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In this work, we investigate the magnetic-field- and hyperfine-induced 3Py — 'S transitions in Be- and
Ne-like ions along the respective isoelectronic sequence by using the multiconfiguration Dirac-Hartree-Fock
method. The transition probabilities are in this case dependent on the magnetic hyperfine quantum number M of
the upper state. We show that it is important to include perturbers with AF = £1. The calculated transition rates
are compared to experimental results, when available. The discrepancies between the resulting magnetic-field-
and hyperfine-induced transition rates and the experimental values in Be-like ions are discussed as well as the
observability of the hyperfine-induced transitions in Ne-like ions.
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I. INTRODUCTION

Unexpected transitions [1,2], e.g., spin-, hyperfine- (HIT),
and magnetic-field-induced (MIT) transitions, are important in
the diagnostics of different plasmas since they are sensitive and
unique tools for the determination of, e.g., electron densities,
isotope compositions, and magnetic fields [3—5]. These transi-
tions pose a challenge to computations since their predictions
often require a careful and thorough treatment of the atomic
structure. However, when accurate and systematic methods
to calculate their rates are used, theoretical predictions are in
agreement with available experimental values for most ions,
but some differences still remain.

The MITs have so far been investigated mainly for isotopes
without nuclear spin, when the HIT is absent, but in the
presence of an external magnetic field, where the interaction
with the field breaks the symmetry of the atomic system and
opens up magnetic-field-induced transitions. To distinguish
these cases from when hyperfine interaction is present, we
label them MIT-fs. The theory for these has been discussed in
recent publications for Be-, Ne-, and Cl-like ions [6-8].

An MIT was first observed in Ne-like Ar, as the
2p33s 3Py — 2 p° 1S, transition, by Beiersdorfer ef al. [9], who
also discussed the use of this transition as a diagnostic tool for
magnetic fields in plasmas. More recently, the same transition
was observed for the Ne-like Fe by the same group [10]. The
experimental results for the MIT-fs rates of Ne-like ions are
in good agreement with previous theoretical predictions [6].
Recently, it was also proposed that MIT-fs in Cl-like Fe could
be used to probe the solar coronal magnetic field [8,11].

Hyperfine-induced transitions (HITs) have low rates and
are only present for isotopes with nuclear spin and can
therefore be important for diagnostics of isotopic compositions
for extremely low density plasmas [3]. A number of recent
papers present rates of HITs [3,12-20] in the absence of
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magnetic fields. For HIT, experimental and theoretical studies
for He-like ions [21-29] and Ni-like Xe [15,30-32] are in good
agreement. The resulting rate for Be-like N by Brage et al.
[33], obtained by modeling of a planetary nebulae, are also
in agreement with theory, albeit with fairly large experimental
uncertainty.

The measured rate for Be-like S by Schippers et al.
[34] also appears to agree with theoretical work within
the experimental uncertainties. At the same time, there are
significant discrepancies for Be-like Ti by Schippers et al.
[35] and Mg-like Al by Rosenband ef al. [36] between the
computed and the experimental HIT rates and the reason for
these discrepancies remains unclear. It is clear that in these
measurements, performed at storage rings, there are magnetic
fields present, the effect of which has to be included in the
calculations. The simultaneous inclusion of MIT and HIT, in
what we will label MIT-hfs transitions, is the object of this

paper.

II. COMPETITION BETWEEN HIT AND MIT

When atoms with nuclear spin are in a magnetic field,
the magnetic and hyperfine interactions will contribute to the
atomic system simultaneously. To compare the size of different
interactions, and predict when these can become important, we
present theoretical rates for the different transition channels
from the 3Py to lower states (see the schematic energy-level
diagram and denotation of transition channels in Fig. 1) for
Be-like (7 < Z < 73) and Ne-like (11 < Z < 35) ions in
Fig. 2, where the MIT-fs rates are plotted for a range of field
strengths. As can be seen from this figure, for Be-likes ions,
HIT rates dominate over the MIT-fs channel for ions with
larger nuclear charge, even at the strong magnetic field of 12 T.
For the ions at the neutral end of the isoelectronic sequence,
the rates of the two transition channels are, in general, of
comparable size in the given magnetic-field strength region.
However, we do have to remember that the HIT rate is given
for the most abundant isotope with nuclear spin. In the case
of even nuclei, this is usually not the most abundant isotope
overall. As an example, consider Be-like C or O, where the
nonspin isotopes completely dominate. In these cases, MIT
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FIG. 1. Schematic energy-level diagram of Be- and Ne-like ions
in the LS-coupled, low-Z region of the two isoelectronic sequences,
showing possible one-photon transition channels from the *Pj:
MIT-fs implies magnetic-field-induced transition for isotopes without
nuclear spin (/ = 0), HIT refers to hyperfine-induced transition
without external magnetic field, and MIT-hfs: magnetic-field- and
hyperfine-induced transitions for isotopes with nuclear spin (I # 0).
M1 and E2 are forbidden magnetic dipole and electric quadrupole
transitions, respectively.

are the most important decay channel for the most abundant
isotope.

The plot for Ne-like ions shows the competitive decay
channels along the isoelectronic sequence. At the low-Z end
of the sequence, the HIT and MIT-fs are of, again, comparable
size, even in the relatively weak magnetic-field region, while
for the higher-Z ions they reach comparable size at higher
magnetic-field strengths due to the Z dependence of HIT rates
and the B? dependence of MIT-fs rates. The M1 transition rate
has a stronger Z dependence, and it is comparable in size with
the HIT rate for the high-Z end. The electric quadrupole (E2)
transition >Py->P, has a rate that is between three and four
orders of magnitude smaller than M1 transition to >Py level.
Figure 2 clearly shows that the contribution from the magnetic
field must be taken into account carefully to properly extract
the HIT rate from measurements in the existence of a magnetic
field for a large range of magnetic fields. At the same time, it
is clear that HIT is the dominant decay channel in the absence
of an external magnetic field for a large range of odd nuclear
charge.

Since there are magnetic fields associated with storage
rings, Li et al. [37] investigated the contribution of the
magnetic fields to the HIT rate for Be-like Ti and concluded
that these effects were too weak at the experimental magnetic
flux density of 0.75 T. However, in their calculation they
neglected the mixing from the AF # 0 perturbers, which
could be important for higher field strengths. A first more
systematic and complete investigation of what we will label
MIT-hfs, the simultaneous inclusion of HIT and MIT to
compute transition rates, for isotopes with nuclear spin, is
the aim of this work.
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FIG. 2. Rates of transitions from the *P, (notation is defined in
Fig. 1) in Be-like (7 < Z < 73, upper panel) and Ne-like (11 < Z <
35, lower panel) ions. The MIT-fs are given in the magnetic field of
0.3, 1, 3, and 12 T. The E2 transitions are ignored for the ions with
the rates smaller than 1072 s~'. The y axis is given in logarithmic
scale. Note: The HIT rates are from the most abundant isotopes with
nuclear spin.

III. THEORETICAL METHOD

A. General theory
1. Hyperfine interaction

The Hamiltonian of an atom with a nuclear spin I (% 0)
can be written as

H = Hys + Hyyy, (D

where Hy, is the relativistic fine-structure Hamiltonian in-
cluding the Breit interaction in the low-frequency limit and
estimates of the quantum electrodynamical (QED) effects,
while Hjy, is the interaction between the electrons and
the nonspherical electromagnetic multipole moments of the
nucleus. The latter interaction can be written as a multipole
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expansion

Hypo =Y T® .M, )
k=1

where T® and M® are spherical tensor operators of rank k in
the electronic and nuclear spaces, respectively. The hyperfine
interaction couples the total electronic angular momentum J
and the nuclear momentum I to a new total angular momentum
F. In this model, only F and M are good quantum numbers,
and the wave function can be expressed as an expansion

IYTFMp) =) dr/IXTI1JFMp), 3)
rJ

where |YT'IJFMp) are I1JF-coupled products of unper-
turbed nuclear |Y'IM;) and electronic |[I'JM;) wave func-
tions. The expansion coefficients dr-; are obtained by setting up
and diagonalizing the interaction matrix. The matrix elements
of Hy, are diagonal, defining the “unperturbed” fine-structure
energies. The matrix elements for the leading terms of the
hyperfine interaction Hys, can be expressed as a product of
reduced electronic and nuclear matrix elements. The first is
the magnetic dipole term

(YTIJFMp|TO MO\ YT' 1] FMp)

- (—1)’“”{]1/ f T}N/N TV F1

(DTN I IM©PTT), @)

where J' = J — 1,J, and the second is the electric quadrupole
term

(YTIJFMp|T® -M®|YT'1J FMp)

=<—1>’+’+F{j, / 5}\/—2”1\/—21“

x (DI TP I W IMP| Y T), 5)

where J' = J —2,J — 1,J. The nuclear matrix elements in
these expressions can be related to the parameters ©; and Q
according to

I+1
T ©

1 21+ DT +1
rimeIen = 3o [STEXEER @)

Since the hyperfine interaction operator Hj; does not com-
mute with J, the off-diagonal hyperfine interaction introduces
mixing between unperturbed electronic levels with different J
quantum numbers opening up new transition channels, labeled
hyperfine-induced transitions (HIT).

More details about the hyperfine interaction and the matrix
elements can be found in Refs. [3,14-16,38,39].

(rrMO|YI) = py

and

2. Magnetic interaction on fine-structure levels

If we choose the direction of the magnetic field as the z
direction, the Hamiltonian of atoms with zero nuclear spin in
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the presence of an external magnetic field can be written as
H=Hy +H, = Hy + (N” + ANg")B,  (8)

where H,, is the interaction Hamiltonian with the external
magnetic field. The tensor operator NV represents the coupling
of the electrons with the field, and AN" is the Schwinger
QED correction [40]. Now, only M remains a good quantum
number, and the wave function is written as an expansion

M)y = dr,ITIM,). ©)
rJ

Again, the expansion coefficients dr; are obtained by setting
up and diagonalizing the interaction matrix. The magnetic
interaction matrix elements can be expressed in terms of the
reduced electronic matrix elements and the magnetic field

(TJMyINS” + ANV |T T M)

I
=(—1)’Mf(_;4] (1) Agj>\/21+1

x (TJ|IN® + AND| I g7, (10)

where J' = J — 1,J. Just as for the hyperfine structure there is
a mixing between unperturbed electronic levels with different
J quantum numbers.

More details about magnetic interaction and the evaluation
of the matrix elements can be found in Ref. [41].

