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Laser cooling of stored bunched relativistic Li-like oxygen ions
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We report the experimental demonstration of laser cooling of bunched Li-like 'O ion beams at ~64%
of the speed of light in the storage ring CSRe. The longitudinal dynamics of laser-cooled bunched ion beams
were investigated by observing the Schottky signals in real time with a high-sensitivity Schottky resonator.
Furthermore, a multiparticle phase-space tracking code was developed to simulate the longitudinal Schottky
spectrum of the ions inside the bucket and to interpret the experimental observations and derive the momentum
distribution of the laser-cooled beams. We demonstrate that the relative longitudinal momentum spread of O>*+
ion beams reached Ap/p ~ 2.0 x 1076 with laser cooling, which is one order of magnitude smaller than what
can be reached by electron cooling. The laser-cooling technique and the simulation method developed in this
work can be applied to study phase-transition effects of bunched ion beams at storage rings and also pave the
way for laser-cooling and precision laser spectroscopy experiments at the future large heavy-ion accelerator
facilities HIAF (China) and FAIR (Germany), and the proposed Gamma Factory at CERN.
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Laser cooling and manipulation of ions in traps has proven
to be extremely powerful and valuable for atomic physics, pre-
cision metrology, and fundamental symmetries studies [1-5].
In addition, laser cooling is considered to be the most promis-
ing method to realize the phase transition from the intrabeam
scattering regime to the space-charged dominated and even
crystalline ion-beam regime at storage rings, which are of
great interest for accelerator physics and precision measure-
ments in atomic physics and nuclear physics [6—10]. Laser
cooling of stored coasting Li* ion beams was first demon-
strated at the storage rings TSR and ASTRID, and ultracold
ion beams with a temperature of only a few kelvin [11] down
to ~millikelvin [12] have been realized. In order to counteract
the laser force, the technique of bunched-beam laser cooling
has been developed and demonstrated with Mg* [13] and Be™
[14] ion beams by using only one laser beam together with a
radio-frequency (rf) buncher. Later, laser cooling of bunched
relativistic C** ion beams was realized at the storage ring
ESR at GSI [15]. In these experiments, Schottky signals were
employed to diagnose the longitudinal dynamics of the cooled
ion beams. However, it is still not fully understood how to
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properly diagnose the longitudinal dynamics from intrabeam
scattering to space-charge dominated regimes [16,17] and
how to derive the momentum spread of laser-cooled bunched
ion beams from the Schottky spectrum [18,19].

As of today, only a few ion species have been laser cooled
at heavy-ion storage rings due to the very short transition
wavelengths in highly charged ions (HCIs) and the lack
of suitable laser systems at those wavelengths [7]. Since
the laser-cooling force on relativistic ion beams scales ap-
proximately with y? (relativistic Lorentz factor y), the time
required to cool down an ion beam with a broad initial
momentum spread by a broadband laser is of the order of
seconds [20,21]. This is very short as compared to other ion-
beam cooling techniques, such as electron cooling [22] and
stochastic cooling [23]. In addition to laser cooling at storage
rings, precision laser spectroscopy experiments of HCIs can
be performed simultaneously to test quantum electrodynam-
ics (QED) effects [24,25]. This strongly motivates further
experimental and theoretical investigations. Therefore, laser
cooling and precision laser spectroscopy of relativistic HCIs
are among the significant topics for the High Intensity heavy-
ion Accelerator Facility (HIAF) in Huizhou, China [26,27]
and the Facility for Antiproton and Ion Research (FAIR) in
Darmstadt, Germany [28]. Very recently, laser excitation of
extremely relativistic (y ~ 100) bunched heavy-ion beams
at the Super Proton Synchrotron (SPS) was proposed as a

©2024 American Physical Society
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FIG. 1. Schematic of the laser cooling setup at the CSRe. A
counterpropagating cw UV laser beam was overlapped with the ion
beam in the straight section. The rf buncher was used to bunch the ion
beams and the Schottky resonator was used to monitor the dynamics
of the cooling process.

proof-of-principle experiment for the Gamma Factory at
CERN [29-31].

