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Abstract 

A three-dimensional Radiative Ion Cooling (RIC) method of 

a non-fully stripped relativistic ion beams in storage rings 

is investigated when the process of resonance Reyleygh scat
tering of the laser light by ions is used. 

1 INTRODUCTION 

By analogy with the synchrotron radiation, a cooling 
method of non-fully stripped ion beams in storage rings 
of arbitrary energy can be used at a top energy of the 
rings which is based on the process of resonance Rayleigh 
scattering of a laser light by relativistic ions [1). It will 
give a chance to store the ultimately achievable high 
current, and low-emittance ion beams using multiple in
jection of ions in storage rings. 

2 RADIATIVE ION COOLING 

The following scheme of RIC will be considered. In a 
straight section of a storage rir.g, a laser photon beam 
is directed towards the ion beam and is scattered by 
the ions. The photon energy is of such a value that in 
the coordinate system connected with the average ion 
velocity it was close to the transition energy between 
definite electron states in the ions. Since the scattered 
radiation is directed mainly along the direction of the 
ion velocity, it will be decelerating and will lead to a 
damping of betatron and phase oscillations of ions in 
the storage ring. 

In the moving coordinate system, the scattered radi
ation is spherically symmetrical and the energies of inci
dent and scattered photons are about the same. In the 
laboratory coordinate system, the scattered radiation 
will be directed mainly in the ion velocity direction in 

the narrow interval of angles, DJJ ~ 1/,,(, where "( is the 
ion relativistic factor. The energy of the scattered pho
tons will be Doppler shifted. Their maximum energy is 
nwmax::O (1 + {3)2"(2nwI, where nWI is the energy of laser 
photons, (3 = v / c, and v is the ion velocity. The average 
energy of the scattered photons h-w::o hwmax /(1 + (3). 

In the coordinate system connected with the moving 
ion, the cross-section of laser photon scattering by ions 
has the form 

(1) 

where gl,2 are the statistical weights of the states 1 and 

2, r~,1 = 2reW~2 /J,2gI/Cg2 ~ w~ is the probability of I, he 
spontaneous photon emission of the excited ion or the 
naturallinewidth, g(w~,w;) = (r~,1/27r)/[(w; - w~)2 + 
r~21/4) is the Lorentzian (J g(w)dw = 1), re = e2/me c2 

is the classical electron radius, e and me are its charge 
and mass, w~ is the transition frequency between the 
states 1 and 2, w; is the frequency of the scattered laser 
wave, and /J,2 is the transition strength (2). 

The cross-section has a maximum CTmax = CTlw'-w' 
,- 0 

g2).,~2 /27rgl, where ).,~ = 27rc/w~ is the resonance 
wavelength in the ion coordinate system. The transi
tion from the first excited level to the ground state of 
sodium-like ions corresponds to fl,2 = 0,42, g2/ gl = 4, 

I I I 3 
).,0 = 4/3Z;ffR, where R = e4 m e /47rch = 109678 
cm- I is the Rydberg constant, Zell = n+ + 1 :::; Z, n+ 
is the ion charge state, and eZ is the nuclear charge. 

When the ion beam has a high angular spread, (h, 
and energy spread, (tl"(h, then, for effective interaction 
of all ions with the photon beam, the bandwidth of the 
spectral line should exceed the value 

tlwi el (tl"(h 
->-+--. 

WI 4 "( 
(2) 
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If condition (2) is satisfied, and with the assump
tion that the spectral intensity of the laser beam Iwl is 
distributed homogenE'ously in the frequency range, ~WI, 
we can denote the rE'lative probabilitiE's (populations) 
of the atomic states belonging to the levels 11 > and 
< 21 through nl and n2, accordingly, and write down 
the system of equations for them: 

{ 

dn2 = (1 + i'J)n-yu (nl _ n2) _ ~ 
dz i'Jc i'JCT2, I, 

nl + n2 = 1, 
(3) 

where n-y = I/hwi is the photon flow density, I = J Iw, 
dWI is the total intensity of the laser beam, U = (1/ J) 
J O'u.,J""dWI = 7rre).~h,IWI/~WI and T2,1 = ,/r~,1 is the 
dE'cay time. The solution of the system in the case of 
n21z=0 = 0 is: 

