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ABSTRACT
Accelerator Physics issues, such as the dynamical aperture, the beam lifetime

and the current-intensity limitation are carefully studied for the Relativistic Heavy
Ion Collider at Brookhaven National Laboratory. The single layer superconducting
magnets, of 8 cm coil inner diameter, satisfying the beam stability requirements
have also been successfully tested. The proposal lias generated wide spread interest
in the particle and nuclear physics.

1. INTRODUCTION
In 1983, the DOE/NSF Nuclear Science Advisory Committee declared, "the

construction of relativistic heavy ion collider facility expeditiously" as the long
range plan for nuclear science. Brookhaven National Laboratory submitted to the
proposed design of the Relativistic Heavy Ion Collider (RHIC) in May 1986 with a
detailed construction plan and cost estimate. In May 1987, the RHIC proposal was
subjected by DOE to a full scale technical, cost and management review, and was
followed by an independent cost estimate review. The project was declared ready
to proceed to the construction phase.

Beginning in fiscal year 1987, R&D funding has been allocated to the project by
DOE totaling about 15M$ through FY 1989. During this period, a series of full size
superconducting RHIC arc dipole magnets have been built and tested. Industrial
manufacturing studies have been earned out for dipole and quadrupole magnets,
and the design has been tailored to make them suitable for mass production. There
are 8 dipoles and 2 quadrupoles tested. These R&D magnets serves important
manufacturing protocol for the industrial manufacturing procedures.

The project generates wide spread excitement and interest in the nuclear and
particle physics community. Several workshops and schools and International Con-
ferences on the experiments, detectors and physics for RHIC have been organized
in LBL, BNL, etc. in USA and Universities in European countries. These studies
generate a specified requirement on the properties of the beam at the interaction
point, and energy range for the discovery potential. It is generally agreed, based
on theoretical estimate, that 100 GeV/u per beam for Au ion should induce phase
transition for the quark gluon plasma. The collider should cover the entire energy
range, e.g. 1.5 GeV/u to 100 GeV/u. The luminosity should be > 1025/cm2sec and
the diamond length <7/ should be smaller than 20 cm. The collider should have the
capability of colliding unequal species such as p and Au ions.

Based on these considerations, the RHIC conceptual design has evolved through
several workshops to assure machine performance. In this report, we shall review
the basic machine design and performance.

* Work performed under the auspices of the U.S. Department of Energy.



2. RHIC INJECTION SOURCE
The AGS-Booster, to be completed in 1990, should be able to deliver the

heavy ion, e.g. Au, from the Tandem to the energy for the AGS injection. Table
1 lists the parameters expected from the Booster. In the lower part of the table,1

we list also the beam parameters assumed for the RHIC and the expected design
luminosity. We note that the expected performance should be better than what we
have assumed. Since the Booster can deliver more intensity than that assumed for
the RHIC design parameter, we can expect better performance in RHIC.

Table 1. Number of Heavy Ions per Bunch in the Booster

Species 127j

Booster
Harmonic, h 2 2 2 3 3
frf @ injection 350 318 232 264 213
frf @ top energy 2.68 2.60 2.08 2.23 1.66
Top kinetic energy 1249 998 376 144 72
Ions/Bunch@S.C. limit 38 24 19 11 10
Ions/Bunch 8.32 7.06 8.7 5.64 4.12
Normalized emittance 6.0 5.4 3.9 3.0 2.3
Bunch area 0.07 0.07 0.07 0.07 0.07
Stripping efficy. @ SB 100 100 100 40 50
Charge State after SB 8 14 29 53 77

kHz
MHz
MeV/u
xlO9

xlO9

JT mm-mrad
ev-sec/u
%

AGS
Ions/bunch after SB
Norm, emitt. after SB

RHIC
Ions/bunch

Normalized emittance
Bunch area
Injection 7
Top Energy 7

Luminosity (/?* = 2m)

