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Foreword

A study to assess the antiproton-proton option for the SSC was initiated
in February 1986 under the auspices of the SSC Central Design Group. We were
asked by M. Tigner to coordinate this effort and to produce a report by May
1986. The goal was to understand what performance is technically feasible for
'a Pb collider, and how it compares in both physics potential and cost with the
pp collider.

To perform this study, we formed a group at the CDG to investigate
technical issues, assist with costing, etc. The members of this group are
contained in the author 1ist on the previous page. We particularly note the
extensive work by A. Wrulich on separation schemes for the beams in the main
coliider ring and the requirements on the aperture of such a ring.

We received much advice and useful comments from many people. We note
discussions with A.V. Tollestrup, J. Mariner, J. Peoples and S. Holmes
(Fermitab), J. Simpson (Argonne), L. Evans, E. Jones, R. Billinge, J. Gareyte,
G. Brianti and W. Kienzle (CERN). 1In addition, at CDG we appreciated the
comments of P. Limon and M. Tigner.

Lastly we thank the staff at the CDG for their hospitality and heip on the

details of completing this study and writing the report.

B.C. Barish (Chairman)
R. Hollebeek
A. Minten
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Chapter 1
INTRODUCTION

The Conceptual Design Report (CDR)] for the Superconducting Super Col-
lider (SSC) describes a proton-proton collider with an energy of 20 TeV per

2571 per collision point. This

beam and a maximum Juminosity of 103%m™
directly responds to the recommendation made by the High Energy Physics Advi-
sory Panel to the U.S. Department of Energy and the National Science Founda-
tjon in July 1983. That recommendation called for the "immediate initiation
of a multi-TeVv high-luminosity proton-proton collider project with the goal of
physics experiments at this facility at the earliest possible date." The pri-
mary parameters of the SSC in the Conceptual Design Report have been chosen
taking account of both the physics discovery reach of the machine and accele-
rator physics considerations.

The endeavor of the study reported here was to compare the feasibility of
an antiproton-proton collider with the proton-proton collider presented in the
$SC Conceptual Design Report. The rapid advances in the technology of pp col-
liders at CERN and Fermilab suggest that pp might be a viable alternative to a
pp collider (or might be a first stage of an eventual pp collider). There is
potentially a large cost saving from eliminating one 20 TeV ring of magnets
since the protons and antiprotons share the same ring. Following this sug-
gestion, workshops at the University of Ch'icago2 and at Snowmass3 have
provided a forum for these ideas. These reports formed the starting point for
our study.

We have undertaken to determine how a pp coliider would compare with a pp
collider in luminosity, physics, cost, complexity, and reliability. 1In order .
to be as specific as possible, we have used the present and projected p

sources at CERN and Fermilab as reference points, and have tried to make



reasonable extrapolations in the technology to a 20 TeV per beam Pp collider.
These gxtrapolations. though ambitious; do not involve some of the more specu-
lative unproven schemes that have been suggested. We have "superposed®” this-
extrapolated P source onto the pp design of the Conceptual Design Report and
made the appropriate modifications to transform it into a Pp collider.
Although this is not an optimized Pp solution, we believe it is good enough
for us to understand the potential savings and trade-offs between pp and Pp
colliders.

We have concentrated much of this study on a specific example of a Ppp col-

2.0 2secV.  This choice

tider of 20 TeV per beam with luminosity Z= 10"“cm
of parameters results féom odr analysis of what technical advances can reason-
ably be expected and of the various cost considerations. We discuss this Pp
collider in terms of its physics potential, the various technical issues, and
the projected cost saving relative to the pp collider.

The main conctusions of this study are:

- a Ppp collider of 20 TeV per beam at this luminosity appears to be tech-

nically feasible, with reasonable extrapolations in the technology;

- the difference between pp and pp collisions for SSC physics is very
small, so the loss in luminosity for the Pp option is the most impor-

tant consideration;

- the cost saving of this Pp collider is estimated to be approximately
$242M with respect to the pp collider of the CDR;



- owing to its added technical complexity, the pp collider cannot be

expected to achieve the same reliability and performance as the pp

collider.

The following sections give a summary of the general considerations for a
pp collider, plus discussions of the physics potential, technical issues,

cost, and a more detailed set of conclusions.
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Chapter 2
PHYSICS ISSUES

2.1 Introduction

The important parameters for determining the physics potential of a multi-
TeV collider are its energy and Tuminosity. For the purpose of this study, we
fix the energy of both the p and p options at 40 TeV, as in the CDR, and the

33__-2

nominal luminosity of the pp option at 10" cm sec“]. The pp option used for

2 -]
sec . For some processes, there

comparison has a luminosity of ~1032cm—
will be no difference in the expected cross-section from pp or Pp initial
states, so the major impact of using p's will be the loss of an order of magni-
tude in integrated luminosity. For other processes, p's are more effective in
producing the desired final state, and this difference can partially offset

the lost luminosity.

2.1.1 Parton Model
A proton can be considered as a collection of quarks, gluons, and quark-
antiquark pairs, each of which carries a fraction X:P of the longitudinal
momentum p of the proton. Transverse momenta carried by the constituents (or
partons) are negligible at high energies.
The interaction cross-section of two protons to form a final state X can
be expressed as
do(pp + X) = 3. fgp)fgp)da(i,j > X')
partons
1,3
The sum is over the probabilities of finding a parton of type i or j in the

proton (fgp)) multiplied by the cross-section for the elementary subprocess



that leads to the state X. The cross-section for the elementary subprocess
can be calculated from the details of the underlying theory. The parton
fluxes, which are functions of the momentum fraction xi, can be determined
from experiments at our present energy scale. This simple picture is modified
by strong interaction (QCD) corrections, which can be incorporated by intro-
ducing a 02 or scale dependence in the flux factors. Using data from deep
inelastic scattering to determine the parton distributions at Qﬁ. these
functijons can be evolved to other energies using the Altare]li—Parisil
equations. This procedure has been tested with data taken at the CERN SppS
Collider; the predicted distributions agree reasonably well with those found
experimentally.

The evolution procedure is not exact and contains several uncertainties.
In the small x region, present data do not constrain the value of the structure
functions fi(x,Qz), and the region below x = 0.01 is parameterized by
extrapolations of the behavior at slightly higher x values. As the structure
functions are evolved to higher values of 02, the differences due to dif-
ferent choices in the parameterization near x = 0 tend to diminish, and since
(as we shall see later) p and p colliders are expected to differ in their
parton fluxes only at high x values, we can ignore this complication.

Additional uncertainties in the structure functions come from uncertainties
in the QCD scale parameter A, from the use of nuclear targets rather than
protons to determine the structure functions, and from the choice of data used
for the low 02 parameterization. These problems lead to uncertainties of
10-20% for moderate values of x. Although these uncertainties do affect the
predicted rates for a given process, they tend to have the same effect on both

the proton and the antiproton structure functions.



2.2 Parton-Parton Luminosities

As discussed by Efchten et al (ref. 2, EHLQ), the luminocsity .Z of a
particular combination of initial partons colliding with c.m. energyys, as
illustrated in Fig. 2.1, is given by

'I B
T

where

T

xixj =s/s .

This differential luminqsity represents the number of parton-parton collisions
of type ij with c.m. energies in the range r to 7 + dr. After multiplying by
1/s, the typicé] form of a hard-scattering process, we obtain a quantity with
the dimensions of a cross-section.

Since the primary difference between pp collisions and pp collisions is
the presence of valence antiquarks in the p, it is interesting to compare the
parton luminosity for valence-valence collisions in pp with valence-sea col-
‘lisions in pp. For a process which requires quark anti-quark collisions, this
is a measure of the degree to which antiprotons can compensate for lower

machine Tuminosity.
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Figure 2.1. General parton-parton interaction. A parton of energy xqE in
one proton collides with a parton of energy x>E from the other proton to
produce a particle-antiparticle pair YY at large angies. The observed cross
section is formed from the partonic cross section, folded with the respective
probabilities of finding the specific partons of energies xjE and xpE

within the two protons.



Table 2.1

Ratio of r/s d Zrdr for uu interactions in pp and Dp
collisions at ¢s = 40 TeV.

¥s_(TevV) pp(uu)/pp{uu)
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As can be seen from Table 2.1, there will be a significant p advantage for
processes above 4 TeV, or Y5/ ¥s > 0.1, but this advantage amounts to an order
of magnitude in luminosity only for mass scales above 10 TeV. To take advan-

tage of this difference, the hard scattering cross-section

must be large enough that at the 10 TeV mass scale, and for integrated lumi-

3gcm—2

nosities of order 10 , a significant number of events can be found.

This will depend primarily on the size of the coefficient ¢, and the number of
events necessary to separate the process from the background. As an example,
if the coefficient ¢ is of order (aS/«)Z, typicatl of strong interactions,

then at 10 TeV we expect a cross—section of order 6x10 > cm 2, and hence

we need integrated luminosities of at least lozﬁmcm_2 or more. This example
iilustrates that for processes with electroweak production rates, i.e.

(q/«)z, it is unlikely that one would be able to take advantage of the
increased parton-antiparton luminosity of a Pp collider. The expected cross-

sections for several other subprocesses are shown in Table 2.2 for pp and pp



collisions with subprocess c.m. energies of 1, 3 and 10 TeV. Note that the
effective enhancement in the dd channel is larger than that discussed in the

uud channel because the parameterization3

dv(x)/uv(x) = 0.57 {(1-x)

requires a higher average x value for the antiquark for a fixed s.

Table 2.2

7/3 %fi(nb) for parton-parton
interactions with4§_ =1, 3 and 10 TeV

Vs = 1 3 10
Subprocess pp [T pp Bp pp PP
Ul 1.0 1.0 2 x 102 4 x1072 4 x10°5 4 x104
uu 1.0 0.4 4 x 102 102 4x10°% 2 x10°5
T 0.13 0.4 1.5.x 10~3 1072 8 x 1077 2 x 1075
dd 0.7 1.3 10~2 5x 1072 105 6 x 1074
dd 0.5 0.3 1.2x102 §x103 5x10° 7x106
ud 1.3 0.5 4 x 1072 102 2x10% 2x105

10



2.3 Jet Production |

In the QCD parton modei.'jets of hadrons wii} be broduced following a
scattering process when the partons matefialize into hadrons. The details of
this hadronization process reflect non-perturbative effects, but perturbative
methods nonetheless indicate that jets should become narrower and more easily
distinguished from background processes as the jet energy increases. This

4-6

trend has already been seen both for pp and pp collisions and for e'e”

coleions.7'8

Deviations from the expected QCD behavior of single jets
would signal the onset of new phyéics. and might be evidence for quark
compositeness. Dijet mass spectra can_be used to search for new particles,
for example new electroﬁeak bosons, or Higgs particles with two jet decays.
Within QCD, one expects to see at high enough energies a difference in the
multiplicity and angular spread of gluon jets. If this is realized on the
scale of SSC jets, it will be an extremely useful tool for understanding jet
phenohena.

Sing1e jet production receives contributions from many parton subpfocesses,

such as
qq' > qq', 99 » 9'q*, qq » 99, 99 » qq, gq > 9q, 9g > gg.

At small transverse momenta'(< 1 TeV), the cross-section is dominated by pro-
cesses which yield two gluon final states through either gg - gg or qq > gg.
At higher values (< 4 TeV), the dominant process is qg scattering. Since
these processes do not involve valence-valence scattering, the cross-section
is the same for pp and pp collisions. 7o estimate the effect of a loss in

Tuminosity of a factor of 10, we assume an integrated Tuminosity of

TST%y

1



where = 7 sec
T = 3x10 year X 2 years

ey = 0.5 = fraction of year spent in running

1 _-ﬁ?(average)
‘2~ 37 Z(peak)

which yields 1039em™2

R 2sec”!. This is probably an optimistic estimate of what would be

integrated luminosity from a peak luminosity of
10%%cm™
accumulated in a 2 year pp run, since the ratio of the average to the peak
luminosity may be less than assumed, depending on the reliability and avail-
ability of the p source. We assume that the integrated luminosity for the pp
option would be 10*%m2,
The single jet energy resolution in the 4-6 TeV range is not 1ikely to be
better than 1%, so we require a sensitivity of 10 events in a 50 GeV bin and
a single unit of rapidity. This corresponds to a cross-section sensitivity of
2x10-7nb/GeVIc, which for /s = 40 TeV occurs at Py = 4.2 TeV/c. The single
jet cross-section in this region is falling like
do l N p-7.3
dedy y=0 T

2

so the pp machine with integrated Tuminosities of 104°cm_ would probe

Py values to 5.8 TeV/c. Detailed studies of the Py ory behavior of the
jets would require more events, and hence smaller DT scales, favoring the
choice of a pp machine.

Dijet production is also dominated by gq subprocesses for dijet masses
less than 9 TeV, so again one does not expect a difference in cross-section

2

between pp and pp. For an integrated luminosity of 1039cm' and a sensi-

tivity of 10 events/35 GeV bin, the pp option can reach jet pair masses of

12



9 TeV/cz, with both jets constrained to 1ie in the rapidity interval
lyl< 1.5. Since the cross section in this region varies like

do

"

aM

1

a factor of 10 effective increase in 1um1nosit§ for the pp option would probe
to 12.5 TeV/c?.

The conclusions for muitijet production are simitar to those for dijet
production.:'51nce';he integrated luminosities are not 1érge enough to reach
the re§1on where valence-valence effeéts‘are important, the pp and Pp cross-
sections are the same. Three-jet production can be probed ;o a sensitivity of

3x10“7nb/GeV or 7.2 TeV in the three jet invariant mass with the DPp option.

Since the cross-section in this mass range varies as

do
dx1dx5dYy 005t

-1

dcose ~ M

the pp sensitivity would bhe 10 TeV/cz. The dominant subprocesses are ggg

and ggq production.
Table 2.3

Comparison of pp and Pp Sensitivities For
- det Production.