3. Magnetic interaction of hyperfine levels

In the presence of an external magnetic field B, the
Hamiltonian of an atom with nuclear spin I/ (%0) can be
expressed as

H=Hfs+ths+Hm~ (11

In this case, M is the only good quantum number and the
wave function can be expressed as the expansion

IYTIMp) =) dr;r|YT1JFMp). (12)
I'JF

The expansion coefficients are obtained again by setting up and
diagonalizing the interaction matrix. The hyperfine interaction
matrix elements in Egs. (4) and (5) are diagonal in F. The
magnetic interaction Hamiltonian can now be written as

H, = (N" + ANS")B + H™ (13)

m

where the last term, H)", represents the interaction of the
magnetic field with the magnetic moment of the nucleus.
This is weak and can be neglected for the systems discussed
here. The magnetic interaction matrix elements between the
coupled atomic and nuclear wave functions are, for (i) diagonal
elements in F,

(YTIJFMp|IN" + ANV |YT 10 F M)

, 2F+1 (g F 1
— (=] HHF ,

x /2] + LT J|IND + AND[IT7 T, (14)
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where J' = J — 1,J, and for (ii) nondiagonal elements,

(YTIJFMp|N" + AN |YT 1J'F — 1 Mp)
— (_1)1+J/+1+F F2 B M% J F 1
F F—1 J 1

x~/2J + LT JIND + AND| T T, (15)

where J' = J — 1,J,J + 1. Two things should be noted. First,
as shown in Egs. (14) and (15), the magnetic interaction
matrix element between states with the same F values
depends on My instead of |Mp|, while that with AF =1
depends on absolute value of Mp. It means that when the
two mixing cases above occur simultaneously, they yield
different mixing coefficients for My and —M states, which
we will see leads to different transition rates. Second, when the
hyperfine and magnetic interactions contribute simultaneously,
the expansion coefficients in Eq. (12) are no longer linear in
B due to the inclusion of Hjy, into the Hamiltonian. As an
example, when there is destructive interference between the
contributions from the hyperfine and magnetic interactions,
there may be a nonmonotonic change of, e.g., rates as a
function of the magnetic-field strength.

4. Induced transitions

There are a wide range of calculations for hyperfine-
induced transitions (HIT) [3,12,14-16,19,20,39,42] and
magnetic-field-induced transitions for isotopes without nu-
clear spin (MIT-fs) [2,6,8]. Here, we focus on discussing the
magnetic-field- and hyperfine-induced (MIT-hfs) transitions
for isotopes with nuclear spin. The transition probability for an
electric dipole transition between two magnetic subhyperfine
levels is given by

AT Mg, T'M})
18
= M > UTMe|POIT ML) P, (16)

A
q

where A isins~! and A is the wavelength of the transition in A.
Substituting Eq. (12) into Eq. (16) and using the Wigner-Eckart
theorem, we get

AT Mp,T'M})
2.02613 x 10'8
- 23 Z

Z Z dl"]FdF’J’F’

rJET'J'F'

q
2

x (TJFMp|PV|T"J F'My)

18
ZMZ Z Z drypde e 2F + 1

A3
q I|IJFT'J'F'
e F 1 F\[J F I
X 2F+]<—MF g M;){F/ J 1}

2

x (CJIPOT I . (17)
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As an example, for the Be-like system, under the influence of
an external magnetic field for isotopes with nuclear spin, the
reference state |“2s2p 3Py} can be expressed as

|“252p 3Py I M) = do|252p Pyl F(= I)M/,)

+ Y dspl252pSPUF M),
S=1,3;F'

(18)

where F'=F — 1, F, and F + 1. The interactions with
|“252p 3P, 1 M) and with other atomic states can be ne-
glected since their interaction with the J = 0 state is weak.
The ground state |“2s2 'S”), which is isolated in energy, can
be written as

1“252 180" I Mp) = |25 'So IF(=1)MF). (19)

Substituting Eqgs. (18) and (19) into Eq. (17) and applying
standard tensor algebra, we obtain the total transition rate from
|“2s2p 3P()”Mjp) to the ground state |*“2s? 157 as

AM},) = Z A(M}, — My)
Mr

2
2.02613x10'®
= | ) dsast sl PUl12s2p °Py)
$=1,3

(20)

where the dependence on w;, Q, I, F', M}, and B has been
absorbed in the mixing coefficients dg. The expression of
the MIT-hfs transition rate above has the same appearance
as the one for HIT and MIT-fs. The difference is in the mixing
coefficients dg due to the incorporation of different interactions
into the Hamiltonian.

B. MCDHF method

The electronic wave functions are computed using the
latest GRASP2K program package [43] which is based on
the multiconfiguration Dirac-Hartree-Fock (MCDHF) method
[44,45]. Here, the atomic state functions (ASFs) were obtained
as linear combinations of configuration state functions (CSFs)

IDIM;) = cilvid My, @1)
l

where J and M, are the angular and magnetic quantum
numbers, ¢; stands for the mixing coefficients, and y; denotes
all the other coupling information needed to uniquely define
the state. Both the radial parts of the Dirac orbitals and the
expansion coefficients ¢; are optimized in a self-consistent
field procedure using the Dirac-Coulomb Hamiltonian. The
Breit interaction and leading quantum electrodynamic (QED)
corrections effects, in the form of self-energy and vacuum
polarization, are included in a subsequent relativistic configu-
ration interaction (RCI) calculation [43,46].

To derive induced transition rates, we need to calculate the
transition probabilities in Eq. (20) as well as the hyperfine and
magnetic interaction matrix elements [2]. The transition rates
can be expressed in both the Babushkin and Coulomb gauges
[47]. In the case of exact wave functions, the two gauges
should give the same results. But, it is common that especially
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for weak transitions, the matrix elements differ substantially
due to neglected contributions from the negative energy part
of the electronic wave function to the matrix element in the
Coulomb gauge [48]. For this reason, transition rates are all
given in Babushkin gauge in this work. The reduced hyperfine
and magnetic interaction matrix elements, needed for the
determining the mixing coefficients dg, are calculated using
the GRASP2K module HFSZEEMAN [41].

C. Correlation model

The calculations for Be- and Ne-like ions are both based
on the restricted active space method [49-51]. The method is
applied in a layer-by-layer scheme in which the active set of
one-electron Dirac orbitals is expanded systematically until
the results show convergence. This allows for a systematic
approach to predict rates for the induced transitions.

1. Be-like ions

In the calculations for Be-like ions, we use the same strategy
as described in Refs. [7,52]. The even-parity, 15225 1S,, and
the odd-parity, 15?252 p 3Py 1 2, P}, states are optimized in two
separate calculations. For the MCDHF calculations, the CSF
expansions are generated by single, double, triple, and quadru-
ple (SDTQ) excitations to an active set of orbitals with n < 4
(I £ f), followed by single (S) and double (D) excitations
to orbital sets with higher n, from the multireference (MR)
1522521522 p? for the even-parity states and the 1s%2s2p for
the odd states. For the RCI calculation, the CSF expansions
are extended, using the same active sets of orbitals as above,
but including CSFs generated by triple (T) and quadruple (Q)
excitations from the MR to the whole active set, but with
the restriction that there should be at least two electrons in
subshells with n < 3. The active space for ions with charge
states Z = 5-42 is expanded up to n = 8 (Il = i), while for
Z =43-73 it is sufficient to go to n =7 (I =i) to reach
convergence of the computed properties. More details and
results for other atomic properties can be found in Ref. [52].

2. Ne-like ions

For Ne-like ions we use the computational strategy de-
scribed in Refs. [6,53]. Single reference configuration models
are used both for the even-parity 1s522s%2p°'S, and the
odd-parity 1s522s22p°3s 3Py 1, 'P; states. For the MCDHF
calculations, the 1s shell is kept inactive and the CSF
expansions are obtained by SD excitations from the remaining
shells to an active set with n <7 (I < i). At the last step
when optimizing n = 7 orbitals, we restrict our active space,
by only allowing at the most one excitation from 2s or 2p.
For the even-parity states, no additional restrictions for the
n = 7 expansion were imposed. The expansions for the RCI
calculations are obtained by extending the CSF expansion by
also allowing T excitations from the reference configurations
to the active set with n < 4 (I < f) and then SD excitation for
n = 5-7, again with the ls shell inactive. To allow for the spin
polarization of the 1s shell, which is essential for the correct
treatment of the hyperfine interaction [54], we add at the end
all SD excitations, where one of the excitations was from 1s
and the other from 2s, 2p, or 35 ton = 7. More details can be
found in Ref. [53].
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TABLEI. Reduced magnetic-field-induced 2s2p 3Py — 2s5%'S,
transition rates AR . for Be-like ions (5 < Z < 73) without nuclear
spin. All transition rates are given in s™' T~2 and a[b] represent
a x 10°.

Tons AR ks Tons AR Tons AR ke

B 3965[-2]  Ni  4602[3] Sb  3.356[-3]
C 2.696[ 2] Cu 4.474[-3] Te 3.353[-3]
N 2.081[2] Zn 4.357[-3] 1 3.355[3]
0 1745[-2]  Ga  4249[3] Xe  3.358[-3]
F 1.500[ 2] Ge 4.151[-3] Cs 3.366[ 3]
Ne 1.317[2] As 4.060[ 3] Ba 3.375[3]
Na 1177021  Se  3977[3] La  3.389[-3]
Mg 1.065[ 2] Br 3.902[-3] Ce 3.405[-3]
Al 9.738[ 3] Kr 3.832[-3] Pr 3.425[-3]
Si 8980[-3] Rb  3.769-3] Nd  3.448[-3]
P 8.340[-3] Sr 3.712[3] Pm 3.473[-3]
S 7.793[-3] Y 3.660[3] Sm 3.500[-3]
cl 7321[3]  Zr  3614-3] Bu  3.532[-3]
Ar 6.909[-3] Nb 3.572[3] Gd 3.564[-3]
K 6.547[-3] Mo 3.533[-3] Tb 3.602[-3]
Ca 6.227[-3]  Tc  3495[3] Dy  3.643[-3]
Sc 5.943[-3] Ru 3.466[ 3] Ho 3.687[-3]
Ti 5.689[ 3] Rh 3.441[-3] Er 3.734[ 3]
v 5460[-3] Pd  3.419[-3] Tm  3.785[-3]
Cr 5.253[-3] Ag 3.401[-3] Yb 3.837[3]
Mn 5.067[-3] Cd 3.385[-3] Lu 3.894[ 3]
Fe 4.893[-3] In 3.367[3] Hf 3.951[-3]
Co 4.743[-3] Sn 3.361[-3] Ta 4.010[-3]

IV. RESULTS AND DISCUSSIONS
A. MIT-fs

For MIT-fs, the mixing coefficient dy is proportional to the
magnetic-field strength B and the transition rate is therefore
proportional to B2. We define a reduced transition rate AR .,
independent of B through

AmrTfs = A]CHT.fsBZ' (22)

The reduced transition rate Af . for Be-like and Ne-like ions
are shown in Tables I and II.

