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HISTORY OF THE POLARIZED BEAM"'

Everette F. Parker
Argonne National Laboratory, Argonne, IL 60439

In 1973, Che first high energy polarized proton beam
was developed at the Aryonne Zero Gradient Synchrotron
(ZCS). It operaLed very successfully and productively
un ;1 1979 when the ZC1S was shut down permanently. This
report describes thu development, characteristics, and
operations of this facility.

In July 1973, the world's first high energy polarized proton beam
became operational at the ZCS when a beam of "v 2 x 107 protons/pulse
was provided to experiment K--T24.1 This marked the enc! of a develop-
ment program that got its original f.tart 15 years earlier. In the
lfite 1950'u, the first polarinod ion sources were being put into oper-
ation and polarized targets were being developed. With sources and
targets becoming available, the question of accelerating polarized
protons in circular machines naturally arose at a number of labs. In
1959, Cohen and Burger^ of the ZGS staff published the results of a
study of the problem of acceleration in an injector linac having
magnetic quadrupoles. They found that the small processions of the
spin as the protons pass through the quadrupole fields tend to average
to zero net rotation because the betatron motion causes them to "see"
as much field of one polarity as the opposite. In 1962, Cohen^ pub-
lished the results of an investigation of the problems of acceleration
in the ZGS. Like Froissart and Stora'4 in their study of SATURNE,
Cohen found that there is a scries of depolarizing resonances which,
if uncorrocted, ijill depolarize the beam during the acceleration
cycle. This depolarization is caused by the horizontal magnetic
fields which provide the focussing forces for the beam. As with the
linac, the spin rotation caused by these fields tends to average to
zero. There are, however, very brief periods during the acceleration
cycle when, for a few turns around the machine, these small rotations
add coherently and the spin experiences a net rotation on average.
These resonances occur when the energy of the particle is such that
the following equality is correct.

G-y = L • K + TO • vv ± n • v . (1)
y x

where G = 1.79 for protons
V = the Lorentz factor
K = the sector number of the accelerator

vy, vx = the vertical and radial betatron tune numbers of the

machine
L, m, n = integers
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Being inherent in the machine since they are caused by the fields
which are required to keep the beam stably confined in the machine,
these resonances are referred to as intrinsic resonances.

Horizontal fields can also be produced by errors in the magnetic
alignment of the magnets. These field errors can produce what we
refer to as imperfection depolarising resonance, and they can occur
when

Cy = integer

Cohen concluded that only the intrinsic resonances with m = 1,
n = 0 would be particularly significant and proposed the use of pulsed
quadrupolos to rapidly shift the tune of the machine through the reso-
nance condition as a possible way to minimize their effect. This was,
in fact, the technique we used.

Theso studies took place 20 years ago, four years before the ZOS
became operational. With the press of completing the ZGS and starting
up a conventional (i.e., unpolarized beam program), the subject of
polarized protons was forgotten.

A second wave of interest developed in 1968 when Man Krisc.h of
the University of Michigan requested the Accelerator Division to con-
sider the feasibility of accelerating polarized protons. The key
result of this study was the conclusion that an acceptable polarized
ion source (PIS) was commercially available but that its size and
complexity would make switching back and forth between polarized and
unpolarized beam operations very costly in terms of effort and lost
beam time. Lost beam time was very significant at that time since
the 12 ft bubble chamber program was soon to start, and this already
represented a new mode of running; i.e., when the entire machine is
dedicated to producing neutrinos for the neutrino program of the 12 ft.
This second study of accelerating polarized protons at the ZGS, like
the previous study, came to a quiet end primarily because the key out-
side user, A. Krisch, and the key Argonne National Laboratory (ANL)
physicist, L. Ratner, went off to CERN to work on one of the first ISR
experiments.

In 1970, again at the request of A. Krisch, the Accelerator
Division considered the feasibility of developing a polarized proton
beam facility at the ZGS. This study showed that a facility capable
of intensities of the order of 109 protons/pulse and polarizations of
at least 50% could be developed for a reasonable cost and with limited
time loss associated with switching between polarized and unpolarized
beam operations. No part of the approximately $500 K of equipment
and materials and services runds required to design and construct
this facility could be obtained as a special supplemental appropria-
tion from the then Atomic Energy Commission. Bruce Cork, the Asso-
ciate Laboratory Director for High Energy Physics at that time, felt
the project should be carried out any way so he reprogrammed existing
monies and told us to go ahead. We got approval in October 1971, and
less than two years later the facility was operational.

