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The intersecting storage accelerator facility ISABELLE proposed for construction at the Brookhaven
National Laboratory is reviewed. ISABELLE would permit the exploration of proton —proton collisions at
center-of-mass energies continuously variable from 60 to 400 GeV and with luminosities of 10"—10"
cm 's ' over the entire energy range. The facility would consist of two interlaced rings of superconducting
magnets, operating at 40 kG, in a common tunnel about 2.6 km in circumference. The proton beams
would collide at six intersection regions where particle detecting systems would be located. Protons of
about 30 GeV from the AGS will be accumulated in each ring to obtain the design current of 10 A prior
to their acceleration to the final energy. In this paper the design philosophy underlying the principal
design choices, as well as a brief description of the major accelerator systems and the conventional
structures, is presented. An overview of the physics potential provided by ISABELLE is then given. The
large extension of the center-of-mass energy range combined with the very high luminosity would provide
unique possibilities for the investigation of the questions of greatest current interest in particle physics.
Arguments, based on the available data and reasonable theoretical concepts, are presented that suggest
strongly that the intermediate vector bosons required for a unified weak and electromagnetic field theory
should be discovered. They should be studied in detail. The hadron production at high transverse
momentum, the energy dependence of the strong interactions, and the possible search for new, massive
particles are also discussed. The paper concludes with a detailed beam analysis, the various limitations on
beam current, the procedures followed in optimizing the luminosity, and a justification of the projected
performance levels.
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I. INTRODUCTION

In particle physics the parameter of greatest interest
is the center-of-mass (c.m. ) energy. This follows
naturally from the fact that as higher energies were
made available by the ingenuity of the accelerator scien-
tists, new discoveries tumbled forth in profusion.
Around the 1 QeV level experiments at the large syn-
chrocyclotrons showed that the proton-proton total
cross section decreased to a minimum, then sharply
began to increase. Shortly, a totally new and rich spec-
troscopy revealed itself when the pp, I=3/2 resonance
at 1232 MeP was discovered. At the 3 Qe7 Brookhaven
National Laboratory Cosmotron associated production
of strange particles was discovered, and antiprotons
were produced at the 6 GeV Bevatron at the Lawrence
Berkeley Laboratory. The Brookhaven Alternating
Gradient Synchrotron (AGS) and the CERN Proton Syn-
chrotron (PS) continued the line of fundamental dis
coveries, which in turn called for the larger energies
now available at the 400 Ge& synchrotron at Fermi Na-
tional Accelerator Laboratory (FNAL), the 31 x 31 GeV
proton —proton Intersecting Storage Rings (ISR) at CERN,
and the 400 Gep synchrotron at CERN. The energy
"frontier" is of primary interest to experimentalists
and theorists alike. The proposal for the construction
of a 200 & 200 Qe& proton-proton Intersecting Storage
Accelerator (ISABELLE, 1977) at the Brookhaven Na-
tional Laboratory provides a significant step in the c.m.
energy beyond that which is presently available.

The concept of colliding beams represents the only
practical method of significantly extending the available
c.m. energy in man-made proton-proton collisions.
The highest energy in the c.m. presently available from
an accelerator is provided by the CERN ISR, where the
top energy of 31 GeV- per beam produces a total c.m.
energy of 62 Ge&. For accelerators with stationary
targets, the total available energy in the c.m. varies
only as the square root of the accelerator energy. Qn
the other hand, for two identical particles colliding
head on, the total energy of both particles is available
in the reactions: E, = 2E. The importance of collid-
ing beams in providing extremely high c.m. energies
can be illustrated by the following numerical compari-
son. The 400 GeV proton beam at FNAL provides about
28 Ge& c.m. energy while head-on collisions of protons
each of 200 GeV give 400 GeV c.m. energy. A c.m. en-
ergy of 400 QeV would require an 85 TeV fixed target
accelerator, clearly beyond the realm of current fi-
nancial possibility.

Colliding-beam devices do have important limitations.
They produce far fewer interactions per second than
are achieved by a regular accelerator because the par-
ticle density in the beams is necessarily far less than
that of a stationary target. With colliding beams the
luminosity I.(cm ' s ') is the machine parameter that
determines the interaction rate as follows: R (interac-
tions/sec) = o (cm')1. (cm ' s '); o. is the relevant cross
section. For comparison note that the luminosity of the
CERN ISR has reached 2 && 10" cm 's ', while a proton
beam of the order of 2 x 10"particles/sec striking a 1
m liquid hydrogen target has an equivalent luminosity
of about 103' cm ' s '. Thus the essential 'features dis-

tinguishing colliding-beam machines from fixed target
accelerators are that the former are optimized for c.m.
energy, the latter for the production of secondary par-
ticle beams.

Fixed target accelerators and intersecting storage
rings differ in other respects as well. In order to be
effective in performing colliding-beam experiments, a
storage ring should have not only good luminosity but
also a beam lifetime much longer than the time required

:- to store the beams. In practice, a lifetime of several
hours is required, while in a usual accelerator the
beam need live for at most a few seconds. Another im-
portant difference is the close interrelationship re-
quired between the design of each experiment and the
storage rings themselves. Since collisions between the
circulating beams occur inside the vacuum chamber,
experiments become an integral part of the machine and
must be designed with regard for the specific proper-
ties of the beams and their geometry at the collision
points. Nevertheless, the extremely large c.m. energy
possible with intersecting storage rings remains an
overriding argument in their favor, and they must be
part of a well-balanced high-energy physics program.
Burhop (1963) stated it rather well: ".. . storage rings
have to be considered as a window on the future. . ."

The Questions of greatest current interest in particle
physics demand the high c.m. energy of ISABELLE. Do
the predicted charged and neutral intermediate vector
bosons required for a unified weak and electromagnetic
field theory exist? Estimated masses for these parti-
cles are in the 40 100 GeV/c' range. The consequences
for our understanding of particle physics resulting from
either the discovery of these particles or their nonex-
istence in the mass range below 150 GeV/c' will be
enormous. Can the strong interaction also be melded
with the other two? Are there new unpredicted heavy
particles, perhaps similar in some way to the 8/g
charm particle family, now being untangled? Does the
pp total cross section continue to rise as now seen in
ihe data from the ISR and FNAL, or does its behavior
again change at the higher ISABELLE energies? These
fundamental questions, plus scores of other less dra-
matic questions, can oe studied. Finally, research at
ISABELLE energies may well pose new questions and
find unexpected answers about the fundamentals of par-
ticle physics.

A. Storage rings: Historical notes {O'Neill, 'i966}

Wideroe (1943) in a patent application in the early
1940's explicitly recognized the advantage of colliding
beams to achieve higher c.m. energies. Naturally many
physicists understood the simple relativistic fact that
with stationary targets and relativistic particles as pro-
jectiles the available c.m. energy increases slowly as
the square root of ihe laboratory energy of the particle.
At least in principle, colliding beams thus were a sim-
ple method of achieving very high c.m. energies. How-
ever, two technical problems prevented their realiza-
tion until the early 1960's. The primary problem was
to produce beams with large currents and high particle
densities so that a usable reaction rate could be ob-
tained. Second was the need for a very good vacuum so
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that particle —gas nucleus interactions would not mask
particle —particle collisions.

The practical beginning of colliding-beam work was in
1956 in the United States when Kerst et al. (1956) and
the MURA (Midwestern Universities Research Associa-
tion) group suggested a system of two intersecting fixed
field alternating gradient (FFAG) accelerators. Symon
and Sessler (1956)proposed a. radiofrequency system for
"stacking" particles in circular accelerators. Also in
1956, O' Neill suggested storing particles in separate
fixed field storage rings for colliding-beam experi-
ments. ' Designs for intersecting FFAQ machines were
studied in detail by the MURA and CERN groups, w'ho

concluded that it would be too complex and costly to ob-
tain high energies. The separate storage rings then
became the focus for colliding-beam physics.

The first successful demonstration of collisions in
storage rings involved electrons and positrons and oc-
curred in 1963. 'I'hese collisions were between counter-
rotating 250 Me& positrons and electrons in a single
small ring, ADA, built by a group (Touscheck, 1963)
from the National Laboratory at Frascati, and the Uni-
versity of Rome. They transported the ring to Orsay,
near Paris, in order to use the French 1 QeV electron
linear accelerator as an injector. ADA was used solely
to demonstrate collisions. A year or so later at Stan-
ford and then at Novosibirsk, U.S.S.R. , high-energy
physics experiments began using dual storage rings
with electrons in each ring (O' Neill, 1966). In the fol-
lowing years the single-ring electron —positron collid-
ing-beam machines multiplied rapidly at several cen-
ters —Frascati, Orsay, Novosibirsk, CEA (Cambridge
Electron Accelerator), DESY (Hamburg), and SLAC
(Stanford). Currently the highest-energy machines are
located at SLAC (SPEAR) and at DESY (DORIS); they
have a maximum of about 4.5 QeV in each beam. Au-
thorized and under construction are tmo larger elec-
tron —positron storage rings (- 15 && 15 GeV), one at
SLAC (PEP), the other at DESY (PETRA). Present
plans expect beams in 1979—1980.

In 1960 the CERN group began studying two intersect-
ing storage rings, into which 28 Qeg protons from the
CERN PS would be injected. After extensive study and
research on a model electron ring, the ISR project be-
gan construction in 1966 and came into operation in
early 1971 (Johnsen, 1973). The ISR remains the only
existing proton-proton storage ring facility. The design
of ISABELLE has drawn very heavily on the ISR experi-
ence and on the expertise of the ISR staff.

B. Origins of ISABELLE

For over five years a strong design and development
effort has been underway at Brookhaven directed to-
ward the construction of a 200 x 200 Qe& proton-proton
intersecting storage accelerator facility, designated
ISABELLE (ISABELLE, 1977). In Fig. 1 the location of

~According to O' Neill (1966}, W. M. Brobeck of the University
of California at Berkeley and D. B. Lichtenberg, R. Newton,
and M. Ross of MURA had the idea almost simultaneously with
himself.

the ISABELLE-AGS complex is shown on the Brook-
haven site. Protons of 30 GeV from the presently oper-
ating AQS would be accumulated in two interlaced rings
(accelerators) prior to their acceleration to 200 Ge&.
Therefore all c.m. energies from 60 to 400 Geg would
be available in six crossing or intersecting points at
very large luminosities, up to 10" cm 's ' attopenergy.
The new technology of superconducting magnets will
provide magnetic fields of at least 40 kQ and is crucially
important to the performance and cost of ISABELLE.

The 1963 Brookhaven Summer Study (Proceedings,
1963) considered the feasibility of storage rings that
were to use the AGS as their injector. Jones (1963)
worked out a first parameter list for these colliding
beams and pointed out that storage rings of two or three
times the circumference of the AGS could be used to ac-
celerate the stacked beams to higher energies.

In late 1970, Blewett (1971) revived the idea, of build-
ing storage rings at Brookhaven. In 1971 an AUI (As-
sociated Universities, Inc. ) High-Energy Study Com-
mittee, chaired by 7. I.. Fitch of Princeton, recomend-
ed that Brookhaven proceed to develop an intersecting
storage accelerator with maximum energy around 200
peg in each ring and based upon superconducting mag-
net technology. Detailed work on the ISABELI,E design
began at Brookhaven in May 1971. In addition to the
Brookhaven staff efforts, two summer studies and nu-
merous smaller workshops have been held. Scientists
from outside the Laboratory have made important con-
tributions to the current mature design. Prototype full-
size superconducting magnets have been tested and meet
the stringent demands of a proton storage accelerator
ring. A proposal (ISABELLE, 1977) for construction of
ISABELLE has been submitted to ERDA (Energy Re-
search and Development Administration).

In 1974 and 1975 the AEC, then EHDA, through its
High-Energy Physics Advisory Panel (HEPAP) formed
Subpanels on New Facilities. The 1975 subpanel up-
dated the recommendation of the 1974 subpanel and re-
commended a national program (Report, 1975) including
construction of the positron —electron colliding-beam
facility (PEP) at SLAC (Stanford Linear Accelerator
Center) beginning in Fiscal Year 1976, the funding of
ISABELLE starting in FY 1977, and the strong support
at FNAL directed toward the long-term goal of fixed
target and/or colliding-beam systems of energy in the
range of 1000 Qe& and higher.

This paper reviews the status of the design for
ISABELLE, and the physics potential opened up by the
proposed machine. Since the ongoing research and de-
velopment effort is apt to result in improvements on the
engineering and hardware level of the machine, empha-
sis will be placed here on the underlying conceptual
basis. A general overview may be obtained by reading
Sec. II and III containing the design philosophy and a
brief description of the machine. The physics potential
covering the production of charged and neutral inter-
mediate vector bosons, the hadron production at high
transverse momentum, searches for new, -massive
particles, and the energy dependence of the strong in-
teractions is discussed in Sec. I&. Finally, the dynam-
ics of the proton beams during the various phases of in-
jection, stacking, acceleration, and storing, as well as
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with E the total energy and p the momentum vector of
the particle in the laboratory system. Introducing the
rest mass m of the particle and the usual kinematic
variables y= E/mc' and p = v/c, one obtains

s = m', c'+ m', c + 2m, m, y, y, e'(I+ p, p, cos o.), (2.2)

where a is the crossing angle between the beams. Con-
sidering the relativistic limit only, one finds for the
case of one particle at rest (y, = 1),

E, = (2E,m, c')'~',

whereas for both particles in motion

E, = 2(E,E )' ' cos2o .

(2.3)

(2.4)

2Quenching is the transition from the superconducting to the
normal (nonsuper conducting) state.

In colliding beams, the available energy increases li-
nearly with the energy of the particles rather than with
the square root. A fixed target accelerator with 100
Ge& c.m. energy would be in the multi-TeV range and
probably represents the practical limit of what can be
achieved. The energy range beyond this is the domain
of colliding-beam devices.

Acceleration of the stacked high-current beam is an
essential part of the ISABELLE concept. Availability of
the AGS as an injector is the historical reason for this
solution. However, in the course of the design study it
became clear that low-energy injection and acceleration
to higher energies results in several advantages that
render this approach technically superior to direct
stacking at the desired high energy. Since ISABELLE
is designed to accommodate the full current throughout
the entire energy range from 30 to 200 QeV, the lumi-
nosity varies only with the effective beam height and
thus the square root of energy, permitting compara-
tively high luminosities at lower energies. In con-
trast, the luminosity of an aperture-limited machine,
that is, one designed for stacking at full energy, is
y' '. A further argument in favor of accelerating the
proton beam stems from the operating characteristics
of superconducting magnets which need a safety margin
against quenching. ' Heating of the superconducting coil
reduces the critical current and can lead to a transition
to the normal state. The margin against quenching is
several degrees (or roughly 10 mJ/cm') at 30 GeV,
whereas at 200 GeV it is about one degree (or about
1 mJ/cm3). If low-energy stacking is used, it is clear
that significantly larger beam losses are tolerable dur-
ing injection, where losses are most likely.

In the field of particle physics, the ava, ilable c.m.
energy is of foremost importance, but the luminosity
and thus the interaction rate is of crucial importance.
At the CERN ISR a luminosity of over 2x 10" cm 's '
has been reached (Gourber et al. ,)1975), and plans for
further improvements using a special insertion region .

with near-zero crossing angle, low-beta and vanishing
momentum dispersion at the intersection point have
been formulated (Montague and Zotter, 1974). Em-
ploying similar concepts for the experimental insertions
would permit luminosities in the range from 10" to 10"
cm 's ' in ISABELLE at each crossing region. With the

total pp cross section of about 40 mb, a luminosity of
, 10" cm ' s ' results in an interaction rate of 40 MHz.

In performing experiments on a storage ring one must
take into account the close interrelationship between the
design of each experiment and the constraints imposed
by the machine. Since collisions between the circulating
protons occur inside the vacuum chamber, experiments
essentially become an integral part of the machine.
They must take into consideration the detailed charac-
teristics as well as the constraints imposed by the geo-
metry of the machine. Of paramount concern to the ex-
perimenter is the. length of the free space around the
crossing region available for the particle detecting ap-
paratus. The CERN ISR provides 17 m of field-free
straight sections around the crossing point. More space
is needed with the higher energies at ISABELLE, and 40
m was adopted. Inherent in the experimental insertion
design is the considerable flexibility in changing the
beam optics in order to accommodate different experi-
mental requirements. However, it was thought prudent
to retain initially the option of operating with high sym-
metry, which is characteristic of the operating syn-
chrotrons, and also of the CERN ISR until recently
(Gourber et al. , 1975). Each of the two ISABELLE
rings has the configuration of a circle divided into sex-
tants by six geometrically equal insertions. Simplicity
of the insertion design is assured by an arrangement
with the two rings in the same horizontal plane, as at
the CERN ISR.

The AQS is an ideal source of protons for injection
into ISABELLE. It is capable of delivering 10"pro-
tons per pulse at an energy of up to 30 GeV. When used
as an injector, the AGS would be tuned for the greatest
beam brightness, which is achieved by operating the
AQS at lower than peak intensity, about 3.5 & 10"pro-
tons per pulse. In order to accumulate the desired cur-
rent of 10 A in ISABELLE, beam stacking in momentum
phase space (Symon and Sessler, 1956), as used at the
CERN ISR, is undoubtedly the most efficient procedure.
Stacking can be done in the rings directly or in a sepa-
rate intermediate storage ring (Schnell, 1975a; Month,
1977). The latter suggestion has many advantages, in-
cluding a large reduction in the impedance constraints
on the main ring imposed by longitudinal instabilities.
A third ring could be part of a future improvement pro-
gl am.

In order to be effective in performing colliding-beam
experiments, a storage ring should have a long beam
lifetime. In practice, the beams should last for several
hours. Fundamentally, the lifetime will be limited by
the desired beam-beam interaction in the crossing re-
gions. In ISABELLE, for example, with five insertions
each having a luminosity of 10 cm s ' and one a lumi-
nosity of 10" cm ' s ', the beam-beam interaction rate
causes I/I= 10 ' min ', which is a lifetime of more than
1000 h. However, the beam lifetime in a real machine
will be shortened by various scattering processes, es-
pecially the multiple Coulomb scattering of particles off
each other (intrabeam scattering). In addition, anoma-
lous beam loss from nonlinear resonance excitation due
to beam —beam space-charge forces (Bryant and Gour-
ber, 1974) and from electron —proton transverse insta-
bilities (Schnell, 1975b) have been observed at the CERN
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ISR. Such beam losses provide background particles,
some of which reach the experimental equipment. This
background represents a crucial performance parame-
ter, and every effort must be made to minimize it.

Electron storage rings are operated with bunched
beams so as to continuously accelerate in order to com-
pensate the synchrotron radiation losses. In proton
storage rings, one has the option of running mithbunched
or unbunched beams. The CERN ISR employs coasting
beams; even acceleration of the beams from 26 to 31
GeV is performed on unbunched beams using the phase
displacement technique (Henrichsen and de Jonge, 1974).
The possibility of operating ISABELLE with bunched
beams has been investigated (Month, 1974a). It became
clear that coasting-beam and bunched-beam storage
rings are basically different machines requiring dif-
ferent design criteria. The main conclusion was that it
is not feasible to operate a high-luminosity, long lifetime
storage facility with colliding bunched proton beams.
There is also the uncertainty regarding the question of
beam loss and resulting radiation background. Follow-
ing the ISR, ISABELLE will provide collisions with
unbunched beams.

2
I=-- '"e2Ca n '

V

(2.5)

mhere I is the stored current in each ring, o. the cross-
ing angle, and O„the vertical rms beam half-height at
the collision point. The luminosity is a function of the
beam parameters (current and transverse emittance) as
well as of the machine parameters (crossing angle and
betatron amplitude function at the collision point). The
above equation suggests how to maximize the luminosity:
decrease the crossing angle, decrease ihe vertical
beam height (implying a smaller emittance and/or beta
function), and increase the .circulating beam current.
Naturally there are limitations on the variation of each
of these parameters. The limitations may be fundamen-
tal in nature or dictated by hardware and thus by eco-
nomic considerations. An optimized design in which the
more severe limits are reached simultaneously is ob-
tained by trial and then only after many iterations. Per-
formance optimization will be discussed in depth in Sec.
V. Simplifying arguments are given here as an intro-
duction to a complex subject.

The beam —beam interaction is thought to be a funda-
mental limitation on luminosity. When a particle of one
beam crosses the other beam, it is subject to electro-
magnetic forces that modify its dynamical behavior.
The forces are highly nonlinear; however, the linear
betatron tune shift is a measure of the strength of the
beam —beam interaction (Keil, 1974a),

Av»= W2r~ Ip*/w'~'ecyo„n, (2.6)

B. Optimization of luminosity

The performance of a storage ring is primarily equated
with the luminosity at each intersection. Assuming un-
bunched beams crossing in the horizontal plane and col-
liding at an angle such that they are well separated at
the ends of the magnet-free crossing region, the lumi-
nosity is given approximately by

wher'e p* is the vertical betatron amplitude function at
the crossing point, and ~~ is the classical proton radius.
It has been observed at the ISR that beam loss rate and
experimental background increase with the beam —beam
tune shift (Bryant and Gourber, 1974). In a rough
sense, it can be expected that an optimal mode of oper-
ation would be to maximize the luminosity for fixed
beam-beam tune shift. To see the implications of this
reasoning, one writes the luminosity in the form (Keil,
1974b)

I, = (I/v 2 er~)(y1/p*)nr:, „. (2.7)

For a given current, it is clearly advantageous to oper-
ate with lom-beta insertions. The smallest value of p*
that is achievable depends upon the length of the free
space required for experimental equipment. In fact, it
is not the small beta itself, but the resulting high-beta
value at the first insertion quadrupole which causes
concern, p = P/p* with 2I the magnet-free space
around the crossing point. One factor which limits the
value of p is that the beam size must be contained
within the aperture of the focusing quadrupole. Another
is related to the momentum aperture available for beam
stacking. In general, high-performance proton-proton
storage rings require a large momentum aperture since
large currents are built up by accumulating many small
momentum bites. However, the presence of insertions
with high values of p diminishes the width of the
available momentum aperture. The chromaticity of the
machine (i.e. , the tune variation with momentum) is in-
creased by the low-beta insertions and must be cor-
rected by the addition of strong sextupole magnets, which
implies an intrinsically nonlinear machine with a limi-
ted momentum aperture (Chasman ef, aI. , 1975). Fi-
nally, a third limiting factor on the maximum beta value
is related to the construction and placement tolerances
of the quadrupoles which become more difficult as the
local beta values increase. In ISABELLE the smallesi
value of p* is 1 m, which at 10 A and 200 GeV yields a
beam-beam limited luminosity of 3 & 10" cm 's ', tak-
ing Av»=5 && 10, which is considered to be the maxi-
mum acceptable beam-beam tune shift in proton-proton
storage rings.

