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Introduction

After the successful operation of a high energy
polarized proton beam at the Argonne Laboratory Zero
Gradient Synchrotron (ZGS)' was terminated, plans
were made to commission such a beam at the Brookhaven
National Laboratory Alternating Gradient Synchrotron
(ACS). 2. 3 On February 23, 19114, 2 IJA of polarized
H— wan accelerated through the Linac to 200 MeV with
a polarization of about 65X. 1 MA was injected Into
the AGS and acceleration attempts began. Sever.il
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
1.3.8 GeV/c to exceed the previous ZGS peak momentum
of 12.75 GeV/c. Commissioning continued to tin; point
where 1.0 polarized protons wore: accelerated tn 16.5
GeV/c with 40^ polarization. Then, two experiments
had a short polarized proton run. We plan Lo 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 acce lisr.it i ng
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 polarlmetur, and the
200 MeV transfer line Lo the ACS; and tho hardware
necti!

we need pulsed dipoles to produce radial field com-
ponents for correcting vertical orbit distortions
which cause another type of depolarizJLng 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 ovur the sever-
al months of short runs as we went through the steps
of 1) beam trom source, 2) beam through RFQ, 3) beam
to Linac, 4) beam through Linac, 5) beam through 200
MeV polarimeter, 6) beam to AGS, 7) It— beam on AGS
stripper foil, 8) bunch Injected beam and accelerate,
9) measure polarization with Internal polarimeter and
begin corrections. Though each step had its tribula-
tions and triumphs, wu will omit a great/.deal of
detail and only describe our experiences, with
depolarizing resonances.



GeV/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 lined
for preserving the polarization of the accelerating
beam.

Facility

The whole facility can be functionally divided
into two sections: a front end consisting of tin;
polarized ion source, the 20 keV beam transport, the
RKQ linear accelerator, the 7'iO keV beam transport,
the 200 HeV linac, the 200 MeV polariineter, and the
200 MeV transfer line to the AGS; and tho 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 from: end components, shows the correction di-
pol.es, the pulsed quadrupoles and their power sup-
plies, the interim], polarimeti-.r ami high energy polar-
imeter which make up the Ad'S modifications necessary
to produce a high eneigy accelerated proton beam.

Among all the new equipment necessary, the lt~
Ion source, the RFQ linear accelerator, the pulsed
quadriipoles and their power supplies, and the Internal
polartinecer were all novel devices requiring tipocial
attention. The lr~ Ion source uses Cs charge exchange
lonlzatlon to produce polarized lr-. This source lias
produced 25 MA of lr- which is several times higher
than previous sources of this kind. The RFQ camu on
the air with almost no difficulty and wan the first In
the world, by a few days, to he success fully coupled
to an operating accelerator. The fast pulsed quadru-
pol.es are ferrlte magnets with a 2 Msec rise time and
a dl/ilt of 1.3 GA per second. The internal, polarline-
ter target assembly uses a spooling 0.003" nylon fila-
ment at; 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.

'Residua the pulsed quadrupoles which produce a
fast tune shift to pass through one type of resonance,
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mxy describe our experiences with
depolarizing resonances.
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Figure 1. - ACS facility.

Preserving 1'olatlzation

There are basically two types of! depolarizing
resonances, one a so-oii1lod "Intrinsic resonance"
willed its duo to the naliiir.i I. periodicity of the ac-
celerator and two, an "imperfection resonance" which
is due to misalignments which lead to closed vertical
orbit distortions. "'. -su are characterized by

GY = kP ± v intrinsic, ml
GY - k imperfection, whe.
G = g/2 - 1 anamoloii.'i mag.u;tic mninent
k - integer
P = periodicity of the accelerator (=12 in AGS)
v - vertical machine tune (number of betatron oscil-

lations per revolution)
Y = relativistlc energy factor



Discussion and derivation1 have appeared many times
before so we will not say anymore here other than that
the intrinsic resonance can be corrected for by a fast
vertical tune shift ( v ) and the imperfection
resonance by a radial magnetic field at this proper
harmonic.

The magnitude of the correction efforts can be
seen from Figure 2 which shows the AGS calculated
resonances. The X's are Intrinsic resonances and
the lines represent the imncrfection resonances.

• •

in-l. «•-<

8

i'°
«

| . o -

X

Hi

*

,1
Jjlls

||

,, J ID
pno'oi; i

L..LJ

| |

..11.. J

9SV.
if\ii
FUf

u 1

I

. JL. Ik

J J .L . .
IS 20 - ZS

figure 2 - Calculated ACS resonance

InttiaJ.lv we had thought we would only have to
correct about four or five imperfection resonances
uinl four or five Intrinsic resonances to roach lh.5
GeV/c. However, the real, world was different. We
had to correct essentially all ')() Imperfect ton reson-
ances as well as the intrinsic onus. Since the I in—
perfection resonances were imu-h stronger than antici-
pated, we had to proceed In smaller steps and mcisure
polarization after a few resonances before (jo 1.nj*. on.
We operated the AGS with a frmiL porch <is well ;is 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 10.3 . . . to 16.5 GeV/c. The flats were set
to values Just above the lew resonances we were cor-
recting and the polarization was measured on the
flats. This gave us better counting rates In the
internal polarlmeter.

