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Hanle Effect for Lifetime Determinations in the Soft X-Ray Regime
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By exciting a series of 15> 1S, — 1snp!'P; transitions in heliumlike nitrogen ions with linearly polarized
monochromatic soft x rays at the Elettra facility, we found a change in the angular distribution of the
fluorescence sensitive to the principal quantum number #n. In particular it is observed that the ratio of
emission in directions parallel and perpendicular to the polarization of incident radiation increases with
higher n. We find this n dependence to be a manifestation of the Hanle effect, which served as a practical
tool for lifetime determinations of optical transitions since its discovery in 1924. In contrast to traditional
Hanle effect experiments, in which one varies the magnetic field and considers a particular excited state, we
demonstrate a “soft x-ray Hanle effect” which arises in a static magnetic field but for a series of excited
states. By comparing experimental data with theoretical predictions, we were able to determine lifetimes
ranging from hundreds of femtoseconds to tens of picoseconds of the 1snp'P, levels, which find excellent
agreement with atomic-structure calculations. We argue that dedicated soft x-ray measurements could yield
lifetime data that are beyond current experimental reach and cannot yet be predicted with sufficient
accuracy.

DOI: 10.1103/PhysRevLett.133.163202

Diagnostics of high-temperature plasmas—whether gen-
erated in fusion devices, with high-power lasers from the
infrared to the x-ray range, or found in astrophysical
observations—relies on accurate experimental and theo-
retical data of oscillator strengths for x-ray transitions in
highly charged ions (HCI). Generally, few-electron HCI are
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present in such plasmas. While, in principle, their simpler
electronic structure should facilitate calculations and thus
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diagnostics, there are still large gaps in our experimental
knowledge of those systems. Accurate line positions [1],
oscillator strengths, and lifetimes [2] were measured for a
variety of HCI by exciting them with monochromatized
x rays within electron beam ion traps. Synchrotron radi-
ation facilities provide polarized x rays to resonantly excite
intershell-transitions in HCI, leading to fluorescence emis-
sion distributions that depend both on the incident polari-
zation and the angular momenta of the upper and lower
levels. For example, for the simplest case of a J; =0 —
J,=1-J;=0 electric dipole transition, the angular
distribution of photons, scattered normal to the direction
of the incident linearly polarized beam, exhibits the well-
known pattern of classical dipole radiation [3]:

W(g) = Wosin4. (1)

This simple approach suggests, in particular, no photon
emission parallel to the incident polarization vector, i.e., at
¢ = 0. However, even a weak external magnetic field can
affect this distribution, as discovered by Hanle in 1924 [4],
who showed how it results from the interference of partially
overlapping magnetic sublevels. From then on, the Hanle
effect became a key tool for optical lifetime determinations,
and is still in use. For HCI and also beyond the optical
range, however, other experimental methods were neces-
sary (for reviews, see, e.g., [5] on trapped ions, [6,7] on
beam-foil methods, or [8,9] for historical overviews). A
plethora of theoretical studies has covered lifetimes of
allowed and forbidden transitions in many different iso-
electronic sequences. Lifetimes of long-lived metastable
states (e.g., 1525 3S;) of He-like ions have been repeatedly
measured along the isoelectronic sequence with accuracy in
some cases better than 1% [10-15]. However, fast tran-
sitions in heavier elements, e.g., such as those arising from
the 'P, levels, have only been accessible either by beam-
foil excitation [6] or high-resolution x-ray spectroscopy
[16]. All the above techniques are successful in measuring
lifetimes within a certain energy and time range. However,
no experiment so far has been able to test (soft) x-ray
transitions associated with lifetimes in the range from
hundreds of femtoseconds to a few picoseconds. To fill
this experimental gap, we performed a high-energy analog
of the original Hanle experiment at the soft x-ray beamline,
(GasPhase) of the Elettra synchrotron radiation facility in
Trieste, Italy [17,18]. A portable electron beam ion trap
(EBIT), PolarX-EBIT [19], was installed at the Gasphase
beamline. This compact, room-temperature EBIT sources
its magnetic field from stacks of neodymium magnets,
achieving a maximum field strength of 0.85 T in the
interaction zone. Its off-axis electron gun allows the photon
beam to enter and leave the apparatus unimpeded along its
longitudinal axis. For the production of the target ions, a
tenuous molecular nitrogen beam is injected into the
interaction zone of the EBIT, where highly charged