Under standard operating conditions in ISABELLE,
the beam-beam limit will not be reached and, at maxi-
mum current, the luminosity can be optimized by re-
ducing the crossing angle and the vertical beam size at
the crossing point.

Reduction of the crossing angle is limited for various
reasons. As the crossing angle is decreased, the inter-
action region or effective target size becomes longer.
Thus e is limited by the acceptance of the experimentaj
apparatus. In a practical design, the natural crossing
angle is determined simply by the insertion length and
the separation of the rings. The standard crossing
angle in ISABELLE is about 13 mrad. A reduction of
this value can be obtained at the expense of bending
magnets common to both rings, resulting in a shortened
magnet-free space.

Reduction of the beam size is limited by two consider-
ations. Qne arises from the intrinsic nature of thebeam
itself (the emittance q), the other from the linear focus-
ing properties of the storage ring (the betatron ampli-
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tude function p, which is a function of position along the
central orbit). For a machine constructed in a horizon-
tal plane in order to avoid vertical momentum disper-
sion, the rms beam half-height at the crossing point
may be written as

0„=1/2(e„p*/vr)'~'. (2.8)

I ~ ecbP(N/A)~, (2.9)

where 4p is the available momentum aperture and
(K/A)~ is the number of protons divided by the longi-
tudinal phase space per AQS bunch. With 3.5 && 10"pro-
tons in 0.7 eVs per AQS bunch and assuming no dilution
during stacking, one ean accumulate about 1.5 A in a
momentum space of O. V%%uo, available in ISABELLE at in-
jection. This means that a dilution during stacking by a
factor of 1.5 will still allow the design current of 10 A.
In principle, it is possible to obtain higher currents by
also stacking in the transverse phase space, but since
this increases the beam size and is a rather inefficient
process, potential gain from this procedure is uncer-
tain.

A limitation on the beam current results from the
single-beam space-charge forces at high beam intensi-
ties (Laslett, 1967). The space-charge forces cause a
tune shift which depends on the position of the particle
in the beam and thus indirectly on its momentum. In
the case of a bunched beam the periodic synchrotron
motion of particles results in a periodic oscillation of
their tune. This effect has been estimated for the vari-
ous operational phases of the ISABELLE cycle (Chao
et al. , 19V5) and leads to tune migration on the order of
-0.03 for particles of largest synchrotron amplitude.
With the particular choice of operating tune, enough
tune space exists so that potentially harmful nonlinear
resonances can be avoided (Gareyte and Gourber, 1975).
In general, a tune shift also results from image effects
in the vacuum chamber and iron shield. Although the
image effects vanish on the axis due to the circular sym-
metry, particles on off-axis orbits during injection and
stacking experience a tune shift which could be appreci-

In an ideal machine the normalized emittance E„„
= pye„„(withp and y the usual relativistic variables) is
an invariant characteristic of the beam (Courant, 1958).
This automatically implies an increase of luminosity
with the square root of the energy. The transverse
emittance of the beam in ISABELLE is determined by
the conditions of the AQS. With proper tuning of the
AQS an invariant vertical emittance of E, = 15~p, m rad
can be expected. The beam size at the crossing point is
compressed by the use of low-beta insertions. As dis-
cussed above, one can achieve values for p* of the or-
der of 1 m, implying beam sizes in ISABELLE of a few
tenths of a millimeter at the crossing point.

Increasing the beam current is clearly the most effi-
cient way to provide higher luminosities. In proton ma-

. chines there are several limiting phenomena, none of
which is clearly more important than all the others.
There are limits imposed by phase-space arguments,
by collective effects, and by technical considerations.
For a given vacuum chamber or momentum aperture,
the phase-space density of the injected beam sets an
upper limit on the current that can be accumulated,

able for orbits near the vacuum chamber mall. This re-
sults in a limit on the fraction of the vaccum chamber
aperture which is available for stacking. Since, how-
ever, the dominant consequences will be to alter the
working line in the betatron tune (v„,v„)plane, such ef-
fects can be corrected to some extent by the magnetic
working line control system.

Current limitations also result from coherent insta-
bilities which arise because of the electromagnetic in-
teraction between collective beam oscillation modes of
the circulating beam with the surrounding structures.
These phenomena, including, for example, the trans-
verse resistive wall instability (Laslett et al. , 1965)
and the related "brick wall effect" at the CERN ISR
(Month and Jellett, 1973), lead to a threshold current
above which the beam becomes unstable. Fortunately,
coherent instabilities can be controlled in a number of
ways since, in practice, it is impossible to design a
machine without sources of instabilities. Landau damp-
ing resulting from a spread in frequency of the particles
participating in the incipient oscillation mode is a very
important stabilizing mechanism (Jackson, 1960; Here-
ward, 1965). Coherent oscillations which are not sta-
bilized in this way can be controlled by external feed-
back loops. However, there are technical constraints
imposed by the bandwidth of the feedback system which
restrict this approach to the lower mode numbers. The
coherent longitudinal instability in the microwave region
is an example where external feedback is impractical
(Schnell, 1975a; Bramham-et al. , 19'l7). In this latter
case, the appropriate stability criterion is written as a
limit on the longitudinal coupling impedance. In the
ISABELLE cycle the worst condition exists during the
stacking of the individual AQS pulse and results in the
requirement that ihe coupling impedance divided by
mode number not exceed a few ohms; this is a severe,
but manageable, design constraint on the hardware. A
more detailed treatment of the instabilities limiting the
current in ISABELLE will be found in Sec. V of this
paper.

Besides the more fundamental limitations, there are
technical difficulties imposing a practical design con-
straint on the current. Qne of these is given by the
energy stored in the beam, which must be disposed of
safely in the beam dump. In emergency cases, the
beams must be ejected in one turn (few microseconds),
creating problems of local heating and stress. A beam
absorber system consisting of a sequence of materials
with increasing density seems to be capable of handling
the 20 MJ stored in each ISABELLE beam. In addition,
particularly in superconducting machines, the beam
power deposited in the magnets can represent a heat
load on the cryogenic system or cause quenching of the
magnets. A beam lifetime of 5 h is potentially equiva-
lent to a heat load of 1 kW in the magnets. It is there-
fore essential to operate with stable beams, having
lifetimes of well over 1 day.

Perhaps the most stringent current limitation on pro-
ton storage rings is set by the beam-induced pressure
rise (Calder et al. , 19'I4). Qualitatively, this effect is
due to the circulating beam ionizing residual gas mole-
cules, which are then propelled to the vacuum chamber
walls by the electrostatic potential of the beam. The in-
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cident ions desorb molecules from the wall surface, re-
sulting in an exponential pressure rise at a sufficiently
large current. The critical current I„depends on the
chamber geometry and the desorption coefficient q ap-
proximately according to

(27T)' 'e x' // T
(2.10)

where x is the radius of the circular vacuum chamber,
L the distance between pumps (i.e. , the magnet length
in superconducting machines), M the molar mass (the
critical molecule is CO), T the absolute temperature,
0 the ionizing cross section, and A~ the gas constant.
The desorption coefficient depends on the energy of the
incoming ion and the state of the surface. Properly
cleaned and baked surfaces exhibit q ~ 3, a value toler-
able in ISABELLE. The current limit imposed by the
"pressure bump" phenomenon translates then into a re-
quirement on the vacuum chamber aperture, in the case
of ISABELLE about 8 cm. As it turns out, this value is
mell matched to the other aperture requirements im-
posed by injection, magnetic field quality, coherent
instabilities, etc. The ISABELLE design incorporates
a warm vacuum chamber similar to that of the ISR. The
possible advantages and problems associated with a cold
vacuum chamber are not sufficiently mell understood to
consider it at present for a high-current, colliding-
beam machine (Halama and Herrera, 1975). The on-
going experiments involving a cold vacuum section in
the ISR will contribute significantly to the understanding
of this question (Benvenuti et a/. , 1977).

C. SupercondUcting magnet technology

The construction of the next generation of proton
storage rings or accelerators will have to be based on
the use of superconducting magnets. This choice is
dictated by considerations of the desired performance
potential as mell as the economic pressure to minimize
energy consumption. The preceding discussion of the
current limitations indicates that most limitations due
to collective effects become more stringent for a ma-
chine with a large circumference and small vacuum
chamber aperture. Superconducting magnets are bene-
ficial on both accounts. Operation at fields of at least
40 kQ can be reliably assumed for superconducting di-
poles, as compared with the 12 kG of the CERN ISR
bending magnets. The higher field reduces the machine
radius by a factor of more than 2 as compared to a con-
ventional machine of equal maximum energy. Super-
conductors allow very much higher current densities,
resulting in magnet designs where the coils are smaller
and close to the useful magnetic field region. This im-
plies that the vacuum chamber diameter can be in-
creased with a resulting linear increase in cost, where-
as for conventional magnets, the cost rises more ra-
pidly with increasing magnet gap. As a result, opera-
tion of large-gap conventional magnets is prohibitive in
terms of the electric power consumption, mhile econom-
ically designed (narrow-gap) conventional magnets limit
the luminosity of storage accelerators, otherwise com-
parable to ISABELLE, to values about an order of mag-
nitude belom the present design value.

The use of superconducting magnets requires a low-
temperature environment. Costs for the required
Dewar, refrigerator, and liquid helium distribution
system are offset by savings due to the smaller tunnel
diameter, less vacuum equipment, and other field-de-
pendent items. A comparison of ISABELLE with a low-
luminosity conventional magnet machine shows that the
initial capital expenditures may be roughly equal. How-
ever, there is an economic advantage during the opera-
tion of a supereonducting machine which results from
the fact that the electric power consumption is lower by
more than a factor of 3. Thus, performance and eco-
nomic considerations both dictate the use of supercon-
ducting magnets.

The magnet system providing the bending and focusing
of the beam in storage rings is similar to that of a con-
ventional synchrotron, but requires control of the field
with considerably higher accuracy in order to avoid
beam diffusion and thus beam loss and poor perfor-
mance. The use of separated-function lattices, where
bending dipoles and focusing quadrupoles are distinct,
is advantageous with superconducting components mainly
because of the resulting symmetry of the forces, smal-
ler iron saturation effects, and lower peak fields in the
magnets. The added benefit of operational flexibility by
having control over the betatron tune is essential for a
storage ring, in which the insertions will be modified to
accomodate varying experimental needs.

The first significant high-field supereonducting magnet
material was reported in 1961 (Kunzler e/ a/. , 1961),
half a century after the discovery of the supereonducting
state. Three basic physical properties are required of
superconductors for high-field applications, high cr, iti-
cal temperature T„high upper critical field B„,and a
high critical current density J,. The first tmo of these
critical parameters, T, and B„,are intrinsic proper-
ties of the atomic structure of the material, whereas
ihe critical current is dependent on the metallurgical
state of the material (Dew-Hughes, 1971). Practical
superconducting materials ean be divided into tmo
groups: the ductile solid solution alloys, e.g. , NbTi
(Coffey et a/. , 1965), and the relatively brittle inter-
metallic compounds mainly of the A15 structure, e.g. ,
Nb, Sn (Kunzler et a/. , 1961). The high ductility, low
stress sensitivity, and simple heat treatment cycles
have made niobium titanium the only supercondueting
material commercially available and suitable for mag-
net design in the immediate future. The most widely
used material in the United States is Nb —60 at. % Ti
(Strauss et a/. , 1976), having a critical temperature of
T,=9.3 K and an upper critical field of B„=140kG at
O'K.

In type II superconductors subjected to strong mag-
netic fields, it is energetically more favorable for mag-
netic flux to penetrate into the bulk of the conductor,
giving rise to a rather complicated magnetic flux line
or vortex structure. If, in addition to the shielding
currents in the vortices, the conductor carries trans-
port currents, then a Lorentz force on the flux lines
results. Unless pinned by some mechanism, the flux
lines will move, causing energy dissipation and a flux
flow resistance. Pinning results from any lattice de-
fects such as dislocations found in heavily cold worked
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transposed braids containing up to 100 multifilamentary
composite wires (McInturff et aI. , 1972). An important
advance was made through the discovery at Brookhaven
of the exceptionally stable magnet performance realized
by bonding the individual uninsulated twisted multifila-
mentary wires in the braid (or cable) with a secondary
matrix of a, soft metal, such a,s indium or tin, through
a series of metallurgical steps. Such a conductor pos-
sesses enhanced heat capacity and thermal conducti-
vity, has excellent mechanical stability, and is quite
insensitive to wire motion. It may be thought of as an
"intrinsically" stable cable analogous to the multifila-
mentary composite wire, where now the transposed
multicore wires in a soft meta, l matrix play the role of
individua. l twisted filaments in a pure metal matrix.

A number of different technical solutions to building
superconducting magnets have been suggested. The
stable and reliable magnets for ISABELLE result from
the use of cold iron and of a single-layer coil, with a
cos-theta current distribution. Experience with super-
conducting magnets points to the requirement for com-
plete mechanical stability together with good provisions
for cooling of the superconducting coils in order to as-
sure stable and training-free operation. Cold iron and
a single-layer coil present a simple design for pro-
viding adequate mechanical support. Iron close to the
field-producing coils has the additional advantage of in-
creasing the magnetic field at a given current and of
decreasing the stored energy at operating conditions.
A small stored energy is desirable in case of a magnet
quench. The single-layer coil design of the ISABELLE
magnet entails a good thermal coupling between neigh-
boring conductors and nearly isotropic quench propaga-
tion. Operation of a large system is simplified if amag-
net is capable of absorbing its own stored energy. In
this case, a quench protection system consisting of
shunting diodes at liquid helium temperature will be
adequate to prevent energy exchange between magnets
and magnet destruction during a quench.

Qne of the most important considerations in the mag-
net design comes from the requirements for the quality
and reproducibility of the magnetic field. Systematic
errors, affecting the field quality equally in all mag-
nets, cause nonlinear effects iri the beam. In simple
terms, the tolerance on the uniformity of the dipole
field is given as KE3/B ~ 2 x 10 ' and of the quadrupole
gradient LG/G ~ 3 x 10 ' over the good field aperture, about
8 cm, of the magnets. The cos-theta coil configuration
with six blocks per quadrant in the dipole is in princi-
ple sufficient to produce the required field shape; in
quadrupoles a three-block coil configuration is ade-
quate. Errors in the magnetic field shape are caused
by iron saturation effects at high field levels or dia-
magnetic currents within the superconducting filaments
at low field levels. Iron saturation is the dominant ef-
fect resulting in an uncorrected field error of roughly
5 & 10 '. Furthermore, eddy currents in the vacuum
chamber or the superconducting braid may cause field
changes during pulsing of the magnets. Precision con-
trol of the field will necessitate various correction
coils. Providing complete control over the magnetic
field will be one of the major functions of the computer
control system.

The efficient design of superconducting magnets re-
quires the presence of current-carrying coils close to
the vacuum chamber aperture. This has the effect of
making the magnetic field within the magnet aperture
sensitive to errors in positioning the coil blocks (Par-
zen, 1975a; Month and Parzen, 1976). Because parti-
cles traveling on paths lying close to the error source
would be subject to substantial random errors, only a
fraction of the coil aperture is useful in practice. For
example, random dipole errors cause displacement of
the closed orbit, necessitating a design tolerance of
jbBdl/B/, « ~ 3 && 10 ' rms. These tolerances can be
met if the position of the coil blocks is held to an ac-
curacy of 50 pm rms and the coil length to better than
1 mm rms, which is attainable with suitable magnet
fabrication techniques. In practice, effective field er-
rors resulting from misalignment of magnets will be
more important than construction errors in displacing
the closed orbit. It will be necessary to position the
quadrupoles to within 0.25 mm rms and the dipoles to
within 0.5 mrad rms in angle. The closed-orbit correc-
tion system has been designed to achieve a residual er-
ror of a few mm. However, particular. attention will be
directed to the crossing. points where the small beam
size necessitates vertical closed-orbit control of better
than 0.03 mm.

Only a fraction of the full coil aperture (12 cm in
ISABELLE) exhibits the good field qualities required
for storage rings. The vacuum chamber aperture (8 cm)
covers the good field region. The remaining space is
used for correction coils and superinsulation, allowing
the stainless steel vacuum chamber to be operated at
room temperature without paying an economical pen-
alty.

A program to develop superconducting magnets for
high-energy physics applications has been going on at
Brookhaven (Dahl, 1976) and other laboratories (Rear-
don, 1976) for over a decade. Although relatively new,
superconducting magnet technology has advanced to the
point where the performance of magnets with regard to
peak field and field quality can be predicted with an ac-
curacy equal to that for conventional magnets. Recent-
ly, several full-sized ISABELLE dipole and quadrupole
magnets have been fabricated and tested. A dipole has
been successfully operated using a forced circulation
refrigeration system, which produced subcooled helium
at supercritical pressures, as proposed for the storage
accelerator. The 4.5 m long dipole has reached a max-
imum central field of 49 kG (McInturff, 1976), safely
above the design field of 40 ko. A quadrupole of simi-
lar design achieved a gradient of 7.1 kG/cm compared
to the design value of 5.4 kG/cm. The performance of
these full-size prototype magnets provides the proof
that our design concept is valid for ISABELLE ring
magnets.

I I I. DESCRIPTION OF ISABELLE

A. Overview

The proton-proton intersecting storage accelerator
facility ISABELLE would consist of two interlaced mag-
net rings providing counterrotating proton beams, each
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the ISABELLE stacking rf system. The latter operates
at the same frequency as the AGS (4.45 MHz, 12th har-
monic in AGS, 39th harmonic in ISABELLE).

The AGS intensity is reduced from the nominal 10'~
protons to 3.5 && 10" in 11 bunches to optimize phase-
space density. The 11 bunches are injected into —,

' of
the ISABELLE circumference and then are accelerated
through about 1.8/0 in energy, slowly debunched, and
deposited in the stacking orbit. This procedure is re-
peated approximately 200 times, giving a total stacked
beam of 5.5 x 10"protons or 10 A. The beam transport
system from the AGS will have conventional magnets;
this does not impose a large power load because the
system needs to be energized only during the stacking
process.

Assuming a horizontal beam emittance of 20 71 p, rad m
(normalized) or 0.64 m p, radm at 29.4 GeV, a longitudi-
nal phase-space area of 0.7 eVs/bunch, and a longitudi-
nal phase-space dilution factor of 1.5 during stacking
(based on extrapolation from experience at the CERN
ISR), the stacked debunched beam will have a momen-
tum spread of bp/p = 0.7/p, and its maximum dimensions
in the regular lattice structure will be 22 mm horizon-
tally and 10 mm vertically. The aperture subdivision
during the stacking process is shown in Fig. 6.

o prevent the development of longitudinal instabilities
during the stacking process and in the stack after it is
formed, coupling impedances between the beam and the vac-
uum chamber and rf system must be kept low. The most
severe requirements arise for the single injected pulse
on its way into the stack. To prevent self-bunching and
phase-space dilution, the longitudinal coupling impe-
dance Z/n must be kept below about 5 0 for high mode
numbers n, corresponding to frequencies in the GHz
region, and below about 25 0 at the stacking rf fre-

IN JECTED
BEAM AND

BEAM STACK

quency (n=39). This will be achieved by an appropriate
feedback system for the rf system and careful design to
minimize discontinuities of the vacuum chamber.

Transverse coherent instabilities, induced by the re-
sistive component in the transverse coupling impedance,
can be suppressed by Landau damping if the tune spread
in the 10 A stacked beam exceeds 4v= 0.02.

In order to accelerate the stacked beam, it will be re-
bunched by an rf system operating at the second har-
monic, f=202 kHz. A peak rf volta, ge of 30 kV per ring
will be provided by four ferrite-loaded cavities. The
total rf power requirement of this system is 1 MW per
ring. The dynamic impedance seen by the beam will be
kept below a Z/n=25 0 per cavity.

Adiabatic rebunching of the beam can, in principle,
be accomplished without significant phase-space dilution
or loss of beam. As long as the Z/n&5 0 criterion for
very large values of n is maintained during the acceler-
ating cycle, the bunched beam will also -be stable for
those modes. Stability at the lower frequencies can be
achieved by feedback, if it should be required.

Because of the large stored energy inthebeams(about
20 MJ) and the high specific density of the beams at
200 GeV (typically 10 A within a beam cross section of
a few square millimeters), major damage could be in-
curred if the beam were to exit from the ring vacuum
chamber in, an uncontrolled fashion either because of
orbit perturbations or because of beam growth as a re-
sult of beam instabilities. For this reason, a fast pro-
tective extraction system will be incorporated, capable
of extracting the beam in the time of one revolution,
about 10 p, sec. It will direct the beam to an external
dump absorber and defocus the beam to reduce the en-
ergy density. The absorber will be beryllium, 2.5 m
long, followed by iron to spread the beam energy suf-
ficiently to avoid damage to the absorber. An internal
dump absorber will be added for redundancy to give a
second level of protection for vacuum tank and magnets.
In case of failure of the primary system the beam will
hit the internal absorber, which can be replaced easily,
and damage will be localized there.
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FIG. 6. Aperture subdivision at 30 GeV.
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C. Lattice structure

The separated-function lattice structure is designed
to have quasisixfold symmetry. The layout of the mag-
nets in one sextant is shown in Fig. 7. The main por-
tion of the bending is done in 54 regular FODQ cells, 9
per sextant. A small part of the bending is performed
in the three modified cells adjacent to the insertion,
1—,
' on each side. These cells are the same as the regu-

lar bending cells with respect to their focusing struc-
ture. The bending magnets, however, are arranged so
that the beams begin to converge towards each other,
heading for the proper collision point. Furthermore,
the bending is designed such that the dispersion func-
tion is brought to zero in both inner and outer arc con-
figurations. The collisions take place at the center of
the insertion, where there is + 20 m of free space pro-
vided for experimental apparatus. This free space is
ended by quadrupoles and then there is another large
free space of almost 30 m which will be available to
some extent for experimental apparatus. These straight
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FIG. 7. Layout of magnets in one-half sextant

sections will also be used for equipment needed for
various machine functions su hsuc as injection, ejection,
rf systems, and special beam diagnostics.

