November 5, 19962.58Fermilab Recycler RingRelease 1.2Technical Design Report

2.4. Beamlines and Beam TransfersThe desired functionality of the Recycler ring requires the addition of three 8˚GeVproton and antiproton transfer lines. These transfer lines are shown on the right side offigure 2.4.1. The MI-32 and MI-40 proton injection and abort lines are used duringcommissioning and tune-up. The MI-22 and MI-32 antiproton transfer lines between theMain Injector and the Recycler are used for normal Tevatron Collider operations.

RRMI-40 ProtonAbortMI-40 ProtonAbortMI-10 ProtonInjectionMI-52 ProtonExtractionMI-62Antiproton ExtractionMIMI-32 AntiprotonInjectionMI-22 AntiprotonExtractionMI-22AntiprotonInjectionMI-32AntiprotonExtractionFigure 2.4.1: Sketch of the Main Injector (MI) and Recycler ring (RR)beam transfer lines. Note that the transfer lines at the MI-22 and MI-32straight sections link the two rings together for injection and extraction ofboth antiprotons and protons.

2.4.1. Maximum Acceptable Kicker RippleThe parameters which must be specified in order to design the kickers for thesetransfers are the kicker amplitude, rise/fall time, and flattop ripple magnitude. Theallowed magnitude of kicker flattop ripple is determined by the amount of emittancegrowth which is considered acceptable. The equation describing the fractional emittanceincrease due to a position or angular misalignment normalized to the beam rms size ordivergence respectively is

εεo =1+ 12 Δσ 2

.(2.4.1)According to equation (2.4.1) a given kicker amplitude error D causes more emittancegrowth e/eo as the initial beam divergence s or emittance eo d e c r e a s e s . U s i n g conservative numbers for the initial emittance and the acceptable level of emittancegrowth, table 2.4.1 displays the relevant parameters which determine the percentagekicker amplitude ripple or error. The dependence of emittance growth on kicker error isplotted in figure 2.4.2.

November 5, 19962.59Fermilab Recycler RingRelease 1.2Technical Design ReportTable 2.4.1: Anticipated parameters dictating the acceptable level ofkicker amplitude error or ripple during flattop.ParameterValue

Maximum emittance growth (95% Invariant p mmmr)0.2

Minimum initial emittance (95% Invariant p mmmr)10

Maximum kicker error / beam divergence (equation 2.4.1)0.2

Beta function at the kicker magnet (m)54

Minimum beam divergence at a kicker magnet (mrad)57

Maximum deflection angle in a kicker (mrad)12.0

Kicker amplitude in all transfer lines (mrad)1.0

Maximum percentage kicker ripple/error magnitude (%)–1.2

D/s

Emittance Growth (%)0%10%20%30%40%50%00.20.40.60.81Figure 2.4.2: Fractional emittance growth as a function of the transferangle or position error normalized to the rms beam divergence or size.

2.4.2. Role of Each Recycler Transfer Line

MI-32 Proton MI to RR: Used for commissioning and beam line tune-ups, the abilityto easily inject protons into the Recycler from the Main Injector is necessary for efficientstartup and operation. One positive aspect of the positioning of this transfer line is thefact that once the Main Injector is commissioned to its abort dump (which is the first halfturn of the ring), Recycler commissioning can also start.

MI-40 Proton Abort: Used only during commissioning or other proton applications inwhich high intensities of beam can cause radiation safety or ground water activationproblems, this abort line is basically identical to the Main Injector line. Since there is noemergency abort scenario envisioned, the kicker pulse length need only be 1.6˚msec inorder to fulfill its ALARA mission. In the unlikely situation of multiple proton batchinjection into the Recycler ring, multiple abort line transfers can be programmed to

November 5, 19962.60Fermilab Recycler RingRelease 1.2Technical Design Reporteliminate this beam. Figure 2.4.4 shows the geometry of this abort line showing the ringquadrupoles, the horizontal kicker, and the vertical Lambertson magnet.

Q400Q401Q402

Horz.Kicker(1 mrad,1 m long,0.3 kG)

Vert.Lambertson(20 mrad,4 m long,1.5 kG)Q403Figure 2.4.4: Elevation view of the Recycler ring MI-40 proton abortextraction geometry. The horizontal kicker deflects the extracted beam by1˚mrad into the bend field region of the vertical Lambertson magnet.

MI-22 Antiproton MI to RR: This transfer line directs antiprotons from the MainInjector and delivers them into a clockwise trajectory in the Recycler ring. Theantiprotons are either enroute from the Accumulator or have been recycled from theTevatron Collider. The maximum beam pulse length in either case is 1.6˚msec.

MI-32 Antiproton RR to MI: This transfer line directs cooled and formed antiprotonsfrom the Recycler ring and delivers them into the Main Injector ready for accelerationand transfer into the Tevatron Collider. The kicker flattop must be at least 1.6˚msec.

2.4.3. Kicker and Lambertson PlacementIn the Main Injector, it is possible to use the same kicker at MI-30 for both transferlines at MI-32 and MI-22. By using a Recycler kicker at MI-20 for recycled antiprotoninjections at MI-22, the Recycler kicker at MI-22 away from any service buildings can beeliminated. This choice of kicker location is dictated by the fact that there is availablespace in that service building for the kicker hardware. Not only does the eliminate thecivil construction cost of building a dedicated kicker building, but it also symmetrizes thetwo transfer lines about MI-30. As required, the betatron phase advance between theMI-20 and the MI-22 Lambertson is an odd multiple of 90 � . Similarly, the kicker atMI-32 can be eliminated by using the MI-40 abort kicker. Therefore, the number ofkickers is reduced from 6 to 3, a factor of 2 reduction. This scenario is sketched infigure˚2.4.5. The advantages of this scheme are reduced cost and reduced Recycler ringimpedance.The details of the positioning of the MI-30 kicker in the Main Injector and theassociated antiproton injection and extraction Lambertsons are sketched in figure 2.4.6.Since MI-22 and MI-32 are three half cell straight sections, the Main InjectorLambertsons are placed in those locations. In the Recycler there is so much free spacebetween the gradient magnets that Lambertsons easily fit even in bend cells. The onlycatch is the leading gradient magnets at 216 and 328 need to be half (mirror) magnets inorder for the extracted beam to clear with a 20˚mrad kick.

November 5, 19962.61Fermilab Recycler RingRelease 1.2Technical Design Report

KLLKLKLLFigure 2.4.5: Sketches of the Main Injector (left) and Recycler ring (right)transfer lines in which only the new Lambertsons and kickers needed forRecycler ring operations are depicted. The displayed scenario assumesthat kicker systems can be shared to service all of the transfer needs for afactor of 2 reduction in the number of systems.305307309311313315317319

303301231229227225223221219217215321323325327329305307309311313315317319

303301231229227225223221219321323

Main InjectorKLLLL

RecyclerFigure 2.4.6: Sketch of the precise locations of the kickers andLambertsons for the antiproton injection and extraction lines at MI-22 andMI-32.Lattice designs and beam envelope calculations of the MI-22 and MI-32 transfer lineshave been carried out [D. Johnson, MI Note 161]. The beam trajectories and full widthsfor the two machines and antiproton transfer directions are shown in figures 2.4.7 through2.4.10. In figure 2.4.7 the antiproton recycling transfer from the Main Injector to theRecycler via MI-22 is shown from the point of view of the Main Injector. The closedorbit between the kicker and Lambertson is distorted with a pair of correction dipoles inorder to optimize the use of horizontal aperture. The kicker launches the extracted beamon an opposite distortion which leads the beam into the Lambertson extraction channel.Both beams are assumed to have a transverse normalized 95% emittance of 40˚p˚mmmr.The top and bottom of the plot are at the horizontal aperture of the Main Injector. Infigure 2.4.8 the recycled antiprotons are shown in the Recycler ring just downstream ofthe injection Lambertson. In this case the horizontal aperture of the Recycler is explicitlyindicated, and the beams are assumed to have an emittance of 20˚p˚mmmr.

