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Polarization-dependent disappearance of a resonance signal:
Indication for optical pumping in a storage ring?
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We report on laser spectroscopic measurements on Li™ ions in the experimental storage ring ESR at the
GSI Helmholtz Centre for Heavy Ton Research. Driving the 2s3S,(F = 3/2) <> 2p3P,(F = 5/2) <
2538, (F = 5/2) A-transition in "Li* with two superimposed laser beams it was found that the use of
circularly polarized light leads to a disappearance of the resonance structure in the fluorescence signal. This
can be explained by optical pumping into a dark state of polarized ions. We present a detailed theoretical
analysis of this process that supports the interpretation of optical pumping and demonstrates that the
polarization induced by the laser light must then be at least partially maintained during the round trip of the
ions in the storage ring. Such polarized ion beams in storage rings will provide opportunities for new

experiments, especially on parity violation.
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I. INTRODUCTION

For many years, beams of spin—polarized particles, ions,
and atoms have attracted considerable interest both in
fundamental and applied science [1-4]. In atomic, nuclear,
and particle physics, for example, many experiments have
been performed employing electrons, muons, protons and
deuterons that can be obtained with high degrees of
polarization from thermal to ultrarelativistic energies.
Less progress has been achieved so far with the production
and use of polarized ion beams. Here, most of the studies
have been restricted to the light—ion and low—energy (keV)
domain, where optical pumping is routinely applied [5-7].
Only few efforts have been undertaken to produce
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high—energy beams of polarized lithium and sodium ions
at tandem accelerators, e.g., in [8]. Also not much is
presently known about beams of spin—polarized ions
circulating in storage rings, even though proposals for
their production have been discussed already at the end of
the last century [9]. These beams can be employed for
investigating spin-dependent phenomena in atomic and
nuclear reactions, measuring the parity violation effects
in few-electron systems, and even for the search of a
permanent electric dipole moment [10-13]. As an example,
let us consider the case of parity nonconservation: In He-
like highly charged ions, levels with opposite parity can
come very close in energy for a particular Z, which
enhances parity nonconservation effects. This happens in
He-like Eu®'*, where the 2 3P and the 2 'S, states become
almost degenerate [14]. If the system can be prepared in a
polarized state, a quenching-type experiment with inter-
ference of hyperfine- and weak-quenched transitions can be
performed [11]. The observable will be the difference in
count rate for opposite polarizations. Other examples can
be found in [10].

Published by the American Physical Society
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Two key issues have to be solved, however, before such
experiments with polarized ions in storage rings will
become feasible. These are first the production of polarized
ion beams and second the preservation of their polarization
during the round trips in the storage ring. The second aspect
is a particularly critical issue, as the polarization of ions
typically involves the Zeeman substates (M) of hyperfine
levels with large magnetic momenta, given by those of the
bound electron. They are, hence, much more sensitive to
the fields of the storage device than bare nuclei [15] and any
excess population in an M level is expected to be
destroyed rapidly by the fluctuating fields along the
stored-ion orbit.

In the present work we report a joint experimental and
theoretical study that addresses both key issues. In par-
ticular we consider with a rate equation approach the
production and the temporal evolution of hyperfine polari-
zation by Zeeman optical pumping in a two-wavelength
excitation scheme. We contrast the theoretical results with a
measurement of the steady-state fluorescence intensity
from a stored ion beam subjected to this laser excitation,
which show a significant dependence on the laser polari-
zation. Within this framework, we conclude that the
observations may indicate a preservation of the hyperfine
polarization over a considerable number of round trips. To
the best of our knowledge, no observations were reported
so far that may be interpreted in terms of such extended
hyperfine polarization in a storage ring.

The experimental results were obtained within an experi-
ment to test time dilation in special relativity with Li* ions
stored in the experimental storage ring (ESR). This experi-
ment probed the fluorescence yield from a three-state, A-
type resonance 2s3S,(F =3/2) <> 2p3P,(F =5/2) <
2538, (F = 5/2) in counterpropagating laser beams along
the ion direction. While the A-resonance could indeed be
observed and spectroscopically analyzed [16], we here
describe observations showing its dependence on the
polarizations on both lasers, which were set as parallel
linear polarizations in the previous measurement [16]. The
model calculations are adapted to the parameters of the
ESR experiment.

II. LITHIUM-II LEVEL SCHEME

The level scheme of the two-electron system Lit
resembles that of He and is depicted in Fig. 1. Laser
excitation from the 15> 'S, ground level (not shown) is not
possible since the required light is far in the vacuum
ultraviolet. But within the triplet system, optical transitions
from the metastable 152535, to the 152p 3P, levels (J = 0,
1, 2) are accessible at a wavelength of A, = 548.5 nm.
In the following, we use the abbreviation 23S, and 2 3P, to
denote these levels. The 23S, level is metastable with
a lifetime of approximately 50s, sufficiently long for
experiments in storage rings. However, the state must be
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FIG. 1. Level scheme and hyperfine structure of the 23S, —
23P, transition in "Li*. The F, =5/2 <> F3 =5/2 & F, =
3/2 A transition investigated in this work is shown on the right.

populated already in the ion source. To this end, a Penning
ion source (PIG) was used and operated with a CuLi alloy
since it was superior to an electron cyclotron resonance ion
source (ECRIS) operated with LiF with respect to the
amount of metastable ions [17]. We have used the A-
excitation scheme connecting the 23S, (F=3/2,5/2) and
the 23P, (F=5/2) hyperfine levels as indicated
in the right part of Fig. 1. For the sake of bookkeeping,
below we will enumerate these levels as: 235, (F; = 3/2),
238,(F, =5/2) and 2°P, (F3 =5/2).