TABLE 1II. Reduced magnetic-field-induced 2p°3s°P, —
2p®!Sy transition rates AR for Ne-like ions (11 < Z < 35)
without nuclear spin. All transition rates are given in s~' T~? and
a[b] represent a x 10”.

Tons AR Tons AR Tons AR
Na 9.538[1] Ca 4.445[2) Cu 1.134[3]
Mg 1.164[2] Sc 5.028[2] Zn 1.238[3]
Al 1.426[2] Ti 5.648[2] Ga 1.349[3]
Si 1.74112] v 6.314[2] Ge 1.468[3]
P 2.097(2] Cr 7.024[2] As 1.595[3]
S 2.492[2] Mn  7.780[2] Se 1.732[3]
cl 2.924[2] Fe 8.587[2] Br 1.880[3]
Ar 3.394(2] Co 9.445[2]

K 3.901[2] Ni 1.036[3]
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TABLE III. Hyperfine-induced 2s2p 3Py, — 2528, transition rates Ay in the absence of an external magnetic field for Be-like ions
(5 < Z < 73) from present calculations and other theoretical works. Nuclear magnetic moments y; are from [56]. All transition rates are given

ins

—1

and a[b] represent a x 10°.

Ions [ W 0 Anrr CI[39] MCDHF[16] Ions I Iy 0 Aurr CI[39]
UB 3,2 2.688649  0.04059 2.368[-3] PTc 9/2  5.6847 —0.129  1.580[3] 1.574[3]
Bc 12 0702412 0 8.319[—4] 8.223[—4] 8305[—4] “Ru 5/2 —0.641 0.079  2.675[1] 2.667[1]
BN 1/2 —-0283189 0 3.271[—4] 3.269[—4] 3.285[-4] "Ru 5/2 —0.719 0.46 3.366[1]1 3.350[1]
0 5/2 —1.89379 —0.0256 1.476[-2] 1.488[-2] 1.478[-2] '®Rh 1/2 —0.884 0 1.266[2] 1.262[0]
P12 2.628868  0.0942 1.190[—1] 1.208[—1] 1.187[—1] '©Pd 5/2 —0.642 0.66 3.622[1] 3.606[1]
2Ne 3/2 —0.661797  0.102  7.507[-3] 7.453[-3] 7.527[3]1 'Ag 1/2 —0.11357 0 2.817[0] 2.809[0]
BNa 3/2 2217522  0.104  1.430[—1] 1431[-1] 1433[-1] 'PAg 1/2  0.13056 0 3.725[01 3.712[0]
BMg 5/2 —0.85545 0.199  2.880[-2] 2.871[-2] 2.893[—2] 'cd 1/2 —0.594886 0 8.933[1] 8.893[1]
YAl 5/2 3.641507  0.1466  8.095[—1] 8.094[—1] 8.136[-1]  'SIn 9/2  5.5289 0.759  3.641[3] 3.630[3]
®Si 1/2 —0.55529 0 6.038[2] 6.011[-2] 6.085[-2] '®Sn 1/2 —0.91883 0 2.842[2] 2.832[2]
p 12 1.1316 0 3.657[—1] 3.648[—1] 3.687[-1] 'Y'Sn 1/2 —1.00104 0 3.372[2] 3.361[2]
B 32 0.643821 —0.0678 9.342[-2] 9.315[-2] 9.439[—=2] 'Y¥Sn 172 —1.04728 0 3.691[2] 3.678[2]
3Cl 3/2 0821874 —0.817  2.119[—1] 2.113[—1] 2.145[-1] '™'Sb 5/2 33634  —0.543  2.061[3] 2.045[3]
el 3)2 0.684124 —0.0644 1.468[—1] 1.464[—1] 1.486[-11 'BSb 7/2  2.5498 —0.692  1.089[3] 1.083[3]
K 32 0.39147 0.0585 8.822[-2] 8.873[2] 8974[-2] PTe 1/2 —0.888505 0 3.536[2] 3.523[2]
K 3/2  0.21487 0.0711  2.658[-2] 2.673[-2] 2.704[-2] 271 5/2 281327  —0.696  1.917[3] 1.909[3]
$BCa 72 -13173 —0.0408  1.020[0]  1.021[0] 1.040[0] PXe 1/2 —0777976 0 3.603[2] 3.588[2]
$sc 72 4756487 —0.22 1.740[11  1.737[1] 1.783[1] Blxe 3/2 0.6915 —0.114  1.586[2] 1.581[2]
YITi 5/2 —0.78848 0302  6.725[—11 6.727[-1]1 6.896[—1] '3Cs 7/2  2.582025 —0.00343 1.967[3] 1.958[3]
YTi 7/2  —1.10417 0247  1.211[0]  1.212[0] 1.242[0] 35Ba 3/2  0.83794 0.16 3.088[2] 3.079[2]
Slv 772 5.148706  —0.043  3.370[1]1 3.379[1] 37Ba 3/2  0.93737 0245  3.865[2] 3.847[2]
B3Ccr 372 —047454 —0.15 4.698[—1] 4.657[—1] 39ra 772 2783046 0.2 3.026[3] 3.010[3]
S'Mn 572 3.5683 0.41 2.804[1] 2.825[1] Wlece 772 1.09 0 5.336[2]

SMn 5/2  3.4532 0.33 2.626[1] 2.670[1] Wpr 5/2 42754 —0.077  1.031[4] 1.025[4]
SFe 172 0.09044 0 4.806[-2] 4.783[-2] WNd 7/2 -1.065 —0.61 6.733[2] 6.685[2]
¥Co 7/2 4.627 0.42 6.678[11  6.522[1] Nd 7/2 —0.656 —0.314  2.555[2] 2.537[2]
INi 372 —0.75002 0.162  2.795[0] 2.698[0] 4pm 5/2 3.8 0.23 1.077[4] 3.505[2]
Scu 372 22236  —0211  3.005[1]1 2.963[1] 9Sm 7/2  —0.6677 0.078  3.494[2] 4.517[3]
Scu 372 23817 —0.204  3.447[11 3.388[1] Blpy 572 3.4717 0.83 1.187[4] 1.176[4]
7Zn 5/2  0.875479  0.15 4.754[0]  4.732[0] BBy 5/2 1.5324 2.22 2.308[3] 2.289[3]
®Ga 372  2.01659 0.171  3.633[1] 3.620[1] 5Gd 372 -0.2572 1.27 8.871[1] 8.848[1]
Ga 3/2  2.56227 0.107  5.867[1] 5.845[1] 7Gd 372 —-0.3398 1.36 1.548[2] 1.523[2]
BGe 9/2 —0.879468 —0.196  6.095[0] 6.072[0] Tb 32 2014 1432 6.278[3] 6.212[3]
BAs  3/2 1.43948 0314  2.671[11 2.661[1] Slpy 52 —0.48 2.51 3.429[2] 3.397[2]
Se  1/2  0.535042 0 7.931[0]  7.902[0] Bpy 52 0.673 2318  6.748[2] 6.667[2]
PBr 3/2  2.1064 0313 8.129[1]  8.099[1] SHo 772 417 3.58 2.750[4] 2.710[4]
81Br  3/2 2270562 0262  9.446[11 9.411[1] g 7/2  —0.56385 3.57 5.746[2] 5.669[2]
BRr 9/2  —0.970669 0259  1.499[1] 1.494[1] Tm 172 —0.231 0 2.583[2] 2.559[2]
$Rb  5/2 1.35298 0.276  3.948[1]1 3.935[1] "yb 172 0.49367 0 1.362[3] 1.341[3]
878r 972 —1.0928 0305  2.650[1] 2.643[1] BYb 5/2 —0.648 2.8 1.091[3] 1.182[3]
¥y 12 —0.137415 0 1.209[0]  1.205[0] BLu 7/2 2.2323 3.49 1.372[4] 1.356[4]
zr 5/2  —130362 —0.176  5.962[1]1 5.934[1] YTHE 72 0.7935 3.37 1.989[3] 1.954[3]
“Nb 9/2  6.1705 —0.32 1.367[3]  1.361[3] Hf 9/2 —0.6409 3.79 1.232[3] 1.210[3]
Mo 5/2 —0.9142 —0.022  4.009[11 3.992[1] BTy 7/2 23705 3.17 2.049[4] 2.008[4]
Mo 5/2 —0.9335 0.255  4.180[1]1 4.162[1]
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TABLE IV. Magnetic dipole transition rates Ay and hyperfine-induced 2 p°3s 3Py — 2 p° 1S, transition rates Ay in the absence of an
external magnetic field for Ne-like ions (11 < Z < 35) from this work and other works. Nuclear magnetic moments p; are from [56]. All
transition rates are given in s~ and a[b] represent a x 10°.