Process pp

_bp _
Single jet p 5.8 4,2
Dijet mass - 12.5 9.0
Trijet mass 10.0 7.2

13 -



2.4 Electroweak Processes
2.4.17 Dilepton production
Dilepton production in hadron collisions has traditionally been a powerful

means of searching for new physics. For an SSC scale machine, the reaction
pp or pp » £¥ 47 + anything

will proceed in lowest order through quark-antiquark annihilation, for example

@y or a2 Y0

40 2, the yield is one

For a pp machine with integrated luminosity of 10" cm

event per GeV/c2 per day for "ﬂfﬂ- = 700 GeV/cz. The reason the mass

scale is lower than those discussed for jet production is that the coupling

strength in this process is electroweak rather than strong. Because of the

small mass scale relative to ys = 40 TeV, there is no advantage in using Pp's.
As an example, the Snowmass study of muon detection9 quotes a ‘muon

resolution of 5% Ap/p at 300 GeV. Requiring 10 events in a 25 GeV bin gives

a sensitivity up to mass scales of order 500 GeV for Pp, and 1 TeV for pp with

10 times the integrated luminosity. The higher mass scales (~10 TeV), where

there would be a p advantage, are inaccessible for this process because of the

small coupling strength and smalllintegrated Juminosity.

2.4.2 W and Z production

Singly produced W's and Z's are being studied at the present generation of
colliders. At the SSC, they may still be of use for detector calibration and,
since the production rates are large, for the study of rare decays.

The total cross-section for Nt production in pp collisions where the W
is restricted to lie in the rapidity interval |y|< 1.5 is 35nb, yielding an

event sample of 3.5x10B events. The production proceeds through the

14



reaction qq - H.+ gand g + q > W + q, and because of the small mass scale
(Hw) the total crossﬂsectidn for pp is similar (33nb). The collected event
sample would therefore be 10 times smaller. Note however that the total pro-
duction rates of W and W afe equal in Pp, whereas in pp the smaller
momentum fraction carried by down quarks tends to suppress the production of
W relative to H+. The total rateAfor W production is approximately three
times larger than the rates wfth lyl< 1.5.

Pairs of gauge bosons are produced primarily through qq annihilation.
Table 2.4 shows the effect of a factor of ten loss in luminosity on the maximum
accessible pair mass; both bosons are restricted to the range |y|< 2.5. Mucﬁ
of the cross-section 1slmed1ated by the annihilation of sea quarks with sea

antiquarks.

Table 2.4

Maximum Accessible Pair Mass (TeV) for Gauge Bosons Produced in
Iyi< 2.5 with, 10%0 (1039) cm™2 Tuminosity pp (Pp) Collisions.

Process j1]] PP
Wi 2 1.3
WZ 1.7 1.1
7z 1.4 0.8

2.4.3 Higgs Boson Production
This process is probably one of the most 1mport§nt to be investigated by
the SSC if the Higgs mass is greater than a few hundred GeV. The direct
annihilation of quark and antiquarks has a small cross section, and the domi-
nant production mechanisms are gluon-gluon fusion through a quark loopl0 or
11

intermediate boson fusion ', the exact ratio depending on the mass of the

top quark.

15



Since the production mechanisms are dominated by processes which do not
require valence antiquarks, the pp and Pp cross-sections are again the same.
The cleanest signal would probably be the detection of Z pair final states.
The ratio of Higgs branching ratios to Z and H pairs varies between 1/3 and
1/2 depending on the Higgs mass. If we assume that épproximate]y 30% of the
I decays will be reconstructed, then the rates are sufficient to probe a Higgs
mass of 1.3 and 0.85 TeV for pp and Pp respectively. In practice, it may be
difficult to establish unambiguously the existence of a Higgs which is heavier
than 600 GeV, because the total width becomes greater than 100 Gev. A 1 Tev
Higgs may have a width of several hundred GeV. |

In the W pair channel, the rates are higher because of the larger decay
branching ratio, but it will probably be more difficult to identify W's.
Backgrounds come from the QCD production of W pairs discussed previously, and
are ~20% higher for.lyl< 2.5 in P production because of the lack of sub-
pression of W production. For the central region |y|< 1.5, the backgrounds

should be comparable, and the major impact is the loss in luminosity.

16



2.5 Non-standard processes favoring the pp option
2.5.1 Heavy Quarks and Heavy Leptons

In both of these processes, pp production has an advantage over pp pro-
duction because the mechanisms involve quark-antiquark annihilation. The con-
clusions, however, are similar to those which have been reached before. The
gain is not significént in comparison to a loss of a factor of ten in inte-
grated Tuminosity over the mass ranges where the rates are high enough to make
heavy quarks and leptons detectable with integrated luminosities of order

39 40cm—2.

10°7-10
2.5.2 Technicolor and Supersymmetry

To the 1ist of processes which benefit from Juminosity more than from the
presence of antiquarks, we should add most technicolor and supersymmetric
reactions. For example, the production of a technirho in the W' channel
has for W pairs near the expected mass of the technirho in a minimal model
(1.8 TeV), a 25% higher cross-section in the Pp versus the pp case, but this
does not compensate for the Toss in luminosity. Similar conclusions hold for
charged technirhos in the WZ channel. Integrating the spectrum between 1.5 <
"ZN < 2.1 TeV, one obtains 730 background events and 550 signal events from

40 -2

an integrated luminosity of 10 cm . Since the charge of the technirho

can probably be investigated only by using the Yeptonic decays of the W, an
integrated luminosity of at least 1040t:m'2 will be required unless the

Py is lighter than expected. Lower mass states such as the technipion, or
color octet neutral technipions, are produced at mass scales and rates for

which there is no p advantage.

11



In supersymmetry, production of gluino pairs is dominated by the reaction

gg » §g. Similarly, production of ¥4, Zq and W§ is in each case dominated by

gq scattering, leading to equal pp and Pp cross-sections. Table 2.5 shows the

sensitivities to gaugino masses, if all such masses are equal, from events of

the type pp or Bp » §¥, Zy. Production of final states of the type ¥¥, ZZ or

.4
£{ " occur with cross-sections which are too small for the pp option to be

favored.

Process

pp or pp » 9l
pp or pp » gZ
pp or pp » gy (stable)
pp or pp » gy (stable)

Table 2.5
Events required
to establish a M~(Tev)
signal pp 9 pp
100 1. 0.6
10 2.0 1.3
100 1.2 0.7
20 1.9 1.1

18



2.6 Non-standard Processes Favoring the pp Option

We have found that in order to take advantage of the pp option, we must
have both a coupling strength which is large enough to make valence inter-
actions accessible, and a process which requires anti-quarks. Two areas where
these conditions are met, and in which the pp advantage is significant enough
to compensate for a factor of ten loss in luminosity, are the production of
new gauge bosons and the investigation of composite models of quarks and .
leptons. While both these processes are outside our current models, and hence
rather speculative, they are nevertheless important extensions to our present

models.

2.6.1 New Gauge Bosons

Many extensions to the standard electroweak model have been suggested, and
most imply the existence of new gauge couplings and gauge bosons. If the
couplings are comparable in size to those with which we are familiar in

SU(2)L, then the decays will be similar for W' and W and Z' and Z. The pro-

duction cross-sections will be smaller by the ratio

Since the scaling variable becomes Hs./s instead of Hi/s. valence
contributions are more important. Remember that uu and dd luminosities are
10-60 times greater for Pp than for pp at ¥7 ~ 0.25.

The discovery criteria used in EHLQ for this process §s 1000 events pro-
duced in |yw] < 1.5, which would provide a convincing signal in either the
e, the u, or the r channel if the decay widths are |

T »>fv) 1
CW > all) ~ 4N

19



and r(z' > £*7) 0.09

r{z*' » all) = Ng

where Ng is the number of generations. This requirement is probably too
strict, since the signals for all three and perhaps four types of leptons may
be usable as well as some of the hadronic modes. The maximum boson mass for a
sensitivity of 100 events produced is shown in Table 2.6 for W' and Z' pro-

duction.

Table 2.6
process o "HLZ'(TEV) 5
pp or pp » W't 9.0 7.0
pp or pp » W - 7.5 , 7.0
pp or pp » 7'0 8.2 11.0

The Pp option in this case is approximately equivalent for W' production, and
is favored for Z'o production. Should the coupling of the new gauge bosons
for some reason be stronger than in the standard model the pp option would be

more strongly favored.

2.6.2 Composite Quarks and Leptons.

From the observation that quarks and teptons can be grouped in successively
heavier families or generations, it is natural to suspect that there may be a
deeper level of substructure. If quarks and leptons are indeed composite
objects, we may be able to construct all of the known objects from a smaller
set of building blocks, often called preons. These particles would interact
with a new strong force. If such an interaction exists above some scale A,

then for parton subenergies ¥S >A, the cross-section for parton-parton

20



interactions should rise from wagls to of order 4w/ Az. Two processes
which would provide sensitive tests are production of high transverse momentum
jets and of dileptons. The new subprocesses which would enhance

these cross sections are
a9 » qq q' q',
9q » qq £,

and aqa » 200 .
EHLQ estimate that by requiring at least a factor of two change in the cross
section and at least 50 events total, a pp machine can detect A values some-
where between 15 and 20 TeV. The pp option with dne tenth the tuminosity can
reach approximately 13 Tév.

In the dilepton case, however, the standard model cross section for
[+£"production is smaller than that for dijet production by a factor
(c/as)z, so the new contact interaction introduces a Targer change in the
observed cross-section. One might also argue that the signature for dileptons
is cleaner than that for high P jets. 1In this case, requiring again a
factor of two change in rate, but also at least 75 events within |y[< 1.5
givés a sensitivity of about 28 TeV for the pp option with 'I()M)crn_2 inte-
grated luminosity, and ~25 TeV for the Pp option with 1039cm—2 integrated
Tuminosity. If fewer events are required to establish the signal, because for

example several generations of leptons are used, the Pp option is favored.
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2.7 Summary

For most processes which have been considered, either there is no advantage
in having valence antiquarks because the process receives equa] qq and qg§ con-
tributions (strong'interactions) or the §q interaction coupling strength is of
order a«. Such a small coupling strength restricts the mass scales of access-
ibie processes to small values of r because of the limited integrated luminos-

%m2). 1In most of these cases, the loss in physics reach

ity (103%-10%
of the pp collider is directly related to its smaller peak luminosity. When-
ever the signal being investigated is spectacular and the number of events
required s small, the Pp advantage is increased. In analyzing the various
standard model processes, we have tended to be optimistic about the number of
events required for detection.

The two cases where the Pp option is equal to or slightly favered over the
pp option are both cases where a new interaction is postulated which couples
strongly to the qq state. Other models of this type may exist‘or be suggested
in the future, but the requirement that the coupling strength or c¢ross section
be Targer than the scale of the electroweak point interactions is quite
general. It results from the mass scale achievable with integrated luminos-

39 0 -2

jties of 10 -104 cm S, A comparison of machines with pp (pp) luminosities of

1040 (1041) t:m_2 would favor the pp option more than the present case.
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Chapter 3.

QVERVIEW OF THE pp OPTION

3.1 Introduction

The aim of this chapter is to outline a possible alternative to the
proposed SSC design, which has a pair of storage rings guiding two proton beams
in opposite directions; the two rings intercept at six locations where the
protons collide and 1nteract.] The alternative consists of a.sing1e storage
ring, with a proton beam and an antiproton beam circulating in opposite
directions and colliding at six locations.

The important figure of merit of the collider is the luminosity, defined

as -t
NN
0 4 2
o
with: fO = revolution frequency
B = number of bunches
"B = (anti) protons per bunch
o = (gaussian) transverse bunch dimension

The luminosity varies during a run, decreasing if for no other reason than

the loss of particles by collisions in the six interaction regions:

Nint = "6.0"290

32 -2_-1

with o the total Bp cross section. At Z= 10"“cm “s ' and ¢ = 100 mb

for 20 + 20 TeV we find

N 8
Nint = 0.6x10" per second
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The figure of merit for physics experiments is the integrated or the aver-

age Tuminosity

T
o

f Z(t)dt = <.9’>Tc ’
0

where the integration time Tc is the antiproton collection time needed to
accumulate enough antiprotons for injection to achieve the initial peak
luminosity. The collection time is given by the antiproton accumulation rate

N~ according to
N TC=BNB.

The collection time is not related to the luminosity lifetime T _,, the

Z
latter being determined only by particle losses. Ideally one wants Ig,>>TC;
in practice, (CERN SppS) one observes Tg?zTcz24 hours.

In this chapter we review the state of the art in antiproton production
and accumulation, and we extrapolate techniques to potential application in a
Pp alternative to the SSC. We further discuss operational differences for the
Pp collider, and sketch possible future developments.

The accelerator physics issues for a realistic pp collider with a lumino-

sity of 10%2cm2s™! are discussed in Chapter 4.
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3.2. Antiproton Sources?*3

The evaluation of a potential antiproton source for a pp SSC option derives
from three reference sources, either existing or expected to operate in the

near future:

(1) The CERN Antiproton Accumulator (AA), operating since 1981 and providing
practically all present experience of antiproton sources for colliders.

{2) The CERN Antiproton CQLlector (ACOL), designed as a pre-collector to the
AA accumulator. ACOL operates at the repetition rate of the production
synchrotron CPS and provides fast c¢ooling prior to accumulation in AA. It
is scheduled for operation in 1987.

(3) The FNAL antiproton source for the Tevatron I Project, initially tested in
1985 and expected to be operational in 1986. This source also consists of
a two-ring scheme {(debuncher/precooler ring and accumulator ring). It
uses a high energy proton beam for antiproton production, and it collects
antiprotons at 8.9 GeV/c. With these parameters, the FNAL source is the

one most suited for extrapolation to the SSC conditions.

Antiproton production rates N are estimated according to the following

principles.

(a) Antiprotons are produced by a proton beam impinging on a production
target with a given repetition rate, proton momentum, and proton flux
per pulse. The proton flux is limited only by the stability of the
target. Repetition rate and proton momentum can be optimized within

economical timits.
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(b) Antiproton production is described? by the inclusive (invariant or

laboratory) cross-section.

= f(p*, PT:S) ’

with E, p = energy and momentum of the produced antiproton,
p* = the p (cms) momentum,

Py - = the p (invariant) transverse momentum,

s = (cm energy)z.