III. EXPERIMENT

A. Ion beam preparation

The experimental setup was presented in detail in
Refs. [17,18]. In brief, 7Li* ions in the metastable 23S,
level were produced in a PIG source, accelerated in the
universal linear accelerator (UNILAC) to an energy of
8 MeV/u and injected into the heavy-ion-synchrotron (SIS)
for further acceleration to 58 MeV/u corresponding to a
velocity of f=wv/c =0.338, (y = 1.0625). Finally, the
beam pulses are extracted into the experimental storage ring
(ESR) with an efficiency of 10%. Typical average ion
currents of 20 yA or a total number of Nj,,, = 1.3 x 108
singly charged particles are revolving in the ESR. However,
a varying fraction of up to 50% of the beam was observed
to be '“N’*, having a very similar mass-to-charge ratio as
Li*. The residual gas pressure of less than 10~!! mbar in
the ESR allows for storage times of the ion beam of more
than 100s. The ions are continuously subject to electron
cooling to reduce the momentum spread of the ion beam.
This reduces the Doppler width of the spectroscopy signal
and increases phase-space density and therefore the number
of ions that can be addressed simultaneously with a
narrowband laser. Approximately 20 s after injection, the
cooling process has reached equilibrium and laser
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spectroscopy can be performed while electron cooling is
continued (see Sec. III C). Additionally, a weak rf signal at
the tenth harmonic of the revolution frequency of the ions is
applied to an rf-cavity at the ESR to compensate for small
energy fluctuations of the electron cooler. This super-
imposes a bunching potential copropagating with the ions,
keeping them precisely at an average velocity defined by
the rf frequency and reduces velocity diffusion.

Laser spectroscopy with full Doppler broadening was
performed in the closed 23S, (F = 5/2) — 23P,(F = 7/2)
hyperfine transition to locate the resonance [17,18]. For the
cooled beam the Doppler-broadened FWHM was found
to be close to 1 GHz, corresponding to a relative ion
momentum spread Ap/p close to 1 x 107>, It should be
noted that a strong ion-laser interaction on such a closed
transition can lead to a depletion of a velocity class due to
the recoil in repeated photon absorption-emission events.
This effect on the external degrees of freedom of an atom or
ion is regularly used for laser cooling [19] and has also been
employed at storage rings [20,21]. With the laser powers
used in our experiment, such effects have not been
observed: the closed two-level transition exhibits a regular
symmetric Gaussian line shape and for the A-transition the
momentum transfer that can occur before the ion is trans-
ferred to a dark 23S, hyperfine state is very small. Fast
cycling will only happen if both lasers talk to the same
velocity class and in this case the ion interacts with photons
from opposite directions and momentum transfer can again
be neglected. Hence, we also do not take into account
velocity changes by photon recoil in our theoretical model
in Sec. V.

The 23S, lifetime in the storage ring was determined
from the time evolution of the fluorescence signal to be
practically identical with its 50-s radiative lifetime and the
observed resonance strength allowed us to estimate that the
metastable 23S, level was populated in less than 0.1% of
the Li™ ions.

B. Interaction region at the ESR

The ESR is described in detail, e.g., in [22] and with
respect to laser spectroscopic experiments in [23]. Here, we
will concentrate on the straight interaction region of the ion
and the laser beam as it is shown in Fig. 2. The ion beam
revolving in the ESR is superimposed with the laser beam
at the exit of the 60°-dipole magnet on the right (ESR’s
southwest corner) and is separated again at the 60°-dipole
magnet on the left (ESR’s northwest corner). The laser
beams are injected through viewports that are mounted in
the straight direction at the dipole chambers. Two magnetic
quadrupole doublets are located along the straight section,
while in the center of the field-free region, a gas target is
installed followed by the (fluorescence) detection region
used in this experiment. The detection region extends along
65 cm. The last mirror is about 12-m downstream the ion

K)p view
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Front view Dipole

FIG. 2. Top-view and front view of the straight section of the
ESR where the laser and the ion beam are superimposed. The
lasers are directed through the viewports at the 60°-dipole
magnets to co- and counterpropagate with the ion beam.

beam from its first merging point with the laser close to the
ESR dipole magnet.

C. Laser setup

A Li* ion in the excited 2 3P term decays back to 23S,
with an average lifetime of 7(23P,) = 43 ns, which at the
beam velocity corresponds to an average fluorescence
decay length of fycr =4.63 m. To perform Doppler-
reduced spectroscopy in the A scheme described above,
two laser beams were superimposed with the ion beam
along the straight section of the ESR, where the fluores-
cence detection region is located as shown in Fig. 2. As the
average fluorescence length is to short for a separation
between ion beam and laser beam before detection, the
lasers must traverse the detection region and background
from scattered laser light cannot be avoided [23]. The
Doppler effect at 33.8% of the speed of light shifts the
excitation wavelength from 4, = 548.5 nm at rest to 1, =
386 nm for the laser beam copropagating (parallel) with the
ions, while excitation with the counterpropagating (anti-
parallel) laser beam has to be performed at a wavelength of
A, = 780 nm in the laboratory frame.

Copropagating laser light is produced with a commercial
tunable solid-state titanium-sapphire (Ti:Sa) ring laser
(coherent, 899-21) operated at 772 nm pumped by a
Nd:YVO, laser (Coherent, Verdi) at 532 nm. Frequency
doubling in an enhancement cavity (Wavetrain2, Sirah)
with a BBO (f-BaB,0,) crystal provided the required
wavelength at 386 nm. The Ti:Sa laser is stabilized to the
rovibronic P(42)1-14 transition in molecular iodine '*’I, by
frequency modulation saturation spectroscopy [24,25]. The
linewidth of the laser is approximately 250 kHz on a 1-s
integration time. It is estimated that this increases to about
350 kHz after frequency doubling. The counterpropagating
laser beam is generated with a pair of diode lasers in
Littrow configuration (Toptica, DL100) of which one is
locked to a hyperfine transition at 780 nm in the D2 line of
87Rb [26], while the second one is tunable and referenced to
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the first one by a frequency-offset lock [27]. The linewidth
of the counterpropagating laser is about 2 MHz. More
details are provided in [16,18].

