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Abstract

Physics of the Radiative Ion Cooling (RIC) and possible ap-
plications of cooled ion beams are presented.

1 INTRODUCTION

Accelerated ion beams of the intermediate and high energies
can be used in different fields of the science and technology.
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: synchrotron ra-
diation damping [1], electron cooling [2], stochastic cool-
ing [3], one dimensional laser cooling [4]. In papers [5]-[8]
the three-dimensional RIC method is proposed. The physics
and applications of RIC are presented in this work.

2 RADIATIVE ION COOLING

RIC is the three-dimensional method of the ion 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 radiofrequency system of the storage ring is
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 at 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 the ion’s velocity and that is why loose theirs
both transverse and longitudinal components of the mo-
menta. The losses of the transverse ion momenta will lead
to damping of the transverse ion oscillations. The longitu-
dinal momenta loss is compensated by the radiofrequency
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 a laser beam is directed against and scattered by an
ion beam. Let h̄ω0 be the transition energy in the ion’s rest
frame between two electronic states 1 and 2, and h̄ωLr and
h̄ωsr be the corresponding energies of the incoming laser
photons at resonance and the scattered photons in the lab-

oratory frame, respectively. These quantities are related by

h̄ωLr =
h̄ω0

γ(1 − β cosψ)
, h̄ωsr =

h̄ω0

γ(1 − β cos θ)
, (1)

where γ = E/Mc2, E is the ion energy, M its mass β =
v/c, v the ion velocity, c the speed of light, ψ the angle be-
tween the initial photon velocity and ion velocity, and θ the
angle between final photon velocity and ion velocity. In this
paper, we restrict to the case ψ ' π, β ' 1, γ � 1, in
which case the above equations become h̄ωLr ' h̄ω0/2γ,
h̄ωsr ' 2γh̄ω0/[1 + (γθ)2].

The frequency of the incoming laser photons and the scat-
tered photons in the general case will be written as ω and ωs

respectively. Since we are considering the case near reso-
nance, we have ω ' ωLr and ωs ' ωsr .

The maximum cross-section at exact resonance ω = ωLr
is σmax = g2λ

2
0/2πg1, where λ0 = 2πc/ω0 is the reso-

nance wavelength corresponding to ω0. The spontaneous
linewidth is given by Γ = ω2

0recfg1/cg2, where re is the
classical electron radius, g1 and g2 are respectively the de-
generacy factors of the state 1 and state 2 between which the
transition occurs, and βz = β cosψ ' 1, f is the oscilla-
tor strength. The average cross-section of the photon scat-
tering by ions is σ = (g2/g1)(λ2

0/4)(Γ2,1/ω0)(ω//∆ω =
πrefλ0ω/∆ω,where ∆ω is the bandwidthof the laser light.
The enhancement of the resonant cross section over the
Thomson cross section for a broad band laser is about a fac-
tor (λ0/re)(ω/∆ω), which is smaller than that in the case
of exact resonance, but is still very large.

The number of scattered photons per ion is given by

∆nγ = 2
σ

(1 +D)
[
I

h̄ω
][
leff
c

]. (2)

The quantityD = I/Isat is the saturation parameter, Isat =
(πcg1h̄ω0/γ

2g2λ
3
0) (∆ω/ω) and leff is the effective in-

teraction length of the laser and ion beams, which is as-
sumed to be much longer than the spontaneous decay length
cτspon = cγ/2Γ. If there areNi number of ions in the pulse,
the total number of γ-ray photons generated per ion pulse is
given by Nγ = ∆nγNi.

The damping times of betatron and phase oscillations are
determined by analogy with synchrotron radiation times by
the power of the emitted (scattered) radiation [1]. In the case
of the vertical betatron oscillations the damping time is

τz =
2mic

2γ

P
s =

SR(1 +D)

cnintλ0leff γf2,1

(∆ωin
ωin

)(PA
P

)
, (3)



where P
s

= εγ∆nγnintf is the mean scattered power,
εγ = h̄ω0γ is the mean photon energy, f = c/2πR is the
ion revolution frequency, PA = memic

5/e2, M is the ion
mass, P = IS is the photon beam power, S is the cross-
section area of the photon beam, nint is the number of the
interaction regions, and R is the mean radius of the storage
ring orbit.

The damping times of radial betatron oscillations and
phase oscillations are τx = τz, τs = τz/(1 +D).

Quantum nature of the photon scattering will lead to an
equilibrium emittance and relative energy spread of the ion
beam, when the Compton scattering takes place in the dis-
persion free straight section [6],

εx =
3

20

h̄ω0

mic2γ2
< βx >,

σγ

γ
=

√
1.4h̄ω0(1 +D)

mic2
,

(4)
where βx is the average horizontal beta function in the in-
teraction region.

To shorten the damping times the broadband laser beam
with sharp low frequency edge can be used as well. The fre-
quency edge must be chosen of a such value that only ions
with energies above γs 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 photons can lie in wide range of energies of
X-Ray to hard γ−Ray regions. The power of such sources
cab be very high.

The scattered radiation will be polarized if we will use po-
larized initial 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 Rayleigh scattering sources based on cooled ion beams
are more effective and more monochromatic then backward
Compton scattering sources and undulator radiation sources
based on electron beams as the broadening of the Rayleigh
radiation is much less when the monochromatic laser beam
is used. It follows from the fact that the relative angular and
energy spreads of the ion beam are essentially less and from
selective interaction of laser and ion beams. Laser beam in-
teract with ions of definite energies and all scattered radia-
tion is emitted on the first harmonic of the laser frequency.
Harmonic generation is possible in 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
applications of high intensity polarized monochromatic γ−
rays of MeV and GeV regions in nuclear and elementary
particle physics. Such beams can be produced on future
storage rings like LHC.

