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Injection of Gold lons in the AGS Booster with Linear Coupling*

C. GardnerL. Ahrens, T. Roser, K. Zeno, BNL, Upton, NY 11973, USA

Abstract therefore requires keeping track of the vertical beam enve-
Linear Coupling, introduced by skew quadrupoles, haIoeppeuljr:nthe dipoles as well as the horizontal envelope at the

been used for several years to enhance the multi-turn in- o .

o - : . We assume that the beam distribution emerging from the

jection efficiency of gold and other heavy ions in the AGS ) . X . ; 2
flector is contained in a four-dimensior@am ellipsoid

Booster. In this paper we describe our latest measuremerlﬂﬁ . .
S . with an emittance small compared to the machine accep-
of the injection process and compare with models.

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

1 INTRODUCTION given by
An important consideration in our effort to meet the inten- X SV Brer + VBres @)
sity requirements for the Relativistic Heavy lon Colliderand
(RHIC) has been the efficiency of the multi-turn injection Y] < \/Byrer + Vo )

of heavy ions in the AGS Booster. A number of years

ago we introduced linear coupling (using existing skew/here

guadrupoles) into our injection scheme [1] and found, as ) )

others have [2], that one can significantly enhance the in- Boz = B2 W3 + 200Woo Wiz + 72 Wi, ®3)

jection efficiency. The principle parameters of the scheme 5 9

are the tunes, the skew quadrupole current, and the position By = PiWiy — 200 Wi Wia + 11 Wi )

and angle of the injection bump. In the past we have simFhe parametersy, 31, 71, a2, B2, V2, Wi1, Wiz, Way,

ply tuned these parameters on the basis of intensity using,, andd are determined by the one-turn transfer matrix

models of the injection process as a general guide. Howt the given point and can be obtained from the MAD code

ever, recently we developed a non-destructive way to olpg]. ¢; ande, are the Courant-Snyder Invariants associated

serve the turn-by-turn evolution of the injected beam angith the two normal-modes of oscillation of the beam el-

this has paved the way for more detailed tuning and analyipsoid center about the closed orbit.

sis of the injection parameters. We report here the results The extent of the beam ellipsoid with respect to its cen-

of our efforts and what we hope to accomplish for the upter is defined by a four-by-four symmetric positive-definite

coming commissioning of RHIC. matrix, E, which we assume is matched to the lattice. The
Heavy ion beams are injected into the Booster by meamgaximum possible horizontal and vertical excursions of a

of an electrostatic inflector and a programable injectiopeam particle with respect to the center of the ellipsoid are
bump. The injection bump initially places the closed orthen given by

bit near the septum at the exit of the inflector. As beam is

injected and begins to circulate, the orbit must be moved U - X|<VeEn, |V-Y|<Ve&Fs (5)
away to keep the circulating beam from hitting the septum.

The incoming beam is therefore deposited into a series whereFE;; and Es3 are matrix elements d ande, is the
phase space layesurrounding the orbit as the bump col-beam ellipsoid emittance. (HeteandV are the horizontal
lapses. The process continues until the orbit is so far fromnd vertical coordinates of a beam particle with respect to
the septum that any additional beam injected will be outhe closed orbit.) The beam envelope at a given point in the

side the acceptance of the machine. ring is then defined by the equations
The number of turns that can be injected into a given
layer will depend on the tunes and the coupling introduced U| < Vd2Bier + /Bazes + Ve En (6)

by the skew quadrupoles. By judicious choice of these pa-
rameters, one can maximize the time that the circulatingnd
beam stays clear of the septum. Of course, the introduction V| < VByier + VB Baes + /ey Ess. (7)

of coupling has a price; it increases the size of the verti-

cal envelope of the beam. This means that in the dipoles2 TURN-BY-TURN MEASUREMENTS

of the Booster lattice, where the vertical beta function is

large and the vertical aperture is small, one can start to lod&€ horizontal and vertical positions (with respect to the
beam if too much coupling is introduced. Finding the opticlosed orbit) of the beam ellipsoid center at a given point
mum settings for the tunes and the skew quadrupole curretft thenth turn around the machine are given by

*Work supported by the U.S. Department of Energy. X, = Ay cos(ny + ¢1) + Ag cos(nips + ¢o) (8)
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and (8-9) is fitted to the data. From the fitted parameters and
the lattice parameters at the PUE and at the inflector exit,

Yo = Bicos(nr + 1) + Bz cos(nips +12) - (9) e program then calculates the initial positions and angles
wherey; = 27Q; andi, = 27Q,. Here we see that the of the beam at injection. Figure 1 shows typical position-

motion in each plane is the superposition of two modes cy[ersu.s-turn datf':\ alqng with the fitted curve; the FFT of the
oscillation, and the tunegX, Q-), amplitudes f;, As, data is shown in Figure 2. Here tht_a normal-mode tunes
B, B») and phasesi(, ¢, 71, 1») are the 10 parameters gr_te =4.699(1), Q2 = .4.891_(.1). Wlt_h_ these tunes the
that characterize the oscillations. These parameters are {f4gcted beam returns to its initial position every 10 turns;
all independent; the amplitudes and phases are each fuff€Nce, a maximum of 10 turns can be injected into a phase-
tions of only 4 independent parameters, the initial positiongPace layer before the bumped orbit must be moved away
and angles(,, X}, Yo, Y{! of the beam ellipsoid center. In- f_rom the septum. Figures 3 and 4 are the corresponding
cluding the tunes, there are therefore only 6 independem“res for another set of data. Here the nqrmal—modetunes
parameters and these ultimately are what one wants to g§€®@1 = 4.736(1), Q2 = 4.803(1) and the injected beam
tain from turn-by-turn measurements. returns to its initial position every 15 turns.

