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Summary

At Brookhaven National Laboratory (BNL) two
existing facilities, the Tandem Van de Graaff ma-
chines and the AGS have been joined by a beam trans-
fer line, and modified to permit acceleration of
light ions (up to sulfur) to energies of 14,6 GeV/
amu. Light ions supplied by a pulsed ion source are
accelerated by the Tandem to an energy of about 7-8
MeV/amu, and are transferred directly into the AGS in
the fully stripped state. In the AGS an auxiliary rf
system has been added to accelerate through the low
velocity region from about 7 to about 200 MeV/amu, at
which point the previously existing AGS RF system
takes over to complete the acceleration cycle to full
energy, as it normally does for protons. Standard
resonant slow extraction delivers the beam to the
existing experimental beam facilities. This Is the
first phase of a long range program to provide faci-
lities for relativistie heavy ion experiments with
fixed targets and ultimately with colliding beams at
BNL. The design objectives for this project and
preliminary results obtained during the commissioning
of the light Ion program are described in this paper.
Plans for a future second phase, a booster accelera-
tor to permit heavy ion acceleration in the AGS, and
of the third phase, a proposed Relativistie Heavy Ion
Collider (RH*IC) are briefly Mentioned! as well.

Introduction

The lively interest in the study of nuclear
matter in extreme states of temperature and nuclear
density has led to nuiuerous proposals to provide
heavy ions at relativlstie energies for experiments
with both fixed targets and colliding beams, Nega-1

tive ion sources delivering high pulsed currents can

program. This booster will accelerate partially
stripped ions of gold, for example, to an energy of
350 MeV/amu, whereupon they can be fully stripped and
transferred to the AGS, From this point onward the
ions will also survive in the AGS, and can be ac-
celerated to full energy. The booster project has
been approved for construction and it Is at the stage
of early detailed equipment design.

Each of these projects will serve to start a
physics program with light or heavy ions at energies
up to 14.6 GeV/amu (about 11 GeV/amu for gold) uti-
lizing fixed targets in already existing experimental
beam facilities. To achieve higher collision ener-
gies a proposal has been made1* by BNL to construct a
Relativistie Heavy Ion Collider (RM1C) utilizing the
existing tunnels and refrigeration systems already in



tlve Ion sources delivering nign piuucu currents can
be tised In conjunction with the existing Tandem Van
de Graaff accelerators as heavy Ion injectors for the
AGS, the 30 GeV proton accelerator at BNL. As a
first phase of a long range program to provide rela-
tivist ic heavy ion beams, the Tandems and the AGS
have been joined by a beam .transfer line. Fully
stripped light ions are transferred directly into the
AGS, and are accelerated to the maximum energy which
can be held by the magnetic field, about 14.6 GeV/amu
in normal operation. This project is now in the beam
commissioning phase, and preliminary results are pre-
sented in this paper, together with some detailed
discussion of the design objectives.

Direct injection into the AGS from the Tandems
makes it possible to support a physics program with
light Ions up to the mass of sulfur. For heavier
elements in the periodic table, the Tandems are good
providers of partially stripped atomic beams, but
their energy Is too low to remove all electrons from
the inner shells and partially stripped ions would
not survive in the AGS. For this reason (and for
other important reasons relating to AGS performance
improvements with protons) a booster accelerator has
been proposed as a second phase of the BNL heavy Ion

*WorV performed under~the auspices of the U.S.
Department of Energy.

Fig. 1 - BNL site plan showing Tandem Van de
Graaff, Heavy Ion Transfer Line, AGS, Booster
(approved), and Relatlvlstie Heavy Ion Collider~
RHIC (proposed).

DISTRIBUTION OF THIS D3CU&HST 13 [&L!tfi!E



place from the abandoned CBA Ptoject. The Tandem/
Booater/AGS complex will serve as the Injector. The
maximum energy will be 100 GeV/amu In each ring, or
200 GeV/amu In the center-of-raass of the collision.
This proposal is awaiting construction approval in
the future.

