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1. Introduction

The role of the hyperfine interaction in reducing lifetimes of
metastable states and, consequently, increasing the intensity of
lines originating from such states was first noted in a comment
by I. H. Bowen that was appended to a 1930 paper by Huff and
Houston [1] who were studying the “forbidden” line at 2270 A
in the spectrum of mercury. The relevant part of the comment
is:

Dr. Bowen has called our attention to the fact that
the line A2270 in Hg is probably due to the cou-
pling of the nuclear spin with the electronic an-
gular momentum. An estimate based on the rela-
tive separation of the multiplets and the hyperfine
structure gives the right order of magnitude for the
intensity.

Although the correctness of Bowen’s conjecture was verified
in experimental studies of Hg by Mrozowski [2], no progress
in calculating intensities of hyperfine induced transitions was
made until the seminal 1962 paper by Garstang [3] appeared.
In that paper, rates of hyperfine induced transitions 3Py — 1S,
and ?P, — 1S, were calculated for Mg, Zn, Cd, and Hg and
it was shown that the calculated rates were in harmony with
observations. It might be noted that Garstang’s calculations of
hyperfine quenching rates in 2°Mg have been redone by several
groups in recent years [4, 5] and the recent calculations agree
with one another and with Ref. [3] at the 20% level.
Pioneering beam-foil measurements by Gould et al. [6] on
hyperfine quenching in He-like V led to many measurements
[7-19] and theoretical calculations [20-24] of quenching rates
along the He isoelectronic sequence. Experimental lifetimes
of (1s2p) ®P, states along the He isoelectronic sequence dif-
fer from theoretical lifetimes by less than 10% typically. There
have also been theoretical studies of hyperfine quenching for
the Be, Mg, O, Ne, Ti, Ni and Zn isoelectronic sequences [5,
25-33]. However, for these sequences, there have been only
four experimental measurements of quenching rates: Be-like
N Brage et al. [34], Be-like Ti Schippers et al. [35, 36], Mg-
like Al Rosenband et al. [37] and Ni-like Xe Tribert et al. [38].
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Differences between theory and experiment for these ions are
again 10%-20%. We will give a more detailed discussion of
the aforementioned work later, but first we review the basic
theoretical framework needed to evaluate hyperfine quenching
rates. We set up the theory within the commonly used relativis-
tic framework discussed by Schwartz [39].

2. Perturbation Theory & Radiation Damping

The Hamiltonian describing the interaction of an atomic elec-
tron with the electric and magnetic fields produced by a nu-
cleus is

[1]  Hy, = —Za CA() + ed(r),

where the dominant contributions to the electromagnetic po-
tentials are from the nuclear magnetic dipole and electric quadrupole
fields

2] A(r) = Eogr)=> "0,

r3 — 615
ij

In the above, p is the nuclear magnetic moment operator and
Q;; are the Cartesian components of the nuclear quadrupole
moment operator. Generally the nucleus has moments ranging
from k =1 to 2/, where k is odd for magnetic moments and
even for electric moments. Each of the terms in an expansion
of the Hamiltonian in terms of moments can be written as a
product of an irreducible tensor in the electron sector and an
irreducible tensor in the nuclear sector. Thus
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where the dots on the second line above represent magnetic-
octupole, electric hexadecapole and other higher-order terms.
In the above, 1) and ) are components of the moment opera-
tors in a spherical basis. The quantities C,go) (#) and C3(7) are
normalized vector and scalar spherical harmonics. There are
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several important points to keep in mind in connection with
the hyperfine interaction. Firstly, the total angular momentum
F = I + J is conserved. Secondly, an atomic level with an-
gular moment J splits into min(27 + 1, 2.J 4 1) sublevels with
F=I+J F=I+J-1,--- F=|[I —J|.

Let us designate an electronic state of angular momentum J
by |(yJ)M ). Here  represents other quantum numbers such
as multiplicity (25 + 1) that distinguish between states with a
given J. If we let Hy represent the atomic Hamiltonian in the
absence of the nuclear fields then

41 Hol(vJJ)My) = Ey|(vJ)My).

In a similar way, we let Hy,. represent the nuclear Hamiltonian
in the absence of electrons and let |1, M) represent a nuclear
eigenstate. The Hamiltonian of the combined atom-+nucleus
system may then be written

[5] H = Hy + Hpg,,

where we omit H,,. since we ignore nuclear excitations en-
tirely. Eigenstates of H are constructed from products of atomic
and nuclear states coupled to form states with a specific value
of F:

6l [(I,yJ)FMp) =
> C(IM;, JM;y, FMp)|IM;)|(v.J)M).
My, My

An eigenstate of H is formed as a linear combination of cou-
pled states (6) with the restriction that the nucleus remains in
its ground state and the atomic states are limited to those in a
specific fine-structure multiplet. The resulting expansion coef-
ficients satisfy the eigenvalue equation

7 WG = 2 Wt O
I
where
8] W)y =
Eyj0y 05,5 + (1) F | Hugs| (19T F).
After standard angular momentum analysis, one finds

91  ((InJ)F|Hu|(Iy'J)F) =

(—1)I+I+F Z{ r J F}

A A
k~y'J!

(VINTE Y TV ITE ),

where (v.J| \T,ge) [l J'y and (I| |T,§”> ||I) are reduced matrix el-
ements in the electronic and nuclear sectors, respectively. The
nuclear matrix elements are

(o1 (1T"|n = p w
(T = CN - D%f 1)1()2”3).

The electronic reduced matrix elements require detailed atomic
structure calculations. Once such calculations have been made,
one is in a position to solve Eq.(7) and obtain the expansion
coefficients Cf; Ty
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2.1. Perturbation Expansion

To the extent that second and higher order hyperfine effects
are ignored, one can obtain the following simple expression for
the expansion coefficients :

I J F
n2t Gy = G
k

T |y IV TE |

E»\/J - E»Y/J/
The diagonal expansion coefficient is Cf Jyg =L

2.2. Transition Matrix Elements and Line Strengths

With the mixing of states induced by the hyperfine interac-
tion in mind, the line strength of the multipole transition from
the atomic state |y.J) to the ground state |1Sy) is given by

13 s = csjk[ﬂ (IIQY [1S0)
2

+ 3 O TIN15S0)| -

v I Eyd

In the above, Q,(:(‘I) is the multipole transition operator; k is
the order of the multipole. The parameter A is 1 for electric
multipole transitions and 0 for magnetic multipole transitions.
We use the notation [k] = 2k + 1.

Consider, for example, electric dipole transitions (k=1 and
A = 1) between 3P0’2 states and the ground state. Note that
there are four states in the multiplet containing the J = 0,2
states: *Pp. 1,2 and 'P;. The first term on the right hand side of
Eq.(13) vanishes since J # k. However, the two terms in the
sum on the second line of Eq.(13), those associated with the
3P; and 'P; states, contribute to the sum and lead to a nonva-
nishing line strength for electric dipole transitions between the
excited J = 0,2 states and the 'Sy ground state. (This is in
apparent violation of Laporte’s rule [40]). It should be noted
that the line strength in Eq.(13) depends not only on the initial
state «vJ but also on the particular hyperfine sublevel F' of the
state v.J. For the special case J = 0, there is a single hyperfine
level F' = I and, therefore, a unique line strength.

The transition rate (in atomic units) is given by

(M)
\) _ (2k+2)(2k‘+1) w 2k+1 Sk (F)
(4 A7) = E[(2k + 1)!1)? (c) [F]
where w = E,j — E1g, is the transition energy.

2.3. Example: Decay of the (1s2p) 3P, state of He-like P
Phosphorus has only one stable isotope 3'P, which has nu-
clear spin I = 1/2 and nuclear magnetic moment p = 1.1316.
The 3P, state of He-like P nominally decays to the lower 35,
state by E1 emission. However, owing to mixing of states within
the (1s2p) multiplet, the 3Py state acquires a small admixture
of 1P, and 3P, states which decay to the 'Sy ground state by
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Table 1. Contributions to decay rates (ns™') of (1s2p) *Ps 0

states in He-like P. Theory from Ref. [23]

Mode 3p, 3Py
E1— 239, 0.2214  0.1659
M2 —1'S, 0.0689  0.0000
Induced E1 — 1Sy 0.0037 0.0409
Asor 0.2940  0.2068

Expt. Ref. [10] 0.298(4)  0.205(4)

E1 emission. The expansion coefficients for the P state given
in Eq. (12) are

Oy = —0.0096974
C342, = 0.00014187,

and the corresponding reduced dipole matrix elements ( a.u.)
are

GPIQY|'So) = 0.00944595
(P QY [3Sy) = —0.119197315,

leading to the following results for the induced E1 line strength
and transition rate, respectively:

S = 1.17748 x 1078 (a.u.)
AWM = 4.09 x 107 (1/s).