A MCDHEF-Ay,, [20]
Tons 1 I 0 ab initio Rescaled ab initio Rescaled A Anrr MCDHF-Ay;r [20]
BNa  3/2 2217522 0.104  1.415[-2] 1.070[-2] 1.0718[-2] 1.068[-2] 4.559[-8] 2.701[1] 2.6551[1]
BMg 5/2 —0.85545 0.199  5.580[—2] 4.878[-2] 4.8561[—2] 4.871[-2] 2.472[-7] 6.295[0] 6.2049[0]
TAl 52 3.641507 0.1466  2.135[-1] 2.004[—1] 1.9915[-1] 2.001[-2] 1.288[—6] 2.080[2] 2.0598(2]
®si 1/2 —0.55529 0 7.628[—1] 7.434[—1] 7.3740[—1] 7.422[-1] 6.100[-6] 1.833[1] 1.8136[1]
sip 1/2 1.1316 0 2.519[0]  2.504[0]  2.4815[0]  2.500[0]  2.577[-5] 1.298[2] 1.2833[2]
Bs 32 0.643821  —0.0678 7.671[0]  7.748[0]  7.6314[0]  7.686[0]  9.754[-5] 3.849[1] 3.8040(1]
3Cc1 32 0.821874 —0.817  2.154[1]  2.168[1]  2.1549[1]  2.162[0]  3.347[—4] 1.004[2] 9.9200(1]
cr 32 0.684124  —0.0644 6.957[1] 6.8734(1]
YK 32 0.39147 0.0585 1.356[2]  1.408[2]  1.3619[2]  1.404[2]  3.071[-3] 5.405[1] 5.3439[1]
K32 0.21487 0.0711 1.628[1] 1.6099[1]
BCca  7/2 —13173 —0.04 3.078[2] 3.0937(2] 8.377[-3] 7.036[2] 6.9692(2]
BSe  7/2 4756487  —0.22 6.601[2]  6.590[2]  6.6369[2]  6.575[2]  2.154[-2] 1.343[4] 1.3301[4]
YT 5/2 —0.78848 0302  1.347[3]  1.376[3]  1.3543[3]  1.373[3]  5.258[-2] 5.777[2] 5.7333[2]
“Ti  7/2  —1.10417 0.247 1.040[3] 1.0325[3]
Sty 72 5.148706 —0.043  2.631[3] 2.6455[3] 1.224[-1] 3.210[4] 3.1868[4]
BCr 3/2  —047454 —0.15 4947(3]  4.826[3]  4.9730[3]  4.818[3]  2.733[-1] 4.939[2] 4.9131[2]
S'Mn  5/2 3.5683 0.41 8.990[3] 9.0365[3] 5.872[—1] 3.242[4] 3.2271[4]
SMn 5/2 3.4532 0.33 3.037[4] 3.0495[4]
Fe  1/2 0.09044 0 1.585[4]  1.580[4]  1.5933[4]  1.593[4]  1.219[0]  6.097[1] 6.1188[1]
¥Co 7/2 4.627 0.42 2.721[4] 2.7346[4] 2.451[0]  9.261[4] 9.2257[4]
SINi  3/2  —0.75002 0.162  4.559[4] 4.5808[4] 4787[0]  4.219[3] 4.2145[3]
SCu  3/2 22236 —0211  7.472[4) 7.5066[4] 9.104[0]  4.940[4] 4.9424[4)
Scu 3,2 2.3817 —0.204 5.668[4] 5.6518[4]
7Zn  5/2 0.875479 0.15 1.200[5] 1.2057[5] 1.689[1]  8.472[3] 8.4632(3]
“Ga 3/2 2.01659 0.171  1.893[3] 1.9015[5] 3.063[1]  7.023[4] 7.0096[4]
Ga 3/2 2.56227 0.107 1.134[5] 1.1316[5]
BGe 9/2 0879468 —0.196  2.936[5] 2.9487[5] 5.436[1]  1.273[4] 1.2736[4]
BAs  3/2 1.43948 0314  4.483([5] 4.5023[5] 9.459[1]  6.026[4] 6.0239[4]
Se  1/2 0.535042 0 6.747[5] 6.7763[5] 1.615[2]  1.931[4] 1.9298[4]
“Br 3/2 2.1064 0313 1.002[6] 1.0064[6] 2.709[2]  2.132[5] 2.1305[5]
81Br 3,2 2.270562 0.262 2.477[5] 2.4755[5]
B. HIT to within 0.19% and 1.26% for '“Rh and '"*Yb, respectively.

The differences for > Co, °'Ni, and ' Ta 0f 2.39%, 3.59%, and
2.05%, respectively, have no apparent explanation. We also

In Tables IIT and IV we present the resulting HIT transition
rates, in the absence of an external magnetic field, for the two

isoelectronic sequences. In the Be-like case, we give results
in the range from BT to Ta%*. The results are compared with
the theoretical results by Cheng et al. [39] who performed
calculations using relativistic configuration interaction and a
radiation damping method, including experimental energies
from the NIST Atomic Spectra Database (version 3.1.5) [55].
Comparing this with the present results, we find agreement to
within 1%-2% for most of the isotopes in the isoelectronic
sequence, with just a few exceptions. First, the disagreements
for 1% Rh and '3 YD are caused by the use of different nuclear
magnetic moments ;. In the present calculations we use
values from the most recent table [56]. If the earlier results
are rescaled with the new p; values, the transition rates agree

compare our results with MCHDF calculations by Andersson
et al. [16], when available. They present calculations for
Be-like ions from C2* to Ti'®*, to a somewhat lower accuracy
than in this work. The rescaled results from the earlier work,
corrected by the experimental energy values, agree with the
present to within 1% for all isotopes.

In Table IV we present the results for the hyperfine-induced
2p33s 3Py, — 2p° 1S, transition rates Aypr in the absence of
an external magnetic field for Ne-like ions, ranging from Na™*
to Br¥>*. In a recent paper, Andersson ef al. [20] analyzed
the competition between forbidden and hyperfine-induced
transitions in Ne-like ions using the MCDHF method. The
present Ay values, rescaled to experimental energies, are in
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excellent agreement with their values. There is also general
agreement for the Agr values along the sequence. The
difference for Ayr values are between 1% and 2% for the
isotopes in the lower end of the isoelectronic sequence, while
for higher Z itis less than 1%. This is due to the dependence on
correlation effects for the transition rate Ayyr. In this work, we
include core-core interaction with the 2s subshell, in addition
to valence-valence and core-valence interaction included also
in Ref. [20]. In the RCI calculation, more CSFs are generated
by SDT excitations to the smallern = 4 orbital basis. As shown
in Ref. [53], there is an almost perfect agreement between our
excitation energies and experimental values to within less than
0.011% for the lowest ions in the sequence. As the atomic
number Z increases, electron correlation effects decrease and
the agreement between our Ay values and the ones provided
by Andersson et al. [20] is better.

C. Measurements of HITs in the presence of magnetic fields in
Be-like ions

Table V compares the theoretical 2s2p3Py — 252 'S,

transition rate for Be-like ions to available experimental

TABLE V. Comparison of experimental and theoretical values for
the hyperfine-induced 2s2p 3Py — 25 'S, transition rate in Be-like
ions. All transition rates are given in s~! and a[b] represent a x 10°.

Ions Reference Values
1SN+
1=1)2 MCHF* 3.62[4]
= —0.283189 CI° 3.269[4]
0=0 MCDHF¢ 3.285[4]
MCDHF¢ 4.40[4]
This work (B = 0) 3.271[4]
Space® 4.0 4+ 1.3[—4]
33gI12+
1=3/2 Ccr® 9.315[2]
= 0.643821 MCDHEF* 9.439[2]
0 = —-0.0678 This work (HIT) 9.342[ 2]
This work (MIT-hfs at 0.444 T) 8.307[2]
This work (A, at 0.444 T) 9.208[ 2]
This work (MIT-hfs at 0.883 T) 7.583[2]
This work (A, at 0.883 T) 9.113[2]
Storage ring' 9.6 £0.4[-2]
4718+
1=5)2 cr® 6.727[—1]
up = —0.78848  MCDHF¢ 6.896[—1]
0 =0.302 MCDHF¢ 6.80[—1]
This work (HIT) 6.725[—1]
MCDHEF® (MIT-hfs at 0.742 T) 6.65[—1]
This work (MIT-hfs at 0.742 T) 6.895[—1]
This work (A, at 0.742 T) 6.747[—1]
Storage ring" 5.6 +£0.3[—1]

“Brage et al. [3].
®Cheng et al. [39].
¢Andersson et al. [16].
4Li and Dong [57].
°Brage et al. [33].
fSchippers et al. [34].
gLi et al. [37].
"Schippers et al. [35].
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values. The experimental value for >’N3* was obtained from
spectroscopic observations of the planetary nebula NGC3981
using the STIS instrument on the Hubble Space Telescope
[33]. The resulting rate agrees with the presented theoretical
results, but with fairly large uncertainties.

The experiment for **S'>* was carried out by employing
the heavy-ion storage ring TSR [34]. The observed transition
rate is (9.6 £0.4) x 1072 s~! which agrees with the recent
theoretical HIT value. The effect of external magnetic fields
on the HIT rates has also been investigated experimentally
by varying the magnetic-field strength of the storage ring
dipoles by a factor of 2. It yields the same result under the
different experimental conditions and it was concluded that
within the experimental uncertainties, no significant influence
of the magnetic field in the storage-ring bending magnets on
the measured HIT transition rate was found. To compare with
the experimental results, we present the MIT-hfs rates for 3s
at the magnetic-field strength of 0.444 and 0.883 T adopted
in Ref. [34] in Table V. There is a ~9% difference between
the two different conditions and the absolute transition values
differ by 13.4% and 21% with the experimental values, re-
spectively. Considering the particular case that dipole bending
magnets cover only part of the closed orbit of the stored ions
in TSR, the average transition rate can be defined as

Aavg = fAMiTns(B) + (1 — fB)Amrr, (23)

where fp is the fraction of time spent in the magnetic field
B, which is 13% in the case of 33S. The difference of the Agvg
values between the two magnetic-field conditions is ~1.2%
which can be ignored compared with the 4% experimental
uncertainty. However, the MIT-hfs values still differ from the
experimental ones by ~6.5%.

As shown in Table V, there is a significant disagreement
(23% to 36%) between the experimental and theoretical
HIT results for Be-like “’Ti. By considering the effect of
the magnetic field, the MIT-hfs values and A, values at
B =0.742 T are listed in Table V. With the experimental
uncertainty 5.4%, the disagreement can not be explained by
the inclusion of MIT effect. As discussed in Ref. [42], there
were no significant disturbances of the experimental results by
external electric fields or by the EIM1 two-photon transition.

TABLE VI. Magnetic-field- and hyperfine-induced 2s2p 3Py —
252!S, transition rate Amras, in the presence of external magnetic
field B =0.742 T for Be-like *'Ti with nuclear spin / = 3. The
Anrmass (571) were obtained by the inclusion of only the perturbers
with AF = 0 and of perturbers with AF = 0,%1. The results from
[37] are shown in the last column. All transition rates are given in s~

and a[b] represent a x 10°.

AMIT-hfs
My AF =0 AF = 0.1 AF =0[37]
5/2 5.880[—1] 6.348[1] 5.9[—1]
3/2 6.174[—1] 6.328[—1] 6.2[—1]
1/2 6.475[—1] 6.587[—1] 6.5[—1]
=y 6.783[1] 6.897[1] 6.8[—1]
—3/2 7.098[—1] 7.263[—1] 7.1[-1]
—5/2 7.420[—1] 7.945[—1] 7.4[—1]
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Reference [37] discusses the possible nonstatistical population
of the magnetic sublevels and concludes that this can not
contribute to such a big difference. So, the reason for the
discrepancy between experimental and theoretical HIT rates
is still unclear. This indicates that further experimental studies
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FIG. 3. Transition rates of 2s2p 3p, associated with different
transition channels to 2s? 'S, ground state in Be-like ions (7 < Z
< 73). The MIT-fs and MIT-hfs values are given in the magnetic field
of 0.3 T (upper panel), 3 T (middle panel), and 12 T (lower panel).
The y axis is given in logarithmic scale.
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would be important for comparison with the quite extensive
calculations now available.

In Table VI we show the results for the magnetic-field- and
hyperfine-induced 2s2p 3Py — 25218, transition rate Amrrngs
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FIG. 4. Transition rates of 2p°3s 3P, associated with different
transition channels to lower states in Ne-like ions (11 < Z < 35).
The MIT-fs and MIT-hfs values are given in the magnetic field of
0.3 T (upper panel), 3 T (middle panel), and 12 T (lower panel). The

electric quadrupole (E2) transitions are ignored for the ions with the
rates smaller than 1072 s~!. The y axis is given in logarithmic scale.
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TABLE VII. Magnetic-field- and hyperfine-induced 252 p 3Py — 2s2'S, transition rates Aypryg for some Be-like ions with nuclear spin
and with external magnetic fields of different strengths. All transition rates are given in s~! and a[b] represent a x 10°.