The overall facility layout Illustrated in Fig.
1 shows the relationships between the various ele-
ments of the BNL plan. In this paper we will discuss
the recently constructed first phase: the direct
injection of light ions from the Tandems into the AGS
and acceleration to full energy for experiments in
the existing fixed target areas.

A_ccelerat_l_on_of Light Ions

The project to accelerate light ions In the AGS
comprises three principal elements: providing a high
current pulsed ion source for the tandem machines,
eonstructing the beam transfer line, and adding a new
injection system and a preaeceleratlon rf system to
adapt the AGS for the very low injection energy. The
pulsed ion source provides negative ion beams, and
these ions are converted into the fully ionized state
during several stages of acceleration to about 7-8
MeV/aau energy in the tandems. The AGS requires that
the ions be fully stripped. This can be accomplished
for light ions such as oxygen or sulfur. For masses
beyond sulfur the energy provided by the Tandems
alone would not be high enough to accomplish full
stripping, and directly injected, partially ionized
beams would be lost during the acceleration cycle due
to ionization exchange or subsequent stripping in the
residual gas in the AGS vacuum chamber.

For the light ion program, direct injection into
the AGS is expected to yield intensities of about 1 x
1010 oxygen ions and about 2 x 108 sulfur ions per
AGS cycle. This is what the accelerator systems
should be able to deliver when optimum adjustments
have been achieved. The experimental programs re-
quire much lower intensities for direct interaction
studies.

Ion Source

A pulsed negative ion source provides Lite high
l t fnr injection Into

not required to exceed 10 t|, and it has operated at
much higher rates.
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Fig. 2 - Schematic diagram of Mlddleton Mark Vll
sputter ion source modified for pulsed operation.

Acceleration in Jthe tandems

The negative ion beams from the source are ac-
celerated and converted to fully stripped ions in
several stages. Brookhaven has Ewo tandem accelera-
tors, the MP-6 machine, operating at about 10 MV, and
the upgraded MP=7 accelerator, which has sustained 16
MV, but normally runs at 14 to 15 MV.6 These facili-
ties are used in two principal configurations il-
lustrated in Fig. 3: a two-stage mode, using only
the MP-7, and providing two stripping stages for the
lighter ions such as oxygen, and a three-stage mode
employing both machines with three stages of strip-
ping for the most difficult case of sulfur. We will
diseass each of these in turn, using oxygen and
sulfur as examples.

In the two-stage mode of operation the ion
source is loeatad near ground potential at the up-
stream end of the MP-7 machine. Negative oxygen ions
are accelerated to the high voltage terminal, reach-
ing an energy of about 0.5 tfeV/amu, sufficient to
convert the beam to the 0(7+) ionization state with
about 30-40/5 efficiency using a thin stripping foil.
Further acceleration toward ground potential will



A puisea nega
instantaneous currents required for injection into
the AGS.5 A simplified schematic diagram of a
Middlefcon Mark VII sputter ion source adapted for
pulsed current service is shown in Fig. 2. In normal
dc operation, positive cesium ions are accelerated
through a potential difference of 3-5 kV and focussed
onto a sputter target. Negative ions emerge from the
sputter target after having picked up an additional
electron from the cesium, and are accelerated through
an extraction potential of about 25 kV. In the
pulsed mode of operation the cesium acceleration
voltage Is pulsed from a base level of up to 1.5 kV
to a maximum of about 4.5 kV. The lower level is
adjusted to provide a low intensity dc tracer bean
for accelerator control and beam tuning. The maximum
pulse amplitude is adjusted to optimize the instan-
taneous beam current and this adjustment varies
depending on the ion species. The extractor veltage
is held constant at all times.

Typically one obtains negative oxygen ion beams
exceeding 100 MA and sulfur beams exceeding 200 VA,
with pulse lengths well in excess of 200 usee.5 For
voltage pulse rise times of less than 1 Msec, a beam
pulse rise time of 2 to 10 uses has been observed.
The duty cycle for this source for ACS operation is

Further acceleration cctmrg—ETmimr r

yield an energy of 7-8 MeV/anu. At this final
energy, the last electron can be removed by a second
stripping foil with nearly 100X efficiency, prior to
transfer into the AGS (see Fig. 3a).