November 5, 19962.62Fermilab Recycler RingRelease 1.2Technical Design Report

Figure 2.4.7: Beam trajectories and full widths of the stored and extractedbeam in the Main Injector during antiproton recycling transfers from theMain Injector to the Recycler. The Main Injector horizontal aperture is at

Figure 2.4.8: Beam trajectories and full widths of the stored and injectedbeam in the Recycler during antiproton recycling transfers from the Main

Figure 2.4.9: Beam trajectories and full widths of the stored and extractedbeam in the Recycler during transfers of cooled antiprotons from the

Figure 2.4.10: Beam trajectories and full widths of the stored and injectedbeam in the Main Injector during transfers of cooled antiprotons from theRecycler to the Main Injector. The Main Injector horizontal aperture is at

Extraction of cooled antiprotons from the Recycler for ultimate injection in theTevatron Collider takes place via the MI-32 transfer line. In figure 2.4.9 the closed orbitand extracted beam orbits are shown between the kicker and Lambertson. A transversenormalized 95% emittance of 10˚p˚mmmr was used to calculate the full beam widths ofboth the circulating and extracted beams. The beam trajectory and size after the transfer

In the transfer scenarios described in this design all kickers have an integrated kick of300˚Gauss-meters. The maximum kicker length in all of these scenarios is approximately4˚meters. In all cases the flattop duration of the kicker is at least 1.6˚msec. The rise andfall times for the two Recycler and one Main Injector kickers can be as large as 1-2˚msec.The minimum repetition interval for firing the kickers is anticipated to be 20˚sec forantiproton transfers. Within the scope of Fermi III the proton injections are also limited

In order to minimize the impedance effects of the two kickers in the Recycler, thebeam tubes should be shielded or coated as much as possible. A reasonable criterionwould be for the coating to slow down the rise and fall times by approximately 5-10%.

The Lambertsons are of the permanent magnet variety. Since there is a verticalcorrection magnet next to each vertically bending Lambertson, the tolerance on the fieldstrength can be relaxed to as much as 1% (though in construction a manufacturingtolerance of 0.1% will be employed). The nominal bend angle of the Lambertsons is

From the very beginning of accelerator operations at Fermilab, the transfers of beamsfrom one accelerator to another has been complicated by the large number of transferlines and beam dumps. As the years have gone by, especially with the addition of theAntiproton Source, the complexity of beam transfers has increased dramatically. Withthe addition of the Main Injector and Recycler, this trend definitely continues.

Since the advent of the Tevatron accelerator in the early 1980’s, beam transfersbetween accelerators have generally taken advantage of beam synchronous clocks.Presently realized for the Main Ring and Tevatron, beam synchronous clock basefrequencies are integer sub-harmonics of the machine RF (RF/7) while also synchronouswith machine revolution frequency, each having 159 clock ticks per revolution. Similarin operation to TCLK, events exactly synchronous with a machine’s revolution frequency(RF/1113) are coded onto each of these clocks and are denoted by the hexadecimal codes

and $AA

. The existing capability to transfer beam from any particularRF bucket of one machine to any particular bucket of another machine will be retainedfor the planned Recycler. Conceptually expressed, desired transfers between machinesare allowed (or manipulated) to occur as the respective revolution events come intoparticular time (better stated as RF) alignment. Actual transfers are thereupon initiated byunique coded beam synchronous events that are placed constantly with respect to the

revolution events. Required kicker timing is provided by beam sync timer modules thatreference the unique transfer event and provide desired delay in machine revolutions and evatron

MainInjectorBoosterLinac

400 MeV

66 MeV400 MeV400 MeV8 GeV

L13DebuncherAccumulator

AP0 argetRecycler

8 GeV120 GeV150 GeV150 GeV

eV800 GeV

Switchyard

A0 Dump

Antiprotons

Figure 2.4.11: Map of all of the beam destination options at Fermilab after

Transfers between the Recycler and Main Injector, which will require transfercogging of the Main Injector RF, are relatively uncomplicated since the 53˚MHzharmonic numbers of each machine both equal 588. Booster or Accumulator transfers tothese larger machines are slightly more complicated in that their harmonic numbers are84. However, transfers are simplified by the fact that the Booster and Accumulatorharmonic numbers are exactly 1/7th that of the Recycler or Main Injector and that beamin either the Booster or Accumulator is, at least initially, uniformly distributed in

The Recycler will require a new RF system and a derivative beam synchronous clock,RRBS, to facilitate beam transfers and circulating beam diagnostics. For this clock, is the assigned revolution marker event and there are 84 clock ticks perrevolution. Development and installation of the new RRBS clock is judged as straight forward in that RRBS architecture will largely duplicate that of other beam synchronous

clocks. RRBS will be distributed from MI-60 to all Main Injector service buildings and

Careful coordination of the Booster, Recycler, Main Injector, and Accumulator RFsystems is fundamental to achieving successful transfers of beam. The fundamental53˚MHz reference of the Recycler RF system is to be considered as a fixed reference at8˚GeV to which other systems transfer cog and phase lock. While the operation of theAccumulator RF system has historically been independent, better synchronism strategieswith the Main Injector need to be developed. The Recycler RF system will routinelyprovide appropriate barrier buckets for acceptance of beam while also partitioning

A variety of new beam sync transfer events have been designated to effect desiredtransfers of particle beams to and from the Recycler. These events are temporallydenoted by $SnxxBS, with n ranging up from one, and with the subscript denoting thespecific beam sync clock. Proper generation of these events ties closely with Recycleroperating scenarios previously described and the TCLK resource. Details relative to theassignment and generation of these events are described hereafter. Discussion isfacilitated by first describing the general sequence of TCLK and beam sync events on aper scenario basis. BES denotes the "Booster Extraction Sync" pulse signal presentlygenerated by the Booster low-level RF timing hardware. It is also worthwhile to note thatall beam sync transfer events are detected and mirrored as TCLK events with typicalrelated time skew of 100 nanoseconds or less. This mirroring of beam synchronous

: Initiate Proton Transfer from Recycler to Main Injector - This transferevent will be generated in a typical fashion by having a TCLK timer channel output syncup with the first available decoded $AA

event to form the $S3RRBS event request.$T4 appears to be the natural reference. It could also process the output of a timer

: Initiate Antiproton Transfer from Recycler to Main Injector - This transferevent will be generated by having a TCLK timer output sync up with the first availabledecoded $AARRBS event to form the $S4R R B S event request. $T5 appears to be thenatural reference though it may be too far away in time. It could also process the outputof a timer channel with a $2A reference with a state machine to form the appropriate

MIBS : Initiate Beam Transfer from Booster to Main Injector - Generation of thisevent would require some state machine processing of the BES pulse from the Booster.For the general case, the occurrence of any Main Injector reset and the occurrence of anyBooster reset except $17 would cause $S1MIBS to be generated. It is necessary to haveBES at MI-60, the location of the Main Injector RF system and the MIBS source, if the

MIBS event is to be accurate. State processing of the $1F event might also serve asthe event request for $S1MIBS . The possibility of timing the injection kicker at MI-10

MIBS : I n i t i a t e A n t i p r o t o n T r a n s f e r f r o m T e v a t r o n t o M a i n I n j e c t o r - T r a n s f e r cogging and diagnostic concerns again suggest this transfer event to be best placed on theMIBS rather than the TVBS clock. This event will be generated by having a TCLK timerc h a n n e l o u t p u t s y n c u p w i t h t h e f i r s t a v a i l a b l e d e c o d e d $ A A MIBS event to form the

MIBS event request. New event $T10, which occurs when the Tevatron ramp hasreached 150 GeV after the deceleration process, is likely the best reference for the timer

MIBS : Initiate Proton Transfer from Main Injector to Recycler - This transferevent will be generated by having a TCLK timer channel output sync up with the firstavailable decoded $AAMIBS event to form the $S3MIBS event request. $T6 appears to bethe natural reference. It could also condition the output of a timer channel with a $2D

MIBS: Initiate Antiproton Transfer from Main Injector to Recycler - This transferevent is somewhat special in that two TCLK timer channels, one for each of the relatedS3 and S5 scenarios, are necessary to support event generation. The or’d timer channelo u t p u t s w i l l s y n c u p w i t h t h e f i r s t a v a i l a b l e d e c o d e d $ A A MIBS event to form the

MIBS event request. For the S3 scenario, either $T7 or $9A appear to be the naturalreference for the first timer channel, the choice depending on their relative position int i m e . S o m e s t a t e m a c h i n e p r o c e s s i n g i s a n t i c i p a t e d . F o r t h e S 5 s c e n a r i o , t h e aforementioned $T11 might serve as a reference for the second timer channel. One couldalso consider $T13 which occurs when the Main Injector ramp has reached 8 GeV aftert h e d e c e l e r a t i o n p r o c e s s . A s f o r t h e p r e v i o u s c a s e , s o m e s t a t e m a c h i n e p r o c e s s i n g i s

Stainless steel beam tubes in which the vacuum is maintained with lumped ion-sputterpumps is the traditional technology used in the hadron accelerators at Fermilab. Thoughan aluminum alternative is under serious consideration, this report will discuss a stainlesssteel system in which innovations are applied to bring down the cost without invokingunreasonable technical risks. An important factor affecting the design of the system is

the need for high reliability storage of the antiprotons. With the stated goal of survivinglightning strikes and power outages of up to an hour, manual sector valves and low

