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We report the experimental demonstration of “white-light” cooling of a high-velotity ion beam
stored at 6.4% of the speed of light in a storage ring. In a direct comparison with single-mode laser
cooling, we show that white-light cooling is much more efficient to counteract strong intrabeam heating
and leads to lower longitudinal beam temperatures at higher ion densities, i.e., much higher densities in
longitudinal phase space. [S0031-9007(98)05508-2]

PACS numbers: 29.20.Dh, 32.80.Pj, 42.50.Vk

In ion storage rings, established in the past decade §45-19]. The basic idea of this broadband cooling
powerful instruments for precision experiments in atomicmethod is to resonantly interact with different velocity
and nuclear physics [1], cooling techniques [2] play a keyclasses at the same time so that the radiation pressure can
role in the production of beams of high brilliance and qual-counteract the influence of IBS much more efficiently as
ity. In accelerator physics, very cold and highly dense iorcompared to the single-mode case. The crucial point for
beams are of great interest for exploring the beam dynanmbtaining optimum cooling results is to realize a broad
ics at highest phase-space densities and for approachingpectrum with a sharp cutoff, which determines the final
regime in which the beam behaves as a strongly coupledooling velocity and cooling rate.
one-component plasma. Laser cooling [3—8] provides In this Letter, we report the experimental demonstration
an extremely fast and efficient cooling and thus offersof white-light cooling (WLC) in a storage ring in direct
unique possibilities to enter this regime and to attain beamsomparison with single-mode monochromatic laser cool-
with liquidlike or solidlike Coulomb ordering [9,10]. ing. We show that WLC can strongly suppress IBS losses

In order to match the particular requirements of storedand that it provides lower temperatures at higher densities
high-velocity ion beams, new laser-cooling techniquesoth for coasting and for bunched ion beams.
have to be employed [11,12]. The main problem, which The experiments were performed withi™ at the
markedly distinguishes the cooling of dense ion beamsieidelberg Test Storage Ring (TSR) where typically
in storage rings from the cooling of neutral atom beams3 X 107 ions are injected at an energy f.3 MeV. The
is a very strong influence of Coulomb collisions betweern/Li* beam consists of both singlés, and triplet3s;
the stored particles. This intrabeam scattering (IBS) leadstates of the heliumlike spectrum. For the triplet ions
to strong heating exceeding thousands of degrees Kelvif~-20% of the beam) we measured a total lifetime of
per second and, most problematic for laser cooling, t®0 s, which is a result of residual gas collisions leading
sudden longitudinal velocity changes up 401000 m/s  to a loss rate ofl /35 s~! and an additional decay of the
in single large-angle Coulomb collisions. As single- metastable levelS; to the singlet ground states, with
mode laser radiation does efficiently excite the ions onlya rate of1/50 s™!' [20]. The?S, state is connected with
within the homogeneous linewidth, corresponding to ahe 3P, state through an allowed optical transition at a
narrow velocity interval of typically a few tens fs, these wavelength ofA = 548.5 nm in the rest frame. The beam
scattering events lead to dramatic losses out of the coolingelocity is chosen to be 6.4% of the speed of light so
process [13]. A large velocity capture range, as needed tihat the cooling transition can be resonantly excited by a
overcome these losses, can be obtained by Doppler tunirmppropagating Af laser emitting the 514.5-nm line. The
the transition frequency with local electrostatic fields andAr* laser, working in the single-mode regime, is actively
making use of an adiabatic optical excitation [11]. Thisstabilized to 1 MHz by locking it to an iodine reference
method has recently served as a prerequisite for the firgell. The ion beam is precooled for 7 s by electron
transverse laser cooling of a stored ion beam [7], but itooling in order to provide suitable starting conditions
has the severe drawback of limiting the applicable coolingor the laser cooling, i.e., an ion beam diameter of about
rate to values far below the maximum dissipation rated mm corresponding to transverse temperatures of a few
offered by laser cooling. thousand degrees Kelvin.