Antiproton production data have been compiled for different incident

and secondary momenta, and can be interpolated for different target

materials.. Reabsorption inside the target must be 1nc1uded.2'4

(c) Antiproton yieids4 are derived starting from the 1nc1usi§e produc-
tion cross section for the given incident and chosen secondary
momentum, and integrating over the production distribution (p*, pT)
within the available transverse and momentum acceptances.

(d) Antiproton production rates N~ are scaled from the yield (per inci-
dent proton), applying the proton flux (per pulse) and repetition
rate (per second).

Parameters and performances for the relevant antiproton sources are Sum-

marized in Table 3.1.
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proton momentum {GeV/c]

protons per pulse

cycle [s]

P momentum [GeV/c]

d2N/dpd$

[(GeV/c ster proton)~1]

Acceptances

transv. [mm-mrad]

ap/p

P yield per proton
(ref. 4)

P rate N[s1]

Table 3.1

Antiproton Sources

CERN FNAL SSC
AA ACOL+AA
26 26 120 150
1013 1013 1.8x1012 1.25x1012
2.4 2.4 2 1
3.6 3.6 8.9 10.0
9x10~3 9x10-3 170x10-3 250x10-3
100w 200« 20w 40
0.015 0.06 0.04 0.06
6x10~7 1075 3.7 1075 2.4x1074
2.5x100 4x107 3.5x107 3x108
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3.3 Scenario for a Pp Supercollider

In the following we try to sketch a concept for the alternative components

of the SSC as a pp collider.

(1) Compared to the injector for the pp collider from the CDR, the medium
energy booster (MEB) would need to be upgraded to an energy of 150
GeV and a repetition rate of 1 Hz in order to optimize p production.
Antiprotons are selected at a secondary momentum of 10 GeV/c, close
to rest in the cms (Feynman X = 0), and therefore at maximum produc-
tion cross section. Figure 3.1 shows P production as a function of
proton and antiproton momentum. Antiproton yield is more sensitive
to the choice of the incident proton energy than to the choice of the
secondary antiproton momentum.

(2) A proton flux of 1.25x1072 protons per pulse is transported to a
copper target. The flux is Timited to this value by the instan-
taneous energy deposition in the target; energy dissipation leads to
Tocal heating and mechanical shock which are destructive if the load
exceeds 200 Joules gm '.>

(3) Antiprotons are collected from thé target with momentum 10 GeV/c,
momentum acceptance [ap/p| = 0.06, and transverse acceptance
40w mm-mrad, then cooled and stored in three rings:

- the 10 GeV/c debuncher/precooler ring operating at 1 Hz
synchronously with the MEB;
- the 10 GeV/c accumulator ring for ultimate cooling and stacking

of antiprotons over about 30 seconds;
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Fig. 3.1 Relative antiproton production for different incident proton
momentum as indicated.
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(4)

(3)

- - the 150 Gev/c holding ring for cooled antiprotons, after inter-

mediate acceleration in the MEB. The purpose of this ring is to
store the cooled stack and allow use of the injector complex for
test beams. The figure of 150 GeV is not the result of optimi-
zation, but was chosen assuming the ring would be placed in the
same tunnel as the MEB. The cooling requirements, especially
from the precooler, are greater than in the FNAL source, owing

to increased acceptance and decreased cooling time. The required
bandwidth and cooling power are considered to be well within
present possibilities.

Protons from the MEB and antiprotons from the holding ring are

separately accelerated in the HEB and injected into the main collider

ring. The modiffed specifications of the main ring require in
particutar:

- an injection scheme to transfer both beams into the same ring;

- an electrostatic separation of the two beams to limit the con-
sequences of beam-beam forces and reduce resulting orbit distor-
tions and beam losses;

- a magnet bore radius of 2.81 cm (as compared to 2.00 cm in the
COR) to accept the two helically separated beams,

Six interaction regions, together with injection and abort, are

evenly distributed about the circumference of the ring to present an

eightfold symmetry as shown in Fig. 3.2. The reason for this "dis-
tributed" scheme (in contrast to the “clustered" scheme of the CDR)
js the extra dispersion introduced by the electrostatic separation

scheme.
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Fig. 3.2 Pp Collider Layout.
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3.4 Operational Aspects
The sensttivity of a physics experiment at a collider is determined by the
number of events per unit cross sectfon

T
Nevld = _gfbv(t)dt = <Z>T .

The time dependence of the luminosity is given by the loss of particle
density of the stored beams through beam-beam interaction and particle col-
lisjons. In the case of a pp collider, integrated and average luminosities
can be optimized through appropriate restoration of the circulating beams by
dumping and reinjection. 1In the case of a pp collider, reinjection is iimited

by the antiproton collection time Tc so that
Tﬁ?
Noy/o =i[) (Tpthdt = <2(T,>T .

It is conceivable that the luminosity lifetime Té? and the antiproton
collection time Tc are so mismatched that the optimum refill period cannot
be reached.

Apart from the question of optimal refilling, the limited avajlability of
antiprotons will occasionally lead to non-recovery in the case of accidental
beam losses, causing an increase in the down-time of the pp collider compared
to the pp option.

There are several operational differences which affect the reliability of
the Fp collider. |

(1} In addition to three proton booster rings, there are three additional

rings in the antiproton source, with many additional extraction and

injection operations. The three source rings present operational

difficulties because of the delicate storing and cooling procedures.
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(2) The injection of both protons and antiprotons into the same collider
main ring requires an injection scheme of greater complexity than for
the two-ring collider of the COR.

(3) the storage of both proton and antiproton beams in the same collider
ring requires a separation scheme to minimize the effects of beam-beam
interactions. This presents technical complications from the presence
of electrostatic separations, and it adds to the operational com-
plexity.

We cannot predict the operational efficiency of a Pp SSC. Instead, we

quote the empirical values obtained after five years of collider operation at

the CERN SppS (Table 3.2). The principal conclusions are (averaged over
1984/85) :

hours realized =

hr =72
hours scheduled hs
average luminosity . aL - y/3
peak luminosity pL

To a large extent the efficiencies are independent and therefore muitiplica-

tive. Further

<E?? = <Tc> = 28h
It must be kept in mind, however, that these efficiency ratios are not unity
for a pp collider, because of refill and accidental losses, and Tuminosity

decay. We again quote empirical figures for the CERN ISR: at 31 Gev, the ISR
has achieved 0.86 for hr/hs and 0.6 for al/pL (Table 3.3). 1In addition, the

luminosity lifetime for the ISR was 60 hours.
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Table 3.2
CERN SppS Operation 1981-1985

Operational Features 1981 1982 1983 1984 1985
Beam Energy (GeV) 273 213 213 315 315
Betay (m?) 2 1.5 1.3 1.0 1.0
Beta, (m?) 1 0.75 0.65 0.5 0.5

Int. Luminosity (nb~1) - Average values

i) per run ' 0.5 2.1 5.3 9.0
i1) per day 0.4 1.8 5.1 6.1
i11) per year 0.2 28 153 395 684

Luminosity (1029cm-25-S) |
i) peak 0.5 1.7 3.5 3.9

i1) average per run 0.1 0.5 1.0 1.5
A) Hours Scheduled 698 1750 2064 2136 2694
B) Hours Realized 140 748 889 1065 1286
Number of runs 14 56 72 17 18
Average run duration (h) 10 13 12 15 17
% of run termin. by faults 4 40 32 15
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Table 3.3

ISR Statistics for 1983

ENERGY 31LB 26DL 26 DL 1 22L.B 15LB R 210 R704 | o<'s Machi TOTAL
- 5 26FP lase s
Gev/C P.P P.P P_P P.P P.P 1 TW 3.5Gev | deuter, {Prepar. |
3 P/ B/ jet|22/31LR
. FPFPFPFPFPFPFPFP% Fill. | Phys.
lscHHOE‘;?"s 372 | 28 E1] 133 r3 412 ki 103 ki 11" 12 7 1 5 40 Zl;i / f 15) 4783
A
3698 183 485 128 136 46 645 325 123 5769
Flei{FripPpie]lpPp|F|lPr]lFripPp|F|lP|{E}P F'P% Fiit. | Phys.
HOURS SRS |22LP] 22,2 (423 | set | 4080 | 256 ] 02,7 | 200 | ML .4 | 38 100 | as7a | abS 1548 / 3168 41338
RUNNING 7
3285.5 169.5 724 107.6 10L4 459 5648 2013 9538 50464
TIME
LosT 18KV —»- 1934+ MPS —»137H  + ISR ——-392.6H = 722.4HOURS
Hours
6000+
5767
] Total seheduled 5360 ]
Toulachieved 5044
5000{ NI schicves physics 4879
Q Lostdueto ISR 4ﬁl
4105
3929 4044
4000+ 3831 r
3582 3543
3200
20001 159
. reeq V281 \ L1008 V288 | /233 Y Vs 301
1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1982 1983 Year

317




3.5 Advanced Schemes

The present assessment is restricted to technigues and components which
either work or exist at CERN or FNAL or are safely extrapolated from those
facilities. The performance of the antiproton accumulation system is limited

to (Table 3.1)

N = ax10® 7!

3 2_-1

and the Juminosity of the SSC Pp collider cannot exceed £ = 10 2em 25
Several methods have been discussed3 which, after appropriate development

work, may push up luminosities by a significant factor.

(1) At the given target flux of 1.25x10]2 protons per pulse, use of a
conducting target may increase the acceptance. At present, it seems
that the focusing power obtained is of little effect at 10 GeV anti-
proton energy.

(2) The limitation for the fluxes under consideration is not incident

proton supply but heat dissipation in the target. Local dissipation

can be reduced by the use of "moving targets® (or "multiple targets®)}.

By moving the incident proton beam, and synchronously the secondary
antiproton beam, over the target, the heat deposit is distributed.
Clearly this cannot easily be made compatible with method (1).

(3) Higher antiproton production necessitates larger cooling power, since
1/v o W/N. Technical limitations are mainly in bandwidth (W) and in
the combination of large band width with high power. The solution to
this problem lies either in technological advance in the RF domain,

or in a shift of the problem to the logistic domain by the use of
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multiple (parallel or sequential) cooling rings, with reduced band-
width or parficle number per ring. |

Developments in these fields are likely, but their success and
schedule cannot be predicted. Any reliance on the above technigues
in the design of a Pp collider would add both time and cost to the

project and therefore are not considered in this report.
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Chapter 4
MACHINE ISSUES

4.1 Introduction

An important argument for the proton-antiproton SSC is the fiscal advan-
tage, since only one ring of superconducting magnets is needed. This fiscal
advantage is counterbalanced to some extent by the need for an antiproton
source, and by the need for an increase in magnet aperture to accommodate the
separation of the two multi-bunch beams in the same vacuum chamber. Further,
the added complexity of the operation, which coﬁés with the addition of anti-
proton production and the separation of th; two beams, will reduce reliability.

Section 4.2 describes the characteristics of an antiproton source which
would provide cool antiprotons at a rate high enough to allow a luminosity of
10322 '

em™%s”™! to be achieved. In section 4.3 the main ring parameters for

this nominal Tuminosity are derived, but in addition different scenarios, such

033cm-25'1, are

as the consequences of trying to attain a Tuminosity of 1
considered. An estimation of the required magnet aperture increase is made,
after a discussion of the various separation schemes which have heen proposed.
Current 1imitations are shown to be less important than those noted in the

Conceptual Design Report.
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4.2 Antiproton Source
4.2.1. Introduction

Several antiproton sources for pp collisions in the SSC have been proposed
in the past.1'2 These have been based upon the Pp source designs used at
CERN and Fermilab and have been scaled up in number of source rings, stochastic
cooling systems and frequencies, and final accumulation rates. In this sec-
tion, we have taken the bésic design presented at the University of Chicago
workshop and have adapted it to 1hé specific needs'of thislﬁb collider design.
The cooling calculations and stochastic systems pfoposed at Chicago have been
accepted, while the ring designs have been changed in order to conform to the
present SSC design as given in the tonceptuaT Design Report. 1In addition, the
scope of the P source has been scaled down to reflect the presently needed
accumulation rate. The design Tuminosity of 1032cm'25-1 requires an

replenishing rate of ~ 2x108 P's per second.

4.2.2 Parameters

The antiproton source design-presented here is cabab]e of an accumulation
rate of 3x108'ﬁ's per second, assuring a usable average rate of 2)(1035"1
after losses, inefficiencies, et cetera. The source consists of a target, a
10 GeV/c Debunching Ring, a 10 GeV/c Accumulator Ring and a 150 GeV/c Storage
Ring in addition to the SSC Low, Medium and High-Energy Boosters. Modifica-
tions have been made to the MEB from the CDR. The parameters of the modified
SSC booster complex are given in Table 4.1. The parameters of the new p source
rings are listed in Table 4.2 and the cooling and accumulation parameters are

given in Table 4.3.
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Table 4.1

Injector Characteristics

Momentum/GeV/c: Top

Injection
Circumference/m
Normalized emittance/wmm-mrad
Cycle time/sec
rf frequency/MHz
Harmonic number

ll""
v |m
.

w
[=]

Table 4.2

MEB HEB
150 1000
8 150
2688 6000
0.83 0.9
1 60
62.5 62.5
560 1250

(a) Antiproton Parameters

Proton Momentum
P bunch spacing
Pulse length

P momentum

P bunch spacing

150 GeV/c

4.80m

2 x LEB = 500 m
10 GeV

4.719 m

(b) Antiproton System Parameters

Quantity Debuncher
Momentum/GeV/c 10
Circumference/m 573.5
RF wavelength/m 4.779
Harmonic number 120

Accumulator Storage Ring

10
528
4.8

... 110
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Table 4.3

Antiproton Production Characteristics

Step 1: p Production

Yield p/p

Momentum

Acceptance: dp/p
transverse

Cycle time
Target
Focusing

Step 2. Debunching
Final momentum spread
RF voltage

Cycle time

Step 3. Transverse Precooling
Final emittance

Bandwidth

Power

Cycle time

Step 4. Transverse Cooling
Final transverse emittance
Bandwidth

Power

Cycle time

Step 5. tongitudinal Precooling

Final momentum spread

Cooling system: Frequency band
Schottky power
Total Power

P.U. noise temperature

Cycle time

Step 6. Stochastic Stacking
Longitudinal: Initial density
Final density
Bandwidth
Power
Transverse: Final emittance
Bandwidth
Power

Cycle time

Step 7. P Storage in last Booster

Storage momentum
Transfer rate
Time to fill
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3 x 108/1.25 x 1012
10 GeV/c¢

Copper
Lithium lens

005’
10MV
1s

20wmm-mr
4-8 GHz
10kW

1s

Jamm-mr
4-8 GHz
10kW

1s

0.15%
4-8 GHz
25004
3700W
300K

1s

20p/eV
3000p/eV
4-8 GHz
10kW

<) wfom~mr
4-8 GHz
<1kW

40s

150 GeV/c
40s
22 hours



4.2.3 Machine Requirements

Linac and Low Energy Booster. The linac and LEB remain as described in

the COR. They must deliver 20% more intensity to the MEB than in the CDR
but we have assumed that this will not require any changes.

