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INTRODUCTION AND SUMMARY

The physics done with high energy polarized proton beams has

geneiated considerable interest during the last few years.  Recent
data '2 suggest that spin effects are growing with increasing p 
and energy, and to understand the significance of these effects,
it is necessary to extend the available polarized proton beam
energy.

The success of the Argonne ZGS in accelerating polarized
protons3 to 12 GeV through many intrinsic and imperfection depolar-
izing resonances has developed confidence that a similar approach
will work at the Brookhaven AGS.  The 1977 Ann Arbor Workshop4
concluded that acceleration of polarized protons to about 25 GeV
does look possible, so a two week study was held at Brookhaven
this summer to investigate polarized proton acceleration at the
AGS in more detail and to produce a preliminary design and cosc
estimate. The principal participants in the study are listed5

under Reference 5; however, a number of other staff members from
Brookhaven were involved contributing ideas, information, advice,
and design work.

The Brookhaven study discovered no new problems which cannot

-       be solved. We prefer a polarized proton ion source of the H- type,

   
which could yield pulses of 75% polarized H- ions with an intensity

E le -1
of 10-100 Famp and a length of 1 to 3 msec.  Upon injection this

9 12 .li would result in an AGS intensity of 3x1010 to 1012 polarized pro-
W  I m   ../  1> m tons per pulse which, together with the 2 sec repetition rate and
=! leo 0 the high extraction efficiency of the AGS, would yield an extracted
W 15 i
= In O beam intensity 5 to 150 times larger than that of the ZGS.  Twelve

:53 new pulsed tune-shift quadrupoles will be necessary to jump the
intrinsic resonances while the existing 96 correction dipoles can

R 1 E S be used to tune out the imperfection harmonics.  Most of the polar-
62 lii 0. . ization monitors necessary are simply extensions of existing polar-
W. 15iki I
E 60 imeters; however, a fast internal polarimeter with an associated
Kvs_ thin internal target would be useful for rapid tuning during theW   16 2-/152      0 :RE..1 acceleration cycle.  With these modifications it should be possible

5   E 9 &  5
to accelerate polarized protons through  the 8 intrinsic and 47

F=  124   0 is
5 lu, RA w INo       * Work performed under the auspices of the U.S. Department of Energy.9.1.C= U .
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imperfection resonances in the A.GS up to 23 GeV/c by late 1980.
Although no decision has yet been·reached with regard to the imple-
mentation of such a program, it is presently being considered to-                 1

gether with other options for future AGS operation.
The purpose of this paper is to highlight some of the findings

of the worksliop while leaving the details of the cost estimates to
the preliminary design study.5  However, the results of the pre-
liminary cost estimates are included in the following table:

Table I Cost Estimate AGS Acceleration
of Polarized Protons

Injection System: $ Thousands
Polarized Ion Source 405
Pre-accelerator Modification 180

750 KeV Beam Line                               85     $ 67OK

Pulsed Quadrupole System for Intrinsic
Resonances:

Magnets 300

Power Supply and Switching System 220

Other Components, Labor 100
S 62OK

Pulsed Dipole System for Imperfection Resonances:
Power Supplies and Control System 150

Other Components, Labor                         80
$-23OK

Polarimeters:
200 MeV Polarimeter                              25
Internal Polarimeter                            25
Internal Target (Gas Jet $75K or                45
Rotating wheel $15K) $  95K

Absolute HE Polarimeter
Magnets and Power Supplies 660
LH2 Target System                               55
Counters, Electronics, etc.                     45

$ 76OK
TOTAL $2375K

Contingency (20%) $ 475K
$285OK

Transfer of ZGS Equipment $ 75OK

Total Cost to DOE $210OK

NOTICE

PORTIONS OF THIS REPORT ARE ILLEGIBLE It

has beenreproduced from the best available-·,
copy to permit the broadest possible avail-
ability.       ..    ..1·  .-    ·-                   +
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POLARIZED ION SOURCE, H v.s. H

