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SCOPE OF THE WORKSHOP

D. Cline
Fermi National Accelerator Laboratory
. and
University of Wisconsin at Madison

A Workshop was held during the week of March
27-31 at the Lawrence Berkeley Laboratory in
Berkeley, California, The purpose of the Workshop
was to discuss various beam-cooling techniques and to
investigate the possibility of constructing high
luminosity proton-antiproton storage rings.

Herman Grunder and other members of the LBL staff
were largely responsible for the efficient operation of
the Workshop and the success. The Workshop was
jointly sponsored by Fermilab and LBL.

That this was the fiist workshop totally devoted
to beam cooling and to high luminosity Pp s.orage rings
indicates the close coupling between the two subjects,
The construction of pp storage rings is an old dream
of accelerator physicists, the practical realization of
these machines certainly relies on beam-~cooling tech-
nigues. The late G. Budker often discussed the possi-
bility of pp storage rings and realized that beamn
cooling would be crucial to such schemes. The first
realistic schemes for such machines using existing
accelerators were natlined in 1976 (Appendix Viia).
Subsequently, both CERN and Fermilab have made
detailed plans for such machines {Ille,d), There are
also discussions of a pp option at ISABELLE (Ile}. The
reports in which the CERN and Fermilab machines are
described in some detail are reproduced in Appendices
VI b and ¢ of these pr dings for compl

The first day of the Workshop was devoted to the
physics motivaiion for high luminosity pp machines
(Section II) and the general concepts of beam=-cooling
techniq:es as well as the most up-to-date plans for Bp
machines at CERN, Fermilab, and BNL (Section III).

The reports of the working groups are given in
Section 1V. It is with deep regret that we note that
Frank Sacherer was killed in Switzerland after the
Workshop was finished. He made a brilliant contribu-
tion to the theoretical understanding of stochastic

cooling (IVa).

The highlights of Uie Workshop in my biased
opinion were:

1. The very interesting talk of R. Feynman on
ultra high energy interactions (Ila) and the historical
surveys of beam cooling by A. Sessler and

. R. R. Wilson.

2. The general conviction that Pp machines pro-
posed in the present CERN and Fermilab schemes are
gound (Ille, d; IVe; Vb).

3, The discussion of the cooling of high energy
proton-antiproton beams by electrons (Rubbia, Month,
Ruggiero) or by synchrotron radiation {Wilson), The
report of Ruggiero, Vh, was completed after the
Workshop and is reproduced here for completeness.

4. The understanding of improvements in target
efficiency that can raise the p yicld by a considerahle
factor (IVd),

5. The possibility of high luminosity Pp
machines with & > 103%em-2sec™? either at CERN,
Fermilab, or BNL now seems very likely. There are
no fundamental obstacles to such machines (IVc).

6, Looking to the future there was a lively
debate about tite relative merits of high energy - high
luminosity pp machines and ete~ machines. The
maximum useful luminosity to these machines given
present detector capabilities was also debated (1Ve).

All in all, the Wcrkshop was a good start towards
the future of pp storage rings and refined beam-cooling
techniques. We can now probably look forward to the
day when a multi-TeV Pp storage ring with & > 1031
cm~%sec™" will exist somewhere in the world soon
after the machines at CERN and Fermilab are
operational.

I would like to thank our hosts and the partici~
pants for a very interesting Workshop.



"WELCOMING REMARKS

Andrew M. Sessler
Lawrence Berkeley Laboratory

It is a pleasure to welcome you to this
Workshop on beam cooling and, I must say, that I
am particularly pleased that LBL is co-hosting this
conference on such a significant advance in the
science of beam-handling devices, I like to believe
that this Workshop is consvnant with the more than
45 year history of this Laboratory, which stretches
back to E. 0. Lawrence's invention of the eyclotron
and includes such notable advances as Luis Alvarez's
linear accelerator and Ed McMillan's concept of
phase focusing with his subsequent development of
che FM cyclotron and the electron synchrotron. In
recent years we have tried to maintain this tradi-
tion through the activities of our Advanced Accelera-
tor Research and Development Group and it is that
very group which is sponsoring -- with Fermilab --
this meeting.

In my opinion, and I will learn more as the
week goes on, beam cooling is one of the two most
important advances in beam-handling techniques to
have reached the point of practical, engineered
avarlability within the last 5 years. The other is,
of course, hard superconducting bending and focusing
magnets which are being incorporateda most notably,
in the Fermilab Energy Doubler/Saver and in Brook-
haven's lsabelle.

Beam cooling should make possible tremendous
gains in pp colliding-beam devices, and this week's
Workshop will be devoted to this topic. It is
interesting to compare Kjeil Johmsen's estimate,
in 1962, of the luminosity which might be achieved
in the ISR as a pp device; namely L = 102%cm 2sec or
the optimistic estimates of Paul Csonka and myself
in 1967; namely L = 5x1026em~2sec”!, with the
Fermilab goal of L up to 1¢%2cn"2sec™! or the
current CERN estimate of the lum1nosxty in_the SPS
for Pp collisions, namely L = 10 30em~2sec™
(Of course I am comparing different dev1ces, but
the major import of beam cooling is, nevertheless,
evident.)

Now it is interesting to go beyond this
Workshop to explore how widely beam cooling can be
used with advantage. For example, is it of value
in pp colliding beam devices? I can recall
studying just this question for the ISR in 1966,
immediately aftex learning of Budker's invention of
electron cooling. Hugh Hereward did a rather
complete study of the subject, which he reported on
at the Orsay Conference on Storage Rings (1966),
and he concluded that electron cooling wouldn't
improve the ISR very much. Now that result was very

sensitive to the boundary conditions; namely the
given ISR, and it was prior to the imvention by
Simon van der Meer of stochastic cooling. It is
important 1p my mind, to explore both im Pp rings,
and beyond pp rings, what can be achieved with heam
cooling both in ‘existing machines and in machines
designed to exploit beam cooling.

Perhaps I could make some comments addressed
to why beam cooling isn't obviously a good thing in
all devices. Consider, for a moment, electron
storage rings. Here we have strong cooling and
certainly we take advantage of it in injection:

The £illing time decreases rapidly as the injection
energy is increased and the radiation damping, or
beam cooling, is increased.

On the other hand, we know that at high
energies the naturally occurring strong beam cooling
imposes a severe limit on ring luminosity. Conse-
quently, a mumber of measures have been developed to
heat beams so as to increase the incoherent stochas-
ticity limit due to a highly-cooled, compact intense
beam., In this example an incoherent single particle

h limits perf rather than phase
space density.

Generally, then, particle handling devices
have their performance limited by (1) single particle
external field effect by (2) incoherent collective
phenomena, by (3} coherent collective phenomena, ox
{4) by phase space density. Cooling only helps to
remove the last-mentioned limit, Thus in many de-
vices, cooling won't help and in those in which it
does help, it is necessary to ascertain how much
improvement is actually possible before cne hits one
of the other limits to performance.

Well, enough for these sobering remarks. I
felt they were necessary because so often at a
meeting on some particular subject one gets carried
away and fogets about other relevant subjects.
Despite the limits on what can be achieved with
cooling, it is clear that cooling is a very signi-
ficant new technique which has become available to
the designer and builder of particle handling de-
vices.

Now, lot us turn to hearing what can be
achieved with cooling and, also, the important as-
pects of how, in fact, one designs, builds, and
operates pp cooling devices. I wish you, on
behalf of the sponsors, an interesting and produc-
tive Workshop.



COLLIDING BEAMS AT FERMILAB

R. R, Wilson

Fermi National Accelerator Laboratory

It is a pleasure to participai2 in this timely
workshop at the Lawrence Berkeley Laboratory on
cooling antiprotons. In discussing "Colliding Beams
at Feimilab, ™ [ will take a glance backwards and
then a glance forward, trying to avoid our present
work for that is to be discussed by my colleagues in
following talks.

It is interesting that even in the Berkeley 200
BeV Design Study of 1965.1t was envieaged that anti~
protons could be produced in nucleonic collisions,
stored in the Booster, injected into the Main Ring,
and then accelerated simultzneously with protons in
a manner surprisingly similar to our presenily
planned method. Storage rings were also envisaged
in the Berkeley report and this lec 10 a criterien that
the site of the accelerator should be large enough to
contain such rings in addition to the accelerator.

During the Summer Study of 1967 at Oak Bruck,
Mlinoj ;,, when the National Accelerator Laboratory
synchrotron was being designed, varicus possibilities
for gtorage rings at NAL were also discussed as
options for the future. Frnest Courant was esneclally
interested in "By-Passes, " both inside the Main ilmng
and outside, and considerations of this, as well as of
more conventional storage rings, appear in the NAL
Design Report of 1967 that resulted from the Summer
Study.

In i968, the question of storage rings at NAL
was raised by the Atomic Energy Commission. The
Board of Trustees of the Universities Research
Association askad us at NAL to design a specitic set
of storage rings. Although our all-too-gmall group
had quite enough {o do at that time, Lee Teng took on
the assignment and a number of physicists, including
the present LBL Director, came from other labora-
tories to help. They designed 2 zet of conventional
rings that would provide 400-GeV protons in collision
with 100-GeV protor ; at good luminosity (see their
design report of 1968). They also worked ~ut an
alternative design using superconducting magnets
which would reach 200 GeV on 200 GeV,

It seemed that in 1968, just as in 1967 when we
had considered the practicality of using superconduct-
ing magnets for the Main Ring, the art of supercon-
ductivity had not advanced to a stage where one could
responsibily risk large sums of money on it. The
"frozen-in" fields were much too large, almost of
tae order of kilogauss, and did not repeat in strength
from pulse to pulse or magnet to magnet.

Our next formal involvement with eciliding
rings resulted from my requent in the Spring of 1973
that a represeutative group of physicists serve as a
NAL Long Range Physics Advisory Committee At
that time we were about to proceed to build an "Elec-
tron Target" under the direction of Tom Collins.
This had heen invented during the Summer Study at

G
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Aspen, Colorado in 4573 and was to use the old
Cambridge Electron Accelerator as an electron storage
ring to be built tangent to the Main Ring so that colli-
siuns between circulating 3 to 4 GeV electrons against
countereirculating 100 to 200 GeV protons in the Main
Blnﬁ could be made to occur at luminosities up to about
1032 ¢cm"2 sec~1. Although we had acquired the elec~
tron linac injector and magnets of the CEA, the Long
Range Physics Advisory Committee advised against
this project the energy tlabie in the colli-
stons seemed to them to be too low. They recommended
instecd, on the basis of the Summer Study of 1573, that
we design POPAE (acronym for Protons On Protons
And Electrons), a project to build two 1000 GeV storage
rings to make 1000 GeV /1000 GeV colliding proton
beams poseible, and also to build a third electron
storase ring 60 as to make 20 GeV /100 GeV electron-
proton collisions possible. We followed that advice;
first in a preliminary study by Collins and idwards,
and then later on in a rollaboration between physicists
«. Fermilab and Argonne National Laboratory led by

R. Diebold, 3

In retrospect, I am not altogether sure that the
committee's advice against building the "Electron
Target" was sound. The electron target could well
have led to an unfolding program »f beautiful colliding-
beam physics. The POPAE project, although valid
scientifically, turned out to be a political fiasco. In
several HEPAP "Woods Hole Punel" meetings, it lost
out to the ISABELLE project despite what seemed to
me (very objectively, no doubt!) to be the technologi-
cal and economic superiority of POPAE, In any case,
the maintenance of three strong centers of high energy
physics became national policy, and the construction
of the ISARELLE colliding beam project at the Brook-
haven National Laboratory became of overwhelming
importance in the realization of that goal.

Let me back up 2 bit to 1971, at which time the
so-called Energy Doubler project to bulld a second
ring of supercouducting magnets within the Main Ring
tunnel was first put forward at Fermilab,4 We had
then egsentially built the 200 GeV accelerator and
experimental areas, and still had a surplus of funds
left over from the initial $250 million for that con-
struction. A ring of superconducting magnets in which
1000 GeV protons could be accelerated seemed to be
one way to use up that surplus and to respond to the
original challenge of the Joint Committee on Atoimic
Energy to produce the highest energy possible. Indeed
such a possibility had been allowed for in the original
design, for space had been kept free both above and
below the conventional magnets of the MzinRing for
the placement of such superconducting magnets. Those
early plans were seriously set back by the crisis in
1972 of bringing the accelerator and the experimental
areas i veliable operation. The project was further
set back in 1376 when much of the rematining surplus
construction funds identified for the Energy Doubler
were preemptively withdrawn by the AEC
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Nevertheless the project has persevered and by
precise, cconomical, high-field magnets
Ny developed.  Indeed these super-
now being installed in the Main
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increased tlie cost of the magnets.

opening 1=3/4

ing magnet ring

The next development was the revival of an old
scheme to hase a low energy ring in the Main Ring
wnnel, the Accumulator, 5 and then to bring the beam
of low energy protons stored witlua it into collision
witn high energy protons stored in the M n Ring. This
cventually developed into a more refined proposalé to
build ar independent small 25 GeV Accelerator/Storage
Ring, the SSR (Small Storage Ring) at straight Section
E of the Main Ring. By bringing the 25 GeV protons
iuto collision with the 400 protons of the Main Ring, a
c. m. energy of about 200 GeV could have been obtained
with a luminosity of about 103 em Zset:

A little later, a number of suggestions came in
from outside the laboratory for various forms of ¢lash-
ing beams. For example, in July, 1975, Carlo Rubbia
suggested in a letter that good luminosity might be
abtained by colliding the proton beam in the Doubler
agalnst the proton beam in the Main Ring, and in
August of that year B. Richter and D. Cline made a
similar suggestion.

The subject of colliding beams was in the air, so
a Fermilab Workshop, 7 under the direction of Alvin
Tollestrup, was called at Fermilab for January, 1976.
The results of a "stochastic cooling" experiment in
the ISR at CERN as well as Budker’s results on "elec~
tron cooling" were also reported at the Workshop, and
the implication of cooling on the production of circu~
lating beams of antiprotons intense enough for studying
Pp collisions was briefly discussed. The Workshop
had one immediate effect; it eventually led 2 group of
physicists formally t * propoge an experiment in which
1000 GeV protons in the Energy Doubler were to be
brought into collision with protons in the Main Ring. 8

Shortly after the Workshop, C. Rubbia and D.
Cline? came up with an enthusiastically worked out
ingenlous proposal for studylng colliding beams of
antiprotons against protons in one ring. They pro-

cooling " of antiprotons using a complicated combination
of the Main Ring, the Booster and a separate cooling
ring. Anticipating luminosities of about 10 28 cm-2 see”?,
they pushed the idea with typical elan, 1t too was put
forward in the form of a formal experimental proposal.

Competition between the proponents of the three
appr hes to modest colliding beams became rather
intense, and the air was cleared only when the PAC,
during their meeting of JJune, 1976, recommended
vejection of all colliding beam proposals. 0 At the
sume time, the PAC recommended that the laboratory
continue the development of facilities which would pro-
vide for cither high energy p-p or Pp collisions, or for
both. We h.’.\VL been procecding along those lines, and
wpected to be an impertant step along

that path.

Aly colleagues will soon discuss the work cur-
rently underway, so now let me turn to some future
possibilities for colliding beams at Fermilab.

A principal difficulty with the Mair Ring and the
Doubler for colliding beam experiments is the inter-
ference that would be caused with the regular fixed
target experiments. Building ""Bypasses™ could be
useful in decoupling colliding beam facilities from the
accelerator and would considerably extend the experi-
mental space available for such facilities. I will not
dwell here on the many possibilities for Bypasses, or
on the construction of a separate Inner Ring which
would almost completely separate the colliding beam
experiments from the Tevatron fixed-target experi-
ments as well as toallow for higher luminosities,
higher energy (up to 3 GeV c.m.), and for extensive
experimental space - all at modest cost. 12

Instead let me look at a grander possibility for
future colliding beams at Fermilab, the Pentevac.
One of my first efforts on becoming Director of NAL
was to have the form of the Site changed trom an
elongated rec.angle to its present shape so that a
larger ring might eventually be inscribed within its
boundaries. This ring, shown in the diagram, has
an average radius of 2.5 km. Installing our presently
developed supermagnets to make a magnet ring in
that tunnel would allow for the production of about
2.5 TeV, or, if the ring were used as a storage ring
for proton and countercirculating antiprotons, then a
c. m. energy of about 5 TeV might be reached in pp
collisions.

However, wc donot anticipate that such a large
ring will be constructed in the immediate future, so
we must ask what magnetic fields might be attainable
at the time, say five or ten years from now, that such
a ring might conceivably be started. Although by the
use of new materials there is no obvious reason not
eventually to reach fields of the order of hundreds of
kilogauss, I suggest that a factor of two, i.e., 85
kilogauss, is nearly within the state of the art right
now. In that case 5 TeV protons could be produced,
hence the name Pentevac, and 10 TeV ¢, m. might be
attained in Pp collisions!

The present limxtation of the field in the Energy
Doubler mag is i d by three factors: (a) the

posed to utllize both "electron ling" and "stochastic



current density that can be reached using the present
superconductor, NbTi; (1) the mechanical distortion
caused by the tremendous magnetic force on the
conducters; and {¢) the benign disposition after a
quench of the large amount of magnetic energy intrin-
sically stored in each magnet in a manner such that
the conductor is not melted. The forces and the
stored energy would quadruple in present Doubler
maghets, of course, were the magnetic field to be
doubled by simply doubling the current density, if
that were possible.

The sccond diagram shows in cross section a
possible design of a supermagnet for the Pentevac
which might reach 85 kg and which is based on the
prescnt Doubler magnel design.  Instead of NbTi,
Nb3Sn would be used as the superconductor, for it
will reach the required current deusity at the required
field. It has the advantage of reaching these specifi-
cations at a somewhat higher temperature {10-15°K)
than the temperature {4-5°K) characteristic of NbTi.
The present difficulty with NbaSn is that practical
conductors made of it are not ductile enough so that
sharp bends in the coils can be made without destroy-
ing the superconducting property of the wire. Pcrhaps
by making the filaments of superconductor even finer
than at present, this problem can be solved. However,
even at present, a technique exists for producing
strands of wire made of bronze in which fine filaments
of Nb have been imbedded. This material is duectile,
so that the coils can be prewound in the appropriate
shape. Then if the temperature of the material is
raiseu to about 750° C, the tin component of the bronze
will migrate and interact with the Nb to form Nb3Sn.
The coils could then be insulated and installed within
the restraining stainless steel collars. The present
coil structure of NbTi and insulator tends -~ be some~
what "'squishy"; indeed it might not take a four-fold
increase in the forces without collapsing, However,
loading the epoxy heavily with alumina powder makes
a much stiffer material than the present "B-stage"
glass fiber now in use, Magnets made using this
material have given some indication of being success-
ful. Sprayed-on glass might also be a good insulator
for use with Nbk3Sn and one which might withstand the
heat conditioning.

The aperture of the magnet shown in the diagram
has been made in an elliptical shape 2-1/2" wide by
1-3/4" high instead of the 3 in, OD circular shape in
order to reduce the total force on the conductors and
to reduce the s.ored energy. The reduction in the
aperture should be possible because the injected beam
of, say, 300-1000 GeV protons, would be consider=
ably smaller and stiffer than the beam of about 100
GeV protons which are to be injected into the Tevatron.

The 3 in, ID circular aperture of the Doubler
magnets was chogen partly for the practical reason
that a lathe could be used in the fabrication of the
preclsion tooling, and partly to allow for vertical as
well as horizontal injection and ejection of the beam.
A new technique has been developed for making very
accurate laminated tooling out of punchings, hence
any shape should be feasible. The reduction of ver-
tlcal height to 1-3/4 in. need not be crucial for beam
iransfer.

The energy stored in the magnetic field must
be rapidly disposed in the event of an accidental
quench.  There is great danger that the superconduct-
ing cable will melt at the point where it becomes o
normal ccnductor. The stored energy in the present
Doubler magnets, 0.5 megajoule per magnet, is
absorbed in the coil of the magnet in the cvent that it
zoes norwnal. It is important that the whole coil be
driven normal by means of a heater wire once a
quench is detected. This can still be expected to work
cven for the higher field design, partly because the
stored cnergy has been reduced by a {actor of nearly
two by just making the aperture smaller, and partly
because the coil is inherently capable of absorbing
more enerzy. A second design using a "pancake”
coil winding is also indicated. The cable and hence
the current, is four times larger than in the previous
example. The distribution of the conductor is a closer
approximation to that desired for a uniform ficld,
hence the accuracy of the field should be better.
H. Edwards and J. Walton have successfully built
a NiTi super magnet of similar geometry but in which
the cable is smaller rather than larger than the Dou-
bler cable.

An extremely serious problem has to do with
the inherent kinetic energy of the 5 TeV protons -
8 ergs apiece! If the magnets are similar to Doubler
magnets in quenching because of being struck by
protons, then about 108 protons might cause a quench.
The magnitude of this problem, as wcll as the useful-
ness of the Pentevac, will depend then on the magni-
tude of the proton current that is to be stored in the
ring. A typical cycle of the Pentevac might consist
al a 10 second dwell-time at a field of about 5 kG
during which three pulses of 300 GeV protons could
be injected to fill the Pentevac; then the magnetic
field might be ramped up to 85kG in an appropriate
time. The ramping time might be a few minutes, if
the Pentevac were to be used as a storage ring, or !
it might be as short as 10 or 20 seconds, were the
Pentevac to be used as a fixed target accelerator!
Any length of flat~top could be used, and then the
magnet could be ramped down in about 20 seconds.

Even with our present intensity of about 3 X 1013
protons per pulse, an intensity of as much as 10
protons per pulse might be possible in principle, but
in that case the total kinetic energy of the protons
would be about 100 megajoules. Such a beam would
evaporate anything solid with which it came into
contact. Even a small fraction, say 107°, of that
beam would drive any superconductor into noermaicy.
This doesn't mean that the problem of containing
such a beam and of benignly aboriing it in an emer~
gency is impossible, but it does indicate the serious-~
ness of the problem.

This is not the place to remark about the use of
the ‘Tevatron for fixed-targrt experiments, As the
figure shows, if the beam could be extracted, it could
be transported t¢ experimental areas as much as 4 km
in length, if the transporting magnets were to have a
10-20% greater magnetic field. The Pentevac should
make an ideal colliding beam facility if the energy
depositlon problem can be solved. If beams of anti-
protons can be stored in the Tevatron with adequate



intersity for pp colliding beam experiments at 2 TeV
¢.m., then those beams could be easily transferred to
the Pertevac with the same peripheral density and then
accelerated to 5 TeV each, The beams will be automat-
ically narrowed during the acceleration so the lumin-
osity should increase by about an order of magnitude.

It is interesting that at this energy, synchrotron radi-
ation emitted by the protons is significant, and will
"cool" the size of the beam down by another order of

magnitude,
I will leave it as an exercise for the student to

work cut how to make pp collisions, how to get dys-
pepsia with a 100 GeV electron sto: age ring in the

the POPAE Design Study NAL, TM-547, 1973,

3R. Diebold et al., POPAE Design Report {a 1000 GeV
Proton-Proton Colliding Beam Facility, Fermilab and
Argonne, May, 1976), Also see NALREP, page 3,
June 1976,

4"Proceedings” of the Joint Committee on Atomic
Energy, March 9, 1971,

5R. R. Wilson, Injection Accumulator, Report NAL-11%,
May 13, 1968,

J. Walker, 1973 Summer Study Report 55«73, p. 260
Fermilab Report, April (1976), Fermilab Proposal
P-478.

7R. Johracn and P. Limon, Modest Colliding Beam
Meeting, NALREP, (1976).

same tunncl, and then how to collide 100-GeV elecctrons SR. Johnson et al., Fermilab Proposal P-478.
with 5-TeV protons. The future for Fermilab is fright=- 9C. Rubbia et al., Fermilab Proposals P-494 and

eningly fantastic!
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NAL 1973 Summer Study Report S$-73, p. 21.
2T, L. Collins et al., Summary Report on Phase I of

s s —— 1o,

Fig. 1.

P-493.
0g, L. Goldwasser, HigFlights of Summer PAC Meet-
ing, NALREP, 9, July 1976.
“R. R. Wilson, A Bypass and Inner Ring at Fermilab,
1977 Fermilab Summer Study report, Vol. 2, p. 379.
12R. Huson, Colliding Beam Bypass, Fermilab TM-753,

Nov. 1, 1977,

The Fermilab site with a ring 2.5 Km in radius inscribed
and with possible external beam lines indicated.
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Radial Coil

Fig. 2a. A possible degign of an 85 KG Doubler-like super magnet with an
elliptical magnel opening of 2 1/2" X1 3/4", It would fit with a
standard doubler cryostat. The conductor cable would bé made
of Nb, Sn cable 0.050" % 0.300".
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Cryostat Space

Pancake Coil

Fig. 2b. A possible design of a high-current "pancake" coil winding for a 85 KG
super magnet made 14 turns of Nb3Sn cable 0.100 X 0,600, The magnet
would fit within a standard doubler cryostat.
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EXPECTATIONS FOR ULTRA-HIGH ENERGY INTERACTIONS

R. P. Feynman
California Institute of Technology

I Introduction

I will talk about expectatitns for strong inter-
actions and leave to others the discussion of weak
inter I will ate on the hadrons pro-
duced in high~energy collisions.

We have a theory calle¢. quantum chromodynam-
ics (QCD) that most people think might be right. This
theory has a property called asymptotic freedom which
means that at very high cnergies particles appear to
be free. That is, the coupling constants in effect go
down as the energy or momentum transfers go up. At
high energy, we ought to be able to analyze the physics
because we think we know how to analyze small-
coupling systems.

But in any real experiment, if, for example,
you cbserve a pion, it invo'ves both high and low
energies. By the time the quarks and gluons have
cascaded down to become real hadrons, the energy of
interaction of the parts in the hadron become impor-
tant, so that the question o' how to separate the high
and the low energies is one that has not been com-
pletely analyzed. My opinian {to suramarize my talk)
is that in a rather short tin.c, perhapa even before the
machines are completed, we will have developed a
theory by which we are able to calculate quite accu-
rately the behavior of the hizh-energy end and will
have some way of latin; that into real
experimental facts, either by telling what will happen
if you sum the momenta of sume particles together or
hold certain angles fixed or tomething. How we will
separate the low-energy part, which is involved in
every experiment, from the high-energy end is not yet
known.

IO. Quantum Chromo cs

I would like to discuss first the evidence that

o dzm

= >
25 m(%—)

A

where Q is some momentum transfer ia the collision

and A {s 2 parameter that has been evaluated by

Politzer from e-p ng to be in the neighb

of 0.5 GeV. [f that is true, then

2 _ 1
S TN

a simple formula. In a collision at 90" in which there
hasbeen a perpendicular momentum transfer P:, then

2 1
& % T5¥logrr

Thusat Py = 4, g° = 0.3 and at By = 32, g2 = 0.45. We
expect to be able to do perturbation theory in the gz
= 0,15 cage, but maybe not at g = 0.3,

We must add to the first-order approximation
the effects of higher collisions, Examples of collisions
adding to the lowest order of Fig. 1(a} are shown in
Figs. 2(a) and 2(b}. The first is an analogue of brem-
sstrahlung. The second is a virtual-gluon correction
to the first order, The result of these higher col-
lisions is to yleld an effective non-scallng, that is,
that the incoming particles appear to have differing
momenta depending on Q2. a non- scaling effect of the
parton distribution. 1 believe theae non-scaling effects
are caused by trying to combine the effects of higher
collisions with those of the first order. The net result
15 that the parton distributions do not scale perfectly
if you use the elementary theory. The fragmentation
functi the distributione of that_come out
when a quark comes out, also depend on Q.

I will give an example of the physics by dis-
e-p ing, This was analyzed by

QCD might be the right theory and also some
of what will happen from the QCD asymptotic-freedom
theury. The work I shall discuss was done in collab-
oration with Field and Fox. 1 Al this work is very
preliminary. We do not have anything derived cor=
rectly from the LaGrangian, or whatever, of the field
theory. This is a qualitative discussion and rough
estimate of what might happen if QCD is right. A good
deal of my talk will be spent in showing that what we
have observed so far is not inconsistent with the pos-
sibility that QCD 15 right, but shows no direct evidence
that it is right, only that it isn't necessarily wrong.

The idea is that the partons inside nucleons are
gluons and quarks. The kard collisions between two
quarks, for example, a8 in Fig. 1(a), can be analyzed
in terms of the exchange of & gluon, Or a gluon in one
proton and a quark in another imteract, as in Fig., 1(b),
making a gluon and a quark. Other combinations are

Politzer, 2 Figure 3(a) 15 a diagram of the elementary
P The ing proton a quark and
perhaps another parton or several. The proton ig hit
by = virtual y from the electron and knocks the quark
off toward the upper right, It was in these terms that
the scaling behavior was first understood, by sup-
posing the distribution of the partons in the hadron
scaled, But now we realize that there are higher col-
lisions in QCD and that the proton can emit a gluon
ahead of the collision, as in Fig. 3(b), or afterward,
ag in Fig. 3(c), or have a correction to the original
diagram from a virtual gluon, as in Fig. 3(d). If the
gluon and the quark come out almost in the same
direction, we cannot distinguish Figs 3(b) and 3(c)
from Fig. 3(a), becauae the only thing we can use to
disti h them isg ki i When the momentum
difference {8 wide enough, the kinematic relations
between the momentum of the quark and the energy

possible. All thege are to be analyzed by perturb
theory, both in first approximation and with correc~
tions. The coupling constant is given by
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and ptum of the transfer do not work out because
effectively this quark does not have zero mass, but
turns into a quark and a gluon which have a relative



mass. If this effective mass m2 < Az, a constant of
the order of 1 GeV, one cannot distinguish 3(b) and
3{c} from 3(a). Therefore we integrate the con- .
tributions from 3{b) and 3(c) only over those m2 > A%,
Then it turns out, surprisingly (but interesting, that
you understand it} that the relative contributions from
3(b) and 3(c) varyasthe square of the coupling constant
(because there is one extra coupling) and as the square
of the logarithm of {Q2/A%), They go in the typical
bremsstrahlung way as dm' /mz. with two logarithms,
one for the angle and one for the momenta, Thus the
relative contributions increase with Q°, even though gz
varies inversely with log QZ. For corrections at
transverse momenta that are more than some finite
amount, the higher-order corrections rise with QZ,
rather a surprise in view of the dependence ol g2 on Q2.

Diagram 3(d) has corrections that affect the total
eross section o (more properly o multiplied by the
momentum p of the observed hadron) that also
depend on a cutoff in the integration, and the product
op is roughly the same whether or not these effects are
included. But the distril of i or
the apparent parton distribution, appears to chinge with
Qz. In the diagram of 3{b), the hard quark leaves only
a fraction of its momentum to be hit by the electron.
The rest coasts out as the gluon and the electrcn in
effect sees a softer quark. Of course, in diagram 3(c)
it sees it at full steam, but 3{c) is decreasing, so the
hard quarks are decreased in number because the total
momentum of the quarks is conserved, but the low end
is increased. So as we make corrections and relate
them to the elementary theory, we find that we can
represent all the effects by the elementary diagram of
3{a), except that the distribution of momentum of the
quarks in the proton varies with Qz. One can trans-
form this idea into a differemntial equation and find a
simple equation for the moments of the distribution
and find how the distributions change. So those for any
QZ can be gatten if they are known for just one "refer-
ence momentum. "

The same idea works for the disintegration
functians, as we can see in production of hadrons by
ete”. In Fig. 4(a), we have the simple diagram of
two quarks coming out from e*e”. Ina higher appraxi-
mation, there can be a correction that cuts it down, as
in Fig. 4(b), There can also be the emission of a
gluon in addition to the two quarks. If the gluon angle
1s large enough to glve it a finite momentum, this
makes the same kind of logarithmic correction as in
the total croas section I discussed above. The net
result is that the momentum in the hadrons has been
split, so that high momenta are cut down and low
momenta are enhanced.

I will now prcsent some experimental evidence
on apparent scale breaking at larger x in ep and up
scattering. At larger x, the curves of Fig. 5 2l as
QZ 18 increased and at smaller x, they appear to rise.
There are still 1 as to wheth Ly effects
have been properly treated and these results should be
regarded as preliminary. They do allow us to deter-
mine the 4/ that appears in g2 and it is in the neighbor-
hood of 0.4-0.6 GeV. The net result ig that the
distribution functions for W veries with Q in & man-
ner predicted by theory, as shown in Fig. é(a). We
must 8180 guess at the gluon distribution at some given
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reference momentum inside the proton and we have
made & reasonable assumption, given the total momen-
tum of the gluons, We show it in Fig. 6(b). It also
varies with Q“ in an analogous way.

Just as the distribution functions of partons vary
with Qz, so do the disintegration functions, Figure 7
{a) is the disi. ction of w's produced from
quarks. Inthe same way as above, we must guess the
gluoh disintegration function. Here we have no infor-
mation and have explicitly proposed a definite guess for
this distribution, shown in Fig. 7(b). In order to
agree with experiment, we propose that when gluons
turn into hadrons, they turn into generally softer
hadrons - higher multiplicity, but lower momentum
each - than do quarks.

ion fi
ation

1II. Comparison with Experiment
I will now discuss fitting of the high Py hadron
data by QCD. 1 am trying to show you that it is not

impossible that QCD is right. If it is not wrong, it is
the most rensonable theory. It has many gualitative
features that szem to be right. It is always true in
these kinds of talks when a new machine is being built
that you can say that anything will happen and you
should go ahead and find the marvelous new things that
are bound to happen at high energy. But I would like
instead to make a conservative best guess as to what
is most likely to happen.

We had done some previous work in which we
supposed that the major thing that was happening was
collisions between quarks. We had to assume that the
cross section varied as 1/E®, where E is the energy,
because experimentally the cross sections varied as
1/E® if momentum ratios and angles were left fixed
and a scaling argument indicated that meeant the inter-
nal cross section for quarks had to vary the same way.
This is not the way that quantum field theory is
expected to go. It should give 1/E4 with some loga-
rithms. But that was so ohviously in disagreement
with experiment that we took this ad hoe form, 1/E°®.
We also had to use a Py of 500 MeV for the quarks
inside the proton. This model gave geod success but
with some difficulties. The first was that we needed
an arbitrary cross section to fit the data. More
important was that the Pgyt that we chose turned out to
be too small, Here Pyt is the transverse momentum
of quarks ingide, which is easily measured by the out-
going momentum out of-the plane of a collision. In
addition, if you measured with a target on one side and
looked at the particles on the other side, which we
supposed were coming from a quark jet, we obtained
too large a momentum for these "away" particlee.
Furthermore, the number of u quarks in the hadron is
greater than the number of d quarks and the ratlo of
ot/ should therefore be greater than unity. We
obtained too large a +/- ratio for the away particles.

Qur new attempt is based on QCD, It is pre-
liminary in that it uses nonacaling distributions instead
of correctly calculating the effects of the higher col-
lisions. I 1s algo necessary to guess the gluon dis-
tributi as I have di d above. We must also
guess how the gluon fragments into hadrons and we
‘have supposed that it fragments into softer hadrons
than do quarks,




We chose <P|> = 849 to fit the ¢ and p~ Pout
digtributions. This is very poor, because these dns-
tributions are almost certainly affected strongly by the
higher collisions, which we have not treated fairly in
our preliminary nonscaling distribution theory. When
a quark and an antiquark annihilate to mazke a p pair,

a gluon is sometimes omitted and therefore the p pair
is ving with a ¢ se 11 larger than.
that which comes from the initial transverse mcmen-
tum of the quarke inside the proton. All this has been
summarized in one number in our theory. At any rate,
a fit to the data is shown in Fig, 9. The hope is that
the effects will be similar in hadron eollisions to what
they are ir the u collisions, @0 we can use the trans-
verse momenta we got from the p experiments.

I should also point out that, since the y* and p~
are produced in pp collisions, they can also be pro-
duced by quark-quark collisions or by quark-gluon
collisions. Figure 8(a) is a diagram in which a virtual
photon i knocked out end produces a pp” pair,
Figure 8(bj is a dlagram in a quark-gluor, collisfon.
This second diagram of higher order in gz but is not
infinitesimal compared with the first [8(a)] in pp eol-
lisions because it is more difficult to find an antiquark
than to find a gluon. In proton-amiproton, Fig. 8(a)
would dominate.

We got as much of our information as we could
from non-hadron experiments in trying to compare
this QCD model to hadron experiments. First, it
turns out that it can be made to fit the cross section,
in gpite of the P,"8. Thus QCD may be all right, If it
may be all right, it probably is, In Fig. 10 I show
data of cross sections multiplied by P1°. The solid
line is QCD theory and we see that we have a not-
impossible situation, even though there is some
uncertainty (and some gkill) in this graph. I empha-
size that the absol cross i are ]
determined by Pclitzer's coupling constants and that
we have no parameters to make a fit, The gluons
make relatively important contributions to the crogs
section and there is some adjustment in that. Second,
the transverse-momentum effect that we put in bas a
large effect. The dotted curves are QCD without the
849 MeV, which is called "smearing" in our work, It
is not that with smearing we can predict the result,
but that we cannot prove that it is wrong.

The next curve, with a scale with a wider range
of Pl. Fig. 11, 1s an experiment at very low x) and
90°,” The old P "% extropolation and the new QCD
predict completely different curves by a factor 100,

In the next graph, Fig., 42, instead of multiplying by
Pj_s, which we now appreciate is artificial, incidental,
and an artifact of the short range of energles covered,
we plot it multipiied by P14, which ghould give the
right behavior at infinity (to within some logarithmic
factor) showing how it pol with and without
smear up to P) = 20, Note that both curves are
getting flatter; the rise at the beginning 18 caused by
other effects, which are not fundamental, we think.

Compared with our earlier attempts, the large
Pgut that we got from the p experiments shows up in

tum is about 65% of the trigger momentum, The old
theory is shown as a dashed line, - Everyone will
appreciate that none of this evidence is very positive
or direct, but only shows that nothing is in disagree-
ment,

Some charge ratios are decreased because gluons
come out often and gluon jets make as many negatives
as positives, But the gluon jets are softer and in a
one~particle, one-arm experiment, you are more
sensitive to higher momenta and thus to quarks.
Because of this bias, the effect is not as large as
might be expected, but is still substantial. Figure 14
is a graph of experimental points of the #*/x~ ratio
from pp collisions, with the dashed curve giving our
former resulits and the solid curve our QCD results.
The QCD curve is still a little low, so something may
still be a little wrong, but at least it is not impossible.

On the other hand, a more dramatic example is
the away-side particles with a large fraction Z,, of the
trigger momentum, There are many fewer of these
particles because the softer gluons are produced most
of the time. When you trigger on one side, there is no
bias against the gluone on the other side. Because the
gluons are assumed to be softer, we get fewer par-
ticles of high momentum. Figure 15 shows several
examples of data with the old and new predictions.

Finally, 1 will talk about the charge ratios on the
away side. Now, because of the gluons, we sbould get
much closer to equal numbers of positives and nega-
tives, whereas previously we would have predicted
more positives than negatives. Figure i6 shows the
previous predictions for positives and negatives, both
too high compared with the data, shown as cizcles.
‘The QCD predicHons are shown as squares. There is
& problem here with the K™'s, which I will not discuss.

Another chaunge that the ne.. heory makes is that
the ratlo of jet cross section to single-particle cross
gection is closer to 1000, instead of the 100 of the
previous theory. For the single-particle cross
secticn the new theory is in good agreement with
observed data at 53 GeV, but gives a very different
prediction from the old theory at 500 GeV, where
there are no data as yet {see Fig. 17).

A very gerious effect for experiments which are
looking for W mesons is illustrated in Fig. 8. Here
we have plotted the W meson production expected as
analyzed by Quigg? (we shall have to reanalyze it in
our new model, but it may not be vastly different,
although the transverse momenta will be generally
higher), These are compared to our old predictions
for the number of hadron jets expected as background.
You see, as Quigg remarked, they might be observ-
able, but now our hadron predictions are two orders of
magnitude higher so the problem of seeing W's in such
a background is very severe. {The Pp production rate
for W's s about a factor of 10 greater than the pp
rate at this energy which is still significantly below
the expected QCD hadronic background.) 1 is not at
all clear how reliable these predictions are, but the
orders of magnitude may not be too far off and the new
theory has much more physical content than the old

hadron experiments. The solid curve in Fig. 13 is the
new pr of QCD ed with the data of &
Poyt experiment with "away" particles whose -
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logical one,



Thus, in the QCD theory (still to be regarded as
preLrninary), we find the following new things:

{1) Much larger cross sections at high Py.
(i) Larger values of Pg;.

(iii) There should occasionally be three-prong
jets from two quariks and a gluon, or some other
combination. They should be rare, but there is ample
phase space available. If you integrate over the
momentum of the other jet, then you can get more
three-jet than two-jet cases,

{iv} One should be able to see some charm and
rm particles ing out from gluon-gluon
making a quark-antiquark parwr, for example. There
could also be other kinds of quark-antiquark pairs (t
orb). A very crude estimate might show the proba-
bility of a charm quark initiated jet to be of the gen-
eral order of 4.5 to 2% in pp and 4 to 5% inpp. This
does not mean that e will see a few per cent as maxy
charmed as normal hadrong, becauge in the Jower part
of the cascade we expect anly normal hadrons.

< .

(v} All the effects we expect are nearly the
same for pp and fp, except for the W production and
w "™ pairs from a quark-antiquark annihilation,
because there are somewhat more qq in pp than in pp.
Thereis a kg effect, a y of pro~
ducing W's from quark-gluop collisions, These con-
tributions, whic.h_have not been evaluated, will be the
pame for pp and pp. The W will have higher trans-
verse momenta than previously expected, Because of
(1) they will have to be observed behind a very large
background of hadrons,

IV, A Look into the Future

I would like to illustrate in a qualitative way
what will be seen in the future. Instead of the com-
plicated case of two protons making a quark-antiquark
pair at high trangverse momentum, I'll take the sim-
pler but similar case of e'e~ making hadrons as a
function of energy. I draw in Fig. 19 momentum-~
space diagrams of where you will find the hadrons.
The absolute scale is the beam energy, At a reason-
able known energy, say E = 8, the particles will lie
in opposite jets as shown in the {irst sketeh. A finite
is ible for the hadrons, of
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order 0.5 GeV or less.

When we go to higher energy {second sketch), we
will expect roughly the same thing, stretched ous along
the jet by our scaling. The transverse momentum will
therefore lack smaller. But there is the possihility of
a small knob sticking cut. We bave to go to still
higher energy to see what it ia (third gketch), Itis

her jet, perhap ther gluon, 1ing out. As
you increase the energy, you get & more structured
picture, At tultra-high't energy {fourth sketch),
there are many prongs. It is like laoking at a tree in
mare and more detail and seeing more and more
prongs. Such & 'tree' is called & "(rll::‘h}." kaown

from the mathematical p: of

ng the
sides of  triangle into smaller triangles.* We may
have to deal with fractals at ultra-high energy.
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‘There 1 a problem of perturbation theory, We
shauld be able to calculate by small-coupling theory,
but it isn*t low order, because it has so many prongs.
If one wants to calculate down to a cutoff of smaller
transverse momentum, then the higher-order diagrams
hecome more important. But they ought to be summ-~
able or analyzable, If one looks at moments, ane gets
simple differential equations. But if one wants to dis-
cusg niore detail, it is necessary to discuss such a
“fractal, ¢

I believe that it is quite pogsible that by the time
the machine is built, the theory will be worked out and
under control. The difficulty ia to forrmulate in more
teclnical detail what part you can celculate and what
part you cannot, We know generally that we can calcu~
late the high-momentum part and cannot calculate the
low-! part. Caleuletion of nts will not
give enough detail of the fractal and we need to be able
to calculate more detail of each prong, When we can
do these calculations, we will be able to prove all the
relationships and theorems end have that end ef hadron
physics worked out.
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HIGH LUMINOSITY PP MACHINES: THE PHYSICS GOALS

David B. Cline
Fermi National Accelerator Laboratory, Batavia, Hlinois 60510

and

.~ University of Wisconsin, Madison, Wisconsin 53706

Abstract

High energy Pp collisions will provide a labora=
tory to observe the interactions of point-like constit-
uents. With machines of luminosity > 10 1em4gec™?
the production rate of the intermedi vector b:
and p ibly of Higgs bc will be ad The
production of massive vector particles that de :.y elec-
tromagnetically s well as the direct production of
dileptons will extend } ledge of the electr
interactions. Several schemes to increase the lumin-~
oslty of pp storage rings are discussed,

L __Introduction

The scheme for adding an antiproton source to
the Fermilab machines which uses‘the Booster to
decelerate the P’s and a new electron cooling ring to
damp the three dimensional §F phase space has been
deseribed b¥ Cline, McIntyre, Mills, and Rubbia
previously. ! This scheme should provide a luminosity
of ~ 1030%cm™ gec~! in the energy doubler { Tevatron)
ring. At this luminosity many exciting experiments
can be carried out including the search for the inter~
medinte vector boson. A lower luminosity is expected
in the Main Ring at Fermtlab, 1

Future applications of colliding 5p machines at
Fermtilab should likely concentrate on the use of the
doubler because:

1, The regular 400-GeV macbine program can

d to the experi areas,

2. Antiproton production can continue simulta~

ly, thus all g for a 1 v
operation.
3. The in the doubler is exp d to

give lifetimes in excess of 24 hours,

However, an increased luminosity by a factor of
10-100 would be of extreme: interest in order to study
exotic weak and strong-interaction processes, Asa
comparison we may cite e*e™ machines; vggv rgéxghly
a 2-TeV ip machine with aluminosity & i0°%m “gec~1
would be equivalent in some sense to an e*e™ machine
(quark=antiquark machine} with a center~of -mass
energy f = 200 GeV, Thus for purely weak and elec-.
tromagnetic interactions a high 1 v Pp machi
is in many ways comparable to an e e~ machine.
However, for strong interactions, especially vector
gluon exchange, there is no corresponding ete” pro-
cess and the Pp machine has a unique phyaics
capability.

Since this is a workshop, I'd like to discuss two
subjects: one i8 the subject of the Workshop "Can we
design high luminosity Pp machines?"” ©Of course,
there 18 always the question "Should we design high
luminosity Pp machines?" It's a little harder to
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justify perhaps. For the second part of my talk [ will
discuss a few points where high luminosity pp inter-
actions may give physica an interesting reaction that
might be hard to get otherwise.

Let me first start out by reviewing what was said
previously. The two machinea that are being designed
at this moment and are in some stage of being construc-
ted are the Pp machines at Fermilab which ultimately
will have 2 TeV tg 4he center of mass and a luminosity
of about 103%cm™“sec! and the machine at CERN
using the SPS will have an energy of 0.54 TeV and
again a luminosity of 1030cm—2gec1. ? The most
important question is "Can one achieve a higher lumin~
osity in these machines?" Some of us have gone through
the small exercise to start off the Workshop of dis-
cussing how you go about making a higher luminosity
machive, let's say at Fermfilab. * Let me first review

‘the existing scheme which will be discussed in more

detatl this afternoon.

Figure 1 shows the schematics of the machine
at Fermilab. Antiprotons are made by extracting the
proton beam at 80 GeV/c and the antiprotons will
travel cross country through a FODO channel into the
Booster, will then be decelerated to 200 MeV (644
MeV/c) and then transferred to a small cooling ring.
Electron cooling will be used to collapse the phase
space, This will he done repetitively t‘o&a large num-~
ber of cycles until approximately 5 X 10"~ antiprotons
are collected in r day. So we start on the assumption
that there will be an electron cooling device which is
a.lready’ yndar construction at Fermilab and that
5 % 10" _antiprotons per day will give a luminosity of
103%m=2gec1.

Now the question is "What is a mechanism
whereby the number of antiprotons can be increased
by at least a factor of 10?" At the Workshop we will
have to discuss this extensively. The existing tech-
niques using electron cooling seem to be limited to
a few » 1ol antiprotons per day, and in order to
collect larger number of antiprotons, it will probably
be necessary to build a new large-aperture device to
colect a larger phase space of antiprotons. One pos-
sible scheme would be to add a precooler as shown in
Fig. 1. The Booster in principle could be accepting
antiprotons back into the cooling ring during its idle
time, so {f a new ring were added, let's say a pre-
cooling ring with a very large acceptance, it would be
available for cooling the phase space of that beam in
approx 1y 2 to 3 d 5o, for le, if
betatron stochastic cooling is used in this ring, there
there would be 2 to 3 ds to do hasti ling,
g0 that the antiprotons from that ring could be put
through the Booster, transferred to the electron cool-
ing ring, and then phase space completely collapsed.
The scheme is outlined in Fig. 2. The precooler
would be collecting antiprotons and the electron cooler
would be the storage device for keeping antiprotons




cool for a very long period of time, Using this tech~
nique, provided all the problems can be solved, col-
lecting large phase space antiprotons, target heating,
and a large list of these which we'll go into in ﬂE
Workshop, then it seems possible to get 3 X 10
antiprotons. This scheme depends critically on fast
betatron stochastic cooling.

The second scheme is to add a new supercooler
ring which would be an enlarged version of the AA
ring being constructed at CERN. In this case all the
cooling would be dene in this ring and the cycling time
of the Booster would not set the cooling time required
as in the cage of the precooter. This scheme has very
serious problems because the very large circumfer-
ence o the Main Ring is not ideally matched to a super-
cooler. Furthermore, there will be serious target
heating problems and finally the large acceptance =
large circumference super rooler ring is likely to be
extremely expenaive if we scale from the expected
cost of the CERN AA ring,

1. _Increasing the Luminosity of &p Machines

In order to improve the luminosity above
103°cm“zsec' , there are four possibilities: Increase
the number of prolons or antiprotons; decrease the
beta function at the collision point; decrease the number
of bunches; or cool the high-energy beams to decrease
the size to the point where the beam~beam tune limits
the luminosity.

Let us take a specific example. In order to
obtain a Pp luminosity in excess of 1031em™2sec™! in
the energy doubler it will be necessary to collect more
then 101 P per machine filling cycle. Depending on
the actual gas pressure in the doubler and the other
sources of beam blowup the filling time may be as
short as every 5 hours. This will set as a goal the
cotlection of 1012 F’s 1Ir. five hours for the design of
the large acceptance ring. As discussed before there
are several schemes to improve the p collection:

1. Construction of a large aperture "super
cooler” ring,

2, Additlon of a large aperture pre-cooling
storage ring.

In the first case a de ring is constructed with
a large enough aperture to allow space for collection
and accumulation of intense p beams. In the gecond
case the ring is used primarily for collection and the
accumulation is carried out on the electron cooling

ring.

. Let us first review in detail the steps in obtaining
the expected yleld of B's in the present scheme. Sec-
ondary particles at = 6.5 GeV/ec are produced by
80 GeV/c protons from the Main Ring impliging on a
gmall tungsten target. Particles are injected into the
Booster ring and decelerated to 200 MeV. Only P's
gurvive at the end of the process. The heam ig trans-
ferred to the storage ring where it is cooled and added

The collected ratio of antiprotons of momentum
Ppto protons on target is given by

a3g 2, {9y
(:,_3)(“’1 )(_E )‘r‘
p

where a, is the absorption cross section, € T the target
efficiency and

e, - 5P
& = 6P5/R

E 2p
2 APENEE
N P Xy
dpl = »
g

where €y, ?y are the Booster x, y acceptance for 644
MeV/c antiprotons, T and p* have the normal meaning
for a synchrotron machine. The invariant production
cross section Ed:’u/dp3 1s not yet well measured to
better than a factor of two at 6.5 GeV/c. Figures 3

and 4 show the available data on P production in the
relevant proton energy range as a function of production
angle.

Figure 5 shows the cross section of 6 GeV/c §
production in the forward direction as a function of
incident proton energy. There 1s apparently little
gain in increasing the incident proton energy. The
present extraction scheme is limited to about 100 GeV/c
protons. The best present estimate for the Invariant
cross sectlon is ~ 1 mb/GeV/c®. The measured
acceptance of ihe Booster ia

Ex = 2,6mmm mrad
Ey = 1.3rmm mrad

6P/p =% 0.15%

and the estimated target efficiency €p i8 0.15.

Using these values we obtain
NB/Np =2 X 107",

For 5 x 1013 protons on target {the machine intensity
expected in 1979-1980) the yield of p for every '3 sec
cyele of the Main Ring i 1075/mrad pulse giving

~ 1010 B/nour, Collecting p for 10-20 hours gives

~ 1011 F. There are other possible improvements
that might increase the yleld by a factor of about 5.
Clearly in order to further improve the yleld the
acceptance of the p collection ring must be increased.

Let us first turn to the target and collection

system requirements. Antiproton emittance matched
to the Booster acceptance is glven by

3

x
€ _=m06_a ,
¥y

where 64, ay are the maximuwn production angles

{0 the stack of previoua One o
10 accumulate 4 X 107 B /pulse leading to ~ 101 par-
ticles in 2 X 10” pulses {3 hours}.
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d and'ay, 2y the spot size of the protons on
the target. For the case of a_ = 0.2 mm = ay and
realistic Booster acceptance we obtain




max _

Bx = 13 mrad )

93X = 6 mrad,
¥

On the other hand, there are various schemes for
increasing the B for the ial cage
of deceleration of P's (where space charge effects are prcb-
ablynot too important) and the angular acceptance of the
presgent scheme could well extend to 15-20 mrad, Note
that the production angular distribution is relatively
flat over a much broader angular range (Fig. 4). Thus
we conclude that a sizable gatn {n antiproduction yield
can be obtained by accepting a larger transverse phase
space. [In the longitudinal phase space the yleld is
directly proportional to the dp;/E ~ § P5/Ps. Thus
increasing 8 PP will increase the § yield, P

In order to increase the yield by at least a factor
of 10 coneider a collection ring with the following
properties

€, = 207 mm mrad

y

5P-/P— =
P/ P

= 20w mm wmrad
£1%.

If a collection system could be constructed to collect a
{ull 20 from the target 0, oy would increase to

0:‘“: 100 mrad

o’;‘a"= 100 mrad

and give aun increase of about a factor of 5 and 7 each
plane ylelding a factor of 35. It is very unlikely that
an ad 1lecti could be constructed to
realize the full yleld. However, a factor of 3 x 4 = 12
may be realized (f.e., 8 %€~ 50 firad =6, ).

In the longitudinal direction the gain will be a factor

2.0% _ .
0.15%

for each Booster batch, Hc-vever, it is necessary to
collect all 13 Booster batches ~ory Main-Ring cycle
(~3 sec). In order to accomplish this it will be neces~
sary to work near transition and to rotate the bunches
in phase space, It should then be possible to stack all
13 batches with a total 6 p/p in the ring of 1%,

(] P.ﬁ./PF]mw 118 PEIPF] old =

A realiatic gain of 7X 12 in P yleld can be antict-
pated giving

Ne /N =1.7% 10~
P P

and 1012 § per hour. Improved target efficiency
could give a factor or two larger ylelds,

One scheme for using a prrecooler is as followa:
Auntiprotons are injected into the pracooler ring and the
longitudinal and transverse phase space {s damped
down by stochastic cooling to the values of the accept=
ance of the Booster, namely be.IBE = £0,15%;
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&g = 2.6wmm mrad/Booster batch; & = 1.6nmm mrad/
Booster batch, A cooling time of 2-% sec ig available
for this ph pa 2. A ing an effective
phase space of I—'; = 8rmm mrad and €, = 5rmm mrad
for the 13 Booster batches the trmsve!yse beam damping
required is about a factor of 3 in each dimension, The
longitudinal phase space must he cooled by a factor of

7 1n 2-3 sec. These values of the stochastic cooling
time are not out of bounds with the present stafe of the
art in stochastic cooling.

After the beam Is stochastically cooled it is
injected into the Booster, decelerated and transferred
to the electron cooling ring for final cooling.

We have obtalned a rough estimate of the para-
meters_of the precooler ring from the above require-
ments, © The machine should be strong focussing with
vi © 9, B~ 8Mand «X_> = 1M. The transverse
space occupied by the bgam is
8P/P_ <X > =2X10"2x 1 =2 cm.

P P
At the injection point <X,> ~ 3-5 and a free aperture
of 1020 cm is required in the machine, for injection
and stacking,

The parameters of a supercooler could he scaled
from the design of a simlilar ring at CERN. 2 Although
the P momentum is 3.5 GeV/c in the CERN design it
would likely be better to collect at 6.5 GeV/c at Fermilab
because of the need to transfer the beam back into the
Booster and electron cooling ring,

The luminosity for a head-on collectian of Ny
bunches 1s given hy

3
£- Noig 1 (F_r
N/ €® Vel +e0 Mg \H

B »J o
Pz ﬂ)’ cxj X2 ¥1 Y2

where Py i3 the final , p momentum, Pj is the momen-~
tum in the cooling ring, f is the revolution frequency,
Np. N; , are the total number of protons and zantiprotons,
respectively. %, p§ are the beta function values at

the collision point_an €3, €y are the emittance o1 ine
Booster for p and p.

In order to increase the luminosity there are
several possibilitiea:

1. Increase N_, Na
O o

2, Decrease px‘ 3

3. Decrease Ng

4.

Increase F‘f

For \‘.hizschame advocated here N, is approximately
6 ¥ 40°“, Clearly B2, B* should ge made as small

as posaible, conalsté‘nt With the avallable space in the
collision straight section. A further lucrease in lumi~
nosity occurs if Ny, the number of bunchés is de-
creased, Thus it {s necessary to Increase N, /Ny,
This possibility will be discussed in the next section.
in order to gbtain a luminosity of 1032 em=2gec™! with
NE =6 1034 we take the followlng parumeters



(py = 1 Tev/c)
N- = 6x 1012
P 12
N, = 6x10

Pr.p3 - tsM
N = 6

These parameters require stacking in the doubler and
superconducting quadrupoles for the low-p section.
For these parameters we find 10 12 protons per bunch
and 10"~ antiprotons per bunch. The luminosity and
vertical tune shift are closely relate”. /2 use a
simple calculation for the SPS but including the factor
of PrIP increase for the L TeV I% proton and anti-
protons in the Tevatron. For 10 p/p in each bunch
the expected luminosity is 8 X 1031cm2gee*!, How-
ever, the tune shift is 3 X 10~ which may be too
large. Thus it will be necessary to separate the p/p
at every point except the low § region. Again the
large tune shlit indicates a limitation of the practical
luminosity for pp machines of ~ 10 31.1032em=2gec -1,

II. Physics Goals of High Luminosity Machines

(i) Point Like Collisions in Hadron-Hadron
Interactions. A very large body of evidence now
exists in support of the hypothesis that hadrons contain
point-like constituents -~ so much so that these con-
cepts will play an important role in the future develop-
ment of particle accelerators. At the same time there
is a strong theoretical belief that a field theory of
these constitutents is within our grasp (i. e., the QCD
theory). This evidence largely comes from the scat-
tering of leptons on hadrons or from e*e” scattering
with the production of hadrons or from the production
of leptor - airs in hadron-hadron collisions. Recently
the evidc ce for point-like constitutents in hadron-
hadron collisions has sharpened, Unfortunately, the
present generation of machines are at too low an
energy to allow completely convincing tests of these
concepts for hadron-hadron coHlisgions.

There are five fundamental types of reactions
that have been studied:
charge:
lepton
charged lepton + hadrons - charged lepton +
charged
lepton pair
electron + positron - (hadrons)

hadron + hadron ..(large P ) + hadrons
hadrons:

v, + hadron = v + {hadrons) (1)

(2)
(3)
(4)
(5)

hadron + hadron - +{ hadrons)

The symbol {hadrons) denotes the inclusive
production of many hadron states; in the quark model
they are thought to be the "spectators" in the hard
collision in each case considered,

It is interesting to ask what limits on the "size"
of the fundamental constituents come from, The

that the constituents carry a "fermi” momentum inside
the proton of ~ 800 MeV/c. This possibily has to do
with the fact that the constituents are confined (L e.,
no free quarks have been geen).

In order to study weak and electromagnetic
interacti it seems y that an annihilati
process occur. For example, the weak neutral vector
boson occurs as an annihilation proceas for

ete 2%

Other attempts to observe weak processes, say in the
scattering of e*e” by the exchange of weak hoson appear
to be hopeleasly swamped by the background from
ordinary pr {i.e., the hange of photons).
Similarly the detection of weak or electromagnetic
processes in hadron + hadron collisions requires the
observation of quark-antiquark annihflation, i.e.,

q+r§~2z%=ptepn

At this point a considerable difference between proton~
proton and proton-antiproton colligions becomes
apparent -- antiprotons are filled with antiquarks but
protons have only a small amount of antiquarks. The
evidence for a smal! component of antiquarks in the
proton comes from two sources:

1. Comparison of neutrino and antineutrino
collisions with hadrons.

2. The overall rate for the production of lepton
pairs by hadron collisions.

Both experiments give infor) about the t:
spectrum of the antiquarks in the proton as well. Fig-
ure 2 illustrates the level and momentum spectrum of
the antiquarks as obtained from detailed analyses of
neutrino-antineutrino interactions.

For the purpose of the calculations and compar-
isons in this report we that the 1
are truly point like - just like electrons and that the
antiquark distribution in the nucleus follows the results
of neutrino experiments, Of course the antiproton is
coneidered to be filled mostly with antiquarks and the
proton with quarks, The "momentum" spectrum of
the quarks (antiquarks) are taken from neutrino exper-
iments. Omnce theee assumptions are mede, the
resulting calculations are trivial and follow directly
from similar calculations for e*e” interactions.

(il) Production of Intermediate Bosons. [ will
try to go through some graphs to show you what the
effect of the different parton=antiparton distribution is
on pp or pp production cross sections. It's true now,
in contrast to a few years ago, the q and § distributions
have been uniquely extracted from the data so that
rellable predictions can be made, The direct evidence
for the Jq interaction now exists, and I believe this
gives confidence in the use of Pp machines. It's almost
model-independ I think the calculations for pp

measurement of the limit of the size of the c: i

comes from the study of the tranefer dis-
tribution in the collisions, much the same as
Rutherford measured the "size" of the inside of the
atom 60 years ago., Figure 1 shows a typical momen-
tum transfer distribution for high-energy neutrino
collisions. Recently there has been some evidence

hi are still t model-~dep

So let me start out first by just showing (this is
from the calculation of Quigg) the relative cross sec-
tions {Figs 6 and 7). Now what I am going to discuse
is the event rates and croes sections for a machine



with the luminosity of 103! giving integrated luminosi-
ties of 1036 or 1037, That's the kind of experiments I
would hope to do in these machines in five years or go.
Sn, we show a comparison of Bp and pp, that shows

what high luminusity buys. In other words, the Pp
machine gives much higher efficiency at the high energy,
high msass particles.

versus pp. Now, thereare one or two more interesting
aspects of W production which I'd like t» discuss which
are a little different than what Feynman mentioned. 4

In the first place, in Fp collisions the W's are atrongly
polarized, strongly allgned, Thia already gives an
effect, which has been mentioned by many authors,

that when the W decays, it tends to make Li's go the
direction of the incident proton rather than the direction
of d antiprotous (Fig, 9). It gives an asymmetry

Now what ahout backgrounds? For' I've
shown the Z% sitting on top of the background in Fig. 8,
Even in the most Pessimistic analysis, as far as I can
tell, the 2° ghould atfll stand well above background,
provided the Z° has an appreciable decay rate into
charged lepton pairs. However, it's also, 1 think,
interesting that in a high-luminosity machine one can
explore lepton~-antilepton production, e*e”, ee”, out
to about 50 to 100 GeV, which is not so far from the
energles that people talk about. Perhaps if the lumi-
nosity can be improved, than one can go a little bit

in the wrohg direction. Moat background effecta will not
give an effect in Pp collisions. This has not been looked
at in detafl, but I think it should be, If, when the W
decays into its various hadronic.decay modes, for
example, I am assuming that there 13 a hypothetical

new quark called a t quark, which may ¢xist, th.en again
similar kinds of effects exist; there will be a polariza-
tion. For example, when the W decays into Ts then the
T will want to go along the direction of the proton, and
alen in the case of'the Th, probably. Now I don't know

higher., So this already indicates that a higb
Pp machine can explore very high mass lepton-
antilepton production.

Let me briefly discuss charged W production.
There are really two ways of estimating the W cross
section, One is to use the Drell-Yan calculation.
There it seems that you know that only antipartons can
be made. Neutrino experlments give you the con=
tribution. However, using dilepton data and CVC
and neglecting the isoscalar component, a lower bound
on whe W cross section can be obtained, Of course,
this is equally true for pp or fp. I was surprised that
using the most recent data, as reviewed by Cronin,
this crogs section 18 actually greater than
2 % 10"%%cm=2, whereas, the stralght-forward Drell-
Yan cross section gives 6 X 107", go this indicates
the cross section for W prcduction could be larger
than we think and this 1s very interesting, especially
for high-luminosity machines. In this case you would
get 1/5 of an event per second with a luminosity of
1031 or 4072 would give you between 0.2 and 0.06 W's

per second. This would be a W factory.