Medium Enerqy Booster. The MEB has to be extensively modified. In order

to achieve the required p accumulation rates, the MEB cycle time must be
reduced from 4s to 1s, and in addition the top energy must be 1nbreased from
100 to 150 GeV/c. These changes require more rf and power supplies as well as
more cooling. The magnets remain unchanged, although their number increases
by roughly 50%. In order to achieve 150 GeV/c and match into the entire
cooling scenario, the MEB circumference must increase to 2688m from 1900m. In
addition, the optics of the MEB will be changed tb reduce the maximum disper-
sion from its present value of 14m to a more reasonable value, approximately
3.5m. This will allow the more intense batches to fit within the present mag-
netic aperture. Transition crossing Q111 not be a problem.

High Enerqy Booster. The HEB remains as described in the CDR.

Target Station. A target station similar to that at Fermilab will be

required, with a simple copper target followed by a 1ithium lens collection
system and a pulsed dipole beam deflector. Improvements such as a focusing
1ithium lens, a current carrying target or sweeping magnets may be added to
improve the yield, but they are not needed for this design.

Debuncher Ring. A new Debuncher Ring, rumning at 10 GeV/c, must be built,

It can be scaled from the Fermilab design and will have a circumference of
573.5m. The lattice will be similar to the Fermilab design, having 12%
more normal cells in order to reach the higher energy with the same magnetic
fields. The magnet apertures must increase in order to have a transverse
acceptance of 40w in both planes and 6% momentum acceptance, instead of 30«

and 4% as in the Fermilab Debuncher. The rf systems have to increase by
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50% to accommodate the larger momentum bite. The Debuncher will have a sto-
chastic cooling system, as specified in the Chicago Workshop, in order to do
fast transverse precooling.

Accumulator Ring. Again, a 10 GeV/c¢ Accumulator Ring, which can be scaled

from the Fermilab design, must be built. Here the apertures need not be
increased, only the total magnetic fields an& circumference, which must be
528m in order to match onto the source system. The lattice desiﬁn will need
to be somewhat modified in order to obtain an appropriate mixing factor.
Otherwise, the design will be similar to that of Fermilab, but with longer
magnets. The accumulator must have several different stochastic cooling
systems: as described in the Chicago design, there will be four systems, for
transverse cooling, longitudinal precooling, momentum stacking and accumula-
tion, and core betatron cooling.

Storage Ring. The largest addition to the SSC design required for an

appropriate 7 source is of a 150 GeV/c holding ring. This will store and
accumulate the cooled P's from the Accumulator Ring, in boxcar style and in
momentum, for approximately a day, to achieve the total intensity of 1.5x1013
needed for collisions. This will be a simple dc machine made of FODO cells,

matched in geometry and circumference to the MEB and sharing the MEB tunnel.

4.2.4 Antiproton Production and Accumulation
P_Production. The LEB is used to accelerate protons to 8 GeV/c and to
inject them into the MEB with a cycle time of 0.1s. In order to achieve the

OQ’0 protons per bunch.

needed production rate, the LEB must deliver 1.2x1
This represents an increase of 20% over the CDR but will not require any
changes to be made to the LEB. Two batches of 104 bunches will be loaded into

the MEB, which will then accelerate the protons to 150 GeV/c in 1s. At 150
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GeV/c, the MEB RF voltage will suddenly be increased to mismatch the bunch and
the bucket. The bunches will rotate by 90°, in 1/4 of a synchrotron period,
when they will be then extracted and sent on to the copper target. A total of

12 protons per second thus hit the target, producing P's which are

1.25x10
captured at 10 GeV/c into a 6% momentum bite and into a transverse acceptance
of 40« mm-mrad in both planes. This has been calculated to give a capture
rate of 3x108 antiprotons per second.3 |

pebuncher. 1In the Debuncher Ring, the P's are captured into mismatched rf
buckets and rotated by 90°. The rf system is then turned off adiabatically.
This reduces the momentum spread from 6% to 0.5%. The p's undergo a 4-8
GHz transverse precooling which in one second reduces the transverse emittance
by a factor of two. ‘At this point, the beam is extracted from the Debuncher
and transferred into the Acéumu?ator Ring.

Accumulator. Beam is injected into the Accumulator once every second.
Since the actual injection, capture and movement to the stacking orbit takes
only a fraction of a second, there is ample time to cool the beam somewhat
while it is on the injection orbit. The transverse emittance could not be
cooled efficiently while in the Debuncher because of the poor mixing factor, a
consequence of the rf debunching requirements. In the Accumulator, however,
the mixing factor will be very good, so the one second period between injected
pulses will be used for both transverse cooling and longitudinal precooling.
This will reduce the beam to a transverse emittance of ~3« and 1e;ve it with a
full momentum spread of 0.15%. Before the next pulse is injected, the beam
will be captured by a small rf system, moved over to the stacking orbit and
deposited in the tail of the stack.

A high-power 4-8 GHz momentum stochastic cooling system will then be used

to accumulate the Pp's into a dense core. The P density will have increased
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from 20/eV to 3000/eV after approximately 40 seconds. The beam will also be
subjected to a low-power core betatron cooling system during the stacking
cycle, to produce a final emittance of ~lx. At the end of‘this process, the
dense core of the beam will be adiabatically captured by the rf system, moved
to the extraction orbit, and reinjected back into the MEB, which will by then
have béen switched out of its production-mode cycle. The beam, with a popula-
tion of 1.2x101° P's and a density of 3000/eV, will then be accé1erated to

150 GeV/c, and transferred into the Storage Ring. The P production mode will
then resume.

Storage Ring. The Storage Ring will receive an Accumulator pulse every 40

seconds, to be Joaded with a combination of boxcar stacking and momentum
stacking., After five pulses are loaded boxcar style in 200 seconds, the beam
will be captured by the rf system, moved over to a stacking orbit, and
deposited on the bottom of the momentum stack. This process will be repeated
for a total of 1700 pulses to achieve the final desired intensity of 1.5x10]3,
assuming a total effiéiency of 65% from the target to the final storage

ring, and a momentum stacking efficiency of 85%. The energy spread of each
momentum stack will be about 4 MeV and the final stacked beam will have an
energy spread of 1%. Allowing some additional aperture for beam transfer,
etc., the required momentum aperture will be 1.25%.

At this point, when the p density is be approximately 12500/eV, beam will
be extracted from the Storage Ring and injected into the SSC with a longitudi-
nal emittance of 0.035 eV-s. A suppressed-bucket rf system in the storage
ring will capture bunches of the required 6.4x109 antiprotons in 375 MHz
buckets, with a bunch spacing of 40m. One full turn of the storage ring will
allow approximately 67 such bunches to be transferred by a single turn shut-

tered kicker extraction system.
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P_Injection

In order to achieve the specified design parameters, the Main Ring must be
loaded with about 2400 proton and antiproton bunches, with a separation of 40m
(~120ns). In any loading scheme it is desirable to avoid a lengthy injection
cycle to minimize the amount of time spent at the injection energy, where beam
lifetimes may prove to be short. In this section we outline a possible injec-
tion scenario which does not require a significant change from fhe proton-
proton case.

We shall assume that the collider ring is loaded first with protons at the
appropriate bunch spacing. During this time, the closed orbits are adjusted
and any other set-up procedures are done before the antiproton accumulation is
terminated. As well as the increased bunch spacing, we require that the cir-
culating abort gap in the proton beam be increased to ~10us from the 3us used
in the pp collider. Once the circulating proton beam has been established the
antiproton transfers are started.

At full turn on about 67 bunches are transferred from the storage ring to
the HEB. This bunch train is ~10us long and fi1ls half the HEB. The anti-
protons are accelerated in the HEB and then transferred as a single batch into
the collider into the abort gap in the circulating proton beam. Ouring the
60s needed to cycle the HEB with another batch of antiprotons, the freshly
transferred antiprotons are rotated azimuthally with respect to the proton
beam by the rf system, so that the 10us abort gap is re-established before the
next transfer takes place. The antiprotons are thus loaded boxcar fashion in
a similar way to the protons, the only difference being that twice the number
of batches are needed since only half the circumference of the HEB is used on
each transfer. In this way the need to interleave 2400 individual bunches is

avoided and only 36 antiproton injection cycles are necessary. The injection
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kicker rise time is defined by the bunch spacing (~120ns), and the fall time
is specified by the time difference between the abort gap and the length of

the antiproton batch.
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4.3 Main Ring
4.3.17 Introduction

The parameters of the main ring of é broton-antiproton SSC are derived in
this section. The derivation is based on the work which began with the 1984
DPF workshop in (:hh:ago'l and continued at the Snowmass Summer Studyz of the
same year. Only aspects peculiar to the proton-antiproton option are con-
sidered here, all general parameters being taken from the Concebtuai Design

4 2_-1 is

Report for the proton-proton SSC.” A nominal luminosity of 1032cm' s
taken, but other scenafios, with different performance parameters, are also
considered.

The most crucial quantities toAbe derived are the antiproton production
rate required to achieve a given luminosity, and the beam separation needed to
reduce the close encounter beam-beam forces. General parameters, such as the
number of bunches, the bunch population, and the number of events per inter-
action, are derived in section 4.3.2, and are used to define the necessary
antiproton production rate. |

This leads to a discussion of the technical issues in sections 4.3.3 to
4.3.7. An overview is given of the several separation methods which have been
proposed, leading to an estimate of the required orbit separation and a cal-

culation of the required magnet aperture increase. Current limitations are

briefly considered, and shown not to be critical in the nominal case.
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4,3.2 Parameters

The performance of the proton-antiproton storage ring can be characterized

by the luminosity

4x  (cB*/Y)
with fo = revolution frequency
Yy = Lorentz factor
B = number of bunches
NB = particles per bunch
e = normalized transverse emittance
f* = beta functions at the interaction point, which are assumed

to be equal in both planes.

In all subsequent considerations, the emittances for the proton and antiproton
beams are assumed to be ¢ = 10“6 meters, which sets certain requirements on
the injection scheme. Beta values of Tm and 0.5 m at the interaction point
were used for the calculations. If the antiprotons are cooled down to the
nominal normalized emittance after a collection time Ter the total number of

antiprotons available is given by

N = BN =N T . ) (2)

A cycle time of 24 hours and a collection time of 22 hours have been assumed
in what follows.

After substituting the limitation defined by (2) in equation (1), and

expressing the proton bunch current by the head-on beam-beam tune shift

’ (3)

Y
i}
-y N
|z
LY (-
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we get for the luminosity

fyT .
z = 0 5 N_‘é * (43)
rB
p
or ]
2 110%2em 2571 = 0.645 N 108711 £ 1073 . (4b)

In this parameterization, the attainable luminosity depends only on the anti-
proton production rate and the tune shift parameter. A circumference of 96
kilometers is assumed, corresponding to the simple SSC test lattice used in
further calculations below; this value is somewhat larger than the value
anticipated in the COR. This minor disparity is partially justified by the
recommendation of this report, explained below, that a lattice with distributed
interaction regions is preferable for proton-antiproton operation.

Another restricting parameter which must be controlled is the average

number of events per crossing,

S
> = Lo, Bl o 207 % 100y, (5)

p

with SB the bunch distance and oy the inelastic cross section, taken to be
120mb at 20 TeV. Expression (5) is valid only for equal bunch populations.
It should be noted that the number of events per crossing increases in propor-
tion to the product of the bunch currents. Thus for constant luminosity, <n>
can be reduced by increasing the number of bunches while decreasing the anti-
proton bunch population to keep the total number of antiprotons constant, and
by keeping the proton bunch population constant.

This leads to unequal proton and antiproton currents. Since the muiti-
bunch beams are circulating in the same vacuum chamber, they influence each

other with forces proportional to the number of particles per bunch. The tune
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shifts produced by this effect must be compensated if they are above a toler-
able 1imit. If the currents of the two interacting bunches are not equal, the
difference of the tune shifts must be compensated by magnetic multipoles which
generate a quadrupole feed-down proportional to the sign of the orbit displace-
ment. Since these noniinear multipoles reduce the dynamic aperture, it is
preferable to avoid using them by keeping the current per bunch equal for both
beams. This can be done by adjusting the number of bunches, which according

to equation (4) is still a free parameter. Using equations (1) and (2) we get

as a condition for equal bunch populations N; = N; ,

2

b 2 #10%%em %5

= Awefy p2 = 1900 2o 26
weloY & £50107")

Another reason to keep the bunch populations equal is to avoid the reduc-

tion in luminosity 1ifetime which inevitably occurs with unbalanced beamss.

2

For example, if an initial luminosity of 10%2em™2571 §s achieved with an

interaction beta of 1.0 meter, colliding 1200 bunches of protons and anti-

0]0 particles (case B below), the final lumi-

nosity after 22 hours is 0.51x10%%ecm%s 7. This naively assumes no

protons each containing 1.28x1

mechanism' for emittance blow-up or collapse, and assumes no means of particle
loss other except through useful luminosity interactions. However, if the
number of antiprotons per bunch is halved, but the same initial luminosity is
maintained by reducing the interaction beta to 0.5 meters (case B-1 below),
the final luminosity is reduced to 0.38x10%%cm 2577
Under the assumptions stated above, the two main effects 1imiting the
attainable luminosity are the antiproton production rate and the average num-
ber of events per crossing. The head-on tune shift parameter is not critical,
being typically less than the maximum allowable value of 0.004 per interaction

point. This value of tune shift has been experimentally determined in the
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Spps collider, with six interaction points.6 Thus it 1slnow possible to

derive the antiproduction rate necessary for satisfactory operation at the

nominal luminosity of loazcm—zs"1.