Both positive (H+) and negative (H-) polarized ion sources
(PIS) exist, with the highest intensities (pulsed operations)
presently available being -100 aA (11+)  and -5 uA (H-). These
sources are ground state atomic beam devices commercially available
from ANAC, Inc.6  The H+ source uses an electron beam tb ionize the
atomic hydrogen, while the li- source7 uses a 40 keV Cesium (Cso)
charge exchange cell to ionize the atomic hydrogen, i.e.:

1

Ho+ + Cso -3 H-0 + Cs (1)

Source development activities presently underway at several
laboratories should result in significant current increases, par-
ticularly for the H- sources, within the next year or so. ANAC
is presently redesigning their entire ion source.  The atomic beam
stage will contain a more powerful dissociator, and the single

large sextupole will be replaced by three smaller independently
adjustable sextupoles. This should increase the amount of atomic
hydrogen available for ionization, either H+ or H-.  The length of
their electronic ionizer will be increased, and its optics improved
to give it a higher ionization efficiency. These improvements
should lead to an H+ PIS with a 100-200 KA output current.  The H-
sources will also benefit from the atomic beam stage improvements
and the Cso charge exchange H- source current could reach 10 aA.
Significantly higher H- source currents could result from an H-
source development program presently underway at ARL. 8  In this

program a deuterium (D-) charge exchange cell (Hol + D: -0 H-t + Do)
is being tried as an ionizer. Since its cross section is a factor
of 10 larger than the Csi cross section and high current Dimov-type

D- sources are now available, this technique is expected to yield
H-  currents of several hundred microamperes within the next 12 to
18 months, and currents approaching 1 mA may be possible.

Although the cost and complexity of both types of PIS's (H+
or H-) are about the same, their relative value per microampere of
beam current is quite different.  Present thinking at BNL is that

2 mA of H- current from the linac will, with charge exchange
injection, produce the same circulating intensity in the AGS as 65
mA of H+ (-1013 p/p).  Thus, the 5 uA of H- presently available
with a CsoH- PIS will produce more beam than the 100 KA of H+

presently available.  With H+ injection the best one might hope for
is circulating beam of 2-3x1010 8/p, while wich H- the expected
intensity range is 3x1010 to 101  polarized protons per pulse or
even more if the H- source can produce milliampere currents.

It is not unreasonable to have both H+ and H- injection on the
AGS. Tlie ZGS ran for several years this way. Today, however, with
both polarized and unpolarized H- ion sources available which can
produce as much or more circulating beam intensity as H+ ion sources,
this is not required or desired. Thus, if the AGS is given a

polarized beam capability, it might be converted to H- injection
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for both its unpolarized and polarized operation. At ANL, when the
ZGS ran ror over two years with H- injection, the operating effi-
ciency, stability, and intensity were much better than that ever
achieved with H+ injection.  Preliminary results from FNAL, where
H- injection is now standard on the 8 GeV booster, likewise indicate

H- injection is a better mode of injection.
If the AGS is converted to H- injection, ion sources capable

of producing 25 to 50 mA of linac current exist.  so the 250 usec
of available linac beam pulse width will still be adequate to
operate the AGS at full intensity. To take full advantage of po-
larized H- injection, however, the linac rf system must be modified
to allow beam pulse widths of 1 to 3 milliseconds.  The additional
energy required to support the copper losses associated with in-
creasing the rf pulse length by a factor of -10 is offset to some

extent by the absence of any significant beam power requirements,
but some additional energy storage may be required.  Of course, to
make use of the H- beam, a charge exchanging stripper and orbit
bump system must be designed and installed.

To summarize, significant but straightforward modifications
are required on the injector if the AGS is to be given a polarized
beam capability.  The  utility and flexibility of this facility will
be much greater if the AGS is converted to H- injection. If H-
injection is used and the polarized beam development activity begins
in early 1979, the injector could be ready to provide 10 co 100
#A (H-t) for injection into tlie AGS by late 1980. The injected
beam polarization will be about 75% and rapid spin reversal on each
AGS cycle will be possible.  Assuming a 50% beam transmission effi-
ciency in the LINAC and no beam loss in the AGS during acceleration,
the expected AGS beam intensities for various ion source and LINAC
conditions are as follows:

H- 1Source Intensity LINAC Pulse Length AGS Intensity
10

10 Wamps 1 millisec 3 10
11

10 gamps 3 millisec              10
11

100 #amps 1 millisec 3 10
12

100 Famps 3 millisec 10

DEPOLARIZATION IN THE AGS

The Causes

Particles undergoing vertical betatron oscillations experience
horizontal depolarizing magnetic fields from the quadrupole fields

in an alternating gradient synchrotron. The horizontal field
frequencies seen by the particle are kP + v where k is an integer,
P is the machine periodicity and v is the vertical betacron tune.
Depolarization can occur during acceleration when the spin pre-
cession frequency, 7(g/2 - 1) E YG, becomes equal to one of these

frequencies. Thus, the resonances are given by

......                                                                                                                                                                                                                                                                                                                                                                                                                                                      -                                                                                                                                                                                                                                                ----
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11·G = kP + v "Intrinsic Resonances"        (2)
[frequency in terms of the turning angle, 6]

On the other hand all accelerators have horizontal imperfection
field components of frequency k; thus, resonance will also occur
when

yG = k "Imperfection Resonances"            (3)

Either of these types of resonance may be characterized by an                     -
effective strength, 6, calculable from the machine lattice for a
given beam emittance.9

Consider, for example, the case in which the perturbing fields
and the particles precession frequency differ by a constant amount
6 (a beam on a flat top near a resonance). Then che vertical
component of the polarization is given by

6
P

'F= 12 2 (4)
O  96  + E

If the beam has vertical polarization Po very far from the reso-
nance, and we accelerate "slowly" Co within 6 of the resonance, 'then
we will measure the polarization given above.  However, this is not
yet a true depolarization since if we reverse the above process
after a flat top, the spin reorients itself along th& vertical
direction.

On the other hand the effect of traversing a resonance at a
uniform rate, ci, from 6= -c o t o 6= +c o was calculated by Froissart
and StoralO to be

9
-n.€-/2rj

   o = (2e - 1) (5)

where

21=  

Gdy/de for imperfection resonances    (6)

Gdy/de E dv/de for intrinsic resonances

This relation clearly. indicates the relative importance of g
and a, however, in practice we wonld like to approach a resonance
slowly, jump it quickly, and leave it again slowly.  In this case,
if we let the crossing be instantaneous, the depolarization is 11

2 2 0   -*oc    jump     fromL -5  -6                                     (7)
P 22 -6 to 60  6+ €

-,



This relation provides us an upper limit to the polarizacion when
a finite fast jump is performed.  In order to estimate the effect
of cy being finite but large we simply construct the product of (5)
and (7) and obtain

finite fasc judp2 9 2
P    6  - E- -RE /20 "slow" approach andF=  2    2 (2e -1)

departure (8)
0    6  +e

The above result is useful for intrinisic resonances in which one
can change the tune abruptly to increase o· and thus decrease the
depolarization.  However, the effect of imperfection resonances is
calculated with Eq. (5).

Figure 1 shows values calculated for the AGS intrinisic and
imperfection resonance strengths, 6,9 and the resulting depolariza-
tion for a complete traversal of each resonance at the normal AGS

acceleration rate (dy/dt = 60/sec) calculated with Eq. (5). Clearly
fast resonance jumping is essential to minimize polarization losses
from the AGS intrinsic resonances.
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The Cures

3
The standard method to accomplish a resonance jump is the

pulsing of quadrupoles to change the tune abruptly which by Eq. (6)
increases Q at the resonance. It is also necessary to decrease the
depolarization due to Eq. (7) so we choose a total tune shift of
.25 at 14 GeV/c. This change can be accomplished with twelve 1/2
meter long "unit" quadrupoles with equal gradients of 11.7 KG/m
placed in a region where the vertical betatron function is a maxi-
mum (B ; 22m). If we select a rise time of 2 Ksec for these mag-
nets, we obtain the estimates for depolarization given in Table II.

