
A v Fermi National Accelerator Laboratory 

Initial Operation of the TEVA TRON Collider* 

Rolland Johnson 

Fermi National Accelerator Laboratory 
P.O. Box500 

Batavia, IL 60510 USA 

March 1987 

TM-1449 
1400.000 

*Presented at the 12th Particle Accelerator Conference, Washington, D.C., March 16 - 19, 1987 

C Operated by Universities Research Association Inc. under contract with the United States Department of Energy 



"' ..... 
I 

'° ..... 

'-' 
Cl 

4-
c 
0 
'-' 

w 
u 
u 

<( 

w 

u 

.µ 
>-

"' 0.. 

w 
_<:: 

.µ 

.µ 

"' 
-0 
w 
.µ 
c 
w 
Vl 
w 
>-

0.. 

INITIAL OPERATION OF THE TEVATRON COLLIDER 

Rolla.nd Johnson 
Fer•ilab, Batavia, IL. 80610 

The Tevatron is now the highest energy proton 
synchrotron and the only accelerator made with super­
conducting magnets. Operating since 1983 &S a fixed­
target machine at energies up to 800 CeV, it has now 
been modified to operate as a 900 GeV antiproton­
proton collider. This paper describes the initial 
operation of the machine in this mode. The new 
features of the Fermilab complex, including the anti­
proton source and the Uain Ring injector with its two 
overpasses and new rf requirements, are discussed. 
Beaa characteristics in the Tevatron (including 
lifetimes, emittances, luminosity, beam-beaa tune 
shifts, backgrounds, and low beta complications), the 
coordination of the steps in the accelerator chain, 
and the co .. issioning history are also discussed. 
Finally, some plans fer the impro•e•ent cf the 
ccllider are presented. 

Introduction 

A superconducting collider has been a dre .. for 
some time. The idea of magnets operating at full 
excitation for hours or days with a reasonable power 
bill is Yery appealing. It is very natural that the 
pioneering work of the CERN AA and SPS on antiproton­
proton colliders be extended to the TeYatron. 

I am very pleased to have the opportunity to 
describe the adventure of the Fermilab Tevatron 
Collider. I am proud to represent my very talented and 
dedicated colleagues. many of whom are now in the 
trenches, trying to perform one of the most difficult 
technological feats in the history of mankind. 

Figure 1 is a schematic of the Ferm.ilab 
accelerator complex. Some of the machines are in the 
same place they were when the lab was first built 
around 1970. That is not to say those machines are the 
same as they were then. There are now two preaccs 
which provide B- ions. The LINAC is the same, but 
there are plans to replace its last sections with 
higher frequency, higher energy cavities to provide 
the Booster with brighter beams. The 8 GeV Booster 
synchrotron bas some new bells and whistles including 
a new closed orbit measuring system and a 7t-jump 
system. The 8 GeV transfer line between the Booster 
and Kain ling was completely redesigned and rebuilt 
last year. 

The Main ling synchrotron is no longer the 500 
GeV prima.ry machine it was, but bas become the 150 GeV 
injector to the superconducting Tevatron. The Main 
Ring also has the task of providing the 120 GeV 
protons which produce pbars for the pba.r source. The 
Kain ling baa suffered aany indignities in the 
transformation to Collider physics at Ferailab. Two 
overpasses to accommodate experimental areas have aade 
it one of the trulr non-planar aachines in the world. 
Last su.aaer the T&cuum chamber wa.s aodified at about 
1000 places to reduce its longitudinal impedance, 
necessary for rf gyanas:tics needed for collider 
operation. And in all of its aany taaka it baa to 
operate in the atrar fields of the Tevatron, barely 2 
feet away. 