The small crossinssing angle of 13 mrad implies that at a
distance of 20 m from the collision point wher
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the leads between all magnets of each sextant are kept
cold. In this arrangement the magnet current can be
chosen to meet other conditions. In the dipole 3.3 kA
at full field was selected to keep voltages induced dur-
ing a quench within tolerable bounds. The current leads
at the sextant ends will be designed according to the
techniques developed at CERN (Gusewell and Haebel,
1970). Each quadrupole has a separately powered auxi-
liary quadrupole "trim" coil winding to correct dif-
ferences between dipole and quadrupole iron saturation
behavior at high fields and to provide a 5% tune varia, —

tion flexibility.
The magnets proper are supported inside evacuated

tanks, which provide the thermal insulation for the
helium cooling system (Fig. 11). Helium flows through
the magnets and through header pipes that also run in-
side the magnet tanks, taking advantage of the magnet
thermal insulation. The vacuum tanks are supported on
jacks and are adjustable horizontally as well as verti-
cally. The jacks rest on stands attached to the tunnel
floor. The magnet coil and core are mounted inside the
vacuum tank by supports having low heat conductivity.
The stainless steel tube containing the core laminations
is wrapped with superinsulation. First an inner blanket
is formed of about 10 sheets of aluminized Mylar. Sur-
rounding the inner blanket is a copper heat shield at-
tached to the helium return pipe, which operates a few
degrees above the magnet temperature. Qutside the
shield is another 5 cm of superinsulation, consisting of
about 100 sheets of alumized Mylar interspersed with
polyester spacer sheets. The insulation around the
warm bore vacuum chamber must withstand baking to
300 C and will utilize aluminized Kapton without spacer
material.

Dipoles and quadrupoles are very similar in design,
both using a circular cosine coil configuration. Figure
12 shows the cross section of the dipole magnets. A
cutaway dipole magnet in isometric projection is shown
in Fig. 13. The conductor arrangement in the magnets

. approximating ideal cosine current distributions is de-
picted in Fig. 14. The dipole uses six current blocks
per quadrant, containing 19, 18, 16, 13, 9, and 5 turns
of a wide braid arranged in a single layer. The quadru-
pole uses a conductor arrangement with three current
blocks per octant, containing 17, 14, and 8 turns, re-
spectively. The conductors are spread over their block
areas by inserting spacer braids of copper wire inorder
to minimize the peak field (the two-dimensional peak
field in the coil aperture is 4% higher and the peak field
at the ends 6% higher than the central field in the di-
poles). Exact positioning of the blocks is determined in
such a way as to suppress the lowest field harmonics.
The ends of the coil blocks are displayed axially with
respect to each other to correct the total field integral
seen by a beam passing through the coil end (Mills and
Morgan, 1973).

The current blocks are built up with a single layer of
wide flatbraid(bare dimensions about 1.7 cin x 0.06 cm).
The braid consists of 97 twisted composite wires, 0.3
mm in diameter, each containing 517 superconducting
NbTi filaments of. 10 p, m diameter. The braid is fully
locked and has a transposition length of about 11 cm and
a packing density of 71%. The 4~ m magnets require

Rev. Mod. Phys. , Vol. 49, No. 3, July 1977



H. Hahn, M. Month, and R. R. Rau: lSABEL, LE 641

STAINLE S S S TEEL HELIUM
VESSEL 8 SUPPORT TUBE VACUUM TANK

SUPE

FIG. 11. Dipole magnet in vacuum tank showing support system and superinsulation.

90 kg of superconducting wire each, in 1500 m of braid.
The braid is filled with Sn —3 wt /g Ag solder to give me-
chanical rigidity and electrical stability. The wires in
the braid have a 0.01 mm thick Cu —10 wt% Ni jacket to
increase the coupling resistance between wires and de-
crease eddy current effects.

Dipoles and quadrupoles will have additional windings
to correct for deviations from the required magnet field
shape and to provide control over .the "working line" in
the betatron tune diagram (Parzen, 1975b). There will
be provided an equilibrium orbit coil system consisting
of vertical and horizontal dipole windings in the quad-
rupoles to correct random errors caused primarily by
misalignment of the quadrupoles, rotation of dipoles,
and random errors in the effective length of the dipoles.
A field correction system consisting of sextupole and
decapole windings in the dipoles will ensure a flat di-
pole field in spite of systematic errors resulting from
iron saturation effects at high field level, as well as
superconductor magnetization and eddy current effects
due to changing fields at low field levels. Control over
the working line is obtained by sextu-, octu-, deca-, duo-
decapole windings in the regular quadrupoles. Conven-
tional skew quadrupoles are provided in the insertions
to decouple horizontal and vertical motion.

The iron shield, or core, of the magnet provides me-
chanical constraint, preventing the coil members from
moving due to the magnetic forces and, as an integral
part of the construction, will also be at helium temper-
ature. In addition, it largely determines ihe dimension-
al accuracy of the coil with respect to longitudinal
straightness and angular twist. The iron laminations,
stamped as 1.25 mm thick washers from low-carbon
steel (Vitrenamel), are contained within an accurately
machined heavy-wall stainless steel tube. The lamina-
tion length of the dipole is 4.45 m and that of the quad-
rupole 1.5 m. Overall the dipole magnet, including iron
core, weighs about 6000 kg. The small clearance be-
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L AMINATION crn O.D.X 2.5 cm
K WALL GAST TUBE

DIPOLE MAGNET

CROSS SECTION
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FIG. 12. Dipole cross section.

30
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tween laminations and the tube (maximum 0.2 mm) nec-
essitates that the stack of laminations be inserted while
the tube is maintained at elevated temperature. Prior
to inserting the coil, the bore of the laminations is
honed, thereby further reducing the possibility of sig-
nificant magnet training. Coil insertion into the core
is accomplished with the coil precooled in liquid nitro-
gen and the core at room temperature. This ensures an
interference fit between core and coil of approximately
0.15 mm resulting in a coil compression at operating
temperature. End plates welded to the stainless steel
core support tube form a closed vessel for containment
of the helium coolant, thus eliminating the need for a
separate inner helium vessel.
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FIG. 13. Cutaway view of dipole magnet.

The design operating temperature for the supercon-
ducting magnets is 4.5 K. The conventional way of cool-
ing the magnets would be to use pool boiling of liquid
helium. However, the analysis of various systems for
the production and distribution of refrigerant for the
ISABELLE magnets pointed to forced circulation of

supercritical helium as the most effective cooling meth-
od (Brown, 1976}. Supercritical helium is a single
phase gas with high density and extremely low viscosity.
These properties make it a virtually ideal heat transfer
medium (Kolm, 1965}. Forced circulation of supercrit-
ical helium through the small cooling channels in the
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F&G. 14. Conductor arrangement in dipole and quadrupole coils
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FIG. 15. Refrigeration and helium distribution system.

magnets shown in Fig. 13 requires a small pressure
drop only, allowing a long string of magnets tobe cooled
in series. Heat transfer to supercitical helium, which
is important for magnet stability during pulsing or radi-
ation heating, is in the general range of nucleate pool
boiling or better under conditions applicable to ISABELLE
(Giarratano et al. , 19"Il).

The estimated steady-state heat load is 17 k~, which
will be removed by a single 25 kW refrigerator. Suffi-
cient distances can be spanned without undue pressure
drop or other penalties using the distribution system
envisaged, so that all the refrigeration can be supplied
from a single point. An alternative design might use
several smaller refrigerators, but a single unit was
chosen primarily on the basis of reliability and cost
considerations. The refrigerator design utilizes the
Claude cycle without liquid nitrogen precooling. Cool-
down of the entire system will require about two weeks.
Input power required for the refrigeration compressors,
which will be of the dry screw compressor type, is 10
MW.

A simplified schematic of the helium distribution sys-
tem is shown in Fig. 15. The helium cooling the mag-
nets leaves the refrigerator at a pressure of 15 atm and
a temperature of 2.8 K. As many as 65 magnets
(representing one sextant of one ring) will be
cooled in series. The steady-state design temperature
for the warmest magnet is 4.3 K. This temperature
will rise no" higher than 4.5 K during the acceleration
cycle and then return to the refrigerator at 14.3 atm
and 6.2 K. Some flow will be removed from the refrige-
rant stream as required to cool magnet power leads.

This flow returns to compressor suction at 300 K. In
order to attain the low-temperature (2.8 K) refrigerant
that is distributed to the magnets, it is required that a
bath of liquid helium at subatmospheric pressure be
produced in the subcooler part of the refrigerator. The
high-pressure refrigerant is there cooled to 2.8 K by
means of a heat exchanger in the liquid bath. The pres-
sure of the bath is maintained at the required low pres-
sure by pumping the vapor from the boiling liquid with a
turbocompressor which is driven by a turboexpander
operating on the gas returning from the magnets. &o
liquid helium storage facilities are required for this
system. Most of the piping required to distribute re-
frigerant is contained in the vacuum annulus of the mag-
nets. Where there are no magnets (primarily at the in-
sertion sections) vacuum-insulated piping will transport
the refrigerant.

E. Parameter list

The above description of the proposed proton —proton
storage accelerator facility is summarized and comple-
mented by ihe parameter list in Table I.

F. Options

The possibility of producing, storing, and accelerat-
ing antiprotons is an important potential of the facility.
Colliding pp experiments with c.m. energies from 60 to
400 GeP at luminosities of up to 10~' cm 's ' are possi-
ble. The antiproton option involves a comparatively
simple addition to the basic ISABELLE facility. One
method involves fast ejection from one ring of the
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TABLE I. Main ISABELLE parameter list.

Energy Magnet system (Continued)

Maximum energy
Equivalent accelerator
Energy range, center-of-mass

Lumino sity

Standard insertion, 200 GeV
Standard insertion. 30 GeV
Low-beta insertion, 200 GeV
High-luminosity insertion. 200
GeV

Lattice

Circumference (3~ x CAGs)
Insertion length
Regular cell length
Modified cell length
Horizontal separation of orbits
Distance between magnets D—D
Distance between magnets D-Q
Tune {vz—- v, )
Transition energy (&t,)
Amplitude function regular
cell. P

Maximum dispersion, ~&
Phase advance per cell
Uncorrected chromaticity,

standard ring

Standard experimental insertions

P „*(low-beta inser tion)
pg
Maximum P (low-beta insertion)
Total free space around cross-

ing point
Crossing angle

Magnet system

Bending field at 200 GeV
at 30 GeV

Number of dipoles/ring
Number of regular dipoles/
r lIlg

Regular dipole length
lamination s

Dipole current (~'40 kG
Stored energy (a 40 kG/dipole

200 x 200 GeV
85 TeV
60—400 GeV

2.3 x 103~ cm sec ~

0.9 x ].03~ cm ~ sec ~

4.3 x 10 cm sec
1 x 1033 cm sec '

2623.2 m
Gx118
54 x 26.6 m
18 x 26.6 m
0.94 m
0.90 m
1.00 m
22.6
19.26
45 m

1.79 m
-90 deg
—33

4(1) rn
20 m
100 (400) m
40 m

13 mrad

39.8 kG
5.8 kG-
258
216

4.45 m

-3.3 kA
-500 kJ

Vacuum chamber aperture
(warm bore)

Main coil i.d.
Operating temperature
Number of quadrupoles/ring
Number of regular quadru-
poles/ring

Regular quadrupole gradient
Stor ed energy/quadrupole
Quadrupole length laminations

Cryogenic system

Total refrigeration capacity
Power requirement of com-
pressors

Total liquid helium (equivalent)
Cooldown weight

Inj ection

AGS energy
Number protons/AGS pulse (11

bunches)
AGS normalized emittance E„&

Longitudinal phase space per
bunch

ISABELLE current/ring
Number protons/ring
Number AGS pulses stacked/ring
Momentum spread of stack
Maximum stacked beam size at

30 GeV
rf frequency, stacking system
rf voltage
Impedance tolerance &/n
Tune spread

Acceleration

Duration
rf frequency (A=2)
Maximum energy gain/turn
Peak rf voltage/ring
Total rf power/rirg
Maximum momentum spread at

30 GeV, bunched
Momentum spread at 200 GeV

8 crn

I2 cm
&4.5 K

186
138

5.14 kG/cm
-50 kJ

1.50 m

25 kW
10 MW

30 000 liters
3.6 x 10 kg

29.4 GeV
3.5 x10 ~

157t 10 m rad
207| 10 m rad
0.7 eV sec

10 A
5.5 x 10'~

-200
0.7'
2.2 cm x 1.0 cm

4.45 MHz
12 kv

-5 0
«0.02

3 min
228 kHz
11 kV
3 x10 kV
1M&
1.6%

0.2'

bunched 200 GeV proton beam, which mould be focused
onto a target in the external dump line. Bunches of 30
Ge7 antiprotons, produced in the target and transported
via room temperature magnets, would be injected into
the other proton ring and captured by a separate lom-
power rf system. Due to the large acceptance of the
ISABELLE ring and the strongly forward peaking of the
p production, it would be possible to eolleet almost all
antiprotons produced within a 2.5% momentumbite. With
the use of supercondueting septum magnets which would
reduce the p-p crossing angle to a few milliradians,
luminosities = 10" cm ' s ' seem attainable.

It would be very attractive to add a facility for ep col-
lisions at a later stage. Electrons would be accelerated
to 4 GeV in the AGS, then transferred to an additional

ring and accelerated to 15 GeV, thus providing high c.m.
energy for ep collisions (vs =109 GeV). The electron
ring, with room temperature magnets, would fit in the
ISABELLE tunnel. Two e-p interaction regions would
be provided. The e-p interaction regions mould employ
a small vertical crossing angle. %ith 6 MW of rf power
intheelectronring, a luminosity of -0.5 && 10" cm 's '
seems feasible at 15 Ge& electron energy. Luminosi-
ties several times 10" cm 's ' seem possible at lower
energies.

IV. PHYSICS POTENTIAL

ISABELLE will provide the capability for exploring
proton-proton collisions with c.m. energies continuously

Rev. Mod. Phys. , Vol. 49, No. 3, July 1977
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variable from 60 QeV to 400 Qe& and with luminosities
of 10"-10"em 's ' over this entire energy range. Such
a large extension of the energy range combined with the
substantial increase in expected luminosity and the flex-
ibility inherent in the acceleration process ensures the
utility of ISABELLE in the detailed investigation of the
strong, electromagnetic, and weak interactions. The
excitement generated by the prospect of such investiga-
tions is the natural result of the recent discoveries in
particle physics.

Examples abound. The unfolding of a totally unpre-
dicted new spectroscopy of hadrons, launched by the
J/g discovery (Aubert et aI. , 1974; Augustin et al. ,
1974), supports the conjecture of the quark substructure
of the well known hadrons. Such conjecture is supported
elsewhere by the results of systematic studies of deeply
inelastic electron, neutrino, and proton scattering.
Whether this substructure will be dramatically revealed
by the actual production of quarks or whether it will'be
revealed merely by the kinematic distribution of parti-
cles emerging from high-energy proton-proton colli-
sions is clearly a major question which can be examined
at ISABELLE.

Theweak interactions are currently the focus of enor-
mous interest, brought about by the discovery and con-
firmation of the existence of neutral weak currents
(Hasert et at. , 1973; Benvenuti et a/. , 1974a), the li-
near increase with energy of the neutrino total cross

sections (Benvenuti et aI. , 1974b; Sciulli, 1975; Barish
et al. , 1975), and the discovery of charmed particles.
The experimental data coupled with the advent of gauge
theories reinforces the belief that weak and electromag-
netic forces can be described by a unified theory (Wein-
berg, 1967; Salam, 1966). These experimental results
and theoretical approaches imply the existence of
charged and neutral intermediate vector bosons in the
40—100 GeV/c mass range, well within the capabilities
of production and detection at ISABELLE.'

And, in the strong interactions, the unexpected hadron
production at large values of the transverse momentum
and the proton-proton total cross section measurements
are of intense interest in the energy range accessible
at ISABELLE. The beautiful results from the CERN ISR
and from FNAL which show the total cross section again
increasing (Fig. 16) demand an explanation based on fun-
damental pr inc iples.

A. Weak interactions4

Currently the "Holy Qrail" of experimental particle
physics is the intermediate vector boson. If the mass
is of the order of (a/G)'~' (n is the fine structure con-
stant, G is the Fermi constant) or roughly 40—100 GeV/
c' as expected in current theories of unified weak and
electromagnetic interactions, then only the ISR at CERN
has sufficient energy (~ 62 GeV) to explore a limited
part of this mass range. However, no indication of in-
termediate vector bosons has been found. The best hope
of producing them is with very-high-energy, high lumi-
nosity proton-proton colliding beams, as wouldbe avail-
able at ISABELLE. The Q' —s plot of Fig. 17 shows the
vast new terrain available at ISABELLE energies. A
very large portion of the new kinematic region is ac-
ces'sible io experiment, as can be seen from the cross-
section estimates which follow. The expected Wpro-
duction rates and decay modes have been estimated in
terms of our present day understanding of weak inter-
actions.

E

40—o
I—

QJ

O~~OOg

't. Charged N/ production

The production of W' in the reaction

p+ p —W'+ anything (4.1)

CA

S5-
CC

is related to the electromagnetic production of dileptons
of the same mass and at the same c.m. energy by pro-
tons,

25—

2O.
I O-I
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LABORATORY MOMENTUM (GeV/c }
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FIG. 16. The proton-proton total cross section as a function
of laboratory momentum. Upper limits on momentum are
shown for various proton accelerators.

The current experimental lower limit on the mass of the W~

is en' & 24 GeV/c, with 95% confidence.
4The following discussion of physics possibilities at

ISABELLE has drawn extensively on these sources:
a. ISABELLE, A I'eton —Proton Colliding Beam ~acility,

Broo~aven National Laboratory 50648, April 1977.
b. Proceedings of the 1975 ISABELLE Summer Study,

Brookhaven National Laboratory 20550, 14—25 July, 1975.
c. Palmer, R. B., E. A. Paschos, N. P. Samios, and Ling-

Lie Wang, 1976, Phys. H,ev. D 14, 118.
d. Peierls, 8,. F., T. L. Trueman, and Ling-Lie Wang, to

be published.
e. A followup on (c) with latest lepton pair production data

incorporated.
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FIG. 17. The new kinematic region in a Q' —s plot which would
be available at ISABELLE.

p+ p —I'I + anything, (4.2)

through the conserved vector current (CVC) hypothesis.
The cross sections for the production of W s of diffe-
rent charges are thus related to each other and to the
electr@magnetic matrix elements. However, the cross
section relation will be an inequality, since CVC does
not predict the semiweak axial current, nor does it re-
late the semiweak current to the isoscalar electromag-
netic current. Define

o = —,
' [a(pp —w')+ cr(pp-w )+ v(pn- w')+ o (pn- w )].

(4-3)

Then it can be shown that

do
aw-~~&a d~ " ~rr=~w

3 icos'0
0 09 2

4 21/2 2

(4.4)

where do/dM, —, is the cross section for the electromag-
netic production of a lepton pair of mass M,-„G,~ are
defined above, 8, is the Cabbibo angle, and M~ is the
vector boson mass. If do'/dM,

& were known in the mass
region expected for the W meson, the above equation
would provide a lower bound for the production of W'.
The necessary high energies are not available, but the
dimensionless cross section M', —,do/dM, -, may scale, i.e. ,
depend only upon the parameters s and M' through the
dimensionless ratio s/M'.

In principle we should be able to check the scaling
hypothesis at lower energies and then use it to extra-
polate to ISABELLE energies and W masses. Figure
18 shows the available lepton pair production data from
FNAL. These data are subject to a number of uncer-
tainties, such errors as are shown being purely statis-
tical. First of all, especially for lower masses, the
subtraction of background due to J'/g resonances and
other sources is somewhat uncertain. Second, the lon-

I I I I lllll
IO

I I I I I I Ill

IO

s/M

I I I IIIII
IO

FIG. 18. Estimates for invariant cross section (M3do/dM) for
W~ production from dilepton production data scaled to provide
a lower bound. 6 Binkley et al. (1976). Hom et aE. (1976).

Kluberg et al. (1976).

gitudinal momentum regions in which the various ob-
servations were made are quite different; thus a model,
in this case that of Drell and Yan (a quark-parton mod-
el), was used to integrate each data set over the com-
plete longitudinal momentum region. The data included
are listed on Fig. 18. From these data at lower ener-
gies we can deduce a scaling law and apply it at higher
energies. With the uncertainties noted, the data appear
consistent with a smooth scaling hypothesis. The
smooth curve is calculated from the parton model with
an antiquark distribution proportional to (I —x)', where
x is the fraction of the proton momenta carried by the
quark. Quarks of three colors are assumed.

In Fig. 19 the production cross sections for W+ and
W are shown as a function of the parameter s/M', us-
ing the model discussed above. The W' cross section
is naturally larger than that of W because there are
more u quarks than d quarks in the proton. In pp colli-
sions the cross sections for W and W are equal and
Fig. 19 also contains their production cross section.
As a consequence of the fact that there are more anii-
quarks in the antiproton than in the proton, the pp cross
section is about an order of magnitude larger than those
for the pp interaction. One expects the hadronic back-
grounds in pp and pp to be about equal; thus the signal
for W production is about a factor 10 better for the pp
interaction than for the pp interaction at the same lum-
inosity.

The experimental detection of the W' will depend upon
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IO

IO

I I I I I III I I I 1111II I I I I I II I Currently for s=50 GeV', A=5.5 as observed at SPEAR
(Schwitters and Gilman, 1976). Even if R continues to
increase logarithmically, as suggested by some gauge
theories (Appelquist and Georgi, 1973), B= 0.1 for M~
= 100 GeV/c'. With this branching ratio, detection
should be possible. Figure 20 shows the p, distribution
for three different M~ values, based upon the parton
model discussed above.

E

IO
b

2. Neutral N/ production

The expectation for the production of neutral inter-
mediate vector bosons is similar to those for the charged
bosons, but the cross section depends also on the form
of the weak neutral current. In models of the Weinberg-
Salam kind

IO

3 GM dOa~0~ —,(1 —2 sin'g~)'
8 v2 o.' dM

(4.7)

IO &6

I I I I I I II

10
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IO
s/M
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FIG. 19. Parton model calculation for the total production
cross section for R".

at M, -, =M~, and 8~ is the Weinberg angle. Again this
assumes that the isoscalar terms of the electromagnetic
and the weak neutral current are neglected.

In this case a pair of charged leptons is produced,
either e'e or p, +p, , and a resonant peak may be easier
to detect than in the W' decay, although the production
rate may be lower by an order of magnitude. Even at
energies below the threshold for the production of S"'s,
one might observe effects in the interference of theweak
and electromagnetic amplitudes.

its leptonic decay (W'-I'v) and consequently upon the
branching ratio

1 (W- p, ~)+ I'(W- e~)B=. I'(W- hadroris)
(4.5)

e'e -hadrons
e'e —p, 'p, (4.6)

In the four-quark model with color, B=—,'. Assuming the
isoscalar component is small and heavy leptons are not
produced, then

3. Decay modes

After the production of W's one would like to study
their decay characteristics. Their decays provide an
ideal method for producing new hadronic states con-
taining heavy quarks. In fact, the ratio 1/B counts the
number of different quark channels to which the 8' can
decay.