Figures 4.1 and 4.2 show the dependences of the antiproton production rate

and the average number of events per crossing as functions of tune shift para-

meter, for two different interaction beta values. Assuming 8* = 1.0 meter at

-the interaction point and a luminosity of 10%2cm 27! (Fig. 4.1), the

number of events per crossing can be kept below three only if the antiproton

production rate is at least 2x1085'1. For 1.5 events per crossing and the

same luminosity, the production rate must be increased to 3x1085—1. With
a beta value of 0.5 m at the interaction point (Fig. 4.2), the required pro-
duction rate for 1.5 events per crossing (as in the pproption described in
COR), and a luminosity ofA1032cm'2s"1, is reduced to 2x10%77.

Detailed studies have been carried out for nominal machine conditions,

case A, and for variations, cases B to U, as shown in Table 4.4.

Table 4.4

Performance Parameters for the Four Cases Studied

Case & <> W 3 B8 N N B S
1032cm™2s7 10% 1078 @ 10'0 400 n
A 7.0 1.6 2.0 0.8 0.5 0.64  0.64 2400 40
B 1.0 3.2 2.0 1.6 1.0 1.28  1.28 1200 80
B-1 1.0 3.2 1.0 1.6 0.5 0.64 1.28 1200 80
c 0.5 3.2 1.0 1.6 1.0 1.28 1.28 600 160
c-1 0.5 3.2 0.5 1.6 0.5 0.64  1.28 600 160
b 10.0 4.3  10.0 3.0 1.0 0.85 2.56 9600 10
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Fig. 4.1 Antiproton production rate (h'l‘) and average number of events per
crossing (<n>) versus tune shift parameter (), with interaction region beta
(B*) = 1.0 meter.
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Fig. 4.2 Antiproton production rate {(N~) and average number of events per
crossing (<n>) versus tune shift parameter (&), with interaction region beta
(B*) = 0.5 meter.

57



The four main cases, A to D, are distinguished by their luminosity and <n>
values; with the assumption of equal currents, this is enough to specify the
required antiproton source strength and the head on tune shift parameter, for
a particular value of B*.

Comparison of cases A and B shows that the average number of events per
interaction can be reduced from 3.2 to 1.6, with a constant antiproton produc-

8- and a luminosity of 1032cm'25'1, by reduc{ng B* from

tion rate of 2x10
1.0 meter to 0.5 meters. The total number of antiprotons is the same in both
cases.

Comparison of cases B and C shows that the luminosity attainable is halved
if the antiproton production rate is halved while the number of events per
interaction and the value of B* are kept fixed.

The more hypothetical fourth case, D, describes the parameters required

2571, Unequal currents are required, with

for a Tuminosity of 10%3¢m™
roughly an order of magnitude increase in the number of bunches and in the
antiproton production rate.

Cases B-1 and C-1 are variants of 8 and C, showing that the luminosity can
be maintained if the antiproton produﬁtion rate is halved, at the expense of
halving the interaction beta and accepting imbalanced currents.

The three cases with 103'2cm'2s'I luminosity (A, B, and B-1) are
expected to be the same with regard to long range beam-beam interactions,
since the average number of protons encountered per meter (the proton line

charge) is the same in each case.

4.3.3 Beam Separation
The major dynamical problem of a proton-antiproton collider is the inter-

action of the two beams by the long range beam-beam force, resulting for
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example in an orbit distortion produced by the dipole component of the electro-
magnetic force. The closed orbits of the two beams circulating in the same
vacuum chamber must be separated far enough to reduce this interaction to a
tolerable level. Higher order multipoles are generated around the separated
closed orbits by the divergence of the electromagnetic fields. Following

ref. 7, the beam-beam induced kick in the long range approximation is given,

in the horizontal plane, by |

Brie
Y

Ax' = )

RN

r=x?+ 22

Expansion in multipoles of this impulse around the separated closed orbit
leads, in the horizontal and vertical planes respectively, to

2, 4 23") + ...

AX' =b+qgx+qz+ s(xz-zz) +5 2xz + o(xs- 3xzz) + o(3x
AZ' =b-gqz+qQx-52xz+ §(x2-22) - o(axzz + 23) + 6(x3—3xzz)2 + ...

with the fo]]owing normal and skew multipole terms:

normal skew
dipole b = 52- 4, b= 5—2- d,;
quadrupole q = iz (di-dg) q = 53 dxdz;
sextupole s = ﬁg (di—édxdg) s = ig (3d§ dz-dz);
octupole o = i-é (di—ﬁdidimg) %= :—8 (ad3d_-a4 a3) .
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Here, dx and dZ are the total horizontal and vertical separations of the

two beams respectively, and

2

__ 8xfe 2 _ 2

4.3.3.1. Separation schemes
In principle there are three different ways to separate the two beams;
these have already been discussed in refs. 7-12.
(a) Momentum separation.
(b) One-dimensional electrostatic separation (either horizontal or verti-
cal).

(c) Two-dimensional "double helix" electrostatic separation.

(a) Momentum Separation

At first glance the momentum separation scheme seems to be advantageous
because no separators are needed. However, a change in momentum can only be
achieved by changing either the revolution fregquency fo or the harmonic num-

ber K according to

s 1°RE_ 1 Yo &K
- (f +K)v

with o the momentum compaction factor. In both cases, synchronization problems
arise. Assuming a change in harmonic number of only one unit, the rf frequency
must be 8.9 GHz to produce 7.5mm horizontal orbit disptacement in the focusing
quadrupole of a normal ceil. A cel} phase advance of 60 degrees has been

-assumed for this ca1éu1ation, giving a relative momentum deviation of 1.95x10“3
for a dispersion of 3.85 meters. A beam with this momentum deviation is anti-
damped in the horizontal plane, meaning that the advantage of synchrotron

radiation damping is lost. If the revolution frequency is changed to generate
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the momentum deviation for beam separation, the revolution times are different
for the two beams, so that the beam collision point in the interaction region
sweeps along a length given by the bunch separation distance. Momentum sepa-

ration is not considered any further in this report.

(b) One-dimensional Electrostatic Separation

It is preferable to separate in the horizontal plane, as at CESR, since
vertical separation produces skew quadrupole feed-down terms in the normal
chromaticity correcting sextupoles. Only a part of the ring can be filled,
because the bunches must be grouped in batches in order to avoid collisions or
close encounters at the crossing points of the separated orbits, as illustrated

in Fig. 4.3.

=3 Batch

Separation orbits

Fig. 4.3. The grouping of bunches into batches, in a one dimensional
separation scheme.

This Teads to a reduction in luminosity if the bunch spacing, S_, is

B!
held constant. Another severe disadvantage is the dependence of the long range
tune shift on the position of the bunch inside its batch. There is a bunch-

to-bunch tune spread, which either requires a_igrger stable area in tune
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space, or must be strongly reduced by increasing the separation amplitude.

(It could also be compensated by using rf quadrupoles, which would make the
machine operation even more complicated.) Furthermore, the difference between
center bunch and edge bunch interactions produces slightly different closed
orbits, which probably complicates the injection process. A comparison of the
performance with one dimensional separation and with double helix separation

has been made in 4.3.3.4 for case D, with 1083em2™! luminosity.

(c) Double Helix Separation

In the helical separation scheme, the beams are horizontally and vertically
displaced by orthogonal'e?ectrostatic separation bumps. A great advantage of
helical separation is the reduction through compensation effects of the long
range beam-beam tune shift. If the separation is purely horizontal, the long
range heam-beam quadrupole term is horizontal defocusing; if the separation is
purely vertical, it is horizontally focusing. While in a one-dimensional
separation scheme the long range beam-beam tune shifts have the same sign for
each encounter, and accumulate, in a helical scheme there is considerable can-
cellation. The net tune shift acquired over one encounter period (one turn of
the helix, assumed to be an integral number of standard cells) is not zero,
but is relatively small. Its value depends on an integral over the azimuthal
position of the encounters, which includes the variation of beta functionms,

and on the true construction of the “*helix® from piecemeal line segments.

4.3.3,2 Simulation of the Long Range Beam-Beam Interaction
To explore the effects of the two beams on each other, the long range
beam~beam interaction has been implemented in the particlé tracking code

RACETRACKIa. The interactions occur over several identical helical periods,
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- as shown in Fig. 4.4 for the case of 60 degrees phase advance per cell. The

separation bumps are produced by electrostatic deflecting elements at the ends
and beginnings of the encounter regions. A suitable number of half cells are
added to the lattice in the matching regions to generate an appropriate tune.

The cell Tength is taken to be 200m.

Encounter unit

—]
< 1200 m ‘
: /" |
I St
H Vv 1 g H
1:-1/2 cellé |
D F D F. D F F D

Fig. 4.4 Helical separation in an encounter region.

In Towest order the long range beam-beam effect simply distorts the sepa-
rated orbits. In order to adjust these helices to be closed bumps, two addi-
tional deflection elements are included in each plane, at one end of the sepa-
ration regions. Since the orbit distortions are different in both planes, the
horizontal and vertical orbits lose their orthogonality and the separation
distance is decreased. This is dangerous because the tune shifts and alil
higher order multipole effects are then increased. It is found that a beam
separation over 1/8 of the ring produces a phase slip which is of negligible
influence. However, if the separation regions are extended beyond this range,
for example in a clustered lattice, it might be necessary to include electro-
static elements as phase correctors between the ends.

N If the bump is no% readjusted for:each beam current - for each long range’

interaction strength -~ the resulting orbit distortions add up resonantiy,
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since the distortion drive has a period of 2« betatron phase advance. 1In
Section 4.3.3.4 a comparison of the performance with and without a compensated

separation bump is given.

32 2 -2 -1

4.3.3.3 Beam separation for luminosities of 0.5x10°2 and 10%2cm™2s™
(cases A, B and C)

The quadrupole tune shift contributions due to long range beam-beam
encounters oscillate in sign with double helix separation, giving, as pre-
viously mentioned, a strong compensation effect. Three differént cell phase
advances, 30, 60, and 72 degrees, have been investigated to explore the
dependence of this compensation on the separation region optics. Table 4.4

2 -2

shows that the reduction in luminosity from case B (TO3 cm 5“1) to case

C (O.leoszcm_zs-]) is solely due to the reduction of the number of
bunches from 1200 to 600: the tune shift parameter is the same in both cases.
This implies that fhe beam-beam effects are expected to be stronger in case B,
51n¢e-théy depend only on the tune shift parameter times the number of
encounters per meter, if the discrete nature of the encounters can be ignored.
" Figure 4.5 plots the vertical tune shift due to 1200 encounters per turn
as a function of the maximum total helical separation, corresponding to the
600 bunches of case C, for the three phase advances. The separation bumps are
always adjusted to give the same maximum beam separation in both planes, so
the horizontal tune shifts are very similar to the vertical tune shifts.
Figure 4.6lplots the variation of vertical tune shift with separation for 2400
encounters, cbrresponding to case B, and shows stronger behavior for all three

phase advances, as expected. Figure 4.7 shows that the distortion of the beta

fuhhfibns is moderate for reasonable separation amplitudes.
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Fig. 4.5 vartation of vertical tune with total helical separation, in case C.
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Fig. 4.6 Variation of vertical ture with total helical separation, in case B.
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Fig. 4.7 variation of vertical beta with total beam separation, in case 8.
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The single phase advance of 72 degrees per cell, rather than the 60 degree
value assumed in the CDR, is chosen as an optimal case for further study based
on the somewhat better performance in tune shift shown in Figs. 4.6 and 4.7.
Although 30 degree ceils appear superficially attractive, they are rejected
because the peak beta in a regular cell is increased to 504 meters (assuming
thin lenses and 100 meter half ceil length}. This would lead to an even larger
increase in the required magnet bore size. The change from 60 to 72 degrees
decreases the peak beta in a reqular cell slightly, from 346 to 334 meters.

The chromaticity produced by the long range beamfbéam sextupole field is
shown in Fig. 4.8 as a function of beam separatidﬁ. It varies roughly as the
inverse cube of the separation amplitude. Because the chromaticities are
opposite in sign for the two closed orbits, it is necessary to compensate the
overall effect by alternating the polarity of successive helices. An ensemble
of four particles is fracked“ovér 100 revolutions, so defining the dynamic
aperture, in order to explore the inf]uenﬁe of the nonlinear beam-beam multi-
poles on particle dynamics. Figure 4.9 shows the variation of the maxiﬁum
stable amp]ifude with the beam separation amplitude. The results indicate a
much stronger 1mpact on the selection of the separation amplitude than the
tune ﬁhift. The variations plotted for cases A and B show essentially identi-
cal béhavior. because the current per bunch times the number of encounters is
the same in both cases. ‘
| The dynamic apertures plotted in Fig. 4.9 are solely due to noniinear beam-
beam interactions. 1In the absence of beam-beam interactions, and with no orbit
separation, the dynamic aperture of a proton-proton SSC is 9.1 * 1.5 milli-
meters without the sorting of 4.0 centimeter bore dipoles, and 12.0 % 1.5
millimeters with dipole sorting, according to the COR. A nominal separation

value must therefore be chosen with a beam-beam dynamic aperture substantially
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Fig. 4.8 Variation of chromaticity production due to the large range beam-
beam interactions, versus total separations, in case B.
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Fig. 4.9 Maximum stable amplitude, Ay (mm), versus total separation ampli-
tude, due to long range beam-beam interactions only.
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larger than these values, in order that the net dynamic aperture is not
significantly decreased when both magnetic and beam-beam sources of non-
linearity are included. The nominal maximum helical separation amplitude is
thus chosen to be 15.0 millimeters, indicating a beam-beam dynamic aperture of
14.8 millimeters for case A, and 17.0 millimeters for case B.

The variation of tune shift with ampliitude for 12.5 mm beam separation,
found by Fourier analyzing the particle motion over 1000 turns, is illustrated
in Fig. 4.10. The tune shift is less than 5x10_4 for a betatron amplitude
which corresponds to 4 standard deviations, and is therefore insignificant.

It should be noted that the leading term producing tune shift with amplitude,

the octupole, decreases with the fourth power of the beam separation.