8.32
6.1

8.3

10
0.3
15.6
135.3

98

7.06
5.5

5.6

10
0.3
15.6
135.3

44

8.7
4.1

2.7

10
0.3
14.4
124.5

9.5

2.26
3.6

1.5

10
0.3
13.0
112.9

2.7

2.0
4.0

1.0

10
0.3
12.2
108.4

1.1

xlO9

7r mm-mrad

xlO9

n mm-mrad
ev-sec

xl027cm~2sec~1

3. RHIC COLLIDER
For 100 GeV/u Au ion, the magnetic field required is 3.45 Tesla in RHIC dipole.

The circumference of the RHIC tunnel is 4.75 times that of the AGS circumference,
(CAGS — 807.12 m), the natural choice for the RHIC rf system would be 4.75 x
« x ^AGSi where tiAGS = 12. It is thus natural to choose 57 bunches for bunch to
bucket transfer.

The collider is composed of two identical non-circular rings in a common hori-
zontal plane, oriented to intersect with one another at 6 crossing points. Each ring
consists of three inner arcs and three outer arcs and six insertions joining the inner
and outer arcs. Each arc is composed of 12 FODO cells. The insertion has nine
quadrupoles and four dipoles (two for dispersion suppression and two for the beam



crossing) on each side of the crossing point. Figure 1 shows the general layout of
the collider ring, which conforms well with the existing tunnel geometry.

The arc consists of 12 FODO cells. Each cell (with length 29.622 m) is com-
posed of two quadrupoles and two dipoles. The total dipole bending angle per
cell is 77.701 mrad. The phase advance is 90°. The maximum betatron amplitude
function and dispersion function are 50 m and 1.52 m respectively.

The insertion is composed of: (1) dispersion suppression section, (2) low-/3
matching sections, and (3) beam crossing section. Figure 2 shows the schematic
lajout of the half insertion. By exciting BC1 and BC2 independently, the collision
of unequal species can be achieved as shown in Figure 3.

The important feature of the RHIC lattice is that the half integer stopband
are minimized by the achromatic arcs and cancellation between nearby insertions.
With four family of sextupoies, the chromatic aberration of the RHIC lattice can be
minimized. The /?" value can be dynamically tuned from /?* = 0.5m to /?* = 10m
without changing the phase advance across the insertion. The transition energy and
the betatron tune are:

77- = 24.6

Qx = 28.826

Qy = 28.822

where the betatron tunes Qx, Qy can be adjusted within ± 1.

4. DYNAMICAL APERTURE
The dynamical aperture issues for the superconducting magnets arises from

the multipoles generated by the systematic effect of the magnetization and/or sat-
uration effect and the random coil placement errors. Using the Herrera model,
which was developed through the experience of the CBA and Tevatron magnets,
one can estimate the multipole components of the RHIC magnets. The dynamical
aperture calculation based on these multipole field is shown in Figure 4. Note here
that the aperture limitation is due mainly to the aperture limitation of the high /?
quadrupoles and the beam crossing dipoles. Note here that the dynamical aperture
is taken to be the smallest of 10 random seeds for these random error in 400 turns
tracking. Long term survival tracking is yet to be studied.

The dynamical aperture limitation and the long term stability must be related
to the nonlinear resonances. To minimize the resonance effect, normal and skew
quadrupole correction systems, six families of sextupole, and octupole and decapole
correction system are used in the RHIC lattice. The closed orbit can be corrected
to less than 1 mm.

Besides the transverse dynamical aperture, the longitudinal dynamical aperture
is also important to RHIC. Note that the small Z/A ratio for the heavy ions, the
injection 7 into RHIC range from 12 to 15 for heavy ion species (see Table 1).
Thus these heavy ion beams should be accelerated through the transition energy
in RHIC. At the transition energy region, the problems related to the longitudinal
beam dynamic arise:
(1) Due to small synchrotron frequency, the Landau damping needed for microwave

instability disappears. The microwave instability has been observed in many
high intensity accelerators in the transition energy region. The instability can
be controlled by increasing the phase space area and the bunch distribution.
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Fig. 1. Layout of the Collider.
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Fig. 2. Expanded layout of half-insertion.



