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Preface

The most recent conceptual design manual for the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven was published in May 1986 (BNL 51932) . The
purpose of this workshop was to review the design specifications in this RHIC
reference manual, and to discuss in detail possible improvements in machine
performance by addressing four main areas. These areas are beam-beam
interactions, stochastic cooling, rf and bunch instabilities.

The contents of this proceedings are as follows. Following an overview
of the workshop, in which the motivation and goals are discussed in detail,
transcripts of the first day talks are given. Many of these transcripts are
copies of the original transparencies presented at the meeting. The following
four sections contain contributed papers, that resulted from discussions at
the workshop within each of the four working groups. In addition, there is a
group summary for each of the four working groups at the beginning of each
section. Finally, a list of participants is given.

Mark J. Rhoades-Brown
Editor
Brookhaven National Laboratory
July 1988
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Summary of the Workshop

A.G. Ruggiero

The Workshop on the "RHIC" Performance was held at the Collider Center,

Brookhaven National Laboratory, from March 21 to 26, 1988. The Workshop had

three major goals:

1. To check the validity and soundness of the methods described in the

Conceptual Design Report (CDR, May 1986), in order to ensure the

performance proposed there.

2. To initiate and study techniques that increase the luminosity in the

second stage of RHIC by a factor of twenty beyond the CDR values, and to

reduce the interactive region to a rms length of less than 20 cm.

3. To investigate possible limits on beam intensity and dimensions, and

their impact on RHIC hardware.

Originally thirty persons have been invited to attend from other

laboratories and institutions in Europe and USA. Six people declined the

invitation for several important reasons. Six other participants, who

initially accepted the invitation, sent their own regrets within a week of the

workshop start, when it was difficult to replace them. Thus eighteen persons

from outside BNL attended the Workshop. Their names ars listed in Table 1.

They brought their own experience and wisdom with them, and their contribution

to the success of the workshop was essential and fundamental.

Members of the BNL staff who attended the Workshop are listed in Table

2. The list is relatively short but the group of people shown turned out to

be very important and crucial for the success of the Workshop.
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On the first day of the Workshop we had several formal presentations of

the RH1C project, and some technical design issues like intrabeam scattering

and crossing of the transition energy. We also had reviews of the performance

of the only two operational hadron colliders: SppS and the Tevatron. In

addition, there was an introductory talk on Stochastic Cooling for Bunched

Beams. At the end of the first day most of the crucial issues of the RKIC

performance were introduced and preliminary discussions ensued. By now the

audience had acquired the feeling of the dimensions of the problems involved.

The agenda of the first day talks is shown in Table 3.

The following four days, the Workshop was organized in four groups.

Each group had a leader and a technical secretary appointed as shown in

Table 4. People were left free to join the group (or groups) of their choice.

Each group was given assignments and goals:

i) Colliding Beam Performance

Check the validity of the methods proposed in the CDR

Study methods and ways to improve the luminosity by a factor

of twenty.

Study methods and ways to reduce the length of the interaction

region.
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ii) Beam Instabilities

Check estimate of intrabeam scattering.

Estimate RHIC wall impedance.

Study bunch-to-bunch instability and their cure.

Make an assessment of the implication of copper coating to the

beam stability.

iii) Beam-RF Interaction

Appraisal of the proposed 26 MHz, 1.2 MV rf system in the CDR.

Study of beam loading and transient effects, especially in

view of missing bunches.

Problems of crossing of transition energy.

Shortening of the bunch length by choosing a larger rf.

iv) Stochastic Cooling

Investigate the feasibility of bunched beam cooling for RHIC.

Betatron and momentum cooling.

Feasibility of cooling rates to preserve initial beam

dimensions.

Feasibility of higher cooling rates to reduce final beam

dimensions.

On Tuesday, Wednesday and Thursday we had general meetings at 4:30 in

the afternoon with all four groups together to exchange major findings and to

discuss important issues which could have affected the work for the following

days.
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Friday was the last working day.

The summary of the working groups was given on Saturday morning, March

26, with all the groups present and to a wide audience made of staff from the

ADD, AGS and other departments. The schedule of the summary talks is given in

Table 5.

Highlights of the Workshop

The following are the major results from the Workshop:

(a) Two major problems have been identified in the Conceptual Design Report

(May 1986).

Danger of the two colliding beams crossing at an angle to obtain a

small diamond length.

Difficulty of tuning the proposed 1.2 MV, 26 MHz rf system during

injection, acceleration, crossing of the transition energy, and the

rest of the cycle

(b) To obtain a small interaction length, with beams colliding head-on,

choose a very large rf which provides a shorter bucket, and hence bunch,

length. The rf proposed in storage mode is 214 MHz.

(c) Based on the experience with the SppS collider in CERN, a strategy has

been proposed to reach very large luminosity and to cope at the same

time with the beam-beam nonlinear interaction. This is based on the

total amount of tune-spread that can be tolerated from the beam-beam

interaction.

(d) Stochastic cooling of bunched beams in RHIC seems feasible and it could

be used with benefit to counteract the growth due to intrabeam

scattering and to reduce the requirement on the maximum rf voltage.



(e) No serious effects have been predicted on the beam stability due to the

coating of the RHIC vacuum chamber with a thin layer of copper.

(f) There is enough Landau damping to guarantee the beam stability in RHIC

except at injection where bunch-to-bunch instabilities can be expected.

These instabilities can be removed with a proper active damper system.

(g) Several rf schemes for beam capture, acceleration and storage have been

proposed and discussed. Several rf systems may be required, and the

requirement of the "transparence" to each other system has been pointed

out and stressed. Nevertheless, it was not possible to provide a

consistent set of rf parameters by the end of the workshop.

(h) Luminosity as high as 1 x 10* cm s for gold on gold and 2 x 10

cm s""" for proton on proton is possible in RHIC.

Conclusions and Recommendations

(1) Avoid crossing at Large Angle. If 2a is the total crossing angle, a&

the rms bunch length and a the beam rms cross-section, then the

criterion to be satisfied is:

*
a aB < a

The main reference for this criteria is the work of A. Piwinski, who

studied the problem with numerical simulations. The criterion on the

crossing angle should be combined with requirements on the beam-beam

tune-shift per crossing, and on the synchrotron frequency. These

requirements are not yet very clear, and they should be investigated for

RHIC.

Small angle crossing can still be used for RHIC provided there is enough

bunch-to-bunch separation to insure also lateral separation at both

sides of the central crossing region. A lower limit for the bunch
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separation, dictated by the use of the detector, is 30 nsec. Assuming

that an injection kicker with an equivalent rise-fall time is feasible,

then large luminosity can be achieved with a bunch mode similar to the

one being proposed for the SSC.

(2) Raise the rf to around 214 MHz, an increase by a factor of eight. In

storage mode the bucket length is 5 nsec. If, by intrabeam scattering,

the beam bunch will fill up the bucket, than the bunch rms length

expected would be 30 cm, which, for head-on collision, would lead to 20

cm for the ras value ' of the interaction length. This would remain

constant throughout the storage period.

A main issue which remained unsolved is the requirement on the total

voltage during the storage period. It should be large enough to contain

the bunch height during the growth due to intrabeam scattering and yet

comfortably low so that one can manipu1ate the rf system during the

cycle eliminating interferences between different cavities.

Similarly the amount of safety factors in the bucket height and beam

lifecime have been debated but they were unresolved by the end of the

workshop. The possibility has been mentioned to start operating RHIC

with lower rf voltage and then keep adding more voltage as it would be

required by the beam behavior.

(3) The largest beam-beam tune-shift achieved in the SppS is 0.003 per

crossing. This limitation is caused by the proton bunch dimensions and

intensity at injection. A long lifetime (hundred of hours) has been

achieved with this tune-shift. But if the beam is located in the tune

diagram across a beam-beam generated 10th order resonance, then the

lifetime would degrade considerably down to only a couple of hours. The

beam-beam limit in a hadron collider is "soft", with no rigid threshold.
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(4) There are evidences, obtained experimentally with separation of the

beams in unwanted colliding regions, that the important parameter for

long term beam stability is the "tune spread". For head-on collisions

this is given by the tune-shift per crossing times the number of

crossings per turn. A suggested limit for the "tune-spread" is 0.02,

where this is consistent with SppS observations.

(5) In order to soften the requirements on the beam-beam interaction, the

following strategy has been proposed in RHIC to achieve large

luminosities. If only a "tune-spread" of 0.02 from the beam-beam

interaction can be allowed, then, for example, only four experiments can

be turned on with a tune-shift of 0.005 in each crossing. The beams

ought to be separated in the other two crossings so to avoid

interaction. This approach can be pushed to the limit where only one

experiment is running, but at very high luminosity, with the beams

separated in the other five collision regions. In this extreme case a

total tune-shift (and spread) of 0.02 could be allowed in the single

crossing where the experiment is located. It still remains to be

determined though what is the total tune-spread from the beam-beam

interaction that can be allowed in RHIC.

(6) Avoid crossing of beams with unequal cross sections. Long lifetime is

achieved with beams of as equal dimensions as possible. This fact has

been drawn from experience with the SppS collider.

(7) A few insertions can be designed with a shorter magnet free region for

the detector; as short as ± 5 m. Combining this with stronger

quadrupoles and dipoles on both sides of the interaction region, it

should be possible to half the value of (3*. Also, the use of common

quads can allow a small 0* value that is comparable to the optimal rms

bunch length.

- 7 -



(8) In the case of very heavy ions, like gold, a high rate of luminosity

depletion is expected due to several beam-beam and intrabeam nuclear

phenomena with large cross-sections. Assuming a total cross-section of

100 barn a lower limit can be set for fi* in order to provide a long

luminosity lifetime due to these effects. For a lifetime of 20 hours

then p* > 1.5 m. This condition does not depend on the luminosity or on

the beam and machine parameters.

(9) To allow proper matching of the bunch transfer from the AGS to RHIC, a

low rf voltage is required at injection. By preserving the 26 MHz rf

system proposed in the CDR, only two cavities will probably be required,

each with ~ 100 KV. During capture, one cavity is turned off. For

acceleration, the full voltage of - 200 KV from both cavities is used.

This is a simple rf system that can be made for minimum interference

with the 214 MHz system in the storage mode. Also, the latter is turned

off during acceleration, and actively detuned to reduce interferences.

The details and the methods to achieve this are still to be worked out.

(10) With the lower voltage during acceleration, the momentum spread of the

beam when crossing the transition energy sufficiently is small, and the

phase space dilution from the kinematics of crossing is negligible.

However, the acceleration rate is low, and the beam bunches will show

coherent longitudinal instabilities, which in turn can introduce a

growth and a loss. Preliminary computer simulations have shown a

survival of 85% when space charge forces are included.

(11) It has been proposed to capture the beam bunches with the 214 MHz rf

system during the crossing of the transition energy when the bunches are

narrow. Preliminary simulations have shown that the capture efficiency

is low and that the new rf buckets are full.
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(12) Two schemes have been proposed to squeeze the bunches within the 214 MHz

buckets at the beginning of the storage mode.

One scheme employs the bunch rotation method. The 26 MHz voltage is

slowly lowered so that the bunches expand over about half the bucket

length. The full voltage is then suddenly turned on so that the bunches

will rotate for a quarter of synchrotron period at which time they will

have a length of few nanoseconds. At this point the 26 MHz voltage is

turned off and one 214 MHz cavity is quickly turned on. The bunches are

thus trapped in the new rf buckets.

The second scheme employs a sequence of three steps, where the bunches

are transferred from a lower rf system to a higher one. One can start

with the 26 MHz rf system. At the end of acceleration, the rf voltage

is raised adiabatically up t> the maximum value, when the bunches are

narrowest. At this point the 26 MHz cavities are turned off and another

cavity system, roughly at about twice the frequency, is turned on so

that the bunches are now trapped in a bucket about half as short. The

voltage of this cavity system is continuously raised so to squeeze even

more the bunch length. The operation is repeated by turning on another

rf system at even larger frequency. The last step will involve the

desired 214 MHz rf system.

The two schemes are different in the way they cope with beam loading and

transient effects. Nevertheless for both schemes, one still needs to

work out the feedback loops required to eliminate interference with the

major 214 MHz rf system, which was the main question of making all the

rf systems involved "transparent" to each other.
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(13) The beam dimensions will grow during the storage period because of

intrabeam scattering. The final beam dimensions, after 10 hours,

depends on the choice of the rf. The 214 MHz system will preserve short

bunches throughout the cycle, and the final beam dimensions are larger

by almost a factor of two, when compared to the 26 MHz case described in

the CDR.

An important issue raised during discussion deals with the most

convenient rf voltage program to taylor the growth of the beam momentum

spread, assuming that a 214 MHz system was adopted, and the maximum

voltage requirement for a good beam lifetime. It was clear that present

methods available to calculate diffusion rates from intrabeam scattering

are not adequate to estimate the effect on the beam lifetime.

(14) A few preliminary calculations were performed for the beam stability in

RHIC. A survey of the wall impedance was also carried out, with a

result for Z/n as large as 3 ohm depending on the assumption of the

dimension of the vacaum chamber bellows. Individual bunches are

expected to be stable against both transverse and longitudinal coherent

instabilities. Some serious concern exists for the stability of the

bunch-to-bunch modes at injection especially due to transverse resistive

wall when n-f - 0.2. Fortunately, the estimate for the growth times

gives few tens of milliseconds, and the instability should be easily

damped with an active feedback of modest power and bandwidth

requirements.

(15) To reduce the heat power dissipation on the vacuum chamber in the cold

region of RHIC, a coating of a thin layer of copper has been proposed.

The coating will not be uniformly applied, and several regions of

stainless steel would still exist.
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An analysis was carried out to estimate the coupling impedance of a

toroidal vacuum chamber made entirely of copper at low temperature.

Resonating modes at very large frequencies were identified but the

corresponding shunt impedance gave only a very small value for Z/n, with

no consequences to the beam stability.

Based on some work done for the SSC on the same subject, an estimate was

made for the effect of the discontinuities introduced by different

materials: copper - stainless steel. No significant effects were found.

In conclusion, although several details remain to be worked out, there

was some consensus at the workshop that no major problems with the beam

stability would be encountered with the coating of the RHIC vacuum

chamber.

(16) Stochastic cooling of bunched beams was demonstrated only once in the

ICE ring in CERN in the effort to measure the antiproton lifetime.

Moreover there are several theoretical papers describing the

requirements, performance and limitations for the stochastic cooling of

a bunched beam. Recently, an experiment is being prepared in CERN for

cooling of the beam bunches in the SppS, in order to improve the

collider luminosity lifetime.

The workshop concluded with a positive note for the feasibility of

stochastic cooling for RHIC. A large bandwidth is required, possibly

10-20 GHz, and a long sequence of kickers up to 40 m long. For the case

of gold, cooling times of 5000 sec for the momentum spread, and of 1000

sec for the beam emittance have been estimated as feasible, with a total

power requirement not exceeding a kilowatt. These cooling times should

be adequate to preserve the initial beam dimensions against diffusion

from intrabeam scattering. There are several advantages: the average
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luminosity can be doubled, the interaction length can be frozen to the

initial value, there is more clearance between beam dimensions and the

RHIC dynamical aperture, and finally the requirement for the rf voltage

in storage mode can be reduced considerably. The latter point has been

repetitely stressed as a trade off in performance and cost between

stochastic cooling and rf cavities.

The general consensus was that the stochastic cooling system was needed

to be brought into operation only few years after start up, after one had

already demonstrated real beam behavior in RHIC. Nevertheless a minimum

effort for the design of the system should be given soon since it will take

some time for the technical implementation.
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Table 3

WORKSHOP ON THE RHIC PERFORMANCE

BROOKHAVEN NATIONAL LABORATORY

MARCH 21-26. 1988

Monday. Ma r c h_ 21

8:30 am A.G. Ruggiero Welcome

8:40 am N.P. Samios The RHIC Project

E.B. Forsyth, Chairman

9:00 am H. Hahn RHIC Reference Design

9:45 am L. Evans The SppS Collider and
Acceleration of Heavy
Ions In CERN

10:30 am C O F F E E B R E A K

10:45 am J. Marriner Tevatron I

11:30 am G. Parzen Intrabeam Scattering

Calculation for RHIC

12:15 pm L U N C H

T. Ludlam, Chairman

2:00 pm A.G. Ruggiero Single Beam
Instabilities in RHIC

2:30 pm G. Young Luminosity Depletion in
RHIC

3:00 pm S.Y. Lee Transition Ener
Transition energy
Crossing in RHIC

3:30 pm C O F F E E B R E A K

3:45 pm J.G. Cottingham RHIC RF System

4:15 pm D. Boussard Stochastic Cooling of
Bunched Beams
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Table 4

WORKING GROUPS

COLLIDING BEAM PERFORMANCE
LEADER: L.C. TENG
SECRETARY: M. RHOADES-BROWN
LOCATION: 4TH FLOOR CONFERENCE RM

COLLECTIVE INSTABILITIES
LEADER: M. ZISMAN
SECRETARY: F. KHIARI
LOCATION: 3RD FLOOR. STA.

BEAM-RF INTERACTION
LEADER: J. GRIFFIN
SECRETARY: A. RATTI
LOCATION: 3RD FLOOR, STA. B

4, STOCHASTIC COOLING
LEADER: J. MARRINER
SECRETARY: J. MILUTINOVIC
LOCATION: 3RD FLOOR, STA.
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Table 5

SUMMARY OF THE WORKING GROUPS

SATURDAY, MARCH 26, 1988

LOCATION: BLDG. 1005S, 3RD FLOOR

9:00 - 9:45 COLLIDING BEAM PERFORMANCE

9:45 - 10:30 COLLECTIVE BE AM I NSTABI L I Tl ES

10:30 - 10:45 COFFEE BREAK

10:45 - 11:30 BEAM-RF INTERACTION

11:30 - 12:15 STOCHASTIC COOLING

12:30 END OF THE WORKSHOP
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WORKSHOP ON THE RHIC PERFORMANCE
March 21-26, 1988

PLENARY TALKS OF FIRST DAY



The RHIC Project

Talk Presented by:
E.B. Forsyth



R E V I E W S

MAY 20-21. 1987 DOE REVIEW OF RHIC COST,
SCHEDULE MANAGEMENT AND
TECHNICAL DESIGN
(TEMPLE)

JUNE 22-23. 1987 INDEPENDENT COST ESTIMATE
(ICE) OF RHIC PROPOSAL
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STATUS OF RHIC DESIGN
CONCEPTUAL DESIGN COMPLETE (MAY 86 CDR)

- RESULT OF INTERACTION WITH ACCELERATOR
PHYSICISTS AT OTHER LABS AND THE
FUTURE USER COMMUNITY IN MANY MEETINGS
AND REVIEWS

- DESIGN MEETS PHYSICS PROGRAM REQUIREMENTS

- SATISFIES CONSTRAINTS OF EXISTING TUNNEL

- COST EFFECTIVE DESIGN DUE TO BUNCHED
BEAMS AND LOW-FIELD

- "DISCOVERY" OF INTRA-BEAM SCATTERING AS
LIMIT TO PERFORMANCE IN HEAVY ION
STORAGE RINGS

SUBSTANTIAL FRACTION OF RHIC COMPLETE
- CONVENTIONAL CONSTRUCTION

TUNNEL, SERVICE BUILDING,
EXPERIMENTAL HALLS, ETC.

- REFRIGERATOR ACCEPTED

- INJECTOR COMPLEX
TANDEM, AGS, HEAVY ION TRANSFER
LINE COMPLETED, BOOSTER UNDER
CONSTRUCTION

START OF CONSTRUCTION IN FY89 REALISTIC
- NO FUNDAMENTAL RESEARCH PROBLEMS

FEASIBILITY WITHIN EXISTING TECHNOLOGY

- ONGOING DEVELOPMENT EFFORTS
FOCUS ON ACCELERATOR PHYSICS, MAGNETS
AND HARDWARE RELATED TO MAGNETS
(CRYOSTATS, PICKUP ELECTRODES, ETC.)

- FULL-SIZE DIPOLE MAGNETS, SUITABLE FOR
INDUSTRIAL PRODUCTION HAVE BEEN TESTED.
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TOTAL PROJECT COSTS

88 $

(1,000,000)

RHIC

DETECTORS

R&D
RHIC 27.0
DETECTORS 12.0

START UP

205.1

70.1

39.0

15.7

TOTAL 329.9

- 25 -



BASIC ASSUMPTIONS

CONSTRUCTION TO START IN FY 89

CONSTRUCTION SPREAD OVER 5 YEARS

1ST YEAR FUNDING (FY 89) MILLION
$ (14.7 IN AY $)

2ND YEAR FUNDING (FY 90) MILLION
$ (46.3 IN AY $)

- R&D 6 MILLION 88 $ PER YEAR

-- DETECTOR DESIGN/CONSTRUCTION TO
START IN FY 90

-- DETECTORS 1 MILLION AY $ IN FIRST
YEAR (FY 90)

- PROJECT CONSTRUCTION COMPLETED
SEPTEMBER 1993

- ESTIMATE ASSUMES MAGNET WILL BE
FABRICATED IN HOUSE

- 26 -



C U R R E N T R & D E F F O R T

MAGNETS 5 & 6

POST TYPE CRYOSTAT

INDUSTRIALHATION TASK FORCE

BEAM DUMP

INJECTION

TRANSITION CROSSING

PERFORMANCE LIMITATIONS

HEAVY ION SOURCES
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RHIC Reference Design

Talk Presented by:
H. Hahn



RELATIVISTIC HEAVY ION COLLIDER
RHIC

DESIGN DESIDERATA
(1985-1984)

ENERGY RANGE
• HEAVY ION COLLISIONS S IOOXIOO GEV/NUCLEON

P BEAMS OF£250 GEV

• OPERATIONAL ENERGY RANGE: INJECTION - TOP
PERFORMANCE SPECIFICATIONS ABOVE 30 GEV/NUCLEON
COVER LOWER ENERGIES BY INTERNAL TARGET MODE

MASS RANGE
• PERIODIC TABLE: H TO AU (U?)

• UNEQUAL BEAMS (P X AU)

LUMINOSITY (Au)
• L S1025 CM~2 SEC~1 INITIALLY/

• ULTIMATELY REACHING L —1027 C M-2 S E C-1

• OPERATIONAL LIFETIME >10 H ABOVE 30 GEV/AMU

INTERSECTIONS

• MINIMUM OF 3 EXPERIMENTAL AREAS

• FREE SPACE ALONG BEAMS ± 10 M

• DIAMOND LENGTH ±20 CM RMS

• FLEXIBLE: HEAD-ON COLLISIONS/X-ING AT ANGLE
LOW-BETA INSERTION
HIGH-BETA INSERTION (SMALL ANGLE)
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R H I C S C E N A R I O

Au - EXAMPLE

INJECTOR SYSTEM

NEGATIVE ION SOURCE 200 nA, >120 n SEC

TANDEM VAN DE GRAAFF: 1 MEV/AMU, Q = 33

BOOSTER: 350 MEV/AMU, Q = 79

AGS: 10.7 GEV/AMU

q
SINGLE BUNCH OF 1.1X10 IONS FROM AGS

5 7 BUNCHES STACKED IN BOX~CAR FASHION

ACCELERATION TO 100 GEV/AMU IN 1 MIN

E = 1 0 K MM MRAD S = 0 .3 EV * SEC/NUCLEON

COLLIDING BEAM OPERATION IN BUNCHED BEAM MODE

ADEQUATE LUMINOSITY WITH LOW AVERAGE CURRENT 65 MA

HEAD-ON COLLISIONS

< L > = 4.4x1026 C M " 2 SEC"1 9 100 GEV/AMU, 10H AV.

G = 28* MM MRAD S = 9.4 EV'SEC/NUCLEON

EXISTING TUNNEL (CIRCUMFERENCE 3.8 KM) ALLOWS

ECONOMICAL AND SIMPLE DESIGN OF SUPERCONDUCTING MAGNETS

LOW FIELD: SINGLE LAYER COS MAGNET @ 3.5T

CURVED, COLD-BORE: APERTURE 8 CM COIL I.D.

LONG DIPOLES (9.7 M ONE/HALF CELL)

MAGNETS SELF-PROTECTING IN QUENCH
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V-RAILROAD ST.

POWER SUPPLY_
BLOG NO. I

XANOEM VAN DE GRAAFF
HEAVV ION SOURCE

Fig. 1

SITE MAP
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HALF CELL 14.81 m

QUADRUPOLE DIPOLE | CORRECTORS
SEXTUPOLE

BEAM POSITION MONITOR

2 INTERSECTING RINGS
6 X-INGS POINTS
3.8 km CIRCUMFERENCE
288 ARC DIPOLES
276 ARC QUADRUPOLES
34 INSERTION DIPOLES
216 INSERTION QUADRUPOLES

INNER ARC INSERTION

OUTER ARC

Fig. 2
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OUTER INSERTION

RHIC Half-Insertion.

i i i i i—i—i—i—i—1—i—i—i—i—i—i—i—i—i—I—i—i—i—i

EQUAL SPECIES 0
- - - EQUAL SPECIES 2 m r

— UNEQUAL SPECIES Omr

15 10
S(m)

Beam crossing geometry.
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2.0
a.
X

1.0

-200 -100"- 0 N̂  S 100 s(m) 200

V
B BS BC2BCI

09 Q8Q7Q6Q5Q4

OUTER SEXTANT
1 .00 '

I N N E R SEXTANT

Betatron and dispersion functions in the insertion region.



CO

o
CO

to
- Q

CO

CO

CM
U.—
co

O
-co

a
co

o
cr

3

o

Fig. 3

co

- 38 -



RHIC 90 6* = 3m

4 FAMILY SCHEME: SFl = (1 + 0.24) SFO

SF2 = (1 - 0.24) SFO

SD3 = (1 - 0.175) SD0

SD4 = (1 + 0.175) SDO

28.84 -•

6th Integer

28.82 ••

> 28.80

28.78 --

28.76 "

I I

-1.0 0.0

AP/P(%)

1.0
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— RANDOM
— RANDOM + SYSTEMATIC

ERRORS
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£
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I I I I I I

30

LATTICE DYNAMIC APERTURE

E
£

REQUIRED FOR
e

= 30, Au,Nb=l-lxl0"

10 REQUIRED FOR

/ = 100, Au,Nb = 5.5x10'

0 j i l i i i

8

NUMBER OF £ =3 INSERTIONS
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Systematic bn Tolerances

Ion

8* (m)

E k i n (GeV/amu)

%

A »6<j (mm)
P p

4p/p (?)

Dipole

b 2

b3

b 4

b 5

b 6

b 7

b8

b 9

b10

Quadrupole

b5

b9

Au

6

11

5.5*109

5xDesign

16

±0.36

T o l . * Exp

0.17 -3

0.14

0.27 <1

0.29

0.46

0.57

0.81

1.0

1.4

2.2 -0.2

8.0 <0.1

6

30

1

18

±0

Au

. 1 *

.5

Tol .

0

0

0 .

0 .

0.

0.

0 .

0 .

0 .

1 .

2.

13

10

15

16

19

21

25

28

32

2

1

109

Exp.

±1

±0

±0

±0

±0

±0

±0

+0,

±0.

±0.

±0.

.4

.4

.6

.1

.2

1

1

1

0

3

1

3

100

1

9

±0

Au

. 1 *

.6

.26

T o l .

0

0.

1 .

1 .

4.

9.

15

340

25

35

0

9

5

4

1C9

Exp.

6

-4

- 0 .

+0 .

<0.

.5

7

5

6

Au

3

100

5.5*109
5xDesign

12.2

±0.36

T o l . Exp.

0

0

0

0

1

2

3

5.

42

.18 6.5

.21

.44 -4.7

.67

.2 -0.5

0

3

1 ±0.6

« . ,

P

3

300

•

8x101 1

8xDesign

5.6

±0.13

T o l . Exp.

0

1

6.

19

85

300

145

48 28

1

0 - 8 . 8

-1 .3

+2

*TcO.. » Tolerance. Exp. * Expected field harmonics
tRange of expected systematic construction errors
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T R A N S I T I O N E N E R G Y

LOW ACCELERATION RATE CREATES POTENTIAL PROBLEMS

MOMENTUM SPREAD AT TRANSITION

Ap _

P

4

- 3 S / 3

1/6n

T(5/3)

f3

0

R p

h 2

2

e V 2

= c/27tR

_3 2 ,
S c o s </>c

B E 4

0

3 Q

A

1/6

V s i n 0 s = 27t R p B

B = 500 G/sec, V = 1.2 MV, S = 0.3 eV«sec, Ap/p = + 0.7%

TIMING ERROR FOR OFF-MOMENTUM PARTICLES (JOHNSEN, 1956)

rT - JUMP

FASTER ACCELERATION WITH CHANGE OF SYNCHRONOUS ORBIT

MULTIPLE PHASE JUMP (LONGITUDINAL AG)

MICROWAVE INSTABILITY

LOW COUPLING IMPEDANCE

SPACE CHARGE NO PROBLEM (?)

LONGITUDINAL: SORENSSEN & HEREWARD

TRANSVERSE: UMSTATTER
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RESISTIVE WALL HEATING

RESISTIVE .WALL HEATING PER RING

TC3/4) M T2
2TI

M
b p

1 /2

Wall Heating in RHIC (Gold operat ion)

Energy, E

# ions/bunch, N
B

Harmonic, h

rf voltage, V

Bunch area, S

rras bunch length, <r.

Peak current, I
p

# bunches, M

Wallheat/dipole 0 ss

Wallheat/dipole @ Cu

Intrabeam scattering T

Maximum Luminosity, L
BB

Nominal

11.6.

1.2

342

0.21

0.3

0.99

1.68

57

0.02

0.7

Design

100

1.1

342

1.2

0.3

0.27

6.18

57

0.15

5

2.1

1. 1

100

4

342

1.2

0.3

0.27

22.4

57

2.0

67

0.5

3.9

Wall

100

2.4

342

2.4

0.3

0.22

15.7

114

2.0

66

1.1

4.7

Heat Limits

100 GeV/u

2.2 xlO9

684

2.4 MV

0.3 eV-sec/u

0. 19 m

17.5 A

114

2.0 W

69 mW

1.5 min

4.3xl027ciii2 sec1
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Luminosity at Top Energy

Proton

Deuterium

Carbon

Sulfur

Copper

Iodine

Gold

xlO9

100

100

22

6.4

4 . 5

2.6

1.1- '

E/A

(GeV/amu)

250.7

124.9

124.9

124.9

114.9

104.1

100

initial
a=0

9.5

9.5

4 .6

3.9

17.7

5.4

9.2

Luminosity

10Vh
a=0

8.4

9.0

3.2

2.3

9 .2

2 .5

4 .4

io\
a=2 mrad

4 .9

3.68

1.0

0.65

2.42

0.62

1.1

xlO 3 0

x lO 3 0

xlO 2 9

xlO 2 8

xlO 2 7

x lO 2 7

xlO 2 6

Beam-Beam Tune-Shift for Head-On Collision

Element

Proton
Deuterium
Carbon
Sulfur
Coooer
Iodine
Gold

V
100 x io9 '
100
22

6.4
4 .5
2.6
1.1

ini t ia l

0.0037
0.0037
0.0048
0.0037
0.004A
0.0042
0.0025

r
10 h

0.0030
0.0029
0.0027
0.0017
0.0017
0.0015
0.0009

Maximum luminosity at beam-beam limit:

JL frpv A_ (BY) „
AvBB." r0 Z

2 6*
1 •*• A • + q 2

2 /I + q^
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R H I C M A J O R P A R A M E T E R S

ENERGY RANGE (EACH BEAM), AU

PROTONS

LUMINOSITY, AU-AU @ 100 GEV/AMU HEAD ON 4 10 H AV.

OPERATIONAL LIFETIME AU @ >30 GEV/AMU

DIAMOND LENGTH @ 100 GEV/AMU, 2 MRAD

CIRCUMFERENCE, 4 - / 4 CAQg

NUMBER OF CROSSING POINTS

FREE SPACE AT CROSSING POINT

BETA @ CROSSING, HORIZONTAL/VERTICAL

LOW-BETA INSERTION

BETATRON TUNE, HORIZONTAL/VERTICAL

TRANSITION ENERGY, rT

FILLING MODE

No. OF BUNCHES/RING

No. OF AU-IONS/BUNCH

FILLING TIME (EACH RING)

MAGNETIC RIGIDITY, BP: ® INJECTION

9 TOP ENERGY

No. OF DIPOLES (180/RING + 12 COMMON)

NO. OF QUADRUPOLES ( 2 7 6 ARC + 2 1 6 INSERTION)

DIPOLE FIELD 9 100 GEV/AMU, AU

DLPOLE MAGNETIC LENGTH

DlPOLE YOKE LENGTH

COIL I.D. ARC MAGNETS

BEAM SEPARATION IN ARCS

RF FREQUENCY

RF VOLTAGE

ACCELERATION TIME

(7) 10.7-100 GEV/NUCLEON

28-250+ GEV

4.4x1026 CM"2SEC"1

>1O H

± 2 7 CM RMS

3833.845 M

6

± 9 M

6 M

3 M

28.82

25.4

BOX-CAR

57

1.1x109

-1 MIN

96.5 T-ri

839.6 T-M

372

492

3.45 T

9.46 M

9.7 M

8 CM

90 CM

26.7 MHz

1.2 MV

1 MIN
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STATUS OF RHIC PESKN

ONCEPTUAl DESIGN COMPLETE (MAY 86 CONCEPTUAL DESIGN REPORT)
RESULT OF INTERACTION WITH ACCELERATOR PHYSICISTS AT OTHER LABS
AND THE FUTURE USER COMMUNITY IN MANY MEETINGS AND REVIEWS

DESIGN MEETS PHYSICS PROGRAM REQUIREMENTS

SATISFIES CONSTRAINTS OF EXISTING TUNNEL

COST EFFECTIVE DESIGN DUE TO BUNCHED BEAMS AND LOW-FIELD MAGNETS

'DISCOVERY* OF INTRA-BEAM SCATTERING AS LIMIT
TO PERFORMANCE IN HEAVY ION STORAGE RINGS

UBSTANTIAL FRACTION OF RHIC COMPLETE
CONVENTIONAL CONSTRUCTION
TUNNEL, SERVICE BUILDING* 3 EXPERIMENTAL HALLS, ETC.

- REFRIGERATOR ACCEPTED

INJECTOR COMPLEX
TANDEM, A6S* HEAVY ION TRANSFER LINE COMPLETED
BOOSTER UNDER CONSTRUCTION

TART OT CONSTRUCTION IN FY83 REALISTIC
NO FUNDAMENTAL RESEARCH PROBLEMS
FEASIBILITY WITHIN EXISTING TECHNOLOGY

ONGOING DEVELOPMENT EFFORTS
FOCUS ON ACCELERATOR PHYSICS, MAGNETS AND
HARDWARE RELATED TO MAGNETS (CRYOSTATS, PICKUP ELECTRODES, ETC.)

FULL-SIZE DIPOLE MAGNETS, SUITABLE FOR INDUSTRIAL PRODUCTION,
HAVE BEEN TESTED,
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RHIC MAGNET INVENTORY

REGULAR ARC COMPONENTS
DiPOLES
QUADRUPOLES
SEXTUPOLES
CORRECTORS

INSERTION COMPONENTS
STANDARD APERTURE MAGNETS

DiPOLES
QUADRUPOLES Q5-Q9
SEXTUPOLES a Q9
CORRECTORS

LARGE APERTURE MAGNETS
DIPOLES (BCD
DIPOLES (BC2)
QUADRUPOLES (Q1-Q4)
CORRECTORS
SKEW QUADRUPOLES a Q2 OR Q3

TOTALS
DIPOLES
QUADRUPOLES
SEXTUPOLES
CORRECTORS
SKEW QUADRUPOLES

288
276
276
276

48
120
12
144

12
24
96
72
24

372
492
288
492
24



GLASS-PHENOLIC SPACER

STAINLESS :
BORE TUBE
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RHIC ARC DIPOLE DRB
POLE PIECE AND
INSULATOR (RX630)

LAMINATED
IRON YOKE

HIGH
VACUUM
CHAMBER

STAINLESS STEEL
HELIUM
CONTAINMENT
VESSEL

ASSEMBLY
RODS

YOKE
KEY

SUPERCONDUCTING
COIL

COOLING BY-PASS BUS SLOT

ffj *40 mm
Rg*S9.7 mm
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HALF SEXTANT
OF MAGNETS-

RECOOLER HEAT EXCHANGER
TYP. 12 PLACES/RING

-RECOOLER
SUPPLY HEADER

RETURN HEADER"

-RECOOLER LIQUID
LEVEL CONTROL
VALVE

HELIUM
REFRIGERATOR

Fig. 10
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RHIC ARC QUADRUPOLE
POLE PIECE AND
INSULATOR (RX630)

LAMINATED
IRON YOKE

STAINLESS STEEL
HELIUM
CONTAINMENT
VESSEL

BUS SLOT

YOKE
ASSEMBLY
RODS

YOKE
KEY

R3 = 133 mm

COOLING BY-PASS

Fig. 11
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RHIC ARC SEXTVPOLE
HIGH
VACUUM
CHAMBER

LAMINA TED
IRON YOKE

SUPERCONDUCTING COIL
Fig. 12

YOKE
ASSEMBLY
RODS

ASSEMBLY CLIP
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RHIC ARC CORRECTOR

OCTUPOLE COIL
DECAPOLE COIL

-COIL
SUPPORT
TUBES

IRON YOKE

Fig. 13
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Fig. 14
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Fig. 15
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•>*-

Fig. 16
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Fig. 17
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DRA-004

o
GO Operating Field

i i i i i i i i i i i i i i i

5 10 15
QUENCH NUMBER

cr
CD

5

4

3

i i i

-

•

_ • i

i i i

i i i i i i i i i i i i

DRA-003

-

Operating Field

-

i i i i i i i i i i i i

5 10 15
QUENCH NUMBER

i i i i i i i i i i I i i r

DRA-002

a 4
CD

Operating Field

QUENCH NUMBER

o4
00

i i

DRA-OOI

Operating Field

i i i i i i i i i i i i i i i

5 10 15
QUENCH NUMBER

Fig. 18
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O T H E R A C C E L E R A T O R S Y S T E M S

MAGNET ELECTRICAL SYSTEM

MAIN RAMP POWER SUPPLY 6 5 0 V / 5 . 5 K A

QUADRUPOLE POWER SUPPLY 120V/5 .5KA

INSERTION QUADRUPOLES SEPARATE TRIM POWER SUPPLIES

TOTAL OF 626 POWER SUPPLIES

COLD DIODE QUENCH PROTECTION SYSTEM

CRYOGENIC SYSTEM

FORCED FLOW OF SUPERCRITICAL HE 5 ATM. 4-.3K

ESTIMATED HEATLOAD ~10KW 9 4.6K

EXISTING REFRIGERATOR 25KW e 4.3K, 55KW @ 55K

COMPRESSOR POWER REQUIREMENTS 9MW

VACUUM SYSTEM

COLD BORE IN MAGNETS, WARM AT X- ING. <10 TORR
-5

MAGNET INSULATING VACUUM 10 TORR

INJECTION SYSTEM

CONVENTIONAL BEAM TRANSFER LINE AGS-RHIC

INJECTION KICKER WITH 190 NSEC RISETIME. 0.13 T *M

BEAM DUMP SYSTEM

3 0 0 K J INTO INTERNAL ABSORBER BLOCK AND COLLIMETER SYSTEM

KICKER -1 n SEC RISETIME (13M SEC REVOLUTION TIME) -1.7 T *M

RF SYSTEM

Six CAVITIES 9 26.7 MHZ FOR 1.2 MV; H * 6x57

AUXILIARY BROAD BAND CAVITY FOR BEAM GYMNASTICS

BEAM INSTRUMENTATION

MONITORS FOR BEAM ORBIT POSITION, BEAM CURRENT, LUMINOSITY

RADIATION LOSS, BEAM PROFILE

TUNE MEASUREMENT AND TRANSVERSE FEEDBACK SYSTEM

CONTROL SYSTEM

ADAPTATION OF HEAVY ION TRANSFER LINE, BOOSTER, AND

AGS COMPUTER CONTROL SYSTEM

CHANGE IN SCOPE AND IMPROVEMENTS
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Fig. 19
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Fig. 20
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Fig. 21
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F U T U R E I M P R O V E M E N T S

FACTOR OF 10 IN LUMINOSITY

• MORE PARTICLES PER BUNCH: * 2 (5?) Au, x 2 (8?) p

IMPROVED ION SOURCE

HIGHER RF VOLTAGE

COPPERPLATED BEAM TUBE

COLLECTIVE EFFECTS

• FILL MORE RF BUCKETS/RING:

PRESENTLY FILLING 5 7 / 3 4 2

REQUIRES IMPROVED INJECTION KICKER

• INCREASE DYNAMIC APERTURE

ADD POWER SUPPLIES FOR CORRECTION COILS

• CONTROL EMITTANCE GROWTH WITH STOCHASTIC COOLING

BEST AT LOWER ENERGIES

• MINI BETA INSERTION 3 * 1 M WITH FREESPACE ± 5 M

COMMON QUAD, HIGHER GRADIENT 8.5 T / M IN 8 CM

REMOVABLE TO ALLOW P/LON COLLISIONS

DIAMOND LENGTH < 20 CM RMS

• CHANGE RF FREQUENCY (200 MHz)

• STOCHASTIC COOLING

• CROSSING ANGLE WITH REDUCED LUMINOSITY

(LIMITED BY SYNCHRO-BETATRON RESONANCES)

£0 - 30% IN ENERGY

• QUENCH FIELD OF ARC OIPOLES 4.6 T vs DESIGN 3.5 T

CAVEAT.- REDUCED LUMINOSITY DUE TO SMALLER GOOD FIELD

APERTURE RADIATION QUENCHING.

