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Introduction

A high luminosity collider for e*e- in the Z°
region, CESR II, has been described previously in
Cornell publications CLNS 80/456 and CLNS 81/492. A
physical layout of the ring, showing its proportions
is presented below. For reasons of symmetry and for
achievement of full independence of IR's and accelera-
tion sections, 8 straights are used, four for I.P.'s
and four for the rf apparatus.

This accelerator is designed to minimize capital
plus operating power costs. The capital cost, based
on detailed calculations presented in the references
will be 220M$ (1982) while the operating costs will be
35M$ per annum {1982).

In order to make possible the construction of
such a high performance accelerator for that price,
technological innovations have been incorporated into
its design and our most advanced understanding of
accelerator physics is applied to get the highest
performance per dollar possible from the more conven-
tional aspects of the design. In particular, 5000
cells of superconducting cavities are used to minimize
the size of the ring and very tight focusing is used
to make the beam as dense as possible, thus minimizing
the rf power necessary for a given luminosity. In
addition, full advantage of the heavy radiation damp-
ing is taken to maximize the luminosity.

This approach raises a number of technical issues:
Wil1 superconducting cavities work in storage ring
environment for a long period of time? Will single
beams of the necessary current be stable in the
presence of such a high impedance cavity system? Can
one tolerate a beam-beam interaction of the strength
proposed? With such strong focusing, will the magnetic
aperture be adequate to maintain the beam stable with
long life?

Each of these issues has been addressed experi-
mentally and, where appropriate, theoretically from
first principles and phenomenologically by scaling
from already operational accelerators. We believe that
these investigations show that the design reflected in
the parameter 1ist is sound. In what follows, we
summarize the substance and results of the investiga-
tions.

Accelerating System

As detailed in CLNS 80/456 and 81/492, we have
developed a 1.5 GHz superconducting acceleration
system based on sheet metal fabrication methods
applied to the metal niobium. Two submodules, of &
resonant cells each, were recently assembled together
and tested successfully in the CESR storage ring.
These cavities were fully equipped with automatic
tuning and high power couplers and windows for 1.5GHz
power and strong couplers for the higher modes excited
by the beam. 1In this test rf and refrigeration
parameters were under feedback control as they will
need to be in the full system. Operating at an accel-
erating gradient of 1.8 MV/m and Q of 10%, the 10
cavity assembly was able to accelerate, stably, a 7mA
beam at 3.5 GeV with the normal CESR rf systemon tune
but unpowered. Operating together with the normal
CESR system, the superconducting assembly accelerated

up to 12 mA and enabled us to operate with bunch
lengths in the range 27 picoseconds (rms) to over 300
ps. No beam-cavity interaction induced bunch lengthen-
ing or energy spread was observed and none was expected
Under these conditions the beam induced higher order
mode power, about 500 watts, was successfully extracted
without significant addition to the refrigeration load.
The accelerating field limit during the test was due to
heating around the mouth of one of the higher mode
extractors. A subsequent design change in the extractor
permitted a fully equipped sub-module to operate with a
Q of 3x10% at 3 MV/m and 1.5x109 at 3.5 My/m. These
results and the results of a one-cavity, 500 MHz super-
conducting beam test recently completed successfully at
DESY together with the long-term tests carried out with
superconducting S-band cavities in the Cornell Synchro-
tron in 1974-75 in which gradients of 4 MV/m were main-
tained, show that there is no inherent incompatibility
of microwave superconductivity and the storage ring
environment and beam stability conditions. Indeed, the
one-meter cryogenic assembly used in the CESR beam test,
fitted with the improved cavities, could be multiplied
500 times to produce a workable CESR II rf system.
Encouraged by these results, however, we believe that a
considerably more economical system can be built by
combining our sub-modules into larger assemblies and by
increasing the operating field level which will be our
immediate goal in the near future.

Single Beam Stability

Beam-environment interactions have often limited
the current in accelerators. While we have learned to
minimize that interaction over most of the circum-
ference of circular accelerators and storage rings by
working hard to make smooth vacuum chambers, the
unavoidable beam-cavity interaction is quite strong.
In accelerators such as CESR II and LEP the number of
cavities will necessarily be very large because of the
large energy losses per revolution due to synchrotron
radiation.

