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Quantum beats in fluorescence decay from Zeeman-split magnetic sublevels
have been measured for helium Rydberg states excited by synchrotron
radiation. The Zeeman quantum beats observed in this prototypical case were
fitted with an equation from a theoretical formulation. It is proposed that
Zeeman quantum beat measurement can be a useful way to simply evaluate the
polarization characteristics of extreme ultraviolet light.

1. Introduction

Increasing numbers of synchrotron radiation experiments in
the wavelength range from the extreme ultraviolet (XUV) to
soft X-rays utilize the properties of light polarization. A
method for evaluating the polarization characteristics of
incident light in this range is therefore an important concern in
the synchrotron community. The diagnosis of the polarization
state can be precisely made with an optical method using
polarimeters (Gaupp & Mast, 1989; Koide et al., 1991, 1993;
Schiifers et al., 1999; Finetti et al., 2004; Nahon & Alcaraz,
2004). Such a measurement, however, requires stringent
alignment of the polarimeters, and the fabrication and
manipulation of an effective polarimeter system are still
challenging. To avoid these difficulties, it has been proposed
that the polarization characteristics of the excitation XUV
light be evaluated by observing that of the UV/visible light
transformed using atomic resonance (Bobashev & Vasyu-
tinskii, 1992). The experimental feasibility of this method has
been investigated (Latimer ef al., 1999), but a practical use of
this method has not appeared yet.

Compared with optical methods using polarimeters, obser-
vation of a material process responding to light polarization
generally has an advantage in terms of ease of measurement,
in addition to significant cost merit. The linear polarization
degree of XUV light can be simply estimated by observing the
photoelectron angular distribution of gas samples with a
known asymmetry parameter (Houlgate et al., 1974; Krause
et al., 1981; Derenbach et al., 1983). This method has been
recently applied to shot-to-shot polarization diagnostics of
free-electron laser pulses (Allaria et al., 2014; Ferrari et al.,
2015; Laksman et al, 2019). In the meantime, all Stokes
parameters for soft X-ray light can be determined when angle-
resolved photoelectrons are observed in coincidence with
angle-resolved Auger electrons (Lorch et al., 1999). Another
coincidence method to determine all Stokes parameters is the
vector correlation measurement of photoelectrons and frag-
ment ions produced by dissociative photoionization of simple
molecules, which can take place over XUV to X-ray wave-
lengths (Veyrinas et al., 2013).
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In this paper, we propose a new method to evaluate the
linear polarization of monochromated synchrotron radiation
in the XUV range. This method relies on observing quantum
beats, which are intensity modulations superposed on the
decay curve of fluorescence from coherently excited quantum
levels. The frequency of the time modulation corresponds to
the energy difference between the coherently excited levels.
So far, the observation of quantum beats has usually been
utilized in high-resolution spectroscopy of the excited levels in
atoms and molecules (Haroche, 1976; Aleksandrov, 1964;
Dodd et al., 1964; Hadeishi & Nierenberg, 1965; André, 1970;
Bitto & Huber, 1990; Hack & Huber, 1991; Carter & Huber,
2000). A tunable pulsed laser is the standard excitation source
in the current quantum beat measurements (Bitto & Huber,
1990; Hack & Huber, 1991; Carter & Huber, 2000). In
contrast, although synchrotron radiation of a continuous
spectrum extending as far as the hard X-ray range can be a
useful excitation source for quantum beat measurements,
reports on quantum beat measurement using synchrotron
radiation are limited only to Stark-split Rydberg states in Ar
(Morioka et al., 2001; Aoto et al., 2005).

Quantum beats in fluorescence decay from Zeeman-split
magnetic sublevels of He Rydberg states were observed in this
work by excitation with synchrotron radiation. To the best of
our knowledge, this prototypical case of quantum beats has
not been hitherto investigated, probably because such exci-
tation states lying in the XUV range cannot be easily targeted
with lasers. It is shown that the Zeeman quantum beats are
well described by a theoretical formulation, and the fitting to
the observed quantum beats provides information on the
linear polarization degree of the exciting XUV light.