3.2 Free-ion lasers

Under conditions of equal 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 relativistic factors. The stored en-
ergy of the LHC will exceed 500 MJ. It follows that under
conditions of optimal deflecting parameters of the undula-
tors used in the free-particle lasers and equal efficiencies for
both electron and ion beams the limiting power of Free Ion
Lasers will 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 the angular and energy spreads of the ion beams
on broadening of the spectral lines and hence on the ampli-
fication is essential and three-dimensional cooling of stored
beams is necessary for these generators.

3.4 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 relativistic multilayer ion mir-
ror

A scheme of short period relativistic multilayer ion mirror
productionwas proposed in [18],[19]. In this scheme the ion
beam can be produced in the form of a series of narrow flat
layers transverse to the direction of beam propagation. This
geometry is similar to that of a dielectric stack mirror. Such



mirror can reflect both spontaneous incoherent and sponta-
neous coherent radiation with high efficiency and in a such
a way to transform monochromatic IR or optical radiation
to monochromatic X-ray radiation with low divergence.

3.6 Elementary particle physics

We mentioned in section 3.1 that γ−ray beam produced on
cooled ion beam can be used in nuclear and elementary par-
ticle physics when working with the nuclear target at rest.
A high energy ion-ion collider can be converted to a γ-γ or
γ-ion collider with the photon energy in the GeV range [8],
just as a high energy electron linear collider in TeV range
can be converted to a TeV γ-γ collider. Experiments on ex-
citation of electronic and nuclear transitions of cooled ions
by ordinary lasers in storage rings like future collider LHC
will permit to investigate the spectroscopy of all transitions
in all ions of the periodical elements table (energy levels,
probability transitions, branching ratios). In this case the
laser light is equivalent to the beam of X-ray orγ-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 relativistic neutron
and nuclear beams with small divergence [20].

3.7 Ion fusion

Some accelerator developments in the field of accelerators
and relevant to inertial fusion permit to store and compress a
large amount of bismuth, lead, uranium or of similar heavy
ions to reach high-likelihood conditions for inertial fusion
[17],[21],[22]. With γ ≥ 100 it becomes easier to design
accelerators to produce high specific deposition power, al-
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].

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 γ-ray
beams. K.-J.K. acknowledges the support of this work
by the U.S. Department of Energy under Contract No
DE-AC03-76SF00098.

5 REFERENCES

[1] A.A.Kolomensky and A.N.Lebedev, Theory of Cyclic Accel-
erators. North Holland Publ., Co, 1966; M.Sands, SLAC Re-
port 121, 1970 (unpublished).

[2] G.I.Budker, Atomnaya Energiya 22, 346(1967).

[3] S. van der Meer, CERN Internal Report CERN/ISR-PO/72-31
(1972).

[4] D.J.Wineland and H.Dehmelt, Bull. Am. Phys. Soc. 20, 637.

[5] E.G.Bessonov, Preprint FIRAS No 6, 1994; Proc. of the In-
ternat. Linear Accel. Conf. LINAC94, Tsukuba,KEK, August
21-26, 1994, Vol.2, pp.786-788; Journal of Russian Laser Re-
search, 15, No 5, (1994), p.403.

[6] E.G.Bessonov and Kwang-Je Kim, Phys. Rev. Lett., 1996,
vol.76, No3, p.431.

[7] E.G.Bessonov,Proc. of the 15th Int. Free-Electron Laser Con-
ference FEL94, Nucl. Instr. Meth. v.A358, (1995), pp. 204-
207.

[8] E.G.Bessonov,K.-J.Kim, Proc. of the 1995 Part. Accel. Conf.
and Int. Conf. on High-Energy Accelerators, p.2895.

[9] W.Petrich, M.Griezer, R.Grimm et al., Phys. Rev. A48, 2127
(1993).

[10] E.G.Bessonov, Bulletin of the American physical society,
Vol.40, No 3, May 1995, p.1196.

[11] K.A.Ispirian and A.T.Margarian, Phys. Lett. 44A (5) (1973),
377.

[12] N.G.Basov, A.N.Oraevsky, B.N.Chichkov, Sov. Phys. JETP,
Vol.62 (1),(1985), 37.

[13] S.M.Darbinian,
K.A.Ispirian, D.B.Caakian, JETP Lett., 1986, v.44, No 1, p.
7.

[14] L.D.Miller, Optics communications, 30 (1979), 87.

[15] G.C.Baldvin and N.J.DiCiacomo, IEEE Transactions on
Nucl. Sci., Vol. NS-30, No 2 (1983), 891.

[16] B.Dubetsky and P.R.Berman, Phys. Rev. Lett., (1995), v.74,
p.3149.

[17] C. Rubbia, Nucl. Instr. Meth., A 278, 253 (1989).

[18] E.G.Bessonov, Proc. Sixth Internat. Workshop 0n Linear
Colliders LC95, Tsukuba Center for Instituts, March 27-
31,1995, p.1227.

[19] E.G.Bessonov, Proc. of the MICRO BUNCHES workshop,
Upton, New York, Sept 1995, p.367.

[20] E.G.Bessonov, F.Willeke, Preprint HERA 95-09, December
1995.

[21] G.Brianti, Proceedings of PAC-93, 3917 (1993).

[22] R.C.Arnold, Nucl. Instr. Meth., A278, 163 (1989).


