UM HE 99-05
UPDATE REPORT June 24, 1999

Acceleration of Polarized Protons

to 920 GeV at HERA™

SPIN Collaboration

Michigan, Indiana, IHEP-Protvino
JINR-Dubna, Moscow, INR-Moscow, BINP-Novosibirsk
KEK, TRIUMF

DESY Polarization Team
DESY, BINP, INR-Moscow

During January 1997 to June 1999, the SPIN Collaboration and the DESY Polarization Team
have tried to extend and refine the 8 November 1996 Report on “Acceleration of Polarized
Protons to 820 GeV/c at HERA” (UM-HE 96-20). The main areas of this new work are:

e increasing the accumulated polarized proton intensity,

e providing adequate spin stability with four (or more if absolutely necessary) Siberian
snakes, probably by reducing HERA’s emittance and rms orbit distortions during or
after its Luminosity Upgrade.

As indicated in the 1996 Report all other problems appear to have straightforward solutions
using existing techniques. The first Section of this Update Report summarizes the changes
needed in each accelerator for polarized proton acceleration; it also contains a possible Sched-
ule and Budget for the polarized proton beam project. The rest of the Report describes the
new work on beam intensity and spin stability which might allow one to accelerate polarized
protons and to perform polarized proton experiments at 920 GeV. If some inexpensive way
can be found to overcome HERA’s rather strong depolarizing resonances with only 4 Siberian
snakes, then the total cost of the project should be about DM 24 Million.
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June 23, 1999 A.D. Krisch

1 Introduction and overview

This Update Report is focused on two challenging steps needed to accelerate a spin-polarized
proton beam [1, 2, 3] to 920 GeV at the DESY complex. This polarized proton beam
capability would provide a powerful tool for high energy physics in response to the growing
interest in spin at high energy. Very interesting et-e~ polarization results have recently
been obtained at SLC [4]; there have been several major e-p polarization experiments at
HERA [5] and SLAC [6] in addition to the SMC [7] and the future COMPASS [8] u-p
polarization experiments at CERN; moreover, several p-p polarization experiments should
soon run at RHIC [9)].

A polarized proton beam in HERA could be used simultaneously in two modes. The
polarized proton beam could be collided with HERA’s existing polarized electron beam at
the H-1 and ZEUS collider-detectors to study the spin structure of protons, in particular,
the structure function g (z, Q?) at small = values near 10~*. Moreover, the polarized proton
beam could be scattered from an internal polarized proton jet target to study both two-spin
and one-spin effects in p-p elastic and inclusive cross sections. A great deal of interesting
physics could be done with a polarized proton beam at HERA as discussed in Sections 2, 3
and 4 of the earlier Report [1] and at a number of workshops at DESY [12, 13, 14].

Accelerating polarized protons to 920 GeV would require changes in each acceleration
stage at DESY, except for the LINAC. These changes are shown in Fig. 1.1, and are discussed
in Sections 5-13 of the earlier Report [1]. Even taken together, the two reports are certainly
not a full design report; whenever possible, the different options are presented. Some of the
proposed polarized proton beam hardware is briefly discussed below.

1.1 Polarized beam acceleration

A state-of-the-art polarized H™ ion source must be acquired and installed. This might be
either an atomic beam source (ABS), or an optically pumped polarized ion source (OPPIS).
Both types of sources are constantly being improved; the best ABS has now achieved a
current of 1 mA in pulsed operation, while the best OPPIS recently obtained a 5 mA current
in 100 psec pulses with an emittance of 27 mm - mrad. These intensities are still well below
the present unpolarized source intensity, but they may improve significantly, as discussed in
Section 2. Moreover, beam accumulation techniques may significantly increase the polarized
beam intensity in HERA, as discussed in Section 13 of the earlier Report [1]. We hope that,
with both source and accumulation improvements, the polarized proton beam intensity in
HERA might reach the present unpolarized beam intensity of about 80 mA (about 10"
stored protons) or even the planned unpolarized intensity of 150 mA [13].

The polarized H™ ions from the source would be first accelerated to 750 keV by a new
RFQ; then they would be accelerated in the existing LINAC to 50 MeV or to about 160
MeV in a new LINAC or Booster synchrotron. Polarimeters installed after the RF(Q and the
LINAC would monitor the polarization at 750 keV and at the LINAC energy, respectively.
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Figure 1.1: The proposed modifications for a 920 GeV polarized proton beam at DESY.



Acceleration through DESY III would require overcoming five strong depolarizing reso-
nances. The one strong and about 13 weak imperfection resonances could be overcome using
a solenoidal partial Siberian snake of about 5%, while the four strong intrinsic resonances
could be overcome using either conventional tune-shifting pulsed quadrupoles or the new
dipole kicker [10] or rf dipole technique [11]. A relative AGS-type internal polarimeter could
easily monitor the polarization up to 7.5 GeV/c.

Two full Siberian snakes would be needed in PETRA to overcome its many strong de-
polarizing resonances. The snake design is somewhat difficult in PETRA because, at its
7.5 GeV/c injection momentum, full Siberian snakes would cause large orbit excursions.
Nevertheless, we suggest that two, either cold or warm, fully-on Siberian snakes should
operate in the South proton bypass and in the North straight section. An AGS-type rela-
tive polarimeter, in a short PETRA straight section, could monitor the polarization up to
40 GeV.

Accelerating polarized protons to 920 GeV in HERA would require at least four full
Siberian snakes. Four superconducting Siberian snakes could easily be located near each
of the four long straight sections as shown in Fig. 1.1. However these four snakes may
be inadequate to overcome HERA’s strong depolarizing resonances and thus provide spin
stability. The DESY Polarization team has suggested many ways to further study this
possible difficulty which they first discovered using their very detailed spin tracking programs.

It now appears that the four full Siberian snakes suggested for HERA are considerably
less effective than the 6 snakes suggested earlier for the Tevatron; the benefit of an odd
number of snake pairs was previously considered (26 snakes at SSC and 6 snakes at the
Tevatron) [15, 2] but perhaps not fully understood. Installing 6 or 8 snakes in HERA would
probably require replacing some existing HERA dipoles with shorter higher field dipoles.
This replacement would probably be somewhat expensive and disruptive. Thus, the most
promising path to polarized proton acceleration at HERA appears to be 4 easily installed
Siberian snakes along with a reduction of the emittance and rms orbit distortions during or
after HERA’s Luminosity Upgrade.

In addition to the four, six or eight normal Siberian snakes, four “flattening snakes” should
be placed in HERA’s North and South collider-detector straight sections to compensate the
spin rotation due to the nearby vertical bends. Spin rotators in these North and South
straight sections could provide any spin orientation for the H1 and ZEUS Detectors. A CNI
(Coulomb Nuclear Interference) polarimeter in HERA could give an absolute calibration of
the beam polarization up to 920 GeV by making simultaneous beam and target measurements
of the left-right asymmetry in p-p elastic scattering, using Michigan’s polarized jet target.
One might also install in HERA a relative AGS-type polarimeter and possibly an inclusive
polarimeter. Spin rotators would probably be needed in both the 50 MeV and 40 GeV beam
transport lines to maintain high polarization.

In summary, this Update Report is focused on possibly increasing even further polarized
proton source intensities and on the most challenging problem facing the practical accelera-
tion of polarized protons in HERA:

e providing adequate spin stability with four Siberian snakes, probably by reducing
HERA'’s emittance and rms orbit distortions during or after its Luminosity Upgrade.

All other problems appear to have straightforward solutions using existing techniques.



