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Polarized protons have been accelerated to 8.5 GeV/c in the Zero Gradient Synchrotron (ZGS) at the Argonne National
Laboratory and were successfully extracted and used for high energy physics experiments. The protons were initially
polarized in a ground state atomic beam source at 20 keY, and then accelerated to 750 keY in a Cockcroft-Walton,
and then to 50 MeV in a linac before injection into the ZGS. Pulsed quadrupoles in the ZGS were used to pass through
several depolarizing resonances without significant depolarization. The protons were extracted either with an energy
loss target or by resonance extraction. To date, 2 x 109 protons have been accelerated to 6.0 GeV/c with 73 ± 8%
polarization and to 8.5 GeVIc with 55 ± 15% polarization.

I INTRODUCTION

As early as 1960, Froissart and Stora1 studied the
behavior of a polarized beam in a high energy
synchrotron. Some depolarizing resonances were
predicted to exist and the authors suggested two
procedures to overcome them. One was to "stop
down" the beam in the vertical direction at the
approach of the resonance and the other was to
"jump" the resonance by suddenly displacing the
orbit radially. In 1962 Cohen2 investigated the
problem for the ZGS using a computer study which
showed that 12 depolarizing resonances existed
during the ZGS acceleration cycle. He suggested
that these resonances could be avoided by pro
ducing a fast vertical tune shift using pulsed
quadrupoles.

The advent of good polarized targets at Berkeley,
CERN, and Argonne during the following years
and the experiments3

-
5 done with them maintained

t Work performed under the auspices of the U.S. Atomic
Energy Commission.
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the interest in spin dependence in high energy
physics. The development of a high current
polarized proton source by ANAC6 made experi
ments using both polarized beams and polarized
targets seem possible. Such experiments can study
pure spin states and could eventually measure all
the amplitudes in the proton-proton interaction
and even check parity and time-reversal invariance
in high energy strong interactions. 7

Further theoretical studies8
,
9 confirmed the

earlier ideas and led to the decision to purchase a
source and fabricate a pulsed quadrupole system. 1 0

A second preaccelerator11 was constructed for
this source to minimize interference with the
normal operation of the ZGS.

The complete system first operated in July 1973
and polarized protons were used in an experi
ment12 at 3.5 GeV/c. At this time, polarized
protons were accelerated and extracted up to
6.0 GeV/c with 62 ± 15% polarization. In October
1973, experiments13 were done with polarized
protons at 6.0 GeV/c and early in November, the
ZGS accelerated polarized protons to 8.5 GeV/c.
We will later attempt acceleration up to the full
energy of the ZGS.
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II THEORETICAL BACKGROUND

A Introduction

When particles with a vertical polarization are
injected into a synchroton with a vertical guide
field Bo, the spin of the particles will precess about
the vertical axis. Classically, particles at rest in the
laboratory precess with the Larmour precessional
frequency

where g is the Lande g-factor of the particle
(5.585 for a proton) and e and m are the particle's
charge and mass. We will later calculate w p , the
precessional frequency for a proton moving rel
ativistically in a synchrotron. When Bo and the
polarization are both vertical, there is no de
polarization; however, any horizontal field com
ponents can cause depolarization.

Since the ZGS is a weak focusing accelerator, it
has no strong focusing quadrupoles with horizontal
field components. Moreover the field uniformity
inside the 8 octant magnets is excellent, so they have
no significant horizontal fields. The only significant
horizontal fields are the fringe fields at the 16
edges of the octants and these can cause depolariza
tion.

One can define two types of depolarization:
nonresonant and resonant. Nonresonant depolari
zation occurs when a polarized particle sees a
random horizontal field component once during
the acceleration cycle and then never again. Fields
too small to drive the beam vertically out of the
ZGS will give a very small nonresonant depolariza
tion. For each pass through a ZGS octant fringe
field the depolarization is estimated to be less than
10- 9 .

Resonant depolarization occurs when particles
circling a synchrotron see a similar horizontal
field on many successive turns. This can be much
more serious, since the depolarizing amplitudes
from each turn can add coherently and quickly
destroy the polarization. One type of depolarizing
resonance comes from imperfections in the magnets.
For the ZGS these are quite small but can be
significant for some synchrotrons. 14 There are
also "intrinsic" depolarizing resonances which
occur when the protons see periodically oscillating
horizontal fields due to their vertical betatron
oscillations. This vertical motion makes the protons
periodically pass through the octant fringe fields

(3)
B = Boiy + bxix + bziz
B' = yBoiy + ybxix + bziz.

In a synchrotron such as the ZGS Bo is the large
vertical (y) guide field which keeps the protons
circulating, while bx and bz are respectively the
horizontal fields perpendicular (radial) and paraJlel
(tangential) to the direction of motion; Bo, bx , and
bzare all measured in the laboratory. The horizontal
fields bx and bz are the potential sources of de
pOlarization.

In a synchrotron the proton's rest frame is not
an inertial frame since the Bo field gives the proton
a radial acceleration to make it circle the synchro
tron with the cyclotron frequency

B Relativistic Equation of Motion for Spin

The motion of the spin of a particle in a magnetic
field B is given in the particle's rest frame by

ds = ge s x B' (2)
dt' 2m

at a vertical position where there is a significant
horizontal field. When the frequency for passing
through such a field, Wk' becomes equal to the spin
precessional frequency, wp , then the spin gets a
similar depolarizing amplitude for many passes
and there is a large depolarization.

For the ZGS these "intrinsic" depolarizing
resonances can be quite serious. As we shall see
they occur at several values of y during the accelera
tion cycle and if no corrective action is taken they
will destroy most of the polarization before 5
GeV/c is reached. We will first calculate the
positions of these resonances and their depolarizing
strength. Later we will discuss how their effect was
reduced using pulsed quadrupole magnets.

eBo
We = -. (4)

my

A term containing the Thomas precessional
frequency must be added to Eq. (2) to allow for this
acceleration of the proton's rest frame. For the
case when the electric field E is zero we can re
write L. H. Thomas' original equation 4.121 in

provided the rest frame is an inertial frame. The
quantity t' is the "proper" time measured in the
particle's rest frame and B' is the magnetic field
measured in this rest frame due to the field B in the
laboratory. The fields Band B' are related by the
covariant Lorentz transformation

(1)
geBo

W L = 2m '
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modern notation as15

ds e
-=-s
dt' m

x [{1 + y(g ; 2)}B + (1 - y{g ; 2)B IIJ (5)

where Band B II are the total magnetic field and its
component parallel to the motion measured in the
laboratory and dt' is measured in the rest frame.
Using the Lorentz transformation for time y dt' =
dt and cancelling a few ,terms we can rewrite
Eq. (5) in terms of laboratory variables

ds e
-=-s
dt my

x [{1+ y(g ; 2)}(BOiy + bxix) +! bzij (6)
LSS

,,",==~ -L-::~ 8 =7f/2

FIGURE 1 Coordinate System for One Quadrant of the ZGS.

(7)

(8)

(10)

(11)

(12)

approximation that

JL = bs = b == -!(bL + bs). (9)

We can use simple trigonometry to relate oBy/ox
and oBy/oz to oBy/on where n is the normal to the
octant edge.

b = y oBy sin ()
x an

oBy = oBy sin b
ax an
oBy oBy
8i = ± a; cos b,

where for the oByjoz term the + is for the edge with
the normal pointing in the beam direction, while
the - is for the edge with the normal pointing
opposite to the beam direction. Thus, we have that
for each of the 16 edges bx has the same form while
bz has one sign for 8 edges and another for the
other 8 edges

oBy
bz = ± Ya; cos b.

We now calculate the vertical betatron motion
which is also caused by these same horizontal
fringe fields. The equation of motion in the vertical
direction is 16

C Horizontal Field Components

The first step in calculating the depolarization is to
obtain the horizontal fields bx (radial) and bz
(tangential) at a distance y above the central plane
of the synchrotron. We can write these fields in
terms of an expansion

obx 'o2bx
bx = ay y + oy ox xy + +

obz o2bz
bz = ay y + oy oz zy + +.