Both lasers are transported to the storage ring using
polarization-maintaining optical fibers. For the UV light for
collinear excitation a 15-m long Thorlabs fiber (type PM-
S350-HP) is used, while the IR light requires a fiber with a
length of 50 m (type PM780-HP).

The fused-silica viewports at the ESR’s dipole magnets
have a surface flatness of 1/20 and can be tilted to send the
reflections of the window surfaces out of the ESR to reduce
stray light. The angles and positions of the laser beams are
controlled with accuracy of Ad =20 prad and Ax~x
50 pym by motorized rotation and translation stages. Two
scraper pairs, situated in the middle of the experimental
section, 6.5 meters apart from each other are used to
establish ion beam—Iaser beam overlap inside the vacuum
chamber. The scrapers can be introduced into the beam path
with a reproducibility of better than 0.1 mm, allowing us to
guarantee parallel beams within 80 urad.

Laser beam parameters have been determined with a
beam viewer: both foci are located 17 m downstream of the
detection regions last mirror, actually outside the ESR
beamline, with radii (at 1/ intensity) of 1.10(5) mm and
2.71(10) mm for the blue and red laser beams, respectively.
Along the 11-m long interaction path prior to detection, the
beam radii vary accordingly from 3.8 mm (3.4 mm) at the
dipole magnet down to 3.1 mm (2.2 mm) at the detection
region for the red (blue) laser. The laser power was adjusted
to 5 mW for the red and 0.4 mW for the blue laser. This
corresponds to intensities of roughly 3.3 to 4.9 times the
saturation intensity of Z, = 6.7 mW /cm? [28] for the red
and 30%-80% saturation intensity for the blue transition
along the interaction path. In the theoretical simulation (see
Sec. V), we use an average size of 3.5 mm (red) and 2.8 mm
(blue), respectively, and transform the intensity into the rest
frame of the ion. These values are listed in Table L.

D. Fluorescence detection

The system for fluorescence detection is situated in the
middle of the experimental section. It was originally built
for laser spectroscopy on hydrogen-like Pb [29], a detailed

TABLE I. Parameters of the incident laser radiation and of the
Lit ion used in the evaluation of the transition rates. All
parameters are given in the rest frame of an ion, moving with
the relativistic velocity g = 0.338.

Intensity of the blue laser
Intensity of the red laser

Laser angular frequency
Linewidth of the blue laser
Linewidth of the red laser

Rate of the 23P, — 235, decay

Tioe = 1.6 mW/cm?
Lped = 52.5 mW /cm?
®=3.4x10" Hz
Awppe = 1.5 x 10° Hz
Aw,q = 1.8 x 107 Hz
F23P2,23S| =22x 107 Hz

description is provided in [30] and its detection properties
were modelled in [31]. Three photomultiplier tubes (PMTs)
(two Hamamatsu, R2256P and one Thorn EMI, 96350B)
are used to detect the fluorescence photons. All PMTs are
equipped with cooler housings to keep the temperature
below 5°C to reduce thermal noise. Each PMT is addi-
tionally equipped with a combination of lenses optimized
to focus photons from the beam position onto the photo-
cathode. The detection system can only collect light that is
emitted under angles of at least 20° with respect to the beam
direction. The fluorescence detection is therefore restricted
to a wavelength range between 410 nm and about 700 nm
with a combination of optical filters (Schott, BG 39 & Itos
KV408) to suppress laser stray light [17]. Consequently,
processes that would steer the emission direction of the ions
away from these forward directions could lead to a signal
reduction even with a constant fluorescence rate.

E. Spectroscopic procedure

Resonance spectra of the Li™ ions are recorded in the
following way: First, the Ti:Sa laser producing the cop-
ropagating beam (wavelength 4,,) is stabilized to the iodine
line and the ion beam energy is adapted by changing the
electron energy at the electron cooler to resonantly excite
the ions along the 23S,(F, =3/2) = 23P,(F; =5/2)
transition. Then, the A-resonance signal is observed by
tuning the frequency of the counterpropagating (diode)
laser beam (wavelength 1,) across the 23S, (F, = 5/2) —
23P,(F; =5/2) transition. While 1, is scanned, the
fluorescence intensity is recorded for four phases when
the laser beams are switched on or off (4, only, 4, only,
both lasers, and no laser) [16] and the A-resonance
spectrum is obtained from the difference between the
“both-lasers” phase and the summed signals of the two
single-laser phases. In the fluorescence signal of the “A,-
on” phase, a Doppler-broadened spectrum occurs through
F,=5/2 > F3 =5/2 excitation for a velocity-class of
the ions selected by the narrow-band laser. This fluores-
cence signal is reduced by the optical pumping to the F'; =
3/2 hyperfine levels through spontaneous emission
F3 — F|. In the “both-lasers” phase and in the signal
difference representing the A resonance spectrum, an
additional spectral structure occurs when 4, selects for
the F, — F5 transition the same velocity class as the fixed
A, laser selects for the F; — F3 transition. Hyperfine
pumping to the F'; level is then avoided so that the average
population in F5 and, correspondingly, the fluorescence
intensity rises. Indeed, a A-resonance signal at a width
significantly reduced compared to the Doppler width could
be observed and spectroscopically analyzed to yield the
desired test of special relativity [16]. The remaining line-
width of about 100 MHz is still more than an order of
magnitude larger than the natural linewidth of approxi-
mately 3.7 MHz. This is ascribed to velocity-changing
collisions happening during many revolutions in the ESR,
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shifting ions dark-pumped by one of the lasers back into
resonance with the other one [16].

IV. RESULTS

In the experimental runs leading to the relativity test [16],
also the effect of the laser polarizations on the A-signal was
studied. In particular, the situation of parallel linear polar-
izations, chosen for the measurement, was replaced by
choosing circular polarizations for both lasers. With this
goal, A/4-plates in front of the ESR windows were
introduced and their fast axis rotated to obtain circular
polarization. Here and in the following, we always refer to
the helicity state of the photon, i.e., the projection of the
photon spin onto its own momentum direction.

