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Abstract the natural betatron tune v, and ac dipole tune v,, 

The RHIC vertical ac dipole was installed in the sum- 
mer of 2001. The magnet is located in the interaction re- 
gion between sector 3 and sector 4 common to both beams. 
The resonant frequency of the ac dipole was first config- 
ured to be around half of the beam revolution frequency 
to act as a spin flipper. At the end of the RHIC 2002 run, 
the ac dipole frequency was reconfigured for linear optics 
studies. A 0.35 mm driven betatron oscillation was excited 
with the vertical ac dipole and the vertical betatron func- 
tions and phase advances at each beam position monitor 
(BPM) around the RHIC yellow ring were measured using 
the excited coherence. We also recorded horizontal turn- 
by-turn beam positions at each BPM location to investigate 
coupling effects. Analysis algorithms and measurement re- 
sults are presented. 

where fm is the ac dipole oscillation frequency and fr,, is 
the beam revolution frequency. 

The desired driven oscillation amplitude for our studies 
was 0.1 cr, where (T is the rms beam size. To achieve this 
with a beam emittance of 20n mm-mrad at the storage en- 
ergy of 100 GeV (magnetic rigidity Bp = 834.0 T-m), the 
oscillation amplitude of the ac dipole field is 78 Gauss-m, 
provided that S=O. 1. 

2 RHIC VERTICAL AC DIPOLE SETUP 

The vertical ac dipole is a 1.19 meter long air-core mag- 

1 INTRODUCTION 

An ac dipole magnet with horizontally-oriented mag- 
netic field was installed in RHIC in the summer of 2001, 
and was tested as a spin flipper [l] as well as a tool to in- 
duce sizable driven betatron oscillations at the end of the 
2002 polarized proton run. 

In accelerators, coherent driven betatron oscillations are 
used to measure betatron tunes, linear coupling and other 
linear optics parameter. By exciting the beam with the ac 
dipole at a frequency in the vicinity of the natural betatron 
oscillation frequency, a sizable coherent oscillation is gen- 
erated. This technique has been demonstrated in AGS po- 
larized proton experiments [2] where a similar device (BP 
dipole) was employed to induce a strong coherent oscilla- 
tion in the vertical plane to avoid the beam polarization loss 
when crossing strong intrinsic spin resonances. 

In a linear machine, the driven coherent oscillation am- 
plitude is given by 

(1) 

where gm( s) is the coherent oscillation amplitude at loca- 
tion s, Bp is the magnetic rigidity, B,L is the amplitude 
of the integrated ac dipole oscillating field strength, p(s) is 
the betatron function at location s, and PO is the betatron 
function at the ac dipole [3]. S is the separation between 
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net. The two 7-turn coils are made of Litz Wire [4] which 
consists of more than 4000 individually insulated copper 
strands to minimize the ac power dissipation in the wind- 
ing due to eddy current effects. To allow the oscillating 
magnetic field to penetrate through the beam pipe, a ce- 
ramic beam pipe of 53” (length) x 1:” (ID) x 1;” (OD) 
was used. The inside surface of the ceramic beam pipe 
was coated with a thin layer of high impedance material to 
reduce collection of static charge. To minimize the beam 
impedance of the ac dipole, each magnet has two thin alu- 
minum strips located at the symmetry plane of the magnetic 
field. The magnet was installed in the IP4 region and is 
common to both blue and yellow beams. By separating the 
betatron tunes of the two rings, one can in principle drive 
the coherence in one ring without impacting the other ring. 

A resonant tank circuit with a low-loss parallel capaci- 
tor was formed and resonantly driven by a 6 kWatt power 
amplifier. A set of external resistors were used to deliber- 

Table 1: ac dipole magnet parameters 
fm [k-Hz1 37.5 kHi 64kHz 

coherent driving spin flip 
capacitance [PF] 0.173 0.245 

voltage [vj 1975 
current [Al 79 

shunt resistance [52] 500 
quality factor 16.7 

inductance [PHI 104.20 
coil connection serial 

1684 
158 
300 
23.6 
26.05 

parallel 
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ately spoil the quality factor (Q factor) to achieve fl kHz 
frequency sweeping range. 

To switch between the two different resonant frequen- 
cies, the coils of the vertical ac dipole can be connected 
either in series for the spin application [5] or in parallel 
for the coherence excitation. The horizontal dipole coils 
are permanently connected in parallel. Table 1 lists rele- 
vant magnet parameters for both coherent oscillation driv- 
ing and spin flipping operation. 

The switch between the two different operation modes 
was implemented through a remotely-operated contactor. 
For both circuits the drive was connected to a tap of the 
capacitors to load the power supply cables at their surge 
impedance of 50 fl[4]. 