Amrrass (871

My 0.05T 01T 02T 04T 06T 08T 1T

Z =5"B,1=23/2, u; = 2.688649, Q = 0.04059

1.5 2.486[-3] 2.629[-3] 2.928[-3] 3.572[-3] 4.277[-3] 5.043[-3] 5.865[-3]
0.5 2.405[-3] 2.465[-3] 2.587[-3] 2.838[-3] 3.100[-3] 3.373[-3] 3.654[-3]
0.5 1.925[-3] 1.546[-3] 9.118[—4] 1.433[—4] 3.858[-5] 5.920[—4] 1.795[-3]
-15 1.180[-3] 4.110[—4] 6.230[-5] 4.122[-3] 1.450[-2] 3.113[-2] 5.394[-2]
Z=6,C,1=1/2, u; =0.702412,0 =0

0.5 7.1328[—4] 6.1237[—4] 4.3363[—4] 1.6848[—4] 2.6396[—5] 7.3037[-6] 1.1109[—4]
0.5 2.9655[—4] 3.3322[-5] 2.9321[—4] 3.9580[-3] 1.1815[-2] 2.3860[-2] 4.0090[—2]
Z="7N,I=1/2, u =—0.283189,0 =0

0.5 3.871[—4] 4.580[—4] 6.177[—4] 1.009[-3] 1.495[-3] 2.076[-3] 2.753[-3]
0.5 7.841[—4] 1.448[-3] 3.383[-3] 9.678[-3] 1.921[-2] 3.197[-2] 4.796[-2]
Z=9,YF I1=1/2, i = 2.628868, Q = 0.0942

0.5 1.168[—1] 1.158[—1] 1.138[—1] 1.099[—1] 1.061[—1] 1.023[—1] 9.863[—2]
-0.5 1.120[—1] 1.063[—1] 9.551[-2] 7.557[-2] 5.797[-2] 4.269[-2] 2.975[-2]
Z =10,%'Ne, I = 3/2, 1 = —0.661797, Q = 0.102

1.5 7.258[-3] 7.120[-3] 6.847[-3] 6.319[-3] 5.811[-3] 5.325[-3] 4.860[-3]
0.5 7.338[-3] 7.278[-3] 7.160[-3] 6.926[-3] 6.696[ 3] 6.470[-3] 6.248[-3]
0.5 7.854[ 3] 8.325[-3] 9.306[-3] 1.143[2] 1.378[-2] 1.635[-2] 1.913[-2]
-1.5 8.852[-3] 1.044[-2] 1.400[-2] 2.268[-2] 3.346[-2] 4.632[-2] 6.126[-2]
Z =11,%Na, I = 3/2, iy = 2.217522, 0 = 0.104

15 1.416[—1] 1.422[1] 1.433[—1] 1.457[—1] 1.481[—1] 1.504[—1] 1.529[—1]
0.5 1.413[—1] 1.415[—1] 1.420[—1] 1.430[—1] 1.440[—1] 1.451[—1] 1.461[—1]
0.5 1.392[—1] 1.373[1] 1.337[1] 1.266[—1] 1.196[—1] 1.129[—1] 1.064[—1]
-1.5 1.353[—1] 1.298[—1] 1.190[—1] 9.887[2] 8.061[-2] 6.420[2] 4.966[-2]
Z =13, AL 1=5/2, u = 3.641507, Q = 0.1466

25 8.010[—1] 8.037[—1] 8.092[—1] 8.203[—1] 8.315[—1] 8.427[—1] 8.540[—1]
1.5 8.012[—1] 8.041[—1] 8.101[—1] 8.220[—1] 8.340[—1] 8.461[—1] 8.583[—1]
0.5 7.986[—1] 7.990[—1] 7.999[—1] 8.015[—1] 8.032[—1] 8.048[—1] 8.065[—1]
0.5 7.957[—1] 7.931[—1] 7.880[—1] 7.778[—1] 7.677[—1] 7.576[—1] 7.476[—1]
-1.5 7.923[—1] 7.863[—1] 7.744[—1] 7.510[—1] 7.279[—1] 7.052[—1] 6.828[—1]
25 7.861[—1] 7.741[—1] 7.503[—1] 7.039[—1] 6.590[—1] 6.155[—1] 5.735[—1]
Z =16,%8,1=13/2, u; = 0.643821, Q0 = —0.0678

1.5 9.247[-2] 9.286[2] 9.362[-2] 9.517[-2] 9.672[-2] 9.829[2] 9.987[-2]
0.5 9.226[-2] 9.242[2] 9.275[-2] 9.341[-2] 9.407[-2] 9.473[2] 9.540[-2]
-0.5 9.088[—2] 8.967[2] 8.728[-2] 8.259[-2] 7.804[-2] 7.361[-2] 6.931[-2]
-1.5 8.836[2] 8.471[-2] 7.763[-2] 6.441[-2] 5.241[-2] 4.165[-2] 3.213[-2]
Z =17,%Cl,I1=3/2, u = 0.821874, 0 = —0.817

1.5 2.094[—1] 2.099[—1] 2.111[—1] 2.133[—1] 2.156[—1] 2.178[—1] 2.201[—1]
0.5 2.091[—1] 2.093[—1] 2.098[—1] 2.107[—1] 2.117[-1] 2.127[-1] 2.136[—1]
-0.5 2.071[—1] 2.053[—1] 2.018[—1] 1.948[—1] 1.880[—1] 1.813[—1] 1.748[—1]
-1.5 2.034[—1] 1.980[—1] 1.874[—1] 1.671[—1] 1.480[—1] 1.301[—1] 1.133[—1]
Z =17,%Cl,1=3/2, u; = 0.684124, 0 = —0.0644

1.5 1.452[—1] 1.456[—1] 1.465[—1] 1.484[—1] 1.503[—1] 1.522[1] 1.541[—1]
0.5 1.449[—1] 1.451[—1] 1.455[—1] 1.463[—1] 1.471[—1] 1.479[—1] 1.487[—1]
-0.5 1.432[—1] 1.417[-1] 1.388[—1] 1.331[—1] 1.274[—1] 1.220[—1] 1.166[—1]
-1.5 1.401[—1] 1.357[1] 1.270[—1] 1.104[—1] 9.495[-2] 8.069[2] 6.759[-2]
Z =19, %K, I=3/2, u; = 0.39147, 0 = 0.0585

1.5 8.729[-2] 8.763[-2] 8.832[-2] 8.969[—2] 9.107[-2] 9.247[-2] 9.387[-2]
0.5 8.710[-2] 8.725[-2] 8.754[-2] 8.812[2] 8.871[-2] 8.930[—2] 8.989[2]
-0.5 8.587[-2] 8.479[-2] 8.266[-2] 7.848[-2] 7.440[-2] 7.044[-2] 6.658[—2]
-1.5 8.363[-2] 8.037[2] 7.404[-2] 6.217[-2] 5.133[-2] 4.153[-2] 3.277[-2]
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TABLE VII. (Continued.)

PHYSICAL REVIEW A 96, 052508 (2017)

Amrrats (s71)

My 0.05T 01T 02T 04T 06T 08T 1T

Z =19,%K, I =3/2, u; = 0.21487, Q0 = 0.0711

1.5 2.638[-2] 2.657[-2] 2.694[-2] 2.771[-2] 2.848[-2] 2.926[-2] 3.005[-2]
0.5 2.627[-2] 2.635[-2] 2.651[-2] 2.684[-2] 2.716[-2] 2.749[-2] 2.782[-2]
—0.5 2.560[—2] 2.502[-2] 2.386[—2] 2.164[-2] 1.953[-2] 1.752[-2] 1.562[-2]
-1.5 2.438[-2] 2.264[-2] 1.934[-2] 1.353[-2] 8.749[-3] 5.008[-3] 2.304[-3]
Z =20,%Ca, I=17/2, uy = —1.3173, 0 = —0.0408

3.5 1.002[0] 9.992[—1] 9.927[—1] 9.799[—1] 9.671[—1] 9.544[—1] 9.418[—1]
25 1.002[0] 9.982[—1] 9.909[—1] 9.762[—1] 9.616[—1] 9.472[—1] 9.328[—1]
1.5 1.004[0] 1.001[0] 9.972[—1] 9.887[—1] 9.803[—1] 9.720[—1] 9.636[—1]
0.5 1.005[0] 1.005[0] 1.005[0] 1.003[0] 1.002[0] 1.001[0] 1.000[0]
—0.5 1.007[0] 1.009[0] 1.012[0] 1.019[0] 1.026[0] 1.033[0] 1.040[0]
—1.5 1.010[0] 1.013[0] 1.021[0] 1.037[0] 1.052[0] 1.068[0] 1.084[0]
25 1.012[0] 1.018[0] 1.031[0] 1.056[0] 1.082[0] 1.108[0] 1.135[0]
35 1.016[0] 1.027[0] 1.049[0] 1.093[0] 1.138[0] 1.184[0] 1.231[0]
Z =22,Ti,I =5/2, i = —0.78848, Q0 = 0.302

25 6.609[—1] 6.590[—1] 6.552[—1] 6.476[—1] 6.401[—1] 6.326[—1] 6.252[—1]
1.5 6.608[—1] 6.587[—1] 6.546[—1] 6.465[—1] 6.385[—1] 6.305[—1] 6.225[—1]
0.5 6.625[—1] 6.622[—1] 6.617[—1] 6.606[—1] 6.595[—1] 6.583[—1] 6.572[—1]
0.5 6.646[—1] 6.664[—1] 6.700[—1] 6.772[—1] 6.845[—1] 6.919[—1] 6.992[—1]
—1.5 6.670[—1] 6.712[—1] 6.796[—1] 6.967[—1] 7.139[—1] 7.314[—1] 7.490[—1]
2.5 6.713[—1] 6.798[—1] 6.971[—1] 7.323[—1] 7.684[—1] 8.053[—1] 8.431[—1]
Z=22,Ti,I=7/2, ;1 = —1.10417, Q = 0.247