The signals (denoted as A-spectra in the following)
observed when both lasers are on are shown in Fig. 3 for the
tested laser polarizations. The black solid curve represents
the resonance with both lasers linearly polarized in the
horizontal plane1 (m—m). This signal shows a sharp structure
representing the suppression of hyperfine-population
pumping by a single laser, as described above and analyzed
in Ref. [16]. A wider (Doppler-broadened) pedestal of this
resonance occurs in addition. It was explained by the
diffusion of ion velocities during their round trips, which
leads to a replenishment of ions in the laser-accessible state
from neighboring velocity classes with state populations
that have not been reduced by the scanned (IR) laser.
Similarly, hyperfine population pumping by the A-type
interaction with both lasers can be suppressed over a wider
range of A, detunings which explains the increased line-
width of the observed A-signal. Such velocity changes can
occur in electron-ion collisions in the electron cooler, in
ion-atom collisions with residual gas atoms or can be
induced by the rf cavity used for the weak bunching. The
dash-dotted trace in red was recorded with both laser beams
having 6" polarization. Here, the fluorescence near the A-
resonance becomes much smaller, regarding both the
pedestal and the resonant structure. Only a weak signal
above background remains. Then, the 1/4-plate of the UV
laser was rotated by 90° to obtain o~ light. In this case, even
the weak resonance vanishes, as displayed by the blue
dotted line.

We interpret the disappearence of the fluorescence near
the A-resonances even under the combined effect of both
lasers 4, and 4, by optical pumping between My Zeeman
sublevels with respect to the laser and ion-beam direction as
a quantization axis, as illustrated in Fig. 4. For the 6~ — o
case [Fig. 4(a)], AM p = +1 transitions are indicated by the
solid lines in blue and red, respectively. From all M. states
of the two lower levels of the A-transition, only the M =
—5/2 state of the 23S, (F, = 5/2) level cannot be excited
with 6~ IR light, but this state is populated by partial decays

'A similar signal for vertical polarization was also recorded.

Polarization

0.8

06

04+

Normalized count rate

02+

0 L
2100 2200 2300 2400 2500 2600 2700
f, - 384 223 130 MHz

FIG. 3. Optical resonances of Li" ions in the ESR recorded
with different laser polarizations during the “both lasers on”
phase (see text). The linear-linear case was recorded with both
laser beams polarized in the horizontal (ring) plane. For circularly
polarized light, the helicities of the UV (1st) and IR photons (2nd)
are indicated. The x-axis represents the frequency of the IR light
(4,) produced by the diode laser that counterpropagates to the ion
beam and drives the 23S, (F, = 5/2) — 23P,(F; = 5/2) tran-
sition. The UV light (1,) of the Ti-sapphire lasers second
harmonic is copropagating and its frequency is fixed on the
238,(F, =3/2) = 23P,(F; = 5/2) resonance of the central
velocity group of the revolving ions.

from the My = —3/2,—5/2 substates of the 2°P,(F; =
5/2) level as indicated by the dashed arrows. All other
decays leading back to laser-coupled M states are not
shown. Both lasers are shifting the population toward this
“dark” substate. In absence of a redistribution process
between the different M. states of a level, resonant laser
excitation must eventually end with all population accu-
mulated in the dark substate and fluorescence will stop.
Similar qualitative analysis, that takes into account tran-
sitions between various hyperfine substates My, may
explain the existence of a weak fluorescence signal,
observed for the 6" — 6™ case. As seen from Fig. 4(b),
in this case the UV laser excites AMy = +1 transitions.
Again, the My = -5/2 magnetic substate of the
238,(F, = 5/2) level becomes the dark substate but this
time the excitation with the UV beam shifts the population
in the opposite direction, AM = +1. Hence, one can
expect the process to slow down and that it will take longer
until fluorescence vanishes.

It should be noted that the case denoted as a z—x
polarization of both lasers, for the M states referring to
the lasers’ direction represents a coherent superposition of
the transitions marked in both panels in Fig. 4. Hence,
repumping from the dark states is ensured and a large A
repumping effect is observed.

In both cases when the lasers are circularly polarized, the
population of the M = —5/2 dark substate leads to an
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FIG. 4. Level scheme with My substates for the explanation
of the dark state in the A-scheme with two circularly polarized
laser beams. The upper panel (a) displays the case of
o~ (UV)-o"(IR) polarization, while the lower panel (b) corre-
sponds to the 67 (UV)-ot(IR) case.

effective pumping of the hyperfine-level population to F,
while state F'; is depleted. However, this optical pumping is
also connected with a steady-state polarization of the stored
F, ions in the M = —5/2 state. This consequence of the
observed laser-polarization dependence was not followed
further in the special relativity test experiment. However, as
pointed out in Sec. I, it could have exciting consequences
such that we consider this effect more closely in the
following.

For the described polarization effect to yield experimen-
tal consequences, two scenarios can be considered: (i) The
laser beam interacts with the ions along a distance of 11 m
in front of the detection region, which corresponds to ~2.4
spontaneous decay lengths. Hence, the polarization might
build up already along this distance. Even a partial
polarization build-up may sufficiently change the emission
characteristic of the ions so that it is steered into directions
where the mirror system is less sensitive, i.e., outside of the
angular range between 30° and 80° with the highest
efficiency for detection. We denote this as the “fast
pumping” scenario, in which any polarization in the ion
beam is considered to be again destroyed during a round

trip. Conservation of the polarization during the ion storage
is irrelevant in this scheme. (ii) In another scenario the
buildup of polarization according to scheme (i) would not
be sufficient to explain the observations. Then, at least a
part of the polarization must be conserved after the round
trip such that the polarization can slowly build up over
several round trips. In the following theoretical section, we
will investigate which of these two scenarios is more
suitable for explaining our observations. Therefore, we
analyze the laser-ion interaction with a rate-equation
approach, taking all relevant experimental boundary con-
ditions into account.