We have recently proposed a laser-cooling scheme [12] We have used the passive acousto-optical device de-
which is based on a specifically tailored broadband lasescribed in Ref. [14] to transform the single-mode input
[14] for the achievement of efficient “white-light” cooling light of the Ar" laser into a frequency comb [21] with
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the desired characteristics for the WLC of a stored iorto capture all ions with velocities above the stable cool-
beam (see Fig. 1). The light enters a ring cavity containing point [see dots in Figs. 2(a) and 2(b)], where the two
ing an acousto-optical modulator (AOM), which is driven forces balance each other, and also ions in a limited region
by a radio frequency ofsom = 60 MHz. For input cou-  of width Av. (capture range) below this point, where the
pling the second diffraction order is used. The outputaccelerating laser force exceeds the INDAC force. In the
light of this cavity is sent through a second AOM oper- single-mode cas&\v. is determined by the homogeneous
ating at a higher frequency{om = 210 MHz), which  transition linewidth and the strength of the decelerating
allows one to double the total bandwidth of the laser raforce [see Fig. 2(a)]. In the case of WLC, this interval is
diation by combining the light from the zeroth and first essentially determined by the bandwidth of the frequency
diffraction order. In this way, a spectrum with a bandwidthcomb, provided that the INDAC force does not exceed
of about 500 MHz is generated, as shown in the inset ofthe lowest minimum of the radiation-pressure force within
Fig. 1. Distinctive features of our device are the high effi-the comb [see Fig. 2(b)]. Under the given experimental
ciency, the absence of any intracavity active medium, andonditions and with a laser power of 75 mW, the light-
the preservation of the frequency and intensity stability ofpressure force of the frequency comb covers a velocity
the input laser. The efficiency, i.e., the ratio between theange of Av. = 280 m/s. Regarding collisional losses
output intensity and the input intensity, is higher than 80%out of the velocity capture range by intrabeam scattering,
A very useful feature is that, when the acousto-optic moduthis represents a substantial improvement as compared to
lators are switched off, the output beam of our device is th¢he single-mode case, where saturation broadening leads
single-mode beam itself. This allows a direct and imme+o only Av,. = 50 m/s.
diate comparison of the cooling performance between the Figure 2(c) shows the fluorescence intensity emitted by
broadband and the single-mode laser source without arthe ions during the cooling process when the INDAC is
realignment or modification of the apparatus. The only reactive for 8 s. As cooled ions are kept at the stable point
maining difference is a frequency shitk¢ = 330 MHz)  in a balance between the laser and the INDAC force with
of the sharp edge of the laser spectrum on the high frea constant photon scattering rate per ion, the fluorescence
quency side when switching on the two AOMs, and a slightcount rate is simply proportional to the number of ions
increase of the beam diametéy ¢ intensity drop) from 3 in the cooling process. The nonexponential decay of the
to 4.5 mm. signal is essentially a result of intrabeam scattering losses
In a first set of experiments, we have applied WLCout of the velocity capture range [5,13]. A smaller part of
to a coasting, i.e., continuous ion beam. Longitudinalthe loss -30%) is due to aM2 decay of optically excited
laser cooling is performed by counteracting the velocity-Hons into the singlet system [23]. The comparison of the
selective accelerating force of the copropagating” Ar fluorescence intensity emitted during WLC and single-
laser, merged with the ion beam in one of the straightmode cooling clearly shows that WLC suffers much less
sections of the storage ring, with a decelerating auxiliarffrom scattering losses than single-mode cooling: WLC
force [5]. The latter is generated by an induction accelcollects a maximum number of ions which is 4 times
erator (INDAC) [22], which in the present experiments
was set to provide a constant ring-averaged deceleration
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FIG. 2. lllustration of coasting-beam cooling. The total cool-
ing force is a sum of the resonantly accelerating radiation-
pressure force of the laser and a decelerating auxiliary force
provided by the induction accelerator. In (a) and (b) the cool-
ing forces are shown as calculated for a 130-mW single-mode
FIG. 1. Sketch of the storage ring TSR (circumferencelaser radiation and for a 75-mW frequency comb, respectively.
55.4 m) with the frequency-comb generator cavity used forThe dots mark the stable cooling point. (c) Shows the fluo-
white-light cooling. AOM, acousto-optic modulata¥f1-M35, rescence intensity emitted by the ions during laser cooling with
ring-cavity mirrors; PMT, photomultiplier tube. The obtained the single-mode light (lower curve) and in the case of the fre-
frequency spectrum is shown in the inset. quency comb (upper curve).
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higher as in the single-mode case. After the full 8 sattaining ion beams of very high phase-space densities, as
of the INDAC ramp practically no ions are left in the it facilitates fast longitudinal cooling without IBS losses.
single-mode cooling process, but about 12% are stilNevertheless, the cooling performance with a single-mode
present in the case of WLC. We point out that a furtheraser is substantially degraded by the fact that after a large
increase in the velocity capture range is straightforwardongitudinal velocity change resulting from a large-angle
[24] by further broadening the comb spectrum, e.g.scattering event, it can take a long time to damp the re-
with additional acousto-optical modulators. If the capturesulting synchrotron oscillation by the laser. The reason is
interval Av,. exceeds the velocities in the transverse ionthat a single-mode laser covers only a small part of the rf
motion, collisional losses will be suppressed completely. bucket [see Fig. 4(a)], and thus the ion comes into reso-
We have probed the longitudinal velocity distribution nance only for a very small fraction of the synchrotron
of the laser cooled ions with a weak dye laser beanperiod. WLC overcomes this problem as a much bigger
(A = 584.6 nm) counterpropagating to the ion beam. Thepart of the bucket is covered [see Fig. 4(b)] and leads to
probe light was applied with a small duty cycleef% in  a much faster damping of the synchrotron oscillations as
short 100us time intervals alternating with 2-ms cooling compared with the single-mode case.
intervals. The fluorescence signal was recorded in a gated In the case of dLi ™ beam, a particular situation arises
detection scheme during the probe intervals only. Thigrom the presence of the ground-state singlet ions, which
allows one to probe the velocity distribution without the after electron precooling are also confined in the rf bucket
otherwise very strong fluorescence background caused Hyut not cooled by the laser. This hot ground-state part
the cooling light and without significant perturbations of of the beam (about 80% of all ions) constitutes a very
the cooling process by the probe light. The probe lasestrong source for heating of the laser-coolable metastable
scan was performed just after the beginning of the INDACons. The situation of an rf bunchédi* beam therefore
ramp. Figure 3 shows the detected velocity distributions
for 130 mW cooling laser power in a single mode (a)
and 75 mW in the frequency comb of WLC (b). The single mode WLC
longitudinal temperatures derived from these pictures are