MORE EXPERIMENTAL HALLS

• 10 AND 12 O'CLOCK (? 4 O'CLOCK)
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The SPS Collider
Status and Outlook

Talk Presented by:
L. Evans



THE SPS COLLIDER: STATUS AND OUTLOOK

L. EVANS, CERN, GENEVA, SWITZERLAND

MODES OF COLLIDER OPERATION

1. HIGH-LUMINOSITY OPERATION

2. HIGH-BETA MODE

One week of operation for the small-angle scattering
experiment UA4.

4, * 1080 m, £ u « 22 m

Luminosity « 3* 10 2 6 cm"2 s"1

3. PULSING-COASTING MODE

Events at highest possible cms energy of 900 GeV by

repetitively cycling between 100 GeV and 450 GeV to

keep the rms power consumption within acceptable

limits.

- 19% duty cycle at 450 GeV

- 38% duty cycle at 100 GeV

- Luminosity lifetime 2 to 3 hours

- 0.5 million events recorded in UA1 and UA5
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273

1.5

0.75

0.5

0.4

28

0.5

0.1

1750

748

56

273

1.3

0.65

2.1

1.8

153

1.7

0.5

2046

889

72

315

1.0

0.5

5.3

5.1

395

3.5

1.0

2136

1065

77

315

1.0

0.5

8.2

5.8

655

3.9

1.3

2688

1358

80

BEAM ENERGY (GeV)

B H ( m )

By (m)

INTEGRATED LUMINOSITY (nb'1)

AVERAGE PER STORE

AVERAGE PER DAY

PER YEAR

LUMINOSITY (102 9 cnT2 s"1)

PEAK

AVERAGE PER STORE

HOURS SCHEDULED

HOURS REALIZED

NUMBER OF COASTS

AVERAGE COAST
DURATION (h) 13 12 IS 17

% COASTS TERMINATD BY

FAULTS 41 40 32 18

TABLE I
SPS COLLIDER OPERATION 1982 - 1985

Lo > 2* 10 2 9 cm'2 s"1

TL > 24 HOURS

SPS - IP = 1.6* 1011 PROTONS/BUNCH

IPBAR = 2* 1010 PBARS/BUNCH

AA DQBB = 3* 10"3 PER CROSSING

3 BUNCHES PER BEAM

2 ADJACENT LOW-BETA INSERTIONS
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PERFORMANCE LIMITATIONS

PEAK LUMINOSITY

NUMBER OF BUNCHES PER BEAM AND ANTIPROTON BUNCH INTENSITY

LIMITED BY PBAR PRODUCTION

PROTON BUNCH INTENSITY LIMITED BY MICROWAVE INSTABILITY

AT INJECTION

LOW-BETA INSERTIONS LIMITED BY AVAILABLE QUADRUPOLE

STRENGTH AND CHROMATICITY CORRECTION

LUMINOSITY LIFETIME

LIMITED INTRABEAM SCATTERING AND THE BEAM-BEAM

INTERACTION
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Microwave instability at injection (26 Gev/c)
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1500

•5

1000

500

Ot-

a

ait

/

J
,2

9

o
CM

I

a

ri
if
W
i

Q660 0.685

Bunch intensity

Eh (mm. mrad/pi)

Ev (mm. mrad/pi)

DQH(*10'3)

DQV(*!0~3)

(QH-26)

P

1.5*1

.23

29

0.9

0.6

Q690 0.695

pbar

1.9*1010

12

14

3.5

2.2
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1 2 3 4 X/SIGMR
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At CERN , acceleration of ions other than protons

to energies higher than IGev/u has previously

remained limited to deuterons and alpha

particles :

- The first deuterons were accelerated in

the 50 Mev Linac I as early as 1964

- They were injected and accelerated in the

PS and subsequently transferred and stacked in the

ISR at 15.5 Gev/u per beam in 1976

- As from 1980 , low intensity alpha

particle beams were stored in the ISR, with a

three-time intensity increase in 1983 when passing

through the Booster .

- Several studies on the possibilities of

accelerating heavier ions in the CERN machines

were made from 1975 to 1977 . Acceleration of

oxygen ions seemed to be possible in the PS

accelerator complex .

- Due to the evolution in physics considerations

the required ion energies shifted to values

attainable in the SPS and led to the decision to

implement the present oxygen ion program .

- 86 -



Performance of the PS and

SPS Accelerator Complex with

oxygen ions

A limited exploratory program of experiments

with

fully stripped oxygen ions

has been implemented at CERN .

Using the proton synchrotron (PS) and

super proton synchrotron (SPS) these particles can

be accelerated to an energy of up to

225 Gev per nucleon (Gev/u)

The first results have been obtained

during 1986

- 87 -



oo
00

01200-1WD

150

100-

50

oJ

t • •

*- Cs try

T t
0 1 2 3 4 5 6 7 8 9 10 11 12 Q V<U

Time

SPS cycle of U . 4 s. duration for the
16 8 •

acceleration of 0 ions to 200 GeV/u with 4
injection and a flat-top length of 4.4 s.

batch



PERFORMANCES ACHIEVED IN THE SPS

The 4 PS batches are injected and debunched

before adiabatic capture and acceleration .

The total accelerated intensity was typically

>1O^ oxygen ions per SPS cycle

Slow extraction shared simultaneously

between the West and North experimental areas was

achieved at 2 energies :

-60 Gev/u on a 7.4 s flat-top ,

with 75% of effective spill time

- 200 Gev/u on a 4.4 s flat-top ,

with 95% of effective spill time

The sharing ratio can be adjusted from 0.1 to 0.9

The beam intensities requested by the different

experiments varied from 104 to 108 oxygen ions
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IN SEPTEMBER 1986, FOR THE FIRST TIME,

A BEAM OF 2.108 OXYGEN IONS

HAS BEEN ACCELERATED TO 200 GeV/U,

I.E., 3.2 TeV PER ION,

EXTRACTED AND TRANSFERRED TO AN EXPERIMENTAL AREA

TOWARDS THE END OF 1986, A SUCCESSFUL

17 DAY PERIOD OF OPERATION

TOOK PLACE:

5 MAJOR AND 8 SMALLER EXPERIMENTS

WERE TAKING DATA AT

60 AND 200 GeV/U
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PERFORMANCES ACHIEVED IN THE PS

THE 16 0 8 + BUNCHES ARE ACCELERATED TO 10 GEV/U

WITHIN A CYCLE OF STANDARD DURATION OF 1.2 S.

THIS IS THE MINIMUM ENERGY TO AVOID RF HARMONIC

NUMBER CHANGE DURING SPS ACCELERATION.

FAST EXTRACTION SENDS THESE 16 BUNCHES TO THE SPS.

TRANSMISSION EFFICIENCY THROUGH THE PS IS PRACTICALLY OF 100%.

TRANSFER OF 1 TO 4 CONSECUTIVE PULSES OF UP TO 6.

109 CHARGES IS POSSIBLE DURING EACH PS SUPERCYCLE.

THE BUNCH LENGTH IS AJUSTABLE BETWEEN 4 and 10 NS.
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THE FUTURE

- GROWING ION COMMUNITY

- PROPOSAL FOR 0.15 < Q/A < 0.2

=> Pb (30+) TO Pb (40+)

=> NEW SOURCES + LINAC

FOR EARLY 1990'S

POSSIBILITY OF Pb - Pb COLLISIONS IN LHC
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Tevatron I

Talk Presented by:
J. Marriner



TEVATRON PARAMETERS

MEASURED DURING SPRING 1987

BEAM

PEAK LUMINOSITY

0.9 TeV

0.1 x 1030 cm'2 sec"1

LUMINOSITY LIFETIME 6-20 HOURS

NUMBER OF BUNCHES

PARTICLES PER BUNCH

3 x 3

5 (1) x 10 J 0 (P)

BUNCH LENGTH ( a ) 50 CM

MOMENTUM SPREAD ( 8 p/p) 0.15 x 10-3

TRANSVERSE EMITTANCE (NORMALIZED) 28 (44) *MM-MRAD P (P)
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TEVATRON PARAMETERS

MEASURED DURING SPRING 1987

MAGNETIC FIELD

INJECTION ENERGY

ANTIPROTON STACK SIZE

4.4 TESLA

0.15 TeV

RADIO FREQUENCY 53 MHz

$* 0.7 m

BEAM RADIUS (AT LOW 0) 50 yn

ANTIPROTON ACCUMULATION RATE 1 x 1010 Hr"1

4 x 10 11

NUMBER OF INTERACTION REGIONS 2 HIGH £, 2 LOW £
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First Tevatron Collider Run
February 2 to May 11, 1987

Intefrsled Luxndxxaity at 900

70

•o

=j 40
a

i
14 * r

Figure 1
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• THE MAIN RING HAS 2 OVERPASSES FOR THE EXPERIMENTS AT B 4>AND

D +.

• THE D +OVERPASS INDUCES DISPERSION AROUND THE RING.

THE TRANSFER LINE MR -»TEVATRON HAS A VERTICAL DISPERSION

WHICH IS NOT MATCHED TO THE TEVATRON.

=> NEW DESIGN:

LIMIT MR DISPERSION MATCH MR -»TeV XFER

- 98 -



DE(H)/OT POR PROTONS

15.0

12.5 —

900

DE(V)/OT FOR PROTONS—

15.0 B A

• I
• c

900

0 * U fl-fEB-88 TIME 15:13:39 IMPUT r)L£ TEMIT.TGTI.llS

- 99 -



'BEAM StiE
CIVC48AS C1VC48X3

>

u

1888

888

688

488

288

u
en
N
at
M

n>

088

£88

M

!
U

0 1
\
<0
M
\
CD

fit

It

oo eaea uee
02-MAV-J9B7
TIHE

1600 8080 0008
B3-HAY-1987

0800 1200
02-MftY-1907
Tine

1608 2000 0008
03-HAV-1987

CtHC48AS CIHC40XS

1688

1288

•88

2*108

aoa
w
• 480
u

S
CD

a
m
U

0800 1200
•a-HAY-190?
TIME

1600 2000 0000
83-HAY-198?

0800 1200
02-HA
TIME

1600 2000 #008
83-HAY-1987



CONSOLE LOCATION OS, MCRLib
Data Log Plat Package

7-HAY-19B? 20s46

OPBARP TalBEAH

iae

aa

68

4a

i

©

M

I

«
a.
u

> • • » CB
(H
\
«D

S
00
M

8888 1288
0a-MAY-l987
TIME

1668 3088 8888
83-MAV-1987

eeea iaee
8a-MAY-1987
TIME

1688

T:3BXIHT

sa

•<a

aa

aa

•

2088 eeae
83-MAY-1987

8888 1888
8a-MAY

Tine

1688 2888 8888
83-MAY-198?

8888 1208
82-HAY-198?
TIME

1688 2888 8888
83-riAY-1987



I

o

I

Vary everything

10.0

5.0

XJ

1.0

*= 0.5

0)

0.1

Q I

OV O

o «

r i i i i i i

i, i i i

oo

o calculated

x meosured

Hi » n

00 < °»

101 102

intensity hFetime (hours)

I I I I I

103



OE(H)/OT FQR P BAR

15.0

12.5 -

600

SHOT

700 800 900

DE(VJ/OT FOR P BAR

15.0

12.5

10.0

<fe V ,,
r

5.0

2.5

LU

Q 0.0
= . .' I

600

SHOT

I ' d l l Tin I5:13:?>

700 800

rue TCIMT.IGTUIS 'iGu«t •

900

- 103 -



C/7/</, "^3 e -v c J 7 C / 7 K I 1 3 z r

K- - b

C_!7

" ' ' •

0

F



- 105 -



RL1001.E81
i—I—i—i—i—i—I—i—i—i—i i—i—1—i

15

10

o

I

0

-5

-10

0 1000 2000 3000 4000
CURRENT (AMP)

5000



©
-J

RL1001.E81

-4

-6

I '
• •

• •

ar -

-8
o

a

600 800 1000

CURRENT (AMP)
1200



I l l l l l i t l l l l l l l l l l l l l l l
l l i l ( l l i l l l l ( t l i ! l t i : i
Uiiaiiiiiiiiiiiiiiiu]

" | i i i i i i ( t i ( i i m « i i ' i i [ |
J i f g l d l l l l l E l l l I l l l I I I

1

!]

s
Si

1
3

; I i i

- ; •
• .:>

lift

Ik'

5o

i
i

|

i

.1 i mitt
I I I f i l l
1 I l l l l l

I Itlltt
» I t ! i ! l

mm
(illll
Ililtl

III
Jj 1

I ] I l t l l l I l l l l l

I ! ! ' • • • ! • • ! • • >

i t I t l l l l I l l l l l
I l l l l l U l l i l l l
j I I I I I < J m i i «

* i

I
[i nun {tutu

- 108 -



I

O

0.5

P SOURCE

112

APERTURE 2 0 . - .

PE

SPO

3-W

T SIZE

IMPROVEMENT

FACTOR

1.25

SO. 1 . 5

1.25

1.5

WO 1 0

2.3

3.5

0
I o

1

CY 1

88 -

09

90

91

.11
N

I S

Mr I

I N VERT DISP

P0 LOU •
SEPARATORS
(D0 ENG RUN)

1B0 LOH I
(1ST D0 PHY

?rin \
L

LUMINOSITY
BOUND

36-50-0.7

24-3/n - 2

RUN)

NIT
^J t*.
UPPER

\ 1050

Rp
STACKING RATE

REQUIRE!)

T - 20 IIR
EFF - 0,7

2Q.QJ - 2.6<101 0

LIMITATIONS

BEAH-BEAII

STACK S - 5 - 1 O 1 2

UN AC

PSB

1.7

1.5-2.0

92

9-12 93

LINAC

20 GEV RINGS
(ASB)

2.6-1010 STACK

'1,1

1 Hz COOLING 2

20

1 Hz COOLING 12-1/2 " J" J°

(B-71, Hp»2)

JO-1010 STACK RATE

95
o3i12-1/2 " 5"lo3i 20-0.7 " 15" BAJE

10TO 20-1010 *v BEAH-BEA/1



CONCLUSION

• IMPROVED MR VERTICAL DISPERSION.

• REDUCED EMITTANCE GROWTH

• BETTER TUNE CONTROL

EXPECT RUN OF 800 nb"1 FOR 1988
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Intrabeam Scattering

Talk. Presented by:
G. Parzen



Intrabeam Scattering

G. Parzen

Intrabeam scattering is the scattering of the particles in the beam from

each other through the coulomb forces that act between each pair of particles.
4 2

It depends on the ion charge and mass like Z /A and is usually larger for the

heavier ions.

In RHIC, extra aperture is provided to allow the beam to grow

transversely because of intrabeam scattering. For Au ions, enough aperture

has to be provided to allow the transverse emittances to grow by a factor of 3

over 10 hours. The beam will also grow longitudinally, and enough RF bucket

area has to be provided for the longitudinal growth. For Au ions at 7=100,

the beam energy spread will grow by about a factor of 3 over 10 hours.

IBS Theory

The treatment of IBS that is used to obtain the results given below, was

done by A. Piwinski (1974) for the case where the beta functions, /3X and 0 ,

and the horizontal dispersion, D , were assumed to be constant around the

accelerator. These results were generalized in fix, f) and D by Bjorken and

Mtingwa (1984) and by Mohl, Piwinski, Sacherer and Martini (1984). The latter

version, as written by Martini (1984), is used here.

The particle distribution function is assumed to be gaussian with the 3

sters 7V, T,r and a , where ~ev aix y p x.
the rms relative momentum Ap/p. Also

parameters «x, e and a , where ex and e are the rms emittances, and a is

- 2

- 2

where a , av are the rms betatron amplitudes.x. y



In the absence of intrabeam scattering this distribution would be

constant with time. It is assumed that in the presence of intrabeam

scattering the distribution function keepts the same form but 7 X, 7 and o_

now vary slowly with time. This time variation is given by a set of equations

of the form

=— -7— « - f. (e , e , a )
ex dt x 1 x' y' py

T h v - f2 <v y V

r h % " f3 (£x' £y' V

The expressions for f-̂ , f£, f3 are complicated involving integrals that have

to be evaluated numerically. Equation (1) can be regarded as a set of

differential equations for 7 X, 7 V, and a , and they can be integrated

numerically to find 7 X, 7y, a as a function of time for a given set of

initial values for ?x, 7 , a .
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IBS at High -y

High 7 means 7 > 7t, where 7 t is the transition energy.

For a lattice consisting only of regular cells (no special insertions).

and a are related by the time invariant

2 2
<?„ - o - constant

D a
p p

for bunched beams and no x,y coupling.

The a, CTX growth rates are related by

2
., da (a ") , da
1 p X 1 X
a dt <7_ a dtP I Ej x

aE ~

for bunched beams.

The vertical growth rate is smaller than the <rx or a growth rates at

high 7, 7 > 7fc. The contribution due to each element in the lattice goes like

2
r

CT dt ~ a dt 2 r 1+r
y x 7

r - ( V V / <V/9y)

0X/D - 7 t and the vertical growth rate is smaller by (yt/y) . The vertical

motion is slightly damped if a is not too small (r < 2).
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At high 7, for a lattice consisting only of regular cells, one can find

the growth rates from

, da 20 N.cr 2 D a D
1 x b o p p p_
"x d t " e e aa (fiy)3 (a2 + D2 a 2 ) 1 / 2 (fi ft ) 1 / 2 'x y p s x p p *x x,av'

- r -\ 2

dt " h J ffx dt "
This result holds for bunched beams, N^ particles/bunch, with «x="«y and a

lattice for which £ x a v - ^3y a v.
 e

x.« y are the 90% emittances

2 2
4a 4a

rQ - Q
2/MC2

For a 90° cell one may take /3X a v -
 L

Cell'
 c^e c e ^ length

At High -v (Some observations from the results on the previous slide)

Nb
a dt — 6-dimensional Phase Space

Nb
e e a ax y p s

1 x
a dt -x

jl/2
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Results for RHIC

Assumptions for Au and other ions

Initial ev - «,, - 10 x 10*
6 , 95% emittance

RF, V - 1.2 x 10b volts, h - 6 x 57 - 342

RHIC lattice, 7 t - 25

Initial bunch area - .3 eV-sec/amu, 7 <

- 1 ev-sec/amu, 7 >

N b - 1.2 x 10
9/bunch

£„,«„ are normalized emittances throughoutx. y

Assumptions for Protons

Initial t - < • 20 x 10"6
x y

Initial bunch area - .3 eV-sec

Nb - 1 10"/bunch

Coupling

x and y motions are assumed to be coupled, and e grows with ex.

The larger growth rate for CTX and a is used for both x and y.

Somewhat better treatment of the coupling will be presented later.
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Luminosity / Lo vs time
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Dependence of Beam Size on Intensity

Dependence is weak

d£ Nb Nb£ __
a dt — 6-dimensional Phase Space — 6

A small change in a can compensate for a large change in

For the final state (full coupling)
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Nh/109
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Results for * beam of gold ions showing the effects of coupling on
the beam growth due Co iatrabeam scattering.

T

Coupling

Initial. Bean

a /10"3

P

a, (cms)

6 /if (am tar)

e /ir (ma«mr)
7

Final Beam

t - 10 hrs

e /ir (jnm*mr)

e /IT (nmi*mr)

a /10"3

P

a_ • X a (mm)
£ p p

O (mm)

a (mm)
7

Beam Half-Width

2.5 (ffx + aE) (mm)

2.5 7 (mm)
7

12

Ho

.678

63.3

10

10

44.3

43.5

1.560

146

2.17

5.62

5.57

19.1

13.6

12

Tes

.678

63.3

10

10

44.5

44.5

1.563

146

2.17

5.64

5.64

10.1

14.1

30

No

1.261

45.2

10

10

32.4

23.3

1.990

71.4

2.77

3.04

2.58

14.2

6.32

30

Tes

1.26

45.2

10

10

33.2

33.2

1.985

71.2

1.76

3.08

3.08

14.3

7.70

100

Ro

.359

47.7

10

10

29.3

9.82

1.216

162

1.69

1.66

.961

3.20

2.35

100

Tes

.359

47.7

10

10

27.8

27.8

1.099

146

1.53

1.54

1.54

7.52

3.85
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ffyattering with Coupling

At high 7, 7 > 7t, vertical growth rate is almost zero. Coupling might

reduce growth rates by as much as a factor of 2 (A. Ruggiero).

However, smaller growth rates need not cause large changes in the final

state of the beam after 10 hours.

Growth rate - - -j- -- a dt - 6-dimensional Phase Space

1 da b
a dt 6

a
Factor 2 in growth rate can be compensated for by changing a by 2 ' which is

a 12% change a.

Scattering with Complete Coupling

It is assumed that

is

a constant of the motion. One assumes for p(x,x',y,y')

p(x,x',y,y') - exp [-«t(x,x
f,y,y')/?]

where 7 - 7(t) grows slowly with time

7 ~ 2 *t ~ 2 I d x d x' dy d v' P(x,x',y,y') et(x,

qs. (1), slide 3, are replaced by

rt h.
 7t - \ i fi<V2> J

r h % - f3
 (V 2' V 2 ' CTP) •

These emittances can be integrated to find 7t, a as functions of t
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RHIC

Talk Presented by:
T. Ludlam



INITIAL STATE BEFORE COLLISION

: BARYONS STOPPED IN OVER-ALL CM

AT HIGHER ENERGY.NUCLEI ARE TRANSPARENT TO EACH OTHER

NUCLEAR FRAGMENTATION
REGIONS

CENTRAL
REGION

Schematic illustration of nuclear transparency in high energy colli-
sions at zero impact parameter.
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R H I C D E T E T C T O R W O R K S H O P S

• TRY TO MATCH PRACTICAL DETECTOR DESIGNS

TO HEAVY ION COLLIDER PHYSICS

$ CRITIQUE OF MACHINE PARAMETERS

• FOCUS ON DETECTOR R&D ISSUES

• BEGIN DISCUSSIONS WHICH WILL LEAD TO LETTERS OF INTENT

AND PROPOSALS

APRIL 15-19. 1985:

PROCEEDINGS: BKL 51921

MAY 24-29. 1987:

PROCEEDINGS: LBL 24604

JULY 11-22. 1988:

SUMMER INSTITUTE AT BNL -

WORKSHOP AND SCHOOL
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BROOKHAVEN NATIONAL LABORATORY

Summer School

on

RELATIVISTIC HEAVY ION PHYSICS

July 11-15, 1988

LECTURES

H. Stocker (Frankfurt) Space-time evolution of nuclear collision processes

H. Satz (Bielefeld/BNL) Thermodynamics of strongly interacting matter

T- Matsui (MIT) Plasma evolution and plasma signatures

W. Zajc (Columbia) Experimental methods and results in relativistic
heavy ion physics

D. Lissauer (BNL) Detectors for relativistic heavy ion physics

- 139 -



Single Beam Instabilities in RHIC

Talk Presented by:
A.G. Ruggiero



M = 57 bunches
z 2 „'

Element NB ielectric NB A~ • NB<A~

X 10' IDA X 10' X 10 (

Proton 100 75 100 100

I

M Carbon 22 99 66 198
CO

1 Sulfur 6.4 77 51 410

Copper 4.5 98 60 802

Iodine 2.6 103 58 1272

Gold 1.1 65 35 1104



Microwave Instability Longitudinal

Bunch Area - 1 eV-sec/amu (95%)

Rms Bunch Length -« 50 cm

GeV/amu h
amp

3.83

0.843

0.245

<VE
x 10'3

0.13

0.25

0.25

|Z/n

ohm

10

29

38

Proton

Carbon

Sulfur

Copper

Iodine

Gold

251

125

125

115

104

100

0.172

0.100

0.042

0.28

0.31

0.32

25

42

72
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Microwave Instabilitv Transverse

|ZJ < 6.3 v-g- ^ [n|,| ̂  + Su]
P Z

v - 28.8 0.008

fo - 78 kHz @ cut-off

n - R/b

0.003

|Zl| equ. |Z/n|

Proton 93 Mfl/m 99 ohm

Carbon 70 74

Sulfur 90 96

Copper 71 75

Iodine 67 71

Gold 106 113

Z. - ^ ^
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Vacuum Chamber b - 36 ram cylindrical

Stainless Steel, 1 mm 50 nil x cm

Copper Coating, 0.1 mm 0.055 pfi x cm

-+ Bellows, Stainless Steel

Number 300

No. of Convolutions 10

Depth 10 mm

Width 3 mm

-+ Beam Monitors, Strip-lines (Two per set)

Number 300

Charact. Imped. 50 ohm

Terminations 50 ohm

Length 20 cm

Total Angular Width/2;r 0.6
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Vacuum Chamber Steps

No bin bout

12 36 mm 72 mm

12 72 144

RF Cavities

Number 6

Harmonic No. 342

Figure of Merit, Q 3,000

Shunt Impedance/Cavity 0.92 MO

n - 1 Z/n - --- - i 5.38 ohm

n - h-6 1.46 - i 155

n - h-1 52.3 - i 918

n - h 1.6x10*

n - h+1 52.3 + i 916

n - h+6 1.46 + i 152
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S/n in oh« versus n

Real

2 i Pipe Steps

9. 8081
1

CL -
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3/n in ohw versus n

— Real I

2 —i—RF Cavities

0.0081
1

<->

f iTI-iXC-
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S/n in oh« versus n

— - Real — I wagi nary <->

=Pipe Steps;

Cut-Off

18A 8
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Z/n in ohH versus n
Real

• • • • • • •

=Pipe Steps:

< >
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S/n in ohw versus n

— Real — Iwaginary <->

=Pipe Steps:

0.0001
1

Cut-Off

"3
(X.-Z-
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8.88

in ohn versus n

Real

Pipe Steps=|
— ,

••••
• •••

6
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Inductance from the Curvature of the Vacuum Chamber

Zn " in ̂  - in Zo <I> fzpy

g - 1 + 2 log b/a

f a 1 for a « b

ZQ - 377 ohm
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Table IV-14. Initial Reaction Rate * • -I"1 dl/dt and Total Half
Life of Particle Beams for Head-on Collisions

Beam-b
Beam-beam

Beam-beST"""^ vTouioniB
reactioiu (dissociation}

<BremsstranTi
L electron pair

.production

Bean (? 1 0 ~ 1 0 Torr p on A A on A A on A A on A

P

d

C

S

Cu

I

Au

x l O ~ 3 / h

0.15

0.19

0.36

0.55

0.76

1.08

1.37

xl0~3/h xl0~3/h xlO~3/h

0.52 0.12

h

396

78

125

135

116

30

1 Yt

Uss
J

loots
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f CE

t^vib

500

1 10 100 1000

Beam energy (GeV/amu)
5000

XC6 1411-13471

Fig. 3 - Qgjj^jeggggs, (From Ref. 13,14). fer excitation of the giant dipoie resonance /GDR1 and giant
quadrupole resonance (GQR) as a fiiacaolttjof the etntivsLent fixed-Janet energy'48. GeV/nucleon
corresponds to a 4 GeV/nudeon collider. See TaTSIeTnorotherequivalent energies values.
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5 12

•S 8
U
<D
CO

co 4 f-
co
O

CJ ^

4 GeV/amu U on 4 GeV/amu U

3 4 5 6 7 S

Total pair energy (MeV)
10

XCQ 3411-13478

Fig. 1 • Estimate of^|jrnrojjuction for uranium on uranium at 4 GeV/amu each beam in units of
bams/Me V as a funcnoiusfthcenergy of the electron positron pair.
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Transition Energy Problems in RHIC

S.Y. Lee, and J. Wei

Accelerator Development Department

Brookhaven National Laboratory
Upton, N.Y. 11973

Abstract:

A tracking program to study the nonlinear effect of the

longitudinal motion for particles in the circular accelerator has been

written. When the R. F. voltage V=1.2MV is used, we find that y jump,

y or faster acceleration rate, y is needed in RHIC. The simulation

result can be understood analytically via the nonlinear equation of

motion. For the y jump scheme, there is little bunch shape dilution or

deformation in the transition energy crossing. At a bunch area of 0.3

ev-sec/amu, Ly =0.6 in 30 msec is satisfactory to eliminate the beam

loss and preserve the bunch area. By manipulating the momentum

aperture, y can be increased substantially at the transition energy

region.To eliminate beam loss, ±0.854 of momentum aperture is needed. On

the other hand, when the R.F. voltage is reduced to 100KV, while

maintaining the same acceleration rate, the bunch survival rate across

the transition energy is dramatically increased. This is resulted from

both smaller momentum spread and longer adiabatic time at the transition

energy region due to the smaller voltage.

This work was performed under the auspices of the U. S. Department of

Energy
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I. Introduction

It is known that the particles in the circular accelerator

experience many interesting phenomena, e.g. the microwave instability

and nonlinear synchrotron motion at the transition energy region. There

are many accelerators that particles can not avoid the transition energy

crossing. Therefore the stability of particle motion near the transition

energy region is an important problem. For the microwave instability,

the problem arises from the vanishing synchrotron frequency, which is

needed for the Landau damping. For the nonlinear synchrotron motion, the

problem becomes important when the leading linear component vanishes.

The nonlinear term can lead to beam loss and bunch dilution and

deteriorate the performance of the accelerator . It is interesting to

find the methods of safe passage through the transition energy. There

has been attempt by using the sextupoles distribution to cancel the

nonlinear terms in SPS at CERN,6 and y jump in CPS7 and AGS. 8

The Relativistic Heavy Ion Collider(RHIC), proposed at the

Brookhaven National Laboratory,has to accelerate the heavy ions through

the transition energy ( y & 25.4) at a relatively slow acceleration

rate(y=l. 6/sec) due to the slow ramping rate of the superconducting

magnets. The effect of the transition energy crossing due to the

microwave instability has been studied previously . It is important also

to note that the kinematical mismatch in the rf acceleration can also be

important in the transition energy crossing. Since the lattice design of

RHIC can not avoid the transition crossing. It is useful to analyze the

effect of the transition energy on the longitudinal beam dynamics.

In this paper, we study the nonlinear longitudinal dynamic in the

transition energy region, where the stability of the bunch depends on

the proper stable phase relation. Indeed there are interesting

analytical studies, where a certain class of nonlinearity can be treated

approximately. Since the equation of motion with general nonlinear term

can not be solved analytically, we shall study the problem mainly by the

particle tracking method to take into account various forms of

nonlinear effect. Similar effort has been worked out by MacLachlan, who

included space charge effect by using the Fourier analysis for the space
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charge induced voltage terms. We shall neglect the space charge effect

and microwave instability in order to single out the nonlinear effect.

However space charge effect shall be discussed at the end.

The paper is organized in the following: Section 2 reviews the

longitudinal dynamics. Section 3 discusses the tracking result with the

possible solution of y jump. Section 4 discusses an alternative

solution by using the available momentum aperture for the rf programing.

Section 5 discusses the effect of the rf parameters in the acceleration

process. The conclusion is given in section 6.

2. Longitudinal beam dynamics

Acceleration of a bunch of particles in the circular accelerator is

accomplished by passing repeatedly through the localized accelerating

cavities, where the radio frequency(rf) cavity is synchronize with the

circulating particles. The voltage across the accelerating gap in the rf

cavity can be expressed as

V = VQ- sin 0(t)

where V is a slowly varying function of t, and d<p/dt=u, the

accelerating frequency. The accelerating frequency w is an integral

multiple h of the revolution frequency 0 of the synchronous particle,

o

where /3c and R are respectively the velocity and average orbit radius

of the synchronous particle, which experiences a constant rf phase

<p(t)=<t> . The energy gain per revolution is qeV -sin(0 ), where qe is the

charge of the particle. For the non-synchronous particles, the

deviations is defined as,

Ji=n +A0; <ta=<j> +A0; p=p +Ap; E=E +AE; i?=tf +A#

where * is azlmuthal angle in the machine of the reference angle

measuring positive in the direction of motion, or A0=-hA#. The equation

for the synchrotron motion becomes,
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d , AE , qeVo, . , . . - . n i
- ^ - ( -^—) = - ^ — ( s i n ^ - s i n 0 Q ) (2)

o 2TC

where T? is the momentum s l i p factor,

J*L 2 2 (3)
n dp T

In the linearlized small amplitude synchrotron motion, Eqs. 1

and 2 are equivalent to a simple harmonic motion expressed as

following:

,2 „ 1/2

( a h 7) n •»
2_2_ sin £1 t (4)

"PoR(A J

(5)

provides that the adiabatic condition is satisfied,

I (dfl /dt)/£2 2 |<<1.i s s '

Here a is the longitudinal phase space area and £2 is the the
s

synchrotron oscillation frequency given by

1/2 1/2

f qev h 7} £2 c o s ^ ^ /• cjev h ~t\ cos*p >
o_o_j, r o__o_ ( 6 )

2wp R J *• 27t Ay m R J

where A and r are respectively the mass number of the ions and the

Lorentz energy factor. To obtain a stable synchrotron motion, £2 in

eq. (6) must be a real number. Thus when the energy is below the

transition energy, i.e. y<y ,TJ<0, the synchronous angle <t> lies between

[0, n/2]. At the energy above the transition energy, the stable phase

angle should be changed to re - <p to maintain a stable motion.

The amplitude of the synchrotron motion is then given by,
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2 „ , , 1/4
a qeV h cos#

*o o o

2 1/4

Ad = - 2 (8)
<- it p R qeV h cosi J

o o o

Note that 5 « y~3/4 • T)"1/4 and Ad « y"1/*-rj1/4 are respectively the

momentum amplitude and bunch length. When y approaches y ,i.e. T) « 0,

the momentum amplitude of the bunch becomes large and the bunch length

becomes small. However at 7}«0, the transition energy region, the

adiabatic condition is violated. The synchrotron motion is not described

by the simple harmonic motion mentioned above. When the leading order of

7) can be expressed as a linear function of time t, the synchrotron
g

motion of the bunch is governed by an ellipse ,

A__ S 2 + 2-A^ 5 Ad + A (Ad)2 = 1 (10)
OO Ov t/t/

within the non-adiabatic time T ,
NA

r=\ ~-^ (ID
* ^h v qeV | J J

f

r = \

Here the coefficients A__, A_., and A., can be expressed in Bessel and
OO ov vir

Neumann functions of the order of 2/3. These coefficients depends on rf

parameters and y = dy/dt and y . We observe that the ellipse is rotated

at the transition energy region. It is however important to point out

that Eq. (10) neglects the effect of the nonlinear term in the r.f

equation.

There are two nonlinear sources in the rf equation. The first one

is the kinematic effect due to the different speed of particles within

the bunch. The other is due to the design of the accelerator to be

discussed in the following.
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For a given circular accelerator, the transition energy is

determined by the lattice closed orbit functions, X. Following Courant

and Synder , the equation of motion for the off-momentumparticles with

momentum p+Ap is given by,

[12)
ds2 p 2 pp

The difference in the path lengths between this orbit and the

reference orbit X=0 is given by,

C 2ir
AC = X — ds = v X -^— dii ; 0 = X ds/u£. (13)

0 p 0 P

Using the solution of eq.(12), i.e.,

, (14)

with

p k v2-k2

_3/2
a = J _ j - 8--a-lk*d* , (15)
K 2TT 0 P

we obtain

\ \
AC = 2n w3 -^E- V -•— (16)

t 2 , 2

p k y -k

i AC v3 l^ 2!
y* 2TIR Ap/p R k y -k

Normally, accelerators are designed in such a way that only the a term

is important in order to optimize the orbital beam dynamics. Thereby the

dispersion function X =dX/dS , where 5=Ap/p, has small variation around
1/2

the accelerator with a « (R/i>) , where <&>~R/v is used for the

average beta-function. This leads to the result that y « v for most of

the machine. Since the tune of the machine depends on 5, according the

chromaticity of the lattice, the y. depends on the momentum 5 in a

similar fashion. Fig. 1 shows the y of RHIC lattice as a function of

5=Ap/p for 0 =6m with chromaticity being adjusted to zero with

- 184 -



sextupoles.

Because of these nonlinearities, eq.(1) should be replaced by

(18)

at the transition energy region. The effect of nonlinear terms are

important ouly in the transition energy region. The coefficients of

eq.(18) are given by,

V

V ~V*T2 + 3 / T

7>2=-f32(-.5+2.5|32)/y2 + a / 3 7 / -t33a-«a)/2yarT
a -« / r T * + V T i

T) = /3*(35|32-15)/8y 2+ o/4y 2 +(02(3O|82-6)-9j32a+4a )/12y2y 2

3 0 3 T 1 2 T

and where the coefficients a ,a ,a are obtained from the exapnsion of
1 2 3

the momentum compaction factor a,

V 2 3
a = — = aQ (l+etjS+ĉ S +a33 +••) (19)

with a =l/y 2. Only two terms, TJ and 7/5, in eq. (18) are important to

the particle motion, unless extremely large bunch area and/or small y
* T

are encountered. As an example, we consider the RHIC lattice for |3 =6m
2

and zero chromaticity, TJ » 1.8/y at the transition energy region.

Assuming that the rf voltage V=1.2MV and 0=0.04, the particle

distribution would fall within the momentum window of -.005< 5 <+.005

for a bunch area of 0.3 evsec/amu of Au beam. Because of the nonlinear

term in eq. (18), TJ S, those particles at momentum 5=6=0.005 change sign

while the synchronous particle at energy y below the transition energy

y by y-y « -0.9y5 « -0.11. When particles are accelerated from below

toward the transition energy, large momentum particles experienced the

effect of the transition energy crossing while the synchronous particles

still -0.11 away from the transition energy. The premature sign change
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in the rf equation (18) gives rise to unstable motion.

Thus the difficulty involved in the transition energy crossing lies

in the fact that part of the bunched beam crossed the transition energy

while the stable phase angle <j> has not been jumped. This lead to the

unstable motion for those particles within the time lapse propertional

to the momentum spread of the bunch. When the acceleration rate is

large, e.g. y=74/sec in ACS, particles with unstable phase angle can be

recaptured into the stable phase bucket with certain dilution of the

bunch area. When the acceleration rate is small, these unstable

particles are drifted away from the retainable bucket area. To eliminate

the leading nonlinear term, i.e. t\ =0, a should be set to -1.5, which

corresponds to the chromaticity of 1.5 times the tune of the machine.

Such an accelerator would be difficult to operate. Particle motion under

the influence of the nonlinear equation in the transition energy region

shall be studied in next section with numerical simulation.

