explanation of the “GSI oscillations” is sug-
riods T = 7.06 s, 7.10 s, and 6.11 s for "°Pr, 2Pm, gested in Refs. [15,16]. The two-particle wave func-
and 221, measured in the laboratory system of the ions tion of neutrino and recoil nucleus is found as a solu-

4. DISCUSSION
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tion of an initial-value problem in the far zone for a
time longer than the electron capture decay lifetime of
a hydrogen-like ion. The neutrino-recoil entanglement
arising in such a process is a consequence of the mo-
mentum conservation and is closely related to the wave
packet structure of the state. Because of the neutrino
mixing, the joint wave packet involves a coherent su-
perposition of neutrino mass eigenstate packets. This
is the new physical realization of the Einstein—Podol-
sky-Rosen thought experiment, which has no analogue
in quantum optics and quantum informatics. A class of
possible experiments for the registration of a neutrino
and a recoil nucleus is proposed. It is shown that due to
spatial correlations, neutrino and recoil oscillations can
be observed in the coincidence experiment. However,
the recoil nucleus does not oscillate. Observing the spa-
tial correlation and neutrino oscillations requires a cor-
relation experiment in which an experimental event in-
volves an independent registration of the neutrino and
the recoil nucleus in two detectors.

In Ref. [17], corrections to the ratio of electron cap-
ture rates in hydrogen- and helium-like ions are calcu-
lated. It follows that the most significant contribution
is the electron screening effect. The correction has the
simple form (1 — 5/162)3, which ranges from almost
50 % in helium to 1% in heavier nuclei.

The authors of Ref. [18] also studied a model for the
“GSI anomaly” in which they obtained the time evolu-
tion of the population of parent and daughter particles
directly in real time, by explicitly considering the quan-
tum entanglement between the daughter particle and
neutrino mass eigenstates in the two-body decay. They
confirmed that the decay rate of the parent particle and
the growth rate of the daughter particle do not feature
a time modulation from interference of neutrino mass
eigenstates. The lack of interference is a consequence
of the orthogonality of the mass eigenstates. This re-
sult also follows from the density matrix obtained by
taking the trace over the unobserved neutrino states.

In Ref. [19], the authors investigated the influence
of the magnetic field of the GSI ESR on the periodic
time dependence of the orbital K-shell electron capture
decay rates of H-like heavy ions. They approximated
the magnetic field of the ESR by a homogeneous mag-
netic field. In contrast to the assertion in other works,
they showed that the motion of an H-like heavy ion
in a homogeneous magnetic field cannot be the origin
of a periodic time dependence of the electron capture
decay rates of the H-like heavy ions. They concluded
that the time modulation of the electron capture decay
rates of H-like heavy ions with periods of the order of a
few seconds, observed at GSI, cannot be explained by

means of the interactions of spins of nuclei and bound
electrons of H-like heavy ions with the magnetic field of
the GSI ESR. However, the real magnetic field in the
ESR is not homogeneous. The ESR contains six seg-
ments with magnetic dipoles with a homogeneous mag-
netic field Hy = 1.2 T. Each dipole magnet bends the
ion beam by 60°. There is a transition region of about
30 cm with a gradient of the magnetic field, where the
magnetic field increases from zero to Hy = 1.2 T. The
focusing of the ion beam occurs due to quadrupole mag-
nets. Of course, the magnetic field in the ESR is not
homogeneous overall. But due to the stability of the
orbits of ion beams in the ESR, the approximation of
the real magnetic field by a homogeneous magnetic field
seems to be rather good. We can conclude from this
consideration that the value of the effective constant
magnetic field in the GSI experiment should be dimi-
nished. Approximating several quadrupole magnets by
an oscillating magnetic field is, of course, a qualitative
approach.

The authors of Ref. [20] discuss a model in which
a recently reported modulation in the decay of the
hydrogen-like '4°Prsg, and ?Pmgg, ions arises from
the coupling of rotation to the spin of electron and
nuclei (Thomas precession). A similar model de-
scribes the electron modulation in muon experiments
correctly. An agreement with the GSI experimen-
tal results is obtained for the current values of the
bound electron g-factors, g(**°Prsg;) = 1.872 and
g(**?Pmgoy ) = 1.864, if the Lorentz factor of the bound
electron is equal to 1.88. This value is fixed by either of
the two sets of experimental data. The model predicts
that the modulation is not observable if the motion of
the ions is linear, or if the ions are stopped in a target.

However, the goal of the comment in [21] is to show
that the explanations in Refs. [2,12,20] are not satis-
factory. The motion of an ion (along a circular orbit
in the ring) does not change the value of the momen-
tum F', it only changes the evolution of the direction
of F, which does not affect the electron capture rate
however. The author of Ref. [21] notes that any link
between the GSI oscillations and atomic phenomena
would not look natural. Indeed, the energy intervals
and interactions in the ion including the interactions
with external fields in the storage ring in the GSI ex-
periment exceed 0.1 Hz by many orders of magnitude.
He postulates that phenomena such as Rabi oscillations
with a noticeable modulation amplitude would require
a special experimental arrangement and do not happen
accidentally.

In recent paper [22] (October 2011), the authors
investigated the deviations from the usual exponential

6*
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decay law for quantum mechanical systems. They have
studied a typical behavior of unstable particles in the
general framework: an exponential decay law with su-
perimposed oscillations. They have shown that this
behavior is quite common as soon as the Breit—Wigner
distribution of the unstable state is left and (even very
simple) form factors are taken into account, which sup-
press the Breit—Wigner distribution far away from the
peak. Using a simple cut-off model, they have shown
that the qualitative behavior of the oscillations seen in
the GSI experiment can be reproduced. If their inter-
pretation is correct, they predict that if the GSI ex-
perimentalists manage to measure the system at times
smaller than roughly 5 s, then they would find that the
number of decays per seconds rapidly drops to zero due
to a fundamental property of quantum systems: the
quadratic behavior of the survival probability at short
times after the preparation of the system. Finally, the
authors note that possible indications of the presence
of oscillations superimposed on the exponential decay
were also found in other unstable, but different, quan-
tum systems, for example, the tunneling of cold atoms
out of a trap [23]. They speculate that these super-
imposed oscillations are a manifestation of the same
fundamental phenomenon of quantum mechanics.

In conclusion, we here suggested a qualitative ex-
planation of oscillations in the electron capture decays
of hydrogen-like *°Prsg, and *?Pmgg,. ions observed
in the GSI experiment. This explanation is based on
the multiphoton Rabi oscillations between two Zeeman
states of the hyperfine ground level with the total an-
gular momentum F = 1/2. Oscillations are produced
by a sufficiently strong alternating magnetic field in
the ESR.

This work was supported by the RFBR (grant
Ne10-02-00054).
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