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September 1998 - Main Injector commissioning begins
May 2000 — first attempts to unstack Pbars from the Accumulator

June 2000 — pbars extracted from Accumulator, accelerated to 150
GeV inthe Main Injector

August 2000 - 980 GeV protons in the Tevatron reestablished
August 2000 — Poars in the Tevatron

October 2000 — 36 x 36 collisions achieved at 980 GeV
March 2001 - Run |1 officially begins

August 2002 - Initial luminosity 2.6 x 1031 cm?s?t
exceeds best of Run |

September 2002
3.015 x 103! cm2stinitial luminosity achieved
80 pb! integrated since Run Il began
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RUN Ib (1993-95) Runlla Current best
6X6 (36 x 36)

Protons/bunch 2.3 X 10" 2.7 2.1
Antiprotons/bunch 0.55 x 10 0.3 0.17
Total Antiprotons 3.3x 101 11 6.1
Pbar Production Rate 6.0 x 10'%hour 20 12.4
Proton Emittance 23rtmm-mrad 201 20m
Antiproton Emittance 13t mm-mrad 15m 201t

3* 35cm 35 35
Energy 900 GeV 1000 980
Bunch Length (rms) 0.60 meter 0.37 ~0.60
Crossing Angle O prad 0 0
Typical Luminosity 1.6 x 103 cm?st 8.6 3.0

best-to-date

Integrated Luminosity 3.2 pbt/week 17.3 4.3
Bunch spacing ~3500 nsec 396 396
Interactions/Crossing 25 2.3 2.3
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Run lladesign Current best Missing factor
Antiproton Stacking Rate 18 x 10%*%/hour 12.4 1.45
Maximum Antiproton Stack 16.5 x 101! 19.0 -
Total Antiprotons 11 x 101 6.1 1.8
Accumulator to Tevatron 80% 55 2
transmission 40 typical
Antiprotons/bunch at low 3 0.33x 10t 0.17 1.9
Protons/bunch at low 3 2.70 x 101! 2.11 1.28
Emittance at low [3 17.5 Temm-mrad 2511 1.43
Peak Luminosity 8.6 x 103 cm? st 3.01 2.85
Integrated Luminosity 17.3 pbt/week 4.8 3.6
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Performance — Peak Luminosity
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Collider Run lIA Peak Luminosity

Improved Tevatron

2. 00E +31 Injection-closure— 3.00E+31
Accumulator v
Shot Lattice i .
2 SDE+3 . N 2 S0E+31
Core Cooling & a
Upgrade “Y
\ NG A §
2 D0E+31 _ & h 200E+31 @
=y Helix aa . ‘;,h 5
(] "i & =
2 Improvements ‘-:: A a g
— &
E 1506431 — s 150E+31 8§
E N l *N " 4 E
o Improved /Pl S S 5
o Acc to Ml . s & # -
o 1 I L nla \ . " L # 1 -E
DOE+3 peamimematcn 1.00E+3 @
Shutdown/ o
* Recoery
5.00E+30 i 5.00E+30
Recovery * a Recoveryt
&
A
0.00E+HID H T gr l!'r L T T T T T T T T T T T T T 0.00E+0D
= & & & 2 & &8 &8 & & € &€ 8 8 & & 8 L
= = = = = = = = = = =2 = = = = = = =
g 85 # 5 8 g € £ 8 5 8 88 2484 @€ 5 &8 3
Date

4 Peak Luminosity « Peak Lum 20X Average

1 17595 YA\

ol PP B

09123102



= ==

Tevatron Run Il Integrated Luminosity
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Luminosity improvements have come from
Tevatron Helix adjustments

Antiproton emittance reduction
Upgraded Accumulator Core Cooling
Accumulator Lattice

Tevatron Injection closure

Countless work on all parts of the Tevatron complex
Proton and antiproton coalescing in the Main Injector
Radiofrequency feed-forward compensation
Kicker timing
| nstrumentation improvements
to name but afew...
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Significant Improvements were made by
modifying the original helix
low [3 squeeze efficiency went from 75% to 97%
able to increase proton intensity by 80%
helix size currently limited by physical aperture



=S B

Normalized separations at
all possible collision
points during the “old”
Step 13 - Step 14
collision cog

With beams separated
a 1.80, a~20% beam
|oss occurred ;

With beams separated -
at 2.70 with new
helices, beam loss s
removed
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At onset of Run I, the horizontal emittance of atypical 100 x101° antiproton stack was about a
factor of 2 larger than the Run Il design value
Horizontal emittance growth caused by

Intra-beam scattering (60%)

Trapped ions (40%)
The intra-beam scattering (IBS) heating of the beam worse for Run |1 than it wasin Run | dueto
changesin 3 functions that were the result of the Accumulator L attice Upgrade

The Accumulator lattice was changed to handle the anticipated factor of 3 increase in pbar flux
due to the Main Injector Project.