3. Tracking results of the longitudinal phase space.

Although analytic estimate can be made to predict the behavior of

particle motion for eqs.(18) and (2), analytical solution are not known

at present when t\ depends on 5 in the coir~l Icated way. We choose to

simulate the bunch with the Monte-Carlo numerical calculation. There

exists a longitudinal phase space tracking code , developed by

Maclauchlin in FNAL. Since the space charge is an not important issue

in RHIC energy and the collective instability has been analyzed
g

earlier , we will neglect the^e effect in the tracking study until

section 6. Our tracking code is to solve Eqs (18) a x (2) in the

difference equation with the constraint of simpletic condition. The rf

parameter is taken to be V =1.2MV and <j> =0.04 rad. , which corresponds to

y=1.6/sec for Au ion or the magnetic field ramping rate of B=0.05

Tesla/sec. An initial Gaussian distribution for the longitudinal

bunch. Each bunch is populated by 1000 or more particles. Fig.2 shows an

example of tracking 1000 particles through the transition energy

y=25.4. We found that large percentage of beam is lost due to small

acceleration rate(y= l.B/sec). Fig. 3 shows the percentage loss for the

Au ion at the acceleration rate(y= 1.6/sec) as a function of the phase
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space area. It is clear that higher acceleration rate across the

transition energy is needed in order to maintain the beam quality in the

longitudinal phase space. This can be achieved by the transition energy

jump, which is a routine operation in CPS and AGS in the future

operation mode.

Fig. 4 shows the tracking result in RHIC with y jump. We have

found that Ay of 0.6 and AT=30 msec or equivalently y - 20/sec can

maintain minimum phase space area blow-up and no loss in the transition

crossing. Once the y,. jump is employed, the bunch shape remains

undiluted across the transition energy. Figs. 5 and 6 shows the

projection onto the longitudinal and momentum coordinates during the

transition energy region.

It is noted that the y jump scheme rcguires the lattice function

of the accelerator being changed rapidly by a special set of tuning

quadrupoles. To accomplish this goal, the dispersion function is changed
12

substantially . Thus the orbital beam dynamic becomes an important

issue.

4. Fast transition crossing by increasing y with rf program.

A higher acceleration rate through the transition energy region can

be reached by using the momentum aperture.Since the dipole magnets are

ramped at a constant rate of .05 Tesla/sec, the beam particles under

higher acceleration rate will move out into the momentum aperture as

X -Ap/p. Fortunately the bean size is small during the acceleration

period, the available aperture may be used to manipulate the

acceleration rate of the bunch.
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= 7T-. 04

n/2
/

TT/2

t i m e

Note here that during the time t_ to tj, in the above rf program,

particles in the accelerator have been accelerated much faster than the

magnet ramping rate. The bunch will moveoutward onto a closed orbit with

larger radius. The amount of radius excursion depends on the time

required in the fast acceleration period, At=t,-,-t_. On the other hand,

when At is increased, the effective of the nonlinear term in the rf

equation becomes less important. Based on the the estimate of section 2,

we find that the nonlinear term becomes dominate at Iy—y |< 0.1 for

phase space area of 0.3 ev-sec/amu. Thus a minimum momentum aperture

requirement would be Ap/p»±0.004. One should however also take into

account the increase of Ap/p amplitude when ij becomes very small{see

eq.7). The aperture requirement would be increased. To find out the

aperture requirement, Numerical simulation for the longitudinal motion

according the rf program mentioned in the above diagram. Fig. tjp shows

the particle survival rate vs the time for the rf stable phase equal to

<p, , where <p. is chosen to be 45 , 60 and 90 respectively and the time

t is equal to t -t?. On the top of Fig. 10, we also show the aperture

requirement in Ap/p. To reach 98% survival through transition crossing,

the beam would make an excursion from -0.3V. to +0.8% during the fast

acceleration period of time. Since the bunch has ±0.5% of momentum

spread, the required aperture would be +1.3/J during the transition

energy crossing. It also interesting to note that the aperture

- 188 -



requirement of Fig. It- is independent of <f> so long as <p, larger than

45°. This indicate that the remaining loss of 2% may result from the

increment of momentum window when y is approaching y .

The aperture requirement for the edge of the beam is therefore

X -Ap/p ~ 20 mm, where X =1.5m and Ap/p=1.3%. Since the emittance of the

beam is relatively small, it appears that this is also a viable

solution. The possible problems is that the beam stays off cnetered in

the arc region for considerable amount of time(«ll msec) in the

transition energy region. The impedance of the chamber that the particle

see may vary as a function of time. Careful evaluation is needed. It is

interesting to note that the beam does not experience much radial

excursion in the insertion region because of small dispersion function

in this region

5. Aperture requirements for y and y schemes

We have studied the longitudinal motion at the transition energy

region in RHIC. It is clear that the slow acceleration rate of the

superconducting magnet is the main reason of the beam loss in the

transition energy region. To minimize or eliminate the beam loss in the

transition erergy region, a faster rate of transition crossing is

needed. This can be achieved by either y jump in the lattice or a

faster acceleration rate by manipulating the momentum aperture. We found

that Ay =0.6 in 30 msec or y=20/sec is needed to eliminate the beam loss

for a phase space area of 0.3ev-sec/amu. In the y jump scheme, the

large beam size requirement is due to the large dispersion function. On

the other hand, the momentum aperture requirement is ±0.8% in order to

obtain the fast acceleration across the transition energy region. Table

1 summarizes the various cures for the nonlinear effect in the

longitudinal motion at the transition energy region.
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Table 1 Comparison of transition crossing schemes

unmatched matched

momentum (mm) 19.5
aperture

betatron (mm) 7
aperture

7.5

7

19.5

7

Advantage 2 power supplies

good beam
dynamics

rf program

good beam
dynamics

Disadvantage large X in

insertion region

1/2 integer
stopband

complicated limited available
power supply momentum aperture
system

6. Effect of the rf parameters on the transition energy crossing.

As we have discussed in section 2 eq. (18), the effect of the

nonlinear term becomes more important with increasing the momentum

width, 5. Eq. (7) indicates that 8 « (o^hcos^)1'*. One method to

minimize the effect is to minimize the phase space area of the bunch.

Fig. 2 showed the loss rate decrease very fast with decreasing phase

space area. An alternative method of getting smaller S is to decrease V

while keeping V sin<p constant. For example, using V =100KV and

sin#=0.48 , i.e.same acceleration rate, would decrease 5 by a factor of

2 in comparison with the scenario of V =1.2MV and sin^ =0.04. At the

same time, the synchrotron frequency is also decreased. The nonlinear

effect become less important. Fig.8 shows the example of the phase space

evolution in the 100KV rf scenario. Similarly, the loss rate is greatly

reduced. Dashed curve of Fig.2 shows the loss rate.
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R H I C

A C C E L E R A T I N G S Y S T E M

R. F. P A R A M E T E R S

Frequency 26.74 MHz

Harmonic No. 342

Accel. Voltage/Ring Up to 1200 kV

Frequency Change — I %

Number of Cavities 6/ring

Voltage/Cavity 200 kV peak

Cavity Power 20-25 kW

Amplifier Rating 45 kW

Acceleration Period 60 sec.

Sin o s 0.04

No. of Bunches 57

- 199 -



OPERATING TUNER
(STEPPER DRIVE)

EIMAC TRIODE
(3CW 3 0 0 0 0 )

TUNING SLUG
(SET a LOCK)

MUSHROOM
ALIGNER

- 200 -



Stochastic Cooling of Bunched Beams

Talk Presented by:
D. Boussard



STOCHASTIC COOLING OF BUNCHES

The CERN SPS Experiment

D. Boussard (CERN)

I. Introduction

Stochastic cooling initially proposed to increase ISR luminosity but
mostly used to collect large quantities of rare particles. What can we expect
from stochastic cooling in a collider (bunched)?

Luminosity

£-
f

r 2

Nl

+ c

N2 n

» (
2

CTyl +
2

decrease of a's-* increase of £initial

NT - N2 O]_ - On

f N N, n
? 1 2

Limitation

cooling

A* /

by intrabeam

1 da
a dt

1 d£ _
a dt

N
2 2
x y

1
" N

x y

scattering

equilibrium for $f/ovo - constantx y

exotic particles aperture limit

Cooling on N2 will make c^ negligible

-• gain of a factor 2 on £ initial
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Lifetime

Stochastic cooling can be useful against slow blow ups which limit the
luminosity lifetime. In the SPS typical diffusion time - 20 hours (IBS, beam
beam). .

-* expected increase of average luminosity

Technique of bunched beam cooling could be useful to develop very fast
beam feedback against turbulence?

Motivations sufficient to set up a feasibility experiment in the CERN
SPS to test the validity of the technical principles of bunched beams cooling
in a collider (transverse).

II. Simplified Approach to Transverse Bunched Beam Cooling

Take the time domain picture (e.g. D. MShl in CAS 83,85)

First approximation

1 1_ . 2
T " 2T N~ Q S " g ;

coherent incoherent term
term

with

11

s

N

1
T

2W T
o

Nb
2W (2?

W
N, T

b o
W

m

uni

(2g

juncneu case

bunched case

2.

Optimum for g-1
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Emittance cooling rate

T
N „ - N, •£eff b 2r

Example:

SPS with 100 MHz system 2?m - 6 ns ]
Nb - 10" \
W - 8 GHzJ

r - 13h

Cooling times are very long, but comparable to the diffusion time observed.

In this time domain approach, mixing is assumed to be perfect, i.e. at
each turn there is a new population in the sample (uncorrelated).

t W

I I

-!"*"
Sarnie

Debunched case Bunched case

In the bunched beam case the same particles return after one synchrotron
period.

Question: What are the conditions of validity for the perfect mixing
assumption?

Answer in frequency domain: Perfect mixing corresponds to a uniform Schottky
noise density.

Bunched Beam - Longitudinal

Modulated time of passage of each particle at frequency

T±(t) - ?. sin <Oat + ^ )

Each revolution frequency line splits into satellites.

i - 2ef Re
n o J (nu> r.) exp j (nu pO

P
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• 01

J (x.) = 0 for p > x if x is large

-*• significant bandwidth

For large values of n: same width as debunched beam with same Ap/p.

Many particles with spread in Ds

J. " N " ••

B
nw.

overlap

sianificantbanriwidth 2nWn(itT

a-Small n b. Large n

Macroscopic current in the central line (- N)

Unbunched Beam - Longitudinal

At
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11 - 2 ef l-j per line, independent of n width n

Unbunched Beam - Transverse

Two betatron bands per revolution frequency interval

d - e f a ,„
rms o rras J 2

width Af - (n ± q) AfQ ± 2rrfo Aq

revolution tune spread
frequency spread

Consequences for Bunched Beam Cooling

--Min. frequency

2fic n u>. r_ - f /2 (2 betatron bands)

n f r, ^ > f /2
o ' p - o'

SPS case: f . - 8GHzmm

--As anticipated from time domain approach, some AQs is needed to "fill the
hole" between synchrotron satellites.

(Equivalent to q-O case for debunched beam.)

--Other possibility is to introduce non-linearity in betatron space. When the
same sample returns, the configuration in betatron space is completely new -*
equivalent to good mixing case.

AQ »

non linearity
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In the SPS case: AQ^ - 0.024
Qs - 0.004

AQp is essentially determined by beam beam.

--Maximum frequency determined by PU to kicker mixing

&6 - ± 50° at 16 GHz

for PU kicker distance - 1/3 SPS circumference

Technical problems look difficult

Transmission of 8-16 GHz signals over - 2 km without dispersion.
Rejection of common mode signals.
PU and kicker designs.

Remember that W is only needed during time 2 fm.

From signal theory:

The number of informations to be transmitted per bunch passage is only:

M — 2 W?m (complex numbers)

They can be obtained by Fourier analysis at multiples of fb(-l/2rm),

SPS case M - 48, i.e. 96 real numbers to be transmitted per bunch passage.

The time between bunches can be used to slow down the transmission speed
reauired with adequate signal processing.

With M data channels

Nb
T - -p-r. independent of bunch length

For the SPS experiment Nb - 5 10
9 antlprotons (limited by PU)

M - 4
T - 8h observation possible during normal coasts,

on one bunch
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The Pick Up for the CERN Experiment

Corrugated waveguide, rectangular geometry,

b - 22.86 mm (X band waveguide)

d - 16 mm (SFS aperture in collider mode)

Sc 3.85 ram

1. Describe propagating field in waveguide with

P(x,y) exp

and

E x "

E y - 0

EZ " "

H -f-j"
•s 3x ay

fe

a2 a2 1
3x dy )

Hz " " J ^n fe
Boundary conditions

P (x,y) - A sin ^
I

cosh q (x - ̂ ) even

sinh q (x - -r) odd

Et - 0 on matching on interface
y " 0, y — b x - s ; x - s+d

Corrugated waveguide
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Calculated and measured dispersion curves for the corrugated PU. Distance
between corrugations h-6mm, a) eq. 35, odd mode, b) eq. 37, odd mode, c) eq.
35 odd mode with correction for the finite corrugation thickness ( ), d)
eq. 36, <vven mode (-,-,-,-), e) odd mode measurements (oooo).
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Coupling Sections

M M 111111/

Standard
waveguide

matching q - fi tan

Measurements

Simulate displaced beam with bifilar line

PU
Pline Z R

« 1

xQ as small as possible.

For Z - 100 0

Measured value

0.5 mm

- 100 0/mm for R - 300

Test set up for transverse sensitivity measurements. H:180 hybrids,
C:absorbing material. S: splitter.
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VSWR measured along the two wire line with the corrugated PU mounted.

JO dB

8 GHz

Measured response of corrugated wall pick-up.

Kicker

PU and kicker are similar devices. For the same structure

KJ " j R: *

Kj_ - AP - / V, dimensionless parameter
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For U — 0 and perfect mixing

P
Neff

<Ax> w
R f
o o

Pg - peak power at optimum cooling rate

SPS experiment PR - 10 - 100 W

Select a TUT pulsed amplifier with

Psat (phase variation)

Kr

i ^

i i

Optiaua filtering of an RF burst from a beam detector.

Schottkv Signal to Thermal Noise Ratio

RF burst, one particle V - 2 S & e Ax/At

N V2 - N S A
2 e 2 (Ax E M ) 2 /At 2

Thermal noise: v»- - F k^t^R^Bt » o o o»

T t
noise amplifier BW
factor

1
U

tot

At2F k t R B
o o o

B is a free parameter: BQ t - I/At
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1
u Atf

2 2 2
N e S A

Z AxZ

F k t R~
o o o

enhancement factor. Debunched beam case.

Signal Processing

Generation of M local oscillator signals spaced by - f^ and synchronized
with beam. The phase information is carried by the LO's (equivalent to delay
line in classical stochastic cooling system).

Phase Noise Requirements

The residual n fQ lines due to

-- imperfect centering of beam in PU

-- longitudinal component of bunch (macroscopic)

produce a low frequency spectrum which is the replica of the LO phase noise.

-* extra noise to be added to thermal amplif. noise.

_ . betatron power per f_ interval .n ,„
Estimate: —= : •£•—:—r? r°—ri—rr— = - 40 dB

longitudinal line (residual)
corresponds to: - 83 dBc

Phase noise of the LO will dominate at low frequencies.

dBc/Hz

i
0-

20-

40-

60-

80-

100T

,nfg line
line

\ Schoctky nois« level
r\ overlapping b»nd»

Phase noise of LO

-<<, 1 kHz
rejected bands
(uich high pass filter)

Influence of LO phase noise.
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Typical phase noise of X band generators = - 90 dBc/7Hz at 1 kHz

-* above 1 kHz noise free signal

~* suppress low frequencies with high pass filter after sampling (little change
to the Schottky power)

It is in principle possible to derive the LO's from the RF frequency.
For a collider it is much more elegant to derive the LO's from the other beam.

-- PU and kicker are close to intersection points (cable delays).

-- RF frequency variations automatically compensated!

coaxial l i u |

FU

r

Sp*ci*i

Set-up Block Diagram

Spccena
Analyser

Block diagram for phase noise measurement at 4 GHz.

baaa timm of flight kick«c

eablaa •
tlicccooica

• «l«ccronics

Transmission link delays
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The data link capacity is determined by the time left for the parallel
to serial conversion.

Number of bits - 2 M p per plane
4-

ADC resolution (number of bits)

Quantization noise introduced by A-D conversion to be compared to 1/U ~ 10. A
few bits (p - 4, 5) seem sufficient.

For the SPS (PU-kicker distance - 1/3 turn) and long cables (bits)

Capacity s 1 G bit/s

The Infrared Link (ABM collaboration)

Test experiment (2.6 km) between BA3 and ISR water tower.

Proposed layout (- 2 km BA3-BA1)

Data transmission rate for experiment - 500 mbit to 1G bit/s depends on fixed
delays (cable, etc.)

Emitter

Philips Al Ga As laser diode for digital recording. With its correction
optics, divergence - 0.3 mrad (- 1 m at 2 km)

Power 2 mW - 20 mW

Wavelength 850 nm

Speed 600 MHz (measured)

Alignment with finderscope and reticle.

Receiver

Avalanche photo diode (70 A/W, 0.5 ms risetime) + Cassegrain amateur telescope
(C8 Celestron)

Optimum "matching" of telescope aperture to diode "acceptance" with
intermediate lens.

Alignment tolerance S - ± 1.7 mrad

Infrared filter to improve S/N ratio
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Atmospheric Contamination

Scintillation of the atmosphere (star twinkling) gives large, low frequency
fluctuations.

Output

Clock fros TCO

Trigger out

b) reception

Input signal

(after limiter)

Digital transmission waveforms, 10 ns/div
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Report of Group 1 - Colliding Beam Performance

L.C. Teng

The mission of the Group was rather vague at the beginning and later

developed spontaneously in the-following directions:

(1) Understand, appreciate and examine the rationale of the requirements

(constraints) on beam performance.

(2) Evaluate and confirm the methods and their effectiveness in satisfying

the specifications.

(3) Investigate and study alternative ways of attaining the desired goals.

The principal effort in the design of a collider may be summarized as:

"Optimising the performance by trade-offs of parameters under all the

constraints."

The Constraints

We list in Table 1 the various constaints. This is followed by an item

by item discussion of their natures, their origins and their effects on the

choices and trade-offs of parameters.

Table 1. List of Constraints
A. Experimental Constraints

1. Length of luminous region 3 20 cm (rms)
2. Beam bunch spacing > 30 nsec (or 10 m)
3. Free drift space for detector > + 10 m
4. Collisions up to Au'"+ on Au' , including extreme

asymmetric beams such as p on Au.
B. Beam Dynamics Constraints

1. Single beam lifetime
*(a) Single beam instabilities
(b) Beam-gas scattering
(c) Intrabeam scattering

2. Beam-beam lifetime
(a) Beam-beam resonance effects

Betatron resonances
Synchro-betatron resonances

(b) Beam-beam nuclear effects
(means to relax beam dynamics constraints --
stochastic cooling)

C. Injector Constraints (values given for Au )
1. Longitudinal emittance

e£ - 1 eVsec/bunch (rms)
2. Transverse emittance

<t — 10 JT mm-mrad (normalized rms)
3. Intensity - 10 /bunch

0. Hardware Constraints
**E. Financial & Socio-Political Constraints

* Topic covered by other groups.
** Topic outside the scope of the Workshop.
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We now discuss the constraints item by item.

(A.I) With the extremely large number of outgoing particles in a collision of

high energy heavy ions it is difficult to locate the vertex by tracking.

For most of the interesting reactions, however, localizing the vertices

to within a 20 cm (rms) long luminous region is adequate. In addition,

the available detection techniques for a number of representative events

also require short luminous regions. '

For head-on collisions this implies that the rms bunch length should be

<7£ 3 28 cm .

(A. 2) If the bunch spacings are random resetting of standard electronics of

the detector system between bunch collisions will require a minimum

spacing of — 3 psec. But if the spacings are regular, synchronous reset

is possible down to bunch spacings as short as 30 nsec. Below this, we

transfer to the continuous beam regime for which very expensive analog
1 2

delays must be used to store the signals. '

(A.3) and (A.4) For at least some of the interaction regions these

capabilities should be reserved.

(B.l.b) Coulomb and nuclear interactions of beam with residual gas in the

beam pipe cause emittance growth and beam loss, thus resulting in

decay of luminosity. As calculated in the Conceptual Design

Report, these effects give a desirable vacuum pressure of - 10

Torr or lower which is not difficult to obtain.

(B.l.c) Coulomb scattering between particles in the same beam also causes

growths in emittances, especially the longitudinal emittance. The

magnitude of the effect is proportional to the 6-dimensional phase

space density of the beam. Without beam cooling which is the topic

for another working group, the intrabeam scattering effectively

limits the maximum obtainable integrated luminosity per collision

of two beam bunches. We want the intrabeam scattering lifetime to

be longer than - 10 hours.

(B.2.a) The lifetime due to beam-beam electromagnetic forces has been

studied in detail in the SppS. The evidences are consistent with

the following conclusions and interpretations:

(1) Contrary to e~ colliders, in a hadron collider there is no

sensible synchrotron radiation damping, hence there is no

threshold value for the linear beam-beam tune shift.
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(2) The reduction in lifetime is a smooth function of | and can be

understood as follows:

(a) Bean-beam forces drive high order non-linear resonances.

The driving strengths are measured by £.

(b) The beam-beam tuneshift £ gives the beam a total tune

spread Ai/ — £x (no. of collision points) and makes it

difficult to avoid crossing high order resonances.

(c) Tenth order resonances is generally catastrophic. To

avoid crossing resonances up to the 10th order we need Ai/

< 0.02.

(3) Beams of unequal transverse dimensions are most unstable in

collision. Even at f - 5 x 10 the larger beam trims off on

the outside, presumably because very high order resonances are

driven by the very non-linear forces far away (many rms

widths) from the beam.

(4) Power supply ripples introduce additional resonances and must

be reduced to a minimum. Generally a ripple current of AI/I <

10 is required. The beam-beam effects on the luminosity

lifetime in RHIC must be evaluated in accordance with these

observations and interpretations.

Synchro-betatron coupling introduces synchrotron oscillation

satellites on betatron resonances and accentuates the

difficulty of avoiding resonances. This is the reason that rf

cavities are located in zero dispersion straight sections. It

was pointed out by A. Piwinski that if the beam bunches

collide at an angle 2a the beam-beam force can introduce

synchro-betatron coupling. The coupling becomes very strong

and non-linear for collision angles larger than the threshold

value aQ - rms bunch width/rms bunch length and many high

order synchrotron satellites appear. This value is also the

threshold beyond which both the luminous length and the

luminosity reduce significantly. With high order synchrotron

satellites on high order betatron resonances strongly driven,

it is practically impossible to avoid all of them and the

lifetime of the beam suffers. Of course, the magnitude of the

effect depends on both the crossing angle a and the linear
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tune shift, but it is prudent to keep the crossing angle below

the threshold. This then prevents the use of crossing angle

to reduce the length of the luminous region.

(B.2.b) Raising luminosity will also reduce the beam lifetime due to other

nuclear interaction. This was studied in the Conceptual Design

Report. The interactions considered are (a) nuclear scattering;

(b) Coulomb dissociation of the nucleus and (c) virtual electron

pair production followed by electron capture by an ion. All these

processes will lead to beam loss. Experimental data are scarce and

theoretical estimates are crude and not always reliable.

Nevertheless, based on the most reliable theory available the

lifetimes due to these processes are estimated to be comfortably

longer than the intrabeam scattering lifetime for 0* — 3 m and will

likely remain acceptable for fi* values down to - 1 m. In addition

to seeking more and better information on these processes one

should also make sure that no other process has been overlooked.

(C) The desirability and the possibility of improving the performance of the

injector should be investigated. This is best done by the in-house

people who are familiar with the operation and the performance of the

present injector system.

(D) The hardware constraints are indirectly taken into consideration since

the ranges of parameters discussed are those within the limitations of

hardware and of the schemes by which the quantities are derived.

The Parameters

We are now in a position to discuss the choices and trade-offs of

parameters to optimize the luminosity.

A. Hiph Frequency Storage RF System

Because of beam-beam induced synchro-betatron coupling one cannot use

colliding angle to reduce the luminous length. Thus, to get an rms luminous

length of 20 cm we need an rms bunch length of a^ - 28 cm corresponding to an

rf frequency of - 130 MHz. For this study, however, we shall take

Harmonic number h - 342 x 8 - 2736

RF frequency frf - 214 MHz.
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Although the equilibrium bunch length for this rf is aj, = 18 cm and is shorter

than necessary, a lot of experience and equipment is available at this

frequency. Much more detailed physics and engineering studies are needed to

arrive at a final optimal choice of frequency.
79+We assume that the Au beam bunches accelerated to the top energy have

7 - 100

«t - 10 ir mm-mrad (normalized rms)

e^ - 1 eVsec (rms)

n - 109 ions

and are matched to the rf buckets. The matching schemes hopefully are studied

by the "Beam-RF Interactions" group. Some preliminary results of intrabeam

scattering calculations are tabulated in the detailed scattering studies

carried out by G. Parzen.

Such a fixed frequency storage rf system is straightforward and not very

costly.

B. Interaction Region Design

Because of the desire to operate asymmetric beams such as p on Au the

beams are separately focused by quadrupole triplets before being brought.

together to collide by combining dipoles. Thus, the focusing quads are quite

far (25 m) from the collision point and the maximum /3 in the quads is already

^max = 4 0 0 m at

0* - 3 m .

To further reduce /}* in this arrangement the value of fimax will increase in

proportion which is considered not advisable. To further reduce /}* without

increasing /?max we can make the following modifications:

(1) Raise the dipole field, B, and the quadrupole field gradient, B',

of the interaction region magnets as follows:

B: 4.6 T-> 6 T

B': 57 T/m-» 90 T/m .

With these stronger fields and fimax - 400 m we can get

0* - 2.1 m .

(2) Reduce the ± 10 m drift-space for detector to, say, ± 5 m. This

brings the focusing quad triplet closer (20 m) to the collision

point. This modification is allowable at least for some

interaction regions where the detectors need not be so long. For

^ * ^ m we

* a 1.9 m

- 227 -



(3) Raise the field and reduce the detector space at the same time.

This further reduces low-,8 to

0* - 1.5 m

Again, this can be used only for special interaction regions.

(4) When identical beams are being operated we can add quadrupoles

after the combining dipoles. These quads are then used commonly by

both beams and are much closer to the collision point, hence very

effective in focusing the beams into low-/? waists. However, they

have to be moved away when asymmetric beam operation is wanted. If

the limiting value is still PmaK - 400 m in the common quads we can

get the very low value of

P* - 1 m .
This is approximately at the limit set by the requirement that the

luminosity lifetime due to beam-beam nuclaar effects should be

longer than the intrabeam scattering lifetime of 10 hours.

These and other ways of lowering 0* from the Conceptual Design

value of 3 m are explored in detail by S.Y. Lee.

C. Beam Bunch Spacing

The integrated luminosity per collision of two beam bunches is limited

by intrabeam scattering and beam-beam nuclear effects, at least without the

application of stochastic beam cooling technique. To increase luminosity one

must reduce the bunch spacing. One can simply fill all the buckets of the,

say, 27 MHz accelerating rf. The bunch spacing is then = 37 nsec adequate for

synchronous reset of detector electronics. Every 13th bunch may have to be

omitted to provide a 2 x 37 nsec — 74 nsec gap to accommodate the kicker rise

time for injection of the next batch of 12 beam bunches from AGS.

With this bunch spacing the bunch encounters nearest to the collision

point are only 37 nsec/2 or 5.6 m away, well within the ± 10 m drift space for

the detector where the orbits of the two beams have already been brought

together to coincide. To avoid collisions at these encounters and possibly

also at the next nearest ones at ± 11 m we could introduce a small crossing

angle at the collision point as was done in the SSC. For a design and
79+performance estimate we assume, again for Au ions
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7 - 100

P* - 2 m

et - 10 r mm-mrad (normalized)

ai - 18 cm (for a 214 MHz rf)

n — 10 ions/bunch

f - 26 MHz - bunch frequency (bunch spacing - 37 nsec)

This gives

Transverse bunch dimensions a^ — 0.45 mm

Piwinski's threshold crossing angle aQ - 2.5 mrad

If we take a crossing angle of a - a o/2 ~ 1-25 mrad, we get at the nearest

encounter 5.6 m away, a bunch separation

2 x 1.25 mrad x 5.6 m - 14 mm - 11 at

The bunches are, thus, well separated. One gets also

Luminous length — 18 cm/72 - 13 cm

9
n *• 9ft _ 0 _ "1

Luminosity - T f — - — r - - 1.9 x 10 cm sec

This is the initial luminosity, the 10-hour average luminosity is somewhat

smaller. Nevertheless this is about 20 times the corresponding initial

luminosity of the Conceptual Design. Of course, the scheme for obtaining and

injecting the 3.42 x 10 Au ions from the injector remains to be

investigated.

For pp colliding beams a study by L. Evans shows that luminosities >
32 -2 -110 cm sec can be attained.

The following is a list of people who, at one time or another, have

participated in discussions of the Group.

Eugene Colton George Parzen

Ernest Courant S.Y. Lee

Fritz Dell Mark Rhoades Brown
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Tom Ludlam Bill Willis

Zohreh Parsa Glenn Young
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Luminosity Evaluation for p-p Collisions

L. Evans

The two relevant equations are

where N is the number of particles per bunch, B the number of bunches per beam

and E the normalized emittance.

3Nr

Ai/^ is the linear beam-beam tune shift per crossing and v — 1.5 x 10" m.

The reference parameters are N - 1011, B - 57, 7 - 266, f - 78.3 kHz,

E - 3.0 x 10"6 m and /S* - 3 m, giving L - 9.5 x 10 3 0 cm^s" 1 and Ai/L - 3.7 x

10 . The question is how far can the luminosity be increased?

1) Increasing Number of Bunches

With 57 bunches per beam, the longitudinal separation is 224 nsec,

allowing 28.5 meters for the beams to be separated transversly after the

collision points. The number of bunches per beam can certainly be increased

by a factor of 2 with the present layout of the straight sections. The time

for the luminosity then increases to

L - 1.9 x 10 3 1 cm"2 s"1

Squeezing the free space between separation dipoles from 20 m to 18 m

would even allow the number of bunches per beam to be increased by a factor of

3 to 171 and the luminosity increased to 2.8 x 10 3 1 cm"2 s"1. The injection

kicker becomes more difficult to build (150 nsec for rise and fall), although

not yet unreasonable.

2) Reducing B*

The present 0* of 3 m seems quite conservative. For heavy ions there is

not much motivation in reducing it further due to the low beam-beam lifetime

at high luminosity. However, solutions exist with 0* - 2 m and with the

foreseen reduction of the available free straight section space, /9* — 1.5 m

should be possible.
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The luminosity then increases to

L - 5.6 x 10 3 1 cm"2 s"1

3) Increasing Bunch Intensity

Increasing the bunch intensity at constant transverse emittance

increases the linear beam beam tune shift. In the absence of a quantitative

theory, the only experimental evidence to guide us comes from the SPS. The

SPS operates with a linear beam-beam tune shift per crossing of up to 4 x 10" •

and with 6 crossings. It is known that 10th order beam-beam resonances are

catastrophic and must be avoided. In order to do so, the total tune spread

must be less than 0.025. When the number of bunches per beam is increased

from 3 to 6, giving 12 crossing points, the lifetime is catastrophic until the

beams are separated at 9 of the 12 crossing points, giving weight to the

conpecture that in the first instance it is the total beam-beam tune spread

that counts. Unfortunately the SPS is limited by its injector so it is not

possible to perform the obviously interesting experiment of increasing the

linear tune shift to 8 x 10 per crossing with 3 crossing points.

Increasing the number of particles per bunch, the beam-beam tune shift

increases linearly and the luminosity quadratically. Reducing the number of

interaction points from 6 to say 3, the linear tune shift can certainly be

increased above the value of 3.7 x 10" .

If the linear tune shift can be increased to 7 x 10 with 3 crossings

(N - 1.9 x 10 protons/bunch), without beam degradation due to beam-beam

effects then the luminosity rises to

L - 2 x 10 3 2 cm"2 s"1

If it is found that the tolerable tune shift is lower, say 5 x 10" , then this

luminosity can still be reached but at higher bunch intensity and larger
32 1 2emittance. The luminosity first rises quadratically up to 10 cm s with N

- 1.8 x 10 . Then it is necessary to double the bunch intensity and
32 - 2 1transverse emittance simultaneously to reach 2 x 10 cm s .

Assuming the first scenario with n - 1.9 x 10 , B - 171 then the total

number of particles in each ring is 3 x 10 , identical with that of the SPS

running fixed-target physics up to 450 GeV/c. The SPS uses an internal beam

dump with no real problems.
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4) Mini-Beta Insertions

The optimum beta value for high luminosity is of the order of the sigma

of the bunch length (/8* - 0.3 m) . This cannot be achieved with the present

insertion constraint, separate quadrupoles for the two beams. With common

quadrupoles and reduced length for experiments (± 7 m) such an insertion can

certainly be designed. A strong constraint of this insertion is that it will

not be possible to run heavy ions with separate species. In addition, the

number of bunches per beam would probably have to be reduced or otherwise a

small crossing angle (4 < 0.1 mrad) in order that the bunches can be separated

transversely after the experimental collision. Potentially, the luminosity
00 _9 -1

can then be increased to 10 cm s . However, the luminosity per bunch
OA p 1

crossing is 6 x 10 cm s , much too large for most experiments.
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RHIC Experiments:

Effect of Bunch Size and Bunch Spacing

W. Willis (CERN) and T. Ludlam

In designing experiments for a colliding beams facility the size of the

interaction diamond is an important practical matter. The place where the

beam particles collide - the source from which detected secondary particles

radiate - is not a point but a line of some length. For head-on collisions of

bunched beams the rms length of this "interaction diamond" (CQ) is given

directly by the bunch length (<?•[) •

*D ~ d/72) aL.

On very general grounds, detector systems are simpler and cheaper if the

diamond length cr^ is kept small. In the early discussions of RHIC parameters

the general guideline was to keep the value of ffp less than 30 cm, if at all

possible. In the final design (May, 1986 Conceptual Design Report) this goal

was met, for head-on collisions of gold beams, only at time t=0 after

injection. Thereafter the bunch length grows due to intrabeam scattering,

with a-Q approaching 1 meter after 10 hours of storage time. The proposed

scenario allowed smaller diamond lengths to be achieved with non-zero crossing

angle, with a corresponding decrease in luminosity.

Since that time the RHIC detector workshops have provided a more specific

and quantitative assessment of the need for small interaction diamond. Among

the highest priority experiments in the RHIC program are those which measure

lepton pairs, and here each of two complementary experiments finds the bunch

length to be critical.

Example 1: ji ft' Pair Production . Here an active hadron filter (dense

absorber) surrounds the vertex area as closely as possible to minimize the

number of background muons from pion decay (Fig. 1). The signal-to-background

ratio is expected to be less favorable in heavy ion than in proton collisions

because the combinatorial background varies as Nff while the signal varies as

N^. It is essential to keep the decay length as short as possible: much less
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than 1 meter. This doesn't make any sense unless the diamond length is

comparably small. Workshop studies have aimed for a value O-Q ~ 20 cm.

Example 2: e+e" Pair Production. The method used in the LBL-RHIC

Workshop uses two successive ring imaging cerenkov counters to identify the

electrons. No other method has been shown to be adequate. This technique

uses the interaction as the source of an optical system (see Fig. 2).

Aberrations force the scale of the system to be set by the source size. A 20

cm long source might be the practical limit. If the diamond is longer, the

interactions in the good source volume must be selected electronically, and

the remainder treated as background. This experiment, already extremely

difficult, would thus push for a short diamond at (almost) all costs.

These two examples give new urgency to the importance of short diamond

length, and suggest that the RHIC design allow for operation with o^ - 20 cm

at acceptable values of luminosity.

With regard to bunch spacing we can identify, in general, three regimes

in the spectrum of collider operation:

Case 1: The spacing between bunch crossings is long enough to allow

asynchronous reset of standard electronic units (S3 /jsec).

Case 2: The spacing is consistent with synchronous reset of specifically

designed "pipelined" readout (£30 nsec).

Case 3: Continuous beams; timing information preserved in analog delays.

In case 1 (SppS, Tevatron, LEP...), the spacing is long enough to reset,

open gates at the right time, and decide if an interesting event had occurred

before the necessary time for the next reset.

In case 2 (HERA, RHIC...) we must assume that there is an interesting

event in each crossing, and store that information in an analog or digital

"pipeline" for about 1 ftsec, until a decision can be made.
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In case 3 (fixed target, ISR..., LHC? SSC?) the crossings occur too fast

for syncronous operation of conventional VLSI electronics. To keep timing

accuracy (where required), analog delays must be used to store the signals.

This is expensive.

All of the schemes considered for RHIC operation fall into case 2. In

this domain, the only .increase in cost due to more bunches is the need for

more speed in the pipeline to shift in one bunch spacing. If the interval

between bunches is 5 50 nee, this is not a serious problem (recall that the

bunch spacing at HERA is approximately 90 nee). Also, the higher the speed

the more steps are needed in the pipeline to get to 1 /xsec. But this is not a

big effect.

We conclude that the number of bunches in RHIC can reach up to

approximately 200-300 without introducing new problems for the readout of

detectors. However, the maximum number of bunches must be known and planned

for in advance, lest future upgrades render obsolete some very large

investments in electronics.
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The Beam-Beam Interaction

L. Evans

The theory of the beam-beam interaction with bunched hadron beams is not

sufficiently well developed so that reliable predictions can be made. This

being so, we must rely on the experimental evidence from the only bunched-beam

hadron collider showing strong beam-beam effects at this time, the SPS p-p

collider.

Up to now, the SPS collider has mainly operated with 3 bunches per beam

(6 collision points) and with a beam-beam tune shift of up to 4 x 10" per

crossing, giving a total tune spread of around 0.02. It has been shown

experimentally that 10th order resonances are catastrophic (Fig. 1) and so Che

working region is constrained to a small area between 3rd and 10th order

resonances, free of even order resonances up to 16th order.

The collider has also worked with 6 bunches per beam (12 crossing

points) giving a total tune spread of around 0.04. The bunch lifetime is only

a few hours unless the beams are separated by ± 3a at 9 of the 12 unwanted

crossing points (Figs. 2 and 3). After separation, as long as the working

point is clear of the 10th order resonances, the lifetime again becomes

acceptable.

The experimental evidence therefore indicates that, to first order, the

important parameter in the total tune spread in the beam, which must be kept

small enough ( 5 0,02) so that the beams can stay clear of resonances of order

10 or less. Unfortunately the SPS collider is intensity-limited so it is not

possible to check this conjecture substantially increasing the linear tune

shifc per crossing with separated beams in order to reach the value of 0,02

for the total spread.

Other experiments with unbalanced emittances between the two beams here

show that even at modest tune shifts (5 x 10 per crossing), even higher

order resonances become harmful if the two beams have very different

emittances (Fig. 4). This can be at least qualitatively understood by

computing of amplitude (Fig. 5). It is therefore necessary to ensure that the
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two beams are well matched in emittance. This might create problems when

colliding different species. The worse is protons against gold, where

intrabeam scattering will blow up the emittance of the Au beam much faster

than that of the protons.

It is known that low frequency tune modulation enhances the rate of

beam-beam diffusion. In the SPS the beams are particularly sensitive to power

supply ripple. The quadrupole power supplies need to have a ripple Al/I <

10" for good operation.
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Electromagnetic Dissociation of Nuclei at Relativistic Energies

G. Young

The Weisgacher-Williams formula, low energy approximation (good for
w < 7v/b m l n), is

0 mm

For nucleus-nucleus, use larger of ft/f^f and R, for b m i n. This always will
be R for our cases of interest (7 > 1, hw > few MeV). Checking
hv < 7/r*A>min - 7 v/c«c/R - ifi 197MeV fm/R, for R - 7 fm and 7 > 3, this
requires E •» ftw < 84 MeV, certainly valid for nuclear photoabsorption
strength. Then we need to look at the, e.g., photo neutron cross sections
in relevant targets. For example, use the (7,n), (7,2n) and (7,3n) data of
Veyssiere, et al., for Au (Nucl. Phys. A159. 561-576 (1970). See Fig. 4
and use the Lorentz line fit parameters given in their Table 3. This gives
a total cross section as a function of E of

2 2

E T
E 2 r2
7

19 7
where for Au, Veyssiere, et al., find

a - 540 mB peak cross section
Ej - 13.70 MeV center of resonance
T - 4.75 MeV 'width' due to all open decay channels.