One of the strongest items for a bp machine, 1
think, in contrast to a pp machine is shown in Figs.
6 and 7. 1f you imagine that Nature holds some very
high-mass W's as well as some vetry low-mass W's,
then in Fp one can go to a very high mass. For exam-
ple, using the integrated Iuminosity discussed before,
a very high mass W can be observed. There's one
extremely interesting thing about the W of such hi~h
mags, it will decay into two j ts of 300 GaV each. 1
doubt even in Feynman's mot 1 if there would be a
large background at this p In other words, the W's
out in this region may have ; auch less background than
we have discussed before. Anyway, onre point is that
the W can be searched for up t0 a mass of about 1.2 TeV
with g high-luminosity machine of about 2 TeV center-
of maas-energy. The cross section for W or £f grows
like T =% to some power go it goes like 52 where o
varies from 10 to 0 depending on the machine and o
forth. It's clear that the most important parameter is
energy in these machines, The second important
thing fs Iuminosity in order to get the cour*” ¢ rate and
probably the third important thing - +n Tmach=
Ines. So the ideal machine, Ibeliev. wowd be given
by thig: 2-10 Te¥, luminosity of 107! to 1032 and Fp

:
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how to calculate the mass et.ects in here so it has to be
carried out in the future. There may be a signature for
the W pr mainly from ite ali

and the flavor cascade effectively goes into multi-
flavored final states. One aspect of the asymmetry,
which we like to call charge conjugation violation
because if we were dealing with simply a proton we
wouldn't see this, is shown from a graph in proposal
P92 at CERN showing the production of 2 's, in this
case versus £ ''s, the angular distribution (Fig, 10).
Itis ahown+that by just sitting at one angle, a lot more
e”!s than e 's are produced and that would alresdy, I
think, be extremely difficult to explain by any conven-
tional background. That could be another crgument in
favor of the Bp.

Finally let me list the decay modes of the W. In
each case in order to design a detector %o see these
individual modes one has yet to find the unique char-
acteristics. Probably for the leptonic decays it will
be necessary to see misalng neutrinos, although on the
other hand, there's a large aaymmetry which may help.
Faor the hadron decays, there will be effects having to

‘do with & net flavor in the final state in the flavor

cascade, For the Z9'g it is much more problematic
because we don't know the number of neutrinos in
nature, If the number of neutrinoa happens to be
extremely large, then the leptonic channels will go way
down. There will always be a lot of hadronic channels,
but the hadronic chaunele don't have net flavor because
of the flavor conservation of the weak neutral current.

(iil} Search for the Higgs Boson. Another pro-
cess which looks extremely interesting for high-lumi-
nosity fp machines is the search for the Higgs boson.
Thie is a mythical, hypothetical best and the mass is
not predicted nor is the best experimental signature
known. In fact, the signature for the object depends
critically on its mass. Pp or pp production could give
a signature for the Higgs boson (Fig. 11). Letus
consider Pp. In Pp the fundemental process would be
q goes to the W pole which then radiates a Higgs
meson. This has been calculated in proposal 92 at
CERN (Flg. 12). (The fundamental cross mectic n was
calculated by Gedllard and Ellis, } Another process,
which has recently been suggested by Glashow and
Nanopoulas, uses two gluong making a Higgs meson
(Fig. 13). As an estimate to detect 10-100 events



with.a high luminosity bp machine, you would be sensi~
tive to Higgs boson mass of about 50 GeV. The signa-"
ture for looking for the Higgs boson would have to be
observation of the W, followed by some aspect of the
Higgs decay. For example, if’it became the two b
quarks that became the two heavy leptons, there .-
would be a W plus additional leptons in the final state,
which would give a clue that something other than just"
‘W production is going on. Clearly the search for Higgs
. bosons would benefit from a high lummosity PP machine.

{iv) Production of New Hadronic Flavors.
Finally, let us end upwith some speculations on the
cross section for producing very high mass new flavors.
So far, there is no reliable evidence yet for charm
production in pp or Pp collisions although there are -
lots of hints, which I'll come to in 2 moment, Never=-
theless one can imagine new flavors, like charm, what
have you, could be produced in pp or Pp collisions
and other sorts of things like if color were to become
unconfined at extremely high energy could also be
produced. *’e should keep our eye open for tbat sort
of thing. What I've done is to simply illustrate a
point. TI've taken the best guesses for the cross section
for charm production, I've taken the scaling prediction
of Halzen and Gaiser to show what the cross section
for charm production could look like as a function of
energy (Fig. 14). However, there is evidence now
from CERN far prompt neutrino production which
suggests that the cross section for charm is much
higher., So maybe this is even tcc pessimistic. I've
tried to scale far other kinds of objects like b quarks
and t quarka, These cross sections are always larger
than the W cross section {probably) which means addi-
tional backgrounds which we haven'i started to think
about yet for W search in pp, or pp collisions.

IV, Conclusion .

In summary, Pp interactions will provide strong
weak and electromagnetic p interactions, That seems
to be well established from existing data. Pp machinen
thaat hnve been designed to achleve a luminosity of

are in progress, The question is,.
"Is there a good reason to go to higher luminosity 7"
My conclusion is that there will be very interesting
things to do at higher luminosity. In the first place,
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there will be large rates for very masaive W's if W's
exist at much higher masses than the Neinbarg-Salam
model predicts. On the other hand, the Weinberg~
Salam particles seem to exist in relatively low maes
regions 80 they have very large backgrounds. We may
have some problems-to pull these events out of the
background whether we have pp or pp collisions.
appears because of the behavior of the lepton pair
production at low T that these machines can reach
lepton-antilepton Ihwvariant mae:.2 up to about 0.05 of
the center-of-masg energy, There is a strong argu-
ment I beliéve for the production of exotic states like
the Higgs boson where undoubtedly c. m. energy and
luminosity will be important. Here is an example in
which increased luminosity is extremely important.
There probably will be exotic pp interactions giving
new quark flavors or new magsive vector mesona
where agam hlgh luminasity will be crucial. In com-
parison to ete” machines, the rates are very favor-
able, but the backgrounds are very unfavorable {Fig.
i5). In pp the backgrounds are 10 or 10 of the
signal whereas in e*e” machines in some cases the
signal-to-noise is extremely large. T think that on
the basis of backgrounds e*e” machines look very
good; on the basis of rates the Pp machines certainly
can hold their own.

It

It appears that there are very strong reaéons to
design high luminvsity Bp machines and I hope this
workshop will be the first step in that design study.
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I. Introduction

In this brief presentation I thought
it would be of value to do two things: first,
give some history of the efforts to develop
beam-cooling ideas and, second, present ele~
mentary and simplified descriptions of the two
successful methods of cooling.

It is my hope that you will find the
histury of interest, for through it one can
see the development of the realization of the
limits on devices in the absence of cooling

Licuvillian, However, a wedged foil was effec-
tive at interchanging radial and longitudinal
phase space (which is why it superficially
looked attractwe). This is an interesting
possibility in its own right. It had been pro-
posed by L. Smith that cavities with electric
fields which varied with radius might also

have this capability, but N. Francis at MURA
proved this not to be the case.

Stimulated by these considerations and
more particularly by the desire to develop a
mathemat:.cal technique for handling self-field
R, L. Mills and I examined, in 1958,

and, then, the various ful

to develop cooling which, in due course, -cul-
minated in the effective proposals of electron
cooling and stochastic cooling.

It is my further hope that some of you,
at least, will find useful an over-simplified
description of the two cooling techniques. 1In
particular, I think that two simple formulas,
summarizing the primary dependence upon param-
eters, are quite useful in delineating the con-
ditions required for cooling.

1I, History

With the development of fixed-field
alternating-gradient accelerators and the con-~
cept of rf stacking it became possible,l for
the first time, to seriously consider
colliding-beam devices.2 (The idea goes back
to Widerce, but earlier there was no means
proposed to achieve an interesting luminosity.)
It was immediately pointed out by E. Wigner
that Liouville's theorem impased a limit upon
performance, but the MURA Group concluded that
other limits were, in practice, more severe.

the limits of applicability of Liouville's
theorem to particle beams. In this discussion
we identified the need for neglect of small-
angle collisions (which is employed in electron
cooling} and the neglect of fluctuation
phenomena {which is employed in stochastic
cooling). Neither of us, however, had the
slightest idea of how to circumvent the
theorem.

In 1966, Budker introduced the idea of
electron cooling, giving G. K. O'Neill credit
for independent discovery of the concept.9
In 1968, S. vander Meer conceived of stochastic
cooling, although he did not write the work up
until 1972.

Now, in this brief review I have
neglected to mention very much more work which
provided the background against which were dis-
covered the two successful concepts for
cooling. In particular, mention must be made
of the studies of radiation damping which pro-
vided much insight into cooling.l

I11. Electron Cooling

In the very first paper p ing a
storage ring, by G. K. O'Neill, a crucial part
of the proposal was the use of tapered foils
to provide_a non-Liouvillian injection
mechanism.3 (As a historical footnote, the
storage ring idea--~without the use of foils--
was independently conceived by W. Brobeck and
by D. Lichtenberg, R. Newton, and M. Ross.)

Immediately, the MURA Groug get to
work to study the effect of foils.%™
were able to show that the non-Liouvillian
character of even an "idezal" foil is small;
that is, the relative reduction in phase vnl-
ume ia just twice the relative reduction in
longitudinal momentum.S Thus a foil which
would significantly reduce phase volume must
significantly change particle energy (which
could, of course, be resupplied by an rf
cavity}. However, because of the small phase
volume reduction by an "ideal"” foil, scat-
tering by a real foil would more than cancel
the reduction in phase volume. (As a second
historical footnote, it is interesting that
the formulas for foil damping are the same as
those for radilation damping of electrons. See
H., G. Hereward, Brookhaven Sympogium 1961, p.
222; with a comment by K. R. Symcn.)

The work on f£oils showed that although
a foil is non-Liouvillian, it is almost
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The idea is, sim; ly, to couple the
proton beam, in a frame moving with the average
longitudinal speed of the protons, to some-
thing with less transverse and less longitud-
inzl energy (or rouyhly speaking temperature).
Then by simple thermodynamics, one must have
a cooling of the protons.

If the coupling is to a systom which
interchanges energy in the various degrees of
freedom then one runs the risk that the
"infinite" reservoir of “longitudinal energy is
coupled into the transverse motion or the
longitudinal spread in motion. An example of
this is the resistive wall instability where
the wall resistance takes energy out of the
average longitudinal motion while, at the
same time, it transfers energy from the
longitudinal to the transverse motion at an
even higher rate and hence there i8 a net loss
{in terms of cooling).

In plasma physics there are well-known
formulas for exchange of energy amongat plasma
components. From any standard text one may
obtain for the non-relativistic regime, in the
frame of average proton speed,

k!
G S £ S
8(2m)'n* e10g Hp

T" 32

™ (1),

eq



where all quantities are in the moving frame

* * 2
= kT_ =
T proton temperature ( P I/ZHPVJ_ Y,

T‘e = electron temperature,

n, = density of electrons,

loghA involves the Debye length,.

t'eq = equilibration time.
Assuming T*p doninates Tfe {very cold electron
beam), one obtains for teq in the laboratory:

RS L (@
9" 200 r oz n.e

where re abd rp are the classic electron and
proton radii, hg is the electron density in the
laboratory, and B* is the proton velocity (in
units of ¢} in the moving frame. The factor of
y? is from transformation of n¥s and t*eq. For
transverse temperature B* = y@1ah, where 61ab
is the angle of deviation of a proton from the
average (or electron) direction. For a proton
with a longitudinal deviation in momentum

8* = Ap/p.

Thus one can sie, especialiv for the
cooling of betatron amplitudesg the strong,
dependence upon Y, namely as y°. For damping
of longitudinal phase space the y deperdence is
weaker. Alsa, of course, one wants a ligh
electron current so as to decrease Tey-

An alternative--and very simple--
derivation of Eq. (2) may be obtained by con-
sidering elementary collisions between elec-
trons and protons, but that ia, of course, the
basis for the quoted Eq. (1).

The inclusion of many complicating
features, such as a strong longitudinal mag-
netle field, have been considered in recent
years. Aalso, careful theoretical treatments
have been given employing distribution func-
tiona. You will be hearing about this later in
the Workshop. Finally, I want to emphasize the
very extensive experimental work, laading to a
demonatration of the practicality of this eon~
cept, which has been carried out at
Novosibirsk.

1V. stochastic Cooling

This technique employs the fluctuations
in a beam of a finite number of particles to
provide the cooling. The mean lateral position
position, x, of a sectlon of the bcam is sensed
by a system with gain, g, and bandwidth, W. At
some other point of the ring a correcting
signal is applied.to the beam so as to reduce
. The correcting sectlon is placed close
enough to the pick~up station so that most of
the particles detected by the pick-up.are in
the sample that is affected by .the correcting
element. The process can be repeated, effec-
tively, if on subsequent passages through the
pick-up, different particles are in the sample.
In short, one wants little spread in particle
transit time between pick-up and corrector
{compared to 1/W} and a large spread in transit
times between different encounters of the pick-
up (compared to 1/W).. In this case,
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CoC = 2 - gq2y™?
Taamping = o 29 - 997, (3)

where N is the total number of beam .
A finite signal-to-noise ratio, l/n, modifies
the factor of g? to g*(l + n).

We may readily derive a formula for
stochastic damping, by employing a simplistic
model, which is very close to Eq. {3)., Sup-
pose the pick-up is of length £, in a ring of

radius R, containing N particles. Then there
will be
NR
n = 2R

particles in the sample, and the centroid of
this group will be

z

i=1

X =

n
5 .

Eid

Suppose the corrector changes each particle
position xj to xi - gX where g is the gain of
the system.

A measure of the beam spread is
2 =1 2
RS PIEAS

since although the sample of n-particles has a
non-zero centroid ¥, the centroid of all N
particles is zero. It is easy to compute that

after the corrector, x° changes to

—_— =2
x=1-(zg-g=)"—z.
X

Thus, if the correction is made once per
revolution a characteristic time is

.~ NE - 2

Tdamping * Bo {2g - g?}. (4)
Clearly, %/Bc is close to the bandwidth W,
while the numerical factor comes from a more
careful definition of the characteristic time.

As in the case of electron cooling,
much theoretical and experimental work has
been done beyond that leading to Eq. (3). In
particular, a great deal of experimental work,
demonstrating the practicality of the concept,
has been done on the ISR at CERN.
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The paper is complete without the fol-

.lowing Appendix material which consists of
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the transparencies shown at the Workshop
{the marked parts were read aloud). They
are included here to provide the reader
with some appreciation for the spirit and
character of the Workshop.
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IN phunu\;, accelerators of highor and higher energy,
it is well appreciated that (he cuergy which will
be avsiluble for intefactions in the center-of-mass

it system will i : only as the squaze root

LETTERS TO THE EDITOR

of tlw energy of the l:wlenlnl. The punbnlny .|

du:cung bums -gamst nch ot\\er has often bq,,
d, but the i of beams so far available
have made the idea impractical, Fixed-field nltmm.u.‘
gradient accelerators! offer the possibility of obtaining
sufficiently intense bcams co that it may now be
reasonable to reconsider directing two beams of
approximately equal energy at each other. In this
circumstance, *wo 21.6-Bev accelerators are equivalent
to one machis . of 1000 Bev,

The two fixed-field al i di )
could be amnged so that their hlgh-cnergy beams
circulate in opposite directions over a common path in
& straight section which is common to the two acoele-
rators, a5 shown in Fig. 1. The reaction yicld is propor.
tional to the product of the number of particies which
aan be accumulated in each machine. As an example,
suppose we want 107 interactions per second from
10-Bev beams passing through a target volume 100 cm
¥agand 1 cm?® in cross section. Using S 10~* cm? for
the rucleon interaction cross section, we find that we
need 5X10" particles circulating in machines of
radius 10 cm.

‘There is a background from the residual gas propor-
tional 10 the number of particles accelerated. With
10~ mm nitrogen gas, we would have 13 times a8
many encounters with nitrogen nucleons in the target
volume as we would have with beam protons. Since
the products of the collisions with gas nuclei will be in
& moving coordinate system, they will be largely
confined to the orbital planc. Many of the desired p-
interaction products would come out at Jarge angles to
the orbital plane since their center of mass need not
have high speed in the beam direction, tnus helping
to avoid background effects.

Multiple scattering at 10~*mm pressure i wot
roublesome above one Bev; but beam life is limited
by nuclear interaction with residual gas ‘o ~1300
seconds. Consuquently, in about 1000 seconds the high-
energy beam of 5)10" particles must be established
in each accelerator. The fixed-eld nature of the accel
enator allows it to contain beams of different energy
simullanccusly. It may be possible to obtain this high
beam current in this time by using ~10® successive
frequency modulation cycles of radio-frequency aceel-
enation, each cycle bringing up 5)X10" particles, It is
mouraging to learn that Alvarez and Crawlord®
succeeded in building up a ring of protons by succes-
sively bringing up several groups of ;nmclu to the
same final energy by frequency madulation in the 184
in. Berkeley cyclotron.

The numbier of particle groups which may be suc-
cessively accelerated withoutleading to excessive beam
spread can be estimated by means of Liouville's
theorem3 One can readily convince himself that there
fs nedequate phase space at high energy to accommodate
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Fic. 1. The target straight section. 8 and 4 can be ad] t
Pl s o e b e g

f the necessary number, N, of particle groups. Assume
for simplicity that synchrotron and betatron phase
space are separa cly conscrved, so that for the former

(82)/(85),=N(a£)(45)s,

where AS and Ap are the arc length and momentum
spread at injection and final encrgy. Then, employing
the fact that P~R*, where R is the radius and & is
the field index, one abtains

N=2(k+1)(8R/R)(p1/p MAS;/ASHESAED.
Using typical numbers sch as

(2:/9d~100, £~100, R~A0.Scm,
Rt em, (AE/E)~107,

one finds that there is room for N~10" frequency-
modulation cycles.

The betatron phase space available is so large that
it cannot be flled in one turn by the type of injectors
used in the past which can inject 10" particles. Thus
there is the possibility of attaining and exceeding the
yield used for this ple by improving injecti

‘The more dificult problem of whether one can, in
fact, use all of the synchrotron and betatron phase
space depends in detail upon the dynamics of the
proposed scherne and this is presently under study.
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Storage-Ring Synchrotron : Device for ;

5 accclerators of higher and higher energy are

built, their usefulness is limited by the fact that
the encrgy avnilable for ceeating new particles is that
measured in the center-of-mass system of the target
nucleon and the bombarding particle. In the relativistic
limit, this encrgy rises only as the square root of the
accelerator energy. However, if two particles of equal
energy traveling in opposite directions could be made to
collide, the available energy wonld be twice the whole
encrgy of one particle. Kerst, among others, has
emphasized the advantages to be gained from such an
arrangement, and in particular of buikling two fixed-
field alternating gradient (FFAG) accelerators with
beams interacting in a common straight section.

It is the purpose of this note to point out that it
may be possible to obtain the same advantages with
any accelerator having a strong, well-focused external
beam. Techniques for beam extraction have been
developed by Piccioni and Ridgway for the Cosmotron,
and by Crewe and LeCouteur for lower cnergy cyclo-
trons.

In the scheme proposed here (see Fig. 1), two
“storage rings,” focusing magnets containing straight
sections one of which is common to both rings, are built
near the accelerator. These magnets are of solid iren
and simple shape, operating at a high fixed ficld, and
50 can be much smaller than that of the accelerator at
which they are used.! The fullenergy beam of the
accelerator is brought out at the peak of each magnet
cycle, focused, and bent so that beams from alternate
magnet cycles enter inileclor scctions on each of the
storage rings. In order to prevent the beams striking
the inflectors on subsequent turns, each ring contains

&5 0TV GIFEAIBEATAL STAMENT NReTHES
B2 §1 IV (QQUIVALEBT) TRl  HICTwe

BHALMAY WagRLf,
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Fi6. 1. Plan vicw of particle orhits in a hypothetical arrangement
of storage ringa at & 3-Bev proton syncheotron,
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a set of foils, thick at the outer rudius but thinning to
2erd about one inch inside the inflector radius, The in-
jected beam particles lose m few Mev in jonization in the
foils; so their equilibrium orbit radii shrink enough to
clear the inflectors after-the first turn. After several
turns, the beam particles have equilibrium orbits at
radii at or less than the inside edie of the foils.

. The possibility exists of sturing a number of beam
pulses in these storage rings, since space chacge and
gas scattering cffects are smal! at high encrgics. I're-
liminary calculations have been carricd out on 2 hypo-
thetical set of storage rings for the 3-RBev, 20 cycle per
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efiect have been carried out on the analog computer. It
was found that the effect would be serious unless the
initial injection to the storage rings could be very pre-
cise. However, calculations were also made on a system
involving a second foil placed at the inner limit of the
good-n region. This foil would move the particle orbits
inward as soon as betatron oscnllnnon became serious,
and would then ¢ g the b oscilla-
tion amplitude until 1he foil itself was rotated out of the
median plane. During the long interval (about 0.1 sec-
ond, or 600 000 turns) before the next beam pulse, the
betatron oscillations would continue to be reduced

second  Peinceton-Pennsyl proton  synch
Since the storage rings would be simple and almost
entirely passive devices, their cost would be small
compared with that of the accelerator itself. It was
estimated that a pair of storage rings opcrating at
18 000 gauss with a 2 in. X6 in. geod-n region would
weiph a total of 170 tons. The magnet of the synchrotron
itself uould \\eu,h 350 tons, wnd would be of much more
iron. In the event
that one could obtain an average current of 1 micro-
ampere from the synchrotron, and an average particle
lifetime of a few seconds for tlie storage rings, there
would be about 1000 strange-particle-producing re-
actions per second at each of two beam crossover paoints,
for an estimated 1.5-millibarn total cross section. The
center-of-mass energy, 7.8 Bev, would be equivalent
to that of a 31-Bev conventional accelcrator. If storage
rings could be added to the 23-Bev machines now being
built at Brookhaven and Geneva, these machines would
have cquivalent energies of 1300 Bev, or 1.3 Tev.

1If only one storage ring were used, tangential to the
accelerator itself, the interaction rate would be reduced

by & thin hydrogen “target" jet also at the radius of the
second foil. The process of erbit shrinkage would stop
when the particles were cap d in stable synch
phase by a low-power fixed-frequency rf system; the
reduction in betatron oscillations due to the hydrogen
would continue. The rf system would define an equlib-
rium orbit just outside the radius of the hydrogen jet,
. 30 that particies whose betatron oscillation amphtudcs
° had been reduced to low values would circulate in &
bigh-vacuum region, where the mean lifetime for
nuclear interactions would be long. When the moving
foil returned to assist in the acceptance of the next
beam pulse, all particles that had been captured by the
rf in previous pulses would have small oscillation ampli-
tudes, and so would miss the foil. In this way panticles
from many beam bursts could be concentrated ina small
region, with very little deviation in energy or position,
The author takes pleasure in acknowledging very
helpful discussions on this subject with Dr. M. G White
and Dr. F. C. Shoemaker. The assistance of Dr. 1. Pyne
'u: setting up problems for the GEDA computer of the

by a factor S/D, where S is the average number of
beam pulses stored in cach ring, and ) is the fraction of
time the accelerator beam is at full energy. The inter-
action rate would be proportional 1o S? if two storage
rings were used.

The advantage of sysiems involving energy-loss fuils
is that they provide an eleinent of irreversibility ; with
foils, the area in phase space available to & particle
can be made 10 decrease with time. This males it
possible to insure that particles once injected will never
sulnscquenﬂ_\- strike the injector, no matter how long
they may circulate in the storage ring. ) ‘n-liminary work
witlt a stabilized clectronic analog ¢
that foils may alwo allow the stable and irceversible
capture of raughly half of the circulating particles by a
fiscd-frequency 1f svstem, which in turn may allow the
storage of a Jare number of beam pulses in each storage
ring. 1t appears that a thin hydrugen jet inside the
rqunhlmum orbit of a conventional synchmtron would,
in some encrgy rangies, reduce adial betatron oscilla-
Gons even when s '|l|l'rln;. is taken into account.

The major difficultics in the use of storage rings with
fuits may result from the amplitication of radial betatron
oscillations by the foils, Quantitative calculations of this

g school is also very gratefully
acknowlcdged.

‘Thu work was supported by Tbe Higgine Scientific Trust

' Between the dates of submitting this letter and ite pubbunon.
it has come to the author's menunn that Lasic iden of &
storage-rung synchrotron has also occurred, at about the same
tiroe, to W, M. Hroleck of the Berkeley aceelerator group, and to
D. Lichtenberg, K. Newton, and M. Ross of the MURA group.
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Xemorsndum to : Jim Snyder
From: Ao M, Seseler

Toples Proposed Digital Computer Program
to Study the Coupling of Radisl
Betatron Oscillations; and Synchrotron
Oscillations; in the Presence of
Foile; and Non~-slsunched, Non-Redlally
Terminating, Leaksge Flux and Mggnetic
Effecta Absent, R. F. Gaps.¥

Motivation: 1) It sppears important thet we study
the effects of coupling between orbitel motion and
synchrotron osclllations in order to Le able to
underatend completely such things e&s R. F. knockout.

2) 'The Princeton people heve mede the Iimportant
observetion that 1t 1s possible to devise ayatemes
which sre non-Liouvillien as fer as the sccelerated
partinles are concurned, This 1s readily reconciled
with general theorems of dynsmics by noting that the
proposed schemes introduce other psrticles (electrons
in foils) so that the total phase space is atill
conserved, or slternstively the sccelersted psrticles
sre subject to dissipetive forces., The possibilities
opened up by the observetion must be studled, since
successful use of foils mey sllow s storsge ring to
be substituted for sn accelerator=-gt a considersble
saving in cost,

3) The separated sector scecelerator has slaunched
cevities, and some of the proposed R, F. schemes
emplog cavities which only extend over part of the
radial sperture, It is Important to study the effects
these cesvitlies msy engender, but it was felt that

the simpler prodblem in which these effects were
ignored, should st lesst be formulsted first, It may

“I am indebted to Dr. Laslett for constent
encouragement snd support during the writing
of this title,
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¥ura Notes/AMS
7/11/56

On the Non—Llouvilliin Character of Folls }
A, M, Sessler

July 11, 1956

Comments

I was unsble to ses Lichtenberg on my visit of July
10, Symen says Lichtenberg's results do nct egree in
detell with those preasented here, but it ia not clear to me
thet we are celculating the same quantity. Simply to form
s basis for discussfion during future visits to Madison I
have written this msterisl up. With the technicel group in
two locations, preliminsry drafts with a high probebllity of
included errors, seem unfortunately to be essentisl,

Lichtenberg hass constructed an ingenious proof(:)
thet thin folils are slmost Liovillien In cheracter. He
hss shown by general erguments that the change in total
phese spsce on psssage through a foll is negligibly small,
This guthor felt the need for a specific caslculstion In
order to ¢r>nfirm the general result; es well &s to obtain
oxplicit formulss for thLe change in betstron, synchrotreon,
end total phese space on traversal of a foll. The resulte
of these calculstions have been outlined here,

I, Derivstion

The sterting point 18 a mathematicel charscterization
of & foll end 1tx effect on the betstron oscilletien
coordinates x snd p, and on the energy of a part:gle. The
transformetion is given in s previous memorandumie’ , but will

) Hura lecture of July 2, 1956, soon to be published.
"A Proposed Digital Computer Progrem to Study Foils,
etc.™ -~ Wamorandum to J, N, Snyder of May IZ, 1956,
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J MURADBL/! PS/KRS=-1
MODIFICATION OF LIOS#VILLEtS THEOREM_REQUIRED BY THE PRESEVCE
OF DISSIPATIVE FORCILS#
D. B. Lichtonbore,t ¢ Steble,® ana K. 1. Symon®

July 12, 1956

It has recently boon supggested by 0'Ne1111 that high current
densities might be achieved in accelorators by the use of folils
to reduce the volumc in phanse space occupied by a boam of particloa.
It 18 tho purpose of this noto to examine undor what conditions
such a compression of phaso space cen occur and whether the effect
is large enough to be of any practical value in eccelorators.

The equations of motion satisfied by a particle can be

writton

where the Lagrangian L includos all forcos derivable from a
potontial, the Q are tho forces due to the foil and the q ere

tho geneoralized coordinates of the particle,

# Supported by the National Sclence Foundation, Office of Naval
Resoarch, and Atomic Enorgy Conmisasion.

+ Indiana University,
% Univorsity of Pittsburgh,
# Univorsity of tisconsin,

1.6, K. 0'Mu11l, Phys Rov 202 1418 (1956).
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If we define

we got
j. = oK
q.‘ ;,P‘.
a (1)

Pos -5t + Qi
We now consider a closed region V in phass space. The rate
of change of this volume will bo equal to the wolums integrsl of

fits divorgence:d 3 a
v ¢ ..'. q. [y
L= S.TT‘ A‘i’; &P. ? (S% + sg:‘ {2}
Using Eq. (1), Eq. (2) bocomes

gTr da; g T BQ‘ )

Therefore to see what happons to a volume in plu\so space due to a
foil, wo need merely consider the form of the functions Q;. Of
speclial interest is tho cnso of an fdeal foll, dofinod as one which
producea an onorgy losa but no scattering. If, furthermore, the
enorgy losa deponds on the path length through the foil, but

not on the particle velocity, we may write
-eA
Q = Qz,b) (p-<B/)
L d

lg-eAf

whore » §a tho position of tho purticle and A is the vootor
-t

QL ,4)

1.1;') .

potentinl, By writing tho time t explicitly, we take into acoount
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that the foll need hot remain in one position. Note that
- ,+. ), i3 negative for a foll. With the above cholce of

ZE& . 2 Q('.'..“:\
H DP;, ¥

where P= lgﬁ-cb[:.‘ 1s the kinetic momsntum of the particle, The

Q wo obtain

(4)

factor 2 comos from the fact that we are considering the problem
in three dimensions, If the effect of the foll on vertical
oscillations 1is neglocted, the factor i1s unity. Using Eq, (L),

Eq. (3) becomos

VIV = 24t Qlz.ifp (s)

where tho bar indicatos the spaco averags of Q/P,
In most accolerators, the momentum apread of the beam 1s

much smaller than the average momentum P of the particles,
Therefore instead of Eq. (5) we may write

Vv = (2/P)dP (6)
wvhere dP = G dt istho average momentum increment of a particle due

to the foils in time dt. Integrating, we obtaln, 1f the foils are

the only sourco of momentum increment,

—\6‘; = (—1—'];:—)1 0

whoro the subscript 1 indicates the initial valuo and £ tho finnl
valuo, It 1a apparent from Bq. {(7) that the volumo in phnso space
may be roduced by the use of an idoal 1‘;)11, but that tho avorage
momentum of tho particles must be reduced by an amount comparable

to thoe roduction in phane spnace. To avold this, an oscillator
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can be used to supply thovsnnrgy lost in the foll. Then the

average momontum P is kept constant end, on integrating Eq. (6),

we got
V ' ~2AP/P;
%= e )

where AP 13 the average total momentum loss in the foil,

An actunl foll differsn from nn ildoal foll in that tho energy
loss of a particle deoponds on the mugnitude of tho particle
momentum. llowever, in the rolativistic region this dependence
is small and can be nr-lected so that Eqs, (7) and (8) still
approximately hold.

In the non-relativistic region the energy loss goes
approzimatoly as the invorase squaro of tho valocity so that tha

force Locomos
Q= Qle, )R /P2

Putting this expression for Q in Eq, (3) 1t turns out f .at
d\OAit =0 . From Eqs. (7) and (8) it is apparent that the
reduction of the volume in phase space depends only on the energy
lose in tho foil, Thorofore, although foils of odd rhapes and
those which change with time may twiat a-volume in phase space,
they are no more effective in reducing the volume then are unia
forin folls which produce the same average energy loss. In order
to incroane tho donsity of particlos in the bheam by a facter n,

a roduction in phune vohuna by a factor n is requirod, wiich from

Fge (8) fmplice n loss of womnntum to the foll of
AP 2 P Loqn
SN
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which 1s compareble to P 1itsolf. An ectual foll thickneas
sufricient to do this would produco more than enough soattering

to eancel the compronsion in phaso space obtained above.
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MIDWESTERN UNIVERSITIES RESEARCH ASSOCIATION®

2203 University Avenue, Madison, Wisconsin

LIOUVILLE'S THEOREM FOR A CONTINUOUS MEDIUM
WITH CONSERVATIVE INTERACTIONS™*

R. L. Mills ard A. M. Sessler
The Ohio State University, Columbus, Ghio

October '8, 1958

ABSTRACT
It is shown that for a continuous medium with conservative interactions
the density in six~-dimensional phase space is preserved ac one follows the

mction of the medium.

‘AEC Research and Development Report. Research supported by the Atomic
Energy Commission, Contract No. AEC AT (11-1) 384,

**Research supported in part by the National Science Foundation.
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1. INTRODUCTION

The study of the motion of particles in an accelerator becomes a many-
body problem when the interactions between particles are taken into account.

It is thus important to investigate the possibility of establishing the validity--
or approximate validity--of general dynamical theorems applicable to the
n-body problém. Such a .powertul theorem is the theorem proved here to be
rigorously valid for continuous media, and asserted to be an extremely good
approximate theorem for particles in an accelerator.

Liouville's theorem is a theorem which asserts that in a 2fN dimensional
space {f is the number of degrees of freedom of one particle) spanned by the
coordinates and momenta of all particles (called 7 space), the density in
phase is a constant as one moves along with any phase point, It is thus a
statement about the density of points; each point representing a dynamical
system. The systems constitute an ensemble and of course do not interact,

The theorem proven here refers to a system of many interacting particles,
and asserts that in the 2f-dimensional space spanned by a single system of
coordinates and momenta (called a /a space), the density in phase is a constant
as one moves along with any phase point. It is thus a statement about the
behavior of interacting particles, and thus really quite different from Liouville's
theorem.

The validity of the theorem, as well as the limits of its validity, may
readily be seen by the following intuitive argument:

Consider first a system of many particles, N. Suppose these particle_sy

are subject to external forces (which may even be time dependent), but there

68
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are no interactions between the particles. Clearly density in phase in 2

space is a constant of the motion as one follows the motion of a phase pr.;lnt.
This follows then immediately from Liouville's Theorem in 7’ space, since

with no interactions between Z;tm A space for N éartlc;es is simply
7 space for a single particle,

Consider now a system of a great many particles N, with interactions
between the particles. Imagine that the solution has been optaMed 50 thet we
know the motion of all the particle; as a function of time, Concentr;te now on
a "small" number of particles n, which initially ure localized in 4t space.
We will define what "small" means shortly. Let all the other particles move
along the trajectories appropriate to the solution of the N-body problem. If
the interactions between one of the particles and the n particles can be neglected
compared to the interacticn= between the N-n particles and one particle, then
these particles are subject to "external forces" and by the first case the density
in /‘ space is a constant as one moves along with the sample group of n
particles. This is clearly true for any sampl:: and hence the theorem is
established.

That is, as long as one has sufficient particles N, that a sample can be
obtained of sufficiently small number of particles n, that the interactions be-
tween these particles and one of their number is negligible compared to the
interactions between one of these particles and the N-n particles, while at

the same time n is sufficiently large that fluctuation phenomena can be

neglected, then the theorem is valid. In the rigorous proof given in the next
e

section, the limit of a continuous medium s taken so that fluctuation phenomena
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do oot exist. For applications to particle accelerators where we consider a

number of partiches N 221013 this approximation is very valid, corrésponding

to neglect ‘of particle-particle collisions which throw a particle out of the
I
accelerator, but not neglecting long rangs electromagnetic interactions which
‘ are responsible for space-charge limits, plasma oscillations, beam~beam

interactions, and possible two-stream amplification mechanisms.

The practical importance of the theorem can be readily seen by limitihg
one's attention to systems which initially heve a constant density in u restricted
. region of 4 space, and no particles outside this region. (This is determined
by the injection mechanism, and is a reasonable approximation to most
situations). In this case, the N-body problem is completely characterized
by tre behzvior of the boundary surface as a function of time. This surface
satisfies a partiz] differential integral equation of the first order in at most
2f independent variables, so that the N-body problem((f N) differential
equations of the second order) is greatly simplified. In particular, for
problems involving one degree of freedom, the equation for the boundary
curve as a function of time and one coordinate is quite amenable to analysis.

I, FORMAL PROOF

Let A 3 (i=1,-~=,2{,) be parameters labelling the particles of the
medium (2f dimensional phase space; this is the A space).
dn= & d}\ 1 - N 2¢ = number of particles in ‘volume' element d\ .
& = constant 'density® with respect to A .

Let 7Za ‘N . momentum density

. C
2<(A) = position of part: ie X .
70
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STOCHASTIC DAMPING OF BETATRON OSCILLATIONS
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In principle, betatron oscillations could be damped by detecting
and compensating statistical variations of the average beam position,
caused by the finite pumber of particles present. It is shown that
achieving useful damping in the ISR would be difficult vith presently

available technigues.

1. STOCHASTIC DAMPING

As is wel)l known, Liouville's theorem predicts that betatron
oseillations cannmot be damped by the use of electromagnetic fields
deflecting the particles. However, this theorem is based on statistics
and is only strictly velid either for an infinite number of particles,
or for a finite number if no information is available about the position
in phaese plane of the individual particles. Clearly, if each particle
could be separately observed and a correction applied to its orbit,
the oscillations could be suppressed. It is also well known to be
possible to damp coherent betatron oscillations (where the beam behaves
like a single particle) by means of pickup-deflector feedback systems.
In the same way, the statistical fluctuations of the average beanm
position, caused by the finite number of particles, can be detected with
pickup electrodes and s corresponding correction applied. In other
wvords, the small fraction of the oscillations that happens to be coherent

at any time due to the statistical fluctuations, can be damped.

After the beam would have passed through such & damping system
(for which the neme "stochastic damping" could perhaps be used), it would
no longer present any coherent oscilletions, and further damping vould
scex to be impossible. However, there are two effects that reintroduce

randomness, and therefore some coherency:
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STOCHASTIC COOLING THEORY AND DEVICES

» S.

I. Principle of Stochastic Cooling

Stochastic.cooling uses the spontaneous
viclation of Licuville's theorem that is always
present in a beam with a finite number of par~
ticles. The system detects the corresponding
fluctuations and acts on the beam (in a
strictly Liouvillian way) so that the
random density variations do not get a chance
of averaging out.

The moat efficient cooling would be
cbtained if each individual particle could be
observed separaiely. In practice, this is
quite impossible. Even with the fastest gys-
tems proposed ug to now, the resolution is of
the order of 10° particles.

In general, the feedback system detects
one parameter of the particle motion {trans-
verse position or phase) and acts on ancther
one {transverse or longitudinal momentum). The
analysis is often easiest by considering two
effecty occurring simultaneously:

a) Coherent effect: each particle is
influenced coherently by its own signal.

b) Incoherent effect: blowup is caused
by the gignala Erom the other particles
("Schottky noise") or by the amplifier noise.

The coherent effect is proportional with the
system gain , the incoherent one with its
square. Therefore, it is always possible to
choose a gain where the coherent one is pre-
dominant. By a proper choice of parameters
this will result in cooling.

II. Mixing

The incoherent effect caused by noise
depends on the noise spectrum. The particles
will only be influenced by the noise frequen-
cles that coincide with harmonics of their
ravolution frequency (for momentum cooling) or
with one of the betatron sidebands (for beta-
tron cooling). This is strictly true only if
the particle frequencies are constant; any
other frequency will then only cause a beating
effect that does not increage with time. 1In
Eractice, the freiuencies change so slowly that
it is still true. The noise power density vs,
frequency at each of the particle's harmonics
is therefore the quantity on which the blowup
depends.

The Schottky noise (from the other par-
ticles) covers certain frequency regions, the
Schottky bands, that also contain the freguen-
cies to which the perturbed particle is sensi-
tive. The power density clearly depends an the
fraquency spread covered by these bands: the
wider this’ i3, the less power density one has.
Also, since the width of these bands increases
with the harmonic number, higher harmonics con~
tribute less, to the incoherent effect.

It often happens that within the band~-
width-of the electronic system these banda are
saparated everywhere and do not overlap. In
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that case, each of the sensitive frequencies
of the perturbed particle is inside a single
Schottky band. This situation is often called
“bad mixing."

Alternatively, the revolution frequency
gpread {or the harmonic numbers used) may be
so high that the bands overlap and that each
particle freqguency is inside many different
overlapping Schottky bands. This ig called
"good mixing."” Intermediate situations may,
of course, also exist.

Seen in the time domain, the signal
(or "pulse") caused by a single particle will
influence many other particles as well. If
this sample of other particles changes its
population from one revolution to the next
because the revolution time spread is much
larger than +the pulse duration, we hava good
mixing. For the opposite case, the sample
population changes only slowly. The incoherent
effect is then also worse, because the pertur-
bations from the .same particle are correlated
over more tham one turn.

wWith good mixing, the incoherent effect
depends on the total number of particles.
Higher harmonic numbers contribute as much as
lower ones, because, although the power density
is lcwer, more harmonics overlap there. With
bad mixing, the particle density vs. frequency
at the revolution frequency of the perturbed
particle is important. Higher harmonics are
less important than lower ones. Especially in
the case of momentum cooling, the resulting
equations are then different in character,
because the momentum cooling itself incre:ses
the density.

In practical cases (e. 9y the ccolmg
in the CERN p accumulator) the mixing is often
bad. In the following analysis of momentum
cooling, we shall assume this.

III. Momentum Cooling

we shall first assume that a bezm pick-
up and a longitudinal kicker are used (Fig. 1).
EBach particle induces a pulse in the pickup
that produces a pulse at the kicker . The den-
sity distribution is governed by the diffusion
equation

2y

& e¥)

Fl 3 3
= -zwn « 00 B),

density dN/4E
energy

= particle
particle
time
coherent acceleration rate dE/at
diffusion constant (inccherent term)
= 172 (dEZ/dt).

It is convenient to express F and D as a
function of the complex system gain G at har-
monic number n:

r=g- 2e£°R;Re(Gn)

D =D + Dy

where §
E
t
F

D

2}

(3)



D, = 2KTE Ry % 6n|? (4}

(noise from an amplifier with a 3 dB
noige figure)

- 1G 12
= 2a2f 'p29E n
b, = 2ete s 3 (a2

{Schottky noige}.

{5)

The sums are extended over all harmonica of the
revolution frequency f,. The gain G is meas-
ured between the ampligier input and output
(supposed to have equal impedance).

R =/ npRPnKRK

n_,n. R, = number and impedance of pickups
e’ & kickers ’

e, K, T = electron charge, Baltzmann cor.-
stant, room temperature

0f course, around each harmonic number, G, and
therefore F and D, may still vary with E, 1In
fact, if F is independent of E, there is no
cooling, but only a steady acceleration or de-~
celeration, added@ to the blowup from the first
term. Cooling will result if the coherent
effect moves the particles into a direction
where F decreases, so that they pile up there.
This can be done in two waya:

a) by using a pickup whose gensitivity
depends on position and therefore {if placed
in a point with non-zero dispersion} on E
This method was first proposed by Palmer.z

b) by placing a filter in the feedback
loop whose gqain depends on frequency in the
required way around each harmonic of tho
revolution frequenc;. Such a filter was pro-
posed by Thorndahl.

Eguation {1} to {5} neglect the effect
of feedback from the kicker via the beam
towards the pickup. This is usually justified;
a more complete theory where this is taken into
account ig being developsed by F. Sacherer.

It is not easy to find solutions for
the diffusion equation (1). Even if G depends
linearly on E at each harmoniec, an analytical
solution scems impogsible because of the
dependence of D on . It is therefore neces-
sary to solve each particular case by numeri-
cal integration.

In practice, it is often possible to
make the first term of (3) smaller than the
second one. This means that the cooling rate
is limited by the Schottky noise rather than
by the amplifier noise, whose density is then
below the Schottky noise density at the
Schottky frequencies. Since, however, the
amplifier noise ia also present between the
Schottky bands, it will normally give the lar-
gest contribution to the output power reguired.
The available wide~band output power may
restrict the cooling rate that can be obtained.

Iv. Scaling

It is int ting to p AifE
cooling systems installed in different rings
and starting with different initial distribu~
tions. We assume:
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a) the initial distributions have the
same ghape.

b} the amplifier noise is negligible
from the peint of view of cooling,

c} the cooling is not limited by the
available amplifier power. -

d) the two systems compared have a
similar frequency response {although the fre-
quency scale may be different).

e) in both cases the gain is adjusted
to the optimum value.

£} the variation of G with E is the
same for both systems if scaled to the width of
of the initial particle distribution.

It can then be shown that the time scales as
N/(ng?sf}, with

total number of particles

number of revolution freguency har-
monicas within the passband

initial spread of revolution fre-
quency.

We may also express this in machine parameters
agihfind then a acaling factor NEy/(w?|nl|(ap/pll,
wi

N=
np =

of =

W = system bandwidth
n = (8E/£)/(Ap/P) .

V. Use of Filters

If the d d of the
tor F on the energy E is tc he achieved by
uging the relationship between E and revolution
frequency, we need filters that perform in a
similar way around each harmonic of the
revolution freguency. Such filters may be
built using as elementa transmission lines
with a length equal to half the ring circum-

fac-

ference. These lines may be either open or
shorted at the far end. They then have an
impedance

& = jg tan({rf/f5)} for a shorted line

or z = -jZLcot(rrf/fo) for an open line
Therefore, the response of filters made with
such elements is the same around each har-
monic of f,. Shurted or open lines behave
like inductances or capacitances, respectively
for positive 8f/fq.

Since the width of the Schottky bands
increases with the harmonic number, this
behavior is not quite 1deal. However, by
combining these lines with lumped elements,
filters may be made that give nearly the same
characterisgtic vs. E at each harmonic. &an
example is given in Ref. 4.

A sipple filter may be made as shown
in Fig. 2. Thia filter has zero transmission
at each harmonic of the revolution frequency
corresponding to a given momentum value; in
the nelghborhcod of these zeros, the trans-
mission varies linearly with frequency. For
a limited frequency range, this filter there-
fore behaves like a linear pickup, except that
it is not sensitive to betatron oscillations.

Figure 3 shows Schottky scans obtained
with momentum cooling, using such a filter
(CERN ICE exXperiment}. The density is pro-
portional to the square of the vertical
coordinate; the horizontal scale corresponds
to the revolution frequency {or momentum).



The advantage of using filters instead
of position-sensitive pickups to make F depend
on E is that wide~band sum pickups may be
made much shorter than positlon-sensitive ones.
Also, the £ilter will have minimum gain at
the frequencies where the particles will accu-
mulate; it will therefore also diminish the
influence of the amplifier noise on the cocled
particles.

VI. Momentum Stacking

In the CERN p accumulator ring each
antiproton pulse will be precooled by a
momentum cocling system using the filter
method. The particles will then be captured
by a normal rf system and deposited at the top
of a stack, This stack mugt be constantly
cooled so that space is made free for the next
pulse. The total momentum spread of the stack
will then remain constant:; its density will
increase, Particles will migrate towards the
bottom of the stack, where they will pile up.
Clearly, the system gaip at the bottom will
have to be much lower than at the top. The
optimum ga.n profile may be found by requiring
the steepest possible density increase from
top to bottom of the stack, while still main-
taining a constant flux of particles migrating

against this slope towards the bottom. This
flux is
an a
o=F-r -0 (63

For simplicity, we now agsume that the gain G
is real ({i.e., we assume perfect phagse at all
frequencies of interest}). We also neglect the
amplifier noise. Then D = C1a2yp and F = ezaq,
whare a ig proportional to the system gqain.
Equating the flux to the required ¢, and
adjusting a 8o that dy/dE becomes as steep as
possible, we find

o = 20,/ t4cy) ™

i.e., the gain should be inversely proportional
with density. The resulting optimum density
profile is

¥ = ¥, exp 1(E,-E}/Eq), (8)

whera Eo and 'S refer to the top of the atack,
and
- 2
By = 4c1¢°/¢:2 . 9
This guantity determines the density gradient
that may be cotained.

In practice. these expressiona are
modified by many detailed considerations, such
as amplifier noise and imperfact phase, Still,
the optimum stack profile found for the prac-
tical case of the P accumulatar, where these
effects were taken into account, is not dis-
gimilar to Eq. {8). Pigure 4 shows this pro-
file and how it develops with time during
etacking. The sudden increase in slope near
the atack battom is caused by the use of a
feedback system with higher bandwidth in that
region.
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In fact, the very large density ratic
between the top and bottom of the stack neces-
sitates a corresponding gain ratio. This
dependence of gain on energy will be obtained
by the uge of position-sensitive pickups in
combination with filters. Three overlapping
feedback sy are at t fo .
Noise filters will be used to prevent that the
high-gain systems for the top of the stack will
produce too much blowup at frequencies cor-

ponding to the nott A more detailed
description is given in Ref. 4.

VII. Petatroh Cooling

There are two important differences
between momentum covling and betatron cooling:

a) For momentum cooling, the filter
method is possible because the frequency of
the pickup signal is related to momentum. The

of y on betatron amplitude,
on the other hand, 1is weak.

b) Mixing is d with um
spread, Therefore momentum cooling reduces
the mixing, whereas betatron cooling does not.

Becauge the mixing is constant, Gaussian dis-
tributions will remain Gaugsian, which simpli-
fies the theory. However, no detailed analy-
sis including the mixing in an exact way is
available at present. We shall make the
following simplifying assumptions:

a) The mixing is bad,

b) The feedback system has canstant
nair with zerp phase shift over a bandwidth W.

¢) The momentum distribution is
square, with a total revolution freguency
spread ¢ = Af/fg.

Becauge of the last assumption, the bad mixing
will cauwse an increase in Schottky power den-
sityl by a factor Af,/eW, with

A= 1/n,
n

summed over all harmonics of the revolutiaon
frequency within the passband.

The cooling rate then is (as in Ref, 5,
but corrected for bad mixing)

col

where g is the gain relative to the optimum
gain for good mixing and zero amplifier noise,
whereas n” is equal to the ratio of amplifier
noise to signal power.

Afo

= o

b tfen - o

The optimum value for g gives

.. (n
o *
fwotn

Al
;121

As the cooling proceeds, n* increases
hbecause the signal power decreases. There«
fora, even if g is continuously adjusted to
keep track of this, the cooling rate will
decrease.



In the CERN P cooling ring, betatron
cooling will be done on the stack, so that the
cooling rate need not be high. It will be
Iimited mainly by the bad mixing; because of
chis, amplifier noise will not be a problem.

VIII. Pickups and Kickers

Wideband pickups and kickers used at
present for stochastic cooling are of three

types:

a) sum pickips or kickers with ferrite
rings

b} transverse pickups or kickers
formed of A/4 directional cocuplers

c) high frequency devices of traveling
wave type with coupling silots.

Sum pickups or kickers with ferrite rings sur-
rounding the beam are used for momentum cool-
ing. It is usually found that for practical
momentum cooling systems the cutput power
needed is important., Since it can be decreased
by using many kicker gaps, the length of these
gaps should be as small as possible, For
ingtance, for the P accumulator we plan to uge
kickers containing 100 or 200 gape. Since
most of the output power is due to amplifier
noise, we alsc must use a large number of pick-
up gaps, increasing the signal sc that the
gain may be reduced and the amplifier noise
power decreased.

For the same reason, the gap impedance
should be high. This is, of course, the
reason why a ferrite ring is used. Unfor=
tunately, at high frequencies (a few hundred
MHz} the best available ferrites have low per—
meability and high losses. Therefore, it is
doubtful if much more than 50 @/gap, as in
present structures, may be reached. The power
dissipation and cooling of the ferrite in the
kickers is also a factor to be taken into
account, It may limit the output power even
more than the availability and cost of high
power wWide-band amplifiers,

Transverse pickups and kickers are
necessarily much longer. Typically, their

1
a

Pickup

Circutating beam I

|

length should be about A/4 in the middle of the
passband, so that they have a reasonable

i thr of this iength
(e.g., 25 cm for a bandwidth of 200-400 MHz},
it is usually difficult tc find space for a
great number of transverse pickups. The
signalwto-noise ratio therefore tends to he
low. BAs a conseguence, betatron cooling of
low intensity beams is slower than momentum
cooling.

For frequencies above 1 GHz, where fer-
rite cannot be used any more, Faltinf has
developed a wide-band pickup {or kicker)
structure that essentially conaigts of a metal
box around the beam with transmission lines
arranged above and below it. Slots in the top
and bottom of the box couple the beam to the
waves traveling along these lines (see Fig. 5).
The same structures may be used ag a sum or
trangverse pickup by adding the signals on the
lines in phase or with a 180° phase shift,.
Such structures have been successfully used at
CERN hoth for hetatron cooling and for
stochastic acceleration.
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Fig. 4. Density gistributions across the
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ICE experimen; at CERN. MNumber of
particles: 10/. These Schottky scans
represent the square toot of the density
distributions. Successive scans were
made at intervals of 1 minute,

Fig. 5. Wide-band slot-type pickup.
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TEVATRON USED AS PP COLLIDER

L. C. Teng
Fermi National Accelerator Laboratory

Assuming that electron cooling performs more
or less as expected, we describe here how it will be
used to obtain Pp colliding beams in the Tevatron and
give the exnected performance.

L __Choreograph;

The present cooling ring is 2/7 the size of the
Booster, For pp, we shall assume that the ring is
stretched to the same circumference as the Booster,
as shown in Fig. 1. We start with standard accel~
eration of protons to 8 GeV in the Booster and injection
into the Main Ring, Normally we fill the Main Ring to
2.5% 1013 protone by 13 pulses from the Booster. For
this operation, we can inject perhaps only 412 pulses to
leave gaps for the rise time of the kickers. Then we
accelerate the beam in the Main Ring to 80 GeV, the
highest energy at which we can extract from a medium
straight section. We extract one Booster batch at a
tirne in synchronism with the Booster cycle (see Fig.
2). The 80~GeV protons strike a p-production target
and produce 5.18 GeV p's. The choice of energy is
based on the following: the bunch spacing of the 8O-
GeV protons is 1/1143 of the Main~-Ring circumference

1, 20 o d vertical} translated to 5,18
GeV is 4, 2w {the momentum ratio is just about 40).
We have designed a beam transport using only quadru-
pole lenaes which gives a g of 2,5 cm at the target.
This gives an acceptance solid angle of

N4x2 -6 -4
X==oL =
» X 5038 x10 3.5%X40  sr.
Together with an acceptance momentum bite of &Ap/p
= 3X10"3, this gives

Cross section for accepted B = 5X 10_5 mb,

With a targeting efficiency of 1/3 (5-cm long, W target)
and a total cross section of 40 mb we get

N~ 5
x -
P

In one hour, at 1 pulse/3 sec and 2.5x 1013 p/pulse we
get
NE = 10*/nr,

IO, Luminosity

or 1/84 of the cir ence, butb of
the energy {velocity} difference, the spacing of the T's
from the target 1s necesparily smaller, To use the
same Booster rf system for decelerating the p's, their
bunch spacing must be 41/85 of the Booster circumfer-
ence or their velocity 84/85 that of the BU-GeV protons,
This gives a p energy of 5.18 GeV, which ig, fortu-
nately, a convenient and reasonable value.

Each Booster batch of p's is decelerated to 200
MeV and transferred to the cooling ring, where they
are electron-cooled and stacked within a Booster cycle
time. It takes 1. Hooster pulses to empty the Main
Ring of 80-GeV protona, The Main Ring is then
returned to its 8-GeV injection field and the cycle
starts over again in approximately 3 gec. The cooling
and stacking of P's can go on for hours.

At the end, we fili the Tevatron with one Main~
Ring pulse of 100~GeV (normal beam transfer energy
from Main Ring to Tevatron} protons. The P's stored
in the cooling ring are then bunched {by a small
constant ~-frequency rf system in the cooling ring),

1 ed in the Hooster (with field reversed) and the
Main Ring { ), and tr ed to the
Tevatron (counterclockwise} at 100 GeV to join the
a.h-eady stored protons, The counter-circulating p and
P beams are then bath accnlerated to 1000 GeV, and
the lnw-p inserton energized for high luminosity
colliding beams.

We will now discuss each of the processes
involved quantitatively and in detail,

II. _Antipraion Production
T}Jle cross section for forward praduction of 5,18

GeV P's with 80-GeV p's on Hj target derived from
Fermilab and ISR data, is about 50 mb/sr/(Ap/p).
The Booster aceeptance at 200 MeV {40 y mm-mrad
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For head-on =ollisions of two round Gaussian
beams with standard deviations (rms beam widths) a

and o5 the luminosity is given by
n oo
N
L=3t-B2 2
€_‘te— PR’
PP
where
f = revolution frequency
Np, g = number of each particle per bunch
N = number of bunches
g% = g at collislon point
Gp‘ E’ﬁ = emittance of each beam
(E - 6|ra2)
3
With
ng = 1010 {1 hour collection)
nlg = 2x1010 {present normal operation}
=1
p¥ = 2,5 m (see below)
€p = 0.02 v mm-mrad {at 1000 GeV)
<<
()
f = 48 kHz.
We get
L = 1.8x40%8cm Zgec™ 1.

To get a luminosity of 103%cm-2gec? we can callect
P for 3 hours or increase the target efficiency, or
both, 1o get 5 = 3x 1010, A scheme will be described
later to collapse 8 (say) protop bunches into 41 bunch



with np = 1.6x101? protons. We can further reduce p*
to 4 m in both planes. Altogether this gives a factor
of 3X8X2,5 = 60 and a * minosity of

3 1

L = 1,08 X410 ocm-zsec_ .
The discussions below will show that this lumi-
nosity can be obtained with a relatively high degree of

confidence,
IV. Beam-Beam Tune shift

The tune shift suffered by a P going through the
high-density core of a Gaussian p bunch is given by

T, n
3°0°p

A =2—2L,
Fi €
P Y P

where 1y = 1,53X40" 18 1n is the classical proton
radius.  With n, = 2% 1010 and ¢}, = 0,02 + mm-mrad
at 41000 GeV {y = 1067} we get

Auw = 0.0007,
‘P

Increasing n, 8-fold we will have Av== 0. 0056 which,
although greater than the commonly accepted safe
limit of 0.005, may nevertheless he tolerable for
reascnably long beam lifetimes.

With a total of 3%1010 F1s, we ce.. divide them
into 3 bunches with 1010 in each bunch. Thus we can
still have the proton tune shift

Ay

.30
P 2y

‘Ur‘ l’di’

within safe limits while maintaining €5 << €

We have been considering only the tune shift
caused by one beam bunch, There is some evidence
that the tune shifts due to distant bunches do not add
constructively and that it is only the tune shift per
bunch which measures the damaging effects of the non-
linear field of one beam on particles in the other heam.
In any case, we will show below that it is possible to
keep the p and the P orbits separated everywhere
except near the collislon reglon, :>that each particle
sees indeed only one bunch of the other heam.

V. low-p Insertion

The low-p insertion for the Tevatron is
described in detail by D. E. Johnson in Fermilab
TM-737, "Main Eing/Doubler Low-Beta Insertions, "
June 1977, We will mention here only that

{1) It is an antisymmetric insertion with 4 inde-
pendently adjustable anti-pairs of quadrupcles, For
antisymmetric ingertion we always have p*H = g%

(2) The f* value can be continuously adjusted
from the normal 70 m down to leas than 2,5 m. 'The
8% is tuned to a low value only after both the p and the
P beams have heen accelerated to 1000 GeV.,

(3) When p¥ is funed to a small value, the dis-
persion n* at the collision point is also reduced to
some small value, typically less than i m,

Hence the contribution to horizontal beam size from
momentum spread is negligible.
V1. Orbit-Separating Bump Electrodes

‘With a normal fune of v = 19,4, we can separate
the p and T orbits over most of the ring circumference

™

by using electrostatic dipoles to bump them into 19
os3cillations in opposite directions, The p and P orbite
coincide over only the 0.4 tune advance, hence allowing
head-on collisjons,

I the orbit is bumped by an angle @ at pg, the
amplitude of the oscillation at By, is

=Et}
A=y BEpmaxe = o PEPrax —p-e_'

where E and £ are the field and the length of the bump
electrode, for

pE = pmax =400 m
pc = 1000 GeV
Ef = 50 kV/emXé m = 30 MV,

We get
A =3 mm.

That is, the p and p orbits are separated by 3 mm at
the peak, which is adequate.

VIi. Scheme to Collapse 8 Proton Bunches Into 4

We start by injecting 8 consecutive bunches of
2x1010 p/bunch into the Main Ring and accelerating
them to 100 GeV. The Main Ring is then flat-topped.
The longitudinal emittance of the beam has been
measured to be about ¢.1 eV-gec/bu.ch. (Some recent
measurements give much higher values. The cause of
this recent emiitance growth is not yet known,) The
total emittance of 8 bunches is, then, 0.8 eV sec
= 6.24 {GeV/c)m.

We first debunch the 8 beam bunches adiabatically
{see Fig. 3). After debunching the dimensions of the
total occupied phase area {using physical coordinates
Az and Ap) are

_ 2xR
Azo =8 1147 ° 45,2 m
_0.24 R
APy =753 GeV/e = 0,00531 GeV/e.

At the end of debunching, the 1143-harmonic cavities
are all turned off and we abruptly turn on a get of rf
cavities operating at a harmoric number much lower
than 14143/8. We shall fake 70. By rotating the phase
area 1/4 of a phase oscillation in the central {linear)
part of the stationary h = 70 bucket, we want to change
the dime sions to

10
Az = =
Z = 9113 AzD 2,84 m
1113
Ap = 0 Apo =0,0845 GeV/c.

The dynamies of the rotation gives

-1 iy

= A = 2

az =K Py whereK:ng:(-z-h'— ev2 ) .
ap =K Az " me



Withh = 70, y = 407.6, A = 4/y.2 - 1/y2 = 0,00276, to
get K = 0,00487 (GeV/c)/m we need
Vth = 70) = 8,58 kV,

The interesting parameters of the h = 70, V = 8,38 kV
buckets are
Bucket height = 0.407 GeV/c
. Bucket area = 6.11 (GeV/c) m
Phase oscillstion wave number = yg = 511X 1~5

{0.40 sec for § oscillatlon).

The rotated b: uches having Az = 2,84 m, Ap

= 0.0845 GeV/c and :ontaining 1,6 X10%1 protons are
then transferred to the Tevatron and captured into the

hed ionary buck of the Tevatron with h
= 14413 and V(h = 1443) = 1143/70X8,58 kV = 136,5 kV.
These buckets have the same height (Ap) as the h = 70
buckets, but are only 70/1113 times as wide (A2)
hence 70/1143 times the area.

Although the caleulation given here is rather
simplistic, the beam should behave pretty much as
described. The only worries are instabilities.
Immediately after debunchi the tum spread
is Apg/p = 5.31%10"5, which may be too small to keep
the beam stable ag; gitudinal 1 ilities
Various head-tail type of instabilities can also occur
to the intense beam bunch of 1.6 X 1011 protons. All
these should be examined in detail.

vil. ent Di of the Proton Bunches
At 100 GeV, the tune shift will be imagi
dominated and given by

rDR'Z
vy

By = L
g

where

{

L

X = linear density
= 5,6X10%Y m’

£ = half aperture = 1.51in. = 0.038 m

G = geometrical factor = “2/ 12 (worst value cor-
responding to round beam in rectangular
beam pipe).

=1(1.6X1o“)/z.s4 m

'This gives
&v = 0.023 (at the worst)

which is entirely tolerable.

IX. General Considerations of Tevatron Aperture,
Vacuum, and Impedances

1. .The aperture requirement for pp operation is
less demanding than that for either fixed-target oper-
ation {slow r t xtraction) or pp ti
{momentum stacking a 1d ISR).

2. With cold-bore, the vacuum in the Tevatron
is expected to be better than 10-11 Torr, Hence there
will be no p with neutral gas lifetime,
or pressure-bump instability, The vacuum is essen-
tHally a “'sealed" system. The cold vacuum-pipe wall
acts ag a very fast getter pump. One only has to make
sure that the starting pressure and the leaks are
reduced to such an extent that the pumping capacity of
the pipe wall is not exhausted in too short a time.
Presumably, warming-up and flushing the ring to
rejuvenate the pipe wall once every 6 months is not too
bad,

3. For most (not all) instabilities, the threshold
given by Landau damping is proportional to

21
¥

.

where Z = impedance of the beam environment, I

= beam current, and y = beam energy. The increase
in I can be offset either by increasing y (higher energy)
or reducing Z (lmproving the feedback system).
Although the instabilities should be individually inves-
tigated in detail, at first glance none of them appear

to impoge any serious problem.

We conclude that, provided electron cool.ng
works approximately as expected, the scheme des-
cribed above should yield Bp colliding beams in the
Tevatron with a luminosity of 1030cm=2sec1 at 1000
GeVX 1000 GeV in a relatively straightforward manner.
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Fig. 1. The Cooling-Ring, Booster, Main-Ring, Tevatron complex showing the choreography for attaining Pp

colliding beams.
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PROPOSED P-F COLLIDING BEAM FACILITY AT CERN

Roy Billinge
CERN

I, Introduction

Following the proposal of Budker and
skrinsky in 1966 and the subsequent experi-
mental studies of electron cooling, Rubbia sug-
gegted various schemes for collecting antipro-
tons, injecting them in the SES, accelerating
them together with protons and colliding the
beams at energies up to 270 GeV.

During 1976, working groups examined these
possibilities and as a result a cooling experi-
ment (ICE) and a study group were initiated.

In the course of these studies, important
advances were made in the theory of stochastic
cooling. This technique, proposed by van der
Meer i 1966 had seemed too slow for our appli-
cation. However, Some new techniques were
proposed which, combined with the theoretical
advances, indicated the feasibility cof a fast
pre~cooling of each injected pulse in momentum
space before adding it to the stack.

Consequently, the initial proposal for a
two~ring solution based on electron cooling
was abandoned in favor of the present proposal.
This decision has now been confirmed by the
outstanding results of stochastic cooling tests
on ICE.

II, Basic Parameters

A fundamental requirement on any preposed
scheme was that its construction, testing, and
operation should have a minimum impact on the
existing research programa of the SPS and ISR.
This alone indicates the need to use protons
at PS energy for producing the antiprotons.

The basic scheme consists in directing, 26
GeV/c protons from the PS on to a target. The
antiprotons p. d will be £ d and in-
jected into a fixed-field cooling ring. Each
injected pulse undergoes a rapid pre-cooling to
reduce its momentum spread, after which it will
be deposited by the rf system at the top of the
stack. The stack is cooled continuously, both
longitudinally and transversely so that par-
ticles slowly migrate to the bottom of the
stack. The overall layout proposed is sghown in
Fig. 1.

