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Abstract

Physics of the Radiativelon Cooling (RIC) and possibleap-
plications of cooled ion beams are presented.

1 INTRODUCTION

Accelerated ion beams of theintermediateand highenergies
can be used in different fields of the science and technol ogy.
The quality of such beams is defined by the emittances of
the beams. Different cooling methods are suggested to de-
crease the beam emittances. Among them: synchrotronra-
diation damping [1], electron cooling [2], stochastic cool-
ing [3], onedimensional laser cooling [4]. In papers[5]-[8]
thethree-dimensiona RIC method isproposed. Thephysics
and applications of RIC are presented in thiswork.

2 RADIATIVE ION COOLING

RIC isthe three-dimensiona method of theion beam cool-
ing by laser light. This method is based on the backward
Rayleigh scattering of the broadband laser light by ion
beam when the radiof requency system of the storageringis
switched on. Compared to the case of Thomson scattering
on free electrons, the Rayleigh scattering cross-section
of laser photons on bound electrons or complicated bare
ions when the photon energy is a resonance with one of
the transition energies of ions, is larger by many orders of
magnitudes.

In the case of RIC the relativistic ions emit radiation
mainly along theion’svelocity and that iswhy loose theirs
both transverse and longitudina components of the mo-
menta. The losses of the transverse ion momenta will lead
to damping of the transverse ion oscillations. The longitu-
dina momenta loss is compensated by the radiof requency
system of the storage ring. But the longitudinal damping
will take place because the rate of the ion’'s energy loss
depend on ion’s energy. This dampings take place by
analogy with synchrotron radiation damping [1]. Hence
the RIC method is similar to an ordinary one dimensional
laser cooling method by scheme [9] but it is similar to
synchrotron radiation damping by physics.

Let alaser beam is directed against and scattered by an
ion beam. Let Awy bethetransition energy intheion’srest
frame between two electronic states 1 and 2, and iw’ and
hwi be the corresponding energies of the incoming laser
photons at resonance and the scattered photonsin the lab-

oratory frame, respectively. These quantitiesare related by
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where y = E/Mc?, E istheion energy, M itsmass 3 =
v/c, v theion velocity, ¢ the speed of light, ¢ the angle be-
tween theinitial photon velocity and ion velocity, and 6 the
angle between fina photonvelocity and ionvelocity. Inthis
paper, we restrict tothecasey ~ 7, 8 ~ 1,y > 1,in
which case the above equations become Aw? ~ hwg /27,
hws ~ 2yhwo /[1 + (v0)?].

Thefrequency of theincominglaser photonsand the scat-
tered photonsin the genera case will bewrittenasw and w*
respectively. Since we are considering the case near reso-
nance, we have w ~ wr and w® ~ w?.

The maximum cross-section at exact resonance w = wr
IS Omaz = g2A3/2mg1, where \g = 2mc/wy isthe reso-
nance wavelength corresponding to wy. The spontaneous
linewidthisgivenby I' = wir.cfg1/cg2, Where r. isthe
classical eectronradius, g; and go are respectively the de-
generacy factorsof the state 1 and state 2 between whichthe
transition occurs, and 5, = Bcosy ~ 1, f isthe oscilla-
tor strength. The average cross-section of the photon scat-
tering by ionsis@ = (g2/91)(M8/4)(T2.1/wo)(w//Aw =
mre fAow/Aw, where Aw isthebandwidthof thelaser light.
The enhancement of the resonant cross section over the
Thomson cross section for abroad band |aser isabout afac-
tor (Ao/re)(w/Aw), which is smaller than that in the case
of exact resonance, but is ill very large.

The number of scattered photons per ion isgiven by

hwy = , (1)
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Thequantity D = I/, isthesaturation parameter, I;,; =
(megihwo /72 92A3) (Aw/w) and l.s5 is the effective in-
teraction length of the laser and ion beams, which is as-
sumed to be much longer than the spontaneous decay |ength
CTspon. = ¢y/2T. If thereare V; number of ionsinthepul se,
thetotal number of «-ray photonsgenerated per ion pulseis
givenby N, = An,N;.

The damping times of betatron and phase oscillationsare
determined by analogy with synchrotron radiation times by
the power of theemitted (scattered) radiation[1]. Inthecase
of the vertical betatron oscillationsthe damping timeis
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where P° = &,An,ni,.f is the mean scattered power,
g, = hwyy isthe mean photon energy, f = ¢/27R isthe
ion revolution frequency, Pa = me.m;c®/e?, M istheion
mass, P = IS is the photon beam power, S is the cross-
section area of the photon beam, n;,,; is the number of the
interaction regions, and R isthe mean radius of the storage
ring orbit.

The damping times of radial betatron oscillations and
phase oscillationsare 7, = 7., 7s = 7. /(1 + D).

Quantum nature of the photon scattering will lead to an
equilibrium emittance and rel ative energy spread of theion
beam, when the Compton scattering takes place in the dis-
persion free straight section [6],
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where (3, isthe average horizontal beta functionin thein-
teraction region.

To shorten the damping times the broadband laser beam
with sharp low frequency edge can be used aswell. Thefre-
guency edge must be chosen of a such value that only ions
with energies above v, will be exited equally effectively
[10].

