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ABSTRACT: Accurate lifetime measurements of excited states of highly charged ions (HCIs) are
essential for advancing diagnostics in both laboratory and astrophysical plasmas, especially in the
X-ray regime. The Hanle effect, which utilizes external magnetic fields to modify photon scattering
patterns, provides a powerful technique for these measurements. Previously, this method has been
successfully employed for He-like ions. Here, we present a theoretical study of the prospects of
the Hanle effect for lifetime determinations of Li-like ions. Our results highlight the potential for
plasma diagnostics and X-ray spectral analysis.
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1 Introduction

Highly charged ions, as for instance He-like and Li-like ions, play a crucial role in the study of both
astrophysical and laboratory plasmas [1-3]. Therefore, accurate experimental and theoretical data
for such ions, including oscillator strengths and lifetimes, are essential for plasma diagnostics. In a
recent study, the Hanle effect was employed to measure lifetimes of excited 1snp 'P; states of He-like
nitrogen ions, providing valuable data on soft X-ray transitions and addressing gaps in knowledge
regarding fast radiative processes in these ions [4]. The theoretical framework of these measurements
is rooted in resonant elastic photon scattering, a fundamental process of atom-light interaction, which
has been extensively discussed in the literature [5—7]. In particular, an external magnetic field, like
that present in electron beam ion traps (EBITs), alters the angular distribution of the emitted photons
due to the Hanle effect [4, 8—10]. The lifetime of excited states can be extracted with high precision
from observations of the resulting angular distribution of scattered light.

The resonant scattering in the above mentioned experiment took place via the transition from the
1s? 1Sg ground state to one of the 1snp 'P; excited states. The present work extends the theoretical
investigation of lifetime measurements based on the Hanle effect to the scattering of photons by ions in
the ground state with angular momentum J; = 1/2 via excited states with angular momentum J,, = 1/2
or J, = 3/2, as it can be observed, for instance, in Li-like ions. Our analysis starts in section 2
with establishing the appropriate scattering geometry, based on the experimental setup described in
ref. [4]. The theoretical description of the scattering process, which is relying on a second-order
perturbation approach, is given then in section 3. Here, in particular, we discuss the angle-differential
cross section for the scattering of linearly polarized incident light. In section 4, we show that the
ratio of cross sections for outgoing photons emitted either in parallel or perpendicular direction to the
polarization vector of incident ones is very sensitive both to the external magnetic field and the lifetime
of an intermediate J,, = 3/2 state. Lifetime measurements of the excited states of Li-like ions can be
performed by employing this sensitivity for the range 10713s < 7, < 1071%s. A summary of these
results and their potential for future experimental applications are discussed in section 5. Relativistic
units (h = ¢ = m, = 1) are used throughout this paper unless stated otherwise.



2 Geometry

Before analyzing the resonant scattering process, it is essential to establish first its geometry, which
is based on the experimental setup described in ref. [4]. In this setup, displayed in figure 1(a), the
magnetic field B is aligned with the propagation direction of the incoming photon beam, defining the
quantization Z-axis. The incoming radiation is linearly polarized in the X-Z-plane, and the emitted
photons are detected at a polar angle 6 = 90°. Detection occurs either within the polarization plane
of the incoming radiation (¢ s = 0) or perpendicular to it (¢ = 90°).
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Figure 1. (a) The geometry of the scattering process with the incident radiation propagating parallel to the
external magnetic field in Z-direction. The polarization vector of the incoming photons is oriented along the
X-axis while the scattered photons are detected in X- and Y-direction. (b) A schematic illustration of the resonant
scattering via the 1s%2s 2S; 2= 1s%np 2P3 /2 transition in Li-like ions.

3 Resonant scattering theory

In the low-intensity regime, the interaction between light and an ion can be described within the
perturbation theory. For the photon scattering, this yields the well-known second-order amplitude,
extensively discussed in the literature [5, 11-14]. When the initial photon energy w; closely matches
the energy of the transition from the ground state to some intermediate ionic state, w; ~ E, — E;,
the resonant approximation [5, 6] simplifies the scattering amplitude to:

s Z<f|7%T(kf,€f)|V><V|7%(ki,fi)|i>' 3.1)

. =a X
My, M; - Ei—E,,+wl-+zF,,/2
Here, |i) = |yiJiM;), |v) = |yyJyM,), and |f) = |ysJ M) represent the initial, intermediate, and
final states, respectively, with total angular momentum J, its projection M and y denoting all remaining
quantum numbers for a unique characterization of the states. Moreover, « is the fine structure constant,



I, is the natural width of the intermediate state, and the operators R and R describe photon absorption
and emission, respectively. In the Coulomb gauge, the absorption operator can be written as:

Rk, €) = Zaq - €e'*a, (3.2)
q

where @ denotes the vector of Dirac matrices, and € and k represent the photon’s polarization and
momentum vectors, respectively. Matrix elements of these operators are typically evaluated with the
help of a multipole expansion and by using the Wigner-Eckart theorem [5-7].

