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Abstract
During the early part of the acceleration of polarized pro-

tons, due to strong optical deformations of the lattice, the
tune cannot be placed in the spin gap and the first two ver-
tical intrinsic resonances are crossed. Recent multiparticle
trackings using the Zgoubi code show that the spin reso-
nances around Gγ = 5 could cause as much as 5% loss of
polarization.

The slow acceleration rate, the two vertical and two hori-
zontal intrinsic spin resonances can contribute to the depo-
larization in the region. While in the current scheme only
the two horizontal intrinsic resonances are jumped, it was
proposed to use the tune jump system to also accelerate the
crossing of the two weak vertical intrinsic resonances and
improve the polarization transmission through this region.
We will show the design of this new tune jumps scheme

and the expected polarization gains expected from multipar-
ticle Zgoubi simulations. We also compare experimental
measurements of the polarization transmission to the Zgoubi
simulations.

INTRODUCTION
In a synchrotron with vertical bending field the spin tune

is given by Qs = Gγ with G the anomalous g-factor of
the proton anf γ the Lorentz factor. However to overcome
spin resonances the AGS uses a dual partial Siberian snakes
configuration that modifies the relation between the spin
tune and the energy. Figure 1 shows the evolution of the spin

Figure 1: Fractional part of the vertical tune and spin tune
at low energy in the AGS, for polarized proton acceleration.

tune in the AGS with the dual snakes configuration. A small
forbidden band is opened in which the vertical tune is placed
to overcome vertical intrinsic resonances. However, due to
strong optics deformation caused by the Siberian snakes at
low energy it is not possible to move the vertical tune high
enough and the first two vertical intrinsic resonances are not
avoided. The crossing of the vertical intrinsic resonances

∗ Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-AC02-98CH10886 with the U.S. Department of Energy.

can be seen in Figure 1, when the vertical tune crosses the
spin tune.

While allowing to overcome the vertical spin resonances,
the AGS dual snakes configuration also creates a new sort
of depolarizing spin resonances called horizontal intrinsic
spin resonances [1]. The AGS tune jump system was devel-
oped to mitigate the polarization losses through horizontal
intrinsic resonances [2]. The AGS tune jump system and the
horizontal intrinsic resonances are treated in two companion
papers [3, 4].
Although the tune jump system was designed for fast

change of the horizontal tune, it also moves the vertical tune
by ∆Qy = −0.02 within 100 µs. It was proposed to use the
vertical tune shift induced by the AGS tune jump system
to accelerate the crossing of the two vertical intrinsic reso-
nances around Gγ = 5. Although each tune jump changes
the tune in both planes we define the vertical tune jump as
the tune jump used to accelerate the crossing of vertical
intrinsic resonance. We will present the new scheme and
the hardware limitations of the system for this application.
Then the gain in polarization will be estimated using mul-
tiparticle trackings with the Zgoubi code and compared to
experimental data.

TUNE JUMP SCHEME SIMULATION
Figure 2 shows the proposed vertical tune jumps at Gγ =

4.9 and Gγ = 5.1. The first constraint of this scheme is the
distance between the vertical and horizontal tunes. Since
the tune jump power supplies need around 3ms between
two consecutive tune jumps the case showed in dashed lines
was technically impossible. Lowering the horizontal tune
allowed to increase the time between the vertical and hori-
zontal tune jumps, as seen in Figure 2. In the final scheme,
corresponding to the plain lines in Figure 2, the minimum
time between two consecutive jumps is 2.8ms. This is very
close to the usual charging time and can be achieved by the
current tune jump system hardware.

Zgoubi Trackings
The tracking code Zgoubi [5] and the Zgoubi AGS online

model [6] were used to simulate the effect, and expected po-
larization gain, of the vertical tune jump scheme. The lattice
was setup using measured currents in the magnets and the
tunes were maintained fixed at Qx = 8.78 and Qy = 8.92
below Gγ = 5.8 then follow measured tunes above. Real-
istic longitudinal dynamics was simulated using measured
acceleration rate and total RF voltage.

The simulations consist of the tracking of 1000 particles
picked in a 6D Gaussian distribution leading to transverse
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Figure 2: Representation of the proposed tune jump scheme
around Gγ = 5 with realistic tunes and energy spread were
used.

normalized 95% emittances of 4 π.mm.mrad and longitudi-
nal emittance of 1 eV.s. The initial spin vectors were aligned
with the stable spin direction, resulting in an initial polar-
ization of 100%. Therefore the vertical polarization profile
is flat at Gγ = 4.5, as measured in the machine. Figure 3

Figure 3: Average polarization over the whole beam as a
function of the energy for different tune jump settings simu-
lated using the Zgoubi code.

shows the evolution of the average polarization predicted by
the Zgoubi code. The tracking clearly shows that the polar-
ization losses are dominated by vertical intrinsic resonances,
located around Gγ = 4.9 and Gγ = 5.1. The horizon-
tal intrinsic resonances cause minor polarization drops at
Gγ = 4.8 and Gγ = 5.2 as well as around Gγ = 6 and
Gγ = 7.

This is confirmed by the simulations with the tune jumps.
While the effect of the horizontal tune jumps is negligible,
we can see that the vertical tune jumps greatly reduce the
polarization losses around Gγ = 5. The simulations show
an increase in the overall polarization transmission from the
vertical tune jumps from 97.6% to 99% between Gγ = 4.5
and Gγ = 7.5. Assuming a final polarization of 70% at
Gγ = 45.5 the effect of the vertical tune jump would be
an increase of 1% average beam polarization, which can-
not be measured without excessively long measurements
due to the statistical uncertainty inherent to the polarization
measurements in the AGS.

