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Abstract

The Alternating Gradient Synchrotron (AGS) is a synchrotron for the acceleration of protons and

heavy ions to tens of GeV/amu for fixed target physics research. The Relativistic Heavy Ion

Collider (RHIC), with the AGS as its injector, allows the collision of heavy ion beams with

energies of several hundred GeV/amu. The vacuum systems of the AGS-RHIC complex range

from 10"6 Torr in the ion sources to ultrahigh vacuum of low 10"1' Torr in the Booster and

RHIC. The status of the machines will be described with emphasis on the following areas: the

performance of the Booster ultrahigh vacuum system, the development of non-magnetic vacuum

components for the muon storage ring, and progress in the construction of the RHIC vacuum

systems.

1. Introduction

A schematic layout of the AGS-RHIC facility is shown in Fig. 1. It consists of the proton

Linac, the 16 MV Tandem van deGraff, the Booster synchrotron and the AGS. A muon storage

ring with a circumference of 45 m and RHIC with a circumference of 3.8 km are presently

under construction. Some of the machine parameters of these accelerators and storage rings are

described below.

The Linac accelerates protons to 200 MeV. The Tandem Van de Graaff accelerates heavy

ions ranging from oxygen at 8 MeV/amu to gold at 1 MeV/amu. The Booster synchrotron was
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commissioned in 1991.' It accelerates the protons from the Linac to 1.5 GeV and all ranges of

ion beams from the Tandem to several hundred MeV/amu. The AGS accelerates the 1.5 GeV

protons from the Booster to 28 GeV. The fully stripped light ions from the Booster, such as

O+ 8 , Si+14, are accelerated in the AGS to 14.6 GeV/amu. The partially stripped heavy ions

from the Booster, such as Au+I4 and Au+33, are stripped by a copper stripping foil to Au+77

before being injected into the AGS for acceleration to over 10 GeV/amu. At the moment, both

protons and heavy ions are extracted from the AGS for fixed target experiments. The AGS will

serve as an injector for RHIC.

The objective of the muon storage ring is to measure the magnetic moment of the muons

with a precision of 0.3 ppm.2 Muons, produced by bombarding an external target with 24 GeV

protons from the AGS, are stored using a continuous superconducting magnet, —15 m in

diameter. To achieve the precision of 0.3 ppm, the magnetic field uniformity around the muon

storage region must be within 1 ppm. This rules out the use of materials with magnetic

susceptibilities greater than 10"4 near the storage region.

The objective of RHIC is to do physics research involving the collisions of highly

relativistic particle beams. The RHIC machine, described elsewhere,3 must store two counter-

rotating particle beams for periods of greater than 10 h. Colliding beams may comprise protons,

gold ions (i.e., Au+79), or a variety of heavy ions, colliding with each other or protons.

The vacuum systems of the Linac, Tandem and AGS are of the conventional types

operated in high vacuum ranges. Ultrahigh vacuum is needed in the Booster and RHIC to

minimize the beam loss due to the interaction of the heavy ions with residual gas molecules. The

design and development of these two ultrahigh vacuum systems will be presented in this article.

The development of non-magnetic distributed ion pumps and cold cathode gauges for the muon

storage ring will also be described.

2. The Booster Vacuum System

The Booster ring has a circumference of 202 m. Details of the Booster vacuum system
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are described elsewhere.4 To achieve the required vacuum of low 10"11 Torr, the entire vacuum

system is insitu baked to 250°C and is pumped by titanium sublimation pumps and sputter-ion

pumps with a total pumping speed over 50,000 f/sec. After the Booster's commissioning in

1991, pressure in over half of the ring was in the 10"12 Torr range, which is beyond the

measuring limit of Booster's thin collector Bayard-Alpert gauges (BAGs).5 Pressures at a few

kicker magnets remain at low 10'10 Torr range, resulting in an average ring vacuum of low 10 ! l

Torr.