V. THEORY

A. System of rate equations for Li* ions

In order to better understand the experimental results
from the previous section, we have performed a theoretical
analysis of the population dynamics of Li" ions in the
presence of two superimposed laser fields. Generally, such
an analysis would require solution of the Liouville-von
Neumann equation that describes the time evolution of the
ionic density matrix [32]. For a discussion as it is intended
here, just aiming at a decision which pumping scheme
introduced above is supported by theory, we can restrict
ourselves to a less computationally demanding approach
based on a system of rate equations. The rate-equation
approach has been widely employed in the past for the
investigation of the optical pumping of ions in storage rings
[10,33]. It predicts how the populations of magnetic
substates of an ion, as described by the diagonal elements
of the density matrix, evolve over the time due to transitions
from/to another substates. The focus on the substate
populations implies neglecting the coherence between
the ionic (sub-) states, which is characterized by the
nondiagonal density-matrix elements. This assumption is
well justified for the analysis of the present ESR experi-
ment in which fast spontaneous decay of the excited state
23P, as well as ionic collisions and interactions with the
external fields in the ring lead to the loss of the coherence.

In the present work we solve the system of coupled
differential equations:

dNF] M, — —_N Texe
T_ quMrlz : FiMp, F3Mp,
i 3
F3
dec
+ ZNFEsMF3 FF3M,.~3,F1MFI ) (1a)
MF3
d
F2’MF2 = _N [exe
T Fy.Mp, FyMp, F3Mp,
t i :
F3
dec
+ E NF3,MF3 r1v31\4,r3,F21v1F2v (lb)
Mp,

024701-6



POLARIZATION-DEPENDENT DISAPPEARANCE ...

PHYS. REV. ACCEL. BEAMS 24, 024701 (2021)

dN
F3.Mp, —_N [dec + [dec
T F3.Mp, E FsMp, F\Mp, E FsMpy FoM,
My, My,
'eXC
+ E NF, my, FFIMFI,F3MF3
My,
'eXC
+§ NFZ,M,.-ZFFZM,_-Z,F3MF3’ (Ic)
My,

that describes the populations Ny (¢) of the hyperfine
substates |Fy, Mg, ) =[238,:F; =3/2,Mg,), |F2.Mp,)=
238, :F,=5/2,Mp ) and |F3,My )=|2°P,: F3=5/2,M )
of Li* ions. Here F is the total angular momentum of the
ion and M is its projection onto the beam propagation
direction, chosen as the quantization axis.

In Eqgs. (1), moreover, Fﬁfﬁwﬁ, FsMy, is the rate
for the photoexcitation |F; M )+hw—|F5.Mp,), while

dec _ ydec,sp
FFSMF3vFiMFi - FF}MF3sFiMF,-

the sum of the spontaneous and laser-induced decay rates.
These rates for transitions between particular hyperfine
substates can be easily traced back to the rate of the
spontaneous 2°3P, — 23S, fine-structure decay that we
denote as I'y3p, 53, . For example, with the help of the
angular momentum algebra one can find

dec,ind : . .
+ FFgMFyF,-MF[ withi =1, 21is

dec,s
FFii\;SB.F,vMFi = 5(2F; + 1)(F:Mp LM|F3Mp,)*

Fy F; L 2r 2
X 3 3¢y
1 2 I 2°P,,2°5,

where I = 3/2 is the nuclear spin, and the electric-dipole
approximation, L = 1, for the photon-ion interaction is
assumed. By employing this expression and the theory of
Einstein coefficients, we obtain next the rate for the laser-
induced decay as

. Fy; F; L)?
dec,ind _ ) 3 i
FF3MF3’FiMFi 75(2Fl+ 1){ 1 2 1 }

2
x ( > c,,p<F,-MF,,Lp|F3MF3>>

p==l1

”2 6'2

X (I m) F23P2,2351 . (3)

Here, 7, w and Aw are the intensity, angular frequency and
(frequency) width of the incident laser radiation, whose
values are displayed in Table I. Moreover, the coefficients
¢, characterize the photon polarization vector €, written in
the helicity (p = £1) representation as

€ =ci€ +c_j€_y, leilP+leaP=1. 4
By choosing these parameters as ¢; = c_; = 1/4/2 and
¢y = 1 one can “construct” z-linearly- and ¢*-circularly

polarized light, respectively. Finally, the photoexcitation

exc : H dec,ind
rate ['7 My FiMy, 1 directly related to I'z. My, FiMy, by the

principle of the detailed balance.

In what follows we will apply the developed theoretical
approach to investigate the population dynamics of Lit
hyperfine levels for two scenarios. Thus, in Sec. V B the
naive single-run scenario will be considered in which the
ions enter the laser-overlap region at ¢+ = 0 and move in it
infinitely long. This academic case will allow us to
determine the characteristic timescales of the population
dynamics and to discuss how they depends on the polari-
zation of incident laser light. Later in the Sec. V C, we will
“simulate” the ESR experiment in which the Li* ions
circulate in the ring, entering and leaving periodically the
laser beams. To describe this realistic multicycle scenario
we will apply the rate equations (1) in which the induced

dec.ind exc i
rates 'y My, F,My, and I'? My, My, AT€ given by Eq. (3) for

the laser-interaction region and set to zero when the ions
leave this region.

B. Single-run analysis

After the evaluation of the transition rates 9 and I'¢x¢,
one can integrate the system of coupled equations (1) to
find the populations of the hyperfine substates Ny, (1) as
a function of time. Of course, to perform these calculations
one has to define first the polarization of both laser beams
and the initial population of the Li* ions. In Fig. 5, for
example, we display the results obtained for populations
that are initially statistically distributed in the “ground-
state” hyperfine levels:

|23S1:F1 :3/2’MF|>: NF].MFI(O):1/109 (Sa)
|23S]:F2:5/2,MF2>: NF2.MF2(0): 1/10, (Sb)
’23P2:F3 = 5/27MF3>: NF3.MF3 (0) = O, (SC)

for all M F, = —F;, ..., F;. These initial conditions corre-
spond to the scenario where unpolarized Li* ions in the
metastable 23S, state enter the (laser-ion) interaction
region. Moreover, the calculations have been carried out
for the horizontally linearly polarized (upper panel of the
figure) and circularly polarized 6~ — 6" and o™ —o"
(middle and lower panels) counterpropagating lasers
beams. We have chosen these polarization states in order
to reproduce the experimental setup as described in Sec. III.