A detailed technical, description of the physics and hardware
involved in producing the polarized beam at the ZGS has been given
elsewhere5 so only a very brief review will be given here. The key



equipment items that had to be. added to the ZGS for the polarized beam
facility were a PIS, a new preaccelerator to house the PIS, pulsed
quadrupoles for Jumping the depolarizing resonances, and polarimeters
for measuring the beam polarization. A separate preaecelerator for
the PIS was the solution to the interference problem between the po-
larized and unpolarized beam operations. Its location relative to the
original preaecelerator is shown in Fig. 1. The enclosure was used as
a storage room prior to its conversion. The floor was removed to give
it the required vertical extent, and steel window screening was hung
on the walls to make them electrically smooth. The high voltage power
supply was constructed from spare parts Froin the original prcaccelcra-
tor. The source terminal, S ft x 11 ft x 1.4.5 ft in size, was manu-
factured by a company that makes caupers. The terminal was made using
a rib and panel type construction with 6 in. radius corners. This was
a bit of a gamble for a 750 kV terminal to be located in an enclosure
that allowed only a G ft separation from the wall; however, cost and
delivery considerations made the gamble necessary.

The ion source was purchased from the Auckland Nuclear Accessory
Company (ANAC) of Auckland, New Zealand. Figure 2 is a diagram of the
source as it looked originally. It is a ground state type source^
with a strong field ionizer. Figure 3 shows the source in the ANAC
shop in Auckland in its final stage of fabrication. The size and com-
plexity of the ion source, arc awesome relative to the conventional
duoplasmntron normally used on proton synchrotrons. In its present
configuration, it weighs about 10,000 lbs and consumes about 35 kW of
electrical power. It contains three rf systems; six magnets; six beam
lens elements; and nine vacuum pumps including diffusion, ion, turbo-
mole.ci' \v, suMimator, and mechanical; just to identify some of its
componpnts.

As delivered, the PIS produced a dc beam current of 6 uA with a
proton polarization of about 75%. It had only one rf transition so
the polarization direction could be reversed only by reversing the
current in the ionizer- solenoid magnet. Due to the finite life of
high current contactors, the reversal could not be made very frequent-
ly; i.e., only a few times per hour. Also since the solenoid field
effects the beam optical properties, spin reversal was also accom-
panied by a ZGS intensity charge. Originally, the PIS had several
lens elements containing fine wire grids. These grids were supposed
to last for thousands of hours; but in our operations, they lasted
only a few. These grids, along with several other parts, gave the PIS
an overall mean-time-to-failure of only a few days.

The two pulsed quadrupoles, outlined in Fig. A, were machined
from commercially available "C" cores. The power supply is a resur-
rected extraction bump magnet power supply. The quadrupoles have a
10 usec rise time; a gradient of 50 G/in. , which produces a tune shift,
Av of *vi 0.01 at 12 GeV/c; and a decay time constant of 1.3 msec. The
quadrupoles can be pulsed up to 12 times each machine cycle. The res-
onances are such that the pulses are of alternate polarity. The
pulsing time, amplitude, and decay time of each pulse is independently
controllable.

Originally we had two polarimeters, one at the end of the injec-
tor linac to monitor the beam polarization before it enters the ZGS



and one in EPB-1, beam 1 to measure the full energy polarization. The
50 MeV polarimeter, shown in Fig, 5, uses a fine carbon filament as a
target and looks at the left-right asymmetry in the elastically scat-
tered protons with two triple coincidence scincillator telescopes.
The data rate from this device allows a 1% polarization measurement in
'*- 10 rain. The high energy polarimoter, Fig. 6, consists of two double
arm spectrometers for analyzing protons scattered from an LII2 target.
Because of the small cross section and limited acceptance, this is a
very low data rate device. At .1.0*̂  protons/pulse on target, it takes
about 2 hours to make a 10/f, measurement at 6 OeV/c. In order to have
a faster indication of the beam polarization, a third polarimeter was
added in 1975. This device consists of two triple coincidence scin-
tillation telescopes viewing recoils from a small CHL( target mounted
in the extracted beam just down stream of the ZGS. Being uncon-
strained, the noise levol in this polnrimetor is high and an absolute
measurement is not possible. However, with an asymmetry about 3/4 of
the pure elastic value and a very high rate, relative polarization
measurementr. to the 1% level can be made in about .10 mln. This device
has been a key item in allowing us to find and maintain the beam po-
larization in an efficient and rapid manner.

