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TABLE 1: Tevatron Collider Parameter List
	Parameter
	Present
	Upgrade
	units

	Peak luminosity
	1.2e32
	2.7e32
	cm-2 s-1

	Integrated luminosity
	21
	47
	pb-1/wk

	Total   ( L dt
	~1.0
	4.4-8.8
	fb-1

	Beam Energy
	980
	980
	GeV

	Number of bunches
	36x36
	36x36
	

	Bunch spacing
	396
	396
	ns

	Protons/bunch
	260
	270
	e9

	Anti-Protons/bunch
	43
	127
	e9

	Proton emittance,95%
	19
	20
	( (m

	Antiproton emittance, 95%
	14
	20
	( (m

	(* at IP 
	35
	35
	cm

	Hour-glass factor
	0.65
	0.65
	

	Max antiproton production rate
	16e10
	45e10
	1/hr
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Fig.1.1: Luminosity progress in 2001-2005. Each dot represents a weekly maximum initial peak luminosity averaged between CDF and D0 detectors. Red solid line is a four-week average. Dashed red line at L=0.86e32 cm-2s-1 is for an initial Run II luminosity goal without electron cooling in the Recycler ring [1].
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 Fig.1.2: Injection process and beginning of the luminosity run in store #3972 (February 8, 2005). Black and blue dots are for total proton and antiproton bunch intensities, correspondingly (measured by a Fast Bunch Integrator system). Red line represents the start of the HEP store with initial peak luminosity of 84.4e30 cm-2s-1 . Major steps in the process are marked. Four spikes in the antiproton intensity are artifacts of the Fast Bunch Integrator diagnostics which occur when proton bunches pass antiproton bunch integration gates during the longitudinal cogging.  
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Fig.1.3a,b,c: Distribution of proton and antiproton bunch intensities,  rms bunch lengths and average (vertical and horizontal) emittances along the bunch train at the start of HEP store #3692 (July 31, 2004).  All the variations are acquired from the injectors except a small increase in the proton emittance for the first two bunches due to an injection kicker imperfection.
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Fig.1.4: Chart of  the Tevatron beam inefficiencies at various stages. The inefficiency is a ratio of  the total bunch intensities after and before the stage. 20 store averages are presented. 
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Fig.1.5: Evolution of instantaneous luminosity at the CDF detector in store #3685 (July 29, 2004). Blue dots – data, red line – fit Eq.(1) with the ½ -decay time of (L=7.2 hrs (see in text). 
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Fig.1.6: Luminosity lifetime averaged over the first two hours of HEP stores vs the CDF initial luminosity. Blue dots are data for the Run II stores. Red line represents a fit of  (L=28 hrs/L0.28 . 
TABLE 2: HV electrostatic separator voltages, minimum beam-beam separations S for a reference emittance of 15( mm(mrad,  tuneshifts and resonant driving terms of  5(x and 7(y resonances  (RDT). Positive voltages correspond to horizontally outward and vertically upward kicks for protons.  The tuneshifts were calculated for particles with small betatron amplitudes. RDTs are calculated for the design proton intensity of 2.7(1011/bunch. The RDTs give the increment in the action variable value for a resonance particle with an amplitude of 3( in the corresponding plane. Tuneshifts and RDTs presented in the Table are maximum absolute values over all antiproton bunches. 
	helix
	separator voltage (kV)
	Smin
	tuneshifts
	RDTs (m/turn)