Total rates for decay of *Py and ®P, states in He-like P, includ-
ing contributions of hyperfine quenching and other decay chan-
nels, are given in Table 1. For the 3P, state, hyperfine quench-
ing contributes 25% of the total rate, while for the 3P, state,
quenching contributes only 1.2% which is comparable to the
experimental error. The quenching rate for the P, state has
been averaged over hyperfine components assuming that the
hyperfine states are statistically occupied. For both transitions,
theory and experiment are seen to be in agreement.

2.4. Example: Decay of the °P, state of He-like Ag

Silver has two stable isotopes with nonvanishing nuclear
spin, °7Ag and 19 Ag. For both isotopes, I = 1/2. Comparing
the theory developed in the above paragraphs with experimen-
tal measurements [14, 15], we obtain the following lifetimes
(ps) of 3P, states:

Ag107
Ag109

2.607
1.963

3.97(37),
2.84(32).

Theory: Expt:

Theory: Expt:
To understand these discrepancies, we first note that the 3P,
and ®P; energy levels cross near Z = 47 resulting in the fact
that the width I'3; of the 3P, —! Sy transition is comparable
to the energy separation E1g = E(°P;) — E(Fy). This fact is
illustrated in Fig. 1.
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Fig. 1. Ratio of the linewidth of the 3P, transition to the
3Py —3 P; energy separation |Ejo| along the He isoelectronic
sequence.

2.5. Radiation Damping Potential

The implication of the fact that the transition line width is
larger than or comparable to the fine-structure separation is that
the radiation field can no longer be treated as a small perturba-
tion but must be included along with the hyperfine interaction
in the interaction Hamiltonian. To address this problem, a com-
plex energy matrix was introduced by Indelicato et al. [21] in
which both hyperfine and radiative effects are taken into ac-
count at the same level of approximation. The radiation damp-
ing method provides a generalization of the complex energy
matrix that reduces to the previously discussed perturbation
theory away from level crossings. Below, we outline the radi-
ation damping method following closely the discussion given
in Ref. [23].

One particularly convenient method for including radiative
corrections in atomic wave functions is by means of the nonlo-
cal optical potential V4 introduced by Robicheaux et al. [41]. If

we let chz) represent the electromagnetic multipole transition
operator, then

)(2k+1)

[151  Vialvm) —222 %H,,

Z(E - Eﬁki’f@ky|wn><wn|Q;:>*|wE>,

n

where k,, = (E — E,,)/c. The potential V4 is an antihermetian
matrix. Among the states 3Py 1 2, 'P; there are four diagonal
matrix elements and one distinct off-diagonal matrix element
of V4. The diagonal matrix elements may be written

ZZHA(’\ (27P; — n),

where the sum is over all lower states n. The off-diagonal ma-
trix element is

[16]  (27P;|Via|27Py) =

(171  (23P|Vi2'P)) =
h|4

i— | =
9

3 kg (1'Sol|Q1112 'Pr)(11So[|Q1 1|2 %Py)

4 - )
+s ki (2°51]|Qu[21P1) (27511 Qu[12°P1) |-
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Including V4 together with Hy + Hye in Eq.(7) leads to a
complex generalization of the 4x4 hyperfine energy eigen-
value equation. The real parts of the eigenvalues give the en-
ergies of the hyperfine levels while the imaginary parts give
half-widths of transitions from the "P; states to lower states.
(It should be noted that the energy F used to evaluate k,, =
(E — E,)/cin Egs. (16,17) is the energy of the state P, or
3P, being quenched.) For cases where the radiative half-widths
of the levels are small compared to the fine-structure intervals,
the eigenvalues of the complex matrix reduce to the results of
perturbation theory given in the previous section. It should be
emphasized that the coherent combinations of the two J=1 am-
plitudes that occur in the limiting case are a consequence of the
fact that off-diagonal contributions are included in the complex
energy matrix.

If we limit our calculation to a 2x2 complex matrix coupling
only the 3P, and 3P states, the radiation damping approach re-
duces to the complex matrix approach used by Indelicato et al.
in Ref. [21] to evaluate quenching rates for the J = 0 states
in He-like ions. This formulation gives approximately correct
quenching rates for He-like ions in the range Z ~ 40 where
interference between the singlet and triplet J = 1 amplitudes
contributes only a few percent to the decay rate. As shown in
the following comparison, theory is brought into agreement
with experiment for the case of '°”Ag and '?Ag discussed
earlier when the perturbative treatment of the radiation field is
replaced by the radiation damping method.