Detection of the hadronic decay modes is facilitatedby
the presence of jets resulting from the sequential de-
cays

-35
I I I 1111

I
I I I, I I I I I I

I
I I I I I I I I

Mw=, "45 &=90
&60

W'-q
hadrons ' hadrons

(4.8)

10-36

O
-37

.;"'i 70 The observation of jets and a comparison to leptonic
decays will provide a measurement of B.

B. Strong interactions

Cy

-410

-39
10. 5 I I I I I I I I 'IW I I I I I I I, i I I I t k I I"-.l I I=

0 IO 20 30 40 50 60
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FIG. 20. Distribution of single leptons from S"+ 0v decay. ob-
served near 90 as a function of p~. Calculations are from the
quark parton model for M& ——45, 60, 70, and 100 GeV/c2. The
dashed curve is an estimate of the lepton background from
hadronic process s.

Particle physics is currently focused on weak inter-
actions, charm, and the possibility of the fusion or uni-
fication of the weak and electromagnetic interactions.
Nevertheless, understanding of the sources and the
properties of the strong forces is a compelling need
both logically and practically. The new wide range of
c.m. energies available at ISABELLE (60-400 GeV)
will provide a rich source for detailed and varied stud-
ies of the strong interaction. It may also give the cru-
cial experimental information which would lead to the
inclusion of the strong force with the description of the
unified weak and electromagnetic forces.
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a. Sca/lIng pred/Ict/ ons

Present experimental information reaches p =9 GeV/
c. In prin "iple, p„canbe as large as 200 GeV/c with
ISABELLE-but it must be anticipated that cross sections
will have fallen below measurable values at values of

P~ -30 GeV/c. It is important to have some estimate of
how large the hadron yield will be as a function of P~ in
order to assess how far the range of knowledge can be
extended with ISABELLE. At present, our best assump-
tion is that the invariant cross section satisfies a scal-
ing law,

E(der/d'p) = (1/p, )"f(x,), (4.9)

Hadron production at high transverse momentum p
The uncertainty principle clearly shows that in order

to extend our knowledge of the internal structure of the
proton to smaller distances, it will be necessary to ex-
amine produced particles having larger transverse mo-
menta. Experiments at FNAL (Cronin et a/. , 1973) and
at the CERN ISR (Biisser et a/. , 1973, 1974) show an un-
expectedly larger yield of produced hadrons with p, &1
GeV/c than had been anticipated frorq lower (p, & I GeV/
c) energy work. It seems quite likely that these data in-
dicate the onset of new phenomena not yet understood
and which may hold the clue to unraveling the proton
structure.

one of the important experimental programs to be car-
ried out at ISABELLE will test it by varying Ws and p„
over the widest ranges possible.

Fits to ISR and FNAL data (Cronin e/ a/. , 1973; Bus-
ser et a/. , 1973, 1974; Eggert e/ a/. , 1975) have been
made using this form with n ranging between 7 and 11.
The value of n required decreases as x, decreases.
With ISABELLE at its maximum energy, x, will be very
small, and thus n is also expected to have a smaller
value. Theor. etical models give values as small as n =4.
In order to give an estimate of the p, values attainable,
we have assumed this scaling law for various values of
n, used the measured cross section from the ISR ex-
periment for several values of x, attainable at ISABELLE,
and calculated the cross section for 200&& 200 Qe& colli-
sions at the corresponding value of p, . The results are
shown graphically in Fig. 21(a), where E(do/d'p) is
plotted as a function of n for various fixed p, . From the
ISR experience and the high ISABELLE luminosity, it
is reasonable to expect to measure invariant cross sec-
tions of 10 3' (cm' GeV '/sr), corresponding to a cross
section of about 4 & 10 "cm' for a detector with a one
steradian and 10/o momentum acceptance. It also seems
quite possible to extend p, measurement out to 25 GeV/c
or more.

The ISR experiment (CERN, Columbia, Rockefeller—
hereafter referred to as CCR) (Biisser et a/. , 1973,
1974) fits their data with the form

x, = 2p, /vs (4.10)

da 1.54 X 10 26
exp(- 26.1p, /Ws)(cm'GeV '/sr) .

pJ.
and vs denotes the c.m. total energy. This is the form
expected from several models for the particle of mo-
mentum p and energy E detected at 90 in the c.m. Nat-
urally the range of validity of this law is not known and

(4.11)

In Fig. 21(b) this function is plotted along with the pre-
diction of the electromagnetic contribution to the cross
section based on Herman, Bjorken, and Kogut (BBK)
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FIG. 21. Scaling predictions for hadron production at large pj. (a) Dependence on the scaling exponent. (b) Extrapolation, via a
scaling law, of the CERN, Columbia, Rockefeller experimental data froxn the ISR (Biisser, 1973; 1974).
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(1971). The curve for smaller values of x, is not based
on measurements or theory and it will be very important
to determine its actual shape. If the function given
above remains valid as x, -0, then, for example, the
cross section at p, =20 GeV/c and infinite energy is
larger by a factor of 3.7 than at the 400 QeV c.m.
ISABELLE energy.

At the same time as it extends the x, region to much
smaller values than presently attainable for high p~ pro-
cesses, ISABELLE can utilize its high luminosity over
the entire energy range from Ms= 60 to 400 GeV, over-
lapping the ISR range in x, . This is a very important
feature since it will permit a smooth continuation of the
present data to the highest available energy. Not only
is the overlap valuable for normalization purposes, but
the continuous energy range at high luminosity is essen-
tial for seeing thresholds for new processes that affect
the p, distribution, such as the production of new mass-
ive particles.

In addition to the single-particle distribution at 90,
there are a great many other important high p, studies
that can be done at ISABELLE. For example, the type
of particles produced can be identified for P, c 20 GeV/c,
multiplicities of particles produced in conjunction with
a high p, particle can be measured; correlation in mo-
mentum and angle between high p, particles can be in-
vestigated, etc. These are all straightforward exten-
sions of lower-energy experiments already done at the
ISR. Of particular interest will be the study of the de-
pendence on the production angle 8 of the high p, parti-
cle with respect to the beam direction. This should be
a sensitive test for the production mechanism and the
structure functions of the proton. It is, however, nec-
essary to vary it over a rather wide range: not much
change is expected for 45 ~ 0~ 135 . The cross section
at smaller angles is predicted to fall off faster with p,
than at 90 and so the maximum measurable value of p,
will be smaller. However, the shape of the curve as it
falls is a very important measure of the proton struc-
ture.
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An exciting prospect for ISABELLE is the study of
jets; that is, a spray'of particles, each of whose mo-
menta is nearly (to within 0.3 GeV/c) aligned. These
are conjectured to be the residue of the elementary part
of the proton (the parton) which interacted strongly in
the collision. If they exist, the measurement of their
distributions in momentum and angle will give much
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FIG. 22. Invariant cross section for single-jet production in
the quark parton model as a function of transverse momentum
and angle.
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FIG. 23. Double-jet production in the quark parton model with
one jet produced at 90 . (a) Second jet at 90 ("back to back'").
(b) Second jet at 30'. (c) Dependence upon angle of the second
jet for various p~.
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more direct information about the crucial questions than
the single-particle measurements discussed above.
There is good evidence from SPEAR (Schwitters, 1976)
that jets of exactly the sort expected are produced in
e e annihilation, and measurements of various correla-
tions at the ISR (Darriulat, 1975) are consistent with
the picture, although no clear jets have been seen.
Bjorken (1973}makes it clear why they have not been
observed. Small deviations in momentum of the various
particles from the parton direction cause a certain
amount of energy to be lost outside of any reasonable
cone; it is thus necessary to go to p, ~ 5 Ge&/c for the
parton to get a 20% accurate determination of its mo-
mentum. Thus, jets should show up clearly at ISABELLE.
There is no experimental information comparable to the
CCR experiment at the ISR on which to base estimates
for jet cross sections at ISABELLE. Rather, some
curves based on Bjorken's speculations are presented
(Peierls, Trueman, and Wang, to be published). The
important assumptions follow: (a) the partons are dis-
tributed in the proton according to the electromagnetic
structure function, and (b) the basic interaction is vec-
tor gluon exchange, just as the photon but with coupling
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g'/4p = 10n= 1/13.7. (4.12)

While a stronger coupling, of order 100m, may at first
seem more reasonable, it wouM predict far too large a
cross section at the ISR; the above value is consistent
with the absence of p4, terms in the CCR experiment.
Figure 22 shows the single-jet p, distributions for three
angles. The rapid fall for small angles is clear. (The
single-particle distribution should be similar but scaled
down by a factor of 5—10.} Figure 23(a) shows the cross
section for two jets coming out back-to-back at 90 .
This is important in estimating the background for W
production. Figure 23(b) shows the same for one at 90'
and the other at 30 . Finally, in Fig. 23(c), the cross
section is shown for one jet at 90 as a function of the
angle of the other jet. These curves are intended to
illustrate measurements which will give information of
a most fundamental nature, even if some of the detailed
assumptions used in calculating them are not exact.

2. Energy dependence of the strong interactions

The importance of the 60-400 GeV energy range avail-
able with ISABELLE for exploring proton structure at
small distances has been emphasized in the preceding
sections. Qf equal importance is the study of the strong
interaction itself. Vfhat is the nature of the force ulti-
mately responsible for the structure of matter?

A quantitative understanding of this force has yet to be
formulated, mainly because of its strength and com-
plexity. There are good reasons to believe that with
experimental data at sufficiently high energies the es-
sential properties of the basic hadronic interaction will
begin to emerge from the sea of detail.

Existing information suggests that the measurement of
total and elastic cross sections and the elucidation of
the characteristics of single and multiparticle inclusive
production at these high energies should give significant
new insights.

a. Total cross sections

Figure 24 shows the measured total pp cross section
through ISR energies. The rise at the end of the curve
is tantalizing. Does it herald a continuing indefinite
rise, or is it merely some kind of threshold behavior?
In Fig. 24(a) several different possible theoretical fits
(Hendrick et a/. , 1975; Mazur, 1975; Sidhu and Wang,
1975) are shown. In Fig. 24(b) the PP cross section is
also shown, demonstrating that the ISABELLE range is
crucial to understanding the difference between pp and
pp cross sections (Sec. IV.E).

The measurement of the total cross section is one c&f

the most straightforward at conventional accelerators
where the transmission method can yield accuracies of
0.5% or better. This simple method is, of course, not
available to colliding-beam experimenters. Three oth-
er methods can, however, provide 1% measurements.

(i) In the first method a nearly 4' detector would be
used. The total cross section o~ is determined from

cr =Br/I. , (4.13)

where B~ is the total interaction rate and I. is the lumi-
nosity.

The interaction region must be surrounded by detec-
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FIG. 24. Extrapolation of existing measurements of total cross
sections. (a) Theoretical extrapolations of pp cross sections.
(b) Phenomenological fit to pp and pp cross sections.
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~,= (4~/P) lmf(0)
= (4II/P) [(do'/dQ)(8= 0)]' '
=(4&/p) [Z (e=0)/r. ]'",

(4.14)

where A~ is the elastic rate. Assumptions about the
spin dependence and the real part of the elastic scatter-
ing amplitude have to be made.

(iii) The third method combines the measurements of
both preceding methods. Combining the two expressions
gives an expression for 0~ independent of luminosity I.,
namely

0'r = (R~/Rr)x-
p

(4.15)

tors as completely as is physically allowed. To mini-
mize the loss of very-small-angle events, detectors
must be close to the proton beam, for example, 2.75
cm, which corresponds to I t I

= 0.01 (GeV/c)' at 200
GeV. Less than 1 mb of the total cross section would
be undetected in the beam pipe and that can be corrected
by extrapolating the observed events to 0 . This correc-
tion should contribute &0.5% to the error in the total
cross section. The limitation of this method is likely to
be the knowledge of the absolute luminosity I., which
currently can be determined to about 1%.

The variable energy feature of ISABELLE is particu-
larly attractive for the 0~ measurement. The func-
tional form of the total cross section can be determined
from s = 3 x 10' (GeV)', which overlaps with the ISR
data, out to s ~ 10' (GeV)'.

(ii) A second method is to extrapolate the differential
cross section to 0 and use the optical theorem, namely

tal interest which should be measured through the Cou-
lomb-nuclear interference in an early experiment at
ISABELLE. If small-angle proton-proton elastic scat-
tering is spin independent, then the optical theorem,
crossing symmetry, and the basic tenets of quantum
field theory allow p to be written as a dispersion inte-
gral of o'r(s) over s. The test of such dispersion rela-
tions at higher energies serves to confirm the validity
of these assumptions over increasingly smaller dis-
tances. Figure 25(a) depicts the behavior of p as a func-
tion of E„b=vs /2 for various models of the high energy
behavior of the total cross section (Hendrick et al. ,
1975; Mazur, 1975; Sidhu and Wang, 1975). Figure
25(b) shows the present measurements for both pp and
pp; the curves are theoretical predictions using deriva-
tive analyticity relations (Sidhu and Wang, 1975).

The Coulomb-nuclear interference is maximal at
~

t
~

= 0.002 (GeV/c)'. Although difficult, measurements
should try to include this value.

c. Eiastic scattering at larger It I

At values of
~

t
~

larger than the Coulomb region, the
elastic scattering cross section illustrates the clarifi- '

cation revealed by going to high energies, as shown in
Fig. 26 (Morrison, 19'73). Beyond the forward diffrac-
tive peak there is structure whose nature is unclear at
lower energies, but resolves into a sharp minimum and
secondary maximum at higher energies. The location
of the minimum, and the height of ihe secondary maxi-
mum, together with the forward diffractive slope

b. Elastic scattenngin the Coulomb-nuclear
interference region

d da (s, t) (4.16)

The ratio ( p) of the real to the imaginary part of the
forward scattering amplitude is a quantity of fundamen-

are three parameters whose energy dependence can pro-
vide strong clues as to the dynamical nature of elastic
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FIG 25 Dispersion predictions of the forward real part of the pp scattering amplitude (a) Predictions f„ompp data based on
various assumptions about the behavior of Ot, t. (b) Fit to pp data and predictions for pp data, through the ISH. energies.
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FIG. 26. Proton-proton elastic scattering at various labora-
tory momenta. For references see Morrison (1973).

scattering. Figure 27 shows the slope, together with
that for pp, while Figs. 28(a) and 28(b) show the posi-
tion of the first minimum and height of the second maxi-
mum. The curves are smooth interpolations of the
data. Measurements at high energy are clearly needed.
The maximum value of

I
t

I
should be &10 (GeV/c)' and

will be limited by the small size of the cross section.

O'. Multiparticle production at small p~: One-particle
inclusi ve reacitons

P+P —C+X, C= TI-', K', P', . . . (4.17)

as a function of energy and the longitudinal and trans-
verse momenta of c. Several aspects of these reactions
are of particular significance.

(i) Rapidity dependence An important c. oncept to
verify or refute is the existence of a central plateau in
the rapidity plot. Define the rapidity y of a produced
particle by

tanhy =p„/E, (4.iS)
when p~I is the longitudinal momentum of the particle

One-particle inclusive reactions provide a measure of
the average behavior of multiparticle production. They
account for roughly 80% of the proton —proton total cross
section. At ISABELLE one could study the inclusive
reactions

and E' is its energy. Multiperipheral and multi-Hegge
models predict a rapidity independence of the inclusive
cross section do'/dy over a. range of rapidity values ly-
ing between those of the incident particles. In sharp
contrast, hydrodynamical models predict a Gaussian
behavior in y (Cooper, 1975). ISR experiments suggest
that the fragments of the beam particles occupy about
two units of rapidity; so, the length of the expected cen-
tral region is (Lillethun, 1973; Giacomelli and Thorn-
dike, 1975)

&y= log (s/I') —4.
This gives

(4.19)

&y=4 at ISR,
&y = 8 at ISABELLE .

doZ, = f( y —yo, p2) independent of s,d'p (4.20)

where y, is the rapidity of either beam particle and one
restricts ly —y, l~ b.y. With the Mueller —Regge model

At ISABELLE energies a large fraction of the available
rapidity will be in the central region, allowing a clear
distinction between Gaussian and plateau behavior.

(ii) Ma&tiplicities. Either by integrating over in-
clusive cross sections or by direct observation, one
can study the multiplicity distributions of produced par-
ticles. Here again the hydrodynamic and multiperipheral
models differ sharply, as can be seen from Fig. 29. Extrap-
olating present data to an s = 1.6& 10' GeV' at ISABELLE,
the hydrodynamic s't' multiplicity growth (Carruthers
and Duong-van, 1973) predicts an average of 35 charged
secondaries per primary collision, whereas the multi-
peripheral logarithmic extrapolations (Antinucci et al. ,
1973) give only 19. (See also Stix and Ferbel, 1977.)

(iii) Energy dePendence At the ISR. inclusive cross
sections have been observed to scale (Gunion et al. ,
1972; Brodsky and Ferrar, 1973; Amaldi et a/. , 1973)
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FIG. 28. Energy dependence of diffraction minimum in pp elastic scattering extrapolated to ISABELLE range. (a) Location of
the dip. (b) Height of the second maximum.

this scaling is understood by assuming that the Pomeron
is a simple Regge pole. There are both experimental
(Amaldi et al. , 1973; Amendolia et al. , 1973; Carroll
et al. , 1974a, 1974b) and theoretical (Jones et al. , 1972;

Broker and Weiss, 1972) indications that this assump-
tion is incorrect; consequently, the energy dependence
(or lack thereof) of inclusive cross sections at ISABELLE
energies @rill be of basic importance.
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(iv) &ekaviov. ne«x= ~. In the t»pie-Regge model
(deTar, 1971) the behavior of the pp -pK cross section
for x=P„/P,„,= 1 is dominated by the triple-Pomeron
graph. The model is certainly oversimplified, but
nevertheless the cross section in this region should
give information on Pomeron interactions.

e. Inclusive cross sections at small p
Qne of the major challenges to the experimenters at

ISABELLE involves the measurement of pa, rticle pro-
duction at very small angles and very high momenta.
Since by definition the trajectories followed by these
parti. eles a.re very close to those of primary beam par-
ticles, special techniques are required to detect them.
However, the great interest in this region (the realm
of the triple-Regge pole model) demands that all efforts
be made to study it. The capability of varying the two
beam energies independently should prove useful in this
respect (Peierls, 1975).

f. Correla/t ons

The very high energies available at ISABELLE are
particularly useful in studying both correlations between
particles in the central region and correlations between
a proton near x= 1 and particles in the missing mass.

In the central region it is useful to distinguish long-
range and short-range correlations. In the Mueller-
Hegge model short-range correlations are associated
with secondary Regge poles (Mueller, 1970, 1971), while

3.ong-range ones are associated with Pomeron-Hegge
cuts (Ambramovskii et a/. , 1972), or more generally,
with any nonfactorizable pari of the Pomeron. In other
models, short-range correlations come from clusters
or similar effects (Ranft, 1974), while long-range cor-
relations can arise from the production of particles off
multiple chains or from absorption (Cheng and Wu,
1973; Auerbach et a/. , 1972). Additional long-range
correlations are introduced by energy-momentum con-
servation, especially near the boundary of phase space.

The Stony Brook-Pisa experiment (Amendolia et al. ,
1974) at the ISR has shown that there is a substantial
short-range correlation in the central region. Since the
size of the central region is limited, it is difficult to
separate dynamical long-range correlation effects from
those due to energy-momentum conservation. At
ISABELLE the central region extends over about double
the range of rapidity, and the study of dynamical long-
range correlations would therefore be facilitated.

For a proton near x= 1 Pomeron exchange shoulddom-
inate. An inclusive reaction involving a proton near
x= I and another particle contributing to the missing
mass (M) can thus be viewed as a one-particle inclusive
reaction for Pomeron —proton scattering (Frazer, 1973).
Such a reaction probes the nature of high-mass diffrac-
tion. In the triple-Hegge model Pomeron —particle cross
sections at large M' should be similar to particle-par-
ticle cross sections at large s (Frazer and Snider, 1973).

At ISABELLE energies one can reach M'=3200 (GeV/
c')' for x=0.98, for which the Pomeron should certainly
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dominate. This value of M' is comparable to the values
of s reached at ISR. If the triple-Regge model is at all
correct, the rapidity plot for particles contributing to
the missing mass shouM show a clear central plateau.
In any event it would be most interesting to explore
Pomeron —particle scattering at such large values of
M.

( )
(do' /dg) ~s ~

(d+m/d&)FNAz. ~=o
(4.21)

for production of a particle of mass m. Since the J ex-
citati. on curve is somewhat steeper than the scaled had-
ron pair curves, this effect should be even more pro-

IO

C. Searches for new, massive particles
/

The 4/g discovery in 1974 strongly suggested a new
quantum number, charm. Recently there has been re-
ported more direct evidence for charmed baryons
(Cazzoli e/ a/. , 1975; Knapp e/ a/. , 1976) and charmed
mesons (Goldhaber et a/. , 1976; Peruzzi e/ a/. , 1976),
opening a new hadron spectroscopy in the region of 2
GeV/c' mass. The important implication of these dis-
coveries and speculations for ISABEI.LE lies in the
possibility of still larger-mass J-like objects with cor-
responding implications for hadron spectroscopy on
larger-mass scales. The present theoretical picture
calls for matter to be constructed from ordinary quarks
with mass -300 MeV/c', strange quarks with ma. ss
-500 MeV/c', and charmed quarks of mass -1.5 GeV/
c'. There is no reason to suppose this is the last such
level; indeed 6 and 8 qua. rk schemes have already been
suggested (Harari, 1975; Suzuki, 1975), and the mass
scale for higher levels could be 10 GeV/c' or more.

In the search for higher-mass particles, the large
c.m. energy of ISABELLE can be important or even
crucial because of the rapidly rising excitation curve
expected for large-mass objects. This effect can be
estimated by an appropriate scaling of and comparison
to the energy dependence for production of known ma, s-
sive hadrons, such as KK and pp (Gaisser et a/. , 1975).
Figure 30 shows an estimate of the quantity

nounced for J-like objects. The general features of
Fig. 30 are presumably also applicable to other possi-
ble new massive objects, such as quarks, monopoles,
heavy leptons, etc.