In tuning through GY = 0 I- v , an intrinsic
resonance, one sets a reasonable 'amplitude and then
varies the time at which the cpiadrupole Is energized.
In this particular case we 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 abciss.i In Figure A is the number 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
8400 Gcc and the region where we have success fully
Jumped the resonance at 8635 Ccc. The bump at 8250
Gcc is still, not understood, but 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, polari.me-
ter. The location ol the resonance was In excellent
agreement with the predicted number of Gauss clod:
counts. Once the resonance is located one can examine
the effect of amplitude changes. An Increase from 0.2
units to 0.25 uni's of tl.m« resulted in a wider
plateau but with no Increase in surviving polariza-
tion.
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Figure 4 - Intrinsic CY - 0 + v resonance

correction.

The GY = 36-v (I'lgure ")) has a much wider semi-



Initially we had thought we would only have Co
correct about four or five imperfection resonances
and four or five intrinsic resonances to reach 16.5
ReV/c. However, the real world was different. We
had to correct essentially all 30 imperfection icson-
ancea as well as the intrinsic, ones. Since tin: Im-
perfection resonances were much .stronger than antici-
pated, we had to proceed in smaller steps and measure
polarization after a few resonances before goiii)', on.
We operated the AGS with a frouL porch as well a.s a
flat top and we moved thes'e flats to higher and high-
er energies as we proceeded•in steps from 3.7 d'oV/c
to 6 to 10.3 . . . to 16.5 GeV/c. The flats were sot
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 polarlmeter.

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 loss
than one turn (~ 2 Msec) and t.he tuiui (v ) remains; a
fixed distance from the resonance as the correction
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 oil the correction
0.125-0.30 tune units).
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Figure 3 - Typical corrections in tune energy space.

The description of what occurs can be seen In
re!ionanooslng e x a m P l e s of passing through intrinsic
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Figure 4 - In t r ins ic fly = 0 + v resonance
correct ion. '

The CY = 36-v (Figure .">) has a much wider semi-
correction before the sptu f l ip and looks c|ualltn-
tively- d i f ferent . Those differences are probably not
due to"the nature of the resonance but rather to some
anonwly In the correct Ion pulse.
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Figure 5 - In t r ins ic (!Y - 36 - v resonance
correct ion.

The correction technique for the imperfection
resonance i s a l i t t l e morn complex. Since the ver t i -
cal, orbit: diatovation of harmonic number k (k is an
Integer) i s driven by horizontal imperfect Ion f ields
of harmonic k, we corn-ct these O'f - k resonances by



cancelling the kth component of the 'horizontal imper-
fection field. We correct by pulsing l.he 9h ill poles
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 va]ut* 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 1.ml.I.cat Lng 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 ACS
vertical tune of 8.75.
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For the phys ics run at: 16.'i OeV/c, we corro<!ted
24 imper fec t ion resonances and '3 I.ntrliiHlc r e sonances .
Figure 1.1 shows the r i s i n g inai;netlc f lu id durlni; uc—
celeraU Ion (bottom t r ia ' iO, tin; i I'.-IHL 'imulrupoli?
pulaus Cor Jumpiujj CIHJ lnLrliiH IC roH<>iirinc*is (ml-<lc11ii
t r a c e ) , uml thu 1!1 piilM<!i: In onu al: tin- 06 umtn; t xuti

dipol.es for correcting l!ie I inporfectioii resonances

(top t race) .
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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 » kf
i n. Values of n = 7, 8, 9, LO (close to tune -
8.75) were found to be important, especially at GY =
27 - 3 x 12 - 9 (k - 3, P «• J2, 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 10 - GY=27(9 6+270) c o r .

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 daring ac-
celeration (bottom trace), the 3 fast quadvupole
pulses for jumping the intrinsic resonanccis (middle
trace), and the 24 pulses in one of the 96i energized
dipoles for correcting tUo i mp«.rf ection resonances
(top trace).

I'Mgure 11 - L'osonanci) corriu-.t: Ions.

AdknowImlnmonts

We sincerely tliank our many colluaguus at Hrook-
haven, Argonne, and the Hnf verH.ltJ.es of Michiijaii,
Kice, and Yale without whoso dodloated efforts the
above results would not have occurred.

Ji": l'.u.r°il.1.£'-"{.

1. T.K. Khoe, e t a l . , 1'roc. of the 9th I n t e r n a t i o n a l
Coilf_^ on High Eno f)fy"~AT~<-oTnrai:£rj3, 2iW (WT^T) .

2. K.M". TerwlLliger," et~"Tl . , "flTlTli T rans , on Ni id .
S c l . NSjJW, 2031 (10H1)-

3 . L.G. Hatner, e t a I . , U'.KK Trans , on Nucl. S c i . ,
NS-30, 2690 (198:i) .

4 . "TTK7~Khoe, e t a l . , P a r t i c l e Acce le ra to r s 6, 21.3
(1975) .

5. l i . l) . Courant and R.n. Ruth, Brookhaven Nat ional
Laboratory Report 51270, iSA 80-5 (unpub . ) .



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, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, 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.