Along with these new equipment devices, there was also a signifi-
cant machine physics, both theoretical and experimental, program re-
quired. Although the theoretical ground work had been laid years
earlier, detailed studies were required to make sure all of the possi-
ble effects were being considered and to more precisely identify which
resonances we had to worry about and what kind of tune shifts would be
required to avoid losing significant polarization. In the experimen-
tal area, there v/:;s the question of just how to set the machine tunes
and how to locate and correct for the depolarizing resonances. From
Eq. (1), the energy at which the resonance occurs is known to within
the uncertainty of one's knowledge of the tune value. Unfortunately,
the acceleration cycle timing is based only on a relative measurement
of the magnet field; therefore, there is no absolute relationship
between what is measured to bo the magnet field and the particle ener-
gy. From experience, we felt we knew the relationship between the
measured magnetic field and the particle energy or y to within about
±1%. This meant that the correct quadrupole pulsing time for the
first strong resonance was expected to lie somewhere within a 100 to
200 G region or 5 to 10 msec period in the acceleration cycle. This
does not now seem like a big window, but in July 1973 it seemed to be
infinite.

The exercise of locating the first resonance turned out to be
rather difficult not only because of the large window to be searched,
but also because of the very low initial beam intensity, the small
acceptance of the high energy polarimeter, and the fact that the
strength of the resonances (i.e., the amount of depolarization) was
twice as much as the theorists had predicted. The extracted beam
intensity was of the order of 2 x 10^ protons/pulse during the first
few weeks the system was operational. This yielded a data rate in the
polarimeter of only a few events per pulse with which to find and map
the resonances. Also as originally constructed, the spin direction
could be reversed only once or twice per hour so the systematic error



cancellation we have enjoyed with pulse-to-pulse reversal since 1974
was not available. Thus, poor statistical precision was compounded
by systematic effects. Trying to find that first resonance was an
almost hopeless :ask. Fortunately, after many hours of blindly
searching, a d ca point was taken where the spin actually reverses.
These reversal points are adjacent to the resonances and occur because
the tune shift being too early actually enhances the strength of the
resonance to the point a significant fraction of the. spins actually
reverse. (See Fig. 7.) This data point, taken where the spin is par-
tially reversed, stood out even with the statistical noise of the data
relative to Lhe adjacent point where the spin is maximal in the proper
direction. With this hint, we then concentrated on this region and
discovered that we had located and jumped the first resonances. With
the first resonance located, the others were relatively easy to find
and jump since the y vs. measured magnetic field curve was now normal-
ized. Figure 7 shows a plot of the Gy = 8 - v.F resonance. The spin
reversal region at the leading edge i.s clearly demonstrated. With the
mapping of the first resonance and Iiiullng It to be considerably
stronger than predicted, the theorists were quick to find the neces-
sary factor of two to make the theory and experiment agree very well.
This, of course, is an often seen phenomena in physics.

With the beam thus polarized up to 6 GeV/c, the experimental pro-
gram was turned on only ten days after the first polarized protons
were injected intn the 7.GS. The momentum was restricted to 6 GeV/c
and below for the first three years si ice low momentum running requires
much less electrical power and is, tlu -efore, cheaper than high momen-
tum operations. This in turn allowed us to get much more running time
per year from a limited budget. This, of course, was in no way a det-
riment to the physics program since any energy above 50 MeV was virgin
territory for polarized beam experiments with a primary polarized
beam. In February 1976, the momentum was raised to 11.75 GeV/c when
the physics program requirements dictated this increase. The peak
momentum was held to 11.75 GeV/c because a very strong resonance
exists at 12.0 GeV/c, and the expected loss of polarization in cross-
ing this resonance was deemed too much for such a small increase in
momentum up to the nominal ZGS momentum of 12.3 GeV/c. Locating and
jumping the resonances between 6 GeV/c and 11.75 GeV/c were straight-
forward, as expected. However, the resulting polarization was only
about 45%, well below the expected 65 to 70%. After many days of
investigating this unexpected loss of polarization, the causes were
finally tracked down to two sources, one physics and one engineering.
The physics source was the imperfection resonances discussed earlier;
i,e., resonances caused by vertical bumps in the equilibrium orbits.
Such resonances had been predicted7 and indeed had been experimentally
studied at the ZGS8 but only by greatly enhancing their effects to
make them detectable. Their apparent weakness meant that under normal
circumstances, they would have negligible effect. However, after a
very exhaustive and complicated study, it became clear that a number
of the imperfection resonances which occur at the rate of about 2 per
GeV/c were each costing a difficult to detect few percent loss in
polarization. The net result of these many small losses was a very
noticeable loss. These resonances were avoided by introducing



vertical orbit bumps via the. ZGS pulsed pole face winding system which
removed the resonant condition. Eventually a total of 22 sucli correc-
tive pulses was introduced during the 11.75 CeV/c acceleration cycle.