Then we can fold N(ftw) and atot(E ) (using E - fiw) to get a total oeQ of

a - N(E ) a (E ) to compare to data

We use the Bradt-Peters strong absorption value for

V n " I-** IAp1/S - \ V 3 " 0.73 ̂  + +*/*)] fm

(Note: the parameters 1.34 and 0.75 tend to vary around by ± 15% to fit A+A
cross sections from the Beinlae and CERN - the results are sensitive to this
only via the long term, i.e., a few percent.)

Then crudely summing for OJJ from 7 to 70 MeV, in 0.5 MeV steps (i.e.,
approximating the integral by a Sum) we find for Au + Au
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E/A

1.
2.
5.
10.
20.
50.

100.
200.
500.

1000.
2000.
5000.

10000.
20000.
50000.
21469.

(lab)

932 GeV
932
932
932
932
932
932
932
932
932
932
932
932
932
932
8

T/A(lab)

1 GeV
2
5

10
20
50
100
200
500

1000
2000
5000

10000
20000
50000
21468.9

"ED

2.26
5.26

10.37
14.73
19.45
25.97
31.00
36.07
42.80
47.90
53.00
59.75
64.86
69.97

70.48

(barns)

19T.

Js - 200 GeV/nuclear

If we instead choose to describe the photo absorption lineshape in
'Au as a sum of two Lorentziaus, then Veyssiere, et al., recommend using

the parameters.

a - 222 mb
Ej - 13.17 MeV

This results in

T, - 3.2 MeV

T/A (lab) (GeV)

1
2
5
10
20
50
100
200
500
1000
2000
5000
10000
20000
21468.9

ff2 - 36.7 mb
E2 - 14.17 MeV

r2 - 5.2 MeV

<rED (barns)

2
5
10
14
19
26.
31.
36.
43.
•48.
53.
60.
65.
70.

.20

.47

.47

.89

.68

.31

.42

.57

.40

.58
,76
62
80
99

71.52 >Js - 200 GeV/A

which values are - one percent above those on the previous page.

Nc-w we can calculate the same cross section as a function of Js/A for
S, Cu, I, Au and U. The result for C is so small we ignore

it.
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We use the following resonance parameters:

ax(mb)
Ej(MeV)
r2(MeV)

a2(mb)
E2(MeV)
T2(MeV)

Ref.

40
21
6

WY65

Cu

70
16.5
8

FU64

127

180
15.21
4.1

50
15.82
7.9

BR66

127,

Au

222
13.17
3.2

367
14.17
5.2

VE70

510
10.85
2.45

570
14.10
4.00

DA65
B064

All of these come from photonuclear work, either using tagged photons or
using positron annihilation in flight.

B064
BR66
DA65
FU64
WY65
VE70

CD. Bowman, et al., Phys. Rev. 133, B676 (1964).
R.L. Brawblett, et al., Phys. Rev. 148, B1198 (1966).
J.P. Davidson, Rev-Mod. Phys. 37, 105 (1965).
S.C. Fulty, et al., Phys. Rev. 133, B1149 (1964).
J.M. Wychoff, et al., Phys. Rev. 137, B576 (1965).
A. Veyssiere, et al., Nucl. Phys. A159, 561 (1970).

The following cross sections result from the above assumptions.

7s(FeV/A)

10x10
20x20
30x30
40x40
50x50
60x60
70x70
80x80
90x90
100x100

32s

0.10
0.13
0.14
0.15
0.16
0.17
0.18
0.18
0.18
0.19

CTED
63_

Cu

0.90
1.14
1.28
1.38
1.46
1.52
1.57
1.62
1.66
1.70

, (Barns)

127I

6.58
8.41
9.47
10.23
10.82
11.30
11.70
12.05
12.36
12.64

197Au

37.03
47.43
53.50
57.80
61.14
63.87
66.18
68.18
69.94
71.52

2 3 8U

75.61
96.71

109.04
117.79
124.57
130.11
134.79
138.85
142.43
145.63

(compare to 50b quoted
by Mercier', et al.,
for a more accurate
a(7,xn) description)

|M.T. Mercier, et al., Phys. Rev. Lett. 52, 898 (1984).
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These values scale as the product of

z\ (WW photon field)

N lz
- Z2 (~I~ term in electromagnetic sum rule)

1/3 1/3

which has to be compensated by 1/E7 WW

1/3 1/3

Z2 (̂ o/̂  dependence of GDR centroid energy
which has to be compensated by 1/E7spectrum)

plus a factor depending on log A.

We expect to find values 20-40% larger than quoted by Mercier, et al.,
for ED of Au, because they measure only the channel leading to Au, i.e.,
one neutron removal, while our values for the photo absorption lineshape
include (7,n), (7,2n), 7(n,p) and (7,3n), (7,4n), etc., where measured. That
is, they take into account all measured photo absorption strength-leading to
particle emission, as measured by the quoted authors.

In a longer paper, Mercier, et al. , provide measurements, of the one-
neutron removal ED cross sections for Co, Y and Au targets struck by
projectiles of 2.1 GeV/A XH, 12C and 2°Ne, 1.8 GeV/A *°Ar and 1.7 GeV/A S6Fe
[M.T. Mercier, et al., Phys. Rev. C33, 1655 (1986)]. Figure 10 of that paper
compares their results to WW calculations. The agreement is rather good,
though they note that WW predicts an increase of O^Q with projectile charge
according to <7gjj - ax Z with b - 1.80, while the data for Au are better
fit with b - 1.43. If tSiis holds true for Z > 26, the CTED predicted for Au +
Au by the WW method might be too large, which would be good news.

Note added:

J.C. Hill and collaborators have recently published results for
electromagnetic dissociation of Au targets using 1.26 GeV/nucleon La
projectiles produced by the Bevalac and 60 and 200 GeV/nucleon projectiles of
D produced by the SPS. (Hi88).

1 O 7 i 4 Q 1 G 7

For the reaction Au ( La,X) Au, they find that the WW estimates
exceed the measured cross section by - 25%, in line with earlier observations
of overpredictions of o^p using the WW formalism for high Z projectiles.

However, for ultrarelativistic 0 projectiles, the opposite behavior is
found. At 60 GeV/nucleon, the measured cross section exceeds the WW estimate
by ~ 20%, while at 200 GeV/nucleon the discrepancy has grown to nearly 50%.
It should be noted that the experimental values are subject to a small error
in subtracting the (nuclear) total cross section, as printed out by the
authors (HI88). The quoted values are

E/A (GeV) ^total CTED
60 0.40 ± 0.02 0.28 ± 0.03
200 0.56 ± 0.03 0.44 ± 0.04

all for

197Au (160,X) 196Au
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The authors point out that the reasons for the two types of
discrepancies are not known. This is obviously an area where further
theoretical effort would be well justified.

Reference

Hi88 John C. Hill, F.K. Wohn, J.A. Winger and A.R. Smith, Phys. Rev-
Letters, 60, 999 (1988).

Comment on an alternative method to calculate the electromagnetic
disintegration cross sections for nuclei at relativistic energies.

An alternate method is to use the 'coulomb-excitation' formalism
developed by A, Winther and K. Alder to calculate the cross sections for El
and E2 excitation of target nuclei by the coulomb field of a projectile.

(See A. Winther andK. Alder, Nucl. Phys. A319. 518 (1979).

We use formula 3.10 from their paper, namely,

a - 1.04 (
P

^ g0

7

where

0.4 x R

R is measured in fm (and we use the same value as for the WW estimate,
namely R - 1.34 [A^ / 3 + A,.1/3 - 0.75 (A^ 1 / 3 + A^'X/ )
functions gQ and gx, are

)] fm] and the

g o«> - * g t(« - * In [(|)2 + 1]

where a - 0.681085

Evaluating all this for our five cases as before, we find for the
Winther-Alder formalism, ffg^ only:

Js (GeV/A)

10x10
20x20
30x30
40x40
50x50
60x60
70x70
80x80
90x90
100x100

32s

9.09
0.12
0.14
0.15
0.16
0.17
0.18
0.18
0.19
0.19

aWi

63Cu

0.67
0.92
1.07
1.17
1.25
1.32
1.38
1.42
1.47
1.51

^ (Barns)

1 2 rI

5.16
7.27
8.50
9.37
10.05
10.60
11.07
11.48
11.84
12.16
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19

19
27
32
36
38
40
42
44
45
46

7Au

.41

.72

.57

.02

.69

.87

.71

.31

.72

.98

U

32.76
47 .07
55.44
61.37
65.97
69.73
72.91
75.66
78.09
80.26



For S, Cu and I. these are seen to be quite close to the a ^
values found earlier. For Au, these are similar to the values found by
Mercier in evaluating a£D for the (7,n) process only. For 238U, the above va-
lues are about half the aED values. This likely reflects the neglect of
higher order multipoles in the above, which is important for a very deformed
nucleus like 238U. (This can be seen explicitly from the sizable splitting
of the GR parameters quoted earlier for U).

Conclusions from this: a more refined calculation will increase these
numbers, but we still expect the agp calculated using the WW method to give
a reliable value.

Comment on the nucleus-nucleus reaction cross section used in the
Yellow Book, p. 131.

The NA35 experiment at CERN has reported values for total nucleus-
nucleus cross sections for reactions of 60 and 200 GeV/nucleon 0 and S
incident on targets of C, Al, Cu, Ag, Au and Pb. They show that the Bradt-
Peters (BR50) formula as applied to Bevalae data and Dubna data (HE78, AN86)
provides a good description of the data.

They present the formula as (A_ - projectile mass #, Â , - target mass
#)•

2 1/3 1/3 , , -1/3 .1/3, 2

"BP ' ̂ o f<A
p
 + V > * b (Ap + *T )]

where the first term represents the usual overlap and the second is a
curvature correction. For the two sets of parameters

r0 - 1.36 fm b - 1.11

and

r0 - 1.30 fm b - 0.93

they obtain curves brachetting their data as a function of A^, for both
values of A^ and both values of E/A.

A comparison of this formula with that used in the Yellow Book, namely

a B - 77 x (1.25 fm)
2 (A*/3 + A ^ / V

is given in the following table. All values are in barns.

(ro-1.36 fm, b-1.11) (ro-1.30 fm, b-0.93)

System ayB

12C+12C 1.029 0.757 0.753
32S+32S 1.029 1.855 1.764
a3Cu+83Cu 3.109 3.182 2.979
i27I+i271 4.961 5.368 4.978
197Au+1B7Au 6.648 7.362 6.801
238U+238U 7.541 8.418 7.766
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The differences are generally less than 10%, with the exception of
C+ C where, as expected, agp < <VJJ-

These cross sections only dominate the loss rates in RH1C for A < 100.
The corrections there are linear in a. These cross sections also enter into
the calculations for number of interactions per bunchcrossing. Again, the
corrections will be small to the earlier estimate.

AN86 M.Kh. Anikina, et al., Phys. Rev. C33, 895 (1986).
BR50 . H.C. Bradt and B. Peters, Phys. Rev. 72, 54 (1950).
HE78 H. Neckmann, et al., Phys. Rev. ClZ, 1735 (1978).
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Contribution on Multiple Nuclear Reactions Per Bunch Crossing

The mean number of collisions per bunch crossing is given by

L«aR where L is luminosity, a_ is the reaction cross
N - -z — section for the species of interest, f is

rev the revolution frequency of a particle in RHIC
and B is the number of bunches in one ring.

Only B is really available for varying Nc, because a^ and frev are fixed and L
is dictated by the greed of the experimentalists. Rewriting

f BS?
T rev B ., , .L - -j^- —j—^ (head on case)

and letting, for now, _ Ng be constant (given by ion source/tandem/booster
performance) and cryOy be constant (given by RHIC lattice and e-^) then the
standard 2 obvious cases are seen:

1) If B is increased by a factor K and Ng is decreased by JVL, L is
unchanged, the intrabeam scattering is a little improved and Nc

decreases by a factor K.

2) If B is increased by a factor K and Ng is unchanged, then L has the
same increase as B and Nc is unchanged.

If instead L is increased solely through changes in Ng and a^H' then
the experimentalists problems of multiple interactions per crossing is made
worse.

Another way to write N , to say the same thing, is:

L
N R
c f B

rev

3
| f B
2 rev

N a.R
f B
rev

where ffjj-ffy, e^ -e^ and /9X~£V were assumed for the crossing point, and
x y

a - I ef.f3*/6irP'f was used. Then

N ~ ~n a-o ~Z (Note: B drops out of this equation).
C 2 £N R ft

The factor fiy is fixed by the operating point, 3/2 cr̂  is given and e^ is
dictated by intrabeam scattering and 7 t losses. Then if Ng <x £*" is given by
the desire to control the beam loss rate, we have

Nc * NB
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i.e., once the option of increasing L and keeping Nc fixed by increasing the
number of bunches B is exhausted for, e.g., technical reasons (kicker speed),
then Nc will have
increased.

to increase as the number of ions in a bunch, Ng, is

To quantify the problem, a table is given below of Nc for the "standard
ions" in the Yellow Book, The distribution of multiple events just follows
from the value of Nc and the formula for a Poisson distribution

where n is the number of events occuring
in one crossing, n - 1,2,3,...

(Note
n+1

the ratio of (n+1) fold to (n) fold),

Ions

p+p
d+d
C+C
S+S

Cu+Cu
I+I

Au+Au
PP
(CDF at

0.045
0.55
1.05
1.97
3.11
4.96
6.65
0.45
Tev-I)

2.2
6.4
4.5
2.6
1.1

10
10

11
11
11

9.5 10
9.5 10
4.6 10
3.9 10
1.8 10
5.4 10

30
30
29
28
28
27

9.2 1 0 "

0.096
1.17
0.108
0.017
0.013
0.0061
0.0014,

1.0 10" 3.14

8.7 10
3.6 10
9.7 10
1.7
1.3

10
10

6.1 10
1.4 10
3.0 10

-2
-1
-2
-2
-2
-3
-3
-2

4.2 10
2.1 10
5.2 10

-3
-1
-3

1.4 10"^ 8
i-58.3 10'

1.8 10
9.8 10
4.8 10

-5
-7
-4

1.3 10
8.3 10
1.9 10
1 10

3.6 10
3.8 10
4.6 10
5.0 10

-4
-2
-4
-7
-7
-8
-10
-6

The number for the lighter species are worrisome. We do not want to get
into the situation with RHIC where the SSC finds itself, namely with P-̂ -1.0
and -10 ns between bunch crossings. Because many detectors have -100 ns
integration times, a typical SSC "event" will include 10 interactions. It is
already known that this seriously distorts the mass distribution in e.g., a
jet-jet trigger for W or Z at the SSC. The situation with RHIC is better,
with P^ £ 0.1 and 226 ns between crossings for the Yellow Book numbers.
However, as the design evolves and B is increased and L is improved, attention
will have to be given to similar considerations as for the SSC, that the
presence of multiple interactions in an "event" does not distort the trigger
not the measurements too much.

These numbers already say that vertex finding is a must and becomes more
important as Nc is increased via design improvements. From this standpoint,
varying B is the preferred way to increase L.

- 263 -



Comment on 8* vs Nfl Tradeoffs, for Loss Rate Considerations

The initial luminosity loss rate is given by

i .j , 6 a.L where we assume 6 crossing points
5— -jr [hr ] - — — — and write in terms of beam intensity,
H dt BNfi j

Here a-^ is the total beam loss cross section, which is markedly larger
than the nuclear reaction cross section for heavy ions such as I or ^ 7Au.

Asking for A - 6 tr̂ L/BNg < 1/20 hr (i.e. 5% loss per hour of beam, or
half the IBS loss rate for Au) and rewriting

4* * * 2 rev " *

* Tfc *
where we assumed «« -e« , &j-0y-j8 and used

H V

\.v v;
,v - J 6^ fa • W e Set

9 f a. fa N.
. rev L K B , .
A :—HI - V* •

We then want

9 f
rev

> 20 hr

Substituting values for RHIC and expressing

Ng in units
a^ in barns

in units of 10 ions/bunch

and taking e^ - 10 * tan arad and solving for 0 , we obtain

0* > 1.61 x 10"4 ffj^rNg meters

197 *
For exanple, for Au at top energy (£T-108, N B-1.1, trj-100). Then 0 > 1.9
meters is required to keep the ion current loss rate to 5%/hour.

The three worst cases are for the three heaviest "standard ions", namely
Cu, I and Au, we tabulate values at fiy - 108.

Ion o^oss(barns) Ng<10 ) f} minimum for loss

Cu 3.5 4.5 0.27 m
I - 20 2.6 0.90 m
Au - 100 1.1 1.91 m

aloss h e r e includes o^, K capture and Coulomb dissociation cross sections.
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As f)y decreases, a, will also decrease, allowing a somewhat faster
decrease of ft (to increase L) than f}~f to maintain a fixed loss rate.

It should be noted that, since the beam beam tune shift is given by

3rQ NB Z2
Ai> - —5- — — (for shor t bunches)

o l tjj A
~k

the only really "free" parameter in the expression for A(-l/r) above is /8
when operating RHIC at the beam beam limit.

Whether j8 can be reduced to the values possible for the lighter species
obviously depends on whether adequate mini-£ insertions can be found and
whether the chromaticity generated by them can be tolerated.

Comment on Synchrotron Radiation at RHIC

Since synchrotron radiation depends on 2 /A, for fun we evaluated the
energy loss per revolution and critical frequency for the ions in RHIC.

For particles of charge e, the energy loss per revolution is given by

2

- -r̂  — By p is the orbit radius in the
3 p K 'revolution 3 p .. n

dipole magnets

for ions, we replace e2 -*• Z2e2/A and AE -• AE/A.

Then for £7-108 (£-1, 7-IO8) and p-243.88 m and 1 9 7Au ions (Z-79,
A-197), we find

- 1.06 x 10"7 MeV/nucleon/turn
revolution

- 0.11 eV/nucleon/turn

which is clearly negligible

The critical frequency is

w - 3y3c/p
- 4.648 x 10 1 2 s'1 at 7-IO8

Using A — 2wc/w, this corresponds to Ac - 40,554 nanometers, or very far
IR radiation, so it is quite doubtful that this could be used even as a
diagnostic, unlike the case at the SPS where 7 is 3 times larger, or Ac - 1500
ran, in the near IR, and where the light can be used as a diagnostic for beam
behavior. For protons in RHIC, this is a definite possibility.
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MINI-J3 insertion and Luminosity for the RHIC Lattice

S.Y. Lee

Accelerator Development Department

Brookhaven National Laboratory

Abstract:

Requirement and implication of the mini-p insertion in RHIC lattice

is studied. For the heavy ion operation, we find that (1) When the

gradient is maintained at 67T/m, the free space for the experimental

setup becomes ±4m at 0 =1.5m with maximum crossing angle of 3mrad at

lOOGeV/amu. (2) To maintain a minimum of ±5m free space for experimental

setup, a higher gradient is needed. At 84.5T/m gradient, /3 =lm can be

achieved. In this case, the beam size limitation is located at BC2,

where 10cm coil i.d. is designed. When the machine is operating at the

proton-heavy ion interaction mode, these common quadrupoles should be

removed physically in order to let both beams crossing the center line

at 3.5mrad. These mini-(3 insertion can increase the luminosity by a

factor of 2 3.

«
For the proton operational mode, we find that (S =lm, which

corresponds to |3=1200m is also operable without the mini-(S quadrupoles.

When the mini-|8 quads are used, p =0.25m can be achieved.
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I. Introduction.

The luminosity of the many colliders are limited by the beam-beam

tune shift. When the linear beam-beam tune shift is large, the nonlinear

driving term in the beam-beam space charge force determines the life

time of the storage beam. It is important to note however that the

beam-beam tune shift is independent of the /3 value at the IP. Thus most

of the colliders are designed to operate at the smallest (3 value

achievable. To obtain small |3 while limiting the maximum /S value at the

high (3 quads region, a MINI-|9 insertion is considered.

The normal operation range for the RHIC collider design is

constrainted by the available dynamical aperture at Q2 and Q3 in the

insertion, where the ̂ -function is high. In the norminal insertion,

there are 9 quadrupoles in each side of the interaction point (IP)

excited anti-symmetrically with respective to IP. When the |3 , the p

value at the IP, is 3m, the maximum |S values at Q2 and Q3 are 400m,

while /3 =2m, /5 becomes 625m. Table 1 compares the beam size with the

magnet coil i.d. at various operational conditions.

Table 1. Beam size vs. Coil i.d. in Au on Au operation

J3*(m)

P Cm)

e (n-m)

6cr/coil i.d.
(at Bp=840 Tm)

6<r/coll i.d.
(at Bp=420 Tm)

3

400

33

0.42

0.59

2

625

33

0.52

(0.73)

MINI-/3 insertions

1

500

33

0.48

0.68

+Coil i.d. of Q2 and Q3 are both 131mm

Based on the the tracking calculations of Dell and Parzen , we expect
*

that /3 = 2m can be achieved at the the top energy. Therefore, the

luminosity is increased by 50% in this process. Since /S is approximately

inverse proportional to 0 , $ becomes too large for heavy ion operation

when 13 value is less than 2m . The only way to avoid the dynamical
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aperture problem in Q2 and Q3 is to resort to a MINI-/3 insertion. Note

however that the free space available in RHIC standard insertion is

±10m. The mini-0 insertion would require the experimental set up to be

limited to an even smaller space or the COMMON mini-p quadrupoles should

be incorporated in the detector design.

This study is intended to investigate the possible mini-0

insertions. Our aim is to leave as much of space as possible for the

experimental set-up while keep the ratio of (6(r/coil i.d.) to be less

than 0.6 0.7 in order to maintain useful dynamical aperture. This rule

of long term stability is established by many tracking studies of

Tevatron, SSC, and RHIC. In section 2, we shall discuss the MINI-p

insertion layout and find the requirement of these quadrupoles. Section

3 discuss the operable condition for the proton collision. Section 4

discusses the implication of mini-|8 insertions.

2. The Layout of MINI-g insertion.

To maintain the antisymmetry of the RHIC insertion, two pairs

common quadrupoles, QX1 and QX2, should be placed in the interaction

region between two common beam crossing dipoles, BC1, on both sides of

the IP. To maximize the available free space for experimental set-up,

the distance between QX2 and BC1 is set to 0.5m, which is needed for

coil end of magnets. The beam line in the interaction region is arranged

as following:

BC1I DX2 QX2I DX1 QX1I DXO IP DXO QX10 DX1 QX20 BC10

2.1 B'=67 T/m as the basic assumption.

Assuming the 8 cm coil i.d. quadrupoles for QX2 and QX1, which is

operating at 67 T/m norminally, we ask what is the length of the magnets

to obtain )3 = 1.5m while keeping |3=400m. The result of the matching is

shown in the first column of Table 2. We observe that the available free

space becomes 4m for the experimental setup. Note that the mini-p

insertion configuration can only support the crossing angles up to 3

mrad at lOOGeV/amu or 2 mrad at 50GeV/amu. The constraint is limited by
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the crossing angle of the collision species rather than the (3 at the

IP. Thus to obtain maximum Luminosity, crossing angle should be kept as

small as possible.

Table 2. Mini-/3 insertion contraint for RHIC

J3 Cm)
DXO(m)
LQXl(m)
DXICm)
LQX2(m)
jSmax(m)

1.5
4.0468084
1.8967767
1.8999972
1.6564177
400.

1.5
5.0
1.5
1.5
1.5
400.

1.0
5.0
1.5
1.5
1.5
500.

GF(l/m)
GD(l/m)

K2I(l/m)
GllU/m)
G2I(l/m)
G3I(l/m)
G4I(l/m)
G5I(l/m)
G6I(l/m)
G7ICl/m)
G8I(l/m)
G9I(l/m)

K10(l/m)
K20(l/m)
G10(l/m)
G20(1/m)
G30(1/m)
G40(l/m)
G50(l/m)
G60(1/m)
G70(l/m)
G80(l/m)
G90(l/m)

0.099520
0.099650

0.149993
0.130986
0.133826
0.157707
0.055416
0.084231
0.101945
0. 120539
0.137715
0.111765
0.085117

0.152250
0.130878
0.133977
0.157225
0. 055035
0.081062
0.094511
0.124678
0. 140527
0.114963
0.093322

0.099520
0.099650

0.135168
0.135652
0.137238
0.157785
0.051932
0.085321
0.103415
0.125538
0.138627
0.111907
0.085220

0.133922
0.134911
0.137239
0.157845
0.052178
0.081848
0.094168
0.126434
0.139806
0.114443
0.092587

0.099520
0.099650

0.150904
0.147122
0.137711
0.156988
0.050933
0.076361
0.093903
0.121913
0.140795
0.112740
0.086562

0.150941
0.146960
0.137679
0.156421
0.050841
0.075912
0.085706
0.129953
0.140081
0.114472
0.091758
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2.2 Assumption with the available free space to be 5m.

When the maximum gradient is held with 67 T/m, we found that the

available free space becomes 4 m. In order to increase the available

free space to 5m, we shall decrease the length of quadrupoles to 1.5m

each. The result of the beam matching is given in the column 2 of table

2 for |3 =1.5m and (S=400m. Since the dynamical aperture in this case is

not limited by the quadrupoles Q2 and Q3, one can decrease further £ to

1m, shown in the COLUMN 3 of Table 2. Note that the gradient requirement
*

of QX1 becomes 84.5 T/m at Bp=840 Tm. At |S = lm , the |3-value at BC2 is

about 350m. Thus the ratio of beam size to the magnet coil i.d. would be

about 51% at BC2. We conclude that ^ =lm has almost reached the

capability of the insertion. To decrease even further the )3 value, it

is necessary to decrease further the available experimental free space.

Because of the higher gradient requirement in the present case, smaller

coil i.d. of 6.3cm may be needed for QX1 and QX2. This consideration

also prevent the crossing angle larger than 2mrad.

3. Luminosity in the proton operation mode.

For the proton operation at top energy with Bp=840 Tm, the
*

emittance is considerably smaller than that of heavy ions. Thus (S =lm,

or 0.5m may indeed be achievable without mini-/3 insertion. Table 3 shows

the beam size in this operation mode. To obtain an even smaller

betavalue at the crossing point, the mini-p insertion discussed in

section 2 can be used to lower the (3 value by a factor of 2 3. Thus

the luminosity for the proton will be 1032/cm2sec in the mini-3

configuration without any intensity upgrade to the RHIC conceptual

design. To reach an even higher luminosity, more number of bunches

and/or more number of particles per bunch are needed. It is hoever worth

pointing out that the number of interaction per bunch crossing has

already reach 1 at the luminosity of 1032/cm2sec with the proposed 57

bunches in each ring. The proper design of detectors may be an important

issue for higher luminosity.
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Table 3. Beam size vs. Coil i.d. in proton operation

/3*(m)

(3 (m)

e (ju-m)
It

SoVcoil i . d .
(at Bp=840 Tm)

6<r/coil i . d .
(at Bp=420 TnO

Chromaticity
(per insertion)

Luminosity-
(103z/cm2sec)

3

400

20

0.21

0.29

-5.5

.095

2

625

20

0.26

0.37

-8.5

.143

1

1290
20

0.38

0.54

-17.

.285

0 . 5

2460

20

0.54

-32.

.57

MINI-/3

0.25

2409

20

0.54

-32.

1.14

Coil i.d. .of Q2 and Q3 are both 131mm

j"he total contribution of six arcs is -24 unit of chromaticity.
# n
Based on 10 particles per bunch and 57 bunches per ring.
When the intensity is increased by a factor of two, the luminosity is
increased by a factor of 4. When 114 bunches are circulating in a ring
the luminosity is increased by another factor of 2. In this case the
luminosity can be as high as 10 /cm /sec.

4. Implication and Hardware requirement.

The mini-p insertion in the present study requires two pairs of

common quadrupoles in each of mini-p section. Because of the extra

quadrupoles, the phase advance of the insertion is increased by about

0.06. To prevent the low order resonances in the collider, the tune of

the machine is maintained by readjusting the rest of the accelerator.

Thus it is necessary to setup the accelerator before the mini-p run.

Because of the high gradient requirement for these common quadrupoles,

smaller coil i.d. magnet is conceived. This limits the crossing angle

configuration to be less than 2mrad at at 100 GeV/amu for heavy ion

beams. For proton beam, the requirement is relaxed slightly because of

smaller beam size.

We' have discussed only the basic mini-j3 lattice. Since the /3

remains small, we expect that the dynamical aperture is changed
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appreciably for the mini-p insertion. The half integer stop band should

be minimized by the sextupole families. Tracking calculation should be

used to estabilish the available dynamical aperture. In order to

optimize the configuration, these common quadrupoles should be

incorporated into the detector design, where the high luminosity is

required.

In conclusion, we have find some possible mini-0 insertion to the

present IR design. For 10 hours of heavy ion operation, it is possible

to obtain £ value of lm without much beam size constraint to the rest

of the machine. Two pairs of common quadrupoles are needed. The

available free space for the experimental instrument becomes ±5m.

Because of the smaller aperture of these common quadrupoles, smaller

crossing angle is required in the mini-(S insertion. For the proton

operation, £ =0.5m is operable without mini-/3 insertion at the top

energy. When mini-0 insertion is used, a factor of 2 3 increase in the

luminosity may be achieved. The corresponding luminosity becomes
32 2

10 /cm sec or higher. Detector design may be an important issue as

well.

At the unequal species operational mode, these common quadrupoles

should be removed for beam clearence.

Reference:

1. F.G. Dell and G. Parzen, private communications.
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One RF system that was proposed has the harmonic number h - 8 x 342 =

2736, corresponding to a frequency of about f - 214 MHz. It was found that

this RF system requires a voltage larger than 32 MV in order for the RF bucket

to be large enough to contain the energy spread for a beam of gold ions, after

10 hours, at 7 - 100 with

A — 1 eV-sec/amu.

- 1.1 x 10 ions/bunch, and an initial bunch area

Intrabeam scattering causes the beam to grow as shown in the following

table for Au ions after 10 hours, and an initial bunch area of A = 1 eV-

sec/amu at 7 - 100.

h

2736
342

V
MV

32
1.2

1
1
0 f

1.33
.36

10" 3 ffn
cm°
12.8
48

Table

V 1 0

2.00
1.07

1.

-3

7 - 1 0 0 .

cm
19.2

142.

after

CTx
nun
2.2
1.61

10 hours

<x 2 -
mmmrad

58
28

5a

5
?

.0

.67

I
1

, Ap/p
3 lO"^
bucket4.7

2.6

For comparison, the results for the old RF system with h

MV are also shown.

342, V = 1.2

There is a considerable improvement in the bunch length which grows to

only ffji - 19 cms after 10 hours. However, the other dimensions have grown

larger, c - 58, 2.5 a - 5 x 10-3

2.6 x 10-3
instead of the old results «x-28, 2.5

The 6a rule requires a stability limit of

V
9.3 mm for 2.2 nun

and for a particle with ex - ev. The tracking result for a fi* - 3 m lattice

gives - 9 mm at Ap/p - 5 x 10-3

The larger energy spread will also cause a larger i/-spread in the beam

due to the iron saturation generated b^ and due to random field errors.
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The beam growth at 7 - 30 is shown in the following table.

Table 2. 7 - 3 0 .

V
MV

initial-

-3

-final, after 10 hours-

/10
cnr

V 1 0 -3

cm
x
mm

x

mmmrad

2.5ap/10"
3

p/v
10'3

bucket
2736
342

32
1.2

4.45
1.26

12.9
45

4.42
1.99

12.8
71

4.0
3.0

57
32

11
5.0

15
10.0

The bunch length is again considerably improved; the bunch length grows

to only a2 - 12.8 cm after 10 hours. The other dimensions have grown larger,

57, 2.5 11 x 10 instead of the old results 32, 2.5 oT 5 x

10-3

The 6a rule requires a stability limit of Ag^ - 17 mm for ax — 4 mm and

for a particle with ex - e . The tracking results for a 0* - 6 m lattice give

A S L - 7 mm at Ap/p - 11 x 10 and A g L - 17 mm at Ap/p - 0. This situation

can be somewhat improved by reducing the voltage at 7 — 30.

If the RF voltage available is reduced the energy spread in the beam

will grow to the boundary of the bucket in less than 10 hours. The following

table shows the time it takes for the beam to reach the edge of the bucket as

a function of the rf voltage for a beam of Au ions at 7 — 100.

V Time to Ap/p Final Initial
MV reach bucket bucket ax A eV-

(hrs) /10" mm sec/amu

Final Final Final
a /10"3 a2 I/a daD/d^:/10-

2

_ (cm) *
32
20
15
10

5.76
1.4
.56
.10

4.7
3.7
3.2
2.62

1.99
1.5
1.28
1.02

1.88
1.48
1.28
1.05

18
18
18
18

1.87
6.50
13.0
36.0

Possible Conclusions

The high frequency rf system h - 2736, f - 214 MHz might be considered

acceptable. It has less margin for error. It may lead to shorter beam

lifetimes (less than 10 hours), and to smaller luminosities.

The high frequency 214 MHz RF system has the advantage of a shorter

bunch length. In other respects it appears to give less favorable results

then the present 27 MHz RF system.
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Frequency Dependence and Other Solutions

Figures 1 and 2 show how the intrabeam scattering results depend on the

harmonic number h or the frequency.

For each harmonic number, the voltage V has been adjusted so that the

beam energy spread will just fit inside the rf bucket at 7 • 100 after 10

hours.

Figures 1 and 2 show a , a^ and «x after 10 hours as a function of the

harmonic number h. Figure 1 shows results at 7 - 100, Figure 2 shows results

at 7 - 30.

Figures 1 and 2 show that, except for the growth in a^, the performance

generally improves at the lower frequencies, which give smaller values for the

final a and «x.

Other solutions, at lower frequencies, that may deserve consideration

are the following:

Solution A h - 785, f - 61 MHz, V - 4.7 MV

7 30 100

og(t-0)cni 26 28

ai(t-10)cm 31 61

ex(t-10) 45 41

2.5<7p(t-10)/10"
3 6.4 3.4

This solution has o% - 28 cm at t-0 at 7 - 100. The addition of stochastic

cooling would be required to keep a % from growing.

Solution B h - 1700, f - 130 MHz, V - 16.5 MV

7 30 100

0) 18 28

ex(t-10) 52 52

2.5ap(t-10)/10*
3 9 4.5

This solution has a % < 28 cms for t-10 hours, and V - 16.5 MV
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Solution C h - 2052, f - 160 MHz, V - 20 MV

7 30 100

0) 18 26

£x(t-10) 55 55

2.5CT(t-10)/10~3 10 4.6
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Fig. 1
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Fig. 2
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REPORT OF THE STOCHASTIC COOLING SUBGROUP OF THE RHIC WORKSHOP

D. Boussard, J. Claus, G. DiMassa,

J. Marriner, J. Milutinovic and R. Shafer

Overview

We have considered the possibility of stochastic cooling of beams for

the RHIC collider. Similar studies have been carried out previously for RHIC

and other bunched beam proton machines (1-4). The major motivation for

cooling at RHIC is to stabilize the growth from intrabeam scattering (see

Table). We find that cooling rates of the order of 500 sec are theoretically

possible for beams of gold ions with 7 - 100 if a cooling bandwidth of 10 GHz

is used. However, the amount of microwave power which is required is large

for momentum cooling and probably not practical. Considerably less power is

required for slower rates. We believe that cooling times of 5000 sec for

momentum cooling and 1000 sec for betatron cooling might be possible.

Table of Intrabeam Scattering Rates

27 MHz rf 200 MHz rf
(Ref. Design)

Longitudinal growth rate (hr" ) 0.7 0.4
Transverse growth rate (hr" ) 1.2 1.3

General Remarks and Cooling Rates

Stochastic cooling is most effective on low intensity beams. Cooling is

more effective if the intensity per bunch is low and if the bunch is long.

The most promising case is that of the gold ions where the intensity is lowest

and the bucket is filled by intrabeam scattering. We have considered this

case in the most detail.

The cooling system bandwidth is also of primary concern. The maximum

usable frequency is determined by the phase error which occurs due to transit

time differences between pickup and kicker. We believe that it will be

necessary to locate pickup and kicker approximately 1/3 of the ring apart from

each other. Then the phase error from the transit time difference is:
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&<f> - 360 -r r) —° IL, - 74 degrees

V - -— - ±2 - .0015
7_ 7

8 x ID"*

nH - harmonic number - 20 GHz / 78 kHz - 256 x 10
3

This appears to be a reasonable phase error. We therefore have considered

mainly a system which spans the 10-20 GHz band.

We believe that this frequency band is feasible given D. Boussard's

efforts at the CERN collider (8-16 GHz bunched beam cooling) and plans to

upgrade the FNAL anti-proton source (8-16 GHz coasting beam only cooling). It

should be emphasized, however, that neither of these systems is operational

and are at or beyond the leading edge of technology in this field. However,

as will become apparent below, the cooling time will almost certainly be

limited by the practical consideration of the cost of the microwave power

amplifiers and electrodes. Under these circumstances the cooling rate is

proportional to gain x bandwidth and the power is proportional to gain squared

times bandwidth. The penalty for a 5 (rather than 10) GHz bandwidth is

therefore J2 in cooling time if the power level is the same in both systems.

The mixing factor which appears in the naive cooling rate formulas is

related to the factor given above. While one wants the bunch to remain fixed

in phase space while it moves from the pickup to the kicker (the mixing that

occurs is sometimes called "bad mixing"), one wants complete mixing ("good

mixing") to occur between successive passes in the pickup. In lattices which

have a regular structure, the mixing factor is just 3 times the phase error

given above divided by 360 degrees and multiplied by 3/4 to scale to midband.

This yields a mixing factor of about 2.
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A naive estimate of the maximum cooling rate for bunched beam cooling is

to define an effective number of particles. This number is the number of

particles in a coasting beam with the same average density of the bunch. This

number is

N, C

Njj - number of particles per bunch - 1.1 x 10

ife - bunch length - 2.25 m

C - RHIC circumference 3834 m

With this number of particles and an effective mixing factor of 2 the minimum

cooling time is:

rQpt - M x N e f f / W - 374 sec

W - Bandwith - 10 GHz

It should be emphasized that this cooling time is only a crude estimate. A

more careful calculation would properly take into account the actual Schottky

spectrum of the bunched beam. Furthermore, it should be noted that the above

rate assumes that the mixing within the bunch is perfect. This condition is

achieved only if the spread in bunch synchrotron frequencies is comparable to

the synchrotron frequency. In order for cooling to be effective under the

conditions of the RHIC conceptual design report (bunch full length of 225 cm

and rf wavelength of 11 m), an additional high frequency rf cavity would be

required to spread out the synchrotron frequencies. The 200 MHz rf system

which has been proposed at this workshop would be adequate if the beam filled

approximately 1/2 or more of the bucket area. In this latter case no

additional cavities would be required.

It should be noted that the mixing factor affects only the size of the

incoherent heating (g ) term in the cooling equation.

[2s

If the system operates substantially below the optimum gain, then the mixing

factor may be larger than unity without seriously affecting the cooling time.
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Momentum Cooling

There are two methods of momentum cooling: the Thorndahl (filter) method

and the Palmer (difference pickup) method. It was not clear to us that there

was an analog of the Thorndahl method for bunched beam cooling when the

synchrotron bands overlap (as in RHIC). Therefore, we considered only the

Palmer method. In the Palmer method a difference pickup is used in a region

of high dispersion to sense fluctuations in bunch momentum. Unfortunately,

RHIC does not have any region of high (say 5 m) dispersion. At the most

favorable location:

X^ - dispersion - 1.5 m ,9X - 25 m

X ^2 - 0.2 cm but 2 HSe - 0.3 cm
P P J

where e - 0.1 IT mm-rarad at 7 - 100.

The contribution to beam size from betatron motion is 1.5 times the

contribution from the momentum spread. This, in effect, means that the signal

to noise ratio is not better than 1.5 - 2.25. However, if we operate far

below the optimum gain, then the heating term will be small anyway and the

enhancement of the noise will not matter very much. Nonetheless, the power

requirement would be increased. We would therefore suggest that a second

pickup 180 degrees away in betatron phase be used to cancel the betatron

signal. If the outputs of the two pickups are added with appropriate scale

factors, the betatron signals will cancel but the momentum signal will remain

and be proportional to the sum of X_ divided by Jfi at the two locations.