For the more difficult case of sulfur, the ion
source is installed in the MP-6 high voltage terminal
further upstream, and the two accelerator potentials
are added together in order to gain an additional
increment in energy before the first stripping opera-
tion (see Fig. 3b). The negative sulfur beam arrives
sit the high voltage terminal of MP-7 with an energy
of approximately 0c75 MeV/amu, and it is converted
into S(10+) with about 20% efficiency. A second
stripping foil is inserted at the next quarter point,
25% of the way toward ground potential, where the
beau ip. converted to S(14+) with about 25% effi-
ciency. Accelerating through the remaining three-
quarters of the potential to ground, one obtains a
final energy of up to 6.8 MeV/amu (with 15 MV on the
MP-7 machine). At this energy the last two electrons
are stripped away with an efficiency of about 6%.
Again we assume 75% beam survival on the way between
the Tandem and the AGS. For sulfur the overall pro-
cess is very inefficient, yielding I B B S than 0.3%



of the original particle flux, about two orders of
magnitude lower than for oxygen. For nuclei heavier
than sulfur the yield of fully stripped ions vanishes
rapidly, while the yield of partially stripped ions
can remain quite high.

BROOKHAVEN
DUAL MP-TANDEM

FACILITY

(A) 2-STAGE
(OXYGEN)

(B) 3-STAGE
(SULFUR)

+ V
MP6

Fig. 3 - Tandem operating modes for Light Ion
Program*

The pulsed beam currents ate much larger than
the normal charging and voltage divider currents of
the Tandem structure* This excess current IF tem-
porarily provided through the capacitance between the
high voltage eeluffln and the tank wall. During a 200
Msec pulse of 200 uA the voltage droop is less than 1
kV, or leas than 7 x 1(T5 of the total.

The fractional energy spread of the light ion
beams from the Tandems is about 2 x ICT1*, The emit-
tanee (90%) of a pulsed oxygen (8+) bean of 70 UA at
7 MeV/anHi has been measured using a program of varied
tjuadfupole strengths and bean profile Measurements t«

that the second 90° magnet also serves the function
of clearing away all remnants of improper ionization
states. Special lens configurations near the Tandem
and the AGS provide optimal matching into the trans-
port channel and into the AGS lattice.

Injection Into AGS

In the AGS, the beam arriving from the Tandem Is
stacked in horizontal phase space, using a standard
multiturn injection technique. During the injection
process the equilibrium, orbit of the synchrotron is
locally distorted by means of a slowly collapsing
half-wavelength bump. Initially the orbit is aligned
near the injection septum, so that the central region
of the available phase space is filled first. As the
orbit bump collapses, subsequent turns fill the outer
regions of the svallable phase space. For the light
ion program, ten turn injection is envisaged as a
standard, but the number of turns and the stacking
efficiency can be optimized with the betatron tune of
the synchrotron and the rate of collapse of the equi-
librium orbit bump.

The electrostatic injection septum provides a
total deflection of about 9e accommodating the very
steep angle of approach of the injected beam. The
orbit bump is excited by two ferrite magnets located
about a quarter betatron wavelength upstream and
downstream of the septum, providing a deflection of
up to 4 cm at the location of the septum. For ten-
turn injection a nominal horizontal betatron tune of
about 8.80 and an orbit collapse rate of 0.25 era/turn
are envisaged. Initial results obtained during the
commissioning phase are shown in Fig. 4 illustrating
spiraling of a 10 usec pulse of oxygen 8 + for ap-
proximately 35 turns in the A6S (revolution time ~ 22
Usec).



quadrupole strengths and beam profile measurements to
be approximately 2 n'mrn'mrad. This result is within
20% of that obtained with a 9 nA dc beam used for
beam tuning and Tandem voltage control.