The engineering source had to do with the device that measures
the magnetic field of the machine. This device looks at the output of
an inductive loop in the machine with a voltage controlled oscillator
(VCO). The integral count from this VCO is then proportional to the
total magnet field since the loop output is proportional to dB/dt.
Any noise in this system will produce spurious counts in this inte-
grator -which produces an error in the measured magnetic field. This
means that there is a certain jitter in the field 'iiear.urer.ient and,
therefore, in the firing time of: the pulsed quadrupoles. This inte-
gration e.ror obviously increases with energy, and the width of the
correction for these resonances decreases with energy. This in turn
means that the quadrupoles are not fired at the correct time on some
machine cycles, and this shows up in a loss of average polarization.
This problem is compounded if a "front porch" is used since the inte-
grator "sees" Che noise counts through out the "front porch" even
though dB/dt is zero. This problem was minimized as much as possible
by using the best VCO's and Integrators; however, the problem still
remains with us, at an acceptable level most of the time but not al-
ways .

7n 1979, the very strong resonance at 12.1 GeV/c was jumped and
the machine operated at 12.75 GeV/c for experiment E-452. In spite of
our previous worries about this resonance, it was easily jumped and
the 12.75 GeV/c turned out to be most successful.

Tn the fall of 1978, we produced and operated for two months the
world's first and only high energy polarized deuteron beam. Concep-
tually, this is much easier than accelerating polarized protons since
the G factor for the deuteron is so much smaller than that of the
proton, -0.14 vs. 1.79. From Eq. (1), it can be seen that, with a
tune value v = 0.8, only the L = 0 resonance exists within the energy
range at the ZGS; i.e., at 10.4 GeV/c. All others are beyond the
energy of the ZGS. In actuality, the production of this beam turned
out to be less than straightforward for several reasons;9 however, the
run turned out to be quite successful. The press of the proton pro-
gram in the face of the October 1979 shutdown precluded any further
deuteron operations although there were requestors.

Up until the time the ZGS became a dedicated polarized proton
facility, the polarized beam was used for physics about three months
per year or about one third of the available time. These were usually
one month runs separated by several months. Although this schedule
was dictated by the overall physics requirements and funding limita-
tions, it would have been necessary in any event because of the time
required for maintenance and repair of the PIS plus the time needed to
make the modifications and improvements required to keep up with the
ever expanding requirements of the experimental program. Since becom-
ing a dedicated facility in March 1978, the facility has run almost
continually except for the month of July 1978. This has been possible
primarily due to vei-y significant improvements in the reliability of
the PIS.



The best way of showing how the facility developed and how pro-
ductive it was is to show certain descriptive parameters as a function
of time. The first is shown in Fig. 8, which shows the number of 8
hour shifts scheduled for physics per year. Figure 9 shows the num-
ber of experimental shifts used per year; i.e., the number of shifts
the beam was available times the number of experimenters using the
beam. Figure 10 shows the number of simultaneous users we had during
each month the system VMS in operation. The facility, as originally
envisaged, would be able to support one, possibly two, experiments at
a time. From this future, it is clear that we rapidly outgrew this
expected limit. For the first run, only beam 1 had a polarized beam
user. By the second run, the Effective Mass Spectrometer had polar-
ized beam users. Beam 22 then followed. The high momentum secondary
beam in EPB-I, beam 5, was then modified For polarized beam use.
Beam 2 was then modified for the parity experiment;]^ and then in
1978, beam 23 was added along with a new polarized target. In 1974,
the 12 ft bubble chamber joined the users for a 150 K picture expo-
sure.

Unlike impolarized operations where the; protons are mostly used
to produce secondary particles, polarized beam experiments use the
protons directly. Thus, energy dependence studies require, frequent
changes in the machine energy and agreement among the users as to the
particular energy to be used. Generally, one could get agreement for
two energies no frequent HKC was made of front porches. This worked
very well after EPB-T. was modified to include programmable magnets and
power supplies so that multiple energies could be efficiently trans-
mitted the length of Ei:l5-I on Lho same machine cycle. In summary, we
started off with one experimental beam site and the ability to trans-
mit one energy per machine cycle. We had two N type polarized tar-
gets, one with only an Hi, cryostat, and could produce only beams with
the spin in the vertical plane. We will terminate this facility with
the ability to transmit multiple energies each machine cycle to six
experimental sites. We have three polarized targets, one of which is
an R&A type target, and all three have H3 cryostats; and longitudinal-
ly polarized beam at any energy is available to two of the sites,
beams 21 and 22.