To achieve the design luminosity of 103°
cm™? sec~! at 270 GeV/c it is necessary to col-
lect, cool, and stack antiprotons for many
hours. Studies of lifetimes in the 5PS and
feasible improvements to the average vacuum
indicated that a luminosity lifetime of about
24 hours could be expected at 270 GeV/c. Con-
gequently, the present design is based on col-
lecting sufficient antiprotons in ~24 hours to
reach luminosities of ~10%°,

Initial experiments with intense sim;le
bunches in the SPS indicate that about 10!
protons per 200 MHz bunch can be gaptured and
accelerated, within invariant ¢aittances of
about 107 urm. A low-beta insertion was
designed which leaves free the space between
two existing 5PS guadrupoles (29m} and gives
beta values of 4.7m horizontally and 1lm

vertically.

If we assume gimilar emittances for the
antiprotons, applying the luminosity formula
indicates a reguirement to accumulate ~107 B's
per second. With the =resent PS intensity of
10'? ppp, a cycle time of 2.6 secs, and col~
lecting p's of 1.5 GeV/c, thils can be attained
within a momentum bite of $0.75% and trans-
verse emittances of 1007 urm.

III. Cooling Ring

The ring diameter must be as small as pos-
sible to minimize the stochastic cooling
requirements, Since means exist to confine the
protona in one guarter of the PS circumference,
the cooling ring can have one quarter the diam~
eter ¢f the PS, At 3.5 GeV/c this allows a
design with adequate space for injection,
extraction, cooling, and diagnostic equipment.

To provide adequate "mixing" of particles
n must be at least 0.1 (i.e., Y¢r < 2.45) which
in a ring of average radius 25m implies an aver-
age ay ¢ 4.2m. However, injection of the large
emit!:gnce, large momentum spread beam requires
ap close to zero at the septum to minimize the
"Eick" strength required. Also the stacked
beam must be screened from the injection kicker
by means of a moveable shutter. To minimize
the momentum separation required to achieve
this, ap at the injection kicker should be
large. "For gimilar reasons, the pre-cooling
kickers have shutters and must be located at
large a,. In addition, to avoid blow-up of
petatroh oscillations the pre~cooling kickers
are located in two regions of equal ap separ-
ated by half a betatron wavelength. ghe focus-
sing lattice designed to satisfy these con-
ditions is shown in Fig. 2. The aperture
requirements are based on the need to have a
stacked beam with a total momentum width of
2.5%, an injected beam of 1,58, both with hori-
zontal and vertical emittances of 1007 urm and
separated by a momentum "gap” of 1.88 (Fig. 3).
The corresponding apertures are shown in Fig. 4
and the overall layout of the ring in Fig., 5,
IV. Some Limitations
In order to make use of the extracted beam
line TT 60 for reverse injection to the SPS, a
vertical emittance limit of Ev = lv urm is
imposed. With 6x10'! antiprotons in the
cooled stack within this emittance, evalua-
tion of intra-beam scattering following
Piwinski’s theory shows that the beam blaw-up
c¢an be overcome by the stochastic cocling for
a final horizontal emittance, Eg = 1l.4n urm
and a total momentum spread of &p/p = 3x10-?,
Tsis correspondg to a total bunch area of 5.63
€ sec,

The SPS rf system has a nominal fregquency
of 200 MHz and will be able to supply a peak
voltage/turn of 6.8 MV. The traveling-wave
structurzs accelerate only in one direction so
that connecting half the cavities in the
opposite gense allows the p and P beams to be
treated separately with up to 4.4 MV/turn. * -
stationary buckets at 270 GeV/c this provide. a
bucket area of about 2 eV sec. This leaves ho
margin for dilution of the antiproton bunches
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unless the number of bunches is 4 or more.
The of b h prop d is 6, which
leaves open the possibility of utilizing more
than one of the 6 long straight sections for
colliding-beam physics. Although this leaves
some margin in the bucket area at 270 GeV/c,
the area available near transition energy in
the SPS is insufficient. Consequently it is
proposed to accelerate each of the 6 bunches
in 4 adjacent 200 MHz buckets up to high
energy. There the 4 adjacent bunches will be
coalesced into a single 200 MHz bucket.

V. Injection and Initial Acceleration Into
the SPS

Many options exist for the detailed
scheme of capturing the antiproton and proton
Eiches in the SPS and for their initial accel-
eration without incurring excessive Laslett Q
These are being studied both theoreti-

shift.

¥ig. 2. TFocussing lattice

cally and experimentally at present.

The scheme proposed initlally is to trap
1/6 of the stack in the cooling ring in a
small bucket (h = 1), accelerate it to the
injection/ejection orbit and then eject it
along TT2A and down TT60 thence into the SPS.

The 6 bunches thus formed would be cap-
tured by a subsidiary rf system in the SPS
running at 2.6 M4z (h = 60) with an initial
bun~h length of 80m, Subseguently, the
shortened bunches would be recaptured and
rotated at h = 210 i» larger buckets. After
this, each 5.7m long bunch is captured into
the four adjacent 200 MHz buckets. Both pro-
ton and antiproton beams are then accelerated
by the normal SPS rf system up to the
required collision energy.

The main parameters of the proposed
scheme are shown sequentially in Fig. 6.

Fig. 1. Overall site layout
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MAIN PARAMETERS
10" protons at 26 GeV/e each 2.6 secs.

25 X 107 p's at 3.5 GeV/e within: -

2 Lgsw
P 75
Ey = 1007urm

8
Pre-Cooling —pE from * 7.5%0 10 * 1%o in 2 secs.

Ox 24,000 in 18 hours.
5
stack £ = £ 12.5%: E, = 100mucm: By = 1008

6X 10" F in —pE = % 15%0: E, = Lomurm: Ey = Imprm.

o

Colliding Beams at 270 GeV/e

6 bunches p, p each 10! and 1.5m long.

Interaction Region 8, = 4.7m: 8, = 10m

. protons 69 X 3.5 } .

E: Eg L X 10°% .
mittances  (E, .E,) antiprotons 3.8 X 1.9 0%7 rad m,

Luminosity: 10%° ¢m™? sec™

L. Lifetime 24 hrs at 2 X 10® Tomr.

Fig. 6. Main parameters of the proposed scheme
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PP SYSTEMS AT ISABELLE

Robert B, Palmer

National Lal
Upton, New York 11973

1. Iptroductiom

As was stated by Lee Pondrom,! it is to be expect-
ed that pp interactions will be studied at CERN and at
Fermilab several years before they will be studied ac
ISABELLE. Further, pp ons will be_studied at
TSABELLE with far higher luvminositiea than pp. In the
1light of such observations, a pp program at BNL can
only he justified 1f: 1) the luminosity is higher than
at CERN/Permilab; and 2) the luminosity is high enough
for detailed comparison of pp and Fp interactions.
These requiremeats would seem to suggest a minimum ac-
ceptable luminosity of 107!

I will consider three schemes, or stsges, with
steadily increasing coat and complexity only the last
of vhich really meets .he above Tequirement. The step
by step presentation enables one to study what the real
limits are.

II. Basic Plan

The basic proposed arrangement is shown if Fig. 1
protons are taken from the AGS and atacked in the ISA
ring #1 until a 6x10'" proton charge is achieved. These
protony are buached into one or a few short pulses, each
is extracted, focused to a very small spot and target-
ed on a short irridium target. The antiprotons made are
collected by a horn aystem and injected and held in a
singla bucket of a high frequency rf system in the sec—
ond ring.

The process 18 repeated and the next bunch of anti~
protons placed in the next rf bucket of the second ring
and eo on until all bunches are full,

Finally, the firat ring is filled with protons in
the other direction and pp interactions take place at
the 6 intersection regions.

In this basic proposal no cooling is employed and
the principles used to attain maximm luminosity are
those that tha possible ent
phage space density from the target. These are: 1) the
aroton bunch used to target is as intenee and as shore
in ctimes as possible; 2) the target is as small as pos-
sible; and 3) the protons used (o target ars at the
highest possible energy (see Fig. 2 and later discus-
sion). It 1s sn inevitable consequence of these condi-
tions that the target will be heated to a very high
temperatureand will, in fact, evaporate. This we dounot
believe 18 a fundamental problem and it will be discus~
sed again below.

The final Luminosity of Fp is a function of the
crossing angle, bunching and 8o on, but i1f the crossing
15 tune shift limited and is at an intersection with
the same B as that for pp then we can write the lumino-
sity:

)
5" Tep 5, @

where up and np are the total number of p's and p's
stored.

In practice one_would employ stochagtic cooling to
reduce the vertical p emittance until ic matched che p
emittance. In this case atandard crossing angles would
bo employed and the relation of Eq. (1) 1s obvious.

The nuzber of p'e made per proton on target can be
wvritten
In—

x 32
w e E e e @
13

where °, 1is the rotal absorption crosa section, EZ-)’CI/I'Jp3

ia the invariant p production cross section, € the tar-
geting efficiency (taken as 0.3), 2p/p is the momentum
acceptance_for p's, py is the transverse momentum accep-
taace far p's.

Finally ve can write the luminosity
e
L;p - LPP CE W 3
13
vhere m is the number of ISA cycles used ro make F's
(assuming that the stack used to make p has the same
number of protons as that used for pp interactions).

The values of all these parameters for the case (I)
we are discussing are given in Tab.. ~ 1 will nowdis-
cuss these parameters in turn.

a) Lop ™ 10°? 18 that given ar the high lumino-

sity small crossing angle intersections in the current
ISA proposal.

b) The invariant cross section is plotted inFig.
2 taken from estimates made by Crunin,z the values
pletted are for p momenta In the central region which
would be 14 GeV for 400-GeV pp interactionc. Since
collection must take place above the ISA transition
energy of 20 GeV, a correction has to be made. Assuming
collection at 21 GeV and a (1-x)® dependence an invar-
“ant p production of 0.055 is abtalned.

¢) Target efficiency of 0.3 is taken, which cor-
responds to that obtained from a thick target. It is a
conservative figure.

d) The momentum acceptance of 1.5% 1s that of the
ISA ring used to capture.

e) The final parameters: cthe p,, and the total
number of cycles m used curn out to be related and in
order to evaluate them we hsve to conaider explosive

argeting, and rf requirements; big enough subjects to
Justify sections of their own.

ITI, Targeting

If the actual targer is thin enough then tue appar-
ent size of :ha target is a Functfon of the angular ac-
ceptance of p 's from that target, rising linearly with
that angle. Under these circumstances, the transverse
romentum accepted rigea nuly as the root of the machine
acceptance end we obtain:

2
mp)? = 28 o (175 Hew)?, @)

where p 1s the csptured momentum {21 GeV)}
A 1s the 15A acceptance (1°4 7 10 ° meter steradians)

1 is the length of the tsrget (6 cm {rridium),
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The apparent target diameter is given by
e
d= ,‘/1—" = 0,4 mm.
The actual target cannot be greater than this
value and the question must be asked: How long will
such a target remain when hit by the protons? Wili it

remain long enocugh? This leads me into tha question of
target heating.

5

The temperature reached in the target may be esti-
mated by

n/h

T = a;:”:—“?,- 125,000°C, )

where DE/3x = beam heating (22 MeV/cm)

= number of p's per ISA £i11 (6X10'*)

n

h = number of ISA bunches extracted
separately (4)

k = gpecific heat of target (0.036)

) = density of target (19.3)

T = target radius (0.2 om)

The JE/3x estimate 1s certainly optimistic since it 1ig-
nores secodary particles, but the k estimate is very
conservative since at such temperatures there will be a
high degree of ionization.

1 have also ignored all cooling due to radiationm
and conduction which agoin makes it a conservative cal-
culation. At best the order of mapnitude is probably
right so I continue.

The {on velocity at this temperature is:

l

= 0.24 10%cn/gec

and this better be less than r/t where t 1s the bunch
length

< 80 u seconds

thich brings one to the next question: Can the hunch be

this share?

ds that

RF 1s also required to hold the p bunches. The

Tequirements are

£ = 80 n sec
& o5
4

p = 21 GeV

p(transition) = 20 GeV

£ =10 M/hz.

The voltage needed turns out to be ~130 kV, which isnot
unreagonable.

V. Luminosicies

All we now need to obtain luminosities 1s the num-
ber of ISA cycles used (m) in Eq. (3).

If no cooling 1s used, then_the filling will have
to stop when all buckets of the p rf system are full.
There are 120 buckets, 4 are filled per ISA cycle and
thus the ring is full after

m = 30 cycles.
The Final luminosity in this case 1s then

L= = 0.6x10°°,
PP

This 1s a reasonable value considering thac NO
COOLING has been used to stack and the time required if
the ISA were cycled every 6 minutes would be only 3
houra.

1f cooling ( or transverse) 1is
employed once every 3 hours and further stacking schemes
are used (see '?7 Summer Study), then the process canhe
repeatcd, say 10 times, and a luminosity of 0.6X0 3
achieved after a stacking time of the order of 30 hours.

VI, Further Improvements

Further improvement in luminosity can not reason-
ably be obtained hy Further stacking since the time re-
quired is already excessive. We must restudy Eq. )
and make our improvements there. Targeting must clearly
be improved but there 1s a Itait to what can be doue.
More can be galned 1f the p/p can be increased and the
g. These can both be improved 1if

Longitudinal phase space conservation d

9

he APP' = constant (36X10°° sec)

which gives for h = 4, t = 80 n sec

.02
b

This is the momentum spread in the proton beam just
before targeting ana is acceptable.

Finally, we oust ask: What rf gystem is needed to
moke the bunch?

IV. RF Systems

The procedure to make such a short bunch would be
to olovly lower the rf voltage until the buckets are
half f£illed (Vv = 2 kV) and chen apply an eighth harmonic
saw=tooth shaped high voltage (800 kV) for a 1/4 syn~
chrotron cycle, This is a lot of rf but not excessive
in view of its use for a ahort pulse at a fixed fre~

quency.

Py

a special 21-GeV capture and cooling ring is buiit., A
8p/p of 6% would not be unreasonable and with A = 6T
107® m steradians p,'s up to 350 MeV would be captured.
The apparen’ target diameter would be increased to 0.8
mm, thus easing the target heating problem. The cycle
now could involve a single_proton bunch (h=l) that
would he targeted and the p's captured and debunched in
the transfer ring., During_the following 6 minutes, as
the ISA was refilled, the p's would be cooled and final-
1y stacked in the second ring just prior to receivinga
new p burst, The rate of p production would be 16
times that without the transfer ring and after .0 hours
of stacking, a luminosity of 10’2 might be achieved.

Conclusion

The figures given above may well be optimistic, but
they indicate some basic points:

Q It is better to use high-energy protons to make
p's. ‘
2)  The maximun possible dp/p and p) should be accepted

ond the latter requiras a smaller acceptance (A) at high



womenta than low. ease of long-term storage smd smaller tune-ghift pro-

. blems,
3) ISABELLE is well suited to meet these requirements,
especially 1f a 21-GeV capture/transfer ring is built.
Referencea

4) pp luminosities over 10*’ should be achievable with
reasonable stacking times. L. G. Pondrom, Prge. 1977 BNL Summer Workshop, BNL
— 50721, p. 372,
Finally, one should remark that the pp interac-

ticna at :SABm would be with all the experimental 23, W. Cronin, Proc., 1977 Fermilab Workshop on Collid-
advantages this would bring cogether with the greater ing Beams.
TABLE I
1 11 1II_
Options scack in 1SA stack in ISA capture p's
without cooling with cooling in transfer ring
. 10 10*? 10*? cn %sec”
3, -
1g2e .055 .055 . .055 Gev2
5, "%
€ .3 .3 .3
APE. 1.5 1.5 6 %
n 2 n(.175)% n(.175)% n(.35)%  Gev?
L
[ 30 300 300
Lo .6x107° .6x10 3% 10%2 e sec
AGS (.
RING# ) RING #2

Fig. 4. Pporrangement at ISABELLE.
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Fig. 2. Antiproton pioduction versus proton energy.
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STOCHASTIC COOLING THEORY"

Frank J. Sacherer
CERN, Geneva, Switzerland

1. OPEN LOOP

Feedback from kicker back to PU via the beam is
neglected., C?nsider momentum cooling as proposed
by Thorndahl.! (See Fig. 1). A particle passing
the PU induces a pulse which is amplified, filtered,
and synchronized to arrive at the gap with the par-
ticle, correcting its energy by AEc volts/turn, In
the frequency domain, the single particle of charge
e has a DC current efy and AC components 2efp at
each harmonic of the particle's revolution fre-
quency f, (Fig. 2).

The periodic notch filter H(w) insures that par-
ticles with too much energy are decelerated while
particles with too little energy are accelerated,
congressing the beam energy spread into the notches.
1f G,(E) is the voltage gain from preamp input to
final amplifier output for harmonic n, including
the filter, then

4E_=2zef R I Re G, (volts) [0}
where R = uRk is the mean of the PU and gap
resistance, and the summation is over the harmonics
in the system bandwidth.

The kicks from the other particles and the am-
plifier noise contribute heating terms. The noise
density referred to the preamp input is shown in
Fig. 3. It consists of white noise 2KT = 8,2x10-21
watts/Hz, assuming a 3 dB noise figure, and Schottky
noise of 2 e foleém watts per Schottky band, where
N is the number of particles in the beam and Af, is
the spread in revolution frequencies. A single par-
ticle is driven only by the noise at harmonics of
its own revolution frequency. Summing the noise
density over harmonics, we find the mms energy
charge per turn

6

w2 = 2kw £ R TiG, s 2ePE0R she"; 1% ottst. )
. s ——

n

————
amplifier noise Schottky noise

For non-square distributions, replace N/ofy in (2)
by dN/df,. If the Schottky bands overlap. (perfect
mixing), nAf, in the surmation should be replaced
by fo.

*Shortened version of ISR report (1978) with
same title,
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The evolution of the particle distribution

aN

v (Et) = g (3)
is governed by the Fokker-Planck equation
2
AE - AES
By _ D C i9 ic 3
ﬁ‘ﬁ(‘r;"’) * 755( T, BE) @

cooling heating

where Tp is the revolution period. This equation
is nonlinear because AEZ. depends on ¥, so a general
analytic solution is 'ruied out, although stationary
solutions are easy to find, The equation has been
integrated mumerically with the measured filter
characteristics to compare with the ICE experiment
at CERN.

For an ideal linear filtor,

IRe G =ngG
.
fic 1° = ng? )
16,12
2
I+ =4
= 1.
where ) F~1

and ny is the number of harmonics in the system
bandwidth Af, namely ny = Af/f,. Ler

AE 2 f _Rn,G
_rc —?T—L='£‘ volts/sec 6)
o c

where 71, is the cooling time for a single particle
with no noise present. Then with noise,

2 INTZ[AEO 2k’l"f° Ez
6B = i_ o n T * 2o o ] 7)
ic 2 nzroz 2 o 2 fo%uN
n

where n is the average noise-to-signal ratio in each
tevolution frequency hand. The second-moment of the
Fokker-Planck equation becomes



+n] (8)
[ R

= 1 for perrect mixing
> 1 for bad mixing

where o is the ms energy spread, and the decrease
of Af, with time has been neglected., If the PU
resistance is large enough, the amplifier heating
term n can be neglected, and (8) becomes

1d_ 1,3 _M ©
S I S ¥ -

o ny -roAf0
The Schottky heating is minimized by increasing the
mumber of harmonics ng and the revolution frequency
spread Af, via the machine dispersion.

The same analysis for betatron ccoling yields

NT, Af
1do 1.1 o
_a_=._.+__._2._r+“l 10y
ode To anTa "JLAO

=1 for perfect mixing

erfect mixing

which %s the usgal result for the
e simple-particle

limit.? Here 0% = X2 and 1g is
damping time for no ng%se. The average noise to-
signal ratio,® n = r/92, increases as g is cooled
because the amplifier noise is not filtered in this
case, while the spread Afy in revolution frequencies
remains constant.

2. CLOSED LaoP

.

So far, feedback from the kicker back to the PU
via the beam has been neglected. When the Schotthy
bands overlap (perfect mixing), any ccherent
modulation produced by the kicker on the beam smears
out before it arrives at the PU, so the open-loop
damping rates apply. For bad mixing, the coherent
modulation does not decay, but remains approximately
constant around the machine circumference. In this
case, the damping rates and system stability are
modi fied.

Consider the betatron damping system shown in
Fig. 4. The anplifier noise xy and Schottky noise
xs are assumed to be injected into *he loop as
shown, while xp is the coherent signal on the beam
due to the force F, ug = Qup _is the betatron fre-
quency, and Im Aw is the damping rate for the co-
herent modes of beam oscillation. It is related to
the single-particle damping rate by

N 1
ImAw=—2-rE€. (11)

A simple particle with revolution frequency j
responds to the force F as

ke dqixg -

where the dot signifies the co-moving derivative

a2)

oS a3
The single-particle response is therefore
3 : as

X, = =—
1 st zui-m)

ilda indicates the Fourier transform and

where the t.
wj = (n = Q)R;. The coherent signal on the beam is
then
~ _le~ _F 1 1
Bnﬁle'—Zm— ﬁzm.-w’ (15)
B\ ",
Gw)
. = - Aw Glw) ~ ~
or X = 1+Ame=(xn+xs) 6
vhile the force acting on the beam is
- -2 wg Ay
F = T+ M GE) (x, + %) an

The denominators in (16) and (17) are the usual
transverse coasting-beam dispersion relations, A
typical plot of the inverse of the beam transfer
function for real w is shown in Fig. 5. It deviates
from the real axis when w is within the band of in-
coherent frequencies wj, that is, within a Schottky
band. The system is unstable if Aw lies to the
right of the hatched line.

The open-loop signals are reduced by the factor

- 1 o Glw) _mm N
T @) mm'ﬁm- @ b 08

which is the ratio of the vectors shown in Fig. 5.
The numerator is typically ~1/4 S where S is the
total frequency spread for the Schotthy band in
question, so significant signal reductions require
coherent damping rates in excess of Aw ~ 1/45, In
fact, large reductions in the Schotthy signals are
commonly observed when operating the betatron cooling
systems at the ISR or the ICE experiment,
particularly for the lower frequency bands where the
frequency spread is small. Even the relatively
small feedback via parasitic coupling impedances
produces a noticeable effect in the ISR, inthis case
reducing the area of the stable bands compared with
the unstable bands. The noise heating terms in (4)
should thus be multiplied by |T;|“ while the cooling
temm is muitiplied by ReT,. Detailed calculations
have not been performed yet.

S}'milur.signal reduction occurs for momentum
cooling (Fig. 6). In addition, system stability is
more critical because of the periodic notch filter.
The poles and zeroes and response for a first-order
filter are shown in Fig, 7, The high gain and
changing phase near the poles may cause instability
tnless the total loop gain KHG including the beam is
less than wnity everywﬁete.



For bad mixing, the density ard energy modulation
on the beam due to the gap voItage u is

a9

In(m) = eNu, ) v, 48

a,
3 -2 -
b (Eyw) itgu b

where the stationary beam dist ‘bution y_(E) is

normalized to umnity. Thus the beam tranSfer
function is
dy,
2 2 dE
. Ne' dE
Gl) = - zrj TzRf T RGRE @0
(]
[
which is approximately {exact for a Lorentz
distribution)
: Nezli
G{w) = jnk n

(w-nwg - 30)°T

with Landau damping included, Here ¢ is the mms
frequency spread for the nth Schottky band. The
beam thus has second-order poles near each harmonic
of the revolutior frequency, and the beam response
falls off as the square of the frequency outside the
Schotthy bands.

The pole-zero diagram for the closed-loop transfer
function is shown in Fig. 8. As the gain is
increased, the poles wove on the paths indicated.
Eventually the System pole crosses into the right-
hand-plane and instability results. As the pole
approaches the axis, the noise power near the
resonance increases, possibly saturating the
amplifier. The simple pole in Fig. 7 is replaced
by a pole-zero cluster, which is responsible fer
the signal reduction within the Schottky bands.
This reduction is probably beneficial since it is
largest for the low frequency Schottky bands which
contribute most of the heating. This may explain
why the momentum cooling observed in the ICE
experiment is faster than expected from the open-
loop transfer function.

For stack cooling, third-order or higher order
filters are required to shield the accumulated beam
from its own Schottky noise, yet provide enough gain
on the injection orbit to compress the newly injected
pulse within a few seconds. Since the beam respbnse
decreases as the square of the frequency, while the
filter response increases as the cube, the overall
gain increases with frequency, and eventually unity
gain is likely to be exceeded., Quantite:ively, the
unity gain restriction

1> |[KHG| 2

can be written as

dlpo
Neln a E -
1> 2n 55 W) [ G @)
o
or
Ne V()
1% o =55 (24)
AT ke

where V(E) is the required single-particle energy
change per turn,

V(E) = 2 ny - RKH(s) (28)
0

and the energy deviation E rather than frequency
w = mw, +nkE is used. Requirement (24) cannot be
satisfled for practical p collection schemes, thus
ruling out the filter method for stack cooling.

This problem is less serious with the Palmer
method of momentum cooling. The horizontal PU can
be shaped as shown in Fig. 9 with a sensitivity F(E)
that decreases approximately exponentially in the
stack region, with

V(E) = 2 nya F(E). (26)
Q
The unity gain requirement is now
dy
F& o2
Ne ) dE
1> 21 T_OT ! T kT dE
or @7
dgy
15, N VO
with the filtering inside the integral. The overall

response decreases linearly with frequency. Van der
Meer has pointed out that (27) is always satisfied
to within a factor of order unity as long 1s the
beam is cooled, that is, provided the cooling term
in (4) is larger than the Schottky heating term.>
Linear filters are also reouired in this case to
reduce the amplifier noise in the stack region.

In sutmary, it seems that a complete theory of
stochastic cooling that includes the effects of bad
mixing is now available. Detailid calculations of
cooling rates and system stability remain to be
dane.
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RELATIVIETIC ELECTRON COOLING FOR HIGH LUMINOSITY PROTON~ANTIPROTON
COLLIDING BEAMS AT VERY HIGH ENERGIES

C. Rubbia
CERN, Geneva, Switzerland

Electron cooling has been introduced by Budker?
in order to extend to heavy particle beams most of the
benefits of damping by synchrotron radiation, which
is a very powerful tool in the process of accumulation
and collision in e*e” storage rings. Assume an
intense clectron beam-in contact with heavy particles
(e.g. protons or antiprotons) stored in a ring. Pro-
vided the average electron and proton velocitles are
adjusted to be closely equal and the electron temper-
ature (e.g. the residual kinetic energy of electrons
in the frame moving with the common average veloc-
ity) is sufficiently small, in favorable conditions the
proton temperature will decrease up to about twice
the zleciron temperature. This means that the angu-
lar divergence of the stored proton beam 6 will
decrease eventually up to a value

where 6 _ is the angular divergence of the electrons,
and m afd M are respectively the electron and proton
massges., A similar damping is expected to oceur in
the longitudinal motion,

As is well known, extensive expex'iments2
carited out at Novosibirsk with the storage ring
NAP-M have demonstrated cooling of 65 = MeV pro-
tons by electrons trapped in a solencidal magnetic
field. Thelr results are in satigfactory agreement
with theory, once the specific properties of the proton
and of the electron motions have been taken into
account.

It is generallv helieved that because of the
extremely fast energy dependence of the formula
giving the cooling time, which for constant &, goes
approximately as y%8%, cooling with electrons la only
possible at very low energies. In the present note,
we discuss a number of practical arrangements in
which we succeed in overcoming the large power-law

effects by the reduced beam sizes and most important,

the incredibly large current denslties of electrons
which can be obtained by synchrotron damping of the
electron beam. We propose feasible schemes in
which a relatively dest device can y
cool protons and antiproton beams even at ultra-high
energies like those in the CERN=SPS (y=300) and in
the Fermilab-ED (y=1000) with remarkable improve-
ments of beam stability and luminosity.

In order to understand the implications of elec~
tron cooling for F=p colliders ut high energies, we
start with the formula giving the luminosity L for
head-on collisions

L= fn’b fﬂza . I
4 q % 4ng
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where n is the number of particles in each of the b
bunches, oy = oy =0 is the beam rms cross section
at the crossing point and f is the revolution frequency,
On the other hand, the tune shift AQ coming from
beam-beam interactions

r_np*
AQ = s (2)
Q 4wy n}
where p* = B = is the value of the beta function
at the crossing pu’{m r. =1.53 % 10~16 ¢m is the
classical proton radius and y the usual relativistic
factor. Combining the two formulae we get
L faQyomb (3)
r p¥
P

where one can see that for a given AQ the luminosity is
d of the ber of bunches and linearly
proportional to the total number of partir:les N = bn.
Setting L = 1030 ¢cm™2 gec-1, AQ = 107, y = 280,

f* =4 mand f = 43. 4 ke/s we get N =bn i 25 X {0
The corresponding invariant emittance Ey of the two
beams, defined as the twe. s.d. point of the Gaussian
approximation is easily evaluated

ind

r nf

aQ 4

Ep =

In practice, cooling can be achieved with an
electron beam stored in a small ring of elongated
race-track shape running tangent to the protons and
ariprotons along a straight section. In the simplified
cusde of an electron velocity distribution uniform in
three dimensions in the moving-particles frame, the
damping time in the laboratory frame is given by the
following general formulae

3.3.3
) f >
o 2 pp Y or ep 9e
T T e— (5)
e rr cL n n 3/2
pe € (Te/mczlfo/re <0
p e

where r, and r,, are the classic radii for the two
particles, ¢ is the speed of light, L=20 ls the Coulemb
logarithm, ° n_ is the density of electrons in the
laboratory system and n is the fraction of the storage
ring circumference with electron cooling. T is the
electron temperature in the moving frame expressed
in unita of kinetic energy.

It ie {immediately apparent from this formula
thai if the beam is Initially very cold, it is easy to
keep it cooled, For a proton emittance as low aa the
one requiied oy Eq. (4), it is expected that the proton



velocity in the particle frame will become lower than
the rms velocity of the electrons. This, in turn is
equivalent in the laboratory system to the condition
8g > 9 The frictional furee of the electrons on
the pml%ns is then proportional to the residual proton
velocity in the particle frame and the damping constant
T o due to the electron friction force is independent
of the amplitude of the proton oscillations. For a
velocity distribution of the electron heam spatially

tric and G ian and a density over
the cross section of the beam, the damping constant
is given more precisely by the !'m‘mu.h;2

) 3fz
T,
re=__3__. Bye | = . w®
2N Zn rprenjL me

where Tg = ﬂzvz me?8 s is the electron temperature
and j is the current density,

Of course the central question is what electron
current density and temperature we can achieve in
practice. The proton beam nas a very emall
{circular) cross sectlon ? s By (Ey/vB) where 8, is
the (average)} value of the beta function at the cooling
straight section, Inserting 85 = 60 m, ¥y = 280 and
for the value of the emittance given in Eq. (4) for
n=2 x 1010 ye find g, = 0. 66 mm?, A practical
electron beam will cover perhaps twice this area in
order to insure convenient matching. For a rezson-
able number of bunches, the electron beam cross
section can be only of order of a fraction of mm?,
Even relatively modest electron currents can be used
to achieve suhstantial current denmsities.

A crucial feature of the cooling with relatlvistic
elactrons is the fact that the longitudinal temperature
T,y 1is insensitive to the laboratory energy apread.
The Lorentz transformation from the laboratory to
the moving particle frame is surprisingly favorable;

2
r mec5)
= m,c
2 7e” e Jrms

For a relatiyely large momentum spread
(8p/pleme = 10~2 in the laboratory frame, we IHnd
Te = 0.25 eV! Likewise, the condition that the pro-
ton veloclty In the moving frame should be no greater
than the rms electron velocity becomes the laboratory
condition | ap/p| <1 (Apg)/pel g Which is easily
satisfied by the proton beam. On the other hend,
substantlal momentum spreads are needed to insure
stabllity of both proton and electron bunches, For a
parabolic distributions in line gansity and a peak
current I, bunches are stable” provided

e

where Z is the longitudinal impedance for the n mode
and n 13 the usual factor relating the change ! per-
fod to the change of momentum. For | Z/n| = 20 ohm
{which ean probably be achfeved with a small weak
focusing electroa ring), nw = 0.7.and pgs 143 MeV/c; -
we get I S 10A. Applying the corresponding

Te n

(%]

< 1,920 8

21 : @
0
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expression to the protons, with | Z/n] =25 ohm,
n =172 ¥ 1077, Apip = 1077 we find rp 5 36A,
which is a very safe value,

The transverse temperature Tg 1 is directly
related to the rms angular divergence. _The require~
ment Tey = T, gives 8718 = 1/NZ8y) fap/p).
This equation réqulres very small angular divergence
for the electrons and it is likely that at high energiles
one has to accept Tgy * Te“ .

Cooling is needed at high energies in order to
compensate for beam growth due to beam-gas scatter-
ing, higher-order resonances, longitudinal and trans-
verse instabilities, intra-beam scattering and go on.
In order to have a first-order estimate of the cooling
rate which is required, we shall estimate simply the
effect of the multiple scatterings with the residual gas.
The time constant for beam growth due to multiple
gcattering in absence of cooling is given by 4

9y

where K = 4n2{(md e} r? c Gy, (t/M))= 1,08 x 40723
m3 sec "1, G, 18 tbe abdolute gas factor for N, and
N, g the equi\;qaient density of nitrogen atoms for mul-~
tiple scattering. It is related to the equivalent multiple
scaitering preseure Pms {Torr) by

P
o =193 > 1023w, KO, Torr]-

22, 10)

", T

m|

where T is the absolute temperaturz of the re.idual

gas. For instance, setting B, = 60 m, Ppg= 10"%Torr,
T =300 K°, yB, =280 and E, = 3.2 ¥ 10-% rad m, we
calculate v . = 2,14 X 104 Bec.

The balance equation between the damping and
diffusion processges (Langevin equation) has the form

{1

where T is the cooling time constant and [(dsf,\ jatgd
is the diffusion rate for the corresponding process.
The sc'ution in caseof cooling competing with just
multipi: scattering has been given in Ref, 2. The
equilibrium value of the square of the mesn proton
angle is

3R
~2 "é 2 eczzn L m{T
o2 e + NiBw st_=_s_e_2
M jne L M m
[EE:]

-1/3
where L, = (133 2 ) 18 the Coulomb logarithm
for scattering on the nucleus of charge Z.

Electron cooling will counteract Coulomb
scattering if 5, = g . The corresponding electron
current density is easily calculated il
and Eq. (9)

Eq. (&) ., ..
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po rlms Y Te (EY)
Eo n

2

=20 Afm

j=3.31% 10
(13)

The minimum current density is inversely pro-
portional to the equilibrium emittance of the proton
beam E,. Since the proton beam cross section and
therefore the electron beam cross section are propors
tional to Eo, the total current is independent of the
beam emittance. This is easily understood since a
very emall beam has a faster growth rate and there-
fore also needs more efficient cooling. As a numer-
ical example, we can take the emittance from Eq. (4)
for six bunches and insert the following numerical
values in Eq. (13): B, = 60 m, np, = 4.65 X 1013 "
(P, = 10~7 Torr), n = 5 %1073,y = 280, E, = 3.2 X10"
rad-m and Te= 0.5 eV, We find j = 0.57 A /mm!’ ., The
proton beam rms radius is rp = 1/2[( EqPo) /Bylz
= 0.47 mm. A reasonably well matched electron beam
could have twice the rms radius of the protons, that is
a cross-sectional area of about ¢, = 2.8 mmé or a
total current Ig =1.56A.

A transverse temperature of Tq 1 =05eV
correspond to rms_angular divergence
6e=1/py[Te/(Mec?)]Z and for o rms radius of 0.66
mm, we find an invariant emlittance (2 8.d,) Ep
= 4.1 X106 rad-m, which is comparable to that of the
protons. On the other hand, longitudinal temperature
Ten = 0.5 eV corresponds to about Ap/p rms
= 1.4 X 10-3 which is substantlally wide. An identical
condition holds also for the proton beam.

We note that the previously indicated longitudinal
impedance of l Z{ul|= 20 otum for the electron ring,
when combined with Eq. (8), gives us a maximum
electron current of 20A, which is about fifteen times
what is required to counterbalance the beam-gas
collisions, Although other forms of instability of the
electron beam still nsed to be Investigated, it is likely
that we ehall end up with a lot of spare cooling capacity
to counteract, if necessary, more virulent instabilities,

The tune shift AQ produced by the electron
current on the proton beam limits the current density
to the value
e cﬁ3 Y3

TR

if2Q(aQ)

where £ = 20 m is the length of the cooling region, R,
is the radius and Q is the tune of the SPS and other
gymbols have the same meaning as in the previous
formulae. Setting AQ = 10~% we get j5 4.6 103 A/mnf
which is safely beyond any practical value,

Lifetime of the beam in absence of other effects
will be determined by nuclear collisions and single
large-angle ncatterings., The beam-gas lifetime for
nuclear collisions is given by

1, 1oL, 102
_'._..l.]..s_ T’ 7.32 x 10 Pns (Torr),

300

where Pns is the residual N, equivalent pressure, For
Ppg = 16 -7 Torr we findT = 437 X 10 s or about
16 days. The single Coulom'?ﬁ-scattering lifetime
depends on the limiting aperture bo'

The elastic Coulonéh cross section of nuclef of
charge Z for very small 9~ can be approximated as

do

= 270 2% (nb/Gev?) x -t
q (GeV)

wbere q2 =8 zpz is the q2 in the scattering. Integra-

ting the cross sectiona for all scattering angles larger
than 6, gives o = (270 X10-3322) /(p? 82), Replacing

variables p and 8, with more convenien? quantities, we
get

2
Z
2 =6.33% 10° m*s! Torr! ——— B
T SnzaZi 2 E6.
ss YO BeBoby
Setting b_ = 2 mm for instance, we find T = 4.88 % 106

sec or about 56 days.

The applicability of the scheme to the F=-p in
the SPS is examined in more detail. The longer life-
time of beams suggests a longer collision time and
therefore a longer accumulation time of P's. Assuming
that 48 hrs is the largest time period over which
accumulation can be practically enyisaged, for the
design performance of the source, ” we et N =nb
=1,2 X1012 b, Inserting this number in Fq. (3) and
for standard values of B¥ and AQ = 1072 we get

L = 1031 cm? sec-‘.

Longitudinal instabllities amongst other reasons
suggest that individual bunches should not contain more
than approximafely 1011 particles. A preferable value
could be 2 x10%9.” which has already been achieved,
glving b = 60. Bunches are separated by about 115 m
or 0.38 ps, which is ble for ipul The
invariant emittance during collisions (at v = 280) is
held coustant with ap appropriate balance between
cooling and gas scattering to the value of Eq. {4},
namely E, = 3.1 %10~6 rad-m.

The longitudinal area of bunches could be as
large as 1.4 rad, For V = 4.4 MV and other standard
rf parameters , we expect Ap/p lfull =1.8 x 10°3
and a bunch length which is about 0.4 of the bunch
separation. The rms betatron beam crose gection in
a middle of a straight section Is 0=0.417 mm*. Note
that the momentum spread gives an additional contri-
bution to the width, which is Ax = Ap/p - = 3,6 mm
for =2 m., We can either locate the cooling section
in a straight section with a, = 0 or take advantage of
the dispersion by matching it to an energy-modulated
electron beam. The cooling time (assuming ap = 0}
is given by Eq. (6)
3/f2

4,81 x 104 T, (eV)

JA /mm2)

T =
e



Assume an electron beam cross section which N
is four times the rms of the proton beam. Let us alsc
take a maximum elevtron current of 4A at v§ = 280,
correspondl.%g =143 MeV/c. Then j = 4/(0.17X4)
= 5.9A/mm For an electron ring whicb is approx-~
imately 50 m in circumference and electron and pro-
ton b of matched 1 3, the average circula-

ting electron current is then 50 mA, __W_h_iﬂl_i_!;lv_ﬂgll_n_
the range of achieved pes gg_}‘_!gg_rgances. If the electron
temperature is taken to be T = 0.5 ¢V, we find a
cooling time T, = 2891 sec, to be compared to the
multiple-scattering lifetime of 24, 400 sec. Clearly
there 18 about a factor ten of aafety.

In order to abtain a beam with the indicated trans-
verse em the design of the
lator ring has to be reduced a few times. This can
be done by the cooling itself during the first few hours
of colligions or by precooling at sornewhat lower
energy where the cooling time is greatly diminighed.
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1. Fundamental Limitations on Lumlnos-igz

In principle, for moderate intensities, all
coherent instabilities can be cured by modifying the
impedance of the beam environment either passively
or actively(feed-back). Self fields and beam-image
forces, although exiremely nonlinear, are not very
rich in harmonics. They produce incoherent tune
spreads that, Uf too large, will cause beam loss
through resonaices. The beam=-beam forces, which
are the most limiting, are however both nonlinear
and rich in harmonica and cause the beam to blow
up through a diffusion-like process. This stochastic
process of beam growth can be counteracted only by
some kind of cooling mechanism. For a crude meas-
ura of the magnitude of the beam-beam forces, one
generally uses the linear tune shift. The achievahle
luminosity is then determined by the maximum beam-
beam tune shift allowed.

For head-on collision of bunched beams, the
luminosity is given by

nnp-

uﬁm‘(z_’zTrz‘m

where np and "p are the numbers of particles (p or p)
per bunch, ol3 the rms beam half-width (subscripts
p for proton, P for antiproton, H for harizontal, V for
vertical), f is the revolution frequency, and N is the
number of bunches in each beam (same number in
both beams). If parameters are identical in the hori-
zontal and the vertical planes, we can write

= " i) -
Zw(P:%_j

or, in terme of the emittance € = 6ncz/ﬂ. (assuming
zero dispersion)

N,

n o
L-3f XN
o7 B

The beam-beam tune shifts per bunch are given

by
r - rn
370°p 3°0p
Ay =228, Ay _=ss-2_E
2 €= 2
P ¥ 5 1 Y&,

where rop = 1,535 X 107481 a the classicel proton
radius, Maximum Iuminosity is obtalned when both
beams are the same and limited by the same allow-
able tune shift. We can then drop the subscripts p
and ¥ and express both L and n in tetms of Av. This

glves

COLLIDING BEAMS - LIMITATIONS/INSTABILITIES
A, G. Ruggiero and L, C. Teng

Fermi National Accelerator Laboratory

2
_2f(av N
L=3 2 Y%, %
Ty ]
20w
n _3r fo (€, = Pve = normalized

emittance; = 1)

If no cooling is applied during collision, a
traditionally acknowledged safe upper limit for Av is
0. 005, for a beam lifetime of few tens of hours. If
cooling is applied during collision through heat exchang-
ing with a cold electron beam, as suggested during the
‘Workshop by C. Rubbia,! the upper limit of the toter-
able Av can be raised before encountering a strong
resonance effect or the stochastic limit {(overlapping
of resonances in one dimension). Here we will con-
tinue to take Av = 0, 005, The following table gives
the parameters for the Fermilab Tevatron and the
CERN SPS.

Tevatron SPS
f 48 kHz 43 kHz
y 1067 (1000 GeV) 288 (270 GeV}
g® 2.5m 1mX5m
€o 157 X 10”6 m-rad 14n xm"’ m-rad
Ay 0.005

n 1.0x101! 1.0 % 10 2
L (0.68 X100 N cm*2sec1(0,17 x1o3°)N°m -1

TogetL = 103*cm=2gec-! we need approximately
N 15
nN 1.5 x 1012
. 1 =2
We condude that a pp luminosity of 10%em™ sec
is obtainable with moderate effort in the Tevatron, but
is more difficult to attain in the SPS because of the
lower beam energy. We next investigate the incoher-
ent tune spread andthe coherent instabilities that may
be ed by the hat 1 proton beam
bunches in the Fermilab scheme.

1l. Transverse Incoherent Tune Spread

This is given by the Laslett formula (round beam)

W /R GR?
o +S B
Y YeoB v gZ

where the first term in the parentheses is due to the
self field, and the secondterm is due to the image field.
For the Tevatron, the largest 6y occurs at 100 GeV.
With

60
6 x 1012
-1

&y =

=107.6

= ring radius = 1000 m

= betutron tune = 19.4

= aperture half-gap = 1 in, = 0.0254m

= bunching factor, ratio of the bunch length
to the bunch aeparatl.on 0.3

= geometrical factor = = /12 (recta.nguhr
beam plpe)

Q Wl < m<
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G

€p = normalized emiftance = 157 X 40™"m
» = average particle linear density,
= (1.0 X 10115, 6m = 0,48 x 103 Im=1
(rf wave length = 5.6 m),
we get

6v = 0.017,
which is a tolerable gpread,

II_Longitudinal Individual - Bunch (Microwave)
Instability

A beam bunch can experience second-order
self-bunching at harmorics of the indamental
synchrotron frequency. The instabllity ie described
by a lonzitudinal impedance [Zn/n| in analogy to
the coasting-beam case, where now the mode numher
n does not really have a precise meaning. If we give
, Zn/nl the meaning of an equivalent impedance
after summationover the beam spectrum, the follow-
ing criterion for stability is commonly used.

2
| Zy/n] < ELSA’éEl . (1)
elp ‘p

where A = y;~2 - y"2 = 0,00276, I, is the peak
current in the bunch and Ap/p the full width at half
maximum ~f the momentum distribution.

Equation f1) is a consequence of the Landau
damping coming from a spread in the synchrotron
frequency that is proportional to the square of the
bearn height.

By conservative extrapolation from beam
obgervations in the Main Ring, we take

| Zo/n| = 50 ohm

For a Gaussian distribution with rms energy spread
6 and rms length o,

2p . &
P 2,355 B
and
_ R
‘p - o lh.
with the average current per bunch, Combining

these, we have the result that Eq. (1) transforms to

a6 2> 6x101% ev2 m
which we have calculated for 1000 GeV and for the
parameters of sectlon I, since this is the worst
case for a bunched beam.
For instance, if § /E = 4074, then

0 § > 60 em

or, interms of bunch area 5 (= éaé/c},

5 2 1.2 eV-gec,
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This condition should be easily satisfied .

Another critical situation is ai 100 GeV just
after a single proton beam pulse is debunched, when
Ap/p is smallest . At this time, one should use the
coasting beam eriterion, which is still of the form
{1) if we replace the peak current Lp with the total
beam average current lu'.

We have I, = 0.47A, and by taking | Z,/n = 50
ohm again, the stability condition gives

Ap.

> 1.7 % 1074,

which is abou! threo times larger than one would
expect from a long:tudinal emittance of 0.1 eV-s,
required final momentumn is obtained by letting the
bunches hlow up in a controlled fashion {with a bunch
spreader) up to approximately 0.35 eV-s as is presently
done in the Main Ring.

The

IV, Longitudinal Bunch~To~Bunch Instability

Bach beam bunch can oscillate in various modes,
m, of the longitudinal oscillation. The wake field of
the osciliation of one bunch can affect all following
bunches and cause a bunch-to-bunch instability at
some mede number p. This instability is stabilized
by Landau damping from a sprcad 69 in phase oscil-
lation freqrency within a bunch,

Sacherer? has calculated the complex shift B
of the angular synchrotron frequency. It depeuds on
the longitudinal coupling impedance and on the spec-
trum of the beam. By the approximation of an im-
pedance that increases linearly with frequency,
namely when Zp/n, as defined in the previcus section,
is constant,3 one hag simply

Io | Zp/n! w2

2rh §3Vcos_E ’

where 2 is the angular phase oscillation frequency,

1, the average current in N bunches, h the harmonic
number, V the peak rf voltage and ¢4 the stable
synchronous phase. Equation (2) applies inthe limit in
which spuriocus sharp resonances have been elimlnated
or shifted; otherwise the shift is given by

le—-;mlmr‘n? (2

Som  Zslo N 2y
QT 2whBVcosdg m,

d

where Zg ig the r sbunt im ce, and Fp,
a form factor that measures the excitation of the
beam. At worat, Fr,=i. We take also ég = 0.

The stability condition 4 is
\‘ m

el Jawm|  for (2)
and .

2

et 126 ra| for (3

The spread in § 2 ariser from the nonlinearities
of the particle motion within a rf bucket. If the



bucket is not full, one has

sa ¢
o 16

for a bunch with hali-length ¢, expressed in rf radians,

At the same time,

B 2N
2vh

Taking | Zy/n | = 5092, V=1 MV and 0. 75 mA
per bunch, we derive from (2) the following condition
on the bunch length.

402 1.7rad

which, because of the way we have derived it, does
not depend on the number of bunches.

Trom our experience in the Main Ring, spur-
ious modes occur mostly in the rf cavities and can
be easily damped down to a few .ens of k2. If we
take Z3 = 30 k2, we derive from (3) the following
condition on the bunch length.

002 04173 rag,

which is less stringent than the previous one.

If shorter bunch length is desired, one can
either stablize the shorte> bunch by using a Landau
cavity or at least eliminating the Ni/3 multiplier by
spacing the N bunches asymetrically around the ring,
so that their wake fields do not add constructively.

V. ‘Transverse Individual-Bunch Instability {Head-
tail Instabllity)

This instability can generally be controlled by
properly adjusting the chromaticity & = Av/(ap/p}
Above tranaitlon, setting £ <0 will make most of
the m> 0 modes stable {depending on the { d
structure) leaving only the monopole mode m = 0
unstable. The m= 0 mode is that in which the beam
bunch oscillates transversely as a rigid body and
can easily be damped with a feedback clrcuit as is
done in the Main Ring. In the absence of Landau
damping, the growth time is proportional to n/y.
Although the number of particles per bunch n is in-
creased by a factor 5 compared with the present
operation of the Main Ring, this factor is compensa-~
ted by the increase in y. Therefore we do not expect
that the feedback damper will have to be very diffcrent
from the one now used in the Main Ring.

V1. Transverse Bunch-to-Bunch Instability

The dipole case {m = 1) was studled long ago
by Courant and Sessler® and the throbbing modes
{any m) by Lee, Mills, and Morton, 6 More recently,
Sacherer? has unifiedthetheorigs of the transwrse
instabilities including also the head-tail effect by
combiriing the effects of short and long-range wake
fields and taking into account the non rigidity of the
bunches. The result of this general theory is that

the i ity a lex ehift of the betatron
angular irequency which is given by

D24 (0) g (0 =0e)

1 i ip P
dom m T, Wl
Z hm (o =w¢)
P

wher'e m is the internal bunch mode, i = &' -1, w, the
angular revolutior irequency, v the betatron tune, e
the particle charge, Ip the average current per bunch
ym,, the relativistic mass, L the full bunch length, Z1
the'transverse impedance” of the surroundings which
has to be calculated at the angular frequencies

w = {p+v)w,

where - =<p, integer <+o for a single bunch or
several bunches oscillating independently, and p

= p+ kN, -o<k, integer <+» for coupled motion of
N bunches, p being then the bunch to bunch mode
number. In addition,

.= {av /vy Ap/p)
[ g LY T_._Lr_ yt-Z_y-Z

and hy, (w) are Sacherer's functlons7 which give
weights for the contribution of the beam sprectrum,

The transverse impedance Z] can be approxima-
ted for circular geometry in terms of the_longitudinal
impedance Zn/n used in section III above? as

2c¢ Zn/n ,

ZJ:b2

(5)

w/n

where b ig the vacuum-chamber radius.

The beam is made stable by providing a spread
in time &» (Landau damping) such that
(6)

bv Awm

w o :
In the approximation that Z;,/n is constant, and
anomalous, parasitic modes have been reasonably
damped, Z 1, (5), is a constant and can be taken qut
of the summation at the r.h.s. of (4. This gives",
by taking the worst case, m=0 and by making use of

@),

Av > €b _c31Za/n !
" Ved ELERE

If this condition is satisfied, the beam is
certainly stable, provided spurious impedance
resonances are properly damped, but the oppusite
is not necessarily true. With this very conservative
procedure, the stability condition (?) does not
depend on the two instability mode numbers m and p.
Ingerting the same numbers as before, we have

(N

0. 03 (8)

& 2 Timm

{at 100 GeV)

If the bunch length L. > 2m as required in
ion IV, the corresponding tune spread should be
attainable. Eventually a slow damper gimtlar to the
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one presently used in the Main Ring can be used to
damp dipole bunch-to-bunch modes, Higher modes m
require less spread than (8).

VI. Conclusion

The overall conclusiors are, for tbe high~
intensity proton bunches in the Fermilab scheme

1. If the longitudinal emittance is larger than
0.35 eV-sec per bunch, there will be no trouble in
adiabatic debunching in th» Main Ring at 100 GeV.

2. The head-tail instability can be controlled
in the usual manner by adjusting the chromatlicity
and using the feedback damper.

3. Harmful spurious resonances in the rf
cavities must be shorted to impedances below, say,
30 k2, Then, a5 long as the beam bunches are
longer than approximately 2 m, there vill be no
trouble with either longitudinal or transverse bunch-

to -bunch instabilities, Eventually a Landau cavity
can be used to shorten the bunches.

4, A bunch spreader {s required for the Energy
Doubler to adjust the final bunch area to the threshold
of instability.
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P PRODUCTION CHARACTERISTICS AND COLLECTION SYSTEMS

David Cline
Fermi National Accelerator Laooratory, Batavia, Illinois 60510
and
University of Wi i di Wi 53706

1 would like to report on the work of ihe target
group. 1 Most of these ideas are old, but it is
interesting to review them.

First ] should say that the amount of data that
exists on antiproton production is still too small. We
really need to measure this. It has not been very
fashionable for experimenters at Fermilab or the SPS
to make measurements of low-energy antiproton
production with high-energy beams, It has simply not
been interesting, but I think it is now. I think it is
extremely important. Nevertheless, I think we have
a good phenomenological feeling for the relevant
parameters in the production. The invariant cross
section, as far as one can tell, probably peaks at x=0,
which means that there is probably a very broad maxi-
mum in the cross section for producing antiprotons of
momentum such that x =0 for a given laboratory
energy.

The second thing is that there seem to be two
nuclear effects that one can observe: (1) There is very
little evidence for absorption of the antiprotons inside
the nucleus itself, © This is not an understood physical
phenomenon, but it doesn't seem to burt in going from
low-Z materials, low-A materials, to high-A
materials, (2) On the other hand, there is evidence
that if you are near threshold for production of anti~
protons (you can find this from the work at CERN,
Deckers et al.) that the cross section may be a factor
of two larger per nucleon and heavy nuclei. So there
is a gain by going to heavy nuclei, aside from just
making tergets that are shorter. Again, this sheuld
be measured.

The M'ro-luction Cross Section Variation with Energy

For example, the existing data that are relevant
to Fermilab for the Fermilab scheme using GeV/¢
antiprotons follows the production rurve in Fig, 1. It
seems to have a hroad maximum as far as one can tell
and continues flat up to very high energies., If these
data are compared with the predictions of the Stanford-
Wang formula, the results are plotted in Fig, 2. The
group tried to understand to what extent these pheno-
menological models give the same general features.
The cross sections probably follow a rule of thurnb
something like this. As a function of laboratory
energy, the cross section for 2 GeV/c, which is
roughly the momentum to be used at CERN, has a
sharp threshold, This is the point of x =0 where the
cross section has roughly reached its maximum or
the knee in the curve and probably goes up slowly after
that. The results at 6 CeV/c follow Fig. 4 and
probably higher momenta like 20 GeV/c will reacha
larger asymptotic value then 6. A, Kernan has
parameterized the x =0 data as shown in Fig. 3.

A8 can be seen, a very high energy machine
would continue te gain in cross section given the same

acceptance of the collector. However, tha gain is
relatively smaller the larger the energy, as seen from
Fig. 3. Ome might have uais ~ly thought that if you yo0
to very lagh energy, you get many more lower energy
particles, but that appears not to be true. The factor
between 6 GeV/c and 3 GeV/c is between 5 and 10.
Thus the Fermilab scheme antiproton production cross
section and the CERN scheme anti-proton production
crogs sections are quite different. The acceptance of
the CERN ccllector must be larger if the same number
of P are to be collected/hour.

The Production Cross-Section Variation with Trans-
verse Momenta

Another characteristic of the production is the

Py distributicn, whxcg as everybody knows, has a fall-
off something like e Let me show you two
examples of that. At 6 GeV/c p momentum, the angu-
lar distribution ig plotted in Fig. ¢ 4 There is a cut-
off near 300 MeV/c., There will be little gain by build-
ing devices that collect 211 the way up to high p)
because the yield of antiprotons is decreasing. The
point is that you do not gain in tryiig to collect p) of
1 GeV/c because there is not much yield beyond that,
as far as we can tell. Figure 5 shows the differential
cross gection for 9 GeV/c produced by 200 GeV/c
incident protons.® It is expected that the character-
istic will be the same in the two cases.

From thege distributions, we can get an idea of
the ideal P yields that can be obtained from these B
collector systems. We work backwards and compare
the ideal yield and compare what has been calculated
through a realistic focusing system and targetry and
find out how cloee we have come to the ideal. We can
write

where LA is the absorption cross section, dp/E = &p/p
the monfentum bite and dp 2 the transverse momentum
bite,

For an 1d..al {ransverse momentum collection,

wdp, “ ~ w{0.. 3) which gives
3

No/N . 1:(3.09) Ed;r Sp.

P Pigeal a dp° P

We can estimate the ideal yields ass
= 1.4% 10°° CERN
(2.2 with Fermi momentum
effects) 5
= 2,8 X 10”] Fermilab
= 1.5% 40”2 end bp/p .
=0.3% 1072, Fermlish

NNy
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The NplN values for CERN and Fermilab are within a
facter of avo Even though we started with a factor of
5-40 in croas sections, the largar momentum accept-
ance of the CERN machine has made up for that.

We caution, however, that these estimates are
still for hydrogen., If the Fermi momentum effect is
included, golng to a heavicr target at CERN will get
another factor of 2, 5 But there is not much to be
gained beyond that, The ideul collection yield of those
two schemes will be »oughly the same. The momen-
tum acceptance offsets the change in cross section.

At CERN it is necessary to take a larger momentum
bite becausc the cross section is smaller.

We can estimate the idexl yield of B/sec at the
two machines assuming

<N > =10 "Slsec Fermilab
< NP> CERN
8 = B
<N=> = 2,8%40° p/sec Fermilab
P 1deal | 1'% 1042 /hour
7=
<> = 7X40 p/sec CERN
P Ideal | z_axioizl;huur

If these ideal vields could i'e reached, the mumber of

P collected would be 1012 B/hour (Fermilabj and 2.5
%1043 5/hour (CERN). Obviously such intense sources
would lead to the possibility cf high-luminosity Fp
storage rings.

The point of the discussion is that the ideal
yields are large. Now when you go through the docu-
ment of the CERN scheme or go through the numbers
we come up with at Fermilab you find the actual cal-
culated yields into our devices are considerably lower
than this, 2~

Compare these ideal yields with the expected
values of ‘'realistic' targets and collection system at
Fermilab and CERN.

<N= =4.2X16 10/hctu.!‘ Fermilab

p Real
_ 10
<N§>Real = 3.6X10"" /hour CERN

In the first case, the ideal yield is 83 times
larger and in the second case the ideal yield is 7 times
larger, An interesting question is “"where 1s the miss-
ing factor?'' Part of it is almost certainly the trans-
verse momentum acceptance of the Fermilab Booster,
but a large factor seems to come from the effects of
finite-size targets.

Target Efficiency and Depth of Focus of the Beam
Transport

Consider a goint target and, in a simple-minded
way, assume that the average angular production angle
of the antiproton is 30 miltiracians, and the spot size
is 0,1 mm, Then the emittance of the "beam!" should
be 37X10°6 myad. In principle, the design acceptance
of the Booster at F%rmﬂab for 200~MeV protons is 4w
versus 2rx40-6, 728 In principle, the system would
thus collect almost all the antiprotons that are aveil-
able into the Booster, if you can make the spot size
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small encugh. The problem is doing this in practices.
practice.

We find empirically that N=/N_ for the Fermilah
system, which is the one I know bést, is 2X1077 com~
pared to the theory which gives 2X 40 ‘5 go there is a
{actor of A3 betwegn what is possible and what we
expect to realize, +B Some of that factor of 83 is due
to the acceptance of the real Booster. We should put
in the real Booster gize, which is 2.657 by 1.3wX 1076,
There is a factor of 3 to 5 just in Booster acceptance,
but there is still a factor of 20 to 30 left, which we
could bave gotten in principle with a poirt +~rget, but
which we do not get in practice, That it is sort of
illustraied by calculations that George Chadwirk hag
been doing for a tungsten target, focusing down the
spot to 0.2 by 0.1 mx. (Fig. 6). 3 As a function of tar-~
get length, the yield irto the Booster is shown in
Fig. 6.° The target-length effect is an enormous
effect. As a function of target length, there is little
gain after 4 or 5 cm. {Four or five em ie #/3 of an
absorption length.) So the yield does not even peak
out at one absorption length; it peaks out at 1/3 of an
absorption length. We are really not using the protons
wisely, let alone collecting all the antiprotons. So it
seems that there is- some gain to te made if we can
find a way of reducing the effects of lung targets. The
group discussed the possibility of a better deptn -of-
focus system and we were very fortunate that
Roy Blumberg was here, because he has been thinking
about such systems for some time,

It is a simple idea, at any given point, such as
point B in the target, the emittance may look like the
presentation in Fig. 7. But at point A at the end of the
target, the emittance will be larger. Su +when ali the
points in the target are added, the phase space looks
like that shown in Fig. 7. We want to match into a
phase space that looks like a circle, but the finite
length target blows up the emittance. One idea (I think
it is probably the only credible one that I've heard s0
far) that might help increase the dept™ of focus is to
use a pulsed wire.? Thii concept is just heginning,
We haven't done nearly enough work on this, hut it is
at least very promising. The idea is to use a wire of
length L and radius b with a current I through it. The
field in the wire then increases like r, up to the sur-
fare, falls off like 1/r outside the surface. Witha
wire of 4 mm radius and 30,000 A the magnetic-field
B at the surface is about 4T. Inside the wire, the
focusing is like that of an ideal lens whose focal length
varies with radius. We do not yet know how muct: of
the focusing is done inside and outside the wire intle
actual Monte Carlo calculations. But outside the wire,
or at the surface, in order to trap particles of 300
MeV/c then BL should be about 4,6 T-m, for 300
MeV/c, a B of 4 T would give you 25 cm, so you would
trap the antiprotons at a wavelength of 25 cm, In fact,
a more careful calculation gives particles starting out
with angles 8, heing bent straight by 9, and going
straight, as given by the formula in Fig. 8,

Blumberg has done calculations (and I cmphasize
this is preliminary) for a target length of 35 cm
and a radius of 4{ mm or 0.3 mm. The angular dis-
tribution and yield versus current for the calculations
are shown in Figs.$ and 10. Thereisapeak inthe yleldas



shown in Fig. 20.%+ %0 The Sanford-Wang formula was
used in this estimate; it 1s probably not entirely cor-
rect, but probably not so far off either. With no cur-
rent in the wire, the yield is shown in Fig, 9. With
current in the wire and viewed at the end of the wire,
the particles are pushed down in angular distribution,
50 that the mumber within 20 mrad is considerably
larger than it was for the zero-current case. Of
course, the size of the beam is somewhat larger and
we 2o not yet know how large it is, As a function of
current, the yleld peaks at 30 kA; it continues to
increase, then it falls off and never increases again,
This is roughly a quarter of a wavelength for the sys-
tem, The particles have crossed over again at larger
currents. In fact, some of them are always crossing
over, because they start at different parts of the tar-
get, and therefore apparently the yield does not
increase again because the particles have gone back
through the wire and are being absorbed. Note that it
ig not necessary to go to extremely high currents to
get a large effect. It is actually very simple to see
how this works. In the limit that the phase space is
blown up by a finite target length, but all the particles
are trapped, the phase space is rotated as illustrated
in Fig. 7. The magnetic field simply rotates the
phase space and in principle could keep it as small as
a point-like phase space.

What increases in yield might be expected over
the present target systems?’ Consider the Fermilab
case, where target heating is not likel, to be impor-
tant., If a two absorption length target can be used,
compared to one-quarter length that is used al present,
an increased yield by some factor, perhaps 3 to 4

wires will result in the collection of antiprotons from
secondary interactions. It isn't clear how much this
would give, but Blumberg believes it may give you as
much as a factor of 4.5 to 2. 1t is probably again
something that will have to be measured. If we are
allowed to multlply all these factors (which we are
probably not) a’factor of 18 increase would result.

What is the future of the target studies? First,
we need more calculations; I think we should also make
a wire to test, but I think the conclusion is that better
targets and focusing systems might give a factor of
yield of 4 to 20, and that is certainly worth pursuing.
This could lead to increased luminosity of a factor of
ten in Fp storage rings.
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DETECTORS; RELATION OF DETECTORS TO PROTON-ANTIPROTON MACHINES

S, Fung, Lawrence W. Jones, L, Pondrom,
G. Salvini and A. Tollestrup

Reported by G, Salvini
CERN

We started our discussions on detectors for
Proton~Antiproton interactions at high energy with
some general considerations, but we soon turned to
more practical aspects.

I Philosophical Considerations and General Aspects.

We assume the following working hypothesis:

- There has been until now and there will be in future
a continuity of heavier masses and higher energy levels
at any c. m. energy we shall reach, at least in this
century.

- Energy resolution of the apparatus will always be an
important and a limiting factor at all energies (AM/M;
AE/E; AP/P etc. ); present-day resolutions are far
from being satisfactory.

- High luminosity (L) will always be important; ade~
quate detectors for high L have still to be invented.

= The quality of the machines is today perhaps better
than that of the detectors for them. The ratio (cost of
detector) /{cost of machine) should increase, in order
to get detectors adequeate to the progress of the accel-
erators.

= Proton-Proton and Proton - Antiproton interactions
will be very different on the important points at all
energies, The comparison between the two will always
be essgential to our understanding. .