3.5 1.190[0] 1.187[0] 1.180[0] 1.167[0] 1.153[0] 1.140[0] 1.127[0]
25 1.190[0] 1.186[0] 1.178[0] 1.163[0] 1.148[0] 1.133[0] 1.118[0]
1.5 1.192[0] 1.189[0] 1.185[0] 1.176[0] 1.167[0] 1.159[0] 1.150[0]
0.5 1.193[0] 1.193[0] 1.192[0] 1.191[0] 1.190[0] 1.189[0] 1.188[0]
0.5 1.196[0] 1.197[0] 1.201[0] 1.208[0] 1.215[0] 1.222[0] 1.230[0]
—1.5 1.198[0] 1.202[0] 1.210[0] 1.226[0] 1.242[0] 1.259[0] 1.275[0]
25 1.200[0] 1.207[0] 1.220[0] 1.246[0] 1.273[0] 1.300[0] 1.328[0]
3.5 1.205[0] 1.216[0] 1.239[0] 1.285[0] 1.331[0] 1.379[0] 1.427[0]
Z =23,5VI="17/2, u; = 5.148706, 0 = —0.043

3.5 3.324[1] 3.326[1] 3.329[1] 3.336[1] 3.343[1] 3.350[1] 3.357[1]
2.5 3.324[1] 3.326[1] 3.330[1] 3.338[1] 3.346[1] 3.354[1] 3.362[1]
1.5 3.324[1] 3.325[1] 3.327[1] 3.332[1] 3.336[1] 3.341[1] 3.345[1]
0.5 3.323[1] 3.323[1] 3.323[1] 3.324[1] 3.324[1] 3.325[1] 3.325[1]
—0.5 3.321[1] 3.321[1] 3.319[1] 3.315[1] 3.311[1] 3.308[1] 3.304[1]
-1.5 3.320[1] 3.318[1] 3.314[1] 3.306[1] 3.298[1] 3.289[1] 3.281[1]
25 3.319[1] 3.316[1] 3.309[1] 3.296[1] 3.282[1] 3.269[1] 3.255[1]
3.5 3.317[1] 3.311[1] 3.299[1] 3.276[1] 3.254[1] 3.231[1] 3.208[1]
Z =24,%Cr, 1=3/2, uy = —0.47454, 0 = —0.15

1.5 4.623[—1] 4.616[—1] 4.602[—1] 4.574[—1] 4.546[—1] 4.519[—1] 4.491[—1]
0.5 4.627[—1] 4.624[—1] 4.618[—1] 4.606[—1] 4.594[—1] 4.582[—1] 4.570[—1]
—0.5 4.653[—1] 4.675[—1] 4.721[—1] 4.812[—1] 4.904[—1] 4.997[—1] 5.090[—1]
—1.5 4.700[—1] 4.770[—1] 4.912[—1] 5.202[—1] 5.500[—1] 5.807[—1] 6.122[—1]
Z =25"Mn, I =5/2, u; = 3.5683, Q = 0.41

25 2.766[1] 2.767[1] 2.769[1] 2.774[1] 2.779[1] 2.783[1] 2.788[1]
1.5 2.766[1] 2.767[1] 2.770[1] 2.775[1] 2.780[1] 2.785[1] 2.790[1]
0.5 2.765[1] 2.765[1] 2.765[1] 2.766[1] 2.767[1] 2.767[1] 2.768[1]
0.5 2.764[1] 2.762[1] 2.760[1] 2.756[1] 2.752[1] 2.747[1] 2.743[1]
—1.5 2.762[1] 2.760[1] 2.754[1] 2.744[1] 2.734[1] 2.724[1] 2.714[1]
2.5 2.759[1] 2.754[1] 2.744[1] 2.724[1] 2.703[1] 2.683[1] 2.662[1]
Z =25,5Mn, I =5/2, u; = 3.4532, 0 = 0.33

25 2.590[1] 2.591[1] 2.594[1] 2.598[1] 2.603[1] 2.607[1] 2.612[1]
1.5 2.590[1] 2.591[1] 2.594[1] 2.599[1] 2.604[1] 2.608[1] 2.613[1]
0.5 2.589[1] 2.589[1] 2.590[1] 2.590[1] 2.591[1] 2.592[1] 2.592[1]
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TABLE VII. (Continued.)

PHYSICAL REVIEW A 96, 052508 (2017)

Amrrass (s71)

My 0.05T 01T 02T 04T 06T 08T 1T
-0.5 2.588[1] 2.587[1] 2.585[1] 2.581[1] 2.576[1] 2.572[1] 2.568[1]
-15 2.587[1] 2.584[1] 2.579[1] 2.569[1] 2.560[1] 2.550[1] 2.540[1]
2.5 2.584[1] 2.579[1] 2.569[1] 2.549[1] 2.530[1] 2.510[1] 2.490(1]
Z =26,"Fe, 1 =1/2, i1 = 0.09044, 0 = 0

0.5 4.701[-2] 4.664[-2] 4.592[-2] 4.450[-2] 4.310[-2] 4.172[-2] 4.037[-2]
0.5 4.527[-2] 4.322[-2] 3.926[-2] 3.191[-2] 2.533[-2] 1.950[-2] 1.444[-2]

from each magnetic sublevel at B = 0.742 T for Be-like
“TTi, both with the inclusion of only the “diagonal” AF =0
perturbers, as well as of also including the off-diagonal
AF = %1 ones. This illustrates the difference between our

present calculations and the earlier results from [37], shown
in the last column, which only included the diagonal AF = 0
perturbers. It is clear that the contribution from AF = +1
perturbers is significant for the MIT-hfs probabilities.

TABLE VIII. Magnetic-field- and hyperfine-induced 2p33s 3Py —> 2 p6 1S, transition rates Amrngs for Ne-like ions (11 < Z < 35) with

nuclear spin in a magnetic filed of different strengths. All transition rates are given in s~ and a[b] represent a x 10°.

Amrrats (s71)
My 0.05T 01T 02T 04T 06T 08T 1T
Z =11,%Na, I = 3/2, u; = 2.217522, 0 = 0.104
1.5 2.591[1] 2.521[1] 2.384[1] 2.122[1] 1.875[1] 1.643[1] 1.426[1]
0.5 2.631[1] 2.602[1] 2.542[1] 2.425[1] 2.311[1] 2.200[1] 2.092[1]
—0.5 2.896[1] 3.141[1] 3.660[1] 4.818[1] 6.135[1] 7.610[1] 9.245[1]
-1.5 3.418[1] 4.268[1] 6.253[1] 1.135[2] 1.797[2] 2.609[2] 3.572[2]
Z =12,PMg, I =5/2, i1 = —0.85545, 0 = 0.199
25 7.067[0] 7.987[0] 9.995[0] 1.468[1] 2.027[1] 2.676[1] 3.415[1]
1.5 7.133[0] 8.127[0] 1.031[1] 1.545[1] 2.163[1] 2.885[1] 3.710[1]
0.5 6.328[0] 6.453[0] 6.707[0] 7.229[0] 7.771[0] 8.332[0] 8.913[0]
0.5 5.444[0] 4.733[0] 3.461[0] 1.512[0] 3.589[—1] 9.908[—4] 4.383[—1]
—1.5 4.510[0] 3.086[0] 1.045[0] 1.990[—1] 3.666[0] 1.145[1] 2.354[1]
25 3.051[0] 1.005[0] 2.363[—1] 1.199[1] 4.147[1] 8.868[1] 1.536[2]
Z =13,7AlL,1=5/2, u; = 3.641507, Q = 0.1466
25 1.998[2] 1.946[2] 1.844[2] 1.648[2] 1.463[2] 1.290[2] 1.127[2]
1.5 1.994[2] 1.938[2] 1.829[2] 1.621[2] 1.425[2] 1.241[2] 1.071[2]
0.5 2.043[2] 2.035[2] 2.020[2] 1.990[2] 1.960[2] 1.930[2] 1.901[2]
-0.5 2.101[2] 2.152[2] 2.256[2] 2.471[2] 2.696[2] 2.931[2] 3.176[2]
-1.5 2.168[2] 2.290[2] 2.543[2] 3.088[2] 3.687[2] 4.338[2] 5.043[2]
2.5 2.293[2] 2.549[2] 3.103[2] 4.372[2] 5.859[2] 7.562[2] 9.483[2]
Z =14,%Si,I=1/2, i = —0.55529,0 =0
0.5 1.675[1] 1.548[1] 1.310[1] 8.933[0] 5.560[0] 2.983[0] 1.202[0]
-0.5 1.109[1] 5.814[0] 3.269[—1] 9.654[0] 4.605[1] 1.095[2] 2.000[2]
Z=157%P, I=1/2, 11 =1.1316,0 =0
0.5 1.319[2] 1.359[2] 1.441[2] 1.612[2] 1.793[2] 1.983[2] 2.183[2]
-0.5 1.518[2] 1.776[2] 2.355[2] 3.757(2] 5.486[2] 7.540[2] 9.920[2]
Z =16,%8,I1=13/2, u; = 0.643821, 0 = —0.0678
1.5 3.657[1] 3.522[1] 3.261[1] 2.768[1] 2.316[1] 1.905[1] 1.533[1]
0.5 3.735[1] 3.676[1] 3.560[1] 3.334[1] 3.116[1] 2.905[1] 2.701[1]
—0.5 4.249(1] 4.731[1] 5.772[1] 8.163[1] 1.097[2] 1.419[2] 1.782[2]
-1.5 5.285[1] 7.023[1] 1.124[2] 2.263[2] 3.797(2] 5.726[2] 8.049[2]
Z=17,%Cl,1=3/2, u; = 0.821874, Q = —0.817
1.5 9.656[1] 9.418[1] 8.952[1] 8.056[1] 7.206[1] 6.404[1] 5.649[1]
0.5 9.793[1] 9.690[1] 9.485[1] 9.083[1] 8.690[1] 8.306[1] 7.930[1]
-0.5 1.069[2] 1.151[2] 1.324[2] 1.706[2] 2.138[2] 2.617[2] 3.146[2]
-1.5 1.244[2] 1.526[2] 2.179[2] 3.831[2] 5.946[2] 8.525[2] 1.157[3]
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TABLE VIII. (Continued.)