2. Experiment

The experiments were carried out at the bending-magnet
beamline BL5B of the UVSOR synchrotron facility. The
single-bunch operation of the storage ring provided light
pulses with a 178 ns repetition period. The duration of the
light pulses, resulting from the natural bunch length of rela-
tivistic electrons in the storage ring, was 0.3 ns (FWHM). The
beamline was equipped with a plane-grating monochromator
(Sakurai et al, 1989), and an 800 lines mm™' grating was
employed in the present measurements. The acceptance angle
of the synchrotron radiation by this beamline was +2.0 mrad
in the vertical direction and 10 mrad in the horizontal direc-
tion. Because of the symmetric acceptance with respect to the
storage ring plane, the collected light beam includes right-
and left-elliptical polarization components in comparable
amounts. This kind of light can be regarded in its practical use
as horizontally polarized light with a certain polarization
degree. The polarization degree of the partially polarized light
is defined as P = (I, — I,)/(I, + I,), where light intensities in the
horizontal and vertical directions are I, and I, respectively.
The polarization degree on the acceptance of this beamline
was calculated, using the SPECTRA 10.0 program (Tanaka &
Kitamura, 2001), to be P = 0.74 at 24 eV light. It is estimated
with the X-ray reflectivity data (Henke et al, 1993) that the

beamline optics improves the polarization degree to around
P = 0.84, due to the difference in reflectivity of the optics
about s- and p-polarized light. The actual polarization degree
is sensitive to the beamline setting about the vertical accep-
tance, and it was observed at this beamline that an a-few-mm
misalignment of the centre of the vertical acceptance reduces
the polarization degree significantly (Hatano et al., 2002).
The monochromated synchrotron radiation was focused by
a toroidal mirror and selected by a four-jaw slit whose opening
is 1 mm (horizontal) x 0.5 mm (vertical). Helium gas in the
form of an effusive beam crossed the monochromated
synchrotron radiation at right angles. The effective gas pres-
sure at the interaction region was maintained below 2 X
107> Pa. The effect from radiation re-absorption was suffi-
ciently suppressed in this condition, while attenuation of
incident light (~40% at the n = 3 resonance energy and ~20%
at the n = 4 resonance energy) is anticipated due to the long
incidence path (~200 mm) through the gas. The geometry for
observing fluorescence from He is drawn in Fig. 1(a). Fluor-
escence photons were detected over an acceptance solid angle
of about 0.25 sterad, by a photomultiplier tube (Hamamatsu,
R6249P) located at right angles to both the polarization and
propagation of the monochromated synchrotron light. The
photomultiplier tube is sensitive in the wavelength range 300-
650 nm and outputs signals of 4.0 ns rise time. The signals from
the photomultiplier were converted with a constant-fraction
discriminator (ORTEC 584) to NIM signals. The time intervals
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(a) Geometry for observing fluorescence from helium Rydberg states
excited by linearly polarized XUV light. (b) Energy level diagram of
helium, depicting the excitation and decay pathways relevant to the
present measurement.
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between the NIM signals and the master clock signal for the
storage ring operation were measured by a time-to-amplitude
converter (ORTEC 567).

3. Results and discussion

Fluorescence yields measured as a function of excitation
photon energy are plotted in Fig. 2. Peaks are observed at 1s
— np excitation energies. The fluorescence photons detected
are emitted on the np — 2s decays. The excitation and decay
pathways are depicted in Fig. 1(b). The relative peak inten-
sities in Fig. 2, differing from the ones expected by the tran-
sition probabilities from the ground state to the Rydberg
states (Kramida et al., 2018) and the branching ratios for the
np — 2s decays (Theodosiou, 1987), are affected by the
detector sensitivity depending on fluorescence wavelength and
the incident-light attenuation being more pronounced at
lower-n resonances. The peak widths in this spectrum reflect
the photon bandwidth of ~50meV (FWHM), and the
Rydberg states of n < 6 are well resolved in this setting.

The fluorescence decay curve measured at the photon
energy for the 1s — 5p excitation is plotted in Fig. 3(a). The
decay curve presents a simple exponential decay form and was
fitted with the exponential decay function convoluted with a
Gaussian function, where the decay lifetime was fixed to the
natural lifetime (7.7 ns; Zitnik et al., 2003) of the Rydberg
state. The best fit was obtained with a Gaussian width of 2.9 ns
(FWHM). This width is attributed to the temporal resolution
of the measurement, limited mainly by the slow rise time of
the photomultiplier tube output.