For production of pairs of particles with mass up to
10 GeV/c', the cross sections in the central region will
have reached a saturation value relative to background
kaons and pions. With Vs =400 GeV, ISABELLE will,
of course, also be able to explore the mass range up to
~ 100 GeV/c' for particle production in the threshold
region. The ease of 8'boson production is discussed in
detail elsewhere. %e here mention a few speculative,
very massive objects and their specific signatures that
make a search for their production near threshold fea-
sible:

1. &cry massive J-like objects could be detected via
the l'7 decay mode.

2. Hadrons with masses comparable to Ws will be
produced near rest in the ISABELLE lab system. If the
average multiplicity for decay of such an object follows
other hadronic interactions ((n) ~ lnM) then the mean
momentum of the decay products will be large (e.g. ,
—5.5 GeV/c for M = 100 GeV/c'). It has been pointed
out that such an event would show up as an unusual
"fireworks" of prongs that have very large momentum
transverse to the incident beam line (Rubbia, 1975).

3. Fractionally charged quarks, if they are not per-
manently confined within hadrons, could be detected by
the ionization characteristic of fractional charge by col-
lecting samples in material surrounding the detector.
Present upper limits are of the order of 10-34 cm' for
M, &25 GeV/c'. It is anticipated that a, limit of 10 "
cm' for M, & 200 GeV/c' could be achieved (Foley and
Meadows, 1975).

4. Integrally charged quarks could be detected either
by specific decay modes, as in the Pati-Salam scheme
(Pati and Salam, 1973), or, more definitively, by de-
tecting noneonservation of baryon number in an interac-
tion. Since protons cannot easily be distinguished from
pions and kaons at these energies, the baryon noncon-
servation would have to be detected by observing pp -no
hadrons (Nauenberg, 1975).

5. Magnetic monopoles with masses comparable to
vs could be detected in three ways (Giacomelli and
Thorndike, 1975):

(a) immediately after production, by the character
istic heavy, constant ionization, e.g. , in pla. stic detec-
tors~

(b) by capture in iron surrounding the intersection and
subsequent detection either by induction or by extra, cting
monopoles and looking for the characteristic ionization;
or

(c) by looking for multigamma events due to monopole—
monopole annihilation at production.

D. The unknown

m (GeV/c~)

IO

FIG. 30. Ratio of expected heavy-particle production at
ISABELLE to production at FNAL as a function of mass.

In spite of ihe fascinating physics now being studied
and projections of the physics to come in the c.m. ener--
gy to be available at ISABELLE, it may well turn out
that the most fundamental discoveries of all are still
unthought of by theorists. Such has been the history at
most accelerators. Some general possibilities were
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catalogued in the Proceedings of the 1975 ISABELLE
Summer Study (Lederman, 1975).

New symmetry violations

~a) p+p -nothing. This implies a search for violation
of baryon number, charge, or both.

(b) Familiar symmetry violations might change their
character in the intense fields of a 400 GeV collision.
For example, the K —E particle mixture could show
interference effects of opposite sign.

(c) Lorentz invariance breakdown at very small dis-
tances should be suspected.

2. Search for new objects

Here quarks, monopoles, etc. are defined as old fa-
miliar objects.

(a) Particles of high mass that are stable, perhaps
because they are the ground states of new families
carrying new quantum numbers. A sudden increase in
the production of antiparticles might be a particular
example.

(b) Particles of long lifetime or neutral massive lep-
tons should not be overlooked as possible items for
search.

(c) Particles of very high mass and short lifetimes
which decay hadronically. Naturally by definition the
unique discovery goes unmentioned.

E. Strong interactions with pp

Qne of the major limitations of storage rings is that
one cannot vary the projectile and targets being used.
This makes the unravelling of different components of
the dynamics and the testing of alternative theories
more difficult. In principle, the addition of the pp op-
tion provides the necessary kind of information. Seve-
ral types of experiment will be discussed inthis context.

(a) We can first ask what can be done with pp that can-
not be done with pp? Evidently, one can check charge
conjugation invariances, for example, by comparing
particle and antiparticle spectra. This would probably
be most interesting at high p, where new distance
scales are being explored. Although one could directly
form any high-lying mesonic resonances that may exist,
the cross section is certainly much too small to be de-
tectable. The major difference between pp and pp is
that pp can produce systems which have no baryons in
the final state. However, the cross section for this is
small and falling with energy and, although annihilation
experiments may provide some useful information in
studying reaction mechanisms, it is difficult to point to
anything of singular interest to be found in such a diffi
cult experiment.

(b) Probably the most useful information obtainable
from the pp option will come from comparison with pp
results. Clearly, the primary measurement of this type
is 0~. Do the pp and pp total cross sections contin@.e to
approach each other as predicted by the Pomeranchuk
theorem ~ Closely related questions will be answered
by comparison of the real parts of the forward ampli-
tudes and the differential cross sections.

Figures 24(a) and 25(b) show predictions of some

p+p —&*+p. (4.23)

For example, the rate at which these cross sections ap-
proach each other will enable some separation of the
various Regge exchange contributions to the process.
Similarly, the comparison of

(4.24)

with

(4.25)

in the triple-Regge region will enable the separation of
various components there. Note that this involves a
small effect because the difference will lie only in the
nonscaling piece, if the Pomeron has positive charge
conjugation as expected. This is illustrated in Fig. 31.
In going from p to p, the contribution changes sign if
B, and A, have opposite C; otherwise they are the same.
Hence, the difference can come only from the parts
with Q having C= —1. The size of these "off-diagonal"
couplings is presently not at all. well known and so we
cannot estimate the size of the difference; it is safe to
say that it is small and will probably be most important
for s/M' not too large.

(c) Since we are dealing with small cross sections,
the differences may prove to be most enlightening in the
region where both pp and pp cross sections are small.
We know the cross section for TV production and lepton
pair production are expected to be very different. In
strong interactions high p, is a similar region. Whereas
W or /'/ production requires annihilation of a q and a
q, this is only one component of the cross section for
high p, . High p, can also be achieved by scattering,
e.g. ,

por p

FIG. 31. Triple Hegge graph for inclusive pp or pp process.

models for the behavior of these quantities as s in-
creases.

If the cross sections do not come together, we would
be blessed with a most unexpected result, and the possi-
bilities for searching for the source of the difference
would be most exc.'.ting. If, as expected, they do come
together, then obviously any studies of ihe comparison
will involve the measurement of small differences and
are likely to require very difficult experiments.

The comparison of various final state distributions
will throw light on the reaction mechanisms. To be
more specific, the process of diffraction production can
be studied by comparison of

(4.22)

with

Rev. Mod. Phys. , Vol. 49, No. 3, July 1S77



H. Hahn, M. Month, and R. R. Rau: ISABE LLE

t

t

I

&R

LLI

-I
I I I I9—

8—
7—

8=90'
I I I I I I I I I I I I

)OP I I I I I I I I I I I I
' I I I I I I I I

0.0 O. I 0.2 0.3 0.4 0.5
Xg

seen at the ISR. These processes have very different
dependence on (1 —x,) in pp and pp. Denoting the be-
havior as (1 —x,)~, we show the values for various pro-
cesses in Table II. Determinations of these differences
can help unravel the dominant subprocess, but they
again require hard experiments, at least for moderately
large x,.

(d) In summa. ry, the testing of the Pomeranchuk theo-
rem is the most important reason in strong interactions
for the PP option. Barring surprises, other experi-
ments will be dealing with small effects. In principle,
important information can be obtained to help unravel
structure from dynamics, but it will be difficult, and
there is a real chance that there will be no detectable
differences between pp and pp.

FIG. 32. Comparison of pp and pp production of high pj pions
at 90' as predicted by the BBK model. x~= 2p~/~s.

V. BEAIVI ANALYSIS AND PERFORMANCE IN

ISABELLE

g+g g+g ~

@+M-q+M.
(4.26)

TABLE II. Values of ~ in the function {1—x~} for various
processes as given by Blankenbecler, Brodsky, and Gunion
(1972, 1973) constituent interchange model.

via 9
11

9
13

9
11

13

13
11

9
15

13
17

7
19

15
17
11
17

via qM qM
qq MM
qq Bq
qM qM

9
7

13
9

9
7

13
9

13
13
11
15

15
13
15
13

In some models this component is considerably larger
than the annihilation cross section. Figure 32 shows the
results of a calculation using the BBK model (Weinberg,
1967; Salam, 1968) and the distribution functions used
in the TV production calculations in the summer study.
The figure shows the ratio of

E[do (pp —Tt)/dp'] —&[do (pp —v)/dp']
&[~ '~ (Pp —~)«P']

a.s a function of x, = 2P, /Ws at 90 . (The charges of
the ~'s are summed. ) We see it varies from about 3/p
in the easily measured region of small x, and increases
to only about 6/0 at p, = 50 GeV/c. Different distribution
functions with less antiquark content at large x, will in-
crease this ratio, especially at the largest x„and so it
is a good way of separating q and q distributions. How-
ever, the effect is very small.

We can also view the process using the constituent in-
terchange model of Blankenbeeler, Brodsky, and Gunion
(1972, 1973). (We don't present a curve because the
necessary parameters are not known yet. ) In that mod-
el, several subprocesses contribute to the p, ' behavior

A. Overview

The design of proton storage rings rests upon princi-
ples that must guarantee a few prime objectives. In the
first place, we demand high luminosity and high energy,
including a large range of operating energies. Second,
we ask for sufficient space for experimental detection
equipment in the collision regions and for a certain
measure of flexibility in shaping the beamoverlap region
where the collisions take place. Finally, we expect that
background levels in the interaction regions will be
adequately low so that particular event signals can be
observed.

Does the physical system we have discussed allow
these general objectives to be realized? To provide an
answer to this question and, in fact, to estimate in
quantitative terms the performance potential of the
ISABELLE complex, we require an understanding of
the behavior of proton beams as they proceed through
the various channels from the ion source, through the
linac and the AGS, to the top energy of ISABELLE. Our
procedure is to take the physical system as we have
described it and to estimate its performance levels.
These performance levels are meaningful only if the
colliding beams are stable and do not change their char-
acter over many hours. Thus, we must deal with both
the instantaneous performance characteristics and the
length of time over which such conditions must prevail.

On the one hand we have the prediction for ISABELLE
of high performance and long lifetime and on the other
hand we have the requirements of high-density beams
and beam stability. It is our main objective in this sec-
tion to assess the consistency of the ISABELI.E design
parameters with the design objectives insofar as they
relate to the attainment of the necessary dense, stable
beams; and, in particular, we will seek out those criti-
cal areas which could play a role in limiting the ex-
pected performance levels.

In Sec. V.B we discuss the collision overlap region
and estimate the ISABELLE luminosity. Section V.C
deals with the single-beam coherent instabilities. In
Sec. V.D we review various analyses pertaining to the
electromagnetic interaction between the two beams. The
concern here is for an incoherent growth of the trans-
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verse beam dimensions due to ihe strongly nonlinear
beam-beam force. Although the beam growth is inco-
herent, the force ie conservative, and so the process is
related to phase-space filamentation due to the nonli-
near fields. In Sec. V.E the effects of the "non-Liou-
villian" forces are treated. Both scattering of protons
off the residual gas and scattering between each other
(intrabeam scattering) are dealt with. We discuss in
this section also effects indirectly arising from the
beam —gas interaction. In particular, the produced
electrons trapped in the coasting proton beam can cause
coupled electron-proton oscillations. %e also consider
here the pressure bump instability that is related to
molecular desorption from the vacuum chamber sur-
face due to bombarding positive ions.

The performance of a pp colliding-beam device is
restricted by the aperture available to accumulate the
beam. This is a rather complicated subject, and we
discuss it in two parts —the momentum aperture in Sec.
V.F and the spatial aperture in Sec. V.Q. A detailed
consideration of the implications of our choice of beam
stacking is given in Sec. Q.H. Finally, in Sec. Q.I we
review and discuss ihe overall performance that the
ISABELLE complex should be capable of achieving.

—S2 A2
(5.8)

where e is the unit of electric charge, I, , are total
currents for the coasting beams, o, 2 are rms
beam sizes, and h, v refer to horizontal and
vertical (orthogonal to s), respectively. The rms
beam size is related to the normalized phase-space
emittance E, containing 86.5% of the particles by
(Courant and Snyder, 1958)

a2(s) = Ep(s)/4' py. (5.4)

The beam size depends on s through the variation of the
beta function in the magnet free region:

p (s) =- p *+(s'/ p *), (5.5)

with p f „

the values of the amplitude functions at the
crossing point.

When we define an effective beam size at the crossing
point (s = 0) by

the luminosity per unit length along s (Montague, 19'75),

dI. I I1 2 ((a2 + a2 )(a2 ~ a2 ))-1/2
e2C hl h2 v& v 2

B. Collision region and luminosity
a g —[(a2+ a 2)/2]1 /2 (5 8)

The interaction rate for any given scattering process
can be written as a product of two factors, the cross
section 0 which characterizes the particular type of
scattering event, and the luminosity t„which is inde-
pendent of the'specific interaction and depends only on
the nature of the beams and the collision geometry.

The luminosity (Moiler, 1945) in storage rings is re-
lated to how many particles there are in each beam, how
localized the region of beam collisions is, and how fre-
quently each particle returns to the domain of collision.
In particular, for coasting beams, the collision region
is simply related to the volume of overlap of the two
beams. If V represents the volume, p, and p, the parti-
cle densities for the two beams, and vy and v, the velo-
cities of the two beams, then the luminosity can be ex-
pressed in general as

and writing the rms interaction length as

a'1 = W2(T ), /Ck,

then, if the condition

p
g

l ~ h, v

is satisfied, the specific luminosity becomes

dI, I I, 1 s'
ds e'cg 20 „*0.~ 20. *,

'

(5.7)

(5.8)

(5.9)

I .„1= 4 0 +1
= 4 v 2 a'

), /ck . (5.10)

The total luminosity can be obtained by integrating Eq.
(5.9) over s, leading to

From this expression we see that the total length of
beam overlap containing 95% of the collisions is simply
given by

L=[(v, -v,)'- —,(v, xv, )']'" g p, p,p)
1

(5.1) I = I,I2/v 11 e2Ca „*n. (5.11)

p, (x, y, s)p, (x, y, s) dxdyds,
OO ~OO J vpOO

(5.2)

with x, y„and s the orthogonal coordinates of a Carte-
sian system: y is normal to the collision plane, s is on
a line in the collision plane running midway between the
two beams, and x is normal to the s coordinate and in
the collision plane. The details of the ISABELLE colli-
sion geometry have been previously described.

In ISABELLE the moment'um dispersion of each beam
is brought to zero in the insertions. The betatron dis-
tributions can be taken to be Gaussian. In this case,
the integrations over x and y can be performed analyti-
cally and we have for the specific luminosity, that is,

with c the velocity of light. In the case of two relativis-
tic coasting beams crossing at a small angle e and ne-
glecting terms of order n2, the luminosity becomes

Thus, for coasting proton beams crossing in a hori-
zontal plane, the factors determining the luminosity are
current, beam height, and crossing angle (or, interac-
tion length). In a rough sense, arriving at a satisfac-
tory set of these parameters, together with the energy,
can be considered as the main effort of the design pro-
cedure for the ISABELLE storage ring system.

C. The single-beam coherent instabilities

A. charged particle beam enclosed within a generally
complicated vacuum chamber tends to induce electro-
magnetic fields, which in turn act on the beam (Sessler,
1973; Teng, 1975). This yields a, somewhat intractable
equation for the resulting time evolution of such a sys-
tem. For the purpose of studying stability in particle
beams, we can ignore the self-consistency require-
ment, thus leading io the Boltzmann equation as the
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description of the behavior of the beam. For long-
range forces where the direct interaction between the
particles in the beam is neglected, there results the
collisonless Boltzmann equation, also referred to as
the Vlasov equation:

=0,
dt

(5.12)

where g represents the distribution function in the parti-
cle phase space and (d/dt) means the total time deriva-
tive. This .equation is simply a statement of local con-
servation of phase-space area. For a system of con-
servative forces, it is an expression of Liouville s
theorem, following from the assertion that the total
number of particles remains constant.

When a beam of particles suffers a "small" coherent
deformation, an induced field results which acts back
on the beam. The question, then, is whether or not the
interaction will lead to growing oscillations. The in-
terest is, therefore, in the onset of instability and its
immediate evolution. To obtain this information, the
Vlasov equation can usually be linearized, which re-
sults in a major simplification and in general provides
threshold conditions and growth rates by standard tech-
niques.

(5.13)

where g—:g(x, 8, t). The equations of motion are given
by (Nielsen, 1959)

8 = (»f,q/p')x, (5.14)
x= (ecP/Eo) (~ —(0'/2pfop)8,

1. Beam density osciliations {longitudinal instabilities)

Beam density oscillations are analyzed in the energy-
azimuth phase plane. The Vlasov equation for a beam
of particles in terms of the energy deviation from the
synchronous energy x= b.E/E, with 8 the angular dis-
tance in the coordinate frame moving with the beam, is
(Sacherer, 1972)

biliiy criterion is related to the case of the injected
bunches. This results from the fact that instability is re-
lated to the quantity I/(&p)', with bp the beam momen-
tum spread and I the average current (Keil and Schnell,
1969). Since the density I/bP can only decrease during
all three ISABELLE phases —stacking, acceleration,
and storage —and since 4p keeps increasing as the stack
is built up, it follows that the beam becomes progres-
sively more stable as the current is accumulated. It is
therefore sufficient to treat here in detail the implica-
tions that result from requiring that the injected bunches
remain stable against longitudinal instability from ihe
time of injection until they are deposited in the growing
stack.

Unstable oscillation modes due to the interaction be-
tween the bunches comprising a given beam have been
analyzed in general (Sacherer, 1973). These tend to be
connected with beam-induced fields of relatively low
frequency and long wakes. Thus, two means of control
are available if necessary: (1) the sources of the lon-
gitudinal impedances leading to such beam-induced
fields are large objects, of the order of a meter or lon-
ger, and as such they are relatively easily identified
and neutralized; (2) the low frequency essentially means
that feedback techniques (Boussard and Gareyte, 1971;
Schnell, 1975a) are feasible, although at present they
are not contemplated for ISABELLE.

Qf immediate concern to ISABELLE is the "fast" lon-
gitudinal instability induced by high frequency and short
wake fields and manifested in the injected bunches as
they are being stacked. The high frequency and short
wake characteristics essentially mean that we are deal-
ing with single-bunch instabilities and the interaction of
any given bunch with the others can be neglected (Mes-
serschmid and Month, 1976a; 1976b; Hereward, 1975a).
Since these single-bunch instabilities observed experi-
mentally both at the PS (Boussard, 1975) and the ISR
(Hansen and Hofmann, 1975; Hofmann, 1975; Bramham
et a/. , 1977) are fast compared-to the synchrotron mo-
tion, we can neglect the latter, and the linearized Vlasov
equation for the perturbed density distribution g, be-
comes

with f, the particle revolution frequency, q the energy
slipping factor, 8$ ag . 8$

88 ~ Bx (5.17)

0= 2pf~v, = 2 pf, (hvleV/2p p'yE )'~', (5.16)

while h is the harmonic number of the rf system. V is
the peak voltage per turn of the rf system, and we take
the case of no acceleration.

There are three different beam configurations which
are potentially vulnerable to longitudinal instability.
These are the low-current bunched beams on the injec-
tion orbit (Messerschmid and Month, 1976a; 1976b), the
bunched high-current stack during acceleration, and the
stored coasting beam (Neil and Sessler, 1965). How-
ever, since low-current beams of high longitudinal den-
sity tend to be the most susceptible, the critical sta-

(5.15)

y„the transition energy in units of the proton rest mass
energy (ED=938 MeV), and p, y the usual relativistic
parameters. $8 is the perturbing longitudinal electric
field, and Q is the synchrotron frequency,

~,(8) = —' q, (x, 8) dx,Io (5.18)

where we have dropped the time dependence, which is
assumed to have the steady-state form at frequency ~,
i.e. , -e '"', andI, is the dc current of the beam. The
relationship is given by (Sacherer, 1972)

$8(8) = —fo Z(8 —8')X,(8') d8'. (5.19)

The linearized Vlasov equation leads to.a dispersion
relation that is an implicit equation for the frequency

where x~ is just the term arising from the perturbing
force and pt, (x, 8) is the equilibrium unperturbed bunch
distribution function.

The induced electric field can, in general, be approxi-
mated in terms of a translation invariant "impedance"
kernel Z(8) and the perturbed linear charge density
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If Im(~) is the imaginary part of the solution and if
Im(&u) &0, instability exists. The threshold is given by
the solution Im(ur) =0. The dispersion relation can be
expressed by (Messerschmid and Month, 1976b)

iefo Z„, dG(x')/dx'
27' gEoy no g —X

(5.20)

G represents the normalized energy distribution in the
bunch,

y = (u/n, 2 pf, q, (5.21)

n, is the mode number for the "unstable" density oscil-
lation, that is, the number of oscillations along the
machine circumference, C = 2 pB, and Z,« is an effec-
tive impedance which for Gaussian bunches is given by

Z „=QZ„exp[—(n —n, )'O', ,J. (5.22)

eff n nn 0 (5.23)

The result is the usual coasting-beam dispersion rela-
tion. ]

Solving the dispersion relation (Ruggiero and &accaro,
1968; Hubner and Vaccaro, 1970; Keil and Schnell,
1969), we find the threshold criterion for the micro-
wave (i.e. , fast) instability for single bunches to be

(5.24)

where the form factor I is close to unity for realistic
energy distributions if ~E' is taken as the full spread at
half-maximum at the bunch center, nE—= (EE)„.

The growth rate n, for small unstable oscillations
can also be estimated by standard techniques (Hereward,
1975b):

(5.25)

where

Z„is the usual longitudinal coupling impedance and 8, ,
the rms bunch size in radians; 6„,=(rms bunch length)/
(machine radius).

[A similar analysis for a coa,sting beam leads to a,

dispersion relation of the same form, but with Z,«given
by (Neil and Sessler, 1965)

Z„(E/e)qE
n 2 I() E (5.30)

where E is the bunching factor (bunch length/bunch
separation). For ISABELLE, the number of injected
particles is 3.5 && 10" in 11 bunches, so that I, =0.23 A.
At injection, we have E=29.5 GeV and q=1.68 && 10 '.
For a stable rf phase angle $,-40, the voltage required
to enclose the injected bunches of longitudinal phase-
space area, A =0.7 eVs is t/=0. 31 kV. Therefore the
energy spread, given by

(5.31)

with E(40")=0.45 (Cole and Morton, 1964) and h=39, is
(&E/E)„„,=2.9x 10 ~. The bunching factor, a function
only of @„is A=0.43 (Cole and Morton, 1964). Thus
the impedance limit for the injected bunches in ISABELLE
xs

growth rates tend to be synonomous. This is why the
labels microwave" and "fast" instability can be used
interchangeably. Qf course, the growth rate tends to
zero as the effective impedance approaches the thres-
hold value.