' Antiproton Source 

The antiproton source bas the two really new 
aacbines at Fermilab since the last Accelerator 
Conference. These two triangular 8 GeV storage rings 
are the Debuncher (outer) and Accumulator of 

antiprotons. They were first operational about 1 1/2 
reara ago when the first pbar-p collisions took place 
at Fermilab. Included in the Source is the pbar 
production target area which contains the lithium lens 
and many high radiation enTironment devices. There is 
alao a transfer line directly between the Booster and 
the Accumulator for 8 GeV proton test beaas. 
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Figure 1. Schematic of the Ferailab accelerator 
complex. The Teva~ron is 2 feet below the KR except in 
the overpass regions. Colliding beam operation and 
fixed target operation are expected to alternate every 
half year. Major detectors are at BO and DO. The 
experiment at CO shares the straight section with the 
KR and TeYatron abort systems, the one at BO shares 
the straight sections with the MR to Tevatron p and 
pbar transfer systems. There is a low p insert at BO. 
DO will have one next year. 

Tevatron Modifications 

The most notable i•provement to the Tevatron in 
the last 6 months has been the increase in maxi•um 
energy from 800 to 900 Gev. Several superconducting 
aagnets and cryogenic coaponents were changed last 
year which allowed this upgrade. While 900 GeV 
collider operation has been reliable, it is not sure 
that fixed target operation with losses from high 
intensit1 resonant extraction will be possible at this 
higher enerc. 

Some Bistorz 

The Tevatron as a Collider 

In a certain sense, the collider operation of the 
TeTatron was something of &D afterthought. When the 
TeTatron was designed, aost thoughts were of the 
details of quench protection, aagnet reproducibility, 
effects of beam. losses, and a thousand other things 
other than how to use it as a collider. It is 
fortunate that while the TeTatron was being designed 
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and built, people at CERN were developing the ideas 
and techniques needed for pbar-p colliders. In fact 
there bas been a strong collaboration, especially in 
the business of pbar accumulation, between CERN and 
Fermilab and we are grateful for the help we have 
received. 

First Attempts in the Fall of 1985 

By September of 1985 enough of the Antiproton 
Source had been completed that it seemed reasonable to 
try an engineering run to test the principles of the 
proposed collider. By mid-October a luminosity of some 
1E24 was reached for a short while, terminating the 
run with high levels of euphoria and exhaustion. At 
that point, a very long and a11bitious shutdown began. 

A Long Shutdown 

Two of the six straight sections of the Tevatron 
are available for major experiments. Both of the areas 
had to be completely rebuilt for collider operation. 
The BO area, with the Collider Detector at Ferailab 
(CDF), bad to be rebuilt with an overpass of some 21 
feet to allow the Main Ring beam to go over the 
detector. The DO region required the complete 
construction of an experimental ball. Each of these 
projects required the replacement of a significant 
anount of the tunnel and the removal and replacement 
of many magnets of the Main Ring and Tevatron. 

In the name of progress, several other projects 
also were done during the shutdown. These included a 
thousand modifications to the Main Ring vacuum chamber 
to reduce its impedance in order to prevent aicrowa•e 
instability, two new 8 GeV beaa lines (Booster to MR 
and Booster to Debuncher), a new control system for 
the Booster, and the installation of smaller collider 
experiments at the CO and BO straight sections. 

And so last fall, as the last wheelbarrows of 
debris were being removed fro• the tunnels, we began 
to discover the challenges of our newly reconditioned 
machines. This is part of the tale, of course, but the 
most interesting part of the story has to do with the 
new things that have been seen and how people are 
coping with a required increase of luminosity of 6 
orders of magnitude. 

Problems, Solutions, and More Probleas 

Roughly speaking, the reco•ery fro• the long 
shutdown was the primary concern for September, 
October, and November '86. December was primarily for 
moving the CDF detector in place. Since January of 
this year, the emphasis has been to produce the 
highest possible luminosity for CDF. In fact, this is 
really a commissioning phase. New devices are put into 
operation as they become ready (last week saw the 
commissioning of the active transverse dampers in both 
the Wain Ring and TeTatron) • Changes are aade in 
operating parameters as more is learned about pbar 
operation (tune adjustments up the raap and during the 
low P squeese have been necessary to preserve the pbar 
emittance). 

It is not really possible to do more than gi•e a 
snapshot of the activity at Ferailab. Things are 
changing quickly. Yesterday's problems are left 
behind, today's problems are crises. In the spirit of 
entertainment, I will try to describe how things have 
been going lor the last couple of weeks. 