The required beam intensity lifetime is determined by modeling the evolution ofantiproton intensity in the Recycler assuming injections from the Tevatron andAccumulator. At the beginning of each collider cycle the Recycler contains theantiprotons recycled from the Tevatron. Every hour after the start of a collider storeantiprotons stacked in the Accumulator are injected into the Recycler. It is assumed that

Time (Hours)

Recycler Intensity (E9)

Figure 2.5.1: Assuming beam intensity lifetimes of infinity (top), 500,200, 100, 50, 20, and 10 hours (bottom), evolution of the antiprotons

Beam Lifetime (Hours)

Antiproton Survival

Figure 2.5.2: Fraction of the injected antiprotons (both recycled and

The results of this model, for a range of beam intensity lifetimes, are displayed infigure 2.5.1. Note that using a criterion in which 95% survival is satisfactory over the8˚hours between the start of Tevatron Collider stores, it is evident that beam intensitylifetimes of 100˚hours or greater are required in the Recycler. Integrating each of thesecurves, the percentage of recycled and stacked antiprotons available for luminositygeneration in the next Tevatron Collider store can be calculated. The results of theseintegrations are shown in figure 2.5.2. Again, it is evident that a beam intensity lifetimeof 100˚hours or greater is necessary to support the antiproton storage mission of the

which periodically collide with electrons circulating around residual atoms in the vacuumchamber. These electrons rebound away from the atoms with approximately 2˚eV ofkinetic energy [P. Zhou, Ph.D. thesis, 1993]. The momentum transfer to the ionizedmolecules is negligible. Because the ions are positively charged, they are attracted by theantiproton beam. In fact, because the ions are necessarily formed inside the transversepotential well of the antiproton beam, they will be trapped. Unless some mechanism isintroduced to eliminate these trapped ions, the ion density will increase until it is equal to

The rate at which the ion density increases R

is determined by the equation R i = n g n b σ i vwhere ng is the gas density, nb is the beam density, s

is the ionization cross-section, andv is the beam velocity. The standard relationship between the gas density and the partial n

g

[m

− 3

]= 3.54x10

22

P[Torr]

The ionization cross-section depends on the velocity of the beam and the atomicproperties of the gas in question. In the case of the Recycler the equation used to σ

i

[m

2

]=1.9x10

− 24

A

1

Ln 7.5x10

4

A

2

γ

2

( )

− 1

{ } The parameters A1 and A2 are molecule specific. The value of is 9.45 at a kineticenergy of 8.000˚GeV. The results of calculations of ionization cross-section are listed in

Table 2.5.1: Values of the parameters A1 and A2 [M. Rudd, et. al., Rev.Mod. Phys. 57, 965 (1985)] and the cross-sections themselves of relevant

Assuming a peak Recycler antiproton intensity of 4x10 1 2 i n a c i r c u m f e r e n c e o f 3 . 3 ˚ k m , t h e p e a k l o n g i t u d i n a l b e a m d e n s i t y

b i s 1 . 2 x 1 0 9 a n t i p r o t o n s / m . T h e b e a m velocity is 3x108 m/s. Therefore, given assumptions justified later in this section for thevacuum partial pressures, the rate at which the longitudinal ion densities are growing canbe calculated. The results of these calculations, and the estimation of the time it takes for

Table 2.5.2: Ion production rate calculations based on partial pressurepredictions and an antiproton beam intensity of 4x10

. The neutralizationtime of the beam for each gas does not assume the existence of the otherThe average transverse rms beam size

r i n t h e R e c y c l e r i s 2 . 3 ˚ m m . G i v e n a Gaussian transverse beam distribution and longitudinal densityb the beam density is^{nb(r) = λ b} 2π σ r

2 exp −

r

2

2σ r

2 Therefore, the peak density at the beam center is 3.5x1013 antiprotons/m3. If the beamhas been neutralized to an ion density equal to the beam density, then usingequation˚2.5.2 we know that the effective peak pressure seen by the beam due to thetrapped ion cloud is 3.5x1013 molecules/m3, or a pressure of 1˚nTorr. This calculation isan over estimate, since it ignores the fact that trapped ions can become multiply ionized,

The pressure implication of the neutralized ion cloud around the antiproton beam willbecome evident later in the section. There are two other effects from these ions. First, acoherent instability can develop due to the electromagnetic coupling between thetransverse oscillations of the antiprotons and those of the ions. Second, the ions willinduce an incoherent tune spread due to the static transverse electrostatic field generated

The ion cloud has the same transverse dimensions as the beam, since the probabilitydensity of ionization has the same profile as the transverse beam density distribution.Therefore, equation 2.5.4 also describes the ion cloud density distribution. The radial E r (r) = eλ b

2π ε o r 1− exp − r 2

2σ r 2 where

is the free space permittivity 8.854x10-12˚F/m. The radial space charge force F

F r (r) = e 2 λ b

2π ε o r

1− exp − r 2

2σ r

2 F r (r) = e 2 λ b

4π ε o σ r 2 rBut this is the same force equation as found in either the horizontal or vertical plane of aquadrupole magnet. Converting this result into the form of a quadrupole gradient error ΔK =

e

2

λ b

4π ε o σ r

2

1

P o v

=

r o λ b

γβ

2

( ) σ r

2 where Po is the antiproton beam momentum, ro is the classical radius of the proton1 . 5 3 x 1 0 -18 m, and the quantities

and b are the relativistic beam energy and velocityrespectively (with the respective values of 9.45 and 0.9945). Plugging in all of thenumber expressed so far for the factors in the rhs form of equation˚2.5.8 yields a space Δν =

1

4π

β(s)ΔKds ∫ where the integral is evaluated around the circumference of the ring. Assuming aconstant average beta function

around the ring of 30˚m, substituting equation 2.5.8 Δν = ro λ b γβ 2 ( )σ r 2 βave C 4π = 3ro λ b C

2πβ εNwhere C is the circumference of the ring and eN

is the normalized 95% emittance. Thev a l u e o f t h e p e a k t u n e s h i f t a t t h e a n t i p r o t o n b e a m i n t e n s i t y o f 4 x 1 0 12 a n d f u l l neutralization is 0.29, a value which is approximately two orders of magnitude too largefor a stored beam. Therefore, it is imperative to employ methods for eliminating ions

T h r e e m e t h o d s a r e p l a n n e d f o r t h e R e c y c l e r . T h e f i r s t i s t h e u s e o f a c o h e r e n t transverse beam closed orbit oscillation at the resonant frequency of the ion oscillationabout the beam centroid. The transverse dampers installed in the Recycler to combatcoherent instabilities are planned to have electronics capable of exciting this closed orbito s c i l l a t i o n , j u s t a s i n t h e A c c u m u l a t o r . T h e s e c o n d i s t o m a i n t a i n a g a p i n t h e longitudinal beam distribution to destabilize the ions. This requires the constant use of aset of barrier bucket pulses to maintain an empty section of beam azimuth. The third is toe m p l o y c l e a r i n g e l e c t r o d e s t o s w e e p a w a y i o n s f r o m t h e b e a m p o t e n t i a l w e l l . I n t h e Recycler there are two beam position monitors in each half cell which will be used as

Maintaining a gap in the beam distribution destabilizes low mass ions due to the factthat the time periodicity of the instantaneous beam current has the same effect on the ionsas if the ions were circulating in a circular accelerator experiencing a comparable lattice.Assume that the beam is not neutralized, and that the ions have thermal kinetic energies.Then only the electric field from the beam has a significant impact on the ion motion.Equation 2.5.7 describes the radial force due to electric field of the antiproton beam.Since this force is attractive, an ion of mass M undergoes a radial oscillation about the

˙ż +

e 2 λ b

4π ε o σ r

2 M

z = 0

Let be the ion angular frequency indicated in this harmonic oscillator equation. At theantiproton intensity of 4x1012 molecular hydrogen H2 has a ion angular frequency of4 x 1 0 6 r a d / s . A t t h i s r a t e t h e s m a l l a m p l i t u d e H 2 ion undergoes 7.13 transverseoscillations for every one antiproton revolution around the Recycler. If Tb is the lengtho f t h e b e a m d i s t r i b u t i o n a n d T g is the length of the gap, then the matrix equation z v

n+1

=

cos ω

i

T

b

( )

1 ω

i

sin ω

i

T

b

( )

− ω

i

sin ω

i

T

b

( ) cos ω

i

T

b

( )