Cooling Bandwidth increased Slip factor changed by
2X lattice to keep cooling
system stable
> = W2 d
Stack Rate CD F
min
fopIN( F
max

N change caused 2.5x larger IBS heating term than for Run |
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Core Emittance vs. Stack Size

3.0 T T T
y =0.0170x + 0.0936
e o + 300 Wi
*
2.5 1y =0.0029x + 0.1917 s V9 M H
| | | / * V300 MHz
- 1% 2 Run1b H
—_ 20 y =0.0072x - 0.0538 + Run b V ]
< ' ' . 5 Line ar {H 300 MHz)
S y = 0.0011x + 0.0951 7 * — Linear {V 300 MHz)
g I —— Linear {Run 1hb H)
S 15 Linear {Run 1h V) |
»
g a
w 1.0 ¢HH L
£ 1 q g
K'D i L M—;{{; L] %KJTH
05 o 3 T
74 : ki : *-ﬁ el [ T
& A 4 I-:-H- T ! i
00 M4+
0 20 40 60 80 100 120 140 160 180 200 220 240

Stack Size (mA)

YN S o ik e o YN\ l el PR T [ 1 17595 YA\



=>F <

Novel two-fold plan devel oped to reduce the transverse emittance:

Better transverse stochastic cooling of the Accumulator core.
Bandwidth increased by afactor of 2
Center frequency of the band increased by afactor of 1.5

Dual lattice operation mode of the Accumulator
Keep the “stacking” lattice (n=0.012) for pbar production

During shot setup, ramp the lattice with the beam at the core orbit to the

(n=0.022)
Intra-beam scattering heating reduced by a factor of 2.5

‘shot” lattice

Cooling rate increased by afactor of two due to increase in mixing due to the changeinn

lons IBS
Center
;/ freq. & %
5
e Heat  Sou o| foo oy |5 5oV 04¥00 )5,
3 £ T Heat 0.6
. c/2 new OO0l ey new / 04+ —
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Improved Core Cooling installed during June 2002
shutdown

Planar loops replaced with slotted waveguide arraysin 3
bands per plane

From 2-4, 4-6 GHz

To4.4—7.6 GHz

Higher Bandwidth
Better signal to noise
Emittance reduction realized



Accumuliator Core Cooling Upgraade
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*Shot Lattice' designed and
commissioned

Ramps between the stacking
|attice and the shot |attice
commissioned

100% efficient in beam
Intensity and beam size.

Further reduction in transverse
emittance has been realized

Currently requires dumping
remaining stack after Tevatron
storeisloaded

Future work to build rampsto
preserve remaining stack



Factor of 2-3
reduction in
antiproton transverse
emittance

Reduction propagated
into Main Injector

Trandated into an
Increase in Pbarsin
the Tevatron at
collision

Marginal decreasein
Tevatron emittance

Possible to make use
of larger stacks
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Accumulator Core Emittance

w
o

25 A
K
b ¢
gézo A 4
A A

S £ Ay
S .- c AAg 4
& A A AA ‘“e
D)
> 3 “ & * o
5 8 10 .0
S B ® Y 4 4
< ¢ ..A
] "%;.

5

0

50 70

110 130 150 170 190

Stack Size (E10 pbars)

90

A Average Core Emittance

@ Core Emittance since Core cooling upgrade

¢ Core Emittance with 'Shot Lattice'

~r




= f =

Reduction of antiproton injection oscillations into
the Tevatron has met with success
Turn-by-turn position detectors in both planes
All four bunches sampled for 64 turns
Algorithm/application to correct
150 GeV emittance reduced by 4t mm-mrad (18%)



levatron injection closure
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Pbar Emittance Stores 1679-1749

B Accumulator B.056975440317764 B MI 8 GeV 8.436805411121963 M MI 150 GeV 8.47558207157653

Tev 150 GeV 22 20500888%68958 1 Tev B80 GeV 20.868882826632923 M Tev 980 GeV Sync Light 9.419352 FE2E69853

Prior to Injection oscillation correction
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levatron injection closure
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Fbar Emrl:tanr.:e Stores 1750-1787

W Accumulator 5.865274878589923 M M| 8 GeV B.598186631169584 M M| 150 GeV 8.099263541293403
Tev 150 GeW 17.655156760745577 1 Tewv 980 GeV 19.3696810369039%8 M Tev 980 GeV Sync Light 6.591656641824711
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Antiproton source and Main Injector are close to
meeting Run Il goals.

