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Efficient, Indirect Transverse Laser Cooling of a Fast Stored Ion Beam
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Three-dimensional laser cooling of a fast stored ion beam has been demonstrated at the Heidelberg
Test Storage Ring. With a purely longitudinal cooling force applied to a7.3 MeV 3Be1 beam, we have
observed an efficient transverse cooling effect. We interpret this observation as being due to a thermal
intrabeam relaxation between the different degrees of freedom that is caused by Coulomb collisions of
the stored particles. [S0031-9007(96)00673-4]

PACS numbers: 32.80.Pj, 29.20.Dh, 42.50.Vk
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The success of storage-ring experiments with char
particle beams often relies on the application of cooli
methods [1]. Laser cooling, as applicable to a selec
number of heavy-ion species, is by far the most efficie
longitudinal cooling technique [2–5] and offers uniqu
possibilities for studying the beam dynamics at very hi
phase-space densities, where a variety of new phenom
is expected to occur up to a possible crystallization of
beam [6,7].

A direct transverse laser cooling of fast stored i
beams, which has not been demonstrated yet, app
to be very difficult, because the interaction times a
very short, and first-order Doppler shifts make the opti
resonance extremely sensitive to angular misalignme
between laser and ion beam. The existence of a transve
longitudinal relaxation [8] or coupling mechanism [9
however, can facilitate an efficient three-dimensional co
ing, even with purely longitudinal laser cooling. In th
Letter, we report the first experimental demonstration
such an indirect transverse laser cooling.

In our experiments performed at the Heidelberg T
Storage Ring (TSR), typically3 3 107 9Be1 ions are
injected at an energy of7.3 MeV, which corresponds to an
ion current of1 mA. At a ring vacuum of3 3 10211 mbar
rest-gas collisions limit the1ye storage lifetime to 25 s.
Standard electron cooling is applied to precool the i
beam [10] and reduces the ion beam diameter from 2
after injection to,1 mm.

The laser beam is merged with the ion beam in one
the straight sections of the storage ring over a length
,5 m. The laser frequency is nearly resonant with t
D2 transition of the alkalilike9Be1 ion (1s22s 2S1y2 !

1s22p 2P3y2), which has a rest-frame wavelength
313.13 nm. In the laboratory frame this wavelength
Doppler shifted to 300.35 nm at the chosen ion be
velocity of 4.17% of the speed of light for copropagatin
beams. This particular choice of the velocity allows us
use fixed-frequency argon-ion lasers.

The hyperfine-split transition can be modeled as aL-
type scheme, as the ground state splitting between
F ­ 1 and F ­ 2 state amounts to 1.25 GHz while th
splitting of the excited states is negligibly small compar
0031-9007y96y77(4)y623(4)$10.00
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to the natural linewidth of 19.3 MHz. To obtain a close
excitation scheme we use two laser fields, produced
two separate argon-ion lasers (Coherent Innova 400), w
the corresponding difference frequency of 1.30 GHz in
laboratory frame. The frequency of one laser is lock
to an optical cavity which itself is locked to a long term
frequency-stable He-Ne laser. For locking the frequen
of the second laser 1.30 GHz apart we use the opt
beat signal of the two laser fields. The intensity of t
laser beam was2 3 20 mW, resulting in an effective on-
resonance saturation parameter of up toS ø 20 at the
beam waist of 0.7 mm in the center of the laser-cooli
section.

The longitudinal laser-cooling force that we apply to th
stored ion beam is shown in Fig. 1. It consists of three d
ferent contributions: (i) The narrow resonance peak c
tered at the velocityy0 is the usual resonant light-pressu
force exerted by the laser [4]. Because of the Dopp

FIG. 1. Longitudinal, ring-averaged cooling force, as calc
lated for the experimental parameters. The resonant ion
locity y0 is about 1.25 3 107 mys, and the ions are kept a
the stable pointyp. The inset shows a schematic view of th
TSR with its circumference of 55.4 m: INJ, injection; ECOO
electron cooler; PMT, photomultiplier tube; HVT, high-voltag
biased drift tubes; INDAC, induction accelerator; BPM, bea
profile monitor; not shown are the 20 quadrupole magnets
the focusing structure.
© 1996 The American Physical Society 623
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effect it reflects the Lorentzian excitation line shape a
function of the ion velocity. (ii) The broad structure ex
tending from the resonant velocityy0 down to abouty0 2

900 mys is due to a special capture range extension of
light-pressure force, as explained below. (iii) The accel
ating laser force is counteracted by a velocity-independ
decelerating auxiliary force generated with the help of
induction accelerator [4]. This is necessary to creat
stable cooling point (see dot in Fig. 1), in the vicinity o
which the combined forceFsyd can be approximated as
simple friction forceFsyd . 2asy 2 ypd. From the fric-
tion coefficienta the longitudinal laser-cooling rate ca
be calculated asLk ­ 2aym, wherem is the ion mass.
In the experiments, we applied a counteracting force
20.9 meVym and obtained a longitudinal cooling rate o
Lk ­ 100 6 50 s21; the linear approximation to the cool
ing force holds in a velocity interval of a few 10 mys, i.e.,
for temperatures of up to a few kelvin.