A second problem in momentum cooling is the presence of a strong

coherent line at the revolution frequency. While we were initially concerned,

we believe that this line may be suppressed adequately by the following:

1. The cooling system operating frequency is nearly 10 times the frequency

corresponding to the bunch length. The exact amount of suppression of

this line relative to low frequences depends critically on the bunch

shape and cannot be calculated accurately.

2. The difference PU is insensitive to the longitudinal line.

3. If necessary, one could (possibly) filter this line.
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Momentum Cooling - Pickup Strength

The peak signal present when the beam passes under the pickup is given

by:

P •• 2N _e 2f Z 2Z 2/50 Watts/Hz
s eff o c g ' '

Z g - charge for gold - 97

where Zc is the coupling impedance referred to a 50 ohm system (V - Zci). The

thermal noise is

Pt - KT

The signal to noise ratio is then

fs _ 2 x 1.87 x 1012(1.6 x 10'19) (78 x 1Q3)

Pt 50 (4.14 x W 1 9 )

- 2.49 Z c
2 r p

2

rp - Xp Ap/p

A transverse coupling impedance of 1 ohm/mm is more than adequate.

Momentum Cooling - Kicker Strength and Power Requirements

Following an argument of van der Meer (2), the following estimate of the

kicker voltage can be made. The cooling rate gives the rate of decrease of

beam energy spread, which can be expressed as a number of volts per turn. At

the optimum gain the cooling term is equal to minus twice the heating term.

The heating term is essentially the power required. Using van der Meer's

formula:

V ^ - fl k/Z ov ff ropt J ' E ~l o opt

to_t - cooling time at the optimum gain (taken to be 500 sec)

where V t is the number of volts per turn required to attain the optimum

cooling time, namely, *"„„«.. The power required to attain this voltage is:

V - 2(Zc/50) J50 P
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For example, for Z c - 500 0 one would require P - 14 kW. It appears that this

kicker strength would be achieved with eight lm long kickers, each having a

bandwidth of 1.5 GHz (see DiMassa's paper in these proceedings). The amount

of microwave power required for the optimum gain is large: the power

amplifiers alone cost in the neighborhood of $300 per Watt. However, because

the cooling time changes slowly in the vicinity of the optimum gain, one can

obtain 3/4 of the cooling rate with 1/4 of the power. To obtain a cooling

time of 5000 sec (lOx less than optimum), one would require 35 m. Note also

that the power is sensitive to the momentum spread one assumes (proportional

to (Ap/p) ). In the above calculation, it was assumed that the bunch area was

1 eV-sec. The required power would be reduced by a factor of 3 if we had

assumed that the bunch area were .3 eV-sec.

Betatron Coolinp

The above considerations apply more or less directly to betatron

cooling. The betatron cooling has a slight advantage in that the mixing is

better by a factor of 2 since the Schottky signal is split into two side

bands. Furthermore, there are additional mixing effects from the beam-beam

interaction and non-linear magnetic fields. The pickup sensitivity is

essentially the same calculation that was given above: i.e., the required

sensitivity is modest - 1 ft/mm is adequate.

Betatron Cooling - Kicker Strength and Power

The calculation of the betatron cooling power required is similar to the

case of momentum cooling. However, the answer could be much different if the

energy spread were very different from the spread in transverse momentum. The

Schottky power is given by:

S N .. 0. f Z ,2
eff rk o d

- 170 ohm-kW / Z d
2 with Z d in ohm/mm

E/e - energy per amu in eV - 100 GeV/amu

W - bandwidth - 10 GHz

k - 2 ic cooling freq/c - 314 m

A - mass number of gold - 197

7/JT - 10 it / 100 / 5 - 0.02 7r-mm-mrad
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Taking 20 ohm/mm, one finds that a power of 420 W is required. We believe

that this impedance can be achieved in a practical kicker design, and that one

can therefore achieve a cooling rate close to the maximum rate. Since the

kick is given by the transverse electric field, one can usually make the

fields stronger by reducing the kicker gap. Thus there is a great temptation

to reduce the kicker aperture in betatron cooling systems. Of course, one

must live with the reduced aperture. It is not particularly difficult to

design electrodes which have adjustable gaps which can be large, for example,

at injection.

Signal Processing/Transmission Across the Rinp

We did not discuss the details of signal processing to any great extent.

The system of Boussard, et. al., (see, for example, A. Jacob SPS/ARF/Note 88-

4) should work also at RHIC. One difference might be to lock the local

oscillators to the rf instead of deriving timing from the beam. This would

avoid the problems associated with bunches of differing shapes and intensities

(e.g., missing bunches). Boussard has calculated that the performance of the

SPS phase feedback loop is adequate to derive timing from the rf wave

directly. Presumably a well designed rf system for RHIC could achieve similar

results. In order to cover the 10-20 GHz band with 5 nsec long bunches

W*bunch length - 10 1 0 x 5 x 10"9 - 50 channels would be required. This is a

very large system, and one might want to consider a smaller bandwidth or a

different technique.

One could also imagine as another extreme a single broad band cooling

system. A 8-16 GHz cooling system is planned for the FNAL anti-proton super-

booster (ASB). There are a number of difficulties with this scheme. One is

that the transmission of 8-16 GHz signals in single mode coax cable requires

repeaters every 20 m. While this might be acceptable for the ASB

(circumference 477 m), it is less likely that RHIC would be able to tolerate

such a long chain of amplifiers and still preserve the desired information.

Another problem is to maintain the system timing. In the case of the ASB it

is planned to measure the open loop gain function periodically to maintain

system timing. It is not clear that this technique could be applied to RHIC,

where the rf can quickly change the revolution frequency.
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Lattice Space Required

We have looked briefly at the space requirements for pickups and

kickers. The pickup requirements are modest - of the order of a few meters.

However, the kickers will require a large space - perhaps 10's of meters.

(See DiMassa's paper in these proceedings for some crude estimates of kicker

strengths and lengths). This requirement suggests that one of the 40 m drift

spaces in an insertion would be required for the cooling system kickers.

Cost and Effort

Experience at the anti-proton sources at CERN and FNAL suggests that

substantial effort would be required to develop the technology to accomplish

beam cooling. Each of these labs had roughly 5 to 10 engineering/physicist

persons to design, build, and install the systems. A more modest effort has

been undertaken at the SPS, but progress has not been as rapid as either. The

cost of the systems described above will certainly be measured in mega-dollars

(optimistically 1 or 2).

Caveats and Warnings

We have not done any detailed or careful calculations. We have tried to

establish the order of magnitude of the cooling rates, power requirements, and

costs and efforts. Many of these estimates are sensitive to assumptions about

the beam parameters. The calculations here were done rather quickly and are

crude - there may be arithmetic or other trivial mistakes as well.

Substantial design work must be carried out to demonstrate feasibility.

Conclusions

We conclude that cooling times of the order of 500 sec are possible.

However, the power requirements - particularly for momentum cooling - are

large. Cooling times of 5000 sec for momentum cooling and 1000 sec for

betatron cooling are perhaps more economical and realistic goals. The systems

considered here are state-of-the-art cooling systems and would require

substantial time and effort in order for the systems to be successful.
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Slow-Wave Synchronous Pick-Up and Kicker

G. DiMassa

Slow-wave synchronous pick-up (PU) and Kicker (K) are proposed for the

stochastic cooling of bunched beams in RHIC. A corrugated waveguide is used

to support a slow wave that is synchronous with the beam.

In the following the odd solution for the potential equation in the

corrugated waveguide is taken into account. The odd solution for II Hertzian

potential involves an even solution for the electric field E^ an(* suggest

using the inhomogeneous waveguide as a longitudinal PU where the hybrid mode

is excited by the beam in the center of the structure.

y "

_P
S+d

For the corrugated waveguide of Fig. 1, the fundamt .tal mode in the

central part of the guide is of LSE type and is described by the magnetic type

Hertzian potential:

H H - y PH(x,y) exp (-J7 =0 (1)

We assume here that the fields on the surfaces x - s and x - s + d are

described by a surface impedance; this condition is fulfilled only if the

pitch of the corrugations is small compared to X.
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The electromagnetic fields are derived from n with the relations:

ex " U/io 7n P (X> (2A)

(2B)

e
z - - r pH(x-y)

X

(2C)

r r p (x-y)
x y

(2D)

h -
y

y J

PH(x,y) (2E)

(2F)

In the longitudinal case, the PU sensitivity or transfer impedance is

defined as a ratio between the voltage induced by the beam on the output

termination R and the current I describing the beam , is

I2PT
 &2

(3)

where L in the pick-up length, P̂ . the power carried by the wave, /9 and jSw the

relative beam and wave velocity.

The dispersion relation is

q + tan K s - K tanh q -x (4)
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where q and K£ are the propagation constants in the space between the two

corrugation walls ( s < x < s + d) and inside the corrugation ( 0 < x < s ) U ( s

+ d < x < a).

Imposing the synchronism condition q - w/b at f - 15 GHz with the

imposed dimensions

d - 31 mm , b - 28 mm

we have from (4)

s - 4.05 mm

and from (3)

1 S - .572 Lmm 0

where Loom is the PU length in mm.

If we define as PU band the interval between frequencies where the

sensitivity decrease of 3 dB we have for Lmm - 1000

fL - 14.3 GHz , f2 - 15.8 GHz

B - 1.5 GHz

(1) D. Boussard, G. DiMassa, High frequency slow wave pick-ups. CERN Report

SPS 186-4 (ARF).
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Summary RHIC Workshop - RF Interaction Group

D. Boussard, M. Brennan, G. Cottingham, J. Griffin,
E. Raka, A. Ratti and J. Wei

1. Tha request for narrow bunches - (i.e., < ~ 4 /isec)

By interacting with the other groups it became clear very early in the
workshop that the bunch lengths available with the originally proposed rf
system, h - 342, f - 26.7 MHz could not be made narrow enough to satisfy
experimental requirements with any reasonable rf voltage. Luminosity
requires bunches much shorter than what could possibly be obtained with this
system.

It has also been made clear that the required bunch lengths cannot
easily be created in the AGS prior to injection into RHIC, so that, at least
two separate rf systems will be required in RHIC to provide a filling time
assumed to be about 4 psec for good reference.

Some method (or methods) of narrowing the bunches in the lower
frequency system prior to transfer to a higher frequency system are
required.

The bunches can be narrowed with several techniques.

a. Bunch rotation in mis-matched low frequency buckets.

b. Capture of naturally occuring narrow bunches at transition into
higher frequency buckets. (Protons should be treated differently
here.)

c. Adiabatic bunch narrowing in a succession of increasing harmonic
number cavities.

a. Bunch Rotation Narrowing

at 100 GeV
V-100 kV

V-12 kV
AEb-24 MeV

V-250 kV
AEb-125 MeV

V-10 V
AEb-100 M.eV f\

adiab. sudden

h-342 h-2736

- 307 -



Considering the case of protons with S » 1 eV sec, the voltages required in
the steps of Fig. 1 are;

100 kV - 7.5 kV - 160 kV - 600 kV - 10 MV

h - 342 h - 2736

It has to be noted that the low momentum spread state achievable may be
limited by micro-wave instability.

At the present bunch intensity proposed, the Z/n limits for the above
processes appear to be

Gold; Z/n < - 4 ohms
Protons; Z/n < - 1

COMMENT - Bunch Rotation Embellishments

It has been suggested by D. Boussard that the lower frequency might be
lowered by a factor of two for acceleration and bunch rotation, so that
rotation occurs with a bunch spread of ± ?r/4 radians in the bucket, causing
the process to be more linear (or less non-linear).

Other techniques had been considered, like the one suggested by M.
Brennan of retaining h - 342 but linearizing the bunch motion by adding
second or third harmonic components to the rf. Properly phased 2nd harmonic
of amplitude J2/8 of the fundamental does a nice job.

CERN PS uses phase and amplitude modulated 2nd harmonic,

b. Harmonic Number Jump at Transition

M. Brennan points out that nature provides us with narrow bunches at
transition naturally. Why not turn on higher harmonic cavity at that time?

In this case some adjustment must be done for protons, since they
should come into RHIC above transition: the two ideas that came out of the
workshop were to either inject these at a lower energy and have them cross
transition in RHIC (as for the heavy ions), or decelerate them until they
fit into the new bucket.

One of the advantages of this technique is that it eliminates the need
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for 250 kV at lower harmonic.

The overall idea is to operate the lower h system at ^ s - n/2 just
after transition to provide the acceleration and raise higher h system
slowly at ^ s - JT to capture beam.

J. Wei has run a few simulations which indicate that this has
possibilities. There appeared to be some evidence that beam loss at
transition was substantially reduced by operating the h = 342 system at 100
kV instead of 1.4 MV. This improvement may not be as good as it appeared
when space change effects are introduced.[9] In any case it does not appear
necessary to accelerate at h - 342 with such a large voltage.

c. G. (Nottingham Suggests Accelerating at h - 342, than, at max energy.

1. h• - 342 V •* - 100 kV.

2. Capture in matched bucket at h - 798 (62.4 MHz).

3. Raise voltage adiabatically 50 kV -> 150 kV.

4. Capture in matched bucket at h - 1653 (129.4 MHz).

5. Raiso voltage adiabatically 300 kV -> 500 kV.

6. Capture in h - 2736 at 1 MV/cavity.

7. Raise 214 MHz voltage to required level.

This scheme avoids non-linear processes and prevents particles from
spilling into adjacent buckets at 214 MHz because of beam excitation of 214
MHz system.

On the other side, it requires many fairly large rf systems and does
not mitigate beam excitation of 214 MHz system at transition.

COMMENT: As the bunches become narrow they are capable of inducing large
voltage (- 10-20 MV) in the 214 MHz system if nothing is done to lower its
shunt impedance during acceleration and bunch narrowing.

D. Boussard proposes lowering shunt impedance of each system to - 25
kohm by local rf feedback.f11]

T - loop delay

•Wn " f T I W- \in ' 25 *O
R/q - 186 a
W - 2* 214 x 106

o

Result: T ^ ^ - 168 ns.

Further reduction may also be accomplished by:

• beam signal feed forward.
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• switched cavity deQ.
• switched cavity detuning - 30 kHz.

It has still to be noted that deQing and detuning are not effective in case
of feedback.

The CERN cavity power amplifier has the capability to provide the
required transient beam loading power.

2. High Frequency System h - 2736, 214 MHz

It seems reasonable to consider the - 205 MHz cavity under development
at CERN and HERA.

V - 1 MV
Q - 50000 unloaded

Rsh ~ ® Mohm
P - 60 kW

• The cavity physical size is such that they will fit between the beam
pipes.

• If 15 - 20 cavities are required for each ring it may be reasonable to
place them in two separate locations around the ring.

• One such cavity is already at BNL.
• Mechanical tuning, - 250 kHz.

D. Boussard suggests that, while superconducting cavities could provide the
required gradient, the transient power required to compensate for beam
loading would exceed the capability of the input power coupling system.[7]

3. The Low Frequency System

h - 342 f - 26.7 MHz.

Acceleration - 100 kV.

Bunch Rotation - 250 kV (- 10 ms).

During injection and bunch spreading.
very low voltages are required.

The presently proposed cavity is heavily gap loaded and entirely
evacuated, therefore Multipactoring will very likely interfere with
operation at very low voltage.

Some of the modifications that have been suggested are:

• Possibly modify the existing design to include a ceramic gap vacuum
seal to eliminate multipactoring.

• Couple drive the tube more tightly to cavity to reduce gap voltage to
- 50 kV, with the possibility of short bursts above l?0 kV.

• Employ ferrite tuning with orthogonal bias ferrite.[2,5]
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• Possibly consider .folded re-entrant cavity such as used at Fermilab
antiproton accumulator. (ceramic at gap).[3,4]

• If lower harmonic numbers (171) is considered, it could be worth
investigating cavity under development at GSI heavy ion facility.
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D. Boussard - SPS like cavities for storage in RHIC?

1. Voltage Requirements at 200 MHz

V r f - 15 MV •* 15 cavities at 1 MV each
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Installed rf power for copper losses 15 x 60 kW — 900 kW

2. Power Requirements (handling the beam loading problem by feedback-
feedforward technique)

P — -x Vr£ I[j where Vr£ - max required voltage

and 1^ - max beam component at rf frequency

If V r f - 15 MV and I r f - 0.14 A then P - 1.05 MW

This is comparable with the installed power (60 kW CW per amplifier,
120 kW peak).

3. Feedback Requirements

During bunch rotation made to keep induced voltage we need V < 10 kV
(all cavities).

Then the equivalent impedance per cavity should be below:

x TT - 4.76 kfi
0.14 A 15

Assuming that feedforward gives a factor 5 without too much difficulty,
then the cavity impedance with feedback should be smaller than

Z = 25 kfi

Us ing:
where T — loop delay

| - 186 Q

w0 - 2»r .200 10
6 r/s

One gets: T - 168 ms

The total delay of the loop should be smaller than 168 ns, which implies
that both amplifies and preamplifies must be in the tunnel.

With a superconducting cavity the same rf installed power would be required,
but much fewer cavities could be used. In this case, I do not see how to
design the rf couplers with such a high power capability.
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Switch Over to the High Frequency RF System Near Transition

3. M. Bi-eiwari, J. Wei

I. Introduction

There was a consensus among the RF grouo tnat tne

requirement of very short bunches can best be fulfilled oy

employing two separate RF systems operating at different

frequencies. The first system, at £6.7 MHz, would receive the

injected beam from the ASS in matched buckets. A second system,

at a much higher frequency, say £821 MHz, would be used to store

the beam for collisions. The bunch width in the high frequency

system should be in the order of 4 ns.

Th« inevitable problem of this two —frequency approach is

preparing the bunch width in the low frequency system so that the

switch over to the high frequency system proceeds with a minimum

of beam loss. Techniques for bunch compression, such as, bunch

rotation in a mis—matched bucket or adiabatic narrowing, are

available but incur some expense for increased capability of the

low frequency RF system(*).

The purpose of this note is to point out that since bunch

narrowing naturally occurs in the acceleration process in tha

vicinity of transition, it should be possible to switch over to

the high frequency system close to transition when the bunch has

narrowed enough to fit directly into the high frequency bucket.

The advantage of this approach is the simplicity, no ixtrt
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component* or gymnastic* are required of the low frequency

system. The disadvantage, of course, is for protons which do not

go through transition. But on the other hand, there is no

shortage of intensity for protons and so it should be possible to

keep the phase? space area low for protons, and then matching to

the high frequency bucket should be easily accomplished by

adiabatic compression.

II. Computer Simulation

This switch over scheme has been investigated with a new

longitudinal tracking code developed at BNL. The code has been

used to study transition energy crossing in RHIC1 and space

charge effects during RF capture in the RHIC Booster.£ The

calculation assumes that the high frequency RF system operates at

£14 MHz. An initial bi-Gaussian distribution of phase space area

0.3 eV sec/amu is generated in the longitudinal phase space at Art

energy well below the transition energy (Figure 1). The motion of

each individual particle in the longitudinal phase space is

described by the difference equations

* * + 6 *'" • (sin<ftn-sin<£,,„)+ * \'n •(sin(̂ 2,3,n+-r
i£î n)-sinc>3.,,n) (1)

3,n Amoc~f,,n ft,

, , , 27r/»7^n+L)
<j>n+l = <Pn + M -0n+l ( 2 )

where

75 = (1 - /?*)"= synchronous energy of the particle in moc
2 units

hi = harmonic number of the ith R.F. system

8 = *E
E - *" = /3,2pf, relative deviation of the particle energy

6 = deviation of the particle R.F. phase from q>, in the first R.F. phase space
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Z = charge carried by the particle

A = atomic number of the particle

n (subscript) = revolution number.

The kinematic non-linearity is included in equation (1,2) ,

where

7(0 7»,n Alt,n zlt0

with Qi as the expansion coefficient of the momentum compaction factor a, i.e.

a = a o ( l + a-^S + . . . ) ; a0 = — . (5)
7(0

where 7t0 is the transition energy 01 th»- machine. The particles are tracked further on a

turn-by-turn basis to higher energy (Figure 2)

, ZeUn • , , Ze2,n . ,
~fs,n+l = 7«.n + "i V Sm<Ps,n + ~. j Sin (p2,!,n •

Am0c
2 Amc'i

J. E. Griffin proposed • "b«»t hunch" plain for th« details

of how the low frequancy should b« brought down while the high

frequency system is brought up. Figure 3 shows the program used

in the calculation for the voltage, VI(2), and phase, phisl(S),

of the high(low) frequency system. VI is dropped form 10® kV to

48 kV in 0.5 ms just as the center of the bunch passes

transition. The phase is increased from 0.5 radians to pi/S at

the same time. VI is then slowly decreased to zero in a linear

ramp during time T. The voltage VS is increased, starting from

zero at transition, to 800 kV in the same time T. The calculation

is done as a function of the parameter T. The acceleration rate

is held constant at delta gamma • £. 0 x 10"~5 per turn throughout

the process.
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III. Results

The calculation was done for 1 5 7 A u + 7 9 with the time

parameter T varied from 5 is (400 revolutions) to 3 sec (240,000)

revolutions). The survival rate is decided by evaluating the

number of particles remaining inside the single 214 MHz bucket,

which the original synchronous particle occupies at an energy

well beyond transition. The upper curve in Figure 4 corresponds

to all the particles crossing the transition energy at the same

time, i = 0. When the RF system is Drogrammed adiabatically and

the RF focusing force is strong enough, 95% of the particles can

be re-captured in the new RF bucket.

If the kinimatic non-linearity is considered, say <̂K. i =

-0.6, particles of different energy will cross the transition

energy at different times. Therefore, any focusing RF force

for the particles above the transition energy is a de-focusing

force for the Darticles which are still below the transition

energy. As indicated in the lower curve in Figure 4, this

de-focusing force gives considerable effect if V2 is raised in a

relatively short time. During passage through the transition

energy^large amplitude off-momentum Darticles easily get far from

the stable fixed point and eventually are trapped in the adjacent

buckets or even lost. However, if V2 is raised gently and the

programming is optimized, we expect that about 90% of the

particles can be captured in a single bucket.

Figures 5,6 and 7 show longitudinal phase space diagrams

for three different values of T. Parts a) correspond to no

kinematic non-linearity and parts b) correspond to the
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non-linearity parameter o\ = -0.6.

V. Discussion

Results of this preliminary study are encouraging as a

first attempt. Although the capture efficiency obtained is not

strictly adaquate for operation of the machine, several important

parameters of the RF system design are not yet finalized. New

values for the such parameters as,the total voltage available in

the low frequency system/or the specific frequency of the high

frequency system could have significant impact on the

effectiveness of this scheme. One caveat should be pointed out.

Since the switch over would take place at transition energy and

not at full energy, as for bunch rotation, the relative momentum

aperture is smaller and may not be adaquate for particles at the

tails of the distribution.

Acknowledgement. We would like to thank J.E. Griffin for his

encouragement and leadership during the workshop.

Postscript. Since the time of the workshop we have found that,

when used in conjunction with a y bump or a Ĵ-r jump and with

300 keV available in the low frequency system and the high

frequency system operating at 161 MHz, the transition energy

switch over is equally as effective as bunch rotation or

adiabatic compression.
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FIGURE CAPTIONS

Fig. 1. Bi-gaussian distribution of longitudinal phase space area ~ 0.3ei> • sec/amu

of 197Au+79 at central beam energy 7, = 25.3. The R.F. bucket corresponds to V —

100 kV, $, = 0.5 rad. 27 MHz R.F. system.

Fig. 2. Distribution at 7, = 25.4. The central transition energy ft0 = 25.4376.

Fig. 3. Programming of two R.F. systems around the transition energy ~/tQ.

Fig. 4. Beam survival rate as a function of the R.F. system programming time T (or

number of revolution periods after 7, passes 7(0).

Fig. 5. Longitudinal phase space diagram at 7, = 25.9464, T = 4000 turns,

a) *7i = 0 , 88% single bucket survival;

b) Qj = —0.6 , 21% single bucket survival.

Fig. 6. Longitudinal phase space diagram at 7, = 26.4. T = 46000 turns,
a) Hi = 0 1 95% single bucket survival;

b) «! = -0.6 , 81% single bucket survival.

Fig. 7. Longitudinal phase space diagram at 7, = 30.4, T = 236000 turns,

a) 77! = 0 , 78% single bucket survival;

b) <*! = —0.6 , 76% single bucket survival.
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Beam Compression in RHIC

J. G. Cottingham

The workshop has pointed out the advantage of colliding head-on com-

pressed beam bunches in RHIC. Many schemes were discussed for accomplishing

this beam compression. All of these schemes has as a common element a very-

high voltage, (20 megavolts), high frequency (214 MHz) r.f. system which holds

the beam bunched during the colliding process. The schemes varied in their

method of compressing the RHIC beam into the 214 MHz buckets.

The major technical problem with the various compression methods is the

difficulty of keeping the beam induced voltage in the 214 MHz system signifi-

cantly below the voltages being used to manipulate the beam bunch shape. Fig-

ure 1 gives the beam induced voltage on a typical 20 megavolt r.f. cavity.

The inputs used in preparing this figure are:

1. Number of cavities - 20

2. Cavity loaded Q -- 2500 . :

3. Cavity impedance, loaded - 8.33 megohms, each

4. Beam current - 70 millamperes average

5. Beam pulse shape -- cosine squared

Figure 1 contains two induced voltage curves, 1) for the case where the

cavity is tuned to resonance and 2) for the case when the cavity is tuned off

resonance by 39 KHz. In all cases the induced voltage is very large when the

pulse width approaches the desired small value.

All of the "pulse rotation" schemes for beam time compression employ at

some time in the cycle reduced voltage manipulation, making it difficult, if

not impossible, to keep the induced voltage small in comparison to the planned

driving voltage.

Another option is to compress the beam in a brute force adiabatic series

of steps with intermediate frequencies r.f. systems. Table 1 list the parame-

ters that I have chosen as a first example of this process after some trial

and error. Table II list the engineering parameters for the r.f. systems de-
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scribed. The intermediate r.f. cavities have NOT been designed but instead

the power requirements were scaled from existing designs assuming the power is

proportional to voltage squared and inversely proportional to the harmonic

number. Detailed computer analysis ara needed to adjust these values. The

cavity voltages required in this example and the resulting beam bunch widths

are also shown in figure 1 (dashed lines). If the 214 MHz cavities are tuned

to resonance the induced voltages are excessive and greater than the planned

driving voltages. However, if the cavities are tuned off resonance by 39 KHz

(half the harmonic spacing), then the induced voltage for all cases are

acceptable except for one small region just after the transfer to the 129A

MHz system. A small programmed r.f. cavity drive proportional to beam current

will be necessary to reduce the induced voltage at this time. If the detuning

is moved to the correct side of resonance the quadrature induced voltage will

aid in bunching the beam. This system appears to be practical and not much

more expensive than any other.

- 334 -



TABLE I

Harmonic

342
798
1653
2763

No. of
Cavities

r-l

1
5
10
20

Freq.
MHz

26.8
62.4
129.4
214.1

Harmonic
No.

342
342
798
1653
2736

Freq.
MHz

26.8
26.8

' 62.4
129.4
214.1

Voltage
Start End
KV KV

6 178
76 1400
680 5075
3075 10000

TABLE II

Peak V
Per Cavity

KV

50
150
300
500
1000

Beam Width r.f.
Start
n sec.

35.0
12.8
6.2
3.7

Bunching
Time
Sec.

CW
2.5
.5
.08
CW

End
n sec. n

12.8 37
6.2 16
3.7 7
2.8 4

Excitation
Power

Per Cavity
KW

3
12
21
30
60

Period

sec.

.4

.0

.7

.7

Total
Power
KW

3
12
105
300

1200
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SPACE CHARGE EFFECT AT TRANSITION ENERGY AND

THE TRANSFER OF R.F. SYSTEM AT TOP ENERGY

J. Wei and S. Y. Lee

Accelerator Development Department

Brookhaven National Laboratory

Upton, New York 11973

Abstract

Using 100 kV R.F. system, the beam loss due to transition crossing can be reduced

to 1% for the phase space area of 0.3eu • sec/amu. However the space charge effect would

increase the phase space area to leu • sec/amu after the transition energy. By using yt

jump or 7 increase, the phase space area can be preserved to 0.3eu • sec/amu. To obtain

small bunch length at the collision energy, we study the bunch rotation scheme. We find

that the R.F. harmonic number should be less than 6 x 342 to obtain good efficiency and

larger than 4 x 342 to reach experimental requirement.
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I. INTRODUCTION

The R.F. system originally proposed for the Relativistic Heavy Ion Collider is operated

at R.F. frequence 26.74M.ff2 and peak voltage 1.2JV/V, which was dictated by the need to

provide sufficient longitudinal phase space area to accommodate the bunch area dilution

due to intrabeam scattering in the beam storage mode. During the acceleration period

the stable phase angle is sin<f>, = 0.04 .

The longitudinal phase space area at injection is taken to be 0.3ev -aec/amu for heavy

ions. Around the transition region , the beam momentum spread is about ±0.5%. The

time when the kinematic non-linear effect becomes important is much longer than the

non-adiabatic j t crossing time li2, as listed in Table 1. Thus, the kinematic non-linear

effect dominates the entire transition region. Fig. 1 shows the j t crossing of 197Au+79 ions.

Even without considering the space charge effect, there is a 70% beam loss. Therefore

method of j t jump or 7 increasing is needed to achieve a high transition energy crossing

efficiency.

According to the new R.F. scenario raised on this workshop, the R.F. parameters are

changed to V = WOkV and sinqi, = 0.48 to maintain the same acceleration rate. For

gold ions, the bucket area is 0.6 ev -sec/amu at the injection energy of j = 13. The beam

momentum spread is 1.8 times smaller than that in the original 1.2MV peak voltage

scenario, while tae non-adiabatic -yt crossing time, is more than two times longer. The

beam passes through the transition energy with a much higher efficiency.

In Section II we shall present the result of ft crossing under the new R.F. scenario.

First we review briefly the equations of motion for the longitudinal space in the transition

energy region in Section Ila. The beam induced space charge effect is discussed in Section

lib. In Section lie we shall describe the treatment of using ft jump or 7 increase.

It is suggested on the workshop that method of bunch rotation at top energy should

be used to achieve shorter bunches for experimental use. In Section III we shall explore

various bunch rotation scenarios using different R.F. rotation voltage and different high
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frequency R.F. system. The result is compared in Section IV with the scheme of using high

frequency R.F. system by the time the beam crosses the transition energy, as proposed

by M. Brennan 3 on this workshop.

II . V = WOkV, sin</>. =0.48 R.F. SYSTEM ON 7, CROSSING

A. Tracking Simulation and Kinematic Mismatching Effect

The evolution of 19rAu+79 ions in the longitudinal phase space is shown in Fig. 2.

Below transition energy the bunch is assumed to have a bi-gaussian distribution of phase

space area 0.3 ev • sec/amu. The motion of each individual particle in the longitudinal

phase space {<j>, j~) is described by the difference equations

£ = S + ^ (sin^ s i n ^ )

±2{<t>n) (1)
27r^77n(<;n+i)

<Pn+l — <Pn.Ji -XJ K+\ (2)

where

7, = (1 — 0*)~i, synchronous energy of the particle in moc
2 units

/ij = harmonic number of the original acceleration R.F. system

h2 = harmonic number of the high frequency R.F. system used for bunch rotation or

7t crossing programming

8 = $£ = £2 = /J2^£j relative deviation of the particle energy

4> — deviation of the particle R.F. phase from <f>, in the original R.F. phase space

Z = charge carried by the particle

A = atomic number of the particle

Ai.c. = relative energy gain per turn due to the space charge field

Az = relative energy gain per turn due to coupling impedance
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n (subscript) = revolution number.

The kinematic non-linearity is included in equation (1,2) ,

(3)
v

where
1 1 3J92 a

Vo(7.,n) =-r - ~r , 77i(7.,n) = ^ - f t - ~r , (4)
7(0 7«,n ^7j ,n Alt0

with ai as the expansion coefficient of the momentum compaction factor a, i.e.

a = ao(l + a-L h . . .) ; a0 = - 7 , (5)
P 7eo

where 7̂ 0 is the transition energy of the machine. The particles are tracked further on a

turn-by-turn basis to higher energy

7«,n+l = 7J,H + 1 7 Sin0J in + T Sin02,j,n • (6)
Arrive2 Amoc

2

If the line density A(<£) of the beam changes slowly 4'5 within distance comparable to

the diameter of the vacuum chamber 2b ,i.e.

the space charge induced voltage effect, A,.e,($n), can be represented by the mean field

expression

07, o
2-fZ da

where ZQ = {EQC)~1 = 377 (fi), Ro is the average radius of curvature. g0 is the geometric

factor, go = 1 4- 2In £ for a cylindrical geometry.

The voltage induced by the space charge Vsc,(<f>) is found by evaluating the derivative

of the density distribution function of the beam in the <f> space 4'5

where No is the total number of particles per bunch, Nof{(j>) is the number of particles

per unit <f> around <f>a. To study the effect of microwave instability, the bin length used in

the calculation should be of the order of the wave length of microwave cutoff, i.e., 4 ~ b.
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The time scales relevant to the problem are the following:

1. To, revolution period;

2. Tiyn., synchrotron oscillation period;

3. T n j , nonlinear time, during which the T/I contributes more than rjQ,

7 47

where (—)2So-is the half total momentum spread of the beam;
P

4. Tc, characteristic nonadiabatic time1

( JI 2TT \>
2j ZeV\cos<t>,\

5. Tm.w_, microwave instability growth time1. (11)

With the new R.F. system, the total momentum spread of the beam is about ^ =

±0.25% by the time the bunch is near the transition energy. Comparing with the origi-

nal scenario, the non-linear time now becomes shorter than the characteristic time (see

Table 1),

TO < Tn.L < Tc < rayn. . (12)

From Fig. 2 we observe that few particles are spilled out of the bucket due to the kinematic

effect. Without considering the space charge contribution, 99% of the particles remain

inside the bucket after they cross the transition energy. The central "core" consists of

about 95% beam. It has roughly the same 95% phase space area as before the -yt crossing.

The "tail" beam will gradually wind up around the central "core" beam.

B. Effects of Beam Induced Space Charge

During the computer simulation 3600 representative particles are used for the study

of the beam induced space charge effect. The bin size used in the calculation is chosen

to be the vacuum pipe aperture of 0.072 m. Therefore space charge voltage contribution

from low frequency to microwave cutoff is included in the calculation. With an intensity

of 1.1 x 109 per bunch, the space charge gives an equivalent capacitive impedance of

- 343 -



^ ~ 1.2 n at transition energy. Contributions from the space charge and the kinematic

non-linearity are both included. The phase space diagrams corresponding to Fig.2 are

shown in Fig.3.

We observe that although the instability is expected to happen during the time Tm.w.

after the be->3i crosses the transition energy1, the effect from the low frequency defocusing

space charge force combined with the kinematic non-linearity is dominant. From Fig.3c

and the corresponding space charge voltage curve Fig.4c we notice that the negative space

charge voltage on the positive A<f> side drives the two "tails", one developed before and the

other after the central j l 0 crossing as shown in Fig.2c, far away from the center. Although

the 7t crossing efficiency is still 93% , the phase space area is blown up. From Fig.3d we

see strong diffusion and filamentation in the longitudinal space. The macroscopic phase

space area after yt crossing is about lev • sec/amu.

To investigate the effect of space charge and impedance induced field, we perform the

calculation under several circumstances, as shown in Table 2. Fig.5 corresponds to the

case whe;i the kinematic non-linearity is neglected, «i = 0, and when the space charge

capacitive impedance ^ ~ 1.2 fl. We observe that the space charge force causes bunch

length mismatching. After the transition crossing the bunch tumbles in the longitudinal

space. The phase space area increases to about Q.6ev • sec/amu.

Fig.6 shows th<; case where there is an inductive impedance |^| ~ 1.2 fi by the time

the beam crosses the transition energy. At the moment before the central fto crossing

the space charge voltage enhances the developing of the non-linear "tail", as shown in

Fig.Sb. The crossing efficiency is 97%. The phase space area after j t crossing is about

lev • sec/amu. The transition energy crossing behaviour is very similar to that ot the

capacitive impedance case (Fig.3).

Fig.7 corresponds to the situation when the impedance is strong, a capacitive - ~

10 ft. We observe that during the time Tm.y,. after the central yl0 crossing the instability

develops. The original bunch breaks into many short bunches, as shown in Fig.76. The

instability and the kinematic non-linearity causes strong beam loss. After the beam is
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far away beyond the 7t, the synchrotron oscillation motion diffuses the distribution, as

shown in Fig.7<i. The crossing efficiency is 79%. Due to filamentation the beam will

gradually fill up the entire bucket.

C. 7t J u m p Crossing Transition Energy

We assume that the quadrupoles are pulsed in a way that -yt is jumped by A7 = 0.6

within 6O7713 by the time the beam crosses 7t0. Effectively the beam passes the transition

energy region with an effective 7 faster by a factor of 6. As shown in Table 1, in this case

To •< Tn.i, -C Tc < Tayn. . (13)

The kinematic non-linear effect and the space charge effect are both cured by such a fast

7t crossing. The simulation of the *yt jump process is shown in Fig.8. No beam loss and

essentially no phase space area blow up is observed. Instead of -yt jump, a 7 increase by

using the available momentum aperture can similarly improve the crossing efficiency.

I I I . BUNCH ROTATION SCENARIO & REQUIREMENTS

A. Bunch Flotation at Collision Energy

The bunched beam of particles is accelerated by the R.F. system of peak voltage of

V*! = lOOfcV, harmonic number of h — 342 to the top collision energy. The method of

bunch rotation can be applied to squeeze and rotate the bunch to a shorter bunch length.

A high frequency R.F. system is snapped on at this moment to recapture the bunch in

the new R.F. bucket. The beam thus has a much shorter bunch length for experimental

use.

The R.F. voltage is adiabatically decreased from Vi = lOOfcV to a lower voltage

V2. From Fig.9b we notice that V2 = 50kV provides enough phase space area for the

lev • sec/amu beam. The bunch is vertically compressed to have a smaller momentum

spread (^z) and a longer bunch length A<£. A voltage V3 of the same R.F. frequency
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is applied to rotate the bunch for a time period of about * synchrotron oscillation. As

shown in Fig.9c, the bunch length becomes very short. The other R.F. system with new

harmonic number hi, peak voltage V4 is snapped on at this time.

Hence, the requirements for the bunch rotation are:

1. V2 should not be too small, i.e. the bunch should not be squeezed too much.

Otherwise the "tail" particles suffer too much from the non-linear R.F. rotation;

2. the bunch length after the rotation of j synchrotron oscillation period under voltage

V3 should be short enough for the high frequency R.F. bucket, i.e.

< ^ ; (14)

3. the minimum voltage V3 for the bunch rotation is decided by the momentum spread

after the compression (-2)2 and the required bunch length

V3'min-- Z\cos<fi,\ {j

A higher V3 gives a more linear rotation and thus improves the efficiency;

4. the high frequency R.F. system with harmonic number hi should have a peak

voltage

VA - ^ • V3 . (16)

hi

The voltage V3, V4 and the synchrotron oscillation frequency fi5 depend on the re-

quired fop energy 74op. For a specific h?, both V3 and ft, are proportional to the quantity

/J2£«E1
2*^. In Fig.10 the quantity ./!2£as! \s plotted as a function of the top energy 7 top. Fig.10

implies that between ftop =30 and 7(op =100 the bunch rotation scenario is appliable.

B . R e s u l t s For 1 9 7Au+ 7 9 I ons

Bunch rotation simulation is done for the 197Au"f"7S ions with various beam populated

phase space area, rotation voltage V3 and harmonic number h2. In the simulation for
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; beam of phase space area of lew • aec/amu and 0.5eu • sec/amu , the voltage is first

creased from \>\ =1GO*F to % = 50kV in 50ms and from Vx ~\mkY to % ~ ISkV in

OJTM respectively. Then the R.F. voltage is increased to Vj in half mills-second. Two

lemes are investigated, V3 = 300JfeV and % — 50OfeF. The voltage is kept at V3 for

ms and Sms respectively. After this time period the high frequency R.F. system with

, hi is snapped on in half milli-second. By the same time the h% = 342 R.F. system is

med off. This procedure can be applied for various collision energy from ytop =30 to

„ =100.