Ag'%"  Rad. Damp.:
Ag'%  Rad. Damp.:

3.724 Expt:
2.810 Expt:

3.97(37),
2.84(32).

Our recommendation is to treat hyperfine quenching using the
perturbative approach described in Subsections 2.1 & 2.2 ex-
cept near level crossings, where the radiation damping approach
is more appropriate.

3. He-like lons

As mentioned in the Introduction, following the experiment
of Gould et al. [6] in which hyperfine quenching effects were
observed in the decay of the 3 P, state in the He-like ion 51V,
many theoretical and experimental papers concerning hyper-
fine quenching in metastable states of He-like ions appeared.
Below, we list and comment on the theoretical papers on hy-
perfine quenching in helium-like ions. We use the headings PT
or RD to designate calculations carried out using perturbation
theory or radiation damping, respectively.

He-like Ions Theory:

PT Mohr [20] calculates quenching rates for 3Py states of
helium like ions using a 1/Z expansion including Breit-
Pauli corrections for relativistic effects as well as cor-
rections for the Lamb shift. A table of induced transition
rates for ions with 9 < Z < 29 is given.

RD Indelicato et al. [21] calculate quenching rates for 3P,
states of He-like ions using a 2x2 version of the ra-
diation damping method. Matrix elements and energies
are evaluated using the multi-configuration Dirac Fock
(MCDF) method including the Breit interaction and the
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Table 2. Comparison of theory & experiment for lifetimes of
(1s2p) 3Py states in He-like ions. Lifetimes are in ns for the
first four ions and in ps for the remaining five ions. Theoretical
lifetimes are from Ref. [23]

Ion I wr Expt. Theory Ref.
YE 12 2.6289 948(20)  9.574 [7, 8]
2TAl 512 3.6415 4.80(20)  4.695 [9]
3p 172 1.1316 4.88(9) 4836 [10,11]
SING  3/2 -0.75002 0.470(5) 0.4455 [12,13]
07A¢ 172 -0.11368 3.98(37)  3.724  [l4,15]
0940 1/2 -0.13069 2.84(32) 2.810 [l4,15]
155Gd  3/2 -0.25810 13.43(27) 13.57 [17]
157Gd 32 -0.33860  7.65(55) 8.01 [17]
O7Au  3/2 014816 22.16(81) 2331  [18,19]

Lamb shift. Ions with Z = 46 — 92 are considered. By
treating the fine-structure energy interval E1g = E(°P;)—
E(3Py) as an adjustable parameter in the 2x2 energy
matrix, it is shown that an accurate measurement of the
3P, lifetime can lead to an accurate value for Ejg. An
experiment based on this idea was later carried out on
isotopes of Ag by [14], leading to a value of E1q in good
agreement with theoretical predictions.

PT Aboussaid et al. [22] used perturbation theory to eval-
uate quenching rates for 3P, states of the He-like ions
19F 23Na and 2°Al. The multi-configuration Hartree-
Fock (MCHF) method with Breit-Pauli corrections was
used to calculate energies, wave functions and matrix
elements. The resulting transition rates were 10%-15%
larger than those obtained in Ref. [20].

RD Johnson et al. [23] carried out PT and RD calculations
of hyperfine quenching rates of 3P, and 3P, levels in
He-like ions with Z=6-100. Energies and matrix ele-
ments were evaluated using the relativistic CI method
including the Breit interaction and Lamb shift. The 3P,
rates for low-Z elements are in close agreement with
[20] while for high-Z elements, the results are in agree-
ment at the 10% level (some exceptions) with the cal-
culations of [21]. Averages over hyperfine sublevels (as-
suming statistical occupation) are given for the P, de-
cay rates.

PT Volotka et al. [24] carry out perturbation theory calcula-
tions of quenching rates for Py and 2P, levels in He-like
ions Z = 15— 30 . The results are presented usinga 1/Z
expansion. Effects of the Coulomb and Breit interactions
are included to order (aZ)?/Z. The resulting rates are in
excellent agreement with those given in Refs. [20] and
[23].