1.2 Schedule

A possible schedule for commissioning the polarized proton beam is estimated in Fig. 1.2.

This estimate assumes that the funding for this polarized proton beam project may become

available in 2003 and that no other projects interfere with the commissioning.
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1.3 Budget

The estimated total cost to obtain an 920 GeV polarized proton beam capability at DESY
is given in 1999 DM. Our estimate of about DM 24 Million seems a quite reasonable
investment for the expected physics results. Moreover this cost might be considerably lower
if the SPIN Collaboration fabricated some or all of the polarization hardware. Note carefully
that this estimate assumes that some inexpensive way is found to overcome the possible spin
stability problem in HERA with only four Siberian snakes.

Preaccelerator DM 4.7 M
Polarized H™ ion source DM 3.0 M
RFQ and power supply (20 keV to 750 KeV) DM 0.7 M
Low energy beam transport, switching magnets, and
vacuum system DM 0.7 M
Building change DM 0.3 M
50 MeV LINAC DM 0.2 M
50 MeV polarimeter (p-Carbon) DM 0.2 M
7.5 GeV/c DESY III Booster DM 0.8 M
Solenoid partial Siberian snake (ramped warm) DM 0.3 M
Pulsed quadrupoles, kicker or rf dipole with power supplies DM 0.3 M
7.5 GeV/c polarimeter (Relative) DM 0.2 M
40 GeV PETRA Ring DM 2.3 M
Two warm Siberian snakes DM 11 M
Power supplies and connections DM 0.3 M
40 GeV polarimeters (CNI, Relative, and possibly Inclusive) DM 0.9 M
920 GeV HERA Ring DM 9.3 M
4 Superconducting Siberian snakes DM 22 M
4 Superconducting flattening snakes DM 2.2 M
4 Superconducting spin rotators DM 1.7 M
Power supplies and cryogenic connections DM 1.7 M
920 GeV polarimeters (CNI, Inclusive, Relative, Elastic) DM 12 M
Spin Flippers DM 0.3 M
Miscellaneous DM 1.9 M
Transfer line spin rotators DM 0.6 M
Computers, control modules, cables, and interface DM 1.3 M
ACCELERATOR SUBTOTAL DM 19.2 M
Contingency (25%) DM 4.8 M
ACCELERATOR TOTAL DM 24.0 M




1.4 Physics goals

Spin effects in high energy collisions provide crucial information about the properties of
the elementary particles and their fundamental interactions. A 920 GeV spin-polarized
proton beam at HERA would allow many important experiments including: searches for
new particles; tests of perturbative QCD; tests of nonperturbative QCD; and measurements
of the transverse and longitudinal spin structure of the nucleon.

A major incentive for accelerating polarized protons in HERA is their use in fully po-
larized e-p collisions using the existing HERA 27.5 GeV polarized electron beam and the
existing H-1 and ZEUS detectors [14]. A detailed analysis of how these studies would be
aided by proton polarization was recently discussed at May 99 DESY Workshop [12].

The SPIN Collaboration is particularly interested in studying one-spin and two-spin ef-
fects in proton-proton inclusive production of 7’s, K’s, p’s, and hyperons. These experiments
could be done in the East Hall by colliding HERA’s 920 GeV polarized proton beam with
the Michigan’s Mark II ultra-cold proton-spin-polarized atomic hydrogen jet target as shown
in Fig. 1.3.

v

Figure 1.3: Inclusive spectrometer layout in the East Hall. The four spectrometer lines are set
at angles of 16°, 26°, 36° and 46° from the proton beam line. At each setting, the M1 and M2
bending magnets horizontally bend particles produced at other angles into the spectrometer line.
Magnet M3 vertically bends the particles down by 6; the wire chambers W1, W2, W3 and W4 then
determine precisely the particle momentum. The Cherenkov counters C1 and C2 identify particles.
The scintillators S1, S2 and S3 provide triggers and time of flight information.

Note: The CNI Polarimeter would be used to calibrate the proton beam’s polarization.
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2 A pulsed OPPIS with atomic hydrogen injector

The ideal requirements for the polarized H™ source for DESY are a 20 mA current in 100 us
pulses at 0.25 Hz within a normalized emittance of 2r mm mrad for 20 (95%), with a po-
larization of 80%. A 1.64 mA dc polarized H™ ion current was obtained at TRIUMF with
the promise of further increases to the 2-3 mA range. However, the electron cyclotron reso-
nance (ECR) type primary proton source used at the TRIUMF optically pumped polarized
ion source (OPPIS) has a comparatively low emission current density and high beam diver-
gence. This limits further current increases and gives rise to inefficient use of the available
laser power for optical pumping.

In pulsed source operation, suitable for application at high energy accelerators, the ECR
source limitations have been overcome by using instead a high brightness proton source
outside the magnetic field [1]. In this OPPIS, shown in Fig. 2.1, a very intense pulsed, high
brightness 4 keV atomic H beam is injected into a solenoidal field containing a pulsed-gas
He cell ionizer and the optically pumped polarized Rb vapor cell. The injected H atoms are
ionized in the He with 80% efficiency to form a small emittance, intense proton beam that
then enters the polarized Rb vapor cell. The proton beam picks up polarized electrons from
the Rb to become a beam of electron-spin polarized H. Both the He cell and Rb cell are in
the same solenoidal 2.5 T field, which is required to preserve the electron-spin polarization.
Then, in the same way as the existing dc TRIUMF OPPIS, the polarization is transferred
to the nucleus via a Sona transition and an unpolarized electron is picked up in a Na vapor
negative ionizer cell, resulting in a proton-spin polarized H™ beam that is then accelerated
to higher energies.

The original prototype [1] had a biased He cell to separate (in energy) the protons
and remaining atomic H leaving the cell. Another version would take advantage of spin-
exchange polarization between atomic H and polarized Rb atoms [2, 3, 4]. A Rb thickness
of 5x10* atoms cm? is required for significant spin-exchange polarization to occur. The
Rb vapor could be polarized using the high power available from a pulsed laser, provided a
cell length >50 cm was used in order to keep the Rb density below the radiation trapping
limit. In that case the atomic H leaving the He cell could also be polarized, by spin-exchange
collisions with the Rb atoms, and it would not be necessary to bias the He cell. The cur-
rent would then be higher because all the beam would be used and the beam optics would
be improved. Fig. 2.2 shows the calculated atomic H electronic polarization at the exit of
the Rb cell, as a function of the Rb vapor thickness, assuming 100% Rb polarization [5].
Experimentally measured spin-exchange cross sections were used in these calculations.

We previously described a proposal for a pulsed 20 mA H~ OPPIS and preliminary results
of tests at BINP Novosibirsk [6, 7]. Since then, the pulsed OPPIS has been developed further
on a test stand at TRIUMF. The work has concentrated on the intense atomic H injector,
based on a BINP Novosibirsk prototype. The test stand consisted of a setup that simulated
the geometry of a working polarized source, minus the He ionizer and polarized Rb vapor
cells necessary for actual polarized operation.

