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Abstract

We study three-dimensional laser cooling of fast circulat-
ing beams, employing the tracking code SAD. As an ex-
ample, the lattice parameters of the storage ring ASTRID
in Denmark are taken to figure out the efficiency of trans-
verse cooling by synchrobetatron coupling. In this paper,
the stress is put upon the so-called coupling-cavity scheme
of laser cooling[1]. A possible design of the coupling cav-
ity is also presented.

1 INTRODUCTION

The high potential of laser cooling in a storage ring has
been demonstrated during the last several years through ex-
tensive experimental efforts by the TSR group of MPI and
by the ASTRID group of Aarhus University[2]. The lon-
gitudinal temperature of∼1 mK has already been achieved
for low-energy heavy ion beams. However, concerning the
transverse degrees of freedom, laser cooling of fast circu-
lating beams is not particularly efficient although natural
Coulomb coupling reduces the transverse temperatures to
the level achievable with the electron cooling technique[3].

In order to obtain the transverse cooling rates compa-
rable to the longitudinal rate, we studied, in the previous
publications, the effect of dynamical coupling due either
to a coupling cavity[1] or to dispersion at an ordinary rf
cavity[4]. It was then shown that the transverse cooling
rates could considerably be enhanced under the linear res-
onance conditions; namely,

νx − νL = integer andνx − νy = integer, (1)

whereνx, νy, andνL are, respectively, the horizontal, ver-
tical, and longitudinal tune of a storage ring.

In the present paper, we compare the cooling properties
of the two coupling schemes, giving some simulation re-
sults obtained with the tracking code SAD[5].

2 DISPERSIVE COUPLING

In the dispersive coupling scheme, we need nothing new to
develop transverse-longitudinal coupling; namely, it is only
necessary to put an ordinary rf cavity at a location with a
finite dispersion while a skew quadrupole magnet must be
introduced in order to couple the two transverse degrees of
freedom.

Fig.1 shows a simulation result obtained with SAD,
where the lattice parameters of the ASTRID ring have

been taken into account. A skew quadrupole magnet is
installed, for horizontal-vertical coupling, at the opposite
side of the laser cooling section, and the field gradient
optimized to realize the largest transverse cooling rates is
(L/Bρ) · (∂B/∂y) = 0.06 m−1 whereL is the axial length
of the magnet. The stored beam assumed here is 100 keV
24Mg+ which has been employed in recent laser-cooling
expriments in ASTRID. To approximately meet the res-
onance requirement in Eq.(1), the horizontal and vertical
tunes have been adjusted to be 3.11 and 3.09 respectively.
The longitudinal tune should then be set at around 0.1. This
high value of longitudinal tune can easily be achieved with
a low rf voltage because of the very low beam energy. In
fact, adopting the harmonic number of 260, the rf gap volt-
age of only 34 volts is needed to haveνL = 0.1. To adia-
batically capture the initial continuous Mg-beam into the rf
bucket, the rf voltage is linearly increased from 0 to 34 volts
within the first 0.022 seconds in this simulation. Then, the
upper half of the longitudinal phase space of the beam is
scanned with a cooling laser in the next 0.45 seconds. It is
evident, from Fig.1, that all three degrees of freedom have
efficiently been cooled.

Needless to say, beam density becomes higher as the
cooling process advances. Consequently, the tunes should
be depressed by strong Coulomb repulsive forces, leading
to the breakdown of the resonance conditions. It might thus
be important to know how strongly this coupling scheme
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Figure 1: Time evolution of root-mean-squared(rms) emit-
tances of a laser-cooled24Mg+-beam.εini denotes the ini-
tial value of the rms emittance. An ordinary rf cavity has
been set 10 meters away from the cooling section where the
size of dispersion is 2.15 meters.
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depends on the resonance conditions. Fig.2 shows the ratio
of the rms emittances after cooling to the initial values. We
see that the transverse cooling efficiency gets worse rapidly
as the longitudinal tune is deviated from the resonant value.
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Figure 2: The rms-emittance ratioεfin/εini vs. longitudi-
nal tune in the dispersive coupling scheme.εfin stands for
rms emittance after laser scan is completed.

3 THE COUPLING CAVITY

3.1 A possible conceptual design

Let us now explore the cooling properties of the coupling-
cavity scheme. The vector potential of an ideal coupling
cavity can be given by

A = (0, 0, V x sinωt) (2)

where ω is the rf frequency,V is the constant propor-
tional to the gap voltage, andx is the horizontal coordi-
nate measured from the closed orbit. Apparently, this po-
tential yields a longitudinal electric field linearly depen-
dent on the transverse coordinate, which enables us to have
a transverse-longitudinal coupling. Note here that, in the
coupling-cavity scheme, we additionally need an ordinary
rf cavity to provide a finite longitudinal tune such that the
resonance condition in Eq.(1) is satisfied. The coupling-
cavity frequencyω should then be taken roughly the same
as the operation frequency of the ordinary cavity.