Ultrahigh vacuum is usually not required for accelerators. However, the Booster has to

accelerate partially stripped, low energy heavy ions, such as Au+14 injected at 1 MeV/amu from

the Tandem. These ions will exchange electrons with the residual gas molecules with significant

cross sections, which causes their immediate loss in the bending magnets. The intensity in time

of a Au+33 beam during the Booster acceleration cycle was measured at two different vacuum

levels. The results are summarized in Fig. 2 and compared with the calculated survival rates

using the empirical formula outlined in ref. 6 and the partial pressures measured with residual

gas analyzers. At a pressure of 10'9 TOIT, comprising 50% Ar, 30% CH4,15% H2 and 5% CO,

and achieved by turning off all the ring ion pumps, the beam intensities in time are consistent

with the calculated values. At the normal operating pressure of 3x10"' * Torr with 70% H2, 20%

CO, 5% CO2 and 5% CH4, beam loss is higher than predicted. This may be caused by non-

vacuum related phenomena. The charge exchange cross sections6 will be higher for Au+14, for

which vacuum-related beam loss at 3xl0'n Torr is estimated to be over 40% during the Booster

acceleration cycles.

At a pressure of 10"11 Torr, the collector current of the BAGs is only a few pA. This

current is transmitted by fully shielded, low dielectric, low noise coaxial cables to the gauge

controllers.5 Some of these gauge cables have lengths of up to 150 meters. During Booster

operation, oscillations in some BAG readouts were observed to range from 10'12 Torr to low 10'

9 Torr equivalent. Two major sources of interference have been identified: (1) the EMI due to
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the fast pulsing magnets; and, (2) triboelectric current due to the movement of the cables in the

outdoor cable trays. The magnitude of the EMI noise pickup is proportional to SB/6u the

ramping rate of the magnetic field.5 The effect of this bipolar, low frequency noise pickup can

be minimized by lengthening the integration intervals of the gauge controllers to a few seconds.

The magnitude of the triboelectric current, as shown in Fig. 3, is consistent with both the

outdoor length of the cables and the solar radiation intensity. We are investigating the use of low

triboelectric cables or relocating the cables to indoor cable trays.

3. The Muon Storage Ring Vacuum System

A pressure of 10'8 Torr is required for the muon storage ring. This level of vacuum is

not difficult to achieve in conventional accelerators and storage rings. However the need to

maintain the magnetic field uniformity at the storage region to within ± 1 ppm has excluded the

use of material, with magnetic susceptibilities greater than 10"4, such as stainless steel and

inconel, around the storage region. The chambers are fabricated out of aluminum. Other

components will be made of aluminum, brass, ceramic and polymers. Distributed ion pumps

(DIPs) will be used to pump the beam vacuum. Both cathodes and anodes of the DIPs will be

constructed of titanium. The fringe field of the storage ring magnet at the DIP location ranges

from 12 to 15 kilogauss and with direction from vertical plane up to 9° .

To optimize the design of DIPs, the pumping behavior of ion pump elements of different

anode radii has been studied using an electromagnet. As shown in Fig. 4, the pumping speeds

of the elements with large cell radii decrease with increasing magnetic field while those of

smaller cells remain relatively constant. The measured speeds of the smaller cells are consistent

with the calculated values7 using the empirical formula of Suetsugu and Nakagawa.8 When the

direction of the magnetic field is not parallel with the anode axis, the effective cell radius and,

therefore, the pumping speed decreases.9 The dependence of the pumping speeds on the

alignment angle for the element with a cell radius of 5.5 nun is shown in Fig. 5, and is

compared with that of an element with a cell radius of 9 mm. At a field greater than 10 KG, the
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pumping speeds of the smaller cells are found to be more sensitive to misalignment than those

with the larger cells.

The storage ring vacuum will be monitored by cold cathode gauges when the DIPs are

not powered. Several cold cathode gauges, with their permanent magnets removed, have been

studied for their suitability when operating in the fringing magnetic field of the storage ring.10

The discharge intensities of both a grounded Penning gauge and an inverted magnetron gauge

decrease with increasing magnetic field and with misalignment to the field. However, at a high

magnetic field, the discharge intensities of a Penning gauge, as shown in Fig. 6, increase with

a larger misalignment. This observation, first reported by Welch in 1972,' ' is not consistent with

our understanding of the Penning discharges and will be the subject of further studies.