In this Letter, we present the results of laser cooling
of bunched '°0°* jon beams at relativistic energy at the
CSRe at Heavy-lon Research Facility in Lanzhou (HIRFL)
[32]. A schematic view of the laser-cooling setup at the
CSRe is shown in Fig. 1. Li-like oxygen ions were in-
jected and stored in the CSRe with a kinetic energy of
275.7 MeV/u, which corresponds to a velocity of 63.6%
of the speed of light c¢. Given the circumference of the
CSRe of 128.8 m, the revolution frequency of the O
ion was fiy = 1.48 MHz. A dc current transformer was
used to measure the ion-beam current, and the number of
stored O°" ions after injection was about 10%. The resid-
ual gas pressure in the storage ring was 5 x 107! mbar,
yielding the lifetime of the stored ion beam of about 35 s.
A Schottky resonator [33,34], which worked at a frequency
of about 243 MHz, was employed to continuously measure
the revolution frequency and the longitudinal momentum
spread (A p/p) of the ion beams. For the uncorrelated motion
of the ions in the beam, the relative revolution frequency
spread (A f/f) and the integrated Schottky signal power were
proportional to Ap/p and the number of stored ions (N),
respectively [35,36]. The momentum spread measured at the
first harmonic of the revolution frequency can be written as
% =yt AfL, where n = 0.45 is the phase-slip factor at the
CSRe.

In the frame of the relativistic moving O>* ions, as shown
in Fig. 1, the wavelength of the laser (L) Will appear
strongly Doppler shifted (“Lorentz boost”). The relation be-
tween Ajgser and the transition wavelength in the ion rest frame
(Ro) is

Maser = A‘OV(] - ,3 COos 9) (1)

Here, 6 is the angle between the directions of the laser beam

and the ion beam, y = 1/,/1 — 8% and B = v/c the velocity
of the ions. To match the wavelength (Ao = 103.76 nm) of
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FIG. 2. Schottky spectra of stored relativistic O°* ions interact-
ing with a fixed-frequency cw laser (purple arrow) in the CSRe.
(Upper row) Schottky signal vs time for (al) a coasting ion beam
and (bl) a bunched ion beam. The intensity of the Schottky power
density is color coded logarithmically. (Lower row) Projection of the
Schottky spectrum at 150 s after injection for (a2) a coasting ion
beam and (b2) a bunched ion beam. The acceptance of the rf bucket
is indicated by the distance between the two dashed lines in (bl)
and (b2).

the closed 1s*2s% S, — 1s*2p? Py, transition in O°*, the
laser wavelength must be Ajpser = 220 nm for counterpropa-
gating and Ajuer = 48.9 nm for copropagating directions (not
available), respectively. In the present experiment, a single
counterpropagating 220-nm laser beam was employed to res-
onantly excite the 2s — 2p transition of O°* ions with natural
linewidth I' & 65 MHz. The ion beam was overlapped with the
laser beam over a distance of 25 m along one straight section
of the CSRe. The overlap was optimized using scrapers with
a precision better than 1 mm. A Toptica TA-FHG pro laser
system was employed to generate the 220-nm cw radiation
with a linewidth of 200 kHz and a power of about 30 mW, and
focus the ultraviolet light onto a 1-mm? spot in the center of
the interaction section.

We have moderately bunched the ion beams to provide
the position-dependent friction bucket force for counteracting
the laser-cooling force, i.e., bunching frequency f, = hfey =
hv/C, where C is the circumference of the CSRe. The har-
monic number # = 33 determines the number of ion bunches
in the storage ring. By passing the rf buncher, the ions expe-
rience a longitudinal modulation force, called the rf bucket
force. The ions captured inside the rf bucket will perform
slow synchrotron oscillations around the synchronous ion. cw
laser cooling of bunched ion beams relies on the damping
the synchrotron oscillation amplitude by the resonant laser
force [13,37], the detailed description of the methods and
derivations are shown in the Appendix.

The first step to perform laser cooling of bunched O>*
ion beams at the CSRe is to find the energy resonance as
described by Eq. (1). The resonant interaction between the
laser and ion beams was observed in a longitudinal Schottky
spectrum with the laser switched on 80 s after beam injection,
as shown in Fig. 2(al). Figure 2(a2) is the projection of the
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FIG. 3. (Left row) Schematic evolution of phase space for bunched O°* ions inside the rf bucket without (a0) and with (al)-(a3) laser
cooling. The corresponding experimental and simulated Schottky spectra are shown in (Middle row) (b0)—(b3) and (Right row) (c0)—(c3),
respectively. The positions of the laser are marked by the solid purple arrow. The detuning Afj, is gradually reduced from (al) to (a3), and
the ion beams clearly “cool down” (smaller width), which can be seen from the corresponding measured (b1)—(b3) and simulated (c1)—(c3)
Schottky spectra. The insets in (c0)—(c3) show the momentum distributions of the ion beams used in the simulation.

