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The Fermilab accelerator complex has delivered >325pb-1 since the beginning of Fermilab Run 2 to both CDF and D0 experiments. The initial luminosity for stores is routinely >40e30cm-2s-1. The status of the accelerators used for Run 2 and the plans for upgrading the luminosity are presented.
1. Fermilab Run 2 Status 

1.1. Changes from Fermilab Run 1
The main change from Fermilab Run 1 of the accelerator complex has been the replacement of the Main Ring with the Main Injector.  The Main Ring was physically above the Tevatron with bypasses at the interaction points; however, the Main Ring still went through the D0 detector.  The removal of the Main Ring eliminated the backgrounds associated with proton beam needed for antiproton production.  The Main Injector is capable of providing more intense beam for the Tevatron and antiproton production during Fermilab Run 2. In addition, the operation of the Main Injector allows for simultaneous running of the Fermilab neutrino and switchyard fixed target program. The Main Injector was commissioned in 1998.

Operationally, Fermilab Run 1 beams were 6 bunches of proton and 6 bunches of antiproton. A six fold increase of the number of bunches are in use for Fermilab Run 2.  The number of protons per bunch has increased  ~15%; the overall amount of protons has increased seven fold.  The total number of antiprotons has increased by a factor of two.  The Tevatron energy for collisions has been increased from 900GeV to 980GeV.
1.2. Status

The integrated luminosity per week has been what was projected. However, the initial store luminosity has been lower than projected.  The number of store hours has been better than anticipated and has allowed the accumulation of integrated luminosity.
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Figure 1.  The weekly integrated luminosity is the bar chart and total integrated luminosity is the connected points.

Fermilab Run 2 officially started in March 2001. In the 2.5 years since the start of Run 2, the Fermilab accelerator complex has delivered >325pb-1 to each collider experiment. Figure 1 shows the weekly and overall integrated luminosity for Run 2. The best week to date is ~10pb-1 and is a factor of three better than the best achieved during Fermilab Run 1. The gaps are due to scheduled shutdowns. 
The best initial luminosity to date has been almost 50e30cm-2s-1 which is a factor of three better than the best from Fermilab Run 1. Figure 2 shows the initial store luminosity for Run 2.  Just before the current scheduled shutdown, the initial store luminosity was consistently above 40e30cm-2s-1. Also shown in Figure 2 is the running average for 20 stores. 
The amount of beam available at collisions has limited the initial store luminosity.  The amount of antiprotons could be increased via improvements in the stacking rate and the Tevatron performance. 
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Figure 2.  The initial store luminosity is shown with a running average of 20 stores.
1.2.1. 
Particles to collisions
The initial luminosity has been affected by the number of particles at collisions. The overall transmission of protons (or antiprotons) is made up of several steps which are each 90% efficient. Improving each step to 95% efficiency will increase the initial luminosity 10% to 15%. 
In addition, the number of antiprotons available for transfer from the Antiproton Accumulator should be increased. This will be achieved by increasing the antiproton stacking rate.  The Antiproton Debuncher Ring’s cooling systems need to be optimized; in particular, the momentum width should be reduced for each pulse of newly created batch of antiprotons. Ideally, these batches are created every two seconds and transferred to the Antiproton Accumulator where an RF system moves the beam from the injection orbit to a deposition orbit. A stack-tail system moves the new batch from the deposition orbit and pushes the antiprotons towards the core orbit; this is momentum stacking.  The rate of new batches is dependent upon the momentum width of the injected beam (how long to clear the deposition orbit area) and the amount of beam in the core. The accumulated beam is essentially a noise source for the stack-tail system; the repetition rate is decreased as the accumulated beam on the core orbit increases (up to five seconds between injected batches). Decreasing the injected beam width from the Antiproton Debuncher will allow the stack-tail system to clear away a smaller area faster which allows for increasing the overall repetition rate. 

1.2.2. 
Tevatron
The Tevatron performance has not been optimal. Problems that have been identified are stability, coupling of the transverse planes and limited orbit control.
A Lambertson magnet has two close together vacuum chambers where one is in a field free region. Lambertson magnets are used in storage rings in areas of injection and extraction. In January 2003, a Lambertson magnet that was associated with a decommissioned abort dump was removed from the Tevarton ring. The main purpose for removing the Lambertson was to open up the aperture by using a larger beam pipe than the field region vacuum chamber.
 The Lambertson was also a major source of machine impedance. Large impedance allows feedback to the beam due to the image charge associated with the vacuum chamber walls. This type of feedback can lead to beam instability. The removal of Lambertson in January has increased the stability threshold of the Tevatron and has allowed more protons to be injected and ramped in the Tevatron.
There remain several Tevatron Lambertson magnets associated with the proton and antiproton injection beam lines. During the fall 2003 shutdown vacuum chamber liners which have the characteristics of high electrical conductivity and high thermal conductivity. These liners are slotted and are intended to decrease the machine impedance more and, hence, increase the stability threshold.
Coupling of the transverse planes can be reduced/eliminated by using skew quad circuits. The Tevatron skew quad circuits are running at maximum and do not eliminate the coupling between planes. A recent beam study was turning off the skew quad circuit and perturbing the beam in the horizontal plane. Within about two turns the entire motion was vertical. There was no obvious cause of coupling; it appeared that there was a small amount of coupling everywhere. It has been determined that the collared coils have moved within the dipole iron yokes. The rigid supports require a non-thermally conductive piece to hold the cold collared coil in place. These particular pieces appear to have compressed at each of the nine stations of four supports per dipole. During the fall 2003 shutdown, the dipoles in the collision hall sectors (the skew quads in these sectors were removed for the low beta collision regions) are having shims added to the lower supports to raise the collared coils into the center of the iron yokes. The existing skew quads will be used to compensate for the remaining dipoles; future shutdowns will include adding shims to the dipoles in the other sectors.
The vertical dipole trim correctors are running near or at there maximum currents. The cause of this has been traced to numerous dipoles being slightly rolled in the same direction; instead of only horizontal steering, the dipoles are giving small vertical kicks. During the Fall 2003 shutdown, as many rolled dipoles as possible are being leveled. 
1.3. Upgrade Plans