1 T

g

0 1

z v

n

The stability of the ions is determined by the condition that the trace of the one-turn

cos ω i T b ( ) Tg cos ωiTb( )+ 1 ω i sin ω i T b ( )

− ω i sin ω i T b ( ) cos ωiTb( )− ωiTg sin ωiTb( )

cos ω i T b ( )− 1

2 ω i T g sin ω i T b ( ) ≤ 1Let A˚=˚

T g /2 andT b . The magnitude of this equation for various choices of Aover the full 2p range of f is shown in figure 2.5.3. Note that the ion motion is unstablewhen the curve is greater than unity. Since

depends critically on the precise beamintensity, it is very hard to control accurately enough to always guarantee that the it is in aregion of instability. On the other hand, for values of A of approximately 5 or greater, the

f/2p

cos - A sin

0.20.40.60.8

Figure 2.5.3: Map of equation 2.5.13 for various choices of the definedparameter A over the full 2p range of

. The values for A are 5 (top), 2, 1,

For the case again of molecular hydrogen H2, the value of A for a 2 msec long ionclearing gap is 5. For the minimum operational current when only the recycled beam isin the accelerator A drops to 2 for the same size clearing gap. As will be seen in thesections on intrabeam scattering and stochastic cooling, it is desirable to compress thebeam longitudinally as much as possible, to at most half of the Recycler circumference.Under these conditions with only recycled antiprotons the factor A is again greater than11. For stacking from an empty Recycler, assuming transfers of intensities greater thanor equal to 2x1011 antiprotons, if the 1.6˚msec beam pulse length from the Accumulator ismaintained with barrier buckets the minimum value for A is greater than 6. On the other

hand, with an atomic number of 28, either CO or N2 are almost always expected to be τ = T o

cosh − 1 cos ω i T b ( )− 1

2 ω i T g sin ω i T b ( ) ( )where To is the revolution period of the antiprotons in the Recycler. For values of A andf where the beam motion is unstable the value of the growth rate is calculated and plottedin figure 2.5.4. Note that the for most of the phase space the growth time is

f/2p

Growth Time (normalized to the

Recycler revolution period)

0.20.40.60.8

Figure 2.5.4: Map of equation 2.5.14 when the beam motion is unstable.

If it is assumed that the ion amplitude growth time is also the characteristic time ittakes for the ion to be cleared from the beam, then the equilibrium ion longitudinal λ i = R i τ For the case of t=To and the value of R

for H2 listed in table 2.5.2, the equilibrium ionlongitudinal density is 291 H ions/m! It should be pointed out that larger amplitude ionssee a net field which is different from that assumed in the above linearized theory. In thecases of marginal growth linearized growth rates the net reduction in focusing

In the case of H2 where f and A do not lead to unstable oscillations around theantiproton beam, and for the case of CO and N2 in general, another method of ionclearing is required. This is the purpose of the clearing electrodes. A pair of clearingelectrodes on opposite sides of the vacuum chamber with opposite voltage generate atransverse electric field. When that electric field is greater than the maximum radialelectric field generated by the beam, any ions between the electrodes are stripped away

The electric field generated by the beam is described by equation 2.5.5. Taking thederivative of the electric field with respect to radius and setting the result equal to zero, r max =1.585 σ r E max = 0.45e λ b

2πε o σ r With an antiproton intensity of 4x1012 in the Recycler, the maximum radial electric fieldis found to be 675˚V/m. The largest effective separation d of the clearing electrodesacross the vacuum chamber is 9.5˚cm. The minimum voltage across the electrodes is V min = E max dThe ions are traveling with kinetic energies determined by their temperature, which isequal to room temperature 300�K. Table 2.5.3 contains a summary of the ion velocities,and for future reference when ion propagation in the gradient magnets are discussed their

Table 2.5.3: RMS thermal ion velocity and rms cyclotron orbit radius as afunction of gas species assuming room temperature. The cyclotron orbitradius assumes the 1.5˚kG magnetic field in the Recycler gradientmagnets. The overvoltage is the amount of additional voltage required toaccelerate an rms ion into the negative electrode, thereby eliminating the

In order to assure that the ions leave the beam while they ballistically traverse theclearing electrodes, an additional accelerating voltage greater than the above 32˚V is

necessary. The electrodes are 1’ long. Assume that a particle traveling at the rmsvelocity straight down the center of the vacuum chamber must be deflected enough tostrike the negative electrode. The additional voltage required per electrode for eachspecies of gas to perform this task is listed in the right most column of table 2.5.3. It is

Table 2.5.4: Mean free path calculation assuming the effective moleculardiameter to be 2x10

˚m. The point of this calculation is to verify that theion motion in the beam is ballistic in nature, since the mean free path ismuch longer than the vacuum chamber and the distance between clearing

As shown in table 2.5.4, the motion of ions is not significantly affected by other ionsin the range of pressure that is found in the Recycler vacuum system. Therefore, it is notunreasonable to assume that a molecule ionized in the beam will travel unmolestedlongitudinally with an rms speed listed in table 2.5.3. This geometry, with theapproximate relative geometry between two clearing stations in a Recycler half cell, is

Figure 2.5.5: Sketch of an ionized molecule with an initial longitudinal

The clearing electrodes act as a black hole, eliminating every ion that traverses them. Ifthe distance between the clearing electrodes is Lce, and the rms velocity of an ion is

t h e n t h e a v e r a g e t i m e t i t t a k e s a n i o n h e a d i n g t o w a r d a p a r t i c u l a r e l e c t r o d e t o b e

τ = L ce

σ v Plugging this result into equation 2.5.15 yields an estimate of the equilibrium averagetrapped ion density between the clearing electrodes. Using previously present values forthe relevant parameters, the calculations this average ion density for each gas species islisted in table 2.5.5. The worst case density is 10,000x lower than expected at

Table 2.5.5: Calculation of the equilibrium ion longitudinal density

The Recycler vacuum system also has gradient magnets. When a gas molecule isionized inside the magnet, the ions do not simply propagate out at their thermalvelocities. As shown in table 2.5.3, the ions execute very tight horizontal cyclotronoscillations around the magnetic field lines. If these magnets were pure dipoles, the onlymechanism for ion transport to the clearing electrodes would have been ExB driftgenerated by the space charge radial electric field of the beam. At the radial fieldmaximum of 675 V/m, for a relatively improbable ion more than a sigma away from thebeam center, the drift velocity is 675˚/˚0.15=˚4500˚m/s. But the small amplitude ions seean order of magnitude smaller electric field, and for the case of low beam intensity theelectric field is yet again another order of magnitude smaller. On the other hand, that stillleaves a factor of 100x lower density than expected if the beam were completelyneutralized. But this is the factor of 100x that was needed to reduce the tune spread

In addition, the gradient portion of the Recycler bend magnets introduce

∇ B

drift.As an ion executes horizontal cyclotron orbits, the gradient in the dipole field causesthese orbits to have a horizontal position dependent radius of curvature. This causes theparticle to drift longitudinally. The drift velocity vd depends on the cyclotron radius r v d = π f c g r c 2Table 2.5.6 contains the results of this calculation for the gas species of interest. Thegradient for the normal cell Recycler gradient magnets is 2.5˚m-1. Note that compared tothe neutralizing ion density of 1.2x109 m-1 , the H2 density in the magnet is almostunaffected whereas the CO+N2 density is a factor of 20x below neutralization. Takinginto account the fact that the gradient magnets make up approximately half of the ring,t h i s i n d i c a t e s t h a t w i t h c l e a r i n g e l e c t r o d e s o n l y t h a t C O + N 2 n e u t r a l i z a t i o n c a n b e

Table 2.5.6: Calculation of the equilibrium ion longitudinal density in agradient magnet assuming

∇ B

drift as the mechanism for trapped ion loss.The expected average equilibrium ion densities in the magnets are also

The beam tube vacuum pressure requirement is determined by antiproton intensitylifetime, antiproton emittance growth, and ion trapping considerations. The emittancegrowth rates should be small compared to the anticipated intrabeam scattering growth to achieve the required antiproton intensity is not increased by more than a few percent.Because vacuum pressures always improve with time, the specification quoted in this

The transverse normalized 95% emittance growth rate is determined by multipleCoulomb scattering with the nuclei of the residual gas in the beam tube. Assuming a ε̇ n = 3 β γ r

15 MeV mc 2

2 c

L radwhere <b> is the average beta function of the accelerator,

r is the relativistic energy ofthe beam, and L is the radiation length of the gas at a given temperature and pressure.Radiation length values at standard temperature (0˚�C) and pressure (760 Torr) are listed

Table 2.5.7: Radiation lengths for the two constituent moleculescommonly found in a high vacuum stainless steel system such as that