Longitudinal or transverse instabilities due to
the beam-cavity interaction can be of two general
classes, the so-called resonant and broad band inter-
actions. In the resonant interaction, changes in beam
size and position, both longitudinal and transverse
and corresponding changes in cavity fields build up
over a number of revolutions with memory residing both
in the cavity fields and in the beam. This process
can be particularly strong if the resonant frequency
of a particular cavity mode coincides with one of the
natural beam frequencies, such as a particular side-
band of the beam revolution freguency. Unwanted
effects of this type of interaction can be avoided by
feedback, by control of the accelerator optical
parameters and, most importantly, by damping of the
offending cavity modes so that beam generated fields
die out between successive cavity passages. In the
case of CESR II, these resonant interactions and their
cure have been dealt with in the reports referred to
above. Careful calculations and bench measurements,
verified in the superconducting cavity beam test
described briefly above, make us confident that the
CESR 11 beam current will not be Timited by these
resonant effects. The broad band effects are of a
different nature. Here, the instability driving
fields in the cavities do not build up turn-by-turn
but are the result of an almost local interaction
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between the beam particles and their own transient
wake fields as they pass through the accelerating
portion of the ring. These wake forces are the moving
source analog of the image forces of electrostatics.

In frequency language, the wake fields are the super-
position of the fields of all of the modes of the cavi-
ties which.can be driven by the beam. The literature
on this subject is too large to be reviewed here.
Suffice it to say that in the case of very long
bunches, i.e., the bunches are longer than typical
chamber dimensions, a rather good theoretical and
experimental unders%anding has been achieved over
years of hard work,!>2 The problem can be attacked
analytically by writing a nonlinear partial differ-
ential equation for the beam phase space distribution
functions in terms of the beam spectra and impedance
spectrum of the vacuum chamber., By use of clever
mathematics and judicious approximations one can seek
current thresholds at which the distribution functions
begin to grow. Good results are obtained in cases
where the over aB of beam and impedance spectra are

not too broad.'>¢ This method has been extended to
cases of shorter bunches where the overlap is con-
siderably broader,3-6 (There are many, many other
useful references.) While these complex analytical
methods have advanced greatly in recent times, experi-
ence with their use as engineering and ab initio pre-
dictive tools is very limited at this time. Fortun-
ately, in very recent times, a new approach, that of
computer simulation, has been developed.’-11 High
quality simulations have been made possible by the
development of efficient computer codes for calculating
the longitudinal and transverse cavit{ fis]ds generated
by arbitrary distributions of charge. 2-1 Starting
from initial phase space distribution functions, the
simulator works in a loop, computing the self-generated
wake forces and the kicks they give the beam particles
as they pass through the cavities. The simulator then
tracks the beam particles around the accelerator taking
focusing, damping and quantum fluctuation effects into
account. At the entrance to the cavity chain the new
distribution functions are computed and new wakes and
forces are computed and the process repeated. In this
way the evolution of the beam distribution functions
can actually be observed and recorded and stability or
instability can be determined. If the beam is stable,
its energy spread and physical dimensions are deter-
mined and can be compared with the distributions that
would obtain if no collective effects were present.
While this "engineering science" is still very new, the
results are most promising and the agreement with
experiment is most gratifying. Most satisfying is that
the simulation results manifest the very complex physi-
cal phenomena actually observed. Unfortunately, the
microscopic details of the calculated distribution
functions are largely inaccessible to the experimental
verification at our present level of measurement capa-
bility. It is the envelopes of the distribution that
we can see now and they agree rather well with the
simulation. Some recent results of simulation calcula-
tions done at Cornell are presented in appendices to
this report.

The results of this method as applied to CESR II
are that, at 50 GeV, currents of more than twice those
needed are stable and exhibit 1ittle bunch lengthening
or spreading. At the 20 GeV planned injection energy
the needed currents are stable if wigglers are used to
enhance the rather small natural damping that obtains
at that energy and the phase focusing is kept strong.
Details are given in an appendix.