3 POSSIBLE APPLICATIONS OF
COOLED ION BEAMS

3.1 Backward Rayleigh scattering sources

Spontaneous incoherent backward Rayleigh scattering
sources based on resonance scattering of relativistic atoms,
not fully stripped ions and bare nuclei were considered first
in[11],[12]. Modern parameters of such sources presented
in the papers [5]-[8]. Depending on the energy of storage
ring and type of ions the energy of scattered monochro-
matic polarized photonscan liein wide range of energies of
X-Ray to hard yv—Ray regions. The power of such sources
cab be very high.

The scattered radiationwill be polarizedif wewill use po-
larized initia laser radiation. It will be possible to change
the kind of polarization of scattered radiation by changing
the kind of polarization of initial radiation [13]. The back-
ward Raylei gh scattering sources based on cooled ion beams
are more effective and more monochromeatic then backward
Compton scattering sources and undul ator radiation sources
based on el ectron beams as the broadening of the Rayleigh
radiation is much less when the monochromatic laser beam
isused. It followsfromthefact that therelative angular and
energy spreads of theion beam are essentially lessand from
selective interaction of laser and ion beams. Laser beam in-
teract with ions of definite energies and all scattered radia-
tionis emitted on the first harmonic of the laser frequency.
Harmonic generation is possiblein strong laser fields.

Backward Rayleigh scattering sources can find applica
tions in the same fields of science and technology as syn-
chrotron radiation sources and backward Compton radia

tion sources. Among them we should like to emphasize the
applicationsof high intensity polarized monochromatic v—
rays of MeV and GeV regionsin nuclear and elementary
particle physics. Such beams can be produced on future
storageringslike LHC.

3.2 Frec-ionlasers

Under conditions of equa relativistic factors which define
the hardness of the emitted radiation, ion beams possess
many orders of magnitude higher stored energy and much
less emittance then electron beams. For example, the elec-
tron beam of APS possess two orders higher emittance and
five orders less stored energy then the proton beams of the
LHC at nearly the same relativigtic factors. The stored en-
ergy of the LHC will exceed 500 MJ. It followsthat under
conditions of optimal deflecting parameters of the undula-
torsused inthefree-particlelasers and equal efficienciesfor
both electron and ion beams the limiting power of Free lon
Laserswill be many orders higher then that of free electron
lasers. Possible parameters of the FILs are presented in the

paper [7].

3.3 Quantum generators on moving ion beams

The idea of quantum generators on moving ion beams was
considered in [11] and developed in papers [14],[16]. The
influence of theangular and energy spreads of theion beams
on broadening of the spectra lines and hence on the ampli-
ficationisessentia and three-dimensional cooling of stored
beams is necessary for these generators.

34 Particle accelerators

Radiative ion cooling can be used for decreasing of the
transverse and longitudinal emittances of the stored ion
beams and for multiple injection of the ion beams in the
free phase space of the storage rings. This process will
permit to produce the high current and low emittance ion
beams in storage rings and to increase the luminosity of
the colliding beams. Stored and cooled not fully stripped
heavy ion beams with a high charged state can be ionized
without the lost of the beam by more hard laser light for a
short time[17] in order to have the colliding beams of bare
ions.

Cooled Super-high power high current ion beams of the
energy ~ 10 GeV or based on such beams cm-to mm FILs
can be used for the excitation of the accelerator structures
of the Linear Colliders[18].

3.5 Short period reativistic multilayer ion mir-
ror

A scheme of short period relativistic multilayer ion mirror
productionwas proposedin[18],[19]. Inthisschemetheion
beam can be produced in the form of a series of narrow flat
layerstransverseto thedirection of beam propagation. This
geometry issimilar to that of a dielectric stack mirror. Such



mirror can reflect both spontaneousincoherent and sponta-
neous coherent radiation with high efficiency and in a such
away to transform monochromatic IR or optica radiation
to monochromatic X-ray radiation with low divergence.

3.6 Elementary particle physics

We mentioned in section 3.1 that v—ray beam produced on
cooled ion beam can be used in nuclear and el ementary par-
ticle physics when working with the nuclear target at rest.
A high energy ion-ion collider can be converted to a~y-v or
~-ion collider with the photon energy in the GeV range[§],
just as a high energy electron linear collider in TeV range
can be converted toa TeV -+ collider. Experimentson ex-
Citation of el ectronic and nuclear transitions of cooled ions
by ordinary lasers in storage ringslike future collider LHC
will permit to investigate the spectroscopy of al transitions
in al ions of the periodical elements table (energy levels,
probability transitions, branching ratios). In this case the
laser lightisequivaent to thebeam of X-ray or y-ray laser in
the ion beam reference system. The photon energy of laser
or more hard undulator radiation is enough for photodisin-
tegration of cooled relativistic nuclei in storage rings and
productionof polarized, monochromatic rel ativistic neutron
and nuclear beams with small divergence [20].

3.7

Some accelerator developmentsin the field of accelerators
and relevant toinertial fusion permit to storeand compressa
large amount of bismuth, lead, uranium or of similar heavy
ionsto reach high-likelihood conditions for inertia fusion
[17],[21],[22]. Withy > 100 it becomes easier to design
accelerators to produce high specific deposition power, a-
though overall efficiency becomes poor. Beam cooling at
full energy would be required in longitudinal degrees of
freedom to produce pulse lengths down to 1 ns[22].

lon fusion

4 CONCLUSION

In this paper we have only considered the physics of ra-
diative ion cooling and some possible applications. The
backward Rayleigh scattering sources without doubt will
be next generation of light sources of X-ray and ~-ray
beams. K.-JK. acknowledges the support of this work
by the U.S. Department of Energy under Contract No
DE-AC03-76SF00098.
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