Beam Transfer to the AGS

On Its way from the Tandem to the AGS, about 640
m away, the beam negotiates three major angle turns,
a 180* turn near the Tandem, a 48° deflection near
the midpoint, where the beam also acquires a slight
downward pitch, and near the AGS injection point a
third bend through 138" (see Fig. 1). Each bending
section is achromatic in the horizontal plane. The
long straight portions of the transport line contain
simple point-to-point focusing doublets, spaced ap-
proximately 75 m apart, and horizontal and vertical
steering correction magnets at the quadrupoles, and
halfway In between near the beao waists* Beam pro-
file detectors (harps) and Faraday cups can be in-
serted pneumatically at each of the beam waists» The
main bending magnets are double focusing dipoles,
whose end face angles have been adjusted to provide
equal vertical and horizontal focal lengths. The
image silts after the first of the two 90" bending
magnets near the Tandem are used for energy stabili-
zation of the accelerator. Final stripping occurs in
a foil located between these two bending magnets, so

Fig. A - Capacitive pick-up signal showing a 10
usec pulse of oxygen 8*** at 7 MeV/amu splraling in
the AGS. Each peak corresponds to one revolution
of approximately 22 Usec.

The AGS magnetic field at injection is about
90 G. Beam is injected on a slowly rising field
raap, the rise rate being about 1.2 G/rasec. The
timing of the injected bean pulse is determined by a
Gauss clock, which integrates the time derivative of
the field, and it is, in principle, adjusted to



TABLE I

ACCELERATION PARAMETERS FOR AGS LIGHT ION PROGRAM

Energy Range

RF Frequency (MHz)
Harmonic Number
Energy Gain Per Turn
Magnetic Field Rise Rate
Acceleration Time (sec)
Total Acceleration Time
Experimental Beams Flattop
Total Cycle Time

6-200

0.5-
12
4.24
1.2
0.27

MeV/amu

2.5 MHz

keV/afflU
KG/sec

0
~ 1
~ 2

.87

.0

.7

sec
see
see

0.200-14.6 GeV/amu

2.5-4.5 MHz
12
70 keV/amu
20 KG/sec
0.60

provide optimum sutvival of the first Injected turn
In the ring. The AGS magnetic field ripple at these
low fields is equivalent to att equilibrium orbit un-
certainty of about 1-2 ram, which is quite accept-
able.

Capture and Acceleration

The Ion beam is captured and accelerated on the
12th harmonic of the beam revolution frequency, in
the same manner as for protons. The standard proton
rf system is designed to start acceleration at about
55X of the velocity of light and therefore has a
limited frequency range, whereas the Ions arrive with
a velocity as low as 0.11c, The process Is therefore
divided into two portions! pteaeeeleration of the
ions with a new rf system to about ZOO MeV/amu, the
normal injection energy for protons, followed by
acceleration to maximum energy with the proton
system. The frequency for these two rf systems
extends from 0.5 to 2.5 MHz, and from 2.5 to 4.5 MHz,
respectively. The full AGS cycle for light Ions Is
summarized in Table I.

The preacceleratlon rf systems employs a single
fertlte loaded cavity There are two acceleration
gape, each excited to peak voltage of about 7-8 kV»
providing an energy gain of about 4 keV/aiau per tutn.

program, as a function of the raagnetie field, is
provided by a computer controlled frequency synthe-
sizer, with inputs from phase and radial control
loops. An option Is available for the computer to
"learn" the frequency program by reference to the
beam signals; then, by separate option, it can run
the rf system with open beam feedback loops. This
open-loop option is expected to be used when the
experimental program requires accelerated beams with
intensities so low that reference to the beam signal
Is not available. The new low level rf system covers
the entire frequency range, fron 0.5 to 4.5 MHz,
i.e., both the preacceleration and the main accelera-
tion phases.