Schottky intensity of Fig. 2(al) onto the frequency axis at
150 s after injection. The strong dip implies that all ions with
this particular velocity class have interacted with the laser
and were decelerated, as indicated by the pileup at a slightly
lower frequency (ion velocity). Once the cooling transition
was found, we bunched the O°" ion beam and performed
the laser-cooling experiment by a slight red detuning of the
laser wavelength to the center of the rf bucket, as shown in
Fig. 2(b1). The projection of a cut at 150 s after injection is
shown in Fig. 2(b2), and the estimated number of ions inside
the rf bucket is ~1 x 10°. It can be seen that the Schottky
spectrum of a bunched laser-cooled ion beam shows sharp
and pronounced peaks with equidistant spacing given by the
synchrotron frequency of the ions in the rf bucket. The cen-
tral peak marks the center of the bunch in frequency space.
The “effective” bunching voltage and the full acceptance
of the rf bucket in momentum space are U, = 14.5 V and
Ap/p =~ 4.0 x 1073, respectively, which are deduced from
Soyn A 219 Hz [38].

In order to fully interpret the experimental observations,
a multiparticle phase-space tracking method, based on a dif-
ferential equation model, has been developed to simulate the
longitudinal Schottky spectra of laser-cooled bunched ion
beams. The parameters of the storage ring and the ion beam,
i.e., the machine settings and the phase-space distribution, are
the input for the code. The evolution of the ions in phase space

is then computed by a linear transfer matrix, turn by turn.
Then, the ion changes its average longitudinal and transverse
momentum by absorption and emission of a photon in the
laboratory reference frame. Finally, the Schottky spectrum
can be obtained by performing a fast Fourier transform of
the simulated Schottky signals. In the simulation, the number
of particles inside the rf bucket is set to 1.5 x 10*, and the
number of laser-ion interaction revolution cycles is set to 2!
turns. Since the density of the ions inside the rf bucket is very
low, the intrabeam scattering (IBS) as well as the space-charge
effects are neglected in the simulation. Thus, it is assumed
that the ions oscillate independently in a harmonic rf bucket
potential. The details of the simulation method have been
described in Refs. [39,40].

First, we compare the Schottky spectrum of a bunched ion
beam with the simulation as shown in Figs. 3(b0) and 3(c0)
without laser interaction. The phase space of the ions inside
the rf bucket is shown in Fig. 3(a0). A Gaussian distribution
was used to estimate the longitudinal momentum spread of the
ions in the rf bucket as discussed in Refs. [15,16], an exam-
ple is shown in Fig. 3(b0), where 1o of Ap/p ~ 7.1 x 1076
was obtained. The simulations were performed using a Rice
distribution of the synchrotron amplitude [41]. The corre-
sponding initial momentum distribution, which is used for
all simulations, is shown in the inset of Fig. 3(c0) and has a
rms momentum spread of Ap/p A~ 7.2 x 107, The simulated
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Schottky spectrum agrees very well with the experimental
one. The simulation also demonstrates that the very strong
central line comes from the coherent motion of the ions inside
the rf bucket and the sidebands originate from the incoherent
ion motion. These amplitudes add incoherently due to the ran-
dom phases of the synchrotron oscillations. Therefore, the rms
momentum spread of the bunched beam can be obtained by
using the Schottky sideband distribution without taking into
account the central line, as proposed in Ref. [42], and shown
with more details in the Appendix. The thus-determined rms
momentum spread from the experimental Schottky spectrum
is Ap/p ~ 7.5 x 1075, This, in turn, agrees very well with the
rms spread of the distribution used for the simulation.

Systematic investigations of longitudinal dynamics of the
laser-cooled bunched ion beams are shown in Figs. 3(al)-
3(c3), and the experimental Schottky spectra are the projec-
tion of the Schottky power density onto the frequency axis at
150 s after injection. The laser has been fixed by detuning
of bunching frequency in all of the measurements, and the
detuning (A f) was done by varying the bunching frequency.
It can be found clearly that the width of the Schottky sideband
distribution is shrinking and therefore the momentum spread
of the ion beam also decreases continuously as the center of
the 1f bucket approaches the laser position, as indicated by the
arrows in Figs. 3(al)-3(a3) and 3(b1)-3(b3).