This equation, which was first discussed by Froissart
and Stora, 'describes the depolarizing motion of a
spinning particle circulating around a synchrotron
during acceleration.

using the fact that V x B = 0 and neglecting terms
higher than first order we have

b _ oBy

x - ax y

bz = O~y y.

The ZGS uses wedge focussing so that the edges of
the octants make an angle b with the radial axis
as shown in Figure 1. These angles are slightly
different for the 4 long and 4 short straight sections
between the octants (bL = 13.25° and bs ~ 9.00°).
For the moment we will make the simplifying
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(14)

(15)

(13)

(24)

(21)

(20)

(23)

Now these integrals can be done by again making
the approximation, that the horizontal field gradient
is nonzero only at the 16 octant edges which occur
at e= eij and can be written as

oBy = / OBy) ~ b(O - 0i.).
on \ on R J

terms of v; which we will later find convenient
since v;' can be directly measured.

/ OBy) = nBov;
\ on 8L sin b .

Now we return to Eq. (8) and decompose oBy/8x
and 8By/8z into their Fourier components ak

and bk

88
B

y = 88
B

y sin b = L: (ak cos kO + at sin kO)
x n k

8B 8B .
-8y = -8y cos b = L: (bk cos ke + bt SIn ke)

z n k

L2

"cos kO cos l(} dO = n bkl (22)

Multiplying both sides of Eq. (21) by J6 1t cos Ie de
and using the orthogonality relation we obtain

1 f27t oB
ak = - ~ sin b cos ke de

noun

1 f27t oBbk = - ~ cos bcos ke de.
noun

Each of the kth Fourier components describes the
kth harmonic which contributes to the oscillating
horizontal field seen by a particle undergoing
vertical betatron oscillations. We will only consider
the ak and bk because it will be shown later that
at and bt are zero.

We will calculate the ak and bk using the
orthogonality relation

We can now rewrite the equation of motion using
the average vertical tune vy as

d2y 2oe2 + vyy = O. (17)

The solution gives the familiar betatron oscillation
motion

The quantity vy(e) is the instantaneous value of the
tune parameter which describes how many vertical
betatron oscillations are made each time a particle
circles the synchrotron; it is given by

2(e) = ~ 8By
vy 8 .Bo x

All vertical motion is caused by the horizontal
field gradient 8By/8x which is nonzero only at the
16 edges of the octants. Each edge gives a contribu
tion L<8By/8n) sin b where L is the effective
length of the fringe field and <8By/8n) is the
average value of the normal field gradient in the
region of length L. We can approximate the
vertical motion by assuming that <8By/ox) is
uniformly distributed around the synchrotron
and has the average value

/ OBy ) == f (oBy/ox) dz = 16~ / OBY)sin b.
\ ox ~ dz 2nR \ on

(16)

Bp is the magnetic rigidity of the proton which is
simply related to Bo the average value of the
vertical guide field.

B = Bp _ f By · dz
o - R - ~dz .

Now we replace z by RfJ in Eq. (12) where R is
defined by 2nR = ~ dz to obtain

82y 2
8fJ2 + Vy(e)y = O.

(18)

(19)

where A and ~ are the initial amplitude and phase
of the oscillations which are determined by in
jection conditions. We will normally take ~ = O.
The average vertical tune is given by Eqs. (15) and
(16) to be

v2 = 8L sin b / OBy ).

y nBo \ on

Inverting this equation we can express <oBy/on) in

The quantity <oBy/on) is the average value of the
field gradient in the region of length L which we
calculated in Eq. (20). The indexj = 1 ~ 4 indexes
the 4 identical quadrants of the ZGS, one of which
was shown in Figure 1. The index i = 1 ~ 4
indexes the 4 different magnet edges in each
quadrant.

We now notice that each straight section must
be considered as a unit which gives a single hori
zontal field, which is the sum of the fields at the
two magnet edges. Treating each straight section
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(29)

(27)

(33)

(32)

The summations that appear are easily evaluated
to be

4 (kjn) {4 k = 4n
j~l cos 2 = 0 otherwise n = integer

4 (kU+ !)n) {4 k = 8n. (31).L cos 2 = - 4 k = 8(~ - !)
J= 1 0 otherwIse.

These relations explicitly demonstrate the com
plete 4-fold symmetry and the partial 8-fold
symmetry of the ZGS. Similar summations for the
sin functions are equal to zero, which is why the
at and bt in Eq. (21) are zero. Substituting Eq. (31)
into Eq. (30) we obtain

Bov;
ak = 2R sin b r:J.k

Bov;
bk = 2R sin b 13k

r:J.k = sin bi + (_1)k/4 sin b:
13k = COS bi + (_1)k/4 COS b;.

Using the values given in Eq. (28) r:J.k and 13k are
easily evaluated for the k values of 4 ~ 24 relevant
to the ZGS and are listed below

when k = 4n (n = integer); and both ak and bk
are zero for other k. The quantities r:J.k and 13k are
given by

B 2 4
oVy ,,[. ~* 1k .

ak = 8 . ~ L..J SIn U L cos "2 In
R sIn U j= 1

+ sin b: cos !kU + !)n]
(30)

k 4,12,20 8,16,24
r:J.k 0.103 0.545 (34)

13k 0.036 0.210.

Now that we have calculated the r:J.k and 13k we
can use Eqs. (8), (18), (21) and (32) to write the
horizontal magnetic field· components in terms of
the r:J.k and 13k

" ABo v; " .bx = Y L..J ak cos k8 = 2 . b L..J r:J.k cos kO cos vy8
k R SIn k

" ABo v; "bz = y L..J bk cos k8 = 2R . b LJ 13k COS k8 COS Vy8,
k sIn k

(35)

In the Fourier transformation (Eq. (23)) protons
have random values of 0 when they arrive at a
straight section. Thus, the average contribution to
ak and bk is given by taking the average values of sin
Ovy and cos 8vy which are both 1/~. Thus the
effective edge angle functions are

cos b{ = v0- cos bi sin !vy 8i

. ~* - h2 . ~ .1 IISIn ui - V L sIn vi cos 2Vy U i'

as a single pulse is quite reasonable since the
protons are not bent in the straight section nor
do they precess. If there were no vertical motion
the two horizontal edge fields would be exactly
equal and the two bz components would cancel
because they point in opposite directions (±cos bile
Because of the vertical motion y = A cos OVy the
horizontal fields are not exactly equal and their
difference gives a nonzero contribution to bk
which we can express in terms of an effective
cos b{ for each straight section

cos b{ 2 cos bi[cos(O - !8i)vy - COS(O + !Oi)Vy]

= cos bi2 sin Ovy sin !OiVy' (25)

Similarly the two edge contributions to ak are
almost equal and point in the same direction. We
can express them in terms of an effective sin b[
for each straight section

sin b[ == sin bi[cos(O - !Oi)Vy + cos(O + !OJvy]
= sin bi2 cos Ovycos !OiVy' (26)

These are calculated below for the long and short
straight sections using vy = 0.802

i 8ij bij !8i sin bO cos bO
L !in 13.25° 6.37° 0.323 0.123 (28)
S !U + !)n 9.00° 4.46° 0.221 0.087.