Beam-Beam Interaction

As is by now well documented, the nonlinear
focusing {defocusing) effect of one colliding beam or
another can, if strong encugh, result in dilution of

given circumference.

the effective density of the beams at the crossing. As
a result the beams fil1 the accelerator aperture and
further strengthening (more current) leads to reduced
beam 1ife and high backgrounds in the detectors. The
physical details of this process are still a matter of
hot debate. Some insights have been gained; in the
case ?f electron machines, by use of computer simula-
tions15-17 and analytical gpgsoximations.] Recently
phenomenological ana]yses] > have shown a basic
connection between the amount of synchrotron radiation
damping and the allowed strength of the beam-beam in&er-
action. Very briefly, at a damping decrement of 10~
per bunch crossing, a beam crossing, a beam-beam tune
shift of 0.03 is sustainable in machines with reasonable
physical and dynamic apertures. The allowed tune_shift
saturates at 0.06 for decrements in excess of 10-3 per
crossing. This same behavior is manifested by the
simulation programs. In CESR II, with its extremely
strong damping decrement of 5x10~3 per bunch crossing a
beam-beam shift of 0.05 should be sustainable. The
analysis shows that a vertical aperture almost equal to
the horizontal aperture will be necessary to maintain
good lifetime. Such an aperture is provided.

Lattice and Dynamic Aperture

In order to maintain a high beam density at high
energy where the quantum fluctuation driving is very
strong, it is necessary to provide rather tight focus-
ing. This results in rather large chromatic aberra-
tions which must be corrected to avoid a large class of
the single beam "head-tail" instabilities. This
correction is normally effected by the addition of
sextupoles. When the linear lens focusing is strong,
the sextupoles must also be strong to make the chroma-
ticity correction. This addition of a nonlinear element
to the confinement force has the unfortiunate consequence
that the volume of phase space corresponding to stable
confinement becomes limited. It can easily turn out
that this dynamic aperture is smaller than the physical
aperture of the accelerator. No general analytical
algorithm exists, as yet, for working backward from a
needed phase space volume (aperture) to a specific
combination of linear and nonlinear lenses required.
Given a particular lens distribution, one can use a
tracking program to estimate the resulting aperture.
The reliability of these tracking programg is thought
to be quite good under some circumstances ], but we
have 1ittie experience in using them for ab initio
engineering design where dynamic aperture is a crucial
parameter. Another approach is to use a phenomenologi-
cal approach in which one uses the functional depend-
ence of the dynamic aperture obtained from a simplified
analytical approach and scales from existing accelera-
tors, This method tends to yield aperture values
smaller than those given by tracking by as much as a
factor of two. In general, the dynamic aperture is
improved by adding more lenses to an accelerator of a
For CESR II we have chosen to use
the more conservative of the two methods for determin-
ing dynamic aperture. The resultant lattice has a beta-
tron tune due to the arcs of 42 and a total tune of 62,
allowing the betatron focusing parameter at the crossing
points to be as small as 2 cm without making the
dynamic aperture less than the physical aperture. The
most efficient focusing arrangement is built up of
combined function bending magnets with lumped sextu-
pales interspersed between the bends. An equivalent
arrangement using uniform field bends with quadrupoles
and sextupoles interspersed is shown below along with
a table of lens strengths, lengths and other proper-
ties of the focusing lattice.

Conclusion

Further developments of the superconducting cavity
hardware, now underway, are expected to make significant
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economies in the complete accelerator installation.
Cavity assemblies having all the features and perform-
ance levels required for CESR II have been successfully

worked out by scaling from operating accelerators

where possib
necessary.