20

3.97 mrad

EQUAL SPECIES 0 mrad
— EQUAL SPECIES 6.8mrad
- - - UNEQUAL SPECIES0 mrad

3.97 mrad

-20

3.4 mrad

T

i l i i i i

25 20 15 10 5

Fig. 3. Beam crossing geometry.

0

-0.5 0.0 +0.5 %

MOMENTUM DEVIATION (Ap/p)
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(2) The nonlinear synchrotron motion: At the transition energy region, the syn-
chrotron phase equation can be expressed as

where h and QQ are respectively the harmonic number, and the revolution
frequency, 6 = AP/P is tne momentum error, <p = —h(0 — 00) is the relative rf
phase of the particle, and

1 1
IT - la
7 T 7

where fie is the velocity of the particle and «i = —2f^1{dfT/d6). Note that
when T7o = 0, at the transition energy region, the second order term r}\8 becomes
important. Assuming a linear acceleration, 7 = 77- + ~ft, we obtain r]0 ~ — Hr.

For a. bunch with momentum spread 6, the time when the nonlinear term
dominates is

The nonlinear time is inversely proportional to 7 and increases with the 8
or the square root of the phase space area. During the nonlinear time at
the transition energy region, part of the bunch can experience a de-focusing
force in the longitudinal phase space. The bunch area can grow exponentially.
The growth in phase space area is especially important for R.HIC, where the
accelerator rate 7 is small.

(3) Beam induced rf voltage across the high-frequency rf system. Since the 160
MHz (h = 2052) rf system is needed at the storage time for the 20 cm diamond
length for collision, these rf stations should be paraphased to minimize their
effect on the beam during the acceleration. Assuming a 1% error in paraphasing
the high frequency rf system, we expect a remnant rf voltage of ± 10 Kvolts
at h = 2052. This is equivalent to the microwave source at a fixed frequency.
The effect is important only at the transition energy region. The tolerance for
RHIC is ± 25 Kvolts.

The solution to the transition energy problem is to jump the jx by 0.6 within
60 msec. The task of fr jump can be accomplished by two families of quadrupole
correctors in the arc by changing 0.8 Tesla in 60 msec of the integrated quadrupole
field.

5. LIFETIME LIMITATION
For the heavy ion colliders, the lifetime limitation is determined by the fol-

lowing processes: Nuclear reactions and Coulombic interaction between colliding
bunches, Coulombic interaction between particles within the bunch and the beam
gas scattering. The Coulombic interaction between particles within the bunch, the
so called Intrabeam Coulomb Scattering (IBS), plays the major role in the life-
time limitation. Due to the intrabeam Coulomb scattering, the beam size increase



diffusively. The aperture of the magnets is determined by ensuring enough linear
aperture for a minimum 10 hr collider operation. Besides the intrabeam scattering,
the Beam-Beam Bremsstrahlung and the Beam-Beam Coulomb dissociation are
important also for high Z collision, such as Au on Au or Pb on Pb, etc. Table 2
summarizes the initial lifetime and the reaction rate for various operation modes.