	
	B11H
	B17H
	B11V
	C17V
	C49V
	
	|((x|
	|((y|
	|R50|(1011
	|R07|(1013

	Jan 2002
	0    
	61.7
	0    
	-61.7
	0    
	4.83
	.0045
	.0020
	1.95
	7.06

	May 2002
	-37    
	64.3
	-22.6 
	-58.8
	0    
	6.01
	.0028
	.0019
	0.92
	1.77

	“5 star”
	-18.9 
	61.8 
	5.9 
	-68.4
	21.8 
	7.34
	.0020
	.0009
	0.80
	0.55

	EoR
	0    
	118.9
	-21.0 
	-118.9
	62.6 
	5.08
	.0033*
	.0016*
	  0.67*
	  1.95*


[image: image9.wmf]
Fig.2.1:  Minimum radial separation on ramp and during the low-beta squeeze. Green line – beam energy E(t). Blue and red lines represent S(t) circa January 2002 and August 2004, correspondingly. 
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Fig.2.2:  Average initial luminosity in stores #990-1023 (February 2002) vs total proton intensity. Reduction of the luminosity at higher intensity was because of the antiproton losses at sequence 13 of low-beta squeeze. 
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Fig.2.3:  Radial beam-beam separation S at all possible parasitic interaction points around the Tevatron ring at injection energy before (January 2002, blue points) and after the helix modification (May 2002, red points). Longitudinal coordinate z starts at the B0 location. 
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Fig.3.1: Decay of  normalized antiproton bunch intensity at injection: red dots are data for bunch 1 in store #1863 (October 16, 2002), blue dots are for bunch 1 in store #3717 (August 8, 2004). Blue and red lines represent fits according to Eq.(6) with parameters N0=32.5e9 , (=7.4 hrs and N0=55.7e9 , (=69.8 hrs, correspondingly. 
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Fig.3.2: Time evolution of rms bunchlength and 95% normalized vertical emittance of antiproton bunch 1 after injection in store #3717 (August 8, 2004). Error bars represent an rms systematic error in the Flying Wires emittance measurements. 
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Fig.3.3:  Antiproton bunch intensity loss rates at injection in units of % per hour vs vertical emittance (V.   Each data point is given for an exponential decay rate fit over the first 2 minutes after bunch injection. Red squares represent all  bunches in stores #3925-3958 (January 2005) when vertical and horizontal chromaticities on antiproton helix were set at around Qx’= 8.0 and Qy’= 3.5 units. Blue circles show data for all bunches in stores #3962-3997 (February 2005) when the chromaticities were reduced to about 3 units in each plane. Red and blue solid lines are fits 100[%/hr]/ ((V/16)2  and 20[%/hr]/ ((V/16)2 , respectively. 
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Fig.3.4:  Proton intensity loss rate at 150 GeV helix in units of %/hr vs total number of antiprotons injected into the Tevatron Na during shot setup #3972 (February 8, 2005).  Points are results of  ordinary exponential decay fits over 2 minutes after each antiproton injection.  Solid red line is for linear fit 1/(p[%/hr]=4+11.6( Na/1000). 
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Fig.3.5: Zoomed normalized proton (blue line) and antiproton intensities on the energy ramp #3717 (August 8, 2004). Total bunched beam intensities before the ramp were 10.04e12 and 1.22e12, correspondingly. 
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Fig.3.6: Proton total intensity loss on ramp vs total number of antiprotons Na in stores #3821-4105 (December 2004 – April, 2005). Solid red line is for linear fit dNp[%]=0.97+1.78 Na.
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Fig.3.7: Antiproton bunch intensity loss on the ramp vs antiproton vertical emittance for all bunches in stores #3711(August 5, 2004) and #3717(August 8, 2004). Dotted line represents fit dNa[%] (20((a/20)2. 
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Fig.3.8: Antiproton bunch intensity loss on the ramp vs antiproton longitudinal emittance for all bunches in stores #3711(August 5, 2004) and #3717(August 8, 2004). 
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Fig.4.1: Antiproton orbit variations along the bunch train:  

