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Tevatron Collider Timeline

Jul 1983

1982-1985

Oct 1985
1987-1989
1990 -1992

1992 -1993
1992 -1993
1994 -1996
1993 -1999

Tevatron SC synchrotron commissioned,
reached world record 512 GeV (protons)

Antiproton source construction & commissioning,
installation of the BO low beta insertion magnets

First 1.6 TeV c.o.m. p-pbar collisions in CDF
Collider Run at 1.8TeV c.0.m., magnet leads fix

HV separators installed, new low beta insertions
at DO and BO interaction regions

Collider Run la at 1.8 TeV c.o0.m.,both CDF & DO
400 MeV Linac construction and commissioning
Collider Run Ib, top quark discovery

Main Injector construction and commissioning

Mar 2001-(?) Collider Run 1l, 1.96 TeV c.o.m.

2= Fermilab
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FermilabTevatron Accelerator With Main Injector
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Technology: 4.5T SC Magnets
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Tevatron Magnets

NIS IS not Tevatron

:m/,anis_oLMaln Ring

This is the Tevatron!

C=6.28km; ~800 SC magnets (4d+q) @ 4.2 K,
Ay E_max/inj=980/150GeV, small size, quench protection



INTERNATIONAL HISTORIC
IECHANICAL ENGINEERING LANDMARK

CRYOGENIC COOLING SYSTEM

OF THE

RMILAB TEVATRON ACCELERATOR

1983

' IN SERVICE, THIS WAS THE LARGEST VERY ~LOW-TEMPERATURE
(1C) COOLING SYSTEM EVER BUILT,WITH A CAPACITY OF 23.2 kW AT 5K
O 7F) PLUS 1,000 LITERS (264 GALLONS) PER HOUR OF LIGUID HELIUM.
INS THE COILS OF THE MAGNETS.WHICH BEND AND FOCUS THE PARTICLE
‘ VPERCONDUCTING STATE (ZERO ELECTRICAL RESISTANCE). POWER
MPTION IS ONE-THIRD WHAT IT WOULD BE AT NORMAL TEMPERATURES.
ATIONS ARE INCLUDED IN THE SYSTEM, WHICH HAS BEEN A MODEL FOR
tMS WORLOWIDE

\MERICAN SOCIETY OF MECHANICAL ENGINEERS --1993




Technology: Permanent Magnets

4 45

Sr-Fe + iron poles
) B_max=1.45T
combined function
T-compensation i |
dB/B~0.01%
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Recycler ng

= E_kin=8 GeV fixed
= Shares tunnel with
150 GeV fast
cycling Main
& Injector
- C=3.32km
Wl - = 344 Permanent
~ magnets (344,
Sake 1.45T, Sr-Fe
e § combined function)
Malnr g = Stores and cools
Injector == | &g  antiprotons
. » g = Build by the US
Jackson Bl Foster Congre);sman
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“Plumbing”: Magnet Leads

Current leads moving during ramps
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“Plumbing”: Alignment

Example of the Tevatron magnet allgnment (not common, but)

survey and reset nﬁjor offenders
m and <2mra§;l
every mT Ute orblt sta,brlzatlon to <20 microns
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“Plumbing”: Zebra Mussels

January 2000

f"Zebr'u Mus/s;éfl' Distrifilition

memO0.gif



“Plumbing”: Anecdotal Tape

Cryo-vacuum leak thru rubber O-ring

# Fermilab CERN John Adams Lecture — Shiltsev - December 13, 2010
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Healthy Life Recipe Modern Collider

2 Fermilab

Daily Beverage BEAM--E{EAM
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e\ — — — — — — — { Analysis
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Beam Physics: Stochastic Cooling

A

Recycler

Pbar Accumglator
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Physics: Electron Cooling




=2 /}éé?féﬁ% 4.4 MeV x
720 mA (max)
A Pelletron — = 3.2 MW G
] (VanDerGraaf) DC beam power
recirculation

20 +20 meters
100 G B-field

S.Nagaitsey, et al.