In Fig. 3(al) the separatrix [13] of the rf bucket is close to
the fixed laser position, and only ions with momentum close
to the bucket acceptance will be in resonance and thus be
decelerated by the laser, indicated by the arrow as shown in the
experimental Schottky spectrum of Fig. 3(b1). The sidebands
close to the laser position are stronger than in Fig. 3(b0),
indicating that the laser-cooled ions are accumulated at this
velocity range. This is also confirmed by the simulation,
shown in Fig. 3(cl). In this case, the longitudinal momentum
spread of the laser-cooled ions can only be derived from the
rms of the incoherent sidebands of the Schottky spectrum,
and the deduced experimental and simulated rms are Ap/p ~
6.5 x 10~ and Ap/p ~ 6.4 x 107°, respectively.

In Fig. 3(a2) the detuning A fj, is reduced, and as a result,
ions with smaller oscillation amplitudes come into resonance
with the laser. Synchrotron oscillations with larger amplitudes
are damped until these ions are cooled below the laser posi-
tion, as shown in Fig. 3(b2), which agrees with the simulation
shown in Fig. 3(c2). This indicates that the cooling dynamics
can be reasonably well simulated and understood, even though
IBS and space-charge effects are not considered. In this case,
the experimental rms momentum spread of laser-cooled ion
beams corresponds to Ap/p ~ 5.1 x 107°,

In Fig. 3(a3), the detuning almost reaches its minimum
value and the center of the rf bucket is very close to the laser
position. From Fig. 3(b3) it can be seen that the Schottky
spectrum becomes very narrow with only one sideband ap-
pearing on each side of the strong coherent central peak and
therefore almost all ions are cooled to the center of the rf
bucket. Figure 3(c3) shows that the simulated Schottky spec-
trum has a similar shape but with a much stronger central peak
and lower sidebands as compared to the experiment. A de-
termination of the rms momentum spread Ap/p ~ 2 x 107°,
as given by the width of the Schottky spectrum, reaches its
resolution.
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FIG. 4. Longitudinal rms momentum spread plotted as a function
of the bucket detuning A fj, relative to the laser position.

The rms values of the relative momentum spread, derived
from the experimental and simulated incoherent Schottky
sidebands, as well as the input momentum distribution of
the simulation, are shown in Fig. 4. They agree well with
each other, except at the very small detuning frequency. The
rms momentum spread from the Schottky spectrum reaches
a minimum of Ap/p~ 2 x 107° and levels off when the
detuning frequency is less than about 0.1 kHz. At this point,
the laser-cooled ion beams with very low temperature will
approach the space-charge dominated rzegime, the estimated

plasma coupling parameter I'p = T is around 0.03,

which is between the emittance-dominated regime (I'p < 1)
and the space-charge dominated regime (I'p & 1). As a result,
the IBS scattering rates are still very low and the longitudi-
nal ion dynamics can be modeled by neglecting the ion-ion
Coulomb interaction [43—45]. Since the determination of the
momentum spread requires the existence of at least one side-
band on each side of the central peak in the Schottky spectrum,
a precise derivation of the very small Ap/p of laser-cooled
bunched ion beams from the Schottky spectra is still a chal-
lenging task.

In summary, laser cooling of bunched relativistic '°0°*
ion beams has been realized at the storage ring CSRe.
To the best of our knowledge, Li-like 165+ is the ion
with the highest charge state, the highest transition energy,
and the highest kinetic energy to be directly laser cooled. It
is demonstrated that the initially injected and bunched ion
beams have been laser cooled using a continuous-wave (cw),
single-mode narrow-linewidth diode laser system. With laser
cooling, the relative longitudinal momentum spread of O
ion beams reached Ap/p ~ 2.0 x 107, which is one order
of magnitude smaller than what can be reached using electron
cooling [46]. In addition, the longitudinal Schottky spectra
of laser-cooled bunched ion beams were simulated using our
multiparticle phase-space tracking method, providing valu-
able insights into the experimental observations. Furthermore,
the insights gained are expected to serve as a valuable refer-
ence for the laser cooling of extremely relativistic ion beams
and the corresponding generation of high-intensity beams of
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gamma rays, which have been proposed at the SPS and the
LHC to, e.g., investigate atomic structure and test fundamental
symmetries [47—49].
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Appendix: Methods and derivations. Laser cooling of
bunched ion beams, as first demonstrated in the ASTRID
storage ring [13], utilizes the restoring force of the bucket
to counteract the laser force. The phase-space diagrams are
shown in Fig. 5 for the motion of a single ion under laser
cooling in an rf bucket [7,21,37].