The atomic hydrogen injector (shown in Fig. 2.3) consists of a primary plasmatron proton

11
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Figure 2.1: Proposed pulsed OPPIS, configured for 21 keV beam energy at injection to an RFQ:
PS — plasmatron proton source; PV — pulsed valve; VP — vacuum pump; FS — focusing solenoid;
GND — ground. The 47.5° magnetic bend preserves longitudinal polarization.
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Figure 2.2: Hydrogen electronic polarization as a function of Rb vapor thickness, at a beam energy
of 4 keV. Top line — combined charge- and spin-exchange polarization; bottom line — spin-exchange
polarization only.
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Figure 2.3: The BINP-type proton source: (1) solenoid; (2) pulsed valve; (3) trigger electrode; (4)
cathode; (5) alignment screw; (6) anode; (7) proton extraction grids.

source, a focussing solenoid and a pulsed Hy gas neutralizer. A unique feature of the proton
source is the efficient plasma cooling during expansion between the plasma generator and the
extraction electrodes; the plasma temperature drops to about 0.2 eV at a distance of 10 cm
from the generator, where the extraction system is positioned. In experiments at TRIUMF,
a 4 cm diameter, 4-grid multiwire accel-accel-decel extraction system, taking full advantage
of the low temperature plasma, was used to produce high proton currents at beam energies
below 5 keV. The grids are made of 0.2 mm diameter molybdenum wire, with 1.0 mm spacing
between the wires. The wires are positioned on the electrode mounts in precisely cut grooves,
and spot welded in place. The mutual grid alignment accuracy is better than 0.02 mm. The
gaps between the first, second, third and fourth grids are 0.8 mm, 1.2 mm and 2.0 mm,
respectively. At a beam energy of 4 keV, the optimal extraction is obtained by applying
voltages to the grids of +4.0 kV (first grid), +3.2 kV, -7.0 kV and +0.1 kV (last grid). Total
extracted proton current is ~8 A. The proton extraction system and the plasma expansion
cup are adjustable to provide the required accuracy of the low divergence beam alignment
through the long polarizer.

Space charge compensation is important in such high current, low energy proton beams.
It is improved using a positively biased grid in the centre of the focussing solenoid, and by
injecting CO, or Freon into the solenoid.

The atomic H beam was transmitted through a Na negative ionizer. The beam intensity
was measured both by calorimetry and from ionization in the Na cell. Fig. 2.4 shows the
measured H™ ion current and H® beam intensity within the Na ionizer acceptance as functions
of the beam energy. Fig. 2.5 shows typical pulse shapes of the extraction voltage and H™
beam current. About 90% of this current can be polarized to 80% by using a combination of
charge- and spin-exchange techniques. In the other option using a biased He cell, a higher

13
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Figure 2.4: H™ ion current and H® beam intensity within the Na negative-ionizer acceptance versus
beam energy.

polarization of 85% may be obtained, but the H™ current would be less by a factor of two
due to charge-exchange inefficiencies in the He and Rb cells and due to beam optics effects.

A flashlamp-pumped pulsed Ti:sapphire laser used for optical pumping of the Rb vapor
is being developed in parallel with the source work. It produces pulse durations of 80 us
(FWHM) at a repetition rate of 1 Hz, using a simple power supply. The laser cavity is tuned
with a 2-plate birefringent filter and a 0.5 mm thick etalon, producing a laser bandwidth of
15 GHz. The peak power density is 28 W/cm? over the 3 GHz Doppler broadened absorption
width of Rb, for a 2 cm diameter laser beam. Previous results have shown that 14 W/cm?
is enough to produce nearly 100% Rb polarization [8]. Future development will concentrate
on extending the pulse duration and repetition rate of the laser.

Following the test stand measurements, the test stand was dismantled and the atomic
hydrogen injector was moved to the operational TRIUMF OPPIS, for further pulsed source
development between scheduled polarized beam runs at TRIUMF. The next steps in the
development are to demonstrate the operation of a complete source that includes a biased
He ionizer cell, a piezoelectric gas valve that can operate in the high magnetic field [9],
and an optically pumped polarized Rb vapor cell, and to measure the H™ polarization with
the TRIUMF Lamb-shift polarimeter [10]. Of course, the He cell bias can be removed and
that option explored as well. Use of the full TRIUMF OPPIS as a development stand will
permit testing of the complete pulsed OPPIS, using the existing superconducting solenoid
to generate a fairly flat 1.2 T field over a length of 70 cm that will encompass both the He
and Rb cells. The resulting polarization will be limited in that case to about 60% due to the
relatively low field, predicted theoretically [11] and later verified experimentally [10, 12]. A
dedicated pulsed OPPIS would require a flat-topped field of 2.5 T over a length of at least
80 cm to reach high polarization. The existing solenoid cannot produce this high a field over

14
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Figure 2.5: H™ beam current (negative pulse) and 4.0 kV extraction voltage, 50 us/div.

the required length.

2.1 Addendum

Since the above report was written, the complete pulsed OPPIS was assembled and tested
with a 10 kG field. An H™ current of 5.0 mA at 60% polarization was achieved, at a beam
energy of 2 keV. Further development was cut short by the scheduled May - June polarized
beam run.
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3 Spin motion at high energy in HERA-p

3.1 Introduction

Intrinsic depolarizing resonances at the high energies of HERA-p can be very strong [1] and
the strengths of the first order resonances can approach unity at the top end of the HERA
energy range. For example figure 3.1 shows the strengths of first order resonances for the
momentum range from 500 GeV/c to 1000 GeV/c with flattening snakes [2]| for the optical
configuration used in 1996 for acceleration up to full energy. The betatron tunes are fixed
at Q, = 31.279, @, = 32.2725 and @, = 0.00064 at 820 GeV/c. The resonance strengths
were evaluated on a vertical phase space ellipse with an invariant emittance of 167 mm-mrad
(20). The very strong resonances occur whenever the spin phase advance and the orbit phase

ResStr /hp961u820 /NoSibSn /FlattenersOn /ex=ez=0 ey=16pi (0-2-0)
12 T T T T T

. T - . I. T T
linear intrinsic resonace strength

e e T

eps

0.4 fi

0.2 fifiof

500 550 600 650 700 750 800 850 900 950 1000
p0/ GeV

Figure 3.1: Resonance strengths in HERA-p with flattening snakes from 500 to 1000GeV /c for an
invariant amplitude of 16r mm-mrad (20).

advance are in resonance in each FODO cell of the arc. Such very strong resonances can
occur in 29 distinct energy domains during the ramp from 40GeV/c to 820GeV /c.
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3.2 Acceleration of a polarized beam through resonances

The equilibrium state of a polarized beam is described by the invariant spin field (the 7i-axis)
[3]. The upper limit of the average polarization at equilibrium Py, which is given by the
absolute value of the phase space average of 71, is small when the energy is close to that of a
very strong depolarizing resonance [4]. For the calculations presented here the particles are
not distributed over all of phase space but only on phase space torii. P, can be increased
by the installation of Siberian Snakes but even with snakes, residual resonance structures
(RRS’s) can remain at or near the energies of the original resonances so that it is necessary
to choose the snake scheme carefully as described below. In particular, the choice of the
snake types and their parameters must be optimized. In the following we study the effects
of ‘horizontal’ snakes, i.e. snakes whose spin rotation axes (‘snake axes’) lie in the horizontal
plane. Similar kinds of detailed investigations by Balandin and Golubeva are described in

[5].

3.2.1 Filtering

In HERA-p there is space for Siberian Snakes in four straight sections and, with a significant
increase of cost, in the centers of the four arcs. To find the best choice for the orientations
of the snake axes, we use the snake filtering algorithm [1] to maximize P, averaged over
a specified momentum range. In particular, we tested all four and eight snake schemes for
snakes with snake axes which lie at angles which are multiples of 22.5 degrees (for four
snakes) and 45 degrees (for eight snakes) with respect to the radial direction.