Electron Cooling of Antiprotons

Barrier-bucket bunched.
Bunch length 1.7-us

Tr. emittance (95%.n) kept at 4-p1 mm-mre
Electron beam current: 200 mA

\\ Traces are 15 min apart

In cooling time for

Tl VM smalt-amptitude particles

JZEIRN

-0.002 -0.001 0 0.001 0.002

Fract. momentum spread S.Nagaitsey, et al.
2005

Dist. function (arb. units)
=
\3
N
3 3




Physics: “Slip-Stacking”
The technigue to double single bunch intensity
for antiproton production

Booster batch 1

© ® Booster Batch 2

t

RF Bucket 1

RF Bucket 2

Final RF Bucket

RF Phase Space Cartoon F.Mills (BNL, 1971)



Slip-Stacking in Main Injector

4.1e12+4.1el12 =8.2 el2 protons on target per 2.2 s Ml cycle
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Also used for S|multaneous generatlon
of >30e12 protons on neutrino target

Requires sophisticated FB system
Timer ths MI RTDF2A:



Physics: “RF Barrier Bucket”

To manipulate with pbars in Recycler: create bunch structures,C %thct
.bna

Broad band ~1kV RF, ferrite loaded
J.Griffin, FNAL 1983

RF
Voltage

Ty

v ]

Pbar
Beam

[ TR E ——————— - current
s T T TS T T |*"- \ S0.0mve GhE 10 omve: M2.00us A EXt 7 24BmV
i i 17 jun 2007
' . . 1 1040 % 21116:5%
i 74 I Longitudinal momentum mining
. &'Beam Particle iIn the Recycler to generate
: RS AaAaAAnAS y/ constant emittance, constant
_j;__@ - o 1, ., % intensity pbar bunches for the
2 2 2 < Tevatron shots (since 2004)
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Physics: Electron Lenses

~4 mm dia 2 m long in 3T solenoid beam of.. AV

~1A electrons (~10*%) can turn on/off jr:~

Proton path Bending coils

- —
Anode f%ﬂ (‘36\6 pe— .‘R
/2> o(\g e
Vi y 5“ ____ 269m

Collector solenoid

Collector
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Tevatron Electron Lens

To TELS installed In the Tevatron

s, ||\ /A | ek
5 X /s { /]
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Beam-Beam Compensation

In Tevatron operation - TELs compensated of long range BB effects

1

2D e-beam profil

TEL-2
Electron Beam

Proton Beam
lo, 20, 36

Antiproton Beam
lo, 20, 30

=
C‘Oprecz J 6

—t 75Tt rrr T
4 3-2-10123 45 6
o ] X, mm
2F Ferm“ab CERN John Adams Lecture — Shiltsev - December 13, 2010 27



TEL2 on One “Bad” Bunch (P12)

236
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NN
|

oton bunch intensity (109)
o
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T, =8.75£0.1 hr

2% Fermilab

- T : : T - 0.35
bunch 24 ML LT T T AT
v, =8.66 0.1 hr TEL current readback | 0.30
R _ N DA< $
e, When TEL off.
tounch 12 it r, =10.0£0.1 hr bunches #12 and #24

have same lifetime of

- 8.7 hrshrs=11%/hr loss

)

L J o T)

= Az

T =17.430.1 hr * SORERE. . 0.10 S

) o .. oW
X 0.05
T - - 0.00

, .
10 15 20
ime in collisions (min)

V.Shiltsev (FNAL) - EPAC'08
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VERTICAL POSITION / o

Physics: Hollow Electron Beam

HORIZONTAL POSITION / o __ L
6 -4 2 0 2 4 6 No EM field inside
| | | | | | | . o
Strong field outside
" HOLLOW ELECTRON BEAM
1 — FELECTRIC FIELD STRENGTH
4 === CHARGE DENSITY
- :
0= i Z
vl 2 0
-2 - S 1. # i
® o -{( 2 .:’Q- '-,';: <
- .ﬁ BEAM CORE Pk e
4.5 RS -i:-;‘-.-fr'-'.'-‘fr
R R T
—6 — V. o
V.Shiltsev, FNAL 2006 | '
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Collimation by Hollow e-Beam

Bunch density 1

/

Primary

9 sigma

Electron
Lens

AN

Secondary
10 sigma

""":--...:_

P
P
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>

Bunch Radius



Tevatron HEB-Collimator

To explore advantages:

» Kicks are small but not random

» Halo diffusion enhancement
(“smooth” scraper)

» Resonant excitation is possible
(pulsed e-beam)

» No material damage
» NO ion breakup
» Low impedance

» Position control by magnetic field (no
motors or bellows)

» Established e-lens technology

# Fermilab CERN John Adams Lecture — Shiltsev - Dec




Hollow eBeam in Tev Store

Yertical displacement (mm)

G.Stancatri

-1.0 0.5 0.0 05 1.0 Presented Is
A.Valishev | | | | '
14 TEL2 hollow electron beam scan on bunch A13 RATIO Of decay
Oct.2010 F Tevatron Store 8171 (13 Oct 2010) rates Wlth

B Intensity decay rate (bunch A13) TE L On/TEL Oﬂ:

B Luminosity decay rate (DO, bunches P1/A13)

Reference rates: TEL2 off, before scan

B 0035(2) h' B 0.089(2) h™ |ntenSity
losses are UP

Luminosity
INTACT!!