PHYSICAL REVIEW A 96, 052508 (2017)

Awmrrags 571

My 0.05T 01T 02T 04T 06T 08T 1T
Z =17,%Cl, I =3/2, 1 = 0.684124, 0 = —0.0644

1.5 6.657[1] 6.460[1] 6.075[1] 5.341[1] 4.654[1] 4.014[1] 3.421[1]
0.5 6.771[1] 6.685[1] 6.516[1] 6.183[1] 5.859[1] 5.544[1] 5.238[1]
—0.5 7.517[1] 8.207[1] 9.679[1] 1.299[2] 1.678[2] 2.106[2] 2.582[2]
-1.5 8.994[1] 1.142[2] 1.714[2] 3.206[2] 5.161[2] 7.579[2] 1.046[3]
Z =19,%K, I=3/2, u; = 0.39147, O = 0.0585

L5 5.124[1] 4.925[1] 4.539[1] 3.814[1] 3.151[1] 2.552[1] 2.016[1]
0.5 5.240[1] 5.153[1] 4.981[1] 4.646[1] 4.324[1] 4.012[1] 3.713[1]
—0.5 6.004[1] 6.721[1] 8.277[1] 1.187[2] 1.612[2] 2.101[2] 2.655[2]
-1.5 7.549[1] 1.016[2] 1.653[2] 3.391[2] 5.74712] 8.721[2] 1.231[3]
Z =19,"K, I=3/2, u; = 0.21487, 0 = 0.0711

L5 1.494[1] 1.388[1] 1.187[1] 8.311[0] 5.389[0] 3.097[0] 1.436[0]
0.5 1.557[1] 1.510[1] 1.418[1] 1.242[1] 1.078[1] 9.255[0] 7.847[0]
—0.5 1.986[1] 2.406[1] 3.370[1] 5.782[1] 8.841[1] 1.255[2] 1.690[2]
-1.5 2.911[1] 4.604[1] 9.147[1] 2.287[2] 4.277[2] 6.885[2] 1.011[3]
Z =20,%Ca, I=17/2, uy = —1.3173, 0 = —0.04

3.5 7.165[2] 7.398[2] 7.876[2] 8.877[2] 9.938[2] 1.106[3] 1.224[3]
2.5 7.198[2] 7.465[2] 8.015[2] 9.174[2] 1.041[3] 1.173[3] 1.312[3]
1.5 7.085[2] 7.236[2] 7.543[2] 8.177[2] 8.836[2] 9.521[2] 1.023[3]
0.5 6.954[2] 6.974[2] 7.013[2] 7.091[2] 7.170[2] 7.249[2] 7.328[2]
—0.5 6.815[2] 6.696[2] 6.461[2] 6.004[2] 5.564[2] 5.141[2] 4.734[2]
—1.5 6.667[2] 6.404[2] 5.894[2] 4.938[2] 4.066[2] 3.279[2] 2.576[2]
25 6.503[2] 6.085[2] 5.290[2] 3.867[2] 2.667[2] 1.689[2] 9.331[1]
3.5 6.204[2] 5.513[2] 4.255[2] 2.226[2] 8.489[1] 1.230[1] 4.841[0]
Z =21,%Sc,1=17/2, u = 4.756487, 0 = —0.22

3.5 1.313[4] 1.303[4] 1.282[4] 1.240[4] 1.200[4] 1.160[4] 1.120[4]
2.5 1.312[4] 1.300[4] 1.276[4] 1.229[4] 1.182[4] 1.137[4] 1.092[4]
1.5 1.317[4] 1.310[4] 1.296[4] 1.269[4] 1.242[4] 1.215[4] 1.188[4]
0.5 1.323[4] 1.322[4] 1.320[4] 1.316[4] 1.313[4] 1.309[4] 1.305[4]
—0.5 1.329[4] 1.335[4] 1.346[4] 1.369[4] 1.391[4] 1.414[4] 1.437[4]
-1.5 1.337[4] 1.349[4] 1.375[4] 1.426[4] 1.479[4] 1.532[4] 1.587[4]
25 1.344[4] 1.365[4] 1.407[4] 1.492[4] 1.580[4] 1.670[4] 1.763[4]
3.5 1.359[4] 1.395[4] 1.467[4] 1.618[4] 1.776[4] 1.942[4] 2.114[4]
Z =22,4Ti,I =5/2, ; = —0.78848, Q0 = 0.302

2.5 5.872[2] 6.052[2] 6.420[2] 7.190[2] 8.003[2] 8.860[2] 9.760[2]
L5 5.885[2] 6.078[2] 6.475[2] 7.306[2] 8.187[2] 9.118[2] 1.010[3]
0.5 5.720[2] 5.745[2] 5.7972] 5.901[2] 6.006[2] 6.112[2] 6.218[2]
—0.5 5.529[2] 5.367[2] 5.049[2] 4.443[2] 3.876[2] 3.347[2] 2.857(2]
-1.5 5.314[2] 4.948[2] 4.254[2] 3.024[2] 2.003[2] 1.191[2] 5.895[1]
25 4.939[2] 4.237[2] 2.994[2] 1.155[2] 1.754[1] 5.617[0] 7.971[1]
Z =22,YTi,I =7/2, iy = —1.10417, Q = 0.247

35 1.057[3] 1.089[3] 1.154[3] 1.290[3] 1.435[3] 1.586[3] 1.745[3]
2.5 1.062[3] 1.098[3] 1.173[3] 1.331[3] 1.498[3] 1.676[3] 1.863[3]
L5 1.046[3] 1.067[3] 1.109[3] 1.195[3] 1.285[3] 1.378[3] 1.474[3]
0.5 1.028[3] 1.031[3] 1.036[3] 1.047[3] 1.058[3] 1.068[3] 1.079[3]
—0.5 1.009[3] 9.927[2] 9.605[2] 8.976[2] 8.368[2] 7.781[2] 7.216[2]
-1.5 9.887[2] 9.526[2] 8.824[2] 7.500[2] 6.284[2] 5.175[2] 4.174[2]
25 9.662[2] 9.086[2] 7.989[2] 6.005[2] 4.303[2] 2.885[2] 1.749[2]
3.5 9.251[2] 8.298[2] 6.549[2] 3.670[2] 1.619[2] 3.959(1] 1.993[-2]
Z =235V, 1="1/2, u; = 5.148706, Q = —0.043

3.5 3.145[4] 3.127[4] 3.091[4] 3.018[4] 2.947[4] 2.876[4] 2.807[4]
25 3.143[4] 3.122[4] 3.080[4] 2.998[4] 2.916[4] 2.836[4] 2.756[4]
1.5 3.152[4] 3.140[4] 3.116[4] 3.068[4] 3.020[4] 2.973[4] 2.926[4]
0.5 3.162[4] 3.160[4] 3.157[4] 3.150[4] 3.144[4] 3.137[4] 3.130[4]
—0.5 3.173[4] 3.183[4] 3.202[4] 3.241[4] 3.280[4] 3.319[4] 3.358[4]
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TABLE VIII. (Continued.)

Amrrags 571

My 0.05T 01T 02T 04T 06T 08T 1T
-1.5 3.186[4] 3.207[4] 3.251[4] 3.340[4] 3.429[4] 3.520[4] 3.612[4]
25 3.199[4] 3.235[4] 3.306[4] 3.452[4] 3.601[4] 3.753[4] 3.908[4]
3.5 3.225[4] 3.286[4] 3.410[4] 3.666[4] 3.931[4] 4.205[4] 4.489[4]
Z =24,%Cr,1=3/2, uy = —0.47454, 0 = —0.15

1.5 4.951[2] 5.035[2] 5.205[2] 5.554[2] 5.915[2] 6.286[2] 6.669[2]
0.5 4.903[2] 4.939[2] 5.011[2] 5.155[2] 5.302[2] 5.451[2] 5.603[2]
0.5 4.605[2] 4.349[2] 3.860[2] 2.969[2] 2.195[2] 1.538[2] 9.970[1]
-1.5 4.080[2] 3.361[2] 2.133[2] 5.107[1] 9.727[-2] 6.037[1] 2.319[2]
Z =25, I =5/2, u; = 3.5683, Q = 0.41

25 3.180[4] 3.165[4] 3.134[4] 3.073[4] 3.012[4] 2.952[4] 2.892[4]
1.5 3.179[4] 3.162[4] 3.129[4] 3.063[4] 2.998[4] 2.933[4] 2.870[4]
0.5 3.193[4] 3.191[4] 3.186[4] 3.177[4] 3.167[4] 3.158[4] 3.148[4]
0.5 3.210[4] 3.225[4] 3.254[4] 3.313[4] 3.372[4] 3.432[4] 3.492[4]
—1.5 3.230[4] 3.264[4] 3.333[4] 3.472[4] 3.615[4] 3.760[4] 3.909[4]
25 3.265[4] 3.335[4] 3.477[4] 3.770[4] 4.074[4] 4.391[4] 4.719[4]
Z =25,5Mn, I =5/2, u; = 3.4532, 0 = 0.33

25 2.978[4] 2.963[4] 2.933[4] 2.874[4] 2.815[4] 2.757[4] 2.699[4]
1.5 2.977[4] 2.961[4] 2.928[4] 2.865[4] 2.802[4] 2.739[4] 2.678[4]
0.5 2.990[4] 2.988[4] 2.984[4] 2.974[4] 2.965[4] 2.956[4] 2.947[4]
0.5 3.007[4] 3.021[4] 3.049[4] 3.106[4] 3.163[4] 3.221[4] 3.280[4]
-1.5 3.026[4] 3.059[4] 3.125[4] 3.261[4] 3.399[4] 3.540[4] 3.684[4]
2.5 3.060[4] 3.127[4] 3.265[4] 3.549[4] 3.845[4] 4.153[4] 4.472[4]
Z =26,%"Fe,1=1/2, u; = 0.09044, 0 =0

0.5 6.564[1] 7.144[1] 8.377[1] 1.114[2] 1.429[2] 1.784[2] 2.178[2]
—0.5 9.592[1] 1.401[2] 2.535[2] 5.803[2] 1.041[3] 1.634[3] 2.362[3]
Z =217,%Co,I="7/2, i1 = 4.627, 0 = 0.42

35 9.089[4] 9.051[4] 8.975[4] 8.824[4] 8.674[4] 8.525[4] 8.378[4]
2.5 9.084[4] 9.040[4] 8.953[4] 8.780[4] 8.608[4] 8.439[4] 8.271[4]
1.5 9.102[4] 9.077[4] 9.027[4] 8.926[4] 8.827[4] 8.727[4] 8.629[4]
0.5 9.124[4] 9.120[4] 9.113[4] 9.098[4] 9.084[4] 9.069[4] 9.055[4]
—0.5 9.147[4] 9.167[4] 9.207[4] 9.286[4] 9.366[4] 9.447[4] 9.527[4]
—1.5 9.172[4] 9.217[4] 9.308[4] 9.491[4] 9.675[4] 9.861[4] 1.005[5]
2.5 9.201[4] 9.274[4] 9.422[4] 9.722[4] 1.003[5] 1.034[5] 1.065[5]
3.5 9.253[4] 9.380[4] 9.637[4] 1.016[5] 1.070[5] 1.125[5] 1.181[5]
Z =28, %Ni, I =3/2, uy = —0.75002, Q = 0.162

1.5 4.187[3] 4.217[3] 4.276[3] 4.396[3] 4.518[3] 4.641[3] 4.767[3]
0.5 4.170[3] 4.183[3] 4.208[3] 4.258[3] 4.309[3] 4.360[3] 4.411[3]
0.5 4.064[3] 3.971[3] 3.788[3] 3.435[3] 3.099[3] 2.781[3] 2.480[3]
-1.5 3.871[3] 3.594[3] 3.072[3] 2.150[3] 1.392[3] 7.979[2] 3.682[2]
Z =29,%Cu, I =3/2, i = 2.2236, 0 = —0.211