The following question has been considered in our
working group: is it conceivable to build a Super Detec-
tor, looking at all 4r solid angle, capable of recognizing
all particles, and "socially relevant” in the sense that
it can supply many groups of physicists with pictures,
as the bubble chambers did in the past? Or we must
rather admit that in this case that the dream of a 4w
universal detector is imposaible, and specialized dif-
ferent detectors in a variety of configurations will be
more important? We went back to this point after a
concrete discussion on existing projects.

Relation of Detectors to Proton - Antiproton
Machines.

o.

It is important to discuss and plan colliders and
detectors in strict collaboration, Among the reasons
for this, we recall:

= The Luminosity per bunch is today limited by the
detector capacity to support the huge number of had-
ronic interactions. At CERN, with é p=p bunches and
a total luminosity L = 4020 em=2 51, we can have

instance, far the evaluation of the charged masses
decaying with the emission of one neutrino,

- The time interval between the p~p bunches is also
relevant. I it is lese than one microsecond, it can
seriously trouble observation by drift-chamber tech-
niqu;es ( for instance in an experiment like proposal
P92).

- The measurement of the total energy in a detailed
belance (total calorimetry) may require either long
straight sections (for instance > 2 % 50 meters at 1000
+ 1000 GeV} or "calorimetrization" of low -beta quad-
rupoles by inserting layers of scintillators between the
iron plates. ' The shape of the donut and the level of the
vacuum inside will obviously be important. We must
keep in mind that p-§ interactions approximately 40%
of the energy will flow through angles of 5 10 milli-
radians, Infact, typical values of the angle of emis-
sion of the particles in the forward jets will be:

8, ~ (0.3 GeV/pi(GeV) (Average angle of emission
of a particle in the forward jet):

6y ~ M o /Em (minimum angle of emission of the
phbtons in ° decay;
eBi = 2 /R =0,31B/p, (angle of emission of a

charged particle of momentum p; when
leaving magnetic field of the apparatus, if it
is a dipole). In the case of P92 " itis
~0.6/p;.

Typical resulting angles for the most energetic parti~
cles in the forward cones are of order 5 milliradians,
For a donut dlameter of 10 ¢cm, this corresponds to a
straight section length of 10 m or more.

Note that the idea of pursuing the forward particles
along and between low-beta quadrupoles is justified
when considering the value of the angles 8_, 6.. of
protons and antiprotons in the beam: L 4

g~ 0:15
Our conclusions have been summarized in the
sketch of Fig. 1.

IIl. _Some Specific Apparatuses for Proton - Anitproton
Experiments.

The CERN P92 progosal, 1 already described in
this workshop, is (see Figs. 2 and 3) an example of a
4 d to m, energy and ioniza-

; #=05m; fp ~ @2 milliradian.

g ble interactions in the same crossing in app -
mately 20 per cent of the cages, This is very close to
a maximum accepiable limit, when one wishes to meas-
ure all particles and energies (total calorimetry).

Total calorimetry will be of great importance, for

e mo

tion of each produced particle. Complete calorimetry
and analysis at very small angles are planned, by
extending the central apparatus with smaller calori-
meters and wire chambers,
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Another experiment 2 has been proposed at
CERN for the SPS pf facility. The main purpose is
to study production and decay of the W* and Z%bosons.
It must be remarked that a small azimuthal wedge in
the central region is instrumented to cover other
aspects of pp collisions, llke'free-quark production
and structure of large transverse-momentum jets,

A number of detectors being proposed at Fermi
Lab have been discussed in our working group. The
program at Fermi Lab is to reach an optimum design
for a modest-cost detector suitable for studies of
either pp or pp collisions up to 2 TeV in the zienter of
mass, at luminosities In the range 1028 - 103 cm=2g-1,
The time for g the d is
about three years, so that it will be available for
physics in 1980-84. This roughly parallels the
scenario for constiruction of the Energy Doubler.
search for the W~ and Z° intermediate bosons,
although by no means the only experiment of interest,
has served as a test case for the evaluation of the
performance of the detector.

hedul

The

The study made by the Hitlin group at the 1977
Fermilab Summer Study serves as one of the points
of departure. Of course the design at CERN and
PETRA are also very useful, Four proposals are
being pursued in competition, and one of them or one
combination among them,will be selected for the task.
These proposals are as follows:

a. A calorimetric detector (see Fig. 4a) without
a magnetic field, emphasizing hadronic-energy meas-
urements in a heavy-concrete and scintillator seg-
mented calorimeter, and electron gamma-ray energy
measurements in lead-scintillator shower 8.
Lithi foil transition-radiation detectors will be
used for additional w-e discrimination. Total weight
is about 1200 tons, with very good solid-angle
coverage,

b. A toroidal magnetic detector, It will have a
1,5« diameter field-free region around the pipe,
followed by a supercenducting toroid 5m long, with
inner radius 0,75 and outer radius 1.5 m. The inner
field ia 1.8 T, The opaque space, because of the
shadows of the coils and support will be about 10%
in azimuth, Calorimeters will be outside the magnet,
Total weight with end caps is about 2500 tons (see
Fig. 4b).

A small solenoidal detector with a magnetic
field of 1 T over a 1 m radius, 5 m long, Field
uniformity will be insured by iron pole tips. The
iron return can be used as hadron calorimeter.

-1}

d. . large solenoidal detector with a magnetic
field of 2 T, and a radius of 2 m and total length of
at least 5 m. The iron return will be again used as
part of the large hadron calorimeter. This large
devlce can be rotated around a vertical axis to allow
{ts use as a dipole for small-angle physics. Its
welght will he about 4000 tons. (Fig. 5)

The main claim In favor of option a. is cost and
simpler analysis. In favor of option b. is the large
field-free region surrounding the beam pipe. Options

c. and d. are similar, apart from scale ani resolution,
and hence cost. Decreasing the product B1%, where ¢

is a typical chord of the charged-particls arc, decreases
the momentum pg at which the resolution reaches its
largest (worst) value, and whcre the resolution from
the maguet trajectory equals that from the calorimetry.
(See Fig. 6.)

IV. Use of a Magnetic Field in the Detectors.

We thiok that a low magnetic field may be much -
better than having no field at all, because of the physics
advantage of recognizing the sign of the particle up to
50-100 GeV, to e charge ries, which
can be clear and strong in pp collisions, 1 when for
instance charged W™ bosons are produced.

Some of ua gave a brief look at a magnetized-iron
calorimeter, and suggest that a system capable of
determining muon momenta to 20% is possible, together
with tracking and otherwise good calorimetric energy
determination of hadrons, photons and electrons. That
concept is illustrated in Fig. 7. It is a simple rectan-
gular box of 1 in. iron plates speced at 0.5 in. intervals,
with a minimum path length in the iron of 1 m. The
region around the interaction point would contain track-
ing chambers and lead scintillator shower detectors.
Both the box and the end caps will be magnetized by
10% ampere-turns wound at the corners of the box to
B=2 T. Large external drift chambers will observe the
deflection of muon candidates.

V. _Resolution in Energy and Masses.

As we said, we assume that a better resolution
will always be extremely useful, independently of today's
theoretical speculations, It is important to recall that
beyond 200 GeV c. m., only the proton-proton and proton-
antiproton colliders will remain to give us the farthest
information of our universe of energy and momentum.
The miracle of 1 - MeV resolution obtained at SPEAR,
Frascati, Doris with the J-{ particle will not be pos~
sible again, for it was due to the precision in energy of
the e* e~ beams at 2 GeV. Up to 200 GeV c. m. the
future e* e~ rings will allow a total resolution (for
neutral vector bosons) of 200 MeV, due to the precision
of the e e beams. Beyond that energy, we shall
depend on decection of the produced particles. The
best resolution today with 4r detectors is AM/M (AE/E)
= 1 GeV for completely identifiable particles. A sketch
of the situation is given inTable L.

We express the opinion, perhaps rather obvious,
that the best efforts of the physicists must be devoted
in the coming years toward the goal of reaching a reso-
lution of approximately 0.2 GeV with a detector even at
the highest energies and masses of the produced
particles,

VI.__Back to the Universal 4rm Detector

a. Some of us firmly belleve that one, full 4w
detector (that is, an instrument which allows in each
interaction the measurement of the energy or momentum
of each particle, the charge, identification of the neu=
tral particles, the ionization of each particle) will be

Ty, although ive, An instrument like this
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means a large effort in cost and some hope of having
many physicists divided into different groups to explare

miltions of detailed interactions, as in bubble chambexrs.

There are of course, advantages over bubble chambers
of trigger, statistics, precision in momenta and
ionization.

These beautiful hopes still need some "caveat".
In fact we must temper consideration of this large
ambitious detector with the recollection that similar
projects in the past have on occasion proven more
difficult than anticipated. Moreover, we must admit
that there are specific requests which cannot be easily
extended to the full solid angle, like polarization,
structure of jets, refined masses of stable and unstable
particles. Allthis demands some kind of arm spectrom-
eter. But before developing this point, we make a
comment connected to the hopes which aros( in the
work shop, regarding the future luminosities of a p~F
ring.

A large increase of the luminosity, for instance
to the level L= 1031 = 32 cm=251 ag indicated by
Carlo Rubbia in his talk of March 29, could mean that
even at 90° and Py values of 2 3C GeV, we can get

10 ~33-39) 5 10l31°32) 405 | 40l % enta/day,

particles or jets, entering a smali-angle well-prepared
detector.

‘We could in this way in a reasonable time have
at our disposal some 10~ particles coming from the
deep core (if there is one) of the proton-antiproton
interactions. If we stick to the hypothesis made in
point 1 above, -that in the most important aspects pp
and pp interactions shall be very different, then the
high luminosity of pp zollifers will be very welcome,
even necessary, independent of any record luminosity
of pp.

b. TIn this optimistic view of a high luminosity,
a spectrometer external to a 4 detector can study
pecondaries with much more sophisticated particle
identification than p ble with p 4% detectks Ques-
tions which such a detector could study would include:

- search for massive, stable particles; search for
quarks;

- aquantitative study of K, =, p, p, n differential
production spectra;

~ unambiguous identification of muons through momen-
tum and velocity as well as range.

This dector should incorporate:
~ Magnetic deflection
- Cerenkov counter
Good dE/dx measurements
A good celorimeter
- Time of flight
Perhaps transition-radiation analysis

The experiments at CERY zlready reported have
proposed an azimuthal wedge or central opposite
windows in order to make a refined analysis of the
particles emitted. Another CERN proposal is
particularly studying the lnftrumeutation of the 90°
holes in the P92 propeosal ~, in order to separate the
particles of a jet and to observe individual quarks,
even if associated with high multiplicity.

An example of a fine small-angle detector is given
in the Aspen 1977 Summer study . Their spectrom-
eter is 7 m overall in length, and would for instance
extend 7 + 3 = 10 m from the interaction point if attached
to large-angle CERN experiments.

VII. An Optimistic Touch.

Before closing, let us give a glance toward the
future, with the optimism inspired from the discussions
and findings of these last three days. Let us assuice
that future detectors will succeed, that it will become
possible with a luminosity L = 1052 em=25-1 to separ-
ate and recognizc an interesting object (like the heavy
boson} in a jungle of hadrons fmd photons, which are
more abundant by a factor 10 Yor more. Let us assume
also that in the 1980's we shall be able to get masses in
the 100 - 1000 GeV/c? range with resolutions AM ¢ 0.2
GeV/c“, and that new masses and objects will come out
(our working hypothesis in section 1).

Then, after a few years of operation with the Fermi
Energy Doubler or Isabelle, perhaps in 1990, the physi«
cists could have at disposal a series of masses, as
given f.1, in Fig. 8. Particles like Z° and W* and
Higgs particles will have been studied indetail by the
powerful et e~ colliders. But we insist again that
beyond the limit of 200 GeV in the center of mass the
pp and pp will be the only colliders capable of detecting
a possible new spectroscopy of very high masses, as
far from us today and perhaps as intriguing as Quasars
are for the astronomers. Notice in Fig. 8 that the
yields per day become comparable with what expected
for neutral bodies from e* e rings.

These perspectives bring us again to the main
point of this summary: the pp and pp machines will
soon be alone in exploring new domains, and an improve-
ment in resolution and scope of the particle detectors
around them will be of fundamental importance.
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Table I _Resolution AM In The Measurement Of Masses and Widths,

Pasticle M rom e%e- Collilers Fros b Cotiders  AMg /M
T 1 Mev 30 MeV ~ 30
w* 60 MoV ~ 1000 MeV ~15
w° 150 MeV ~ 1000 MeV -6
M (>200) No e’ e collider 1-2Qev ?

avallable

Notice that for possible masses Mz 200 GeV / cz the pp and pp colliders
will be the only machines available, It will be of paramount importance 1o get
AM~ 200 MeV in future dstectors,

REQUESTS

to colliders PP

From detectors

Total solid angle ~—=+| Bunch~bunch luminosity
Hmit (S 20+30 cm=2 571)
Total energy measure- Long straight sections and
ment {or) calorimetrization of
quadrupoles, dipoles
Image chambers, Distance between bunches
drift chambers —r{{> 1 usec)
Fig. 1. The req of the d s to the p s of the PP collider, in case a very large or total solid

angle is requested.

=

i

il

Fig. 2. The 4n detector proposed at CERN (Ref. 1); artist'a view.
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Large Solenoid - Top view
(iron return like a transformer)
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MAGNETIZED DETECTOR
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Fig. 7. Calorimetri and of the iron, in order to measure the momentumn of nonhadronic

charged particles (].ike the muons) emitted in PP interactions,
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) o‘l (This is only an over-optimistic view toward the nineties. )
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Fig. 8. An over-optimistic view of possible masses discovered in the eighties by e-e” colliders, CERN SPS,
Energy Doubler, Isabelle.
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ARE WE BEATING LIOUVILLE'S THEOREM?

A, G. Ruggiero

Fermi National Accel

I.__Introduction

During the last two years or so, because of the
renewed interest in various techniques of beam stack=-
ing, such as electron cooling, stochastic cooling,
synchrotron radiation, charge exchange, etc., people
have been heard to wonder how such techniques could
work when Liouville's theorem states that the phase-
space area of a beam is preserved. People have made
statements like ""Liouville's theorem has been beaten, "
"we went around Liouville, " "Ljouville’s theorem does
not apply here, " "Liouvllle's theorem is valid only if
you take all the universe into zccount, " and so on.
People have even been heard to comment that
Liouville's theorem has been proven wrong. But the
majority were simply mystified by what they see as a
conflict between what Liouville's theorem implies and
what is apparent from the beam handling r* :ie various
cooling and stacking techniques. Most of the confusion
ig caused, I believe, by the fact that people make
Liouville say things he never meant!

About twenty years ago, the Liouville question
was also raised in connection with studies of devices
which could producc a damping mechanism for protons
similar to the gynchrotron radiation for electrons. At
that time, effort was devoted to generalization of
Liouville's theorem to include diqpersive systems and
syatems of interacting particles. © ‘We will not deal
here with these relatively more recent findings, but
will confine our analysis to the simple form of the
Liouville theorem as it was originally formulated.

The confusion mentioned above can be removed by
simply inspecting how the theorem of Liouville works
with the beams of charged particles that we usually
accelerate or store.

IL_ Liouville's Theorem

Liouville published his wm‘k2 in 4837, It is, of
course, not easy to find the original paper, but
Liouvllle's theorem is discussed in many books an
statistical The di {on in the
Ehrenfest's book3 is particularly concise and cloge to
the original.

hanics.

Let us see what the theorem says. To make
things simpler, let us consider only one particle which
has motion described by three pairs of canonical
variables {q;, pj, i =1, 2,3) and by the Hamiltonian
function H (ay pu 1}

- L

. _BH
% ° gy

and = Bar 1)

Consider also the six-dimensional phase space of
coordinates q; and p; (i = 1, 2, 3). Asgign to the
particle some initial condtiions, that is a point P of

123

erator Laboratory

hP

r_/

The phase space

L
—

Jr—

Fig. 1.

the phase space that it occupies at the initial time t;.
One can solve the equations of motion (1) with the

a d initial ditk and calculate the trajectory
of the particle in the phase space. We assume this
trajectory is closed and elliptically shaped, as shown
in Fig. 1. We can repeat this operation indefinitely
for every set of initial conditions, that is, for every
point P taken as the starting point. By doing this. we
have filled the phase space with an infinitely large
number of trajectories which describe the motion of the
same particle which assumes different initial conditions.

Consider now a region surrounding a particular
point P. This region has volume V and includes an
infinitely large quantity of points that we can regard
as possible initial conditions of the particle at time t,
For continuity reasons, all these points will occupy
another region surroundivg P' at a later time t. This
second region can be calculated by solving the equations
of motion (1) for each initial condition around P and
marking the corresponding particle position at the time
t. Ohviously, because of the uniqueness of the solution
of (1) there is a d between the
points around P and those around P'. Liouville's
theorem states that the volumes of the two regions
are the same and equal to V. The proof of the theorem
is relatively easy if one reminds oneself that the
equations of motion in the Hamiltonian form (1) are
equivalent to coordinate transformations with a
Jacobian equal to unity. Thus Liouville's thearem can
be stated also as follows: The streaming of the image
points in the phase space as given by Eq. (1) generates
a continuous point transformation, which transforms
each six dimensional regfon inte another one of the
same volame, This is true at every time t at which we
stop our process, and no matter what the initial
volume V of the region surrounding P,
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IIL. _ The u-Space of a Physical System

Let us consider now a system of N particles like
the beam of charged particles we usually deal with in
accelerators or. storage rings., The motion of each
particle is again described by the equations {1), We
assume the particles are not interacting with each
other so that the Hamlltonian H will depend only on the
coordinates of the particle under consideration. At
the initial time t(, the particles will occupy specific
locations in a six-dimensional phase space similar to
the one we described above and that we call p-space.
The previous space was us..d to represent the motion
of the same particle with different initial conditions,
whereas p-space is used to show the trajectories of
several different particles. By solving the equations
of motion {1), we then have N trajectories in u-space,
one for each particle, as shown in Fig, 2. One can
take a picture of u-space at

p
o o8

ZoN

&2

Fig. 2. The p-space

a given time t and one sees N image points, each
describing the location of one particle. Two particles
cannot occupy the same location at the same time.
There are at most N trajectories; several particles
can share the same trajectory.

Even when N is very large but finite, u-space is
practically empty in contrast to the space of Sec. IT
which is continuously filled with all the pogsible tra-
jectories of a sirgle partick. 1t is therefore not
obvious how useful the application of Liouville's
theorem is to u-space. One can in principle divide
u-space in six-dimensional cells, each large enough
to contain a very large number of particles and yet
small enough 8o that the coordinates do not change
apprecially across their volume, With these require~
ments, one can then define reasonably well the particle
dencity it: phase space, which ig the number of particles
in a particular cell, This i4 a local average process
and is very sensitive to fluctuations from cell to cell.
The fluctuations are relevant to the statistical mechan-
ics of a gas, but we will not deal here with them.

If the number of particles N becomes infinite,
because they cannot occupy the same location at the
same time and because they do not interact with each
other, there is no difference noticeable between p~
space and the space we described in Sec. II. Each
real particle is represented in the same way as a
standar. single particle with proper initial conditions,
Thus with the above agsumptions Liouville's theorem 12¢

applies also to the w-space of a real (continuous) eystem
of particles. In particular, the cells could be made
infinitesimally small and the density measured by a
distribution function $(q,p), which when multiplied by the
volume element dqdp of the cell gives the number of
particles. As defined, yis a continuous distribution

1t is & consequence of Liouville's theorem that

ab

dt o

which can also be written as

3

P T L A O
Z (‘Hr”’isﬁ)-m
= % i

a special case of the Vlasov equation for non-interacting
particles, It is quite legitimate to make use of Eq. {1}
for 4; and by in the left-hand side of {2).

o,
Bt

(2)

Thus for a system of N = ® non-interacting
particles it is possible to define a density yin p-space
and apply Liouville's theorem. The streaming of the
Image points is governed by the Vlasov equation (2)
and statistical -fluctuation considerations do not apply
here.

1V. A Beam of a Finite Number of Particles

Suppose that the system is again made of an
infinitely large number of particles but they are all
confined initially in a finite volume V of the p-space,
3o that outside this region = 0. Liouville's theorem
states that the volume V is preserved during the
motion of the system. A real beam of charged par-
ticles is always made of a finite number N of particles,
but it is quite common to make the approximation of a
continuous distribution, which implies N=+», With
this approximation, it is posslble to define a volune
V of the phase space constantly occupied by the beam
and which is often called the beam emittance. Buta
closer view of the distribution of the particles of a
real beam as shown in Fig. 2 shows that since each
particle occupies a zero-volume element of space and
there is a finite number of particles, the actual vol-
ume occupied by the beam is zero. One can avoid this
inconsistency by dividing the p-space in cells as
explained above, and consider only those cells that at
a given time are occupied by particles. The sum of
the volumes of all these cells can be defined as the
beam emittance in the case that N is finite. Similarly,
a density function {can also be introduced by taking
the ratio of the number of particles in a given cell to
the volume of the same cell. So defined § is a dis-
continuous function that can be approximated by a
smooth one.

1f the number of particles in a cell is sufficiently
large and uniformly spread, their image points in the
u-space can be ht as repr es of typical
possible replicas, at some time t, of the reference
particle, All the particles that occupy a particular
cell =t an initial time tg are expected to occupy at
a later time t another one with the same volume,
apart from statistical fluctuations. Thus one would
expect that Liouville's theorem applies also to the
case of systems with a finite number N of prrticles
One would conclude this after having applied local




averages as we have described, and, again, apart
from statistical fluctuation., These are baslcally the
arguments that make people consider an actual beam
of N particles as a Liouvillean system, and so define
a distribution function ¢ and apply the Vlasov equation
(2) to it. Hence, one is encouraged to make the state-
ment that the beam phase-space volume (or area) is
preserved,

LExample of Conservative Systems That Do Not
Preserve Phase-Space Area

V.

In the following, we want to give two examples
which show that, despite the fact that the motion is
conservative and described by a Hamiltonian function,
the phase-space area of a beam of a finite number N
of particles, defined with the average process
described above, is not preserved.

First example, Consider the case of Fig. 3,
which shows a debunched beam in the longitudinal
phase space of variables ¢, the phase angle in rf units,
and Ap/p, the relative momentum deviation, Suddenly
an rf cavity system is turned on to bunch the beam.
The rf voltage creates a stationary bucket whose
separatrix is shown in Fig. 3. The motion of the par-
ticles changes from a simple drift along the angle~
axis to an oscillation around the center O of the buc-
ket. The oscillation frequency is maximum for par-
ticles with small amplitude, that is in the neighborhood
of O, and decreases moving toward the edge of the
bucket; near the separatrix, the phase oscillation fre-
quency becomes very small, practically zero. In Fig.
3, we show the shape of the beam after several phase
oseillations. The filamentation is caused by the dif-
ference of oscillation frequencies. We have shown
with continuous lines the boundary of the beam. The
area which is stretched between them would be the
area of the beam in the case it is made of an infinitely
large number N of particles. This area is invaridnt,
because of Liouville's theorem, and egual to the area
of the original strip, In this case, which deals with
the beam as a continuous medivm, one can calculate
the shape of the beam bunch by means of the Vlasov
equation (2). As the motion proceeds, the number of
fans of the filamentation increases. The beam looks
1ike a long ribbon wrapped on itself in a spiral motion;
the ribbon length gets longer and also more and more
narrow to preserve the area. This characteristic
should always be recognizable for a continuous beam
no matter for how long one cbserves it.

If the beam is instead made of a finite mumber
N of particles, at a particular time the average dis-
tance of the particles in one spiral equals the distance
between two adjacent gpirals, When this happens, as
is shown in the last of Fig. 3, the bucket looks as 1f it
is homogeneously filled with particles and any regular
structure due to the initlal beam ribbon has dis~
appeared. Thus, for practical purposes, after some
time (which depends on N} the beam occupies a new
area that is larger and that equals the bucket area.
One can reach this conclusion by applying the local
average proceas to define the beam area, once at the
beginning when the beam is still debunched and then
1>’wr when the beam has been bunched,

Second example. If we reverse the process
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described above, we obtain even further increases of
the beam phase-space area if the beam is made of &
finite number N of particles. Tao this purpose, con-
sider the pictures of Fig. 4. We start with some num-
ber of beam bunches filling up the corresponding accel-
ting rf buckets., Then suddenly the rf voltage is
turned off and the motion of the particles is changed
from circulatory around the center of the bucket to
rectilinear along the angle-axis. Suppose that par-
ticles with larger momentum move faster than those
at lower nty then the bunches will elongate
leaving their center at rest. At a certain instant, the
hi over ing of neighb bunch
and the beam is observed as debunched in the real
space, Actually there is still 'rf structure"
of the beam in the longitudinal phase space after con~
siderable stretching of the initial bunch ellipses. In
fact, if the beam is made of an infinitely large number
of particles, the '"rf structure" will never disappear.
In this case, one can apply the Vlasov equation (2) to
calculate the beam shape and infer that the beam area
is an invariant. The beam bunches, as shown in Fig.
4, get longer but narrower so that their area at any
time equals the initial area they had before starting
this debunching process.

ing

On the other hand, if the beam is made of a finite
number N of particles, at a certain time the ri
structure vanishes. This occurs when the average
distance between particles equals the distance between
the bunch strips. The time required to reach this
situation is called 'decoherence time" and clearly
depends on N, Thus after the decoherence time, the
beam is fully debunched not only in time but also in
the longitudinal phase space. 4 Application of the
averaging process to determine the beam area shows
that the final area is larger than the original one when
the beam was still bounded.

With the two examples above, we have shown two
cases where the beam phase-space area is not pre-
served, The reason is the finiteness of the pumber of
particles in the system, which is in contradiction with
the major requirement to fulfill for Liouville's
theorem: the system must be equivalent to a con-
tinuous medium. For those systems where N is finite,
it is not always possible to make use of the Vlasov
equation (2).

VI. The Stacking and Cooling Techniques

At this point the reader should have a reasonably
good idea of what a real physical beam of charged
particles looks like and what the implications are of
Liouville's theorem in this connection, The most
important aspect that one should not forget is that the
beam is made of a finite number of particles. The
beam area is then defined only as a local average
process. Indeed, in practice, beam sizes are meas-
ured with devices which count the mumber of particles
in one interval or bin, the equivalent of the cell that
we described above.

With this in mind, one should then be able to
understand how it is possible to reduce the beam size
with "cooling" techniques and yet have Liouville
theorem's still apply.

If the beam is made of a finite number of



particles, there are large empty regions surrounding
the image points of the u-space (see Fig. 2). There
is no reason and no limitation in principle why one
cannot fill up these empty reglons with more particles
if one can find a way. The Liouville theorem would
certainly not be contradicted., The question is how it
is technically possible to add more particles without
perturbing the motion of those that are already there.
For inst: if a kicker t is used to bring more
particles into an area of the phase space already
occupied by some particles with the same charge, the
same magnet would kick the latter particles out. But
if the charge of the particles to be kicked in is
oppogite to that of the particles already in the storage,
then one can manage to kick the entire beam including
the fresh pulse by the same amount and in the same
direction. This is the principle on which the negative-
ion injection is based. One does not 'go around' or
"'beat'” Licuville's theorem here; it simply does not
apply. I the original beam was made of an infinite
large number of particles so that no empty regions in
the phase space were available, there would be no way
to stack more particles, even with the negative-ion
injection method.

Similarly, there is no reason and no limitation
in principle why one cannot take a particle at the edge
of the beam and place it in an empty region in prox-~
imity to the beam center. When this is repeated
s~veral times and for all the particles, the beam area
can be made as small as wanted, in principle zero.
Stochastic cooling is based on this principle. But
again if the beam is a continuous medium, that is
N ~+ @, the reduction of the beam size would not be
possible. Indeed it is well known that there is no
cooling for N - @, since no signal would be provided
by the beam (no statistical fluctuations! ).

‘The other two techniques, electron cooling and
cooling by synchrotron radiation, are based on
entirely different principles than negative-ion injection
and stochastic cooling. In these cases, particles
suffer energy variations that do not depend on the
beam intensity and distribution, but on the properties
of the medium they travel through, The motion of
these particles then cannot be derived from a
Hamiltonian and therefore Liouville's theorem does
not apply. One can of course write equations of
motion which can again be interpreted as a continuous
point tranaformation in a proper phase space, but
now the Jacobian of the transformation is not unity,
and phase~-space area is not preserved under this
transformation. This is true for a continuous
gystem whose distribution function must satisfy a
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different kind of contmuitgr equation than (2), the
_Fokker-Planck equation,

There is a difference between the effects of
synchrotron radiation and the elect ling. In the
former case, all the particles experience a syste-
matic energy loss which depends on their energy,
whereas in the latter particles experience an energy
variation which changes sign across an equilibrium
value of the particle energies. Because of this dif-
ference, in the case of radiation, the energy loss has
to be p d with an 1 rf cavity, whereas
in the electron cooling there is no need of energy
compensation. Actuaily it is well known that it is the
addition of the rf cavity that gives synchrotron-
radiation damping. 6 But in either case the damping
time does not depend on the beam intensity, as in
stochastic 2ooling.

It is not clear whether the dynamics of stochastic
cooling can be theoretically described by a continuity
equation similar either to the Vlasov equation or to the
Fokker-Planck equation, which are based on the

ion of a i beam, whereas the prin-
ciple of the cooling is based on the fact that the beam
is made of a finite number of particles.
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Fig. 3. RF capture.
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Fig, 4. Beam debunching.
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LUMINOSITIES OF PROTON-ANTIPROTON COLLIDING BEAMS

D. Berley
Department of Energy, Washington, D. C.

The purpose of this paper is to compare the
luminosities achievable with the proton-antiproton
collision schemes proposed by CERN and by Fermilab.
Estimates bave been made by both CERN? and
Fermilab2:3 groups but these estimates have not been
made wﬂ.h a istent set of A

ison of the p il nce of the two
schemes at present 15 therefore not possible, We are
motivated not only by the need for a realistic assess-
ment of the many details entering but also by a hope
that a deep understanding of the factors contributing
to the luminosity may lead to improvements which in
turn could result in increased Juminosity. Using the
antiproton schemes proposed, 4,2 we find that the
luminosity at 4000 GeV/c of the Fermilab Doubler as
a P-p collider is 3,4% 1027 and the luminosity of the
SPS at 270 GeV/c as a B-p collider is 4,0% 1030,

L __Accumulation of Antiprotons

The number of antiprotons produced in a station-
ary target and accepted in a collection channel is

2
N
No = GFpam 2PAT N Np
d;lfiﬂ number of antiprotons produced per unit solid
angle per unit momentum per interacting
proton
ap pt of the coll
AQ solid angle acceptance of the collector
ntgt target efficiency
Nﬁ number of antiprotons produced
Np ber of protons incid on target,
To the eross

section we use the review ot Crontn4 which discusses
antiproton production through pp-Px. No measurements
exist in the kinematic region to be used and the work of
Crunin contains the best avallable information and
extrapolations. The antiproton production rate is
related to ths invariant croas section

dzu- =B Edau
& E ( Ep?)
p and E are the antiproton momentum and energy.
The antiproton cross sections are belleved to be
largest when the antiproton isat rest in the bary-
centric system of the ineid

The solid angle which can be accepted by the
channel depends upon the target dimensions and the
desired beam emittance., The beam emittanca {phase

space area) 18
€y = \1'9‘}1

H=rr9Hw
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h, w are the target half height and half width
Bv. [} g &re the vertical and horizontal half angles
of emission

B
R

The target width should be no larger than the anti-
proton beam size at the end of the target as shown
in Fig. 1:

w=3{0H.
Similarly,
=30y,
Under these simple. assumptions
b2 - L
H &
2 _2 %y
VT
The solid angle is
AR =m0 HBV'
or a9 = Tk'r_—_‘afv

We use the emittances of the SPS design report! and
the existing Fermilab Baoster, 5

The of the ch 1
depends upon the propertles of the accumulator. In
the CERN case, the momentum acceptance of the
transfer lines and } are designed to he max
and there are simply no other restrictive constraints.
The Fermilab cage is quite different. The primary
constraint here is the Booster rf acceptance, its
operating cycle and the of manipulation needed to
achieve the design goal of Ap/p=20.15% at 6.1 GeV/c
However, glven that the Booster can accept Ap/p
=40, 15% at & 1 GeV/c with a bunching of a factor of
10 "on the fly" and "without significant change in the
boaster operating modes for p acceleration and B
deceleration,” then it appears possible to accom-
plish this and still end up with a ""coasting heam
momentum spread” of Ap/p=40. 15% at the low energy
end, this being the Booster acceptance at 200 MeV.
The difficulties though should not be underestimated,
Some change in the rf cycle could be required and
recall that this must be done at short intervals,
there being about 1 sec between the p scceleration
phase and the p deceleration phase, Also handiing,
observing and controlling high intensity p's and low
intensity P's alternately could pose problems.




The target efficiency, 5, ., depends upon the
target length, When the targetgfength is one inter-
action mean free path and when reabsorption of the
antiprotons in the target is taken into account, the
maximum target efficiency is ~ 30%. The acceptance
of the chaunel will not be uniform over the length of the
target and over the transverse dimensions of the
target. The additional losses may lower tae
efficiency by a factor 2, We therefore choose

ntgt =0.15.

The parameters of the CERN and Fermilab
designs are shown in Table I,

From these parameters the number of anti-

protons is calculated. The ratio N_INP is shown
in Table II (). Assuming that the Fermilab

lerated proton ity will double by the time
the Pp collider is built and assuming that the PS
intensity also increases from its present value we
have calculated the number of antiprotons which would
be produced per day. These are shown in Table II(b).

The rattos of the factors used in the antiproton
production rate calculation are also shown in Table IL
Fermilab has considerable advantage in using high
energy protons to produce the antiprotons but the
Booster, in which the antiprotons are collected, has a
small aperture and works to the disadvantage of
Fermilab. For completeness, we show in Table IIT
the parameters involved in § accumulation that we

ider r bl ed with those that have
been assumed by Fermilab.3

II. Luminosity and Tune Shiit

The luminosity of two bunched beams qolliding
head on is given

cc

2N N_f
PP
M [ﬂﬂﬁv (ch + ‘Hi) (EVp + ‘w)]é
Np number of protona stored
NE number of antiprotons stored
M number of bunches
£ frequency of revolution
ﬁH' ﬂv horizontal and vertical p functions
at the interaction region

GH . €4 horizontal and vertical proton beam

P P emittances
[ — horizontal and vertical antiproton

Hp' VP beam emittances

The luminosity is computed with the parameteina
Hste_i in Table IV. We find a luminosity of 3.4 X 10
Fermilab scheme at 1000 GeV/c

cm sec g%r the
and 1,0 ¥ 10°’ cm 2 gee ~? for the CERN scheme at
270 GeV/e. Our cal ton of the 1 ity for the

CERN ring is in agreement with their result given in
their design report.

To increase the luminosity, the number of
particles in the beama can be increased, the number
of bunches decreased, the g valuea decreased or the
beam emittances decreased. This can be doue until
the beam-beam tune shift for the collisions exceeds
the value where stable beam storage can be sustained
? : 130

and instabilities result in a rapid 1088 of luminosity.
‘The tune shift is given by

= g 1
Syt 2ot N6/ S —
vr (eyby sdegfy)
Av linear beam-beam tune shift at a given

collision point

rp classical proton radius

N number of particles in each bunch of
the “other! beam

Y beam energy in units of the proton reat

mass
We note the horizontal and vertical heam 7 -

sizes are
=N Byegim

a
b= N Byey/w
We note that the beam-beam limit can be taken
roughly to be given by

(A")limit < 0.01.

The tune sghifts are computed with the parameters
of Table V. The tune shifts per collision are about a
factor of 2 belew the maximum allowed. Without the
antiproton emittances, the beam-beam tume shifts for
protons cannot be computed. For equal numbers of
p's and §'s the proton tune shift for Fermilab would
of course be much higher than for antiprotons since
the F emittances are so much smaller. However,
in this paper we have found the P collection rate to be
sufficiently low at Fermilab that this is probably not
an icgue. Since the number of p's exceeds the number
of B'a by a factor of 18, the emittances of the § beam
would have to be less than 18 times smaller for the
proton beam tune shift to become significant compared
to the antiproton tune chift.
III. Conclusions

The luminosity which would be produced by the
CERN P-p colliding beam is about 3 times that pro-
posed by Fermilab. The major advantage of the CERN
proposal is that the ac:eptance of the cooling ring is 60
times that of the Fermilab proposal. The damping
time for stochastic cooling, used at CERN is indepen-
dent of osciilation . The and
solid angle acceptance can be made s large as the
practical limit determined by the magnetic storage
ring. At Fermlilab the aperture of the Booster is
roughly matched to the volume in momentum space
that can be cooled by the electron bear: during one
acceleration cycle,

The limttation on acceptance at Fermilab i{s
therefore imposed fiearly equally by the Booster
acceptance and the electron cooler.

‘Tha antiproton production cross section is
larger when the antiprotons are produced with high-
energy incident protons, The Fermilab proposal hag
the advantage of higher incident proton energy.
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Table I. An'rieroton Production and Acceetance Parameters.

630
5 P§  Tdeg :
2 P ap/p " €y £, aq
GeV/c GeV/c mh/GeVz mm-mr c:sg (2
Fermilab 80 6.1 0.7 3x10? 26w 137 5 73.5m
CERN 26 3.5 0,2 15 %107 100m 1001 45 44440
Table IL{a) Antiprotor. Collection Rates - Collection Factors -
a?n Ap an N
dpast Mgt -
sr-igev-t GeV/e sr _— _ P
Fermilab 0,144 0.0186 73,5n % 10"¢ 0.15 7.15 x 4078
CERN 0,075 0.0525 4444rx 1076 0.15 192. 4% 1078
Fermilab/CERN 6,34 1/2.82 1/60.46 1 1/26.9
‘Table I1. {b) Antiproton Collection Rates - Rates
N, fpul Na/p eo/pul /
se ulge sea/pulse plbe B/day__
Fermilab 3.3 x 1013 2.36 x 106 1.42 ¥10%  3.40 v1010
CERN 1,0 x 1013 1.92 x 107 2.6 2.66 ¥ 1010 6,38 » 1011
Fermilab/CERN 3.3 1/8.1 2.3 1/18.8 1/18.8
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Table [II. Comparison of Parameters Used inD Accumulation.

Fermilab This
Parameter (optimistic) Paper
P(GeV/c) 6.1 6.1
aplp 3x 1073 3% 1073
Ap (GeV/e) 0.048 0.018
€ g (mm=mrad) 41 2.6n
€y (mm-mrad} 27 1,31
AR (psr) 114,47 73.571
% /dpdn (mb/sr/GeV/c) 8.07 4.33
ntgt 0.33 0.15
Gt (M} 40 39
For NE/NP Computatlo_n
2
d"N .
LN ap an
dpds? Tegt NF/NP
(p's/sr/GeV/e/intp) GeV/e ar
This Paper 0.11 0.18 73.5n 0.15 7.1 v10-8
Fermilab 0.20 0.18 141.4n 0.33 4.3 »1077
Fermilab/This Paper 1,82 1.0 1.52 2.20 6.1
Table IV. Luminosity
Parameter Ferm_il_ab___ CERN SPS,
E (GeV) 1000 270
N 6 x 101! 6 ¥ 101!
P 10 11
Np- {1 day accumulation) 3,4 x 10 6 % 10
frey { KHz) 47.8 43.4
M (no. of bunches) 3 [
By (m) 2.5 4,7
By(m) 2.5 1.0
er (mm-mrad) L42n x 1078 6.91 > 10-8
€ v (mm-mrad) 1,037 x 1078 3.6m x 1078
-8
er.(mm mrad) <<5HP 3.8x ¥ 10
cVB(mm-mrad) <<evp 197 * 1078
L {cm*Zsec) 3.4 x 102 1.0 x 1030
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Table V. Beam Beam Tune Shift in a Single Collision

Parameter Fermilab CERN SPS
Avy = Avv(anﬁproton) Auv7proton) Svp (proton)

N {particles/bunch) 1 x 101 (proton bunch) 1% 1011 1> iO“(;ﬁﬁti‘%x;Ston
By lm) 2.5 1.0 1.0
By (m 2.5 47 a1
b (mm} 0,16 0.138 0.138
2 {mm) 0.19 0.423 0,423
v 1066 288 288
Ay 4.4 % 1072 4.4% 1073 6.8 » 1073
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EFFECT OF THE SEXTUPOLE DISTRIBUTION ON THE MOMENTUM APERTURE
IN THE SMALL OOOLING RING LATTICE AT FERMILAB

M. Month and H. Wiedemanr.'r
Brookhaven National Laboratory
Upton, New York

In the process of cooling and accumulating anti-
protons for use in p-p collisions, rings must be
designed with a large usable momentum aperture, on
the order of 3% or larger. Since long straight sec-
tions and dispersionless regions are generally re-
quired, the sextupole field correction system for
"'chromatic aberration' is an important aspect of
the overall lattice design.

The Fermilab small cooling ring, whose purpose
is to demonstrate the feasibility of cooling and
accumulating protons (and antiprotons) with elec-
trons, is a particularly simple system. We will
use this lattice to show the sensitivity of the mo-
mentum aperture to the sextupole correction system
distribution.

The lattice is basically a racetrack arrangement
with two arcs and two dispersionless straight sec-
tions. The arcs are each composed of roughly 2
FODO cells and momentum match regions where the dis-
persion is brought to zero. There is also a "high
dispersion'' small straight in each arc. ™his
straight section is used for a kicker needed for in-
jection when phase displacement stacking is employed.
The long straight sections are cooling regions where
the electron beam can be injected and extracted. In
the first Fermilab tests only one electron beam is
used, thus destroying the two-fold lattice period-
icity. The electron beam has a focusing action on
a proton beam and we take the strength to be given
by a v~ 0.1.

The arcs, as we have said, each have 2 FODO cells.
Thus, there are four appropriat. locations for sex-
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tupoles per superperiod, two haviig their effect
mostly cn the vertical chromatic aberrations (SDsex-
tupoles), and two horizontal sextupoies, 3F. We
treat Z cases:

A) a single SF and a single SD per super-
period - 4 v ~ 9.1,

B) two SF and two SD per superperiod,
powered in series - 4 v ~ 0.1,

To see the effect of the sextupole distribution,
we plot in Fig. 1 the tune as a function of momen-
tum for orbits across a 3% momentum spread. The
sextupole strengths are chosen to give a zero linear
chromaticity. The corresponding B-function vari-
ations are shown in Fig. 2 and the dispersion func-
tion variations are given in Fig. 3.

Contrasting A) and B) we can see the dramatic
impact of an added sextupole, that is, of smoothing
the sextupole distribution. We might also conjec-
ture that if there is the future expectation of
lengthening the straight sections and adding more
electron beams ("tromboning" the small cooling
ring), there shiould be some thought given to the
possibility of a more elaborate sextupcle fisld cor-
Tection system.

L]
Work performed under the auspices of the U. S.
Department of Energy.

+Stanford Linear Accelerator Iaboratory.
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ELECTRON COOLING OF HIGH ENERGY BEAI‘«‘IS’t

M. Month

Brookhaven Nat.

ional Laboratory

Upton, New York

The purpose of this short note is to clarify the
relationshif between electron cooling time and
beam energy* and also to see how the nature of the
electron beam enters. In particular, we want to
kmow whether it is electron total current or cur-
rent density that is significant. There is no at-
tempt here to include any measure of sophistica-
tion, such as the effect of a solenoid field, but
simply to use Coulomb scattering and statistical
equilibrium. For simplicity, we take the 3 phase
spaces (horizontal, vertical and momentum) to have
equal occupied areas and use the terminology for
the transverse case.

Thus, we can use Skrinsky's expression for the
e-folding cooling time,

nfmy epy? .3
=7 ——— E, [¢5]
Z(H)Lrp nla

™ where B, vy ave the usual relativistic parameters,
the unitless velocity and energy,

m, M are the electron and proton mass,
is the wunit of electric charge (1.GXI619C),

e

T is the classical proton radius

P (1.54x10" 18m),

L is the Coulomb logarithm depending on the
mininmum impact parameter; we take L = 20,
and

n is the ratio of length of electron cooling

region to the circumference of the proton
(antiproton) ring.

We assume that the electron beam and proton
beam are matched in space, tais being the optimum
configuration, where we expezt the above expression
for the cooling time to apply. Thus,

is the radius of ine proton beam in the
cooling region, snd

is the invariant emittance of the proton
beam.

a

E

B is defined without the notorious "1, i.e.,
E = Areas« in phase space. In particular,
E=pgy8a,

with @ the 1/2-divergence of the praton beam, pro-
portional to the square root of the beam temper-
ature,

The variable I is the total electron current.

In the form (1), the basic nature of the elec-
tron cooling process is exposed:

1) Cooling depends_most critically on the
invariant emittance, T=E°. This is a very impor-
tant point, since E is generally a property of the
source of particles and as the beam passes from
machine to machine as it is accelerated to higher
and higher energies, E is in principle invariant,
but in practice the effective emittance will in-
crease in response to the vagaries of the geal
world. Real beams tend to have E >20 x10°° rad-m.
In fact, one of the best high energy beams is to be
found at the ISR, where with a great deal of verti-
cal shaving, a value Ey <10x10-6 rad-m is attained.

is is all in accurdance with Liouville's Theorem
which tells us that the effective invariant emit-
tance will not decrease in the real world-M- will
not, that is, unless through some process which is
unusual for particle beams, such as interactionwith
an electron beam having a thermal equilibrium level
much lower than that of the proton beam. Thus, we
have an interesting dilemma. If we take proton
beams as nature provides, or if we accept antiproton
beams at the production target of large solid ongle,
electron cooling will tend to be a very long process,
since E will be a large mmber. It is the irony of
electron cooling that it works best for beams that
don't really need it!

2) The cnergy dependence is given by

T 63/2 YS/Z [since a = (Ry) 17
Thus, cooling times could conceivably be '‘reasonable’
for very low energy proton beams,

3) The cooling time is increased as the ratio
of cooling length to ring circumference is reduced.
As the energy of the proton (antiproton) ring is in-
creased, it takes a larger ring to store them. Thus,
n is smaller for higher energy, which further de-
creases the cooling rate.

4) The cooling rate is proportional to the
total electron current and not the transverse current
density. Once the total current is given, the trans-
verse density needed can be deduced from the size of
the proton beam which is to be cooled. Thus, in
principle, very small high density electron beams
available from electron storage rings do not appear
Eo be useful in the context of the discussion given

ere.

Tc_) get a feeling for the order of magnitude of
cooling times we might achieve, consider a 50 GeV
beam with an invariant emittance equal to that of
the best proton beam availabie; that is, E=20x10-6
rad-m. Let us also take a cooling length of 20m in
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the Fermilab ring, g:.v‘mg n=ZD/(Z1T><IODD) 3.2%10-3,
Assuming a 8-function value, 8*=50m over the 20m
cooling length, we have:

1/2
= 4.3 mm,

*
(52

Y

with y = 53, Thus, the cooling time is:

- 6 -
T=4,6x10 SeC/I(E.mpS) 53.4 days/I(ams].

Thus, for an electron beam of 50 A peak current
matched to the proton beam, the e-folding cooling
time is 1=1.1 days. This correspunds to a current
densith in the electron beam, ng =1I/mal = 86 A/cm?
and an average electron current of 5 A (if bunching
is 10 to 1). This is a very high current indeed.

It thus appears to be impractical.to consider
using electron cooling at high energies for the pur-
pose of cooling and accumilating antiprotons. How-
ever, if we already have "cold" proton and antipro-
ton beams, it might be conceivable to use electran
beams from storage rings for the purpose of sustain-
ing constant luminosity and perhaps limiting beam

loss and, therefore, background. Thus, if we man-
aged to attain a cold beam of emittance 10 times
less than we assumed - i.e., E = Zurad-m, then the
cooling time for a 50 A electron current is reduced
to 92 sec. Thus, in such a situation, blus-up pro-
cesses occurring on a time scale of the order of
100 sec can, to some extent, be "damped". However,
even such an application is not trivial and the con-
ditions for stability of both electron and proton
stored beams must be carefully studied. Further-
more, it should be remembered that these "high den-
sity” (low emittance) p and P beams must be formed
at low energy where electron cooling is practical.
Thus, space charge limitations at low energy become
a factor,

We could imagine a system combining stiochastic
cooling at large amplitudes followed by electron
cooling to maintain the small size reached. Such a
system does not appear to be very promising; in any
case, ~onsideration of this subject is outside the
intentions of this paper.

x

Work performed under the auspices of the U. S,
Department of Energy.

1. Most of the results given here can be deduced
from a 1971 BNL report, R. L. Glucksterm, Electron
Cooling of Protons in ISABELLE, CRISP 71-24 (1971).
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BEAM SEPARATION FOR p-p COLLISIONS I],\‘I A
SINGLE RING IN THE MULTIBUNCH MODE

D. Berley] A. A. Garren' and M. Month
Brookhaven National Laboratory
Upton, New York

e'e” storage rings are operated with very few
bunches. Designing for a very high volume density
gives the optimum Iuminosity limited by the beam-
beam interaction. A value of the tune shift of
0,03-0.06 per bunch interaction is normally ass.med
in the design stage. Operating e*e” rings tend to
achieve this.

p-p single ring operation presents a different
situation in that such high tune shifts may not be
stable. Nommally, it is assumed that proton tiune
<hifts should be limited to ~ 0.005, an order of
magnitude smaller than for electrons. For head-on
collisions, coupling the three phase space dimen-
sions, the limit could well be less than this value.
In any case, it is clear that some gain could be
visualized by dividing the available beam into a
sequence of bunches. Then, if the limit is deter-
mined by °the tune shift per bunch, a luminosity in-
crease at a given collision region could be attained.
For a given number of particles per bunch, the lumi-
nosity will increase linearly with the number of
bunches while the tune shift per bunch remains um-
changed. However, as the mmber of bunches is in-
creased, the number of collision points around the
ring also increases. For n bunches, there are in
fact 2n collision regions. Because, in general,
there is no symmetry of collision points, it is not
clear that the relevant limitation is the tune shift
per bunch. We could indeed guess that under such
conditions as would be present either at Femmilab or
the SPS at CERN, the total tune shift per revolution
might be a more relevant parameter reflecting the
performance limitation. Thus, some means of separat-
ing the beams at points where no experiment is being
performed seems to be an important feature for ap-p
colliding beam ring.

For many bunches, it does not seem to be a prac-
tical solution to separate the beams locally by a
group of electrostatic deflectors. The energy of
the beams is too high and the number of wnits re-
quired would be too high. A feasible arrangement
would not appear to be possible. Thus, both at
Fermilab and at the SPS, it has been proposed to use
a different method, By exciting a betatron oscilla-
tion in some appropriate, localized region, one
could create a specific collision point while at the
same time cause the p and p beams to oscillate in
opposition so that their orbits meet at only a small
number of points, roughly given by twice the tume,
2v, This situation is depicted schematically in
Fig. 1.

Thus, we have 2n collision points and ~ 2v orbit
crossings, The question is: what oscillation am-
plitude, i.e., what deflector strengths are required
50 that the beam separation at all undesired colli-
sion points is sufficient to prevent harmful beam-
beam interaction? Furthemmore, we might ask if we
can reasonably expect to reach the goal of suffi-
cient separation in the existing machines for a
large number of bunches.

These questions are, of course, ditficult to re-
spond to and we will not attempt any general answer.
However, by performing a simplified calculation for
the Fermilab situation, perhaps. some feeling for the
difficulties involved will become clearer.

We consider the case of 6 bunches of p*s and p's.
There are, therefore, 12 points of collision. Three
deflectors are sufficient to give the situation
sketched in Fig. 1. Since the total tune is about
19.4, we expect about 38 orbit crossings around the
ring. Thus, if the collisions were randomly distrib-
uted, there would, in general, be a couple of places
where the orbits would come very close. In fact, we
might expect that unless extraordinary measures were
taken (some symmetry) this type of situation could
not be avoided.

To be a little more quantitative, take the follow-
ing model:

Consider i interaction points from D1 to D2 and a
phase advance between these points of 2mvg (vg is a
tune slightly reduced from v=19.4). Then, for the
l%th collision point, the beam separation is given

Y,

ZﬁvR
4,=20 8 sin—i— L,

where B is the average B-function, 6 is the effec-
tive deflector kick, and we have assumed the phase
advance to be linear in distance, which is only
Toughly valid.

If we take a deflector field of E = S0 kV/cm and

a length L = 6 m, then for a beam of momentum
p = 1000 GeV/c, the deflection angle is,
6 = EL/P = 3x10°° radians.

For B ~R/v ~50m, vp=19.4-0.25=19,15 and i =11, we
have for the separation at collision &,

4, = 3 sin(3.4818 m) (mm).
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We 1ist in Table 1 the values of A, for 2 =1 Before commenting on the results in Table 1, we
through 11, 4 might ask what the desired separation is. Let us
take a beam of normalized emittance, E = 30 prad-m

- (Emittance = phase space Area/m). For a 1000 GeV

beam, this gives for g= 50 m a'1/2 beam size,

b = 1.19 mm or an rms size, 0 = 0.6 mm. We might

guess that the required separation is 10 o or 6 mm.

Then we would need at least twice as much kick as

d above. However, even if we take 50 as

being sufficient, it becomes clear from Table 1 that

Table 1. Beam Separation at Collisian Points

Collision Point Beam Separation most of the points violate this condition. In fact,
L A, (mn) there are points where the phase advance is such
that essentially no separation results - points 2or
0 <t 4 in the case computed here—almost independent of
1 3,00 the amplitude of the betatron oscillation.
2
3 ggg A more accurate calculation using the Doubler lat-
4 0.68 tice yields results not differing essentially from
5 2.88 those in Table 1.
6 1.01
7 2,76
8 1.32 £
9 2.61 Work performed under the auspices of the U. S.
10 1.62 Department of Energy.
11 2.43 fu. s. De
. §. Department of Energy.

$Lawrence Berkeley Laboratory.

p2 D3

* ® J{\t'vjw—*r s W
1

Fig. 1, Beam separation by localized set of Elec-
tyostatic Beam Deflectors. D1, D2, D3 = deflectors.
C”=desired collision point. O = orbit crossing.

C = undesired collision point.
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NOTE ON BEAM-BEAM TUNE SHIFT IN
SINGLE RING MULTI BUNCH MODE*

M. Month
Brookhaven National Laboratory
Upton, New York

If many identical counter-rotating bunches of
protons and antiprotons are stored in a single ring,
they will have identical orbits. Therefore, for n
bunches, there will be 2 n collisions at 2n equaliy
spaced locations around the ring. A particle of
one beam will then be influenced by a periodic se-
quence of 2n strongly nonlinear forces caused by
the n bunches in the other beam.

Let Avy be the tune shift at some collision point
I. Now the tune shift for the entire orbit is:

2n
av (Total) =Z AVI.
I=1

The question is: Is this total tune shift relevant
to the problem of beam stability? The answer is:
not in general. What we are trying to describe is

a nonlinear force and the nonlinear force is de-
scribed by its "strength", Avy, for each bunch inter-
action individually. It is not at all clear that
the sum of the individual Avy is the significant
quantity,

If, however, all th collisions are identical,
meaning that the 8-values are the same at all points
where the bunches meet, then it might be argued that
Avg, the beam-beam tune shift per collision is the
true measure of the strength og the nonlinear force.
The reasoning is that although there is more non-
linear force, this is cancelled by the effect of the
symmetric distribution of the force along the orbit.
Said another way, although the strength of res-
onances increases with more collisions, the density
of resonances (in tune space) is decreased by the

140

symmetry. This point is very difficult to verify
in detail on theoretical grounds, but experiments
at Adone have shown that there could be some valid-
ity to the claim. With 3 bunches, the beam-beam
limit, the tune shift for rapid beam blow up, was
not proportional to the total shift. It was also
not proporticnal to the tune shift per bunch, but
Tather somewhere in between, suggesting a more com-
plicated relationship between the beam-beam limit
and the tune shift distribution around the orbit.
This is true even in the case of a symmetric distri-
bution.

On the other hand, the situation at both FNAL
and the SPS is quite different. In these cases, the
beam configuration at the collision points are not
symmetric, but differ from one collision point to
the other. The theoretical argument related to the
decrease of the density of resonances (due to sym-
metry) does not strictly apply. We might expect,
therefore, that the effect of the nonlinear
forces would be better described by the total tume
shift rather than the tune shift in any given bunch
collision.

We might conclude that at FNAL or the SPS the
addition of bunches can only provide increased per-
formance at some collision point if the bunches are
well separated at all other collision roints!

x
Work performed under the auspices of the U. S.
Department of Energy.



ELECTRON BEAM COOLING - PROSPECTS OF RIBBON-TYPE E-BEAMS

F. Krienen
CERN, Geneva, Switzerland

Some time ago we made an exercise to find out
how an electron beam cooling device would look if
you had to cool antiprotons with very large momentum
bite. In the device described below the 100 MeV
antiprotons will concentrate at the lower end of
its momentum range. The spot size will of course
depend on the electron temperature.

1. General Description

The beam profile of the antiprotons in the
cooling straight sections is 700 mm wide and 136
mn high. The electron beam will cover the antipro-
ton beam in the width, i.e., 700 mm, whereas the
height will be 80 mm. This profile will be main-
tained all the way from cathode to collector in
order to keep the transverse temperature of the
electrons as low as possible. The momentum spread
in the antiproton beam requires the corresponding
momentum spread in the electrons, i.e., #6%. This
can be achieved by surrounding the electron beam
with a wire cage, in which the wires are parallel
with the electrons. Each wire is kept at the appro-
priate potential, creating inside the cage a poten-
tial distribution sv that the electrons entering
the cage are post-accelerated.

‘The total potential difference across the cage
is 15 kV; the higher potential is at the outside of
the cooling ring. The magnetic guiding field in the
straight sections is uniform and parallel to th2
electron velocity; its value is 600 G. The solenoid
creating this field has a circular section with 2
bore of 1 m, so that there is ample space to stiffen
the flat vacuum tank and to accommodate high-voltage
feedthroughs and other diagnostic means., The elec-
tron beam must bypass the lattice elements of the
storage Tig. Hence the electron beam i. bent in
at the upstream end of the cooling straight section
and bent out at the downstream end of the cooling
straigh* section. The bending is achieved by a
toruidal magnetic field on which is superimposed a
weak dipole field of about 2.6 G which has actually
a small gradient in order to minimizc the transverse
temperature.

The torus is a substantial piece of equipment,
for it has to accept the antiproton beam as well.
The bending radius of the torus is 3.15 m at the
center of the elcctron beam. The bore of the torus
is 2,75 m, the angle of bending is 45°. The elec-
tron beam in one upstream bypass is actually in
line with the electron beam in the preceding down-
stream bypass. Hence it is possible tu daisy-chain
the electron beams of the four cooling sections so
that we need only one electron gun and one collector.
The acceleration of the electrons to the final
energy will be in magnetically confined flow. The
cathcde of the gun will be of the dispenser type
and will be built up of rectangular slabs to obtain
the required cathode emitting area of 700 x 80 mm.
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The cathode has the conmventional Pierce-type
focusing electrodes ensuring uniform current density
of 0.2 A cm™?, and a set of four focusing slits of
the resonant type. The electrons leaving the last
slit will be post accelerated to assume the p.tential
in the wire cage. Upon entering the collector
region they will be decelerated by the same amount
so that they pass the magnetic shunt with approxi-
mately equal energy. The magnetic shunt exerts an
outward force on the electrons so that the collector
is appreciably wider than the original electron
beam. This facilitates collection of electrons at
a potential only a few kilovolts above the cathode
potential and minimizes the electron backstream.

Considerable attention has been given to the
problem of space charge neutralizing the electron
beam, Partial sgace-charge neutralizatien, to the
amount of (1 - 8°), would keep the electron paths
parallel to the beam axis. However, the potential
gradient in the cage seems to be prohibitive in
achieving permanent trap ing of (+ ve) ions. As
the current density is relatively low, the peripheral
transverse energy is about 1.2 €V and decreases with
the square of the distance from the median plane.

If, on the other hand, a system were devised in
which the electrons moved in a field-free tank with
initially the proper velocity spread across the beam,
perfect space charge neutralization becomes a must,
for otherwise a small resulting drift would mix the
high and low velocity electrons in the long rum.

Hence space-charge neutralization seems to be
out of the question. The potential gradient in the
cage would also produce a vertical drift coupled to
appreciable transverse energy. However, this motion
can be suppressed by superimposing a weak vertical
magnetic field on the longitudinal guiding field,
thus the resultant magnetic field is slightly tilted.
The tilt field is proportional to dp/dx and amounts
to about 1.4 G. This correction persists also in
the torus: it is added to the field of the same
sign needed for the bending proper, totalling about
4,0 G, The tilt fields are produced by a cage of
current wires coaxial with the center line of the
electron beam and outside the vacuum tank, which in
addition allows small corrections to be made to
ensure optimum parallelism of the electron beam und
the antiproton beam. The circulating antiprotons
receive in the toroids altermating vertical kicks
of about 44 mrad. Vertical displacement of the
large quadrupoles adjacent to the toroids would
compensate for this. ‘The above measures ensure
that the electron beam apparatus is symmetric with
respect to the (horizontal) median plane, which
facilitates construction and alignment.

II. Magnetic Field

Figure 1 shows the assembled guiding magmets.
There are four cooling solenoids of 11 m length,
four bypass solenoids of 10.9 m length, and eight



toroids of 45° bending angle and 2.47 m length as
measured along the mean radius of 3.15 m. One of
the bypass solenoids is interrupted to accommodate
gun, collector, and vacuum pumps. The solenoidal
field is 600 G. The toroidal field is matched to
the same value at a radius of 3.15 m. The current
density in the copper coils is conservative,

3 Amm . The effective copper thickness is 16 mm.
A return mild steel shield is foreseen. The flux
density in the shield will be 10 times the internal
field. The shield will effectively protect the
electron beam from stray fields and from the leads
powering the coils. The coil will be moulded in
the shield. The coil structure is sufficiently
stiff to be supported from the ground in two V
blocks. Solenoids are bolted to the toriods by
means of flanges.

Table 1 gives particulars about the amount of
copper, steel, and power. Figure 2 shows a section
of the current wire cage which provides the tilt
magnetic field; maximum currents are of the oider
of 5 A. The idea is to have independent control in
each of the solenoids or toroids.

III. Yacuum System

Figure 3 shows the assembled vacuum tanks.
There are four cooling vacuum tanks of 11 m length,
four bypass vacuum tanks of 18.9 m length, and eight
manifolds which are located in the toroids. In the
bypass tank which houses the gun and the collector
are located additional vacuum ion pumps. The mani-
fold is built to accommodate ion getter pumps plus
some titanium sublination pumps, Each vacuum tank
is aligned within its corresponding solenoid or
toroid. The vacuum tank flanges will be flush with
the magnet flanges. There will be a simplified
bellows structure on each pair of vacuum flanges in
order to handle small misalignments. Each flange
will have double sealing with prevacwum in between.
The high vacuum side will be metal to metal, the
low vacuum side will be viton. The 11 m tank would
weigh about 1800 kg (stainless steel), the 19 m
tank about 3000 kg, and the manifold 1500 kg. The
total tank volume is 30 m?. The total lengtn of
the metal-to-metal seal is about 60 m.

Iv, Velocity Cage

Figure 4 shows some details of the cage in which
the potential gradient is made to achieve a velocity
spread of the electrons, The strips are supported
on alunina spacers, which are screwed in the vacuum
tank walls, Mini conflats assure vacuum tightness
of the bolt holes. The strips are daisy-chained
from tank to tank by means of spring contacts. In
the first and last tank the strips are individually
brought out by means of multiple feedthroughs. In
this way complete control of the potential distribu-
tion inside the cage can be obtained. Figure 5
shows the equipotential plot in the cage, taking
into account the space-charge electric field.
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Gun

Figure 6 shows a section of the cathode and the
resonant focusing slits. The design is based on
the computer calculations of the c1r9ular_beam gf
the ICE g, Clearly the linear device with which
we are concerned in this proposal r_leeds reconsidera-
tion. Although the post acceleration program has
still to be developed, the expectation is that this
will give positive results as the electrons are
already at 90% of their final velocity. The cathode
is presumably one of the most delicate parts of the
system. Preliminary discussions with a potential
manufacturer resulted in a desipgn in which the
tungsten dispenser cathode is subdivided into rec-
tangular slabs of 8 mm thickness, 20 mm width, and
70 mm height, Each slab has two holes in which is
located a protected bifilar heater. A filament
lifetime of 10,000 hours seems to be feasible,
(This would be higher if oxide cathodes were util-
ized.) The slabs are assembled in submodules, which
in turn are mounted on a molgbdemm carrier. The
carrier is kept at about 600°C and is mounted in
its turn on a water-cooled copper base via stainless-
steel studs,

v.

The crucial part seems to be the thermal expan-
sion which could result in bending and warping of
the emitting surface. The tantalum Pierce-type
focusing electrode is heat sunk so as to avoid
spurious electron emission, and is mounted with
heat canducting studs on the copper base. The
resonant focusing slits are water-cooled to avoid
damape to these electrodes in case of mal-steering
of the electron beam. ‘fhe flat tank being located
in a round coil facilitates the high-voltage feed-
through of the various electrodes. The applied
voltages are maximum of the order of -60 kV with
respect to ground. Some consideration will be given
to decreasing the current density, in case the tune
shift of the antiproton beam is larger than can be
handled, Table 2 shows same of the parameters of
the gun.