Protons
Intensity/bunch >250 E9/bunch injected into the Tevatron
Emittances routinely 20mmm-mrad at 150 GeV leaving the M
Longitudinal emittance remains questionable

Antiprotons;
Intensity/bunch as high as 30 E9/bunch after M1 coalescing

Emittances routinely less than 10t mm-mrad leaving the Ml
80% or more of stack used
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Recent Proton
Performance

Transmission
from MI at 150
GeV to
Tevatron at 980
GeV collisions
Initial intensity
10000 E9

70% efficiency
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Beam-beam effects
Proton intensity effect
Emittance and aperture effects
Tune, K, CV,H, orbit effects
Lifetimein collisions

Instabilities
Coherent transverse and longitudinal
Incoherent transverse and longitudinal

Detector background
L osses due to vacuum and DC beam
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|ssue Solution | mpact on Luminosity Schedule
Increased Proton Intensity Transverse Dampers 30%toL, Horizontal commissioning
in progress, vertical to
follow (this month)
Improve injection aperture Improved MI to Tevatron 6%toL, Matching in progress
and emittance growth transfer line match
Improve injection aperture | Turn-by-turn position 6%toL, Pbar system in operation

and emittance growth

diagnostics and orbit
closure algorithm

Improve injection aperture Fast injection dampers 5-10%to L, Early 2003
and emittance growth
Limited aperture and Replace CO Lambertson 10%to L, Next extended shutdown
separation at 150 GeV magnets with larger
aperture dipoles (double the
vertical aperture)
Limited aperture and Improved optics across AO 5-10%toL, Early 2003

separation at 150 GeV

straight section

Time-dependent tune and
coupling drift at 150 GeV

Tune drift compensation

2-5% on integrated L

Put into operation last week
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Horizontal damper off Horizontal damper on
Coherence in tunes Horizontal tune flattened
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Issue Solution Impact on Luminosity Schedule

Drifting tunes during store On-line tune stabilization 4-10% in integrated Long-term
Luminosity

Low lifetime —restore to Explore larger helix 10-30% in integrated Long-term

Run | values (>15 hours) separation Luminosity

Low lifetime —restore to Optimize tunes for most up to 30% in integrated Long-term

Run | values (>15 hours) bunches Luminosity

Pbar tune shift by protons Beam-beam compensation 10% in integrated Long-term

with electron lens

Luminosity
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|ssue Solution | mpact on Luminosity Schedule
Coherent transverse beam Transverse dampers, see above Damper commissioning in
blow-up at all beam additional investigation progress

energies

Coherent longitudinal
bunch by bunch beam blow-

Longitudinal bunch-bunch
dampers, additional

better understanding

Longitudinal damper in
operation at 150 and 980

up investigation GeV
Coherent ‘dancing bunches | Observed, under study better understanding December 2002
Incoherent bunch length Observed, under study better understanding early 2003

growth
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Solution

Impact on Luminosity

Schedule

DC beam in abort gap

Clearing with Tevatron
Electron lens

In operation

Intensity-dependent |osses

Replace outgassing ferrite

completed during previous

at CDF material in wall current extended shutdown
monitor
Luminosity lifetime Improve Tevatron vacuum 10% in integrated 2003 as shutdowns permit

by afactor of 2

Luminosity
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n current configuration, the maximum achievable
uminosity is~10 x 10%1 cmst

Recycler is hecessary for further luminosity
upgrades

Commissioning continues in parallel with Collider
operation

Pbars stacked and cooled
Integration into Collider operation in 2003
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Pbarsto

Recycler via

Main Injector
63%
transmission
Lifetime
~100 hours
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~70% of stores ended intentionally

Average store length is 14.87 hours

Of stores ended intentionally, average length is 17.3 hours
Of storeslost, average length is 9.5 hours

Most stores ended unintentionally are due to afailure
assoclated to operating a superconducting accel erator
(44%)

Quench Protection

Refrigeration
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Collider Operation

40 hours of Collider improvement studies every other week
Parasitic

Machine development in all accelerators

Recycler commissioning

MiniBooNe

Switchyard 120

Interruptions for repairs as necessary

No scheduled extended shutdowns until at least January
2003
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Current peak Luminosity is 3.01 x 10%! cm?s?t
Integrated Luminosity has reached 4.8 pbt/week

The Tevatron Collider is operating at least as well as Run | peak
performance

Luminosity improvement has been slower than hoped for, but the slope
IS positive

Injectors are providing the necessary beamsfor L, = 6 x 103 cm?s
Much effort has already spent to achieve current level of performance

Tevatron major issues are
Injection aperture and lifetime
Beam-beam effects
Instabilities
|dentification and mitigation of luminosity impediments continues
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Summary of work by Fermilab Beams Division

Assistance from every part of the lab, including CDF & DO
collaborators

Grateful for outside help