The phenomenon of a threshold is a manifestation of
the process of Landau damping (Jackson, 1960; Here-
ward, 1965). The beam becomes unstable if the forces
are such that a small coherent density fluctuation is en-
hanced. However, any frequency spread will induce a
tendency in the oscillation toward decoherence. This
process, which opposes a developing oscillation, is
generally referred to as Landau damping and leads to a
threshold value for the perturbing force. It is interest-
ing that in this case the decoherence effect is propor-
tional to the square of the spread in energy.

~hen the bunches enter ISABELLE from the AGS, they
have a sufficiently high momentum density so that the
bunches are vulnerable to this high-frequency longitudi-
nal instability. As already mentioned, these have been
observed and studied at the ISR during the stacking pro-
cess. For impedances having a broad frequency spec-
trum, the stability criterion takes a rather simple form.
As a limit on the high-frequency (i.e. , mic"owave) lon-
gitudinal impedance and using our previous analysis,
this can be expressed roughly as

and the threshold impedance Z,
„

is given by

In terms of the synchrotron oscillation frequency

o.,= 0/2~ = v, f, ,

(5.26)

(5.27)

(5.28)

i
Z„/n

i
3.9n. (5.32)

2. Transverse oscillations: Dipole mode

This small impedance limit is a reflection of the fact
that the frequency slipping factor is very small for
large rings, especially when the injection energy is
near the transition energy. Thus, compared to the ISR,
whe~e we have q,»= 14@»„,the stability conditions are
much more stringent for ISABELLE.

the growth rate near threshold can be written in the
simple form

g ff (5.29)

In other words, the growth rate is proportional to the
mode number n, . That is, high frequencies and high

As a result of electromagnetic image fields produced
in the surrounding medium, intense particle beams can
develop transverse coherent oscillations as well as
longitudinal density oscillations. In particular, if the
electric image fields arise from resistive chamber
walls, the result could be an exponentially growing
transverse oscillation of the beam (Laslett et al. , 1965).
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However, an infinitesimal transverse coherence aris-
ing from beam noise can only be sustained if there is
sufficiently small betatron frequency spread in the beam.
If the frequency spread is large enough, finite coherence
cannot materialize. This suppression of the instability
is another manifestation of the phenomenon of Landau
damping. For a given spread in beam betatron fre-
quency, there exists a threshold beam current above
which transverse coherence can develop.

Consider a distribution function in one of the trans-
verse phase planes [y, y=dy/dt]. For a beam of circu-
lating particles, we may write this distribution function
(t) a.s a function of 8, the ring azimuth, and v thebetatron
wave number; that is,

per unit tune D(v, 8, t) and the number density per unit
azimuth per unit tune X(v, 8, t) through the relations

and

B(v, e, t)= f ygdvdj, (5.41)

z(v, 8, t) = f ( dy d( . (5.42)

d D, + (2 7) f,v)'D = X F, (5.43)

Manipulating the Vlasov equation leads to the following
equation for D:

(t
—= )P ( y, y, 8, v, t) . (5.33) where the differentiation symbol d/dt is the total or hy-

drodynamic derivative,
The betatron frequency f~ is related to v by

(5.34}
d

+ 27)f() ~

dt
(5.44)

It may be instructive to see how the Vlasov equation in
this situation can be derived. Consider a, system whose
time evolution is given by

Now consider a perturbed oscillation of frequency ~.
Since there is no unperturbed dipole term, the per-
turbed dipole moment can be written

y= BH/B j, D(v, 8, t) = D(v, 8)(. '"'. (5.45)

dy/dt = —Ba/By,

8=27Tf, ,
(5.35) For the charge density, only the unperturbed part is re-

tained, since E is proportional to the perturbation:

v=O, y= A. ,(v). (5.46)

where the transverse Hamiltonian is given by
Writing the force in terms of a translation invariant

kernel K (Sacherer, 1972}, we have
H = —,y + —,

' (2gf,v)'y' —y E(8, t),
with

(5.36)
~(e) = J~(e e )a(e )de, (5.47)

(5.37)

6(g d V) = 0, after a time 5t . (5.38)

Then, since for a conservative system the volume dV
remains invariant,

6/=0, after 5t.
This is equivalent to the Vlasov equation,

(5.39}

The perturbing function $, is the transverse electric field
averaged over the beam cross section. We limit our-
selves to the relatively simple case of an unperturbed
uniform beam, which is probably the case of primary
interest in ISABELLE. The more complicated bunched-
beam case has been studied in detail elsewhere (Cou-
rant and Sessler, 1966; Sacherer, 1974). We also re-
strict our analysis to the case where the tune v is not a
function of betatron amplitude, but only of an "external"
variable, that is, the momentum p or average ring
radius B. Finally, we limit ourselves to the dipole mode
of oscillation by including only the force term indepen-
dent of y.

Since the number of particles in an infinitesimal vol-
ume dV remains unchanged as the system evolves in
time,

in which the time dependence is suppressed for simpli-
city. K(8) is related to the transverse impedance ker-
nel Z, (8) (see below), and

(5.48)

Then a Fourier analysis of Eq. (5.43) leads directly to

with

A, (v)K„D„
( (()0 v) —( (()on —co)

(5.49)

(()0 = 2 gf( ~ (5.50)

The quantities K„andD„(v)are the Fourier components
of the kernel K(8) and the dipole moment D(v, 8), re-
spectively, while

D„= D„(v)dv . (5.51)

X,(v) dv
(g v — Q) ri —(d

(5.52)

This can be written in terms of a normalized tune dis-
tribution function 1V(v),

Integrating over v, the dispersion relation for the mode
ri is

dr) B(t) ~ Bg .. Bg B(t) . Bp—=0= —+ y —+ y —+ g —+v-
dt ~t ey ey ee ev

(5.40) N v dv= 1, (5.53)

Let us introduce the dipole moment per unit azimuth and the Fourier transform of the transverse impedance
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kernel. Referring to this latter quantity by Z~, a func-
tion of n, related to K„by

2&08 C
n 4 E 2'&

7l y 0

we ean put the dispersion relation in the form

Zee I0Z~ R(v) dv
4~ yE, (u, I [((u/(u, ) —n]' —v2]. '

noting that Ao(v) and R(v) are related by: 2~3.,=Ã(v).
This leads to the stability threshold (Hubner and
Vaccaro, 1970; Schnell and Zotter, 1976),

(5.55)

I ~Z ~(y' —' p av,E 4vpy (5.56)

where I is a form factor depending on the tune distribu-
tion, never varying much from unity, and Av is the tune
spread, the full width at half-maximum.

For transverse oseillations, coherence damping comes
from the spread in tune. Since in ISABELLE the tune
spread from momentum spread can be adjusted through
the chromaticity (i.e. , by sextupoles), there is a degree
of direct control over the potential instability.

Upon solving the dispersion relation, only modes with
n» are found to be unstable. The frequency of the un-
stable oscillation for a given mode n is therefore near

f =(n- v)f. . (5.57)

Actually, decoherence of an incipient tr3nsverse os-
cill3tion can result not only from a tune spread, but
from a spread in revolution frequency Kf,. Taking this
into account properly, the threshold criterion is

I ~Z ~& + —' bv-(n- v)~E 4vpy b f,
0

(5.58)

This has an interesting implication. For high mode
numbers, if the chromaticity

( =p(A v/Ap)

and the frequency slip factor

n = —pr'f~/fo&p

(5.59)

(5.60)

have different signs, then high-order modes (i.e. , large
n) will be particularly susceptible to instability. Thus,
in the ISABELLE design, the working line (in tune) is so
chosen that both vertical and horizontal chromaticities
are positive. Noting that ISABELLE operates above
transition, q is also positive. Thus &v and b f, have
the same signs and their contributions to Eq. (5.58) al-
ways add.

For the ease of a smooth, resistive vacuum tube wall
of radius b and a circular beam (radius a), we have

1 1 IZ = iRZ — ————(1+i)—T 0 p2y2 2 52 52 (5.61)

where Z, = p, 0e is the free space impedance, p, 0 is the
free space permeability, and 6 is the skin depth at the
unstable oscillation frequency f [from (5.57)], given by

6 = ( p/~ ~.f)"', (5.62)

with p the wall resistivity. It is tacitly assumed that 5
is smaller than the wall thickness.

It is clear from the form of the impedance that at low

energy (low y), the beam-dependent part, i.e. , Im(Z~),
could be important, while at high energy the tube radius
is the important parameter. To see the relative im-
portance of these two parameters, beam density and
tube radius, consider the constraint that each imposes
separately on the length of the working line; that is,
what is the minimum 4v~ Taking the form factor I = 1,
we have

Av & eI, R ~Zr
~

/4vpyÃ, , (5.63)

where ~Zr ~=M2 RZ, 6/b2, for the case of dominating wall
resistivity, and ~Zr ~=RZ, /p'y'a', whenthebeamdensity
term dominates. We use the ISABELLE parameters,
I, = 10 A, R =417.5 m, v=22. 6, y=31.4 (injection energy
of 29.5 GeV), b =4 cm, and a= 3.3 mm (a corresponds
to the half-beam size or twice the rms size). A sim-
plified ISABELLE emittance of 20' && 10 radm is as-
sumed. The lowest unstable mode, n=23, gives a fre-
quency f = 45.7 kHz and corresponds to a skin depth for
stainless steel (p=l0'Qm) of 5=2.4 mm. This is lar-
ger than the vacuum tube wall thickness, and the image
fieM at this frequency will, in fact, penetrate. In any
case, the required tune spread is not too sensitive tothe
skin depth. We could, for example, replace this by the
chamber thickness, say 8=1.5 mm. Thus, we find that
the minimum values of &~ are given by ~v&0.02 due to
the beam density term and ~v &0.008 due to the resis-
tive wall. The required spread due to the high beam
density is larger in the bunched stack and could go as
high as 0.03-0.035 just prior to acceleration. In the
ISABELLE design such a beam tune spread can be ac-
eommodatedbetween the fifth and third order resonances
with the working line chosen to occupy the region be-
tween v=22. 6 and 22.6V.

If the working line is not straight, the tune distribu-
tion function becomes modified. This results in an en-
hanced resistive wall instability and causes a decrease
in the current threshold. This phenomenon has been
observed at the ISR (Zotter, 1972) and is referred to as
the "brick wall effect" (Month and Jellett, 1973a). In
the ISR the curvature arises predominantly from image
space-charge fields. In ISABELLE, on the other hand,
because of the large-radius circular vacuum chamber
this effect is not expected to be as serious; however,
since part of the stacked beam must be off the central
axis, the effect on the working line is not negligible
(Zotter, . 1975). For this reason, as well as the working
line distortion resulting from magnetic field errors,
three high-order multipole terms (octupole, decapole,
and duodecapole) are being designed into the ISABELLE
magnets for the purpose of shaping the working kine.

It should be pointed out that direct feedback damping
of "small" oscillations could in principle be used, thus
reducing the need for Landau damping. This technique
has been tried at the ISR with some limited success
(Thorndahl and Vaughan, 1973).

D. The beam-beam inteI action

When two beams collide, they exert an electromagnetic
force upon each other. The force is in fact similar to
the direct space-charge force on a particle in an intense
beam. Both forces are highly nonlinear, the extent of
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the nonlinearity depending on the transverse beam dis-
tribution. However, there are two major differences.
First, the beams are moving in opposite directions.
This means that the characteristic cancellation of elec-
tric' and magnetic contributions does not occur in the
beam-beam case. In particular, the single-beam, di-
rect space-charge force is proportional to (1 —p'),
while the beam-beam force is proportional to (1+ p').
For high-energy collisions p -1, and the direct single-
beam force goes to 0 like I/y', while the beam —beam
force approaches the constant value 2. This makes the
beam-beam force important even at high energies, con-
trary to the direct single-beam space charge force, which
diminishes in importance at high energy. A second
major distinction between the two types of forces is that
the single-beam force is essentially uniform around the
ring circumference; on the other hand, the beams col-
lide at only a few discrete azimuthal locations. The
significance of this is that the beam-beam force is rich
in azimuthal harmonics, contrary to the direct single-
beam force which is dominated by the 0th harmonic.
This characteristic makes the beam-beam nonlinearity
a factor of importance. The reason is simply that the
nonzero azimuthal harmonics are responsible for the
excitation of nonlinear resonances, which in turn are
responsible for the deleterious effects of the beam-
beam interaction.

Once the transverse beam distribution is given, the
beam-beam force can be completely characterized by
one strength parameter (Amman, 1973; Keil, 1972;
Month, 1975a). For two beams colliding at an angle n
and for a Gaussian beam distribution, this strength
parameter can be written,

(5.64)

where ~~ is the classical proton radius. We have written
only the vertical beam —beam strength parameter, as-
suming the beam crossing to be in the horizontal plane.
Under this condition, the 1/n term in the horizontal
force vanishes. Thus, only terms of higher order in
1/n enter, i.e. , only the long-range beam —beam inter-
action contributes to the horizontal beam-beam force.
It can be shown in fact that retaining only the 1/n term
is valid when (Keil, 1973)

npQ ) 0 (5.65)

that is, n greater than a few mrad. We can readily as-
sume that any practical design will satisfy this criterion,
meaning that it is adequate to ignore terms of order
(1/n') and further that the beam-beam force is essen-
tially a one-dimensional interaction. That is, only the
vertical force is relevant for horizontal crossing, and
so only vertical resonances are excited.

The beam —beam force during ideal collisions (i.e. ,
beam centers superimposed) is an even function of
transverse displacement and thus its lowest multipole
is the gradient (defocusing) term. The strength para-
meter has conventionally been normalized so that it is
equivalent to the linear tune shift in each collision re-
gion: i.e. , $=(b,v)», per interaction (Buon, 1974;
SPEAR, 1973). This quantity is related to the first
term in an expansion of the perturbing vertical electric

field E„in the vertical displacement y and can be ex-
pressed as

1
b.v» = — p „(s)k,(s) ds, (5.66)

where

( )
e (1+ p') BE„

&o p'y sy 0
(5.67)

It has become customary to speak of the tune shift per
interaction (&v)» as representing the total beam —beam
interaction, and to assign an upper limit to this value.
This so called beam-beam limit is supposed to repre-
sent the maximum tolerable beam —beam strength, above
which one or more of the following are unacceptable:
the beam loss rate, the induced background to experi-
ments, or the beam lifetime.

Although it is apparent that the nonlinear resonance
excitation chaiacteristic of the interaction of two beams
plays a dominant role, the precise mechanism through
which the nonlinear beam-beam force exerts its in-
fluence on the beam lifetime and loss rate is a matter
of some dispute. The central point of the dispute is
whether the nonlinear beam —beam resonances act in a
manner consistent, with a conventional, isolated reso-
nance treatment, or whether these effects are a result
of the combined influence of many resonances acting
simultaneously (Month, 1975b).

The conceptual basis for ihe multiresonance approach .

is the simulation of stochastic -behavior by the interac-
tion of overlapping resonances. Stochastic behavior is
known to occur in strongly nonlinear systems or at suf-
ficiently large betatron amplitudes. For a given beam,
the question to be answered is, at what beam-beam
strength does typical stochastic behavior begin to de-
velop. Although, in principle, this is a well defined
mathematical question and could possibly be answered
by sophisticated methods which exist (Henon, 1969;
Eminhizer et al. , 1976), a quantitative analysis still
eludes us.

However, there are two approaches which have been
tried in an attempt to shed some light on this question.
First, there is the speculative theory of Chirikov
(Zaslavskii and Chirikov 1972). He conjectures that if
the nonlinear resonances extend their influence over
larger and larger regions of tune space, eventually they
will overlap, and at this point the motion will become
stochastic. The Chirikov criterion of overlap has been
applied to the case of an elliptical beam of Gaussian
density (Keil, 1972). Rough agreement was obtained with
the observed beam-beam limit in electron-positron
machines (Keil, 1971b), where a limiting tune shift on
the order of -0.05 is found. However, there are cer-
tain unsatisfactory aspects of this calculation. First,
the resonance widths are calculated using a multipole
expansion. This by itself cannot be a meaningful quan-
tity for "weak" particles (i.e. , those feeling the force)
moving near the fringes of the "strong" beam (i.e. , the
particles causing the force) where the force is rapidly
decreasing. Second, this calculation of the stochasti-
city limit ignores the rather strong resonance detuning
terms which, for single resonances, are stabilizing
factors. In light of this, it would seem that a more
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comprehensive justification of this approach is needed.
A second means of looking at stochastic phenomena in
the electromagnetic interaction of two beams has been
through the use of numerical simulation (Laslett, 1974).
The results of such computations are inconclusive. Qn
the one hand, it appears clear that for sufficiently large
beam —beam strengths the system is unstable. On the
other hand, the dependence of instability on various
parameters such as tune, time, and initial conditions
is vague and uncertain. The situation is further com-
pounded by the numerical accuracy problems inherently
associated with strongly nonlinear equations. In fact,
the only conclusions that can be derived from this ap-
proach at present are rough limiting strengths (Month,
1975b).

However, the existence of a limiting beam-beam
strength is not in question. The question is whether the
limitation which develops first is connected with the
"stochasticity limit, " or whether perhaps other effects
enter as the primary limitation on colliding-beam per-
formance. A countersuggestion to the multiresonance
approach is that single-resonance effects could be sig-
nificant, although the mechanism by which they are
manifested is more complicated than for standard non-
linear resonance effects (Jejcic and LeDuff, 1971;
Hereward, 1972; Augustin, 1970; Ruggiero and Smith,
1973; Keil, 1972; Month, 1975a, b).

It has been shown at the ISR that beamgrowthandbeam
loss result from the excitation of nonlinear beam-beam
resonances (Bryant and Gourber, 1974; Henrichsen and
deJonge, 1974), and one should expect such effects in
any future p-p storage ring complex. However, there
are two related conceptual difficulties in understanding
just how single resonances could be the source of such
beam growth. First, beam-beam resonances have only
a short range in betatron amplitude, with the width
dropping off rapidly at the edge of the "strong" beam;
and second, they are associated with large detuning fac-
tors. Thai is, any particle on resonance would be de-
tuned from that resonance as its amplitude changed be-
cause of the large variation of tune with amplitude. This
was, in fact, the basis of the historical statement that
resonances of order five or higher were ineffective be-
cause of the "large" octupole detuning characteristic of
ordinary machines (Schoch, 1957).

The clue as to how single resonances might in fact
cause such beam growth was the recognition that there
must be a mediating resonance feeding process. It has
been pointed out that scattering processes can induce
momentum diffusion a ~d, through the chromaticity, tune
fluctuation and drift. In this way particles are fed into
the resonant tune range for particular single resonances.
Momentum diffusion arising from intrabeam scattering
is the strongest of such scattering processes in the ISR,
and this seems to be the dominant resonance feeding
mechanism (Hereward, 1972; Keil, 1973; Month,
1975a,b). However, bringing particles into resonance
is not enough. In a coasting proton beam, where there
is no tune modulation such as is caused by the synchro-
tron motion in a bunched beam, one might expect that in
the presence of sufficient nonlinear detuning the reso-
nances would be quite harmless, producing only a slight
effective betatron amplitude increase (Schoch, 1957).

This is in fact not the case. Kith tune modulation, non-
linear resonances, even in the presence of large de-
tuning, can cause significant amplitude growth and beam
loss to an aperture boundary (Chao and Month, 1974).
Thus, it has been suggested that in addition to feeding a
resonance, tune diffusion into, within, and outof areso-
nance can allow trapped particles to stream toward the
physical aperture boundary (IIereward, 1972; Month,
1975a, b; LeDuff, 1972).

One approach to combining the effects of tune fluctua-
tion and nonlinear resonances is to include the reso-
nance in the form of streaming terms in adiffusion equa-
tion for the tune drift. The basic idea is that the reso-
nance will enhance the diffusion or beam growth rate.
LeDuff found an approximate expression for a threshold
and diffusion growth rate depending on the beam —beam
strength, as well as on the distance of the mean tune
from resonance (LeDuff, 1972). Hereward, on the other
hand, found that the diffusion rate was significant in de-
termining whether amplitude growth was enhanced(Here
ward, 1972). It was conjectured that the physical mech-
anism for the growth is simply that the tune fluctuations
can cause particles to jump randomly from one invariant
curve to another. This method of dealing with the prob-
lem emphasizes the diffusion process; in order to ob-
tain solutions to the Fokker-Planck equation, drastic
approximations to the resonance form are necessary.
For example, Hereward neglects the dependence of the
betatron resonance width on amplitude, while LeDuff
uses an approximate linear dependence. This approach
is thereby deficient to the extent that the enhancement
depends on the particular details of the resonance char-
acteristics, specifically the amplitude dependence of
the resonance width and the nonlinear detuning.

Month (1975b) has applied the idea of combining tune
diffusion with resonance excitation in a different way.
Rather than superimpose the resonance as a streaming
term in the diffusion equation, he treats the diffusion as
a mechanism for tune variation and then determines the
influence of this tune variation on the behavior of abeam
of particles (the weak bea.m) near a beam —beam reso-
nance induced by the strong beam. The weakness here
is that the diffusion process is simplified to the extent
that the fluctuation becomes equated to a smooth drift.
The particle loss mechanism proposed is via the migra-
tion in betatron amplitude of particles trapped in phase-
space islands created by the nonlinear beam —beam reso-
nances. The motion of these islands is governed by the
tune drifting in a random walk. The islandspass through
the bea.m of particles (in phase space) and the rate of
their motion determines whether or not particles will be
trapped by a drifting island. Thus, even though the is-
lands are small because of the large detuning character-
istic of the beam —beam resonances, there can be a slow
beam loss determined essentially by the rate of diffusion
feeding superimposed on the continuous trapping and
transport of particles from smail to large amplitudes.