VI. Collector

Figure 7 shows some details of the collector
structure. The nominal current is 112A so that the
power in the beam is ove~ 6 MV. To sink this power
into the collector would certainly be very difficult
and wasteful. However, onme can recuperate most of
the power by deceleration of the electrons. To this
end the collector is kept at a potential slightly
higher than that of the cathode. The expectation

is that between 1 and 2 XV is manageable. Secondary
emission can be minimized by choosing the appropri-
ate collector surface treatment. The magnetic field
in the collector cavity is greatly reduced by means
of a magnetic shunt, The so ensuring vertical com-
ponent of the magnetic field would bend the electrons
outwards so that the collector cavity is appreciably
higher than the original height of the electron
beam. The small magnetic field in the collector
volume is further shaped by additional current wires
in order to have the lateral velocity of the elec-
trons reduced to a small value of the order of 100
eV at the point of impact with the collector. Table
2 shows some of the parameters of the collector,



VIF. Power Supply

The power supply for the cathode potential is
well stabilized to 3 % 1075, The rated current is
100 mA, although the cathode draws in theory no
current at all. It would be advisable to make this
power supply short-circuit proof., The same applies
to the slit anodes; their stability is 107? and
rating 10 mA. The collector power supply is rated
for 150 A, 2 kV, and is stabilized to 10°2. The
wire cage power supply provides the appropriate
potential to the wires by means of a voltage divider.
Its rating is 20 kV, 100 mA, and is stabilized to
10™%, The filament power supply is rated 30 V,

500 A. A separation transformer is needed to bring
the collector power supply and the filament trans-
former on cathode potential. The Tating is 380/380,
400 kVA, 50 Hz. All components at cathode potential
are housed in a high-voltage Faraday cage which is
surrounded by a grounded Faraday cage. The vol:me
of the former is about 120 m®.,

VIII. Control System

1t is at this stage rather difficult to specify
the precision with which parameters have to be con-
trolled. Indeed the purpose of the ICE experiment
is to ascertain which parameters are critical and
which are not. Consequently, some of what follows
may have to be amended as the ICE experiment pro-
gresses. Clearly the relative velocity of electrons
and antiprotons is the most important quantity to
be controlled. This would entail precise control
of the cathode potential and the cage potential.
The latter could possibly be approached with a b-
parameter fit, Magnetic guiding field, anode slits,
and collector potentials are presumably of lesser
importance. The vertical magnetic correction must
be adapted to the potential gradient in the cage,
and a horizontal component might be necessary to
correct for misalignment and temperature effects.
Diagnostic means to find out the wheteabouts of
the beam will-have to be developed. Another part
of the control would be the switching-on procedure.
Apart from the interlocks, which are trivial, one
should envisage adjusting the applied voltages to
the magnetic field, since the latter scales with
the square root of the potential to achieve minimum
excursions of the electrons around their guiding
centers. Without control, the electrons could hit
the anode slits during the switching-on time. In
this case, current protection of the anode veltages
would trip the high voltage.

TABLE 1: Guiding field

Quantity Weight (ton) each
11 m cooling solenoid 4 Cu 5.12 Fe 7,57
19 m bypass solencid 4 Cu 8.84 Fe 13.07
Toroid 8 Cu 3.12 Fe 15.34
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IX. Diagnostics

The efforts made so far in this field are mostly
concerned with the effect the electron beam has on
the coasting protons, Extrinsic effects as such
are not within the scope of this section; rather,
we distuns briefly the essential measures to ensure
the correct functioning of the device. Now the
power in the beam is of the order of 6 MW, although
the heat content in the beam is only 6 joule. The
first mmber tells us that permanent landing of
the electron beam on some part other than the col-
lector would damage the device. Hence fast
switching-off will be in demand. Presumably, crow-
barring the cathode to ground with a triggered
spark gap would be possible. The spark gap would
trigger on excessive current in the slit anodes,
the wire cage, and in the cathode power supply. A
pick-up electrode surrounded by a guard electrode
is common practice in monitoring properties of an
electron beam. In the present device this is only
possible under pulsed conditions. Also this can
be done with triggered spark gaps. A rise-time
and fall-time of about 10 usec seem within reach,
and pulse lengths of up to 1 msec can be tolerated.
Several movable probes would be needed to indicate
the position of the electron beam. Instabilities
with a time structure could be detected on the ele-
ments of the wire cage, and possibly a small but
fast electric or magnetic disturbance working on
the electron beam could, via the signals on the
wire cage, tell the posit’.n of the beam. Intrinsic
transverse temperature control has as yet not found
a practical solutica, but hopefully synchrotron
radiation or the scattering of laser light on the
spiralling electrons would some day or another show
Tesults,

TABLE 2: Gun and Collector

Cathode potential -51.4 kV
Filament voltage (rated) 36 v
Filament current (rated} 500 A

1 ancde slit potential -31.4 kK

2 anode slit potential -23.9 kv

3 anode slit potential -12.2 kv

4 anode slit potential -2.9 kv
perveance 7.610°5 AV /7
Current density 2900 Am?
Total current 112 A

Collector potential (nominal) 2 kv
Collector power {nominal) 224 kW
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X. Some Pertinent Formulas

Solenoid Toroid

Rectangular coordinate

Potentials solenoid
Magnetic guiding field A= By

Self magnetic field A, =k wjy?
Vertical tilt field - .

(e.g., bending) Ay = -Bpx
Space charge electri N

ald | TE e b = =3Zy*/ (28))
Cage electric field ¢ = -Exx

Current density j = 2000 A m™2
Vacuum impedance Z = 377 @
Relative velocity B" = (.44 £ 6%

Cylindrical coordinate
toroid

1\, = wollnr/{(2w)
A, = £{r,y){elliptic integral)

Ae = X,Byr

o = -jzyt/(28))

¢=-ET

Peripheral space charge potential (with respect to the median plane} ¢ = 1370 V

i i = = i - g2
Drift angle (horizontal) o vx/vz jzy(1 s")/(aﬁBzc)

Peripheral drift angle o, = 5.8 x 1072 rad
Peripheral drift temperature E, =k mc*} = 1.74 eV

Tilt field By = -(1/€) (dp/dx) = 1.41 x 10”* tesla (p = electron momentum)

Cage electric field B, =E. =8 cBy =18 kv m!

Magnetic bending field By = p/(eR) = 2.65 x 10°" tesla (R = 3.15 m) to be added to tiit
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Budget electron cooling device in KSF

Weight (ton; Unit price Quantity Subtotal Total

11 m cooling solencid 12.69 214 4 856
19 m bypass solenoid 21,91 369 4 1476
Toroid 18.46 213 8 1704
4036
11 m vac. tank (cooling) S5 1.76 70 4 280
19 m vac. tank (bypass) 55 3.04 114 4 456
Toroid SS 1.50 60 8 480
1216
Wire cage 280
Gun 240
Collector 120
640
Power supplies 500 kVA incl. cooling 400
Faraday cage 100
Manual control 100
Remote control 200
Cabling 100
900
Vacium pumps ' 200
Grand Total 6992
Power bill (in kv
11 m cooling solenoid 102 1 408
19 m bypass solenoid 177 4 708
Toroid 70 8 560
1676
Collector {nominal) 224
Power hut 100
Grand total 1400
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ACCOMMODATING STOCHASTIC COOLING AT FERMILAB

P. McIntyre and A, Ruggiero
Fermi National Accelerator Laboratory

Considerable interest has been focused on the
possibility of usirg stochastic cooling to augment or
replace electron cooling in an ultimate F source at
Fermilab. Unfortunately, there is a mismatch
between the 'matural” P production cycle time and the
cooling {or precooling) time using stochastic cooling.
We calculate here the extent of the mismatch and sug~
gest a possible way of resolving it.

The p production cycle using electron cooling
proceeds as follows:

1. Fill the Main Ring with Np = 2X10%3 protons,
and accelerate to 80 GeV (t.p‘ 4.6 sec);

2, Extract a Booster-length bunch of protons
and target to make D's;

3. Decelerate B's in the Booster and transfer to
the cnoling ring;

4. Cool p's and accumulate (t_).

Steps 2, 3, and 4 are repeated 13 times until all
protons have been targeted, The average b accumu~
lation rate is Rp = Np n/T, where n = Ng/Ny is the P
yield and T = 13t +¢t_ is the production'cycle time.

For electron cooling, we_expect to achieve te ~ 50 msec,
T~3 sec, and n~ 2%10"7, This corresponds toa p
collection rate Ry = 1.3X 10%/sec.

Stochastic cooling is characterized by larger
phase upace acceptance but longer cooling time than
electron cooling. CERN expects to achieve to~ 2 sec
(stochastic momentum cooling), T ~ 2.5 sec, Ny~ 1013,
n~ 2.5X1407°, corresponding to a collection rate
R = 1.0%X10%/sec,

To realize stochastic p cooling and accumulation
at Fermilab, one could use a production cycle similar
to the one for electron cooling:

4. Fill the Main Ring with N, = 2x1013 protons,
and accelerate to 80 GeV (tp»- 1.6 sec);

2. Extract a Booster-length bunch of protors
and farget to make p's;
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3. Stochastically cool the P's and accumulate
successive production cycles until all Np protons have
been targeted.

Long-term accumulation could be accomplished in the
stochastic cooling ring itself (the CERN scheme) >r by
decelerating the stochastically cooled P's from each
production cycle to 200 MeV and accumulating them in
a separate electron cooling ring.

We can now compare the P yield using stochastic
cooling to that using electron cooling. The cycle time
is much longer with stochastic cooling:

= - ]
T+ 13 tc + tp 28 sec!

The P yield for the same phase-space acceptance at
Fermilab would be greater by & factor of 4 than that of
the CERN design due to the higher energy of the tar-
geted protons: n~ 10"5, This yield is 50 times
greater than that using electron cooling. The collec-
tion rate would be Ry = 7.0X108/sec. Most of the
increased ¥ yield is used simply to compensate for the
(%10) longer production cycle time, yielding only
modest (X 5) improvement in b collection rate.

This mismetch could be largely overcome by
using the Energy Doubler/Saver ring to momentum-
stack protons at 80 GeV prior to extraction and tar-
getry. Assuming a 10-turn stack, we obtain
Np = 2X10 4,

= ~db: R— = 7
T—i3tc+ 10tp 46; Rp 4.3X10 " /sec.

In effect the use of momentum stacking makes the p
production time {~2 sec/stack for 10 ~tacks) match the
cooling time (2 sec per bunch for 13 bunches}, as was
the case for electron cooling. This in turn allows
efficient uce of the increased phase space acceptance,

A crucia?! requirement for this scheme is clearly
a 10-turn stacking capability in the Energy Doubler,
Also, the P production target must survive the impact
of ~1013 80-GeV protons.



STOCHASTIC COOLING WITH NOISE AND GOOD MIXING

A. G. Ruggiero
Fermi National Accelerator Laboratory

L

Introduction

In this note we shall make a few observations
and derivaetions of the stochastic cooling theory. We
shall work in the time domain as it was originally

proposed b! Van der Meer? and lz*er amplified by
Hereward, ® This approach is called old=fashioned by

some, aterm which I do not understand. The new=-
fashioned method is to carry out the analysis in the
frequency domain. This I believe to be a matter of
taste and costum, but the two methods are equiva-

lent and ought to give the same result. After all, a
gystem frequency response can be replaced by an
equivalent Green's function, and impedances and phase
factors can be replaced by amplification and delay
coefficients.

The ingredients that are required can be sum-
marized ag follows:

(i) A proper definition of the beam signal, This
includes a single-particle signal as well ac the signal
produced by the surrounding ones. Several people like
to distinguish the two contributions and call the latter
beam or Schottky noise. I believe that this is relevant
only up to some point, as we shall see later.

(i1) A proper definition of the noise from the
amplification chain. This is a wide-band noise, also
called "white" noise. Its spectrum is constant and
its effect is completely random. It is quite different
from the beam noise, which is not "white," but has a
preferential frequency distribution. The integration
of the beam-noise spectrum actually leads to a cor-
related tlme-dependent gignal. To some, the term
beam noise could be misleading. Thus one can expect
different effects of the system noise and of the beam
noise. [t is not obviocus that they should be simply
added to each other.

(1ii) Systematic loop errors. We give a few
examples: ihe center of the beam can slowly move
from turn to turn, or conversely the pickup device is
not centered on the beam center; in the case of the
notch filter device, the reference revolution frequency
ts not accurately determined. These errors would
eventually lead to beam "heating” in the same way as
the loop noise does.

(iv) Mixing of the signal. This is a crucial
issue, Mixing is strongly beam-momentum dependent.
Good mixing is achieved in the limit of y=1. For
large momentum the focusing of the ring is important;
one would like to have a transition energy as low as
possible. Mixing plays an important role in stochastic-
cooling theory and one can draw different conclusions
about cooling beams ai diferent momenta that at first
might sound contradictory. For example, in a bad
mixing situation {large momentum) it seems preferatie
to work in a higher frequency range and momentum
cooling seems to be more effective than betatron cool~
ing. At the other end, in the limit y-1, betatron
cooling and momentum cooling are equally effective
because the mixing situtation is bettor.

150

In all papers on stochastic cooling, one finds the
statemnent that the method does not depend upon beam
mormentum. I believe this is not correct; not only does
the mixing have a sirong energy dependence, but also
the electronic gain required for a given cooling rate is
reduced at least with the first power of the beam mo-
mentum. Mixing also enters again in the cooling rate
itself, since bad mixing leads to lower rates.

I believe these considerations are very relevant
and should be taken into account in deslgning a large
p-P colliding device. [n this note, we shall look even-
tually to the case of good mixing, that is, the low mo-
mentum case. I believe that partial mixing can also
be included in the following time domain, old-fashioned
theory, but we ghall leave it out for the moment.

Another reason to investlgate the low-momentum
case is that becauss we plan to carry out an exper-
iment at Fermilab on the Electron Cooling Ring, we
need to become acquainted with the technique.

II. The Stochastic Cooling Loop

The stpchastic cooling loop is shown in Fig. 1,

Vn
I

Fig. 1 The ccoling loop

A fast beam detector PU is located somewhere around
the ring. The pickup and the electronics which supply
it have a characteristic rise time t, so that if there
are N particles uniformly spread around the ring. at
any given time it is possible to observe a sample of n
particles with

1)

where Tp is the revolution period and I the beam cur-
rent. From the pickup we expect a voltage V4 which
is modulated with time by the beam with resolution T,
We can write,

alTZ,

vy (@)
where s is the sensitivity and Z the beam signal,

which could be the average displacement from a ref-
erence orbit of the n particles simultaneously detected
or their off-momentum value as it is meaaured, for
example, by the notch-filter te:ziiinque at CERN.
Because we are interested in the case of full mixing,
we do not have to be specific akout the beam signal;
the following considerations apply to either betatron
or momentum cooling. Nevertheless, the signal

could be a combination of stochastic, coherent, and
error contributions which are all function of time.




We do not have to specify the nature of the beam
detector but we remark that, since it has to be broad-
band, its response is proportional 1o the instantaneous
number of particles It as shown in (2).

The pickup voltage V4 is amplified by a chain of
amplifiers and applied to a beam kicker K. This
could be either an electrostatic or magnetic deflector
for the transverse cooling or a broadband cavity for
momentum cooling. Its effect is to modify the motion
of the same sample of beam that was measured at the
pickup location by an amount which is proportional to
the slignal Z,

Vz = « {8DXED), &)

where « is a factor which g the effecti

of the kicker and g is the dynamic gain, which is the
fractlon of the signal which is actually damped with
the voltage Vp . On the r.h. side of (3} we explicitly
show the d d on the um p and velocity
$ of the beam.

In the following, we assume that the delay be-
tween the pickup and the kicker is properly adjusted
to guarantee that one ia deflecting the same beam
sample that has been detected and by the proper
amount. We also assume the bandwidths of the pickup
and kicker are matched to each other and that, as a
consequence, there is no dependence on either {or r
or any of their conbinations on the r. h, side of (3},

Denoting by A the electronic amplification, we

have
Va2 = AV4 . {4y
Combining (2), (3) and (4) gives
_ _xBp
Asg sIt * s

which shows the relation between A and g, but also

the dependence of the required amplification

A for a given gain g on the beam momentum and
current and on the system bandwidth. We note,

though, that the gain g itself could depend on the beam
current and the system bandwidth as we shall see later.

Equation (5) is the result that is crucial to our
considerations and we will return to it later.

In the previous section vre have analyzed how
the beam signal is handled; in the preseat one we
want to deal with another source of gignal: the noise
which is generated at the front=end of the amplifica-
tion chain. As shown in Fig. 1 the noise figure is
given by a front-end voltage V,,. This voltage 1s also
amplified and applied to the kicker, and the beam at
location K does not have the capability of di seriminat-
ing between the contribution of the beam (V3) and the
noise contribution (AV,). The beam will experience
a total voltage V; + AV and the system will interpret
it as being caused by an equivalent beam slgnal Z + r
at the location of the pickup. From (2) we derive

(6)
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Vn = sltr,

where r is the equivalent beam displacement induced
by the noise voltage V, - observe that this quantity
does not depend on the dynamic gain g or on the system
amplification A; Eq. (6) represents the only relation
which tles r to V. The reader should also note the
fact that the beam current I and the risetime T enter
the r.h. side of (6).

There is a crucial difference between Z and r,
In the tin.e domain, this diference can be expressed
by observing that Z has a strong au-ocorrelation,
whereay r, being a white noise, is completely uncor-~
related in time. By the frequency domain, this is
made even more apparent by noting that r has a fre-
quency -independent spectrum, whereas the frenuency
contained of Z 15 lumped around harmonics of the
revolution frequency.

The beam signal Z ultimately leads to a cooling
time ’Ibwhich is not expected to depend on the noise
signal r. On the other hand, r causes a beam diffusion
which is made quite visible, for instance, by opening
the circuit on Fig. 1 between the P, U. and the K
locations in front of the ampliliers. The two effects
will eventually balance off to a minimum size that the
beam can reach, which is given by the product of the
cooling rate and the diffusion constant due to the
noise. The characteristic time required to reach
this {inal value is still given by Tj5. We emphasize
here the analogy of the two effects of damping and
diffusion to synchrotron radiation in electron storage

rings.
1V. Besm Dynamics

We take a particle in the beam as reference
and follow its motion turn by turn. At one particular
turn, the m-th, it will be crossing the beam pickup
and will be detected together with n other particles
Each particle in the sample gives a signal 2z
(i=1, 2, ===, n) and the total signal is

1
el 2. .,
n i

i

z
m
where theindex m refers to the m-th turn. This sam-
ple at the same time has an emittance which can be

described by
B
m n i

We assume that all the n particles travel to-
gether between P. U. and K. That is, that no mixing
occeurs. Then all the particles are kicked by the same
amount When the kick is translated to the location
of the piclkup (we shall always compare the beam at the
same location) the coordinate z; of each particle is
modified as follows

ziazi-g(i'm+r),
where we have included both the beam signal and the
noise slgnal. This will have caused the emittance of

the sample to chnitge to

1 _
Prnrt = 542,87 gr)? -

= o - (2g-g%) B + gPr2-(2g-2%) £T,



and for beam bary center
1

Tmeg =

z (21-g%pm-gr)
i

= (1-g) Zpy - gr, (8)
When the reference particle is back to the loca-
tion of the pickup on the next turn, we assume it has
lost its companions during the previous turn and is
surrounded by n new, different particles (full mixing).

In this way, a new signal is generated and the
Lycle ia repeated again. Sincethe reference particle will
enter different beam samples, one can assume that
(7) applies as an average over several turns to the
entlre beam. In this approximation one does not
expect any correlation between r and Z and therefore
the last turn at the right-hand side of (7) does not give
any contribution.

Taking m, the number of turns, as a continuous
independent variable, we derive the following differ~
ential equations from {7) and (8).

do? | 2.2 21 72

Tm g - (gEnE (9
dz = -gZ, (10}
dm

where, for the last equation, we have assumed that
the average value of r is zero.

We have not specified what Z is. For instance,
it could be caused by a coherent beam oscillation
with no relation to the beam size ¢ In this case, one
integrates {10) to get

7 =% M | {11)
which is the usual coherent-oscillation damping for-
mula. The damping rate is given by the gaing, as
one would have expected by definition. Insertion of
{11) into {9) gives

2-g -
o = %Z v glrdm v —ig zoz (e™28m _ ),

The second turn at the right-hand side is the diffusion
termdueto the noise, the last the damping of the
apparent emittance due to coherent osclllations {the
actual beam emittance does not change).

Note that the turn gziz on the right-hand side
of {9) has also been called the beam noise turn be-.
cause it adde positively to the aystem noise gz 2,
This definition is arbitrary; this term will also be
there when Z is a coherent oscillation, which. we can

hardly qualify as noise.

The case of interest is when Z is a pwre stoch-
astic signal due to the finite number n of particles in
the beam sample. This signal wlll change randomly
from sample to sample with an expectation value
given by
Gz .

2

z (12
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In this situation, we can disregard Ed. (10}
and replace 22 on the right-hand side of {9) by ita
expectation value. This is justified by the approxima-
tion that (9} applies in average over several turns. We
obtain

2 g
%VE - glr2- _Z_gh_g__ o?. (13)

More generally, one should have also included
errors and have written (12) as

22,
n Ir

z2 -
But one can combine the fft‘ect of z,.2 with r? and prob-
ably ignore it as long z.” << r%, We shall assume in
the following that is indeed the case.

Eq. {13) was first derived by Hereward,z but
he integrates it in a curious way. He introduces the
quantity

r2

noise power

«2/n signal power
and assumes that n is a constant. This could be an
approximation at the beginning of the cooling and for
slow cooling, when indeed the beam signal does not
change much. But in fast cooling o2 would change
rapidly, whereas r2 remains constant. In this
regime, n can no longer be regarded as a constant,

] (14)

Eq. {13) can in fact be inlegrated to give the
general solution

2 -
R i L )
where
2 _ngr? 2g-g?
o 2:-085 and e - ZBCE (152 and b)
@ 2—g n

The solution (14) is also plotted in Fig, 2

Fig. 2. Stochastic Cooling.

It is still an exponential decay with a cooling
rate given by «, which does not depend on the noise
figure r. But the cooling saturates at a final value
0, which depends on the noise When the noise dis-
appears the final size also vanishes.

It is possible that the factor n, Eq. {14), is
relatively small at the beginning of cooling, because
the beam signal is larger. But toward the end of the
cooling, the situation reverses; the noise signal
predominates and the factor n cannot be ignored.

Inspection of {45) shows conflicting require—
menta for the gain g From one side, one would like



to have fast cooling which requires a large g, possibly
g=1. On the other side, if cooling has to be effective,
the final size o 2 ghould be small which require a
small g. ‘The case g=1 would work if

2 2
qm2=“;—— << 0o°-

This requires small front-end noise Vy and large
bandwidth.

The theory we have outlined above applies only
to the case of good mixing. Nevertheless, we may
expect that some of the conclusions, at least qualita-
tively, apply also to the case of bad mixing, For
instance, the solution should still have the form of
Eq.(44')as sketched in Fig. 2, provided that the cool-~
ing rate « and the final heam size amz are properly
defined to include a mixing coefficient. One would
expect the cooling rate to become smaller and the
final beam size to become larger. Thus good mixing
represents the optimal situation,

It should be possible to treat the bad mixing case
with the approach outlined here by splitting Z in Eqs.
{9) and (10} in two contributions, one from the old
particles which still remain with the test particle
and one from the new ones which are just refilling
the sample under consideration,

V. Consequenses of our Analysis

The conclusion of our analysis can be drawn by
combining Eqs. (1), 15), (6) and {15), and
T = cooling time = To/a .

Several of these equations can be combined to
give the following

«gp

PP (16)
_T1Tg/e 17
To gz-g )
and
2
2. Vi .
% mpste T )

The next step is to eliminate g from {46) and
derive two equations from {17) and (18)

TD .z 10%/4e (19

T, T i
.2
¢ 2.8, 20
&) ot
with
2 2u
1 =28 (21)
and 2
AV
22— (22)
2esxfp
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These are all the equations that are required to
design a cooling loop. They give the cooling time and
the final beam gize in terms of the machine revolution
period To, the beam momentum p, the system band-
width 1/7 , the front-end noise Vy, the electronic gain
A and the two parameters s and « which are the sensi-
tivity of the pickup and the effectiviness of the kicker.
These equations are quite general.

One has cooling when sxA>0 and 1<I,, in which
case also §“>0.

QObsgerve that in the limit of small current, the
cooling time is independent of the beam intensity and
the system bandwidth

Io . «pB

T, = ZesA 23)
and

om2=32 forl<<1l,.

When I approaches I, the cooling time becomes in-
finite and there is no more cooling. The [inal beam
size also diverges because of the diffusion caused by
the noise. QObserve that there are some conflicting
requirements on the electronic gain A, as one can see
by inspecting (22) and (23): faster cooling is obtained
with larger A, which also causes a larger final beam
size. In the limit of small current there is also no
dependence on the system risetime.

Qur result {19) might seem strange and in con~
wradiction with previous results. This was known
under the form of Eq. (15b): for a constant dynamic
gain g the cooling rate is proportional to the system
bandwidth and to the Inverse of the beam intensity.
One has cooling only il

ocgez,

For practical purposes g is given by (5). Since A is
usually a large number, it is the quantity that is kept
constant, so that g increases with I, When I> [, then
£>2 and one does not have cooling anymore,

VI _The Experiment at Fermilab

An experiment on stochastic cooling has been
proposed at Fermilab, to be carried out in the Elec-
tron Cooling Ring at a momentum of 644 MeV/c. The
three loops, horizontal (H), vertical (V) and momen-
tum-~wise (P) are shown in Fig. 3.

‘The two loops for damping betatron oscillations
have the following parameters;

200 V'A* m-nsec
.05 V/mdeV/c)

and
T = 2ngec (200 MHz bandwidth)
A=10° (120 db)
Vp= 10 pVv,

which gives



Ig = 9imA
Tp = 228 sec for I<<I,
o =4.6 mm.

The final beam size corresponds to an emittance of
31r10'6m (for 95% of the beam). The initial oue could
be 10-20-w- 10"6m, The sensitivity figure s given above
is for a standard pair of electrodes 6 in, long with a
45° cut, The kicker could also be made of a pair of
deflecting electrodes of the same length,

Observe that toward the end of the cooling the
ratio of the noise power to the beam signal power, Fq.
(14) is ziven by

as one can derive from (6) and (20). Thus in the limit
of 1<< I, one has n>>1 and most of the power re~
quired is given by the contribution of the noise. If

the deflecting plates are matched to an impedance of
50 ohms, with a galn of 420 db and a front end noise

of 10pV, the power required is 2W, probably marginal.
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PROTON COOLING BY RADIATION

R. R. Wilson
Fermi National Accelerator Laboratory

The of electromagnetic radi
electrons moving in magnetic fields {synchrotron
radiation) is well understood and has many beneficent
effects, such as in ne damping of synchrotron and
betatron oscillatio’.s in circular accelerators or in
storage rings. Because the radiation depends in-
versely upon the fourth power of the mass of the
radiating particle (prnxons radiate less than electrons
by a factor of about 10 3) synchrotron radiation has
as yet been negligible in proton accelerators. How-
ever, as proton energies grow ever higher, we even-
tually will reach a level at which the radiation will
become large enough to be effective in damping orbit
ascillations.

by

We can directly take over the theory of synchro-
tron radiation by electrons as given by Schwinger.
The rate of emission is given by

Ep = (2062 /3R |p3n1-p2] )
which for protons becomes
E,. = 7.8 - 10~12 E4/R, @)

where the energy emitted per turn E. and the proton
energy E are measured in TeV and the radius of
curvature R due to the magnetic field is in kilometers,
For the Tavatron, where the racius of curvature is
about 0.8 km, the energy radiated per turn is only
about 10 e/ per turn. At 10 TeV, assuming twice

the magnetic field of the Tevatron, Ep would be 200
keV per turn, which is beginning to be significant.

Can such radiation provide :ooling of betatron
oscillations? The damping coefficient of synchrotron
oscillations is given approximately by 2E,./E, and of
the vertical odcillations by E./2E. The radial oscil-
lations grow exponentially by the same factor, but
can be coupled to synchratron oscillations to provide
overall damping. Thus for the 1 TeV case, if only
this damping obtained, then the vertical size of the
beam would be reduzed by half ia about 50 days. For
the 10 TeV example, the halving time would be about
5 hrs, which ia more significant.

We must also not forget the possibility that
coherent effects will enhance the radiation. ¢
Coherence will occur when the packets of protons
are comparable in size to the wavelength of the
radiation. The characteristic wavelength, )\, of
the rather broad distribution of frequencies of the
radiation by protons is given in centimeters by

A = 3.5 -10°% R/E3. (3)
For the Tevatron with a proton energy at 1 TeV, X,
is about 3p.

L. 1. Schiff caloulated? the addittonal 1oss per
particle per revolution due to coherent radiation in

the ab: of lic shielding and found that it is

given by

2
=& Né4/3, (4)
oE = & XY

for N protons in a gaussian distribution having an
angular width of $ between the 1/e points. Much of the
enhanced radiation is in the microwave region and will
be reduced by surrounding metal shielding. Schiff also
made a calculation that would apply when the orbit of
the particle is midway between two parallel metallic
plates. He found for this case that the aboye result

(4) should be reduced by a factor of 5{a/R)" where a

is the distance fram orbit to plate.

In the Doubler each "bucket" of protons is a
narrow pencil, typically about 30 cm long and a few mm
in diameter. Hence we might expect some coherent
enhancement of the radiation. There are about one
thousand buckets, each of which will contain about 1010
protons. Hence the &xtra coherent radiation by each
proton will be about 100 eV/turn. Although this may
be significant in producing a quite measurable signal,
it is not at all clear that it will contribute very much
to the damping of random betatron oscillations. Of
course, if the center of mass of the coherent bunch is
executing a coherent betatron oscillation then that will
be dampened. Because any coherent bunch will have a
randomly distributed component of protons ( proportional
to ¥} executing coherent betatron oscillations, the
coherent radiation of the fluctuation from the average
will produce a kind of "stochastic' cooling, although
of negligible magnitude.

Let us consider briefly the limitation by synchro-
tron radiation of the growth of a proton beam caused by
multiple coulomb scattering of the proton by residual
gas. The mean squared helght of the beam, ¥°, grows
by scattering at a constant rate, i.e., dy¢ /dt = a.

That growth {s damped by radiation as dy/dt = ~by,
which can be rewritten dy”/dt = -2by“. Without making
a distinction between y2 and y“, the sum of the two
terms can be set to zero as a rough condition_for the
asymptotic size, yq, which is then given by y; = a/2b,
Evaluating the constants a and b by the usual approx-
imate relationships gives

4
ka

%= 10?

5
Qp E TeV

where Q is the number of betatron oscillations per turn
and the pressure p is in Torr. For a room temperature
equivalent pressure of about 1078 Torr of N3, the beam
in the Tevatron would damp down to a height of about

1 mm if it bad an infinite lifetime. For larger ma-
chines, say E >5 TeV, or for a better vacuum, the
radiation damping would become really effective in
reducing the asymptotic size of the beam - a more
exact calculation is indicated.
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NONLINEAR ELECTRON-PROTON INTERACTIONS DURING EL.ECTRON COCLING

A. G. Ruggiero
Fermi Natioual Accelerator Laboratory

L _Introduction

Electron cooling is the method by which anti-
protons will be stored and stacked in the Fermilab pp
scheme. In the storage ring, either protons or anti-
protons will be under the influence of an intense elec-
tron beam which occupies a small frac.ion of the ring
circumference. Thus each particle will receive a kick
turn after turn which can in good approximation be
taken as lumped. The cooling is due to the micro-
scopic structure of the electron beam, that is, to
scattering by a large but finite number of electrons,
The electron beam can also be regarded as a solid,
continuous charge distribution with which one associ-
ates a rigid, continuous field. We are interested in
the effect of this field on the stability of the motion of
the p or p particles. This is also called the beam-
beam effect which is measured by the beam~beam tune
shift. In first approximation, the electron beam can
be regarded as a quadrupole with the same focusing
action in both planes {focusing for protons, defocusing
for antiprotons). Such a quadrupole, when regarded
as a perturbation to the lattice of the storage ring,
causes primarily a shift of the betatron-oscillation
frequencies.

If the electron beam is assumed to have a uni-
form transverse charge and current disiribution, its
only effect is betatron tune shift, which is common to
all the particles with oscillation amplitude smaller
than the electron beam radius. For a non-uniform
distribution, a non-linear effect is expected which
might cause, in absence of cooling, stochastic behav-
ior of the particle motion which can then be expressed
as a diffusion process for the entire beam of hadrons.
Such an effect might eventually limit the capability of
the electron cooling itself.

According to the design specifice. .un, the cathode
of the electron gun which generates the electron beam
is carefully built to give the most uniform distribution
possible. In this case, the linear tune shift can be
easily compensated by retuning the quadrupoles of the
storage ring. Here we are Interested in the case
when the electron beam does not have a perfect uni-
form distrib We have intentionally exagger-
ated the beam shape to a Gaussian distribution with a
standard-deviation size of 2 cm in both planes in order
to test the sensitivity of the primary beam to non-
linearities.

Though the two beam travel in the same direction
and the electric field and magnetic field counteract
sach other, nevertheless, the cancellation is minimal
because of the low proton-beam kinetic energy (200
MeV). For an electron current of 254 and an inter-
action length of 5 m, the tune shifts are

®
*
®,

Av, = 0.065 20.4 m)

Ay, = 0.090 35.7 m)
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II. Method of Calculation

The beam-beam effect is difficult to calculate
analytically, so we planned for a numerical simulation
of the particle motion under the influence, turn after
turn, of a nonlinear lens (the electron beam), The
program was developed at Fermilab? to investigate
beam-beam effects in other colliding~beam sitnations.
After having checked that we do not lose much infor-
mation from statistical fluctuation between 1000 and
100 particles, we have taken 100 particles for our
computation, To each particle we associate four
initial conditions: x, x', y, and y'. These are taken
randomly with a distribution which describes the pro-
ton beam at the crossing location, Our simulation
consists in applying simultaneously to all the particles
a series of B large number of cycles. Each cycle
simulates one revolution and is made of two steps.
the first step, we apply to the particle coordinates a
linear transformation with a 4 X4 matrix which de-
scribes the linear lattice of the storage ring, For its
determination we supply gx. By, ax, and ay at the
crossing paint and the two phase advances per turn,
the fractional part of the two betatron tunes vy and vy.
The second step simulates the nonlinear kick when
crossing the electron beam. For each particle we
change z' by

In

2
1-¢Y

v

Az'=-ﬂA
="z

1)

2,
2 u

where z can be either x or y and

At the same time x and y are unchanged.

Equation (1) is derived in the approximations
that p* does not change across the electron beam
length 2, and that p* >> 1,

Every 1,000 turps, four histograms of 20 chan-
nels corresponding to the four coordinates are pre-
pared and displayed. Then averages, standard
deviations, minimum and maxima are calculated and
printed out. We always found that the histograms
approximately reproduce a Gaussian distribution,
Thus we take the standard deviation as a measure of
the beam size, The tracking always takes 50,000
turns which correspond to 40 maec of actual time.
At the end, the final beam size is taken by averaging
over the last 5,000 turns. The damping due to the
electron cooling is not applied during the simulation,

I

These are shown in Table I through Table VI
(see following pages),



TABLE I: vg = 0.57, =0,52. The final beam size
o and angle ¢ are shown versus the initial emittance e,
which is defined for 95% of the beam. One observes a
shrinking of the beam size at the cost of increasing the
angles by a factor two. This is merely due to the
betatron mismatch. The increase in angle should

TABLE IlI: The electron beam is displaced from +2
cm to -2 cm in N turns. There is no variation in the
beam size and angle. The small differences between
the numbers shown in this table and in Table II are due
to a minor change of ¥ and ﬁy“ in our simulation,

eventually be taken into account for setting the initial TABLE III.
conditions of the electron cooling.
%x Yy %y Yy
TABLE L N mm mrad mm mrad
€ € 1000 5.9 0.40 5.9 0.49
= X % Y9 Ay 4000 6.7 0.43 5.9 0.49
ni0 m mm mrad mm mrad 10000 6.3 0.42 5.9 0.49
20000 6.7 0.48 5.9 0.49
40 20 (a) 11,0 0.56 10.7 0.30 50000 6.7 0.47 [X} 0.48
(b) 9.7 0.72 8.1 0.73 @ 5.9 0.40 5.6 0.50
1] 9.4 074 8.2 0.72
20 20 6.8 0.51 8.4 0.74
10 10 4.6 0.37 5.8 0.54
5 5 3.2 0.27 4.0 0.40 TABLE 1V: Same simulations of Table III but now the
1 1 1.5 0.12 1.8 0.18 tunes have been changed to
®No beam-beam tune shift applied. One thousand vy = 0.70 and Yy T 0.456.
particles taken.
eam-beam tune shift applied. One thousand TABLE V.
particles taken, a ' a Y
€One hundred particles taken. x x y ¥
N mm mrad mm -arad
1000 30.4 1,43 79 1.7
TABLE I ¢ = 107 10°® m. The electron beam is not 4000 22.5 1.22 74 1.6
centered by xp to the center of oscillation of the pro- 10000 28 L.45 " +6
tons. No effect of the beam separation has been found. 20000 22.5 1.7 72 1.4
. 50000 19.2 1.05 78 1.2
TABLE 1L @ 31.3 1,62 80 1.8
*B %x Yy %y qJy
mm mm mrad mm mrad  The beam size and angle increase are large, as is also
- 4.6 0.37 5.8 0,54 shown in Fig. 1, One notices here a linear increase
2.5 4.7 0.37 5.8 0.54 of o with time at a rate of 53X10~4 mm/turn. Thus
5 4.9 0.36 5.8 0.53 there is definitely a strong tune dependence. This
7.5 4.9 0.38 6.0 0.54 may be caused by the nonlinear mismatch, nonlinear
10. 5.0 0.38 6,0 0,54 coupling and periodic crossing of resonances induced
by the electron beam.
# « 1000

g'!- 0.00053 mm/turn

&, tmm)

20000
Number of Turns

Fig.
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Care should be taken to tune the storage
ring properly to avoid these effects.

Another case {s shown in Fig. 2. The
electron beam is now moved more slowly (N = 50,000).
The beam size at the end is down to the initial value,
but one should note the increase in between.

TABLE VI: The two beams are centered but the two
betetron tunes change periodically according to the
eguation

) v, = 0.57+ Ay - sin (2m/N)
vy = 0,52 -~ Av + gin (2m/N).

This can either simulate phase oscillations and the

TABLE V: The tunes are set to the original valuea. machine chromaticit ~
s N y or power-supply ripple. Very
The electron beam center {5 made to oscillate hori- b. ¢ 1e) i -
zontally according to the tion. large beam size (and angle) increases are now
= o
*g " 2 sin (2" N) ¥ TABLE VL.
No effect of the periodic movement of the electron P's in o ¢
beam, either centered or displaced, has been found. s - x "d y yd
v mm mra: mm mra
- - 4.5 0.38 5.9 0.55
TABLE V. . 0.010 10 6.6 0.48 10,0 0.86
100 4.5 0.39 6.0 0.54
a %% by 9y by 1000 4.6 0.38 5.9 0.56
mm N mm mm mrad mm mrad 0.015 10 50 2,8 84 2.4
100 4.6 0.38 6.0 0.57
: o - s 0 g"’ 0.5 1000 5.0 0.47 5.2 0.52
- - -4 -9 -5 o.020 10 76 3.9 108 3.0
i 100 - 4.6 0.37 5.9 0.56 100 118 6.0 168 2.6
1 1000 - 4.3 0.40 5.9° 0.55 1000 141 7.5 925 19.0
: oyl 2 pm 2 M2 omo 10 126 7.2 176 5.2
: 1000 " o o 100 207 10.9 208 10.6
: PR o 5'3 °'56 1000 187 10.0 €04 20.5
- -3 . 9.5 5,100 10 116 6.7 150 3.9
1 100 1 4.6 0.38 6.0 0.54 100 179 11.2 360 10.2
i 1600 1 4.4 8.39 6.0 0.55 1080 195 H..Z 507 13'5
L L L) L]
'2[_ n 50000
-
1o+
E 9
13
b 8
e
1
8 N A ?{ ’l\ ’,\ r_.l"_“
! A LAY
PNINTN e TN i AN
5| v -
4 L —t n 1
10000 20000 30000 30000

Number of Turns

Fig. 2
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noticed. Some cases are shown in ¥Figs. 3 and 4.
The beam size increases withN't as is seen for the
bottom curve of Fig. 4, where the dashed line is _ .
indeed a N t-curve, The diffusion coefficlents do2/dt
are shovm in Table VII in units of m2/sec. There is
an increase of the diffusion with Ay and N. For Av
S 0.04, no diffusion was observed, at least for the
time explored during the computation.
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1V, _Conclusions

TABLE VI
Av/N 10 100 1,000
x y x y x y
0.010 - - - - - .
0.045 65.1 186 - - - -
0.020 149 305 366 3,562 523 22,545
0.030 417 814 1,427 4,437 920 41,601
0.100 353 587 843 3,409 1,000 6,776

1V.

- If proper czre is tiken, beam-beam effects can
be greatly reduced. Of course our simulation was
applied only for a very short period of time (40 msec)
and we did not prove the stability of the beam over
long times (several hours) at zI1. On the other hand,
we used a model for the electron beam where non-
linearities have been intentionally pronounced.
Eventually one would expect a distribution close to
flat. The other effect which still requires investi-
gation is the limitation ot the electron cooling process
by nonlinear beam-beam interaction. This effect also
should be easily sir d with our code and
we plan to do so in the near future.

£ 200
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100

 ————————— e -
10000 20000 30000 40000
Numberof Turns
Fig. 3

300]
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£ 200]
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20000 30000
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BEAM STABILITY CONSIDERATIONS DURING ELECTRON COOLING

A. G. Ruggiero

Fermi National Accel

I._ Introduction

The method of cooling protons {and antiprotons)
with an electron beam with the same velocity substi-
tutes the damping effect of the synchrotron radiation
for electron beams, At first sight one might think that
proton beams can be cooled down to practically vanish-
ing size. The only limit that was taken in the past
(and, I would say, rather roughly) is the temperature
of the electron beam.

Actueily operation of electron cooling at low
momentum is expected to be very sensitive to the final
beam density, because space-charge and beam-stabil-
ity limits are rather rapidly reached at low energies.
Therefore, in this paper we calculate the beam-stabil-
ity and space-charge limits for the electron-cooling
experiment that is planned for Fermilab at 200 MeV
kinetic energy. We find that the beam can be cooled
down only to densities (longitudinal as well transverse)
comparable to those presently obtainable with a proton
beam circulating in the Booster at 200 MeV. Thus for
very small intensities, one can also expect very small
emittances, but if the beam current is raised the final
equllibrium emittance must also increase, The equi=
librium is given by the balancing two effects: the cool-
ing damping and the space charge and collective phe~
nomena that would make the beam blow up again,
These effects do not interfere with the collection of
antiprotons, because electron cooling makes space for
new beam pulses, But once intensities similar to
those we operate the proton beam are reached one
should also expect the same emittance value for the
antiproton beam.

In the following we estimate the beam stabllity
against well-known theorles.

II, Self-Bunching of the Coasting Beam

The scheme for f collection at Fermilab considers
a combination of electron cooling and rf stacking. In
this section we deal with stabllity against self-bunching
of the stack., A crucial parameter for this sort of
instability is the longitudinal impedance. The contri-
bution from the self-field is

Z _, 2o b .
;_1W (“ngﬁ 1 K ohm, (4

where Z is the equivalent impedance at the harmonic
number n, Zo = 377 ohm, and a and b are respectively
the beam and pipe radii, Obsecve that this Impedance
is large and therefore likely predominant compared
with any other wall contribution. It is a pure positive

(anti~ind ) and does not cause any
bility below tr energy, provided that it is
the only existing one,

T
341,

The stability dlagram? is shown in Fig. 1,
where,
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and

I = beam current
p=vie
n=1/yn2 - 1/y
E-= total particle energy
A E/E= full energy spread at half maximum of the
energy distribution

The various curves correspond to different distributions:

1
2
3
4.
5
6.
7.
8,
9.

Lorentzian
Gaussian

5th-order parabola
4th =order parabola
3rd-order parabola
Squared cosine
2nd-order parabola
Truncated cosine
1st-order parabola

v sign ()

Longitudinal stability diagram.

Fig, 1.



In our case y <Yt thus one takes kg > 0.

It is hard to make a judgement on beam stebility
since this depends very much on the energy distribu~
tion. The self-impedance {1) is very large and can
hardly be reduced by an ind The only p
effect which can cause an instabllity is a resistance
which moves the impedance along the V' -axis. In
fact one has instability for a given distribution when
the impedance point lies outside the boundary curve
for that distribution shown in Fig. 1. Since U' is
rather large, a small amount of resistance can move
the point outside the stability diagram for practically
all the distribution functions except the Lorentzian one.

In any case, the stability criterion is 2

|§|<Elﬂ' (AE)Z.

eipZ \E

If we take I= 2mA, equivalent to N = 1010 particles
AE/E = 1075, corresponding to a longitudinal electron-
beam temperature

'I‘Il =0.4eV

we obtain
} ztal ~ 120 ohm.

Thus the beam could be very unstable.

For 1 K impedance, the threshold is

(AE/Ely, = 3x 107, (2)

Since the cooling is a relatively slow process
and one begins with & spread much larger than {2}, it
would also represent the final beam spread. If the
operation is less adiabatic, it is proper to make use

of the overshoot formula

& a5
E‘;:) final ( EE)initial
to calculate the final spread (AE/E)fijna) - ¥ one takes

(AE/E)jpiyia1 = 1075, then

- o4
(AE/E)ﬂnal t0™4,

quite a reasonable numher,

IIl. Transverse Stability of the Stacked Beam

Because of the very small momentum of the
heam, in this case the self-field is also predominant.

Deflne the transverse impedance

2 = iRZo 2ZR
pZyZaZ BZ(n-vIp
= gelf-field + wall impedance

Uncooled Beam.

Let us conaider first the case in which the beam
is not cooled transversely, but it is eventually in
momentum. Then we take

R = machine radius ~ 22 m
a cm
b =3cm

v = betatron tune ~ 4
and we have

4 =(i 1,7 x 108+ 8.5 x 1o4z—)n/m
1 n-v
where Z is the wall impedance at (n-v) times the
revolution frequency. The wall effect is negligible
provided that

2 << 2Ke,
ney

which we expect to be the case.

The tranverse impedance Z, has the effect of
causing a shift of the betatron oscillation angular fre-
quency 3

_ ., ecZl!I
fw =i vy4rEg

E, =938 MeV, rest energy. With only the self-field
corcribution, the shift, though large, is nevertheless
real and the beam is stable against collective insta-
bilities, Yet a very small resistive-wall impedance
mades the shift complex and, eventually, the beam
unstable. One observes here an analogy of behavior
with the longitudinal case discussed inthe previous
section,

If we take [ = 2mA and | le = 170 M2 / m then
| aw| =2 x 10% s-1,

The beam i5 made stable by providing enough
spread at the offending frequency (n-v) wo, wo being
the angular revolution frequency, so that 3

al n=vywg| > | a0l .

(i) Stabilization from revolution frequency
spread. This requires

(n-v)&|ﬂ|£> 2 x 103 8”1
BZ E

The smallest number we can conceive for AE/E
is 10'5, which equals the longitudinal temperature of
the electron beam. In practice, AE/E will be larger
either because of intra~beam scattering or becau.e
the beam ig longitudinally unstable. In this last case,
we have an upper limit of 1 X 10-4 from the overshoot

criterion. All the modes
n>yp+12 for AEJE = 1075
n> p+1 for AE/E =107%


file:///EJinitial

are stable. The lower modes could be damped with
electronic feedback. The bandwidth required is at
rost 45 MHz. With a slightly larger AE/E, the entire
mode gpectrum can be made stable and there will not
be any need of a damper system that can ultimately
interfere with the stacking operation.

{ii} Stabilization from tune spread. This

requires
3
Ay > ]_A_“’.l=_2..>.(.ig = 2.6 x 1074
Yo “a

This is a rather small spread. The tune shift due 1>
the craogsing with the electron beam is as large as

0. 06 and a fraction of this is presumably a spread
across the beam. There are also contributions from
the beam emittance € and the non-linearities of the
guide field around the ring.

(iii) Stabilization with chromaticity. The amount
of chromaticity

& =(av/vi/iap/p)

required depei .d on the energy spread as is shown
in the following table.

Beam AE/E £+ Av=2.6 1074
Long. stable
and cooled 1075 -2.2
{too large}
At the threshold
of long. stabil. 3% 1078 -0.73
Overshoot t x 107¢ -0,22

It is required to blow up the beam somewhat
longitudinally to get moderate chromaticity.

In general, the stability condition is

al (H'Vlﬁzi n2E ., .‘:i‘.’. 3 éETE--HuDKE >ladl.
B B

To avoid cancellation, all the three terms must
have the same sign. Since only the terms n >v are
unstable and n~ Y below the transition energy, the
chromaticity £ and the octupole strength K ought to be
negative. This of course is relevant only when the
three coniributions to the spread are of the same order.

Trausversally Cooled Beam

The radius of such a beam could be much smaller
than what we have considered above. A final size
a = 1 mm corresponds to an electron-beam temperature
of 0.4 eV. In this case, Z; and Aw are one-hundred
times larger and pose serlous concerns about the sta~
billty of the cooled beam. The amount of time spread
which 18 now required is about 0.025, too large to be
attalned with reasonable chromaticity or o:tupole. An
electronic feedback damper should have a band width
larger than 60 MHz, rather hard to make.

Things can improve considerably if one lets the
beam blow up further longitudinally, say up to

aE

1x 1073,
which is the maximum the Hooster rf systern can accept,
With this spread, ell the unstable modes are given by

n-v s 12
which could be stabllized with a 15 MHz damper.

Of course, the other alternative is to give up trans=
¥ _rse cooling completely and rely only on longitudinal
cooling,

IV. _Growth Rates

Most of the concern of course goes to the case in
which the instabilities grow so fast that one can dis-
regard the electron cooling itself. Eventually electron
cooling might have the nice feature that it damps those
ingtabilities which grow clowly compared to the cooling
time.

The instability growth rate, in the absence of
Landau damping is essentially given by the resistive
part Ry of the impedance. In the limit when R is
small compared with Zn, one has

1 .Bn,
n TEn [ awl,

where I Aw | is the frequency shift. This would sug-
gest that as long as 7 >>7 , the cooling time, the
beam should be stable.

There are some uncertainties about T ; thus we
take
T, 2 1 second.

Thi. condition, applied to the transverse case,
is actually independent of the beam size. For the
tranaverse case

|aw| =2x 103 gt

2
Z beBZ,
Ln = 1o~ Q
= - 2 K
and one derives

By < iq,
n

If this condition is satisfled, the transverse cooling
process is presumably fast enough to damp any coher-
ant oscillation.

V. Bunched Beam

There are only two aitutation where the beam is
bunched:

(i} During stacking - Each pulse has a much
lower intensity, approximately 2pA, which corresponds
to 107 ppp. The spreads of each of these pulses that
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are not yet cooled, are also considerably larger.
we 4o not expect any transverse or longitudinal insta-
bility in this wituation. Bunch~to-bunch instabilities
should also nct play a major role.

(ii) rf capture of the beam after stacking. If
the coasting beam criteria are met when the average
current is replaced by the peak current, the individual
bunch modes as well as the bunch-to«bunch modes are
stable. It is thus-important to bunch the beam at a
resonably low bunching factor, possibly 2 or 3, and
extract the beam as rapidly as possible,
injection of the beam in the Booster will not soften the
situation. The beam spreads are bound to increase to
overcome the instabilities.

A final momentum spread up to 10™%-10"3 can
be expected. The transverse emittance will also
grow but will be likely to be within the Booster accept-
ance.

VI, Incoherent 3pace Chargg__Limit

The incoherent space charge induces a betatron
tune shift that is given by’

Av = TFN
2

[H
(ﬂcvﬂv)(i + q )

By B

2
F=1+‘l(_a_tﬂ € [1+B(y2-1)]+€ B(yz-i)L
.hZ i 2 vZ

total number of particles in the ring
1.5347x1074% m
bunching factor (<1)

b = mean semi-minor beam axis (vertical)

a = mean semi~major beam axis (horizontal)
2h = vertical vacuum-chamber aperture
2w = horizontal vacuum~chamber aperture

2v = height of magnet gap,

N
r
B

€4(~0.2) and ¢ (~ 04} are the Laslett image coeffi-
clents. ¢y and €py respectively the vertical and hor{-
zontal emittance.

Thus

Unfortunately,

For our case it ia a good approximation to take
F=1
EH d Ev. =€

€ =a?/G with § = R/v ~ 6 m,

For a transversally-cooled beam a ~1 mm {equivalent
to the electron beam temperature TIl = 0,4 eV) and

¢ =0.2x10 % m,
which gives
12

Av =2,4%107 ° N/B.

For a 10 mA beam

Av =0.02/B.

If during the final rf capture of the stack B ~ 1/5, then
Av = 0.1 which may be reasonable.
VII. Conclusion

It seex s that the cooled beam is too unstable to
reach ihe apreads which are in equilibrium with the
electron beam, Because of longitudinal and transverse
instabilities the final spreads {momentum spread and
transverse emittance) will be somewhat larger. The
final val will probably equal the threshold values of
the various instabilities, provided the cooling process
is adiabatic enough. Otherwise "overshoot" will occur.
Nevertheless, even in thia case the final growth should
be small enough to lead to emittances and spreads
easily accepted by the Booster.
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ANTIPROTON MOMENTUM GCOMPACTOR-DEBUNCHER LINAC

Lawrence W. Jones
University of Michigan
Department of Physics

Ann Arbor, MI 48109

The momentum acceptance of the Fermilab -
baoster for 5,18 GeVp's limits the accepted B
momentum spread to SP/P = 3 x 10~3, It is noted
here that a larger momentum spread from a T
production target may be accepted if a short linac
gection 1s used te give the p's an energy kick
following a drift space from their production
turget, so that their time of arrival at the linac
is related to their womentum error.

The scenario would be as follows: first the
80 GeV protons in the MR would be debunched (not
necegsarily completely) and then rebunched tightly
at a high frequency f by a linac section. Then
the extracted protons would strike the P production
target in tight bunches, e.g., spread in time by
£ 0.1 £'. Then 1 drift space Z would follow
(occupied by the p beam transfer optics). Finally,
a linac section, also at f and phased with the
gection in the main ring,would transmit the central
particles of each spread bunch at 0° pi.ase angle
but would accelerate the late particles and
decelerare the early particles in ovder to leave
an ongoing beam debunched in time (over < 7
radians) but homogenized in momentum. This beam
is then inflected into the booster for deceleration
and cooling.

The time dispersion of particles starting
simultaneously after drifting a distance z meters
in terms of their energy difference is given by

5t=§,z.=ﬂ_2_' (v >> 1),
4 3e
A S
go that
E Yzc
4 JoV S by o dE,
dt z Y Eo

This energy spread can be compensated by an energy
kick from the linac section where, from the linac
rf,

dE
ac = 2T EE,
and EL ig the peak energy of the lipac.

The momentum spread which can be compressed
1s just 2 for a maximum, although the linear
portion of 'dE/dt is ~ 2/3 of that. Combining the
two above expressions,

or
2
. e EDY c
ZHfEL

As a numerical example, consider 5.18 GeV T
(Y = 6.51) with a 3% momentum spread compressed by
a linac section of 1.0 GHz. The linac energy Ej,
would have to be at least 0,015 x 6 GeV = 90 MeV.

To preserve a greater region of linear dE/dt,
Ep = 130 MeV. These values give

z = 121 meters.

The 3% momentum spread will be compressed to a
fraction of 3% corresponding ta the tightness of
the 1 GHz bunching of the protons; if they are
bunched to 1/20 x 1077 sec (1.5 cm), the 3% should
compress to about 0.2% Apfp.

There are some questions. The rf on-time
required for the high frequency bunching hardware
in the main ring is long, corresponding to a phase
oscillation period at rhat frequency. Of course
only one booster batch need be bunched each booster
extraction cycle (60 millisec, the rf could be on
for 1.5 usec and off for 19 Wsec each revolution}),
The second, debunching rf, would only need to be
on for 2 usec.

The path length dispersion from the betatron
phase space in the P beam transport must be small
compared to the energy-related dispersion. Hence
if the beam crosses the axis at 10 mr,zthe path

length spread of extreme rays is ~ 37 %3 x 1070,

This corresponds to SE/E;, = 1.26 x 103,

1f the rf systems are reasonable, technically
and economically, it seems that a scheme such as
this could gain a factor of 10 in P flux and
require miniral new construction or engineering.
In particular, this could obviate the need for a
stochastic cooling ring.



HIGH-ENERGY ELECTRON COOLING

A, G. Ruggiero
Fermi National Accelerator laboratory

Intraduction

Electron cooling at high energies with an electron
beam circulating in a storage ring was proposed a long
time ago, ! but the idea was dismissed with a prema-
ture judgment of the impossibility of achieving a
reasonably fast cooling rate with the beam dengity
available. For instance, the present Fermilab2
scheme has a projected cooling time of 50 msec with
an electron current density of 1 Alcm? at B = 0.566.

At larger energies, because of the strang dependence
of the cooling rate on the beam momentumn, a reason-
able counag rate can be obtained only with very high
electron densities. Recently C, Rubbia3 pointed out
that indeed such large “ensities are available in stored
electron bunches. An average beam current of 100 ma
already would correspond to a peak current of tens of
amperes. The beam trangverse size can be made
quite small, down o a millimeter or even less, giving
a local density of thousands of A/em?2 or more.

Rubbia's second point was that et high energies,
electrons radiate, so whatever momentum is trans-
ferred to them by cooling a proton or antiproton beam
will be carried away as radiation, allowing the electron
beam to preserve its size, though at the cost of some

enlargement.

Finally, the third thing pointed out by Rubbia is
that at high energies fast cooling rates are not neces-
sarily required.

Thevre are two possible applications of the high-
energy electron cooling:

1. It could be posgible to raise the beam-beam
limit from the canonical number of &y = 0.005 to, say,
Av = 0,02, This would iucrease the luminosity by an
order of magnitude, Indeed larger Av values cause
shortening of the beam lifetime because of a hypothe-
tical Arnol'd diffusion process. The effects of this
process can eventually be balanced with electron
cooling.

2, The one-beam lifetime itself, even in the
abgence of the second one, could be too small due to
processes like gas scattering. The "heating' of the
proton beam caused by such a process could then be
balanced off by taking the "heat" away from the beam
by means of "electron cooling, "

In the following we shall look in more detall at
the feasibility of high-energy cooling, especially in the
context of i experiment for the Main Ring with the aim
of lengthening the beam Hfetime. Although some
approximation in our approach cannot be avoided, w=
are nevertheless mostly interested in a self-consircent
solution which takes into account the behavior of the
equilibrium of the proton (antiproton) beam as well as
the electron beam, which we assume is circulating in

a storage ring.

At the end, we also look at the features of the
electron storage ring which, as one would expect, is
mostly made of wiggler magnets,

Electron and Proton Beams in Absence of Cooling

The high-energy electron cooling scheme is the
one outlined in Fig, 4. There are two rings: one
could be identified with the Main Ring where protons
are circulating at a constant energy Ep and the other

Main Ring

(P},

»(5)
~

wigglers \5
lectron Storage Ring

Fig. 4. High energy electron cooling plan.

with an electron storage ring at energy E.. The two
energies are adjusted so that the two beams have the
same velocity, The two rings also share a long
straight section of length £ where proton bunches and
lect. bunches travel together in the same direction.

We make the obvious assumption that the two kinds of
bunches are roughly matched in size and length,

In the following we shall denote by subscripts
'e'* and “p" the quantities which refer respectively to
the electrons and to the protons.

In the absence of interactions between the two
beams, we can write the following equations for the
rms beam emittance (e = ¢2/p)

de

=D, 0
de 2
dt "7 %™ Der 2

We assume both beams are round, namely, that they
have the sume horizontal and vertteal emittance.

In the absence of diffuston-like processes and
of damping effects, the emittances are normally con-
sidered invariants. The diffusion coefficient Dp on
the right-hand side of (1) is primarily given by gas
scattering and similar effects. This diffusion is not
compensated by damping and will cause a linear
increase of the beam emittance with time. The beam
size increase will stop when the beam edge has
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reached an aperture limitation; after that particles will
In obgervations in the Main Ring,

be continuously lost.

the following was found?
P
D =5 ﬁ“‘__z  Isec.,
Pgev/e

At 100 GeV, witha pressuré of about 5><1.0-B Torr,
this would correspond to D - 0,25% 10~ 1 mfsec,

In Eq. (2), T is the sync.hrotron radiation~-damping

ion

time and Dg the coeffi-
cient, The electron beam would have an equilibrium
ernittance which is given by

-4
?e = zTDe.

This equilibrium value is reached in the e-folding time

T/2.
Observe that v and D depend strongly not only

on the beam energy but also on the electron-beam
storage ring lattice, 5

The Electron-Cooling Effect

We want now to modify Eqgs. (1) and {2) to include

the beam-~beam interaction, which is supposed to lead
o "cooling™ of the protor team at the cost of some
"heating" of the electron beam.,

Becaus ~f the large energy and since the elec-
tron beam is aiready focused by the lattice quadru-
poles and rf cavities, we do not have to take into
account space~-charge effects on the trajectory of the
electrons, and we do not have to guide their motion
with a solenoid as is done at lower energies, In
addition, one can easily verify that at larger energies

8 << v8 .,

where 8, and 91 are respectively the 1o inal and
transverse relative momentum spreads. This is true
for both beams. Thus we are in t+. situation of a
longitudinal flattened ellipsoidal distribution of veloci-~
ties. In this case, the i
between the two beams depends only on the transverse
emittance of both beams and, therefore, can be de-

led from the 1 dinal
this approximation, the usual formula for the damping
rate of the transverse velocity is

i_.’i-n-eL E Ile )
T—mmc‘ia 293'
p mymge By 8 6

where m is the rest masgs of a particle, L is the
Coulomb logarithm, np 18 the ratio £/ Cp, where Cp is
the proton ring cir ence, the fraction of the
clrcumference over which cooling takes place, I is
the electron veam current within the bunch, and ag is
the electron beam radius. We are assuming here that
beam bunches are cyindrical in shape with uniform
particle distribuiions.

3)

Equation (4) applies to the case of uniform veloc-
1ty distribution within the electron beam ellipsoid and
for proton transverse velocity less than the transverse
velocity spread of the electron beam. For the other
cage, 8 eat the denominator of the right-hand side of
(4} should eve-.tually be replaced with 8, To repre-
sent a more realigtic distribution function with slopes,
we shall replace

3 _ 2 ,23/2
ee -.(Oe +9p) {5)
in the denominator of the right-hand side {4). One
should then also introduce a factor $ 1 which dependson
the distribution, Since this factor is not much dif-
ferent from unity, it will be neglected in the following.

An expression similar to {4), combined with (5),
applies also for the electron beam, provided 7 is
replaced with T, .with me, but not vice versa, and

Io and ag are replaced respectively with Me» Ip,
agd . S.mce the electron storage ring is smaller
than the proton ring, and the lengths of the rings are
chosen to synchronize the traversals of bunches, the
ratio ne/ny is given by the ratio of the number of pro-
ton bunches to the nuraber of electron bunches.

We shall also assume that along the common
straight section the § values of the two rings are con-
stant and we denote them with po" and B*. From the
definition of emittance (square of rms beam size/p™)
then we have
and (6)

=ep ? - espt,

which we can use in the right-hand side of {4).
Disregarding any other processes than the inter-

action between the two beams, the emittance equations
are

de m

_p._ 2/ __=

dt T Ep m_ ‘e (0
P P

dee ) 2 mp \

& T, fe“:‘p}- 8

where o is given by (4) combined with (5) and (6) and
Te by a similar derivation, Equations (7) and (8) are
equivalent to the energy exchange between two gases
put in contact at different temperatures. Equilibrium
is reached when the two temperatures are equal. In
our case the beam temperature is given by me, The
times Tp and 7 are equivalent to the relaxation times
to reach equilibrium,

Obgerve that in terms of temperature, the
relaxation times for the two beams would be the same,
but in terms of emittances &5 shown by {7) and (8) the
dependence on the masses is

2

T, ~m -,

and
e e

T ~mm
P p e

Thus the electron beam 'heating’ time is at least "900
times smaller than the proton beam ''cooling" time.
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When {4), {5), and (6} are combined together,
they show that Tp and T, depend on the beam emit-
tances €¢ and ep.

Self- Consistent Solutionat Equilibrium for Both Beams

Let us now combine Eqs. (4} (2) with (7) and (8).
We obtain

P 2 e
2D =mefe ~——¢ %)
dt m_ “e
P ‘I‘P(P p )
de m
e 2 2 »
T_De-;se--re(ce_m_ecp)' (10)

The solution of these equations will determine eg and
€p as function of time. Their equilibrium, asymptotic
values €pys €aq are calculated by setting the right-
hand side of Eqs. (9) and (10) equal to zero,

Let us rewrite (9) and (10) by putting the depend-~
ence of €, and €p more explicitly

where

1
pe

61re3Ln

(13)

K

P )

: T3 4 5. %
mpmec By ﬁe

6n93Ln I

= 2445 .
mcl-"\/l5

(14)

®
e

At equilibrium we have

(15)

here €,
w €,

is given by Eq. (3) and
L3

= _2

K _m

53

e
1t is reasonable to assume t] . at equilibrium
€ _>> ?e; then the proton beam emittance is glven by
e

(26)
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(16) and 1y would represent the proton beam 'cooling"
time near equilibrium.

From (13) and {14) we derive

_e?__
"a

Observe the fictor (mp/mel , which is quite
crucial for our analysis: one power of the ratio enters
because the ratio of proton time T, to the electron time
Te i8 proportional to my/mg, and %he second power
comes from the last term on the right-hand side of
{12), which represents heating of the electron beam,
which must be coped with by synchrotron-radiation
damping (7).