Anti protons 

Eight GeV antiprotons 
protons striking a copper 

are produced 
target. The 

by 120 GeV 
pbars are 

focused by a lithium lens and injected into the 
Debuncher ring. RF bunch rotation is used to reduce 
the aomentua spread of the pbars. Stochastic cooling 
is used to reduce the trans•ers6 emittance of the 
pbars in the 3 seconds prior to the next injection 
cycle. At the end of the 3 seconds the partially 
cooled pbars are transferred to the Accumulator ring 
where they are rf bunched and moved to the stack tail. 
Some 6 different stochastic cooling systems are used 
to create the familiar aomentum profile while cooling 
the transverse emittances. The performance of the 
Antiproton Source will be covered in detail by Jack 
McCarthy a.nd the performance of the stochastic cooling 
systems by John Marriner later this week. 

Table I shows the present performance of the 
Source coapared to the design and to the target goals 
for this run which is scheduled to end April 20. The 
largest problea is due to the paucity of pbars coaing 
from the production target. !}lere are apparently two 
independent reasons for the discrepancy between actual 
and design yalues. One is in the assumed production 
cross section. The other is in the pbar flux. 

Table I. Pbar Source Stacking late 

stage 
llR intensity 
on target 

pbars to 
Debuncher 

pbars after 
bunch rotation 

pbars into 
Accumulator 

pbars on 
stacking orbit 

pbars in core 

cycles/hour 

stacking rate 

design 
report 

2E12 

7E7 

7E7 

7E7 

7E7 

6E7 

1800 

aissing 
factor 

leb 87 feb 87 goal 87 

1.2E12 1. 7 1.33 

1.24E7 3.4 

1.03E7 1. 2 

0.86E7 1.2 

0. 78E7 1.1 

0.67E7 1.0 

1200 1.5 

2.5 

1.1 

1.1 

1.1 

1.0 

1.5 

10.8E10 0.8E10 13.5 6.7 

Measurements using the production... target, 
CberenkoT counter, colliaators, and the Debuncber ring 
as a spectrometer show a cross section which is more 
than a factor of 2 lower than that assumed in the 
design report. The CERN AA had a similar experience 
with an entirel7 different kinematic region. There is 
not much to do about this particular aissing factor. 

Problems with the number of protons on target 
haTe to do with changes to the Wain Ring o•er the past 
7 years. When it was operating at 400 GeV for fixed 
ta.rget physics in 1980 it could accelerate over 2.5El2 
proton• per Booster batch. At present, the aaxi•um 
inten•ity is half that ~ch. It seeas the admittance 
of the machine is greatly reduced in all 3 pla.nes. 
This could be fro• the ll&DY new additions for beam 
transfers, especially sept1111 aagoets, and the new 
•ertical dispersion caused by the oYerpasses. 

Figure 2 shows the number of pbars in the 
accumulator over a one week period. Typically, the 
stacking rate is greater than 5B9/hour with a record 
of 8E9 pbars/hour. Also •een on the figure are the 
places where transfers to the collider have occurred. 
The fussy places just before the transfers are due to 
injected protons that are used to tune up the transfer 
lines. The most satiafying feature of the plot is that 

-2-



the number of pbars in the ring stayed above mero the 
entire week. The reliability of the Source has been 
quite good. 
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Figure 2. Plot of number of antiprotons stored in the 
Accumulator over a one week period. The ordinate is in 
units of 1.ElO particles. Stacking rates and Te•atron 
fills are clearly seen. 

Filling the Tevatron 

Coordination of Accelerator Systems 

A subject near and dear to my heart is the 
control program used to synchronize all of the steps 
necessary to make colliding beams happen. The 
Sequencer runs as a primary application program on any 
of the console PDP-11 computers. Figure 3 is an imaae 
of the menu for the program and is here just to show 
the steps that must be performed. 

A filling sequence really starts from the 
recovery from the last store. The •recover from low 
beta and •recover from store commands set all function 
generators a.nd timers in the Tevatron to a cyclic 
ramping mode which is much like that used for fixed 
target operation. The ramp that is used is different 
from the fixed target ramp in two important respects. 
First, it has a·much lower dE/dt because half the rf 
cavities are used for pbars and half for protons. 
Second, the ramp occurs only once per 2 minutes 
instead of once per minute. This lower dut7 factor 
seems to be a better match to the constant 150 GeV 
level that comes next so the refrigeration aystem is 
less likely to develop fluctuations when the raap goes 
D.C. 