Substituting Eq. (24) into Eq. (23) we obtain

ak= 1t~ (~~Y) f"sin b cos klH(O - 0i) dO

Bov; ~ " . ~* k8= . L..J L..J SIn U ij cos ij
8R SIn b j= 1 i=L,S

bk = 1t~ (~~Y) f"cos b cos kO b(O - Oij) dO

_ Bov; ~" ~* 8- 8 . b L..J L..J cos Uij cos k ii'
R SIn j= 1 i=L,S

where we have used Eqs. (20) and (27). Next we
use Eq. (28) to write out ak and bk explicitly
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where A is the initial amplitude of the vertical
betatron oscillations. Now we use the simple
trigonometric relation

cos X cos Y = ![cos(X + Y) + cos(X - Y)J

D Depolarizing Resonances

We can now substitute these equations for the
horizontal fields into Eq. (6) which describes the
motion of a particle's spin in a synchrotron

ds eBo [ .-d = - s x (1 + yG)lyt my

+ b(l + yG)ix ~ ak cos fwk± dt

+ bi iz ~ 13k cos fWk± dtJ (40)

where we have simplified the equation by defining
the parameters G and b given by

G = g -2 2 = 1.793 b = Av; (41)
4R sin b

(46)

f3* - gl2 f3
k - 1 + yG k" (42)

(k ± v ) eBo = eBo G. (45)
y my m

For each k this will occur during the acceleration
cycle when y passes through the value satisfying

Thus as y is increased during the acceleration
cycle several such depolarizing resonances will be
encountered. These will have different depolarizing
strengths depending on the size of the Fourier
component of the horizontal fields for each k which
we listed in Eq. (34).

The condition for a depolarizing resonance to
occur is that the precessional frequency becomes
equal to one of the Wk± , the rotational frequencies
of the horizontal field components, because then
the particles get a similar impulse each time they
circle the synchrotron. Thus, the resonance con
dition is

+ biz ~ 13tcos(fW k ± dt)J (43)

This shows that as the particles circle the synchro
tron each spin rotates about the vertical axis with
its main angular velocity Q and has some extra
rotation due to the horizontal field components
which appear themselves to be oscillating with
angular velocity Wk± .

We will now calculate where the depolarizing
resonances occur. The quantity Q is the frequency
with which the spins turn about a vertical axis
fixed in the laboratory. The precessional frequency
wp differs from Q by We' the cyclotron frequency;
because Eq. (43) describes the total motion of the
spin including both the circulation around the
synchrotron and the precession. Thus wp is given by

eBowp = Q - We = - G. (44)
m

Q = eBo (1 + yG)
my

We then obtain the simplified equation

~: = s x Q [iy + bix~ ak cos(j Wk± dt)

We can further simplify Eq. (40) by defining two
more quantities Q, the main rotational velocity of
the spin, and f3t which is an effective f3

(39)

(38)

(36)

(37)

Now recall that the particles are circling the
synchrotron with the cyclotron frequency, We'

defined in Eq. (4). Thus the angular position of the
particles is given by 0 = SWe dt. Then we define

W k + = we(k + vy)

W k - = we(k - vy).

These are the frequencies with which the particles
see the horizontal fields oscillating. Then bx and
bz can be written as

ABov; ~ (f )bx = 4R sin b '7 ak cos Wk± dt

ABov; ~ (f )bz = 4R sin b '7 13k cos Wk± dt "

Thus the horizontal fields are the sum of k terms
each oscillating with frequency Wk± in the labora
tory frame.

to rewrite the horizontal field components as

ABov; ~
bx = 4R . {) L.J (J.k cos(k ± vy)O

SIn k

ABoV; ~
bz = 4 . {) L.J f3kcos(k ± vy)O.

R SIn k
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The depolarization caused by each resonance can
be calculated by solving Eq. (43) in the region of
each resonance. This equation could be directly
solved using the method of Teng17 if (Xk and f3~

were equal. In fact (Xk is much larger than f3~.

However each of the oscillating horizontal com
ponents can be decomposed into 2 rotating
horizontal fields

ds · JI . 1//- = -- I 0/ sIn 0/dt Y

+ [iin + <jJ)exp(fn dt + qJ)

+ iAn + <jJ)exp(fn dt + qJ) ]sin ljJ

- izi exp(fn dt + qJ) Jtfr cos ljJ. (51)

Substituting Eq. (50) and (51) into Eq. (49) we
obtain three equations for the three components of
Eq. (49)

tfr exp(fn dt + qJ) + i<jJ tan ljJ exp(fn dt + qJ)

= Qb ~ rk exp(fWk± dt)

itb exp(fn dt + qJ) + <jJ tan ljJ exp(fn dt + qJ)

= -nb ~ rk exp(fWk± dt)

tfr = (1 + i)nb ~ rkexp[f(n - wk±)dt + qJJ
(52)

These are equivalent to the single complex equation

(48)

(49)

= !a{exp(i fWk± dt) + ex{- i fWk± dt)J
(47)

f3t cos fWk± dt

Then Eq. (43) takes the form

Notice that only the field rotating in the same
direction that the spin is precessing (+ W k ±) can
cause depolarization. The other rotating field
(-Wk±) can be ignored. Thus it is useful to define
the parameter

The angle the spin makes with the vertical (y) axis
is defined to be t/J; and qJ is the angle of rotation
about this vertical axis in addition to JQ dt
where Q is the main rotational frequency due to
the vertical field. Thus (p is the angular velocity due
to the horizontal fields. Then the spin and its time
derivative can be written as

(50)

d .
- (sin t/J e- UP)
dt

= nb cos ljJ f rk eXP[i f(n - wk±) dtJ(53)

The quantity sin t/J e- ilp is the projection onto the
horizontal plane of the motion of the spin due to
the horizontal field components which appear as
the driving terms in the summation.

We wish to solve Eq. (53) for the change in
polarization caused by the depolarizing reso
nances. The polarization of the beam is defined to



220 T. KHOE et al.

be

~P = Po - P = Po(1 - cos t/J). (56)

P = Po cos t/Jl cos t/J2 ... cos t/Jn. (57)

(61a)

This can be solved in the limits 7: ~ + 00 and
7: ~ - 00 for K 2 finite. The solutions are 18

[
nK2]:. A(+ (0) = A( - (0) exp - 4. (62)

A( ) 2 [
i(7:2 + K 2 In 7: + 212 + n)]+ 00 = exp

4

[
nK

2JA( - CX)) = 2 exp 4

[
i(7:2 + K 2 In 17: I + 212 + n)]

x exp
, 4

(61b)
B' + irB _ KA = 0

2 2 .

These are, in fact, the two equations obtained by
treating the problem quantum mechanically. Dif
ferentiating these equations we obtain the standard
form whose solution is a Parabolic Cylindrical
Function.

A" [1 2 ·(i K
2

)]+ 4 7: - 2 - 4 A = o. (61)

Stora1 and Teng. 1
7 We use the transformations

A t/J [i(!r2
+ 1 + 11)J= cos "2 exp 2

t/J [ - i(1.7:2 + A,. - n)J
B = sin "2 exp 2 2 'I' 'f,

where 11 is an unobservable phase. These give the
two equations

A
' i7:A KB--+-=0

2 2

(55)

(54)

P = Po cos t/J.

Notice that the resonances are very narrow in
time. Therefore in the neighborhood of each reso
nance we can ignore all other resonances and can
make the approximation that the speed of crossing
the resonance is linear in time

Notice that near each resonance the effect of all
other resonances can be ignored. The final polar
ization after accelerating the beam through several
resonances is obtained by taking the product of the
depolarization angle of each of these resonances

The depolarization caused by each resonance is
obtained by solving Eq. (53) in the neighborhood
of that resonance for t/J at t = + 00 when t/J = 0
at t = - 00

where N j and Nt are respectively the numbers of
beam particles with their spins up and with their
spins down. Suppose that initially a fraction Po
of the particles are polarized with their spins up
and the rest (1 - Po) are unpolarized. Then a
depolarizing process will rotate the spin of the
polarized protons from 0 ~ t/J, but will not affect
the unpolarized part of the beam. Then the final
polarization will be

Then Eq. (53) can be written in the form

:-c (sin r/J e- i4» = K cos r/J ei
(t

2
/2),

(58)

(59)

We can now obtain the final polarization P = Po
cos t/J by noticing from Eq. (61a) that IA(+ (0) 12

= (cos t/J/2)2 and IA( - (0)12 = 1 for the polarized
fraction of the beam.