3.2.2 Filtering with four snakes

Figure 3.2 (top) shows the variation of P, with momentum for the optics used in figure 3.1
with flattening snakes and with four snakes chosen by filtering with particles on a vertical
phase space ellipse with an invariant emittance of 47 mm-mrad (1o). Figure 3.2 (bottom)
shows the resulting Pjy, for an amplitude of 16m mm-mrad (20). Beginning in the East, the
snake axes are at 90, -45, 0 and +45 degrees from the radial direction respectively. For figure
3.2, Bin is calculated with the new version of the SODOM algorithm [6] which is embedded
in the program SPRINT [4]. The 7i-axis obtained from the SODOM algorithm agrees with
that obtained using stroboscopic averaging in SPRINT. Even with filtering, RRS’s remain
and as can be seen in figure 3.2 their positions are strongly correlated with the positions
of the original resonances. But the strengths of the RRS’s need not be strongly correlated
to the strengths of the original resonances. According to figure 3.2 (top), for a beam in
which the particles only execute vertical betatron motion on the 1o ellipse, the equilibrium
polarization could reach almost 100 percent at the highest momentum.

However, the full energy can only be reached by acceleration through the RRS’s and that
can lead to depolarization if the acceleration is not sufficiently adiabatic. The result of a
simulation of acceleration up to full energy is shown in figure 3.3 where P, (dotted curve in
this and other figures) is plotted together with the ramped polarization Pramp (crosses). The
same set of optics is used as in figures 3.1 and 3.2 and at the beginning of the simulation the
particles were on the surface of the phase space torus corresponding to horizontal, vertical,
and longitudinal invariant emittances of 47 mm-mrad, 47 mm-mrad, and 1.78 10~2 m-rad
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Figure 3.2: Py from 500 to 1000GeV/c in HERA-p with flattening snakes and four additional
filtered snakes for a vertical invariant amplitude of 47 mm-mrad (1o) (top) and 167 mm-mrad (20)

(bottom)
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respectively corresponding to ‘1o’ in all three modes. A representative acceleration rate of
13keV per turn was used. The acceleration was simulated within the SPRINT program and
each spin was set initially parallel to the 7i-axis correponding to the position of the particle
in phase space. In spite of the fact that all three modes of orbital motion are involved,

96-sep-opt + FISN (E,S,N) + 4 SibSn (1-135--45) / 1.0-1.0-1.0 sigma 96-sep-opt + FISN (E,S,N) + 4 SibSn (1-135--45) / 2.0-2.0-2.0 sigma
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Figure 3.3: Py, and Pamp from 785GeV/c to 825GeV/c in HERA-p with flattening snakes and
four additional filtered snakes for invariant amplitudes of 1o,10,10 (left) and 20,20,20 (right).

the ramped polarization in figure 3.3 (left) is very similar to the Py, indicating that for
particles inside 1o in all three modes, the acceleration rate is sufficiently adiabatic and that
the horizontal and longitudinal motions have little effect on the polarization. In fact although
no plots are shown here, for these amplitudes P, is almost indistinguishable from By, over
the whole range from 40GeV/c to 820GeV /c. Similar results for the robustness of Pramp, were
obtained in [5]. However only about 6 percent of the beam is contained within that boundary
so that acceleration at larger amplitudes must be investigated.

Figure 3.2 (bottom) shows the dependence of P}, on momentum for the same conditions
as in figure 3.2 (top) except that the particles are on the 20 vertical ellipse. Now the variation
of Pim with energy is much more prominent and, as expected at larger amplitude, the RRS’s
are stronger. At the highest energy the equilibrium polarization would not exceed about 93
percent. The outcome of accelerating for a small range around 805GeV /c for particles at 20
in all three planes is shown in figure 3.3 (right) where we see that the polarization is lost
above 795GeV /c. We are thus led to investigate spin stability with an eight snake scheme.
However, experience has shown that eight snake schemes are not neccessarily better than
filtered four snake schemes. So the eight snake schemes must be selected by filtering too.

3.2.3 Filtering with eight snakes

In the following we show a series of comparisons of By, and the polarization Prump surviving
after acceleration for a filtered eight snake scheme. Beginning in the East, the orientations
of the snake axes are as follows: 90, 90, -45, 0, 0, 0, +45 and 90 degrees respectively. The
conditions are given in the figure captions. Comparison of figures 3.4 (left) and 3.3 (left)
shows that, as expected, eight filtered snakes do a better job of suppressing variations of the
polarization during acceleration than four such snakes. However, figure 3.4 (right) shows
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Figure 3.4: Py and Praymp from 785 to 825GeV/c in HERA-p with flattening snakes and eight
additional filtered snakes for an invariant amplitude of 1o (left) and 20 (right) in all three planes.

that at 20 in each plane, and with eight filtered snakes, the RRS near 805GeV /c is still very
strong and that polarization cannot be maintained when accelerating through that region.
In contrast, figure 3.5 (top) demonstrates that for particles executing only vertical motion on
the 20 ellipse, eight filtered snakes are perfectly adequate for maintaining polarization during
acceleration through the RRS at 805GeV /c. So the strong depolarization seen in figure 3.4
(right) is due in some way to the additional effects of horizontal and longitudinal motion.
It is apparent from figure 3.5 (bottom,left) that energy oscillations on the (1o) longitudinal
ellipse cause little disturbance beyond that due to vertical motion on the 20 ellipse. However
on moving out to the 20 longitudinal ellipse (figure 3.5 (bottom,right)) strong additional
RRS’s appear. Although polarization can be maintained on acceleration through the RRS
at 805GeV/c, it is then lost at 810GeV/c. What about the effects of horizontal betatron
oscillations? Figure 3.6 (top,left) shows that for 1o vertical motion, additional 20 horizontal
motion has some effect but that it is not very pronounced. But for 20 vertical motion and
additionally 1o horizontal motion (figure 3.6 (top,right)), or additionally 1o horizontal and
1o longitudinal motion (figure 3.6 (bottom, left)) or additionally 20 horizontal motion (figure
3.6 (bottom,right)) very little polarization survives the RRS at 805GeV/c.

The results presented above have shown that for a perfectly aligned HERA and for pure
vertical betatron motion, a snake angle configuration can be found by filtering for which
residual resonance effects are so weak that almost no polarization is lost during acceleration
through them. However the snake angle configuration needed is not very intuitive. In the
following sections we analyse the reasons for this.

From figures 3.5 and 3.6 it is clear that the effects of horizontal and longitudinal motion
cannot be ignored. This is no surprise since rotations around different axes do not commute
so that spin rotations due to vertical, horizontal and longitudinal motions are not indepen-
dent and the resonance spectrum becomes richer. Naturally, at high energy noncommutation
effects can be particularly pronounced. However, other simulations show that for a perfectly
aligned HERA and after a careful choice of betatron tunes, acceleration up to 820GeV/c
without significant loss of polarization s possible for particles within the 20, 20, 20 torus.
These results will be presented elsewhere [7]. Note that orbital coupling, nonlinear fields or
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Figure 3.5: Pim and Pramp from 785 to 825GeV/c in HERA-p with flattening snakes and eight
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Figure 3.6: Pim and Pramp from 785 to 825GeV/c in HERA-p with flattening snakes and eight
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nonlinear motion are not prerequisites for the occurence of high order resonances. Moreover,
as is clear from the results presented here, at very high energy the rule of thumb [8], that
polarization can be preserved if the resonance strength is less than N;/5 (where Nj is the
number of snakes), provides little guidance on its own.
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G. H. Hoffstatter

4 Spin matching

Spin—orbit resonances in high energy accelerators arise when the electromagnetic fields on
synchro—betatron trajectories cause disturbances to the spin motion which build up coher-
ently from turn to turn. These disturbances are described in first order theory by the
spin—orbit coupling integrals to be discussed next. The integrals are especially big at first
order resonances and when the spin disturbances from each FODO cell add up coherently
[1].