To induce quantum beats in the fluorescence decay from the
Rydberg state, a magnetic field was applied along the light
propagation axis [see Fig. 1(a)], using a pair of solenoid coils
placed across the interaction region. The quantization axis (z-
axis) was thus set to be parallel to the light propagation, and
the M; = £1 magnetic sublevels of individual np Rydberg
states could be excited by the linearly polarized light. The
magnetic field induces Zeeman shifts of the magnetic sublevels
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Figure 2

Fluorescence yield curve measured as a function of excitation photon
energy. The detected fluorescence photons are emitted on the np — 2s
transitions.

of each np Rydberg state, as depicted in Fig. 1(b). In a given
magnetic field B, the M; = =1 levels split with AE =2 ugB in
energy, where up is the Bohr magneton. For instance, an
application of a 10 mT magnetic field leads to an energy
splitting of 1.2 peV for the sublevels. Discrimination of such a
tiny splitting is far beyond the resolution of current XUV
frequency-domain spectroscopy using a synchrotron light
source. Assuming a Fourier-transform-limited light pulse, the
temporal width should be shorter than 0.55 ns to excite these
Zeeman levels coherently. Indeed, the pulse duration of the
present study meets the requirement. In practice, the light
pulse of synchrotron radiation is by no means Fourier-trans-
form-limited light, and obviously these states are excited
coherently. On the contrary, considering that the emission
from every single relativistic electron has a wide spectrum
ranging from infrared to X-ray, in theory the synchrotron light
pulses would give rise to coherent excitation to states sepa-
rated by hundreds of eV. Coherent excitation by undulator
radiation to Rydberg states lying in an a-few-eV range was
recently proved in the observation of interferences between
the Rydberg wave packets launched by the excitation (Hiko-
saka et al., 2019).

Fluorescence decay curves at the 1ls — 5p excitation,
measured at three different magnetic field strengths, are
presented in Figs. 3(b)-3(d). Unlike the decay curve in
Fig. 3(a), these curves exhibit quantum beat oscillations
superposed on the exponential-decay form. This observation

Decay from 1s5p

21.1 mT (d)

Counts

0 20 40 60 80 100
Time (ns)
Figure 3
Fluorescence decay curves (dots) of the 1s5p excited state in helium,
measured with different magnetic fields. Each curve was obtained by an
accumulation of around 10 min. The red solid curves are the best fits to
the observations (see text).
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manifests the coherent excitation to the Zeeman-split M; = 1
levels. The oscillation frequency of the quantum beat increases
with the increase in magnetic field, due to the larger level
splitting at higher magnetic field strength. In the meantime,
the quantum beat structure completely vanished when the
direction of the magnetic field was switched to be parallel to
the electric vector (not shown), where the excitation to the
M; = 0 level is solely allowed.

The theoretical formulation of the Zeeman quantum beat of
an np Rydberg state in He can be given as follows. The time
evolution of the superposition state prepared by linearly
polarized light can be written as

1
V@) = 5| Fluv1s) exp(—io = y/2) +1)

+ (—Llxuylls) exp(—iw_t = y/2) = 1] (1)

where (+1|uxyvlls) and (—1|uxyv|ls) are the transition
dipole moments from the ground state |1s) to the magnetic
sublevels |+1) and |—1) of the np Rydberg state, respectively.
w, and w_ are the respective transition frequencies, and y is
the decay constant common to the magnetic sublevels (Carter
& Huber, 2000). The fluorescence intensity in the decay of the
superposition state |(¢)) into the final state |2s) is propor-
tional to the square of the transition matrix element of the
fluorescence transition,

1(0) o [2slugy YD) @)

After substituting equation (1) into equation (2), the latter can
be written as

() oc |(2s]ptyyl+1) (+1xuv|1s) exp(—iw,t — yt/2)|+1)
+ (2slpyy | =1 (=1pxyvIls) exp(—iow_t — yt/2)| 1)
@)
Since the transition moments about the two magnetic sub-
levels are equal in magnitude, the time evolution of the
fluorescence intensity monitored at a particular direction ¢

with respect to the polarization direction of light can be
simplified as (Carter & Huber, 2000)

1(t) o [1+ cos(Awt + 2¢)] exp(—y1), 4)

| 2

where Aw = w, — w_. For the partially polarized light whose
light intensities in the horizontal and vertical directions are I,
and /,, respectively, the fluorescence intensity monitored at an
angle ¢ from the vertical direction can be given as

1) [Ix + 1, cos(Aat +26) + 1, + I, cos(Awt + 26 + n)]

X exp(—yt). (%)

Using polarization degree of P = (I, — 1,)/(I, + I,), equation
(5) can be simplified as

I(t) o [1+ Pcos(Awt + 2¢)] exp(—yt). (6)

Equation (6) indicates that modulation of the frequency Aw
superposes on the exponential decay function observed in an
ordinary exponential decay, where the visibility of the oscil-

lation reflects the degree of light polarization. Here, the phase
of the quantum beat oscillation depends on ¢ and thus implies
the polarization direction with respect to the detection
direction.