P = Po cos t/J = Po(2 cos2 t/J/2 - 1)

Equation (59) is very difficult to solve in general.
However, it can be solved for the particular case
of finding the value of t/J at 7: = + 00 when t/J = 0
at 7: = - 00, as was shown by Froissart and

7: = At

(63)
where we have defined the parameters

K = Qbrk
A . (60)

P = p{2exp( - n~2) - 1}
This solution may not be valid if K 2 is too large,
since the different resonances may start to mix
with each other before the limit 7:/K ~ 00 is
reached, and the resonances may be coupled. For
the ZGS this is not a problem and the solution
should be valid.
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This can be written as

The values of Ck ± are easily calculated from the
values of rk and are listed in Table I. The quantities
in T are mostly easily measured numbers whose

(70)
rf(1 + yG)2

Ck ± ==:---
y

Eqs. (42) and (48) to be

rk= ~[ak + P{l ~~G)J (67)

Using the lLkand 13k given in Eq. (34) and obtaining
y for each k ± vy from Eq. (46) we can calculate rk •

Note that the rk+ and rk- are not equal. Their
values are listed below in Table I.

The depolarization is now given by

I1P = 2Po

{

I _ exp _ [ nwC<l + yG)2A~ Yo v:rf ]}
x 32R2(sin b)2y( G~~ +a;;) .

(68)

I1P = 2Po[1 - e- TCk±], (69)

where T contains only constant factors and Ck ±
contains all the variation.

Using Eqs. (4), (41), (42), (56) and (60) we can
now write the depolarization explicitly as

I1P = 2P {1 _ _[nW;(1 + yG)2A2v:rfJ}.
o exp 32R2(sin c5)2;'2

(64)

We can evaluate ;'2, the speed of crossing the
resonance, using Eqs. (4), (38), (42), and (58).

2 d
;. ==: dt (0 - Wk±)

d
= dOt [wc(1 + yG) - wc(k ± vy)]

(65)

= we[G :: +a;;J
In the ZGS vy is normally constant so that
ovy/ot = O. We will later discuss the pulsed quad
rupoles which make oVy/dt nonzero.

Next we notice that during acceleration in a
synchrotron, A, the amplitude of vertical betatron
oscillations shrinks according to

where A o is the value when y = Yo. We use the
approximation that 13 = 1 which is reasonable
since all the significant ZGS resonances occur at
fairly high y.

The factor rk , which measures the strength of
the Fourier components for each k is given by

TABLE I

Depolarization parameters for resonances in the ZGS

e- TCk ±
~P

k "1 (Xk Pk P: rk Ck±
Po
[%]

4- 1.79 0.103 0.036 0.024 0.064 0.041 0.991 1.9
4+ 2.68 0.103 0.036 0.018 0.061 0.047 0.989 2.1
8- 4.02 0.545 0.210 0.072 0.309 1.600 0.692 61.6
8+ 4.91 0.545 0.210 0.066 0.306 1.833 0.656 68.8

12- 6.25 0.103 0.036 0.010 0.057 0.077 0.983 3.5
12+ 7.14 0.103 0.036 0.008 0.056 0.084 0.981 3.9
16- 8.48 0.545 0.210 0.038 0.292 2.641 0.545 91.0
16+ 9.37 0.545 0.210 0.034 0.290 2.843 0.520 96.0
20- 10.71 0.103 0.036 0.006 0.055 0.115 0.974 5.1
20+ 11.60 0.103 0.036 0.004 0.054 0.119 0.973 5.3
24- 12.94 0.545 0.210 0.024 0.285 3.676 0.430 114.0
24+ 13.83 0.545 0.210 0.022 0.284 3.881 0.409 118.2
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values are listed below

E. Reducing the Depolarization

We found that under normal operating conditions
there is a very significant depolarization in passing
through some of the stronger ZGS resonances. To
reduce the depolarization to a more acceptable
level, one must reduce either T or Ck ± appearing
in Eq. (73). Most of the parameters in T and
Ck ± cannot be changed very easily. For example

0.40 = 2(0.65)[1 - e- TCS -]. (72)

Solving this equation we find TCs _ = 0.368 and
noticing from Table I that Cs _ = 1.600 we find
that T = 0.230. Since Ys- is equal to 4.02 we find
that the amplitude As _ = 0·92 cm which is quite
reasonable and corresponds to an injection ampli
tude of about 3.2 cm.

We can now calculate for each resonance the
depolarization factor

These are listed in Table I. Notice that the largest
depolarization occurs for the k = 8, 16 and 24
resonances. This is because the contributions due
to the partial 8-fold symmetry are more im
portant than those due to the complete 4-fold
symmetry for the ZGS. While the depolarization
is not as bad as in a strong focussing synchrotron,
it is nevertheless quite serious. If no corrective
action were taken the beam polarization would be
down to about 10% by 5 GeV/c.

(76)

(75)

OVyl = 7000 sec- 1
ot max y

jumping the resonances by rapidly changing the
radius R, as suggested by Froissart and Stora,1

would require very large and expensive pulsed
dipole magnets. The resonances can also be jumped
by rapidly changing vy just at the resonance, using
pulsed quadrupoles as was first suggested by
Cohen.2 By rapidly turning on the quadrupoles
additional focussing is introduced which quickly
changes vymaking the ovy/ot term in equation (70)
nonzero while the resonance is being passed. The
quadrupoles are then kept on for a few milliseconds
until the resonance is safely crossed.

In fact ovy/ot can be made quite large compared
to G(dy/dt) which is about 20 sec- 1. From Eq. (15)
we see that the tune shift ~v; introduced by a quad
rupole of length 1 and field gradient oB/or is
given by

loB
oVy _ ilvy _ or
ot ~t 4nBovy~t

As we will later discuss in Section IIIB-3, there
were two pulsed quadrupoles which together gave
a maximum gradient-length of S(oB/or) dl = 2.5
kG-in./in. and had a typical rise of ilt = 20 J.lsec.
Note that for the ZGS the field is given by Bo
~ 1.8 y kG. Then the maximum value of ovy/ot
that can be produced by pulsing the quadrupoles
at a given y is

For the first strong ZGS resonance, which is 8 - vy

and occurs at y = 4.02 we find that ovy/otlmax ~

2000 sec - 1. This is about 100 times larger than
G(dy/dt) and should be sufficient to jump the
resonance with little loss in polarization. For the
k = 24 resonances ovy/otlmax is still some 30 times
larger than G(dy/dt).

In Table II we have listed for each resonance k+
the corresponding value of T defined in Eq. (70)
which we now call 1i± since it is different for the
different resonances when the quadrupoles are on.
We also calculate and tabulate the depolarization

loB
2 or

~Vy = -2- = 2vy ~Vy (74)
nBo

The total tune shift, ~Vy, is clearly related to the
value of ovy/ot during the pulse rise time ~t by

(71)

(73)(
p - P)o = 2[1 _ e- TCk ±].

Po k±

W c = 107 sec- 1

G = 1.793

vy = 0.802

R = 2740 cm
sin b = 0.193

dy = 12 sec-1
dt

dv
dt = 0 [quadrupoles off]

The amplitude Ao is not easy to measure directly
since it is some average value of the vertical beam
size at energy Yo. We will obtain Ao using the
experimental result, which we will later discuss,
that the 8 - vy resonance decreased the polar
ization from 65% to 25%. Thus we have
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TABLE II

Depolarization parameters for resonances in the ZGS with the 9" 90°

pulsed quadrupoles on I SOLATION VALVE

2500 I s-l

01 L 01 FFUSION PUMP

I1P I1P .