Fig.ll shows the longitudinal phase space diagrams after the recapture for V\ =50Qk V

id h2 =1710, 2052 and 2736 respectively at j t o p =30. The R.F. voltage is % = 2.5A/V,

HV and 4MX' respecti/ely. The beam populated phase space area is assumed to be

v • sec/amu before the bunch rotation, as shown in Fig.Sa.

Fig.I2 shows the total efficiency of the bunch rotation process for 7 ^ =30. The

1 =500AF scheme improves upon the 13 =3Q0.feV" one by reducing ihe bunch length sicfe

id by redddng the non-linear R,F. rotation. In either scheme, the bunch of lev • secfamu

too wide for the &2 =2736 bucket. Either the beam phase space area should be reduced

• the &2 be decreased to achieve a bunch rotation efficiency above 95%. At j t o p =30 the

Feet due to the beam induced space charge field is within 1%. The result for 7top =100

the same as the one for ftop =30, as shown in Fig.12, except that the space charge

Feet is negligible.

In. Fig.13 we plot the achievable R.M.S. bunch length <rf as a function of the harmonic

imb«r /13 for the phase space area before the rotation, lev-sec/amu and O.oev-sec/amu

spectively. The R.F- peak voltage is assume to be 1.2A/V* for hz = 342 and loMV for

. = 8 x 342. The larger the h-z, the higher the voilage. For the top energy phase space

ea of lev • secjamu, the experimental requirement of cri -~ 0.2 m implies that h* should

1 larger than 4x342. However to achieve a rotation efficiency of above 95%, h2 should

?t be larger than 6x342. The requirement on short bunch length compromises with the

Nation efficiency to a range of hz from 4x342 to 6x342. If yt jump or other methods
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are employed to ensure that the top energy phase space area is within 0.5ev • sec/amu,

this range can be extended to from 3x342 to 8x342.

IV. COMPARISON WITH SCENARIO OF TRANSFERING

TO HIGH FREQUENCY R.F. SYSTEM DURING yt CROSSING

We shall compare the scenario described in Section II and III with the one of trans-

fering to the high frequency R.F. system during the transition energy crossing time, as

being discussed in Ref.3. Because the bunched beam has a relatively short bunch length

by the time it crosses the transition energy, it is possible to program the R.F. systems

such that the beam is recaptured in the high frequency R.F. bucket after it crosses the

transition energy. Thereafter the beam is accelerated to the collision energy by the high

frequency R.F. system.

Simulation is done3 by adiabatically turn on the high frequency R.F. system with

harmonic number h2. The peak voltage of this system is gradually increased from 0 to

jr1 x 100(kV) in about 1-sec. after the center of the bunch crosses jtQ. The phase space

area below transition energy is assumed to be O.Sev • sec/amu. A non-linear aj = —0.6

is again assumed. In Fig.14 the efficiency is plotted as a function of /i2- Note that the

bucket provided by the h2 =2736 R.F. system is too narrow for the beam phase space

area of 0.3ev • sec/amu.
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TABLES

Table 1. - Characteristic non-adiabatic 7, crossing time Tc and non-linear time Tn.i.

Original
K = 1.2.MV, sin 4>, = 0.04

scenario
V = 1.2MV,sin<f>. = 0.04

with j t jump
A7J = 0.6 in 30m5

New
V = lQQkV,mn4>. = 0.48

scenario

V = lQ0kV,sm<j>3 = 0.48
with 7̂  jump

A7t=0.6 in 60ms

(ma)

26

11

57

31

(ma)

63

5

36

6

95% phase space
area (ev • aec/amu)

0.3°

0.3°

I.6

0.3°

0.36

Survival
rate

30%°
(Fig-1)

100%"

99.1%°
(Fig.2)
97.9%*
(Fig.3)
100%°

100%"
(Fig.S)

Calculation is performed for 197Au+79 ions of 1.1 xlO9 per bunch. 7̂ 0 = 25.44. The initial

phase space area is assumed to be 0.3et; • sec/amu.

a) Calculation is done without considering the space charge induced fields.

b) Space chsrge effect is included in the calculation. The bin size is chosen to be the

vacuum pipe aperture of 0.072m. J ~ 1.2 Cl. Calculation is done with 3600 representative

particles and by using the three-point formula4.
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Table 2. - Space charge and impedance induced effect

No space charge
no impedance

£*! = -0.6
Space charge f = 1.2ft

CM = 0

Space charge f = 1.2ft
a i = -0.6

Inductive |?-| = 1.2ft
<*! = -0.6

Capacitive ^ = 10ft
£*! = -0.6

It jump
A7t=0.6 in 60ms

space charge ^ = 1.2ft
ttl = -0.6

95% phase space
area (ev • sec/amu)

0.3

0.6

1

1

1~2

0.3

survival
rate

99%

100%

98%

97%

79%

100%

Features

Non-linear "tail"
and filamentation

(Fig.2)
bunch length
mismatching

and tumbling (Fig.5)
non-linear "tail"

tumbling and
diffusion (Fig.3)
non-linear "tail"

tumbling and
diffusion (Fig.6)

microwave
instability and

diffusion (Fig.7)

"clean" crossing
(Fig.8)

V = WOkV, sin^, = 0.48 R.F. system for 197Au+T9 ions of 1.1 xlO9 per bunch. 7<0 =

25.44. The initial phase space area is assumed to be 0.3ev • sec/amu. For the space

charge and impedance calculation, the bin size is chosen to be the vacuum pipe aperture

of 0.072m. ! ~ 1.2 ft. Calculation is performed with 3600 representative particles and

by using the three-point formula4.
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FIGURE CAPTIONS

Fig. 1. The transition energy crossing with the V =1.2MV, h =342 R.F. system.

sin<£, =0.04. Space charge effect is not considered. Efficiency is 30%.

Fig. 2. The transition energy crossing with the V =100A:V, h =342 R.F. system.

sin^, =0.48. Space charge effect is not considered. Efficiency is 99.1%.

Fig. 3. The transition energy crossing with the V* =100kV, h =342 R.F. system.

sin^, =0.48. Space charge effect is considered. The space charge impedance 2
n = 1.217.

Efficiency is 97.9%. The phase space area is estimated to be lev • aec/amu after the -yt

crossing.

Fig. 4. The space charge voltage curve corresponding to Fig.3. The maximum vertical

scale corresponds to the acceleration voltage of V • sin^j.

Fig. 5. The transition energy crossing with the V = 100fcF, h =342 R.F. system.

sin^, =0.48. Only the space charge effect is considered. The space charge impedance

— = 1.20. Efficiency is 100%. The phase space area is estimated to be 0.6eu • secfamu

after the -yt crossing.

Fig. 6. The transition energy crossing with the V =100A;V', h =342 R.F. system.

sint/>, =0.48. A total inductive impedance of |^ | = 1.2ft is assumed. Efficiency is 96.8%.

The phase space area is estimated to be lev • sec/amu after the ~/t crossing.

Fig. 7. The transition energy crossing with the V =100fcF, h =342 R.F. system.

sin<̂ >s =0.48. A total capacitive impedance of ^ = 10ft is assumed. Efficiency is 79.2%.

The phase space area is estimated to be 1~2 ev • sec/amv. after the ft crossing.

Fig. 8. The transition energy crossing with the V =100A:V', h =342 R.F. system.

sin^, =0.48. The machine -yt0 is jumped by A-yt =0.6 in 60ms. Space charge effect

is considered. The space charge impedance ^ = 1.2ft. Efficiency is 100%. No phase

space area blow up is observed.

Fig. 9. Bunch rotation at top energy jtop =30 . The phase space area is lev • sec/amu.

Vi =100fcV, V2 =50kV and % =5Q0kV. The harmonic number is hj. =342.
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Fig. 10. J^1 as a function of

Fig. 11. Bunch rotation recapture at top energy of 7top =30 . The space charge effect is

considered. h2 =1710, 2052 and 2736 respectively. The phase space area is lev-sec/amu.

Vx =100*V, V2 =50kV, V3 =500kV, Aj =342.

Fig. 12. Bunch rotation efficiency at top energy of j t o p =30 under variour V3, h2 and

phase space area.

Fig. 13. R.M.S. bunch length as as a function of h2 for different top energy phase space

area.

Fig. 14. Efficiency of the scheme of transfering to the high frequency R.F. system during

the 7d crossing. h2 =1710, 2052 and 2736 respectively. The phase space area below

transition energy is 0.3ev • sec/amu. Space charge effect is not considered.
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Abstract

In this paper we summarize the efforts of the Working Group on Collective Instabilities at the
Workshop on the RHIC Performance. Impedance estimates have been made for some of the main
hardware in RHIC, including bellows, pickup electrodes, abort kicker, and transverse damper. In
general, these impedances are not expected to limit die beam intensity for Au ions, but might limit
the proton intensity. We have also calculated the higher-order modes of the standard 26.7-MHz
RF cavity for use in estimating coupled-bunch instability growth rates. Predictions of intrabeam
scattering confirm the results in the RHIC Conceptual Design Report. For the standard
assumptions, there is a threefold growth in transverse emittance. Varying the initial transverse
emittance by a factor of two changes the final emittance value (after 10 hours) by less than 20%.
If a 214-MHz RF system is considered, the growth is more severe—about a factor of five—and a
beam lifetime of 10 hours requires an RF voltage in excess of 32 MV. Coupled-bunch
calculations show that the transverse instabilities are dominated by the resistive-wall impedance for
either RF choice. A modest damping system should be adequate to deal with this. Longitudinal
growth times of about 20 ms are expected for the low-frequency RF case; growth times for the
high-frequency RF system are a factor of 10 longer and the instability is predicted to be Landau
damped. Copper plating of the dipole vacuum chambers has been found to have no deleterious
effects, provided the coating is uniform and not overly thick.

•Partially supported by the U.S. Dept. of Energy, under Contract No. DE-AC03-76SF00098.
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INTRODUCTION

The purpose of this Workshop was to investigate the influence of various collective effects

on the predicted performance of the Relativistic Heavy Ion Collider (RHIC) being designed at

Brookhaven National Laboratory. In this paper we summarize the results of our efforts in three

main areas:

• impedances and thresholds

• intrabeam scattering (IBS)

• coupled-bunch instabilities.

In the first area, our task was to investigate the expected longitudinal and transverse

impedances that might be present in RHIC and to estimate the corresponding thresholds. An

attempt was made to estimate the impedance contributions arising from bellows, beam position

monitors, the abort kicker, and a transverse damper system. *>2 In addition, we have considered-^

the effects of copper plating the inside of the dipole chambers, to see if any problems were likely

to arise.

Because the information was not already available, it was necessary to calculate the

higher-order modes of the RHIC 26.7 MHz RF cavity during the Workshop.^ These results were

subsequently used to explore the effects of coupled-bunch instabilities. As the Workshop

progressed, it was concluded that there might be significant benefits to the design of the machine if

a higher frequency RF system (214 MHz rather than the presently conceived 26.7 MHz) were

utilized. Some implications of such a change were also explored by our Working Group.

In the second area, intrabeam scattering, a great deal of work has already been performed

by G. Parzen.^ Our task here was mainly to confirm, via independent calculations," the present

estimates of this effect. In addition, we looked briefly at the sensitivity of the IBS estimates to the

starting assumptions and evaluated the changes in growth rates associated with the higher

frequency RF system alternative mentioned above.
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Because RHIC will be operated with many bunches in the ring, the issue of coupled-bunch

instabilities is an important one. This aspect of machine performance had been neglected up to

now. Calculations were performed? with ZAP^ to estimate the growth rates that might be

expected, based upon the calculated RF modes. In addition, simulations have been made of

coupled-bunch instability growth in the RHIC booster.^

Our results in each of these areas will be summarized in the sections that follow.

IMPEDANCES AND THRESHOLDS

Impedances for some of the major ring components were estimated by Lambertson and

Ng.l'^ Their results, summarized below, show that beam position monitors (BPM's), bellows,

and kickers contribute to the impedance about equally. These impedance contributions can be held

to a level that will not limit the heavy ion performance of RHIC, but may well limit the use of the

machine as a proton storage ring. The estimates made in Refs. 1 and 2 are based upon relatively

crude "designs" that are intended only for purposes of illustration. Thus, the "moral" here is that

the accumulation of impedances from these components must be carefully controlled to avoid

excessive contributions to the overall transverse impedance.

Beam Position Monitors

The BPM's for RHIC are striplines having a split cylinder design. Each electrode, of

length I and subtending an angle fy0 transverse to the beam axis, is terminated at each end with a

characteristic impedance of Zs = 50 Q. The longitudinal and transverse impedances are given by: ^

BPM ~ ' Z s R

and
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R

In each ring there are 250 BPM units of length 0.2 m and subtending an angle of 90°, so the total

longitudinal and transverse impedances are, respectively, Z/n = -0.5/ £S and Z x = -0.4/ Mfi/m.

Bellows

Longitudinal and transverse impedances for the bellows can be obtained by running a code

such as TBCI^ and taking Fourier transforms. In general,* the results can be characterized in

terms of broadband resonators having a shunt impedance Rs, a resonant (angular) frequency cor,

and a quality factor Q (typically Q = 3-5).

Three possible bellows designs (having different corrugation depths and lengths) are

presently being contemplated for RHIC. Their impedance contributions, summarized in Table 1

(taken from Ref. 1), are not excessive, but the 500 units nonetheless constitute a significant

portion of the overall impedance. It will be important to keep this impedance contribution under

control, either by keeping the corrugation depth to a minimum or by utilizing a shielded design.

Because of the relatively long bunches in RHIC, parasitic heating of the bellows is

expected to be unimportant. Lambertson and Ng* have estimated typical losses to be a fraction of

a watt for protons, with Au ions giving even less heating. It is worth noting, however, that a

high-frequency RF system would increase the parasitic heating to tens of watts.

Transverse Damper

As will be discussed below, transverse oscillations at injection energy (driven by the

resistive-wall impedance) could give rise to a 23-ms growth time for the Au beam. (We note,

however, that this estimate is based upon the pessimistic assumption of a stainless steel wall

everywhere; the planned use of cryogenic copper in the dipole chambers will be of significant

benefit—about a factor of two—in this regard.) To counteract this growth, it was considered

beneficial to investigate the parameters for a transverse damper.
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The model design considered in Ref. 2 would use capacitive plates of length 0.5 m, tuned

to a central frequency of 50 MHz. A bandwidth of 4.5 MHz, i.e., twice the minimum requirement

of Af = 5 7 ^ 2 , would be provided. If we take an initial amplitude of 1 mm at a location having (3

= 100 m, then the required power to damp a gold beam at injection energy is estimated^ to be:

P 1-6 xlO"4

"[[watts] ~ 2

where t is the growth time of the instability. Thus, for a 23 ms growth time, P = 0.3 W. Clearly

this is not a problem.

The transverse impedance of such a device is expected to be Z± ~ 45 kQ/m.2 This value is

not a concern.

Abort Kicker

Based upon a conceptual model of an abort kicker with a shielded liner, Lambertson and

Ngl have calculated the expected longitudinal and transverse impedance values. For the

longitudinal impedance, a low-frequency value of IZ/nl = 2.2 Q. was obtained. The transverse

impedance was about 0.5 MQ/m at a frequency of 0.5 MHz. Values this low are acceptable, but

we note that the results are sensitive to the assumptions about the tolerable liner conductance and

yoke geometry.

Single-bunch Thresholds

To put the impedance values in context, we must estimate the thresholds to which they

would correspond. For RHIC, the threshold that appears to be the most severe limitation is that

arising from transverse mode coupling. From Ref. 8 we have

l b =
MZ±)<P±>R
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where Et is the total energy of the beam particles (of charge state q), vs is the synchrotron tune,

<PX> (= 55 m) is the average beta function, R (= 610 m) is the machine radius, and o"̂  is the rms

bunch length.

ZAP calculations (summarized in Table 2) indicate that, for Au ions at injection energy, the

transverse impedance corresponding to the required intensity of 1.1 x 10* particles per bunch is

about 10 MQ/m for the low frequency (26.7 MHz) scenario or about 45 MQ/m for the high

frequency (213.9 MHz) case. If these values are converted to longitudinal impedances via

the equivalent values are IZ/nl = 10 Cl or 45 £2, respectively.

Similar estimates for protons at injection energy, however, do ngi lead to such comfortable

impedance values. A transverse impedance below 1.2 M£2/m is required to fill the bunches to 1 x

10 * particles. Given the estimates—albeit crude—above, it does not seem safe at present to

assume that the desired proton intensity can be reached.

Because the beta-weighted transverse impedance depends on machine details that are

presently uncertain, it is premature to draw definite conclusions about the achievable proton

intensities. However, the estimates here should serve as a warning.

Copper Plating of Dipole Chambers

One topic we were asked to investigate as part of the workshop was that of copper plating

of the dipole vacuum chambers. This can have ramifications in several areas.

• resistive-wall instability growth rate

• parasitic heating
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• mechanical stresses during a quench

• effects arising from gaps in the plating.

For the resistive-wall instability, the growth times for Au ions at injection energy are

jected-^'' to be about 20 tas if the entiie machine circumference were constructed from stainless

eL As mentioned above, a damper to cope with this growth requires only modest power, and is

t expected to be difficult to construct. Because the cold copper coating serves to reduce the

lability growth rates even further, it can only be of benefit in this context

Parasitic heating must also benefit directly from the increase in conductivity associated with

pper plating of the vacuum chamber. If the entire RHIC vacuum chamber were copper plated,

: reduction compared with a stainless steel wall would be about a factor of 30. In any case,

mbertson and Ng* have shown that the parasitic heating is not a major concern for RHIC due to

J relatively long bunches.

Of more concern are mechanical effects associated with eddy currents induced in the

pper layer during a magnet quench. These currents generate an outward Lorentz pressure that

> its maximum value at the midplane of the pipe. In combination with Jhe increase in external

:ssure from the helium vaporized during a quench, the beam pipe could collapse. For the

sent RHIC pipe dimensions,. Ng has estimated-' that the maximum allowable helium pressure is

Hit 30 atmospheres, which presents no problem. This effect could pose a severe problem,

wever, if the wall thickness were decreased significantly from its design value of 1.65 mm.

Another mechanical effect of potential concern arises from the possibility of a nonunifortn

sper coating. If the copper thickness varies with the polar angle, there is a torque induced that

lead to stress failure of the keys holding the beam pipe in place. Based on the estimates in

I". 3, the nonuaiformiry must exceed about 0.5 mil (i.e., a 50% variation in the nominal 1 mil

ting) before failure will occur. This tolerance should be easily achievable.

It is presently envisioned that only the dipole chambers—not the entire RHIC vacuum
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chamber—will be copper coated. (The quadrupole beam pipes will remain as unplated stainless

steel to ensure that the capability for rapid field penetration—required, for example, to perform

transition jumps—is maintained.) Given that only about half of the circumference is occupied by

dipoles, the copper plating will reduce the parasitic heating by about a factor of two compared with

an entirely stainless steel chamber.^ As mentioned, for the presently planned long bunches, the

parasitic heating is not expected to be a concern.

In the context of the resistive-wall instability, it is expected that most of the wall current

will cross the copper-to-stainless-steel gaps. Although some additional impedance results from

the gaps, the resistive-wall growth rate still decreases by about a factor of two compared with the

case of a bare stainless steel vacuum chamber covering the entire ring. As discussed earlier, even

the growth rate associated with the stainless steel chamber is easily manageable, so the gap is of

no concern in this regard either.

Curvature Effects

In a curved vacuum chamber, it is possible for the electromagnetic wave generated by the

beam to propagate and act back on the beam. This results in a resonant situation in which the

beam feels an impedance. Because the resonant frequencies are generally expected to be rather

high, the mode-coupling instability is not affected, but microwave growth is possible.

Our estimate for this effect* * is that the impedance seen by the beam is IZ/nl = 2 £2. This

value is low enough to make it of no concern in driving the microwave instability. We find,

however, that in the long-wavelength limit (i.e., below the lowest resonance), an asymptotic

expansion arising from the toroidal geometry yields terms of order (b/R)^ and (nb/R)^. The

n-dependent terms typically give a significant contribution to the impedance—tens of ohms at a

few gigahertz. Although such a value is not inconsistent with impedance measurements for some

proton machines, it does appear to be inconsistent with the few-ohm impedances measured at

various electron rings.
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We note here that the asymptotic expansion of the relevant Bessel functions is in an

awkward regime when the order n is not zero, and it can be expected that additional terms will be

required. Whether the predicted impedance is a symptom of the divergence of an asymptotic

expansion, or is indeed physical, remains an open question for further investigation.

Caveats

In the present impedance study, we have not considered several items that can contribute

significandy to the ring impedance. In particular, we have not looked at possible designs for the

injection kicker nor have we considered the "transitions" between differing vacuum chamber cross

sections. An obvious suggestion to the RHIC design team is to properly taper the transition

sections where possible.

INTRABEAM SCATTERING

For heavy ion beams (we use 100 GeV/amu Au ions as an example), the effects of

intrabeam scattering (IBS) are quite significant. The beam lifetime of 10 hours is defined, for

example, as the time required for the longitudinal beam emittance to blow up sufficiently to fill the

entire RF bucket area. As mentioned earlier, Parzen^ has already studied this problem in detail.

To be safe, however, the code ZAP** was modified^ to permit equivalent calculations to be

performed.

In general, the calculations in Ref. 7 are in good agreement with those of Parzen. For the

nominal RF parameters, the transverse normalized emittance grows by about a factor of three. If

the high-frequency RF system is considered, the bunches are about a factor of three shorter. In

this circumstance, the growth is more severe—about a factor of five in transverse emittance. (In

performing these calculations, the number of particles per bunch was kept fixed, rather than

readjusting this parameter to reoptimize the luminosity.) In this case, a voltage of more than 32
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MV would be required to ensure that the beam momentum spread does not exceed the RF bucket

height after 10 hours of growth.

COUPLED-BUNCH INSTABILITIES

Because the operating scenario for RHIC utilizes 57 equally spaced bunches, the topic of

coupled-bunch instabilities must be explored. For the standard 26.7 MHz cavity, the required

information on higher-order cavity modes was obtained by Schoessow^, who utilized the

URMEL code^ to model the RHIC cavity. This information was then used in ZAP° to calculate

the predicted growth rates and estimate whether or not the instabilities were Landau damped. For

the high-frequency case, also explored here, cavity modes were taken from published values^ for

the similar SPS 200-MHz cavities.

The present calculations have been performed for a gold beam at injection energy and full

energy; longitudinal bunch parameters were calculated as described in Ref. 14. Both longitudinal

and transverse instabilities were considered. In addition to the higher-order modes of the RF

cavities, impedance contributions from the resistive wall, space charge, and a broadband (Q = 1)

resonator were considered. To be pessimistic, we have taken the case where all cavities are

identical, so that the modes add up exactly. For the low-frequency case, we use six cavities to

produce the requisite 1.2 MV; for the high-frequency case we use 15 cavities to produce 15 MV.

Transverse Instabilities

At injection energy, the dominant growth comes from the resistive-wall impedance. Even

without a broadband impedance contribution, this growth is not predicted^ to be Landau damped.

It is assumed that a transverse damper will be utilized; we have already shown that the

requirements for such a device are easily met. The fastest growth times for the various cases are

summarized in Table 3.
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For the 100 GeV/amu Au beam, we again find that the transverse instability is dominated

by the resistive-wall term. At the higher energy, of course, the growth rates are lower than those

at injection energy by nearly a factor of ten. With a betatron tune spread of 0.0005, the rigid

dipole (a=0) mode instability would be Landau damped. In any case, the transverse damper is

available to control the growth.

In the high-frequency case, the calculations give growth rates comparable to those from the

26.7-MHz cavities. However, the frequency shifts are about three times larger. A betatron tune

spread of 0.0013 would provide sufficient Landau damping of the a=0 mode.

Longitudinal Instabilities

ZAP calculations have also been performed to estimate longitudinal coupled-bunch

instability growth rates. The results for the fastest growing modes are summarized in Table 4.

For the low-frequency 26.7-MHz system, the fastest growing dipole (a=l) mode has a

growth time of about 20 ms at injection energy. At 100 GeV/amu, the fastest growth time was

about 15 ms. Artificially locating an RF mode exactly on a rotation line increased the growth rate

by a factor of 10. This represents the worst-case scenario. Without a broadband resonator

contribution, the synchrotron tune spread in the bunch is insufficient for Landau damping. We

conclude, therefore, that some combination of feedback and higher-order mode damping will be

required.

Calculations at full energy were also carried out for the high-frequency RF scenario. In

this case, the predicted growth rates were found to be nearly 20 times lower than for the

low-frequency system. This is probably because the bunches are still relatively long (c^ = 0.15

m) and thus do not sample the high-frequency parasitic modes very effectively. For this case,

ZAP predicts that the growth will be Landau damped by the synchrotron tune spread. To see how

much broadband impedance could be tolerated without losing the Landau damping, the

calculations were repeated for progressively larger values of IZ/nl. A 10 Q broadband impedance
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was sufficient to eliminate the damping.

RHIC Booster

In a separate investigation,^ the simulation code ESME was used to study coherent

coupled-bunch dipole oscillations in the RHIC booster. This code tracks particles in longitudinal

phase space and simulates the developing instability that is driven by the higher-order modes of

the booster RF cavity.

The RF modes of the ferrite-loaded cavity were calculated and are tabulated in Ref. 9. The

mode that is responsible for the calculated growth in effective longitudinal emittance is at fr =

20.68 MHz. During the acceleration cycle, the beam harmonics sweep across the resonant

frequency as the revolution frequency changes.

The simulations in Ref. 9 give evidence for large-amplitude coherent dipole oscillations.

The presence of a beam gap (i.e., filling only two of three booster RF buckets) appears to permit

the growth to start more easily, due to the presence of additional Fourier components in the beam

spectrum. In this circumstance, large-amplitude oscillations appear more quickly in the

simulation. We note, of course, that the present version of ESME generates only approximate

excitation fields and that these are evaluated only at revolution harmonics, rather than at the actual

synchrotron sideband frequencies f = nco0 ± cos. Therefore, the growth-time estimates in Ref. 9

must be viewed with some caution.

SUMMARY

In this paper we have explored many of the collective effects that could affect the

performance of the Relativistic Heavy Ion Collider.

Impedance estimates do not point to serious limitations in beam intensity, with the possible

exception of the proton case. Transverse coupled-bunch instabilities are dominated by the

resistive-wall impedance, and will require a damping system. Longitudinal instabilities may also
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be a problem (about 20 ms growth time for Au ions) for the low-frequency RF scenario. With the

higher frequency system, the growth rates are lower and Landau damping should be sufficient.

Intrabeam scattering growth has been examined. Our results are in good agreement with

earlier predictions upon which the RHIC design is based. The high-frequency RF system is less

favored in the IBS context. Its resultant shorter bunches lead to more severe transverse emittance

growth, and the voltage required to contain the beam for 10 hours is in excess of 32 MV.
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Table 1

RHIC Bellows Impedances21)

Bellows Depth Length fr Im (Z/n)b> /m (Z±)c)

(mm) (cm) (GHz) (Q) (MQ/m)

Option 1

Option 2

Formed

4

6

9

10.1

9.0

12.9

14.6

9.9

6.8

0.52

0.67

1.40

0.5

0.6

1.3

a) Total for 500 units.
b) Im (Z/n) at zero frequency, which is equivalent to (R||/nrQ) at the resonant frequency.
c) Im (Zx) at zero frequency, which is equivalent to (Rx/Q) at the resonant frequency.

Table 2

RHIC Transverse Impedance Requirements^

Protons Gold Ions

Intensity [1010/bunch] 10.0 0.11

Energy [GeV/amu] 28.5 10.7

Zjb) [MQ/m] 1.2 10

Zx
c) [MQ/m] — 45

a)Assumed bunch area is 0.3 eV-s/amu.

b W 26.7-MHz RF system.

c^For 214-MHz RF system.
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E
(GeV/amu)

10.7

100.0

100.0

Table 3

Transverse Coupled-Bunch Growth Timesa)

fRF
(MHz)

26.7

26.7

213.9

X

(ms)

23

204

204

Damping")

U (0.05)

U (0.005)

U (0.0013)

Au ions; Nj, = 10^/bunch. Only the rigid dipole (a = 0) mode is shown. Taken from Ref. 7.

Landau damping for a = 0 is absent without a betatron tune spread. The parenthetical number
is the tune spread required for stability.

E
(GeV/amu)

10.7

100.0

100.0

Table 4

Longitudinal Coupled-Bunch Growth Timesa)

fRF
(MHz)

26.7

26.7

213.9

T

(ms)

21

14

233

Damping**)

U

U

D

Au ions; Nj, = io"/bunch. Only the dipole (a = 1) mode is shown. Taken from Ref. 7.

Landau damping indicator: U is unstable; D is Landau damped.
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I. INTRODUCTION

There has been a suggestion that the beam pipe of the RHIC main ring1 should
be coated with a layer of copper. Since the conductivity of copper a* cryogenic
temperature is ~ 1000 higher than that of stainless steel, the obvious advantages
of the copper coating are the lowering of the transverse coupled-bunch growths and
parasitic heating. However, the coating can bring in mechanical problems to the
beam pipe. During a quench, the Lorentz force generated by the eddy current in the
highly conductive copper layer can lead to bigger deformation of the beam pipe. The
partially vaporized helium outside, if not allowed to escape fast enough, can easily
push the beam pipe towards stress failure. Also if the copper coating is not even,
this Lorentz force generated during a quench will produce a torque, which if strong
enough can cause failure to the position-fixing keys attached to the beam pipe.

A transition jump may be necessary during the acceleration cycle. In order that
the fast changing quadrupole field initiating the jump will not be blocked, it is sug-
gested that the beam pipe in the quadrupole regions should not be coated. Undoubt-
edly, the coupling impedances will be affected by these gaps and so are the instability
growths and parasitic heating.

All these problems will be studied in detail in the following sections. For the RHIC
main ring, we take the mean radius as R = 610.18 m, the beam pipe internal radius
b = 3.645 cm with a wall thickness of t = 0.165 cm. At cryogenic temperatures, the
conductivity of bulk copper is taken as ac — 2.3 x 109 (fi-m)"1 corresponding to a
residual resistance ratio (RRR) of 200. The conductivity of stainless steel is taken as
a, = 2.0 x 106 (Ji-m)"1.

I I . TRANSVERSE COUPLED-BUNCH GROWTHS

For M = 57 equal point bunches, there are M modes of transverse coupled-bunch
motion. The growth rate of the /ith mode driven by the transverse coupled impedance

^ ^ , (2.D

where Ze, A, and E axe respectively the charge, mass number, and average total
energy per amu of an ion in the bunch (Z = 1, A = 1 for proton and Z = 79,
A = 197 for gold), ZIb is the average bunch current, c is the velocity of light, v is
the betatron tune, and wo/27r is the mean revolution frequency. Besides a resonance,
the resistive wall can contribute to Eq. (2.1) because the impedance goes to infinity
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at zero frequency. At very low frequencies, the image wall currents fill the whole wall
thickness t, the transverse resistive wall impedance of the whole ring is given by

(2.2)

The ring has a designed betatron tune of v = 28.82. Therefore the coupled-bunch
mode that has the fastest growth is fx = 29, corresponding to the spectral line with
k = 0 or at w = —0.18u>o where Z± = 25.9 Mfi/m for a stainless steel pipe wall. The
next lines are M = 57 units of wo away and give negligible contribution. The designed
average bunch current is

1.25 mA for p with N = 1.0 x 1011

ZIh = { (2.3)
1.09 mA for Au with N = 1.1 x 109 ,

and the mean total energy per amu is

29.4 GeV p

Thus the

or growth

worst growth

times

E = <

rates are

1
T29

7"29 =

[ 11.6 GeV

f 51.9 sec"1

( 45.8 sec"1

f 19.3 ms

1 21.9 ms

Au .

P

Au ,

P

Au.

(2.4)

(2-5)

(2.6)

For the SSC, any transverse coupled-bunch growth times r > 8.5 ms can be
stabilized by the designed transverse damper. Using this as a criterion, the present
RHIC design is quite safe against transverse coupled-bunch instabilities and no copper
coating is required. However, with a copper layer of tc = 1 mil (25.4 micron) coated
inside the beam pipe everywhere, the transverse impedance is reduced actc/a,t = 17.7
times, and the growth times will be increased by the same ratio. Here we have assumed
the the wall currents will reside mostly in the copper layer only because the latter is
so much more conductive than stainless steel.
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III. PARASITIC HEATING

The power lost to wall resistivity can be obtained by integrating the longitudinal
coupled wall impedance over the bunch power spectrum to get3

P = T(3/4)M(NZIbR)2 ( 0 ) 1 2 (j^j , (3.1)

where F(3/4) = 1.23 is the gamma function, Zo = 377 £2, <JZ is the rms bunch length,
and cr is the conductivity of the pipe wall. Here we have neglected all contributions
due to higher multipoles and assumed that the wall currents flow in a skin depth of
the pipe wall only. The latter is true except at very low frequencies.

For RHIC, most of the parasitic heating that will endanger the cryogenic is due to
wall resistivity because other discontinuities such as the rf cavities are at room tem-
perature. Therefore coating the pipe wall with a copper layer of reasonable thickness
everywhere will lower the parasitic heating by a factor of Jcrc/a3 ~ 34 times.

IV. STRESS FAILURE DURING A QUENCH

During a quench, the helium outside the beam pipe will be partially vaporized
and the external helium pressure will rise. If the beam pipe of average radius b and
thickness t is perfectly cylindrical, it will be buckled when the radially symmetric
helium pressure p reaches the critical buckling pressure

Yt3

4 ( 1 - ^ ' ^

where Y is the modulus of tensile elasticity and /x the Poisson's ratio for lateral
contraction. The buckled pipe can reach the elastic limit easily when the helium
pressure exceeds pc slightly. Note that pc is very sensitive to the radius to thickness
ratio m = b/t.

For the analysis in this section and the next, we shall approximate the proportional
limit, below which Hooke's law holds, by the yield limit. For many materials, the yield
limit comes just slightly beyond the proportional limit.

During a quench, the sudden drop in vertical magnetic dipole flux density B
induces eddy current in the pipe wall which flows mainly in the highly conductive
copper layer. Thus a horizontal outward Lorentz pressure

Pd<p) = Pm sin tp , (4.2)
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is generated, where p is the polar angle. This pressure has a maximum at the equator.
ip = TT/2, given by

Pm = <rctcb\BB\ . (4.3)

Here, the conductivity of copper crc, the dipole magnetic flux density B, and its time
derivative B are all time dependent during the quench, but the maximum is implied in
Eq. (4.3). Note that this Lorentz pressure is directly proportional to the thickness of
the copper layer. Equation (4.3) is in mks units. If B is in tesla, B in tesla/sec, b and
tc in m, and ac in (fl-m)"1, then the pressure Pm will be in newton/m2. To convert to
psi or atmospheres, the factors 1 newton/m2 = 1.45 x 10~4 psi and 1 atm = 14.68 psi
should be used.

With such a Lorentz pressure, the beam pipe will be flattened. Then the helium
pressure required to further deform the pipe to the elastic limit will be less than the
critical buckling pressure pc. For a given equatorial Lorentz pressure Pm, the yield
helium pressure p is given by4

(4.4)

where <7yp is the tensile yield stress of the pipe material. For the first relation of
Eq. (4.4), the pipe yields at the equatorial points y> = 7r/2, and for the second relation,
the pipe yields at the polar points tp = 0 and TT.

Taking for stainless steel at 20 K, the modulus of tensile elasticity Y = 30 x 106 psi,
the Poisson's ratio p = 0.278, and the yield-point stress <7yp = 115 ± 25 kpsi, the
limiting helium and Lorentz pressures are. computed and are plotted in Fig. 1 with
the range of uncertainty indicated by dotted curves. Here, we take the average pipe
radius as b = 3.7275 cm and the pipe thickness as t = 1.65 mm. As a safety factor,
the working yield stress is usually taken as about one half of the actual one. The
limiting pressures corresponding to the working yield stress have also been included
in the figure.

The maximum equatorial Lorentz pressure Pm can be estimated using a model
to compute or performing an experiment to measure the maximum of \BB\ during
a quench. For the SSC, with a pipe radius of b = 1.66 cm and copper thickness of
2 mils, the estimated Pm is about 90 psi. Here at RHIC, the product tb is roughly
the same. However the dipole field is a factor of two smaller. We may expect Pm to
be ~ 22.5 psi, a factor of four smaller. From Fig. 1, with the working yield stress, the
maximum allowable helium pressure is ~ 30 atm, which should be able to maintain
without much difficulty.
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We see from Fig. 1 that most of the time failure will occur at the equatorial points
corresponding to the first criterion of Eq. (4.3), which can be rewritten as

where m = b/t. Together with the definition of the critical buckling pressure pc in
Eq. (4.1), it is easy to observe that the limiting pressure curve is every sensitive to m.
If, for example, the pipe radius is increased by a factor of two or the pipe thickness
is decreased by a factor of two so that m is doubled, the working limiting curve will
starts off from a new critical pressure of ~ 6 atm, a factor of 8 smaller and ends at
Lorentz pressure Pm ~ 18 psi, a factor of 4 smaller.

V. BEAM-PIPE TORQUE LIMITATION

If, for example, the copper thickness varies with the polar angle <p as

(5.1)

the torque per unit length per radius squared twisting the beam pipe about its axis
during a quench is given by5

This torque is resisted by the keys attached to the beam pipe. If the unevenness is
big enough, these keys can suffer a stress failure. The detail depends on the actual
design and material of the keys. If a tensile stress failure occurs, the limiting torque
per unit length and radius squared is given roughly by4

r _ w2g

where each key is assumed to have a width w, length g, height h and located at
interval t along the length of the beam pipe. Taking a key similar to that in the SSC,
w ~ 0.2 in., g ~ 3 in., h ~ 3 mm, i ~ 18 in., and aw ~ 5000 psi for the key material,
we obtain r/£b2 ~ 66 psi. If as a safety factor, the working yield stress is again taken
as one half the actual one, then with the equatorial Lorentz pressure of Pm ~ 22.5 psi
per mil of copper layer thickness as estimated in Section VI, Eqs. (5.2) and (5.3) lead
to

tce w 0.47 mil. (5.4)
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VI. GAPS IN THE COPPER LAYER

In order to allow rapid changing quadrupole field to penetrate the beam pipe
during a transition jump, the portion of the beam pipe inside the quadrupoles is not
coated with copper. In fact, only the portion inside the dipoles is coated.

During a quench, the eddy currents flowing in the copper layer are of the same
magnitude regardless of whether there are any gaps in the coating. Therefore the
allowable stress of the copper coated portion of the beam pipe will not be affected by
the quadrupole gaps at all.

Parasitic heat generation is directly proportional to the longitudinal coupling im-
pedance Z\\, if higher-multipole contributions are neglected. The longitudinal wall
impedance is just the sum of the impedance due to the copper coated part and that

• due to the stainless steel gaps. According to the Conceptual Design,1 each beam sees
192 dipoles along the ring occupying a total length of tc — 1816.32 m. The rest of the
vacuum chamber, £, = 3833.87 — 1816.32 = 2017.55-m, is assumed to have stainless
steel walls. From Eq. (3.1), the parasitic loss due to wall resistivity alone is

0 5 1 , 6 1 )

of the parasitic loss if there is no copper coating at all. This fraction becomes

\ja,jac = 0.029 if 100% of the pipe is coated.
We next consider the effect of the quadrupole gaps to transverse coupled-bunch

growths.6 For the dipole mode, the wall currents flow in opposite directions on each
side of the beam pipe. Therefore, on approaching a gap, the dipole currents flowing
in the copper layer have the option of turning around in front of the gap or flowing
through the gap. The choice of the two paths depends on the resistivity of the gap and
the inductive reactance of the turn-around loop. The latter is linearly proportional to
the frequency under consideration. This picture can be represented by an equivalent
circuit with two resistors Zg and two inductors Lg as depicted in Fig. 2. The resistor
Zg is just the wall resistivity of roughly a quarter of the circumference of the gap,

irbtcrs

(6.2)

where g is the length of the quadrupole gap, Zo = 377 Cl, 6, is the skin depth of
stainless steel at the frequency / = nfo under consideration, and /o is the revolution
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frequency. Take the arc quadrupole as an example, where g = 1.35 m. We get

7.15 x 10~3 Si t<8,
Zg ~ (6.3)

{ 7xlO-3fi t<6, ,

The reactance of the inductor Lg is related to the change in image contribution
to the space-charge impedance at low frequencies, and is given by

ZL = juLg ~ = Jnjf = i"0.266 ft . (6.4)

The lowest frequency of interest is (v — m) times the revolution frequency, where m
is the integer nearest to the betatron tune v, because the most dangerous transverse
coupled-bunch mode is driven at this frequency. Taking v — 28.82 or n = \v — m\ =
0.18, the wall current Iw sees Zg and Zi in parallel, or an effective impedance of

Zw = 0.00699 + i0.00104 0. . (6.5)

We see that most of the wall currents will cross the gap instead of turning around.
This is different from the situation of the SSC. Here the main ring radius of not as
big. The lowest frequency considered \v — m\uio/2Tr = 14.1 kHz is not as low as that
in the SSC (where 0.36 KHz is considered). As a result, the inductive reactance of
the turn-around path is big compared with the wall resistivity.

