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Abstract

Linear Coupling, introduced by skew quadruples, has
been used for several years to enhance the multi-turn in-
jection efficiency of gold and other heavy ions in the AGS

Booster. In this paper we describe our latest measurements
of the injection process and compare with models.

1 INTRODUCTION

An important consideration in our effort to meet the inten-
sity requirements for the Relativistic Heavy Ion Collider
(RHIC) has been the efficiency of the multi-turn injection
of heavy ions in the AGS Booster. A number of years
ago we introduced linear coupling (using existing skew
quadruples) into our injection scheme [1] and found, as
others have [2], that one can significantly enhance the in-
jection efficiency. The principle parameters of the scheme

are the tunes, the skew quadruple current, and the position
and angle of the injection bump. In the past we have sim-
ply tuned these parameters on the basis of intensity using
models of the injection process as a general guide. How-
ever, recently we developed a non-destructive way to ob-
serve the turn-by-turn evolution of the injected beam and
this has paved the way for more detailed tuning and analy-
sis of the injection parameters. We report here the results
of our efforts and what we hope to accomplish for the up-
coming commissioning of RHIC.

Heavy ion beams are injected into the Booster by means

of an electrostatic inflector and a programmable injection
bump. The injection bump initially places the closed or-
bit near the septum at the exit of the inflector. As beam is
injected and begins to circulate, the orbit must be moved
away to keep the circulating beam from hitting the septum.
The incoming beam is therefore deposited into a series of
phase space layers surrounding the orbit as the bump col-
lapses. The process continues until the orbit is so far from
the septum that any additional beam injected will be out-
side the acceptance of the machine.

The number of turns that can be injected into a given
layer will depend on the tunes and the coupling introduced

by the skew quadruples. By judicious choice of these pa-
rameters, one can maximize the time that the circulating
beam stays clear of the septum. Of course, the introduction
of coupling has a price; it increases the size of the verti-
cal envelope of the beam. This means that in the dipoles
of the Booster lattice, where the vertical beta function is
large and the vertical aperture is small, one can start to lose
beam if too much coupling is introduced. Finding the opti-
mum settings for the tunes and the skew quadruple current
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We assume that the beam distribution emerging f} ,Jlie d
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in flector is contained in a four-dimensional beam ellipsoid

with an emittance small compared to the machine accep-

tance. At any point in the machine, the horizontal and ver-
tical oscillation envelopes of the center of the ellipsoid are
given by

Ixl<<m+m (1)

and

IY15G+- (2)

where

tL2 = /32w& + 2a2w22w12 +72 W:2 , (3)

/l@ = Plw:l – 2alT’vllw12 + 71W;2. (4)

The parameters CS1,@l, -Y1,crz, Bz, 72, WII, W12, W21,

W22, and d are determined by the one-turn transfer matrix
at the given point and can be obtained from the MAD code
[3]. c1 and 62 are the Courant-Snyder Invariants associated
with the two normal-modes of oscillation of the beam el-
lipsoid center about the closed orbit.

The extent of the beam ellipsoid with respect to its cen-
ter is defined by a four-by-four symmetric positive-definite
matrix, E, which we assume is matched to the lattice. The
maximum possible horizontal and vertical excursions of a
beam particle with respect to the center of the ellipsoid are
then given by

Iu–xl<m, IV–YI<= (5)

where Ell and E33 are matrix elements of E and ~b is the

beam ellipsoid emittance. (Here U and V are the horizcsntal
and vertical coordinates of a beam particle with respect to
the closed orbit.) The beam envelope at a given point in the
ring is then defined by the equations

FJlsd%”+fi+m (6)

and

lvlsfi+l/%jX+@G (7)

2 TURN-BY-TURN MEASUREMENTS

Thehorizontal and vertical positions (with respect to the
closed orbit) of the beam ellipsoid center at a given pc}int
on the”nth turn around the machine are given by

X. = Al COS(T2.@I+ ~1 ) + A2 COS(@2 + 452) (8)
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and

Yn = III Cos(n@l + VI) + Bz cos(n@2-t q2) (9)

where $1 = 2@l and 42 = 2~Q2. Here we see that the

motion in each plane is the superposition of two modes of

oscillation, and the tunes (Ql, Q2), amplitudes (Al, A2,

B1, G) and phases (dl, #J2, VI, v2) are the 10 parameters
that characterize the oscillations. These parameters are not
all independent; the amplitudes and phases are each func-

tions of only 4 independent parameters, the initial positions

and angles Xo, XJ, YO,Y( of the beamelIipsoidcenter.In-
cluding the tunes, there are therefore only 6 independent

parameters and these ultimately are what one wants to ob-
tain from turn-by-turn measurements.