Table 2.5.8: Normalized 95% emittance growth rate for each componentgas in a high vacuum system assuming a total pressure of approximately1˚nTorr and a standard ratio of 5:1 between hydrogen and nitrogen/carbon

Assuming an average beta function value of 30˚m and a kinetic energy of 8˚GeV, theemittance growth rates for the same constituent vacuum gasses are listed in table 2.5.8.Note that the measured and expected ratio of hydrogen to nitrogen/carbon monoxide isset at 50:1. As will be shown later, these pressures are the result of measured outgassing

rates and calculated pumping speeds. In order to calculate an emittance growth time, a

T h e s t o c h a s t i c c o o l i n g s y s t e m i s a n t i c i p a t e d t o h a v e a n e m i t t a n c e c o o l i n g t i m e o f approximately 4˚hours. From table 2.5.8 it is can be shown that maintaining an average

Table 2.5.9: Nuclear interaction lengths for the two constituent moleculesTable 2.5.10: Intensity lifetime due to nuclear interactions with each

The other consideration is particle lifetime. The two mechanisms which removeparticles from the ring are nuclear interactions and large angle Coulomb scattering(Rutherford scattering). Nuclear interactions are typically broken down between elasticand inelastic scattering. Though a portion of the elastically scattered particles would stayin the accelerator, it is easier to take the worst case assumption that they are all lost. Inthat case the total cross-sections, characterized as a nuclear interaction length, is used.Table 2.5.9 contains the nuclear interaction lengths for the expected constituent gasses inthe vacuum tube. In table 2.5.10 the lifetime and particle loss rates are calculated using a

Single large angle Coulomb scattering angles greater than the angular acceptance of σ el =

2πr p

2 Z 2

γ r

2

β y

A y

τ el =

1 n gas σ el βc In conclusion, even though its partial pressure is lower than the hydrogen, the CO+N2 iscomparable in both the particle loss and the emittance growth rate. A partial pressure less

The spacing and pumping speed of the lumped ion-sputter and titanium sublimationpumps in a traditional Fermilab system is determined by the outgassing rate of gasmolecules from the surface of the stainless steel vacuum tube. Because the cost of thevacuum system scales with the number of pumps, minimizing this outgassing rate is very

Upon chemically cleaning a stainless steel tube and performing a 150�C bake aftersystem assembly, a hydrogen surface outgassing rate of 1x10-12 ˚ T - l / c m 2 -sec isachievable. At this point the only other gas in the system is CO+N2, which comesdominantly from the ion pumps and ion gauges. The hydrogen comes from diffusion ofmolecules out of the bulk of the stainless steel material. The key to reducing the cost of

High concentrations of hydrogen exist in stainless steel because of one step in it’sproduction, when the steel is quenched in a hydrogen atmosphere. It has been found[R.˚Calder and G. Lewin, Brit. J. Appl. Phys. 18, 1459 (1967)] that the hydrogen can beremoved by heating the stainless steel in a good vacuum (<10-6˚Torr) at a temperature ofa p p r o x i m a t e l y 5 0 0 � C. Using this technique, measurement results at Fermilab with a30˚m test vacuum system have found surface outgassing rates of 2x10

even though it turns out that the ultimate pressure during the bake was only 10

Torr andm u l t i p l e v a c u u m a c c i d e n t s d u r i n g s t u d i e s . M o r e d e t a i l s c o n c e r n i n g t h e h y d r o g e n

The calculation of time and temperature vs. hydrogen degassing of stainless steel israther straightforward. Assume that an infinite slab of stainless steel of thickness d isp l a c e d i n a p e r f e c t v a c u u m a n d h e a t e d t o s o m e t e m p e r a t u r e T . T h e o n e d i m e n s i o n a l

D ∂ 2 c

∂x 2 = ∂c

∂t The diffusion coefficient D as a function of some typical outgassing temperatures isplotted in figure˚2.5.6. The initial condition is that the stainless steel is uniformlysaturated with hydrogen at some initial concentration c

. As compared to an atmospherichydrogen concentration of 1.4x10-4˚T-l/cm3, the initial concentration found in 300 series

austentic stainless steels is 0.3˚T-l/cm3. Outside of the slab it is assumed that a perfectvacuum exists. The solution of the differential equation with these boundary conditions

c(x,t) = c o

4 π

1

2n +1 ( )

n=0

∞

∑ sin

π 2n +1 ( )x d

exp −

π 2n +1 ( ) d

2

D t Temperature (�C)

Diffusion Coefficient (cm2/sec)1.00E-141.00E-131.00E-121.00E-111.00E-101.00E-091.00E-081.00E-071.00E-061.00E-051.00E-04

Figure 2.5.6: Hydrogen diffusion rate as a function of temperature instainless steel. The data points are at typical degassing temperatures. The

Position in Material (cm)

Hydrogen Concentration

0.10.20.30.40.50.60.70.80.9

0.030.060.090.120.15Figure 2.5.7: Hydrogen concentration profile across the beam tube wall asa function of time at 500�C. In the beginning the concentration is uniformand scaled to unity. The curves show the concentration profiles after

Time at 500�C(sec)

Outgassing Rate (arb.)0.000010.0010.1

Figure 2.5.8: Hydrogen outgassing rate after cooldown as a function of the

For the case of Recycler vacuum chamber, using a diffusion coefficient of 1x10(500�C) and a thickness d of 0.065" (approximately 1.5˚mm), the concentration profilethrough the vacuum tube wall as a function of position in the wall and time at

The surface outgassing rate s q o f h y d r o g e n f r o m e i t h e r s u r f a c e i s s i m p l y t h e σ

q

(t) = D

∂c

∂x

x=0

=

4c

o

D

d exp − π 2n +1 ( )

d

2

D t

n=0

∞

∑ Figure 2.5.8 contains a plot of the surface outgassing rate after cooldown as a function oftime the vacuum tube was degassed at 500�C. The plan is to bake the tubes at 500�C for

The pressure P(z) at some azimuth z around the ring is calculated using the

c d 2 P

dz 2 − s P = − q

where c(z) is the specific conductance of the vacuum tube, s(z) is the linear pumpingspeed, and q(z) is the specific outgassing rate. If these coefficients of the differential

P(z) = Aexp s c z + Bexp − s c z + q sJust as in the case of dispersion function lattice calculations, this solution lends itself tomatrix calculations on the basis vector (P,Q,1), where Q(z) is the flow rate of gas down

In a lumped stainless steel system the pumps and beam tubes are treated as separable(similar to the concept of separated function magnets). Therefore, in a vacuum tube thepumping speed is zero. The specific conductance of the elliptical cross-section beam tube

c m − l / s [ ]=1.30

a cm[ ]b cm[ ] ( )

2

a

2

+ b

2

T °K[ ]

300

28

M where a and b are the half width and half height of the inside surface of the vacuum tube,T is the temperature of the system, and M is the atomic mass of the gas molecules (the

Table 2.5.12: Parameters expected to describe the vacuum system in theRecycler ring. This spacing corresponds to three 30˚liter/sec pump (eitherion or titanium sublimation) per half cell, where the pumping speed(assuming ion pumps) was derated to account for saturation and low

To convert from the surface outgassing rate sq to the specific outgassing rate q it is

q[T − l / s− m]=100π 2(a[cm]

2

+ b[cm]

2

) σ

q

[T − l / s− cm

2

] Table 2.5.12 contains an example of typical parameter values used for calculating theRecycler vacuum performance. The ion pumps to be used are 30˚liter/sec pumps, but theactual pumping speeds are derated because of the low pressures and assuming that the

pumps are nitrogen saturated during pumpdown. The majority of the pumps are of thetitanium sublimation variety, which have much lower ultimate pressure and much highertypical pumping speeds. The present titanium sublimation pumps are also planned tohave a speed of 30 liter/sec. Figures 2.5.9 and 2.5.10 show the dependence of pressure onposition in the beam tube. Note that the average pressures described are much lower than

Distance Along Vacuum Chamber (m)

Pressure (nTorr)0.000.020.040.060.080.100.12

0.51.52.5Figure 2.5.9: Hydrogen partial pressure as a function of distance along thevacuum tube. The origin is the symmetry point halfway between any twopumps. The parameters which generated this figure are listed in

Pressure (nTorr)0.00000.00020.00040.00060.00080.00100.00120.00140.0016

0.51.52.5Figure 2.5.10: CO+N2 partial pressure as a function of distance along thevacuum tube. The origin is the symmetry point halfway between any twop u m p s . T h e p a r a m e t e r s w h i c h g e n e r a t e d t h i s f i g u r e a r e l i s t e d i n

There are many sources of time-dependent magnetic fields which if left unshieldedwould modulate the closed orbit position and tune of the Recycler beam. Therefore, ithas been decided to generate a hermetic seal of magnetic shielding around the Recyclervacuum chamber. In order to save money the insitu bake insulation and the magneticshielding have been merged into the same effort. Because of this link to the insituinsulation, and because of the need to integrate the shielding with the vacuum fabrication,magnetic shielding is one of the responsibilities of the vacuum Recycler group. A sketchof the geometry of the magnetic shielding and insitu bake insulation is displayed in figure2.5.11. The regions of vacuum chamber occupied by magnets do not require shielding

Stainless Steel acuum ChamberInsitu BakeInsulation

Mu-metalFigure 2.5.11: Sketch of the integrated magnetic shielding and insitu bake

The dominant sources of stray time-dependent magnetic fields at the Recycler tunnel

1) Main Injector magnet fringe fields. These have been measured to be nomore than 2˚Gauss at the Recycler position [A. Mokhtarani & P.