1.5 4.859[4] 4.848[4] 4.827[4] 4.784[4] 4.742[4) 4.700[4] 4.658[4]
0.5 4.864[4] 4.860[4] 4.850[4] 4.831[4] 4.812[4] 4.794[4] 4.775[4]
0.5 4.903[4] 4.937[4] 5.005[4] 5.142[4] 5.282[4] 5.423[4] 5.566[4]
—1.5 4.974[4] 5.080[4] 5.296[4] 5.741[4] 6.204[4] 6.685[4] 7.184[4]
Z =129,%Cu, I =3/2, uy = 23817, 0 = —0.204

1.5 5.575[4] 5.564[4] 5.541[4] 5.495[4] 5.450[4] 5.405[4] 5.360[4]
0.5 5.582[4] 5.577[4] 5.566[4] 5.546[4] 5.526[4] 5.506[4] 5.486[4]
—0.5 5.623[4] 5.659[4] 5.732[4] 5.879[4] 6.028[4] 6.179[4] 6.331[4]
-1.5 5.699[4] 5.813[4] 6.044[4] 6.518[4] 7.011[4] 7.522[4] 8.050[4]
Z =30,Zn,1=5/2, u; = 0.875479, 0 = 0.15

25 8.251[3] 8.151[3] 7.955[3] 7.569[3] 7.193[3] 6.826[3] 6.470[3]
1.5 8.243[3] 8.137[3] 7.926(3] 7.512[3] 7.110[3] 6.719[3] 6.338[3]
0.5 8.335[3] 8.320[3] 8.290[3] 8.231[3] 8.171[3] 8.112[3] 8.053[3]
—0.5 8.444[3] 8.539[3] 8.729[3] 9.117[3] 9.513[3] 9.917[3] 1.033[4]
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TABLE VIII. (Continued.)

Amrrats (s71)

My 0.05T 01T 02T 04T 06T 08T 1T
-1.5 8.570[3] 8.793[3] 9.248[3] 1.019[4] 1.118[4] 1.221[4] 1.329[4]
25 8.800[3] 9.261[3] 1.022[4] 1.228[4] 1.452[4] 1.695[4] 1.958[4]
Z =31,%Ga, I =3/2, w1 = 2.01659, 0 = 0.171

1.5 6.908[4] 6.894[4] 6.867[4] 6.811[4] 6.756[4] 6.701[4] 6.647[4]
0.5 6.916[4] 6.910[4] 6.897[4] 6.873[4] 6.848[4] 6.824[4] 6.799[4]
0.5 6.966[4] 7.010[4] 7.098[4] 7.277[(4] 7.457[4] 7.640[4] 7.825[4]
-15 7.059[4] 7.197[4] 7.476[4] 8.052[4] 8.649[4] 9.268[4] 9.908[4]
Z =31,""Ga, I = 3/2, u; = 2.56227, Q = 0.107

1.5 1.116[5] 1.115[5] 1.111[5] 1.104[5] 1.097[5] 1.090(5] 1.083[5]
0.5 1.117[5] 1.116[5] 1.115[5] 1.112[5] 1.109[5] 1.105[5] 1.102[5]
0.5 1.124[5] 1.129[5] 1.140[5] 1.163[5] 1.186[5] 1.209[5] 1.232[5]
-15 1.135[5] 1.153[5] 1.188[5] 1.260(5] 1.335[5] 1.411[5] 1.490(5]
Z =32,Ge, 1 =9/2, u; = —0.879468, Q = —0.196

45 1.275[4] 1.296[4] 1.338[4] 1.424[4] 1.513[4] 1.604[4] 1.698[4]
3.5 1.278[4] 1.302[4] 1.351[4] 1.451[4] 1.555[4] 1.662[4] 1.773[4]
25 1.272[4] 1.289[4] 1.324[4] 1.395[4] 1.468[4] 1.543[4] 1.620[4]
1.5 1.264[4] 1.273[4] 1.292[4] 1.331[4] 1.370[4] 1.410(4] 1.450[4]
0.5 1.256[4] 1.257[4] 1.259[4] 1.264[4] 1.269[4] 1.274[4] 1.278[4]
0.5 1.247[4] 1.240[4] 1.225[4] 1.196[4] 1.167[4] 1.138[4] 1.110[4]
-15 1.238[4] 1.222(4] 1.190[4] 1.126[4] 1.065[4] 1.005[4] 9.469[3]
25 1.229[4] 1.203[4] 1.153[4] 1.055[4] 9.618[3] 8.729(3] 7.882[3]
3.5 1.218[4] 1.182[4] 1.112[4] 9.783[3] 8.531[3] 7.364[3] 6.283[3]
4.5 1.198[4] 1.143[4] 1.036[4] 8.392[3] 6.627[3] 5.071[3] 3.722[3]
Z =33,As, I1=3/2, u; = 1.43948, 0 = 0.314

1.5 5.925[4] 5.911[4] 5.883[4] 5.828[4] 5.772[4] 5.718[4] 5.663[4]
0.5 5.933[4] 5.927[4] 5.914[4] 5.890[4] 5.865[4] 5.841[4] 5.816[4]
05 5.983[4] 6.028[4] 6.117[4] 6.297[4] 6.480[4] 6.666[4] 6.854[4]
-1.5 6.077[4] 6.216[4] 6.499[4] 7.085[4] 7.696[4] 8.332[4] 8.993[4]
Z =34,7Se, I =1/2, u; = 0.535042, 0 = 0

0.5 1.917[4] 1.930[4] 1.958[4] 2.014[4] 2.070[4] 2.128[4] 2.186[4]
0.5 1.984[4] 2.066[4] 2.236[4] 2.597[4] 2.984[4] 3.399[4] 3.840[4]
Z =35,"Br, I =3/2, u; = 2.1064, 0 = 0.313

1.5 2.098[5] 2.095[5] 2.090[5] 2.078[5] 2.067[5] 2.055[5] 2.044[5]
0.5 2.100[5] 2.098[5] 2.096[5] 2.091[5] 2.085[5] 2.080[5] 2.075[5]
-0.5 2.110[5] 2.119[5] 2.137[5] 2.173[5] 2.210[5] 2.247[5] 2.284[5]
-1.5 2.129[5] 2.157[5] 2.214[5] 2.331[5] 2.450[5] 2.572[5] 2.697[5]
Z =35,8Br, I = 3/2, iy = 2.270562, 0 = 0.262

1.5 2.439[5] 2.436[5] 2.429[5] 2.417[5] 2.405[5] 2.392[5] 2.380[5]
0.5 2.440[5] 2.439[5] 2.436[5] 2.430[5] 2.425[5] 2.419[5] 2.414(5]
-0.5 2.451[5] 2.461[5] 2.481[5] 2.520[5] 2.559[5] 2.599[5] 2.639[5]
-1.5 2.472[5] 2.502[5] 2.564[5] 2.689[5] 2.817[5] 2.948[5] 3.082[5]

D. MIT-hfs results for the whole sequences.

The effect of including both HIT and MIT is illustrated
in Figs. 3 and 4 for the Be-like and Ne-like isoelectronic
sequences, respectively. It is clear that there is a strong depen-
dence of MIT-hfs rate on the magnetic quantum number M of
the upper state, when MIT and HIT are of comparable magni-
tude. For Be-like ions, the hyperfine interaction is the dominant
channel for most ions, which results in similar values of MIT-
hfs and HIT rates. Only for quite large magnetic-field strengths
and for ions in the neutral end of the sequence will the magnetic
interaction be important. However, for even atomic numbers
the most common isotope has no spin and the MIT will be the
dominant effect even for relatively weak magnetic fields.

The trend is significantly different for the Ne-like ions, as
shown in Fig. 4, especially at large field strength. The Mg
dependence feature will result in a significant difference in
lifetimes associated with different transition channels. The B
field and Z dependence of MIT-hfs rates provide the possibility
of different candidate ions for different experimental facilities
based on their field strength, e.g., ion storage ring, EBIT, and
Tokamak, for future experimental studies. It is interesting to
note that in spite of the fact that the MIT-fs has been observed
in Ne-like argon and iron, no results have been published on
odd isotopes, where the HIT dominates for even high-Z ions.
Especially in light of the uncertain situation for Be-like HITs,
we call for attempts to measure the HIT in Ne-like ions.
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It can be easily seen from Figs. 2-4 that the magnetic
interaction has a stronger effect on Ne-like ions than for Be-like
ions. As described in Egs. (16)—(20), the MITs rates depend
on the mixing coefficients and the allowed transition rates.
The mixing coefficients are proportional to the square of the
reduced magnetic interaction matrix elements. For the two
atomic systems discussed in this work, the MIT transition
3Py-1Sy is introduced by the mixing between 3Py and two
perturbers 'P; and *P;. For the Ne-like ions, which have
the reversed P levels, changing from LS- toward jj-coupling
conditions along the isoelectronic sequence, the interaction
with the 'P; is one order of magnitude larger than that
of Be-like ions. On the other hand, the intercombination
transitions P;-'S, of Ne-like ions have a rate of four orders
of magnitude larger than Be-like ions. Due to the two
reasons above, for the same magnetic-field strength, the
magnetic interaction is larger for the Ne-like ions than for the
Be-like ions.

Finally, we give in Tables VII (Be-like ions) and VIII
(Ne-like ions) the resulting Anprnes for isotopes with nuclear
spin and in magnetic-field strengths of 0.05, 0.1, 0.2, 0.4,
0.6, 0.8, and 1 T. We only include some ions for the Be-like
sequence, but the full sequence, as well as results for both
sequences for other magnetic fields, are available from the
authors.

PHYSICAL REVIEW A 96, 052508 (2017)

V. CONCLUSION

We have performed large-scale calculations of the transition
properties and presented a systematic study of MIT-hfs using
the MCDHF method for Be-like (5 < Z < 73) and Ne-like
(11 < Z < 35) ions. There is good agreement between the
resulting MIT-fs and HIT rates with earlier theoretical ones
for most of the Be- and Ne-like ions.

We compared the theoretical MIT-hfs values with available
experimental results and concluded that the effect from
magnetic field on the HIT rates in Be-like ions is significant
at certain magnetic-field strength, especially for ions at the
low-Z end of the isoelectronic sequence. However, the reasons
for the discrepancies for Be-like **S and *"Ti are still unclear.
Future experimental studies are called for to extract the reasons
for the disagreements and benchmark the theoretical work.
At the same time, the Ne-like results for Ar and Fe are in
agreement between theory and experiment, so we here call
for experimental investigations for species with odd atomic
number, to test the calculations for HIT.
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