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Abstract
Some peculiarities of fast laser cooling of long-lived ion 

beams in storage rings are discussed. Selective interaction 
of ions and broadband laser beam with sharp frequency 
and geometric edges is used while laser and ion beams are 
partially overlapped. The rates of change of the ion beam 
density in different regions of the phase space and at dif-
ferent moments of time in this scheme of cooling differ. 
That is why the generalized Robinson theorem valid for 
the infinitesimal phase space regions of non exponential 
cooling in turn is used to interpret the results. 

INTRODUCTION
Laser ion cooling (LIC) is a well-known technique now 

[1-4]. Basic idea of this method is in irradiation of mov-
ing ion beam with a laser, having frequency which if
transformed into the moving frame becomes close to the 
transition levels. As the ion is moving, the photon radiat-
ed after the ion jumps into the ground state will carry sub-
stantial momenta directed along the instant direction of 
motion, while transformed into the Lab frame.

Other well-known technique is so called Enhanced 
Optical Cooling (EOC). Its basic idea is in application the 
cooling procedure to the fraction of the beam, first- to the 
particles with the highest deviation from equilibrium and 
further on to the ones with lower deviations. To manipu-
late with amplified optical signal from pick-up undulator 
we suggested an electro-optical deflection device or even 
mechanical system for slower processes [5].

In this report we considered the benefits of implemen-
tation of EOC technique to the LIC. More exactly we 
suggest irradiating just fraction of the moving ion beam at 
a time and further on expanding illumination area to ~ 
half of the cross section of ion beam. Below we describe 
this idea in detail.

The trajectory of a particle in external fields is de-
scribed by the equation 

ext frdp / dt F F , where 

p m v is the particle momentum, 
ext extF e( E

ext( 1 / c )[ vH ]) is the external force, 
fr fr vF F ( r ,v )n is the 

frictional force, m is the particle rest mass (the mass 
depends on its state: excited, non excited), 2/ mc is 
its relativistic factor, 

vn v / v is the unit vector in the 
direction of the particle velocity, is the total energy of 
the particle , r is the radius vector, v is the vector of 
particle velocity, v | v | ,

fr frF | F |, extE and 
extH are the 

external electric and magnetic fields. In this case the six 
dimensional infinitesimal volume of an ensemble of parti-
cles in a 6D phase space region gathered round some se-
lected particle is decreased by the law

0 6exp[ ( , , ) ]D r t dt with the instantaneous decrement 

determining the rate of cooling

6 2

( , , ) ( , , )1( , , ) (1 ) fr fr
D

P r t P r t
r t ,              (1)

where 
fr fr frP F v F v is the power of the particle energy 

loss [1]. 
In synchrotrons or storage rings the energy losses of 

ions can be recovered by their RF systems (cooling in a 
bucket). The 6D increment of such beam in this case is 
the sum of radial, vertical and longitudinal increments: 

6 2 2D x z 2 s . In the relativistic case:
1 1 1, ,
2 2 2

s s
x s s z l s

s s

P P d P P d P
d d

, (2)

where the over lined values are the values averaged over 
many periods of the particle revolution in the ring, s is 
the equilibrium ion energy in the ring [1]. The first and 
second terms in (2) are related to the damping of the radi-
al and vertical betatron oscillations in the transverse plane 
and the third one l is related to the damping of the 
phase oscillations in the longitudinal plane. It is supposed 
that partial increments (2) are valid inside all area of the 
corresponding planes. The six dimensional (6D) damping 
time of the ion beam in this case is: 

6 61 /D D . (3)
If relativistic particle beam emits synchrotron and un-

dulator radiation then the power 2( )Fr frP k , the radia-

tive damping decrement 6 4 ( ) / |
s

frD P , where frk is 
a constant. The decrement for the ionization cooling 
based on the energy loss of particles in a matter targets 
has more complicated nonlinear form [2]. Cooling based 
on such energy losses has the partial derivatives

( ) / ~ ( ) /fr frP P and small decrements 6D .
In the case of radiative cooling of ion beams in storage 

rings by broadband lasers [3], [4] the target is the contra 
propagated laser beam, where the backward Rayleigh 
scattering of laser photons takes place. The spectral dis-
tribution of the intensity of the laser beam ,lI deter-
mines the partial derivative ( ) /frP and hence the 
rates of the ion beam cooling. For ordinary radiative ion 
beam cooling [3] the spectral distribution of the laser 
beam intensity is uniform in the frequency band 