2) Main Injector magnet bus bypasses. By calculating the dipole fieldgenerated by a pair of busses near the wall at the Main Injector

3) Uncompensated quadrupole loop current. The focusing and defocusingquadrupole circuits are each single loops around the tunnel.Therefore, the net current difference between these loops willgenerate a net magnetic flux through the wetland inside the MainInjector. More important, it would generate approximately 4

4) High current cables in trays. One example would be Lambertson measurement experiment is being designed for the Main Ring tunnel at the comparableelevation of the Recycler. Another purpose of this test is to measure the actual fieldattenuation one obtains from magnetic shielding. There is some doubt as the validity ofmore detailed calculations of magnetic shields in the milliGauss field range. It is because

A system capable of shielding the beam to an extent comparable to the dipole fieldstrength criterion is necessary. The fields in the gradient magnets is specified to have amaximum allowable error of 5x10-4 i n a f i e l d o f 1 . 5 ˚ k G . T h i s c o r r e s p o n d s t o approximately 1˚Gauss over roughly 4˚m. In order to assure that systematic or randomeffects from the time dependent fields are negligible, especially in alignment sensitiveregions such as the stochastic cooling pickups, a stray field goal at the Recycler beam of

Figure 2.5.12: Sketch of magnetic field lines from the tunnel being drawninto the soft iron shield around the beam pipe. Note that due to the finitepermeability of the iron, approximately 0.1% of the flux continues through

When a layer of soft iron is wrapped around an otherwise non-ferric material such asthe beam pipe, the higher permeability of the iron pulls magnetic flux lines from an area

approximately double the width of the iron geometry. In the case of the Recycler, thiscovers an area almost 8" across. The plan is to use a layer of soft iron which is 6˚milsthick. Therefore, the peak magnetic field in the soft iron is approximately 670 timeslarger than the ambient field. Since the saturation field of the soft iron is 20˚kG, this putsan upper limit on the magnetic field at the Recycler of 30˚Gauss. This is 5-10 timeshigher than anticipated. In specific locations in which there are known or discoveredhigh magnetic field generating devices, extra shielding can be added to prevent the soft

The problem with the above solution is that even when not in saturation, the soft ironhas a finite permeability of approximately 3000-5000. Therefore, some fraction of theambient tunnel magnetic flux still penetrates to the beam. For time-dependent fields themaximum level of attenuation is approximately 1000x. It is for this reason that mu-metal

The disadvantage of mu-metal is that it’s saturation level is on 8˚kG. On the otherhand, it’s permeability is in the range of 12,000-400,000. At fields up to 3˚kG andfrequencies up to 60˚Hz, field attenuation factors of 100,000x are achievable [AmunealManufacturing Corp., "Complete Guide to Magnetic Shielding"]. The plan for theRecycler is to use a mu-metal layer which is 4˚mil thick. Over basically the same area,the maximum residual field inside the soft iron which the mu-metal can shield is 2˚Gauss.By design, this field matches the leakage expected through the soft iron just as it begins

The power spectrum of the magnetic fields in the tunnel below 60˚Hz should bedominated by 0.5˚Hz from the basic Main Injector ramp plus the first 10-100 harmonicsneeded to reproduce the more complex, non-sinusoidal current waveforms found in mostcorrectors, busses, and specialty devices (such as Lambertsons). At these frequencies

The Recycler RF system which generates the longitudinal phase space gymnasticsdescribed in section 2.1 is composed of four 50W gaps driven by wideband amplifiers.The bandwidth of the net system is from 10˚kHz to 100˚MHz. The upper cutofffrequency corresponds to a voltage rise-time or fall-time of a few nanoseconds, far fasterthan actually necessary. The low frequency cutoff is composed of two poles, one fromthe gap inductance and the other from the amplifiers. Because there is no DC response inthe system, two concerns need to be considered. The first is the amount of droop in thesquare voltage pulse during its duration. The second is the amount of baseline offsetbetween the voltage pulses which can accelerate or decelerate beam particles which

The amount of droop can be calculated fairly easily. Using a simulation program tocalculated response functions, as the two pole high pass filter response shown in figure2.6.1, the resultant accelerating voltage waveform is presented in figure 2.6.2. For pulselengths less than 1˚msec the droop is well less than 10%. This level of droop has only a

PhaseResponse

Figure 2.6.1: Two pole response function simulating the lower bandwidth

Figure 2.6.2: Calculation of the droop and the original pulse as a functionof time. Note that for the most part pulse lengths of 1˚msec and less are

The first rule for suppressing baseline offsets is to always generate pairs of voltagepulses with equal and opposite areas, so that the net area is zero. This insures that there isno DC component in the drive signal. As can be seen in figure 2.6.3, after the pair ofpulses the baseline voltage is at zero again. But note that inside the barrier bucket the

Figure 2.6.3: Calculation of the response to a barrier bucket pair

Another potential problem is the total impedance of 200W associated with the fourgaps. The peak antiproton beam current envisioned is approximately 50˚mA.Multiplying this current by the total impedance yields a beam loading waveform with apeak voltage of 10˚V. Though this sounds like a small number, it is in fact enough to

Figure 2.6.4: Calculation of the response to a barrier bucket pairconstraining a 1.5˚msec batch with 1˚msec voltage pulses, but this time with

To fix the above three concerns simultaneously a feedback loop is envisioned. Bycomparing the gap voltage and the input to the amplifiers, the error signal is amplified

and added back into the amplifier. In this way the errant voltage from the low frequencybandwidth limit and the beam loading voltage can be corrected. Figure 2.6.4 shows theresult of the inclusion of such a feedback system with a loop gain of 10. Figure 2.6.5

High Power DriveRecyclerAccelerating

ServiceBuilding

Gap Monitor

TunnelFigure 2.6.5: Block diagram of the feedback system around each

Because the beam is unbunched, the instabilities which are expected to be a problemare not complicated. The two instabilities to be potentially concerned about are the

The dominant sources of accelerator impedance in the Recycler ring are the beamposition monitors, the kicker magnets, the accelerating cavities, and the resistance of thevacuum tube itself. At first one could assume that the impedance budgets of the Main Z

||

n

=1.6 Ω Z

⊥

= 2.2 MΩ/ m

However, the impedance will be dramatically less in the Recycler. For instance, there areno laminated Lambertson magnets, the kickers are slower and hence have a thicker

The beam impedance is dominated by the space-charge impedance. Calculation(K.Y. Ng) of the magnitude of this space charge impedance at a debunched beam Z

||

n

=12 Ω Z

⊥

= 420 MΩ/ m

The resistive wall instability involves long wavelengths, and therefore does notdepend on whether beam is bunched or coasting. Because the Recycler vacuum tube isthe same material and cross-section as the Main Injector, the results obtained for the MainInjector for the instability growth time can simply be scaled with respect to the beamintensity. At an intensity of 1x1013 antiprotons, a growth time of approximately 3.6˚ms,or 300 turns, is expected in the absence of space charge impedance or Landau damping.N o t e t h a t a t u n e b e l o w t h e h a l f i n t e g e r w a s c h o s e n t o m i n i m i z e t h e s e v e r i t y o f t h e i n s t a b i l i t y . C a l c u l a t i o n s i n c l u d i n g t h e s p a c e c h a r g e i m p e d a n c e a n d L a n d a u d a m p i n g

The minimum rms momentum spread in the Recycler will be 0.3˚MeV. At thatmomentum spread the beam intensity is approximately 250x1010 . T h e t h r e s h o l d Z ||

n

< 0.68π Z o

η γ r R

N r p

σ e

E o 2where rp = 1 . 5 x 1 0 -18 m and Zo=377˚ W . P l u g g i n g i n t h e r e s t o f t h e n u m b e r s f o r t h e Recycler a threshold impedance of 70˚W is found. The only impedance larger than this isfrom the four 50˚W RF cavities at low frequencies below 1˚MHz. If a problem did occur,

Intrabeam scattering, or Coulomb interaction between antiprotons, is the dominantheating mechanism which, when balanced against cooling forces from stochastic cooling,determines the equilibrium emittance achievable in the Recycler. Since each collision related to the emittance in that plane, the emittance in another plane decreases, much asthe temperatures of two heat reservoirs tend toward equilibrium. However, the potentialfor coupling some of the directed longitudinal beam energy into either longitudinal ortransverse thermal motion in general leads to an overall increase in the phase space

From simple kinematic arguments, it is possible to show that below transition,Coulomb collisions can lead to an equilibrium between the emittances of all planes, whileabove transition no such equilibrium is possible, that is, the emittance in all planescontinues to increase. This comes about because the effective longitudinal temperature isproportional to the slip factor h, which implies a negative temperature above transition.