Six ramps to goo GeV are performed before the 
•set at 150/inject protons co1111and is given. Six ramps 
is enough to verify that the beam can be accelerated 
and it also is enough to set up reasonable fields in 
the Tevatron magnets. The subject of time varying 
fields in superconducting magnets is discussed later. 

' 
After the Tevatron guide field is set at 150 GeV, 

any of the next 4 com.ands can be chosen. •test MR-Tev 
reverse injection causes beam to be transferred into 
the Tevatron where it coasts for 40 seconds before it 

is transferred back into the Ill. This operation 
repeats every 2 minutes. This backward transfer tests 
the ele•ents which will be used to inject the pbars 
into the Tevatron. This checkout and adjustment, i£ 
necessary, typically takes 20 •inutl!s . 

T48 COLLIDING BEA" SEQUENCER 
•log 

•H•lp 3/13/87 1s:e1:22 
~•••t •t 158/inJ•Ct protns 3.SSl 

• stor• thos• protons 
• test r•v inJectn Tev-f"IR 
• test r•v inJectn "R-Aco 
•s•t up pb•r inJeotion 
• inJ•ct L stor• pbars 
•r••P to fl•ttop and store 3.316 
•turn on low b•t• 19.93 
• v•ry p•r•Met•r• 
•r•cov•r fro• low b•t• 
•r•cov•r fro• stor• 3.082 
--------utiliti•s---------
••dJUSt •t lS0 G.Y 
•fr••z• squ••Z• 
•Kill I••• 
•s1:11rt YAX SDA 
•unsqueeze 
•hourly stor119e s•v•s 
•ee bunch•• 

Lo9 Entry• 

Figure 3. Control page for the Colliding Bea.m 
Sequencer. An interrupt while the cursor is below an 
asterisk causes the activity on that line to happen. 

The •test KR-Ace reverse iniection command can be 
made at any time, independent o the Tevatron energy. 
This command causes 8 GeV protons to be transferred 
from the MB. into the Accumulator and is used to check 
out and adjust the elements needed for later pbar 
transfer. During this test procedure it is necessary 
to stop pbar accumulation. At present, the checkout 
and adjustment of the 8 GeV pbar elements typically 
take about 1.5 hours. 

The ••et Uf pbar injection is used to recover 
fro• the previous test steps by setting timer 
references and delays and setting up the proper ramps 
in the KR. After the preparations described above, the 
•in~ct and store pbars co .. and causes the 3 pbar 
bun es (X, Y, and Z) to be transferred from the 
AecW1ulator to the MR to the Tevatron on successive 2 
•iaute supercycles. On the fourth supercycle, the 3 
proton bunches (A, B, and C) are transferred from the 
Booster to the MR to the Tevatron. Pbars are injected 
first because the pbar injection kickers in the 
Tevatron have tails on their waveforas which would 
disturb circulating protons. 

After all 6 bunches have been injected, the •ramp 
to Flat Top and store command is used to accelerate 
the beaa to 900 GeV where the Tevatron's function 
generators are again froaen and the store begins. The 
•turn on low beta co11mand does all the manipulations 
of the 30 function generators needed to energize the 
low beta insertion at bO. Tunes, cbro.aticities, skew 
quad settings, and orbit adjustments can be eac:le with 
the •varr par~ters coamand. 

Main ling Paraaeters 

Eight or 80re rf bunches of beaa aust be combined 
to produce the intense bunch of protons or pbars 
needed for the collider. The process of combining the 
bunches ia called coalescing and it is performed in 
the Main Ring at 150 GeV. The coalescing aanipulations 
are the subject of a poster paper at this aeeting. 
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Proton bunches of more than 5El0 ha•• been produced; 
this co•pares well with the design value of 5B10. 