{ 

n2m(I - e- z(1+D)/I.), 

n (-)- 05: z 5: I<11 
2 ~ - n2m(1 _ e- I,,,(1+D)/I, )e-(z-I,,, )(1+D)/I" 

lell 5: z 5: 00, 

(4) 
where n2m = 0.5D/(1 + D) < 0.5, Ie = i'JcT2,1 is the 
length of the ion relaxation, D = 2(1 +i'J)n-yuT2,1 = I/Ie 
is the saturation parameter, Ie = (7rCglhw~/,2g2).~3) 
(~wdwl). 

The number of photons scattered by an ion in one 
straight section is 

~n-y = J n2(z) dz = 
Ie 

n2m [I + ~(1 _ e-(1+D)I,,,/I,)]. 
Ie ell I+D (5) 

where Ie! 1 is the effective interaction length of the laser 
and photon beams. 

The power of the scattered radiation can be pre
sented in the form 

-, hw~n-yci c,nw~nintlel!D 
P = 27rR I,,,';PI, = 47rRle(1 + D) . (6) 

where nint is the number of interaction regions, R is the 
mean radius of the storagE' ring orbit. 

The E'nergy emitted by ion per one turn is 

27r RP' ,hw~nintle!! D 
eV = -c- = 2/e(1 + D) (7) 

In the case of the radial and longitudinal movement 
it is important to know the dependence of the power P' 
emitted by a particle on a radial displacement x, and on 
the energy deviation ~,/,. In our case 

, P'( 1 a/ x 2~,) P = 1+----+----, I ax 1 + D 1 + D , , 
(8) 

where P; is the power emitted by the equilibrium par
ticle. This dependence coincides with the dependence 
that determined by synchrotron radiation, if we substi
tute the magnetic field index of the storage ring n by 
nl = -[p/2(1 + D)](alnl/ax)), p is the instantaneous 
radius of the storage ring orbit [3,4]. 

The rate of the increase of the square amplitudes 
of radial and vertical oscillations Ax,z is defined by the 
expressIOn 

~= ~(~A )2dw dA
2 J a 

dt awat x,z , (9) 

where an-y/awat = P';'/hw, P';' = 3P'~(1 - 2~ + 2e) 
w;;;~x is the spectral distribution of the emitted pho
tons, ~ = w/wmax . The increase of the square ampli
tudes of radial (both betatron and phase) and vertical 
oscillations after emission of one photon are equal, re
spectively to: ~(Ax)2 = (aRhw/mic2,?, ~(Az)2 = 
i'Jz(nw)2/8,2(mi cr? where mi is the ion mass [3,4]. 
The equilibrium values A;q = (aA 2/at)T. The equilib-

rium dimensions of the ion beam O'x,z = JA~qx,z/2. 
The radial dimension of the ion beam defined by the 
energy spread O'-y is equal to 0', = O'x = RaO'-y/" where 
a ~ v;2 and Vx are the momentum compaction factor 
and radial betatron oscillation tune of the storage ring, 
accordingly. 

From the above there follow the damping times for 
both the vertical betatron oscillations 

(10) 

and radial betatron oscillations and phase oscillations 

, I 

Tx = R/ c(x = Tz , TI, = R/ce', = T l
z /2. (11) 

, '2 / 2 2 ' where Tzmin = g2').0 PA 27r C glh,2 nwo, PA = memi 
c5 /e 2, (x =< (RP' /2mic3,)[1 - (1- 2nl)R1/J/ p] >, (, = 
< (RP'/2mic3,)[2 + (1 - 2nl)R1/J/p] > and 1/J is the 
momentum compaction function [4]. For sodium-like 
. '_ 2 22/~ 2[]'_ Ions nwo - 3a meC Zell 8 - 10.19Ze1! eV, Tzmin -
(8 4 /33 fl,2a7)(m;/me)(rAe/cZ~ff) ~ 0.775A,/Z~ff [s], 
where a = e2 /nc ~ 1/137, Ae = n/mec ~ 3.8610- 11 

cm, A is the atomic number of the ion. For helium 
ions ~He+, the power PA ~ 4.8· 1013W, Ie = 873W, 

, '6 9 1 nwO = 40.6eV,).0 = 3.03·10- cm, r 2 ,1 = 7.57·10 sec- , 

le/, = 3.96cm, T~min/' = 36ms. 