Since the Recycler is well below transition, it could be expected that such anequilibrium is possible: i.e. the emittance of one plane increases while that of another

decreases. However, this is only partly true due to two mitigating factors. First, sincethere is a distribution of energies and angles among colliding particles, the transition fromequilibrium to growth conditions is gradual. A completely stationary equilibrium is onlyachievable at non-relativistic energies. Second, Mtingwa and Bjorken have shown thatthe overall phase space volume can only remain stationary if a specific condition onlattice parameters is satisfied everywhere which, in general, is usually never true for agiven lattice. Stated in physical terms, whenever Coulomb scattering occurs in thepresence of gradients, either in configuration or velocity space, work is effectively done

The original work on this subject was carried out by Piwinski, and later work, based latter work is often cited, because of the generality of the analysis, however certainapproximations are typically made in the literature which do not permit immediateapplication of this analysis to beams below transition. Using the most generalexpressions from these references, it can be shown there is still some discrepancybetween Piwinski‘s work and that of Mtingwa and Bjorken regarding the conditionsnecessary for thermal equilibrium. However, we have extensively studied these twoformulations and have found that the quantitative differences between these models aresmall. In the following analysis, we assume there is no transverse coupling, and that all

RMS Momentum Spread (MeV/c)

Longitudinal Growth Rate

[1/hour]

0.51.52.53.5Figure 2.8.1: Longitudinal intrabeam scattering growth rates as a functionof transverse emittance and momentum spread. The different curves arefor transverse normalized 95% emittances of 5 (top), 10, 15, and

F o r t h e R e c y c l e r , t h e r e a r e t w o r e g i m e s o f i n t e r e s t : a r e l a t i v e l y h i g h m o m e n t u m s p r e a d r e g i m e i n w h i c h s t o c h a s t i c c o o l i n g i s u s e d , a n d a r e g i m e w i t h s m a l l w h e r e electron cooling is relevant. For large momentum spread, emittance growth times are

Inverse growth rates for the longitudinal plane are plotted as a function of momentumspread for various fixed transverse emittances (normalized, 95%). In figure 2.8.2, we plotthe dependence of the horizontal scattering rates vs. momentum spread. At sufficientlysmall momentum spreads, it is possible that slight cooling of the horizontal emittance canoccur through coupling to the relatively cold longitudinal plane. Note that since we haveneglected coupling in this analysis, and there is no vertical dispersion, there is littlecoupling between the longitudinal and vertical planes. The vertical plane usually iscooled, but with very long cooling times. Hence it will be ignored in this analysis. Inthis regime, the sum of the horizontal and longitudinal inverse growth rates isapproximately constant, although the net overall phase space volume increases, due to thepresence of gradients. A small amount of longitudinal cooling is expected, as thetransverse plane heats. In the limit of small momentum spread the situation is reversedwhere the longitudinal plane is strongly heated, while the horizontal plane can be

RMS Momentum Spread (MeV/c)

Transverse Growth Rate

[1/hour]-0.15-0.1-0.05

0.050.10.15

Figure 2.8.2: Transverse intrabeam scattering growth rates as a function oftransverse emittance and momentum spread. The different curves are fortransverse normalized 95% emittances of 5 (top on right edge), 10, 15, and20 p ˚mmmr (bottom on right edge). The beam intensity was 7x1012 cooling and diffusion caused by scattering, all of which are non-Maxwellian processes;that is, tails will develop on the distributions as the energy-dependent diffusion and dragforces come to equilibrium in detailed balance. As such, the actual equilibrium must be

It is worthwhile to note that the regime predicted for the Recycler in which somedegree of transverse cooling is possible has not yet been investigated experimentally. Itwould be valuable to carry out a series of experiments in the Fermilab Accumulator,

The stochastic cooling systems in the Recycler ring are discussed in section 2.1 andchapters 3 and 4. The general picture one acquires is that the horizontal and verticalbetatron cooling systems are not controversial and relatively straightforward. On theother hand, the momentum cooling system is critical, where cooling strength andmomentum aperture are key design parameters. In this section the system parameters forboth the betatron and momentum cooling systems are reviewed. To set the stage, theinteraction between intrabeam scattering and stochastic cooling is explored explicitly

The calculations of intrabeam scattering in the previous section indicate that themomentum growth rate for a fixed normalized 95% transverse emittance of 10˚p˚mmmr isquite fast for the anticipated beam currents. In addition, the rate of increase in growth

α IBS = k σ p P 3where k=1.3x10-11˚hr-1 at an antiproton beam intensity of 7x1012. Both the calculatedand fit dependencies of intrabeam scattering growth rate on rms momentum spread areplotted in figure 2.9.1. Assuming a stochastic cooling/intrabeam scattering model inwhich distribution shapes are constant and rms momentum spread is an adequateparameterization of the beam temperature, a cooling system with a momentum coolingtime of 1˚hour can only reduce the rms momentum spread to approximately 2˚MeV at thecurrent of beam intensity of 7x10

. The engineering form of the equation can be written α IBS [hr

− 1

]= 0.093

I b [mA] σ E [MeV] ( )

3 The cubic nature of the dependence of intrabeam induced growth time on rms energyspread suggests a Recycler stacking scenario in which the cooled beam distribution isalways compressed in order to maintain the largest energy spread inside the energyaperture of the momentum cooling system. This time agile compression of the azimuthal

Rough calculations [G. Jackson, MI-Note 164] indicate that a 0.5˚hour momentumcooling time for a 21˚mA instantaneous current antiproton beam with an rms energyspread of 2.7˚MeV is sufficient for the beam distribution expected at any time in the

As a result of the curve in figure 2.9.1, barrier bucket compression aimed atmaintaining a large momentum spread at the expense of higher peak current will besystematically employed in the following scenario. Because of other side benefits, such

as more efficient ion clearing due to the beam distribution gaps and the ease andflexibility of beam transfers, the RF system which generates these barrier voltage pulses

RMS Energy Spread (MeV)

Momentum Growth Rate (1/hr)

0.20.40.60.8

1.21.41.61.8

Figure 2.9.1: Calculated intrabeam scattering driven momentum growthrate in the Recycler ring as a function of momentum spread. Thenormalized 95% transverse emittance is 10˚ p ˚mmmr and the antiprotonintensity is 700x1010. The points are calculated values while the line is

The momentum cooling was chosen to be a filter cooling system. Non-overlappingSchottky bands are a requirement for this type of cooling system. The betatron coolingsystems (horizontal and vertical) do not use any filters and the Schottky bands overlapslightly. The effect of these requirements is described in the section on Bandwidth

To minimize the phase errors in the cooling system (�bad mixing�) the cooling signalis transmitted across the ring (from Q215 to Q111). Between these two locationsparticles traverse about 1/6 of the ring and accumulate approximately 1/6 of the phase

The most important design choice concerns the system bandwidth. The maximum Δp

P η f max T o ≤ 1

η = 1γ t2 − 1γ2 is the Recycler relativistic transition energy, and

is the relativistic beam energy. Therevolution period To is determined mostly by the circumference of the Main Injectortunnel. The maximum cooling frequency fmax is therefore inversely proportional to the

The equilibrium momentum spread is determined by the balance between the coolingrate and the heating rate from external mechanisms. Intrabeam scattering is expected tobe the dominant heating mechanism longitudinally. Since stacked beam is trappedbetween two RF barriers and both the cooling and heating rate depend on the separationbetween the barriers (barrier bucket compression), the momentum spread depends on thechoice of the amount of bucket compression. However, the choice is limited by thenecessity of retaining adequate longitudinal phase space for injecting and recyclingantiprotons. For a given choice of bucket compression, the required momentum spread isdetermined by the need to maintain the loss from diffusion at a level that is smallcompared to the stacking rate. Calculations indicate that a momentum spread of –20MeV/c will adequately retain the beam with a cooling system bandwidth of 0.5 to2.0˚GHz. It is tentatively planned to achieve this bandwidth with two separate cooling

