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Abstract

The cooling itself used for damping single particle oscillations and coherent oscillations of ion beams. But extremely high phase space density of the ion beam after cooling can be a source of stability problems. These problems were a subject of discussions on many conferences, workshops and accelerator schools. Let in this report concentrates on a specific instability that is manifested itself by beam emittance blow-up and the ion beam losses at the storage ring with the electron cooling -so called “electron heating”. For storage rings CELSIUS, COSY, Indiana Cooler this is a serious problem that limits the use of the electron cooling in physical experiments. Proper design of the electron cooler can improve stability of cooled ion beam.   

 Single particle approach

    The cooling rate is determined of the cooling force – the friction force of ion moving  with velocity V at electron beam with density ne. The longitudinal magnet field is used for the compensation deflection by the space charge of electron beam. The magnet field magnetizes the transverse temperature motion of electrons. For calculation cooling force can be used equation based on ideas so called “magnetized cooling” [1,2]:
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where impact parameters can be written at the simplest form: 
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where Z is charge of the ions, (e is plasma frequency at electron beam, ( is time of flight cooling section (all at beam reference system), B-longitudinal magnet field, Ve( is velocity of thermal motion electrons at cooling section. Veff is the effective velocity of center Larmor cycles but not the electron velocity. Veff is determined the electrical field from space charge of the electron beam and the transverse component magnet field at cooling section:
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where (B is the deflection of direction the magnet line from center of ion beam orbit. For ideal magnet field at cooler ((B=0) and cooling the ion beam with emittance (x   the cooling rate has maximum versus the electron beam current (for ne =(Je/e)/(2((x (x), <x2 >==(x (x, V=c(( ((x /(x )1/2 ). The cooling rate can be written as:
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and easily to see that maximum cooling is reached for the electron current equal to:
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and maximal cooling rate is:
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For example accumulation on SIS synchrotron [3] for  (x =150 mm*mrad B=0.6kGs 11.4 MeV/n , Jemax=0.7A. and (max=0.5 1/s. The fiq.1 shows the ion beam accumulation by repetition multiturns injection every 0.5 s and simultaneously cooling. The time interval 0.5 sec is not enough to cool all ions, small fraction of beam at the edge of acceptance is lost at moment next injection (first step is higher then next one).
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Fig1. Ion beam accumulation at SIS synchrotron GSI
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Fig.2 The cooling rate the emittance 150 ( mm mrad versus the electron beam current as measured on SIS (points) and calculated from equation (4).

  The accumulation beam stopped at moment when the losses of storage beam between new injection becomes equal new injected portion of the ions. The life time of storage beam  by recombination at the electron cooler can estimate:
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where Te( is temperature of electron beam on cooling section at units (eV). At figure 3 can be seen the accumulation of Bi+67 at SIS synchrotron and decay ion beam after stop injection. Lines show fitting formulas for accumulation and decay.
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Fig.3 Accumulation and decay Bi beam at SIS synhrotron

Number of the storage cycles for saturation of storage current is estimated as:
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where (nx=(((x is normalized ion beam emittance, <ne(r)> is average electron beam over cross section of the electron beam and ne(0) is the electron beam density at the center of beam where storage ion beam.  The cooling system with strong expansion electron beam from gun to cooling section made electron beam temperature low (T e(=T cathod /expansion) and accumulation potential of this type system not to high by intensive recombination at cooler. At SIS cooler direct experiments were made for comparison the life time Bi beam with expansion factors 1 and 6 with the same density of electron beam and results are shown at figure 4.
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Fig.4 The accumulation and decay Bi+67 ions beam with the same electron beam density but different expansion factors from gun to cooling section. 

  These results clearly demonstrate that for high expansion factor the recombination rate increased without any profit at accumulation rate. The cooling system with high expansion factors is useful for experiments at atomic physics with the high energy resolution, but it has disadvantage for systems accumulating ions. Figure 5 shows calculation at this simple model gain at intensity Nstor versus the electron beam current for accumulation at SIS with expansion factor 6 (the life time only by recombination). 
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Fig.5 Calculation maximal number of storage cycles for cooler closed to parameters of SIS cooler

From figure easily to see that for optimal electron current near 0.5 A (for cooling rate) the increasing of intensity for Bi beam is about 10-20. The using of electron beam with decreasing density at center 

(ne (0)<<<ne(r)>) the storage ion beam current can give additional factor about 10-20.  

2. Laslett tune shift
              The intensive ion beam has high space charge field that changes proper parameters of the optic of the storage ring for a single ion motion. The additional force from the action of the space charge fields of the ion beam near the center produces defocusing (frequency shift) the small amplitude of an ion transverse betatron oscillations with an initial frequency (x according to equation (for coasting beam):
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    The incoherent betatron oscillations tune shift due to own space charge is usually called the Laslett’s formula  (QL=((x/(0 :
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where ri=(Zie)2/(AiMpc2 ) is a classical radius of ion, N is the number of  ions at a beam, (=(2/(x is r.m.s  ion beam transverse emittance, (x(R/Qx , (=1+Ekin /(Mp c2 ) ,(=((1-1/(2). For the ions with large amplitudes, the space charge field of electron beam and the ion own space charge field is nonlinear (versus coordinates) and can perturb the motion of ions. We know from the time of first experiments at Novosibirsk with electron cooling that the increasing intensity produced increasing the beam diameter so that the tune shift increased from 0 to (0.1. For high current of ion beam tune shift under cooling usually is about value (Qmax =0.1-0.2. The figure 6 shows tune shift calculated from measured emittances versus the ion beam current.
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Fig.6 Tune shift of ion beam under electron cooling versus number of particles at beam scaled on the beam energy and ion charge as Nri /((2(3 )

 The cooling is very weak for suppressed action of the nonlinear resonance’s and the cooling can not shrink the core of intensive beam. But the cooling can cooled ions with high amplitude for returning it’s inside the storage core after single scattering on the residual gasses.