Table II 12-589-78

DEPOLARIZATION DUE TO AGS IYTRINSIC KESONANCES
Magnet full field risetime = 2 .sec (4-:/3 radians)
The numbers in parentheses refer to the t ixed ",init"

iluadr:goles.  (tun: shift of  .25 at  lt, i;:'.'/:).

c a.,-26 crd,#ide
Resonance Resonance Total Tune Resonance

Gvres
' Strengch Shift Relative Put:ed Crossing Depolarization

kP & '1 ;res Parameter As su:ned Quad Scren6ch rate -Eq. (8)i

12-v 1.81 .0054 .25 0.10 .0597 .994
O.-.' 4.38 .0154 .25 0.32 .0597 .958

24 -·, 8.51 .0006           25 0.56 .0597 1.000
12+·, 11.57 .0054 .25 0.76 .0597 .994
36-9 15.20 .0137 .25 1.0 .059; .966
24+v 18.26 .0010 .25(.208) t..0 (1.0) .0597(.04981 1.000(1.000)
48-v 21.89 .0015 .25(.17]1 1.44 (1.0) .0597(.0413)   1.000(1.000)
36*v 24.96 .0266 .25(.1521 1.65 (1.01 .0597(.034,3) .880( 734)
60-v 28.86 . 1576 .25(.132) 1.90 (1.0) .0597(.0318
:8.14 31.65 .0023 .25(.1201 2.08 (1.01 .0597(.0237) .9991 996)

Resilltant Depolarization after acceleration up Co:
48-v 21.89 .914( .91.3
36+v 24.96 .804( .6711

*
An ef Ce:ti,·e. fast passage through this re,Mitiance Ls impossible; :i,-,wever, slo·.· spiri flip may be
possible.

In the above calculations we have optimistically assumed that
the spread in 6 is much less than the total tune shift. The range             -
of 6 from the y spread is

ap
8 6    =    Gay   *   Gy 7 (9)

Since the full beam has AP/P - .15% at v = 25, this yields

86 full =
.07 (10)

This is certainly smaller than .25 but not much smaller than .152
the tune shift for the chosen "unit" strength pulsed quadrupole at
r 25.

On the other hand, these calculations have also ignored the
spread in &, since they apply to a representative beam in which
all the particles have the same vertical e:·:cursion (that of the
outside of the beam envelope). The beam really contains a distri-
bution of &'s proportional to the distribution of the beam in the
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vertical direction which means that the effective e of the beam is
somewhat less than that indicated. So we feel that the optimism
in some parts of the calculation is balanced by a corresponding
pessimism in other parts.

We have one other problem to address in that the values for
the polarization obtained in Table 2 assume that the effects of
the imperfection resonances have been eliminated. These imper-
fection resonances occur when

Gyk = k (11)

Since the value of Yk is independent of the betatron oscillationfrequency, v, jumping the resonances with a rapid betatron tune
shift does not work here as it did for the intrinsic (v dependent)
resonances.  The rate of traversal through an imperfection reso-
nance is ddtermined only by d.fldt, while the strength of a partic-
ular Lmperfection resonance,,k, depends on the strength of the
synchrotron's imperfection field component of harmonic k and on its
proximity to v.

The properties of the various AGS imperfection resonances as-

suming uncorrected, random magnet misalignments of f 0.1 mm were
shown in Fig. 1. Most imperfection resonances cause depolarization
of less than 1% and can almost be ignored; however, several cause
depolarization of 10% or more and must be corrected.

To eliminate depolarization at these resonances one could mea-
sure the vertical orbit distortions accurately enough to determine
the field imperfections at the 0.1 mm magnet displacement level and
correct these imperfections directly. However, this precision
would be difficult with the present AGS beam position detection sys-
tems. The approach used at the ZGS is to apply a horizontal field

correction pulse which covers the resonance crossing period with
the correct field strength to minimize the polarization loss.  A
similar technique can be used at the AGS. The horizontal field
correction required  for the kth resonance can be written in the
form:

Bk(8) = ak siti Ice + Bk cos ke (12)

The two independent parameters, ek and Sk, can then be experimen-
tally determined to minimize the polarization loss. Forttinately
there are 96 correction dipules currently installed in the AGS (an
adequate number to generate the required harmonics for all the 47
resonances up to 26 GeV); however, new power supplies, a control
system, and considerable additional software will be necessary to
generate the finesse required to tune out these  imperfection
harmonics.
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AN INTERNAL POLARIMETER