The transverse impedance for the gap is given by6

where 72e Zw/4 s=s 0.430 Q for a total of 246 gaps. The copper-coated part of length
£c = 1816.32 m gives a contribution of

Z, = l ^ i , , (6.7)

with Z|[ = £c/2nbactc = 0.135 Q. for a copper layer of tc = 1 mil. If there is no
copper coating anywhere, Z\\ = R/bcr,t, = 5.07 Q. instead. Therefore, with the copper
coating and the gaps, the most dangerous transverse coupled-bunch growth is reduced
by 5.07/(2.67 + 0.135) = 1.8 times. The reduction is 17.7 times if there are no gaps
in the coating.
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VII. CONCLUSIONS

From the above analysis, we conclude that
1. A copper coating of thickness 1 mil will reduce parasitic heating due to resistive
wall by 34 times and transverse coupled-bunch growth by 18 times. But these two
factors reduce actually to only 1.9 and 1.8 respectively, because only the pipe walls
inside the dipoles are copper-coated.
2. A copper layer will lead to the flattening of the beam pipe as a result of the
eddy current during a quench, thus decreasing the external helium pressure necessary
to cause stress failure in the beam pipe. For a 1 mil layer, we expect the maximum
Lorentz pressure to be ~ 22.5 psi and the beam pipe will be safe if the external helium
pressure is kept under ~ 30 atm. There should not be much difficulty in maintaining
these limits.

3. A thicker copper layer will not improve the reduction in parasitic heating. It
will, however, lead to further reduction in transverse coupled-bunch growth [see for
example Eq. (6.7)]. But a thicker copper layer will carry more eddy current and lead
to higher horizontal Lorentz pressure during a quench. As a result, the allowable
helium pressure will be very much reduced.
4. If the thickness of the copper coating is uneven along the pipe circumference, the
keys positioning the beam pipe will suffer a Lorentz torque in the event of a quench.
Stress failure of the keys will ocuur when tce ss 0.47 mil. This implies an unevenness
limit of 47% for a 1-mil coating or 23.5% for a 2-mil coating.
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I. INTRODUCTION

In a toroidal beam pipe, a wave with a particular azimuthal variation travels with
different speeds depending on the distance from the center of the toroidal ring. For ex-
ample, if the beam travels with velocity 0c at a toroidal radius R, the electromagnetic
wave traveling with the beam will have a phase velocity r(3c/R at a radius r. When
this velocity exceeds c, the electromagnetic wave should be able to propagate. This
is because the toroidal beam pipe can be viewed locally as a straight waveguide, and
a phase velocity greater than c is precisely the condition for wave propagation. This
propagating wave will then interact back with the beam and a resonance occurs.1"4

The condition for this to occur is therefore5

2i, (1.1)

where J2+ is the radius of the outer edge of the beam pipe.
RHIC has a mean ring radius of R = 610.18 m and a pipe radius of b = 3.645 cm.

Therefore for a beam at the center of the beam pipe, such resonance will occur
when the beam velocity /? > (1 + b/R)*1 = 0.999940. At injection, protons and
gold ions have 0 = 0.99947 and 0.99680 respectively, so no toroidal resonances will
be excited. However, during collisions, protons and gold ions reach kinetic energies
of 250.7 GeV/amu and 100.0 GeV/amu respectively, corresponding to /? = 0.999993
and 0.999957. Therefore toroidal resonances will be exited.

These resonances are positioned at azimuthal harmonics of the order n3jo
2 ~ 8.1 x

106 corresponding to frequencies of ~ 620 GHz, where nco ~ O(R/b) ~ 4.0 x 104 is
the cutoff harmonic of the beam pipe. For a perfectly conducting pipe wall, a beam
at a particular radius r from the center of the toroidal ring may excite one infinitely
sharp resonance at one azimuthal harmonic nr which is an integer. The resonance
at the next harmonic nr< = nP + 1 will be excited by the beam particles at radius
r' which is very close to r. However, for a beam pipe with wall resistivity, each of
these resonances will have a azimuthal harmonic width of An which is of the order of
100. In order words, the beam at r will excite about 100 adjacent resonances which
overlap each other. What the beam particle sees will be a broad resonance which,
in principle, can drive a "microwave" growth. For this reason, the study of toroidal
resonances is meaningful and important.

II. TOROIDAL RESONANCES

Consider a beam pipe of rectangular cross section with width 2b and height h. The
beam is at the center of the beam pipe. The toroidal resonances can be divided into
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two series: the TM modes with vertical magnetic field vanishes and the TE modes
with vertical electric field vanishes. The resonant harmonics n = n™ or nj® are given
by solving

TM: Zn(qiR+) = 0 , (2.1)

or
TE • 7J {a-Rj-\ = 0 (2 2)

simultaneously with

In above,
Zn(qir) = Yn(q.;R-)Jn(qir) - Jn(qiR-)Yn(qir) , (2.4)

) , (2.5)

where Jn and Yn are Bessel function and Neumann function of order n, and R± = R±b
is the radius of the outer (inner) edge of the beam pipe, while i and k denote the
radial and vertical mode numbers characterizing the resonances.

The resonant harmonics n,t are in general very much bigger than the cutoff har-
monic which is of the order R/b. Then, to a high degree of accuracy, the solution to
Eqs. (2.1) and (2.3) or Eqs. (2.2) and (2.3) can be obtained simply by solving instead

K
R

where b+ is the radial distance from the beam to the outer edge of the beam pipe,
and — yi and —y,' are respectively the ith zeroes of the Airy function Ai(—y) and
its derivative Ai'(—y). Some lowest zeroes are y\ = 2.3381, y2 = 4.0879, • • • , and
yj = 1.0188, y'2 = 3.2482, • • • . In many cases (usually not the lowest mode), the
third term on the left side of Eq. (2.4) can be neglected so that ra,-* can be solved very
easily.

If we take 6 = h/2 = 3.5 cm, 7 = 268.2, and assume that the beam is at the center
of the beam pipe with radius R = 610 m (i.e., b+ = b and R = R), we obtain for the
lowest resonance, which is a TE mode, njp = 4.33 x 106 corresponding to a frequency
of /TE = 339 GHz_

Now wall resistivity is introduced as a perturbation. If we assume that the res-
onances are far apart (which is not true), the resonances become broadened with
figures of merit

Q™ « A - and Q™ « f* (l - Z) , (2.7)
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where So, is the skin depth into the pipe wall,

b . _1_
27

217=3 5 and a = ^
- I)2

(2-8)

Although a/77 *s no*; negligible, it is usually small for higher modes and at high
energies. This particular dependence of Q™ on h and that of Qjk

E on b arrive from the
fact that mostly the upper and lower planar walls of the vacuum chamber contribute
to the TM modes and mostly the outer curved wall contributes to the TE modes.

The shunt impedances per unit harmonic are given by

ZsH

n
»fc h3b

dZnJdx

M™

beam

nfk

TM,

TE.

(2.9)

In above, Z$ « 377 fl, Znik(qir) is considered a function of x denned by r = R 4- bx,
and the normalization constants for the TM and TE modes are given by

Yn(giR_)y
Yn(qiR+))

_ 1
J

The lowest TM and TE toroidal resonances for stainless steel wall conductivity
a = 2.0 x 106 (fi-m)-1 at 7 = 268.2 and 123.0 are listed in Table I. The former
corresponds to the top energy of protons while the latter corresponds to the top
energy of copper ions. Due to the incompetence of the computer program library,
we have not been able to compute the resonances at 7 = 108.4 that corresponds to
the top energy of gold ions. This is because the velocity 0 = 0.999957 is too close to
the resonance requirement of 0 > 0.999940 given by Eq. (1.1). However, it is clear
that at this 7, the resonant frequency will be much higher and the impedance much
smaller.

The resonance at harmonic next to nJk
E (or nfk

E + 1) will be excited by the beam
particles traveling at radius R + AiJ, where AR is given by

2 [ b R3 it2<

3 [nik n3
k

which gives 1.63 X 10~9 m for the lowest TE mode. This implies that for a beam of
transverse width 1 mm, about 6 x 105 adjacent resonances will be excited. The lowest
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fik

n

n eff

7 = 286.2

TE

4.33 x 106

3.39 x 102 GHz

6.08 x 104

2.69 x 10-2 ft

1.92 ft

TM

8.36 x 106

6.54 x 102 GHz

7.95 x 104

2.16 x 10~3 ft

0.227 ft

7 = 123.0

TE

8.61 x 106

6.73 x 102 GHz

5.42 x 104

5.57 x 10-4 ft

0.0885 ft

TM

2.21 x 106

1.73 x 103 GHz

1.29 x 105

3.90 x 10~8 ft

6.66 x 10"6 ft

Table I: Impedances and positions of the lowest TE and TM modes

resonance has a width Anjf = "nE/QnE = 71.2. In other words, the particles at
each toroidal radius will excite about AnJjE = 71.2 adjacent resonances. Since they
overlap, the result is a broad band with an effective impedance per harmonic seen by
the beam

%l~ (%)*»-fit- (2-12)
which turns out to be independent of the wall resistivity. Since all these resonances
overlap by so much, Eqs. (2.7) and (2.9) may not be correct at all. However, we believe
that Eq. (2.12) should give us a reasonable estimate. These effective impedances per
harmonic are listed in the last row of Table I. We see that the largest effective Z/n is
only about 2 ft which may be too small to excite any "microwave" growth.

I I I . LOW-FREQUENCY EFFECTS

The azimuthal electric field seen by the particle beam inside the toroidal beam pipe
at low frequencies has been computed.4 At zero frequency, the longitudinal coupling
impedance per unit harmonic is the ordinary capacitive space-charge impedance that
varies inversely with 72. At higher frequencies, the next term in Z/n is of the order
n2b/R for n2 <C R/b. This term may be important because it is a result of the
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curvature of the toroidal beam pipe and does not necessarily have a factor of 72 in
the denominator. This term is currently under computation. The final result will be
discussed and published elsewhere.

REFERENCES

1. L.J. Laslett and W. Lewish, Iowa State Report IS-1S9, 1960.
2. A. Faltens and L.J. Laslett, Proc. of the 1975 ISABELLE Summer Study, July

14-25, 1975, p.4S6.
3. K.Y. Ng, Fermilab Report UPC-150 (1981).
4. K.Y. Ng, SSC Report SSC-163 or Fermilab Report FN-477, 1988; to be published

in Particle Accelerators.
5. Most of the formulas in this paper are derived in Ref. 4.

- 408 -



Group 4: Instability Group

Coupled-Bunch Instabilities in RHIC

Eugene P. Colton, E. Gianfelice
and J. Bisognano



COUPLED-BUNCH INSTABILITES IN RHIC

E. Colton
Los Alamos National Laboratory

Los Alamos, NM 87545

E. Gianfelioe
Naples University

Mostra d'oltremare pad 20
80125 Napoli, Italy

J. Bisognano
CEBAF

12070 Jefferson Avenue
Newport. News, VA 23606

1 Introduction

During the RHIC workshop we were only able to consider the case of gold ions. We
used the program ZAP1 to evaluate the coupled-bunch modes for the case of 57 equally
spaced bunches with the Sacherer-Zotter formalism assuming parabolic bundles. The
sources of coupling impedances assumed were space charge, resistive wall, broadband,
and rf cavity fundamental and parasitic modes. Generally the studies assumed a stain-
less steel vacuum chamber, but we did perform a comparison run using a stainless steel
chamber internally coated with a thin cold copper layer. These latter investigations
were motivated by the proposal for coating which would reduce parasitic wall heating
in the vacuum chambers in the h-.^erconducting dipoles.

Investigations were carried out at both injection (kinetic energy of 10.7 GeV/amu)
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Table 1: Fixed Machine Parameters (RHIC)

Circumference
Betatron Tunes Qx, Qw

Average f3x,(Su

Beam Piĵ e Radius
Transition Gamma

Ion Charge
[on Atomic Mass Number

Mass per anni
Number of Bunches

Number Ions per Bunch

3833.87 m
28.826, 28.822

55.5 m
36 mm

25.4
79
197

0.93126 GeV
57
109

and at final energy (kinetic energy of 100 CJeV/amu) for gold. For the former case we
used the design harmonic 342 rf system consisting of six cavities, each providing 200 kV.
Higher-order modes were provided during the workshop and they were incorporated in
the runs. At the final energy we considered both the h=342 system, and a proposed
h=2736 system with higher-order modes taken from measurements at C'ERN;2 in this
latter case the net rf voltage was 15 MV. In Table 1 we list the energy independent
parameters used by ZAP.

2 The Effect of a Cold Copper Coating on The In-
side of The Stainless Steel Chamber

Studies of transverse resistive-wall instability were carried out solely at the injection
kinetic energy (10.7 GeV/amu). The machine was unstable for the rigid dipole modes
(a=0) at the lowest frequencies f=(n k(, -I- s + Qv)fo where k(, = the number of bunches
(57), n=-l , s < 28 and f0 is the revolution frequency of 78 kHz. Table 2 lists the-
fastest growth rates for (a) a stainless steel chamber, and (b) a stainless steel chamber
with a thin (25 micron) deposit of cold copper on the inner wall. As usual the growth
rate (1/t) is the imaginary part of the complex frequency shift Au;j"a. The explicit
formulas for the frequency shifts are presented in the appendix.
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Table 2: Transverse Resistive-Wall Growth Rates

s

28"
27
26
25
24

/o

0.178
1.178
2.178
3.178
4.178

IinAw^ (sec - 1)
ss

23.66
9.04
6.57
5.35
4.58

ImAu)^ (sec -1)
ss with cc

0.66
0.25
0.18
0.15
0.13

The program ZAP assumes a wall thickness of one skin depth. One should use
the minimum of the skin depth or the actual wall thickness (1.65 mm); therefore the
growth rates for s=28 (appearing in Table 2) have to be increased by about a factor
of 1.8. Thus the modified growth rates for s=28 are 43 sec"1 for stainless steel and
1.32 see""1 for a cold copper coated chamber. We realize a factor of approximately 33
improvement by using a cold copper coating on the inside of the vacuum pipe around
the entire circumference.

3 Studies of the Transverse Coupled-Bunch Insta-
bilities

In all cases we took the vacuum chamber to be stainless steel I.hroughout in RHIC and
to have a beam pipe radius of 36 mm. Contributions to the coupling impedance were
taken to arise from space charge, resistive wall, broadband, and higher-order parasitic
cavity modes. The higher-order modes as calculated by URMEL3 are listed for the six
h=342 cavities in Table 3; these are the dominant parasitic modes.

The chromaticities were set to zero in the ZAP runs. Initially we considered the
case at injection energy. The parameters for the runs are the mis geometric emittance
area 1.33 TTX 10~7 m, the rms relative momentum spread crp of 6.8 10~4 and the mis
bunch length <Tz of 0.61 m. The small amplitude synchrotron tune Q, is defined by
| T\ j R (Tp/o-f where ?; = 7f~

2 — 7 - and R. is the avera.gr radius of the machine. We
find Q, = 3.3 x lO"3.
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Table 3: Transverse Parasitic Modes Used in ZAP for the h=342 System

Ljr(lQ
6radians/sec)

2851

3123

3401

3666

3899

4132

4408

4707

4974

5366

RT (Mohm/m)
2.04

3.60

5.40

6.30

6.00

7.50

9.60

10.50

7.20

1.62

Q
15900

15600

14700

13800

12600

13800

15600

16200

14700

17100

It turned out that the motion was unstable with growth rates as given above in
Table 2 for stainless steel. The resistive wall contributions are dominant. The space
charge term gives rise to a significant real frequency shift Re Au> 0̂ — 1.63 x 104. The
Landau damping calculation is not performed in ZAP for the coherent dipole mode in
the Zotter formalism. Therefore we redid the calculations assuming a Gaussian bunch
using the Wang formalism; if we include a nonlinear tune spread <TQ of 5X 10~2, then the
rigid dipole motion is stabilized for all frequencies. This condition is simply | Au>^a | <
0.7776 OJQCTQ- We cannot rely on tune spread from a nonzero chromaticity to stabilize
the beam because the time for one synchrotron oscillation is 3.9 msec, much shorter
than the fastest growth time of 42 msec (see Table 2). The tune spread quoted above
(5 x 10~2) is a bit excessive. The preferred solution is a low-frequency transverse
damper.

Identical studies were carried out at the final kinetic energy of 100 GeV/amu using
the h=342 rf system with 1.2 MV/turn and the higher-order parasitic modes given in
Table 3. In this case the mis geometric emittance area was 1.54 TTX 10~8 m, <TP was
3.3 x 10~4, at was 0.478 m, and Q, was 0.62 x 10~3. The growth rates and real
frequency shifts for the fristest instabilities are presented in Table 4. Again these are
for the rigid-dipole mode only. The values for the growth rates at s=28 should be
multiplied by 1.8 (see above).
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Table 4: Transverse Coupled-Bunch Instability Growth Rates at 100 C4eV/amu with

h=342 System

s

28

27
26

25
24

X
h

0.178
1.178
2.178
3.178
4.178

Re Aw£0

(L/sec)

185
186

187

187
187

ImAu^o
(l/secJ

2.73
1.04
0.76
0.62
0.53

The situation at higher energy is improved over the results seen at the injection
kinetic energy of 10.7 GeV/ainu - the growth times for instability are a factor of 8 2/3
longer and the real frequency shifts are down significantly. In fact, stabilization can
be achieved with an rms tune spread erg of 0.5 x 10~3. Of course, we might as well
utilize the transverse damper which appears to be required at the injection energy.

As stated above we explored the situation with the li=2736 rf system operating with

15 MV. The higher-order parasitic modes were assumed to be identical to those of the

CERN design which incorporated 200 MHz cavities with two coaxial higher-order mode

couplers.2 Table 5 lists the transverse parasitic modes used in the ZAP calculations

(assuming 15 cavities with 1 MV each).

The values of the shunt resistances represent the most pessimistic values expected,

namely that all cavities are identical. The ZAP runs were carried out for the h=2736

system. The h=342 system is assumed to be transparent (shorted out?) in these

studies. As before we consider impedance contributions due to space charge, resistive

wall and the parasitic cavity modes given in Table 5. We also included a broadband

Q=l resonator with peak Zj|/n=10 ohms; the peak is at an angular frequency u;=c/b

where b is the beam pipe radius (36 mm). The conversion to a transverse impedance

is performed via the usual relation Z±— (Z||/n) x 2R/b2. The new longitudinal

parameters used were <rp= 1.055 x 10~3, ^=0.149 m, and Q,=6.33 x 10~3. The results

for the growth rates were essentially identical to those shown in Table 4. However

the real frequency shifts obtained were of the order of 600; the rur was repeated for

Gaussian bunches with resulting frequency shifts of I he order of 475. An nns nonlinear

tune spread CTQ °f approximately 1.25 x 10"'J is sufficient to provide Landau damping.
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Table 5: Transverse Parasitic Modes Used in ZAP for the h-2736 System

(xlO6

radians/sec)

2482

3211

3280

3625

4254

4279

4442

4769

RT
(Mohm/m)

25.65
17.55
S.55

1.33

8.10

13.65

3.82

0.82

Q

1900

2600

1900

890
3600

1400

5100

1100

4 Studies of the Longitudinal Coupled-Bunch In-
stabilities

The analysis closely parallels that given above for the transverse modes. The bundles
are assumed to be parabolic with the complex frequency shifts being calculated us-
ing the Sacherer-Zotter formalism. The imaginary part of the frequency shift is the
growth rate of the instability (1/t). The relevant formulae are contained in the ap-
pendix. Contributions to the longitudinal coupling impedance were assumed to arise
from a stainless steel resistive wall throughout, longitudinal space charge, the rf cavity
fundamental, an equivalent broadband Q=l resonator with angular frequency u>r=c/h,
and assumed rf cavity parasitic modes. The broadband impedance Z||/n was chosen
for each run. The possible frequencies of unstable oscillations are f=(p kf, -f- s + a Q3)fo
where kf, is the number of bunches (57), p is any integer, s is an integer 0 < s < kj, —1, Q,,
is the small amplitude synchrotron tune and a is the oscillation mode; a=l for dipole
motion, a=2 for quadrupole motion, etc.

The first runs were at the injection kinetic energy of 10.7 GeV/amu for gold. The
fundamental rf system was assumed (h=342) with an initial rf frequency of 26.657 MHz.
The input parameters are as in Table I with those used above for the transverse case:
rms geometric emittance area of 1.33 x 10 ~' K in, <x,,--6.S x 10~4, and <7f--0.61 m. The
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Table 6: Longitudinal Parasitic Modes Used in ZAP for the h=342 System

(x 10s

radians/sec)

508
856
1192

1830

1847

2204
2579

2959

3337

3698

R.
(Mohms)

5.85

2.79

1.46

0.95

0.79

0.69

0.60

0.55

0.51

0.47

Q

5633

6933

7730

8767

10433

12120

13400

14333

14867

14600

total shunt resistance for the rf fundamental was 16.62 Mohni with a loaded Q=3967.
The higher-order parasitics were obtained from the URMEL run described above - they
are listed in Table 6 (assuming six cavities carrying 200 kV each at the fundamental).

The results of the ZAP runs are presented in Table 7 for the modes with the largest-
growth rates for longitudinal coupled-bunch instabilities. The results are shown only
for coherent dipole motion (a=l); the broadband Zy/u was taken to be 0 ohms for this
case.

Table 7: Longitudinal Coupled-Bunch Instability Results at Injection Energy in RHIC

s

16
46
18
45
10

Re A<,
(1/sec)
77.3
-42.4

107.3
100.4
2.5

ImAw^
(1/secj
47.95
31.62

22.01
5.46
5.27
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Table 8: Longitudinal Coupled-Bunch Instability Results at 100 GeV/amu Using the
h=342 System

s

8
33
55
34
54

Re AwJ,
(1/secj
-4.60
27.11
-5.21
-11.18
10.22

(1/secj
70.4
23.8
3.1
1.6
1.5

The instability results for the five fastest frequencies indicate that the beam is gen-
erally unstable with worst case growth times of approximately 21 msec. Furthermore
we have rerun ZAP with just one parasitic resonator but with variable frequency so as
to lock on directly to an integral multiple of the revolution frequency; we used the first-
one listed in Table 6. The fastest mode had s=46 and the growth rate increased from
31.62 to 340.1. Thus we can expect that in the worst cases some of the growth times
could be up to 10X worse than the values shown in Table 7. Unfortunately the bunch
length is too small to provide enough synchrotron tune spread for Landau damping of
the instabilities. The test for Landau damping used in ZAP requires that

(
16 V R

for the coherent dipole mode - for the present conditions this means | Awji | < 5.9 for
damping to occur. For satisfactory operation feedback would be required as well as
running in between the parasitic frequencies.

Moving up to the top kinetic energy of 100 GeV/amu, we repeated the same studies
with the same rf system including the parasitic modes listed in Table 6. This time the
rms geometric emittance was taken to be 1.54 x 10~8 n m, <rp=3.3 x 10~4, cr,.=:0.478 m,
and the resulting synchrotron tune Q, = 0.62 x 10~3 for a peak voltage of 1.2 MV. The
results for the rigid dipole motion are presented in Table 8. As above we present, the
cases for the five fastest growth rates. The broadband Z||/n was taken to be 0 ohms.
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Table 9: Longitudinal Parasitic Modes Used in ZAP for the h-2736 System

(x 10s

radians/sec)

1923

2802

3393

3764

4725

5020

5328

6183

R,
(Mohm)

0.960

0.165

0.060

1.515

0.008

0.210

0.075

2.355

Q

4000

1400

540
7200

520
1100

4700

26200

We see that the motion is again unstable, due primarily to the parasitic modes with
fastest, growth time of the order of 14 msec. The first, resonator listed in Table 6 is di-
rectly responsible for this case: The frequency of the resonance being f=(18*57 + 8)* fo.
As we saw above for the injection energy, there is still insufficient, synchrotron frequency
spread to provide Landau damping against these instabilities; the ratio of the areas of
the bunch to bucket are just 0.1 at the end of acceleration. The requirement for Lan-
dau damping is | Au^j | < 1.37, but the computed value of | Aw,,! | is 74 for the worst
case (s=8).

Next we consider the longitudinal stability for inclusion of the high frequency rf
system, which is the h=2736 system at the top energy. The fundamental rf frequency
is 213.933 MHz and the assumed net voltage is 15 MV (peak); t're total shunt resistance
is 130.575 Mohm and the Q is 46800. We tacitly assume that the low frequency rf
system is transparent (nonexistent) for these calculations. The higher-order parasitic
modes are adapted from the CERN work2 and are listed in Table 9 (the numbers refer
to 15 cavities with 1 MV each).

The values of the shunt resistances again represent the pessimistic case where all
cavities are identical. The ZAP runs vvere carried out as described above and we first
performed the runs assuming a broadband Z||/n of 0 ohms. The results for the rigid
dipole motion (a=l) for the five fastest growth rates are listed in Table 10.
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Table 10: Longitudinal Coupled Bunch Instability Results at 100 GeV/amu Using the
h=2736 rf System

s

23
38
24
45
22

Re Awjj,,
(1/secj

72.8

-o.s
-5.0

-l.fi

0.2

ImAwi1!
(1/secj
4.3 (d)
3.4 (d)
2.4 (d)
1.6 (d)
0.9 (d)

All of the instabilities are damped (d) by synchrotron frequency spread by virtue of
the increased ratio of bunch/bucket area. We increased the broadband Zy/n in steps
until the damping was lost because of increased values of Re(Au>3|1); when Z|j/n is in
the range of 5-10 ohms (and above) the damping is lost. According to Table 10 the
growth rates for the rigid dipole modes are of the order of 17 times smaller than those
for the case of the h=342 rf system.

5 Discussion

The comments which follow are strictly true for RHTC with a fill of 5.7 x 1010 gold
ions; a repeat of our analysis with protons needs to be performed.

With regard to transverse coupled-bunch instabilities it appears that the worst case
growth rates are generated by the resistive wall instability. A low frequency transverse
damper is recommended for stabilization. Use of a cold-copper coating on the inside
of the stainless steel vacuum chamber reduces the growth rates by a factor of roughly
30 if we assume a coated chamber around the entire circumference.

The situation in regard to the longitudinal coupled-bunch instabilities is not quite
so clear; assumption of parasitic modes for as yet unbuilt, cavities entails some amount
of uncertainly. Nevertheless one has to respect the potential harm of these narrow
band "resonators." One should endeavor to keep the broadband Z|j/n to a low value
for the ring, say of the order of a few ohms. There appears to be a negative aspect

- 420 -



of using the h=342 system of six cavities with 200 kV each as described in the RHIC!
proposal, namely that the ratio of bunch to bucket area is too small to provide Landau
damping against the worst instabilities. More recent developments may change this
scenario in the future and these coupled bunch analyses will have to be repeated. The
higher frequency rf system affords ample synchrotron frequency spread so as to Landau
damp the worst modes, as long as we maintain a modest strict impedance budget. In
any case we should assume that some longitudinal dampers will be necessary in RHIC.
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APPENDIX

Calculation of the Complex Frequency Shifts

All of the information in this appendix was obtained from the ZAP users manual1.

Longitudinal Coupled-Bunch Instability:

The various impedances in the ring, especially the narrow-band (high Q)
resonances of the rf cavity parasitic modes will excite coupled-bunch normal
modes of the beam. The unperturbed modes of the beam have angular
frequency u>p = (p kt, + s + a Q,)o;o where p is any integer, kb is the number
of bunches (57 for RHIC), s is the longitudinal mode number 0 < s < k(,-l, a
represents the motion in longitudinal phase space (a=l for the rigid-dipole
mode, a=2 for quadrupole, etc), and Qa is the small amplitude synchrotron
tune. The revolution angular frequency u>0 = /3 c/R where R is the effective
machine radius (610.18 m). In the beam frame the frequency of mode
(s,a) is aQ,u0 = aw,. Interaction of the beam with the ring longitudinal
impedance Z||(w) causes a complex frequency shift Au)3|J. The real part of
Au},ia is the real coherent frequency shift. If the imaginary part of Au/|a is
positive, then the beam is unstable with growth rate equal to Im(Au>Ja).

Following the ZAP users manual we write the complex frequency shift

e / /

where lb is the bunch average electrical current. (I*, —N b q e f0), r\ = 7t~
2—y~2,

L is the total length of a. bunch (L=2 \/2 a( a parabolic bunch), E4 is the
total relativistic energy of the ion in question, and the effective longitudinal
impedance calculated as
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(2)

We use the Sacherer-Zotter formalism with this approach. The spectral
power densities are given by

I)"

The impedances indicated in Eq. A2 are the standard ones appropriate to
space charge, resistive wall, broadband, rf cavity fundamental and high-Q
resonators.

• Transverse Coupled-Bunch Instability:
In this case we restrict ourselves to the rigid-dipole motion only (a=0). The
unperturbed modes, when observed in the laboratory at a Jixed location, will
have angular frequencies given by uy,1 = {p k'h+s + Qt/)uj0 where Qw represents
the transverse betatron tune. In the beam frame the frequency of mode
s,a will be u>0=Qj,u>o- The perturbed frequency of coherent oscillation is
modified from the unperturbed value by the complex frequency shift -^u^0

caused by the ring transverse impedance Zi(w;^). The frequency shift, is
given (for a parabolic bunch in the Sacherer-Zotter formalism) by

0

where the effective transverse impedance is obtained using

4 )

The quantities in Eq. (5) are given by

and

£ = QJidp/P)

Here ho(u>) is the same bunch mode spectrum defined for the longitudinal
case, except, that it. is shifted by the chromatic frequency u>£.
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To examine one aspect of the feasibility of suppressing transverse coupled-bunch motion, an

estimate of the kicker power and bandwidth will be made. We expect that large power will not be

required, so that the kicker electrode need not provide maximum coupling. This also reduces its

contribution to the beam impedance, which is calculated at the end of this paper.

As an example kicker structure, select a pair of "capacitive" strips resonated external to the

beam tube to provide the bandwidth needed to accommodate real-time bunch-by-bunch feedback

(see Fig. 1).

t
2b

i

WQJ
XBL 886-2249

Fig. 1

With 57 bunches, the mimimum bandwidth needed is 57 fo/2, where f0 is the bunch rotation

frequency, 78 kHz. But extra bandwidth eases the design, so we could provide
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Af = 57 f0.

We can choose to operate at a convenient frequency, f, away from the accelerating rf frequency. If

we take 50 MHz, we would have

f=50MHz

Af = 4.45 MHz

and the kicker must be tuned to have a loaded Q of

QL = f/Af= 11.25.

Let the electrodes be strips of length 1 = 0.5 meter, eacli with characteristic line impedance

Z L = 50 £2 and surrounding the beam with a combined coverage factor g = 0.5.

We shall calculate the power from the equation1

p _ _

in which

(M

where Ap_j_ is the transverse momentum kick per tum imparted to a particle of charge q and

ko = 27tf/c = 1.047 m-1

b = half-aperture between plates = 0.04 m.

These values give the transverse shunt impedance

RiT2 = 8.6 x 104 Q.

To damp (or overcome growth) at a rate 1/t with initial amplitude x0, we need on average a

corrective kick per turn of

Ax = - Xo/foT.
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If the betatron function at the kicker is $±, this requires a peak transverse momentum kick per turn

of

= V2" p Ax/0 , = -

and the kicker power is

p =

For gold ions at injection, assume

pPc -i

Pif,

= 29 GV
q

Pi=100 m

Xo= 1 mm

to obtain P = 1.6 x 10"4/!2 watt. Using example damping times we have

x
(ms)

1

10

20

P

(W)

160

1.6

0.4
At full energy, the required power is expected to be comparable to this, or less, because a

smaller initial amplitude and slower growth rates should offset the larger momentum. The initial

amplitude at low energy may be greater than 1 mm if the feedback is asked to correct injection

errors.

The transverse beam impedance of this kicker would be

Z i = R±T2 ko/2 = 0.045 Mfl/m

at 50 MHz with Af = 4.5 MHz. This value could be reduced by using a less efficient kicker, at the

expense of power.
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I. INTRODUCTION

The miscellaneous components of an accelerator may contribute a substantial or
even dominant part of the interaction between beam and surroundings. We have
estimated the beam impedances of a few of these components. When needed, we have
added our own conceptions to the descriptions available at the Workshop on the RHIC
Performance in order to make definite the calculations of impedance. These assumed
parameters, while not unique, hopefully illustrate feasible and typical designs.

II. BEAM POSITION MONITORS

The beam position monitors in the RHIC main ring are of stripline split cylinder
type. Each stripline is of length £, subtends an angle <f>o at the beam axis, and is
terminated at both ends by impedances Z3, the characteristic impedance between
the stripline and the beam pipe. Below cutoff frequency, the longitudinal coupled
impedance for one monitor system consisting of two striplines is1'2

(2.1)

where U)/2TT is the frequency under consideration. The coupling impedance in the
transverse direction between the striplines is2

•_2 VO rr (r, r)\

sm —Z\\ , (2.2)

where 6 is the radius of the beam pipe, c is the velocity of light, and Z\\ is given
by Eq. (2.1). The coupling impedance in the other transverse direction vanishes in
this model. However, a contribution may arise at higher frequencies as a result of
resonances in the realistic situation.

In RHIC, Z, = 50 ft, I = 20 cm, b = 3.645 cm, and <f>Q ~ TT/2. For frequencies

(2.3)
vSVI £,'11 {.

Eq. (2.1) can be simplified to

(2.4)

Here R = 610.18 m is the mean radius of each RHIC ring, and n = w/cuo, where wo/27r
is the revolution frequency. At higher frequencies, Z\\ alternates between inductive

- 436 -



and capacitive and there is a contribution of the real part too. However, there are no
resonances.

There is a total of 250 beam position monitors in each ring. Therefore, the total
contributions are

-Jl = jO.512 ft , (2.5)
n

and
Z± = jO.381 Mfi/m (2.6)

in each of the two transverse directions.

I I I . BELLOWS

The RHIC bellows are of the inner type. The longitudinal and transverse coupling
impedances can be derived by running TBCI and taking Fourier transforms.3 The gen-
eral behavior corresponds to two broad resonances above cutoff frequency, as shown
in Fig. 1. Analytic results can be inferred4 by describing these broad resonances with
the formulas

J
and

££ (3-2)
where the positions of the resonances, u>T, are roughly the same, the quality factor Q
is ~ 3 to 5, and R\\ and R± are the respective shunt impedances. The next resonance
will be at ~ 3wr; it is heavily damped, and can therefore be neglected.

If the beam pipe has a radius b and each corrugation of the bellows has a depth
A, we can imagine the resonance is formed inside the corrugation with a wavelength
27rc/u>r « 4A. Because the frequency U?T/2TT is above cutoff (because A < 6 in most
cases), the resonant fields will leak out of the corrugation, cling to its opening, and
effectively increase the corrugation depth. Also, with the presence of many adjacent
corrugations, closely spaced, the fields will link across several corrugations resulting
in further lengthening of the effective corrugation depth. An examination of bellows
of different sizes gives, for corrugations with A/& < 0.5 and A > 0.25 cm, an empirical
formula

Since the exponent is small, Eq. (3.3) can be interpreted as the lowering of u>TA/c
from 7r/2 to 1.37 due to the apparent elongation of A by the leaking fields.
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The ratios of shunt impedances to quality factors are related to the low-frequency
behavior of the impedances. From Eqs. (3.1) and (3.2) at zero frequency, we get

—jr and 2mZ± = — ,
nTQ Q

(3.4)

where u>r = nTu>o- On the other hand, from the low-frequency magnetic field trapped
inside a narrow cavity, we obtain5

2mZ± =
2gZ0 S

2 -

u>
(3.5)

where ZQ = 377 Q, g is the gap width of one corrugation, and 5 = H- A/6. The impe-
dance for many corrugations is roughly the impedance of one corrugation multiplied
by the number of corrugations.

For the RHIC main ring, there are three possible options, of different depths A and
lengths £, for roughly 500 bellows. The total widths of the corrugations will be taken
as tji for each bellows. These different options and their corresponding impedances
are listed in Table I.

Bellows

Option # 1

Option # 2

Formed

Depth A

(mm)

4

6

9

Length £

(cm)

10.1

9.0

12.9

Resonant Freq

(GHz)

14.6

9.93

6.76

2rn Z\\ R\\
n nrQ

(ft)

0.517

0.674

1.400

Rx

±~ Q

(Mfl/m)

0.473

0.615

1.27

Table I: Impedances for different options of bellows.

The cutoff frequency for a pipe radius of 6 = 3.645 cm is 3.15 GHz. We see from
Column 4 that the broad resonance for each bellows option is situated well above
cutoff. The 5th column gives 1m Z\\jn at zero frequency and R\\/nTQ at the peak
of the resonance for a total system of 500 bellows, while the transverse counterparts
Tim Z\_ at zero frequency and Rj_/Q at the resonant peak are given in the 6th column.
The "formed" option gives the highest impedances.
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Parasitic heat loss due to the bellows is given by"1'6

where M is the number of bunches each containing N particles of charge

fen = — / due «""«*-' ToeZii

(3.6)

(3.7)

is the energy loss factor, and Z\\ is the longitudinal coupling impedance for all the
bellows corrugations in one ring. The rms bunch length is 8.6/\/6 = 3.51 ns or
<Tt = 105 cm. Thus a = urat}c = 322, 219, and 149 respectively for the three bellows
options. Since a ^> 1, using Eq. (3.1), the energy loss factor can be approximated by

(3.8)

There are M = 57 bunches per beam, each containing 1 x 1011 protons of unit charge
or 1 x 109 gold ions of charge Z = 79. The power losses to the bellows per beam
are computed for the three bellows options and are listed in the second and third
columns of Table II. We see that the parasitic heat loss to the bellows is not big. This

Option # 1

Option # 2

Formed

Low rf

Proton

(watts)

0.043/Q

0.082/Q

0.25/Q

Gold

(watts)

0.027/Q

0.051/Q

0.16/Q

Highrf

Gold

(watts)

9.2/Q

18/Q

54/Q

Table II: Parasitic heating to the bellows per beam.

is mainly due to the long bunch length and the small number of bunches.
There is a suggestion to run RHIC at a high rf of 214 MHz (harmonic number

8 times bigger) at the high energy end. There, the bunch length for gold ions is
at as 15 cm. Then a = 45.9. 31.2, and 21.2 respectively for the three bellows options.
Since a ^ 1. Eq. (3.8) can still be used. In other words, the loss factor k^ scales as

- 439 -



at
 3. Assuming that the number of bunches will remain at M = 57, the power losses

to the bellows per beam are shown in the last column of Table II. They are very much
larger.

IV. ABORT KICKER

The abort kicker is a large ferrite magnet that may introduce substantial beam
impedances at low frequencies. A conductive liner may be provided to reduce coupling
at high frequencies. Also, to reduce magnetic flux that could encircle the beam entirely
in the ferrite, the yoke should be divided on the vertical midplane with a copper sheet,
making essentially two facing C-magnets. It is assumed that the kicker will be in two
sections, each built as a traveling-wave device with velocity v and line impedance Zs.
Assumed geometry and parameters are shown below. (See Fig. 2, where the kicker is
shown without a liner.)