The extension of the capture range of the cooling fo
to its low-velocity side eliminates a severe loss of las
cooled ions, which otherwise occurs as a result of clo
binary Coulomb collisions in the transversely hot bea
These collisions can transfer a considerable amount of
transverse kinetic energy of an ion into its longitudin
motion [4,11]. In the electron-precooled9Be1 beam, this
can lead to abrupt longitudinal velocity changes of up
,1000 mys. The capture range extension is realized i
simple way with the help of an arrangement of drift tube
which is located in the laser-cooling section of the TS
and is biased to negative voltages of the order of21 kV.
The basic idea of this method [12] is that the ions a
locally accelerated in the fringe fields of the tubes, so t
the Doppler shift results in frequency chirps as “seen”
the ions. These chirps force the ions to absorb photon
so-called adiabatic passages and, under our experime
conditions, accelerate them back to the stable point wit
ring-averaged force of at least 2 meVym. Details of this
method will be given elsewhere.

For diagnostics, the longitudinal velocity distribution o
the ions collected at the stable cooling point is probed i
standard way [4] by ramping the bias voltage of a simp
drift tube installed in the laser-cooling section and dete
ing the intensity of the fluorescence light that is induc
by the cooling laser itself inside the drift tube. The rin
averaged transverse temperaturesTh andTy in the horizon-
tal and vertical directions, respectively, are derived fro
the corresponding Gaussian-shaped beam profiles, m
sured at the location of the beam profile monitor [13
This device is based on the position sensitive detect
of residual gas ions originating from collisions with th
ion beam. Following Ref. [4], we obtain the numeric
relations Th ­ s50 000 Kd sshymmd2 for the horizontal
and Ty ­ s34 000 Kd ssyymmd2 for the vertical direc-
tions, wheresh andsy denote the standard deviations fo
the horizontal and vertical position spreads, respectiv
[14]. As a consequence of the limited knowledge of t
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TSR lattice functions, we estimate systematic uncertain
in the proportionality factors of about610%. The resolu-
tion sres ­ 0.19 6 0.02 mm of the beam profile monito
is quadratically subtracted from the measured data, s
both the resolution function and the measured profiles
to a very good approximation found to be of Gauss
shape. This means that we subtract horizontal and ver
resolution temperatures of 1800 and 1200 K with unc
tainties of 400 and 250 K, respectively.

A set of measurements demonstrating the thr
dimensional beam cooling is displayed in Fig. 2, whe
the temporal evolution of the beam temperatures st
with the beam injection att ­ 0 s. After 5 s of electron
precooling the ion beam reaches transverse equilibr
temperatures ofTh ­ 4000 K and Ty ­ 500 K. Then,
without any further cooling applied, the beam heats
in all degrees of freedom. At higher temperatures t
typical “blowup” behavior significantly slows down with
decreasing beam density. When laser cooling starts,
measured longitudinal temperatureTk decreases rapidly
to a value of,6 K. Instantly, the transverse degrees
freedom begin to cool down and nearly reach equilibriu
[15] within the time of longitudinal cooling, which is
technically limited to 5 s by the maximum ramping time
the induction accelerator. During the transverse coo
process,Tk increases and slowly approaches,15 K.

For an interpretation of these observations it is u
ful to consider the energy flow diagram shown in Fig.
The high kinetic energy serves as a large reservoir, fr
which energy is permanently transferred into the therm

FIG. 2. Temporal evolution of the beam temperatures,
served without any further cooling after electron precooli
(open symbols) and with laser cooling applied after 10 s (so
symbols). The solid lines show corresponding numerical
sults obtained from IBS theory (see text).
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FIG. 3. Equilibrium energy-flow diagram for the stored io
beam with longitudinal laser cooling.

transverse motion. This beam heating results from in
beam Coulomb scattering in the bending and alternat
gradient focusing structure of the storage ring [16,17]. T
resulting growth of the horizontal temperature in an u
cooled beam is much more pronounced than the ver
one, because the horizontal degree of freedom shows la
variations of the focusing strength, and also because o
dependence of the closed orbit on the longitudinal veloc
i.e., the storage-ring dispersion, which amounts to 1.2 m
an average over the TSR lattice.