,max ,minl l l
. It corresponds to the resonance condi-

tions for the excitation of the ion beam in the limits of its 
energy spread b . In this case the derivative 

( ) / ~frP ( ) /frP is small. For stimulated radiative 
cooling of ion beam the spectral distribution of the laser 
beam intensity is increased from zero to maximum value
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in the same frequency band and the power loss has linear 
increase from zero to maximum value in the energy band 

b . In this case ( ) / ~frP ( ) /fr bP [4]. It means 
that the rate of the stimulated radiative ion cooling is 

2 3/ 10 10s b times higher than ordinary one. 

FAST LASER COOLING OF LONG LIVED
ION BEAMS

Below the peculiarity of fast laser cooling of relativistic 
long lived ion beams based on their selective interaction 
with broadband, sharp frequency and geometric laser 
beam edges is discussed. The “cooling” goes on both in 
the longitudinal and transverse directions simultaneously.

Cooling Without a RF Bucket
First for simplicity, we suppose that the RF system of 

the ring is switched off, and the spectral distribution of 
the laser beam intensity is uniform in a frequency band 

,max ,minl l l . The power of the ion energy loss is 
increased from zero at the ion energy to maximum 
value fr ,mP at the ion energy on a short energy 

interval b max and then stay constant up 
to the energy max corresponding to the boundary fre-
quency of the laser beam spectra ,min max/ 2l tr (step 
function), where tr is the ion resonant transition fre-
quency at rest, 2

max max / Mc , max and M are the max-
imal ion energy in the beam and its mass. The interaction 
region of the laser and ion beams is located in the straight 
section with zero dispersion function

x ,int 0 . Instantane-
ous orbits of ions in this section are overlapped and that is 
why the transverse dimensions of the beam are deter-
mined by betatron oscillations only. 

Let the ion and laser beams are partially overlapped, 
laser beam is located at a negative deviation ,l i from the 
central ion orbit, ions with negative deviations from their 
instantaneous orbits only interact with the laser beam and 
become excited (see Fig. 1). Then the excited ions go out 
of 

Figure 1: The interaction region of ion and laser beams.

the straight section of the ring and move in the region 
with positive dispersion function. Emission of photons by 
these ions in this region leads to the negative jumps of 
their instantaneous orbits in the direction of ions and

hence to the decrease of their amplitudes of betatron os-
cillations (see Fig. 2).

           
Figure 2: The evolution of the amplitude of an ion betatron os-
cillation in the radial plane. 

Next turn another part of ions will have negative ampli-
tudes of betatron oscillations, will be excited in the 
straight section and decrease their amplitudes in the re-
gion with positive dispersion function. Such a way every 
turn a part of ions of the beam decreases theirs ampli-
tudes. If the ion decay time is lesser than its propagation 
time through the region with positive deviation from the 
instantaneous orbit (~ / 4b

, where b is the wavelength
of the betatron oscillation) then the effective decrease of
ion betatron oscillations will take place.

If average jump of ion instantaneous orbit in the region 
with positive dispersion function is ( ) /fr xP T
and maximal amplitude of betatron oscillations is maxA
then the damping time of the ion beam in the radial (hori-
zontal) plane will be equal to 

max1 / 2x x

A
T , (4)

where 0x is the average dispersion function in the 
region of the ion decay, T is the revolution period. Line-
ar (non-exponential) decrease of betatron oscillation am-
plitudes will occur from the value maxA A to 0A . In 
this case the instantaneous orbits of ions having maximal 
amplitudes of betatron oscillations will pass the way 

maxx A and the instantaneous orbits of ions having
near zero amplitude of betatron oscillations will stay im-
movable. It means that radial dimensions of the ion beam 
in the straight section will be decreased to a small value

,l i (see Fig. 1) and the initial spread of the instantaneous 
orbits 0x will be increased to the value fx

0 maxx A .

