Ionization Cooling at 750 keV? 
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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 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 using beam from a 750 keV proton RFQ injected into a small storage ring.  The calculations indicate that an experiment exploring some aspects of low-energy ionization cooling in such a device may be practical.  
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 be lost in nuclear reactions when passing through absorber materials, and the equilibrium emittances are much larger than those obtained from proton sources.  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] 
In the present note we consider the possibility of developing an experimental demonstration of ionization beam dynamics by taking proton beam from a 750keV injector (such as an RFQ) and injecting it into a storage ring that has an energy loss foil and energy recovery rf.  This experiment could use a Fermilab injector source.  
Cooling equations for 750 keV Protons 
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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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 Jt to include the changes in transverse cooling rates that can occur with coupling to longitudinal motion.  (Jt =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=750 keV (Pp = 37.5 MeV/c, (=v/c=~0.04), and with Be absorbers (LR = 35.28cm), (N,eq= 0.000132((/gt.  dE/ds is ~532 MeV/cm for Be at this energy.  (We assume LR is energy-independent, in the present discussion.)  The normalized emittance of the beam from the 750 keV RFQ is ~1 ( 10-6.  Typical values of  (( in an ~1m radius ring are ~1m, and gt is 1 without emittance exchange. At these parameters, the equilibrium normalized emittance is ~0.000132m, and the beam size is xrms ( 0.057m, which would require a large-aperture storage ring.  If (( differs from 1m, then xrms would be proportional to ((.
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.  After passing through 30( of Be, ΔErms2  is increased by ~3.9×10-4 MeV2. (ΔErms ~20 keV.).  this scattering would translate into (prms/p = ~1.33%.  
At these low energies the first term in equation 5 is also heating, and can be written as: 
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At 750 keV ((=0.04), Jz  (  -1.42, and the energy loss term is strongly antidamping.  This antidamping term can be modified by emittance exchange with x and/or y motion, and cooling rate can be transferred among these, with the sum of cooling rates Jx + Jy + Jz invariant.  Since Jx and Jy are initially 1,  the sum of these is ΣJ = ~0.58 at (=0.04.
An RFQ proton source would have a small emittance, and the multiple scattering from Be foils would initially increase the emittance of the injected beam by a large factor:
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  (m-rad)/cm,
with evaluation done for Be absorbers.  At (⊥ = 0.4m, an initial emittance of 0.000001m (rms) is doubled by passage through 0.5( of Be absorber (0.025 MeV energy loss).  An absorber may be typically 1( thick; with a 1( absorber length the cooling time (for uncoupled transverse emittance) would be ~28.2 turns.  Energy recovery in each turn would require more than ~60kV of rf; ~75 kV if the accelerating phase is 45º.
The injected beam would increase in transverse emittance until reaching the equilibrium emittance, while the longitudinal emittance would also increase.  Without emittance exchange the longitudinal emittance would grow exponentially and limit beam storage to a couple of transverse damping periods.
Lattice Example
To develop a more specific version of a potential cooling ring we consider a ring consisting of two R = 0.5 gradient dipoles, each of which bends the central momentum by 180º, with 0.5 m drifts between them.  The dipoles have a gradient index of n= 0.5, to obtain equal focusing in x and y.  The bend field would then be 0.3T, and the magnetic field at would be less than ~0.5 T in the region occupied by beam. The resulting lattice has (min =0.4m in the center of the straight sections, and (max =1.4m, with (=1.0m. The foil (for energy loss) could be at the center of a straight section at (min =0.4m, and the energy recovery rf would be at the opposite side.  At these parameters and at Jx = Jy = 1, the equilibrium transverse emittance is  0.000053m, with rms beam sizes of 2.3cm at (min and 4.3cm at (max.  An experiment that would observe emittance growth up to beam sizes of this magnitude would need a physical aperture of ~8cm (vertical) radius at (min, increasing to ~15cm at (max.   It would also require a momentum aperture of at least ±5% (±5 cm horizontally). 
The ring size, beam size and required field strengths are not unreasonable for an experiment; The magnets could fit into a ~2×3m footprint.  Beam could be injected by a pulsed kicker or by charge exchange stripping at the cooling foil.      
The lattice has a constant dispersion of (x = 1m, and a wedge at the absorber position would mix horizontal and longitudinal phase space, with the possibility of reducing energy spread growth while increasing the horizontal beam size and emittance.  Cooling simultaneously in x, y, z (6-D phase space) would require mixing with vertical motion as well (by adding a coupling solenoid or quad) and would increase final emittances by a factor of 5 ((t,rms = 0.00025; xrms = 5.1, 9.6 cm  at (min, (max, respectively).  This coupling may not be difficult since the initial x, y tunes are nominally equal. The momentum aperture would have to be increased to ±10%.  These enlarged sizes are much larger than the transverse-cooling baseline, and may be somewhat less practical.

In summary, an experiment using 750 keV protons injected into a small storage ring that could explore the energy-loss dynamics that would be used for ionization cooling of muons may be possible.  The dynamics would differ in that the protons also have nuclear interactions (not included in the above discussion) and the proton speed is much less than that desired in muon cooling, and this greatly magnifies longitudinal heating effects.  
The proton “cooling” would not be directly useful at Fermilab since the emittances obtained are much larger than those directly obtained from our proton sources.  The proton beam would not be improved by the energy loss dynamics.
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Table 1: Reference parameters of 750keV cooling
	Parameter
	Symbol
	Ref. Value
	Units

	Beam Kinetic Energy
	Ep
	0.75
	MeV

	Beam Momentum
	Pp
	37.5
	MeV/c

	Beam velocity
	(=v/c
	0.04
	

	Ring Circumference
	C
	4.14m
	m

	Ring frequency
	f0
	2.9
	MHz

	Minimum betatron function
	((((min
	0.41
	m

	Maximum betatron functions 
	(x,max, (y,max
	1.43, 1.43
	m

	Tune 
	(x, (y
	0.84
	

	Dispersion 
	(0
	1.0
	m

	Transition gamma
	(t
	0.82
	

	Energy loss (Be) at ref. energy
	dE/ds 
	532
	MeV/cm

	Sum of partition numbers (at Ep)
	(J
	0.58
	

	
	
	
	

	Absorber thickness
	(z
	1
	(

	Transverse cooling time 
	(t,o
	28.2
	Turns

	Equilibrium transverse emittance
	(x,N
	0.000053
	m-rad

	Rms beam size (gx =1)
	(x,min, (x,max
	2.3,4.3
	cm
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Figure 1.  Overview of a possible proton cooling ring, which consists of two 180º n= 0.5 dipoles, and straight sections with a Be foil for cooling and an rf cavity for reacceleration.  Injection is not explicitly shown; it could be done with a pulsed kicker magnet or with an appropriate transport matching into the cooling foil for charge-exchange injection.  (In this sketch there is no magnetic field at the foil location.)
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