He-like Ions Experiment:

e Engstrom et al. [7] & [8] made beam-foil measurements
of the lifetimes of the Py and ®P» levels of the He-like
ion 19F at the 3 MV Pelletron tandem accelerator at the
University of Lund. The result for the 3P, level, where
the induced E1 rate contributes 15% to the total rate is
compared with theory in Table 2. For the 3P, state, where
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hyperfine quenching is negligible, the experimental life-
time 7 = 10.44(0.15) ns is in excellent agreement with
the theoretical result 10.33 ns.

e Denne et al. [9] carried our beam-foil measurements of
lifetimes of the 3P, and 3P, levels of the He-like ion
25 Al at the 6.4 MV EN Tandem Accelerator in Upsala.
The measured lifetime of the 3P, state, where quenching
contributes 30% of the total, is seen in Table 2 to be in
agreement with theory. Hyperfine quenching contributes
only 3% to the total lifetime for the 3P» state and this
experiment gives 7 = 5.40(0.20) ns compared with the
theoretical value 5.165 ns.

e Jasper et al. [10] and Livingston and Hinterlong [11]
made beam-foil measurements of lifetimes of the 3P,
and 3P, states in He-like 3'P at the Notre Dame Tandem
Accelerator facility. For the 3P, state, where quench-
ing contributes 25% to the total rate, the measurement
agrees with theory. Quenching contributes only 1% to
the decay rate of the 3P, state and again theory and ex-
periment are in good agreement as seen in Table 1.

e Dunford et al. [12, 13] made beam-foil measurements
on %®Ni and ®!Ni at the Argonne van de Graaf-Linac
(ATLAS) facility and found clear evidence for hyperfine
quenching of the 3P, level in %!Ni. For 6'Ni they ob-
tained the lifetime 7 = 470(50) ps given in Table 2. Us-
ing the version of the radiation-damping technique de-
scribed in [21], the 3Py —3 P; energy interval was found
to be Ep = 2.33(15) eV . This value is in agreement

with the theoretical value F'g = 2.323 eV from Ref. [23].

e Marrus et al. [14] and Birkett et al. [15] performed beam-
foil measurements of lifetimes of 3Py states in He-like
107Ag and 199 Ag at the UNILAC accelerator at GSI giv-

ing values 7(107) = 3.98(37) ps and 7(109) = 2.94(32) ps

shown in Table 2. The 3P, —3 P, fine-structure interval
was found to be |E1o| =0.79(04) eV using the 2X2 ra-
diation damping technique [21]. This experimental value
can be compared to the theoretical value 0.8014 eV from
[23]. Additionally, Simionovici et al. [16] measured life-
times of 3P, states in He-like Agions as 7=1.24(0.11) ps
compared with the theoretical value 7 = 1.094 ps [23].
Unfortunately, for both ions, hyperfine quenching con-
tributes less than 0.05% to the lifetime of 3P, states.

o Indelicato et al. [17] obtained lifetimes of 3P, states in
He-like ions '5°Gd and '°"Gd from beam-foil time of

flight measurements made at the GANIL accelerator (Caen,

France). The resulting experimental lifetimes 7(155) =
13.43(27) ps and 7(157) = 7.65(55) ps are compared
with theory in Table 2. The measured lifetimes were
combined following Ref. [21] to give E1¢ = 18.57(19)
eV for the 3P, —3 P, fine-structure interval; the corre-
sponding theoretical value is 18.57 eV [23].

o Toleikis et al. [18, 19] measured the lifetime of the 3P,
state of the He-like ion 97 Au at the GSI accelerator fa-
cility using the beam-foil time of flight method giving
the result 7 = 22.16(81) ps shown in Table 2. It should
be mentioned that the theoretical value shown in Table 2

5
Table 3. Theoretical °Ps rates (ns™') for He-like ions in cases
where hyperfine quenching contributes > 5% and where the
lifetime 7 > 1 ps.
1233 I AM2+E1 Ahf Am[ % from hfs
Sc 47565 712 1.693 03928 2.085 23
50y 33457 6 3.188  0.3622  3.550 11
Sly  5.1487 7/2  3.188  0.9453 4.133 29
5IMn 35683 5/2  5.891 0.9584 6.850 16
55Mn 34687 5/2 5.891 0.9056 6.797 15
9Co  4.6270 772 1059 2733 13.33 25
63Cu 22273 372 1849 1453  19.94 7
65Cu 23816 3/2 1849  1.662  20.15 8
9Ga 2.0166 3/2 3131 2035 33.35 6
Ga 25623 3/2 3131 3285 34.60 10
Br 21064 3/2 8274 5908 88.65 7
81Br 22706 3/2 8274  6.865 89.61 8
87Rb 27515 3/2  129.6 1583 1454 12
9Nb  6.1705 9/2 2985 1349 4334 45
PTc 56847 912 4406 169.3  609.9 38

contains corrections for the Bohr-Weisskopf effect [42]
and for two-photon (E1M1) emission [43] as discussed
in [19].