2 magnets, each of length
opening height
opening width

possible orbit offset
thickness of copper sheet

line impedance
traveling-wave velocity

rotation frequency

I
2a
26
X

w

z,
V

= 6 m
= 40 mm
= 80 mm
= 3 mm
=̂  5 mm
= 15 ft
= 0.04c i
= 2ir 78 x 103 Hz

Even with the copper barriers, flux may leak around their edges. An estimate of
the inductance of the two yokes from this leakage is

Z w 2 ^ I n . ( 4 . l )
lit 2w x J

This contributes to the imaginary part of Z^, for the assumed dimensions

= 2.162 ohm . (4.2)

Coupling to the power supply and terminating resistors introduces longitudinal
impedance, unless the orbit is horizontally centered in the aperture. This impedance,
at frequency W/2TT, is7'8

1 (u>fioexsink£/2\2

^ * = w / v ' (4-3)
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or
/fxox\2 sin2ki/2

) ki{2

= 0 . 0 4 1 8 ^ ^ ohm, (4.4)

~ReZn kt-smkt

n n

= 0.0418 (l - S^] ohm . (4.5)

The shielding effect of the conductive liner is limited by the amount of delay and
distortion in the kicker field that is tolerable. That delay At, relative to the risetime
r is approximately

where L is the magnetic inductance, L' is the leakage inductance between liner and
winding, 7£, is the surface resistivity of the shell of radius 6, and r is taken as about
1 /xsec. If L' = L/W, perhaps we could tolerate

which gives for 72, the value of 0.1 £2/square. The contribution, then, of this thin
resistive layer to the beam impedance at low frequency is

Z|( » 271 , -^ - = 9.6 fl , (4.8)

or
<7..< t\

and

= 0.75 x 10 6 / / fi , (4.9)

Z|| = 0.57 x 101 2 / / ft/m , (4.10)

where / in Hz is the frequency under consideration.
These liner impedances combine in parallel with those of the kicker magnet. There-

fore, the reactive impedance of the yoke will dominate the total longitudinal coupling
up to about 1 MHz, beyond which the liner impedance controls. The coupling to the
external circuit is small relative to these. The longitudinal impedances are sketched
in Fig. 3.
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To calculate the transverse coupling to the external circuit, use8

= 2 ^ ( 1 - cos hi) = 1-414 ^ ^ ' " J Mfi/m , (4.11)

sinU\ . .,.(. sinki

These impedances, combined with that of the liner, are shown in Fig. 4. Here, the
liner controls the impedance from about 0.5 MHz upward.
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Fig. 1 Schematic plots of longitudinal and transverse bellows impedance.
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Fig. 2 Abort kicker schematic.
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Fig. 3 Longitudinal Impedance of Abort Kicker Magnet

- 445 -



I
N~

2 3 4 5

f(MHz) XBL 886-2248

Fig. 4 Transverse Impedance of Abort Kicker Magnet
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The purpose of this note is just to put these commonly used formulas into the
proceedings. Most of the information already exists in the form of internal notes
written by H. Halm.1'2 I have defined the formalism also.3 First of all, we do not
consider the effects of longitudinal space charge; they are insignificant except for the
booster injected with 3 x 1013 protons at 200 MeV kinetic energy. Second, we ignore
any beam-loading effects. The harmonic number h is defined as the ratio of the cavity
radio frequency to the particle revolution frequency

where /3 = pc/E with E the total relativist.ic energy of the ion in question and E = 7 Eo A.
The quantity EQ is the rest mass energy of one atomic mass unit (amu) and A is the
atomic mass number of the ion. We can also write E = (T + Eo)A where T is the
kinetic energy per amu. We next define

7? = « p - 7 ~ 2 (2)

where the momentum compaction factor «,, is obtained from an integration around the
accelerator.

D .
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where D and p are the local dispersion and radius of curvature, respectively. We
commonly define the transition 7 by yf~ — «p. The peak cavity voltage is V and the
total ion charge is qe. With the above definitions we proceed to write first the small
amplitude synchrotron tune

The motion of ions in longitudinal phase space appears as in Fig. 1. Here I show
trajectories of two ions. The coordinates plotted are cj> and dp/p; <f> is measured in
units of rf phase relative to the synchronous waveform. The outer trajectory in Fig. 1
is the separatrix; the area contained within this curve is directly proportional to the
single bucket area which is given by

nc

in eVs units. The total bucket area available in the machine is hS;,. The half-bucket
height is expressed as

dp 1 dE 1 f 2qeV V1/2

p j32 E /3 [ n h \ r i \ E

The parameter <f>a appearing in Fig. 1 represents the maximum 4> value experienced
by the given ion. I have calculated some relative quantities which can be of use:
(i) Ra which is the ratio of the area swept out by the particle with (j> = 4>a t° that of
the separatrix (cf> = n); (ii) Rp is the ratio of the corresponding maximum dp/p.values;
(iii) RQ3 is Qs(^a)/Qs0, the ratio of the synchrotron time for an ion with maximum
<f> — <f>a to the small amplitude value. These ratios are listed in Table 1 as a function of
4>a. This table should make it possible to specify the longitudinal phase space behavior
of an ion whose maximum 4> or dp/p is known.

I can assume, on the other hand, that the ion whose maximum 4> — 4>a defines the
"boundary'" of a bunch. This bunch has a 95% area in longitudinal phase space
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AS = 6TY(7Ecrt (7)

where S is the bunch area/amu. I proceed to define the matched betatron function in
longitudinal phase space

c \2

R [AASTi]1/2

It follows that the r.m.s. bunch length (in meters) is

(9)

11/2

6TT J

and the relative r.m.s. momentum spread

p /?-' E ER(3 [67T/9.J

Another useful relation is

Finally, for matching between machines we require that the matched betatron func-
tions Eq. (8) are identical; this simply requires that the quantities VR2/(h| T) |) are
identical in each machine at the time of transfer.

This work would not have been undertaken without the suggestion of Mike Zisnian.
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Table 1: Rat ios vs <}>a

degrees

10
20

30
40

50
60

70
80
90
100
110
120
130
140

150
160
170
180

Ra

0.006

0.024

0.053

0.093

0.144

0.203

0.271

0.345

0.424

0.506

0.589

0.672

0.751

0.825

0.891

0.945

0.984

1.000

Rp

0.087

0.174

0.259

0.342

0.423

0.500

0.574

0.643

0.707

0.766

0.819

0.866

0.906

0.940

0.966

0.985

0.996

1.000

1
0
0
0
0
0
0
0
0
0
0
0
0
0

0.
0.
0.
0.

.000

.995

.986

.972

.955

.934

910
.882

850
814
774
731
683

629
569
500
412
000
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I. Introduction

Coupling impedance estimates for large accelerator/storage rings are

usually based on calculations or measurements assuming that the curvature of

the beam tube is negligible and that the ring structure can be treated by

imposing periodic boundary conditions. It was pointed out by Faltens and

Laslett that a smooth, curved beam tube may have high frequency ring-

resonances with associated coupling impedance. A general formal treatment of

the problem was published by van Bladel. Recently, the curvature effect was

reexamined in the context of SSC by Ng and RHIC by Ruggiero. Although

different in detail, their treatments follow the Laslett approach using

perfectly toroidal, loss-less beam tubes with losses introduced as

perturbation.

In this note a different solution is obtained which takes into account

1) the co-presence of curved as well as straight beam tubes and 2) the

significant attenuation of the stainless-steel (i.e. high loss) beam tubes in

the straight sections. It is the opinion of this author that the problem

under consideration represents a case which was addressed by Behringer when

stating that "the solution of the field equations obtained by expansion in

terms of sets of orthogonal modes breaks down if the losses become to great".

Wave propagation in curved beam tubes can in principle be treated by

using a cylindrical (for rectangular beam tube) or toroidal (for circular beam

tube) coordinate systems. A preferable method, discussed by Lewin, is to

introduce an ad hoc coordinate system in which the curved guide axis replaces

the longitudinal coordinate of the straight tube. The solution is found as

series in ascending powers of the bend radius in which the zero-order term is

the solution for the straight guide.

Derivation of the complete solution is beyond the scope of a workshop

exercise but qualitatively correct results can be obtained without great
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effort for 1) the low-frequency coupling impedance due to space charge and 2)

the coupling impedance due to the induced TMg^-wave at very high frequencies.

II. Low-Frequency Z/n due to Space Charge

A transparent derivation of the longitudinal coupling impedance in a

straight loss-less beam tube due to space charge can be found in the paper by

Laclare, from where

» " " J *2 [ (na)2 " Oa \

with fl — n/R7 and a,b the beam radius and beam tube radius respectively. This

expression is valid at all frequencies (or n), since a> - /3cn/R. At low

frequencies one finds the well-known approximation

Z . Zo f 1 , b 1

fit

An inspection of this formula and its derivation suggests the interpretation

that the log-term stems from the dc capacity/unit length of cylindrical

coaxial tubes:

C"1 - JL in *
« 2ne a

The capacity of a coaxial torus-capacitor has been shown by Waters to

be:

C - C. | 1 - G U - (r) + 2 r in !

b b <

The low-frequency longitudinal coupling impedance of a curved circular beam

tube is therefore expected to be

which for large rings implies negligible change.
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III. Coupling Impedance Peaks Above Cut-Off

The expression for the space charge Z/n in a straight beam tube does not

change its character above the TMQ-^ cut-off frequency of the beam tube,

uco " j01 c / b

with JQ^ given by JQ(JOI) " 0 . to which corresponds the "free-space" mode

number

n - j_. R/b
co J01 '

(The TÊ -j. mode has a lower cut-off but it gives no contribution to the

longitudinal Z/n.) At very high frequencies (n/nC(J » I/2Q\)

Z u 2 n 2

n " 2 (a> ( n >
^ 0 1

which decreases monotonically with frequency. This behavior is due to the

fact that the phase velocity of an electromagnetic wave in a straight beam

tube is always larger than c, and thus the particle velocity.

A curved waveguide, on the other hand, has propagating waves with

v_jj < c. Consequencly, a curved waveguide section acts like a slow-wave

structure similar to a traveling-wave linac (with broadband termination).

Charged particles traversing the curved waveguide section will induce waves

traveling in synchronism with the beam. The induced wave will continue into

the adjoining straight beam tube and is there dissipated without further

interaction with the beam. The resulting coupling impedance stems from the

local curved section without requiring a resonance of the entire ring.

An estimate of the coupling impedance is obtained from the straight-tube

field solution

Er - J Ji<Joi 5> f~
CO

2 o H * - J Jl<J01 §> J1

where the common factor exp j(wt-n<?) is suppressed.
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Note that in the straight tube the frequency corresponding to the mode

number is given by

-J CO

2
)

and the cut-off frequency corresponds to n-0 (rather than n c o ) . The phase

velocity of the propagating wave in the straight tube is

v , _ n 2
_Eh _ H5 _ _E£ ! + (_2_)
c en n I n

•j co

and approaches the light velocity only for n -* ».

In the curved beam tube the phase velocity is reduced and synchronism

between beam and wave is possible for a finite value of the mode number, ns ,

which in practice is much larger, than n c o. The shunt impedance per unit

length follows to be (ng » nco)

Z> - [ « rs b Z\ (joi) (?HS)
2 ] \\

with the surface impedance, taken at w - fie nsvn/R,

r - Z (̂  3 n /a Z R) 1 / / 2

s o 2 r syn' o

and with a being the wall conductivity.

The total longitudinal coupling impedance of the curved sections (with

bending radius p versus machine Radius R) is then

Z _ 2 £ "coj ô
n " . T2.. . R ^n ' r

J01 J1 ( JO1 ) s y n s

The as yet unknown mode number n s v n, at which the phase velocity equals

the particle velocity, can be obtained by Lewin's perturbation method. This

exercise has been done by Tepikian for a circular beam tube, who obtains a
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result which is not much different from the result for a curved rectangular

beam tube

n ~ 0.681 n /£
syn co

The coupling impedance derived here is a non-resonant broadband

resistive impedance peak, the width of which is determined by the phase slip

between particle and traveling wave. The expression obtained represents an

upper limit since in real machines curved sections in the dipoles are

separated from each other by short straight sections for the quadrupoles,

which will destroy the synchronism between beam and wave and reduce the

effective Z/n. Note also that the phase velocity is sensitive to the radial

beam position further reducing the effective Z/n. Without these reductions,

the coupling impedance estimate would be worrisome and a more accurate

estimate along the lines indicated would be indicated. However, according to

this authors estimates for RHIC, the high-frequency Z/n due to the curvature

effect will not exceed one ohm.
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Abstract

The effects of intrabeam scattering on the beam dimensions and energy spread of a
100 GeV/amu gold beam are estimated. After 10 hours, growth of the transverse
emittance is about a factor of three, with a similar growth in momentum spread.
These findings are in agreement with earlier results of Parzen. Sensitivity of the
results to the initial beam conditions is explored. In addition, calculations have
been carried out for the case of a high frequency (214 MHz) RF system. In this
case the growth is more severe, giving a fivefold increase in transverse emittance.
To ensure that the momentum spread after 10 hours does not exceed the RF
momentum acceptance, a voltage in excess of 32 MV would be needed.

Work supported by the U.S. Department of Energy, under Contract No.
DE-AC03-76SF00098.
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INTRODUCTION

The performance of the Relativistic Heavy Ion Collider (RHIC), proposed* for construction

at Brookhaven National Laboratory, is known- to be influenced heavily by the effects of intrabeam

scattering (IBS). Because of its importance, it is worthwhile to independently estimate the IBS

effects. In this paper we present results based upon a slightly modified version of the LBL

accelerator physics code ZAP.-*

Several different calculations have been performed. First, we investigated the growth under

the nominal beam and RF parameter assumptions contained in Ref. 1. Next, we looked at the

sensitivity of our results to variations in the starting assumptions. Finally, we briefly explored the

ramifications of a change in frequency of the RF system from 26.7 MHz to 214 MHz, thus leading

to significantly shorter initial bunch lengths.

Before discussing our results, we first describe the modifications to ZAP required to perform

the calculations.

MODIFICATIONS TO ZAP

The code ZAP'' was initially written to calculate IBS growth rates for either electron, proton,

or heavy ion beams, using the formalism derived by Bjorken and Mtingwa. Thus, no major

modifications were required to perform the calculations reported here. However, the code was

designed to give the growth rates for particular (input) values of the transverse and longitudinal

beam emittance. To follow the evolution in time of the beam parameters, it is necessary to integrate

numerically the differential equation being solved by the code.

In practice, this is accomplished by taking small time steps and re-evaluating the growth rates

in all three planes. The instantaneous growth rate calculated by ZAP is
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1 de

where e is the emittance (horizontal, vertical, or longitudinal) and g is the corresponding growth

rate, averaged over the lattice, for the specified beam parameters. To ensure that the time steps

selected are not too large, we choose increments that are constant in units cf emittance growth,

rather than time, i.e.,

At - - L * .
g(e) e

By limiting Ae/e to about 1%, we keep the change in g(e) small, independently of the magnitude of

the growth rate itself. At each step, the new emittance value

is used to re-evaluate the three growth rates and, thus, the next time step. With this small

modification, ZAP was used to evaluate the performance of RHIC.

NOMINAL BEAM PARAMETERS

In the first set of calculations, we consider the parameters taken for the RHIC proposal. A

fully stripped Au beam at an energy of 100 GeV/amu is studied, starting from a normalized 95%

emittance (in both planes) of IOJC mm-mrad and longitudinal parameters of c / = 0.48 m and c p =

(8p/p)rms = 3.6 x 10"\ The longitudinal values correspond to RF parameters of f^p = 26.7 MHz

and V R F = 1.2 MV. A beam intensity of N^ = 1.1 x 10^ ions/bunch is assumed. These
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parameters are referred to as Case A in Table 1.

To look at the dependence of the predicted growth on the assumed starting emittance value,

the above calculation was repeated starting from normalized emittance values of both 5% mm-mrad

and 20K mm-mrad. These results are denoted Cases B and C, respectively. The time evolution of

the transverse emittance is shown for Cases A, B, and C in Fig. 1. Longitudinal growth is shown

in Fig. 2.

As can be seen in Figs. 1 and 2, there is some dependence upon the initial transverse

emittance, but it is relatively modest. To see how the results change quantitatively, we have

summarized the calculated values at t=0,2 and 10 hours in Table 2. If we define the lifetime of the

beam to correspond to the time at which the momentum spread becomes equal to the RF bucket

height, then the Case B lifetime would be about 7.5 hours, compared with 10 hours for the nominal

parameters (Case A). The final transverse emittances for the three scenarios differ by only about

10-20%.

HIGH-FREQUENCY RF SYSTEM

To achieve a smaller interaction diamond length for the colliding Au beams, it was suggested

at the workshop that a high-frequency RF system might be worth considering for use in RHIC.

For the purposes of the workshop, it was agreed that a 214 MHz system (corresponding to h =

2736, i.e., 8 times the harmonic number of the "standard" 26.7 MHz system) would serve as a

good example case.

Compared with the standard RF scenario, the high-frequency RF system produces bunch

lengths shorter by a factor of three to four, but with a momentum spread increase of the same

amount. The various parameters for the two cases studied, corresponding to RF voltages of 15

MV (Case D) and 32 MV (Case E), respectively, are summarized in Table 1.

For ease of comparison with the earlier calculations, we have again assumed an intensity of
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1.1 x 1CP particles per bunch. It is recognized, of course, that the higher frequency RF system

would permit a reoptimization of the bunch structure (in the sense of permitting trade-offs between

the number of bunches and the current per bunch to achieve the same luminosity). However, such

alternative scenarios have not yet been explored.

Due to the higher initial bunch density, the growth in emittance (see Table 3) is considerably

greater than was true for the low frequency cases. Indeed, as shown in Fig. 3, the growth in

normalized emittance after 10 hours is more than a factor of five. The growth in longitudinal

emittance is also severe (see Fig. 4). For Case D, with V^p = 15 MV, the beam momentum

spread reaches the RF bucket acceptance in only one hour. At a voltage of 32 MV, the bucket limit

is reached after about 8 hours. Thus, a very high RF voltage would be required to give lifetimes

comparable to those for the 26.7-MHz system.

Although producing more than 30 MV of RF voltage is straightforward, it does require a

large amount of hardware in the ring and may lead to a large contribution to the ring impedance.

Coupled-bunch instabilities are a potential problem with such a scenario, although higher-order

mode dampers can be employed—in principle—to mitigate this difficulty. Estimates of

coupled-bunch growth rates appear elsewhere in these proceedings.^

SUMMARY

In this note we have calculated the growth in longitudinal and transverse emittance for a beam

of 100 GeV/amu Au ions. For the nominal operating parameters, we find a transverse emittance

growth of about a factor of three, in good agreement with the calculations of Parzen.2

The sensitivity toward changes in the initially assumed emittance of 10 n mm-mrad has also

been studied. After 10 hours, the final beam parameters are within about ±20% of each other for

initial emittance values that vary from the nominal case by a factor of 2. If a higher frequency RF

system were selected, the growth (for the same bunch current) would be more severe, about a
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factor of five. To achieve a 10-hour lifetime in this case would require a voltage in excess of 32

MV.

Alternative scenarios for reaching the required luminosity whereby more RF buckets were

filled, with fewer particles per bunch, have not yet been explored. Such an approach would clearly

mitigate the increased growth found here for the high-frequency case.
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Table 1
Input Parameters for ZAP IBS Calculations^

Case

A

B

C

D

E

fRF
(MHz)

26.7

26.7

26.7

213.9

213.9

VRF
(MV)

1.2

1.2

1.2

15.0

32.0

(x mm-mrad)

10

5

20

10

10

(cm)

47.7

47.7

47.7

15.1

12.5

(10°)

0.36

0.36

0.36

1.04

1.26

u ions; 100 GeV/amu; ND = 1.1 x 109/bunch; full emittance coupling assumed.

Table 2

Results of ZAP IBS Calculations^

Case A Case B Case C
'7t mm-tnrad)

t = 0 hr
t = 2 hr
t=10 hr

10
16.3
29.9

5
13.2
26.9

20
24.4
36.2

t = 0 hr 0.36 0.36 0.36
t = 2 hr 0.63 0.69 0.56
t=10 hr 0.99 1.03 0.90

t = 0 hr 47.7 47.7 47.7
t = 2 hr 83.6 91.6 74.6
t=10 hr 130.9 136.4 120.2

Au ions; 100 GeV/amu; N^ = 1.1 x 10^/bunch; full emittance coupling assumed. Input
parameters are summarized in Table 1.
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Table 3

Results of ZAP IBS Calculations^

CaseD CaseE

en (it mm-mrad)

t = 0 hr
t = 2 hr
t = 1 0 hr

<?p CIO"3)

t = 0 hr
t = 2 hr
t = 10 hr

10
28.0
50.7

10
29.7
54.9

1.04
1.35
1.67

1.26
1.55
1.85

t = 0 hr
t = 2 hr
t=10 hr

15.1
19.6
24.2

12.5
15.3
18.4

a ' Au ions; 100 GeV/amu; N^ = 1.1 x 10^/bunch; full emittance coupling assumed. Input
parameters are summarized in Table 1.
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RHIC (100 GeV/amu Au ions)

Fig. 1 IBS growth of normalized emittance for a 100 GeV/amu Au beam for various
initial emittance values; full emittance coupling is assumed. Parameter
values for the three cases are given in Table 1.
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RHIC (100 GeV/amu Au ions)
0.0012

0.0002

(26.7 MHz; 1.2 MV)

10 12

t (hrs)

Fig. 2 IBS growth of relative momentum spread for a 100 GeV/amu Au beam for
various initial emittance values. Parameter values for the three cases are
given in Table 1. The dashed line represents the RF bucket height.
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Fig. 3
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E

RHIC (100 GeV/amu Au ions)

10 12

IBS growth of normalized emittance for a 100 GeV/amu Au beam for two
RF voltage values; full emittance coupling is assumed. Parameter values are
given in Table 1.

RHIC (100 GeV/amu Au ions)
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0018-

0016"
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0 2 4 6 8 10 12

t (hr)
Fig. 4 IBS growth of relative momentum spread for a 100 GeV/amu Au beam for

two RF voltage values. Parameter values for the three cases are given in
Table 1. The lower dashed line represents the RF bucket height for Case D;
the bucket height for Case E is represented by the upper dashed line.
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CALCULATION OF HIGHER ORDER MODES IN THE RHIC 27 MHZ RF CAVITY

The URMEL code was used to calculate the frequencies, quality factors,
and shunt impedances of the lowest modes of the proposed RHIC accelerating
cavity. These values can be used as input for the calculation of the
longitudinal and transverse coupled-bunch instabilities. The cavity
dimensions were taken from the RHIC conceptual design report and are shown in
Fig.l.

The calculation procedure followed was that suggested in Ref.l. The
calculations were first performed using a coarse mesh. The upper frequency so
determined for the number of modes requested was then input to a fine mesh
calculation to obtain the final results. Modes were calculated for m - 0
(monopole) and m « 1 (dipole) cases. The conductivity of the cavity material
used for the Q-factor determinations was S.8E7 mho/m (copper).

The shunt impedance R is defined as
s

R - j / E (x,y,z) exp(ikz/6) dz| /2Ps z

where P is the power dissipated in the cavity for that mode, and 3 ('1) is the
particle speed/c. (The inclusion of transit time effects here is not,
however, very significant.) The path of integration is taken at r • 0 for
m = 0 modes and at r =« 2 cm (the beam pipe radius) for m =• 1 modes.

Results are given in Tables 1 and 2. Plots of shunt impedance as a
function of frequency are shown In Figs. 2-3. (Note that in.the plots the
width shown for each mode is not meaningful.) The shunt impedance and Q for
the fundamental are 1.2 Mfi and 10200 respectively, in fair agreement with the
SUPERFISH values2 of 0.92 Mft and 9000.

References:

1. URMEL and URMEL-T User Guide, U.Laustroer, U.van Rienen, T.Weiland
DESY M-87-03, February 19, 1987.

2. Conceptual Design of the Heavy Ion Collider RHIC
BNL 51932 UC-28, May 1986
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Mode f(MHz)

Table 1.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15-
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Lowest 37

26.55
80.65
135.5
188.8
239.8
292.7
349.8
409.6
470.1
529.8
586.3
634.5
674.0
713.1
730.3
741.7
745.1
768.5
772.4
803.9
808.5
842.4
851.3
885.2
897.7
929.3
948.5
975.6

1000.1
1024.9
1051.3
1075.2
1103.3
1123.5
1151.8
1171.5
1193.7

m » 0 modes

10200
16800
20600
23000
26300
31500
36400
40100
42700
44000
42500
38300
39300
41400
41300
42200
42100
43200
43000
44100
45200
44400
46800
46600
47200
47700
48900
48600
50100
49500
51300
49000
51900
47000
45300
49800
45300

(f < 1.2 GHz

1195.5
484.9
231.9
122.2
82.01
69.65
61.25
54.10
49.51
46.66
41.97
31.88
29.78
16.38
.3742
4.199
.0892
.2930
8.983
10.46
3.809
.1795
17.68
11.64
4.393
24.44
3.996
19.66
33.91
3.613
80.43
5.629
155.4
47.56
268.8
35.95
185.5

:) f o r RHTC RP
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Mode f(MHz) R (kSV 2 cm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

331.6
349.7
377.6
413.1
453.6
497.1
541.2
583.2
619.9
656.9
701.0
748.4
789.9
802.9
810.4
820.5
825,3
845.4
853.0
877.8
885.6
918.6
920.4
947.9
954.9
957.0
963.3
967.3
981.7
1000.4

48900
49800
51000
52100
52600
51800
49500
45500
41900
45700
51500
53900
47600
42500
55200
55300
52800
53800
57200
59900
54900
57300
61700
65200
65900
60200
62300
65400
69100
63100

0.090
0.379
0.931
1.986
3.793
6.661
10.278
12.045
11.538
15.349
20.354
22.028
14.234
1.617
0.157
0.317
1.301
1.425
3.758
1.149
1.767
1.808
2.753
.0042
0.040
0.522
2.467
0.558
0.063
3.150

Table 2. Lowest 30 in * 1 modes.
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OPERATING TUNER
(STEPPER DRIVE)

EIMAC TRIODE
(3CW 3 0 0 0 0 )

TUNING SLUG
(SET a LOCK)

MUSHROOM
ALIGNER

Fig.l. The RHIC RF cavity. The outlined area shows the geometry used for
the DRMEL calculation.
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ABSTRACT

Excitation of large amplitude coherent dipole bunch oscillations by beam induced
voltages in spurious narrow resonances are simulated using a longitudinal phase-space
tracking code (ESME). Simulation of the developing instability in a high intensity proton
beam driven by a spurious parasitic resonance of the rf cavities allows one to estimate
the final longitudinal emittance of the beam at the end of the cycle, which puts serious
limitations on the machine performance. The growth of the coupled bunch modes is
significantly enhanced if a gap of missing bunches is present, which is an inherent feature of
the high intensity proton machines. A strong transient excitation of the parasitic resonance
by the Fourier components of the beam spectrum resulting from the presence of the gap
is suggested as a possible mechanism of this enhancement.

T Operated by the Universities Research Association Inc., under contracts with the U.S.
Department of Energy.
+ Operated by the Associated Universities Inc., under contracts with the U.S. Department
of Energy

- 487 -



INTRODUCTION

The environment of particles in a synchrotron is not completely described by the

existing accelerating field. The physical presence of vacuum chamber and magnets can be

expressed in terms of an impedance experienced by the beam, while the rf cavity itself

may possess parasitic higher order modes. These, in particular, may have high enough

Q's to allow consecutive bunches to interact through mutually induced fields, which is the

case in the beam environment considered here. The cumulative effects of such fields as

the particles pass through the cavity may be to induce a coherent build-up in synchrotron

motion of the bunches, i.e. a longitudinal coupled bunch-instability3.

The colliding mode operation of the present generation of high energy synchrotrons

and the accompanying rf manipulations, make consideration of individual bunch area of

paramount importance. Thus, a longitudinal instability in one of a chain of accelerators,

while not leading to any immediate reduction in the intensity of the beam in that accel-

erator, may cause such a reduction of beam quality that later operations are inhibited

(resulting in a degradation of performance).

In this paper we employ a longitudinal phase space tracking code (ESME)2 as an

effective tool to simulate specific coupled bunch modes arising in a circular accelerator.

One of the obvious advantages of the simulation compared to existing analytic formalisms,

e.g. based on a dispersion relation obtained from "\lasov:s equation3, is that it allows

consideration of the instability in a self-consistent manner with respect to the changing

accelerating conditions. Self-consistency with respect to the changing particle distribution

in phase-space is an intrinsic feature of the simulation. Furthermore, this scheme allows

one to model nonlinearities of the longitudinal beam dynamics, which are usually not

tractable analytically.

Included in the simulation is the investigation of the effect of missing bunches on the

development and growth of the coupled bunch modes. The machine-dependent parameters
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which are considered here are derived from the RHIC Booster, this study being motivated

by a prospective instability problem for high intensity performance of this machine. Now,

we will proceed with a detailed formulation of the above program.

1. LONGITUDINAL PHASE-SPACE TRACKING WITH WAKE FIELDS

Briefly summarized, the tracking procedure used in ESME consists of turn-by-turn

iteration of a pair of Hamilton-like difference equations describing synchrotron oscillation

in 6-s phase-space (0 < & < 2?r for the whole ring and £ = E — Eo, where Eo is the

synchronous particle energy). In order to include the effect of the beam environment

one can consider the additional potential due to the wake field generated by the beam

as it passes through the beam pipe. Knowing the particle distribution in the azimuthal

direction, /?(#), and the revolution frequency, fio, after each turn, one can construct a wake

field induced voltage as follows4'5

f e ' n t f , (1)

where pn represents the discrete Fourier spectrum of the beam and Z(u>) is a longitudinal

coupling impedance. The numerical procedure involved in evaluating the above expression,

Eq. (1), necessarily employs a discretization of the ^-direction. Some caution is required

in this process of binning, due to the finite statistics inherent in such a simulation.

2. PARASITIC RESONANCES—MODE CROSSING

The longitudinal coupling impedance experienced by the beam in the RHIC Booster

consists of a broad-band part associated with the magnet laminations and a number of

sharp parasitic resonances of the rf cavities. These higher order modes of the proton rf

cavity of the RHIC Booster were found numerically using the SUPERFISH6 code. The

results—the fundamental and 9 lowest parasitic modes are summarized in Table 1". There
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are a total of 4 accelerating gaps and the shunt impedance listed in Table 1 refers to its net

value. Considered here is a ferrite-loaded cavity. The SUPERFISH simulation includes

the presence of the ferrites to determine the resonant frequencies, but no losses inside the

ferrite fillings were considered. The only losses taken into account are those in the cavity

copper walls. Each resonance can be modeled by the harmonic resonator of the impedance

given by the standard expression:

Here R,/, is the shunt impedance, Q denotes the quality factor of the resonator and wc is

its resonant frequency.

If the resonance is sufficiently strong (high Q and large R,h) the wake field generated

by one bunch has a range long enough to affect the motion of the neighboring bunches.

Therefore, for the purpose of our simulation, only the relatively high-£? portion of the

longitudinal impedance is relevant. For M equally spaced coupled bunches there are M

possible dipole modes labeled by m = 1,2,...,M (M coupled oscillators with periodic

boundary conditions). To illustrate the mih dipole mode one can look at the ^-position

of the centroid of each bunch, flc, £ = 1,2,..., M. The signature of the simplest coupled

bunch mode has the form of a discrete propagating plane wave illustrated schematically in

Fig. 1.

0c(t) = 80sin(^j^ - u>,t\ (3)

where ui, is the synchrotron frequency.

Fig. 1 also addresses the problem of the emittance degradation due to the presence of

the coupled bunch oscillations. Although the longitudinal emittance of individual bunches

is conserved, the total area in e-0 phase space occupied by a sequence of consecutive

bunches constituting one wavelength of the coupled bunch mode is significantly larger and
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scales like the square of the dipole mode amplitude. This in turn has an impact on any

further bunch manipulation, e.g. bunch coalescing, and results in beam dilution and total

effective emittance growth (in the previously described sense).

Based on an analytic model of coupled bunch modes proposed by Sacherer1 one can

formulate a simple resonance condition for the mth dipole mode driven by the longitudinal

impedance Z(w) sharply peaked at uc. This condition is given by:

u/c = (nM -r m)no ± u),, (4)

where n is an integer. Since fi0 is time dependent (acceleration) and u>c is fixed (geometry),

and knowing that the width of the impedance peak is governed by uc/Q one can clearly

see that the resonance condition, Eq. (4), is maintained over a finite time interval. This

leads to the useful concept of a mode crossing the impedance resonance. Using the explicit

time dependence of Qa (kinematics) and Eq. (4) one can easily calculate crossing intervals

for various modes. This serves as a guide in the simulation since it allows us to select an

appropriate time domain where the mode of interest crosses the resonance and will more

likely become unstable. The kinematics of the RHIC Booster can be described as follows:

P(t) = 2 ^ ° + P") ~ 2 (P" ~ P-)cos{2nft), (5)

where

/ = 8.33 sec'1

is the frequency of the RHIC Booster cycle and

po = 0.644 GeV/c

p' = 2.251 GeV/c
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are the values of momenta at injection (t = 0) and extraction (t = 6 x 10 2sec) respectively.

Now the revolution frequency for the synchronous particle is given explicitly by

«»(<) = £/?(*), (6)

where

Here R = 32.114 TO is the average radius of the ring and p(t) is expressed by Eq. (5).

Both Eqs. (5) and (6) allow us to calculate the crossing intervals for different modes.

3. COUPLED BUNCH MODE—ESME SIMULATION

For the purpose of this model calculation we tentatively identified the parasitic reso-

nance at fc = 20.68 MHz (see Table 1) as the offending part of the impedance giving rise

to a coupled bunch instability with harmonic number TO = 1.

The rf system of the RHIC Booster provides 3 accelerating buckets. As a starting point

for our simulation each bucket in 0-s phase-space is populated with 300 macro-particles

according to a bi-Gaussian distribution matched to the bucket so that 95% of the beam

is confined within the contour of the longitudinal emittance of 0.3 eV-sec. Each macro-

particle is assigned an effective charge to simulate a beam intensity of 1.5 1013 protons.

The appropriate time interval to study mode TO = 1 is chosen as 29-33xlO~3 sec.

In a real-life accelerator any coherent instability starts out of noise and gradually

builds up to large amplitudes. In our model situation it proved necessary to create some

intrinsic small amplitude—"seed" of a given mode in order to "start-up" the instability.

The "seeding" procedure is basically prescribed by Eq. (3). Initially identical bunches are

rigidly displaced from the center of each bucket (both in e and 6) so that the positions of

their centroids, 0£, satisfy Eq. (3) for all the bunches around the ring (see Fig. 1). In
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practice a subroutine of ESME, which generates a closed contour in 0-e space (given an

appropriate starting point) under the action of a sinusoidally varying voltage, was used to

establish the position of the bunch centroids. The intrinsic seed amplitude, 90, was assigned

a value of 5 x 10~2 rad corresponding to an amplitude in energy of approximately 0.4 Me V.

The tracking results are illustrated in Fig. 2 by the snapshots of the longitudinal

phase space taken at initial time, after 2000 revolutions and finally, after 3500 revolutions.

Here the initial population was generated according to the above described seeding pro-

cedure. One can clearly see development of coherent coupled bunch motion and strong

filamentation of the bunches due to the synchrotron tune spread inside a bucket (for large

amplitudes of the dipole oscillations). To visualize the position and shape of individual

bunches as they evolve in time one can compose a "mountain range" diagram by plotting

^-projections of the bunch density in equal increments of revolution number and then

stacking the projections to imitate the time flow. The resulting mountain range plot for

a coupled bunch mode m = 1 is given in Fig. 3a. One can clearly see development

of the m = 1 coupled bunch mode corresponding to increasing amplitude of the dipole

oscillations.

The impact of the initial beam spectrum, defined by the previously described seeding

procedure, on the evolution of the simulated coupled bunch mode is quite essential; the

same simulation carried out with the initial seed turned down to zero yields no buildup of

coherent synchrotron motion in spite of the presence of the strong parasitic resonance. Ob-

viously, the statistical noise spectrum does not contain a sufficiently large Fourier compo-

nent at the coupled bunch mode frequency to bootstrap the instability and no development

of the instability is observed.

Following the spirit of this section we carry out similar simulation for the same

intensity-emittance conditions but now the protons are distributed between two buck-

ets only leaving a gap of empty bucket in the beam. In spite of starting with no initial

seed of the coupled bunch mode, one can see rapid development of the instability illus-
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trated in Fig. 3b. Simple physical explanations of the above results will be given in the

next section.

3. CONCLUSIONS

The results of these simulations clearly show evidence of large amplitude coherent

dipole motion of bunches resulting from beam excitations of spurious high impedance

narrow resonances in the ring. It is not, however, clearly established that the simulation

program properly represents strictly coupled bunch motion. In order for this to be strictly

correct the code would have to be able to generate excitation fields at frequencies (rafi0 ±

u)t), where OJ, is the coherent synchrotron frequency of a bunch prior to Landau smearing.

The code, as is presently written, can only generate excitation fields at rotation frequencies,

nfio, therefore the synchrotron harmonic oscillators are being excited near, but not on.

resonance. The excitation currents resulting from the coherent bunch displacement are

therefore not quite properly represented and extraction of coupled bunch growth times is

suspect. Off-resonance excitation of a linear harmonic oscillator (see Fig. 4) would exhibit

amplitude beating with the amplitude returning to zero periodically. In this, non-linear,

case Landau smearing of the initial large amplitude of phase oscillation and the short

duration of near resonance excitation give the appearance of coupled bunch instability

growth.

This shortcoming of the representation is probably responsible for the unexpectedly

large "seeding" requirement in the symmetric (full ring) case. In the case of a missing

bunch, a large amplitude excitation current at rotation frequencies, nflo, is explicitely

generated and seeding is unnecessary.

D. Kohaupt has shown8 that the growth rate of an unsymmetrical bunch distribu-

tion (i.e. with missing or depleted bunches) is not greater than the growth rate for the

symmetric distribution for a specified spurious impedance. This result is corroborated

by R. Baartman9 with the caveat that in the unsymmetrical case the growth need not
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start simply from the noise level and hence, large amplitude oscillations may appear more

quickly.

The mentioned shortcoming in the ESME code, along with another difficulty having

to do with treatment of transient response10 are in the process of being corrected.

FOOTNOTE

" The values of R,h and Q were scaled down by a factor of 1000 to qualitatively

account for the losses in the Ferrite. The results of the simulation are still valid since

R$h/Q, which governs the integrated growth time of the instability remains the same.
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FIGURE CAPTIONS

Fig. 1 Schematic diagram of the longitudinal phase-space configuration corresponding to

the coherent motion of coupled bunches. Below, illustration of the effective

emittance of the beam modified by the presence of the coupled bunch instability.

Fig. 2 Time development of the m = 1 coupled bunch mode - 6-E snapshots taken after

various number of turns around the ring.

Fig. 3 eject ion of mountain range plots illustrating the behavior of coupled bunch

mode m = 1 with:

a) full ring (three bunches),

b) gap (one empty bucket)

Fig. 4 Schematic diagram of a synchrotron harmonic oscillator (two side-bands spaced by
±cos) driven ofF-resonance by a spurious impedance line at the revolution frequency
harmonic (h + m)£V
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fc Rsh Q Rsh/Q
IMHz) [kfll [Q]

2.77

20.68

25.99

31.51

32.82

36.96

.43.91

44.66

45.02

54.44

225.12

2.304

1.104

0.096

0.912

0.432

0.144

0.096

0.528

0.192

145.

1676.

1429.

1304.

2844.

876.

1508.

3244

1563.

977.

1,552.55

1.37

0.77

0.07

0.32

0.49

0.10

0.04

0.34

0.20

Table 1 Selected resonant part of the longitudinal coupling Impedance - the fundamental

mode and several lowest parasitic spurious resonances. Result of the

SUPERFISH calculation for a ferrite-Ioaded RHIC Booster cavity.
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