4. The RHIC Vacuum Systems

In RHIC, the intensity, and thus the usefulness, of the particle beams is diminished when

the stored particles are lost from their contrived orbits either due to charge exchange processes

or through nuclear scattering with background gas. Particle beam collisions with gas in regions

near the experimental detectors will also cause background noise in these detectors, and are

therefore undesirable. For these reasons, a low operating pressure in the RHIC is very

important. The RHIC, illustrated in Fig. 7, comprises two interweaving rings - 3 . 8 km in

circumference. About 17% of the life of each beam is spent in warm, room temperature (RT)

sections of the rings; the remainder is spent in beam pipe operating at a temperature of -4 .2°K

(i.e., the cold bore). An average pressure of 25xlO'10 Torr is required in the warm sections,

comprising 90% H2, 5% CO, and 5% CH4. The requirement for the average total pressure of

the cold bore is SlO*11 Torr, comprising exclusively He and H2, since all other gases have

vapor pressures far below 10'11 Torr at 4.2°K. Maintenance of the above pressures assure

adequate beam lifetimes and acceptable beam-emittance growth rates.

Figure 8 is a schematic representation of one twelfth of the machine. We see from this

figure that RHIC actually comprises three vacuum systems: (1) the cold-bore system; (2) the
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warm-bore system; and, (3) the cryostat vacuum system housing the superconducting magnets.

Each will be briefly discussed.

Figure 9 provides a graphical representation of a "string" of dipole and CQS

(corrector/quadrupole/sextupole) magnets. Magnet helium interconnects are not shown in this

figure. The upper portion of this figure shows the magnets with interconnecting beam pipes and

vacuum apparatus, whereas the lower portion shows this equipment housed in the magnet

cryostats. Beam position monitors subtend each CQS magnet. At alternate locations either

sorption pumps or gauge conduits are attached to the cold-bore beam pipe every 30 m.

It was thought prudent in the construction of the RHIC machine to require that no

welded, brazed, or bolted vacuum joints serve as barriers between the cryogenic helium (LHe)

and ultrahigh vacuum (UHV) environments. This is because LHe leak has a factor of - 10+2

gieater leak rate than an equivalent RT gaseous He leak. Helium cryogen, separately plumbed

from one magnet to the next, is pumped through holes in the stacked laminations of the various

superconducting magnets. Welded stainless steel shells, containing and aligning the magnet

laminations serve as LHe barriers from the cryostat insulation vacuum. The cold bore beam pipe

comprised a seamless, austenitic stainless steel tube, extending beyond the end plates of the

magnets to which it is welded. The cold bore is interconnected between magnets with formed

bellows. Therefore, the only means whereby He can leak into the cold-bore UHV system is

through metallurgical flaws in the seamless pipe, because of possible damage caused during the

welding of the beam pipe to the magnet end plates, or from the circumstance of gaseous He in

the cryostat leaking through a catastrophic failure in the UHV interconnecting piping or bellows.

The sorption pumps, located at 30 m intervals along the cold-bore, serve only to pump

He from possible leaks and H2 stemming from end effects at warm-to-cold transitions. These

pumps, operating at ~ 10°K, have ~ 103 greater capacity for He than sputter-ion pumps,12 and

they are easily regenerated. Gold beam lifetime and emittance growth are shown to be severely

impacted by increases in the partial pressures of H2 and He in the cold-bore.13 This is illustrated
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in Fig. 10 where beam lifetimes are given for various size 4.2°K He leaks with and without Jie

use of sorption pumps.14

The interconnects of the magnet cryostats are joined with a welded, split "clamshell".

Further, no "hard" vacuum barriers are used to segment each of the twelve, 480 m cryostats.