FIG. 1. Experimental setup. Linearly polarized undulator radi-
ation is monochromatized (1) and focused on HClIs (2), which are
generated and captured by the electron beam (not shown) that is
tightly focused by a magnetic field. X rays following the reso-
nant excitation are scattered by the ions and recorded by two
SDDs (3), one perpendicular and the other parallel to the plane of
polarization. Inset left (4): Representation of the angular dis-
tribution of the fluorescence photons in relation to the magnetic
field (black circled dot) according to Eq. (1) with the emission
angle ¢. Inset right: Grotian diagram of the electronic levels
investigated in this work and depiction of the corresponding
magnetic sublevels m;. At low n, the natural width of several of
these states can overlap (red shaded area in inset), allowing for
their coherent excitation. At higher n, the linewidth decreases,
leading to statistical excitation process, i.e., depolarization.

nitrogen ions are produced by means of successive electron
impact ionization. By tuning the electron beam energy to
approximately 200 eV, a charge-state distribution domi-
nated by heliumlike nitrogen ions is produced and trapped.
This electron energy is lower than the excitation threshold
for the K shell, reducing the background caused by electron
impact excitation on our signal. The ions are illuminated by
the focused, linearly polarized, monochromatic soft x-ray
beam from the GasPhase beamline. The beamline is
equipped with a monochromator with a variable-angle
spherical grating with 1200 lines per mm reaching a
resolution of up to 10000 and an estimated flux of
10'° ph/s. X rays emitted from the ions are then registered
by two silicon-drift detectors (SDD) which are mounted
side-on and parallel and perpendicular to the polarization
vector of the incident photon beam (see Fig. 1). The
fluorescence yield recorded by these two SDDs gives
insight into the angular distribution of the emitted fluores-
cence photons. Their energy resolution of approximately
60 eV FWHM at the oxygen K edge additionally allows the
fluorescence photons to be distinguished from the back-
ground. As depicted in Fig. 2, fluorescence is recorded in
discrete steps of the incident photon energy. The two
detectors record simultaneously the fluorescence yield
parallel (Y)) and perpendicular (Y,) to the polarization
plane. After integration, we determine the ratio Y)/Y .
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FIG. 2. Exemplary measurement of two selected 1s — np lines.
Left: Fluorescence yield recorded within the polarization plane.
Right: Fluorescence yield perpendicular to the polarization plane.
The ratio for Kj; is still dominated by the perpendicular
contribution in accordance to Eq. (1). K5 shows close to equal
emission in both directions.

This is repeated for the 1s*> — 1snp!'P; series with n up to 7.
According to Eq. (1), the fluorescence yield Y| should
always be equal to zero; finite values are a measure of
depolarization. For transitions at higher n, we set the
monochromator to the corresponding resonances after
finding their positions with an initial scan. We then acquire
signal for longer times and subtract the EBIT background
obtained by closing the photon shutter of the beamline (see
Supplemental Material [20]).

By plotting the yield ratios against the principal quantum
number n of the upper level, we observe in qualitative
agreement with the field-free approximation of Eq. (1) a
ratio close to zero for n = 2 (Ka). However, for n > 2 its
value grows rapidly and approaches already at n =7 a
value of =1, representing full depolarization (Fig. 3). In
order to understand these results, we theoretically analyze
the resonant elastic scattering of linearly polarized light by
evaluating the corresponding second-order matrix element:

R (k. Rk, €;)|i
b =, [l

yv‘/uMp

(FIR (ki €:)v) (W[ R (lep . €p)i)
+ E,»—Ey—a),-f - ’ 2)

with a being the fine structure constant and |i) = |y;J;M;),
lv) =y, J,M,), and |f) = |y;J M) the short-hand nota-
tions for the initial, intermediate, and final electronic states.
These states are specified by their total angular momentum
J, its projection M, and y, which refers to all additional
quantum numbers needed for a unique characterization of
the states. For elastic photon scattering, as considered in
the present study, the electronic configurations and total
angular momentum of initial and final states are the

same, y; =y, and J; = J;. The operators R(k;.€;) and
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FIG. 3. Ratio of cross sections for the resonant scattering of

light parallel and perpendicular to the polarization vector of the
incident light against the principal quantum number n of the p
electron in the 'P; state. Red diamonds represent our theoretical
predictions, connected by a dotted red curve to guide the eye. Our
calculations of a ratio close to zero for n = 2 and increasing for
n > 2 agree well with the present experimental data. This data is
obtained as the ratio of the detected intensities ¥||/Y, which is
equal to o) /0.

R (ky.€s) describe the absorption and emission of photons
with wave vectors k; and k; and polarization vectors €; and
€y, respectively [21,22].