Decay of 3P, states in He-like ions:

For most of the He-like ions discussed earlier, the hyperfine
induced contribution has given a small or negligible contribu-
tion to lifetimes of 3P, states. As an aid to choosing He-like
ions for which the hyperfine quenching gives a significant con-
tribution to the total, we list in Table 3 those He-like ions for
which the 3P, lifetime 7 > 1 ps and the fractional contribution
of hyperfine quenching is > 5%. It is interesting to note that
for He-like ®1V, the ion studied in the work of Gould et al. [6],
hyperfine quenching is responsible for 29% of the total decay
rate.

4. Be-like lons and Mg-like lons

Beyond the He isoelectronic sequence, the most studied sys-
tems are Be-like and Mg-like ions. From an abstract point of
view, Be and Mg isoelectronic sequences are both simpler than
the He sequence since there is no counterpart of the 35 state
interposed between the lowest n.snp multiplet and the (ns)? 1S,
ground state. The 3P, state decays to the 'Sy ground state through
the hyperfine induced E1 channel with competition only from
the highly retarded two-photon EIM1 channel. Similarly, the
only competing channel for the hyperfine induced decay of the
3P, state is single-photon M2 decay to the ground state. The
primary challenge for theory in the case of these more complex
ions is to obtain accurate wave functions and transition ener-
gies. This challenge is simply met for highly charged ions since
correlation corrections fall off as inverse powers of the nuclear
charge Z. However, near the neutral end of each sequence, ad-
equate treatment of correlation usually presents computational
difficulties. Despite the simplicity of these ions, there have
been only two measurements of hyperfine quenching for Be-
like ions and only one measurement for Mg-like ions. More-
over, the precision of these measurements is not sufficiently
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high to provide a stringent test of the available calculations.

4.1. Be-like Ions

RD

PT

PT

PT

Expt.

Expt.

Marques et al. [44] were the first to carry out calcula-
tions for Be-like ions. Energies and wave functions were
evaluated using the MCDF method and included correc-
tions for the Breit interaction and QED. Correlation cor-
rections were included in the 1Sy ground state but not
in the (2s2p) states. The 2x2 complex matrix method,
introduced in [21], was used to determine the ®P, tran-
sition rate. Inasmuch as contributions from the P, state
which add coherently with those from the 3P, state are
ignored, one would expect rather large errors in these
calculations, as confirmed in the comparisons shown in
Table 4.

Brage et al. [27] carried out MCHF calculations with
Breit-Pauli corrections and MCDF calculations of hy-
perfine quenching rates of 3P, transition rates in Be-
like and Mg-like ions. The calculations are made for
elements of astrophysical importance. For Be-like ions,
these calculations agree to 10-15% with the more accu-
rate calculations of Refs. [45, 46]. A proposal is made
to obtain isotope abundances by using the 3P, transition
rates in connection with spectroscopic data from plane-
tary nebulae.

Cheng et al. [45] made relativistic CI calculations in-
cluding Breit and QED corrections for 2 Py quenching
rates for Be-like ions, Z= 6 to 92. The calculations were
carried out using both perturbation theory and the ra-
diation damping method and the two methods yielded
identical results. The rates obtained agree with those ob-
tained in [46]. However, the prediction for the ® Py decay
rate in 47Ti [0.673 s~1] disagrees significantly with the
experimental rate [0.56(3) s~!] obtained in [35, 36].

Andersson et al. [46] carried out MCDF calculations, in-
cluding Breit and QED corrections of quenching rates
for 3Py and 3P, states of Be-like ions having nuclear
charges in the range Z = 6 to 22. Careful attention
was given to the treatment of correlation effects. For 3 P,
states these calculations are in agreement with the calcu-
lations of Ref. [45].

Brage et al. [34] obtained an experimental value for the
3Py quenching rate in N from spectroscopic observa-
tions of the planetary nebula NGC3918 made using the
STIS instrument on the Hubble Space Telescope. The
observed rate is 4(1.3) x 10~* s~!. Both isotopes *N
and '°N have nuclear spin I # 0. For '“N, the theoret-
ical transition rate is 4.40 x 10~% s~1, while for '°N it
is 3.27 x 10~* s~1. The error in the experimental rate is
large enough to cover any possible abundance ratio for
the two isotopes.