17

Hl'u

The balance equations {11) and (12} apply in the
casge that the two beams are matched in size and
velocity spread (at least approximately). If one wants
to fultill this condition, then ee ~ ¢  and B~ gt = B*.
If one slso observes that myeq, >> mgee (that is, the
proton beam is elways 'hotter" than the electron beam)
then at equilibrium the electron beam emittance is
given by
L 3/2

12 (18)

Application to the Main Ring and CERN SPS

Let us consider the example of the Main Ring at
100 GeV. The electron-beam cnwrgy is then 50 MeV.
The proton beam emittance, before gas scattering
starts to dilute it, is
=2.2x10°%m

1!
p (19)

angd the diffusion coefficient

= 0.25x10" %0

D 3
o m/sec
If we want to "cool" the beam go that it preserves its
initial emittance, then the cooling time required from
Eq. (16) 18
Ty = 1.76)(103 sec. {20)

From (18), seiting e, = g and taking %~ 70 m,
as it is in the present Main Ring medium or long
straight section, we derive

"y * 1.4%10"2% m/sec, (21)
Let us take £ = 10 m for the interaction length;

then np = 1.6X 4073, In addition, L = 15. Then we

derive from (13) and (21)

(22)

=84,

after having asgumed Be ~Bp ¥~ 70 m., The abova is
the peak current within the electron bunch, Itisa
reasonable number,



. With 1010 protons per bunch, the peak current in
the Main Ring is about 1 A,

Let us assume that the number of proton bunches
equals the number of electron bunches properly
synchronized, so that

rnelnp =1,
Then we derive from {17) and (20} the required
radiation damping time

T = 4.4 msgec. (23

This number is rather small.

The same calculation could be repeated for the
CERN SPS. Here it seems that D, is an order of mag-
nitude smaller, because of better vacuum, 7 If all the
other parameters remain unchanged, as effectively
they are, then the required radiation damping time is
also an order of magnitude larger, say around 40-50
msec.

One can repeat the same calculation for larger
proton energies, say 200 GeV rather than 100 GeV, If
one adopts the same procedure, which is to "freeze"
the proton beam emittance to its invariant value, then

€ 1/p {p, beam momentum)
and presumably
Dp— 1/ pz.
From (16) then
‘I'D ~-p

whereas from (18) (with € co)

7/2
~1/ .
*p P

2/2

L~P ",
and, in conclusion, leaving I, inchanged, from (17),
we derive that the required radiation-damping time
increases with the beam momentum as

0?2 24
Thus, at 200 GeV, for instance, T = 25 msec. At the
same time the electron beam energy also increases
and reaching the required damping time is easier.
Thus this scheme ic better et higher energy.

Electron Storage Ring

In order to achleve a reasonable radiation
damping time at low electron energy, wiggler magnets
have to be inserted in the electron ring.

Let us consider the case of E, = 100 GeV which
would correspond to Eg = 50 MeV.

The electron storage ring could have the shape
shown in Fig. 2. Let us define one wiggler unit as the
combinatian of magnets that gives & total bending angle

l WY

l interactlon region, i

Fig. 2.

M

-/

Electron storage ring and wigglec.

of 2w and let us assume that there are n such units.
The radiation damping time is

E

e
v=T, T, (25)
where Tg is the revolution pericd and
=
u_ - as.s—rf'e—v’ n kev/turn (26)

(m}

ig the energy loss per revolution, pp being the bending
radius in the wiggler magnets, The magnetic rigidity

of the electrons at 50 MeV is 4.67 kG - m; therc..ce, if
we take a bending field of 10 kG, which might already

be too large for wigglers, then we have

p, =0.167 m,
e
From (24)

Ue =33n eV/turn.

As is shown in Fig. 2 the circumferential length of the
electron storage ring will be mostly determined by the
space required for the wiggler magnets. We can write

Inserting these expressions in Eq. (23), we find that
the radiation damping time is independent of the num-~
ber of wigglers. The result is that the radiation
damping time cannot be smaller than 100 msec, twenty
times more than what is required [Eq. (21)} for
Fermilab, but only two times larger than what is
required for CERN.

If one takes
Ce ~30m

then one would require about 14-15 wigglers.

If the proton beam momentum p is increased,
then obviously the electron beam momentum must also

increase. Then one has the following dependence on
the momentum p

Pe ~P

Ug~pd

Te~ 0%,
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which gives

v~ 1/p. (27)

The radi ing time red only linearly by
increasing the momentum of the proton beam. In
addition, the number n of wigglers for the same
storage ring circumference C, would decrease as 1/p.
At the same time, the required damping time versus
beam-beam momentum is given by (22).

+ion d

For the Main Ring at Fermilab, a balance
between the required damping time {22) and the
damping time that can be achieved (25) for an electron
storage ring circumference of 30 m is reached at E,
= 250 GeV, which corresponds to Eg = 425 MeV, The
damping time is about 40 msec and about six wigglers
are required.

Thus, in conclusion, the project looks feasible.
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APPENDIX A

Producing Massive Neutral Intermediate Vector

*
Bosons with Existing Accelerators( )

C. Rubbia and P. McIntyre
Department of Physics
Harvard University
Cambridge, Massachusetts 02138
and
P. Cline
Department of Physics

University of Wisconsin
Madison, Wisconsin 53706

Abstract
We outline a scheme of searching for the massive
weak boson (M = 50 - 200 Gev/cz). An antiproton source
is added either to the Fermilab or the CERN SPS machines
to transform a conventional 400 GeV accelerator into a
PP colliding beam facility with 800 GeV in the center of

mass (Ee = 320,000 GeV). Reliable estimates of pro-

q
duction cross sections along with a high luminosity make

the schene, feasible.

Submitted to Physical Review Letters
March 1976

175



The past ten years have seen remarkable progress in the under-
standing of weak interactions. First there is the experimental dis-
covery of AS = 0 weak neutral currents,1 which when contrasted with
the previous limits on A8 = 1 neutral current decay processes
leads to the suggestion of additional hadronic guantum numbers in
nature.3 Strong evidence now exists for new hadronic quantum numbers
tﬁat are manifested either direct1y4'5 or indirectly.6 The experi-
mental discoveries are complemented by the theoretical progress of
unified gauge theories.7'8 These developments lead to the expecta-
tion that very massive intermediate vector bosons (50 - 100 Gev/cz)
may exist in nature.7’8 The search for these massive bosons require
three separate elements to be successful: a reliable physical
mechanism for production, very high center of mass energies, and an
unambiguous experimental signature to observe them. In this note
we outline a scheme which satisfies these requirements and that could

be carried out with a relatively modest program at existing proton

accelerators.

We first turn to the production process. We concentrate on
neutral bosons because of the extremely simple experimental signa-
ture and because production is largely dominated by a single
production resonant pole in the particle-antiparticle cross section.
The best production reaction would of course be:

et + e + et + e

o
)
+ -
po+p (1)
hadrons

where a sharp resonance peak is expected for 2Ee+ = 2Ee_ = M. In the
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Breit-Wigner approximation near its maximum we get:

T.T
u(e+e + W) = % a2 1 (2)

(2E - M) + 12

4
where T;, T are the partial width to the initial ete”™ state and the
total width, respectively. The decay widths into ete” (anc u*u7)
pairs can be calculated in the first order of the semi-weak coupling
I 4.-=1.5x1077 M) (Gev). For M = 100 GeV,

etet = Tyt
- = 150 MeV, which is surprisingly large. The total width is

constant: T
Tete
related to the above quantity by the branching ratio Be+e‘ = re+e_/r

which is unknown. Crude guesses based on guark models suggest

Bg+e- = 1/10, giving T = 1.5 GeV or I/2E = 1.5% for M = 100 Gev/c?.
At the peak of the resonance, a(e+e- +wW°, 2E=M) = 3ﬂ%2 B; =
2.10-31 cmz. Neutrino experiments9 have found that Mw+ > 20 GeV/cz.

Therefore, if Mo ~ LA the neutral intermediate boson is out of
reach of existing ete” storage rings.
A more realistic production process is the one initiated by

proton-antiproton collisions:
p + p + W° + (hadrons)

which, according to the guark (parton) picture, proceeds by a reaction
analog to (1), except that now incoming e+ and e  are replaced with

q and g. Strong support to the idea that W's are directly coupled co

spin 1/2 point-like constituents comes from neutrino experiments10

1 Furthermore neutrino experi-

9

and from semi-leptoni¢ hadron decays.1
ments provide the necessary structure functions and have set limits

(> 20 GeV) on any nonlocality in the parton form factor. The main
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difference with respect to e¥e”™ is that now the kinematics is largely

smeared out by the internal motion of q's and q's. The average centc~

>f mass energy squared of the g-g collision is roughlylz:

P d < > € X— >—
<Sqg > ™S <%y >p <*3 pp

where S is the center of mass energy squared of the pp system and

< Xy >p (< xa >§) is the mean fractional momentum of g's(g's) in the
proton (antiproton). From the neutrino measurements3 and < xq >p =

< %= >= we find < Sqa > " 0.04 8. For M = 100 Gev/c2 this suggests

dq P
§>2x 10% Gev? or V3 > 450 GeV. The production cross section can

be evaluated by folding the (narrow) resonance (2) over the g and g
momentum distributions:

r- T
amd G . DB g -y oo {3)

olag + w° » yTuT) = aE

where %% is the probability (per unit of energy) of finding a qq

collision with center of mass energy E, and the other symbols have

the same meaning as in (2). Note that Igi = 0(1l) is a model-dependent
parameter. The resultant cross section gs o(pp + w° + hadrons - p+ +

w~ + hadrons) = Gmal f—‘lﬁ LE=m - T, E 10732 cp?. The numeri-

cal value is given for M = 100 GeV/cz, /8§ = 500 GeV and £g§ = 1/2.
This derivation of the cross section exposes the basic sim;licity of
the assumptions and gives the order of magnitude of the expected

cross section. More sophisticated calculations give similar results.12
We note that calculations of W production in proton-proton collisions
are very uncertain in contrast to the present one due to the apparent
small antiparton content in the nucleon and the unknown distributions
of this componex.t.13

We turn now to the question of the experimental observation.
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The cleanecst experimental signature for the program outlined here is:
p + p + W° + hadrons

+ -
LI

with the observation of a peak in the u+u— invariant mass spectrum
with the cross section of equation (3). A modest magnetized iron de-
tector system is adequate to detect the high energy decay muons

(Pu n~ 50 GeV) in the center of mass system. Electromagnetic produc-
tion of u+u- pairs is expected to be suppressed by a factor of

X (az/GzMa). Note that a similar suppression is expected to hold for

any hadronic vector meson. Note also that the production and decay

of charged vector bosons is more problematic since the decay sequence

§+p+w++x

+
+
H Vu

leads to cne muon und a missing neutrino which is difficult if not im-
possible to detect. In many previous discussions it has been assumed
that the W' would be produced with very little transverse momentum
with respect to the incident beam direction and therefore the trans-
verse momentum of the decaying u would exhibit a sharp peak at

pul_m Mw/2.14 Present evidence in case of the production of massive
strongly interacting vector bosons ({i.e., J/y) indicate that the parent
is produced at relatively large p, and therefore the Jacobian peak is

15 There is no obvious reason why the production

largely smeared out.
of massive intermediate vector bosons should not follow the same be-
h.a.vior:.:l'6 Wwithout a sharp structure in the pui_distribution, a

crucial experimental signature for the wh is absent.

We now briefly outline the scheme of transforming an existing
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proton accelerator into high luminosity pp colliding beams™ ' using
standard vacuum {(p = 10_7 Torr! and the separate functinn magnet
system. The main elements are (1) an extracted proton beam to produce
an intense source of antiprotons at 3.5 GeV/c, and (2) a small ring

of magnets and quadrupoles that guides and accumulates the p beam,

(3) a suitable mechanism for damping the transverse and longitudinal
phase spaces of the p beam (either electron cooling18 or stochastic
coolinglg), (4) an R.F. system that bunches the protons in the main
ring and in the cooling ring, (5) transport of the "ccoled" R.F.
bunched p beam back to the main ring for injection and acceleration.
A long straight section of the main ring is used as pp interaction
region. A schematic drawing of these elements for the FNAL accelera-
tor is presented in Fig. 1. The main parameters of the scheme are
sunmarized in Table I.

The luminosity for two bunches coiliding head-on is estimated

using the relation

= N_N—
L o5 ¢/a

where Np and NS are the number of protons and antiprotons circulating

in the machine, respectively, ¢ is the revolution frequency and a 1is
the effective area of interaction of the two beams. Np is taken as

1012 protons in one R.F. bunch. The value of Np is limited by the

12

maximum allowed beam-beam tune shift (Np = 1C for Av = 0.01). We

have verified the longitudinal s+ bwility of the bunch, thz phase area
growth due to R.F. noise, the transverse wall instability, the head-
tail effect and non-linear resonances, including those arising from

K1

beam-beam interactions. None of these effects appears to be impor-

tant.zo We note that Np = 1012 corresponds to iav = 10 mA and
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1 = 257 for & = 2.5m and that the Brookhaven AGS currently

peak bunch
accelerates twelve bunches of similar characteristics.

The production of antiprotons at 3.5 GeV is done with protons
6

from the same accelerator and with an overall efficiency p/p = 4 x 10~
In order to reach N§ =3 x 1010 we need 750 pulses with 1013ppp.

About 10 seconds must elapse between pulses in order to clear away
the freshly injected antiprotons.21 Therefore the formation of F's
would take of the order of few hours.

In order to make the beam as small as possible one can
reduce the value of the betatron function in the collision peint

(Bv = Bh = 3.5m) and make the momentum compaction factor close to

zero.'22 Then for standard beam emittances23 and EP = E§ = 250 GeV

29 2 3 10

we calculate L = 5 x 10°° em “sec” ” for N5 =3 x 10 In order to

observe one event/hour at our estimated cross section we require a

28 2sec_l. If the more pessimistic cross sec-

29 crn-zsec_1 is

luminosity of 3 x 10°° cm~

tion of 10”33 cm? is used, = luminosity of 3 x 10
needed which is still appreciably less than the calculated value.

Finally, the half-life of the luminosity due to beam=-gas scattering
7

is about 24 hours for an average residual pressure of 0.5 x 10 ' Torr.
We would like to acknowledge Drs. T. Collins, R. Herb,

S. Glashow, E. Picasso, G. Petrucci, N. Ramsey, L. Sulak, L. Thorndahl,

and S. Weinberg for helpful discussions and suggestions.
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TABLE I. ~ List of Paramcters

1. MAIN RING (Fermilab)

- Beam momentum

- Equivalent laboratory energy for (pp)
- Accelerating and bunching frequency
- Harmonic number

- R.F. peak voltage/turn

- Residual gas pressure

- Beta functions at interaction point

Momentum compaction at int. point
12
)

- Invariant emittances (Np = 10
- longitudinal
- transverse

- Bunch length

- Design luminosity

2. ANTIPROTON SOURCE (Stochastic Cooling?l)

-~ Nominal stored p momentum
- Circumference of ring
- Momentum acceptance
- Betatron acceptances
~ Bandwidth of momentum stochastic cooling
-~ Maximum stochastic accelerating R.F. voltage
-~ Bandwidth of betatron stochastic cooling
- Final invariant emittances (N5 = 11010)
- longitudinal

- transverse
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3 evs

50 m 10~

6

rad m
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100 m
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Figure Caption

Fig. 1. General layout of the pp colliding scheme. Protons (100 GeV/c)
are periodically extracted in short bursts and produce 3.5 GeV/c anti-
protons which are accumulated and cooled in the small stacking ring.
Then p*s are reinjected in an R.F. bucket of the main ring and accelera-
ted to top energy. They collide head-on against a bunch filled with

protons of equal energy and rotating in the opposite direction.
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FOREWORD

The idea of studying proton-antiproton collisions in storage
rings has tempted physicists for a long time; in fact, the first
suggestions in this direction were made before proton storage rings
existed. The Tuminosity that could be hoped for was, unfortunately,
not high enough for most experiments.

The development of beam cooling techniques has changed this,
because cooling permits the accumulation of antiprotons in a storage ring
over a long time, as pointed out by Budker and Skrinsky in 1966. C. Rubbia,
during 1975 and 1976, worked out various antiproton collection schemes.
His proposal was to inject the antiprotons <nto the SPS and accelerate
them, together with protons, to 270 GeV, which is the maximum energy at
which it can store particles continuously.

During 1976, two working groups examined the technical aspects
of the scheme and the possibilities of pp physics. As a result, an
experiment (IZE} on stochastic and electron cooling was initiated, and
in parallel a study group was formed to prepare the present detailed
design for a pp facility, using the SPS as a storage ring. During the
study, it appeared that at a little extra cost the antiprotons could
also be injected into one of the ISR rings. This feature was therefore
added without, however; including any modifications to the ISR that might
be required as a conseqLance.

The participants in this study are listed ir Appendix A.
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I.

INTRODUCTION
1.1 Choice of cooling method

Cooling is necessary for collecting a Targe number of antiproton
batches in a storage ring and for compressing their phase space volume
to a size acceptable to the SPS. In the present design, the following
figures are relevant :

Accepted by
Phase space Accepted by
area cooling ring transaf"%r Sc:sanne'l
Longitudinal 350 mrad 72 mrad
Horizontal 1007 mm.mrad 1.4 w wm.mrad
Vertical 100n mm.mrad 1w mm.mrad

The figures for the cooling ring refer to a single antiproton
pulse; for obtaining the design luminosity of 10°° cm~? s-!, about
24,000 pulses must be superimposed in phase space.

Two cooling methods (electron cooling and stochastic cooling) exist.
Rubbia's earliest proposals (1975) assumed stochastic caaling; the
stacking was to be done in betatron space!). The fast initial coaling
needed for stacking appeared to be difficult in the presence of an
intense stack and so a proposal using two separate rings emerged, With
the then existing techniques this solution seemed somewhat marginal.

After the successful experiments by Budker's group at Novosibirsk?),
electron cooling appeared to promise higher intensities. One of its
impartant features is that the cooling rate does not depend on intensity;
on the other hand, for obtaining a sufficiently high rate with acceptable
electron beam currents, the antiproton energy must be low (e.g. 100 MeV).
Since at this energy few antiprotons are produced, deceleration is
required and after stacking, the antiprotons would have to be accelerated
again for injection into the SPS.
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This also resulted in a two-ring design, including complicated beam
‘transfer and radiofrequency systems. This design was evaluated in detail
during 1976 and 19773}, In parallel, however, stochastic cooling was
further studied with the specific aim of arriving at a design with a -
single d.c. operated ring.

This work resulted in a better understanding of the stochastic
cooling theory. Some methods were also discovered that promised better
cooling, In particular, stacking was found to be easier in momentum
space than in betatron space. A method was devised for precooling each
injected pulse separately before adding it to the stack. In the meantime,
many experiments were performed at the ISR. Although the cooling rate in
these experiments was about three orders of magnitude below what is needed
for precooling in the antiproton ring, they tend to confirm the existing
theory. The same theory predicts a sufficiently high rate in the anti-
proton ring, mainly because of the larger revolution frequency spread
and the smaller number of particles, but also because many more pick-up
electrodes and a higher wide-band output power will be available.

The present design, therefore. is based on stochastic cooling using
a single ring.

1.2 General description

Protons of 26 GeV/c from the PS will be directed onto a target. The
antiprotons produced there will be focused and injected into the cooling
ring that will work at a fixed field corresponding to a nominal momentum
of 3.5 GeV/c. Each injected pulse will undergo a first rapid cooling
treatment to reduce its momentum spread (precooling). It will then be
deposited by a radio-freguency system at the top of a stack which has a
slightly lower momentum than the injected beam. The stack is cooled
continuously, both longitudinally and transversely. As a result, the
particles will slowly migrate to the bottom of the stack, where finally
a beam of sufficient density will be formed.
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The same radiofrequed.y system then captures a certain fraction of
this stack at a time in a single bunch and accelerates this back to the
extraction orbit, which is the same as the injection orbit. This bunch
will then be extracted and transferred to the SPS. For the design
luminosity of 10°° em~2 s-!, six bunches, each containing 1/6 of the
stack, will be transferred successively within a fraction of a second.

The ring will be located in a new building to be situated near the
transfer tunnel TT2, downstream of the PS Booster compiex (Fig. 1.1).
The extracted antiprotons will follow the existing tunnels TT2a and TT60.
Some of the existing extraction elements of the SPS will be used for
injecting the antiprotons. Six bunches of antiprotons will be accelera-
ted by four PS type cavities. The protons will be injected between 10
and 14 GeV/c and the bunches matched to the existing 200 MHz RF system
at 18 GeV/c. The latter then takes the protons and antiprotons up to
e.g. 270 GeV/c, where they will stay as long as their lifetime permits.
The beams will be kept bunched in order to increase the interaction rate
at the straight section(s) where the experiments will be performed. A
Tow-beta section will further increase the luminosity.

Transfer to the ISR (ring 1) follows the normal route through TT2.
In fact, the beam towards the SPS will cross the PS-ISR beam; a berding
magnet at the crossing point is all that is needed to direct the anti-
protons towards the ISR.

1.3 Choice of the main parameters

The antiprotons could be produced by protons from either the PS or
the SPS. At SPS energies, the production rate could be about four times
as high as that from 26 GeV/c protons. However, the interference with
normal SPS physics would be strong; during the long accumulation periods,
the SPS would not be available for other purposes. Simultaneous p collec-
tion and pp experiments in the SPS would also be excluded.

197



With the PS as a proton source, the collection of antiprotons can
go on in parallel with the normal PS, ISR and SPS operation. The PS
acceleration cycles for p production could be interleaved with cycles
for SPS or PS physics or for filling the ISR, A minimum repetition
period of 2.6 seconds has been assumed for the present design, but this
could of course be increased, depending on other users of the PS machine,
Faster repetition is excluded by the precooling requirements.

Single~turn extraction of the protons from the PS will normally
produce a pulse with a duration of 2.1 ps. It would be difficult to
inject a stream of antiprotons of this duration into a ring smaller than
the PS itself, since multiturn injection is not possible because of the
large phase space volume occupied by the antiprotons.

However, as will be discussed in Section 5, it is possible to
inject the protons from the PS Booster into the PS in such a way that
only one quarter of the PS circumference is filled. Thus, the cooling
ring may have one quarter of the PS diameter (i.e. 50 m) and still
accept all antiprotons produced.

The circumference of the extraction orbit will be made exactly equal
to 1/44 of the SPS circumference. This will simplify the rf synchronization
between the two machines.

Although it would seem that with 1/4 of the PS circumference the
cooling ring could work at up to 7 GeV/c, this appears to be impractical
for several reasons :

a) As may be seen from Fig. 1.2, a relatively large fraction of the
circumference is needed for injection, extraction, cooling and
diagnostic equipment. This alone would prevent the use of a
momentum higher than 3.5 GeV/c.
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b) The outputc power needed for the precoo’ing stage increases with
the square of the momentum. It would be difficult to increase
it much beyond the figure foreseen at present (25 KW, 150-400
MHz bandwidth).

c) The 152° bend in the transfer Tine to the SPS requires only a
small addition-to the existing tunnels if the momentum is
3.5 GeV/c. Any increase would result in more interference with
the SPS programme because of the extra civil engineering work
that would be needed.

For these reasons the figure of 3.5 GeV/c has been chosen, even
though it is well below the usual SPS and ISR injection momenta.

The total number of particles accepted is proportional to the
momentum spread and to the square root of the emittance in each plane*,

Consideration of the influence of these parameters on the apertures
required and on the power needed for the precooling system led to the
following figures :

Horizontal and vertical emittance 100w mm.mrad
Momentum spread + 0.75%

Fig. 2.4 shows the actual apertures resulfting from this choice.
These depend of course on the lattice adopted, which will be discussed
in more detail in Section 2.

* This is somewhat unusual; with constant phase-plane density at the
target one would expect it to increase with the first power of the
emittances. It is due to the imperfect matching that can be achfeved
with a target which is long compared to the g value at its centre.
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1.4 Expected performance

The rate at which antiprotons can be accumulated and the luminosity
obtained in the SPS are the two most important performance figures. To
a certain extent they are independent, since accumulation could go on
during normal SPS operation and the time needed is therefore not a
critical parameter. Nevertheless, very large accumuiation times would
be inconvenient and also increase the risk of sudden beam loss due to
random failures. Moreover, an accumulation time not longer than the
useful lifetime in the SPS would simplify operation.

For this reason, the Tuminosity estimate is based, admittedly
somewhat arbitrarily, on a time of accumulation of 24 hours.

Further assumptions are : a repetition period of 2.6 s and a PS
intensity of 10'* protons per puise. The number of antiprotons accepted
per cycle will then be 2.5 x 107, After 24 hours of operation, taking
into account transfer losses, occasional PS stops, etc., the total
number of antiprotons accumulated will be 6 x 10!,

These will be distributed over six bunches and collide in the SPS
with six proton bunches.

The Tuminasity will be :
2N N £
L = PP X
M[SHBV (Bgp * Byg) Byp + Ey) ] %

With the values of table 1.7, we find

L= 2030 emm? g?
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TABLE 1.1

Np total number of p 6 x 101!
N5 total number of p 6 x 1012
Li% revolution frequency 43.4 KHz
M number nf bunches [
By horizontal betatron function ) at the 4.7 m
interaction
8, vertical betatron function point 1.0m
EHp 6.9 x 107%r rad m
Evp proton emittances at 270 GeV/c 3.5 x 10-°r rad m
1 -8,
EHi antiprqton emiFtances at 270 GeV/c 3.8 x 10°%1 rad m
Evﬁ (allowing for blow-up by a factor 1.5) 1.9 x 10=*1 rad m

It must be made clear that the luminosity depends on many different
features. It is not excluded that the initial value could be smaller
and that the design figure would only be reached after an initial deve-

Topment peried.

LATTICE AND APERTURES

2.1 Introduction

The lattice of the antiproton ring must fulfil the requirements
both for storage and stochastic cooiing. In contrast with conventional
storage rings, the injected beam will havevery large transverse emittances
and momentum spread. Also the stochastic cooling process requires that
"mixing" of a sample of particles occurs due to their spread in revolution
frequency. This implies a large average value of the momentum compactian
function o_. Clearly these two characteristics combine to give very large
radial beam sizes.
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2.2 Injection and storage requirements

To permit the injection of the large emittance, large momentum
spread beam, the focusing structure must be such as to minimise the
"kick" strength required. For this reason the injection septum must be
located in a region where a_ is close to zero. In addition, to avoid
perturbing the stacked beam, it must be screened from the injection kic-
kerby means of a moveable shutter. To permit this, the stack and the
injected beam are separated in momentum by an amount Ap. This is shown
in figure 2.1 and it can be seen that for a shutter thickness t and
horizontal beam emittance “EH’ the momentum separation is given by

5%1 = E%; [c +2 yig;'Eﬁ ]
where o_ and By are the values of the momentum compaction and betatron
functions at the shutter position. Clearly this momentum separation
contributes to the apertures reguired arourd the ring so that it is
important to design the lattice such that ap = 0 at the septum position
and its value at the injection kicker (i.e. 90° of horizontal phase
advance downstream) is as close as possible to the maximum value.

2.3 Stochastic ccoling requirements

Each injected pulse of antiprotons is subjected to a fast "pre-
cooling" of its momentum spread. As in the case of the injection
kickers, the pre-cooling kickers .have shutters to confine their effect
to the injected beam. Hence they must be located in a region of high op-
However, each time a particle receives an impulse sp its closed orbit
is shifted by an amount o ] and statistically this would blow up the
betatron oscillations and counteract the betatron cooling. This effect
must be avoided by providing two regions of equal and high o separated
by a half wavelength of betatron oscillation so that the impulse can be
applied in two halves without inducing any betatron motion.

To provide adequate "mixing" of particles, the absolute value of
the dispersion in revolution frequency f, given by
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C8EJE 1 L1

n = = e -
’ Sp/p vt v?
should be at least 0.1 which corresponds to a maximum transition energy
Yep € 2.45 or an average @y of 4.2m ina ring of average radius 25 m.

2.4 Lattice design

In summary the basic requirement on the focusing and bending
structure is for a ring one guarter the circumference of the PS, with a
nominal momentum of 3.5 GeV/c, a transition energy Yer © 2.45 and a large
amount of straight section space. To achieve the large average value of o
with zero at the injection septum, the momentum compaction function should
rise as quickly as possible after this and stay at a high value elsewhere
in the ring.

Many types of focusing structure were examined: separated function,
combined function and hybrid. Two possible solutions were found, namely
a triplet type as in the PS Booster or a FODO type. Careful comparison
of these showed that although the triplet lattice had lower betatron
function values in the bending regions, the peak @p and large momentum
width combined to give excessively large quadrupole apertures, This in
turn reduced the available gradient and increased the quadrupole length
at the expense of free straight section space.

It has been shown') that in a "smooth" FODO lattice with equal bends
it is possible to produce a region of &« _= @' = 0 by adjusting the bending
angles in adjacent celis. Two independent variables were reguired so that
choosing one of the bending angles as zero fixed both the phase advance
and the remaining bend. Using this approach a lattice was designed which
satisfies all the above conditions. The main parameters are given in
table 2.1 and the betatron functions are plotted in figure 2.2.

‘The betatron tunes Qq = 2.29, Qy = 2.28 are in a region of the
working diagram which is free of non-linear resonances up to seventh
order (Fig. 2.3). Variations of the vertical tune do not affect the
momentum compaction function but horizontally the maximum and minimum

»
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dop . = 8.3 AQy (m)

= - 23 A0 (m)

2.5 O0ff-momentum orbits

A sextupole scheme which to a first order cancels the machine
chromaticity in both planes, has been calculated. The sexiupole components
will be incorporated into the profile of the quadrupoles, and the required
strengths are K'c =-0.048 m=2 and K'p = 0.057 m3, With these conditions
the residual variation in tunes within a momentum range of = 3% is such .
that

AQy < 4 x 107 and AQ, <1 x 107

over most of the aperture. An additional small correction to the quadru~
pole profile will create a slight over compensation of the natural chro-
maticity near the bottom of the stack in order to suppress the trans-
verse resistive wall instability. This will only be required at the end
of cooling, when nearly all particles will be at the bottom of the stack.
A normal sextupole type correction would cause an undesirable Q variation
across the aperture.

2.6 Apertures

The aperture requirements are based on the need to have a stacked
beam with a total momentum width of 2.5%, an injected beam of 1.5%, both
with horizontal and vertical emittances of 100r mm.mrad and separated by a
momentum "gap" of 1.8% (see figure 2.1). This gives a total acceptance
needed of 5.8% in momentuin and 100w mm.mrad transverse emittances. The
corresponding beam sizes in one quadrant of the machine are shown in
figure 2.4. Since the machine lattice has reflection symmetry at the
injection region, it was decided to use a split septum magnet which can
then serve in common for injection and extraction. The resulting beam
apertures in the injection region are also shown in figure 2.4 and the
beam geometyy around the septum in figure 4,5. -

t
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2.7 Intensity-dependent effects

At the erd of the stacking period, some intensity-dependent effects
may become noticeable. These will be discussed below, assuming the
following stack parameters

ap/p =+ 1.5 x 10-2

By = 1.4 7 mm.mrad
N Ev =1 7 mm.mrad
TN =6 x 10!

2.7.1 Intra-beam_scattering

This is the most important effect. It has been evaluated following
Piwinski's theory 3). The blow-up is a function of the momentum spread
and the transverse emittances. For the values above, the blow-up times”
are

horizontally : 0.5 h.
vertically : 23 h.
longitudinally : 2.4 h.

The horizontal and longitudinal blow-up rates increase rapidly if
either Ap/p or the horizontal emittance are decreased. The vertical rate
depends mainly on Ap/p and on the vertical emittance. As it happens,
the effect is just small enough to be overcome by the stochastic cooling.

2.7.2 Incoherent tune shift

The' direct effect (without images) will be at most
40y = =0.0025
The contribution from images is somewhat more difficult to estimate

because the shape of the ‘vaccum chambers is complicated and not yet com-
pletely defined. Howgver,”a rough estimate shows that the image effacts



will be about 10 times smaller than the direct effect, because of the
small dimensions of the stack compared to the vacuum chamber aperture.
Partial neutralization of the stack due to ionisation of the residual
gas will further reduce this effect.

2.7.3 Transverse instability

The main contribution to transverse instability will come from the
frequency shift corresponding to the incoherent space charge effect. To
increase the Landau damping, we shall shape the quadrupole profile so as
to make the chromaticity slightly positive at the botiom of the stack.

A chromaticity value of 0.2 can be obtained locally in both planes without
exceeding a Q spread across the stack of 0.01. This spread must be kept
small to avoid losses on resonances, since the particles migrate slowly
towards the bottom of the stack.

Even with this chromaticity we still expect that the lowest modes
will be urstable at the final stack density. An active feedback system
covering the range 1-25 MHz will therefore be provided for each plane.

Other contributions to the instability will be less important. Both
the resistive wall effect and the Tow frequency effect of cross~-section
variations will be negligible. Resonances of cavity-like objects do not
seem dangerous because at the high frequencies concerned the Landau
damping is sufficiently strong. Only the coupling impedance due to
special objects (pick-ups, kickers) may have to be watched. No great

problems are expected, however,

The condition for longitudinai stability will be most stringent when
% batches have been extracted and the last one, still with its initial
density, remains. Under this condition, we have according to the Keil -
Schnell criterion )

2 ¢ g0
n
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The contributions to Z/n from the negative mass effect (25 Q) and
from the resistive wall (< 2 Q) will be negligible. Resonant cavity-like
objects do not seem dangerous, but will have to be watched and maybe

damped in some cases.

The main contribution will probably come from the kickers for momentum
cooling of the stack (see Section 5). Because of the ferrite rings sur-
rounding the beam and the loading by the external circuit, these will
appear to the beam as an inductance L and a resistance R connected in
parallel. The inductance is proportional to the ferrite cross-section,
which is determined by the requirement that at the lowest frequency used
for stochastic cooling {250 MHz) the value of wbL should be large compared
to R. For instance, with R = 50 @, wlL = 500 @ at.250 MHz, and with 70
rings, the contribution to Z/n from wlL will be 250 @, independent of
frequency. The parallel R will only reduce this value.

2.7.5 Ion-antiproton_oscillations

This effect is discussed in Section 7.1
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MAGNET SYSTEM

3.1 Magnet design

The magnet system must provide very wide apertures and yet occupy
a minimum of azimuthal space. A11 elements are designed to operate DC
but may be laminated or built from plates for ease of fabrication.

Two types of dipole bending magnets are proposed. The large angle
magnets in the region of small momentum dispersion occupy mcst of the
free space between consecutive quadrupoles. In this way 1t is possible
to achieve the required deflection at @ field Tevel of 1.6 T so that a
simple H magnet with flat coils can be used. Elsewhere the very wide
apertures together with the need to leave as much free space as possible,
led to a window-frame design with a field jevel uf 1.8 T. The cross-
sections of these dipoles are shown in figures 3.1 and 3.2 and the main
parameters listed in table 3.1.

After allowing for closed orbit deviations, vacuum chamber wall and
thermal insulation around the vacuum chamber, the magnet gaps are such
that the H and window-frame versions require equal excitations. This is
maintained by designing the magnetic circuits with an equal degree of
saturation, so that they can be powsred in series. The number of
excitation turns was then chosen to give a current below 2,000 amps to
keep cable costs down. Further considerations include : the number
of parallel water cooling circuits, the total ring voltage, coil fabri-
cation costs, and the need to locate about one quarter of the ampére-

turns of the window-frame type coil inside the pole gap.

The quadrupoles will be of two types with large and smail apertures
and all having the same effactive length. The distribution of these two
types around the ring is determined by the azimuthal variation in
momentum compaction.
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TABLE 3.1

Dipole Parameters

' Type "H" Window Frame

: No. 4 8

| Field 1.6 T- 1.8T

Gap 157.5 mm 140 mm
Effective length 4,97 m 2,89 m

Steel length 4.79m 2.73 m
Overall length ~ 5.3 m 3.4 m

Width overall v1.8m 2.5 m

Good field 3 width | 120 mm 282 mm
Turns/pole 54 54 (12 in gap coil;42 in main coil)
Conductor 24 x 26 mm2 | 32 x 17.3 mm? 25.2 x 24.5 mn?
Hale for cooling 12.5 mm 7.8 mm 8.5 mm

water
No. of cooling 3 1 3
circuits/pole

Current 1950 A 1950 A 1950 A
Power/maghet 202.8 kW 27.8 kW 93.6 kW
ap 20 kp/cm? 20 kp/cm? © 20 kp/cm?
AT 19,6°C 18.6°C 18.7°C
Mean length of N.zm 7.7m 8.2m
Water flow/magnet 2.5 &/s 0.4 /s 1.2 &/s
Volts/magnet 104 v

14.2v a8 v
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In order that all F quadrupoles can be powered in one ¢ircuit and
all D's in another, the focusing strengths of large and small types must
be equal at equal currents. Thus the inscribed apertures are chose in
the ratio v2 : 1 and the excitation coils designed with a turns ratio of
2:1,

As in the case of the dipales, the number of turns has been chosen
to give. an excitation current.below 2,000 amps. The resulting quadru-
pole cross sections are shown in figures 3.3 and 3.4 and the main para-
meters are given in table 3.2.

The small quadrupole having a fairly low total flux has been designed
with a parallel sided pole so as to allow the use of simple, flat, rectan-
gular cross-section coils.

Also, a reduced aperture version of the small quadrupole will be
produce¢ for use in the injection beam 1ine. This will have the same
excitation coil and external dimensions, but a modified pole profile.

The large aperture quadrupole must have a tapered pole to avoid
excessive saturation and in addition it is estimated that due to its
length being almost equal to the inscribed diameter, the steel length
will need to be equal to the required effective Tength.

It is proposed to shape the quadrupole profiles to provide the
sextupole component which will make the chromaticity zero in both planes

(see section 2.5).
The magnet system will be powered in three separate circuits, one

for the dipoles and one gach for the F and D quadrupoles. Table 3.3
gives the overall characteristics of these three circuits.
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TABLE 3.2

Quadrupole Parameters

Large Small Injection

No. 16 8 8
Strength 1.85 T (F) 1.85 T (F) 4T

1.37 T (D) 1.37 T (D)
inscribed radius 208 mm 147.08 mm 75 mm
Effective length 0.54 0.54 0.54
Steel length ~ 0,54 ~ 0,49 ~ 0.49
Overall length ~ 0.86 ~ 0.77 ~ 0,77
Width overall v 2.2 ~ 0,26 ~ 0.96
Turns/pole 40 20 20
Good Field 3 width 340 160 80
Conductor dimensions 21.5x18,0 mm?® 14.5x18.2 =m?
ater, dianeter 8 mm 4.8 m
No, of cooling 1 1

circuits/pole

e one o 2.6 1.7
Flow/magnet 0.72 2/sec 0.34 1/sec
Ap 20 gp/em? 20 kp/cm?
AT 20°C(F) 11°C(D)|18.8°C(F) 10.3°C(D) | 5.4°C
Nominal gradient | 3iufp,  D0¥ 30 TME L raw
Current 1550 A 1150 A |1550 A 1150 A 830 A
Power/magnet 59.2 kW  32.6 kW|26.4 kW 14.5 kW 7.6 kW
Volts/magnet 3.2V 28,3V [17.0V 12,6V 9.1V
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TABLE 3.3

Power Supply Parameters

1. Dipole Circuit

Magnet Current = 1950 Amps
Magnet Voltage = 914 Volts
Magnet Power = 1.78 Mdatts
DC Cables Voltage Drop = 8.8 Volts
Reserve (including = 77  Volts
connections)
Power Supply = 2000 Amps 1000 Volts (2.0 MYA)

2. F Quadrupole Circuit

Magnet Current = 1550 Amps
Magnet Voltage = 360 Volts
Magnet Power = 0.6 MWatts
DC Cables Voltage Drop = 7.0 Volts
Reserve (including = 63 Volts
connections)
Power Supply = 1750 Amps 450 Volts (0.9 MVA)

3. 0 Quadrupole Circuit

Magnet Current = 1150 Amps

Magnet Voltage = 280 Volts
Magnet Power = .32 Mdatts
DC Cables Voltage Drop = 6.9 Volts
Reserve (including = 43  Volts
connections) .
Pover Supply = 1300 Amps 330 Volts (0.5 MVA)
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3.2 Magnet fabrication

The fabrication techriques which will be employed for the magnetic
circuits must be consistent with the high-precision pole profiles required
and the very large magnet cross-sections. Since the total core length of
any one type of magnet is rather small, it is unlikely that a large,
precision punching die will prove to be an economical solution. Initial
studies and discussions indicate that in all cases the most promising
technique will be to clamp short stacks (1 to 2 m) of plates or lamina-
tions and machine them together. These would then be de-burred as
necessary and, in the case of the dipoles, stacked against a curved
reference surface before being bolted or welded into cores. With this
procedure it is possible and preferable to distribute plates from each
machining operation uniformly among the required number of magnet cores,
to eliminate systematic differences due to the machining.

The excitation coils have all been designed to be as simple as
possible. Wherever the requirements allow. the coils are flat and have
rectangular cross-sections. Nevertheless, the small quantities required
will probably not justify the development and fabrication of vacuum
impregnation moulds. Since however very low radiation levels are
expected and with the exception of the H type dipole, the coils are
fairly short, it will be possible to insulate the coils by using a
double half-lapped layer of B-staged glass-mica tape on the individual
turns. The coil will then be clamped and heated to partially cure the
turn insulation and fix the mechanical dimensions. After this the
ground wrap of glass tape is applied and the assembly can be vacuum
potted in an open "' -th" type of mould. This technique, already widely
used,combines the .vantages of the higher voltage holding capabilitie:
of mica tapes with the superior mechanical strength of a pure glass/

resin insulation.

3.3 Correction elements

Since the ring will always be operated at the same field level,
closed orbit corrections and adjustment of coupling may be achieved by
displacing or tilting individual quadrupoles. Similarly, field imper-
fections may be cured by adding end shims to magnets where required.
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Little space would be available in the lattice for chromaticity
sextupoles. Since it is believed that the fixed correction to the quad-
rupole profile described in Section 2.5 will be sufficient for all purposes,

wa do not propose to incorporate any correction elements.

In the event that small corrections do prove necessary, it will be
possible to obtain them by shimming. To this end it is foreseen to
include a study of the effects of a range of shims as part of the
magnetic measurements programme.

ANTIPROTON PRODUCTION AND BEAM TRANSFERS

4.1 General description

The position of the Cooling Ring and a schematic layout of the
transfer lines is shown in Fig. 4.1. Protons at 26 GeV/c are extracted
from the CPS and pass along the existing beam line in TT2. About 140 m
downstream of the extraction point they are deflected to the right and
traverse a 20 m long tube leading to the building which houses the
Cooling Ring. Here the protons are focused onto a target to produce the
antiprotons. In the injection transfer line the 3.5 GeV/c antiprotons
are matched to the acceptance of the Cooling Ring, One injection
takes place every 2.6 seconds. When enough antiprotons have
been accumulated and cooled to a small emittance they are extracted anc
transferred to the SPS via the existing tunnel TT2a and after a bend of
152°, down TT60. A short tunnel has to be built for the connection
from TT2a to TT60. In TT60 the antiprotons travel along the beam line
which normally transports high energy protons from the SPS to the West
Hall. The antiprotons are injected into the SPS through the extraction
channel in LSS6.

The antiprotons can be directed to ring 1 of the ISR by energizing a
bending magnet at the crossing point of the antiproton beam with the beam
Tine in TT2.
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4.2 Branch-off from TT2 and transfer to the antiproton production target

The layout of the branch-off from TT2 is shown in Fig. 4.2. Immediately
downstream of quadrupole QF 215 two C-type bending magnets are installed
which deflect the beam horizontaily by 4.5° to clear the quadrupole QD 216.
Two more bending magnets increase the total horizontal angle to 8.5° before
the beam traverses the tunnel wall. A small extension to TT2 houses a
safety beam stopper, two more quadrupoles and two steering dipoles. The
beam level in the cooling ring is 1.9 m above that in TT2 so a vertical
deflection is also required. This is achieved by a 15° tilt of the four
bending magnets which provide the horizontal deflection.

From the extension a 20 m Tong tube leads to the target tunnel which
forms part of the building housing the cooling ring. Details of the layout
in this tunnel are shown in Fig. 1.2. Here the rising beam is first made
horizontal by a vertical bending magnet and then focused by a quadrupole
triplet onto the antiproton production target.

The two C-type bending magnets for the branch-off and the 4 quadru-
poles situated in TT2 and its extension are of a standard CERN type. The
triplet upstream of the target will use quadrupoles from the neutrino area
of the CPS. The other two bending magnets in TT2 and the vertical bending
magnet in the target tunnel are of the same type as those for the transfer
from the cooling ring to the SPS (see Fig. 4.11).

4.3 Antiproton production

The target in which the antiprotons are produced should be made of
a material with a short absorption length so that the source size is kept
small and the phase space density is not diluted more than necessary. This
is true even though it leads to the choice of a heavy material that may
have a lower conversion efficiency.

The target should be a thin cylindrical rod or wire so as to minimize
reabsorption of the antiprotons, many of which will escape sideways.
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Although it would be possible to focus the primary beam down to a few
tenths of a millimetre (and therefore to use a correspondingly thin
target), this would lead to excessive heating in the target; it would
be quickly destroyed by thermal stresses. From this point of view, it
is advantageous to use a material with a high value of og/cE, where

op = tensile strength
1 = coefficient of thermal expansion
E = Young's modulus.

Tungsten appears to be the best choice; its absorption length is
also sufficientiy small. Caleculations’) show that it will probably be
necessary to adopt a target diameter of at least 3 mm. This will reduce
the efficiency by & factor 2 compared with a target of 0.5 mm diameter.
The latter would, however, probably explode when hit by 10'3 protons of
26 GeV/c.

It would nevertheless be possible to replace the target every pulse.
This would not require an excessive amount of material, but the machinery
needed to replace and stretch the tungsten wires would be complicated.
This is a possibility for future improvement; the present proposal,
however, does not include it.

The antiproton production in Lead has been measured by Dekkers et al?)
for an incident proton momentum of 23.) GeV/c and a p momentum of 4 GeV/c.
At a production angle of 0°, they found :

2
;a;L = 28.7 + 4.9 mb ster™! (GeV/c)™' per nucleus.

To obtain 32N/3009p per interacting proton, excluding elastic inter-
actions, we divide this by the total absorption cross-section % abs” 1750 mb,
as measured by Bellettini et a1.9). Since the antiproton production
increases rapidly with the proton momentum in this region (by a factor
two between 19.1 GeV/c and 23.1 GeV/c) % we apply a gain factor of
1.5 for 26 GeV/c protons,
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The difference in cross-section between 3.5 GeV/c and 4 GeV/c is
expected to be small, because of the broad productionmaximum around
4 Gev/c. Similarly, the dependence on the target material is small®)
and the possible difference between the figures for tungsten and lead
is therefore neglected.

For estimating the p production, we have therefore used the value

32N = 0.0246 ster~! (GeV/c)-! per interacting proton.
a3p :

The angular dependence was approximated by a parabolic corvection,
giving a reduction by a factor two at 100 mr 8). Since the largest
production angle of interest is 50 mr, this is a small effect.

4.4 Target matching

Typical antiproton production angles are much jarger than the angular
acceptance of the cooling ring; on the other hand, the target diameter
can be much smaller than the ring aperture. The optics of the transfer
channel must provide the matching,

It was found that for the first part of the matching system, near to
the target, the use of steel-core quadrupoles would somewhat restrict the
acceptance that could be obtained, because of the limitation on their
gradient-aperture product,

It is, therefore, proposed to do most of the matching by means of a
small magnetic horn. BDetailed calculations have shown that a factor of
1.5 can indeed be gained despite some scattering and absorption in the
material of the horn.

Fig. 4.3 shows a cross-section of the horn. It will consist of an
aluminium inner conductor with a thickness of 0.5 mm, shaped so as to
give the required focusing effect, and surrounded by a cylindrical outer
conductor. The current will be pulsed, with a peak value of 145 kA and
a pulse duration of 20 ps (capacitor discharge).
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- The shape of the horn and the target length and position have been
adjusted for optimum antiproton collection at 3.5 GeV/c.

For calculating the number of antiprotons per pulse, it is assumed ,.
that 10! protons hit the target. The number of P accepted has Leen '
found by means of a Monte Carlo calcu]at1on, taking into account the
following effects : :

a) protons hitting the target with a Gaussian radial distribution;
standard deviation 0.75 mm;

b) angular dependence of production as described in paragraph 4.3;

¢) reabsorption of p in the target;
d) scattering and absorption of p in the horn material.

As a result, it is found that 2.5 x 107 antiprotons per pulse will
be accepted in a horizontal and vertical acceptance of 100w mm.mrad each
and within a momentum spread of * 0.75%.

4.5 The injection transfer line

The antiprotons produced in the target and premétched by the magnetic
horn must be transported and matched to the cooling ring. The layout of
this beam line is shown in Fig. 1.2. It consists of 8 individually
powered quadrupoles arranged in doublets and a horizontal bending magnet
to compensate the dispersion of the injection septum magnet. The bending
magnet also separates the antiprotons from the primary protons. A proton
dump which consists of a water cooled steel cylinder 2 m long and about
300 mm diameter is installed just inside the taréet tunne: o allow an
effective shielding. Collimation of particles outside the acceptance of
the transfer channel is provided in the same region.

The 8 quadrupoles for the injection transfer line are a modified
version of the small type for the cooling ring (Table 3.2), The two
between the target and the dump will be equipped.with radiation hard
coils. The bending magnet (Bl = 1 Tm) must have a-clear aperture of
80 mm and might also require radiation hard coils,
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A small number of corrééting dipoles is required to steer the beam
onto the injection trajectory.

4.6 Injection into the cooling ring

An injection scheme must be designed that does not disturb the stack
of antiprotons and allows thHe injected beam to be driven into the stack.
The solution adopted consists of a C-shaped kicker magnet at a position
where the momentum compaction function o is large so that with a slightly
’ higher momentum, the injected beam is separated from the stack. Since the
field of a C-shaped magnef talls off slowly, an efficient screen is required
which during the pulse of the k1cker protects the stack but which thereafter
is removed to give a free passage for the injected beam to be driven into
the stack. This schemé 1s~§1m11ar to that used for injection into the iSR.
The lattice of the cooling ring is of the FODO type. The bending
magnets are positioned so as to leave empty two consecutive half periods
with a large ap where the. kicker can be installed and upstream of that
at a phase distante of 90° two more empty half periods where the septum
magnets can be placed. -In the upstream empty periods the ap was forced
to be zero in order to keep the strength of the kicker magnet within a

reasonable 1imit:

The layout of the injection elements can be seen in Fig. 1.2. Two
kicker magnets each about 2 m-long are positioned in periods 3 and 4 close
to the central F quadrugo]é'qnd two septum magnets in periods 1 and 24
around the central D quad}upole. This arrangement allows the same septum
magnets to be used for extgact1on (Section 4.7). The D quadrupole between
the septum magnets is of the large type to give sufficient aperture for
the injected and extracteti beams.

A cross-section of one of the two kicker magnets together with the
injected beam and the stack is shown in Fig. 4.4. Because of the changing
g-function and o the distance between the two beams varies. At the
upstream end of kicker magnet 1, it is only 32.8 mm. At the exit of
kicker 2 it is more than 60 mm.
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Five bunches of antiprotons are injected into the cool%nglring over
1 turn (the primary protons occupy'éne quarter of the CPS circumference).
The equidistant bunches have a length of 15-20 nanoseconds and the descent
of the kicker pulse must therefore be less than 105 - 20 = 85 nanosec.
The flat top must last for at least 440 nanosec. The aperture of the
kicker magnets is 240 mm (horizontal) and 100 mm (vertical) and the
nominal kick strength 0.04 Tm per magnet. Details of their construction
are discussed in Section 4.8.

The trajectory of the injected beam in the straight sections where
the septum magnets are situated is shown in Fig. 4.5. The beam approaches
the central orbit at an angle of 6.5°. Taking into account the deflec-
tion by the D quadrupole in between the two septum magnets, they must
orovide 3° of bending. D.C. magnets are proposed, with their septa

outside the ultra<high vacuum,

4.7 "Extraction from the cooling ring

The stack of antiprotons will be extracted in 6 batches which have
to be equally spaced around the SPS. As explained in Chapter 5 each
bunch has a Tength cf about half the circumference of the cooting ring
.~ (250 nanosec). The part of the beam to be extracted is driven into the
gap of a b-;haped kicker magnet positioned at large ap and is then kicked
out of the machine. The capture of part of the stack into one bunch
and its §ubsequént acceleration to the extraction orbit is described in

Section 5.

The same type of kicker magnet as for injection could be used but
would be an expensive solution. It is proposed to build a kicker with
an aperture just sufficient for the cooled beam and to move it into
place prior to extraction. The movement can be slow since extraction
wi]lltake place at most a few times per day. An aperture of 40 mm
{horizontal) by 20 mm (vertical} is foreseen, which compared to the
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large aperture of the injection kicker (240 mm by 100 mm) makes its
construction much easier., The extraction kicker must provide a nominal
kick strength of 0.04 Tm. The rise time will be 200 nanoseconds and
the flat top about 300 nanoseconds. The minimum time between two suc-
cessive extractions of 30 ms is given by the time required for rechar-
ging the power supply for this kicker magnet and the corresponding one

in the SPS for injection.

4.8 Kicker magnets for injection and extraction

The kicker magnets must be fast and relatively powerful and there-
fore must operate at high voltage. Satisfactory experience in the
construction of a high voltage kicker has already been gained in the PS
with the so-called Full Aperture Kicker (FAK) system; it is proposed
that the injection and extraction kicker systems should draw heavily
on FAK experience and use identical equipment wherever possible,

The kicker magnets must operate in ultra high vacuum and have
strictly limited stray fields so as not to disturb the stack.

4.8.1 Injection kicker

The inject on kicker is a static device located in two 2 m vacuum
tanks up ind downstream of guadrupole QFW4. Each tank contains six
identical magnet modules of 0.008 Tm kick strength and 75 ns fall time
(95-5%). Thus the total required kick strength of 0.08 Tm can be
met with some margin to satisfy operational needs or equipment outage.

The magnet module is of the delay line type, has ten discrete cells
and a characteristic impedance of 15 ohms. It is judged that 15 ohms is
the lowest impedance which can be considered for reasons of cut-off
frequency and pulse distorsion; the adoption of this impedance also
allows many FAK designs to be used for the pulse generators,
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The magnetic circuit of the magnet is a ferrite C-core which is
profiled to improve the field uniformity in the aperture. The hign
voltage and earth conductors are placed around the back-leg so as to
have free access between the aperture and the stack. The magnet
capacitance is provided by interleaved high voltage and earth plates
attached to their respective conductors. A capacitor plate spacing of
7 mm is proposed, identical to that which has given trouble free operation
in the FAK.

The stray field from the injection kicker must not be allowed to
disturb the stack. For reasonably acceptable stack blow-up it is
desirable that the fast stray field at the stack centre be less than
2 x 10-% of the kicker field. This requives an effizient moveable
eddy current shutter between the kicker aperture and the stack.

A schematic cross-section of the magnet module with its shutter
installed in the vacuum tank, is shown in Fig. 4.6. In this arrangement,
assuming a stack/injected beam separation of 30 mm, it is still possible
to kick the fringe of the injected beam closest to the shutter with 95%
of the nominal kick.

Bake out at a temperature of 300°C is foreseen for which titanium
or inconel are suitable plate materials.

Twelve 80 kV pulse generators are needed for excitation of the
injection kicker modulas. These can be identical to those slready built
for FAK. Because the injection kicker puise length is much shorter
than that of the FAK the PFN cable lengihs can be shorter and the pulsed
resonant power supply transformers reduced in size.

The main parameters of the proposed injection kicker system are
given in Table 4.1.
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4,8,2 Extraction kicker

The extraction kicker is a plunging device located in a 0.9 m tank
downstream of ruadrupole QFW22, Two options exist according to whether
the difficulties are to be found in the magnet or pulse generator. The
first option is to build the magnet as a 15  delay line, in which case
the magnet is large and heavy but the pulse generator is simple (iden-
tical to those of the injection kicker). The second option is to build
the magnet as a Tumped inductance with shunt capacitive compensation
external to the vacuum tank. In this case the magnet is light and simple
but one of the thyratrons of the pulse generator must be bidirectional
because of the substantial reflection at the magnet.

On balance the second option is favoured because it leads to a
smaller, lighter plunging assembly, allows better pumping of the ferrite,
reduces the vacuum tank size and yet still gives an acceptable kick field
rise time of less than 180 ns (2-98%). Further a high voltage bidirec-
tional switch is already under development for the PS/SPS Multibatch
Filling Project.

The tumped inductance magnet is a single turn ferrite C-cored device
with the earth conductor located above and below the aperture to allow
transfer of the stack for ejection. The stray field disturbance on the
stack is of less concern than for the injection kicker because pulsing
takes place only 5 times in the presence of stack. Horizontal screening
plates, attached to the earth conductors, are proposed to reduce the
stray field to an acceptable level. A schematic cross-section is given .
in Fig. 4.7, i

As far as possible the pulse generator is the same as used for the
inflection kicker. The thyratron at the remote end of the PFN must be
bidirectional. Provided that the transmission cable length from the
PFN to the magnet is less than about 24 m there is no requirement for

224



the thyratron at the front end of the PFN to be bidirectional because the
magnet reflection can pass whilst the tube is still conducting the main

pulse.

The parameters of the ejection kicker system are given in Table 4.2._

TABLE 4,1

Injection Kicker Parameters

Type of module

Number of modules

Minimum aperture height {mm)

Useful aperture width - 95% kick: (mm)
Module Tength (mm)

Inter-module spacing (mm)
Characteristic impedance (ohms)

Kick rise/fall time 5-95% (ns)

Module kick strength for 80 kY PFN voltage
{Tm)

Remanent field (T)

Module weight (kg)

Module ferrite weight (kg)

Ferrite type

Capacitor plate spacing {mm)

Capacitor plate material

High voltage insulation

PFN voltage for nominal kick strength of

0.08 Tm (kV)
Kick pulse jitter, absolute (ns)

Pulse repetition rate (pulses/s)
PFN charging time (ms)
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Delay 1ine
12

100

225

275

40

15

75

0.008

5.107%

> 300

52

8c1

?

Inconel or titanium
97-98% A1,0,

66.7

<2
<t
3



TABLE 4.2

Ejection Kicker Parameters

Type of module

Number of modules

Minimum aperture height (mm)

Useful aperture width - 98% kick (mm)
Module length (mm)

System characteristic impedance (ohms)
Kick rise time 2-98% (ns)

Kick variation on flat-top (%)

Maximum PFN charging voltage (kV}
Corresponding kick strength (Tm)

PFN voltage for nominal kick strength
of 0.06 Tm (kv)

Corresponding peak magret voltage (kV)
Half height duration (ns)

Ferrite weight (kg)

Ferrite type

High voltage insulation

Kick pulse jitter, absolute (ns)

Pulse repetition jnterval (ms)

PFN charging time (ms}

Number of consecutive pulses

Maximum transmission cable length (m)
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Lumped inductance

1

20
43
750
15
178
<2
70
0.08
52.5

33.4

< 120

39

8cn

97-98% A1,0,
<6

30

3

6
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4,9 Transfer of antiprotons to the SPS

The extracted antiprotons are transferred to the SPS along the
existing tunnel TT2a and after a bend of 152° down the existing beam
1ine in TT60 (see Fig. 4.1). Injection into the SPS uses the elements
of the extraction channel in LSS6.

The proposed scheme does not use any part of a beam line that is
required for injecting protons into the SPS. This allows the whole
channel to be tuned prior to the transfer of antiprotons by using
3.5 GeV/c protons travelling in the opposite direction

The extracted antiprotons leave the cooling ring building through a
tube of small diameter in the wall and re-enterTT2 immediately upstream
of the branch-off to TT10. The layout of this region is shown in Fig. 4.8.
A pair of tilted bending magnets one on each side of the wall brings the
beam down to the level of TT2 and makes the two beam lines cross at an
angle of 7.5° between the quadrupoles QD 332 and QF 333. Here a bending
magnet can direct the antiprotons along TT2 towards ring 1 of the ISR or
be turned off allowing the beam to go via TTZa to the SPS.

The transfer along TT2a requires 4 horizontal and one vertical
bending magnet and a number of small quadrupoles installed at 20 m
intervals.

The connection tunnel to TT60 is built where TT2a and TT3 join.
(Fig. 4.9). The horizontal deflection of 152° uses two groups of five
bending magnets with an F quadrupole in between to compensate the
dispersion. The beam enters TT60 through a small hole in the tunnel
wall. The last of the 10 bending magnets is installed just below the
TT60 beam line and a vertical bending magnet several metres downstream
brings thebeam on axis. The vertical deflection required is achieved
by tilting part of the ten bending magnets.

The cross-section and main parameters of these magnets are given in

Fig. 4.11. The same type will be used both for the deflections in TT2a
and for the 26 GeV/c protons downstream of the TT2 branch-off.
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A provisional cross-section and parameters of the quadrupole needed
up to TT60 is shown in Fig. 4.10.

The apertures in the existing TT60 line are adequate for a beam of
1 to 1.4 7 nm.mrad.The beam Tine was designed for 200 GeV/c and in the
upstream part for 400 GeV/c. When used for 3.5 GeV/c antiprotons, the
magnets will be operated at about 1% of their normal strength. The
power supplies for these magnets will be modified to achieve the required
precision and stability at these low current levels.

4.10 Injection of antiprotons into the SPS

For injection of antiprotons into the SPS the extraction channel
in LSSE will be used. A possible trajectory has been calculated which
uses the extraction kicker MKE, the electrostatic septum Z$ and the
thick septum magnet MSE. The £$ provides sufficient deflection so that
the thin septum magnet MST need not be pulsed. No closed orbit bump
will be applied in order not to run the MKE at too Tow a voltage.

The aperture of the SPS extraction channel is tightest in the MSE
(gap 20 mm) corresponding to a beam of Im mm mrad vertical emittance.

The pulse form of the MKE is adequate for injecting the 6 bunches
of antiprotons. The risetime can be as long &s 3.6 microseconds. The
nominal deflection is about 1 mrad and only one of the two magnets will
be pulsed, in order to avoid too low an operating voltage for the
switch tubes. However, the multipulsing at intervals of about 30 ms
requires an additional resonant charging supply with six primary capacitor
banks.

The ZS deflects about 1 mrad which corresponds to a field strength
of 3 kV¥/cm. For injection of antiprotons its polarity is reversed, by
means of a remote switch.

The MSE current of 200 A (0.8% of its maximum) will be provided by
a separate small power supply.
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4.117 Injection of protons into the SPS

The protons which will collide with the antiprotons are injected
into the SPS in the usual way. At the moment of injection the 6 bunches
of antiprotons are already circulating in the SPS and would be kicked
oyt of the machine when the inflector is pulsed. This is avoided by
displacing the phase of the antiproton bunches with respect to the
protons. The amount of the displacement is given by the rise time of
the inflector.

The new inflector of the SPS for multibatch injection has a repeti-
tion time of not less than 0.5 second. Each proton bunch must, therefore,
come from a different CPS pulse and the total time for the transfer is
5 x 0.65 = 3,25 seconds.

RE SYSTEMS FOR THE CPS AND THE COOLING RING

In this chapter we present a consistent series of RF manipulations
designed to meet the needs of the proton-antiproton proposal,up to the
point that antiprotons reach the SPS. Further manipulations in the SPS
are described in Section 10. One can think of alternatives to many of
these procedures., Some of these we can dismiss as incompatible with
other links in the chain and others, while offering greater beam stabi-
lity, have been eliminated because of their cost or complexity.

5.1 Filling one quadrant of the CPS with protons

The circumference of the antiproton cooling ring is one quarter that
of the CPS. If the antiprotons produced by the impact of the CPS beam
are to fit neatly into the circumference of the antiproton ring, one must
find a scheme which crowds as many parent protons as possible into one
quarter of the CPS circumference,
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The CPS is fed by a four-ring booster, The circumference of each
ring is just one quarter of the CPS and equal to that of the cooling
ring. Clearly, one must endeavour to superimpose the four beams from
the booster in the same quadrant of the CP5. This can be done by a
combination of transverse and longitudinal stacking.

First, the beams from each pair of booster rings will be stacked in
vertical phase space. In this way, two double strength beams may be
formed, each one quarter of a CPS ring long. To cause these two beams
to coalesce one must inject them sequentially into the CPS, but at
slightly different momenta, onto two different mean orbits and their
revolution frequencies will be different. Each beam is then trapped
separately with reduced voltage., For this only a few of the P5 cavities
are needed. The harmonic number will be the same (i.e. 20) for both
beams, but one string of five bunches will tend to overtake the other one.
At the moment that the two bunch trains fall into register, the RF vol-
tages are switched off and then on again at an increased voltage and at
the centre frequency to form buckets which embrace both beams. Detailed
calculations show that subsequent filamentation dilutes the combined bunch
area by a factor between 1.5 and 1.7, leading to a total bunch area of

30 mrad.

The time constant of the CPS cavities (2 us) is short enough to
perform the proposed voltage gymnastics.

5.2 Acczleration in the CPS

£ the cost of an extension of the CPS cycle by a few milliseconds,
8 can be reduced in the parabola and sufficient bucket area made available
for this large bunch. The bunch area, twice as big as normally accelerated,
should ensure that the beam is stable against longitudinal instabilities
in spite of its unusually high Intensity.

The five CPS bunches within one quadrant are fast ejected to impinge
upon the target where they create antiprotons.
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5.3 Debunching and stacking the antiprotons in the cooling ring
4

The antiproton beum of + 7.5 %/00 momentum spread from the production
target, is allowed to debunch and then precooled ts a momentum spread of
+ 19,5 in the antiproton ring. It must then be carried across the
vacuum chamber from the injection orbit to be stacked with previous batches,
which are in the process of being cooled, A1l this must be over before
the CPS is ready, one cycle later, to create anather burst of antiprotons.