180 and 90 mK, respectively. One clearly sees that WLC 3 @7 ®)
leads to lower temperatures although the ion number in E

the cooling process and thus the heating by intrabeam 8 [ 2O X o -
scattering is about twice as high. This improved cooling ‘2’

performance is due to the steeper slope of the cooling force -1

at the stable point which leads to a higher cooling rate; see 2 0 2 Axm) 2 0 2
Figs. 2(a) and 2(b). These results demonstrate that WLC is
a very powerful tool for the longitudinal cooling of stored
ion beams as it allows one to combine a large velocity
capture range with a high longitudinal cooling rate.

We have studied WLC also for a radio-frequency (rf)
bunched’Li* ion beam. Here the ion motion is longitu-
dinally confined in a comoving sinusoidal quasipotential,
which is introduced by modulating the beam with an rf
field tuned to a harmonics of the revolution frequency.
In this “rf bucket” the ions perform synchrotron oscilla-
tions, and cooling means damping of these oscillations. 0 A
Laser cooling in the rf bucket [6] is very promising for -1000 0 1000  -1000 0 1000
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FIG. 4. Bunched beam results comparing single-mode laser

20 cooling with WLC. (a) and (b) show the rf bucket in
o longitudinal phase spaceAv is the deviation from the
o 15F synchronous velocity andx is the position deviation from the
=) bucket center. The horizontal bars indicate resonant interaction
g 10r with the laser modes, the dark spot in the middle of the bucket
= marks the cold laser-cooled distribution, and the gray area in
g 05 the single-mode case illustrates the background distribution
° % resulting from intrabeam scattering. (c) Shows the velocity

) 50 0 50 .50 0 50 distribution observed in the single-mode case with =

AV (mils) 3.451045 MHz, and (d) is the corresponding WLC result for

vy = 3.451065 MHz. In these cases the synchronous velocity
FIG. 3. Velocity distributions recorded for coasting-beamis about 300 rfis above resonance with the laser. In (e) and
laser cooling with (a) the 130-mW single-mode laser and(f) the rf frequencies are lowered by 20 Hz corresponding to a
(b) the 75-mW frequency comb. synchronous velocity that is lower by 130/m
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represents an ideal testing ground for laser cooling unddacilitates efficient cooling on a time scale which is long
the strong influence of intrabeam Coulomb collisions.  enough to observe the transverse cooling that occurs
We have bunched the 13.3 Me¥Li™ beam in the as a result of the thermal coupling of the different
TSR on the 10th harmonicsy{ = 3.451 MHz) with  degrees of freedom caused by IBS [7,8]. For such a
an effective rf amplitude of 2.5V. This leads to a three-dimensional laser cooling, the fast dissipation of
synchrotron frequency of 130 Hz and a bucket energyhermal energy out of the longitudinal degree of freedom
acceptance oft2.2 keV, corresponding ta=1600 m/s is of crucial importance to obtain high phase-space
[see Figs. 4(a) and 4(b)]. We have studied the coolinglensities of the stored ion beam. We therefore expect
results for the single-mode case and the WLC case bthat WLC, substantially improving the three-dimensional
probing the resulting velocity distribution with a scanning cooling performance, will play an important role in future
dye laser as described before. The total laser power wasxperiments on very cold and dense ion beams, behaving
180 mW in both cases. as a strongly coupled and ordered Coulomb plasma.
Figures 4(c)—4(f) show two pairs of measurements ob- We thank Helga Krieger for invaluable technical assis-
tained after 5 s of cooling for WLC in direct compari- tance and D. Schwalm and L. Tecchio for support and
son with the single-mode case. In 4(c) and 4(d) the ruseful comments on the manuscript.
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