Po
- [Quads Oft] DISSOCIATORPLab Tk ± Po (WATER COOLER)

k [GeV/c] [10- 3] e-Tk±Ck± [%] [%]

ADJUSTABLE
4- 1.39 1.27 1.0000 0.0 1.9 I st. SKIMMER

4+ 2.48 1.89 0.9999 0.0 2.1
8- 3.65 2.84 0.9955 0.9 61.6
8+ 4.51 3.47 0.9937 1.2 68.8

01 FFERENTIAL
PUMPI NG

12- 5.79 4.42 0.9997 0.1 3.5 BAFFLE

12+ 6.63 5.05 0.9996 0.1 3.9
16- 7.90 6.00 0.9843 3.1 91.0

6.62 0.9814 3.7 96.0
ATOMIC BEAM

16+ 8.74 VALVE

20- 10.01 7.57 0.9991 0.2 5.1
20+ 10.85 8.20 0.9990 0.2 5.3

INTERMEDIATE FIELD
24- 12.11 9.15 0.9669 6.6 114.0 RF TRANSITION UNIT

24+ 12.94 9.78 0.9628 7.4 118.2
STRONG FI ELD
ION IZER

factor with the quadrupoles on

(
p p)qUadS on

o - = 2(1 _ e-Tk±Ck±)

Po k±

For comparison we have listed the depolarization
with the quadrupoles. off taken from Table I. Our
calculations indicate that the pulsed quadrupoles
are adequate to reduce the depolarization to a few
per cent for all the resonances encountered in
accelerating the ZGS beam to its full momentum
of 12.5 GeV/c.

III SYSTEMS

A Polarized Proton Source and Injector System

1 Polarized proton ion source (PPIS) The PPIS,
shown in Figure 2, is a ground state atomic beam
source19 designed and built by the Auckland
Nuclear Accessory Co., Ltd. of Auckland, New
Zealand. A ground state source uses the hyperfine
structure of hydrogen atoms in the ground state to
produce polarized protons.

Atomic hydrogen is produced in the dissociator
tube where 20 MHz rf power dissociates the
hydrogen gas molecules. This gas is formed into an
atomic beam by allowing it to expand through a
3 mm nozzle. Moving at its thermal velocity at
3000 K the beam passes through two knife-edge
skimmers which peel away the diffuse outer edges
of the beam. About 8 cm from the nozzle, the

•6" TITANIUM
SU BLI MAT I ON PUMP

(ATOMIC BEAM DUMP)

FIGURE 2 Schematic of the ANAC Ground State Atomic
Beam Source.

beam enters a 36 cm long sextupole magnet with
its axis parallel to the beam direction. The sextu
pole is slightly tapered at the downstream end to
decrease the beam divergence and thus increase
the flux into the downstream elements.

The magnetic field at a distance r from the sextu
pole axis has magnitude

B = Bm(rIrm)2 (78)

where Bm is the field at the pole tips located at a
distance rm from the axis. The direction of B is
always perpendicular to the sextupole axis. In the
strong field of this sextupole magnet the magnetic
moment of each atom is dominated by the elec
tron's J1 which is about 660 times larger than the J1
of the proton. Each atom has an energy E =
J.1e . B associated with it. Since B is nonuniform,
there is also a force on each atom F = V(J.1e· B)
whose direction is radial. Thus the force on each
atom is

(79)
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As indicated by the =+= the force is either radially
in or out depending on whether the electron spin is
parallel or antiparallel to the local magnetic field
B. When the force is radially out the atoms are
defocussed and lost in the sextupole coils. When the
force is radially in, the atoms are focussed and
undergo oscillatory motion allowing them to pass
through the sextupole. Thus emerging from the
sextupole is a beam of atoms with the electron
spins all parallel to the local B field.

In leaving the sextupole the atoms move slowly
out ofthe local sextupole field and into the magnetic
field of the rf transition stage. In moving slowly
through these elements where there are no sudden
field changes each electron spin will rotate so that
it always remains parallel the local B field wherever
it is.

Upon entering the rf transition stage, the beam
contains equal populations of the two states
(Me = +!, mp = +!) and (Me = +!, mp = -!)
where mp = ±! are the two possible spin states
of the protons, all measured parallel to the local B.
The rf frequency can be set to flip the (Me = +!,
mp = -!) state into the (Me = -!, mp = +!)
state and leave the other state unaffected. This
transition is made using the adiabatic passage
method of Abragam and Winter.20 The rf tran
sition stage consists of a slightly tapered static
magnetic field and a small rf rotating magnetic
field, both perpendicular to the beam direction.
To induce transitions the frequency of the rf field
must be I = I1E/h where I1E is the energy dif
ference of the (Me = +!,mp = -!) and (Me = -!,
mp = +!) states in the static field B. Since B is
about 150 G, I1E is given by the Breit-Rabi
formula where hlo is the zero field separation of the
singlet and triplet states

I = 10[1 + (B/507)2]1/2 = 1481 MHz (80)

to induce the transition. The resonance is about
1 MHz wide. The beam exiting the rf transition
stage contains equal populations of the (Me = +!,
mp = +!) and (Me = -!, mp = +!) states.

The beam then passes into a strong field ionizer21

where the electrons are stripped away to produce a
polarized proton beam. The ionizer is a 25 em
long solenoid of several kilogauss containing
a coaxially-mounted electron gun at the entrance
end and an electrostatic extraction lens at the exit
end. The entire assembly is maintained at 20 kV.
In passing slowly into the strong field of the ionizer,
the magnetic moments of the two states, which are
of opposite sign again follow the local magnetic

field and thus become aligned along the beam axis.
This causes all of the protons to point in one direc
tion along the beam axis. The direction is either
parallel or antiparallel to the beam direction
depending upon the direction of the solenoid field.
Because of the retarding potential of the extraction
electrode at one end and the filament at the other,
the injected electrons traverse the solenoid several
times before being lost allowing a high electron
density in the solenoid with a modest electron gun.
About 1% of the hydrogen atoms are ionized by
colliding with an electron in the solenoid. After
ionization the protons are extracted by the 20-kV
ionizer potential and become a longitudinally
polarized proton beam. The depolarization is
negligible during the ionization process; however,
the beam is only 75-80% polarized, primarily
because of ionization of background gas in the
ionizer. To minimize this, the ionizer is maintained
at a pressure of ~ 3 x 10- 7 Torr by an ion pump
and two sublimation pumps.

The longitudinally polarized beam is flipped to a
transversely polarized beam by deflecting the
beam by 90° with an electrostatic mirror. As
mentioned above, the polarization direction (up or
down) is determined by the direction of the solenoid
field, which can be switched in less than a second.
Figure 3 is a photograph of the source and control
electronics before it Was installed in the dome.

The 20-keV beam is matched into the accelera
ting gap of the 750-kV Cockcroft-Walton pre
accelerator by means of an Einzel lens and an
electrostatic quadrupole doublet.

The source initially operated de with an average
output current of 8 to 10 J1A and a polarization of
70 to 75%. However, we discovered by accident
that pulsing the dissociator rf supply (5 msec
pulse at 1 Hz) instead of running it dc, increased the
output beam to over 20 J1A and increased the
polarization to 75-80%. This current increase may
be due to the reduction in the temperature of the
atomic hydrogen realized by reducing the rf heating
of the dissociator bottle. The bottle is water
cooled (~15°C) but the temperature drop across
the glass wall required to conduct ~ 1 kW is
significant. Reducing the heat load to only a few
watts gives a gas temperature much closer to the
water temperature. The increase in beam with a
decrease in beam temperature comes from the T - 1

acceptance of the sextupole and the T- 1/2 depen
dence on the ionization cross section. The increase
in polarization comes from the improved intensity
which increases the ratio of polarized ions to un-
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remote equipment consists of the data link, the
manual terminal (control and display), the com
puter terminal, and the programmer terminal.

The controls are planned to minimize the
cabling; thus the three remote terminals time share
the data link and cabling. The manual terminal is
free running and asynchronous with the other two
terminals, and this necessitates priority assign
ments and interrupts. The computer terminal is
synchronized with the programmer terminal, and
software eliminates conflicts. All terminals have
six-bit address capabilities; the programmer ter
minal has a timed pulse output.

16

BI-STABLE {~gfg~y CONTROLS

(16COCNHTAR~~~L) PULSED CONTROLS
RELAY CLOSURES

{

CURRENT
TRANSDUCERS VOLTAGE
(32 CHANNEL) RESISTANCE

PRESSURE

I ---------- 32

FIGURE 3 Photograph of Source and Control Racks Before
Installation in the Preaccelerator Dome.

polarized background gas. We hope to obtain
further current increases by reduction of the tem
perature to much lower values and use of more rf
power. The amount of hydrogen gas we can process
is presently limited by the availaple rf power.