To observe the turn-by-turn evolution of the beam posi-
tion, it is necessary to chop the beam so that a short pulse 120 o o
corresponding to each turn can be seen on PUE’s (PickUp 100 i i §
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 otherbelow 1 [ J |
the midplane of the beamline. The upper and lower plateg [} ¢ 1% y
are connected respectively to pulsed and DC high-voltag§ r ‘ D 1
power supplies, and the beam is deflected vertically by apz ,, [ $ 8 ]
plying voltages to the plates. In the past, the chopper has C $ e ]

===

been set up so that only a half-turn pulse of beam is trans- ,, [l y ' I y ]
mitted down the beamline and injected into the Booster; the Y ! ]
turn-by-turn evolution of the half-turn can then be observed oo |- %/ ol ]

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 ' Turn
applied to the lower plate. Putting only a half-turn pulse
(some 7.5us) down the line is, of course, destructive tothe  Figure 1: Position-vs-Turn Data and Fitted Curve.
Physics programs; they require the full long pulse from the
ion source (typically 500-1000s) which corresponds to
several tens of turns around the ring. However, the chopper 800
also can be set up so that all of the long pulse is transmit- ;
ted except for a half-turn portion which may be selected i
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 500
the upper plate. The deflecting pulse produces a half-turr '
gap or “hole” in the long pulse that is essentially invisible ;é‘ s
to the Physics programs and at the same time provides a ,,, f
turn-by-turn signal on the PUE’s. We have found that the :
turn-by-turn evolution of this “hole” is essentially the same 200 |
as that of a half-turn pulse of beam by itself. This mode of F
operation allowed us to make several turn-by-turn measure-
ments of the injected beam without interrupting the Physics &
program. 0.0 0.1 0.2 0.3 0.4 0.5

A computer program called “PIP” [4] collects and an-
alyzes oscilliscope traces of the turn-by-turn signals ob- Figure 2: FFT of Position-vs-Turn Data.
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 Tran.sf'o.rm of the 3 INJECTION SETUP
data then gives the normal-mode tunes and initial phases
associated with the coupled betatron oscillations. Usinghe turn-by-turn measurements provide a useful tool for
these as starting values, the horizontal or vertical functiasetting up various coupled injection schemes. Although
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mums in the BoosterYy + /e F33 must not exceed 33
mm. (We assume that the closed orbit is centered in the
dipoles.) Assuming the incoming beam has an emittance
of 17 mm milliradian in both planes, one finds that for a
. 10-turn scheme similar to that of Figure 1, three layers of
10 turns can be injected before the vertical beam envelope
becomes too large in the Booster dipoles. For a 15-turn
scheme similar to that of Figure 3, one can inject two lay-
. ers of 15 turns before the vertical envelope becomes too
large. To put beam into additional layers, one must re-
duce the coupling so that the vertical envelope does not
increase any further. One way to do this is to move the
. uncoupled tunes further apart. (In practice one can change
N A T T T TN S the tunes faster than the skew quadrupole current.) For
00 %0 1000 2000 20 %00 %0 the 15-turn scheme, a shift of the vertical tune reduces
the coupling and allows two more layers to be injected
Figure 3: Position-vs-Turn Data and Fitted Curve. with 9 and 19 turns r(_as_pectively. In principle, a total of
62 turns can then be injected; the relevant parameters are
9.0 summarized in Table 1. Here the normal-mode tunes are
: ] Q1 =4+4+11/15=4.733,Q2 = 4+ 12/15 = 4.800, and
the required skew quadrupole curren3is Amps. X}, and
700 £ 3 X are the horizontal position and angle of the bumped or-
: ] bit at the inflector exit; the units are mm and milliradians.
In practice we have not yet injected this many turns. Anec-

Position (mm)

80.0 | 3

60.0 | 3

500 | 3

Amplitude

s00 | _ Table 1: Coupled Injection Scheme
300 | 3 Q. = 4.7767,Q, = 4.7567
E ] Layer | Xy X! | Tuns| Xwu Yu
1 41.81| 6.58 4 10.00| 10.32

200 4

100 3 2 |3419|538| 15 |17.61| 18.19
GV vy Lo Y AAYAY ] 3 | 26.58|4.18| 15 | 25.23| 26.05
~0.0 0.1 0.2 0.3 0.4 0.5 Q. = 4.7767, Qy = 4.7000

4 18.96| 2.97 9 32.85| 22.89
5 11.34| 1.78| 19 | 40.47| 28.20

Figure 4: FFT of Position-vs-Turn Data.

not yet implemented in practice, one can proceed in tHéotal evidence suggests that the stripping foil in the beam-
following way. A given scheme is defined by the setting§ne upstream of the Booster may significantly increase the
of the unperturbed (i.e. uncoupled) horizontal and vertPeam emittance, so that the number assumed above may be
cal tunes,Q, and@,, and the skew quadrupole current,too small. Nevertheless, we believe that our measurement
I. These determine the normal-mode tun@s,and Q-, technigue and an injection scheme similar to the one above
and the amount of coupling between the two planes. Usirjll prove useful during the upcoming commissioning of
the MAD code to obtain the necessary parameters, equaHIC.

tions (6—7) then give the maximum horizontal and vertical
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