L
O1
|

Rdlative decay rate (TEL2 on) / (TEL2 off)

That IS
collimation!

10 32

1.0 ---- ﬁ'l' 5=

20 25

#
)

T:L2C4 vertical corrector settings (kG mm)



Accelerator Science & Social “Stir”
29 PhD Theses in the Accelerator Physics

made at the Tevatmn Smce 1987

Over the past decade, some 140 operators worked in the MCR
33 of them moved to Machine Departments (charged with

maintenance, operation & upgrades of 9 accelerators, beamlines)
Many of them got advanced degrees (MSc, PhD)
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Tevatron Collider as a Melting Pot

Sociology of the Collider Run Il Team
Accelerator Physicists at FNAL
>=114

het

Fe

Trained Abroad
36

from HEP
24

7
US Trained

47 were at the lab
since before 1996

34



Tevatron Performance
As of Dec’2010: 9.4 fb! total; about 2.4 fb! /year; 60+ pb! /week

Collider Run Il Integrated Luminosity

80.00 10000.00

- 8000.00
60.00 -

&
=
o
o
o

40.00

i~ 4000.00

1 [ il
20.00 ,ij‘ ”III'

0.00 ettt HIHIHI I HW' M Pl”l m

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
(Week 1 starts 03/05/01)

Run Integrated Luminosity (pb-

Weekly Integrated Luminosity (pb)

N eekly Integrated Luminosity - Run Integrated Luminosity




Lesson: Expectation Management

The road to superb Collider performance was not smooth: during
the first 2 years of Run Il we were way below the 2001 plan

Value
l Expected Value
D divered Gap
Value
FT ime

* Expectations are a primary measure of your success’

JE 2
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Run II Lumin

500

[a—
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Tevatron Peak Luminosity , 10" cm™s
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Run II Luminosity Progress

——

19|Inq JaA|IS, ou ‘sda)s Q¢ swoSs

Improvement Luminosity
Increase
Pbar injection line AA - MI optics 12/2001 | 25%
Tevatron quenches on abort stopped by TEL-1 02/2002 | 0%, rehiability
Pbar loss at Tevatron squeeze step 13 fixed 042002 40%
New Tevatron injection helix 052002 | 15%
New AA lattice reduces IBS, emittances 072002 | 40%
Tevatron 1memon lines tuned up (BLT) 09,2002 | 10%
Pbar coalescing improved in MI 102002 | 5%
Tevatron CO Lambertson magnets removed 022003 15%
‘Tevatron sextupoles tuned’ SEMs taken out of pbar lines | 06:2003 | 10%
New Tevatron helix on ramp, losses reduced 08/2003 | 2%
Tevatron magnets reshimming & realignment 122003 10%
MI dampers operations’ store length increased 02:2004 ' 30%
2.5MHz AA - MI transfer improved/Cool shots 042004 | 8%
‘Reduction of B* to 35 cm | 052004 20%
Antiprotons shots from both RR and AA 072004 8%
RR e-cooling operational 01-07/2005 | ~25%
Slip Stacking in M1 032005 ~20%
Tevatron octupoles optimized at 150 GeV 042005 | ~5%
Reduction of of f* 1o 28 cm 092005 ~10 %
“Pbar production task force™ 022006 | ~10 %
Tevatron 150 GeV heliximproved, more protons 062006 | ~10 %
Tev collision helix improved. better lifetime 072006 ~15 %
New RR WP, smaller pbar emittances 072006 | ~25 %
Fast transfers AARR (60> 15min) 122006 | ~15%
New Pbar target’higher gradient 012007 ~10%
Tevatron se\tupoles for new WP (2007?) | ~ 10(7)%
Tevatron zero 2™ order ghromauulv | 2008 5%
Shot-setup time reduction'multi-bunch proton injection | 2008-09 | ~5%7?
Scraping protons in MI 2008 | ~10%?
Pbar size dilution at collisions/B0 aperture increased 2008 597
Booster proton emittances reduced /P.A llines tuneup Apr2010 | 10%?

9Sealoul

Alsouiwin| O Jo 101de} [[elan0

w
(00)



Tevatron Exponential Progress

....that makes an average ~12.5% increase per step

Gain after 8 steps (1+0.125)° ~ e
after 16 steps (1+0.125)*° ~ e*, etc.