The evaluation of Eq. (2) requires a summation over the
complete atomic spectrum |y,J,M,). This sum can be
truncated to a single term when the energy of the incident
photon is close to a transition between initial and one of the
intermediate states w; &~ E, — E;. In this resonant case, the
scattering amplitude can be simplified to

res ~ Z <f|ﬁT(kf"€f')|U> <I/|7A?’(kl9€1)|l> ( )
My Mi E—E, +w +il,/2

v

Here, the natural width I', of the intermediate state was
phenomenologically introduced to the denominator to
avoid a divergency for the case of a zero energy detuning,
i.e., when w; = E, — E; [21-23]. Using the matrix element
(3) one can obtain the differential cross section

d 1
- S M5,

O bp) = 57— )
aQ 20+ 147,

for the resonant scattering of a photon under the angles
(07.¢) defined with respect to the direction k; and
polarization €; of the incident radiation. Here, we assumed
an unpolarized initial state of the ion and that both the
population of the magnetic sublevels |y,J M) as well as
the polarization of the scattered light remain unobserved.

In what follows, we apply Egs. (3) and (4) to analyze the
angular distribution of the 1s?'S, — lsnp'P; — 15215,
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scattering of initially linearly polarized photons. By con-
sidering the experimental setup from Fig. 1, with scattered
photons detected normal to the propagation direction of the
incident radiation (60 = 7/2) and either within (¢ ¢ =0)or
perpendicular (¢, = 7/2) to its polarization axis, we find

do T

do T T 4R?
= (0, =2 p,=Z) == (5b
oL dQ( P =59 2) 2 aae OV

Here, R = 2za|(lsnp'P ||ag ||15* 1Sy)|? is the square
of the reduced matrix element of the electric dipole
transition 1s>'S, — lsnp'P, and Aw =E, —E; — o is
the detuning between the incident photon energy and the
transition energy. As seen from Egs. (5a) and (5b), the
standard second-order perturbation approach negates pho-
ton scattering parallel to the polarization vector of the
incident light, o = 0, and hence, predicts a vanishing ratio
0| /0, in contradiction with our experimental findings.

So far, our theoretical analysis was restricted to the case
of resonant scattering in the absence of external electro-
magnetic fields. However, in our experiment the ions are
perturbed by the magnetic field of the EBIT. This field is
aligned with the propagation direction of the incident light,
chosen as the z axis, and leads to a Zeeman splitting of the
electronic levels. In a similar manner as in Ref. [24], the
Zeeman effect can be incorporated into the perturbative
approach, leading to a modified scattering amplitude:

res . Z <f|7,\?'T<kfv€f)|V><V|7é(ki’€i)|i>
My .M E,—(E, + M,AE;) + w; +iT,/2’

(6)

Ml/

with AE; = g;ugB and the unperturbed energy of the
intermediate state E,. One may note that Eq. (6) is obtained
under the assumption that the initial (and, hence, final) state
does not exhibit any Zeeman splitting since J; = J, = 0.

By applying Eqgs. (4) and (6) for the 1s?!S, —
Isnp'P, — 15218, scattering, we derive the cross sections
0“ = 16KAE%, (7&)

o, = 4x(I2 + 4A0?), (7b)

for photons scattered parallel and perpendicular to the
polarization €; of the incident light, with the parameter

k=R?/[I?+4(Aw—E,)*| [I2 + 4(Aw + E,)?|.  With
the help of Eq. (7), we obtain the ratio
4AE?
s (8)

GL_F12/+4A602’

which can deviate from zero for an ion in an external mag-
netic field. The effect depends on experimental parameters

and ion properties, and will be discussed later. We just
mention here that Eq. (8) corresponds to the low-intensity
limit of the nonperturbative treatment of the Hanle effect
(see Ref. [25] for further details).

Expression (8) was derived for ideally monochromatic
and completely polarized incident radiation as well as for
pointlike detectors, and has to be modified for realistic
conditions. Since the width of the incident radiation Aw ~
0.1 eV is larger than the Zeeman splitting of the interme-
diate sublevels, we use an energy-averaged cross section:

511 = [ ory@0lo)o. o)

Here, G(w) is a Gaussian distribution, and the incident
synchrotron radiation is assumed to be incoherent. We also
take into account the detector size by integrating the
differential cross section (4) over a finite solid angle.
Finally, the effect of incomplete polarization of the incident
radiation is considered within the density-matrix approach.
Details are given in the Supplemental Material [20].

We now apply the perturbative approach discussed above
to analyze our experimental findings. We start from Eq. (8)
which predicts that the ratio )/, might deviate from zero
due to a Zeeman splitting of the intermediate state, and can
be used to explain the pronounced n dependence. Since the
g factor, and hence the Zeeman shift, are almost constant
for the entire series 1snp'P, [26], this strong dependence
must arise from the lifetime = and, hence, the natural width
I', = h/7 of the excited states. Indeed, as seen from Table I,
7 is very sensitive to the principal quantum number n. For
example, the lifetime of the 157 p'P, state is increased by a
factor of 40 compared to 7(1s2p!'P;). These results were
obtained with the configuration-interaction method imple-
mented in the AMBIT code [27], and agree well with
previous calculations from Refs. [28,29].