The PPIS also has the capa'bili~y of producing
polarized deuterons which will be ·used to produce
polarized deuterons and neutrons in the near
future.

DATA
LINK

FIGURE 4 Logic Schematic of the Ion Source Control
System.

2 Controls for PPIS The source is mounted in
the Cockcroft-Walton dome at a potential of
750 kV. The source requires 15 continuously
variable controls, 16 off-on controls, and 64
monitor points. The control signal and readouts
from high voltage to ground are transmitted by
four fiber optic bundles. The control system is
similar to that22 used in all ZGS sources. A
general block diagram is shown in Figure 4.

The equipment located locally consists of the
transducers, the multiplexjanalog-to-digital con
verter (MPXjADC), bistable controls, the dis
tributor (a fan-out device), and the data link. The

The terminals are integrated so that the pro
grammer uses the manual terminal's addressing
capability and has a priority interrupt over its
normal data transmission. The computer terminal
is integrated into the control system at the data
link which provides the final priority interrupt
and the time sharing of its cabling, giving the com
puter terminal as the highest priority. The computer
terminal has two addressing capabilities, one is
used for control and the second for data logging.
The total real time utilized by the functional
capabilities of all terminals is < 1%.
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FIGURE 5 Layout of the ZGS Preaccelerator and Linac
Areas.

3 Layout and 750-keV transport to linac

As shown in Figure 5, the polarized proton ion
source (PPIS) is in the ZGS preinjector area in the
Preaccelerator II dome which is 8 x 11 x 14.5 feet.
The 20-keV beam is matched into the 750-keV
accelerating column by an electrostatic quadrupole
doublet. After the column, the beam transfer line
consists of 14 dc magnetic quadrupoles and two
pulsed 90° bending magnets. The last quadrupole
triplet is common to both preaccelerators, and the
beam tune must allow for this. The pulsed bending
magnets allow injection of negative hydrogen ions
into the booster during the same pulse the ZGS
is accelerating polarized protons.

The beam current is monitored at two places
along the beam line by plunging Faraday cups.
The current for each pulse is read by a sample and
hold circuit displayed in the Main Control Room
and is used to maximize the transport efficiency
to the linac which is typically 85%. The normal
system is used to accelerate the beam through the
linac and inject it into the ZGS. Faraday cups
measure beam current at the entrance and exit of
the linac.

4 Polarimeters

a 750-keV polarimeter The polarization can be
measured at 750 keY using the standard left-right
asymmetry technique with the reaction Lf(p, o:)He3

,

where the analyzing power is 50% at a laboratory
angle of 110°. At this angle the He3 ion energy is
about 3 MeV so it will be easy to detect using a
surface barrier detector and single channel analy
zer. The geometrical arrangement of the polari
meter should allow a measurement accuracy of a

few percent in two or three minutes. The polari
meter may become operational soon.

b 50-MeV polarimeter The 50-MeV polari
meter (Figure 6) gives an absolute measurement of
the beam polarization after the linac and before
the ZGS. Its location is shown in Figure 5. This
polarimeter is fully operational.

BEAM

CA RBON TARGET

R--
3

FIGURE 6 50-MeV Polarimeter Showing the Two Sym
metric 3-Counter Scintillator Telescopes.

The polarimeter detects 50-MeV protons which
are elastically scattered from carbon at a 55°
laboratory angle where the analyzing power is
about 85 % and the cross section is 10 mbsr. Both
the cross section and polarization are flat in this
angular region23 ,24 as shown in Figure 7. The
polarimeter consists of two symmetric 3-counter
scintillator telescopes looking at a thin carbon
target which is 0·05 cm x 7.5 cm x 0.08 gjcm2

thick. All but elastic events are ranged out
prior to the last scintillator. The first two counters
in each telescope are ! inch thick scintillators
giving a total energy loss of about 20 MeV.
The third counter is l6 in. thick x 1.5 in. wide
x 3 in. high and 26 inches from the target and

defines the laboratory solid angle of 6.7 x 10- 3 sr.
Just after the second counter is a dEjdx energy
absorber composed of 1

3
6 in. of polyethylene sheets.

The elastic protons leave the absorber with a
kinetic energy of about 13 MeV and a velocity of
~0.15 c. After a 14-inch flight path, they stop in
counter 3. A combination of pulse height dis
crimination, time of flight, and range discrimina
tion cleanly separates the elastic signal from the
background. This is shown in Table III. The
scintillation counters use RCA 7746 phototubes
with standard EG & G logic. The asymmetry is
the difference between the left and the right counts
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TABLE III

Separation of elastic signal from background

Time of Flight
Pulse Height Pulse Height Pulse Height Counter 1 -+

Counter 1 Counter 2 Counter 3 Counter 3

Electrons
Inelastic Protons
Elastic Protons
Neutrons and Gammas

1
10
8

1 1-t
12 0
10 10-14

Only a single counter triggered.

2-3 nsec
>20 nsec
8-12 nsec

(Pulse heights are multiples of the 2 MeV/g cm- 2 lost by a minimum ionizing particle.)

and allows the asymmetry parameter to be entered
at each energy. In addition, the operator can
display:

1) asymmetry parameter for each of the polari
meters,

2) pulse-to-pulse NL' N R data and the calculated
PB for each,

3) the PB accumulated average for each polari-
meter in a single overview.

The PB averages for the three polarimeters are
sent to the experimenters via the CUPID system.25

The accumulation in the computer is reset when
ever polarity is changed or a new run is started.

B Special ZGS Systems

1 Low level diagnostics The ZGS has extensive
injection, acceleration, and extraction diagnos
tics26

-
29 which are designed to operate in the

intensity range of 1011 to 1013 protons per pulse.
These are all useless at polarized proton in
tensities of 108 and 109 protons per pulse. Since
these took several years to develop, it did not
seem feasible to build a complete independent
low intensity system. A bare minimum of machine
diagnostics was made operational for low intensity:
an injected charge measurement, a circulating
beam measurement, a beam radial position
measurement, and a beam bunch signal for rf
phase feed-back compensation.

The ZGS circulating intensity (Q) electrode
provides a signal of a few millivolts at levels of
1-3 x 108 protons per pulse. Amplifying this
to a usable level for envelope detection is not
particularly difficult except that the 25-kV rf
power amplifier is nearby and since it operates at
the same frequency, it causes noise. At 1 x 108

protons per pulse, beam can be detected with
about a 5: 1 signal-to-noise by detecting and
amplifying the signal with solid state integrated

8040 60

Bern [degrees]
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:; 10.0
~
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FIGURE 7 Polarization and Cross-Section Data at 50 MeV.
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o

divided by their sum. The beam polarization is then
given by the ratio of the measured asymmetry Am
to the asymmetry parameter PpC (= 0.85 ± 0.07)

P
B

= Am = (NL-NR ) • (81)
Ppc PpC(NL + N R )

The left and right counts can be directly read from
scalers, but during normal operations these num
bers are fed into the Main Control. Room com
puter. A few percent measurement of the polariza
tion can be made in about a half minute.

c Data display system This system has provisions
for handling not only the 750-keV and 50-MeV
polarimeters, but also the high energy polarimeter
described in Section B.S. The polarization con
solette shown in Figure 8 interfaces to the computer
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FIGURE 8 Photograph of the Polarization Consolette Showing the Source Control Panel and Readouts and the
Polarization Input/Output Data Panel.
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FIGURE 10 Top Half of Pulsed Quadrupole Showing Com
puter Designed Pole Profile and Copper Placement.
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polarizing resonances, a pair of pulsed quad
rupoles 10 spaced 1800 apart was installed in the
ZGS ring. These were built with a yokeless
figure-8 design (Figure 10) calculated using the
TRIM computer program to fit inside the ZGS
aperture. Field measurements agreed with the
calculations within the measurement accuracy of
±2%.