The quantum beats observed essentially result from the
integration over the solid angle of the fluorescence observa-
tion. The integration of equation (6) over a range from ¢ =
—® to ¢ = +P gives

I(t) « [1 + P cos Aa)t] exp(—y1), 7

where P, = (Psin2®)/2®. Equation (7) was applied to fit the
decay curves in Figs. 3(b)-3(d). Prior to the fittings, the Aw
values of the quantum beats were determined by Fourier-
transform analysis of the decay curves. The effective magnetic
fields in the interaction region, indicated in these figures, were
deduced from the determined Aw values. Fitting with equa-
tion (7) to each decay curve was implemented as follows,
without deriving the complicated analytic expression of
equation (7) convoluted with the temporal resolution of the
measurement. For a particular P, value, equation (7) was
numerically convoluted with a Gauss function (FWHM of
2.9 ns) and the minimum residual to the observed curve was
searched by varying the scaling factor and the baseline. This
procedure was repeated for different P, values and the best
fit was pursued. The best fits thus obtained for the three decay
curves are presented in the figures with solid curves. The
fitting provides P,y = 0.60 £ 0.05, where the error was esti-
mated from the differences among the values obtained from
the three different curves. Considering the relation P
(Psin2®)/2d, the polarization degree of the excitation light is
at least better than 0.60 &+ 0.05.

The angular range for the fluorescence observation reflects
the detection solid angle and the source volume. The angular
range of the present observation is effectively around & =
0.35 rad, although it is an approximation considering the
circular detection area of the photomultiplier and the entrance
of fluorescence from out of the x—y plane defined in Fig. 1(a).
With this ® value, the polarization degree can be determined
to be around P = 0.65. This value is rather small compared
with the ideal value (P = 0.84) estimated from the acceptance
angle of the beamline and the reflectivity of the beamline
optics. Separate measurement of the actual polarization
degree will be useful to evaluate the accuracy of the present
measurement, considering that the polarization degree is
subject to easy reduction depending on the beamline setting
(Hatano et al., 2002). The large detection solid angle and the
large source volume of the present measurement may bring a
sizable error in the estimation of the effective angular range
and thus in the determined polarization degree. In addition,
inhomogeneity of the magnetic field in the large source
volume can reduce the measured value. In these respects, a
more accurate estimation of the polarization degree can be
made by observing fluorescence with a smaller detection solid
angle, which is fully feasible considering the favourable count
rates in the present investigations (each spectrum in Fig. 3 was
obtained by a 10 min accumulation).
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Fig. 4 compares the quantum beats in the fluorescence
decay curves measured for three different Rydberg states in
He. The magnetic field was fixed at 21.1 mT in these
measurements. While the decay curves of higher Rydberg
states show longer lifetimes, a common beat frequency is
observed due to the application of the identical magnetic field.
The degrees of the light polarization at these photon energies
were investigated by the fitting procedure described above,
and no essential difference was detected at these adjacent
photon energies.

In conclusion, we have observed Zeeman quantum beats of
Rydberg states in He, with monochromated synchrotron
radiation. The observed quantum beats were well fitted with
the established formulation, and the polarization degree was
estimated from the fittings. The present work shows the
capability of Zeeman quantum beat observation to simply
evaluate the linear polarization of XUV light. Angle-resolved
photoelectron spectroscopy is currently the most popular way
to determine the linear polarization of light in the XUV and
soft X-ray ranges. On the other hand, the applicable photon
energies of Zeeman beat measurement are limited to the
XUYV range, where resonance states with long decay lifetimes
lie. However, this new method has advantages in its simpler
setup and easier operation, as it can be implemented with a
single suitable photomultiplier placed out of vacuum. In
practical use, it is convenient that Zeeman beat measurement
can be conducted under a low vacuum condition. Another
useful property is that the polarization direction can be readily
determined by the phase of the quantum beat oscillation. In
practice, we currently utilize this property in investigating the
spatial distribution of polarization direction in an XUV vector
beam (Matsuba et al., 2018) produced by a crossed undulator

21.1 mT
600 - 1s7p ()
400+
200
0 " T T T T T s T T T T
600 (b)
=
o
Q
0 20 40 60 80 100
Time (ns)
Figure 4

Fluorescence decay curves (dots) measured at the resonances of 1s5p,
1s6p and 1s7p. The magnetic field was fixed at 21.1 mT in these
measurements. The red solid curves are the best fits to the observations
(see text). The curves in (a) are replots of those in Fig. 3(d).

setup. In these respects, Zeeman beat measurement can be
a useful new option to evaluate the linear polarization of
XUV light.
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