a) (top plot)  vertical antiproton bunch orbit measured by flying wires at injection energy in store #3678 (July 27, 2004); for comparison, the rms vertical betatron size of 15 (mm mrad beam at the location of the flying wire is about 1.1 mm; 
b) (middle) horizontal antiproton bunch orbit measured by synchrotron radiation monitor in collisions in store #3530 (May 23, 2004) (red squares) and calculated (green circles); for comparison, rms horizontal betatron size of 15 (mm mrad beam at the location of the monitor is equal to 0.3 mm;
c) (bottom) vertical antiproton bunch orbit measured by synchrotron radiation monitor in collisions in store #3530 (May 23, 2004) (red squares) and calculated (green circles); for comparison, rms vertical betatron size of 15 (mm mrad beam at the location of the monitor is equal to 0.5 mm.
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Fig.4.2:  The horizontal and vertical antiproton tune versus bunch number within a 12 bunch train measured by 1.7GHz Schottky monitor at T=3 hours into the store #3678 (July 27, 2004).  Data were taken over a period of three hours, starting three hours after the beginning of the store and linearly approximated to the time T=3 hours into the store. 
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Fig.4.3: Tevatron proton and antiproton tune distributions on a 2D resonance grid. Weighted average tunes for each bunch are measured by 1.7 GHz Schottky monitor in store #3678 (July 27, 2004); tunespread in each bunch is calculated for 0-6( particles taking into account measured individual bunch parameters.   
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Fig.4.4:  Time evolution of horizontal antiproton tune for the 6th and 12th bunch in the train during the store #3678 (July 27-28, 2004). 
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Fig.4.5: Antiproton chromaticities measured by 1.7 GHz Schottky monitor versus bunch number, averaged over the entire length of the store #3678  (July 27-28, 2004).  The symbol size reflects the size of the statistical error bars (assuming the chromaticities remain constant over time).
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Fig.4.6: Variation of antiproton bunch intensity loss rates at the first 2 hours of HEP stores #3610-3745 (July –August 2004) along bunch train. Only 1 of 3 trains is presented due to symmetry. Error bars reflect rms variations in stores. 
[image: image28.wmf]
[image: image29.wmf]
Fig.4.7: Antiproton emittance growth after collisions with protons are initiated in store #3554  (June 2, 2004): a) (top)  time evolution for bunches 1,6,11 and 12; b) (bottom) “scallops” - vertical emittance increase after being 15 minutes at collisions. Due to 3-fold symmetry, only the one train of bunches presented. 
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Fig.4.8:  Dependence of fast antiproton emittance blowup on antiproton tunes at the beginning of HEP stores #3130-3929 (128 stores, January 2004 to January 2005). Contour lines represent the maximum (among all bunches) emittance increase during the first ~15 minutes of collisions in the units of (mm mrad. Average betatron frequencies Qx,y  are measured by 1.7GHz Schottky monitors gated on all antiproton bunches together. 
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Fig.4.9: Non-luminous loss rate of proton bunch intensity at the beginning of store #2973 (August 22, 2003).
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Fig.4.10:  Statistics of non-luminous loss rate of proton bunch intensity at the start of stores vs vertical emittance of the correspondingly colliding antiproton bunches. Horizontal error bars show the bin size for statistics analysis. Vertical error bars represent rms rate variation for all proton bunches within the bins in stores #3821-3997 (51 stores, December 2004 –February 2005). Red line is for fit 1/(p[1/hr]=0.92/(a1.8. 
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Fig.4.11:  Non-luminous loss rate of proton bunches vs  intensity of antiproton bunches colliding with them. Horizontal error bars show the bin size. Vertical error bars represent rms rate fluctuations for all proton bunches which collided with antiproton bunch whose emittances were within the range of 12 to 13  (mm mrad  at the beginning of stores stores #3821-3997 (51 stores, December 2004 –February 2005). Red line is for the fit 1/(p[%/hr]=0.017 Na1.2. 
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Fig.5.1: Non-luminous loss rate of proton bunches #1-12 in the first 3 hours of 36x24 store  #4111 (April 25, 2005). Proton bunches #1-4 collided head-on with 27  (mm mrad emittance antiproton bunches at D0 and with 7  (mm mrad bunches at CDF. Proton bunches #5-8 collided head-on with 4 (mm mrad bunches at CDF, no collisions at D0. Proton bunches #9-12 did not collide head-on at either IP. Bunches #10-12 did not experience parasitic encounters with antiprotons at the nearest to IP parasitic interaction points, while bunch #8 had one near CDF IP. 
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Fig.5.2: Intensity loss rates of antiprotons and protons in the first 20 minutes of  store #3869 (December 20, 2004) when beam were separated by 90 microns at the main IPs due to a electrostatic HV separator error. 
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Fig.5.3:  Dependence of non-luminous loss rate of antiproton bunch intensity at the start of HEP stores vs their vertical emittances. Each point is an average loss rate for all the bunches with emittances within 1 (mm mrad bin size.  Statistical analysis as done for stores #4021-4109 (35 stores, March-April 2005). In 18 stores, all HV separator voltages were set at their nominal – see red data points. All voltages were set at 110% of their nominal values in 11 stores (blue points) and at 90% in 6 stores.  Solid lines are for fits 1/(a( (a2. 
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Fig.5.4:  Normalized proton (top plot) and antiproton(bottom) longitudinal distribution functions vs longitudinal action in store #3678 (July 27, 2004). Red circles represent distributions after half an hour since the start of the store, black squares show them 34 hours later at the very end of the store.  
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Fig. 5.5 Scan of proton and antiproton background halo rates at the CDF detectors vs horizontal and vertical tunes of protons and antiprotons. The experiment has been performed at the end of store #3972 (February 10, 2005). The tunes were measured by 1.7GHz Schottky monitor gated on all bunches in each beam. 