In order to take advantage of the larger analyzing power
at low energy of the AGS CNI1 polarimeter it was proposed
to measure the effect of vertical tune jumps before the AGS
extraction energy of Gγ = 45.5. Measurements of the polar-
ization were done at Gγ = 7.5, simulations are also stopped
and analyzed at Gγ = 7.5.

Figure 4: Polarization profile obtained from the Zgoubi
tracking at Gγ = 7.5 for the horizontal(top plot) and verti-
cal planes(bottom plot). The grey histogram represents the
transverse beam profile while the average polarization of
the particles in each bin can be seen in blue. The two black
curves show the Gaussian fits of the data points and the R
value is computed from the ratio of the standard deviation
of the two fits.

Figure 4 shows the polarization profiles predicted by the
Zgoubi code at Gγ = 7.5 and without tune jumps. The R
value characterizes the polarization profile and increases
when polarization is lost through intrinsic polarization reso-
nance. The polarization profile in the vertical plane domi-
nates, which is an other proof that most of the polarization
losses occurred through vertical intrinsic resonances.

Following promising results predicted by the Zgoubi sim-
ulations, measurements in the AGS were conducted.

EXPERIMENTAL RESULTS
The experimental conditions were very close to the sim-

ulations. Even though the machine tunes were slightly dif-
ferent form the ones used in simulations, no major impact
on the results is expected. Dedicated tune jump functions
were generated with only vertical tune jumps and timed as
much as possible to accelerate the crossing of the vertical
intrinsic resonances, although the timing of the tune jump
is experimentally very hard. Polarization profiles were then
measured at Gγ = 7.5 with and without vertical tune jumps.

Polarization measurement at Gγ = 7.5 only gives relative
numbers since the analyzing power of the polarimeter is
only known at Gγ = 45.5. Therefore comparing simulated
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and measured polarization profiles through the R allow to
directly compare measurements to simulations using the
Zgoubi code. Figure 5 shows the result of a polarization

Figure 5: Measured vertical polarization profile at Gγ = 7.5
with vertical tune jumps.

profile measurement. The relevant parameter is the R value
and can directly be compared to the Zgoubi Simulations.

Table 1: Summary of the Measured and Simulated R
of the Polarization Profiles

Conditions Horizontal Vertical
Zgoubi simulations
No tune jumps 0.001 ± 0.001 0.018 ± 0.001
Vertical tune jump 0.007 ± 0.001 0.003 ± 0.001
Horizontal tune jumps 0.003 ± 0.001 0.014 ± 0.001
Measured data
No tune jumps not measured 0.017 ± 0.005
Vertical tune jump not measured 0.010 ± 0.005
Horizontal tune jumps not measured not measured

Table 1 summarizes the R values determined from the po-
larization profiles, measured and simulated using the Zgoubi
code. The agreement between simulated and measured po-
larization profiles is very good in the absence of tune jump.
Also the larger horizontal profile predicted by the trackings
with the vertical tune jump is not yet understood. Similarly
the effect of the horizontal tune jumps on the R values are
yet to be explained. Further studies with simpler models
should help in understanding these effects.
Time constraints limited the quantity of measurements

taken, mainly due to the large amount of time required to

reach a small enough uncertainty on the measured R value.
Each measurement in Table 1 typically takes 2 to 3 hours.

CONCLUSION
The Zgoubi code accurately predicts the vertical polar-

ization profile at low energy. The losses through the first
2 vertical intrinsic resonances were estimated to be large
enough for a measurement, and successfully measured.

A new tune jump scheme was designed and tested, again
using the Zgoubi code. Hardware limitations were taken
into account and the simulated tune jump scheme was easily
tested in the machine. Measurement of the vertical profile
with vertical tune jumps indicates a polarization gain, in
agreement with the Zgoubi code even with the large uncer-
tainties on the measured R values. The polarization gain
remains to be balanced with the difficult setup for a possible
use of the vertical tune jump for operation, for the AGS pp
Run 15.
The method applied here could be extended for many

energy between Gγ = 7.5 and Gγ = 45.5 in order to track
the evolution of the polarization profiles along the AGS cycle.
Possibly allowing to fully explain the measured polarization
profiles at Gγ = 45.5.

ACKNOWLEDGMENT
This research used resources of the National Energy Re-

search Scientific Computing Center, which is supported by
the Office of Science of the U.S. Department of Energy un-
der Contract No. DE-AC02-05CH11231. The author would
like to thanks Andrei Poblaguev for his help on the analysis
of the measured polarization profiles.

REFERENCES
[1] F. Lin et al., Phys. Rev. ST Accel. Beams 10, 044001 (2007).

[2] V. Schoefer et al, "Increasing the AGSBeamPolarization with
80 Tune Jumps", IPAC’12, New Orleans, LA USA, TUXA03
(2012), http://www.JACoW.org

[3] Y. Dutheil et al., "Strength of Horizontal Intrinsic Spin Reso-
nances in the AGS," IPAC’14, Dresden, Germany, June 2014,
MOXAP07, These Proceedings.

[4] Y. Dutheil et al., "Energy Calibration and Tune Jumps Effi-
ciency in the pp AGS," IPAC’14, Dresden, Germany, June
2014, MOXAP07, These Proceedings.

[5] F. Méot, Zgoubi code, 2014, http://sourceforge.net/
projects/zgoubi/

[6] F. Méot et al, "Modelling of the AGS using Zgoubi-Status",
IPAC’12, New Orleans, May 2014.

Values

5th International Particle Accelerator Conference IPAC2014, Dresden, Germany JACoW Publishing
ISBN: 978-3-95450-132-8 doi:10.18429/JACoW-IPAC2014-THPRO089

THPRO089
3094

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

14
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

05 Beam Dynamics and Electromagnetic Fields
D02 Non-linear Dynamics - Resonances, Tracking, Higher Order