So, due to regular improvements the evolution was

L(after timeT) =L, xexp(T /C)
C (Complexity) = time [years] to e-fold

Jt H
aE Fermllab CERN Academic Training Programme — Tevatron: Lessons 39



Tevatron Run II ¢

Complexity”

) 500 | | ! | | ) | | | I
=
Q
=
e
E-: 100 L _“Just Operations™
.8 i Phase
K= L Startup
50
§ L phase
— ~..,  Progress, Developments
i WC=0.T ¥
5 i - and Upgrades
-
— phase
=
= 10 s -
-
[P
= 0
5 f 1 1 1 1 | | 1 | |
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010



Machine “Complex1ty” Table

Machine Design L Ty dT, yr L; Ce
APS (ANL) 0.5 []' 0
MI (FNAL) 0.6 0 0
CESR, 1986-88 Run 01/1988 |1 83 20 0.7 | 1
1990-92 Run 03/1992 | 1.33 250 50 08 |1
1996-99 Run 02/1999 | 3 750 250 || 2.7 |1
2000-01 Run 06/2001 |1 1500 550 || 1.0 |1
PEP-1II 1999-2001 3000 01/2001 | 1.5 300 3000 0.7 | 1
2002-04 3000 06/2004 | 1.5 8200 44001 2.4 | 1
KEK-B 10000 06/2003 | 2.5 10400 | 2000 1.5 |1
DAFNE 100 01/2005 |5 143 S 1.5 |1
LEP 45 GeV 16 1995 3 33 11 2.7 11
90 GeV 27 1998 2 102 34 1.8 |1
SL.C 6 1998 S 3 0.3 2.2 |3
ISR I 1975 3 32 5 1.6 | 3
ISR I1 1982 6 140 35 4.3 |2
SppS 1 1990 7 5.5 0.18 || 2.0 | 2
HERA 1 16 06/2000 |5 18 4 3.6 |2
Upgrade 75 07/2005 14.5 51 11 29 |2
Tevatron Run Ib 15 09/1995 | 0.8 25 10 09 |2
Run Ila 200 11/2006 | 4.0 232 25 2.1 |2
RHIC 32, n-pair | 2004 3 58 15 2.2 |2




“CPT Theorem for Accelerators?”

CxP=T

C = Complexity of the machine

P = Performance (or Challenge)

= N (Luminosity Increase)

T= Tlme to reach P
#Fermilab CERN Academic Training Programme — Tevatron: Les 42
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CPT at LHC

< 10000 LHC demgn |

E 1000 e Tevatron luminosity record

Y
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Computations Speed

Performance

100PFlops
10 PFlops
1 PFlops
100 TFlops
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1 TFlops
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10 GFlops
1 GFlops

100 MFlops

Performance Development
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Physics Highlight: Higgs Search

ICHEP2010 Tevatron Run II Prehmmarv, AL>=59fb"

) l 1 ! l [ ! l | ' : ! ' | ' ! l ' '

% LFP F\clusmn Tevatron
=10 | e e Exclusion |
- = FyEFT C('te o
E | s — ey | e
) BN tlc Expected |
120 Expected
—
-
N
Y¢
=)

SM=1

(———1 e\ atron E \cluswn | ~ July 19,2010

100 110 120 130 140 150 160 170 180 190 200
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Tevatron Run Extension 22014

Luminosity Delivered/Analyzed : 12/10->20/16 fb!

Tevatron Projection

:‘Eu -IIII|IIII|IIIIIIIIIIIIII|IIII|IIIIIIIII|I IIIIIII
ﬁ - = Luminosity for 3¢ Higgs Significance

: [ 16
<3

E15 —

E |

= 1017
- 10
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> i/ y

s | 6 b

< 3
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Key is the 60%

{1 increase in lumino-
1 sity + continually

Improving analysis

techniques

| Strongly

recommended by

1 PAC, endorsed by
{ HEPAP P5

1 Required funding
{ of 35 M$/yr x 3 yrs
el _1....]is not secured yet
u1£l|] 110 120 130 140 150 160 170 180 190 200

Higgs Mass (GeV/c?)
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Summary

= The Tevatron Collider has worked extremely well

for 25 years and is still working well.

= The Collider has greatly advanced accelerator

technology and beam physics

= |t has enabled CDF and DO to discover the top

guark and observe important features of th
standard model for the first time.

e

= By the end of 2011 it will have delivered about 12

fb-1 to each detector. 3 extra years will ma
least one more important discovery possib

Ke at
€.

= |ts success Is a great tribute to the Fermila

# Fermilab CERN John Adams Lecture — Shiltsev - December 13, 2010

0 staff

47



Thanks for your

qttention!
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