The numerical evaluation of the system (1) for the initial
conditions (5) and for two polarized laser beams allows us
to explore the population of all sixteen hyperfine substates,
involved in the 25 3S,(F; = 3/2) <> 2p°P,(F3 = 5/2) <
2538,(F, =5/2) A-transition of interest. For the easier
visualization of the results, we do not present in Fig. 5 all
sixteen Ny, (1)’s but depict instead the fotal populations
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FIG. 5. The relative population of the 23S, : F, = 3/2 (green
dash-dotted line), 23S,: F, =5/2 (blue dashed line) and
23P,: F5 = 5/2 (black solid line) hyperfine levels of Li* ions
as a function of time. The calculations have been performed for
two counterpropagating laser beams that are both either linearly
polarized in the horizontal plane (upper panel) or circularly
polarized. For the latter case we consider two beams with the
opposite 6~ — 6" (middle panel) and the same 6" — 6" (lower
panel) polarizations. Finally, the red dotted vertical line marks the
time 74, that Li* ions, moving with velocity » = 0.338¢, need to
reach the center of the detection region from the point where they
enter the laser-overlap region.

Np (1) = >y, Ny, (1) of the [238,: Fy = 3/2) (green
dash-dotted line), [23S,: F, = 5/2) (blue dashed line) and

|23P,: F3 = 5/2) (black solid line) hyperfine level mani-
folds. As seen from the figure, the time evolution of the

total populations is very sensitive to the polarization state of
the lasers. If, for example, both lasers are linearly polarized
in the horizontal (storage-ring) plane, all three Ng ()’s
converge to large nonzero values at t~2 x 1077 s, see
upper panel of Fig. 5. In this case, approximately 23% of
Li* ions from the beam are excited to the 23P,(F; = 5/2)
level. The spontaneous decay of this level leads to the
emission of the 23P,(F3 = 5/2) - 235,(F 5 =3/2,5/2)
photons. By making use of density matrix theory [34], we
found that these photons will be emitted most likely under
forward angles with respect to the beam direction and,
hence, can be efficiently recorded at the detection region.
Since ions with velocity v = 0.338¢ reach the detection
region in about f4, ~ 1077 s after they enter the laser
interaction region, i.e. when the population N, is almost
saturated, our calculations are consistent with the exper-
imental observation of the resonance structure in the
spontaneous emission spectrum in Fig. 3.

Qualitatively different behavior of the populations
N (1) is observed if the 235, (F; =3/2) < 2°P,(F; =
5/2) <> 23S,(F, = 5/2) A-transition is induced by two
circularly polarized lasers instead of linearly polarized
ones. In order to better illustrate this difference, we solved
the system of the rate equations (1) for two scenarios in
which counterpropagating photons have (i) the opposite
6~ —o" and (ii) the same o — ¢t circular polarization
states. The results of the calculations are presented in the
middle and lower panels of Fig. 5. As seen from these
panels, the populations of the hyperfine levels exhibit
saturation at later times and at very different values if
comparing to the linear polarization case. For example,
almost all Li* ions, interacting with oppositely polarized
(6~ — o) photons, can be found in their |23, : F, = 5/2)
level only after 5x107%s. An even longer time,
t~ 107" s, is needed to transfer the entire population to
the same [23S,: F, = 5/2) level if both lasers are right-
handed circularly polarized. The vanishing population in
the 23P, level can be easily understood from the fact that
absorption of circularly polarized 6™ — 6" and 6~ — 6™
photons leads to the formation of the dark substate
238,: F,=5/2,Mp,=-5/2), see also Fig. 6. This sub-
state cannot be further excited to the [23P,: F3 =5/2)
level because of missing My substates to fulfill the
selection rule AMp = —1 for " red light as indicated
in Fig. 4. As a result, there will be no spontaneous decay
23P,(F3 =5/2) - 23S,(F,, = 3/2,5/2) and, hence, no
signal at the photomultipliers. Figure 4 also provides
intuitive understanding of the fact that the disappearance
of the fluorescence signal is observed later for the 6™ — ¢
polarization. In this case photons from the counterpropa-
gating lasers induce AMyp = +1 and AM; = —1 transi-
tions and are thus transferring population into opposite
directions (lower panel of Fig. 4 and lower panel of Fig. 6),
whereas their effect is added in the 6~ — 6™ case.
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FIG. 6. The relative population N, ,, of the hyperfine substates [2°S: F, = 5/2, M) attimes t = 107 5,7 = 1077 5,1 = 107 s,
t =107 sand t = 107* s after initially unpolarized Li* ions enter the laser-overlap region. Calculations have been performed for two
counterpropagating laser beams that are both either linearly polarized in the horizontal plane (upper panel) or circularly 6~ — 6 (middle
panel) and 6 — 6" (lower panel) polarized. For the latter two polarization cases one can observe the formation of the dark substate
[238,:F, =5/2,M £, = —5/2). This formation, however, takes much longer time for the 6* — ¢ polarization case where blue and red
lasers transfer the substate populations in opposite directions, see lower panel of Fig. 4.

