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Introduction 

After the successful operation of a high energy 
polarfzed proton beam at the Argonne Laboratory Zero 
Gradient Synchrotron (ZGS)l was terminated, plans 
were made to commission such a beam at the Brookhaven 
Nation;13Lahoratory Alternating Gradient Synchrotron 
(AGS). p On February 23, 1984, 2 uA of polarized 
H- was accelerated through the Linac to 200 MeV with 
a polarization of about 65%. 1 UA was injected into 
the AGS and acceleration attempts began. Several 
relatively short runs were then made during the next 
three months. Dedicated commissioning began in early 
June, and on June 26 the AGS polarized beam reached 
13.8 GeV/c to exceed the previous ZGS peak momentum 
of 12.75 GeV/c. Commissioning continued to the point 
where lOlo polarized protons were accelerated to 16.5 
Ge,V/c with 40% polarization. Then, two experiments 
had a short polarized proton run. We plan to continue 
commissioning efforts in the fall of this year to 
reach higher energy, higher intensity, and higher 
polarization levels. We will now present a brief 
description of the facility and of the methods used 
for preserving the polarization of the accelerating 
beam. 

Facility 

The whole facility can be functionally divided 
into two sections: a front end consisting of the 
polarized ion source, the 20 keV beam transport, the 
RFQ linear accelerator, the 750 keV beam transport, 
the 200 MeV linac, the 200 MeV polarimeter, and the 
200 MeV transfer line to the AGS; and the hardware 
necessary in the AGS to accelerate and maintain the 
polarization of the injected protons. Figure 1 is a 
schematic of the whole facility and, in addition to 
the front end components, shows the correction di- 
poles, the pulsed quadrupoles and their power sup- 
plies, the internal polarimeter and high energy polar- 
imeter which make up the AGS modifications necessary 
to produce a high energy accelerated proton beam. 

Among all the new equipment necessary, the Ii- 
ion source, the RFQ linear accelerator, the pulsed 
quadrupoles and their power supplies, and the internal 
polarimeter were all novel devices requiring special 
attention. The H- ion source uses Cs charge exchange 
ionization to produce polarized H-. This source has 
produced 25 DA of H-which is several times higher 
than previous sources of this kind. The RFQ came on 
the air with almost no difficulty and was the first in 
the world, by a few days, to he successfully coupled 
to an operating accelerator. The fast pulsed quadru- 
poles are ferrite magnets with a 2 LIsec rise time and 
a dI/dt of 1.3 GA per second. The internal polarime- 
ter target assembly uses a spooling 0.003" nylon fila- 
ment as a target. It is flipped into and out of the 
beam with a flip speed and a spooling rate of about 1 
meter per second. 

Besides the pulsed quadrupoles which produce a 
fast tune shift to pass through one type of resonance, 
*Work performed under the auspices of the U.S. 

Department of Energy. 

we need pulsed dipoles to produce radial field com- 
ponents for correcting vertical orbit distortions 
which cause another type of depolarizing resonance. 
The AGS has 96 such dipoles equally divided among the 
12 superperiods of the machine. New power supplies 
and regulators were designed and built to operate 
them in the necessary manner for polarized protons. 
All of the hardware was made operable over the sever- 
al months of short runs as we went through the steps 
of 1) beam from source, 2) beam through RFQ, 3) beam 
to Linac, 4) beam through Linac, 5) beam through 200 
MeV polarimeter, 6) beam to AGS, 7) H-heam on AGS 
stripper foil, 8) bunch injected beam and accelerate, 
9) measure polarization with internal polarimeter and 
begin corrections. Though each step had its trihula- 
tions and triumphs, we will omit a great deal of 
detail and only describe our experiences with 
depolarizing resonances. 
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Figure 1 - AGS facility. 

Preserving Polarization 

There are basically two types of depolarizing 
resonances, one a so-called "intrinsic resonance- 
which is due to the natural periodicity of the ac- 
celerator and two, an "imperfection resonance" which 
is due to misalignments which lead to closed vertical 
orbit distortions. These are characterized by 

GY = kP 2 V intrinsic, and 
GY = k impeyfection, where 
G = g/2 - 1 anamolous magnetic moment 
k = integer 
P = periodicity of the accelerator (=12 in AGS) 
v 
Y 

= vertical machine tune (number of betatron oscil- 
lations per revolution) 

Y = relativistic energy factor 
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Discussion and derivation4 have appeared many times 
before so we will not say anymore'here other'than that 
the intrinsic resonance can be corrected for hy a fast 
verticaL tune shift (v 1 and the imperfection 
resonance by a radial ?&netic fieLd at the proper 
harmonic. 

The magnitude of the correction efforts can he 
seen from Fl;gure 2 which shows the AGS calculated 
resonances. The X's are intrinsic resonances and 
the lines represent the imoerfection resonances. 
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Figure 2 - Calcrllated AGS resonance strengths. 

Initially we had thought we would only have to 
correct about four or five imperfection resonances 
and four or five intrinsic resonances to reach 16.5 
GeV!c. However, the real world was different. We 
had to correct essentially all 30 imperfection reson- 
ances as well as the intrinsic ones. Since the im- 
perfection resonances were much stronger than antici- 
pated, we had to proceed in smalLer steps and measure 
polarization after a few resonances before going on. 
We operated the AGS with a front porch as well as a 
flat top and we moved these flats to higher and high- 
er energies as we proceeded in steps from 3.7 GeV/c 
to 6 to IO.3 . . . to 16.5 GeVic. The flats were set 
to values just above the few resonances we were cor- 
recting and the polarization was measured on the 
flats. This gave us better counting rates in the 
internal polarineter. 