Table 2. Initial Reaction Rate A = - I " 1

Beams for Head-On Collisions
dl/dt and Total Half Life of Particle

Beam-gas
nuclear
reaction

Beam-beam
nuclear

reaction
A2

Beam-beam
Beam-beam Bremsstrahlung Initial
Coulomb electron pair Half
dissociation production Life

A A

Beam @ 10"10 Torr A on A p on A A on A

xlO"3 /h xlO"3 /h xlO"3/h xlO~3/h x l ( r 3 / h

A on A on

po
Si
Cu
I
Au

0.15
0.37
0.54
0.76
1.08
1.37

2.4
5.5
5.4
4.1
l.l
2.8

2.4
32.5
42.5
62.3
29.2
102.3

0.55
4.6
20.7

0.12
4.6
31.6

272
118
117
125
61
12

6. THE BEAM CURRENT LIMITATION
A high-brightness beam in the storage ring can offer higher luminosity for the

collider. Yet high-brightness is also prone to various collective instabilities:
(1) The beam-beam tune shift for the round beam is given by

3r0 Q
2 NB

where the classical proton radius r0 = 1.535 x 10~18m and ejv is the normalized
emittance for 95% of the beam. Thus the beam-beam tune shift is proportional
to the two dimensional brightness. Similarly, the Laslett space charge tune
shift at the injection is proportional to the four dimensional brightness, i.e. the
bunching factor is also important. For RHIC, the space charge at injection is
less than 0.02 for all ion species and the beam-beam tune shift is less than
0.004 per crossing. The total beam-beam tune shift is also less than 0.02.

(2) Microwave instability: (a) The threshold impedance for the microwave insta-
bility is given by

,Z/n| < 2* — [-) -
A*

Table 3 summarizes the single bunch instability.



Table 3. Tune Shift and the Threshold Impedance
Species

eArKmm-mrad]
NB[xl09}
Ai/H S[xl0-3]
aE/E[xl0-*]
\Z/n\(Q)

P

20
100
3.7
0.8
2.0

O

10
8.3
2.4
1.2
9.1

Si

10
5.6
2.9
1.2
7.7

Cu

10
2.7
2.6
1.3
9.4

I

10
1.5
2.4
1.5
11

Au

10
1.0
2.3
1.5
12

(3) Coupled-Bunch Instability: Using ZAP code, the coupled-bunch inst?.bility has
been estimated with the impedance due to space charge, resistive wall, broad
band, and higher order parasitic cavity modes. In the absence of Landau
damping, the transverse instability growth rate is expected to be 43 sec"1

for the stainless steel vacuum chamber or to be 1.3 sec"1 for the copper-
coated chamber (25 /im thickness). Similarly, the longitudinal bunch to bunch
instability is expected to have a growth time of 60 msec due to the parasitic
modes of h=342 cavities. Special care is required to control the spacing between
the parasitic modes. Wide-band damper systems have been designed to cure
the collective motion.

7. STATUS AND OUTLOOK
The single layer cos0 magnet has been successfully designed to achieve the

quench field of 4.5 Tesla, which is considerably larger than the operation field of
3.45 T. Eight dipole and two quadrupole magnets have been successfully built and
tested. AU magnets achieve the quench field beyond the operation field without
training. The multipoles of each magnet have also been measured. The geometric
components of the sextupole and decapole are yet to be understood. The random
multipoles are within the prediction of the Herrera model. Besides these arc dipoles
and quadrupoles, the beam crossing dipoles BCl and BC2 are important R&D
items.

Since the intrabeam Coulomb scattering is important for the lifetime of the
heavy ion beam, a stochastic cooling system capable of canceling the growth due to
the intrabeam Coulomb scattering snail enhance the luminosity more than 4 times.
The stochastic cooling can also eliminate the costly high rf voltage, which is needed
to contain the bunch within the bucket area.

RHIC is in the President budget of FY 1991 for a total cost of 397 MS in-
cluding three detector facilities. The cryogenic system of helium refrigerator has
been fabricated, installed and tested in 1986. The load capacity is about two times
the estimated heat loads for RHIC. A total of six detector area are available. The
machine, to be completed in 1997, shall offer challenging and exciting physics oppor-
tunity for the new and unexplored kingdom of the Quark-Gluon plasma. Similarly,
the luminosity for the proton-proton collision mode can achieve 2 x 1032cm~2sec~1

at 250 GeV/beam (for unpolarized proton as well as polarized protons).
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