The easiest way to approximately obtain the potential in
Eq.(2) is to excite TM210 mode in a simple rectangular pill-
box cavity. This is, however, impractical in our case since
ω is usually not high enough; namely,ω should be of the
order of a few tens of MHz or less. In this frequency re-
gion, the cavity dimension becomes huge as far as a simple
pill-box is used as a resonator. Therefore, we propose here
a lumped circuit as illustrated in Fig.3. The approximate
electric field distribution is shown in Fig.4. In order to ver-
ify that the coupling cavity in Fig.3 can roughly generate
the vector potential proportional to the horizontal coordi-
natex, we evaluated the integrated effect of the longitudi-
nal electric field in the cavity. The result is given in Fig.5
which actually demonstrates a good linearity with respect
to x.
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Figure 3: A possible geometry of coupling cavity.

Figure 4: The approximate electric field and equipotential
line of the coupling cavity. Only the lower half of Fig.3 has
been shown.

3.2 Simulation results

To simulate the motion of laser-cooled beams under the in-
fluence of a coupling cavity, we have added a new sub-
routine to SAD. In the subroutine, the effect of a coupling
cavity is analyzed, based on the electric-field data as shown
in Fig.5. The field distribution is fitted with power series.
Since the field linearity is sufficiently good, we have ne-
glected the terms of higher than third order.

We have performed simulations again with the ASTRID
lattice, modifying some fundamental parameters. The rf
frequency of the coupling cavity has been fixed at about 5.8
MHz corresponding to the harmonic number of 260. This
frequency is the same as that of the ordinary rf cavity. The
peak voltage applied to the two electrodes of the coupling
cavity is 487.1 volts. It has been confirmed, as anticipated,
that the coupling cavity scheme works excellently under
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Figure 5: The dependence of the effective longitudinal
electric field strength on the transverse coordinate. The ab-
solute value of the electrode voltage has been set at 1 volt.
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Figure 6: Time evolution of rms emittances of a laser-
cooled24Mg+-beam under the influence of a coupling cav-
ity. The longitudinal tune has been set at 0.04 while the
two transverse tunes are roughly equal to 3.1. Note that
an ordinary rf cavity is sitting at a dispersive position. We
thus have synchrobetatron coupling not only by a coupling
cavity but also by dispersion at the ordinary cavity.

the resonance conditions satisfied. Furthermore, we have
found that this scheme is less sensitive to the longitudinal-
transverse resonance condition, compared to the dispersive
coupling scheme. As an example, we show, in Fig.6, a sim-
ulation result in which off-resonant value of the longitudi-
nal tune has been assumed; namely, the longitudinal tune
is 0.04 while the transverse tunes are identical to those em-
ployed in Fig.1. We see that both transverse rms emittances
have been reduced to about 20% of the initial values after
the laser scan is completed. The sensitivity to the resonance
condition is given in Fig.7 which exhibits much better cool-
ing properties than the dispersive coupling cases.
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Figure 7: The rms-emittance ratioεfin/εini vs. longitudi-
nal tune in the coupling-cavity scheme.

4 CONCLUSION

Two different schemes, i.e. dispersive coupling scheme
and coupling-cavity scheme, have been considered to ac-
complish three-dimensional laser cooling of stored and cir-
culating ion beams in a storage ring. We have confirmed
that the transverse cooling rates can considerably be en-
hanced through dynamical coupling under the linear reso-
nance conditions.

A possible design of a coupling cavity has been pre-
sented. Although the coupling-cavity scheme seems a bit
more complicated than the dispersive coupling scheme, it
might deserve further study because it is much less sensi-
tive to the resonance conditions.

5 ACKNOWLEDGEMENTS

One of the authors (HO) would like to thank Dr. A.M.
Sessler and Dr. D. M¨ohl for illuminating discussions
throughout the work.

6 REFERENCES

[1] H.Okamoto, A.M.Sessler, and D.M¨ohl, Phys. Rev. Lett.72
(1994) 3977.

[2] See, e.g., Proc. of the Workshop on Beam Cooling and Re-
lated Topics,CERN94-03 (1994).

[3] H.-J. Miesner et al., Phys. Rev. Lett.77 (1996) 623.

[4] H. Okamoto, Phys. Rev.E50 (1994) 4982.

[5] See,e.g.,http://www-acc-theory.kek.jp/SAD/sad.html.

1800