The driving signal of the power amplifier is a low-level 
amplitude-modulated sinusoidal signal. The ac dipole fre- 
quency can be chirped across a frequency range, but only 
a constant frequency of excitation was used for the follow- 
ing study. In this case a typical ac dipole magnetic field 
function is: 

I3 = E&(t) cos(fmt + x) (3) 

The amplitude profile &(t) is linearly ramped from zero 
field to a maximum value of B,e in time Tup, is held con- 
stant at full field for time Tft, then linearly ramped from 
full field to zero field in time T&. This profile is summa- 
rized in Table 2. 

Ta bl’ e 2: AC dipole strength ramp, Ttot z Tup + Tft + T&, 

Bm W t 

1 Tip < t < Tap + Tft ) 

Bmo(l - -E,~~” ) 1 Tup + Tf t -c t < Got 1 

3 LINEAR OPTICS MEASUREMENT 

A very short study was carried out parasitically in the 
yellow ring at the end a typical RHIC polarized proton 
store. The beam energy was lOOGeV/c. The oscillating 
magnetic field of the vertical ac dipole was slowly brought 
up to the desired amplitude in 6000 turns. The magnetic 
field oscillating amplitude was then kept fixed for 2000 
turns during which turn by turn beam positions were taken 
and recorded at all the yellow BPMs through the RhicOrbit- 
Display application. The ac dipole was then adiabatically 
de-energized in another 6000 turns after the data was taken. 

To avoid quenches of the RHIC snake magnets, we only 
ran the ac dipole with 40% of its maximum magnetic field. 
The achieved coherence amplitude is about 0.35 mm. Fig. 1 
shows typical 1024 turn vertical betatron oscillation data. 
The phase plot is obtained by using the turn by turn data of 

Figure 1: The left figure shows the vertical 1024 turn by 
turn beam position data in the middle of the arc in sector 11. 
The vertical betatron tune was measured as 0.212 with the 
RHIC tunemeter and the ac dipole tune was set at 0.222. 
The right plot is the phase plot at the same location. 

a pair of BPMs. The beam positions at the two BPMs yi 
and yi+l are related by 

+;i = 
J- 

& siny;;l .) - Yi cot(h+d (4) 
2 ,2 

where $+,i is the phase at BPM i, &+I are the betatron 
functions at the two BPMs and &+l,i is the phase advance 
between the two BPMs. 

Since the betatron oscillation is adiabatically excited, the 
only frequency component is the drive frequency of the ac 
dipole. Thus, the turn by turn beam position is given by. 

y(i) = yml cos(v,27ri) + ym:! sin(v,27ri) (5) 

where y(i) is the vertical position of turn i. By fitting the 
turn by turn data with Eq. 5, one can obtain the ampli- 
tude ym and phase 4 of the coherent oscillation excited by 
the ac dipole as 

and 

Ym = 7 Ynzl + YnL27 (6) 

Ym2 4 = arctan - . 
( > 

(7) 
Yml 

The amplitude of the coherent oscillation ym is propor- 
tional to the betatron function at the beam position moni- 
tor location, and the phase advance between two monitors 
equals to the difference between the coherent oscillation 
phases at the two BPMs. The betatron functions and phase 
advances at all the beam position monitors are shown in 
Fig. 2. In general, the betatron functions measured with 
the ac dipole (solid circles) and with the injection oscil- 
lation (open circles) are consistant in the arcs, while the 
agreement between the measured betatron functions in the 
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Figure 2: The bottom plot is the schematic layout of the RHlC lattice. The solid blue dots in the top plot are the betatron 
functions along the yellow ring measured at the RHIC proton storage using the ac dipole. The open red circles are the 
betatron functions measured at the RHK! polarized proton injection using the injection oscillation [6]. The solid line 
represents the betatron functions predicted by the RHIC injection model. During the 2002 RHIC! pp run, we used the 
same lattice (/?*=3 m) for the injection and for the storage. The middle figure of the plot is the measured betatron phase 
along the ring. Because of the missing BPMs, the total amount of phase does not equal to 27~~. 

interaction regions of the two methods is poor. This is be- 
cause the coherent excitation induced by the ac dipole was 
weak and data from the interaction BPMs are rather noisy. 

During the study, we also took the horizontal turn by turn 
data at all the BPMs along ring at the same time when the 
vertical coherence was excited by the ac dipole. In princi- 
ple, the amount of the horizontal coherent oscillation due 
to the vertical excitation reflects the amount of coupling in 
the machine. In an accelerator with no coupling between 
the horizontal and vertical motion, no horizontal coherent 
oscillation should be seen if the excitation is in the verti- 
cal plane. However, due to the weak vertical excitation, the 
measurement was not very sensitive. 

4 CONCLUSION 

The vertical ac dipole magnet was installed this sum- 
mer in RHIC and was tested as a tool to excite long- 
lasting driven coherent betatron oscillations at the end of 
RHIC polarized proton 2002 run. The preliminary test re- 
sults demonstrate that betatron oscillations driven by an ac 
dipole are a very useful tool for linear optics measurements. 
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