The complete transfer of the population to the dark
substate [23S,: F =5/2,Mp, = —5/2) happens much
later than the time ¢~ 10~" s when the ions reach the
detection region, as can be seen from the middle and lower
panels of Fig. 5. Moreover, our theoretical analysis again
showed that during all the (saturation) time the spontaneous
decay 23P,(F3 =5/2) — 23S,(F,, = 3/2,5/2) leads to
the photon emission predominantly in the forward beam
direction, i.e., under the angles at which the detection
region is most sensitive. Based on these observations one
would expect that a clear fluorescence signal will be
detected for the interaction of Lit ions with circularly
polarized lasers. This contradicts, however, the experimen-
tal observations, which show no signal for the 6~ — 6 case
and a very weak resonance for the 6™ — 6" polarization
state in Fig. 3. In order to explain this discrepancy we recall
that our calculations have been performed for the initial
conditions (5), i.e., for initially unpolarized Li*™ ions in
their “ground” levels |23S;: F,, =3/2,5/2). Such a
choice of the initial populations N (t = 0) is based
on the assumption that any nonstatistical population of

hyperfine levels will be destroyed after ions pass the
bending magnets of the ESR storage ring. The observed
discrepancy between experimental findings and rate-equa-
tion predictions leads us to question this assumption.
Namely, the weak or even vanishing fluorescence signal,
recorded at the detection region from Li* ions interacting
with circularly polarized photons, can be understood if the
ions are already longitudinally polarized when they enter
the laser field. Unless this polarization was produced by the
bending magnets, it is caused by the optical pumping
during the previous passages of the ion-laser interaction
region.

C. Multicycle analysis

In order to support our interpretation of continuous
optical pumping of Li* ions during their circulations in
the ESR, we have simulated the multicycle state-population
dynamics. Within one cycle of this simulation, the system
of rate equations is used to compute the populations
Np g, (t) in the interval 0 <7 < ty,, with £, 107 s
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being the duration of a single round trip in the ring.
Moreover, to account for the fact that ions interact with
the laser beams only part of their trip we have introduced in
Eq. (1) the time-dependent laser-induced (decay and
excitation) rates:

[, 0<t< 1y
o = e
) Naser < T < ring
. rdecind 0 < £ < g
l—‘dec,md(t) — {O ;scr (6b)
5 Haser < T < tringv

where #,,; &2 % 1077 s specifies the time during which
ions move in the presence of the laser fields. Similar to the
I4¢; @bove, both times 7, and 1,4, have been estimated for
the ESR geometry and for the ion velocity v = 0.338c.
The evaluation of the system of rate equations in the time
interval 0 <7 < 1,4, and with the modified induced rates
(6) allows us to simulate the state population dynamics
during a single round trip in the ESR. In order to understand
how Ny, (t)’s will change for the realistic experimental
scenario of multiple circulations of ions in the ring, we
(i) employ the populations obtained at the end of a previous
cycle, i.e., at 1 = fy,,, as initial conditions for the next
cycle, (ii) solve the system (1) with these conditions, and
(iii) repeat the procedure cycle-by-cycle. We have applied
this multistep analysis to investigate how the population of
the excited state |23P,: F3 =5/2), if observed at the
moment when the ions pass the detection region, evolves
with the number of cycles. The results of our calculations
are displayed in Fig. 7 for the cases where the Li' ions are
pumped by linearly polarized (black solid line) as well as
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FIG.7. The relative population of the excited level 23P,: F5 =
5/2 of Li" ions as a function of the number of circulations in the
storage ring. N,3p,. p_s5/5(t) is calculated for the moment when
the ions pass the detection region and for the various polarization
states of the applied lasers.

by circularly polarized 6~ — 6™ (blue dotted line) and 6+ —
o (red dash-dotted line) lasers. We have assumed, more-
over, that in the beginning of the very first cycle of the
simulation the ions are unpolarized and, hence, their
sublevel population is described by Eq. (5).

Figure 7 depicts the cycle-by-cycle evolution of the total
population Np, at the time when the ions pass the
fluorescence detection region during their multiple turns.
It is obvious that the behavior is quite distinct for the
different polarizations of the laser beams. If, for example,
both lasers are linearly polarized within the ESR plane, the
population of the excited level |23P,: F3 = 5/2) remains
virtually constant, Np, ~0.23. This is expected from the
“single-run” results which are presented in the upper panel
of Fig. 5 and indicate that the level populations are
saturated to large nonzero values in 2 X 1077 s, ie.,
approximately at the moment when the ions reach the
detection region. Moreover, since the intensity of the
23P,(F3=5/2) - 238,(F,, =3/2,5/2) spontaneous
emission is proportional to N, our calculations support
the experimental observation of the pronounced resonance
in the fluorescence signal shown in Fig. 3.

In contrast to the linear-polarization case, the population
of the excited level [23P,: F5 = 5/2) generally decreases
with the number of cycles if the ions are pumped by
circularly polarized laser beams. One can understand
this based on the “single-run” analysis from Sec. V B as
well as from our assumption about the preservation of the
polarization of ions during their round trips. Namely, as
seen from Fig. 5, the time fj,; #2 X 1077 s of a single
passage of the ions through the laser interaction region is
shorter than the depopulation time of the [23P,: F = 5/2)
level, but is sufficient to produce a partial polarization of
the Li* ions. If this polarization is preserved—at least to
some extent—as the ions continue to move in the ring, the
population of the hyperfine substates in the beginning of
the next ion-laser interaction period will deviate from
Eq. (5). During this next round the lasers will even further
polarize the ions and the procedure will continue until the
formation of the dark substate [23S,: F, = 5/2,Mp, =
—5/2) is completed and, hence, full depopulation of the
|23P,: F3 = 5/2) level is obtained.