Te and by developing new design tools where

The most fundamental design parameters

demonstrated. Other aspects of the design have been originally posited for CESR II appear to be sound.
References

1. F. J. Sacherer, IEEE Trans. NS-20, 3, p. 825 10. R. Siemann, CLNS 82/524, Cornell Univ., 1982.
(1973); NS-24, 3, p. 1393 (1977); 9th International 11. R. Siemann, CBN 82-27, unpublished.
Conference on High Energy Accelerators, SLAC, 1974, 12. T. Weiland, op.cit. 2, p. 570.
p. 347. 13. T. Weiland, DESY 82-015, DESY, 1982,

2. dJ. L. Laclare, 11th International Conference on 14. R. Siemann, CLNS 82/535, Cornell Univ., 1982.
High Energy Accelerators, CERN, 1980, p. 526. 15. A. Piwinski, op.cit. 2, p. 751.

3. R. D. Kohaupt, op.cit. 2, p. 562. 16. S. Peggs, Ph.D. thesis, Cornell Univ., 1981.

4. M. Month, E. Messerschm1dt IEEE Trans. NS-24, 3, 17. S. Meyers, LEP 362, unpublished (to be published
p. 1208 (1977) in NIM).

5. J. M. Wang and C. Pellegrini, op.cit. 2, p. 554. 18. S. Peggs, R. Taiman, op.cit. 2, p. 754.

6. B. Zotter, IEEE Trans. NS-28, 3, p. 2602 (19831). 19. E. Keil, R. Talman, CERN-ISR- TH/81 33.

7. P, Wilson, K. Bane, K, Sato, op.cit. 6, p. 2525. 20. 4. Seeman CLNS 82/531, Cornell Univ., 1982.

8. T. Weiland, DESY 81-088, DESY, 1981. 21. R. Kose, G. Ripkin, A. Wrulich, op.cit. 2, p. 326.

LEGEND
———  PPOPOSED STORAGE RING ‘%f
[ ] NEW BUILOINGS i
EXISTING BUILDINGS it
-HOO-  EXISTING CONTOUR ELEV. 1
#1023  EXISTING SPOT ELEVATION ||
~~— EXISTING STREAM il
& SOIL BORINGS I
—  NEW DRAINAGE CULVERT ||
-slie-- EXIST. DRAINAGE CULVERT
WE SWAMP
>  PoND
=== EXISTING ROAD
T=— NEW ROAD
s WOODS LINE
—--—  APPROX.PROPERTY LINE
+Tf EMERGENCY EGRESS

S 7
// !
J < / |
/ & S ByoaTTs
PLAN STORAGE RING| ol |
o 250'500' 1000'  1500° Qloo': o I A/xx . P L |
HORIZONTAL SCALE b N { b BN L

B s

[ STA 0400

TR
|

L

PROPOSED EARTH BERMS

[! A}/ "‘/FW ‘q'/ i

1Q '-2,4.}

M;f

noz

”



Parameter List

Noniino! Peck Beam Energy 50 Gev injection Energy 20 Gev
Max. Luminasity 6x10 ¥ em Zsec” Pedk Beta In Arcs 242m
Number Of Interaction Points 4 Average Oispersion In Arcs 04 m
Free Space For Experiments 22mt Betatron Tune (Totol)} 65
Number Of Bunches Per Beam 2 Betatron Tune (Arcs) 42
Number Of Particles Per Bunch 2x10" Phose Advance Per Cell as*
Beom Current 3.5mA Peok RF Voltoge L5 GV
Circumference 5485m Synchrotron Rodiotion Power Total 7.7 Mw
Average Arc Radius 690m Covity Raodiation (Hour Power) 0.6 MW
Aperture, Horiz. (20 +10mm) 3.5¢m RF Power (Totol) 8.3 MW
Aperture, Vert. (500, +10mm) 2.8cm RF Frequency ' 1500 MHz
Beam- Beom Tune Shift 0.05 Synchrotron  Tune 0.14
Energy Lass Per Turn 2% Bunch Length, rms 4 mm
Beto Values At 1P, [H,V) 0.4,0.03m Energy Sprecd, rms 19x10™
Emittonce (50 GeV) 6.3x10°%m Cavity Gradient 3 Mv/m

1 For highest luminosity, space between IR Quode le 2m. For .,
torger spocing, luminosity talls in proprotion to the spocing. Transverse Oomping Time 1.7 m sec
0780682

Total Power For Focility 30 MW
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