To observe the turn-by-turn evolution of the beam posi-
tion, it is necessary to chop the beam so that a short pulse
corresponding to each turn can be seen on PUE’S (PickUp
Electrodes) in the Booster ring. The chopper is located in

the transport line upstream of the Booster, and consists of
two parallel plates with one plate above and the other below

the midplane of the beamline. The upper and lower plates
are connected respectively to pulsed and DC high-voltage
power supplies, and the beam is deflected vertically by ap-
plying voltages to the plates. In the past, the chopper has
been set up so that only a half-turn pulse of beam is trans-
mitted down the beamline and injected into the Boosteu the
turn-by-turn evolution of the half-turn can then be observed
on the PUE’S in the ring. In this mode of operation, beam
is transmitted down the line only when the upper plate is
pulsed with a voltage which just cancels a DC bias voltage
applied to the lower plate. Putting only a half-turn pulse

(some 7.5 ps) down the line is, of course, destructive to the
Physics programs; they require the full long pulse from the

ion source (typically 500-1000 us) which corresponds to
several tens of turns around the ring. However, the chopper
also can be setup so that all of the long pulse is transmit-
ted except for a half-turn portion which may be seleeted
from any part of the long pulse. In this mode, no bias volt-
age is applied to the lower plate and beam is transmitted
down the line except when a deflecting pulse is applied to

the upper plate. The deflecting pulse produces a half-turn
gap or “hole” in the long pulse that is essentially invisible
to the Physics programs and at the same time provides a
turn-by-turn signal on the PUE’S. We have found that the
turn-by-turn evolution of this “hole” is essentially the same

as that of a half-turn pulse of beam by itself. This mode of
operation allowed us to make several turn-by-turn measure-
ments of the injected beam without interrupting the Physics
program.

A computer program called “PIP” [4] collects and an-
alyzes oscilloscope traces of the turn-by-turn signals ob-
tained from a given PUE in the Booster ring. The pro-
gram first obtains the position of the injected beam ver-

sus turn at the PUE; a Discrete Fourier Transform of the
data then gives the normal-mode tunes and initial phases
associated with the coupled betatron oscillations. Using
these as starting values, the horizontal or vertical function

(8-9) is fitted to the data. From the fitted parameters and
n’

the lattice parameters at the PUE and at the inffector exit,

the program then calculates the initial positions and angles
of the beam at injecticm. Figure 1 shows typical position-
versus-turn data along with the fitted curve; the FFT of the

data is shown in Figure 2. Here the normal-mode tunes
are Q1 = 4.699(l), Q2 = 4.801(1). Whh these tunes the
injected beam returns to its initial position every 10 turns;

hence, a maximum of 10 turns can be injected into a phase-

space layer before the bumped orbit must be moved away
from the septum. Figures 3 and 4 are the corresponding
figures for another set of data. Here fie normal-mode tunes

are Q1 = 4.736(l), Q z = 4.803(1) and the injected beam
returns to its initial position every 15 turns.
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Figure I: position- vs-Turn Data and Fitted Curve.
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Figure 2: FFT of Position-vs-Tum Data.

3 INJECTION SETUP

Theturn-by-turn measurements provide a useful tool for
setting up various coupled injection schemes. Although
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PUE. The transfer matrix from the PUE to the point of in-
4

jection then gives the initial position and angle of the beam

at injection. The lattice parameters and transfer matrix are
obtained from the MAD [5] code.

For the case in which there is coupling between the
planes, the fitting function is taken to be

X. = C + Dn + Al cos @l (n) + A2 cos ~2(n) (6)

where

*1 (~) = 2~&?l + 41, @2(n)= 27r7tQ2 + 42. (7)

Here we assume that the tune-shift per turn and the 10SS
of coherence due to tune-spread are negligible. The six
parameters Al, A2, Q1, Q2, &, ~ are the amplitudes,
normal-mode tunes, and initial phases of the coupled be-
tatron oscillations. Figure 5 shows the position-versus-turn
data and fitted curve obtained for gold ions in the Booster
with linear coupling introduced during injection. The cor-

responding FFT in Figure 6 clearly shows the two normal-
mode tunes. The values of the fitted parameters are given
in Table 2. As with the uncoupled case, the program calcu-
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Figure 5: Position-vs-Turn Data and Fitted Curve.

Table 2: Fitted Parameters (with Coupling)
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Figure 6: FFT of Position-vs-Tum Data.
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Iates the initial position and angle of the beam at the PUE
using the fitted parameters and the lattice parameters at the
PUE. The explicit formulae used are given in Ref. [6]. The
transfer matrix from the PUE to the point of injection then
gives the initial position and angle of the beam at injection.
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.
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