When magnetic non-linearities are taken into account, two other effects
are introduced, apart from the obvious further reduction of the dynamic aper-
ture, which influence separated orbit operation. First, the dipole feed-down
of the magnet multipole errors disturbs the separation bump. This is con-
trolled by tuning the correctable separation elements which already have been
invoked at one end of the separation region. Unfortunately, the feed-down
effects are different for the two helical orbits with opposite separation amp-
Titudes. To overcome this problem, electrostatic dipole correction must be
augmented by magnetic dipole correction. Second, the gquadrupcle feed-down
leads to a tune shift which again is different in magnitude for opposite beam
separations.

Figure 4.11 shows the feed-down effect on the tune as a function of sepa-
ration ampiitude, superscripts + and - indicating beam separations of opposite
sign. The same relationship is plotted in Fig. 4.12 for a different set of
random multipeles, indicating a strong dependence of the feed-down on the ran;

dom distribution. The size of these tune shifts makes compensation necessary.
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Fig 4.10 variation of tune with amplitude due to long range beam-beam
interactions.
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Fig. 4.11. Tune shifts due to the feed-down of random multipoles versus the
total separation amplitude, first seed.
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Fig. 4.12 Tune shifts due to the feed-down of random multipoles versus the
total separation amplitude, second seed.

74



No magnet sorting has been taken into account. The variation of the beta
function produced by the feed-down,‘for the same random errors as for

Fig. 4.11, 1is shown in Fig. 4.13. It is quite moderate and needs no special
compensation. -

Multipole feed-down has so far been considered for a constant magnet aper-
ture of 40 mm. However, the bore size of the magnets must be increased to
compensate for the aperture loss due to beam separation, and the magnetic
errors will correspondingly decrease, Jeading to a reduction in the strength
of feed-down effects. The multipole strengths are assumed to scale according

to -n A

n* bn ~ (bore size)

a

as proposed in ref. 14.- Figure 4.74 shows the variation of the tune shifts
due to the quadrupole feed-down as a function of magnet bore size. The curves
converge to the values given by the chromaticity correcting sextupoles alone,
since their strength does not change with the magnet size.

Quadrupoles are used to compensate for the common part of the tune shift
of the two separation orbits. The larger remaining differential tune shift is
adjusted by using multipoles to generate feed-down quadrupole terms which
depend on the sign of the separation amplitude. Sextupoles are the lowest
order able elements to do this. Figure 4.15 shows an arrangement of sextupole
correctors to compensate for the feed-down effect, in the case of 72 degrees
phase advance per cell.

The results presented in Fig. 4.16 illustrate the performance of this
scheme; the maximum stable amplitude found by tracking is plotted as a func-
tion of the total beam separation amplitude, when a tune shift of aQ = 0.015
is corrected in both planes simultanecusiy. Random magnet errors are not pre-

sent, so the only non-linearities come from the long range beam-beam
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'Fig'. 4.13 Beta variation due to random multipole feed-down versus total
separation amplitude.
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Fig. 4.15 A sextupole corrector scheme to compensate for the feed-down effect.
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Fig. 4.16 Maximum stable amplitude versus beam separation, cases A and C, due
to long range beam-beam interactions only, but with tune shift adjustment by

corrector sextupoles.
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interactions, and the sextupoles in the correction scheme. Comparison with
Fig. 4.9 shows that the sextupole correctors lead to a further reduction in
dynamic aperture. For example, the dynamic aperture for case B is decreased
from 17.0 to 14.8 millimeters.

Figure 4.17 shows thé maximum stable amplitude as a function of beam sepa-
ration in a realistic machine. Chromaticity correcting sextupoles (enhanced
by a factor of three to simulate the chromaticity contribution of the low beta
insertions) and random multipoles up to 20-pole, both normal and skew, are
included. The bore size is increased by the amount of the separation, and the
tunes are readjusted by sextupole correctors to the values of the undistorted
machine. The dotted 1ine indicates the maximum stable amplitude when it is
limited solely by the chromaticity cdrrecting sextupoles and the random muiti-
poles, for a 4cm bore. At small separation values the beam-beam fnteraction
dominates. At large beam separations the feed-down effect increases and the

sextupcle correctors dominate, lowering the dynamic aperture.

33 -2

4.3.3.4 Beam Separation for a Luminosity of 10°Sem 25 ! {case D)

The problems arising from beam separation for even larger currents are
discussed in this section, under the assumption that developments in antiproton
production will exceed the present state of the art, so that a production rate
of ]09 antiprotons per second will be possible. A Tuminosity of -Z=
1033cm"23-] can be achieved for the machine conditions given by the set
of parameters shown in Table 4.4 for case D. The number of bunches is
increased to 19200 to reduce the average number of events per crossing to 4.3,
and this leads to unequal bunch populations. It is instructive to compare a
one-dimensional separation scheme and a helical separation scheme for such a

machine, with 60 degrees phase advance per cell.
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Fig. 4.17 Maximum stable amplitude versus beam separation in a realistic

machine with chromaticity sextupoles, long range beam-beam interactions, and

random multipoles, in case A.
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Figure 4.18 shows the beam-beam tune shift for two different bunches in a
one dimensional scheme, one in the middle and one at the edge of a batch. The
dashed curve shows for comparison the effect of a helical separation with three
times the tuminosity. In no case is the separation readjusted to compensate
for the dipole distortion produced by the beam-beam effect. The separation
must be increased above 17 millimeters in order to reduce tune shift below
0.003.

The variatién of horizontal tune with separation ampliitude is shown in
Fig. 4.19, where now the helical orbit separation is reclosed for each ampTli-
tude by adjusting the separator strengths. Finally, Fig. 4.20 shows the maxi-
mum stable amplitude as a function of beam separation, for two different
tunes. This indicates that a total separation of at least 50 mm is necessary
to increase the stable amplitude beyond the Timit given for normal sextupoles

and random muitipoies.

4.3.4 Separation Induced Dispersion
The displacement caused by a single helix, at a reference point with a

betatron phase #, is in general

x = 8'/2/251n(xQ) (8] 2ax' ;cos(| #-8,| -xQ) + B}/ 2ax' cos( -8, -*)], (1)
where ax'

1 and Ax'2 are the electrostatic kicks at the beginning and end

of the helix. Note that, unless specifically stated otherwise, the displace-
ments (and the dispersions) in all the discussions below may be in either
]<02, at

a place with a peak beta Bmax in a FODO cell, then the displacement becomes

plane. If the reference point is outside the helix, say with g<¢

X = hy/2sin(«Q) {cos(sy-8-wQ)-cos(sr-p-xQ)], (2)
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where hx is the amplitude of the helix. To be definite we assume that a
separation helix (or pretzel) has an integral number Qh of wavelengths, so
that

#2 = 87 + 2w0Qp, (3)
making the term in square brackets on the right hand side of equation (2) zero
and closing the helix for on-energy particies.

The dispersion perturbation caused by the helix is found by differentia-

ting equation (1) with respect to & = AE/E, the relative energy offset, so
that outside the helix the dispersion is

ny = dx/ds = hy/2sin(«Q) sin(gy-6-vQ) d(ep-81)/ds. (4)

This shows that the helix is not perfectly closed for off-energy particles, if
‘ the phase advance across it varies with energy. (In differentiating the term
in square brackets it {is assumed that the reference point phase is held con-
stant (d#/ds = 0), and that the chromaticity has been corrected (dQ/ds = 0)).
Such a “spurious dispersion® carries the sign of hx along with it, and so
has opposite polarity for oppositely charged particles. It cannot be compen-
sated by magnetic elements for both beams at the same time, because it is
caused by electrostatic separation elements. Such a separation induced dis-
persion wave has been observed at CESR, where Qh = 3 with separation in one
plane only, with good agreement between measurement and prediction.‘s’ls
The differential of the helix phase advance with respect to energy can be
very large in practice, because while the intersection regions are the largest
source of natural chromaticity, the bulk of the chromatic correction will come

from chromatic sextupoles inside the helices. For example, assuming as else-

where that the sextupoles are powered at three times the strength necessary

86



for correction of the arc chromaticity contribution alone, the crucial

vartation is given by
d(az—ﬂl)/dé = {3-1) Z«than(ﬂc/2)/(ec/2) (5)

where ac is the phase advance per cell.

Consider now two variants of the 72 degree phase advance per cell lattice
discussed elsewhere, as shown in Fig. 4.21. In the “"distributed" variant
there are eight octants with individual tunes of 08 = 12.8, with a helix of
Qh = 12 symmetrically placed in the middle of each octant. In the "Elﬁstered"
variant the same "intersection regions* and helices are rearranged into two
arcs, for a total tune of Q = 80, = 102.4, with helices of Q, =4x12=
48 in the middle of each arc. In both variants successive helices have alter-
nating polarities, so that the distributed and clustered lattices have super-
periodicities of 4 and 1, respectively. This symmetry allows the distributed
lattice to be reduced to a more fundamental machine consisting of two octants,
since only systematic effects are being considered here. The fundamental ver-
sion of the distributed lattice is similar to the clustered lattice scaled
down by a factor of four, with a total tune of Q = 25.6, and with Qh =12
for each of the two helices.

The helices and the dispersidns are mirror symmetric about a line drawn
through diametric points with ¢ = 0 and »Q, symmetrically placed between the

two helices. Combining equations 4 and 5, the dispersion is given by

ny = hy(260,/c05(x0/2)) (tan(s /2)/(8./2)) (8/8. )" %cose. (6)
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The amplitude of the spurious dispersion outside the helices is therefore

given, for the two lattice variants, by

3
]

max 1.08 [h/0.01] meters (distributed), (7)

4.31 [h/70.01] meters (clustered),

where the helix radius is measured in meters. For example, a helix with a one
centimeter maximum radius produces, in the clustered 1attice,-a spurious
dispersion wave which is larger than the peak natural dispersion of 3.41
meters and has the same amplitude in both the horizontal and vertical planes.
A similar analysis can be performed for the spurious dispersion inside the

helices, giving

124408, (8)

n, = hx21rQh tan(«O/Z)(tan(oc/2)/(ﬂc/2))(B/Bmax)

where the phase origin has been moved to the center of a helix.

Inside the helices the amplitude of the spurious dispersion is then

0.63 [h/0.01] meters (distributed), (9)

-
I

2.53 [h/0.01] meters (clustered),

and once more the spurious dispersion in clustered lattices is comparable with
the natural dispersion.

One obvious damaging effect caused by these dispersion waves is the
increase in magnet aperture which is required. Another effect is the modifi-
cation of partition numbers, Ji’ which describe the radiation damping times

through the equations

= (2 TE/U)/Ji i=nh, v, ors, (10)

Jh =1 -0D, Jv =1, JS = 2 + D



Here T is the revolution period, E is the design energy, U is the nominal
energy loss per turn, and the horizontal and synchrotron partition numbers are

related through the parameter D, which is well approximated in the case at

hand by
D=2 fnthds/faazds (1)
Q .

3 -2

These integrals are over all quadrupoles or all dipoles, with K = 2.38x10 “m
the quadrupole field gradient, and G = 8.62x10™°m " the dipole bending
Sstrength.

The numerator in equation (11) is ideally zero, because while the design
dispersion does not nominally vary from one (de)focusing quadrupole to the
next, the horizontal helix displacement h oscillates with the betatron phase.
However, the spurious component of the dispersion also oscillates with the
betatron phase, with an amplitude Mmax® S that the numerator is non-zero,

and D is well approximated by

D = Nc (1 + Byin/Bmax) "maxhxKZLg/24G (12)

Here Nc = 480 is the number of cells in the helices of the prototype lat-

tices, and L = 5.0 meters is the length of a quadrupole. Substituting

Q
equation (9) into equation (12), the variation of D with helix amplitude is

0.20 [h/0.011° (distributed), (13)

=
I

0.80 [h/0.01]2 (clustered),

up to a sign. A separation helix in a clustered lattice with a radius near
one centimeter can therefore drastically modify the partition numbers, and the

synchrotron radiation damping times.
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4.3.5 Magnet Bore Requirements

Tracking results are reported above for a lattice with a peak separation
helix radius of 7.5 millimeters in the presence of random multipoles, with
strengths which were scaled down from a dipole with a 2.0 centimeter radius to
those of a dipole with a 2.75 centimeter radius. Two criteria are used here
to make a more realistic estimate of the increased bore size necessary for
proton-antiproton operation of the SSC. First, the phase space dilution of
the beam due to injection off the central axis should not be significant, using
the same horizontal and vertical damping systems that are assumed for proton-
proton loading. Second, all persistent current systematic multipoles above
decapole must be small enough, at injection, that each induces a horizontal
tune shift of less than 0.005 to a particle with a betatron amplitude of 0.5
centimeters horizontally, and a relative energy error of 0.0071. The latter
requirement is the more stringent, producing a bore radius which is consistent

with the value used for tracking purposes.

4.3.5.1 Injection Tracking Studies
One requirement on the needed aperture for a proton-antiproton collider is

that the expected injection errors at 1 TeV do not cause an unacceptable amount
of beam dilution by coherent oscillations and filamentation. A computer simu-
lation program has been written which sets up a test SSC lattice composed of
FODQ cells, dispersion supressors, and two clustered straight sections. This
program has been modified to allow for a closed orbit deformation as required
for proton-antiproton operation, with the original damping system now operating

about the off-axis closed orbit. The dipoles are given randomly generated
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errors a, through a0 ahd b] through b10’ as defined by the Magnetic-
Errors Working Gr‘oup”. and are then sorted in lots of 60 on bz. Ensembles
of 500 particles are then randomly generated and injected into the lattice
with typical injection errors, which are assumed to be

Horizental error = 1.5 millimeters,

Vertical error = 1.5 millimeters,

Momentum error 1.5x10_4.

The particles are tracked for 100 turns while being subjected to Slow
horizontal and vertical damping systems with 50 turn characteristic times.
Proton-proton SSC lattice results have already been discussed]a. The
increases in horizontal and vertical beam sizes for the proton-antiproton case
are shown in Table 4.5, where they are compared with those of the proton-proton
case. The dipole errors come from dipoles with a bore radius of 2.0 centi-

meters, for two different random number seeds.