After the decrease of the amplitudes of betatron oscil-
lations of the ion beam in the radial plane and increase of 
its energy spread the beam can be cooled in the longitudi-
nal plane. In this case the laser beam must be shifted on
the right (geometric cut-off edges must be removed) to 
give to all ions an opportunity to interact with laser beam 
in the limits of its band ,max ,minl l l . The damping 
time of the beam in the longitudinal plane will be 

,1 / 2 f
l l

x
T . (5)

Proceedings of COOL2013, Murren, Switzerland WEPPO01

Cooled Beam Dynamics

ISBN 978-3-95450-140-3

95 C
op

yr
ig

ht
c ○

20
13

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Fast laser cooling of ion beams in the longitudinal plane 
in this case takes place only at the boundary of the fre-
quency spectra of the laser beam ,maxl in a short interval 
of the ion energy b and the corresponding inter-
val of the laser frequency  l , where the partial 

derivative ( ) /frP is very high (step function is an 
idealization). The increase of betatron oscillations in this 
case will not occur as ions will be excited and emit radia-
tion under conditions of both negative and positive devia-
tions from their instantaneous orbit. 

After cooling the ion beam can be accelerated to the
necessary value by the RF system of the storage ring us-
ing phase displacement mechanism. 

Cooling in the RF Bucket
Fast laser cooling of long lived ion beams can work 

with RF system of the ring switched on also. In this case 
the emission of photons will lead to both fast damping of 
radial betatron oscillations and fast antidumping of phase 
oscillations. To remove the antidumping of ion phase 
oscillations the lower frequency edge of the laser beam 
ought to increase to the value a little lower ,l s , where 

,l s corresponds to the resonance frequency of interac-
tion of electromagnetic wave with ion having the equilib-
rium energy s . The spectral distribution of the laser 

beam can be a rising function of the difference ( s ).
Stimulated radiative cooling system can be installed in 
another straight section of the ring with the nonzero dis-
persion function [4] as well to remove the antidumping in 
the longitudinal plane.

Note that: 1) Cooling effect may stay noticeable for 
the case of ion living time higher some periods of their 
betatron oscillations; 2) The laser beam dimensions can 
be decreased during the cooling process in accordance 
with the decrease of ion beam dimensions, 3) If the dis-
persion function in the straight section of the ring 0x

,
maximal amplitudes of betatron oscillations , ,x m l iA
then fast damping of amplitudes of ion betatron oscilla-
tions is possible for short lived ions. In this case the laser 
beam must cover the ion beam step-by-step when moving 
from negative position 0x to ,l ix . First of 
all, it will interact with ions which have negative devia-
tions from theirs instantaneous orbits 0x and de-

crease their amplitudes xA (emittance exchange). Fast 
cooling in longitudinal plane in another straight section 
and the automatic repeat of this procedure must be used. 
4) Instead of the considered laser beam with the sharp 
geometric edges the narrow focused laser beam moving in 
a rectangular area (from 0x to ,l ix and from 

mz to mz ) in the form a series of vertically arranged 
lines can be used. 

CONCLUSION
1. The considered scheme of cooling works only for 

the ions with nonzero lifetime. 2. If the ion and laser 
beams were fully overlapped, then the selectivity would 
disappear and ions would have equal probability to be 
excited and decay at positive and negative deviations 
from their instantaneous orbits and will not change their 
amplitudes. 3. The generalized Robinson theorem valid 
for the infinitesimal phase space regions was used for the 
explanation of results in this in general case non exponen-
tial way of cooling. 4. Linear rate of the decrease of the 
betatron oscillation amplitudes in this scheme of cooling 
is faster than the exponential one. 5. The Laser beam edge
must have a little negative radial deviation from the center
of the ion beam ( ,l i << ion beam diameter; see Fig 1). 
That is why the minimal residual amplitudes of betatron 
oscillations in this scheme are determined by the maximal 
jump of the instantaneous orbits and alignment accu-
racy of laser and ion beams. 6. This scheme of cooling is 
similar to the enhanced optical cooling one [5]. It can 
present the additional possibilities to the existing schemes 
of cooling. 7. Fast damping of the radial betatron oscilla-
tions based on the step by step displacement of the laser 
beam in the straight section with the nonzero dispersion 
function 0x was suggested for short lived ions. 
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