Ionization Cooling in the Fermilab Booster? 
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Abstract. Mori and Okabe have developed a low-energy storage ring (FFAG-ERIT) in which the lifetime of protons (~10 MeV) is extended by energy-loss in a wedge foil, and this enables greater neutron production from the foil. The lifetime extension is due to the cooling effect of this energy loss.  We are considering exploring similar beam dynamics in the Fermilab Booster.   The relatively large momentum of protons in the Booster, with the relatively small beam sizes makes potential cooling effects very small and probably not measurable.
introduction

Previously we have developed equations for the ionization cooling of muons.[1-6]  As noted previously the cooling effects could apply to any charged particle.  Ionization cooling is not  very practical for protons, since the protons would undergo nuclear reactions before they could be cooled by very much (~1 cooling time).  For the ERIT application, the goal of the stored protons is to obtain a nuclear interaction (and secondary neutron production), and the ionization cooling is simply used to keep the proton in the ring until the nuclear reaction occurs. [7, 8]  

Cooling equations at Booster parameters
In this section we review the baseline ionization cooling equations. The differential equation for rms transverse cooling of muons is [1-6]:
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(1)

where the first term is the energy-loss cooling effect and the second is the multiple-scattering heating term.  Here (N is the normalized emittance, E is the beam (total) energy, ( = v/c and ( are the usual kinematic factors, dE/ds is the energy loss rate, (rms is the rms multiple scattering angle, LR is the material radiation length, (( is the betatron function at the absorber, and Es is the characteristic scattering energy (~13.6 MeV).  (The normalized emittance is related to the geometric emittance (( by (( = (N/(((), and the beam size is given by (x = ((((()½.)  While these equations are expected to be generally valid, proton nuclear interactions are not included.

With protons we use mp rather than m(, and at low energies the momentum is a more natural variable than energy.  The cooling equation for low-energy protons can be written as:
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(2)

where we have inserted the partition number gt to include the changes in transverse cooling rates that can occur with coupling to longitudinal motion.  (gt =1 without coupling.)

The energy loss can be estimated by the Bethe-Bloch equation:
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(3)

where NA is Avogadro’s number, (, A and Z are the density, atomic weight and number of the absorbing material, me and re are the mass and classical radius of the electron, (4(NAre2mec2 = 0.3071 MeV cm2/gm).  The ionization constant I(Z) ( 16 Z0.9 eV, and ( is the density effect factor. (( (  0.)
From equation 1 and 2, an expression for equilibrium emittance can be obtained:
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At Ekin=400 MeV (Pp = 954 MeV/c), and with Be absorbers (LR = 35.28cm), (N,eq= 0.000843((/gt.  dE/ds is ~4.65 MeV/cm for Be at this energy.  (We assume LR is energy-independent, in the present discussion.)  The normalized emittance of the beam injected into the Booster is ~2 ( 10-6.  Typical values of  (( in the Booster are ~10m, and gt is 1 without emittance exchange. ((( varies from 5 to 30m.) At these parameters, the equilibrium emittance is ~0.0084m, and the beam size is xrms ( 0.3m, which is an order of magnitude large than the aperture of the Booster.
The equation for longitudinal cooling with energy loss is:
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(5)
in which the first term is the cooling term and the second is the heating term caused by random fluctuations in the particle energy loss.  In the long-pathlength Gaussian-distribution limit, the second term in Eq. 5 is given by:
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where ne is the electron density in the material: ne =NA Z/A ( , here  ( is the density .  In Be the above expression is ~ 0.13 (2 (1 - (2/2) MeV2/cm.
At Booster injection energies, the multiple scattering at injection is the dominant process:
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with evaluation done for Be absorbers.  At (⊥ = 10m, an initial emittance of 0.000002m (r ms) is doubled by passage through 350( of Be absorbers (0.16 MeV energy loss).  Injection absorbers are typically 2( thick; this absorber length is a couple of hundred turns through an injection foil in the Booster.  (C is normally used rather than Be; C has LR  of 18.8m and would have almost twice the scattering of Be at the same thickness.)
The emittance cooling effect of the energy loss is only ~0.2%, and would not be measurable.  The only measurement relevant to cooling that is practical would be a measurement of multiple scattering emittance dilution as a function of absorber distance.

One could change these numbers somewhat by creating a low((( lattice for the Booster absorber.  A change to a lattice that could see a significant cooling effect would be large, and would require increasing the physical Booster magnet apertures.  A much larger aperture, lower energy ring (like FFAG-ERIT9) would be preferred.     
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Table 1: Reference parameters of the Booster Ring

	Parameter
	Symbol
	Ref. Value
	Units

	Beam Kinetic Energy
	Ep
	400
	MeV

	Beam Momentum
	Pp
	954
	MeV/c

	Beam velocity
	(=v/c
	0.713
	

	Ring Circumference
	C
	474
	m

	Betatron function
	((((
	10
	m

	Maximum betatron functions 
	(x,max, (y,max
	30,20
	m

	Dispersion (at foil)
	(0
	2
	m

	Energy loss (Be) at ref. energy
	dE/ds 
	4.65
	MeV/cm

	Sum of partition numbers (at Ep)
	(g
	0.95
	

	
	
	
	

	Absorber thickness
	(z
	2
	(

	
	
	
	

	
	
	
	


Figure 3.  Design view of a spiral-sector storage storage ring considered for ERIT-FFAG. (from ref. 8.)
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Fig. 4: Growth of transverse (x) emittance (N,rms (left) and rms energy spread (E (right) for various values of gx and gL (gx = 1., 0.5, 0.2, 0.0), while (gL = -1.63, -1.13, -0.83, -0.63).   The horizontal scale  in each graph is number of turns (0 to 4000).  The vertical scale in a) is emittance in cm (from 0 to 0.01cm) while in b) (E is in MeV (0 to 1.0).  Initial values are (x,rms=0.0015cm and (E =0.1MeV.
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