Over 40 different energies were used at the polarized beam facil-
ity during its six year life. These ranged from as low as 350 MeV to
slightly over the design energy of the ZGS. A significant part of the
time was spent at energies m w available at TRT.UMF, LAMPF, and SIN.
Not only were numerous energies used, but also many energies were
required during a single month run. In August 1977, we changed ener-
gies 11 times. That we were able to change energies so frequently and
still have time for a viable phys' s program speaks well of our ma-
chine operators and experimental area people.

Figure 11 'jhows the intensity as a function of time. This shows
the dramatic growth in the beam intensity that has taken place over
the years, a growth that made the high utilization levels described
above possible. The original system's goals called for 3 x 10^ pro-
tons/pulse, and this to some of us f.-.'.emed impossibly high. You can
see this goal was surpassed by the 25th week of running. This almost
three orders of magnitude increase in intensity since July 1973 was



the result of a factor of 15 increase in the PIS current, a more
stable and reliable PTS, the introduction of a new injection mode for
the ZGS,11 and effective machine tuning made, possible by having a Rood
operating crew. The increase in PIS current from 6 viA to almost
100 uA, an absolutely unbelievable number in 1973, was the result of a
continuous development program. Often times we had difficulty in re-
covering from some oE our "improvements," and some of our improvements
were the result of blind stumbling but the overall result has been
outstanding and has had a significant effect on the ZGS program. It
has also hnd effect at other labs. The possibility of high current
polarised ion sources has raised the qitest.ion of the practicality of
developing polarized beam", at the AGS1? and PS.13 The details of the
source improvement activities are described in Ref. 14.

When the ZGS facility became operational in 1973, it was the
first machine to produce a polarized proton beam above 100 NeV. Now
beams in the hundreds of MeV range exist" at TRIUMF, SIN, LAMPF, and
Indiana anil in the few GeV range at Sad ay; energy ranges encompassed
the ZGS. Hopefully within the next few years, the range between 3 and
12 GeV/c will become accessible once more and the range of 12 to
?~ GeV/c 'il! bo opened for the first time at Brookhaven National
Laboratory.

I am not qualified to speak for all of the people involved in the
development and operations of the ZGS polar-'zed beam facility; however,
for my part, it was an exciting, Interesting, and fun activity. The.
pressure was often great, the hours long, and the working conditions
less than pleasant; but it was all somehow worthwhile. The thrill
never abated for seeing an asymmetry develop in the event rates of
two spectrometers consisting of 25 ton magnets operated at kilogauss
levels when making one or two gauss changes in a 10 lb magnet operat-
ing at 150 G. The beauty of the physics that allows one to make
microvolt changes in the energy levels of an atom travelling with a
P = 10 and change the. interaction probabilities at GeV energies by
60% never los s its shine.

This is fu;pposed to be an historical review of this facility;
and as such, it should include the. names and contributions of the.
people involved. A complete list would be too long to manage here for
it would include just about everyone at the ZGS Complex plus some out-
siders. However, the contribution of some must be recorded for they
made the key efforts, the key designs, or donated the most blood,
sweat, and tears. The entire Injector Croup was involved in the de-
sign, constructio: , and operation of the preaccelerator and PIS; but
key among these were J. Madsen, K. Parker, N. Sesol, R. Stockley, and
R. Tinnn for design and construction and E. Parker, P. Schultz,
N. Sesol, and T. Singleterry for itr; operation and development.
C. Potts and R. Zolecki were the primary movers behind the pulsed
quadrupole system. L. Ratner provided the yeoman effort behind the
accelerator studies required to find and keep the polarization; and
in his imperfection resonance studies, A. Wright provided the key
weapons, pulsed poln face winding modifications. The machine theory
effort was provided by T. Khoe and the polarimetry by A. Krisch of
the University of Michigan; J. Roberts, then from Michigan but now at
Rice University; and J. O'Fallon, then of St. Louis University but
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now of the Argonne U n i v e r s i t i e s Associat ion at ANL. OF course , none
of t h i s would have been poss ib le without the guidance and support of
our Associa te Laboratory Di rec to r , H. Cork, and the ARE Division
D i r e c t o r , R. Martin.
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