Table 4.5
RMS beam size increase due to injection errors

Ao Ao

x y
Case PP PP pp PP
1 1.7% 6.4% 14.3% 26.3%
2 5.6% 36.6% 2.8% 54.0%
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The proton-proton machine has an on-axis closed orbit while the proton-
antiproton machine has a c¢losed orbit separation of £ 7.5 millimeters. 1In the
proton-antiproton case it has been necessary to determine the actual closed
orbit to within a few microns in order to have the damping system work as well
as it does. A closed orbit error of + 0.2 miilimeters is enough to double the
beam size increases from those shown.

The rms beam size increases are consistently larger for the proton-
antiproton case than for the proton-proton case, for both random number seeds.
The largest proton-proton increase is 14.3% vertically, for the first seed,
while the largest proton-antiproton increase is 54.0% vertically, for the
second seed. These numbers show that beam dilution at injection may not be
ignored in the proton-antiproton case, although it is not unacceptable. The
dilution will become less important as the dipole bore is increased for other
reasons, and in the last resort could be better controlled by strengthening
the injection damping system. Beam dilution at injection is not a critical

effect in determining the required magnet bore size.

4.3.5.2 Systematic Tune Shifts
There must be a sufficiently large linear aperture for successful operation

of the SSC'°.

This condition places constraints on acceptable field errors
in the dipoles, in particular on the bzm parameters which describe the
strength of systematic multipoles with the 'aliowed' mid-plane symmetry. The
1inear aperture necessary for satisfactory operation was defined in the Con-
ceptual Design Report by demanding that a trajectory with a peak hprizontal

amplitude of AB = (.5 centimeters, and an relative energy offset of § =

0.007, should not have a tune shift of greater than A”max = (.005, from any
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individual systematic multipole. [f one particular value of brl is too high,
according to this c¢riterion, one way to compensate it is by adding distributed
muitipole windings to the dipoles. This is impractical for more than a small
number of multipole components, because it complicates both the construction
of the magnets and the operation of the starage ring. Another way to decrease

the tune shift is to increase the bore radius, since the multipole strengths

-n-1/2
bore

In the case of a proton-proton SSC, without orbit separation, the
0

are expected to scale according to bn ~Tr
horizontal tune shift is given by2

v = by <Bcos# (nd + Ag (B/Bpax)}/2coss)N>/Ag (1)

where the angle brackets <> imply averaging over both the betatron oscillation
phase, 8, and the variation of beta and dispersion functions inside a FCDO
cell. One of these averages may be removed for the sake of simplicity by
using the 'smooth' approximation, in which 8 and n are constants and the phase

advances at a constant rate. The tune shift then becomes

dv = anZ,‘{n.i} {1+1,(1+n/2} o ~U+1) A;-I(né)n-1 (2)

where {j,k}zsj!/[k!(j - kj!] is a combinatorial factor, with only integral
values of j and k allowed. The values of bn which correspond to a tune shift
of 0.005, according to this equation, are recorded in CDR Table 4.4-3. Com-
parison of these numbers with the calculated and measured systematic multipole
moments for the nominal SSC magret designzo, with a 2.0 centimeter bore,

shows that the uncorrected sextupole and decapole moments, b2 and b4, are

too large. The CDR proposal is to correct them with distributed windings.

The b6 component is marginal, while higher order muitipoles are significantly

less critical.
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When a one dimensional separation of amplitude hx in the horizontal plane
is added, for a peak total separation of th. the horizontal tune shift in

the smooth approximation becomes

\ n
bv = b B < coss (h coss + nd + Agcoss) >/Ag (3)

- b Z{n,i} {1+1,(1+1)/2}{n—1,j}{j,j/2} 2D -T4d gy n-1-3
i,]
where the average is taken independentiy over &, the oscillation phase, and
’x' the encounter region phase. The tune shift with full helical separation,

before making the smooth approximation, is
Av = bn < B coss® Re(zn) >/AB

with
1/2

1/2
z = AB (Bx/Bmax) cosg + hx(Bx/Bmax) cosﬂx + né (4)

Y2 Sine

+ih(B,/8 ) y

y 'y max

where the average is again taken over the encounter region phases, ox and

uy, independently of the oscillation phase. It is readily shown that the

tune shift is zero if the smooth approximation is applied to equation 4, when
the horizontal and vertical amplitudes, hx and hy, are equal. It is there-
fore necessary to evaluate the systematic tune shift in the presence of helical
separation without resorting to the smooth approximation, a calculation which
1s on1y practical by numerical integration.

Figure 4.22 shows the results of usiﬁg such a calculation, in conjunction
with the expected scaling of the multipole strengths, to infer the minimum
bore radius for a proton-antiproton SSC, with the nominal multipole strengths
1isted in the CDR as a reference standard. The solid curves show the radius
necessary to reduce the tune shift due to bb’ bB and b10 down to the
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Fig. 4.22 The minimum bore radius necessary to decrease the systematic muiti-
pole, bp, to acceptable leveils, as a function of helix radius.

maximum acceptable level of 0.005, as a function of the helix ampliitude, for a
nominal machine made of 96 meter cells with a phase advance of 72 degrees per

cell. The dashed straight line is a Yine of maximum horizontal displacement,
Xmax = Ag + nmax$ + hx = 0.005 + 0.0034 + hy meters (5)

representing the required linear aperture. Each of the solid curves is roughly
in a constant ratio with the dashed 1ine. Thus, as a rule of thumb, the situ-
ation may be casually summarized by saying that the maximum excursion of a
particle must always remain inside a good field region, which is empirically
found to extend out to about 60% of the inner coil radius. This makes it
possible to estimate the extra bore size required to allow for further

realistic effects, or for errors which proton-antiproton operation will incur.
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4.3.6 Beam and current limitations

The total beam current is decreased in a proton-antiproton SSC, compared
with the proton collider described in the Conceptual Design Report, and all
effects depending on the total current are much weaker. On the other hand the
single bunch current may be larger, as in the extreme case B, since the bunch
number of bunches is considerably reduced. Ia the nominal case A, however, |
even the single bunch population is slightly reduced, as shown in Table 4.6.

Single bunch or single beam current effects therefore do not have a major
impact on the nominal proton-antiproton desigq. For example, the total
synchrotron power radiation decreases frgm the proton-proton value of 16.8 kW
to 2.2 kW. The power 1655 per beam due to the parasitic heating of impedance
sources also decreases in all cases, since not only are the currents smaller,

but also the resistive wall impedance and the bellows impedance decrease in

Table 4.6
Number of Bunch Total
bunches Population Population
B Np[1010) N7[1013]
proton-proton{COR) 17280 0.73 12.0
Case A 2400 0.64 3.1
Lase B 1200 1.28 3.1

inverse proportion to the increased chamber diameter. Intrabeam scattering
lifetimes increase slightly, because the phase space density decreases.
Impedance thresholds for single and multi-bunch effects increase with the

inverse of the nominal bunch population.
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4.3.7 Effect of lons

The proton and antiproton beams ionize the molecules of the residual gas
in the vacuum system. Under certain conditions an accumulation of ions in the
antiproton beam may occur, which in turn leads to an increase of the local gas
pressure within the beam, and to space charge effects. It should be mentioned
that since the two beams are separated they can be treated independently, and
no fons will be trapped by the proton beam.

The conditicns for ion accumulation to start are investigated here. A

linear approximation for the interaction of the ions with the beam 1s used.

The linear theory leads in general to pessimistic results, with critical masses

below the true vaiues.ZI

The conditions to trap ions were investigated for cases A, B, and B-1,
which are defined by the parameters given in Table 4.4 above.

The change in transverse velocity for an ion which is c¢reated within a
beam of elliptical cross section and uniform particie distribution is given,

for small dispiacements in one plane, by

dy/dt = -ayy {y =2z orx) (1)

with
az,x z 2rpCNB/A°z,x(°z+dx) (2)
c = velocity of Vight
rp = c¢lassical proton radius
Né = partiéles per bunch
A = ion mass/proton mass
o, = horizontal beam half size
o, = vertical beam half size
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For a beam with equally spaced bunches and identical particle populations
one period of forces on the ion is given by the kick described above, followed

by a drift according to the bunch distance i.e.

1 tB 1 0
M= (3)
0 1 -ay 1
with tB the time separation between the bunches.

The motion is stable and ions are trapped if

-2 < Tr(M) = 2-—aytB <2. (4)

Using relation (2) for the kick parameter, the 1imit expressed by (4) is

reached for the critical ion mass
Ac = rpCONBIZBay(ax+oz) . (5)

where C0 is the circumference of the ring and B is the number of bunches.

To calculate the critical masses for the pp SSC, the geometry factor

g(x,z) = max {1/cx(dx+az), 1/az(ox+oz)} (6)

was evaluated around the ring for equal emittances in both planes at an energy

of 1 Tev, i.e. €y * €, = 10_9 m. We obtain the following minimum value:

a(x,z) = 0.389x10" [m~2].

(a) Multi-bunch mode with equidistant bunches.
For complete filling with equidistant bunches the critical masses are below
the atomic mass of carbon dioxide. As we see from Table 4.7 the ions will

always be trapped.

Table 4.7
Case A B B-1
Critical mass 0.8 1.6 3.1
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(b) Multi-bunch filling with a gap.

If a gép is introduced in the beam, the periodicity of the forces is
reduced. Resonances are excited which generate unstable bands within the ion
mass spectra similar to the haif integer resonance in an accelerator when
quadrupole distortions are introduced.

The stability of the fons has been analyzed by calculating the trace of

the transformation for one period of force, which is now

1 t 1 0

with tG the gap length.

The gap length in the beam required for beam abortion is roughly 3ps. It
is assumed to be ]arger for the pp option to provide injection of the beam
batches without afféct1n§ the counter-rotating beam.

The influence of a gap on ion stability has been calculated here for Sus
and 10us gap size; thése gaps give 18 and 37 missing bunches out of 1200 for
both cases B and B-1, while for case A these numbers are doubled.

Figure 4.23 shows the stability of ion masses for case B. For a 5us gap
there are {(theoretically) five discrete trapped ion masses below 50, falling
to two if the gap is increased to 10us.

The same graph is shown in Fig. 4.24 for case B-1. The increased bunch
currently siightly reduces the ion stability.

Figure 4.25 shows the results for case A. Even though the number of
bunches 1s increased (and compared to case B the bunch current is reduced) the
stability behavior hardly differs from the two previous cases.

The results indicate that even in linear theory most of the jon masses
"Will not be trapped if a gap is introduced. For all three investigated cases

a gap of 5us seems to be sufficient to get rid of the ions. If an ion mass
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Fig. 4.24 1Ion stability vs. ion mass (case B-1)
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falls within a stable band, ions will only be accumulated until the neutrali-
zation reduces the forces to a 1imit where the ion is shifted into the unstable

region. No jon ladder can be bujtt up.

4.3.8 Conclusions

The feasibility of proton-antiproton operation for iuminosities of

0.5x10°%, 102 and 10%3%cm s

has been investigated.

The minimum allowablie separation of the two beams circulating in the same
vacuum chamber is essentially defined by dynamic aperture requirements in the
presence of long range beam-beam interactions. The mutual beam-beam tune
shift, the tune spread with amplitude, and the chromaticity distortions are
important effects, but are not critical.

The tune shifts generated arcund the separated closed orbits by feed-down
effects of random muitipoles and chromaticity correcting sextupoles are large,
and must be compensated. A compensation scheme which uses two sextupoles per
encounter period has been tested, and appears to be adequate.

An antiproton production rate of 2:(1085_1 is necessary to provide the
nominal Tuminosity of 1032cm_25—1 and to reduce the average number of
events per crossing to 1.5. The lower 1imit to the separation recommended for
the two beams is 15.0 millimeters, in a helical separation scheme. If an

1 can be achieved, the luminosity

s”! for an increased tune shift

antiproton production rate of only 108~
is correspondingly reduced to 0.5x103%cm ™2
parameter of 0.0016. The required beam separation remains the same.

The separation helices in a proton-antiproton SSC cause spurious disper-
sions of similar amplitudes in both vertical and horizontal planes, with a

different polarities for each beam; these cannot be corrected magnetically.
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The amplitude of the dispersion wave so caused is proportional to the rate of
change of phase advance across the helix with respect to energy, and so is
proportional to the length of the helix. A clustered lattice is therefore
significantly more vulnerable than a distributed lattice to the dynamical il
effects caused by this dispersion. An analysis of a representative c¢lustered
lattice shows that the spurious dispersion ampiitude is typically about the
same size as the design dispersion. These facts point very strongly to the
use of a distributed lattice, rather than a clustered lattice, in a proton-
antiproton SSC. The spurious dispersion is still significant in a distributed
lattice.

The dipole bore must be increased in order for a proton-antiproton SSC to
perform satisfactorily. Most critical is the need to maintain the linear
aperture during injection at the value specified in the CDR, in spite of per-
sistent current-induced systematic multipoles. This leads to the requirement
that the bore radius must be 2.69 centimeters if the dipoles are to accommodate
a 7.5 millimeter radius helix. This estimate does not include any allowance
for the helix to be slightly larger than the recommended minimum radius; and
does not include any margin to absorb the secondary dynamic effects which
separated orbit operation will induce. The required bore radius is increased
by 0.13 centimeters, to 2.82 centimeters, when a 1.08 meter amplitude spurious
dispersion wave is included in a distributed lattice. These estimates are in
reasonable agreement with the scaling of linear aperture with bore radius which
has been observed in tracking programs. This scaling predicts that a radius
of 3.05 & 0.38 centimeters is required, when extrapolated siightly beyond its

range of applicabilityzz.

33 -2 -1

To achieve a luminosity of 10° c¢m “s ', the antiproton production rate
must be increased to 1095_], and a tune shift parameter of £ = 0.003 must

be anticipated, close to the empirical 1imit. The influence of the long range
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beam-beam effect on beam dynamics is tremendous and requires a total beam
separation of 50 millimeters for an adequate dynamic aperture. Since the mag-
net aperture must be increased with the separation amplitude, this example is
outside the parameter range where a cost benefit can be expected by using only
one ring.

Parameters for the four different cases which have been studied, including

the nominal case A, are collected in Table 4.8.

Table 4.8

The main parameters for four representative proton-antiproton storage rings.