In moving the beam its momentum is decreased by about 3% in 100 ms.
The voltage required is small, but the bucket area needed to hold + 1 ©/4,
is large. We propose to use a single standard PS cavity with some addi-
tional capacitive loading to lower its tuning range to 1.8 MHz. This
provides 8 kV, enough to contain the momentum spread. The harmonic number
in the antiproton ring will be 1.

5.4 Bunching antiprotons for extraction from the cooling ring

We shall see in Section 10 that the antiproton bunches injected in
the SPS must be rather long if space charge AQ due to the high line density
is to be tolerable. An acceptable bunch length corresponds to half a turn
of the cooling ring. Bunches must be formed at a harmonic number of 1
within the stack, and moved to an orbit where they may be extracted towards
the SPS. To form and extract the six long bunches needed for the SPS, this
must be repeated six times, although in initial tests at low luminosity
only one such operation is needed.

The single PS cavity installed in the cooling ring to displace the
antiprotons after precooling will be used. To keep the bucket area small
enough to contain only one sixth of the beam, the voltage must be very low
(92 V¥ for a bunch area of 12 mrad). A larger bunch area would exceed
the capacity of the SPS 200 MHz buckets, since 12 mrad in the cooling
ring scaled as h/R becomes 1260 mrad in the SPS even before any blow-up
has taken place.
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The cooled antiproton beam must have a momentum spread of + 1,5 x 107°

to remove the beam in six passes with a bucket of 12 mrad. Careful control
of the longitudinal acceptance must be exercised to keep the bunches of
equal intensity. This can be facilitated by using the stochastic cooling
Toop to flatten the momentum distribution. Fortunately, such precise
voltage control will not be required in early single-bunch transfers.
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TABLE 5.1

RF_PARAMETERS FOR THE COOLING RING

1) Stacking

Yir 2.43
ap/p after initial cooling 1 %00
Corresponding bunch area at 3.5 GeV/c 45 mrad
Deceleration rate for ~ 3% within 0.1 s 1 GeV/c/s
Energy loss per turn 524 eV
Accelerating voltage } without blow-up during 3 kV
Stable phase angle adiabatic trapping 10 deg
2) Ejection

Total bunch area (6 bunches) 72 mrad
Total Ap/p of coasting beam at 3.5 GeV/c +1.536 1073
RF frequency (h = 1, R = 25 m) 1.84 MHz
RF voltage for stat. bucket 12 mrad 92 v

RF voltage for bunch length *30° 514 v
Ap/p of 12 mrad bunch (* 90°) £6.74 10-*
Length of 12 mrad bunch 25T = 78.54 m
Longitudinal stability (Z/n)max (12 mrad coasting) ~ 840 Q
Longitudinal stability " (12 mradbunched 1800) ~ 2560 Q
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STOCHASTIC COOLING

6.1 General description of momentum cooling

Fig. 6.1 illustrates the general principle of stochastic momentum
cooling. A pick-up electrode is connected through a linear high-gain,
wide-band ampiifier to a wide-band accelerating gap (kicker). A par-
ticle that passes the pick-up induces a short pulse in it. The elec-
trical delay in the system is such that this pulse arrives at the
kicker together with the particle. The latter is therefore accelerated
by the peak value of the pulse. This is called the coherent effect.

At the same (ime, other particles also cheate pulses. These are
not infinitely narrow, due to the finite system band-width, so that
some of them will also influence the particle under consideration. The
mean effect of this noise {called Schottky noise) will be zero if the
system does not transmit the d.c. component. It will, however, lead
to an increase of the energy spread (incoherent effect).

Since the duration of the pulses is quite short compared to the
revolution time, and since different particles have different revolution
times, each particle will be influenced by a small and continuously
changing fraction of the other particles. This quasi-random effect has
been analyzed nuantitative]g}ﬂ, and it was found that the blow-up is
similar to that which would result from purely random kicks. That is,
the mean square energy change is proportional to the time and to the
square of the electronic gain. The proportionality factor depends on
the amount by which the particles overtake each other on each turn.

Two extreme regimes may be distinguished :

a) "good mixing". On each successive turn, the particle is in-
fluenced by different particles, i.e. the typical differences
in revolution time between the particles are large compared
to the pulse length;
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b} “"bad mixing". The population of particles seen by a specific
particle on successive turns, changes only slowly. This si-
tuation exists in the present ring for all cooling systems.

It appears from the theory that a particle is only influenced by
those frequency components in the noise spectrum that are nearly coin-
cident with one of the harmonics of its own revelution frequency. 1In
case a), the frequency bands belonging to different harmonic numbers
overlap due to the large frequency spread between the particles. Each
particle can therefore be influenced by many groups of other particles,
each around a different revolution frequency. As a result, it is found
that the blow-up effect is the same as that caused by purely random
kicks. In case b}, the Schottky bands do not overlap, and each parti-
cle is only influenced by particies with nearly the same revolution
frequency. The blow-up is larger than in case a) and it is proportional
to the local density of particles in frequency (or energy) space.

Additional blow-up is caused by the amplifier noise. In contrast
with the Schottky noise, which is concentrated in narrow bands around
the revolution harmonics, that from the amplifier has nearly equal
density at all frequencies. With the present design, its density is
well below the Schottky noise density at the frequencies that influence
the particles (i.e. the Schottky bands) and so it does not affect the
cooling appreciably. However, it is responsible for most of the total
: output power at the kicker terminals.

Since the coherent effect is proportional to the system gain, but
the blow-up to the square, the gain has to be chosen so as to obtain
anwﬁmm&hmemmmnm%emoﬁ%dﬂx With bad mixing, the
blow-up is proportional to the particle density in energy space, so
the optimum gain will be inversely proportional to this density.

If the gain were the same for all particles, there would be no
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cooling effect; only a general acceleration or deceleration. A concen-
tration of particles (i.e. cooling) results only if the coherent effect
pushes the particles in the direction of decreasing gain. This depend-
ence of the gain on energy can be obtained either by shaping the pick-
up electrode so that its gain depends on the closed orbit position

{e.g. by using a Tinear transverse pick-up)lz) or by using a sum pick-up
and including a filter in the electronics chain, using the fact that
the revolution frequency depends on energy. The filter should act in a
similar way on all harmonic§ of the revolution frequency and it should

have a constant group delay

6.2 Reasons for using two Separate systems

The filter method is preferable for low-density beams (e.g. in the
precooling system) where the amplifier noise is relatively important,
since a sum pick-up produces as large a signal as can be obtained across
the whole aperture. Moreover, a wide-band sum pick-up can be much
shorter * the beam direction than a difference pick-up, becanse the
use of a ferrite ring around the beam gives sufficient impedance even
with a very short pick-up. (The length of a pick-up with variable gain
across the aperture must be of the order of a quarter wavelength in the
centre of the passband.) As a result, many more sum pick-ups can be
placed in a given space, thus increasing the available signal. For the
precooling system, the design includes 100 pick-ups in a straight
section of 5 m length. A linear filter will be used so that the gain is
linearly dependent on energy, as for a linear transverse pick-up. This
is adequate for compressing the energy spread of each injected pulse by
a factor 7.5 in two seconds.

For cooling the stack, on the other hand, such a system is not
suitable. As discussed above the gain must be inversely proportional to
the local particle density in the stack. Since theory shows]JJ that a
minimum aperture is required for the stack if the density profile versus
energy has an exponential shape, we would need a filter with an
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approximately exponential response. The ratio of density between the
centre of the stack and its edge must be about 20000 for the required
performance and this must also be the ratio by which the gain changes
over a region in which the revolution frequency changes by 0.25%.

Although such filters can be designed, there is another reason
why they cannot be used. This is connected with the feedback trom the
kicker towards the pick-up, via the beam. The total gain of the loop
formed by pick-up-amplifier-kicker-beam-pick-up might exceed unity.
This implies either a risk of instabilities or, if gain and phase shift
versus frequency are such that the system is stable, a loop gain larger
than one would lead to a decrease of the Schottky signals and,
therefore, $poil the stochastic cooling. Theory shows!!) that both
withodt a filter {for any pick-up shape), or with a linear filter, the
condition for unit loop gain is about equal to the condition for zero
cooling effect (i.e. blow-up rancelling the coherent effect). Thus to
get useful cooling, the gain must be reduced so that the feedback
effect will be small.

With higiier-order filters, however, the loop gain would be higher
at some frequencies. Such filters are therefore precluded. However,
pick-ups with a gain strongly dependent on particle position can now be
used, since the precooling has -already increased the density enough to
make the amplifier noise relatively harmless even with only 30 pic<-ups.

6.3 Precoaling system

The pick-ups for the precooling system should not see the particles
in the stack to avoid overloading the output amplifier with their
Schottky noise. Similarly, the precooling kickers should not kick the
stack thereby causing blow up. The Schottky woise of the precooling
system cannot blow up the stack because it does not overlap with the
Schottky bands of the stack. = +he amplifier noise is present
at all firequencies and it is much higher on the precooling kickers than
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on the stack kickers because of the higher gain needed at lower density.

For this reason, the precooling pick-ups and kickers (which will be
of similar construction) must surround the newly injected beam with their
ferrite rings; the stack must pass outside. When the precooled beam is
displaced by the RF system towards the top of the stack, part of the
ferrite must be temporarily removed- A possible way of doing this is
suggested in Fig. 6.2.

Obviously, these devices should be located at a point in the lat-
tice where o« is high, so that the injected beam and the stack are well
separated. This, however, means that the xickers will nnt only change
the particle energy, but also excite the horizontal betatron oscillations
through components of the amplifier noise that coincide with the beta-
tron Schottky bands. In order to reduce this effect sufficiently, these
kickers will be grouped into two equal sub-assemblies, in straight
sections that are half a betatron wavelength apart, as shown in fig. 1.2.

At present it is assumed that the pick-ups and kickers will have
an impedance of 50 ohms, Tike those already used in the ISR experiments.
The possibility of increasing this impedance will be investigated. This
would improve the signal-to-noise ratio and reduce the amplifier output

power required.

The linear filter {fig. 6.3) will be made by using a delay line D1
that is shorted at its end, fed by a current source. I[f the Tength of
the line is such that its delay is half the revolution time at the cen-
tre of the particle distribution, it will have zero impedance at 11
harmonics of the corresponding revolution frequency. In a small region
around each harmonic, the impedancy xi11 change Tinearly ).

The delay line D1 is shunted by some lumped components (R, L, C)
and by a combination of two further lines of the same length, D2 and D3.
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The end of D2 is shorted, that of D3 is open. These components serve
to reduce the gain between the Schottky bands, in order to decrease the
output power due to amplifier noise. The combination D2-D3 behaves
like a series tuned circuit, having zero impedance at two intermediate
points between each two adjoining Schottky bands. The resistance R
causes damping at those frequencies where the total impedance would
otherwise become too high. L and C are added in order to make the de-
gree of damping dependent on the harmonic number; this is desirable be-
cause the Schottky bands are wider at the high frequency end. The
whole is optimized for minimum r.m.s. gain over the entire passband
(150-400 MHz), while keeping the phase shift inside the Schottky bands
to less than 30°. The resulting r.m.s. gain is 0.92 times the average
gain at the edge of the Schottky bands.

Losses in the delay lines modify the characteristics slightly; in
particular, around the zero-gain points the gain remains finite. This
effect can be minimized by choosing a line of sufficiently large cross-
section for D1, and then reduced to a negligible level by a compensating
device, not shown in fig. 6.3. For D2 and D3, the losses are not
important.

The main parameters of the precooling system are :

Number of pick-ups 100
Number of kickers 2 x 50
Impedance of pick-ups and kickers 50 Q
System bandwidth 250 MHz
Lower frequency 180 MHz
Upper frequency 400 MHz
Noise figure of jnput amplifiers 3 dB
{one for each pick-up)
Number of particles per pulse 2.5 x 107
Momentum spread + 0.75%
Outzut power due to Schottky noise 1.8 kW
Uutput power due to amplifier noise 3.2 kW
Amplifier rating 25 kW
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Fig. 6.4 illustrates the cooling expected from numerical computa-
tion. In two seconds, about 80% of the particles would be collected
inside a momentum spread of % 0.1%, i.e. 7.5 times smaller than the

original one.

6.4 Momentum cooling of the stack

The radiofrequency system will deposit each new precooled pulse at
the top of the stack. Allowing for a blow-up during RF stacking by a
factor 1.5, the particle density in momentum space will be 5 times as
high as the injected density. The ratio of Schottky noise to amplifier
noise will therefore be more favourable, so that the number of pick-ups
needed is smaller than for the precooling system. Moreover, the system
gain at the top of the stack may be about 5 times lower than at the edge
of the injected momentum distribution; this results in an output power
much smaller than for the precooling system.

The gain of the stack system will decrease strongly towards the
bottom of the stack. The gain profile has been determined in such a
way that it results in a density profile with maximum slope, while still
ensuring a constant particle flux in momentum space towards the stack
bottom (i.e. climbing against the density gradient) equal to the
average injected flux. Fig. 6.5 shows this density profile, together
with some curves that demonstrate the build-up of the stack with time.

The cooling system will use pick-ups with a sensitivity that de-
pends strongly on the horizontal position of the particles (Fig. 6.6).
A linear filter similar to the one described for the precooling system,
with zero gain at the stack bottom, will be used in addition.

Nevertheless, the gain needed around the stack bottom is so low that
the amplifier noise would again be too high in that region if the only
means of reducing the gain there would be the pick-up of fig. 6.6, to-
gether with the linear filter. In order to improve this, the system is
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split up into three sections, with pick-ups displaced horizontally
relative to each other. (A fourth section with a linear pick-up for
cooling the densest part of the stack is added to these.)

The pick-ups that are most sensitive at the stack bottom are
followed by less electronic gain, so that the overall gain profile
is still as required. A block diagram is shown in fig. 6.7; the
gain of the four sections vs energy in fig. 6.8.

Additional noise filters reduce the gain of sections 1 and 2 below
the cross-over point where the next section takes over. In this way,
the amplifier noise of these sections is reduced sufficiently in the
bottom region of the stack where it would be most harmful. With the
density distribution of fig. 6.5, the amplifier noise power density
inside the Schottky bands will be at least three times lower than the
Schottky noise density anywhere in the stack. The filters used for
this purpose do not influence the cooling process much below the cross-
over point; their phase shift is therefore irrelevant in that region.
These filters will again use delay lines in order to obtain a filter
characteristic that repeats itself around each harmonic.

The output power of section No. 3 will be much lower than that of
sectians 1 and 2, because of its lo# gain. Therefore it is possible
to use a higher bandwidth (1-2 GHz) for this section. This improves the
cooling near the stack bottom and keeps the number of particles remain-
ing in tne tail of the stack low (see the increased density gradient in
this region in fig. 6.5).

Particles of different energy have different times of flight be-
tween the pick-ups and the kicker. For the high bandwidth section 3,
these differences become comparable with the response time of the
system. This explains the peculiar shape of the gain profile of sec-
tion 3, as shown in fig. 6.8. The effect is small enough not to be
troublesome.
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The final momentum spread of the stack (* 1.5 x 1073) is so small
that it wouid be difficult to meet the requirements on selectivity of
the linear filter, due to the losses in the delay line. For this reason,
Section 4 will not use a filter, but it will be equipped with a linear
transverse pick-up. The amplifier noise is quite negligible for this
section, because of the high particle density and the low system gain.
Techniques similar to those already used in the ISR experiments ) nay
be applied. The cooling time at the final stack density would be 0.3 h,
i.e. small enough to overcome the blow-up due to the intra-beam scatterirg.

The pick-ups for the stack cooling will be placed in straight sections
17, 18, 19 and 20 where o« is large. This is needed for obtaining the
required pick-up response. The kickers will be in straight section 13
where a_ is zero. The kickers will be in straight section 13 where ap
is zero. They will therefore not excite the horizontal betatron oscil-
lations.

The main parameters of the stack cooling system will be as follows :
Maximum total stack width Ap/p = 2.5 x 1072
Final half width Ap/p = 1.5 x 1073
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Section 1 l 2 3 4

Humber of pick-ups 14 I 14 2 1
Number of kickers 50 20 4
Impedance of pick-ups,

kickers %0 50 50 @
System bandwidth 250 1000 1000 MHz
Lower frequency 250 1000 1000 MHz
Upper frequency 500 2000 2000 MHz
Output power from

Schottky noise 850 12 7.5 W
Qutput power from

amplifier noise 725 3 0.5
Power amplifier rating 5000 50 20 ¥

6.5 Betatron cooling

It would be difficult to reduce the betatron amplitudes to an
appreciable extent during the precooling of 2ach injected pulse, because
the ampiifier noise would be too high in comparison with the betatron
signal from a transverse pick-up. Moreover, it is preferable to do be-
tatron conling on the stack, because this relaxes the vacuum require-
ments (multiple scattering) and counteracts the blow-up by intra-beam
scattering.

Reduction of the initial oscillation amplitudes by a factor 8.5
horizontally and 10 vertically is required. The cooling time should
not be too long, in order to allow the collection of small stacks with
the 1inal emittance in a few hours, if required.

It appears that these requirements are not too difficult to
satisfy and that we could even consider to cool only the bottom part of
the stack. A stack of 6 x 10'! particles within the final momentum
spread would have a cooling time constant of 0.5 h withk an optimum
gain system working between 1 and 2.5 GHz.
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We could, however, greatly improve this by additional cooling
during the stacking process. At lower densities than the final one,
the cooling is correspondingly faster if we adjust the gain according-
ly. For the horizontal cooling, this is achieved if more or less auto-
matically, if we use the same pick-ups as for the momentum cooling; for
the vertical cooling, similar pick-ups may be used where the upper
and lower loop signails are subtracted before amplification.

No detailed design work has yet been done on these systems : it
seems clear, however, that it will not be difficult to reach the re-
quired performance with simple means, comparable to those used in the
ISk experiments. The output power required will be quite low and
filters will not be needed.

In fact, it may be necessary to limit the reduction of the

amplitudes in order not to increase the incoherent tune shift in the
SPS beyond what can be tolerated {see Section 10).
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7. VACUUM FOR THE COOLING RING

7.1 Influence of the rest gas

The rest gas will have the following effects on the circulating
antiprotons

i} Multiple Coulomb scattering will counteract the cooling of the

horjzontal and vertical emittance.

ii) Particles will be Tost by single Coulomb scattering and nuciear
interactions.

iii) The beam will lose energy due to ionisation.

iv) The positive ions created and attracted by the beam (neutrali-
zation) will increase effects i) and ii). Their density may
under certain circumstances exceed the initial rest gas density.

v) The neutralization will influence the betatron tunes.

vi) Coupled ion - antiproton oscillations may cause a slow blow-up
of the stack.

Analysis shows that effects i), iv) and vi) are the most important
and that they determine both the pressure and the neutralization factor
required. None of these effects can be calculated with high precision.
The nominal design figures

p < 107!° Torr (nitrogen equivalent)

n < 0.03
were therefore chosen with a certain safety margin, also taking into
account that no great saving would be made by increasing them even by
an order of magnitude.

With these values, we expect that all effects mentioned will be
sufficiently small
i} The heating rate for the final stack with € = 7 x 107 rad.m
will be 5 x 107% s~!, i.e. 60 times less than the cooling rate.
A gas composition of 90% Hp, 10% N, or CO is assumed.

245



ii) The single scattering lifetime will be about 1620 h, the nuclear
interaction lifetime, 6000 hours.

iii} The relative energy loss will be 10~* during 24 hours.

iv) The ion density inside the final stack with n = 0.03 will be roughly
equal to six times the original gas density, thus increasing
effects i) and ii) by a factor 7.

v) The neutralization will reduce the vertical tune shift by
about 10°2.

vi) This effect was calculated using the thecry existing for electron-
proton oscillations 15’15). The high mass of the ions {assumed
to be Hy) compared to electrons reduces their oscillation fre-
quency in the potential well to a value less than the betatron
frequency. Taking into account Landau damping due to the tune
spread present in the stack, we should be below the instability
threshold with n = 0.03. Moreover, even if this were not true
(the theory being approximative), the growth rate would be
considerably below the cooling rate.

7.2 Vacuum system layout and characteristics

The pressure requirement is such that a combination of titanium
sublimation (PS) and sputter ion pumps (PI) are required. Furthermore
vacuum annealed austenitic high tensile stainless steel will be required
for the chambers so that specific degassing rates of 2 x 10~'? Torr2 s™'cm 2
can be attained. This combination along with in-situ bakeouts should
ensure the sort of performance which has become normal at the ISR. The
bakeout temperature needs not exceed 300°C.

Figure 7.1 shows the vacuum system layout over one quadrant of the
cooling ring. The injection region is illustrated in Fig. 7.2. It should
present no major difficulty because the septum magnet is designed such
that it is placed outside the vacuum system. The sputter ion pumps should
have a speed of 200 to 50G £s~! and the sublimation pumps around 2000 & s-!.
There will be four sector valves (VS) placed at the regions where the

beam sizes are a minimum. The beam stay-clear apertures in these
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regions are somewhat smaller than the apertures of the enlarged

ISR sector valves. Simple gate valves (GV) (in the fcrm of shutters)
may need to be added in the larger aperture regions. of the vacuum
sectors.

Pump-down during bakeout will be carriec out by means of 100 gs=!
turbo-molecular pumps (PT); a minimum of two per quadrant is necessary
and maybe a third if laboratory tests indicate that during the 24 hours
of a bakeout the minimum pressure at 300°C is inadequate.

Vacuum gauges are distributed throughout the ring to facilitate
leak detection. Two residual gas analysers per guadrant will be installed
near to the potential sources of heavy gas species. It is important that
the final gas composition contains at Teast 90% H, with the minimum
possible of heavier molecules.

The maximum distance between pumps is 5 metres in the short bending
magnets where the vacuum chamber conductance is around 1300 m&s~!. The
distance between pumps in the long bending magnets is 8 m where the
conductance is only 610 m2s~!. The highest pressure occurring in the
bending magnets is expected to be well below 107'° Torr.

These estimates are based on a specific degassing rate of
2 x 107'? Tes~! cm~2, .This will necessitate prebaking all parts of
the stainless steel chambers at 950°C for up to ten hours in a vacuum
furnace at a pressure of 107° Torr,

No details of the large tanks in the straight-sections are given
because 1ittle is yet known of their vacuum characteristics. They will
be supplied with enough pumping capability to maintain the average
pressure at less than 107 Torr. Special precautions will be needed
in those places containing ferrite or other porous materials.

A11 such tanks will be subjected to a Tow pressure Timit test to
ensure that they meet the vacuum requirements.
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7.3 Clearing

The low value of n implies the use of ion clearing fields throughout
the vacuum chamber. A similar arrangement to that used in the ISR with
a pair of clearing electrodes at the exit of each bending magnet is
expected to reduce the value of n to below 0.03 for a cool beam at a
pressure of < 1071° Torr. The ions drift out of the magnet due to forces
exerted by the “crossed" electric fields of the beam and the magnetic
bending field. During the early stages of cooling and stacking with
relatively feeble antiproton beam densities, the electric fields in the
beam are not high enough to produce adequate drift velocities. In these
early stages the n values are expected to approach unity in the bending
magnets without affecting the heating rate due to Coulomb scattering on
the ions. This, because, at that stage both the emittance E and the
number of antiprotons N are such that the ion density is a factor of
many hundreds less than that encountered by a cool beam.

The straight sections between magnets will also be equipped with
clearing electrodes to avoid trapping ions in the coal beam potential
of around 15 Volts with respect to the vacuum chamber walls. The vol-
tage on all the clearing electrodes will need to be somewhat in excess
of the cool beam potential.
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INSTRUMENTATION ANQ CONTROLS

§.1 Introduction

During normal operation, the beam-derived signals driving the sto-
chastic cooling systems contain information on several important beam
parameters (see Section 6). Most of the additional diagnostic equipment is
needed to facilitate the initial running-in z.d subsequent setting-up for
operation.

The low intensity of an injected P pulse (2 x 107 Ppp) renders
observation difficult. It is therefore assumed that most of the setting-up
is done with p beams of an intensity permitting easy observation. After
pelarity reversal of the magnetic elements, the P should then behave in
the same way. However; whenever possible, the P beams will be observed

directly.

The proposed diagnostic systems are described .below, and their Toca-
tions shown in Figure 8.1.

8.1.1 Scintillator screens + TV

Scintillator screens will be used to detect the beam in the
injection and ejection channels. This requires screens at the following
locations

- entrance to septum

- exit from septum

- entrance to injection kicker.

To observe the first-turn trajectory, a combined screen and beam
stopper to prevent multipie traversals will be located

~ after nearly 1 turn,
The scintillator screens are 1 mm thick doped alumina plates. The
cameras are a radiation resistant version, developed at the PS. The

sensitivity, as tested on the PS Booster, is 2 x 10° p/cm?, and with a
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special Vidicon tube, as used for ICE, it should be possible to see about
12% p/cin®.  The p test beam will then be easily visible and possibly also
the pions accompanying the antiprotons. The ejection of a small P stack
(153° ©) could be observed at the entrance and exit of the septum.

8.1.2 Beam transformers
The beam transformers will be similar to those used on the ISR and the
SPS, with three ferromagnetic toroids : one is used in a magnetic amplifier

circuit to extend the measurements down to d.c., a second feeds an

integration circuit to extend the bandwidth upwards to a few MHz, and a
third forms an independent passive transformer with a bandwidth of

~ 100 MHz.

A version of the SPS beam transformer, improved for use on ICE, has
reached a resolution of 5 pA at frequencies below 1 Hz and about 50 pA
at the high frequency end. This just permits observation of the injected
P beam and is adequate to observe the slow increase in stack intensity.

For onerational reliability, 2 beam transformers will be installed

at places where the required aperture is small.

Schottky signals caused by statistical fluctuations in the proton
beam current are not only the basis for stochastic cooling but also offer
a convenient means of beam observation 7). Spectrum analysis of a
harmonic band of the current fluctuation gives the square root of the
particle density vecsus revolution frequency, i.e. the particle density
versus momentum. Furthermore, spectrum analysis of betatron sidebands
will yield the vertical and radial Q values of narrow Ap/p beams in the
machine. By placing beams at various radial positions, complete working
lines (Qv, Qy versus Ap/p) can be measured. This can be done with a
single injected proton beam, positioned by phase displacement acceleration.
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Perturbation and phase sensitive detéction techniques, recently tried
out in the ISR, will be used. It will also be possible to measure the
Q values versus momentum in the antiproton stack.

Measurements of RMS betatron oscillation amplitudes versus momentum
inside the stack are possible from betatron sidebands, once the working
lines (Qy. Qy versus Ap/p) and the particle density versus Ap/p are known.

Computer treatment of Schottky profiles is required to extract the

beam parameters mentioned.

Pick-ups of the coupling Toop type will be provided for these measu-
rements in one of the straight sections where ap = 0.

A total of 12 pick-up stations, each containing horizontal and ver-
tical electrodes, will be mounted in somewhat enlarged pump connections,
distributed regularly around the ring.

Conventional diagonally divided electrodes are propaosed. They have
good linearity and allow single turn observation. However, only bunched

beams 2re seen,

Even with high input impedance head amplifiers mounted directly on
the feed-throughs (as done for ICE) one probably cannot cbtain sufficient sensi-
tivity to measure a single injected p beam. Thus the exploration of the
clgsed orbits as a function of momentum will have to be done with p beams.
In this case, the signals are large enough to be transported over coaxial
cables before amplification and the active electronics can be in a radia-
tion free environment. The total bandwidth will be 100 kHz to 30 MHz.

The procedure by which the final stack is ejected in 6 batches can
be clearly observed.



Measurement targets similar to the ones installed on the PS Booster
are foreseen. Where the.target is flipped into the beam, all particles
with an amplitude greater than the distance from the target edge to the
clcced orbit are intercepted. In this way, one can measure the integral
of the amplitude distribution.

The vertical target will be placed at high ops so that the vertical
amplitude distribution as a function of momentum can be studied by
adjusting the horizontal position before flipping the target vertically.

In the horizontal plane a similar measurement is not pessible. The
target will be located at ap A& 0 and average over all momenta will be

measured.

8.1.6 Non-destructive profile monitors

At present, two non-destructive profile detectors are being develuped
and built for ICE, the Rubbia type and the Vosicki type. Both extract
the electrons, liberated by the beam particles from the residual gas, by
means of a transverse electric field with a magnetic field in the same
direction to obtain good spatial resolution.

In the Rubbia detector, the electrons are post-accelerated to about
50 keV and penetrate through & thin foil into a wire chamber, operated
in counting mode. The wires are spaced at 1 mm intervals so that a pro-
file can be obtained with good resolution.

In the Vosicki detector, the electrons impinge with about 40 keV on

a thin layer of scintillator. The light {s observed with a wide-aperture
lens, an image intensifier and a TV camera.
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The decision whether to build one of these two devices will depend
on the experience in ICE. A space of 2 x 1 m will be reserved.

It is important for the understanding and control of beam behaviour
to measure the horizontal and vertical tunes to an accuracy of * 0.001.

A kicker with a rectangular pulse lasting a fraction of a revolution
will excite coherent oscillations with an amplitude of a few m. The signal
derived from a position PU will contain the frequencies

£ = |m £ Q| £ oy

where m 1is the mode number. Selecting two modes by filtering, and
measuring the freguency gives the fractional part of Q. Alternatively,

one can measure one mode and f but this is possible only with bunched

rev?
beams .

Pulsing the kicker only in one plane and observing the oscillations
in both planes allows the coupling between the planes to be determined.
The Q kicker will occupy about 1 m.

8.1.8 Beam_loss monitors

During the running-in period, it is useful to know where and at what
time the beam is lost. Later on, the same information may be used to

minimize the losses.

A simple beam loss detector (developed at FNAL and also used on the
PS Booster) consists of a can of liquid scintillator in which a small
photomultiplier is immersed. The loss of 107 p or p can be detected
with a bandwidth near 100 MHz.

In total, 24 of these detectors are foreseen.

253



8.2 Controls

The control system of the cooling ring will be similar to the systems
in use at the SPS and in construction for the PS. It will essentially
consist of a control computer, interface equipment, a simple terminal for
Tocal control and a data 1ink to the PS message handling computer. In
this way the ring can be operated from the PS Coritrol Centre after the
initial running-in period.

Although a detailed 1ist of the possitle commands and data acquisi-
tions does not yet exist, it seems probable that a single computer will
be sufficient, both because of the -oncentration of all equipment in the
same area and because of the d.c. operation of most components. Data
acquisition from cycle to cycle will only be required for some purposes
such as beam diagnostics where the rate is limited by the operator's
capacity for interpretation.

The tight construction schedule will not permit the development of
any appreciable amount of software in assembly language. Existing soft-
ware (operating system, data modules) will therefore be adopted except
for the specific application programs that will be written in the
interpreter language NODAL.

The local control terminal will include disk storage for control
programmes and a simple video unit for graphic displays. Analogue wave-
form displays will be provided in the standard way, with switching con-
trolled by software. Transmission of these signals to the PS Control
Room will also be provided .

The access to the ring building will initially be controlled from
the local control room. After running-in, this will be transferred
to the PS Control Centre.

254



BUILDINGS
9.1 Introduction

The building for the antiproton ring is determined by a few basic
requirements. The general area must be such as to allow the 26 GeV/c pro-
tons from the PS to be led to the production target, and the cooled
antiprotons at 3.5 GeV/c to be conveyed both to the SPS and to the ISR.
This fixes the location alongside the transfer line TT2 (Fig. 1.1),
which allows the cooled antiprotons to be injected in the reverse direc-
tion in the SPS via TT2a and TT60 or into ring 1 of the ISR. In addition,
it keeps open the possibility of injecting antiprotons in the normal
direction in the SPS, should the need arise.

The choice of Tocation on the North side of TT2 was determined both
by the lower ground level, requiring less excavation, and to avoid blocking
the passage along TT2 with the switching magnets.

9.2 Main Halls

The basic layout of the building has been determined by a variety
of boundary conditions. Firstly the majority of the civil engineering
work, the subsequent installation and maintenance of the machine must be
able to procede independently of the operation of TT2, since both the
SPS and ISR are filled via this line. This requirement leads to the need
for a minimum of 4 m of concrete and rock between TT2 itself and the

excavation.

The production target area should be well separated and shielded
from the machine, so as to avoid radiation damage of the machine compo-
nents and so that the building housing the machine needs little or no

shielding.
There must be good access to the building for large and very heavy

components and direct communications across the ring for the stochastic
cooling signals. For these reasons the building consists of a rectangular
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hall of 65 x 58 m partially submerged in the molasse rock, with a road
access at one end (Fig.9.1). This contains the ring itself, the area
inside the ring will serve for most of the large power supplies, etc. as
well as for the direct connections required by the stochastic cooling.
To reduce the amount of excavation reguired, and avoid an excessively
long or steep access road, the building has a floor level 1.9 m above
that of TT2. This corresponds to a floor level about 7 m below the sur-
face of the molasse, so that lateral shielding will not be required,
although it will be necessary to close the access road during machine

operation.

9.3 Target tunnel
The antiproton production target is located about mid-way along a
30 m long tunnel, 3 m high and 6 m wide which leads into the semi-

underground hall housing the cooling ring.

The beam pipe enters this area through a 80 cm diameter hole bored
in the molasse which connects with a small gallery constructed alongside
TT2 (Fig. 4.2).

This effectively separates the access and operation of the machines
from that of TT2.

The proton beam entering the target tunnel is inclined upwards by
about 2° to allow for the 1.9mhigher floor level of the building.
The beam is deflected into the horizontal plane, then accuretely
steered and focused by a quadrupole triplet onto a tungsten target
10 cm long and less than 3 mm in diameter. The antiprotons produced
are then collected by a small magnetic focusing horn of about 45 c¢m
length and matched into the 3.5 GeV/c line for transfer to the cooling
ring. The antiprotons are deflected 4.59 to the left and the non-
interacted protons continue almost straight on (v 4% right) into a beam

dump.
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Since the target and beam dump area and components will become
highly activated, considerable attention has been devoted to the concep-
tual layout.

The antiprotor production system can be divided into three parts
having quite different characters

i) a conventional proton beam transport system with 1ittle or no
beam loss and consisting of conventional elements;

the target zone itself, with very high radiation levels and poten-
tially fragile components such as the target and magnetic focusing

~—

ii

horn;

ii1) the collimator and beam dump area, again with high radiation levels
but containing large mainly passive elements which are expected
to have very high reliability.

The design philosophy is to minimize both the number and
complexity of components in the high radiation areas, isolate them from
adjacent areas and arrange for easy access to components. Thus the
arrangement foreseen consists of a curtain of 80 cm thick shielding blocks
suspended from the roof, separating the beam line from the rest of the
tunnel, and a 30 cm thick wall just upstream of the target, to separate
the first two areas.

A11 cables, cooling water pipes, etc. will be situated on the East
wall and connections made by crossing the tunnel in transverse ducts.

In area i) normal access for maintenance will be possible due to
the shielding alongside areas ii) and iii) and just upstream of the target.

In area ii) components will be pre-aligned on marble bases, and
enclosed in marble whenever possible. These assemblies could for instance
be moved into position on a removable trolley and lowered onto precision

supports.
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The electrical and cooling supplies pass via the marble base as
indicated in Fig. 9.2 , so that all connections and disconnections,
except for the vacuum pipe, can be made with the shielding curtain in
place. It should be noted, however, that the target + horn assembly will
be in air and so need no vacuum pipe connections. Thus, as presently
envisaged, area i) ends with a piece of beam pipe through the 30 cm
shielding wall, containing a vacuum window.

Wherever vacuum a ;connects are necessary, it is foreseen to use
quick disconnect flanges which can be operated with special tools.

In area ii)}, the beam dump and collimator are foreseen as instal-
lations fixed once and for all which would not be touched afterwards.
If however some repair or modification should be needed, the shielding
followed by the equipment would then be moved into the hall.

The shielding Tayout is shown in Fig. 9.3.  This gives &ccess to
the tunnel via a labyrinth for personnel. For equipment and vehicle
access, a removable plug is planned.

Initial calculations based on 5 x 10 !® protons per year show that
with this layout, the maximum dose received by the cables, etc. on the
East wall of the tunnel is about 1 Mrad per year, and the maximum level
in the passageway 24 hours after shutting off the beam is 20 mrad/hour

(Fig. 9.4).

After stacking and cooling,the beam re-enters TT2 via a pipe
through the molasse. For injection counterclockwise in the SPS, a con-
nection will be made between TT2A and TT60 (Fig. 4.9).
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9.4 Services

To house the cooling plant, electrical sub-station and local con-
trol rooin, a surface building is located along the East side of the hall.
This is of conventional construction with a double floor which connects
to an existing technical gallery. The total installed power will be
about 5 MW and the machine components will be cooled by a conventional
demineralized water circuit with a supply pressure of 25 bars and a
total flew rate of about 4 m3/minute. This will be cooled via heat
exchangers and primary water from cooling towers.

The ventilation system foreseen will operate closed circuit during
machine operation with the addition of a small supply of fresh air tc
maintain a slight overpressure in the building and to compensate for
leaks. To avoid excessive heat loss, the walls and roof of the building
will have additional thermal installation.

As presently envisaged, the building will be equipped with two
5 ton cranes, each with a span of 32 m coverinc a half of the hall,
but the metallic structure is designed to sup.urt their possible repla-
cement by 50 tor cranes.
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10.

SPS ASPECTS

This chapter delas with the modifications and additions necessary to
the SPS. Extra hardware for the low beta insertion, the RF systems and
for diagnostic purposes are described and intensity, lifetime and stabi-
lity limits discussed. As a foreword we describe the status of the SPS
machine development studies related to the proposal.

10.1 Results of SPS machine development studies

Studies relevant to the pp proposal have been carried out in machine
development sessions on the SPS throughout 1977. Results to date are
encouraging.

i) A normal circulating beam at 200 GeV has been stored for periods
of more than an hour. The decay time during storage is in excess
of 15 hours, consistent with a measured average pressure of
5 x 107° Torr. At the design energy of 270 GeV the decay time
should be double this figure. The key to obtaining long-lived
beams is careful control of chromaticity to keep the Q spread
small, and careful tuning to avoid fifth order stop bands.

ii) A single bunch 5 ns long containing more than 10'! protons has
been injected. The space-charge Q spread caused beam to be Tost
to betatron resonances as predicted by theory. At the start of
acceleration, 300 ms after injection, 6 x 10!° protons are left
and of these, 3 x 10!? pass transition to reach high energy.
This reproduces the space charge conditions for the design
luminosity of 103° em? s7!.

iii) No transverse instabilities causing beam loss have so far been
encountered, although we are within a factor three of the bunch
population needed to reach design luminosity.

iv) Single bunches have been stored at 200 GeV, though in these
preliminary experiments only 10!° protons were accelerated; an
intensity per bunch midway between that normally accelerated in
the SPS and that required by the new scheme. No adverse effects

were seen.
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v) Preliminary measurements of beam growth during storage are
within the theoretical estimates quoted helow.

vi) The CPS has injected 3.5 GeV/c protons into the SPS and injec-
tion parameters adjusted to obtain a centered closed orbit with
only one or two millimeters of distortion, an optimum Q value
and zero chromaticity. In spite of the rather large transverse
and longitudinal emittances of the proton beam, roughly twice
that to be expected when antiprotons are injected, beam decay
times of almost one second were obtained. It is expected that
this decay, thought to be due to non linear resonances, will be
considerably extended when smaller emittances are injected and
when measures are applied to compensate the stop bands.

Further experimental investigation will be needed to develop the
3.5 GeV/c injection scheme and study the effects of the low beta inser-
tion. These early experiments must also be translated into an opera-
tionally reliable procedure.

10.2 Intensity limitations

10.2.1 Single particle ph 13

The antiprotons, injected at 3.5 GeV/c, are three times more
sensitive to remanent field imperfections in the SPS guide field than
the protons, injected at 10 GeV/c. Careful correction of closed orbit
and betatron resonances will be required and facilities installed in the
SPS but rarely used because of its good magnetic purity will no doubt
have to be brought into operation. The SP5 at 3.5 GeV
behavesrather 1ike the FNAL main ring. One can therefore hope, with
some confidence, that an acceptance of :

Av/n = 1 mm mrad

A,H/'rr =1.4 mm mrad

can be made available even at 3.5 GeV/c. y
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The invariant emittances of the artiproton beam assumed at injection
and used as a basis for calculation of space charge Q shift correspond
both to the physical acceptance of the transfer chanvwel and the SPS
physical acceptance assumed. They are

Evﬂy/ﬂ = 3.73 mm.mrad

EHBY/TT = 5,22 mm.mrad

One must expect some dilution of these emittances during accelera-
tion and for the calculation of luminosity, beam-beam Q shift and gas
scattering dilution at 270k GeV/c, larger antiproton invarient emittances

are assumed. They are

Evﬂy/n 5.5 mm.mrad

EHBY/TT = 11.0 mm.mrad

Because the proton beam undergoes fewer manipulations and is injected
at a higher energy we assume a value based upon experience with the SPS
which at all energies has an invarient value of

EvBy/Tr = 10.0 mm.mrad

EHBY/TI = 20,0 mm.mrad

10.2.2 Transverse collective phenomena

Possible limitations on beap intensity due to transverse collective
phenomena were thoroughly studied during the design of the SPS. Reference
18 contains a complete review of possible instabilities. Experience with
large accelerators leads us to believe this review to be valid, both
qualitatively and, apart from minor reservations, quantitatively.

In its pp -storage mode the SPS will be loaded with six antiproton
bunches and six proton bunches, each containing 10*! particles. The mean
current in each beam averaged over the circumference is low by SPS stan-
dards and collective effects which depend on mean current or are driven
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by impedances whose time constants are comparable to, or longer than a
revolution period, are not expected to be troublesome. One can therefore
discount

i) The low frequency transverse instability or "resistive wall effect"
which appears in the SPS at 15 ml mean currvent {2 x 102 particles)
at a frequency below 1 iHz.

ii) The high frequency transverse instability at 460 MHz, which appears
with over 5 x 102 particles circulating, and which is driven by
parasitic deflecting modes in the rf cavities whose bandwidth, 15 kHz,
indicates a time constant of more than one revolution.

Since there is ample time between the passage of bunches for ions and
electrons to diffuse away, the effects mentioned in Reference 18 due to
neutralization may also be discounted.

Although the mean pp current is Tow, the lacal current or bunch
population is high, 101! compared with 2 x 10° per bunch in normal SPS
operation, The two remaining collective phenomena, which Reference 18
warns us to be beware of, are single bunch instability and space charge
Q spread. h

10.2.3 Single bunch transverse instabilities

Reference 18 contains a prediction by Sacherer for this effect. At
2 x 10? protons per bunch, the rise time should be 80 ms falling to just
over 1 msec for bunches of 10'! particles. We would expect this "head
tail" effect to just overcome the Landau damping present in the beam and
appear at a threshold 10*! protons per 200 MHz bunch. Sacherer's calcu-
lation assumes that the only transverse impedance driving the effect is

that of the vacuum tube itself.

Having succeeded in injecting 10'! protons into the SPS in a single
bunch and in accelerating 60% of this to transition, we feel reasonably
confident that the single bunch 1imit is close to Sacherer's 1972 estimate.
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Gareyte has shown that the sensitivity of the CPS to single hunch insta-
bilities is much larger than that calculated from the impedance of the
pipe itself and high frequency impedances presented by major disconti-
nuities in vacuum chamber geometry have been invoked to explain this.

We can only conclude from SPS experiments that such additional impedances
should not be scaled up with the machine radius and that in the SPS they
no more than double the effect of the pipe ijtself.

However, it would be too optimistic to hope that we will reach the
design luminosity without having to deal with the lowest mode of the
instability. Our single bunch experiments already show an unexplained
loss at transition which may be due to single bunch instability. Careful
chromaticity control should deal with any such difficulty.

The effect of the Laslett Q shift is negligible in normal operation
with 10'® protons spread around the 7 km of SPS circumference. But
because it depends on local current density it becomes a force to be
reckoned with in the proton-antiproton application. Although only
6 x 10 narticles circulate in each beam they are eventually compressed
into a total beam length of only 30 m. At 10 GeV/c, this would produce
an unacceptable Q shift of 0.15 and at 3.5 GeV/c, because the effect is
proportional to 1/y® for a given invariant emittance, the Q shift would

be ten times larger.

In a bunched beam there is a change in AQ as particles pass from the
intense centre of the bunch to the rarefied ends. A particle with maximum
synchrotron amplitudes will pass twice per synchrotron period from a Q
value which is depressed by AQ, back to the unperturbed Q of the lattice.
Even if one retunes the lattice by some fraction of AQ to restore the
centre of probability of the Q distribution, a Q spread remains whose
full width equals aQ which must fit between neighbouring stop-bands.

The problem is similar to that of the Q spread due to SPS chromaticity
combined with momentum spread. Experiments have shown that, in a machine
of this size, significant fraccions of injected beam begin to be lost if
the chromatic Q spread exceeds 0.05 full width.
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It is principally for these reasons that we propose to inject the
antiprotons into the long buckets of a 2.6 MHz low frequency RF system
at 3.5 GeV/c. Protons are also injected into these long buckets at
10 GeV/c and only at 18 GeV/c are the bunches squeezed into the short
200 MHz buckets in which they are accelerated and stored at 27" GeV/c.
The details of these RF manipulations are described in Section 10.5. At
each stage the bunches are comprassed only when their y has risen suffi-
ciently for the Q shift to be acceptable at a higher 1line density.

Table 10.1 shows the Q shift expected at each stage. The most serious
Q shift is encountered by antiprotons at 3.5 GeV/c but it is still
somewhat smaller than the Q shift calculated for the single bunch simu-
lation performed recently in the PS.

TABLE 10.1

Q shift due to space charge

Total beam
° Bunch length | Number of AQ

p (GeV/c) (uqlﬁi?f (m) bunches - -
at injection 3.5 6 80 6 0.06 -
for h = 60 18 6 11.5 6 0.016 | 0.006
after
compression 18 6 1.4 24 0.032 | 0.012
after mer-
ging 4 270 [ 1.4 4 0,0006
bunches
into 1
SPS simula-
tion expe- 10 0.6 1.4 1 0.08
riment

(Emittances are the low energy values defined in Section 10.2.1),
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In the single bunch test 6 x 10!® protons out of more than 10%!
loaded into a single 200 MHz bunch at 10 GeV/c survived a 360 ms dwell
time at this energy to be accelerated to transition. Losses were expo-
nential as one would expect from repeated crossing of betatron resonances
caused by Q spread. They rose steadily with injected intensity rather
than appearing suddenly is an instability threshold and we are confident
that the simulation reproduced the space charge Q shift phenomena to be
expected in this proposal.

10.2.5 Longitudinal instabilities_in_the SPS

The filling time of the SPS 200 MHz cavities is 560 nanoseconds,
less than 3% of a revolution period and much longer than the bunch length.
Transient effects due to the sudden arrival of such a dense packet of
charge deserve fur her study but meanwhile we take comfort from the
successful acceleration of single bunches which already contain between
3 and 6.10%° protons.

Similar arguments Tead us to expect that the beam will not be
longitudinally unstable due to the impedance of other cavity-like objects
in the ring.

At low energy, while *he antiproton bunchkss are rather long and
under the influence of low frequency rf systems, the 200 MHz cavities
remain a potential source’ of microwave instability. Their impedance at
these frequencies must be reduced by a factor 40 to a Z/n of about 20 ohms.
This is a value comparable with other parasitic impedances around the
ring. If broad band amp'ifiers and cavities {190 to 210 MHz) can be
installed, they may be used as a feedback Toop to compensate beam
induced voltages in the cavities to an accuracy of 2%. The design of
these systems is under way to damp instabilities in normal SPS operation
but is still at a rudimentary stage.

At 270 CeV, single bunches containing almost 10*° protons have been
stored, but it has yet to be demonstrated that bunches of 10! particles
will remain stable. Bunch areas of at least 550 mrad are theoretically
necessary and the expected area of 3 to 4 radians should be safe.
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10.3 Scattering and SPS vacuum

10.3.1 The SPS_vacuum

The SPS vacuum is considerably better than its design value, During
the last six months, careful surveys of the pressure measured at ion
pumps around the ring and at pressure gauges between the pumps show an
average of 7 x 1077 Torr dropping to 5 x 10~ Torr as pressure bumps due
to small leaks have been progressively eliminated. Eventually we expect
the average pressure to be no higher than that of the best sextant (i.e.
2 x 107 Torr).

Approximately half the pumping ports in the SPS were deliberately
left without ion pumps when tne present system was installed, and by
mounting extra pumps on these ports one might drop the pressure even
further to 10~° Torr. Further improvements, particularly in rate of
pump down, are to be expected if heating elements are attached to vacuum
tubes to allow a mild bake-out. The benefits of baking are under study.

13.3.2 Beam_loss _lifetime

Estimates of nuclear scattering beam loss depend upon gas composition

and further losses due to Coulomb diffusion to the walls dep n assumed
aperture stop radius for the machine, but one can estimate .  effects
and scale them from measurements at higher pressure made a «~. Both

methods agree and predict lifetimes at 5 x 10~=°® Torr (N2 equivalent) of
40 hours at 200 GeV and 50 hours at 270 GeV. At 2 x 10~? Torr lifetimes
should be several days. With careful chromaticity compensatioa and Q
tuning, SPS experiments have achieved decay rates of only 2% in the
first hour at 5 x 107° Torr and at 200 GeV. The natural 1/e life

time corresponding to this decay is 25 hours; we seem within striking
distance of the theoretical lifetime.
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10.3.3 Emittance growth and degradation of luminosity due to scattering

The Coulomb scattering due to the residual gas may be calculated
exactly using Moliéres solution of the diffusion equation :

= 2 0.27 Pt
Oe(t) = /%n + Do?

where : ee is the rms diverger~> after time, t.
8, is the initial value of 6. *
P is the gas pressure in Torr assuming N,.
po is the momentum of the stored particles in GeV/c.

Suppose a small scattering angle 86, is produced at a point in the
machine where the betatron function is 8(s), and observed as a displace-
ment, 8o, at a reference point where =g which 1s distant in phase from
the scattering event by Ap . Then, from a well known expression in
Courant and Snyder :

502 = 6028B(s) sin AY

To calculate the mean square displacement due to all such events

wherever they occur in g or y we must take the mean of the above expres-
sion , %=
se BB

This, combined with the first expression gives a formula for the
increase in the standard deviation, or half width at half height, of
a Gaussian shaped beam profile observed at E (at other points in the
ring the dilation, like the beam itself, scales as ai)

/5 .0.2785 Bt
a(t) = T, o

2p°2
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He notice that o® grows linearly with time

d(c?) _ 0.27BBP
dt - 5
Zpo

Extensive measurements of scattering dilation have been made at
FHAL ') at elevated vacuum pressures above 10=7 Torr where this effect
predominates. The results clearly demonstrate the expected pressure and
energy dependence and curves of o2 versus time exhibit the expected linear
slope. Putting their measured value for the slope in the above equation
gives a pressure of 3.10-7 Torr for the FNAL main ring vacuum. This
value is consistent with other estimates and measurements of their vacuum
pressure. There exists of course the usual uncertainty of a factor 2
in such estimates in the absence of a gas analysis.

We can therefore with some confidence precizt the growth rate for
the SPS. Taking

=8 m P = 2.1079 Torr (N, equivalent)

™ty

=110 m P, = 270 GeV

one predicts

d(a?)/dt = 2.2 107! m?/s

In 24 hours the growth is (1.39 mm)2 and taking normalised emittances
of 20 m mm.mrad horizontally and 10 7 mm.mrad vertically corresponding to
o's of 1.4 and 1.0 mm respectively, the luminosity, inversely proportional
to the product of the two o's, drops by a factor 2.4.

Bearing in mind that we have assumed pessimistically that at these
Jow pressure the gas is nitrogen while gas analysis suggests at least
half is a partial pressure of lighter and much Tess dangerous elements,
we conclude that the emittance growth of the beam will be tolerable at

2.107° Torr.
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Remembering that the antiproton beam may have a smaller emittance
initially and that one may find that optimum luminosity is achieved in
practice with fewer protons within a smaller emittance, we still feel
that a further reduction of residual pressure obtained by adding pumps
may well be a valuable investment.

10.3.4 Beam-beam interaction

The design luminosity is ultimately limited by the electromagnetic
forces on a particle as it passes through the colliding bunch of the
other beam. The forces are of a non-linear nature and can drive destruc-
tive non-Tinear stopbands just 1ike imperfections in the guide field.
Solution of the non-linear probiem is complex and depends on particle
distributions in all three phase planes of both beams. A calculable
measure of their strength, however, is the linear Q shift. Experience
with the ISR shows that if decay rates due to related non-linear driving
forces are to be smaller than 10 hours, this Q shift must be less than 0.01.

Assuming elliptical beam cross sections, Gaussian distributions,

frontal collisions and v = ¢, the tune shift is

T N By
s Ty |(erDn average

is the prolon radius

where LS
N is the number of particles
a is the RMS beam half width
b is the RMS beam half height

Examination of this expression shows that it is independent of
momentum for an invarient emittance and of the azimuthal structure of

the beams.

The formula assumes that the n bunches of each beam collide in 2 n
points around the ring. The quantitiy i brackets is averaged over
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all these meeting points and since both numerator and denominator scale
as beta, contribution from the low beta interaction point will be no more
important than those from each of the 11 other meeting points. Small
differences arise only from the aspect ratio of the beams at the diffe-
rent points.

The worst beam-beam Q shift is that experienced by protons in the
vertical plane as they traverse the antiproton beam whose normalised
emittances are 5 and 10 mm.mrad. The calculated value at full lTuminosity
is a Q shift of 0.064 and much larger than may be tolerated. HWe must aim
to prevent collisions at the unwanted meeting points by displacing the
beams tranversely. ISR ca]cu]ationSZD) suggest a separation of 7.5 rms
beam half widths is sufficient to reduce the non-linear forces by an
order of magnitude. At 270 GeV this corresponds to 8 mm at maximum beta.

The orbit separation must be produced by electrostatic deflectors
which, unlike magnetic deflectors, produce orbit deformations of opposite
sign for the two beams. One such deflector 5 m long and operating at a
field of 60 kV/cm will producy a deformation in each orbit of 6 mm
amplitude which has the form of a sine wave of azimuthal frequency
Q = 26.6. Since this frequency is unrelated to the 12 fold symmetry of
the meeting points, one expects the average separation at meeting points
to be the necessary 8 mm.

For quite independent reasons, namely to scan the beams across each
other at the low beta points vertically and radially in order to determine
luminosity and measure backgrounds, four such electrostatic deflectors
will be installed in each plane close to the low beta section. Each quartet
can be used to steer the beam at the lTow beta location and at the same
time produce the necessary orbit distortion elsewhere in the ring.

With the beams separated at all but the Tow ueta section,the Q shift is
reduced to a tolerable .009.
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10.4 The low beta insertion

10.4.1 The long_straight_sections

The lattice of the SPS has six long straight sectiaons formed by simply
omitting 20 dipole magnets without perturbing the regular focusing pattern.
Of the six, one, LSS5, is almost unused and can be modified by adding
quadrupoles to produce a low beta in both horizontal and vertical phase
planes. A similar modification may also be made in LS54 if the beam dump
system, which occupies some of the space, is displaced to anather long
straight section.

10.4.2 The_low_beta insertion

Fig. 10.1 and Table 10.2 show the modificatians to the focusing struc-
ture and beam dynamics at the insertion. The programme 46521) has been
used to arrive at this solution. The low beta values are : 4.7 m hori-
zontally and 1.0 m vertically, and the momentum compaction function, Gp,
is essentially zero over the whole of the long straight section. The
normal lattice quadrupoles in the neighbourhood of the insertion are
left in place, but are modified in strength to form an integral part of
the insertion design. The entire half cell between quadrupoles Q517 and
Q518 is left free of obstruction for experimental equipment at the inter-
action region. This total free space is 29 m. The asymmetry of the
design stems from the fact that one is producing minima in the beta func-
tions at points where such extrema do not exist in the unperturbed lattice.
To produce a symmetric solution, a normal SPS quadrupole would have to
be removed.

10.4.3 Effect on SPS dynamics

The insertion inevitably perturbs the dynamics of the SPS. To obtain
a low value at the intersection point, beta must be allowed to rise to
five or six times the normal maximum of 100 m on either side of the
insersection. If the insertion were to be switched on throughout the
acceleration cycle of the SPS, quadrupoles and bending magnets about the
insertion would need to be enlarged in aperture to allow the passage of
the large emittance beam at 10 GeV/c or 3.5 GeV/c.
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Furthermore, the modifications to beta functions make the phase
advance over the long straight section very different from that at other
straight sections. A superperiodicity of one is introduced and systematic
sextupole and decapole errors, principally in the remanent fields of the
dipole magnets, become capable of driving all third and fifth integer
betatron resonances. The dislocation also breaks the regular pattern of
72 chromaticity correcting sextupoles which could then excite all third
integer resonances.

It is expected that at 270 GeV the effect of remanent fields will
be weak enough and the emittance small enough for these effects to be
tolerable, given some modification to the pattern of correcting sextupoles.
The problem has yet to be studied with computer simulation. But at
10 GeV/c, where the SPS is known to already be sensitive, even to non-
systematic betatron resonances, one can be sure that such a dislocation
to the optics is intolerable. Injection at 3.5 GeV/c and space charge
Q-shift would only make things worse.

10.4.4 The_"in-flight" insertion

We propose to circumvent this problem of aperture and stopbands at
low energy as follows. The SPS will accelerate to 270 GeY with the seven
extra quadrupoles of the insertion switched off, and with its full com-
plement of normal quadrupoles in series. Qnce the beam is stored at
270 GeV, individual supplies, powering the extra quadrupoles, and active
shunts by-jassing nine SPS quadrupoles whose strengths are to be modified,
are ramped to slowly transform the unperturbed machine into the configu-
ration shown in Fig. 10.1. That a continuity of solutions exists between
unperturbed and perturbed configurations, must be checked, but such
"in-f1light" transformations have been applied to SPEAR and ISR with success.
Some further modification and additions toithe proposed gquadrupole loca-
tions may prove necessary to ensure this continuity.

Altagether nine SPS quadrupoles must be equipped with active shuats.
Five of them are only trimmed by a small amount. The others must be
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altered considerably and in the case of 516 and 518 reversed in polarity.
This will require stout cables fram the active shunts. The seven extra
quadrupoles (Q1 through 7) must also be powered individually through
cables from the surface.

The lengths and apertures of all quadrupoles are standard values for
the SPS and all strengths are velow the saturation Timit. Nevertheless,
several of the quadrupoles must run DC at full field and new coils with
larger cooling holes may have to be constructed and installed. An alter-
native solution is to install more quadrupoles at the risk of obstructing
space otherwise left free for experimental equipment.

TABLE 10.2

Quadrupole modifications

(= {dBy/ex)

Normal SPS locations

Number k (m=2)
g}z _g'g}g? weak active shunts (3)
516+ 0.0108 + main bus
517 }
518* 0.028 strong active shunts
519 0.,0118 + main bus (3)
520 -0.007
522 -0.0142 weak active shunts
533 0.0123 } + main bus (2)

Q 0.006

2 }-0.0196 .

4 0.0215 individual power supplies (5)
5 0.0229

6

7 }-0.0198

(k = 0.015 m~2 is a standard SPS strength)
* Reversed
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10.4.5 Insertion design procedure

The first step in calculating a system to produce the required
values of By» Bg and o, and their derivatives at the centre of the inser-
tion is to slightly modify the strength of quadrupoles 513, 514, 522 and
523. These are within the bending structure on each side of the insertion

and may be adjusted to make p zero throughout the long straight section ).

The second step is to place three quadrupoles next to Q517 and three
next to Q518 to form, together with these quadrupoles, strong doublet
lenses which pinch beta to a minimum in both planes. To achieve suffi-
cient perturbation, each member of the doublet is really two quadrupoles.

With modifications to the strength of 519 and 520 downstream and 516
plus an extra quadrupole, Q1, upstream, eight variables are available,
sufficient to match By, By plus their derivatives into each side of the
lattice. A1l the gquadrupoles varied in this second ghase are within the
bending free region and so the initial % match is not perturbed. Note
that normal quadrupoles 516 and 518 have opposite polarity from their
normal configuration. Their active shunts must provide about twice the

normal quadrupole current.

Finally, one adjusts the strength of all the other lattice quadru-
poles to restore Q, perturbed by the additional phase advance introduced
by the insertion. After a second iteration of this procedure, AGS gives
a consistent solution.

10.4.6 Errors_and_tolerances

We have studied the effects of errors in the focusing strength of
the insertion quadrupoles. An error of 3 x 10°* in a quadrupole at a
high beta point causes a 2% modulation of the beta function around the
ring and doubles the half-integer stopband width due to gradient errors
in the unperturbed machine. To be safe, bearing in mind that there are
several such quadrupoles with errors weighted according to g8, it would
seem reasonable to ask for a gradient precision of 10~* or better.
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It seems one can make quite large changes to the Q of the machine
of the order of unity by means of the normal SPS quadrupoles, without

disturbing the low 8, low up condition.

A large number of solutions exist and one may shift the location of
the intersection point by several metres or provide larger betas or
different aspect ratios without moving quadrupoles. However, to produce
a significantly lower beta, more guadrupole strength and better precision
would be required.

10.5 RF systems for the §PS

The present SPS RF systém has a nominal freguency of 200 MHz and,
when augmented as is planned in the present SPS improvement programme,
will supply a peak voltage per turn of 8.8 MV. One half of this is
available for p and 'p each. A single bunch riding in a stationary bucket
formed by the RF system will have a length less than 5 ns. This is con-
sistent with the experimenters need for a short interaction region and a
high luminosity. Each stored beam will consist of six such bunches
equally distributed in azimuth and each containing a nominal 10%! particles.

One may calculate the phase space area of these bunches from the
momentum spread obtained in the cooling ring. In Section 2.7, we show
that the momentum spread has a minimum value mainly determined by the
necessity of limiting the intra-beam scattering. Although the bunch area
thus calculated is small enough to fit in at 270 GeV stationary bucket,
it is too large to be accelerated in a single 200 MHz bucket in the
critical region just above transition where the bucket area for a given
voltage is considerably reduced.

We propose to overcome this difficulty by sharing the longitudinal
phase space area of the bunch among four consecutive 200 MHz buckets
during th? acceleration process and then merging them into a single bunch
at high e%ergy. A special 16.9 MHz RF system is required for this mani-
pulation. \» :
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A sacond special RF system tunable to 2.6 and 9.1 MHz is required
to cover the low energy part of the acceleration cycle from 3.5 to 18 GeV/c.
In Section 10.2.4 we show how serious the Laslett space charge Q shift can
be in this energy region if one attemps to keep 10'! particles in short
bunches. Even when 80 m long bunches of antiprotons are injected inte
the buckets of the proposed 2.6 MHz low energy RF system, the line density
is high enough to produce a Q spread of 0.055.

The parameters of these two new RF systems and the conditions pre~

vailing at critical points in the acceleration process are to be found
in Table 10.3. Details of the manipulations are described below.

10.5.1 - Acceleration from 3.5 to_18_GeV/c

Six long bunches of antiprotons, each with an area of 12 mrad, a
length of 80 m and a momentum spread of + 6.7 x 10~* are extracted in
turn from the cooling ring and deposited in 2.6 MHz buckets in the SPS.
The 2.6 MHz RF system proposed consists of four CPS type ferrite tuned
cavities giving a maximum total voltage of 80 kV and operating at a
harmonic number of 60Q.

Initially the space charge Q spread is 0.055 but as acceleration
proceeds this falls as 1/y? and one can afford to increase the accelera-
tion rate, thus shortening the bunches. Nevertheless acceleration to
18 GeV/c will take more than 10 s and considerable improvements will have
to be made in 3.5 GeV/c beam lifetime if a large fraction of the anti-
protons are to survive.

Protons will be injected at a momentum in the range 10 to 14 GeV/c
and the acceleration of the antiprotons will be arrested for 3.25 s to
allow the SPS kicker to fire and recover six times, transferring six CPS
bunches into equally spaced slots around the SPS circumference. The
proton bunches will be matched to the buckets of the low frequency RF
system by voltage manipulations in the CPS. Care must be taken not
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to kick out antiprotons and the collision point of the two opposing beams
must be some distance from the long straight sections, at this time.

Following injection of protons the low frequency RF system accelerates
both beams to 18 GeV/c where the Laslett Q spread has fallen to the level
where one may compress the low frequency bunches into the four 200 MHz
buckets which will take them to high energy.

During acceleration from 3.5 to 18 GeV/c the low frequency bunches
have shrunk to a length of 11.5 m. Their momentum spread is * 107 and
they are rather prone to longitudinal instability (Z/n = 48 Q). To fit
into four 200 MHz buckets each bunch must be compressed to less than 6 m
length. This may be done by suddenly increasing the RF voltage so that
the long shallow bunch rotates in a much taller bucket until after one
quarter of a synchrotron revolution it becomes short and tall. This
process of bunch compression has worked successfully in the CPS.

Unfortunately .ne four CPS cavities do not provide sufficient voltage
for this manoeuver at a harmonic number of 60. However, the bunches are
short enough at I8 GeV/c to fit in a bucket produced by retuning the
cavities to harmonic number 210, The details of this change in harmonic
number are as follows. The heam is held at harmonic number 60 with three
of the four cavities giving their full voitage of 60 kV. The fourth
cavity is tuned to h = 210 and powered to 20 kV, a voltage which matches
the bunch at this higher harmonic number. The first three cavities may
then be switched off and retuned to h = 210, ieaving the beam under the
control of the fourth cavity. By then rapidly raising the additional
three cavities to their peak Volts, an 80 kV bucket is formed in which
the bunch rotates. A1l cavities are then switched off and the 5.7 m long
bunch adiabatically captured in four adja.ent 200 MHz buckets in which
it is accelerated to full energy.
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10.5.4  Acceleration_to_270_GeV/c

The SPS 200 MHz travelling wave cavities accelerate only in one
direction. Particles passing in the opposite direction see only a small
resultant perturbation.

