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Thoughts on MI Collimation
This note is meant to put some of my ideas and thoughts down on paper concerning MI collimation issues. Do we need to build a collimation scheme like the Tevatron? How do we model a realistic collimation scheme?
What energies do we want to focus on for the collimation scheme?

 Neglecting the beam loss due to equipment failure or tuning which could happen at almost any energy, the most important energy range in the 8 to 10 GeV. This includes losses typically due to poor quality Booster beam (large beam halo), halo formation in the MI, losses during slip stacking, and losses at acceleration due to un-captured beam. Problems with large dp/p from Booster at injection can lead to beam loss just after transition due to the large dp/p at transition. Any head tail instabilities will typically be worse at injection energies. I think collimation at high field is only of secondary issue. This would imply that the collimation system should concentrate on containing losses within well protected absorbers
What is the Goal for the MI Collimation scheme? What are we trying to collimate?  What beam loss mechanism are we trying to control?

There are several models for collimation design and the optimum choice depends on the goal for collimation, what is being protected, what the amplitude growth rates that are expected, and magnitude of losses. 
In Nikolai’s paper Beam Collimation at Hadron Colliders [1], he discusses the mechanisms for halo production in hadron colliders and discusses the concept of a two stage collimation system. He also discusses the collimation system design for Tevatron Run II, HERA, and LHC. 
Concerning the production of halo, he lists the main production mechanisms as: “bean-gas scattering, intra-beam scattering, elastic p-pbar collisions in the interaction region, particle diffusion due to RF noise, ground motion, and resonances excited by the accelerator magnet nonlinearities and power supply ripple.” 

Nikolai lists the goals of a collimation scheme for a hadron collider and in particular the Tevatron are 1) the reduction of background in the detectors, 2) the protection of the superconducting magnets against equipment failure and operational beam loss (reduce quench potential ), and 3) protect equipment from excessive radiation (minimize residual radiation wrt personnel protection.  A distinction must be made between slow beam halo growth and fast losses due to some type of tuning error or equipment failure.
Specifically, he indicates the main sources for slow beam halo growth during a Tevatron store are 1) collision loss, 2) longitudinal loss (RF heating), and 3) beam-gas scattering. The order of magnitude of these losses are E6 to E7 particles/sec.  

The impact parameter of a particle on a scatterer or absorber, along with energy, thickness, and material determine if a particle will be captured or scattered back out into the aperture (out-scatter).  The impact parameter grows linearly with the halo transverse diffusion velocity (due to one of the above mechanisms) which at the Tevatron is about 1.5 microns/sec. This diffusion velocity gives impact parameters of .1 to .15 microns and results in a probability of out-scattering close to 0.5.
Nikolai introduces the two stage collimation system (consisting of a thin primary and multiple secondary collimators) as a means to reduce the probability of out-scattering. Here, a thin target (primary) is introduced to increase the betatron oscillation amplitude of the halo particles which in turn “increase their impact parameter on the secondary collimators (absorbers) on the next turns without influencing the unscattered beam”. 
Beam Loss:

What is the magnitude of beam loss?

Current operation for the mixed mode cycle (pbar production and NuMI) slip-stacks 2 batches of about 4E12 to 5E12, depending on how well Booster is tuned up. After re-capture, five batches are injected for NuMI. One measure of the efficiency of injection and acceleration is to look at the ratio of beam on target to the sum of the batch intensity injected for the particular cycle of interest. For pbar production on the $23 mixed mode cycle this ration is M:TOR109/G:14SUM3. Figure XX shows this ratio during the first part of 2006. It should be recognized that this ratio represents ALL sources of beam loss from injection through transport to the target. Here, it is explicitly assumed that the beam loss above transition and transmission to the target is minimal. For low intensity slip-stacking the ratio is practically unity. For intensities on target of 7 to 8E12, the MI efficiency is between 85% to 90%. This means the loss each cycle is on the order of 7 to 8E11 per cycle. 
How do we dis-entangle all the various sources of beam loss? One potential technique is o integrate at the resistive wall monitor for the two Booster batches used for pbar production at several points in the cycle. Data was taken using the new digitizer and saved in files. 

Batch 1 right after injection


Batch 2 right after injection


Slip-stacked batch just before re-capture


Slip-stacked batch right after re-capture


Slip-stacked batch just before acceleration


Slip-stacked batch at flattop, just before extraction

If we compare the efficiency ratio with that  
How fast does the amplitude of the particles grow (step size)?