Beam in the Tevatron 

Time-varying Field Quality of Superconducting Magnets 

One of the most surprising aspects of the 
conversion of the Tevatron from fixed target to 
colliding mode has been the variations in field 
quality of the Tevatron. The variations occur at 150 
CeV and are functions of ramp history and time. Figure 
4 shows a plot of <b2>, the average sextupole 
component of the dipoles in the ring, versus ti•e at 
150 GeV. The <b2> values are inferred from beam 
measurements of chromaticity and there is a poster 
paper on the details. Changes in { of •ore than 70 
units have been seen over the course of several hours. 

-· 
-· 

150 GllV 

1 uni ol <b .. ">-30 unl1 ol l-4~/14p/pl 

2 I 4 I • 7 
HOURS PROll RAllP STOP 

Figure 4. The change in the sextupole component o! the 
Tevatron dipoles as a function of time at 150 GeV. The 
<h2> values are inferred from measured changes in 
chromaticity. 

As can be imagined, this is a rather intriguing 
operational proble• considering that we want to 
control ( to 2 ± 2 units. Going negative is a dis&ater 
a.s th~ hea.d-tail instability quickly causes transverse 
emittance growth. A value of ( which is too large, 
combined Yith the ± lE-3 Ap/p of the coalesced 
bunches, leads to resonance overlap and transver•e 
eaittance growth as well. So far, the solution ha.a 
been to have exactly 8 r .. ps to 9CX> GeV prior to the 
freeze at 150 CeV to establish the ramp hiatory. Then, 
as tiae goes on, the •adjust at 150 command is used to 
reset the chromaticity correcting sextupoles in the 
ring according to the data of figure 4. Thia has 
worked pretty well, although the continuation fro• the 
150 GeV level to the ramp is a bit tricky. 

Beaa1-Beaa Effects Already 

For proton bunch intensities of 4110 the 
calculated antiprot.on beam-beam tune shift is .CX>7. 
Since the proton bunch intensity is 2/3 of the design 
value, the beam-beam effects at this early ti•e in the 
collider history are nearly as big as they will be. 
And we ha~e started to see effects auch as have been 

seen at the CERN SPS. le 
an rllB emittance larger 
will be lost until the 
This loss can be faster 
well low order resonances 

note that if the pbars have 
than the protons , the pbars 
e•ittances beeo9e the same. 
or slol(er depending on how 

are avoided. 

Figure 5 shows flying wire transverse profiles of 
the A and Y bunches at 900 GeV before and after the 
squeeze to low beta at BO. The gain of the antiproton 
scintillation counter has been increa5ed so the 
profiles have equal amplitude even though there are 
about 3B10 protons and only about 1E9 pbars. The pbar· 
profile is the outer one both before and after the 
squeeze. The difference between the antiproton and 
proton profiles is shaded. After the squeeze, which 
takes about 4 ainutes, the pbar profile appears to 
have been changed. Na.el1 the full width at half 
maximum is reduced. About 1~ of the pbar beaa has 
been lost froa the aachine. Tails or wings have 
developed, a8 well. In another 1.4 hours the pbar 
profile beco•ea iodiatinguiahable from the proton 
profile. 

•• 
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POSlTIOH <••> 
• 

Figure 6. Vertical flying ~ire profiles of protort and 
antiproton bunches at 900 GeV before and alter the low 
p squeeze. 

The squeeze at BO is actually a series of 28 
ateps of the low beta quad circuits, each step an 
optical solution of the •achine. Wan7 other things 
step along with those quads, but that is another 
Btol'J'. Because the: •upe:rconducting quads a.re li•ited 
to about 200 .. pa/sec, the 11quee•e takes about 100 
ti11ea u long as at CERN, and we have found that the 
tunes auat be well controlled at each of the 28 steps. 
A alight ahif t into the region of the 5th order 
resonance• during the aquee1e bas cauaed as •uch as 
8<>1 of the pbars to be lost fro• the aachine. 

IF Highs and Lows 

Both the high and low level rf ayate•s have bad 
to be redone for collider operation. The phase feed­
back ayateaa for the indi•idual proton and pbar 
bunches have recently been eo1missioned. Figure 6 
shows the •easured bunch lengths during a store in 
which the individual bunch feedback loops were working 
for the A and B bunches, but not for the C and X 
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Tevatron. 
do not. 