Let us first consider the correction for the 
intrinsic resonances. Figure 3 shows some typical 
corrections in tune energy space for an intrinsic 
resonance. The resonance line is crossed in less 
than one turn (- 2 usec) and <he tune (v ) remains a 
fixed distance from the resonance as theYcorrection 
pulse decays at a rate comparable to the change of 
energy during the normal acceleration cycle (1.2-2.9 
msec depending on the strength of the correction 
0.125-0.30 tune uni.ts). 
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Figure 3 - Typical corrections in tune energy space. 

The description of what occurs can be seen in 
~~$,~~h&;~ing examples of passing through intrinsic . 

In tuning through GY = 0 + u 
Y' 

an intrinsic 
resonance, one sets a reasonable amplitude and then 
varies the time at which the quadrllpoLe is energized. 
In this particul,xr case Le set the quads to produce a 
tune shift of 0.2 units. We then started to search 
in time near the calculated position of the resonance. 
The abcissa in Figure $ is the nrlmher of "Gauss clock 
counts" (a [magnetic field generated number) which is 
proportional to the momentum of the accelerated beam. 
We see in this resultant curve a spin flip region at 
5400 Gee and the region where we have successEulLy 
jumped the resonance at 8635 Gee. The bump at 8250 
Ccc is still not understood, hut the flip and cor- 
rection pattern is exactly what one expects from a 
resonance. The ordinate is a measure of the relative 
polarization as measured with the internal polarime- 
ter. The location of the resonance was in excellent 
agreement with the predicted number of Gauss clock 
counts. Once the resonance is located one can examine 
the effect of amplitude changes. An increase from 0.2 
units to 0.25 units of time resulted in a wider 
plateau but with no increase in surviving polariza- 
tion. 

Figure 4 - Intrinsic GY = 0 + \J resonance 
correction. Y 

The GY = 36-v (Figure 5) has a much wider semi- 
correction before F he spin flip and Looks qualita- 
tively different. These differences are probably not 
due to the nature of the resonance hut rather to some 
anomaly in the correction pulse. 
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Figure 5 - Intrinsic GY = 36 - 'dy resonance 
correction. 

The correction technique for the imperfection 
resonance is a LittLe more complex. Since the verti- 
cal orbit distoration of harmonic number k (X is an 
integer) is driven by horizontal imperfection fields 
of harmonic k, we correct these GY = k resonances by 
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fection 
.ng the kth component of the horizontal imper- 
field. We correct by pulsing the 96 dipoles 

with the appropriate amplitude and phase to minimize 
depolarization. 

In the following figures we show that a sine 
correction is determined by varying the sine amplitude 
at a fixed arbitrary cosine correction. Then we vary 
the cosine amplitude while set to the best value of 
the sine amplitude. Since the sine and cosine are 
orthogonal our correction vector should have the cor- 
rect amplitude and phase. Notice that in Figures 6, 
7, and 8 for GY = 7, 8, 9 the width of the correction 
becomes narrower and narrower indicating that the 
resonance strength increases, while the setpoint 
values (abcissae) are a relative measure of the amount 
of vertical orbit distortion in the accelerator. The 
9th is strongest since it is the closest to the AGS 
vertical tune of 8.75. 
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Figure 7 - GY=8. 
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Figure 8 - GY=9. 

We also found what we have called a "beat" 
resonance depolarization. This is like an imper- 
fection resonance which is dependent on the periodi- 
city of the accelerator and is driven especially hard 
when the integer values are close to the vertical 
betatron tune. These resonances are given by GY = kP 
r n. Values of n = 7, 8, 9, 10 (close to tune = 
8.75) were found to be important, especially at GY = 
27 = 3 x 12 - 9 (k = 3, P = 12, n = 9). This had to 
be corrected by using the 9th harmonic, rather than 
the 27th. The control algorithm had provisions*for 
using two different harmonics at any value of GY so 
we could try 9th or 27th or both together, as shown in 
Figures 9 and 10. 
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Figure 9 - GY=27(9S) car. 
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Figure 10 - GY=27(9@+27B) car. 

For the physics run at 16.5 GeV/c, we corrected 
24 imperfection resonances and 3 intrinsic resonances. 
Figure 11 shows the rising magnetic field during ac- 
celeration (bottom trace), the 3 fast quadrupole 
pulses for jumping the intrinsic resonances (middle 
trace), and the 24 pulses in one of the 96 energized 
dipoles for correcting the imperfection resonances 
(top trace). 

Figure 11 - resonance corrections. 

Acknowledgments 

We sincerely thank our many colleageus at Brook- 
haven, Argonne, and the Universities of Michigan, 
Rice, and Yale without whose dedicated efforts the 
above results would not have occurred. 

1. 

2. 

3. 

4. 

5. 

References 

T.K. Khoe, et al., Proc. of the 9th International 
Conf. on High Energy'Accelerators, 288 (lY/4) . 
K.M. Terwilliger, et al., IEEE Trans. on Nucl. 
Sci. NS-28, 2031 (1981). 
L.G. Ratner, et al., IEEE Trans. on Nucl. Sci.. 
NS-30, 2690 (1983). 
T.K.Khoe, et al., 
(1975). 

Particle Accelerators 2, 213 

E.D. Courant and R.D. Ruth, Brookhaven National 
Laboratory Report 51270, ISA 80-5 (unpub.). 