A 8 L o
Luminosity/]ﬂszcm"zs_] 1.0 1.0 0.5 10.0
max. beam separation/mm ‘ 15 15 15 50
F production rates10%s™] 2.0 2.0 1.0 10.0
head on bb tune shift/10™ 0.8 1.6 1.6 3.0
antiprotons per bunch/]Oio 0.64 1.28 1.28 0.85
protons per bunch/w10 0.64 1.28 1.28 2.56
number of bunches 1200 2400 600 9600
events per crossing 1.6 3.2 3.2 4.3
bunch spacing/m 40 80 160 10
coltision beta/m 6.5 1.0 1.0 1.0
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Chapter 5
COST IMPLICATIONS

5.1 Introduction

2 %

We have estimated the cost implications of the Pp collider of 10%%em2s™

considered in this report. This has been done by comparing the Pp option with
the pp collider of 1033cm™2s™" presented in the Conceptual Design Report.
System by system, we have estimated the differences between the two cases for

the component costs only.
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5.2 Injector Systems

The injector system for the pp collider consists of a source and a linear
accelerator of 600 MeV, followed by three booster synchrotrons with kinetic
energies of 8 Gev (LEB), 100 GeV (MEB), and 1 TeV (HEB).

‘The scheme considered here for the Pp collider makes several modifications
and extensions to the above system: the MEB is upgraded from 100 GeV to 150
GeV to increase the yield of antiprotons; the debunching ring and cooling ring
use the Fermilab 8.89 GeV/c design, extrapolated to 10 GeV/c; and finally, @
150 GeV holding ring for the accumulated antiprotons is placed in the same
tunnel as the MEB. The Linac and LEB are assumed to be unchanged by the small
jncrease in bunch intensity necessary for P targeting. Below we estimate the

cost of modifying the injector systems to provide both protons and antiprotons.

5.2.1 Modifications to the MEB.

For the Pp collider considered here, we have increased the energy of the
MEB to 150 GeV and the repetition rate from 0.25 to 1 Hz. We assume that in
thus increasing the energy, the magnet aperture remains the same while the
circumference of the machine is increased by 50%. To accommodate the
increase in energy and repetition rate, the RF system is upgraded by a factor
of six. The higher repetition rate aiso increases the power supply demand by
a factor of two. Finally, extra abort and extraction systems are both needed
for the MEB for transporting the antiprotons to the holding ring.

The estimated increases in costs for the various subsystems are given

below in Table 5;1. For comparison we 1ist the CDR costs for same subsystems.
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Table 5.1
MEB Component Costs (FY86 k$)

Iiem COR pp Ratio
Magnets 13,492 19,748 1.46
Vacuum 919 1,379 1.5
Instrumentation 550 825 1.5
Controls 1,027 1,541 1.5
Safety 276 414 1.5
Installation 2,968 4,452 1.5
Extraction 829 1,244 1.5
Abort 583 1,166 2.0
Injection 217 434 2.0
Power Supplies 7,101 14,202 2.0
R.F. 3,750 22,548 6.0
TOTAL 31,720 67,953

N.B. No Tunnel Costs (See Civil Construction)

5.2.2 ODebuncher, Accumulator, and Beam Transport

To estimate the cost of these systems, we have compared them with similar
existing systems at Fermilab. We have scaled costs according to the ratio of
operating energies (1.12) for the debuncher, accumulator and beam transport
system.

The average cost per watt for the TeV I debuncher and accumulator sto-
castic cooling systems is $0.91k. For the system under consideration here, we
assume that the stocastic cooling system costs scale with the power require-
ments. Since the debuncher requires 10kW and the accumulator 25kW, the incre-
mental costs of this extra power, over the Tev I figures, are $5.6M for the |

debuncher and $16.03M for the accumulator.
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In addition, there is a 15% increase in debuncher magnet cost. This is
due to the greater transverse and longitudinal acceptances, which result in an
aperture enlargement of 15% in the vertical plane and 20% in the horizontal
plane. This modification implies an incremental price increase of $1.537H\for
the debuncher over the TeV I cost.

In Table 5.2 we summarize the costs associated with the P source assuming
that the target will be a copy of the present TeV I system and that there is
no addjtional expense assoctated with transporting a 150 GeV beam to the tar-

get, instead of the 120 GeV beam used by Tev I.

5.2.3 Holding Ring

Finally, the pp collider requires a holding ring for the antiprotons.
Although use of the HEB for storing the antiprotons was suggested in the
Chicago Pp workshop, we believe that for reliable operation a separate storage
ring will be necessary. In any case, other uses of the HEB, such as produc-
tion of beams, are anticipated. For the purpose of this study we assume an
additioral ring operating in the same tunnel as the MEB. In Table 5.3 we sum-
marize the costs associated with the 150 GeV holding ring, taking it to be a
DC version of the 150 GeV MEB.
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Component
Target System

Beam Transport

Debuncher

Accumulator

Conventional
Construction

TOTAL

* FY86 $ = 1.126 x FY83-84 §

Table 5.2

P _Source Estimate (FY83-84 k$)*

Cost Estimate
Identical Systems

Energy increased from
8.89 to 10

Energy increased from .

8.89 to 10 GeV
Larger Magnets
Larger Cooling Power
Requirements

Energy increased from
8.89 GeV to 10 GeV
Larger Cooling Power
Requirements

Energy increased from
8.89 to 10 GeV

Cost Scaling

TeV I SSC

3,898 3,898
11,080 12,400

20,158 29,744

28,649 48,117

12,604 14,116

76,389 108,276 (FY83-84)

121,918 (Fy86)*

Table 5.3

Holding Ring Component Costs (FY86 k$)

Based on the 150 GeV MEB Estimate

Magnets
Vacuum
Instrumentation
Controls
Safety
Installation
Extraction
Abort
Injection
Power Supplies
R.F.

TOTAL
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19,748
1,379
825
1,541
414
4,452
415
583
217
14,202
1,000
44,776

1.0
1.12

1.47

1.68

1.12

1.42



5.3 Main Ring
The major cost 1mp11catioq of the pp collider for the main ring is the
saving which comes from the use of a single ring only. Below we detail the

cost estimates associated with the main ring.

5.3.1 Magnet System

The cost of the magnet system is affected by several factors: a) magnet
bore; b) tooling costs; c) dipole cost and quantity; d) quadrupole cost and
- quantity; e) spool cost; f) special IR magnets; and g) installation, survey
and alignment.

Since there is only one ring of magnets in this design, we only need half
the number of dipoles and quadrupoles of the CDR. However, the magnet bore
must be increased to allow for the separation of the proton and antiproton
beams. From ref. 1 we find that increasing the bore from 40mm to 56.2mm
increases the cost of a dipole magnet by 32.6%, and the cost of a quadrupole
by 27.7%. The quadrupole costs are further increased by 20% because of
the added focusing needed for the 72° phase advance per cell.

The tooling costs are estimated to be slightly more than 50% owing to
fixed overhead costs that are independent of the size of the job and to the
increase in magnet size., The spool costs are higher than 50% because of
both the 1ncreése in aperture and the additional 200 sextupoles needed for
operating the machine (see section 4.3.3.3).

The cost of the IR magnets reflects a design with more than half the num-
ber of IR magnets in the COR, having the same focusing properties but lacking
a vertical separation scheme. Finally, we assume that the installation and
survey costs are half the COR costs, since there is approximately half the

number of elements to install.
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5.3.2 ther Main Ring Systems

Since there is only one ring in this design, the quiescent heat load on
the cyrogenics system is reduced accordingly. Since the IR's are uniformly
distributed in the p design, the main ring has eight fold symmetry. We take
advantage of this fact by placing the refrigeration/power supply stations at
the symmetry points. Thus the number of refrigeration/power supply stations
is reduced from 10 in the CDR to eight. In addition, the heat load is reduced
from 31.5KW to 6.95KW. The overall cost in the cryogenics system is 66% of
the COR value.

The cost savings calculation for the vacuum system assumes that both cold
and warm vacuum costs are reduced by a factor of twol In addition, we assume
that the abort line vacuum and support equipment costs remain fixed, while the
insulating vacuum costs are halved. The overall cost of the vacuum system is
64% of the CDR cost.

The power supply and quench protection system for the main ring uses half
the equivalent number of elements as the CDR, with the exception of components
in the IR region and the quench protection micro-processors. Software costs
associated with the quench protection system are assumed to be independent of
the number of supplies. The cost for the power supply/quench protection system
is estimated to be 60% of the COR design value.

The number of power supplies for the correction elements necessary for pp
is reduced by a factor of two relative to the CDR with the exception of the
additional supplies needed for the 200 extra sextupoles. This results in a
57% cost relative to the CDR.

Beam utilities such as injection, abort, and RF still need two systems, as
in the COR. We assume that the injection costs remain fixed while the RF

costs increase by 14% due to the additional bunch coalescing scheme. The
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abort system cost is now 60% of the COR figure, reflecting the lower inten-
sities of the two beams.

The costs associated with beam instrumentation, feedback, and control can
be classified as either hardware or software related. We assume that all
software costs are the same for either pp or pp, while hardware costs scale
according to the number of components. The control system for the p option
has two fewer sector computers and sector microprocessors. The number of tun-
nel interfaces is halved, but all other components remain the same. The beam
instrumentation package contains two-thirds the number of beam loss monitors
and half the number of beam position monitors and collimators. The cost of

these items is 1isted in Table §.4.

Table 5.4
P _Collider Component Cost (FY86 k$)

W8S CDR P Ratio %
1.2.1.1 Teoling 56,031 31,658 56.5
1.2.1.2 Dipoles 746,120 494,903 66.3
1.2.1.3 Quads 39,262 30,086 76.6
1.2.1.4 Spools 78,108 57,229 73.2
1.2.1.5 IR Magnets 39,168 16,658 42.5
1.2.1.6 Installation 42,564 21,282 50.0
1.2.2 tryo 121,137 79,943 66.0
1.2.3 Vacuum 17,321 1,027 63.6
1.2.4 Power Suppiies/Quench Prot 26,105 15,107 57.8
1.2.5 Correction Element P.S. 6,942 3,958 57.0
1.2.6 R.F. System 7,302 8,302 113.7
1.2.1 Feedback Systems 4,301 2,253 52.4
1.2.8 injection 5,200 5,201 100.0
1.2.9 Abort 9,669 5,805 60.0
1.2.10 Beam Instrumentation 12,871 6,882 53.5
1.2.11 Controls 18,016 15,927 88.4
1.2.12 Safety 4,791 4,79 100.0
2. Conventional Facilities 576,265 601,035 104.3
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5.4 Conventioral Facilities

The cost of conventional facilities associated with the Pp option includes
additional power for the MEB and holding ring $2M, a change in length of the
main ring tunnel and the c1rcumference of MEB (+39.71M), elimination of two
refrigeration stations (-$2.4M) and one half of the electronic tunnel encio-
sures (-$5M). 1In the Pp option, the interaction regions are not clustered,
but distributed around the main ring. The non-clustering of the IR's increases
the cost of the power distribution system (+$16M) and increases the cost of
bringing "civilization" (e.g. water, security, sanitary facilities) by $5M.
The cost of the conventioﬁa] facilities is $24.8M (4%) more than the figure
($576.3M) in the COR.
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5.5 Conclusions
It is our conclusion that there would be a net saving in building a single

ring pp collider. The major cost saving is the need for only a single large

collider ring {see Table 5.5). However, there are significant costs associated
both with developing the p source and with increasing the aperture of the main
We estimate that one would reduce the cost

25-1'

ring to accommodate antiprotons.
of the SSC by $242M by building a Bp collider with -F= 10%%cm

2

instead of the pp collider with ¥= 1033cm" s-1 présented in the COR.

Table 5.5

P_Option Total Component Cost (FY86 K$)

§i COR
Linac 25,068 25,068
LEB 15,585 15,585
MEB 67,953 31,720
P Source 121,918 -
Holding Ring 44,776 -
HEB 107,2N 107,2N
Collider 1,412,047 1,811,174
E0I+Contingency 973,687 1,019,500
TOTAL 2,768,305 3,010,318
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Chapter 6

DISCUSSIONS AND CONCLUSIONS

® In this study, we have assessed the antiproton-proton collider option for
the $SC. In particular, we have compared a Pp collider with the pp collider
of performance, reliability, cost and physics potential. Our main conclusions
® * are summarized below:
I. A luminosity of 10°3cm™%s™ for a p collider does not appear prac-
® tical. This is primarily because the bore of the main ring collider mag-
nets must be increased in order to obtain adequate separation of the proton
and antiproton beams. In addition, the production of enough antiprotons
® would require major technical advances. By contrast, the maximum luminos-
ity of the proton proton collider is limited by the number of allowed
events per crossing, which could be increased for some experiments.
o
II. A luminosity of 102cm %™ can reasonably be expected by extrapola-
ting the technology of present CERN and Fermilab sources. Aralyzing such
® a pp collider has been the emphasis of our study.
1. We find that for most of the physics objectives, there is simply a
® loss of a factor of ten in rate compared to the pp coTHdér. Pro-
cesses involving weak or electromagnetic couplings and/or low mass
scales favor the higher luminosity pp option. Event rates for hypo-
PY thetical processes involving new gauge bosons or composite quarks and
leptons coupled strongly to the qq annihilation process are roughly .
equal for the two options.
o
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2. The best cost estimate of realizing such a collider is that it would
cost approximately $242M less than a pp collider. Although only one
ring is required, the added costs both of the larger bore single ring

and of the p source and holding complex nullify much of the saving.

3. We note that the Ppp collider costs would be somewhat reduced, by about
$45M, if a separate holding ring were not used or if it were demon-
strated that a smaller separation of the proton and antiproton beams
was sufficient in the main collider ring. However, neither of these

possibilities appears justified.

111. Judging from the CERN experience, it appears that pp is at least a

factor of two worse than pp in reliability of performance.

Finally, we note that we have not considered a low luminosity
(&= 1030cm_25—]) machine without orbit separation. Such a collider
would require neither a bright source nor a larger main collider bore,
resulting in greater cost savings. Neither have we analyzed the site-specific
Pp option at Fermilab, where savings in both the proton injector and the P

source might be realized.
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