For this cooling scheme, only one cw laser coun-
terpropagating to the ion beam is needed to provide a
momentum-dependent friction force which damps the syn-
chrotron oscillation of the ions in the bucket to realize laser
cooling. The laser force:

hSklaser(F/2)3
[@sery (1 + B) — (1 + B) + kovi* + (1 + S)(T'/2)*
(A1)

Faser =

where 7 is the reduced Planck’s constant, S the on-resonance
saturation parameter, kjaser the wave number of the laser, I the
natural linewidth of the transition, wy,sr the laser frequency,
B and y the relativistic factors of the resonant ions with the
laser, wy the transition frequency, ko the wave number of the
transition, and v; the velocity of the calculated ions.

A sinusoidal voltage is applied to the rf buncher, which
is composed of two exciter plates with length of 25 cm, to

Laser force

ion's trajectory

-2 -1 0 1 2 00 -15 -30
Position z (m) Laser force (eV/m)

FIG. 5. Phase-space diagram for laser cooling of a single ion in
an 1f bucket. The trajectory of the ion, velocity-dependent deceler-
ation laser force, as well as the position-dependent restoring bucket
force, are shown.

longitudinally bunch the ion beams at the storage ring. In the
comoving frame, it exerts a position-dependent force when
the bunching frequency tuned to a harmonic number £ of the
revolution frequency f.y. Ions that do not exactly match the
synchronous velocity will perform synchrotron oscillations in
the rf bucket, and the corresponding bucket force:

U 27h
Fe(z) = 1 bsin< T Z>,

c c (A2)

where ge is the ion charge, U, bunching voltage, 47 harmonic
number, and C circumference of the storage ring.

The longitudinal dynamics of laser-cooled bunched ion
beams were investigated by observing the Schottky signals in
real time with a high-sensitivity Schottky resonator. An image
charge will be induced when a single ion passes through a
Schottky resonator in the storage ring, and the induced beam
current for a single bunched ion in the time domain is

i(t) = qefrev Y 81t — nitrey — TSINQT fignt + Y], (A3)
n=0

where ge is the ion charge, fi., the revolution frequency, #.y
the revolution period, § the Dirac delta function, n the revolu-
tion index, 7 the oscillation time amplitude of the synchrotron
motion, fg, the synchrotron oscillation frequency, and  the
initial phase of the ion. By using the Bessel series expansion,
Eq. (A3) can be written as

i) =qefiev +2qefiv Y D Jp2AnfienT)

n=1 p=—00

X CoS[27 (nfrey + Pfoyn)t + pY], (A4)
where p is the Bessel order and J, is the Bessel function
of order p. By Fourier transform, the beam current in the
frequency domain is

i(f) =2qefiv Y Y JpQEnfis IS = (nfrey + Plign)-

n=1 p=—o0

(A5)

Therefore, the longitudinal Schottky signal for each observa-
tion frequency (nf.y) is composed of an infinite number of
synchrotron satellites spaced by the synchrotron frequency
fsyn» while the amplitude of each satellite is proportional to
the square of the Bessel coefficient [Jp2(27m frevT)] since the
Schottky power is proportional to the square of the signal am-
plitude (P o i%). As a result, the Schottky spectra of bunched
ion beams, as shown in Fig. 3, are composed of a central
peak and a series of symmetric and equidistant sidebands. It
should be noted that only a moderate bunching voltages of
a few volts in the present experiment result in a weak axial
confinement of the ions and thus the synchrotron frequency of
Jsyn (~219 Hz) is orders of magnitude smaller than the beta-
tron frequency (~3.5 MHz) at the CSRe.

Finally, the rms method was used to extract the momentum
spread from the Schottky spectra of the laser-cooled bunched
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0>t ion beams. The first step of the rms method is to calculate
the rms width of the sidebands of the Schottky spectrum:

ot = [ wiu - s, (A6)

where W (f;) = P(f;)/ Zf]:  P(f;) is the normalized Schottky
power distributions in frequency, P(f;) the Schottky power
with frequency f;, and fy the frequency of the central peak.
Then, one can calculate the rms width of the momentum
spread with the Schottky spectrum:

op/p=n""x0/f, (A7)

where 1 is the phase slip factor. Besides, rms width of the
momentum spread can be calculated by ion distribution:
oo

oy = f W(p)(p — po)dp. (A8)
where W (p;) = N(p;)/ Y, N(p;) is the normalized mo-
mentum distribution function of the ion beams, p; the average
momentum point, N (p;) the number of ions with momentum
pi, and pg the central momentum. It can be found from Fig. 3
and Fig. 4 that the longitudinal rms momentum spreads can be
deduced from the width of the incoherent Schottky sideband
distribution very well, however, a precise derivation of the
very small Ap/p of laser-cooled bunched ion beams from the
Schottky spectra is still a challenging task and needs further
investigation.
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