Schippers et al. [35, 36] employed resonant electron-ion
recombination in the heavy-ion storage ring TSR at the
Max-Planck Institute for Nuclear Physics, Heidelberg,
Germany to monitor the time dependent population of
the 3P, state in Be-like *"Ti. The observed transition
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Table 4. Theoretical and experimental transition rates (s™1) are
compared for 3Py —'Sy transitions in Be-like ions.

Method 14N N 47Ty Ref.
RD 9.47[-5] 0.356 [44]
PT 4.92[-4] 3.62[-4] [27]

PT&RD  4.44[-4] 3.27[-4] 0.673 [45]

PT 4.44[-4) 3.27[-4] 0.677 [46]

Expt. 4.0(1.3)[-4]  4.0(1.3)[-4] [34]
Expt. 0.56(3)  [35, 36]

Table 5. Comparison of calculations of the 3Py transition rate
(s™!) in the Mg-like ion Al™ with experiment.

Method  rate(s™") Ref.
RD 265121 [25]
PT 433[2]  [47)
PT 440021 [5]

Expt.  4.85Q0)-4] [37]

rate is 0.56(3)s~! which differs significantly from the
theoretical rate 0.673s7 L.

4.2. Mg-like Ions

RD

PT

PT

PT

Expt.

Marques et al. [25] carried out MCDF calculations in-
cluding Breit and QED corrections of transition rates for
(3s3p) 3Py levels in Mg-like ions with nuclear charges
7Z=14-92 using a 2 X 2 complex matrix method.

As mentioned previously, Brage et al. [27] carried out
MCHEF calculations with Breit-Pauli corrections and MCDF
calculations of hyperfine quenching rates of 3P, transi-
tion rates in Be-like and Mg-like ions. These calcula-
tions did notinclude Al™, the only Mg-like ion for which
an experimental quenching rate is available.

Kangetal. [47] cqrried out MCDF calculations of quench-
ing rates for the 3P, states of Mg-like ions (Z=13-78)
including Breit and QED corrections.

Andersson et al. [5] carried out MCDF calculations in-
cluding Breit and QED corrections of quenching rates
for 3 Py and 3 P, states of Mg-like ions (Z=12-31). These
calculations differ substantially from those of Ref. [47]
primarily because of a more careful treatment of corre-
lation.

Rosenband et al. [37] applied laser spectroscopy to study
the 1Sy —3 Py clock transition in 27Al*. A single alu-
minum ion was confined together with a single beryil-
lium ion in a linear Paul trap. The clock transition fre-
quency was measured tobe v = 1121 015 393 207 851(6)
Hz and the lifetime of the ®Py state was measured to be
T=20.6+14s.

(©2010 NRC Canada
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Table 6. Hyperfine induced transition rates (s~*) for P, states
in alkaline earth atoms and for Yb. Rates listed here are from
Ref. [4].

Atom [ 75 Q(b) APPy] (s75)
©Mg 52 -0.85546  0.1994(20) 4.44[-4]
Bca 712 -131727  -0.0408(8) 2.22[-3]
87Sr  9/2  -1.09283  0.335(20) 7.58[-3]
Tlyp 12 0.4919 4.35[-2]
3Yb 512 -0.6776  2.800(40) 3.85[-2]

5. Neutral Atoms

The transitions 3P, —' Sy and 3P, —! S in neutral alkaline
earth atoms are candidates for ultra-precise atomic clocks since

the ratio of the line widths to the transition energies A[*Py]/AE ~

10~ '8, Calculations of the transition rates for the 3P, and °P;
states were carried out by Porsev and Derevianko [4] for the
atoms Mg, Ca, Sr, and Yb and their results for the 3P, rate
are shown in Table 6. These calculations were done using a
relativistic version the CI + MBPT method in which valence-
valence correlations are included using the CI method while
valence-core and core-core correlations are included by mod-
ifying the two-particle Hamiltonian H by the Coulomb self-
energy operator ¥.(E) , leading to an effective Hamiltonian

[18] H = Hy+ S(E).

For Be-like Mg, Garstang [3] obtained A[*Py] = 4.2[-4] (s™1)
and Andersson et al. [5] obtained 5.00[-4] (s~ 1), It is a bit un-
settling that the various theoretical lifetimes differ by such a
large amount. Differences between various determinations of
A[P», F] have a similar spread.

6. Ni-like lons

In the absence of the hyperfine interaction, the lowest ex-

in agreement with the theoretical M3 lifetime. The lifetime of
the quenched F' = 5/2 state was found to be 2.7 + 0.1 ms,
in agreement with the quenched rate 2.84 ms obtained by Yao
et al. [50].