Similar as in refs. [4, 15], we can use the amplitude (3.1) to describe resonant photon scattering
in the presence of an external magnetic field. In order to achieve this, one has to modify the energies
of initial and intermediate states in the denominator of the scattering amplitude (3.1) as:

Ei=E" +AE;; = E + MigiupB,

(3.3)

E,=EY +AEz, = E” + M,g,upB.
Here, E denotes the unperturbed energies and AE is the additional Zeeman shift, where g is
the Landé g-factor, up is the Bohr magneton, and the magnetic field strength is given by B = |B)|.
By employing the matrix element (3.1) alongside the modified energies from eq. (3.3), one derives
the differential cross section for resonant scattering

do

dQ

> M § (3.4)

Mi,Mf,Ef

(ef’¢f’wi)=2fi+l

This cross section depends on the angles (6, ¢s), defined relative to the wave vector k; of the
initial radiation and its polarization ¢;, see figure 1(a). Moreover, it is assumed that the ion’s initial
state is unpolarized and that there is no observation of the magnetic sublevels |ysJsMy) or the
polarization of scattered light.

4 Results

As follows from eqs. (3.1)-(3.4), the angle-differential cross section of resonant photon scattering
is sensitive to the strength of an external magnetic field. In ref. [4], this B-field sensitivity has
been employed to study lifetimes of excited 1snp 'P; states of He-like N ions. In the present work,
we will extend this study towards J; = 1/2 — J, = 1/2 and J; = 1/2 — J, = 3/2 transitions.
We focus in particular on the cross sections either parallel or perpendicular to the polarization
vector of incident light:

do o o
oL (wi) = 1Q (0 =90% ¢ =90°, w;),
4.1)
do o
g (a),-) = — (Q‘f =90 ,¢f =O,a),~) .

dQ

We will investigate how the ratio of these cross sections, o|/o ., depends on the external magnetic
field and lifetime of an excited ionic state. Moreover, we neglect any effects of hyperfine structure
on the scattering process, by restricting our analysis to ions with nuclear spin I = 0.



4.1 Scattering via a J, = 1/2 state

In this subsection, we briefly discuss a J; = 1/2 — J, = 1/2 — J; = 1/2 transition, such as for
example the photon scattering by Li-like ions in the 1s>2s 2S; /2 ground state via an intermediate
lsznp ’p, /2 level. Using egs. (3.1)-(3.4), one finds that for J; = J, = 1/2, the angular distribution of
scattered photons in the field-free case, B = 0, is isotropic [6], resulting in the ratio o7j/o-, = 1. This
isotropy persists even in the presence of an external magnetic field when accounting for the modified
energies from eq. (3.3). Consequently, the ratio remains o7j/o, = 1, making it impossible to extract
the lifetimes of excited states from the analysis of the angular distribution of emitted photons.

One should note that a different experimental setup was proposed in refs. [16, 17], which allows
lifetime determination utilizing the Hanle effect also for J; = 1/2 — J,, = 1/2 — J; = 1/2 transitions.
This setup relies on the scattering of circularly polarized incoming light as well as on the detection of
circularly polarized outgoing photons. Moreover, a scan over the external magnetic field strength is
performed to observe the zero-field level crossing of the degenerate magnetic sublevels of the excited
state. This scenario, requires the production and detection of circularly polarized radiation, which is
well established in the visible light domain, but is more challenging in the EUV and X-ray regime.

4.2 Scattering via a J, = 3/2 state

A more promising scenario involves J; = 1/2 — J,, = 3/2 — J; = 1/2 transitions, such as the

resonant scattering via excited 1s2np 2P3 /2 states in Li-like ions. For the field-free case, B = 0, the

angle-differential cross section of emitted photons for linearly polarized initial radiation is given by [6]:
do )

o (07, ¢ 7, wi) =00 (w;) (17 +3cos (20) — 6sin” (6) cos (2¢f)) , (4.2)
thus leading to the ratio o7 /o, = 2/5. When a magnetic field is applied, the cross section do-/dQ
and, hence, the ratio o7/o, is modified. While the exact analytical expression for the cross section
ratio in the presence of an external magnetic field is cumbersome, and therefore is not presented
here, we investigate it numerically. To perform this quantitative analysis, we focus below on the
resonant 1s%2s %S, 2 = 1s?np 2P3 /2 scattering. As seen from eq. (3.3), the computation of the
Zeeman splitting, and hence the g-factors, of the involved states is needed. For low-Z ions, the
g-factors can be approximated as gag, n= 2 and gop, = 4/3. Moreover, to account for a realistic
experimental scenario of a finite frequency width of the incoming radiation, we average the cross
section (3.4) over a Gaussian distribution:

a2
L

1 J—
5’ ) = (o , (Al) 14 21‘%) dAi’ (43)
L1 / L1l T, V27

where A; = w; — (E ,(,0) - Ei(o)) is the detuning and I, = 0.1 eV is the width of the incident light.
The ratio & /0, of the frequency averaged cross sections depends both on the strength of the
external magnetic field and the natural width I',, of an excited state, directly related to its lifetime
7, = h/T’,. In order to better understand this sensitivity, we display in figure 2 the ratio & /0,
calculated for different magnetic field strengths, B = 0.2 T (blue dashed line), B = 0.85T (red
solid line), B = 6 T (green dotted line), and as a function of the lifetime 7,,. Hence, we formally
use T, as a free parameter of our calculations with the goal to specify a feasible range for lifetime



measurements. For reference, by the vertical lines in figure 2 we mark as examples actual lifetimes
of 1523p 2p, /2 states in Li-like O, Mg, and S ions.

As seen from figure 2, the cross section ratio & /J, is constant for small and large lifetimes 7,
but exhibits a steep growth in the intermediate region 107'3s < 7, < 107!s. To understand this
behaviour, we recall that for small lifetimes the Zeeman splitting in eqgs. (3.1) and (3.3) becomes
negligible compared to the natural width, AEz <« I, = i/, thus recovering the field-free result
0/ =2/5. On the other side, larger lifetimes correspond to reduced widths I',,, which are much
smaller than the Zeeman splitting. In this regime, the magnetic sublevels |*P3 /2M,) are well separated
and do not interfere, thus leading to insensitivity to variations of B and T,.

As mentioned already above, the cross section ratio is very sensitive to the lifetime of the excited
state in the intermediate lifetime regime 10™'3s < 7, < 107!%s. This strong sensitivity is a clear
manifestation of the Hanle effect, where a partial overlap of Zeeman sublevels can significantly modify
angular distribution and polarization of scattered photons [4, 8—10]. Consequently, this regime is the
most attractive for lifetime measurements. Moreover, as seen from figure 2, the accessible range of
lifetimes can be further fine-tuned by a variation of the magnetic field strength. For example, the
lifetimes in the range of 107'?s < 7, < 3 x 107! s are within reach for B = 0.85 T, which can be
realized with the PolarX-EBIT [4, 18]. This range corresponds, for example, to the lifetimes of the
1s23p 2P3 /2 state of Li-like ions with 9 < Z < 16. In order to investigate lifetimes of heavier ions one
would need to apply a stronger magnetic field of B = 6 T, which is available with FLASH-EBIT [19].
On the other side, to access the lifetime range of lighter elements one can apply a smaller B as
shown by the blue dashed line in figure 2.
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Figure 2. The ratio of frequency averaged cross sections for photons scattered within (&) or perpendicular
(61 to the polarization plane of the incident radiation as a function of the lifetime of the excited state. The
calculations were performed for external magnetic field strengths of B = 0.2 T (blue dashed line), B = 0.85T
(red solid line), and B = 6 T (green dotted line). The vertical line present the lifetimes of the 1s23p 2p, /2 State
in Li-like O, Mg and S ions.



So far our analysis of the %S, /2 = 2p, /2 scattering has been restricted to the electric dipole
approximation. However, this scattering process may proceed also via a magnetic quadrupole channel.
As shown in ref. [6], this channel alters the angular and polarization properties of scattered light by
up to 15% for high-Z ions but is negligible for low- and medium-Z ions. A complete analysis of the
magnetic quadrupole contribution’s impact will be addressed in future work.

5 Conclusion

We presented a theoretical investigation of the resonant scattering of linearly polarized radiation by
highly charged ions. Special attention was paid to the impact of an external magnetic field on the
angle-differential cross section. It was demonstrated in our previous study [4] that this cross section
is very sensitive not only to the magnetic field strength but also to the lifetime of the intermediate
(excited) state of the scattering process. In this work, we extended this method, based on the well
known Hanle effect, to the case of J; = 1/2 — J,, =3/2 — J; = 1/2 scattering, which may occur,
for example, in Li-like ions. Based on our theoretical analysis and numerical calculations, we argue
that angular resolved measurements of scattered radiation can be utilized to determine lifetimes of
excited states of Li-like ions. It is shown that, for realistic experimental parameters, the lifetimes in the
range 1073 s < 7, < 107195 can be studied. The proposed method holds promise for applications in
plasma diagnostics and the analysis of astrophysical spectra, particularly where lithium-like ions play
a significant role. With further refinement, this technique could provide vital lifetime data, enhancing
the interpretive power of observations from facilities such as XRISM, XMM-Newton and Chandra.
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