In a perfectly flat ring, an initially vertical spin of a particle traveling on the closed orbit
remains vertical during the particle motion. On a vertical betatron trajectory the particle
traverses horizontal fields in quadrupoles and the spin no longer remains vertical. This
disturbance of spin motion due to the vertical betatron motion is described in first order
theory by the spin—orbit coupling integrals [2, 3] which take the form

lo+L
= /l0°+ kel "V ] (4.1)
where £, = k\/ﬂTI whereby £ is the quadrupole strength and (3, is the vertical beta function;
W is the phase advance of the spin rotation around the vertical and ¥, is the vertical betatron
phase. The integral is evaluated over the ring circumference L. Spin-orbit coupling integrals
describing spin disturbances due to horizontal betatron motion and synchrotron motion can
also be defined. But in a flat ring, 7 is vertical so that these extra integrals vanish.

Thus in a first order approximation we only need the integrals Ij and they yield the
following important information: if the spin—orbit coupling integrals I;'E vanish, all initially
vertical spins are again vertical after one turn, although they have traveled along different
betatron trajectories. The ring is then said to be spin matched or spin transparent when
viewed from ly. In general the spin—orbit coupling integrals depend strongly on the beam
energy and on the chosen optic. However, as expected and as implied by the numerical results
presented earlier, the inclusion of Siberian Snakes can significantly weaken such dependencies.
It is then interesting to see if snake configurations can be chosen by analytical means for
which the spin—orbit coupling integrals can be made to vanish. We call this version of
spin matching ‘snake matching’. In large rings with many snakes, snake matching can be
achieved for separate sections of the ring [2]. In HERA-p with a maximum of eight snakes
this cannot be done in general. However, HERA-p has an approximate four—fold symmetry
and as we will see later, in rings with exact four—fold symmetry all spin orbit integrals can
be canceled completely even with only eight snakes. In fact, it is even possible to find snake
axis orientations for these eight snakes which are independent of energy and nevertheless
cancel all the spin orbit coupling integrals.

4.1 Spin matching with Type III snakes

For a ring with superperiod four, the one turn spin integral starting at Iy = 0 is

I;I: _ I%t(l 4+ elEQ)/4 | Gi2(v£Q)/4 ei3(u:|:Q)/4) (4.2)
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where IT = OL/4

kyei("l’i%)dl and where v = —U(L) and @ are the spin phase advance and
the orbital phase advance during one turn. The sign convention is chosen so that v = 27G7y
where G is the gyromagnetic anomaly and 7 is the Lorentz factor. Spin transparency requires
that I; as well as I vanish. This requires that the bracket in equation (4.2) vanishes
which implies that Q = 7 where the symbol = indicates equivalence modulo 27. However
storage rings are never operated at such an orbital resonance so that the four—fold repetitive
symmetry cannot be employed to impose spin transparency at any energy.

Type III snakes are devices which rotate spins around the vertical direction by some angle
¢, while leaving the betatron motion unaltered. They can be used to manipulate the spin
phase advance between quadrants. The spin disturbances of one quadrant can be made to
cancel against the disturbances of another quadrant by choosing an appropriate spin phase
advance between these quadrants. There are exactly three ways to arrange that the spin
disturbances cancel during one turn. They are indicated in figure 4.1.

P N

Yy

Figure 4.1: The three ways in which the depolarizing effects of the quadrants of a ring with
superperiod four can cancel each other. The arrows indicate which quadrants have canceled against
each other after one turn starting at [ = 0.

When the Type III snake at [ = jZ, j € {1...4} has the rotation angle ¢;, then the
spin—orbit coupling integrals are
IF=TF{1 4 lFQ/4 il (R20EQ)/A-d1-0] | (i3(vEQ)/4¢1- 62 da]) (4.3)
1
For a spin match, the bracket on the right hand side has to vanish for ‘+’ and for ‘=’. A sum
of four complex numbers with unit modulus can only vanish when it consists of two pairs of

numbers which cancel each other. The three possibilities of cancelation are demonstrated in
figure 4.1 and are described by the following three sets of equations:

1. (w+Q)/A—¢=7and (v £Q)/4— ¢3 =,
2. 2w+ Q)/4 — ¢ — ¢po = 7 and ¢5 = ¢,
3.3vxQ)/4—¢1 —do— s =mand (v Q)/4— ¢y = .

To spin match, one of these three conditions has to hold for ‘+’, to make I* vanish, and
another of the conditions has to hold for ‘—’, to make I~ vanish. I™ and I~ cannot vanish
simultaneously within one of the three conditions, since this would lead to a restriction
on the allowed orbital phase advance (). Canceling one integral by condition 3 turns out
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to be incompatible with canceling the other integral by condition 1 or 2. When canceling
It by condition 1 and I~ by condition 2, the requirements are compatible and lead to
$1=¢s =7+ (v+Q)/4and ¢, = (v - 3Q)/4.

The rotation angle ¢, of the Type III snake at [, = 0 is chosen in such a way that the spin
tune of the ring is not changed by the snakes: ¢, + ¢y + ¢3 + ¢4 = 0. With ¥ = (v + Q) /4
the required rotation angles are

Pr=¢3=%+47, $2=S-Q, b= —v. (4.4)

A change in sign of () cancels I due to condition 2 and I~ due to condition 1. There are
therefore exactly two possibilities of making a ring with superperiod four spin transparent
by means of four Type III snakes. These possibilities are shown in figure 4.2 where the
longitudinal direction of particle motion is chosen to be clockwise. In passing we note that

Figure 4.2: The two only ways to spin match a ring with superperiod four by four Type III
snakes. The number between 0 and 27 which equals z modulo 27 is written as [z], ¥ = (v + Q) /4,

A=(v-Q)/d.

mirror symmetric arcs present no advantages for spin matching a ring by this method.

4.2 Energy independent spin matching

Spin matching with four Type III snakes has the great disadvantage that the rotation angles
change with the energy dependent spin phase advance v and thus have to be ramped in order
to spin match at each energy. Furthermore, particles with nonzero synchrotron amplitude
execute energy oscillations so that for such particles a spin match can never be achieved.

We now consider what can be achieved with snakes whose rotation axes lie in the hori-
zontal plane (‘horizontal snakes’).

Siberian Snakes [4] other than Type III rotate all spins by 7 around their horizontal
rotation axes. If the axis is at an angle «/2 with respect to the radial direction in the
longitudinal backward direction, a ‘horizontal’ snake is said to have a snake angle of o [2].
Its effect on spins is equivalent to that of a snake with a radial axis followed immediately by
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a Type III snake with a rotation angle a.. Therefore also snakes with horizontal axes can be
used to manipulate the spin phase advance between parts of the ring.

We now assume that there are n horizontal snakes in the ring. The snake angle of the
Jj-th snake is ;. Furthermore we assume that these snakes have been chosen in such a way
that the 7i-axis on the closed orbit, which is denoted by 7, and is periodic, is aligned along
the vertical in all of the ring and that the spin tune on the closed orbit is 1/2. The positions
of these snakes are denoted by /; and the advance of the spin phase beyond the jth snake is
\I’](l) where \I’J(lj) =0.