This presents some rather unique challenges in terms of locating and remedying He leaks from

the magnets into the cryostat vacuum system. The probability is greatest that a He leak will

occur in the region where the magnets are interconneted. Ergo, one must be able to locate a He

leak with a longitudinal resolution finer than the shortest magnet in a magnet string. Toward this

end, three turbomolecular pumps are positioned along each 480 m cryostat (i.e., see Fig. 8).

One purpose of these pumps is to create a He gradient along a cryostat in the event of a He leak

from a magnet interconnect into the cryostat. The quadrupole residual gas analyzers positioned

along the cryostat serve to "point" in the approximate direction of the He leak. Transverse

conduits, thermally baffled, couple each 4.2°K interconnect region to valves located on the

magnet cryostat at each magnet interconnect. A leak detector may be used to successively

measure He pressure at each interconnect until the interconnect with the maximum He pressure

is located (i.e., the offending interconnect). An example of this technique is shown in Fig. 11,

when proof of principle was established with a contrived leak on a RHIC full cell test. The

transverse conduits must also have sufficient conductance to the cryostat valves to facilitate

sufficient pumping on the leaks - that is, vs. longitudinal conductances along the magnets - to

maintain machine operation until the leaks are repaired.

Lacking beam components such as kickers, septa and rf cavities, the RHIC warm-bore

systems would be rather mundane. Sputter-ion pumps, perhaps augmented with lumped

nonevaporable getters would provide the speed needed at low 10"10 Torr to more than adequately

meet the pressure requirement.1S However, calculations show that beam life time and emittance

growth, related to warm-bore pressure, will be deleteriously impacted by beam components, in

particular rf cavities. Further, H2 stemming from these cavities, and finding its way into the
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cold-bore system would prove a problem absent the use of sorption pumps. For this reason,

sputter-ion pumps will be augmented with titanium sublimation pumps in the RHIC warm-bore

systems.

The instrumentation and control system features use of multidrop RS-485 data bus

through which instrumentation controllers report to eight programmable logical controllers

(PLCs) distributed in radiation-free areas about the complex. Gauges and instrumentation

controllers will be located within the RHIC ring except in high radiation areas. We presently

plan to use Bayard-Alpert gauges to measure pressure in the cold-bore and warm-bore regions,

and cold cathode gauges to measure pressure in the cryostats. For purposes of software

commonality and component cost reduction we are exploring the possible use of inverted

magnetron gauges in all RHIC HV and UHV applications. In UHV applications, gauge ignition

will be enhanced through use of either Co60 or Ni63 radioactive sources.16

5. Summary

The vacuum systems of three machines at AGS-RHIC facility have been described with

emphasis on the development in a few areas, such as the noise pickup in the vacuum monitoring

of the Booster ultrahigh vacuum system; the development of the distributed ion pumps for muon

storage ring and the locating of helium leaks in the 480 m long RHIC cryostats. The present

results are applicable to other accelerators and storage rings such as CERN's Large Hadrou

Collider.
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Figure Captions

Fig. 1. Brookhaven's AGS-RHIC facility.

Fig. 2. The normalized intensity of Au+33 beam during the Booster acceleration cycle at

vacuum levels of ~ ixlO9 Torr and ~3xlO n Torr.

The noise pickup of two Booster gauge cables with E4 gauge having outdoor

cable length of 150 m and B7 gauge of 70 m.

The pumping speeds of ion pump elements of different cell size versus the

magnetic field.

The decrease in pumping speeds versus alignment angle(angle between the

direction of magnetic field and the anode axis.

The discharge intensity of a Penning cold cathode gauge vs magnetic field at

different alignment angle.

The layout of the Relativistic Heavy Ion Collider.

Vacuum instrumentation and pumping for a 12th of the RHIC machine.

Cryostat and ultrahigh vacuum interconnect hardware.

Average pressure and gold beam lifetimes in one RHIC ring due to one helium

leak of magnitude 10" Torr-£/sec in the 6.9 cm diameter beam tube.

Fig. 11. Helium pressure profile in magnet string due to introducing contrived leaks with

the magnets at temperatures of —4.4 and 293 K.
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(a) E4 Gauge on a Sunny Day

(b) B7 Gauge on a Sunny Day
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