What are the more important mechanisms for beam loss and relative magnitudes of the losses in the MI (now and the future)? 
· Large dp/p in beam from Booster.

· Single batch injection 
· Slip-stacking
· Large dp/p from Booster in slip stacking  

· About 5% of 8E12 or 4E11/pulse not captured in primary bucket and distributes around the ring. 

· About half is captured in wrong buckets. This beam is removed by MI damper. 
· Damper provides100 ur/turn kick to particles in buckets not used for pbar production. 
· About half (2-3%) at wrong dp/p or phase to be captured and is lost at acceleration

· Beam not re-captured (wrong dp/p or phase) in 1 MV bucket 

· Leads to beam lost during early ramp 
· Typically (maybe at best)  ~3E11/pulse for the 2 batch slip stacking (3.75%) 
· Scaling for 6 batch slip-stacking could be up to ~6 times the 2 batch slip stacking  up to  ~2E12 per pulse. 
· This is by far the largest systematic beam loss mechanism. (4.8E15/hr for 6 batch injection) 
· Based upon the MI ramp, the un-captured  proton will move radially inward at a rate > 5 microns/turn upwards of 15 microns per turn at a location where dispersion is 1 meter. This only takes into account the motion due to D*dp/p and not the betatron phase or the synchrotron oscillations. 
· Large transverse halo from Booster
· It is known that the Booster transverse emittance increases faster than linear with the number of turns. 
· Amount of beam in tails can be estimated using the 1st turn MI aperture scans. 
· It is hoped that the 8 GeV collimators will be able to reduce the beam halo on the beam injected into MI
· Coupling between H & V
· Currently, MI is strongly coupled. This means that any error in the horizontal plane will couple over into the vertical plane.
· Measure and reduce coupling
· Resonances

· The major resonances at which the lifetime degrades are the 3rd order and the ½ integer. Our foot print is in this window.
· Large transverse distribution tails (either form Booster or formed in MI) –
·  we see activation but it is a small percentage of beam 
· Beam loss at transition (large dp/p)
· Large dp/p at injection
· Large dp/p after capture
· Mistuned transition jump
· Instabilities  (see beams-doc 2059)
· Transverse resistive wall 
·  For the MI vertical plane the rise times are on the order of .5ms to a few ms. which correspond to 50 to a few hundred turns. The rise times are a little longer in the horizontal plane. This would imply a large increase in betatron amplitude on a turn by turn level which would lead to larger impact parameters.
· High-Q impedance

· For the MI, the growth rates are again from .5 upwards to 8 ms, depending on the filling and mode which implies again rise times from 50 to something less than 1000 turns.  

· Both should be suppressed by dampers

· Beam Lifetime

· 8 Gev lifetime due tune footprint and resonances.

· Halo formation in MI (slow / fast)
· Halo formation due to the usual mechanisms in hadron colliders [1] are much less important (or not important) here as the 8 GeV dwell time in the MI is on the order of  ½ sec.
What are our aperture limitations? 

· For the most part we are limited by the vertical aperture around the ring. The Lambertons, located in regions of small dispersion provide aperture restrictions in the horizontal plane as well as in the vertical plane, if the large amplitude particles are nestled into the notch. 
· The inside vertical dimensions of the MI beam pipe is 1.88 inches or 47.75 mm ( Y = +/-23.9 mm, half height). This is not counting any mis-aligned beam pipes or crushed beam pipes.  
What does it mean, in terms of beam /aperture ratio, to have a low loss accelerator?
· If this ratio is defined as factor of two for 99.% of the beam then 3  sigma should equal to 23.9 mm/2 or sigma =  3.98 mm. This would correspond to a 95% emittance of 6*sigma^2*gb/beta(max). Assume beta(max) = 60m, this leads to a maximum emittance of  15 pi-mm-mr, which of course is way too small.
·  Lets assume we only have a 25% margin then sigma would be 6.37 mm which is 38.5 -mm-mr.  
· Taking it to extreme where the 99.9% beam envelope would be at beam pipe, 23.9 mm/3 = 7.1 mm sigma which gives 60 -mm-mr  
· None of these include closed orbit errors. Lets assume a +/- 4 mm closed orbit steering budget without including a beam/aperture ratio, then 3 = 23.9-4 or  = 6.63 mm gives an emittance ~ 42 
· On the other hand how big is a 40  beam (95% normalized). Here, sigma is given as 6.5 mm which ~99% of the beam is out at ~19.5 mm. The beam pipe is only 3.7 sigma away.
· Let’s assume the 95% normalized emittance is 25  as is done for SNuMI. This corresponds to a beam sigma of  5.14 mm. Comparing  the ratio Y/3 we have 23.9/15.42 ~ 1.55. This should give us about +/- 8 mm clearance between the edge of the beam and the beam pipe wall. 
· Recommendation:  Use a 95% normalized emittance of 25 -mm-mr for the generation of a beam distribution.
What should we be limiting the maximum emittance to? 
Where should we put scraper distance from beam centroid or MI centerline?
Where should we put the absorber, what orientation?