In addition to this external heating, the intrabeam sc
tering (IBS) causes athermal relaxation between all de
grees of freedom.If a cooling mechanism is applied, eve
only in one dimension, this intrabeam relaxation tends
establish an equilibrium between heating and cooling
all three degrees of freedom. When laser cooling st
in the transversely hot beam, it first reduces the longitu
nal temperature and thus brings the beam into pronoun
nonequilibrium. Then, on the much longer time scale
a few seconds, the subsequent equilibration leads to
indirect transverse cooling, as demonstrated by the exp
mental data in Fig. 2. During this process the phase-sp
density increases, which results in a stronger beam hea
and which qualitatively explains the observed increase
the measured values ofTk.

For the equilibrium under our experimental condition
we find a beam heating associated with the energy tr
fer per particle and time from the kinetic beam ene
into the potential and kinetic energy of the transverse
tatron oscillations of horizontally2kBs3000 6 1000 Kysd
and vertically2kBs500 6 250 Kysd. The given values are
derived from additional beam blowup measurements,
formed right after switching off the laser cooling. In th
equilibrium balance of heating and cooling, it then follow
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that the laser cooling dissipateskBs7000 6 2500 Kysd out
of the longitudinal motion.

Only a part of this dissipation rate can be explained
the measured longitudinal temperatures of the ions in
vicinity of the stable point: Together with the cooling ra
Lk ­ 100 6 50 s21, the equilibrium temperatureTk ­
1515

22 K gives a dissipation rate ofLkTk ­ 150011500
2850 Kys.

We believe that the remaining part of energy dissipation
due to a second, unobserved component in the longitud
velocity distribution, which is much broader than th
linear range of the cooling force and which could not
discriminated against the noise in our probe scans. T
“hot” subdistribution [18], containing only a small fractio
of all ions, is formed by those particles which, after lar
longitudinal velocity changes in rare close collisions [11
are driven back to the stable point.

Let us compare the results to a calculation bas
on “standard” IBS theory. We use the computer co
INTRABS [19], which incorporates the analytical mod
of [20] and calculates the rms velocity changes for
degrees of freedom under the simplifying assumpt
of Gaussian velocity distributions. With the specifi
lattice functions of the TSR, the ion mass and char
storage lifetime, initial number and temperatures of t
ions, and the longitudinal cooling rate as input data,
program calculates the temporal evolution of the be
temperatures [21]. For the9Be1 beam, the solid lines in
Fig. 2 show the corresponding results, which very w
reproduce the beam blowup for an injected ion numb
of 2 3 107. The temporal evolution of the laser-coolin
process is calculated with the cooling rateLk ­ 100 s21.
The resulting longitudinal temperatures are clearly high
than the measured ones, which again points to the fact
we have only observed a cold component of a bimo
longitudinal velocity distribution, where the unobserve
hot subdistribution mentioned above gives a substan
contribution to the rms velocity spread. This, howev
seems to have no significant influence on the indir
transverse cooling, which appears to be well described

In a further series of experiments, we have studied
dependence of the indirect transverse cooling process
the initial temperatures simply by varying the time del
between laser cooling and electron precooling. In Fig
we show the combined results of four sets of correspond
measurements together with a blowup over the full tim
The transverse cooling does not critically depend on
delay that sets the initial conditions, i.e., the increas
initial temperatures and the number of ions as decreas
with the storage lifetime of,25 s. When laser cooling
is applied, the transverse temperatures reach equilibr
within at least 4 s. From these measurements one der
for both transverse degrees of freedom an indirect coo
rate ofL' . 1 s21, which is consistent with the observe
equilibrium temperatures in a balance between transve
heating and cooling (see also Fig. 3). Even for rather l
longitudinal laser-cooling rates in these experiments,
625
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FIG. 4. Temporal evolution of the transverse beam tempe
tures, observed for laser cooling with various delays after e
tron precooling. The arrows mark the respective beginning
the laser-cooling process.

results already show transverse equilibrium temperatu
below those of the electron-cooled ion beam.

Standard IBS theory predictsL' to scale linearly with
the longitudinal cooling rateLk, and the equilibrium tem-
peratures in all degrees of freedom are predicted to sca
L

20.42
k , with an exponent weakly depending on the spec

ring lattice. With a thousandfold increase ofLk, which
is in principle offered by laser cooling, we may therefo
expect a possibleL' of the order of1000 s21 along with
temperatures 20 times lower than the already demonstr
ones; this would also mean a 20 times higher number d
sity of the beam. Conditions close to this optimum sc
nario seem to be attainable with radio-frequency bunch
ion beams [5], where maximum longitudinal cooling rat
can be applied without the problem of collisional losse
With this scheme, improved experiments on the indir
transverse cooling are in progress at the TSR.
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