The remarkable prolongation of the lifetime as a function
of n, and the concomitant reduction of the natural width
I, = h/7 leads to the growth of the ratio o /o, as we
observe in the experiment. For a quantitative comparison
with experimental data we make use of the energy-averaged
cross section (9) and take into account corrections due to
the finite size of the photon detectors. Moreover, we
assume complete linear polarization of the incident syn-
chrotron radiation (see Refs. [19,30,31]) and take into
account the EBIT magnetic field of B = 0.85 T. For these
parameters, we calculate the modified cross section ratio
/&, shown by the red diamonds in Fig. 3. The good
agreement of theory and experiment supports our explan-
ation of the effect based on the Zeeman splitting of ionic
levels. The clear n dependence of the ratio 6| /¢ | manifests
the well-known Hanle effect, now found in the soft x-ray
domain.

One may note, that our setup for the observation of the
Hanle effect differs from the traditional one. Indeed for the
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TABLE 1. The excitation energies, defined with respect to the
ground 1s21S, state, and lifetimes of the 1snp'P, levels of a
N>* ion. Theoretical predictions obtained using the AMBIT code
are compared with previous calculations from Refs. [28,29], and
with present experimental findings for the lifetimes.

-10
10
¢ Theory

®  Experiment

-
-
P
-

)

Theory Experiment
n Energy (eV) Lifetime (ps) Lifetime (ps)
2 430.73 0.5539 (0.58 £ 0.58)
430.71 [28] 0.5537 [28]
430.55 [29] 0.5531 [29]
3 497.95 1.844 (1.98 +0.17)
497.93 [28] 1.846 [28]
497.75 [29] 1.844 [29]
4 521.60 4.346 5.3£0.7)
521.58 [28] 4.346 28]
521.39 [29] 4.337 [29]
5 532.56 8.445 (9.78 £ 4.46)
532.56 [28] 8.449 [28]
532.35 [29] 8.423 [29]
6 538.53 14.51 (19.89 £ 11.85)
538.50 [28] 14.44 [28]
538.31 [29] 14.51 [29]
7 542.13 22.79 (35.29 +44.79)

latter, one varies the external magnetic field to change the
overlap of magnetic sublevels of a specific intermediate
state |y,J,). This, in turn, alters the interference contribu-
tions of the substates |y,J,M,) to the scattering cross
section and, hence, leads to a modification of polarization
and angular distribution of outgoing photons. In contrast,
the external magnetic field remains constant in our experi-
ment. The variation of the overlap of the Zeeman sublevels
and, hence, of their inteference contributions is achieved by
addressing various 1snp'P, states exhibiting different
natural widths I',. This results in analogous modifications
to the angular distribution, effectively demonstrating the
Hanle effect through the n dependence in our setup.

With these insights, we can extract information about the
lifetimes of the intermediate 1snp'P; states from the
measured ratio o /o | . To achieve this, we fit our theoretical
predictions of the modified cross section ratio /5 to the
experimental data from Fig. 3. The only free parameter for
the fitting procedure is I',, while all other experimental
parameters are taken as in the calculations above. The
uncertainty of the derived lifetimes z(1snp'P;), being
about few tens of percent, is estimated by propagating
those of the measured cross-section ratios and the magnetic
field strength (see Supplemental Material [20]). The
derived results, displayed in Fig. 4, show good agreement
with the theoretical predictions.

In conclusion, our present method based on the Hanle
effect yields lifetimes of excited levels from abundant
species of highly charged ions in the soft x-ray regime.
This method is feasible for a range of hundreds of

Lifetime T (s)
\
o0
\
\
\
\
AY
\
\
\
\
\
\
\
\
\
\
\

3 4 5 6 7
Upper level principal quantum number n
FIG. 4. Lifetime 7 = #/T, of the 1snp!'P states depending on
the principal quantum number n. Our experimental data (black
dots) is compared with theoretical predictions obtained using the

AMBIT code (red diamonds), connected by a dotted red curve to
guide the eye.

femtoseconds to tens of picoseconds for which resolution
of linewidths is still beyond reach at advanced light
sources. Our present experimental accuracy will improve
with more statistics in future campaigns. Following this
demonstration with theoretically well-understood He-like
ions, we will apply our method to the Li-like and other
isoelectronic sequences, in which transitions, broadened
by more complex fast autoionization channels, still chal-
lenge theory. Experimental results for such transitions
are urgently needed for an improved scientific harvest
of x-ray space observatory data from Chandra, XMM-
Newton, and the recently launched XRISM [32].
Furthermore, applications for magnetic field and polariza-
tion studies in hot plasmas are expected [33,34].
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