What are expected impact parameters?

· Betatron motion (tune .4-.44) 5 – 10 turns between max displacement
· Energy loss on ramp about 5-15 um/turn at D of 1 m at start of ramp
· Sync freq -> ~1kHz  -> period 1 ms (100 turns)
· Damper 100ur (at betatron tune) -> at beta 60 dx~6mm/kick ->
· Corrector ramp -> 1mm/ms -> 10 um/turn
· Resonance/coupling/injection error

Beam Loss Criteria
What criteria should be adopted for the allowable beam loss in the Main Injector?  A figure of merit of 1 watt/m was generally accepted as a design criteria by the attendees of the ICFA min-workshop on High Intensity High Brightness Hadron Beams [3]. For the Main injector this corresponds to an uncontrolled loss of 3.32 kW evenly distributed around the circumference. It is not clear in my mind that this is an appropriate measure for the MI. We generally find that the beam loss is not uniformly distributed, but rather deposited at the aperture restrictions.  
One watt/meter corresponds to a loss of 7.8E8 protons/meter/sec. A loss of 1 w/m produces a residual radiation level on a bare beam pipe of ~100 mrem/h and up to a factor reduction for  shielding by a magnet. .

For two stage collimation what should be the phase advance between scraper and absorber? 

How should we go about simulating the beam loss mechanisms and the absorber implementation?
 The PAC2001 paper, On the Use of Thin Scrapers for Momentum Collimation [2], discusses the criteria for utilizing a thin scraper as a primary collimator for momentum collimation. 
A thin scraper will reduce a particle’s momentum through dE/dx and also introduce a scattering angle, , with both depending on the material and its thickness, and the beam energy. For use as a momentum scraper the emittance increase of a particle due to energy loss should be larger than the emittance increase due to scattering.
· The energy lost passing through a thin scraper of thickness x  is given by:
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Where dE/dx is energy loss thru ionization. 
From the nist website I found the total dE/dx for 8 Gev protons on W is  1.26 MeV cm^2/g . With the density of tungsten at 19.3 g/cm^3 the dE/dx  becomes

24.696 MeV/cm -> 2.47 MeV/mm

Estimate the energy loss due to a single passage thru a thin scraper:

for a 80 mil (2mm) W scraper    p(loss) = 4.94 MeV  or dp/p ~ 6E-4 

for a 5 mil (0.127mm)  W scraper  p(loss) = 0.033 MeV of dp/p ~ 4E-6

· The rms scattering angle of a particle passing through a material of thickness, l, is given by [3]
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A few numbers:
Lrad(W) = 3.07 mm

Lrad (Ti) = 3.52 cm

At 8 Gev, l=80 mil W) = 1.24 mr produces ~ 31 mm closed orbit error
At 8 Gev, l= 5 mil  W) =  0.28mr  ->  produces ~ 7 mm closed orbit error
At 8 Gev, l= 5 mil  Ti) =  0.072 mr  produces ~ 1.8 mm closed orbit error

If one assumes a single passage through a thin scraper, then the increase in emittance after filamentation (many turns)  is given by
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At  8 GeV and a beta of 60 m then we hav 
[image: image4.wmf]2

1700

RMS

N

pq

e

»

D

. 
For 5 mil Ti,  ~  8.8 and for 5 mil W,  ~ 133  .
· The necessary condition to increase the betatron oscillation of a particle passing through a thin collimator is [2]: 
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 where N is the closed orbit jump multiplicative factor, D is the dispersion, X1 is the particle position at the scraper, and = p/p0.  If N = 2 then the momentum loss should make the closed orbit jump more than twice its initial amplitude.
To use a thin scraper for momentum collimation we want the emittance of the particle is increased mostly by the energy loss change not by the Coulomb scattering
· Start with phase space distribution at some point in the ring.

· Ensemble of particles that are captured in the main RF bucket

· Ensemble of particles not captured by RF 

· Modify the momentum of all particles not captured by the RF by an amount          p = p(n-1) –dp(n) where n = turn number and dp(n) is the dp/p given by the ramp
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