The laser power PI = liS, where 5 is the cross
section area of the laser beam. The cross-section area of 
the laser beam must exceed that of the ion beam. The 
length Ie! 1 is determined as the minimum of the straight 
section length and double Rayleigh length IR = 5/).1, 
where ).1 = 27rC/WI is the laser wavelength (within the 
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limits of this length, the laser area exceeds the minimum 
area by less than two times). 

Quantum nature of the photon scattering will lead 
to an equilibrium radial dimension and energy spread of 
the ion beam 

l.4hw~ 
mi c2 ' 

(12) 
0.7hw~ 

mi c2 ' 

An equilibrium vertical dimension of the ion beam 
(T z = (T r/ O:'Vz· The equilibrium radial angular spread 
and emittance of the ion beam in this case are 

1.411R hw~ 
(x = ~ m.c2 · 

x I 

(13) 
l.4hw~ 
mi c2 ' 

The Eqs. (10)-(13) are valid when the bandwidth of the 
laser spectral line exceeds the value (2). In the process 
of damping of the betatron and phase oscillations the 
bandwidth of the laser spectral line can be decreased. 

We have considered the simplest version of the three
dimensional RIC method using the wide spectrum laser 
beam, which overlap the ion beam. The damping times 
(10),(11) are close to minimum at the laser intensity 
II ~ Ic(D ~ 1). The damping time T, can be decreased 
to the value 

when a high-degree monochromatic laser beam and swe
eping of the laser frequency are used. In this case the 
laser bandwidth (2) can be done /).Wt/WI ~ O~ /4 and 
the radiofrequency resonators can be switched off. After 
damping of phase oscillations the damping times of be
tatron oscillations will be shortened in accordance with 
a shortening of the laser bandwidth. The synchrotron
betatron resonance can be used to decrease the verti
cal and horizontal damping times. In the later case the 
transformation of the betatron oscillations to phase ones 
and cooling through the last way must be done. 

3 BEAM LIFE TIMES 

For nearly fully stripped ions at high energy a beam loss 
due to a residual gas interaction at pressures::; 10- 10 

mbar is negligible compared to that caused by a high 
current inelastic intrabeam interaction processes with 
ion charge-exchange and ionization [5-7J. But these are 
a threshold processes. The energy threshold can be es
timated as follows. The minimum distance which can 
be reached between two similar ions of the kinetic en
ergy /).T' is rmin = n+ 2 e 2 /2/).T'. In order to elastic 

process took place the value rmin must be more then 
a value a ~ ao/Z.", where ao = h2/me e2 is the Bohr 
radius of the ion. Hence, the threshold energy /).T;hr ~ 
n+2 Ze"e2 /2ao = 0:2m.c2n+ 2 Ze" /2, where 0: = e2/hc. 
As the transverse momentum is an invariant, then the 
value p~ = f3l.',' = f3l.' ~ Ob, and hence the mean ki
netic energy of the beam ions is < /)'T~ >~ mi c2p'1 /2 = 
mic2(Obi)2/2. The value < /)'T~ > 10.="8% ~ 0.260: 2,2 

m.c2 Z;" Iv; can be done less then /).T:hr when the en

ergy of the ions, < 'lhr = 1.38n+vx / JZe". The losses 
of the ions through the inelastic beam interactions are 
absent in this case. The value /).11; = mic2(/).,h)U2 
determined by the energy spread of the beam can be 
neglected when (/).,h ~ u-y. 

4 CONCLUSION 

Non-fully stripped heavy ion beams of rather high cur
rent and excellent brilliance can be obtained in storage 
rings by means of radio frequency stacking and radia
tive cooling of the relativistic ion beams. Such beams 
can be used in high energy physic, heavy ion fusion, 
spectroscopy, high-power free-ion lasers, etc. 
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