As we have indicated, most of the polarization monitors nec-essary are extensions of those already in use at the ZGS.3  However,
in order to facilitatd tuning through depolarizing resonances during
the acceleration cycle, it is useful to have a polarimeter which is
capable of a rapid relative measurement of the beam polarization
before and after each depolarizing resonance.  To insure that each  ,
resonance has been optimally jumped, an absolute knowledge of PB
at each energy is also necessary; therefore, such a polarimeter
must be calibrated against an absolute polarimeter.  At the ZGS the
CERN polarimeter, consisting of two identical scintillator rangetelescopes, is used for such tuning; however, it is situated in the
extraction line, so the beam must be extracted to measure the po-
larization.  The measurement would be much more efficient if the po-larimeter were situated in the ring so that it could be electron-ically sampled to obtain a value of the beam polarization at a
number of points during the acceleration cycle.  The polarimetertarget could be a wheel of CH2 or metal fibers or possibly a
hydrogen gas jet.  The internal polarimeter itself could be similar
to the CERN polarimeter and consist of two identical left and right
scintillation counter telescopes which each detect the recoil pro-ton in 8roton-nucleon elastic scatteringat small P2 (P2 RS .15
(GeV/c)-).  At this value of P2 the scattering angIe (1770) and
momentum (-400 MeV/c) of the recoil particle are almost independent
of the beam momentum so the polarimeter arms can be fixed.  The low
recoil momentum allows the elastic signal to be separated by time
of flight, dE/dx pulse height discrimination, and ranging. In this
region the cross section is large (da/dt is about 20 mb/(GeV/c)2)
and independent of energy from 4 GeV/c to 26 GeV/c; thus, the eventrate is quite high. However, over this momentum range the ana-
lyzing power falls with momentum P according to the empirical for-
mula App = . 75/p (see, for example, ref. 5).  Therefore, the time
necessary to obtain a given precision on the beam polarization
varies by a factor of 20 over the range 4 to 26 Gev/c.

To estimate the time necessary to obtain a given precision
on the beam polarization measurement at various representative

momenta, we choose an internal polarimeter looking at a rotating
.CH2 fiber wheel target with the following parameters:

Accep tance   in   Each   Arm   d t [At/ 2iT j 10-3(GeV/c)2

Internal Beam Intensity [I ] 10 protons/pulse
11

0
AGS Turn Time 2.7 usec

Polarimeter Sample Time 5 millisec [1850 passes]
"Average" Thickness of

CH2 6 10-1 cm [10-6 L    1
Target (4) collw

Target Time in Beam 250 millisec C105 passes]        '
9                               -26   2        2dc/dt (at P- = .15) 2 10 cm  /(GeV/c)
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Such a wheel might contain CH2 fibers of 0.05 mm diameter (or metal
fibers of 0.02 mm diameter) with a mean spacing of 5 mm. During
the 250 millisec that this target is in the beam, it would absorb

about 10% of the beam.  The polarimeter event rate during the
suggested 5 millisec electronic sampling time is:

Events  =  2  To [5 millisec/2.7  usec]   (N  04)   fda/dt]  dt84/27
11                19     0  -76-= 2 10   [1850]  (3.4 10  )  [2 10 - j  [10-3]  (24)

6
= 10  events/2 sec pulse                                                    _

The corresponding analyzing power, data time and precision in PB
at various momenta are:

Plab
6 GeV/c 14 GeV/c 24GeV/c

A rp2=0.151 12.5% 5.5%        3%
PP' i

Time 10 sec 60 sec 120 sec

Events 5 106 3 107 6 107

Error in PB i .6% C «/
I   . U /.1 S  .8%

The beam polarization was calculated using:

PB = i .t/Aeffective (13)

while the error in PB was obtained by assuming somewhat pessimis-
tically that

1Ap = (14)
B   (.SA  ) /Evencs)

PP

Scattering from a metal or CH2 fiber [arget is dominated by
heavy nuclei which reduces the effective analyzing power. This can       ··
be eliminated byusinga hydrogen gas jet target, however, this
gives a factor of about 100 lower luminosity  and may require per-
haps 25 times more running time to acquire similar precision in
the polarization.  Since the gas jet is also technically more complex
and more expensive, it was not studied in detail during the workshop.
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