7. Other Cases

Ti-like (Theory only) Ions of the Ti isoelectronic sequence have

a ground state configuration (4d)? ° D 7. For high Z ions,
the the J=4 level is below below the J=3 and 2 levels but
above the J = 1 and O levels. In ions with / =0, the J=4
level can decay to lower levels only by highly retarded
M3 or E4 radiation, However, for ions with I > 1, the
J=4 level mixes with the J = 2 through the k£ = 2
contribution to Hyr and decays to the ground state by
E2 emission. It is proposed in Parente et al. [26] and
Indelicato [33] to use the measured rate which is very
sensitive to the nuclear electric-quadrupole moment, as
a new method for measuring quadrupole moments.

Zn-like (Theory) Hyperfine quenching of 4p4s 3P, levels in Zn-

like ions Z=30-92 were evaluated using MCDF wave
functions and the radiation-damping method by Marques
et al. [29].

Zn-like (Expt.) Dielectronic recombination of Zn-like Pt ions

was measured at the Heidelberg heavy-ion storage ring
TSR. Pronounced differences were observed in the res-
onance structure of 4Pt and '9°Pt. These differences
were attributed to the presence of (4s4p) 3Py compo-
nents in the Zn-like 19*Pt beam. The (4s4p) 3P, com-
ponent is quenched in the '**Pt beam. Schippers et al.
[51]

O-like (Theory) Calculations of energy levels and transition rates

for states in the 2p* configuration of O-like ions with
20 < Z < 30 were made by Marques et al. [52]. It
was shown that the hyperfine induced E1 contribution is
negligible.

cited level (3d” 4s) ®Dj of a Ni-like ion can decay to the 3d' ' SoNe_jike (Theory) Calculations of quenching of the (2p)>3s3Ps

ground state only by M3 emission. In Trébert et al. [48], the
measured lifetime (7 = 11.5 & 0.5 ms) for naturally occurring
Ni-like Xe was found to be significantly shorter than the the-
oretical M3 rate (15.12 ms) . The shortening was clearly due
to hyperfine quenching, given that naturally occurring Xe is a
mixture of isotopes nearly half of which have I # 0. To clarify
the situation, Trébert et al. [49] made separate measurements
of the 3Dj lifetime for isotopically pure 2Xe and '3?Xe . For
the isotope 132Xe (I=0), the measured lifetime 15.034-0.24 ms
agreed well with the theoretical M3 value. For Ni-like 129Xe
(I=1/2), the F=5/2 sublevel of the 3D3 level is quenched by
mixing with 13D, states while the F'=7/2 sublevel decays by
M3 emission only. By fitting the decay curve to a double expo-
nential

[191  N[PDs](t) = Npjp(0)e™ e
4 N5/2 (0)6*(FM3+FE2M) t’

lifetimes of individual F’ sublevels were determined. The life-
time of the I' = 7/2 sublevel was found to be 15.1 £+ 0.5 ms

and (2p)53s 3P, levels of Ne-like ions were made for
Z=13-79 were made by Andersson et al. [31].

Radium (Theory) MCDF calculations of the decay of the 7s7p Py

state through 2-photon E1IM1 and hyperfine induced chan-
nels were made Bieron et al. [53]

Xell (Expt.) Using a state selective laser probing technique
for lifetime measurement in the ion storage ring CRYRING
at the Manne Siegbahn Laboratory, evidence for a dras-
tic differences between the decay rates of the hyperfine
states of the metastable level (5p)*5d* D7/ in 1#9Xe™
was found by Mannervik et al. [54].

8. Conclusions

e There are two methods “perturbation theory” and “ra-
diation damping method” available for calculating hy-
perfine quenching rates. The rates obtained by the two
methods agree far away from level crossing. The radia-
tion damping theory is appropriate near level crossing.

(©2010 NRC Canada



Decays from (152p) ®P, levels in He-like ions have been 16
thoroughly studied theoretically and experimentally. Ex-
perimental studies of the F-dependent decays of (152p) 3P

levels are rare; such studies would still be of interest. 17

Theory is relatively complete for Be-like and Mg-like
ions but there are few experiments.

Experimental and theoretical studies of F-dependent rates
for Ni-like Xe agree well. Similar studies for other ions
would build confidence our understanding.

18

Interesting possibilities exist for measuring nuclear quadrupole
moments by studying hyperfine quenching in Ti-like ions.
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