The Fermilab Run 2 accelerator complex plan focuses upon increasing the number of antiprotons available for collisions. Over the next three years, the weekly integrated luminosity per week is expected to increase by more than a factor of five. The plan increases the stacking rate and requires the complex to be able to handle more antiprotons. The upgrade plan is broken into two parts: increasing the stacking rate and handling the increased flux and amount of beam.
1.3.1. Creating more antiprotons

There are two projects associated with increasing the stacking rate: increase the number of antiprotons produced per unit time and increase the collection efficiency of the antiprotons. One project is to increase the number of protons that hit the target per production cycle. The other project is to increase the admittance of the beam line from the target through the Debuncher ring.
There are several smaller projects to increase the number of protons onto the target. These deal with the quality of the proton beam and stability of the intense proton beam. There is one main project to nearly double the number of protons. Slip stacking is to combine two Booster batches of protons together within the Main Injector. A single Booster batch in the Main Injector is accelerated slightly with RF system A. The second batch is injected and decelerated slightly with RF system B. The two batches have different revolution frequencies and slip with respect to each other. When the batches are lined up, RF system C (while RF systems A and B are turned off) is turned on and both batches are captured. The combined beam is then ramped and sent to the antiproton production target.
The first element downstream of the target is a lithium lens which focuses beam in both transverse planes. One goal to increase the acceptance of the beam line downstream is to increase the gradient of the lens. The lens design and fabrication procedure are being modified to increase the gradient by ~30% which should increase the collection yield by 15%. 
A bigger gain in antiproton collection efficiency is expected from increasing the admittance of the beam line from the target and the Debuncher Ring. Most of the elements have a large enough aperture. Several elements have already been identified for modification, replacement and/or relocation. Another aspect is to center the beam in the aperture by beam based alignment. The number of correcting elements is being increased in the beam line and the Debuncher Ring; the diagnostics are being upgraded as well.
1.3.2. 
Keeping more particles
To handle the increase flux of antiprotons collected, the Debuncher Ring’s cooling systems will be optimized. The Accumulator Ring’s stack-tail system will be modified to push more flux. The consequence will be a smaller core. The Accumulator will then be used to compress the phase space before transferring antiprotons every half hour to the Recycler Ring which is located in the Main Injector tunnel. The Recycler Ring is made up mostly of permanent magnets and has been slowly commissioned over the last few years. Stochastic cooling systems will not be effective enough to handle the desired amount of beam and phase space characteristics needed for the collider program. The stacking and un-stacking procedures will be done using barrier RF buckets. To prepare the antiproton phase space, electron cooling will be used. Co-moving low-emittance electron beam will interact with the antiprotons over the 20m cooling section. The main result will be momentum cooling. The Recycler Ring with electron cooling will be commissioned over the next one and half years.
The Tevatron has been performing studies to understand the beam-beam interactions. Besides the designed collision points, each beam bunch interacts with the other bunches as they pass. Since the number of protons is about a factor of ten larger than the number of antiprotons, the antiproton beam is affected more than the proton beam. The effect is for the tune, number of oscillations about the nominal closed orbit that the particles make per revolution, to increase: each proton bunch focuses each antiproton bunch a small amount. The tune spread of each antiproton bunch becomes large and can span across resonances which can cause particles to leave the accelerator.
Beam-beam interactions can be compensated for by increasing the orbits separation to reduce the effect of the near collisions by the bunches outside of the interaction regions. There are beam-beam compensation schemes being investigated. One scheme is to use electron lenses. An intense electron beam pulse is sent close to the antiproton beam, traveling in the opposite direction, for a short section to cause a small amount of un-focusing. Each electron beam pulse can be tailored for each antiproton batch. A single electron lens is present in the Tevatron for studies in one plane. In addition, it is currently used to keep the abort gap clean of particles by creating resonant conditions. A second electron lens is needed to for full beam-beam compensation.
The second scheme is currently an R&D project. Instead of using an electron beam per plane, using a series of stations with four high current wires. At each station the location and currents would be adjusted to affect both beams to perform beam-beam compensation; with the expect increase of the number of antiprotons, the protons will only be a factor of two larger. Prototype installation is expected during the 2004 shutdown period. 
1.4. Summary

The Fermilab Run 2 has been running for more than two years. The Fermilab accelerator complex has delivered more 325pb-1 to both collider experiments: greater than twice the integrated luminosity of Fermilab Run 1. Work is being done to understand and improve the Fermilab accelerators. Upgrades of the Fermilab complex will be performed over the next three years to increase the weekly integrated luminosity by a factor of five.
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