TIME IH STORE (hours) 

Bunch length growth at 900 GeV in the 
Bunches A and B have phase feedback; C a.nd X 

Present Limitations and the Future 

Luminosity and Luminosity Lifetime 

Flying wire transverse profile monitors and 
sampled bunch longitudinal monitors have been used to 
estimate the luminosity during stores. Judging by the 
disagree•ent in the various methods of determining the 
bunch intensity, there is at least a possible error of 
6°" in the luminosity estimate. A conservative 
estimate of the peak luminosity as of March 12 is 
l.2E28 ca-2.-1. 

The luminosity can also be •onitored by the CDP 
experiment using coincidence rates of scintillation 
counter hodoscopes on each side of the interaction 
region. Since the pbar-p cross section i• not known 
and the triggering efficiency is also not well kn.own, 
thi• luminosity monitor is only relative. Generally 
the luminosity lifeti•e starts near 12 hours and 
gradually incre.asea to about 20 hours after 10 hours. 
At present, the luminosity lifetime is doainated by 
the growth of the transverse emittance of the be.as. 
The growth rate seems to be •uch faster than one 
expects from intrabeaa scattering. In fact, one can 
see strong horisontal betatron tune lines on the 
spectrua analyzer connected to any position detector. 
Perhaps we have a power supply ripple problea auch 
like the one discovered and cured at the SPS. 

Of course the real luminosity lifetime can be 
dominated by unscheduled interruptions. We still have 
thea, but the number of stores which haTe been 
terainated on purpose is increasing. There has been a 
store of 28 hours, and the a•erage length of a store 
has increas,d froa 2 hours to over 10 hours aince the 
beginning of the year. 

The following table SUllJl&rises the present state 
of the Collider. Also shown are the goals for the 
present run and the ulti.ate goala of the design 
report. 

Tevatron Collider Achieveeents and Goals 

aid 
JI.arch '87 

Antittrotons 
From~ccuaulator/bunch 
MR transmission 
Coalescing Efficiency 
Trans•ission llR to low P 
Overall transmission 
number stored/bunch 
Accumulation rate/hr 

Protons 
Extracted fro• Booster 
YR transmission 
coalescing efficiency 
transmission WR to low 
over&ll transaission 
nuaber •tored/bunch 

Collisions 
nWlber of bunches 
transverse eaitta.nce 

(951 normalized) 
Peak luminosity 

p 

1. 8EIO 
.80 

.s-.75 
.80 

.12-.25 
0.3EIO 
0.8E10 

l.5Ell 
.58 
.53 
.8 
.24 
3E10 ., 

3X3 
25 p. 
35 pbar 
1.2828 

Conclusions 

Goals 
Sjring'87 

2.7E!O 
.75 
.5 

1.0 
.37 
lEIO 

1.5810 

.75 

.so 
1.0 

.37 
41110 

3U 
24 
24 
1E29 

Design 

6EIO 
11810 

8E10 

3X3 
24 
24 
1830 

there are many problemS to.; be solved. The pbar 
stacking: rate in the Accumulator needs to be more than 
an order of aagnitude better. This can be improved by 
accelerating •ultiple Booster batches in the MR and 
thereby improving the effective cycle rate of the MR. 
The WR. intensity needs to be increased. The 
Accuaulator has a proble• with maintaining a large 
stacking rate when the stack core gets large. Some 
iaprove•ents in the stochastic cooling bard1'B.re may be 
needed. 

The Wain Ring efficiency for accelerating 
antiprotons needs ispro~ement. Bunch co&lescing 
efficiency is also lower than one expects. In the 
Tevatroo, better control of tune &nd chromaticity is 
needed to avoid transverse emitta.nce growth of the 
pbar beaza, especially in the presence of the bea.m­
be ... interaction. 

The aechanisms for beaa transfers and stores are 
working pretty well. The operations crew now handles 
all the transfer details including testing the reverse 
injection lines. The most difficult part of the 
transfers is to gather the diagnostic data needed for 
improving the transfer efficiency. 

Everr day there is evidence of increased 
understanding a.na improved performance. There is eTery 
reason to believe that the next 2 orders of magnitude 
in luminosity will come in good time. 
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