   3. Instability for cooled intensive ion beam

        Experiment at CELSIUS ring shows that after injection too intensive proton beam at storage ring with electron cooling instead cooling high losses of beam was detected and only small fraction of beam is cooled [4]. This phenomena was called electron heating. As the injection intensities is more high for lighter ions and losses by interaction with residual gasses are not so high, the accumulation of this ions limited usually development same instability. Figure 7 shows experiments with accumulation proton beam with energy 180 MeV at CELSIUS ring.
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Fig.7 Accumulation of proton beam at CELSIUS multiturn injection from cyclotron.

The beam size of proton beam after cooling near (=0.7 mm.

At SIS synchrotron instability development at time accumulation Kr beam current with simultaneously measuring noise at the ion beam pickup electrode Fig.7.  
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Fig.7 The intensity limitation for a Kr+34 beam and the signal of the ion beam pickup electrode during accumulation. 

Usual prescription for suppression instability is increase momentum spread at ion beam. Direct action by external noise RF field on ion beam is not effective. The electron cooling for small amplitude (at cooled core) extremely fast few milliseconds and external noise applied to ion beam ease killed the tail of beam without any useful action on the beam core. The energy modulation of electron beam looks more reasonable solution. Ions try to follow by cooling to the electron energy and if modulation has high frequency (them cooling rate) the ions will distribute its energy from minimum to maximum of energy electron beam. The fig.8 shows experiment with modulation at CELSIUS ring.
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Fig.8 The proton beam current versus time. From 0 to 30 s – is process of injection and acceleration, 30-170 s cooling on.

Modulation the electron beam energy 218 keV on (300V produce the energy spread at proton beam (1.510-3 and stabilized cooling.

4. The cooling force limitation by intensity beams
  The cooling force is result of shifting at the space the electrons at the cooler by action of the electric field of each ion at beam. The radius of this perturbation zone is equal to (max =Veff (, where Veff is effective velocity of electrons and ( is the time of flight of cooling section (all at the beam rest system). The cooling force for the small ion velocity V (near equilibrium) is equal to:
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The diffusion kick from motion electrons heats the ions and the condition of equilibrium when cooling is equal to heating written in the form:
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In this case, the equilibrium at the electron cooling correspond the ions velocity:
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it is reflect equivalence the temperature at the electron and ion beams after cooling. 

But when the ion beam density increases many ions can be found at the interaction zone (|r|<(max):
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The condition of small proton beam density means that the energy losses are
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and individual losses of ion by action the cooling force ((p=FV() are larger them the additional energy exited this momentum kicks (F() into all other ions (E=(F()2/2M (inside interaction zone N* ):
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Using equations (18,19,20,21) the condition of cooling (but not heating) can be written as:
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where (ii is the plasma frequency of the ion beam oscillations, (ee is the plasma frequency of the electron beam oscillations.  Writing this condition at the laboratory system of reference, the production of the beams density limits as:
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where numerical value shows limits for low energy coolers with proton beam energy 47 MeV, cooler length l =2m and ln((max /(min )=10. For the same electron and ion beams density limit is 3 107 1/cm3 that closed to real measured number.

5. The new tools for control cooling intensive ion beams
   The problems with instability for intensive ion beam stimulated development cooling systems for control final density ion beam. The simplest idea is using the hollow electron beam with empty space near center where the core storage beam should be placed [5,6]. The cooling rate is inverse proportional to cubic power of amplitude of ion oscillation. It is possible to decrease the electron beam density to center of beam without decreasing of cooling rate. These ideas were proposed for application at project CSR (IMP, China).  Two new coolers with variable electron beam profile are produced at BINP with collaboration with IMP. At August 2002 first cooler will be commissioned at BINP. The next figure show how looks this cooler at March 2002.   

[image: image28.jpg]



Fig.9  New cooler for IMP (China) at BINP (Novosibirsk).

The figure 10 shows measured profile of electron beam at the test bench for commissioning the electron gun and the electron collector. The electron beam diameter is 3 cm. By changing voltage on control electrode the electron beam is transformed from solid at hollow beam. An electron gun of this designing can be used for optimization of the electron cooling process.
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Fig.10 The electron beam distribution for different voltage on the control electrode- 0,100,200,350,400,600 V. The measuring was made with using tungsten wire by scanning across the electron beam.

Figure 11 shows example of calculation the cooling with hollow electron beam. The parameters of beam closed to SIS injection parameters but electron beam with current 0.5 A has the empy hole diameter 1.5 cm at center. From fig.11 easily to see that electron cooling formed very specific profile at center closed to Gausian beam but the tail of profile is cutoff. All ions from tail are cooled at main zone for storage ion beam.
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      Fig. 11 The profile of Bi ion beam after cooling with different time the hollow electron beam.

CONCLUSON

Electron cooling now is very useful method for accumulation rare ion beams. For example secondary exotic nuclear produced at target or high charge ions after passing striping foils. Same new projects made R&D efforts at using electron cooling for high luminosity colliders (as example cooling for RHIC). But there is new subject to using cooling at high intensity beam. At this system really need to cool only tail of main beam for avoid the losses of beam. Using cooling instead just collimating can give very interesting opportunity for decreasing the losses and activation vacuum chamber.
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