For simplicity we set lo = 0, l,41 = L, and oy = 0 and denote the spin phase advance
between snake j and snake j + 1 as ¥;. The orbital phase advance between snake j and
snake j 41 is denoted by ¥, ;. Taking 7i, to point initially vertically upwards we then obtain
the spin—orbit coupling integrals [2]

Ze k(g +Wg)£T ] /lHl kye[ (=17 (%5 (D+e)£%y; (D] 77 (4.5)
l

J

4.2.1 Four snake schemes

For a four—fold symmetric ring with a horizontal snake between each arc the spin-orbit
coupling integrals (4.5) reduce to

I _]:i:{l +e ila1— a2:|:2Q/4} + (IiF)* i[(vxQ)/44a1] {1+ a2+a3:I:2Q/4)} )
4

Spin transparency of the ring is therefore in general only obtained when
ar—ay+2Q/4=mand —ay + a3 +2Q/4=T . (4.6)

Choosing the ‘+’ combination for one equation and the ‘—’ combination for the other implies
@ = 0. A synchrotron is never operated with this orbital phase advance. Therefore four
horizontal snakes cannot be used to eliminate all spin—orbit coupling integrals.

In passing we note that again an additional mirror symmetry does not simplify the
compensation of the spin—orbit integrals.

4.2.2 Eight snake schemes

The same procedure can now be repeated with eight snakes. To do that we place four
more horizontal snakes at the locations kL/4 + Aly, k € {0,1,2,3}, i.e. at a distance Al
downstream from the four snakes treated above. The complete spin phase advance of the
ring is Z o(—=1)7 (¥, + a;) and this should be set to m independently of the energy to give
a closed orblt spin tune of 1/2. Therefore Z o(—1)7¥; must vanish at all energies so that
the Al; must be chosen to ensure that ¥; = Uy, j € {1 .7} . From equation (4.5) with
n = 8 and with I = [ k,elCY*%)dl  and Tf = ffl kyei(‘l’ﬂ’y)dl, the spin—orbit coupling
integrals are

I:i: — Iél:{l + ei[al—azi(\llyo+\llyl)] 4+ ei[al—aziF---—an—zzl:(‘I’yo-i----+‘I’yn—3)]}
+ I{tei(*\yo—kal:tq/yo){l + ei[fa2+a3:|:(\llyl+\lly2)] + . + ei[fa2+a3:|:...+an_1:|:(\Ily1—|—...—|—\Ilyn_2)]} .
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where most of the spin phases ¥; = ¥, have canceled. In terms of the difference angles
A = aj — oy, spin matching the ring therefore requires
1 + l(FQ/A+AR) | (i(32Q/4+ M2 +A0) | i(#3Q/4+A12+A31+A56) — () (4.7)
1 4+ i(EQ/A-A0) | i(F2Q/4-A—Ass) | (i(E3Q/4-Dos—Aus—Aer) — () | (4.8)
These equations have the same structure as the matching conditions of equations (4.3) and

we can therefore use the relations (4.4) to obtain the following two ways to satisfy equation
(4.7):

Alg é A5627T—Q/4, A34é3Q/4, (49)
A12 = A56é7T+Q/4 5 A34é—3Q/4 . (410)

There are also exactly two ways to solve equation (4.8),
Aoy = Agr =m+Q/4, Ay =-3Q/4, (4.11)
A23éA67é7T—Q/4, A4523Q/4 . (412)

There are now four ways to spin match the ring; these are obtained by combining the
equations (4.9)&(4.11), (4.9)&(4.12), (4.10)&(4.11) or (4.10)&(4.12), where the last two
possibilities result from the first two by reversing the sign of Q).

Since only differences in the snake angles appear, one of the angles can be chosen arbi-
trarily. All other snake angles are then fixed. Combining the equations (4.9) and (4.11) and
choosing a; = 0 leads to

ap = is=as=a;=0, ap=ag=7+Q/4,
ay = —3Q/4, ag=T+Q/4. (4.13)
Combining the equations (4.9) and (4.12) and choosing a; = —@Q/2 leads to
o —2Q/4, av=ag=71—Q/4, (4.14)

a3 = as=a; =0, ag=-3Q/4, ag=7m+3Q/4.

These snake schemes are shown in figure 4.3 where advantage has been taken of the fact that
the angle a/2 between the radial direction and the rotation axis only needs to be known
modulo 7.

Here it is very important to note that the snake angles are independent of v = 27G~ and
therefore that a spin match has been achieved for all energies for the chosen Q).

At high energies, for example at 820GeV in HERA-p, the polarization limit P, de-
termined by the 7i-axis can be problematically small [5]. To first order the proposed spin
matching increases the polarization limit to 100% since all spins return to the vertical on all
betatron orbits as long as no misalignments and deviations from the four—fold symmetry are
present in the ring.

Note that the set of snake angles depicted in figure 4.3 is somewhat unconventional.
Naturally this set of snake angles differs from that obtained by filtering as described in
section 3.2.1 but nevertheless this analysis indicates why filtering will select such exotic sets
of snake angles. Of course a similar kind of analysis could be used to explain why some
snake schemes can be particularly bad. The fact that particularly bad snake schemes can
be envisaged is another reason to treat with caution the rule of thumb [6] mentioned at the
end of the previous section.
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Figure 4.3: Two of the four possible ways to spin match a ring with superperiod four using eight
horizontal snakes. ¢ is @)/8 modulo 7 and describes the angle between the radial direction and the
snake axis. The other two ways are obtained by reversing the sign of (). Note that the snake angles
are independent of v = 27G~y and thus of energy.
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5 Polarization in HERA

A 920 GeV polarized proton beam together with the existing 27.5 GeV polarized electron
or positron beam could provide a unique tool to study spin effects in high energy physics.
To make this polarized beam program practical, one must insure that each beam has a high
intensity and a high degree of polarization. A polarized positron beam has been routinely
stored in HERA with about 60% polarization. Acceleration of a polarized proton beam
in HERA has been jointly studied by the SPIN Collaboration and the DESY Polarization
team [1]. All problems during the polarized protons’ acceleration at low energies were found
to have straightforward solutions using existing techniques. Accelerating polarized protons
to 920 GeV in HERA appears to be more challenging. Below we will discuss several options
for maintaining the proton beam polarization in HERA.

5.1 Cost effective solution with four Siberian snakes

The lattice of the 920 GeV HERA proton ring has approximate four-fold symmetry and
four straight sections as shown in Fig. 5.1. In view of HERA’s four-fold symmetry it seems
natural to incorporate four snakes in the HERA ring [2].

However, as shown in a DESY report [3], the vertical bends near the North and South
experimental areas certainly make HERA into a non-flat ring and interfere with any standard
snake configurations suitable for a flat ring. Therefore, we suggest installing four additional
snakes [4] with radial axes in the North and South straight sections as shown in Fig. 5.1.
These snakes, specially placed as shown in Fig. 5.2, would compensate the vertical bends’
effect on the spin and make these interaction regions spin transparent. To emphasize their
purpose, we call these snakes “flattening snakes”. These flattening snakes not only compen-
sate the spin perturbation from the vertical bends in the HERA ring but also return the
stable spin direction to the energy independent vertical orientation. This enables one to
apply regular Siberian snakes to overcome depolarizing resonances in the “effectively” flat
HERA ring. All four flattening snakes together with four superconducting regular Siberian
snakes can be installed into the existing free spaces in the four long straight sections of the
HERA ring. Such a snake configuration does not require any additional modifications of
the accelerator lattice; it seems to be the most attractive and cost efficient solution for the
polarized proton beam in HERA.