The effects of the beam-beam interaction have sur-
faced at the ISR at far lower values of (av)» than might
have been. anticipated. The tune shift at the ISR is typi-
cally (Ev)» = 3 x 10 4 for a beam of current —10 A. Even
at this low level there is clear evidence of the excitation
of high-order odd nonlinear resonances. Strong reso-

Rev. Mod. Phys. , Vol. 49, No. 3, July 1977



H. Hahn, M. Month, and R. R. Rau: ISABELLE 665

nant behavior for resonances as high as the seventhhave
been studied, and even higher-order resonances observed
(Bryant and Gourber, 1974; Henrichsen and deJonge
1974). However, because of the symmetry of the beam—
beam force, only even-ordered resonances can be ex-
cited when the beams are ideally colliding, i.e. , with
their centers matched. Thus, the strong excitation of
odd-ordered resonances is clear evidence that the beam-
beam tune shift is not the only parameter involved. In-
deed, it was discovered that the extra excitation para-
meter was the beam separation at the collision point,
and to keep the loss rate down to the level of the beam-
gas loss rate (i.e. , I/I 10 6 min '), control of beam
position must be in the region of 0.1 mm or about 5%
of the rms bea, m size (Brya.nt and Gourber, 1974). In
ISABELLE these two parameters, beam —beam tune
shift and relative beam —beam position, must be care-
fully controlled. Given a beam position control toler-
ance in ISABELLE of -0.03 mm, it is likely that a back-
ground acceptable for most experiments can be achieved.
To attain this end, the ISABELLE design has been con-
ceived so that standard conditions are characterized by
beam —beam tune shifts only about four times higher than
at the ISR; although if higher background is tolerable,
there is the potential capability of going to higher tune
shifts and therefore higher luminosities than the nomi-
nal values quoted (ISABELLE, 1977).

E. Effects of scattering processes

1. Nuclear scattering from the residual gas (single events}

Beam protons will have interactions with the nuclei of
the residual gas. The loss rate due to single nuclear
scattering events (assumed large enough to cause par-
ticles to be lost to the beam aperture boundary) can be
written

(I/I), = cno . — (5.68)

Here n is the density of molecules per unit volume, c
the velocity of light, and 0 the total nuclear scattering
cross section for protons interacting with the nuclei of
the gas molecules within the vacuum chamber, that is,
the nucleon cross section times the mean number of nu-
cleons per molecule. In terms of P, the average gas
pressure, the density is

n = kP, (5.69)

where k is a constant having the value 4= 3.3x10"mo-
lecules/cm' Torr. Thus, the beam —ga, s loss rate is
given by

(5.70)

Taking o„„„.&„„——v» ——40 mb, we have, for pure hydrogen,
0 = 80 mb. For an average pressure of 10 "Torr, the
loss rate =3.0x10 '/h. For pure N, or CO, on the othe'r
hand, the loss rate increa. ses to 40x10 '/h.

The nuclear scattering from the interaction of the two
beams also contributes to the loss rate, and it is inter-
esting to compare this with the beam —gas loss rate. For.
n»Tinteraction regions, the beam-beam loss rate is
given by

2. Beam-gas multiple scattering

Multiple Coulomb scattering of protons from the atomic
electrons of the residual gas causes the proton beam
emittance to grow. This diffusion process induces a
linear growth with time. We give a short derivation of
the beam-gas multiple scattering growth rate.

The rms multiple scattering projected angle (0& can be
expressed by (Bethe, 1953)

(5.72)

where p is the proton beam momentum in MeV/c, E is
the length of the scatterer, or in our case the length of
the orbit of time At,

(5.73)

and l„dis the radiation length of the scatterer. For hy-
drogen gas

5 x10'
meters,P (5.74)

with the pressure P in Torr. Since the change in beam
vertical emittance is related to the scattering angle by

(5.75)

we obtain the growth rate for the fractional change in
rms beam height,

1 do.„0.03 HARP

v„dt vE„P'y (5.76)

where E„is the normalized vertical beam emittance.
For gases other than hydrogen, the multiple scattering
pressure is proportional to Z„,(Z„„+1)/Z„(Z„+1), with
Z the number of atomic electrons. Taking typical
ISABELLE parameters, with pressure P =10 "Torr (as-
suming pure hydrogen), we find a, multiple scattering
growth rate, 0.3 x 10-'/h at 30 GeV and less at higher
energies. The time in which the beam height grows by
1/~ is therefore -320 h. For 5% heavier gases such as
CO and 95% hydrogen the multiple scattering pressure
increases by 1.7, and the time for a 1% growth in beam
height is -200 h. Thus, beam-gas multiple scattering
does not have a significant effect on ISABELLE per-

formancee.

(5.71)

where o» ——40 mb is the total p-p cross section, I is
the luminosity, I is the average beam current, and f„.„

is the proton revolution frequency. For six intersec-
tions, with I=10 A, and I.= 10" cm 'sec ', then (I/I)»
= 1.6x10 '/h. If, however, five intersections have a
luminosity 10", while only one has a luminosity 10",
then (I/I)» ——4x 10 '/h.

Thus, the loss rate of protons from each beam due to
beam-beam nuclear scattering events is much larger,
for the parameters considered, than the loss due to
beam-gas scattering. In obtaining these loss rates, we
have assumed that the total cross section is roughly 40
mb and energy independent. This is not strictly true,
especially in the unknown energy region of hundreds of
GeV, but it is adequate for the estimations required
here.
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3. Experimental background from beam-gas interactions

The experimental detecting equipment at each intersec-
tion point of the beams will experience particle back-
ground that arises as a result of beam-gas interac-
tions. These interactions in the long straight sections
produce many particles, some of which strike the beam
vacuum tube, producing yet further unwanted particles.
In these straight sections there are no bending magnetic
fields which, in the curved part of the machine, tend to
sweep produced particles out of the machine. Calcula-
ting the exact background from beam-gas interactions
is difficult and only possible using computer techniques.
A simple calculation of the total particle production in
a stra. ight section shows how important it is to produce
a very good vacuum indeed and thus reduce the potential
problem.

From the beam —gas nuclear loss rate given earlier
and assuming a uniform interaction rate over the entire
ISABELLE circumference, we have for the interaction
rate over a length l

(5.77)

Assuming pure hydrogen, 0 = 80 mb, I= 10 A, and P
= 10 "Torr, we have, with l in meters and N in sec-
onds ',

%=174l . (5.78)

m = A. + a lns+ c(lns)/s'~', (5.79)

where s is the square of the c.m. energy; for pP colli-
si.ons

A. = 2.68+ 0.42,-
B= 1.45+ 0.02,
C== —2. 68+ 0.33 .

(5.80)

We then have for 200 GeV particles striking gas nuclei

m(charged particles) = 8

and including neutrals

The total particle background includes the average multi-
plicity of produced particles. Stix and Ferbel (1977)
give the most recent data on charged particle multipli-
cities in hadron-hadron collisions,

is =18, or a total of charged and neutral particles of
=27. Thus the particle production rate is =1.1 && 10' s

(5.82)

where a = zdG, with d. the diameter of the circular tube
and G the outgassing of the surface, i.e. , molecules per
unit surfa. ce area per unit time; b is the coefficient for
gas desorption per unit length of tube per unit time; A.
= vd'/4 is the tube cross-section area; and C is the
specific conductance of the tube. The quantity 5 can be
expressed by

5 =qv(I/e) —,'mdiv s, — (5.83)

where q is the net desorption factor, the effective num-
ber of molecules desorbed per ion incident on the sur-
face, 0 is the ionization cross section, I is the proton
current, v is the average velocity of the residual gas
molecules, and s is the sticking coefficient. In both the
ISR and ISABELLE warm-bore vacuum designs, the
sticking coefficient is so small that the second term can
be disregarded. We consider the case of a tube of length
L, with pumps on either end, each of pumping speed S.
The boundary conditions for such an ideab'zed system,
equalizing the gas flow at the two pumps, are given by

4. Pressure bump current threshold

The observation at the ISR of rapid beam decay as-
sociated with localized pressure rises (i.e. , pressure
bumps) was the first indication of a current-dependent
vacuum instability. It has in fact been established that
the mechanism for this instability is the ionization of the
residual gas by the beam and the subsequent bombard-
ment of the chamber surfae by energetic positive ions.
These bombardments liberate surface molecules by de-
sorption, increasing the pressure, which further in-
creases the ionization (which is proportional to bea, m
current times pressure), and so on, resulting in the
avalanche process characteristic of the instability.

The instability has been analyzed by including a beam
desorption term in the dynamic vacuum equation
(Fischer, 1972; Fischer and Zankel, 1973). The varia-
tion of gas density n in a tubular vacuum chamber as a
function of time t and position x along the tube is gov-
erned by the second-order partial differential equation

m(total) = —,
' m(charged) = 12 .

C(sn/ax) =+ Sn/2 at x=+1/2 . (5.84)
For a length )= 60 m and taking into account the two
beams, we obtain the total particle background,

2~~ -=2.5 x10' particles/s (5.81)

produced in beam-gas interactions, which must be con-
sidered a general background, not associated with
beam-bea, m interactions. At the ISR the vacuum in the
straight sections is nearer 10 "Torr and thus the
beam-gas background is not a problem. This would also
be true for ISABELLE.

For completeness we also indicate the particle produc-
tion rate in the desired beam —beam collisions. Again
we assume cr»=40 mb, L=10"cm 'sec ', so the inter-
action rate (at one intersection point) is 40x10' sec ".
The extrapolated charged particle multiplicity from Stix

If q&0, which is usually the case even for chamber sur-
faces baked to high temperatures, the solution of the
density equation with these boundary conditions leads to
an instability threshold for the beam current. Above this
threshold a finite equilibrium pressure cannot exist,
signifying the onset of a pressure blowup. The critical
current is found to be given by the expression

qI „;,= (4eC/v r.')X', (5.85)

where X is the lowest root of the transcendental equation

gtanX =SI./4C .
For high pumping speeds, we approach the "conductance
limited" case, that is, the solution g approaches —,'z and
the critical current becomes independent of the pumping
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speed. In the limit of high S, we therefore have

(5.86)

azimuthal distance s and is given by

v,
' = 4&~r, v P„(s)/vb(a + b), (5.90)

The ion desorption factor q is a function of both the
surface cleanliness and the energies of the incident ions.
To achieve acceptably low values, surfaces must be
thoroughly outgassed, perhaps by glow discharge or by
baking to 300 C for stainless steel. The gas conductance
of a long pipe depends strongly on the chamber geo-
metry but rather weakly on the temperature T, as well
as on the atomic mass M of the residual molecules. For
a cylinder of radius x the specific conductance can be
expressed by

C = —', (2pR T/M)'i'r', (5.87)

5. Instability- due to coupled oscillations of electrons
trapped in the coasting proton beam

When an intense beam interacts with the rest gas, the
molecules become ionized. The liberated electrons can
be trapped in the attractive electrostatic force field of
the coasting proton beam. Thus the proton beam moving
at velocity -c contains within it free electrons which are
essentially azimuthally stationary. With the use of clear-
ing electrodes, an equilibrium neutralization can be esta-
blished. The neutralization factor q, is defined as the
ratio of the total number of electrons N, to the total num-
ber of protons N~:

(5.89)

Each beam is influenced by the space-charge field of
the other, and thus there arises the possibility of grow-
ing coherent oscillations (Hereward, 1971). The pre-
sence of frequency spread in both electron and proton
beams impli. es Landau damping and a resulting current
threshold for the instability (Keil and Zotter, 1971). For
a given proton beam current, this becomes a limitation
on the equilibrium neutralization g, .

In the case of high-energy storage rings, the coupled
oscillations are characterized by (1) very high frequency,
(2) electrons and protons oscillating coherently at the
same frequency, (3) very large electron frequency
spreads due to the rapidly changing beam shape along the
ring azimuth, and (4) very small proton tune spread rela-
tive to the electron spread.

The electron oscillation wave number for coupled ver-
tical oscillations v, can be written as a function of the

with R~ the gas constant, B~ =8.314&&10' ergmol 'K '.
Thus, we have for the critical current,

(5.88)

For example, taking typical ISABELLE parameters,
r= 4 cm, M=28 (CO), a length between pumps i.= 5 m, a
pumping speed 8= 500 l/s, and the temperature of the gas
in the chamber T= 293 K (i.e. , room temperature), we
find C = 63.1 m-liter/sec, and thus (Sl/4C) = 9.9. This is
suff iciently high so that we are near the "conductance lim-
ited" condition. Using an ionization cross section, v = 1.2
x10 "cm', the value for 25 GeV protons on heavy mole-
cules such as CO, we obtain gI,-„,=33 A. -If, for ex-
ample, 7I = 3 (a value actually achieved at the ISR), we
find a critical current limit for ISABELLE, I„.„,=11A.

v2(typical) = 2A~y, vy (5.91)

which, with N«= 5.5 x10" (10A in ISABELLE), the tune
v= 22. 6, the normalized betatron emittance E= 20m &10 '
radm, y=213 (energy=200 Ge&), gives v, =l.6x10~. In
the case of a large electron frequency spread, the elec-
tron wave number actually corresponds to the coherent
frequency for the most unstable mode (i.e. , most rapid
growth rate). This frequency is therefore approximate-
ly given by

f,«
=v, fo = v, c/2 pR, (5.92)

or, with R = 417.5 m, f,«= 1.8 GHz, a high frequency in-
deed. %'e note that this frequency varies with proton
energy as y' '.

Under the circumstances we have described, oscilla-
tions will not develop if the neutralization factor is
small enough. Using the results of Keil and Zotter
(1971), we can obtain a simple approximate expression
for the maximum allowable or threshold neutralization:

q, & (4/37t)'[b. /(av) «], (5.93)

where & is the total tune spread in the proton beam and
(6 v)« is the vertical proton tune shift for 100% neutral-
ization,

( )
N«r«P„(s)ds

(5.94)p'yR b(a + b)

This shift is especially large in the case of storage ring
designs, such as ISABELLE, with long straight sections
having no dispersion. For example, in the ISABELLE
design, about 35% of the circumference is without dis-
persion. Because of ihe comparatively high beam den-
sity here, the tune shift is dominated by the contribution
from this region. Keeping this in mind, we can approx-
imate the tune shift by

(Av)«~N«r« f~/E, (5.95)

where f, is the fraction of the circumference where there
is zero dispersion. For ISABELLE parameters, taking
f, = 0.35, this expression yields (b ~)«= 4.7. With a total
spread of b, = 0.015 (say, from chromaticity) and a shift
of 4.7, we obtain a threshold neutralization g, & 5.7x10 4.

Such a low level of neutralization appears attainable
with a sufficient number of clearing electrodes (An-
gerth et al. , 1971; Herrera, 1976). Although not ex-
plicitly stated, it is implied in our analysis that such
a low level of neutralization is really required only in
the nondispersive regions of the lattice, where the beam
is dense. In the cells and particularly in the regions

where y, is the classical electron radius, and a. and b are
the mean horizontal and vertical half-sizes of the proton
beam as determined by both betatron and momentum
characteristics. Since v, varies as a function of s, it is
not unreasonable to estimate that the total spread in v„~„is roughly equal to v, : i.e. , &,/v, =l. To obtain a
feeling for the magnitude of v„one can take a typical
value, given by
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where the beam has high dispersion and is much less
dense, the clearing criterion can be relaxed.

1 - 1 do,"=Af(a, b, c),
V V

(5.96)

6. Multiple Coulomb scattering of protons in an intense
beam (intra-beam scattering)

Particles in a beam can Coulomb-scatter off one
another, leading to the possibility of beam growth. The
term "intrabeam scattering" is used to designate multi-
ple Coulomb scattering. The effect of this interaction js
a coupling of the mean betatron oscillation energies and
the longitudinal. energy spread. Above the transition en-
ergy the total oscillation energy can increase and there
results a diffusionlike change in the horizontal and ver-
tical beam emittances and energy spread.

A nonrelativistic analysis in the beam c.m. system
leads to expressions for the rate of change of the three
beam parameters, vertical and horizontal betatron
emittances and momentum spread. The scattering in-
volved does not imply that all three of the oscillation
energies must necessarily increase. In fact, for the
ISABELLE machine parameters, the oscillation energy
corresponding to the vertical emittance is found to de-
crease initially.

The rate of change of relative /earn rms height a.
v&

betatron rms width a.
h, and total momentum spread

(»/p) r have been derived by Piwinski (1974) and are
expressed, respectively, by

1 1 dv„ I a 1 c .((,), ', , ')&, (59@h

Q a

1 1 d(»/p)r b 1 c
(»/P)r dt i'a'a (5.98)

A= (»/p). ~.~„p'r' '

l &.Ã.P.+ X,'P~(»/P):] I"'
(»/p). pE„p„p„ (5.99)

—./2, 1/6
(F-.p.[&(,p(, +~(', pw(»/p)'r]]' "

Eh'
[~.p,.~; p (~p/p)'. ]

The quantities p„, p„,and X~ are the average values of
the betatron parameters for the ring, while E„andE„
are normalized emittances. The function f is the three
dimensional integral,

f(a, b, c)=2 d8dgdr sin8 exp[-~[cos'8+ (a' cos'@+ b' sin'g) sin'8]] ln(c'~)(1 —3 cos'8) (5.100)
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FlG. 33. Intrabeam scattering function.

This integral can be evaluated numerically; plots in a
range of parameters relevant to ISABELLE are shown
in Fig. 33. To use these curves, we require the rela-
tions

f (a, b, c)=f (b, a, c)

(5.101)

f (a, b, c)+—,j —,—,— + —,f —,—,— =0.1 1 b c. 1 1 a c.

a' a'a'a b I
b'b'b

Note that for certain parameter values the f function be-
comes negative. This reflects in mathematical terms
the fact that the particle distribution can actually damp
in one of the dimensions.

The impact of the changing momentum distribution is
not limited to the growth in overall magnitude of the mo-
mentum width. Since the momentum is related to the
betatron tune via the chromaticity of the ring, momen-
tum change implies tune change. Thus particles may
move in the tune space and cross resonances. Combined
with a beam-beam resonance model, this mechanism
for tune fluctuation and resonance feeding provides a
qualitative understanding of the observations at the ISR
of the loss rate under colliding-beam conditions. A
similar influence of intrabeam scattering on beam loss
rates can be expected in ISABELLE, as has been pre-
viously discussed.

To obtain estimates of the "growth" rates, we use the
simplified ISABELLE parameter values E„=E„=20m
x10 6 radm, p„=p„=A/v= 18.4 m, 2C =R/v'=0. 8 m,
and I= 10 A. Since the energy range for ISABELLE is
such that y&30, we can take P=1. Two cases of interest
for ISABELLE are at low energy, where y=31.4 and
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Parameter Low-energy case High-energy case

(~p/p),

A(hour ~)

31.4
0.7%

6 ~ 14 x10

2.01

213.2

0.15%

6.22 x 10

20.2

TABLE III. Beam growth rates due to intrabeam scattering. sign fact that essentially determines the momentum
aperture in ISABELLE is the presence of the experi-
mental insertions. In effect, the inclusion of long
straight lengths for experimental apparatus, coupled
with the "lowP„*-long free space" objective, results in a
relatively small momentum acceptance for the ISABELLE
design (Month, 1972; Garren, 1975; Edwards etal. ,
1975; Chasman et~). , 1975; Donald egg). , 1975; Autin
and Garren, 1975).

f(1,a, c)

(1/~„)(%/hour)

(1/7&) (%/hour)

(1/&&) (%/hour)

1.0
10.4 x 103

0.54

428

+ 0.9
+ 2.8

1.0
26.3 x 10

0.79

—0.007

+13
+ 9.6

To minimize the impact on the stability of the betatron
motion of adding a small number of experimental inser-
tions (six in ISABELLE), the linear orbit functions are
matched to the lattice cells with appropriately chosen
dipole and quadrupole magnets. This avoids fluctuations
around the ring of the betatron amplitude functions P„
and P„and the dispersion function X~. In fact, the dis-
persion function is brought to zero in the collision re-
gions. This is an important factor in the maximization
of boih the luminosity and the specific luminosity, i.e. ,
the luminosity per unit length, in that the orbits for the

(&p/p)r =0.7%, and at high energy, where y= 213.2 and
(&P/P)r=0. 15%. The results for the growth rate com-
putations are given in Table III. Since for ISABELLE we
can take for our purposes here b = 1, we need compute
only the quantity f(a, 1, c) =f(1,a, c). The other value of
f required can be obtained through the relation

different momenta are superimposed in the collision re-
gions, thus maximizing beam density. The particular
dipole and quadrupole arrangement used in the ISABELLE
design to accomplish the matching has been described in
a previous section. However, the matching procedure
is performed only for a particular momentum, corre-
sponding to a central orbit. For particles deviatirig from
this central momentum, a mismatch results. Thus the

1 1 cf —,—,— = —2a' f(1,a, c). (5.102)
beta function P(s) becomes a strong function of momen-
tum p. In particular, the tune v, (Courant and Snyder,
1958)

From Table III it can be seen that we need the values of
f(1, 2.01, 10.4 x 10') for the low-energy case and
f(1, 20.2, 26.3x10') for the high-energy case. These can
be computed directly or estimated roughly from Fig. 33.
As can be seen from the table, the momentum growth
rate at the top ISABELLE energy is quite high. This
implies that the value assumed for the momentum spread
will not be sustained over long times, but rather will
tend to increase until the growth time is of the order of
the operating period.

It should be mentioned that the "growth" rates are in
fact a sensitive function of the emittances and momen-
tum spread. Thus, appreciable increases in beam den-
sity would cause the initial rates to be larger (Hifbner,
1975). The impact of intrabeam scattering must there-
fore be kept in mind if one attempts to increase beam
density for performance reasons. It is also noteworthy
that the beam height will be maintained during the "den-
sity redistribution" period, and so, as long as there is
no particle loss, the luminosity should not be affected to
any substantial degree.

F. The momentum aperture

The momentum aperture or acceptance in high-energy
p-p storage rings plays an important role in determining
the performance capability. Because the momentum is
correlated with horizontal position, the momentum aper-
ture used corresponds to a specific amount of horizontal
space occupied and as such is related to the spatial
aperture. However, they are not identical and are gen-
erally associated with different design criteria. The de-

1V=
2~ p (s)

ds (5.103)

is strongly affected. The linear variation of tune with
momentum is characterized by the chromaticity,

g =pbv/4p ~ (5.104)

In general, for large machines with long insertions, (,
as well as being a function of p, is also large and nega-
tive. For example, in the standard ISABELLE configu-
ration, g = —33. This means for a momentum spread
Ap /p =1-2%%uo, the corresponding tune spread is Av = 0.3
to 0.7, clearly intolerable.