Beam Losses and Overalljperforaance

The ions injected into the AGS can exchange
electrons with the residual gas in the vacuum
chamber. The AGS vacuum pressure Is about 10 Torr.
As the Ion pieke up an electron, its nagnetle rigidi-
ty changes and it is lost from the equilibrium orbit.
This loss mechanism is significant for fully stripped
sulfur Ions at the lowest energy. At 7 MeV/amu the
charge pickup cross section7 for a fully stripped
sulfur nucleus Is about 3 x 10~1B cm2, and It falls
rapidly as the energy increases, becoming insignifi-
cant above'10 MeV/amu. The result is a loss of about



providing an energy gain of about 4 keV/aau per turn.
The peak applied rf power Is about 125 kw.

To control the entire rf program, a new low
level rf system has been constructed. The frequency

cant above 10 MeV/amu. The result l« • loaa of about
3-4%/msec near the Injection energy, and about 40% oC
the sulfur beam Is expected to be lost in this manner
during the early acceleration phase. For oxygen, the
effect is far less significant.

TABLE II

AGS LIGHT ION PROGRAM
SYSTEM DPSIGN PERFORMANCE

Source Current
(particle UA, pulsed)
Pulse Width at Tandem (Msec)
Tandem Operating Mode
Stripping Efficiency Overall
Tandem Transmission
Tandem Output Energy (MeV/amu)
AGS Injeetloa.Efflciency
ACS Capture Efficiency
Beam-Gas Interaction Survival
Overall Efficiency
AGS Current
AGS Energy

Oxygen

100 UA
220 usec
2-stage
40% (O8+)
75%
7.5 MeV/amu

m
100%
18%
2.5 x 1010 ppp
14.6 GeV/arau

Sulfur

200 »A
220 Usec
3-stage
0.32 (S16+)
75%
6.8 MeV/amu

m
35-7O3S
0.05-0.10%
1.3-2.7 x 108

14.6 GeV/amu
PPP

*i



Apart from the ionizatlon exchange losses, In-
jection and capture efficiency Is expected to be
about 60%, so that altogether about 40-60% of the
injected beam is expected to survive the early ac-
celeration process.

The overall performance expectations for the
light ion program at BNL are summarized in Table II.
About 18X of the oxygen ion flux from the source will
be accelerated to full energy, yielding about 2.5 x
10*° particles per pulse at 14.6 GeV/amu energy. For
sulfur the yield is about two orders of magnitude
lower, approximately 2,7 x 108 ions per pulse, or
about 0.1Z of the ion source flux. In either case
the particle yield is ample for direct interaction
experiments with fixed targets. In fact most experi-
ments require that the intensity be reduced further.
Nevertheless the difficulty of extending the direct
injection of Tandem beams into the AGS to heavier
ions is evident. With an additional future booster
accelerator between the Tandem and the AGS, on the
other hand, even the heaviest ions will be able to be
accelerated to full energy in the AGS*

Initial Beam Commissioning Results

Beam commissioning has begun and oxygen ions
have been injected into the AGS and a small amount of
bean has been accelerated through the preaeceleration
portion of the cycle to approximately 200 MeV/arau.
During the first full system run, the ion source
delivered 100 uA» while the Tandem was operating at
14 HV. The electrical current arriving at the AGS
was about 75 uA (~ 10 particle-uA). Five turns were
injected into the AGS with approximately B0% ef-
ficiency, and during subsequent studies up to twelve
turns were injected with a considerably lower average
efficiency (20-2555). A factor of two larger beam
emittance than was assumed in initial estimates con-
tributes to the lower efficiencies. Initial preac-
celeration studies were carried out without benefit
of phase and radial feedback loops in the new low
level rf system* As a check on the suitability of
pick-up signals to be used for this control, we have
successfully accelerated the beam with feedback loops
closed on the 60th harnonic of the revolution fre-
quency using the present proton system (2,7 - 4*5
Mitz), Commissioning of the remainder of the ac~
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MHz). Commissioning of the remainder of the ac-
celeration cycle will occur at the start of the next
AGS running period. Sulfur beams have not yet been
accelerated at the time of this writing.
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