So far we considered how many Siberian snakes can be easily installed in HERA. Next
we consider how many snake are required to preserve the beam polarization. The maximum
strength of the spin depolarizing resonances determines how many snakes are needed in an
accelerator. A simple spin stability criteria could be obtained from the condition that the
beam is not depolarized between the two consecutive snakes. Assuming N snakes evenly
distributed around the ring, the angle of spin perturbation at a resonance of strength ¢ is
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Figure 5.1: Layout of the polarized beam hardware in the 920 GeV/c HERA proton ring.
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Figure 5.2: Layout of the flattening snakes, spin rotators and regular Siberian snakes around the
collider detectors.
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proportional to the azimuthal distance between the snakes
d=¢e-—. (5.1)

The vertical spin precession between the snakes remains stable as long as the angle of spin
perturbation 0 < 7/2; otherwise, initially vertical spin would be brought into the unsta-
ble horizontal orientation. Finally, since the strong intrinsic and imperfection depolarizing
resonances occur at almost the same energies, the spin stability criteria could be written

Eint T Eimp < Ns/4 . (52)

A more rigorous study [5] found similar conditions for the spin stability in a ring with N;
snakes. Assuming the betatron tunes are chosen away from any “strong” snake resonances,
the maximum strength of the tolerable intrinsic and imperfection depolarizing resonances is
given by

int < Ns/b ,while €, < N,/10 . (5.3)

Thus, for four snakes, the HERA intrinsic depolarizing resonance strengths should not exceed
0.8, while the strength of imperfection resonances in HERA should be below 0.4.

We estimated the strengths of the depolarizing resonances for a flat HERA using the
DEPOL code [6]. The strengths of the intrinsic depolarizing resonances in HERA was
calculated assuming the existing 257 mm-mrad polarized beam emittance. The results are
plotted against the beam energy in Fig. 5.3. The maximum intrinsic resonance strength
is about 1.72, which is more than twice larger than the upper limit for the four snakes.
The strengths of the imperfection resonance in HERA were calculated assuming the existing
rms vertical orbit error of 2 mm; these resonances are plotted in Fig. 5.4. The maximum
imperfection resonance strength is about 3.7, which is also far above the upper limit for
spin stability. Therefore, four snakes would not be adequate for maintaining the beam
polarization in HERA with the present quality of the proton beam. The DESY Polarization
team suggested many ways to further study this difficulty which they first discovered using
their very detailed spin tracking and stroboscopic averaging program SPRINT [7].

In order to apply inexpensive configuration of four snakes in HERA, one should consider
various corrections techniques to reduce the vertical rms orbit error to perhaps 0.2 mm and
the vertical beam emittance to perhaps 57 mm-mrad. Simple scaling laws suggest that these
corrections would allow the acceleration of polarized protons at HERA to 920 GeV; the €]¢"
would be reduced by about /5 to about 0.76 while the Eimp Would be reduced by about
10 to 0.37. For these values of ejp" = 0.37 and €} = 0.76, the spin tracking programs
found spin stability at 920 GeV [10] since the snakes would then dominate the spin motion
according to Eq.(1). The results of the spin tracking during the acceleration of the polarized
proton beam to 920 GeV are shown in Fig. 5.5.

The required improvement of the proton beam emittance could be obtained with a high-
energy electron cooling at PETRA [8], which has been considered as a long term option
for the HERA Luminosity Upgrade [9]. The beam emittance could be also reduced with
a 200 MeV injector synchrotron into the DESYIII [11]. Note that any effort in improving

the proton beam quality in HERA would be beneficial for both polarized and unpolarized
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Figure 5.3: Strength of the intrinsic depolarizing resonances in a flat HERA calculated assuming
a 25m mm-mrad polarized beam emittance.
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Figure 5.4: Strength of the imperfection depolarizing resonances in a flat HERA calculated as-
suming a 2 mm rms vertical closed orbit error for polarized beam.
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beams. This approach might be more practical than modifying the accelerator lattice to fit
additional snakes.

The long term spin stability in the presence of Siberian snakes is sensitive to high-order
snake resonances [1]. These snake resonances occur when a combination of integer multiples
of the vertical v, and horizontal v, betatron tunes is equal to a half-integer spin tune

1
5= V= k+myy £nu, . (5.4)

The effect of the snake resonances can accumulate over many turns even in the presence
of Siberian snakes; these resonances become very important in colliders and storage rings,
where the beam life time is several hours. A second-order snake resonance was recently
observed and studied at TUCF [13]. Clearly, the choice of the betatron tunes and control
of the spin tune become important. To avoid the snake resonances up to the 7% order one
could set the fractional part of the vertical betatron tune near 0.145 or 0.195.

5.2 Additional snakes to improve spin stability in HERA

It appears that the four normal Siberian snakes suggested for HERA would not be able
to provide adequate spin stability at 920 GeV. With the existing 257 mm-mrad emittance
and 2 mm rms orbit errors, it might be necessary to install 8 Siberian snakes in HERA to
overcome its rather strong depolarizing resonances. Installing additional snakes in HERA
would require changes in the accelerator lattice to provide spaces for the extra snakes. This
would significantly increase the total cost of the polarized proton beam. To make spaces for
the additional snakes one can consider replacing some existing HERA dipoles with shorter
higher fields dipoles; however, design of such high-field dipoles could be rather difficult since
HERA dipoles already operate at 6 Tesla field.

An alternative could be to rearrange the existing dipoles within a FODO cell; in this
case, one can obtain about 3.2 m of free space, which may be sufficient for an optimized
compact Siberian snake. Our study concluded that a compact helical Siberian snake requires
about 3 m of free space. An example of a compact helical snake with longitudinal axis axis
of spin rotation is shown in Fig. 5.6.

Studying possible ways to increase the spin stability in HERA we have also considered
two rather novel ideas of using either type-3 snakes or special bending snakes in addition to
the regular Siberian snakes in HERA.

5.2.1 Type-3 snakes in HERA

Siberian snakes usually have horizontal axes of the spin rotation except for a type-3 snake,
which rotates the spin around the vertical axis. While type-3 snakes do not prevent crossing
of the depolarizing resonances, they could significantly reduce the amount of spin pertur-
bation at each resonance. Installing 4 type-3 snakes in the HERA arcs in addition to the
4 regular snakes could be a possible way to reduce the strong depolarizing resonances and
improve overall spin stability [14].

The strongest spin perturbation occur near the spin-orbit resonances. Therefore, to im-
prove the spin stability in a ring with Siberian snakes one needs a method of local correction
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Figure 5.5: Spin tracking during polarized proton beam acceleration to 910 GeV in HERA ring
equiped with 4 flattening snakes and 4 regular snakes. The polarized beam emittance was assumed
47 mm mrad in the vertical and horizontal planes.
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Figure 5.7: Bending Siberian snake configuration with the radial axis of spin rotation and the
vertical orbit bump inside the snake.

of the spin-orbit resonances. A type-3 snake can significantly reduce the spin perturbation
near the strong depolarizing resonances; thus, installing a type-3 snake between two regular
Siberian snakes could improve overall spin stability.

We studied the effect of a type-3 snake in an ideal accelerator arc consisting of 24 FODO
cells, which corresponds to the HERA case assuming four snakes installed in the long straight
sections. By varying the position and strength of a type-3 snake in the arc, we found that
a full type-3 snake should be installed after 6 cells, which is 1/4 of the arc. In this optimal
configuration, the type-3 snake reduces the maximum spin perturbation in the arc by a factor
of 2.