By the time the p-p scheme is implemented, the SPS will have been
equipped with four cavities as part of the programme to increase intensity
and repetition rate. Each pair of cavities will provide almost as much
voltage per turn as those presently installed. One has only to connect
one pair in the opposite sense to the otner for antiprotons. In this
way, the two beams may be treated separately. They may be given slightly
different frequencies so that the interaction point where bunches clash
can be made to migrate to a different point in the ring. With six bunches,
there will be twelve such interaction points. At injection these should
be remote from the Tong straight sections to avoid kicking out antiprotons
as protons are fed in. As acceleration proceeds they will be made to
migrate to be coincident with the experiments in the Tong straight section(s).

An alternative method of using the cavities is to pump RF power from
one end as the protons pass, and from the other end as antiprotons pass.
This is possible because the filling time of the cavity is only one thirtieth
of a turn. In this way the full voltage of the four cavities may be applied
to each beam providing large bucket areas. This mode of operation however
would require there to be five rather than six bunches in each beam. With
six bunches the two beams would arrive simultaneously at the cavities which
like the Tow beta point are Tocated in a long straight section and there-
fore at an interaction point.

10.5.5 Compressing_four_bunches_into_one

At high energy the high frequency RF system has sufficient bucket
area to contain each train of four bunches in a single bucket. The trans-
formation is made by a bunch rotation similar to that made at 18 GeV/c.
The 200 MHz is momentarily switchd off and large buckets formed by a
16.9 MHz system in which the four bunches rotate (Fig. 10.2) from being
a string along the phase axis until they extend along the momentum axis

279



of Tongitudinal phase space. The voltage required is 1 MV and the °F
system to produce it at this frequency is axpensive. Nevertheless this
final manipulation is necessary to achieve the design Tuminosity.

Once rotated the four bunches, superimposed in time, may be captured
in a single 200 MHz bucket by switching back to the normal RF system.

10.5.6 Longitudinal_instability

Intense bunches are inevitably prone to longitudinal instabilities
and care must be taken to ensure that the RF systems not active at any
given time are "shorted" to present a minimum impedance %o the beam. The
danger points are just before the two bunch rotations where Z/n of 20 to
50 Ohms can produce an instability.

10.6 Diagnostics
10.6.] Present_equipment in_SPS

The SPS is equipped with instrumentation designed to monitor a
continuous beam with 200 MHz structure at intensities in the range of
1081 to 10'* protons (800 yA to 80 mA). Detectors and instrumentation

include

i) Beam current transformers (BCT) with a noise and long term drift of
240 uh (3 x 10'° protons).

ii) Closed orbit measurement systems using 216 electrostatic pick-ups
looking at the 2D0 MHz structure of the beam and capable of 1 mm
accuracy at 10! ppp (800 pA).

iii) Q measurement systems wn.ch operate by kicking the beam and proces-
sing the signals from broad-band electrostatic pick-ups. The ..:nal
is sampled at the revolution frequency throuzh a gate which is
presently long compared with a single bunch. Fourier analysis
determines the frartinnal paft of Q and indicates the Q spread.
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a)

b)

c)

TABLE 10.3

RF parameters for the SPS

Particles per bunch

Ytr
EyBy = E 8Y/2

1011
24

3.73r.1076 rad m

SPS low frequency - low energy 3.5 GeV/c + 18 GeV/c

RF frequency (h = 60)

Area of 12 mrad cooling ring bunch in SPS
Length of bunch

Length of trapping bucket

Blown-up bunch area

RF voltage for trapping

Longitudinal stability (Z/n)g..
Incoherent Q spread

Initial g {const.tunch length)

Initial RF voltage for acceleration

Injection of p bunches from PS

Momentum

Buiich area in PS (h=20) corresp. to
17.6 mrad in SPS (h=60)

Change of h = 60 to h = 120 in the SPS (typical)

Momentum

Voltage on h = 60

Bunch tength

Voltage on h = 210

RF freyuency at h = 210
Blown-up bunch area (h = 210)

Bunch length in m

Bunch height in 5p/p before filamentation
Z/n before change of h

AQ before change of h } = worst case
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2.6
16.4
+122.7
130
17.6
12.68
~2200
-0.055
12
17.1

10-14
65

18

60

+18

21

9.1

65

11.5
+9.4.107*
48

-0.014

MHz
mrad
deg
deg
mrad
kv

deg
kv

GeY/c

mrad

GeV/c
kv
deg
kv

mrad
m



d) First bunch compression in the SPS

Momentum 18 GeV/c
Maximum VRF on h = 210 80 kv
Time of } rotation 15 ms
Bunch length after rotation 5.67 m

AQ after rotation -0.028

e) Adiabatic trapping on h = 4620

Momentum 18 GeV/c
Number of filled buckets 4
Number of particles in each of two 34 4
inner buckets
Number of particles in each.of two 16 9
outer buckets (for parabolic distrib.)
Bz:cﬂ :r:gzgf each of the inner bunches 2500 mrad
VRF on h = 4620 for 500 mrad 1350 )
AQ after trapping -.035
f) Acceleration in the SPS "
Number of accelerating tanks 2 4
Maximum bucket area at 18 GeV/c (¢s = 0) 900 1250 mrad
Maximum stable phase angle ¢s for 500 mrad 16.5 25.5 deg
Acceleraticn rate for ¢g Mmax. at 18 GeV/c 50 160 GeV/c/s
Maximum stab. phase angle at /3. Yer (39 GeV/c) 25 33 deg
Accel. rate for ¢s = 25/339 at 39 GeV/c 80 200 GeV/c/s
Bunch length for ¢ max. at 18 GeV/c 1 0.85 m
a0 (1/0.85 m, 18 GeV/c) -0.053 -0.062
Max. bucket area at 270 GeV/c (h= 4620) 2.63 3.72 rad
g) Bunch compression in the SPS
Momentum 270 GeV/c
Harmonic number 390
Frequency 16.9 MHz
RF voltage 1000 kv
Time of 3 rotation 9.6 ms
Longitudinal stability for inmer bunches §3§ 26 Q
o o " outer " }‘f;,§ ~18 2
Blown-up bunch area after rotation “e 2.6/3.7 rad
Longitudinal stability after rotaz:gn 240/490 Q

. * not possible with 6 bunches



iv) Wide-band transverse and longitudinal pick-ups with a response
which is flat into the GHz range, give either continuous or sampled
pictures of bunch configuration revealing longitudinal and trans-
verse high frequency instabilities. These é?gnals can also be used
for spectrum analysis to determine Ap/p in an unmodulated beam. )

Precisicn Ionization Beam Scanners (IBS) which measure horizontal
and vertical beam profiles with a resolution of better than 1 mm
abovz 5 x 102 ppp.

v

~

Beam scrapers and fast ejection profile detectors capable of measu-
ring beam distributions destructively as a check on IBS profiles.

vi

~—

Before single bunches of protons and antiprotons are injected, the
SPS will be tuned for 3.5 GeV/c and 10 or 14 GeV/c injection and accele-
ration with continuous beams of protons. All these devices will then
be employed since one must rely heavily on this preliminary tuning when
the machine is switched first to single bunch mode and finally to accele-
rate and store the antiprotons.

This kind of mode switching without disturbing injection and SPS
acceleration conditions, presents a major operational challenge to the
SPS and has yet to be developed as a technique.

10.6.2 Special_reguirements_for_observation_of

single-bunch_and_coasting_beams

Even if one relies heavily on mode switching, some improvements to
the SPS diagnostics will be required for machine studies leading up to
pp operation, to check mode switching and to monitor the pp beams once
injected. Some improvements include
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i} Beam_current transformers

Considerable improvements have been made to the SPS type beam cur-
rent transformers with a view to installation in ICE and the APR. Impro-
vements to the magnetic amplifier and integrating current transformer
have reduced the noise/long-term drift level to 5 MA. These improvements
will be incorporated in some of the existing BCT's to meet the need
to monitor the acceleration and coasting lifetime of single proton and

antiproton bunches.

ii) Closed orbit monitoring and correction

At present, it is customary to use closed orbit dipoles to correct
both remanent field errors and misalignment errors at injection. The
admixture of these two components will be different at the two injection
energies, 3.5 GeV¥/c and 10 GeV/c. While in principle one can provide
exact correction at both energies by correcting only the remanent field
errors with dipoles and adjusting lattice alignment, this has yet to be
proved practicable. Meanwhile, one should keep open the possibility of
adding time-dependent reference generators to the closed orbit dipole

supplies.

Once one has corrected the orbit at the two energies in continuous
beam mode, it is unlikely to change during mode switching. Nevertheless,
a few more sensitive position monitors may be needed to check that the
injection orbit is still the same in the single-bunch mode. The increase
in sensitivity required is not a large one; closed orbits have already
been measured at the 10'! level. Sensitivity may be increased by driving
a high impedance rather than a matched load at the expense of placing

electronics close to the beam.

iii) Q_measurement

While we have already managed to measure  with single bunches of
10! protons the signal to noise ratio may be considerably improved by
shortening the gate length. By locating the detectors correctly, one
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may hope to distinguish between the signals from the passage of the pro-

tons and antiprotons.

The technique, being detrimental to the beam if not destru-tive, is
not suitable for repeated monitoring of coasting conditions or for checking
the transition from an unperturbed machine as the low-g insertion is
powered. Continuously active, non-destructive techniques, similar to
those used at the ISR, should be studied for this application.

iv) Wide-band observations

Single densely populated bunches will give more signal strength
above 200 MHz than is available at present. We have already demonstrated
that with sampling scope techniques, the development of the length.of a
single bunch can be monitored during coasting. It would be useful to
reject noise with a gate compatible with spectrum analysis techniques.

The lonization Beam Scanner is 1imited by noise to -*ensities above
a few 10'2 ppp. Moreover, even the high precision version of this device
requires a local vacuum bump of a few x 107 Torr.m, comparable to the
total residual gas in the whole ring. We shall certainly require at least
three of these precise IBS's to study beam growth with continuous beams,
but to monitor bunched beams we must 1ook to devices being developed
fow 1CE (Section 8.1.6). These integrate over an extended time
(50 ms) and can operate at gas pressures of 107 Torr and beam intensities
as low as 101° particles per APR circumference, and seem to meet the SPS
requirements. One version of this device, in which electrons from beam-
gas collisions are imaged in a wire chamber, seems particularly promising
from the point of view of computer acquisition,

Such devices should be installed at locations where the p and p
beams are separated : they may thus distinguish the profiles of the twd
beams, an essential requirement if one is to understand the causes of
poor luminosity.
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One needs to be able to separate the beams at the low beta point
to measure Tuminosity. About 5 m of electrostatic field of 60 kV/cm is
needed to separate the beams by twice their full width at 270 GeV. Two
such elcctrostatic devices are required in each plane on either side of
the Tow beta point, but in high beta locations. Their phase advance to
the centre of the insertion shou1d~be an odd multiple of u/4. There
must be another high beta location where one can locate profile mode
monitors between each pair of deflectors at an odd multiple of w/2 in
phase from the deflectors. The medium straight sections, where two
magnets are missing on either side of the long straight section, are
obvious possible locations for the deflectors but some modification to
the irserticn mey be necessary to obtain the right phase advance.

Distribution (open)

Distribution (of abstracts)
P5, ISR and SPS Scientific Staff

fed
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Fig.1.2 General Layout Of The Antiproton Accumulator
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Collecting Antiprotons in the Fermilab Booster and Very High

Energy Proton-Antiproton Interactions

D, Cline, P. McIntyre, F. Mills and C. Rubbia‘
Fermilab
P.0. Box 500
Batavia, Illinois 60510
Department of Physics
Harvard University
Cambridge, Massachusetts 02138
Department of Physics

University of Wisconsin
Madison, Wisconsin 53706

ABSTRACT

We describe a technique for producing an intense beam of
antiprotons to be used for very high energy p-p colliding beams.
The Fermilab Booster is to be used as a collector for anti-
protons produced on an external target. The antiprotons are
decelerated and transferred to a 200 MeV storage ring (Freezer Ring)
and then collapsed in phase space by electron cooling. Repetitive
accumulation over 1(‘.4-105 Booster pulses, acceleration to 8 GeV
and injection into the main ring lead to the possibility of pp
collisions at several hundred GeV with luminosity in excess of
1029 2 1

cm “sec .

*Presently at CERN, Geneva, Switzerland.
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I. INTRODUCTION

It is an old dream of particle physicists to construct a
proton-antiproton colliding beam machine. High energy accelera-
tor beams produce copious numbers of antiprotons. Recently wel
have pointed out that the existing high energy rings at CERN
and Fermilab can be transformed into pp storage rings of about
800 GeV in the center of mass. Furthermore the forthcoming
Energy Doubler/Saver at Fermilab could give access to the
fantastic energy of 2 TeV in the center of mass and would be
quite suitable for a high performance storage ring.2 In order
to transform existing machines into pp colliding beams a method
must be devised to collect and cool the antiproton phase space
followed by reinjection of the p beam into the storage ring.
Several methods have been devised to carry out this repetitive
accumulation and cooling.3'4'5

A fundamental progress in this direction has been accom-
Plished by the Novosibirsk group, which has recently demonstrated
the possibility of damping betatron motions and momentum spread
of 80 MeV protons with the help of collinear electrons travel-
ling at the same speed3(e1ectron coaling). In these beautiful
experiments the proton beam size collapses to sub millimetric
dimensions and 8p/p ~ 107> in about 80 milliseconds.®

In order to adapt this technique to antiproton cooiing,
one faces the problem that phase space compression with elec-
trons works efficiently only at non-relativistic energies
(T~3475), whiie the greatest majority of p's are produced
fast in the laboratory system, i.e. gz - &i;ﬁhn For instance

for Ep = 100 GeV <7§>=7 and the cooling time will then increase
329
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by the factor 24 . 75 = 260,000!! Furthermore the technologi-
cal problems associated with an electron cooler operating at
vy = 7 are formidables, {e.g. the electron accelerating voltage
must be 3.5 million volts) and they have not been satisfactorily
solved to date.

It has occurred to us that one could bridge the gap between
optimum production and cooling energies for antiprotons by
introducing an additional stage of deceleration between the
production of p's and the subsequent electron cooling7. We
elaborate a realistic scheme making use of the rapid cycles of
the Fermilab booster to decelerate p's to 200 MeV where we could
perform Budker-type cooling and stacking in a modest ring (Freezer)
housed in the same tunnel.

We believe this scheme has several attractive features
among which are the availability of the major components, their
inherent reliability, and the modest nature of the required
200 MeV storage ring. It could be carried out at modest cost
and with very little need for new technological innovations.
Thus within a few years the Fermilab acceler~tor can be trans-—
formed into a high energy Bp storage ring device.

The scheme consists of three separate phases:

i. Antiproton production, deceleration and accumulation.

Secondary particles at about 6.5 GeV/c are produced by 100 GeV/c
protons from the main ring impinging on a small tungsten tar-
get. Particles are injected into the booster ring and decelera-

ted to 200 MeV. Only p's survive at the end of the process.
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The beam is transferred to the storage ring where it is cooled
and added to the stack of previous accumulations.
One expects to accumulate 4 x 10’ p/pulse leading to 10t par-
ticles in 2 x 103 pulses { 3 hours).

ii. ZInjection of p and P in the main rirg, and experimen-

tation in pp collisions. The p beam is transferred from the

Freezer to the Booster, accelerated to 8 GeV, and reverse in-
jected in the main ring (MR). A standard proton éooster pulse
is then injected in the main ring, with appropriate phasing in
order to give collisions at the desired point of the main ring.
There are then 84 proton and 84 antiproton bunches counter-

12 p's with standard emit-

1cm-2 in

rotating. wWith 1011 P's and 4 x 10
tances, we expect a luminosity of ~ 1029 sec
the low-beta section designed by T. Collins. The scheme is
shown in Fig. 1.

iii. Antiproton beam regeneration. After some time,

beam-gas scattering, R.F. noise and higher order resonances
could lead to an appreciable blow-up of the beams with conse-
quent loss of luminosity. In order to restore beam quality,

we propose to dump the proton beam, decelerate E's first in the
MR to 8 GeV then in the Booster to 200 MeV, then cool again in
the Freezer. The cooling process should take only Seconds.
After this, p's are accelerated again by the Booster, injected
in the MR with a new companion proton beam and accelerated to

high energies.
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The main open question is how well electron cooling works.
The recent results of Budker's group at Novosibirsk have shown
that it is possible to cool a modest proton beam of 50~80 MeV in
less than 100 msec. This impressive result allows one to attempt
extrapolations to our conditions. However it is clearly imperative
to perform additional experimentation at Fermilab on cooling

techniques (see Appendix I, III).
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II. MAIN PHYSICS MOTIVATIONS

The past ten years have seen remarkable progress in the
understanding of elementary particles. First there is the
experimental discovery of AS = 0 weak neutral currents,8 which
when contrasted with the previous limits on AS = 1 neutral
current decay processesgleads to the suggestion of additional

10

hadronic quantum numbers in nature. Evidence now exists for

new hadronic quantum numbers that are manifested either directlyll’12
or indirectly.13 The experimental discoveries are complemented
by the theoretical progress of unified gauge theories.l4 These
developments lead to the expectation that very massive interme-
diate vector bosons {50 - 100 GeV/cz) may exist in nature.l4
The search for these massive bosons and other new phenomena
require three separate elements to be successful: a reliable
physical mechanism for production, very high center of mass
energies, and an unambiguous experimental signature to observe
them. 1In addition to the high center-of-mass energy available
in p~p collisions, several considerations suggest that they may
present a much better opportunity of discovering new phenomena
than p-p 6ollisions.15

First we consider production process. There is now very
strong support for the notion of pointlike constituents in the
hadron obtained from lepton-hadron scattering and very high
energy neutrino experiments. The experimental detection of

weak interaction processes in hadronic collisions almost cer-

tainly involve quark-antigquark (or proton-antiproton) annihi-
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lation processes very much like e+ e collisions. (For example,
the processes u + u + w4+ oru+d+p+v.) There are
clearly more antiquarks in an antiproton, then in a proton, and
furthermore the antiquarks in an antiproton, being valence quarks,
carry a much largexr fraction of the total energy than do tiie (sea)
antiguarks in a proton. The exact size of these effects at high
energy are uncertain, but gualitatively cross sections probably
differ by a factor up to 10 - 100 in favor of the pp system.

The pp system is an eigenstate of charge conjugation (C)
invariance whereas the pp sysvem is not. Thus there are many
simple experimental tests of C violation in the pp system. The
observation of C violation may be an important technique to
observe the effects of weak interactions in very high energy
collisions. In the case of the pp system the "equivalent" way
to observe weak interaction effects is through parity violation.
This very likely involves polarization measurements which arxe
considerably more difficult than tests of C violation. Thus
proton-antiproton collisions at the highest energy offer dis-
tinct advantages in the search for new phenomena in nature,
especially those associated with the weak interaction. -

We now turn to the specific case of the production and
detection of the weakly interacting intermediate vector bosons.
Present neutrino data indicate a mass limit of >20 GeV for the

s The center-of-mass

charged intermediate vector boson.
energy available in & proton-antiproton storage ring is .4-2.0

Tev, sufficient to produce very large mass intermediate vector
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bosons. In the Weinberg-Salam model the W? the wh 1,14,16
masses are now estimated to be 80 + 6 GeV and 64 *+ 11 GeV,
respectively. This mass is outside the reach of the presently
planned new generation of ete” storage rings.
The derivation of the W° cross section exposes the basic

simplicity of the assumptions for the case of pp :.-ollisions.l'15

+e_ scattering.

By analogy the gq annihilation behaves like e
In the ete” case a sharp resonance peak would be expected in
the cross section for the process

e+ te W e+ + e

+pt ey

+ g .
+ u u (higion) + (ant;gidrons)

o)

d +

In order to estimate the cross section for Ep collisions
the structure functions of partons must be known. Neutrinoc and
charged lepton scattering experiments provide the necessary
structure functions and have set limits (>20 GeV) on any non-
locality in the parton form factor.17 The main difference with
respect to e+e- is that now the kinematics is largely swmeared
out by the internal motion of the g's and g's. The average center of
mass energy squared‘of the g-g collision is roughly

<8 _> & 8<x > <x_>_
qq qp’
~ ¢s the center of mass energy squared of the pp system
and <x > = <x_>_ we find <§ _> % 0.04 S. For M = 100 Gev/c?
qapP a5 q
qp qq
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this suggests 8 > 2 x 10° Gev® or & > 450 GeV. In the case of
pp scattexring the <x_> is expected to be much less and the x

qap
distribution probably falls very rapidly.

Detailed estimates have been given by several authors"15
and give
- +, - -32_ 2
o(pp + W° + hadrons + e + e + hadrons) = 10 - “cm

More optimistic cross section estimates also exist in the liter-

ature. 18

The cross section estimated above leads to 3.6 events/hour

? em 2sec™ and 1908 detection effi-

giver. a luminosity of 102 cm™2sec”

ciency. The u+u- is expected to be very small compared to the

W® signal. Furthermore if the W° decay into hadronic states is

detected the corresponding event rate will increase. We note that

since the g and g have comparable x distributions i1 pp collisions,

a large fraction of the W's produced will have low X, and hence

decay symmetrically in the lab. 1In pp collisions, the widely

different q and g x distribution can produce sizeable X, Finally

the charged vector bosons may well have lower mass and thus larger

cross sections, with a somewhat weaker experimental signature.
Another challenging possibility is a search for fractionally

charged quarks. Overwhelming evidence favors the existance

of light, fractionally chacged constituents inside the hadrons.

Absence of direct production of free quarks suggests the exis-

tence of confinement mechanisms (bag). It is not known, but

it appears likely that at very high energies the "bag" could

be broken, thus liberating the elementary constituents. A

search for guarks in very high energy hadron~hadron collisions

is mandatory. 3
6
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Finally there is one additional possibility for interesting
and unique physics with the low energy antiproton storage ring
itself. It appears that the present universe has a net posi-
tive baryon number for unknown reasons. A simple, but seemingly
unlikely possibility is that the antiproton is unstable and
has a lifetime much shorter than 1010 years. The present limit
on the antiproton lifetime is likely no better than milliseconds.
Using a small antiproton storage ring with 1010 - 1012 anti-
protons stored for periods of days it appears possible to
detect an unstable antiproton if the lifetime is less than -~
107 years. This must be considered a long shot but we know of
no other way to discover antiproton disintegration.
The observation of an unstable antiproton, coupled with the

observed stability of the proton (>1029 years); would violate the

PCT theorem.
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III. ANTIPROTON PRODUCTION AND DECELERATION

Introduction

In this phase, the Booster is alternately accelera-
ting 12 prcton pulses and decelerating 12 antiproton pulses
(see Fig. 2). The settings of the magnetic cycles are
unchanged. However, the rf is turned on alternately on
the rising and falling sides of the magnet ramp and the
phase sequence among cavities is inverted. Since the p

and p currents are vastly different (4 x 10129 vs 3 x 107

PpP)
two separate beam control systems will be necessary. In
order to ease the extraction of the 100 GeV primary protons,
12 Booster pulses are injected in the Main Ring, leaving

a time gap between pulses to allow for the rise and fall
times of the kicker magnet. We propose to eject the beam
from the medium straight section F17 and to transport it
along the newly-planned line from there to the Booster

(Fig. 1 and Fig. 3). Targeting and the beam dump occur

along this line, and p's can be reverse injected in the
Booster through the new 8-GeV proton extraction channel.

We have taken the "good field" Booster ring acceptances19
at 200 MeV and adiabatic extrapolation to other energies.
We undarstand that these goals have not been reached as

yet and that more work is necessary.20
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Gymnastics on Proton Beam, Ejectioﬁ and Targeting.
The largest possible beam current is accelerated to
100 GeV/c, then the main ring is flat-topped with rf at
maximum voltage. With V_. = 3.4 x 106 volt, h = 1113,
£ =53.4 kHHz and n = 3.3 x 10-3 we caleculate
Bn evzer § /2 = 3,65 x 1073

The bunching factor B (bunch length/bunch separation) is then

1/2

—(—-) (8£n/p v, y1/2 2 = 3.27 Ab1/2

where Ab is the invariant bunch area, expressed in eV - sec.
Taking Ay = 0.1 eV sec, which is about four times the injec-
tion area in the hooster, we get

B = 0.085

A =1 /2 _ -3
ﬁgéull ) Ehb £v s/Pa = 1.67 x 10

We eject 84 bunches of the main ring at a time
and focus the beam on a very small tungsten target. The
extraction of 100-GeV protons is shown in Fig. 3. At posi-
tion E48 in the Main Ring, there is a missing magnet posi-
tion giving a straight section of 7/m available length. A
pulsed magnetic kicker §, at that position produces a
horizontal bump of 3cm at the medium straight section F17
(Av = 0.81). There exists there an available length of l4m.
Two Lambertson septa S2 will deflect the beam vertically
by 25 mrad, producing a deflection of 18 cm at the face

of the next dipole.
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Taking an invariant transverse beam emittance of
B.By = 30w 10~6 rad m and By = By = 2.5m at the target
which can still bu realized with standard gradient guadru-~
poles, we.calculate & spot of 0.30 mm radius (two standard
deviations in the guassian approximation). The focus has
to be made a chromatic in order to avoid additional contri-
butions f£rom the relatively large momentum spread.

It has been calculated that 5 x 1013/12 = 4.16 x 1012
partitles is about the maximum beam intensity which can be
conecentrated on a tungsten target of special construction.
substantially higher beam intensities would lead to destruc-
tion. Heat propagates in tungsten with a speed about 1l m/sec.
Since successive pulses are ejected at 66 ms in time, we can
cocl the target between pulses by simple conduction.

Aftar the target, the residual proton beam must ke
separated from the low-energy particles by bending and

absorbed in a suitable beam dump.

Bunch Synchronization

The antiproton bunches have the same time structure
as the protons in the Main Ring and they must also fit
precisely within the buckets of the Booster. This is not
an entirely trivial operation. Freguencies are guantized
by the requirement of integer harmonic numbers in the Main

Ring and the Booster. The two frequencies are automatically
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matched for particles of equal energies. However, anti-
protons have an energy which is substantially lower than
that of the parent protons while retaining the same time
structure, and frequency shift cannot be neglected.

We propose to overcome this difficulty by increasing
by one unit the harmonic number in the Booster for antiproton
capture and deceleration, i.e., instead of h = 84 which is
the nominal value for protons, we propose to operate at
h = 85. 1In order to make this possible, the proton and
antiproton relativistic factors yp and 75 have to satisfy

the relation:

2y2 85

giving Y§ = 6,518, corresponding to TB = 5.177 GeV. This
is sufficiently away from the transition energy Yy = 5.446
to present no complications. The area of the antiproton
bunches is determined by the bucket area at 200 MeV, which
is 0.0352 eV sec. At the magic energy TE = 5.177 GeV, we
have n = — -~ - = 6.43 x 10‘3, £f = 0.637 x 106 Hz. For

the maximum rf voltage eV = 700 KeV/turn and cos ¢s = 1/2

we calculate

172 _ -3
v, = IhneV cos ¢s/2ﬂEJ = 2,16 x 10
B = (h/2n) (8Afn/py 1Y/ = 0.122
=1 172 _ -3
Ap/Pgy11= g18ALv /pnl = 3.0 x 10

u1
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In oxder to match bunches, we must increase the proton

bunching factor from 0.085 to 0.122. This can be easily

done by reducing the MR voltage from 3.4 x lOGV to

5,

8.0 x 107V during extraction.

IIT-4. Production and Collection of Antiprotons
The booster acceptances, after allowance for allign-
ment errors, are taken to be
Aézoo MeV) - 4or 207%m rad

(200 MeV) _ 6

Py

Acceptances must match the beam emittances at 200 Me/.

401 10" °m rad
Assuming adiabatic damping during <eceleration the
emittances scaled to 5.2 GeV injection energy are
Aélnj) = Aélnj) = 4.07 1G—Sm rad

The value of the B Junction for the antiprotons at the
production target is taken to be 8,=8,= .025m. The P
angular divergence is then ev=eﬂ= 13 mrad, and the solid
angle accepted is & = T 9,6,= 5.3 x 10" “sterad.

fnclusive p and T productinn has been parametrized

for the existing data in Ref.2]1:
a’s 2 -4.5 7
BE ——349) = 0.26N [p +1.04] °° (l—xR)
dp

4

3 - -
E $507)= v 1p2v0.8617% % (1-xp)
dp

We establish the normalization N from the data of Ref. 22

in the region s5>1000 GeV2 where scaling liolds: N=10.2 mb Gev"?
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Also in Ref. 22 is a plot of the production ratio

£{s) = p/7 [%=0.35,p,=0.5 GeV/c] in the range 25%<s<2830 GeV?
Using the cross section parametrizations we extrapolate

to obtain fo(s) = E/n-[x=O,EL=0]. By normalizing’ te the
saturation value fo(w) in the region of scaling, we obtain
the scaling parameter a(s) = fo(s)/fo(w) which is plotted
in Pig.4. W%We then have

-4.5 2]

3 -
ELLE) = 2.65 als) [pP+1.04] (1-x) 7 (mb Gev

dp

This invariant cross section, expressed in convenient
lab frame variables, is just (1/92)332%5723. This cross
section is plotted in Fig. 5 as a function of p momentum,
for various primary proton energies. For pp=6.5 Gev/c,
the optimum primary proton energy is 103 Gev, and the
cross section is 57 mb/sterad. 7The 5 cm tungsten target
has an efficiency of e=1/3. The momentum acceptance of
the Booster from Sect.III-3 is Ap/p = 3.0 x 10 >. tThe p

yield is then

2
_ No [ ] QA _ -7
Y = B = <@g p)_a_EéP. =7.5 x 10
P tot
This result agrees within 30% with the Monte Carlo cascade

calculation of Ref.23. With 4.6 x 1013

protons in 12
Booster pulses in the MR, this corresponds to Np= 3.5 x 10°.
We have designed with some detail the critical parts

of the p collection channel. It consists of three distinct

parts:
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i) The collecting lens system.

It is a é-quadrupole system consisting of an intial doubnlet
(Ql,Qz), two field-lenses (Q3,Qq) and a final matching
doublet. The quadrupole dimensions and gradients are
listed in Table II. We show in Fig. 6 trajectories of
off-momentum particles and several limiting rays.

ii) A momentum matching section. This section separates
the antiprotons from the main proton beam and matches
dispersion of the beam to the requirements of the Booster.
iii) Injection into the Booster. Here we can use the new
extraction system to be installed in straight section 3
(see Fig. 7). Although the detailed design is only now
in progress, it is well within present technology and we

anticipate no major problems.
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IV¥. ANTIPROTON STORAGE AND COOLING
Design Criteria.

Antiprotons are transfeired to a 200 MeV storage ring (Freezer
Ring) where cooling and repetitive accummulation takes place.

We suggest a very simple lattice and reduced periodicity. The
central requirement of the lattice is a good acceptance and adequate
long straight sections for electron cooling. The major goal is to
design a lattice with a minimum number of dipoles and quadrupoles
that gives the longest good quality straight sections. We present
here one example of a lattice which approximately satisfies these
criteria. The basic lattice has 12 cells, 24 dipoles, and 3§ quad-
rupoles. Figure g shows a unit cell and the resulting betatron
functions. The machine parameters and performance are given in
Table III. A large acceptance is obtained that is well matched to
the booster or to the Fermilab linac should the Freezer be used
as a proton cooler or for multiturn linac injection (see Appendix
III).

We would like to preserve the possibility of transferring
synchronously to the Freezer. This places a constraint on the
circumference of the Freezer, since in order to match harmonics
with the Booster we have

h
JF _Cx13.25

85 2% x 10°m.
The choice hF = 86 yields C = 479.78m, which fits comfortably in
the Booster tunnel (see Figure 9 and 10).

When we return the cooled and stacked anti-protons to the

345



TM-689
2000.000

Booster for reacceleration and injection in the MR, it is necessary
to do so with h = 84 in the Booster. This dictates hF = 85. This
corresponds to a circumference C = 479.85m, negligibly different from

that for injection to the Freezerx.

The transfer of the E beam from the Booster to the Freezer has
to have sufficient aperture to accommodate the full Booster beam
acceptance. This can be achieved using a fast kicker Bl in long
straight 7, followed by a pulsed current septum Bz in long straight
6. These elements are described in Table II, A secrond, identical
pair of elements are then used in reverse sequence in the Freezer
ring for injection.

The transfer from the Freezer into the Booster is accomplished
at straight 5 with a more modest version of By, By, since the aper-
ture reguirement is now minimal. .

We find that because of the rise and decay times of the full
aperture kickers which are necessary to extract and inject the relatively
large beam, as many as 3 bunches corresponding to 100 nsec may be

lost in the transfer process.

IV-2.Magnetic Structure
There are several possible designs for the bending and quad-
rupole magnets that form the building blocks of the Freezer lattice.
The bend can be either a window-frame or H design; the guadrupole
can be either a standard design with iron pole tips, or a Panofsky
quad formed by a box of 4 alternating current sheets. We are present-
ly evaluating each design in regard to the required field quality

and cost.

Por the bending magnet, we have examined a number of existing
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designs (Fermilab 10' EPB dipole, SLAC 18D72, ANL BﬁlOS, 107, 109,
110, 114). It seems in general that the fraction € of horizontal
"good field" aperture to physical aperture is g - a+2m)-l in a
good design of either an H or window “rame, where a« is the ratio
of vertical/horizontal aperture in the desired good field region.
For the case discussed here £ = 0.5. The field quality in the
windew frame is, however, sensitive to coil placement, and places
rather stringent demand cn the fabrication process. This also
potentially produces significant variations in multipole morents
from one magnet to another. For the design case presented here,
we use a scaled replica of the 10' EPB H dipole, shown in Fig. 1l.

One question that arises in the context of the kending magnets
is what guide field should Le used. Three considerations arise in
this connection. First, the field quality of a dipole below a few
kG suffers from th~ variation of Pe magnetization at low fi=ld.
Second, the sagitta for a magnet of given bending angle decreases
as guide field increases. The sagitta § [m] of particles of

momentum p [GeV] in a magnet of field B [T], bend angle ¢[rad] is

_po2
2.4B

& =
Thus for a fixed number of bends (fixed ¢), sagitta is minimized
for maximum B. Third, as will be discussed in the next section
it seems desirable to locate a distributed ion pump system in the
fringe field of the dipoles. An optimized design of such a system
improves in pumping speed up to a field of -4kG. We have tenta-
tively chosen for this design a guide field of 5kG, corresponding

to 24 1lm dipoles.

For the quadrupoles, there exist 21 quadrupoles that previously
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formed@ the muon channel of the Chicago synchrocyclotron. The design
is shown in Fig. 12. We are examiping their suitability for the

Freezer ring. Several Panofsky quads have been built at Cornell.25
The Panofsky design is problematic for a storage ring for the same
reasons as a window frame dipole. Additionally, its power require-

ments are greater for a given gradient that for a standard quad.

The parameters of both magnets are given in Table 1v.

IV-3. Long Straight Sections for Electron Cooling

In order to obtain rapid cooling of the beam it is Qdesirable
that the p beam have a small divergence in the straight section.
This requirement can be met by having BH, Bv large in the straight
section. We have achieved one cimple design of such a straight
section using two quadrupole triplets that match well the basic
cell descrikbed before. The horizontal acceptance remains ~100T m
and 8" bore quadrupoles are adequate for the triplets. The Byr
BH are in the range of 15~40 m leading to an angular divergence of
~{1-2)mr. The p function (¢ff momentum function) goes to 1l:2m in
the same straight section. We suggest that the cooling straight
sections be instrumented in this way whereas the other straight
sections need fewer quads (~2 doublets, incorporating the D quads

of the regular cells).

IV-4.Vacuum System

The Freezer ring must be capable of storing an antiprotcn beam
for a time of the order of a day without serious losses due to bean-
gas scattering. We will examine the vacuur requirements implied

and discuss one attractive approach tc meeting them.
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Beam growth occurs by Coulomb scattering from gas molecules,
and beam loss occurs each time an antiproton ccllides with a gas

nucleus. The rate of increase in the mean square of the projected

angle of Coulomb scattering is:28
2 4t r2c I 2
a<é*> _ P 3 n;2¢ 1n 38360/7Aizi

at — By

16

where rp=1.54 x 10" *’cm the proton radius, n; is the density and .Z;

and A; are the atomic number and atomic weight of atoms of type i.
Snowdon27 has analyzed the residual gas composition in the MR at a
pressure of 0.2ly Torr. We will assume the same composition in the
Freezer, and follow here his calculation of beam growth. The angular

growth is

2 - -
%-QS%Ei = 0.25 radzsec chrr 1

The diffusion rate of the quantity W = (dy/de)2+v2y? is D = R%2d<¢?>/dt
where y is the amplitude of betatron motion, v~4 is the tunc, and

R = 75m is the average radius. The beam lifetime is28

1 [r2va)l?
TEp (‘2‘.4

where a = 1 cm is the tolerable aperture growth. The lifetime against
Coulomb scattering is then T [sec] = 8.0x10-7/pErorﬂ

10'.[‘orr.

A lifetime of one hourrequires a mean pressure of 2 X 10
Clearly we must rely on electron cooling to damp the growth of the stack.
The fraction £ of beam removed by nuclear collisions with gas is

dt = — JAL
daf/dt Bcopp {nlhl
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where pp = 170 wb is the pp total cross-section at 650 MeV/c.
7 1 2/3_ 1740 3 -1
p ):niAi = 1.5%x 10*‘em**Torr ™,

1 [sec} = 2.3x 10"*/P(Torr]

A lifetime of one day requires a mean pressure of .2.5x 10~%Torr.

The vacuum in the Freezer should thus be $10°!¢ Torr. One
appealing approach to achieving this in the bending lattice is to
locate a distributed ion pump system in the fringe field of the
aipoles.?? Rowe and Winter?? estimate a pumping speed of 1600 g/sec
from each 1m dipole so equipped. The cost is about 1/2 that of a
standard ion pump of capacity 500 g/sec. Standard ion pumps would
still be required in the straight sections. The conductance of a
Sm section of the Freezer vacuum pipe is approximately 22 g/sec.
IV-5. Electron Cooling

The Novoslbirsk group has demonstrated that low-momentum

proton beams can be “cooled" to very small transverse dimensions

and very small momentum spread.3 The basic idea is that the trans-

verse and longitudinal oscillations of the proton beam are trans-

ferred by Coulomb scattering to an electron beam that is injected

in one of the straight sections of the storage ring. For maximum

cooling efficiency the velocity of the p and of the & should be

the same (85 = B,)+ since the Coulomb scattering cross section will

be a maximum. Their results will be used to extrazyslate the cooling

rates expected in our case.

We assume the entire Booster heam is transferred in one turn

at 200 MeV into the Freezer Ring. The emittances of the beam

350



TM-689
2000.000

at this stage are A, = A, = 40x 10760, Ap-= 1.3 MeV/c. The
beam is assumed to be adiabatically debunched either in the
Booster or in the Freezer. In the cooling points (BV = By = 15m)
the half-beam sizes are as follows:

= /A B/7 = =x - 8B =
W8 AyB/m 2.5 cm wAp Xp ® 0.4 cm

h = /A 877 = 2.5 cm

The total area is then A = 1r(WB + WAP) - h =23 cmz.

Angular divergencies are also of interest. They are

oy = JAH7Bn = 1.6 mrad

Gv = VAv78ﬂ = 1.6 mrad

which are, as we shall see, guite comparable to the angles of
the electron beam.
An approximate formula for the cooling time for a parallel

e and p (or p) beam is given by lo, << 65)

i y=5g-30-3
t = .05 (EE:) _E__g__B____
e ngr.cLn in (aa/ee)

This formula reduces to

7.5.4 3 6.3
_ 1.2 x 10°y"8 eE,_ 2.5 x 10 ap

B ign Ln(eplee) Jen

X
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where 1 = end-point cooling time [sec]
je= electron beam current density [A/cmzl

r, = classical electron radius [cm]

n, = electron beam density [cm—3]
05 = p beam divergence [rad]
= E~/m- - = (P=/BE-
Y p/mp. 85 ( p/Ep)
n = cooling length/total circumference of cooling ring
L = Coulomb logarithm = 15

In the approximation ee >> ep, the formula will contain

the factor 0e3 instead of 693.
The latest experimental results from Novosibirsk are as
follows:
Proton energy 65 MeV
Electron energy 35 keV
Cathode diameter of the electron gun 20 mm
Electron current I, 0.1 - 0.8 A
Proton current IP 20 - 100 pA
Average vacuum S x 10'-10 Torr
Equilibrium size (diametex) of the 0.47 mm
proton beam in the middle of the
section
Cooling Time (ie = 0.8a) 7 83 msec
Proton life time in the cooling regime more than 8 hours
Angular divergence of electrons 5, % 3 mrad
Specific flux of neutral hydrogen atoms 80 A lyalsec?

dN/

{5t/ e Ip)
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In order to extrapolate to our situation, we must take into
account the following factors:

(i) The kinetic energy is higher, 200 MeV instead of 65 MeV.
According to the 7584 scaling law, this increases the cooling
time by a factor 10.8.

(ii) The angular divergence of the electron beam which
dominates with respect to that of the (anti) proton in both cases

is given by the formula discussed in Appendix II:

Vr I
r' = —_= 0,102 -——m
zZ BVro

For our case, r_ = 2,5 cm, V=1.1 x 105v ;, B=0.27, and

o
and I = 23A., Comparing it with Budker's case, we can see that
electron temperatures are expected .o be comparable. Hence, the

factor is the same For both cases.

(iii) The fraction of circumference with electron beams was
n = 0.016 for Budker and it is n = 0.063 for us. Tris decreases
the cooling time by a factor 4.
A detailed comparison between the Novosibirsk and Fermilab

situations is summarized in the following table:
Novosibirsk Fermilab

Proton energy T 65 200 MeV
Electron energy Te 35 110 keV
Electron current Ie 0.8 23a
Proton current I 100 3 A
Electron beam radius r: 1 2.5 em
Fraction of circumference cooled n 0.016 0.06
Angular electron spread ee 3.0 3.0 mrad
Proton .angular spread ep - 1.6 mrad
Cooling time sec 0.086  0.0466("

(*) Extrapolated using the dependence

T v ¥58403/n3, wheze 3, = Io/ere’
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We remark that the cool;ng.time is expected t; be appreciably
shorter than necessary. ’

In the above table, the space charge of the electron beans
lead to a tune shift of about .25 in both transverse dimensions.
Although this may seem large, it should be noted that the electron
density must, in any case, be very uniform so the tune spread
will be small and correction, if necessary, can be straightforward.
The half integral stopbands caused by the electron beam can be
cancelled by proper periodicity of the cooling regions in the
cooling ring.

Electron Beam and Electron Gun

We propose that a total of at least 30m of cooling length
be incorporated into the machine. The electron beam must be
maintained parallel over 10m length. Space charge effects will
blow up the electron beam unless a solenoidal magnetic field is
maintained over the entire length of cooling. Furthermore, as
discussed in Appendix II, the magnetic field lines must be
shaped and carried all the way back into the electron gun cathode.
The electrons, after exiting the cooling section, are to be
decelerated to regain the large energy in the beam. The
system is shown schematically in Fig. 13.

The accelerating voltage must be 110 kV, equivalent to a
beam power of 2.5 MW. Assuming a 98% efficiency of recovery,

we have a dissipation of SOkW/beam or a total of 200kW, which

is acceptable.
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The electron current requirement is about 1 A/cm2 over
approximately 10 cm2 at 110 KeV energy. CW electron guns have
neen constructed that give tnis performance. For example, one
such gun is shown in Fig. 14, that is to be used in PEP. This
gun gives & 23A of current for a voltage of 110 keV over an
area of approximately 18 cm2.
Stacking in the Freezer

Two techniques are used for stacking in the Freezer.

Electron cooling can be used to move the beam and therefore to
remove the antiprotons from the injection area after the previous
Booster capture has been cooled. This motion is slow, and a more
efficient technique will be needed to move each booster capture
into a preliminary stack that will contain all 12 captures. For
this purpose. rf stacking is to be used. During the time that

the Booster is being filled with protons and the protons accel-
erated in the Main Ring, a modest rf will be used to adiabatically
capture the newly-cooled beam. This can be done without disturbing
the cool beam already present at the inner edge of the aperture.
The new beam is then moved over to the stack and stacked next

to it. This procedure is shown schematically in Fig. 15.
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v PP COLLISIONS IN THE MAIN RING

The accumulation cycle for collecting antiprotons from a full
MR pulse requires a time of ~3 sec. We estimate a yield
of 3.7 x 107 antiprotons per cycle, based on a MR filling of
5 x 10'? protons. The cooled p stack then has 4.5 x 10%° p's after
one hour of accumulation.

Extraction at 8 GeV is done in booster straight section 8,
following a pulse of the fast kicker Bl in long straight 9. Again,
aperture requirement is minimal, and thzs existing spare extraction
septum can be used. The 8 GeV ﬁ's then are bent through an arc and
enter the transfer line for 8-GeV reverse injection to the main
ring.

We assume that these antiprotons are now injected into the MR
together with 4 x 10'2 protons, so that the MR no¥ contains two
counter-circulating beams of 84 RF buckets (one Booster pulse)
each. The beams are accelerated synchronously to 150 GeV/c.

The luminosity at a collision site is then
NiR, £

! 14 4 < 4
27 »6’“ +°xz ‘b.Yl+UYz Ry

where N; and N, are the number of protons and antiprotons, NB=B4
is the number of buckets in each beam, and £=47 kHz is the MR
raevolution frequency. The (Gaussian) beam sizes are obtained under
the assumptions:

. o <<o O, . <<¢ o =¢g =0
X2 X1’ Y2 Y1 X y:
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The emittance of a Main Ring proton beam is £ = 6w02/B* = t:o/y

vwhere €, = 207 10'sm is the invariant emittance of the present

Main Rirg beam, and B* = 2.5 m is the local B in the intersect.
3N, N, fy
172 - -
i’ | = = 3,0 % 1028 cm 2sec 1
€o8Ng
Thus a luminosity of 1029 cm"—",sec—l can be obtained in ~ 3

hours of p accumulation.
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vi P BEAM REGENERATION

We can estimate the p beam lifetime in the Main Ring

7 Torr.

as in Section IV-6. The mean Main Ring vacuum is &~ 5 x 10~
The beam loss due to nuclear collisions gives a lifetime of
2.7 hours. After this time, we must begin again the p accumu-
lation process.

We also estimate the beam growth due to Coulomb collisions.
The proton beam size is ¢ = /ﬁ;;E;7§F7' = 1.2mm for B,, = 70m.
Thus, luminosity will decrease by a factor ~ 2 for a beam
growth of 1lmm, and quickly thereafter. The Coulomb lifetime
for 1lmm growth is then 190 sec.

Clearly a major concern for implementing pp colliding
beams will be the possibility of improving the present Main
Ring vacuum. We are advised that .it may be possible to
reduce the vacuum by a factor 5 # 10 before being limited

by conductance or basic design.

In any case, it will be desirable to regenerate the
P beam using electron cooling to compensate for the growth
from Coulomb scattering. The most straightforward way of
accomplishing this is to dump the p beam and decelerate the
S's to 8 GeV/c, then transfer them to the Booster through
the existing injection system and transfer tunnel. After
deceleration in the Booster, they would be xe-cooled in

the Freezer and the cycle repeated.
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VII. CONCLUSIONS

We believe that the possibility of implementing, at modest
cost, Ep colliding beams at Fermilab in the near future is
established. The direct study of electron cooling at Fermilab
is a high initial priority. The physics of high energy pp
colliding beams has definite advantages for the observation of
many conceivable new phenomena. This is especially true for
processes that involve parton-antiparton collisions, where the
rates will be maximal and the background due to parton-parton
collisions minimal. pp colliding beams of luminosity 1029cm"25ec_1
can be obtained and ar .dJdequate to observe exciting phenomena
such as W production. ¥Finally, the construction of a realistic
electon cooling device at Fermilab is likely to have a large impact
on accelerator develcpment in the United States for years to come.
Each of these reasons is sufficient motivation for this project;

in total we believe they provide a compelling necessity.
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Appendices

Appendix 1 Initial Experimental Test of Electron Cooling -

Racetrack Ring Set Up On the Surface

While electron cooling has been experimentally demonstrated,
it is far from well established for the high current-large diver-
gence antiproton beam proposed here. While the simple theoretical
estimates give rapid cooling times as discussed in 6b, it is of
great importance to have detailed measurements of the cooling
phenomena. Setting up the Freezer ring in the booster tunnel
would limit the experimental measurements since the booster is
constantly in use. It is therefore proposed that the same magnetic
structure, but with only two long straight sections (Racetrack),
be initially assembled on the surface at Fermilab near the linac
so that a 200 MeV proton beam is available for cooling studies.

The 12 period lattice descuibed in 5a can be abbreviated
using the same elements, as shown in Fig. 17. The overall size
then becomes 25 x 40 n?. There is of course a saving in the number
of quadrupoles needed for the ring as well as the length of vacuum
pipe neceded. One or both of the long straight sections should be
instrumented for electron cooling as described in 6c. These
cooling studies and studies of the performance of the storage ring
will be invaluable for the operation of the Freezer in the booster

tunnel.
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Appendix II  Theory of Electron Confinements in a Magnetic Ficld

In order to damp betatron oscillations and momentum spread of
a proton or antiproton beam in a storage ring, Budker has proposed
to make it interact with a strong current of almost parallel elec-
trons travelling with the same average speed as the beam. In the
practical realization of such larger currents, space charge effects
must be taken into account. A simple way of compensating for the
divergence due to space charge forces consists of sending electroms
along the axis of auniform solenoidal magnetic field.?

Brillouin® has investigated the conditions in which stable
cylindrical electron beams could be produced. His work has been
extended by other authors.“!® Unfortunately, as we shall see, the

Brillouin sclution cannot be applied to our case, since it implies
a too large difference in velocity between peripheral electrons and
paraxial electrons. Instead of magnetically focussed flow, we must
operate in the limiting condition of magnetically confined flow.
The main effect of increasing the field is the one of producing pe-~
riodic scallops on the beam. These scallops are very small aad
affect only very slightly the beam shape.

We shall start with a review of the theory of confined electron
beam. ¢
2. Bush's theorem.

Let us define a frame of polar coordinates, r, 6 and z as shown
in Figure 16. The Bush theorem gives the angular velocity of an
electron in vwhich neither the electric nor the magnetic field
has component in the 8 direction. This is obviously the most general

case for an axially symmetric set-up.
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The Lorentz force equation can be written as:
$ - r0? = -n(E, + Bzrﬁ) (1
i4d (ré) = -n(-B,T + B 2) (2
£ = -n(E, - B rd). )

where n = e/m = 1.76 coulombs/kG.

B
From the expression V-B = 0, we get B = (-r/2) a_azz_ and

remembering that ad? =r -a—aIT + 2 -a%- we can interprete Eq.(2) to give
. . .2: OB B r? g
r?g = nf{B,rr + rz_z_ Wz-)dt =n ; + c.

The initial constant can be related to the cathode conditions

Y=o, 6 = o and Bz = Bo' Then:
28 . N 2 2
128 = 3 (BT B r). ) “)
B
Using the Larmor angular fr acy o = n—zz— and putting u, = n-iq

we can rewrite the (4) as
r
0 = - w0 (222
. 0 vy - Wy (r) . (5)
Equation (5) is known as Bush's theorem.
3. Brillouin flow.
Inserting the Equation (5) in Equation (1) we obtain:
T u
. [
f=-nE, +7r (u%T,;- - mi). (6)
From the Gauss's theorem for a uniform cylindrical beam of current
r, and therefore:

1,8 = -IOIZM:O\.\

o’ “r o

nl wir®
- [ 0 0 2
fw Z“Eouor + v ( = " wp f. (7)
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From Eq.(7) one can see that the magnetic field is most effective

when v, = 0, i.e., the cathode is outside the field. For a

(‘]
cylindrical beam, obviously ¥ = 0, which gives
B2 = 21 Zmz vZ I
B nneouor n m™m miE €, rZV 172
= 7.0 x 1077 Io/va'/’r=. (8)
where BB is the Brillouin field value. From Eq.(5) we see that
63 = w, when w, = 0. Electrons then pivot about the z axis with

Larmor's angular frequency. One can easily show that the Brillouin's
condition is equivalent to balancing the centrifugal force and the
electrostatic force with the magnetic force.®

From Eq. (7) we can derive the result

- = 'z=av
ME, = T = g n

or, by integration, since 6; = const:
V=v T—B
The electrons at the periphery then have a larger energy than

the one at the center of the beam. By equating kinetic and potential
energies we get
(2)? ¢ (r8)? = 20V = 20V, + 7283.

from which we get

which means that all electrons have the same longitudinal velocity,

corresponding to the potential along the axis.
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The transverse velocity at the periphery is
raB = Ty

I
Let us consider a practical example. Assume E%% = 10*A/m? and

[

V, = 5 x 10* volt. From Eq.(8) we get By = 55.95 x 107" Tesla.

a
The Larmor frequency is w o= 432 Mc/s,giving a radial velocity

Tw, = 4.92 x 10° m/sec already at r = 1 cm, to be compared to z =
1.237 x 10°® m/s. This corresponds to about 40 mrad max angular

sprecad of the electron beam of 1 cm radius, and it is much too large
to be acceptable. Therefore, the Brillouin flow is not useful

to our application.

4. "Brute force'" confinement

We 11y next to make the magnetic field stromg enough to restrict
the transverse motion to an acceptable amount.

Suppose we have a disk cathode of radius T, normal to a strong
magnetic field B in the z direction. We shail assume that the
cathode is the same as at any plane along the beam. This solution
is very attractive for its simplicity as long as the cathode has
sufficiently large emission density. Those sophisticated forms
of confined flow will be considered at the end. Equation (7)

becomes:
B2 [fr*
2 oV 2 Z [+]
RO T(F*)-
The paths of the peripheral electrons are helices and the beam

assumes a scallopped form. At the equilibriumradius rm,¥ = 0.

insezting ;¥ from Gauss's law we get:
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- (E3 - e )
Tn n%n’zﬁv’zq
Therefore, increasing B, gives T AT According to Pierce® we can
define
K- I =3.5x107__ T 10y
vZ e n’/ B2 v'/Pr2 B2 v'/*

and Eq.(9) becomes

or

T, =T, WKz + 1) + K}/? (11)

It is interesting at this point to evaluate K for the
typical case B, = 0.1 Tesla, I, /7T? = 10%A/m2 and V = 5 x 10"V.
Inserting numerical values, we get K= 3.9 x 107", Hence, the
approximation K<<l is solid since one can approximately write:
™ = To (1 * %—) (i2)
We proceed next to the investigation of the ripple on the beam
i.e. the motion around L To do this we use the method of Kleen
and P&sche?. We put
T(t) = 1y (1 + §(1)) (13)
Since § is small, we expand r and r”° by the binomial theorem.

With these substitutions in Eq.(7) we get

428 4,2 (1+%Y) ws=0 14)
&” ) ‘
assi a
which is thec'mf';{ € harmonic oscillator solution for an angular

ra . vy
frequency. 368
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for an angular frequency @ = l?"T—?z?g) w = 2u ¢
o)
6§ = ¢, cos (@ot) + €y sin (&t)
At the cathode t=0 and T=T, OT T =T (1-8);
(15)

T,

§ =11 - IE cos (iit)
m

The maximum ring diameter is then z or,

W e

:;) « Tp P + %) =T, (1 + ;)’

Since the minimum is Ty, the ratio of maximum to minimum is (1 + K/?)?
since for our numerical case

This is an extremely small variation

K=3.3x10".
The anuglar speed  can be easily described from the Bush's

theorem:
(16)

. 12
1 To

8= q (
t

The radial sp~ed r is in turn calculated confirming Eq.(13) and

Eq. (15).

T = & r sindt
The total radial velocity Vr can be composéd from the two orthogonal
One can easily find, agzin in the approximation

components Br and r.
K<<l that it corresponds to an helical motion with speed given by

v« — 1
) wcn’;zB v/,

o

= 6,06 x 10" I

The parameter which is relevant to our application is the ratio

between the longitudinal and transverse speeds:
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v
T . I - I
r =3 - 2nenEVr° = 0.102 BVT,
where z = ¢ZnV. Thus, as the magnetic field is made stronger and

stronger, more and more electrons tend to travel in nearly straight
lines from the cathode parallel to the beam axis and along the field
lines, This method is more effective than the Brillouin solution.
For the numerical case r = 1 cm, E%T = 10°A/m2?, V = 5 v 10" volt, we
get now ' = 6.41 x 107} rad, which is considerably smaller than

the Brillouin case. Note also that Budker et a12 have chosen
I=1A, r=0.5¢cmB=20.,1Teslaand V = 5 x 10* volt giving with
our formula at the beam periphery T = 4 x 1077 rad to be compared
with the measured rms value ~3 x 10 ’rad.

5. General case of confined flow.

A more sophisticated form of confined flow is that in which
the electron paths of the given region are designed to be along
the lines of the field, which is no longer constant. The treatment
presented here is due to Kleen and P8schl.”’ The set-up is the one
shown in Fig.13. The magnetic shield is adjusted until the electron
trajectories near the cathode surface lie along the magnetic field

lines. The Equation (6) can be rewritten after some manipulations

in the form:
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B2 !
o ‘o, 2¢
setsr $1=0
-77
vwhere o= I(r; o 3.5x10 o
B: v
Then: 172
. '/21+/ +B;r; /
l‘m [ 1 EE—BT
As before we put r = rm(1+6), and use expansion approximations to
obtain:
d2é 25 o
Sz * 2R+ e =0
where

B.r2\?2
A= (B°r°) , 0%AS1

2'm
Then § = C; cos YZ(A+1) wt + Cy sin  YZ(I#A) wt.
The origin is taken at the aperture separating region 1 from region
2 (see Fig.l4). Let r = r, at the origin and let the bean be

converging to the axis by an angle L Then,

¢, - T, - T, c, - u tana,
Tm /2(1+A)erm

The maximum radius is then given by:

2
Tmax .y, ra ffTm 1 ujtana,\?
¥ 1+ 5 - = 1 + —_—
min T I(AD) w T,

T

=

T
m s

The value of ¥ E_lx + 1 only if r_m »+ 1 and also the second term
min [

under the radical goes to zero, i.e. u°+o. If this is achieved

then the beam at high field will bLe smooth and uniform.
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Finally, in order to compare various experimental situations,
we shall derive a useful relation between the magnetic flux enclosed
by the mean diameter Zrm and the flux through the cathode surface,

at optimum adjustment settings. We define the flux ratio a as

2 2
n B = awr
To “o mBz

2

oBo _ . 1/2
28 A
mz

T

T

Then for ¥ = 0, i.e., r = T, We can rewrite Eq.(6) as follows:

2
3P = w? (1-a?)

or alternatively
w?

e =1 - 23}

L

In the Brillouin case m; = Zmﬁ , therefore a? = 0 and no
flux hits the cathode. 1In the uniform field case u;/zwL+0 and
a®+1 and all the flux goes through the cathode. For instance, at
twice the Brillouin field a~0.86. The percentage of flux cutting
the cathode grows very rapidly once 2mi>m;. Using the Bush
theorem we get

6 = mL(l-a).

Which shows that the minimum angular divergence of the beam can
be achieved with a=1, i.e., the flux must thread the cathode for

maximum cooling efficiency.
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S. Discussion.

There are several questions which deserve further consideration:

(a) Is flow stable? The answer to this question is in
general , yes. We refer to the book of Pierce for
details.

(b) All the theory is based on laminar flow, i.e., the
trajectories do noi crosseach other. This assumption
is not completely correct.® Some experimental work
is neeZad to clear up the implication of such a simplifying
assumption.

{c) Effects of thermal velocities. Again the effect
are expected to be small.

(d) Matching around the accelerating region near the cathode
and e.s, lens effects around the cathode. Some jump
of radial velocity are expected and they must be investi-
gated.

(e} Positive ions effects. Positive ions can easily
neutralize the space charge of the beam and modify
the present discussion

It is expected however that the present treatment elucidates

the most salient features of the device, and constitutes a valid

guide to the construction of an experimental prototype.
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Appendix III Freezer Ring as an Accumulator and Proton Cooler

to Increase Luminosity

It appears that the Freezer ring might be useful to uecrease the
emittance of the booster proton beam in normal operation and possibly
increase the luminosity for pp colliding beams.

One problem with the Fermilab booster system presently comes from
the horizontal aperture limitation which is ~30w rather than the theo-
retical 90m. This aperture prohibits the originally planned radial
4-turn injectiou from the linac; the emittance from the linac is ~10-157
for currents of 250 mA. Furthermore, the linac is running idle most
of the time,being uced only ~3psec for every booster cycle (66 msec).
Increasing the linac current increases the emittance and does not lead
to large gains in the current stored in the booster.

There is one obvious and simple solution - decrease the emittance
of the linac beam and store the linac beam during the "idle" times.

The Freezer ring is potentially extremely useful for this purpose
provided electron cooling of the beam takes place in times comparible
to the booster repetition rate.

The basic scheme would be to inject the linac beam into the
Freezer ring during the idle time of ~66 msec. Multi-turn injection
could be accomplished if the electron cooling time can be decreased to
~20-30 msec. The cooled protor beam is thrn injected into the booster
after the normal injection cycle. The current in this reduced emittance

beam will be limited by space charge in the booster. Several kinds of

375




TM-689
2000.000

problems related to tune shift, resistive wall instability, non-
linear resonances, etc.,‘depend strongly on emittance, and should
become much more controllable than at present. Additionally,
synchronous transfer from the Freezer to the Booster should improve
the rf capture efficiency. This would result ultimately in improved

luninosity.
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Table I. Parameters of p injection
and deceleration in the Booster.
Antiproton injection energy (kinetic) T_ 5.717 GeV
p

Target length and material ‘t 5cm, tungsten
Target efficiency 0.3

Proton be>m size at target £ 0.5 mm

Betatron function of p's at target center

- vertical betatron B; 0.025 m

-~ horizontal: betatron B; 0.025 m

- momentum dispersion x; ~0
Acceptances of the Booster ring at 200 Mev

- vertical Ay = A0r 1076 r.m.

- horizontal : Ay 407 1076 r.m.

- longitudinal Ay 3 eV sec
Acceptances from the target

- production angle epwi 0°

- solid angle AQ $.3 x 107% sterad

- momentum acceptance {B = -.12) Ap 2.0 MeV/c

Antiproton yield for incident proton p/p 0.83 x 1078

n



Table IIX.
Element Description
s1 Fast Magnetic Kicker
s2 Lambertson Septum(2)
Bl Fast Magnetic Kicker(2)
B2 Pulsed Current Sheet
Septum
Quadrupole Length (m)
Q1 1.0
Q2 1.0
o3 1.0
Q4 1.0
Q5 1.0
Q6 1.0

Length
Tm
m
2.5m
5m

Half Aperture (cm)

Major Beam Transfer Elements

TM-689
2000,000

Field Deflection Angle
0.05 T 1.0 mrad
0.9T 20 mrad
0.067T 7 mrad
0.37 70 mrad

1

Gradient (Tm )

378

7.0
9.0
3.0
2.0
2.0
2.0

+1.560
-1.365
-1.950
~-2.925
+0.780
-0.875
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Table III Tentative parameters of the Freezer Ring

Nominal momentum
Guide field
Magnetic radius
Orbit radius
Focussing Type
Number of cells
Length of each cell
Rotation functions:
~ maximum value
- of the cooling sections
Momentum compaction
Transition - energy
Length of cooling straight sections

Betatron acceptance

Momentum acceptance

Phase advance per cell

37

Po
B
0
p
R

separated

B
3]

max

X max
P

644 MeV/c
0.5T

4.3 m
75 m

function

12
39.3 m

27 m

straight 15 m

6 m

xp straight 2 m

Y9
7.5 m
967 10 °m
757 10 ®m
+5x107°

0.27
0.26
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Table IVa. Freezer Ring Dipole

Field Strength

Magnet Length

Magnet Gap

Pole Aperture

Field Aperture

Field Quality

Coil Turns(Top + Bottom)
Copper Conducter Cross Section
Water Cooling Hole Diameter
Conductor Corner Radius
Conductor Current
Magnet Inductance

Coil Resistance

Voltage Drop

Power

Cooling Water Pressure
Number of Water Paths
Water Flow

Temperature Rise
Outside Dimensions

iron Weight

Copper Weight

380

.325" x .325"
.181"
.063"

220 A
.006 H
12 Q
26 Vv
5.7 kW
150 psi

]

1.4 GPM
20%

25" x 15"

3000 Lb.
3001b.
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Table IVb. Frqezer Ring Quadrupole 2000.000
Field Gradient 10 T/m
Magnet Length 10"
Aperture 8% dia.
Width of Good Field Gradient 5"
Gradient Quality (AB/B at 1,5% Rad.) #.1%.
Coil Turns per Pole 30
Copper Conductor Cross Section .325» x 650"
Water Cooling Hole Diameter 128"
Conductor Corner Radius .981"
Conductor Current 300A
Magnet Inductance .010H
Coil Resistance .0112
Yoltage Drop 3.3 v
Power ) 1.0%w
Cooling Water Pressure 150 psi
Number of Water Paths 1
Water Flow 0.6 GFM
Temperature Rise s %
Qutside Dimensions 27" dia.
Iron Weight - 1300 1b,

Copper Weight < 200 1b.
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MAIN RING CYCLE DURING P PRODUCTION
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Schematic of Stacks in the Freezer
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Motion of Antiprotons in the Electron Rest System
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