The quadrupoles produce up to 50 G/in.
gradient over a useful aperture of 2 in. vertically
and 10 in. horizontally. Rise times could be as
fast as 10 J.1sec. After the fast pulse, a flattop of
2-10 msec can be sustained as shown in Figure 11.
The quadrupoles have an effective length of 25 in.
each, and both operate at the same polarity to give a
maximum gradient-length of 2500 G-in/in. The
polarity must be reversed on successive resonances;
therefore, two power sources are used-one to
provide + pulses and the other -. The quad
rupoles can be pulsed up to twelve times, 6+ and
6 - pulses. The start time of each pulse was set by
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2 Pole face windings To minimize the nonlinear
depolarization arising from field terms such as
(02Bx/ox oy)xy, the pole face windings32

-
34 are set

to produce a flat vertical tune over as much of the
aperture of the ZGS as possible. A typical profile
is shown in Figure 9. The change in vertical tune

circuits at the pickup electrode station. This is
possible due to the low radiation levels at these
proton intensities. The signal levels at the po'sition
sensing electrodes are typically 200 J.1V. By proper
choice of one of our eight position electrode
stations, the rf noise problem can be minimized.
However, matching the gain of the right and left
channel over the required beam intensity ranges
gives false position indications as beam intensity
varies.

The SWIC30,31 extracted beam position moni...
tors are useful for the operation of the ZGS
extracted beams. While the SWIC's are not
usable at polarized proton intensities, proportional
chambers are. Fortunately, the scanning electronics
can operate with either, so enough proportional
chambers were built for three simultaneous
polarized proton experiments. These new chambers
provide the same type of beam profile as SWIC's
and greatly facilitate beam line tuneup.

-2 0 2 4 6
RADIAL POSITION [in.]

FIGURE 9 Typical ZGS Vertical Tune Profile as a Function
of Radius.

L\vy as a function of radius (L\vy/L\R) is less than
O.OOl/in. over a region that is larger than the
accelerated beam (4-6 inches). These tune measure
ments were made at 1 kG intervals throughout
the ZGS cycle. Up to 14 kG, the tunes remain
flat to O.OOl/in. and then increase to 0.004jin by
16 kG and remain at this level to full field 19.8 kG.

3 Pulsed quadrupoles In order to create the fast
vertical tune change to pass through the de-

T1ME-

FIGURE 11 Quadrupole Pulse Shape Showing Fast Rise
Time and Slow Decay.
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FIGURE 12 Control Panel for Pulsed Quadrupole Power Supplies.
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FIGURE 14 Tune Shift per Ampere Produced by the Pulsed
Quadrupoles as a Function of ZGS Field. Points for the 8th and
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FIGURE 15 ZGS Magnet Field Cycle Used for Tuneup of
Polarized Proton Beam.

the beam polarization. Figure 15 shows a typical
ZGS field cycle which was used for the 6.0 GeV/c
polarized proton run. The beam is extracted on
the front porches which are set just after each
resonance. The quadrupoles are then tuned for each

1'"'(;'""1 6
~

m 5

programming the ZGS computer and the fall
time and quadrupole strength could be inde
pendently varied for each of the twelve pulses by
using the control· potentiometers on the pulsed
quadrupole control panel shown in Figure 12.

The pulsed quadrupole electrical system shown
in Figure 13 is basically a combination of two

FIGURE 13 Schematic of the Pulsed Quadrupole Power
Supplies.

C, =0.5fLF

C2 =0.1 F

C3 =60 fLF

resonant systems with greatly different resonant
frequencies. A somewhat similar technique was
previously used at the ZGS.35 The systems above
and below the ground line are images of each other
to provide the reverse polarity pulses.

Capacitor C 1 is chosen to resonate with the
quadrupoles at 25 kHz which gives the required
rise in 10 J.1sec. The current is maintained for several
msec by supplementing the magnets' stored energy
with the capacitor banks C2 and C3 , shown in
Figure 13. The resonant frequency of C2 and C3

with the quadrupoles is about 60 Hz. The width
of the pulse is controlled by the voltage of C2 and
C3 . PS-3 is programmed so that it can only charge
C2 and C3 and not continuously sustain the arc
of T2. Capacitor bank C2 is a stacked foil electro
lytic bank chosen for low inductance and rated
50 WV dc. Capacitor C3 , the diode, and the
zener-fired SCR protect C2 and PS-3 from over and
reverse voltage.

The maximum 50 G/in. gradient requires about
400 A in each quadrupole. For a 20 J.1sec rise time
this takes 6 kV; and for 10 J.1sec 9 kV. Figure
14 shows the tune shift per ampere, J1.v y/J1.I, which
these pulsed quadrupoles can give at each re
sonance.

4 Extraction from the ZGS To tune through the
depolarizing resonances, we must extract the
beam before and after each resonance and measure
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resonance separately to maXImIze the polariza
tion measured in the high energy polarimeter.
Beam is extracted using the normal ZGS systems36

with an energy loss target and slow spill. The energy
loss target causes no depolarization since the
scattering angle is small. 37 ,38

One can also use resonance extraction,39 but this
has so far been less useful because of rf structure.
The extraction efficiency for energy loss extraction
is 10-30%, while for resonance extraction the
range is presently 40-65%. We found experi
mentally that resonance extraction caused no
depolarization. More recently using a digital
phase control system, for the ring magnet power
supply firing angle, reduced the low frequency
ripple to the point where we are able to turn the rf
off and control the beam magnetically. This
results in essentially zero rf structure and about
a 20% low frequency modulation of the extracted
beam. Thus we hope to use resonance extraction
for future polarized beam runs.

5 High energy polarimeter The high energy
polarimeter was used both to tune the ZGS and to
measure the beam polarization during the data
runs. As shown in Figure 16, it consists of two
double-arm spectrometers, each containing mag
nets and scintillation counters, which each measure
proton-proton elastic scattering from a liquid
hydrogen target (one measures the scattering of
the forward particle to the left, while the other
measures the scattering to the right). They both
run simultaneously and continuously and are as
identical as possible. The solid angle is defined by

the counters L3 and R3, 6 x 5 in. 2 at 850 in. from
the target; i\Qlab ~ 4 X 10- 5 sf. The momentum
bite defined by L3 and R3 is i\P/p ~ ±6%. The
overmatched counters L6 and R6 detected the
recoil protons. Measuring both scattered particles
gave a very clean elastic signal. Target empty
runs and magnet curves showed that the back
ground signal was 2 % or less.

The polarimeter contained steering magnets so
that at each momentum we could choose a pi value
where the asymmetry parameter was measured
and large. Most measurements were done in the
range pi = 0.4 to 0.5 (GeV/c2

). The six magnets
contain three pairs of identical magnets run in
series on three power supplies so the currents are
identical. The central fields were measured and
agree within 0.2% . The main systematic asymmetry
apparently comes from misalignments of the
incident beam. The beam direction was monitored
using two segmented-wire ion chambers (Sl and
S2) which measured the beam position. This
systematic asymmetry was studied by flipping
the beam polarization PB between up and down
(i and !) at the source. The value of PB was moni
tored by the 50-MeV polarimeter and was in
dependent of direction within 1%. When the beam
was kept aligned within a few millimeters, the
systematic asymmetry of the high energy polari
meter was 2% or less.

As before, the beam polarization was obtained
from the equation

N L - N RPB = (82)
App(NL + N R )

FIGURE 16 Layout of the Polarimeter. The Polarized Beam Passes Through the H 2 Target and its Polarization is
Measured by Comparing the Number of Elastic Events Seen in the Land R Spectrometers of the Polarimeter.
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FIGURE 17 Compilation of Asymmetry Data at pi = 0.4
and pi = 0.5. The Values Used for Calculating the Polarization -40
are Indicated.
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where App is the measured asymmetry parameter
shown in Figure 17.
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IV RESULTS

A Locating the Depolarizing Resonances

The energy at which each depolarizing resonance
occurs was given by Eq. (46) to be

The ZGS tune value, vy , was measured as a function
of y and was typically about 0.802. Thus the exact
y value for each resonance is easily calculated to
high precision and these were given in Table I.
However there was much poorer precision (±!%)
in the absolute calibration of y against the ZGS B
field, which is used as a clock to control the
acceleration cycle. We were able to use the re
sonances themselves to calibrate the ZGS B field
to a precision of ±0.1%.