Unfortunately, the expected improvement in spin stability due to additional type-3 snakes
in HERA was not confirmed by the spin tracking studies. Perhaps, the effect of type-3 snakes
was reduced by the clustering of several strong depolarizing resonances in the vicinity of the
main resonance. We plan to study further the effect of type-3 snakes.

5.2.2 Bending Siberian snakes

Providing free spaces for Siberian snakes does not present a problem when designing new
machines. However, the existing rings usually have very little space available for the snakes
installation. This is the main motivation for a snake design which could combine the required
spin rotation with the function of orbit bend similar to the lattice dipoles.

A simple configuration for a symmetric spin rotator, which also provides horizontal orbit
bend, was proposed in [15]. It involves four identical skew dipoles with equal vertical com-
ponent of the magnetic field B, = B cos «. The horizontal components of the magnetic field
in the dipoles have alternate sign B, = B sin a; they generate a vertical bump in the beam
orbit as shown in Fig. 5.7. The resulting spin rotation 1) depends on the dipole’s tilt angle
« and on the dipole’s angle of spin rotation ¢:

cos% =1 —sin® ¢(1 + cos 2a) . (5.5)
A full snake with the radial axis of spin rotation is obtained when ¢ = 120° and o = 35.2°.
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The total field integral of such snake is 14.6 T-m.

Note that, the bending snake is not ramped with energy to keep its spin rotation constant.
The constant field in the snake magnets creates excessive orbit bend at low energies, which
requires correction. Although this overbend can be easily corrected, it may cause a large
orbit perturbation near the bending snake. To avoid this problem one could consider turning
the bending snake on adiabatically at about 100 GeV.

5.3 Conclusions

Strong depolarization effects in HERA would make polarized proton acceleration to 920 GeV
a challenging problem. We propose to use four regular Siberian snakes which could easily be
installed in existing free spaces in the four HERA straight sections. However, the successful
acceleration of polarized protons with only 4 snakes would also require improvements to
the beam quality. The 2-sigma vertical beam emittance should be reduced to about 57
mm-mrad, while the vertical closed orbit should be corrected to 0.2 mm rms errors; this
could be a nontrivial task. A possible four-snake configuration is:

a longitudinal snake at 0° (East),
a —45° snake at 86.5° (North),
a radial snake at 180° (West),
e a 45° snake at 273.5° (South),

where the azimuthal snake positions are given with respect to the center of the East straight
section.

Moreover, the HERA proton ring is a non-flat accelerator, which causes additional dif-
ficulty for a polarized proton beam. Fortunately, the effect of the vertical bends near the
collider detectors could be compensated by using special “flattening snakes”, which would
make the optics of the long straight sections spin transparent. Each straight section with
vertical bends would need a pair of these flattening snakes.

In addition to the four normal Siberian snakes and the four flattening snakes, we also
suggest installing four spin rotators in HERA, one on each side of H1 and ZEUS. This
would allow H1 and ZEUS to each choose their own polarization direction while keeping the
polarization vertical in the rest of the ring.
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6 Some tentative simple polarized beam ideas

On 17 November 1998, Prof. Wiik suggested that the SPINQHERA Collaboration might
try to provide a simple estimate of:
The maximum emittance and rms orbit distortion that would allow the safe
acceleration of polarized protons to 920 GeV in HERA.

This simple estimate could help DESY to decide, around 2002, about the wisdom of trying
to accelerate polarized protons after the emittance and rms orbit errors are reduced to some
level during or after HERA’s Luminosity Upgrade. This chapter is an attempt to respond
to this suggestion by trying to develop a few simple ideas about:

e the best way to orient 4 Siberian snakes in HERA’s proton ring

e the difficulty in overcoming different types of depolarizing resonances with more than
2 Siberian snakes.

We will try to indicate which of these ideas seem fairly firm and which require further
verification. We must stress that most of these simple ideas are not rigorously proven; we
invite others to confirm or refute them.

6.1 The spin tune with 2N, Siberian snakes

Let the spin rotation axis of snake i be specified by the angle ¢; (i=1,2,... 2N,), where Nj is
the number of snake pairs in HERA. Then the condition required for a spin tune of 1/2 is:

S (-1)"¢; = (2n+1) - 90 deg . (6.1)

2

This Condition seems rather well established.

6.2 ”Orthogonal” spin rotation axes

Condition (6.1) still allows considerable freedom in the choice of ¢;’s. While it is not proven,
it appears that the best choice is:

Make each snake as orthogonal as possible to both neighboring snakes. (6.2)

With 4 snakes (2 pairs), Conditions (6.1) and (6.2) seem to suggest that adjacent snakes
should be at 45 degree angles to each other. This is consistent with the proposal of Vogt et
al. (0 deg, 45 deg, 90 deg, —45 deg), which also satisfies Condition (6.1).

6.3 Different depolarizing factors

A simple computer program was written by Courant to study the HERA proton ring with 4
Siberian snakes using the following assumptions:

e The HERA lattice is simplified as a string of FODO cells.
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e Protons have vertical betatron oscillations with a specified emittance.

e The vertical closed orbit is simulated by misaligning the quadrupoles.

e No orbit correction is applied.

Protons were then traced during acceleration from 653 GeV to 834 GeV and their vertical
polarization was calculated for many values of three parameters:

e the emittance,

e the rms orbit,

e the vertical tune.

The results, which are summarized below, should give some estimate of the general trend of
the beam polarization’s dependence on these three parameters.

a)

6.4

With emittance = 107 mm-mr and zero orbit errors, when the polarization was calcu-
lated for many different values of v,, one saw an array of snake resonances at v, values
such as 1/6, 1/10, 1/14, .... [numerator = odd integer; denominator = 2-odd integer],
as predicted by Lee and Tepikian [1].

The widths of intrinsic resonances seem to grow as v/emittance.

When the polarization was calculated, with zero emittance and rms orbit of 0.2 mm,
for the same values of v,, one saw fewer and weaker resonances. For emittances up to
10m mm-mr, the polarization was maintained if the rms orbit was not more than about
0.2 mm, but rapidly deteriorated for rms orbits above about 0.3 mm.

General observations about polarized protons in HERA

These results and other observations suggest the following general ideas:

a)

b)

c)

vy is a very sensitive parameter; a wrong choice of v, may be very bad. Snake Reso-
nances may occur at the v, values described in 6.3a and their strengths may increase
strongly with emittance and rms orbit.

When the rms orbit is zero, a large emittance (up to 107) can possibly be tolerated
with only 4 snakes in HERA.

Even with zero emittance, the orbit errors can still play an important role through the
imperfection resonances. Any rms orbit above 0.2 mm can substantially reduce the
polarization.

The polarization’s relative insensitivity to emittance and the relative sensitivity to

orbit errors may occur because: 2N, snakes seem to reduce the ”effective” intrinsic
resonance strengths for ALL intrinsic resonances, according to:

Eeff = 5int/Ns; (63)

however, 2N, snakes seem to reduce the ”effective” imperfection resonance strength
according to:

Eeff = ‘Simp/Ns ) (64)
ONLY for those imperfection resonances near the strong intrinsic resonances. For-

tunately, these "near” imperfection resonances seem to be the strongest imperfection
resonances.
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e) With 4 Siberian snakes in HERA’s proton ring, the largest safe beam parameters may be:

emittance = 10m mm - mr ; (6.5)

rms orbit error = 0.2 mm .

f) One should choose v, to avoid the snake resonances discussed in comment 6.3a.
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