To enlarge the momentum aperture, sextupoles mustbe
added to remove the chromaticity. Actually, a small
positive chromaticity is required to stabilize the beam
against the resistive wall instability as we have pre-
viously discussed. However, the value of $ needed for
this purpose is much smaller than the "natural" ( of
--33. For example, to obtain a Av=0. 02 in a beam with

Ap/p =0.7%, we require g =+ 2.8, which can be neglected
for the purpose of discussing the momentum aperture.
With two sextupole families, one set of coils placed in
the focusing quadrupoles and another in the defocusing
quadrupoles, the chromaticity can be reduced to zero for
both horizontal and vertical tune functions (ISABELLE,
1977; Garren, 1975). However, removing the "first-or-
der chromaticity" leaves us with a residual tune varia-
tion with momentum of higher order in Ap/p. Figure
34 shows the residual vertical tune variation with mo-
mentum for the standard ISABELLE configuration and
when one or two (symmetrically located) low-P insertions
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are added. In additi on, the fir st- order momentum varia-
tion of P around the ring circumference still remains; in
Fig. 35 we plot ~p/p vs ~p/p at the ring azimuth location
wherethemaximum Ap/p occurs. The effect of introduc-
ing low-P insertions is evident in both figures. To a
large extent the strong variation of v and p with p is a
direct result of the high P value in the strong focusing
magnet a distance Ef„,= 20 m away from the collision
point. For P*&lf„,, we have P .,„=lf'„,/P*. Thus for the
low-P case, P*= 1 m, and P„„„=400m.

Although somewhat arbitrary, it appears that for opti-
mum storage ring performance we can take the momen-
tum aperture to be that corresponding to an approxi-
mately +5% variation in p. Thus, the ISABELLE design
provides a momentum a,perture of about 2% in the stan-

dard configuration, with about 0.5'";/0 when one or two-
low-P insertions are tuned in. It is interesting to com-
pare these numbers with the momentum aperture at the
ISR of ~4%, where there are eight straight sections in-
stead of six, but of far more modest length and P varia-
tion.

The impact on the betatron motion of the strong non-
linearity introduced by the sextupole correction is mini-
mal in ISABELLE as a result of the high symmetry in
the sextupole configuration, the choice of the working
line, and the small betatron emittances of the ISABELLE
beam design (Garren, 1975; Edwards et al. , 1975).

G. The spatial aperture

By spatial aperture, we mean the diameter of the cir-
cular vacuum chamber used, although in t'he supercon-
ducting ISABELLE design there is some significance in
the magnet aperture, which is the inner diameter of the
superconducting coils. There are several factors which
enter into the choice of the vacuum chamber aperture and
they all favor choosing a large diameter. However, the
single factor that forces a limitation on the aperture size
is the cost of the magnet system. Thus, we choose the
smallest aperture consistent with a reasonable perform-
ance expectation, on the one hand, and a reasonable cost
on the other.

There are five items, of varying importance, which
have played a role in determining the diameters of the
vacuum chamber (8 cm) and the superconducting magnet
coil (12 cm i.d. ):

1. the space required for beam occupation, including
that needed for beam stacking (ISABELLE, 1977);

2. the implications for the stacking process resulting
from the proximity of the superconducting coils (Month
and Parzen, 1976);

3. the space-charge image effect when the beam is off
axis (Zotter, 1975);

4. the sensitivity of the transverse coherent instability
threshold to the vacuum chamber radius; and

5. the pressure bump instability threshold, which de-
pends on the conductance of the vacuum pipe and thus is
proportional to the cube of the chamber radius. We will
consider each of these subjects in more detail.

1. Aperture for beam occupation

We can divide the beam occupation area within the vac-
uum chamber into two functionally defined regions: first
the beam size itself, and second the aperture needed for
stacking the beam. There are two components contrib-
uting to beam size in accelerators, one arising from the
intrinsic nature of the beam itse1f, the other from the
linear focusing properties of the accelerator design.
For an accelerator constructed in a horizontal plane, the
accelerator median plane, the local rms vertical size
may be written

I I 1

—0.50 0 0.50
MOMENTUM CHANGE Ap/p {~o)

I

1.00 o„(s)= [Z„p„(s)/4vpr]'', (5.105)

FIG. 35. Variation of vertical P function across the momentum
aperture at lattice point of maximum variation. The linear
chromaticities, vertical and horizontal, have been corrected
with sextupoles (two familie's).

where s is the distance along the orbit, p„(s)is a function
characteristic of the linear focusing properties of the
accelerator and independent of the beam itself, and the
emittance E„is a property of the beam independent of
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the linear properties of the accelerator. The horizontal
beam size, on the other hand, is a superposition of beta-
tron size and width due to momentum dispersion. Be-
cause ihe momentum distribution tends to be somewhat
uniform, while the betatron distribution tends toward a
Gaussian shape, the total width can be approximated by
arithmetic addition. The beam half-width can therefore
be written (ISABELLE, 1977)

a = 2'(s) s—p/p + 2v „(s), (5.106)

where the rms horizontal betatron width is given by an
expression analogous to v, (s)

o„(s)= [EIp~(s)/47t py]' ', . (5.107)

and 13&(s) and A&(s) are local betatron functions on the
equilibrium orbit.

The linear focusing functions are strongly momentum
dependent because of the presence of the experimental
insertions. However, within the momentum acceptance
chosen for operation, this effect has only a relatively
small impact on beam size. The emittance is therefore
the significant parameter determining the beam size.
For a given linear machine, the normalized emittance
is an invariant characteristic of the beam, and is inde-
pendent of energy, although the beam size is a function
of energy (y '~'). The constancy of the emittance is, how-
however, only true for an ideal linear machine. In real
machines the magnetic field is nonlinear, there are
scattering processes, and furthermore the particles in
the beam interact, both through electromagnetic force s,
which couple their motion to structures in the external
environment, and through direct electromagnetic inter-
action. In storage rings, there is also the nonlinear
beam-beam interaction. The effect of this is a kind of
"second law, " which states that for a given current the
real beam emittance can never be less than the initial,
linear, ideal emittance, but can effectively increase by
phase-space filamentation, scattering processes, and un-
stable coherent oscillations. In fact, one of the main ob-
jectives of any storage ring design must be to keep the
growth time of the emittance sufficiently long compared
to the required lifetime for the performance of useful
physics.

In real storage ring systems there is another source
of emittance growth that arises from the practical need
for a sequence of different accelerators to achieve high
energies. The reason is simply that the accumulation of
current is strongly dependent on energy. Thus, the di-
rect transverse space-charge force of a particle beam
greatly limits the stacking of intense beams at low en-
ergies (Laslett, 1963). At high energy, the need for a
large machine circumference in order to bend the beam
in a circle leads to a limitation on the stacking of beams
due to high-frequency longitudinal impedances, as we
have previously discussed. The important point to keep
in mind is that the lower energy limit is a direct limit
on beam storage, while at high energy the limit is on the
stacking process and not on the stored current itself.
This point is significant in that it means that highest en-
ergies are achieved with highest current when the final
step is acceleration. In general, to achieve these opti-
mum conditions, we require a sequence of circular ac-
celerators with the last being a storage accelerator.

Since each accelerator has its own beam size structure
functions (beta and dispersion functions), any transfer
errors or mismatching of the structure functions between
successive accelerators lead to an emittance growth.
All emittance growth processes are essentially irrever-
sible, and the spatial aperture must be designed to ac-
commodate them.

The critical period, the time during which the largest
aperture is required, is during injection and stacking.
In ISABELLE, using the momentum stacking method,
the critical aperture at injection is near the horizontally
focusing quadrupoles (points of maximum horizontal
size) and is given by

a, = 8o „+W, (t p/p), + &,
where

( p/p)r (p/p) -""'"&'nv. ~«'k +(~p p)injectedpul, "

(5.108)

and A is a reflection of the septum width. Taking the
IS'R as a model, we expect 4 to be of order of 1.5 cm.
We must also include in A the sagitta and the aperture
required for residual closed-orbit errors in the ring.
This should amount to -2 cm of additional required
aperture.

, (t) =0.7/(1 —t) "~' . (5.110)

This mathematical form has been shown to be in rough
quantitative agreement with a computer model for ran-
dom errors in coil block positioning using a cos0 coil
distribution, as in the ISABELLE design (Month and
Parzen, 1976). To emphasize the strong variation of the
multipoles across the spatial aperture, we plot this am-
plification factor for the first few multipoles in Fig. 36.
The dependence on both the distance from the chamber
center and the multipole order is striking.

The coil block positioning errors induce effects in the
general class of random azimuthal perturbations which

2. Effects of random construction and placement errors
in the superconducting coils

The presence of current-carrying coils just outside the
beam aperture in superconducting magnets has the effect
of making the magnetic field within the aperture sensi-
tive to coil positioning and support errors. The im-
mediate consequence is the creation of field multipole
components at the magnet center which are strong func-
tions of the radial distance to the coils. Furthermore,
for orbits off the magnet center, the strength of the
multipoles is rapidly amplified as the coils are ap-
proached. Since'the momentum method of beam stacking
requires the injected beam orbit to be substantially off
the chamber center, this amplification effect could be
significant (Month and Parzen, 1976).

The amplification factor for off-center orbits is the
ratio of multipole components off and on center and is a
function only of the ratio of the displacement of the off-
center orbit, xo, to the coil radius, R, . If we introduce

(5.109)

a pseudotheoretical analysis leads to a simple expres-
sion for the amplification factor x„,(t) for the multipole
of order I (rn = 1 corresponds to the dipole case):
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aperture for stacking and storing is free from harmful
resonances.

An important aspect of the type of resonances v e are
considering here is the fact that their character depends
on their location within the aperture. Such behavior is a
direct consequence of the variation of multipole errors
(due to coil block errors) across the aperture. We must
know not only whether or not a resonance is present
within the aperture, but also where specifically in the
given aperture it is located. Thus, there is added a new
constraint in the design of the beam occupation of the
spatial aperture for superconducting storage rings. To
give a general overview of the consequences of these
coil block errors, we will estimate the effects of one-
dimensional resonances.

The resonance width for a. linear resonance (m=2) is
defined such that when the unperturbed tune reaches its
edges, the betatron amplitude function reaches infinite
magnitude. The nonlinear resonance width for a reso-
nance of order m(m& 2) is defined as the tune shift from
the resonance at which the unstable fixed points enter
the beam betatron boundary. Their rms values 6v are
estimated to be, for m=2,

0 0.2 0.0 0.6 0.8

ELD)
t) m+3/2

1.0

cv, = ~, (t) ( )
and for 'fly) 2

(5.111)

COI L AP ERTUR E PARAMETER t

FIG. 36. Multipole variation across the magnet aperture.
Comparison with a numerical computation (Month, 1976) has
been used to determine the normalization. "t= 1" corresponds
to the orbit xo at the coil block radius Bo. x~ is the ratio of
the mth multipole at the orbit xo to its value at the magnet
center.

are associated with the excitation of betatron resonances.
These resonances restrict the regions of operating tune
to be sufficiently far removed from their resonant val-
ues. The excitation of many resonances means that the
tune "aperture" could be spotted with disallowed regions.
Since, in general, the tune aperture and available beam
aperture are in one-to-one correspondence, any par-
ticular storage ring design must ensure that the required

(5.112)

where n „.
„

is the number of magnets containing errors,
N~ is the number of statistically independent coil units
around each magnet aperture in error, P is the mean
value of the amplitude function xt the azimuthal positions
of the errors, (5) is the rms error in the location of each
independent coil unit, A, is the radius of the coil block,
taken to be the coil inner radius, and a8 is the mean
betatron half-size.

The three basic "linear" machine parameters are also
affected by the presence of the coil blocks within the
aperture and also manifest the arnplification effect.
Thus, for the rms closed-orbit error A,,„,the rms tune
shift b, v and the maximum p variation around the ring
(Ap/p), „itaking d as the distance of the tune from reso-

TABLE IV. Effects of random coil block errors.

Orbit parameter

Closed orbit (A„,mm)

Tune shift (~v)

Linear stopband width (6&2)

(w/v). ..
Sextupole resonance width

(6@3)

Octupole resonance width
(n v4)

Decapole resonance width
(6v5)

Central
error

4.6
0.01

0.02

0.10

5.8 x 10

2.8 x 10

1.2 x10

Error
t= 0.3

5.5
0.017

0.034

0.17

1.4x 10 3

9.8 x10 5

6.0 x10 6

Error
t= 0.4

6.9

0.025

0.05

0.25

2.4x 10 3

2.0x10 4

1.4 x10 5

Error
t= 0.6

12.7

0.07

0.14

0.70

1.0 x10 2

1.2.x 10 3

1.3 x10 4
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nance, we have

Av = p6v2
1

"
V(5)

(vn Idio
(5.113)

(5.114)

(5.115)

Using ISABELLE parameters, n,„„..=125, N~ =24,
P = 30m, R, = 6 cm, a8 —- 4.3 mm, and taking (5) = 5 x 10
cm and, where appropriate, d = 0.1, we show in Table IV
some estimates of effects on the beam parameters.
From these results we can conclude that the beam should
occupy a relatively small fraction of the coil aperture.
In ISABELLE the decision to use -35% of, this aperture
for the stack and injection seems appropriate.

uum tube thus seems entirely consistent with resistive
wall effects.

5. Spatial aperture for pressure bump current threshold

For an 8 cm diameter chamber, we have determined a
current threshold which can be written gI,.„;,=33 A, or,
with g = 3, I& 11 A. Since ISABELLE conditions are such
that the critical current is essentially proportional to
the conductance, and the conductance is proportional to
the cube of the diameter, then, all other factors re-
maining the same, a reduction of the vacuum chamber
diameter to, say, d=6 cm leads to IK 4. V-A. Thus, it
is clear that the design value of 10 A for ISABELLE and
the assumption of g = 3 essentially fixes the diameter of
the tube to be in the range of 8 cm from the pressure
bump requirement alone.

3. Space charge effect due to image fields

Although a centered beam in a circular chamber induces
no tune shift due to image fields, by symmetry, a tune shift
does result for a wide stack in a circular chamber. This
tune shift increases in magnitude as the orbits are fur-
ther off center (Zotter, 1975). The result is a variation
of tune across the stacked beam as well as across the
full spatial aperture. The working line in the (v„,v, )
plane becomes curved. It should be pointed out that the
introduction of curvature into the working line is by it-
self not a sufficient characterization of the image space-
charge effects. It is rather a short-hand way of ex-
pressing the fact that both the horizontal and vertical
tunes, v„and v„,are functions of position in the stack,
i.e. , momentum. The consequence of a curved working
line is to introduce the so-called brick wall effect (Month
and Jellett, 1973; Zotter, 1972). It is essentially an en-
hanced resistive wall instability due to the distortion of
the tune density distribution, in effect a distortion, of the
function N(v)-[see Eq. (5.55)]. If large enough, Landau
damping could be entirely inoperative for parts of the
stack (Month and Jellett, 1973). It wa. s discovered at the
ISH, that such an enhancement of the resistive wall in-
stability can be avoided by the introduction of magnetic
multipole fields, which will compensate for the space-
charge distortion of the working line. Since the errors
distorting the working line are systematic, they will be
controlled in ISABELLE by the systematic magnetic
field error correction system (Parzen, 1975b). There-
fore in ISABELLE as at the ISR it is expected that the
dominant space-charge effect of the image fields will be
the classical resistive wall phenomenon. This latter
subject has been considered in detail in a previous sec-
tion.

4. Spatial aperture from transverse resistive wall
instability

The resistive wall instability current threshold depends
upon the cube of the chamber diameter d and is related
to the tolerable tune spread Av. For a given value of
Xv=0.02, corresponding to a 10 A stack, and taking a
stainless steel chamber, we find [Eq. (5.63)]a minimum
chamber diameter d~ 6 cm. The choice of an 8 cm vac-

H. The accumulation of current in ISABELLE

High luminosity is the ultimate objective in accumula-
ting current in colliding-beam rings. To achieve this
goal, two factors must be taken into consideration.
First, we must sustain a high betatron density through-
out the different phases of the process, from linac to
fast accelerating synchrotron and finally to storage ac-
celerator. High transverse density translates directly
into high luminosity. The second point concerns the
longitudinal characteristics of the beam, i.e. , the par-
ticle momentum distribution. In general, the spread in
momentum does not enter directly into the luminosity,
but rather affects the luminosity through the fact that the
momentum spread is correlated with the beam size.
However, collision points around the accelerator are
discrete and few in number and the dispersion function
at these points can be made locally zero. Thus the beam
size, and hence the luminosity, can be made essentially
independent of momentum spread. It follows, then, that
to attain high currents, the optimal stacking mode is in
momentum space.

Because current is to be stacked in momentum space,
there will be a continual change in the momentum dis-
tribution and current characteristics during the various
phases of the accumulation process. The beam design
must ensure longitudinal stability during each stage. As
previously discussed, the strongest limitation is more
precisely stated as an upper limit on high-frequency
longitudinal impedances, which allow the beam to cou-
ple to itself via small discontinuities in the surrounding
environment. Such high-frequency excitations are not
amenable to feedback damping.

Although the impedance limitation is basic, there are
also other considerations. One is the fact that the
spread in momentum is an important factor in the mo-
mentum analysis of collision events, and it should not
be excessively high. Another factor is that high-current
beams must be handled, i.e. , transferred and acceler-
ated by rf systems. A limit on the peak voltage for
these systems is equivalent to imposing a maximum val-
ue on the beam momentum spread. In these latter con-
siderations, the specific limitation can be expressed as
R lower bound on the longitudinal density, that is, the
current per unit momentum bite.

- Although severa, l alternative beam accumulation
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schemes have been considered, the most efficient and
technically feasible procedure for beam accumulation is
the momentum stacking method, a technique which has
been studied extensively and perfected at the ISB. This
system has been adopted for ISABELLE. There are sev-
eral important factors related to stacking which differ
in ISABELLE from the ISR. The new factors the ISA-
BELLE design must contend with are: (1) the super-
conducting environment; (2) the re.atively limited mo-
mentum aperture due to the long straight sections and
the strong focusing in them; (3) the somewhat large pro-
portion of the aperture of the superconducting magnet
coils which must be used for stacking; and (4) the
greater susceptibility of the injected bunches to high-
frequency longitudinal instability in rings of large cir-
cumference compared to the ISR; and (5) the longer
stacking time resulting from the much smaller synchro-
tron frequency (-1 Hz) relative to the ISR (-60 Hz).

Because the beams are in superconducting magnets,
there is the possibility of magnet quenches resulting
from radiation heating of the superconducting coils, the
source of this heating being particle loss. For example,
at the ISR, beam loss from injected pulses generally
amounts to about 50%. In ISABELLE, the beam is
stacked when the magnets are operating at low field and
thus the temperature rise required to reach the quench
limit is relatively large (Month and Lee, 1974). This
low-field injection may be crucial for storage rings
using superconducting magnets because of the high po-
tential particle losses. As a further precaution, the use
of scrapers and absorbers to prevent unstable particles
from reaching the coils is planned.

The relationship of a high-current ISABELLE design
to the momentum and spatial aperture requirements has
been extensively considered in previous sections. The
main point with regard to the stability of the injected
bunches is the conflicting desires for, on the one hand,
high betatron density and, on the other hand, high lon-
gitudinal density. To achieve high transverse density
it would appear to be preferable to inject single turn in-
to the AGS. This is an efficient process compared to
multiturn injection and would involve fewer particles,
-2& &0" in the AGS. This would alleviate the compli-
cated space-charge conditions at the low AGS injection
energy of 200 MeV. The problem is that for the same
longitudinal density, the impedance limit is essentially
proportional to the number of protons injected into ISA-
BELLE per AGS pulse, and so the impedance limit
would decrease to I Z/n ~& 2.20. Thus, the ISABELLE
choice is a compromise between attaining high longi-
tudinal density, important for stacking current, and
high transverse density, ultimately meaning a collision
diamond with higher particle density.

I. Performance of the colliding-beam complex

In the analysis we have presented, it has become clear
that underlying the performance of a coQiding-beam de-
vice are the basic beam invariants that are transferred
from point to point in the system. It is fundamental that
the horizontal and vertical emittances and the equivalent
coasting-beam momentum spread cannot be reduced but,
in fact, will tend to increase, depending on the magnetic
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and space-charge environments at the various stages as
well as on errors in the transfer junctions. With this
in mind, together with the constra, int of the facilities'
cost, we have arrived at an ISABELLE colliding-beam
complex.

The ISABELLE system is composed of Linac (acceler-
ation to 200 MeV), AGS (stacking of 3.5 X10"protons
and acceleration to 29.5 GeV), and ISABELLE (stacking
of I= 10 A, and acceleration to 200 GeV). It is capable
of producing P—P collisions in the full range from 30 GeV
x 30 GeV to 200 Ge&x 200 Ge&, with a luminosity at the
highest energy of 10" cm 'sec '. It also has the capac-
ity to operate at unequal energies over the entire energy
range of 30 to 200 GeV. Finally, it offers +20 m of free
space for experimental apparatus around the collision
point and, with some trade-off in free space. has a
great deal of flexibility in the choice of collision region
"diamond" shape. Using expressions given previously
for luminosity, interaction length. and beam-beam tune
shift, we can compile a list detailing expected ISA-
BELLE performance. In particular, five possible oper-
ating configurations —Standard. Low-P, High-P, High-
Luminosity, and Small-Diamond —are described in
Table y.

Vl. SUMlVIARY

Over five years of design effort have resulted in a con-
struction proposal for a 200 & 200 GeP proton-proton
storage accelerator, ISABELLE. As exhibited in this
paper, detailed investigation of all known degrading ef-
fects has produced a design in which considerable con-
fidence exists that the very high expectations regarding
experimental flexibility, energy. and luminosity
(- 10"cm ' sec ') can be achieved comfortably Re-.
search on superconducting magnets, the keystone to the
design, has progressed through successful fullscale di-
poles and quadrupoles, which satisfy amply the strict
field quality and mechanical and electrical stability re-
quired.

Consideration has also been given to future options.
Antiproton-proton collisions could be achieved at full
energy and with substantial luminosity (-10"cm ' sec ')
in a straightforward manner, with minimal additions of
equipment. By adding a third ring in the same tunnel,
electrons at 15 GeV could be stored to produce elec-
tron-proton collisions at 109 GeV in the c.m

The physics possibilities of ISABELLE are outstanding.
With considerable theoretical assurance, there exists a
threshold for the intermediate vector bosons, the medi-
ator of the weak force, which may be the single most ex-
citing prospect for this machine. Only one prior case
exists in high-energy particle physics history where an
accelerator, the Bevatron, was built to test such an im-
portant theoretical threshold, the production of anti-
protons.

Clearly the enormous kinematic range to be available
wil1 produce dramatic new insights into the strong nu-
clear interaction and could produce the experimental
information needed for a complete understanding of the
mathematical unification of the weak and electromag-
netic interactions.
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