The beam was extracted on a front porch above
each resonance. The quadrupoles were pulsed in
the neighborhood of the resonance while the
polarization of the extracted beam, PB , was
measured. The start time of the quadrupole pulse
was varied until the beam polarization was
maximum. A typical quadrupole timing curve is
shown in Figure 18 for the first strong resonance
(k = 8 -). This gave a calibration of y against B
which was then used to predict the fields at which
the higher harmonic resonances should occur.
The next strong resonance at k = 8 + was within
7 G or 0.1% (~! msec) of the predicted value.

B Passage Through the Depolarizing Resonances

1 Passage with no depolarization As seen in
Figure 18, when a resonance is crossed rapidly at
the proper y value, there is no observable loss of
polarization. This is because the resonance is
crossed during the fast rise time of the quadrupole
pulse and there is no appreciable dwell time on the
resonance. The 2.5 msec width of the plateau is
related to ~v which was typically 0.04 for the
20 f.lsec quadrupole rise time. Earlier runs made
with a 10 f.lsec rise time and ~v of 0.02 gave about
a 1 msec plateau. The data of Figure 18 were
obtained by tuning the quadrupole start time at
the 3.65 GeVic resonance and measuring the
polarization at 4.39 GeVic and 6.0 GeVIc. These
runs were made at different times with different
ZGS conditions, yet they give remarkably con
sistent results.

2 Passage with spin-flip In Figure 18, there is a
region where the sign of the polarization reverses.
This is due to an adiabatic passage40 through the
resonance and occurs when the quadrupole pulse
is about 2 msec early. Consider Figure 19 where
the tune is plotted against the magnetic field.
The sloping line is Eq. (83) and gives the tune
value at which a depolarizing resonance occurs for
each y. A resonance occurs when this resonance
line crosses the solid line which is the actual tune
value which is normally constant. When the pulsed
quadrupoles are turned on and properly timed,

(83)Gy = k ± vy •
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FIGURE 19 Schematic Representation of Quadrupole Pulse
Time for Adiabatic Transition.

2 High Energy Polarization The extracted beam
polarization was measured at several energies both
with and without the pulsed quadrupoles. The
results are shown in Figure 20. Some points were
renormalized by up to 5% to compensate for the
measured variation of the polarization of the beam
injected into the ZGS.

Comparing the polarization with and without
the correcting quadrupoles gives the amount of
depolarization caused by each resonance. Recall
that the depolarization caused by each resonance
was calculated in Tables I and II using the k = 8 -

C Beam Polarization Measurements

1 50-MeV polarization At 50 MeV, the measured
beam polarization was normally found to be
73 %± 6 % using the 50-MeV p-C polarimeter
described in Section 4b. The amount of de
polarization in the linac is estimated to be :::; 3%
but has not yet been directly measured. The 50-MeV
polarization remained stable over a period of a
day to better than 2%, but varied by about 5%
throughout the run, probably due to variations in
the polarization of the source.

It may also be possible to obtain complete spin
flip for the entire beam, however, this is far from
proven. In the limit of very long dwell time on the
resonance G dy/dt and dVy/dt are very close to
being equal so that TCk ± will be very large. In
fact TCk ± will be much larger than In 2 for all the
protons in the beam even those with a small
betatron amplitude A. Under this condition Eq. (69)
indicates that every polarized proton will flip its
spin exactly once I1P = 2Po. This will be true for a
proton with A = 1 mm as well as for a proton with
A = 1 cm which has TCk ± 100 times larger.

If this really works, it will be very important as it
would provide a simple technique for jumping
resonances at synchrotrons with very strong
depolarizing resonances. However, it may be
that in the limit of very large TCk ± Eq. (69) starts
to become invalid because, as discussed after
Eq. (63), the solution of Eq. (69) is limited to
r:/K -+ 00. It may break down in such a way that
the protons with large betatron amplitudes will
flip their spins many times rather than just once,
and a normal beam with a mixture of betatron
amplitudes will become depolarized. We hope to
do further experiments in the near future to shed
more light on this question.

(85)

(84)

TIMING TOO
LATE

TIMING FOR FAST CROSSING
TRANSITION (NO
DEPOLARI ZATION)

5770 GAUSS

B FIELD-

TIMING TOO
EARLY

TIMING FOR SLOW------'
TRANSITION CAUSING
ADIABATIC TUNE FLIP

(REVERSE POLARIZATION)

4.95Ck + I 2-----> n
G dy + dvy

dt dt

I
G dy _ dvy I < In 2

dt dt 4.95Ck ± '

where the Ck ± are given in Table I. Thus for each
resonance the condition for partial spin flip is that
dVy/dt have the same sign as G dy/dt and be
rather close to it in magnitude. For example for
the k = 8 - resonance Cs - = 1.600 so that dVy/dt
must lie within the range

I1P = 2Po[1 - e- TCk ±] > Po

TCk ± > In 2.

Using Eqs. (70) and (71) to write out T we obtain

dv y 1 )
21.43 < -d < 21.61 - . (86

t sec

""'~ES~NANCE
~INE

the resonance line passes through the rapid rising
edge of the pulse and the depolarization condition
lasts for only a few revolutions and there is no
significant depolarization. When the quadrupole
trailing edge falls right on the resonance line, the
protons stay on the resonance for a much longer
time and a partial spin reversal can occur, as seen
in Figure 18.

The condition for this partial spin flip to occur
can be obtained from Eq. (69) by requiring that
I1P > Po

U)
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Z
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FIGURE 20 Measured Polarizations as a Function of Mo
mentum. Open Squares are with Quadrupoles Compensating
for Resonances and Black Dots are with Quadrupoles Off.

resonance to obtain the average betatron oscilla
tion amplitude A. In Table IV we compare these
calculations with the measured values at the
k = 8+ resonance which is the only other
resonance we have studied well. The agreement is
not bad considering the size of the errors and
suggests that the theoretical treatment is valid.

TABLE IV

Comparison of measured and calculated flip probability

Quadrupole Polarization

~Le~u<ed MIPulses after.8+ Po Calculated8- 8+ Resonance

ON ON 65 ± 5% 77 ± 7% 69%ON OFF 15 ± 5%

At 6.0 GeVjc, the maximum measured extracted
beam polarization was 73 ± 8% for an injected
beam polarization of 73 ± 6 %. The quoted errors
include the statistical errors in quadrature with
an asymmetry parameter uncertainty of ±6%
at 6.0 GeVjc and ±5% at 50 MeV. Thus rapidly
changing vy with the quadrupoles seems to eliminate
any measurable depolarization. This agrees with
the calculations which indicate that the depolariza
tion should be about 1% for the 8- and 8+
resonances.

At the end of the last physics run at 6.0 GeVjc,
we were able to accelerate the beam to 8.5 GeVjc
and obtain an extracted polarized beam after
correcting for the k = 16 - resonance. There are no
data on the asymmetry parameter at 8.5 GeVjc,
but from data at 6 GeVjc and 10 GeVjc, we

estimated its value at pi = 0.75 (GeVjc)2 to be
0.045 ± 0.010. This gives a measured beam polari
zation of 55 ±- 15%. The error islarge because both
the event rate and asymmetry parameters are low
at this pi. We are modifying the polarimeter to
make it more efficient at high momentum.

As time permits, we will accelerate the beam to
12 GeVic and attempt to maintain the polarization.
Since three strong resonances (k = 8-, 8+, .16 - )
have been successfully passed, we feel that this
should be possible.
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