The transverse cooling system limitation of the maximum frequency comes from the�bad mixing� between pickup and kicker. For a momentum spread of – 20 MeV/c acooling bandwidth of 2.0 to 4.0 GHz is appropriate. The transverse heating rate fromintrabeam scattering is quite small, and the transverse emittance will probably bedetermined by other mechanisms. It is probably undesirable for the transverse emittanceto be smaller than 10p because of the increase in longitudinal intrabeam scattering thatresults from low emittance beams. On the other hand, the equilibrium emittance will notbe much less than 10˚p˚mmmr if the beam heating rate is 1˚p˚mmmr/hr. For this reason, amaximum beam heating rate (from all sources other than the cooling system) has been

The gain of the longitudinal cooling system is limited by stability considerations. Ithas been assumed that errors in the gain function will limit the gain to a value 10˚dBbelow the stability limit. This assumption is thought to be somewhat (but not overly)

The betatron cooling systems are stable well past the optimum gain and should not

The simulation of the stacking process is derived from the Fokker-Planck simulationused to design the momentum cooling for the Antiproton Source. The simulationassumes a coasting beam and neglects the transverse motion. The line density in thesimulation is computed from the total beam in the stack divided by the sum of the barrierbucket compression and 1/2 the pulse width. The RF stacking and unstacking are

assumed to be perfectly adiabatic and with negligible emittance dilution. The bucketheight (20 MeV) is treated as a hard aperture: particles that escape from the barrier

Thus, the model used for the cooling process is exactly correct for a machine with aninfinite voltage RF barriers and a finite momentum aperture. This model should beperfectly adequate for the dense portion of the antiproton stack. However, for particlesthat have larger momentum offsets, this approximation underestimates the time spentunder the influence of the barrier and overestimates the particle density. For example, thestack is contained between two barrier voltage pulses that capture 139˚eV-sec. The

Intrabeam scattering is incorporated in an average way with the addition of an energy D = 2σ p2

τ lwhere

p i s t h e m o m e n t u m o f t h e b e a m a n d is the calculated intrabeam scatteringheating time. The value of s

varies somewhat in the stacking process, but the variationis not included in the simulation. It is adequate to use the final value of s

. The value of

T h e s y s t e m g a i n f u n c t i o n i s c a l c u l a t e d u s i n g i d e a l c o m p o n e n t s . G a i n e r r o r s a r e i n t r o d u c e d b y m u l t i p l y i n g t h e r e s p o n s e f u n c t i o n o f a b r o a d - b a n d ( Q = 1 ) r e s o n a t o r centered at mid-band. No frequencies outside the nominal cooling band are considered:it is assumed that these frequencies contribute no net heating or cooling. The resulting140145150155160165170175180-270-180-90

90-20-15-10-5

101520Cooling Gain at 1.1 GHzMag (dB)Phase

Magnitude (dB)

Phase (degrees)Energy Offset (MeV)(a)Figure 2.9.2: Momentum cooling gain functions for the Schottky band at

140145150155160165170175180-270-180-90

90-20-15-10-5

101520Cooling Gain at 1.5 GHzMag (dB)Phase

Magnitude (dB)

Phase (degrees)Energy Offset (MeV)(b)Figure 2.9.3: Momentum cooling gain functions for the Schottky band at

101520Cooling Gain at 1.9 GHzMag (dB)Phase

Magnitude (dB)

Phase (degrees)Energy Offset (MeV)(c)Figure 2.9.4: Momentum cooling gain functions for the Schottky band at

The transverse cooling simulation is also based on a coasting beam approximationassuming that the particle momenta are constant. This assumption is not correct because:1) the momentum cooling system changes the particle momenta, 2) the beam intensityand distribution changes as the beam is stacked, and 3) the RF changes the particlemomenta. A proper calculation of the evolution of the distribution function would haveto take into account both the longitudinal and transverse degrees of freedom. If, however,the distribution function can be written as a product of distribution functions for the

longitudinal and transverse coordinates, the coasting beam approximation should beaccurate. The momentum distribution is taken from the longitudinal stacking calculationand input to the transverse calculation. The transverse cooling is calculated for particlesof a fixed momentum (but time varying density). Any new beam that is injected isassumed to have the same transverse distribution as the beam already present. The results5 10

1 101.5 10

2 102.5 10-20-15-10-5

101520Stacked Beam Density

Density (eV

-1

Energy Offset (MeV)Figure 2.9.5: Longitudinal density profile obtained after 8 hours of

0.51.52.53.520406080100120Integrated Stack Density

Intensity (/10

12

Longitudinal Emittance (eV-sec)

The transverse heating rate (from mechanisms other than the cooling systems) iscritical. The simulation assumes that this rate is 1˚

˚mmmr/hr. The longitudinal cooling

The final momentum distribution obtained is shown in figure 2.9.5. This distributionis integrated and shown in figure 2.9.6. As discussed above, the particle density is

The stack size versus time in the cycle is shown in figure 2.9.7. Also shown is thecumulative stacking efficiency: the total stack size divided by the amount of beaminjected in the current cycle. The maximum stack size is 3

1012 and the overall stacking0.90.920.940.960.98

Stack Size

Stack Size (/10

12Cumulative Stacking EfficiencyTime (hr)Figure 2.9.7: The stack size begins at t=0 at about 1.8x1012 antiprotonsand grows to more than 3x1012 antiprotons after 7 hours of stacking. Thec u m u l a t i v e s t a c k i n g e f f i c i e n c y i s e q u a l t o t h e c u r r e n t b e a m i n t e n s i t y d i v i d e d b y t h e s u m o f t h e i n i t i a l b e a m a n d s u b s e q u e n t i n j e c t i o n s . T h e c u m u l a t i v e s t a c k i n g e f f i c i e n c y e x c e e d s 9 8 % a t t h e c o n c l u s i o n o f t h e

T h e s i m u l a t i o n o f t h e c o o l i n g o f t r a n s v e r s e e m i t t a n c e o f t h e b e a m i s s h o w n i n figure˚2.9.8. The initial emittance of the beam is taken to be 30˚p mmmr (100%). Thebeam cools rapidly initially and then grows as the intensity increases and the cooling ratedecreases. The fraction of the beam that is contained within the 10˚

mmmr emittancedesign goal is shown in figure 2.9.9. At the conclusion of the 8 hour stacking cycle

10p=10 MeV/cp=0 MeV/c

Average A

(

mm-mrad)Time (hr)Figure 2.9.8: The evolution of the average amplitude-squared of the beambetatron motion. The beam emittance (95%) is approximately 3x theaverage amplitude-squared. The recycled beam cools rapidly initiallyuntil it reaches a minimum after which it grows because of the increasing

0.60.650.70.750.80.850.90.95 p=10 MeV/cp=0 MeV/c

Average A

( mm-mrad)Time (hr)Figure 2.9.9: The fraction of the beam contained in a 10˚

mmmremittance (100%). The fraction becomes nearly 100% after 2 hours of

-1-0.5

0.5-1-0.5

0.5Stability at 0.95 GHz

Im(FG)Re(FG)Figure 2.9.10: Stability diagram for the Schottky bands at 0.95˚GHz at7:40 (just before transfer to the Tevatron). The curve is a parametric plotof the real versus imaginary parts of the product gain (G) and beamfeedback (F) functions. The points are spaced at 0.4 MeV intervals. The

0.5Stability at 1.7 GHz

Im(FG)Re(FG)Figure 2.9.11: Stability diagrams for the Schottky bands at 1.7˚GHz at7:40 (just before transfer to the Tevatron). The curve is a parametric plotof the real versus imaginary parts of the product gain (G) and beamfeedback (F) functions. The points are spaced at 0.4 MeV intervals. The

The stability diagrams for the two momentum cooling system bands are shown infigures 2.9.10 and 2.9.11 for the time 7:20 - just before transfer to the Tevatron. Thiscase is the one with the lowest stability margin. The stability criterion is that the curvecross the real axis with an intercept less than 1. The gain function has been scaled in thesimulation so that the stability curve passes through the point (0.30,0.0). The stabilitymargin, particularly in the lower band, is sensitive to phase errors in the gain function.However, it is believed that the designed stability margin is large enough that

The stability criterion as stated is actually unduly restrictive in that it is sufficient butnot necessary. However, the more general stability criterion is not of practical