From our calculations and the discussion above we
conclude that the population saturation time in the “sin-
gle-run” scenario is directly related to the number of cycles
needed to polarize the ions in the “multicycle” case. For
example, the pumping of Li* ions by two laser beams with
opposite circular polarization, 6~ — 6™, results in a rela-
tively fast saturation and, consequently, to the formation of
the respective dark substate [23S,: F, =5/2, Mg, =
—5/2) just after 20 cycles in the ring. In contrast, a very
long saturation time, ¢ &% 107 s, and more than 300 round
trips are required to polarize Li" interacting with 6 — o™
beams. These qualitative predictions, based on the
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assumption of multistep optical pumping of Li* ions, allow
us to better understand the experimental findings from
Fig. 3. Indeed, since for the 6~ — 6™ case the ionic popu-
lation is fully locked in the dark substate [23S;: F, = 5/2,
Mg, = =5/2) just after a couple of dozen cycles, no
signal from the spontaneous decay 23P,(F; =5/2) —
238,(F1, =3/2,5/2) can be observed at the detection
region. On the other hand, a weak resonance signal
recorded for the 67 — 6™ case can be seen as a consequence
of a sluggish decrease of the population of the excited state
|23P,: F3 = 5/2) during the circulations of the ions in
the ring.

Even though the 6" — 6™ scheme takes longer to transfer
the population into the dark substate, a time span of 0.1 ms,
being a fraction of less than 1% of the dwell time cannot
create the remaining signal strength in the spectrum. We
shall assume, therefore, that there is a continuous transfer
from the dark substate back into the multitude of bright
states. In order to understand possible reasons for this “back
transfer” we recall that the theoretical calculations pre-
sented in Fig. 7 are based on two very naive assumptions.
Namely, we have presumed that (a) the population of
hyperfine substates, as produced during the interaction with
lasers and by subsequent spontaneous decay, is neither
affected by the magnets of the storage ring nor by collisions
and (b) both lasers are ideally (6*-)polarized. Both con-
ditions are not fulfilled in the real experiment. First, the
polarization of the ions might be modified by collisions
with cooler electrons and rest-gas atoms as well as by the
magnetic fields of the dipoles and quadrupoles along the
circumference of the storage ring. Second, the light
polarization—even if it is perfectly circular after the 1/4
plate—might obtain a linearly polarized component, e.g.,
from stress-induced birefringence in the vacuum windows.
A detailed analysis of the ion (de-) polarization dynamics
due to collisions and interactions with magnetic fields is a
rather complicated task which depends, moreover, on the
setup of a particular experiment. This analysis is out of
scope of the present theoretical study and will be presented
in a forthcoming publication. Here we just use a very crude
model in which the depolarization of ions in magnets and
due to collisions is estimated by redistributing a particular
fraction ¢ of the population of each M state across ground-
level substates after each revolution. We found that the
system is quite forgiving in the 6~ — 6™ case, where even a
depolarization of 6 = 10% per revolution still allows a
strong depopulation of the excited level 23P,: Fy = 5/2
and, hence, a fluorescence signal reduction of about 60%
after just a dozen cycles, as can be seen in the upper panel
of Fig. 8. In contrast, in the 6T — 6™ case a depolarization
of only 1% leads to a roughly 50% signal recovery
compared to the calculations neglecting any population
redistribution, i.e. for § = 0%. As seen from the lower
panel of Fig. 8, imperfect laser polarization may also lead to
the “back transfer” from the dark state. Again, it is the

=5/2

Population of the state 3Pz: F

Number of cycles

FIG. 8. The same as Fig. 7, but for the cases where the
population of hyperfine substates is partially distorted by the
magnets in the storage ring and collisions (upper panel), and the ¢
polarization of the red laser has an admixture of the z linearly
polarization component (lower panel). In order to estimate the
effect of the depolarization in the magnets and collisions, a
particular fraction § of the population of each substate |FM ) was
evenly redistributed among ground-level substates after each
round trip. The imperfection of the circular polarization is
quantified by the Stokes parameter P;, or degree of linear
polarization, of the 7 component.

6~ — o case that is more robust: Even with the significant
admixture of the = component in the red laser beam,
quantified by the Stokes parameter P; = 20%, the fluo-
rescence signal recovers to only 13% of its original
strength. For 6" — o™, in contrast, already 10% z-light
is sufficient for recovering 50% of the signal strength. The
latter result shows that the small remaining signal in Fig. 3
might not necessarily be caused by depolarization effects of
the ion beam, but could as well be caused by nonideal light
polarization. More rigorous investigation, experimentally
as well as theoretically are required and will be carried out
in the future.

VI. CONCLUSION

We have shown in our theoretical analysis that optical
pumping in the 25 38, (F, = 3/2) <> 2p3P,(F3 = 5/2) <
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2538, (F, = 5/2) A-transition of Li* ions at the ESR can
only lead to the observed disappearance of the resonance
signal if a considerable fraction of the induced polarization
survives the revolution along the storage ring. However,
with the limited experimental information obtained so far,
we cannot conclude that this process has really happened
but further investigation of this system is of high interest.
Due to the restricted amount of beamtime at the ESR and
the excessive number of beamtime applications, we have
started to carry out investigations at CRYRING@ESR [35]
using Mg ions. These can be injected into
CRYRING@ESR from a local ion source without the
necessity of operating and blocking the entire GSI accel-
erator chain. A A-scheme in »Mg* ions will be addressed
with cw lasers but we will also test broad-band optical
pumping with pulsed lasers. Those studies serve also
for the establishment of laser spectroscopy at
CRYRING@ESR in general [36]. It should be noted that
a nonobservation of optical pumping at this machine has
only limited significance for disproving the explanations of
the ESR results due to the completely different lattice and
ion dynamics in the two storage rings. Therefore, further
experiments at the ESR are also planned. There, a con-
vincing signature could be obtained, e.g., if the resonance
disappears again under the conditions of the last experiment
but can be reestablished with another laser beam that
interacts with the ions on the opposite side of the storage
ring and is employed to depopulate the dark-state. One
interesting application of optical pumping at the ESR
would be the hydrogenlike ion '“°Pr38+ [37]. Here, laser
excitation across the hyperfine splitting in the electronic
ground-state, will affect the nuclear lifetime [38]. The
direction of neutrino emission can be determined in the
Schottky spectrum after the electron capture process [39].
Preferred emission either in forward or in backward
direction achieved by optical pumping in the hyperfine
transition could then constitute a direct proof of the
polarization process.
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