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Abstract

The code WINK, originally written to track polarized
protons in RHIC, underwent several modifications ad
additions that have added substantial new capabilities to it.
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Fig. 1. Here, we assumed random errors of the order clf 1
mm and 1 mmd in position and angle of all magnets,
respectively. The momentum spread in the beam was
0.0390.

OF SPZIVK
1

A tracking code: SPZNK [1] was written for the RHIC
SPIN project at Brookhaven [2] to smdy the behavior of
polarized protons in the Relativistic Collider during
injection, accelemtion and storage at fixed energy. From
the output of MAD [3] SPINK reads the first ala
matrices for each machine element and the second rmler
Transport maps as well as the Twiss functions along the
lattice. Then, a subset of matrices is being created, where
all elements that do not genen-iteany spin rotation or any
bend in the trajectory are lumped together. To the newly
created elements a keyword is attached, such as BEND,
QUAD, SEXT, HELIX, SNAKE, RFCAV, etc. Particle
orbits are tracked through the first and second order maps
(thick elements, with edge effects, as described in MAD).
The spin of each proton, represented by a real 3dimensional vector of length one, is also tracked using
spin rotation matrices created by the code. At the present,
with the exception of Helices, spin rotation matrices m
for thin elements.
SPINK has been used for years, both in RHIC and the
AGS, in particular to study the survival of the spin
polarization in passing through resonances. The most
significant new features of the code are described below.
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ERRORS

Angle, position and field errors in the machine lattice
generate a distorted closed orbit. Since the strength of spin
resonances depends on the average distance of a particle
from the design equilibrium orbit, depolarization at a
resonance is affected by lattice errors. In an actual
accelerator the closed orbit distortions are being ccmected
with the use of horizontal and vertical steering magnets,
whose currents are calculated with various algorithms.
Orbit correction in MAD is accomplished through the
Micado algorithm, that solves in the least square
approximation an under constrained system of equations.
To correctly track phase space and spin, we had to
transmit from MAD to SPZiVK the information related to
the errors (measured or randomly assumed) of each
machine element, and displace and rotate accordingly the
relevant orbit transport maps. This task is accomplished
using the BNL version of MAD [4].
Results of proton spin tracking in the RHIC lattice in
the presence of errors for two intrinsic resonances, for an
ideal orbit (no lattice errors), and for errors in the lattice
but with a corrected orbit (to 0.2 mm), are shown in
“ Work supported by the U.S. Department
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Figure 1: Spin tracking in RHIC, crossing the Gy =
381.82 and 422.18 intrinsic resonances. The upper curve
is for art ideal orbit. The lower, for a dktorted orbit due to
lattice errors. Average over a few hundred particles tracked.

3 SECOND

ORDER

EFFECTS

Second order effects in SPINK are dealt with using the
second order Transport maps from MAD. Important effkcts
on spin resonances arise from crossing of sextuples and
higher order multiples in the lattice.
Shce in buildlng maps for orbit tracking some
elements are lumped together as explained in Sec. 1,
matrices have to be multiplied, and also second order maps
are convoluted to produce an overall map for the new
element. This is done using the expression

n-l

\

m-l

1

Where R and T are the first
order and the second order orbit
Transport maps, respectively, and the index (’) or (“)
denotes the order in which maps are taken.

,

voltage at the frequency f = oJ2n is applied between
diagonally opposite electrodes to generate in the opening
a quadrupolar oscillating field of the same frequency. The
motion of the particle will modulate the actual fieid in
time, creating the equivalent of art alternating fccusing
transverse field with paicdicity L = PA, where k = tichn
is the rf wavelength. If acceleration is not re@ed, but
only transverse focusing, which is the case of interest
here, the electrodes will appear just straight. In this case
the excitation is a rf wave oscillating stationary between
the pairs of electrodes.

this is in turn larger than the internal diameter 2b. The
equations of motion are (see Fig. 1 for the orientation of
x, y)
dz y / ds2 + (B/L2) X cm
dz X /

dS2

+

(B/L2) y

COS (ks)

=

O

(3)

/

R

(4)

wheres is the longitudinal path length, and
QeVOk21Am@b2

(3

THE ION TRAP

Recently, a quadruple storage ring [3] has been used for
the study of ion c@alline structures. The diameter of the
deviw is of only 12 cm. It is made of four annular
electrodes with an internal diameter of only 5 mm. An
electrostatic voltage is applied between each pair of
diagonally opposing electrodes. This generates a constant
radkd electric field, which vanishes at the center, and
increases alxmt lineariy with the distance from the main
axis. An atomic gas of the desired ion species is diffused
in the region between the electrodes. An electron gun
ionizes the atoms, and the resulting ions are trapped
transversely in the small storage ring, oscillating around
the circular main axis under the effect of the restoring
forces of the electrostatic quadruple. There is no beam in
this contlguration since the ions do not drift azimuthally
along the main axis. The particles adjust their mutual
longitudinal distance by Coulomb interaction, whereas the
external quadrupolar forces compensate the transverse
interaction.
5

=

[1 -B (b/L)’ COS (ks)]

B=

4

(ks)

THIECRFQ CONCEPT

The Circular Radio-Frequency Quadmpole (CRFQ) is a
compact storage ring, which includes features of all the
devices described above. It is a storage ring where beams
of light and heavy ions (including protons and negative
ions) can circulate at constant speed corresponding to
energies comparable to those used for ASTRID. Like in
the Ion Trap, four annular electrodes provide focussing.
Like in the linear RFQ, rf oscillating voltages are applied
between the electrodes to provide transverse alternating
focusing of motion over a short period of about few
centimetm or less. From this point of view, the CRFQ
resembles the linear RFQ without accelemtion, and
without, therefore, corrugated vanes. The CRFQ is
actually a linear RFQ curved and closed mechanically on
it as shown in Figs. 1 and 2.

6 EQUATIONS OF MOTION
lt is required to keep the motion of the ions focused and
on a circular orbit, in proximity of the azimuthal axis of
the CRFQ. We shall assume that the major radius R of the
CRFQ is much larger than the focusing period L, and that

It can be seen that the motion is kept on a circular
trajectory by the extra ‘term due to the curvature of the
restoring forces. All the considerations made for the linear
RFQ apply also to the CRFQ. For instance, the B
parameter determines the phase advance per period and
the amplitude lattice function ~ -L. As an example, the
phase advance of 90” requires B = 6.812. Thus, the
Circular Radio-Frequency Quadnqxie Stomge Ring has
the advantage to provide a very short focusing alternating
period considerably smaller than that can be obtained in a
conventional storage nn[;.
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Figure 1. Cross-Section
ofaCRFQ

-7 SPACE-CHARGE

LIMIT

The other major advantage for the use of the CRFQ
storage ring is the larger beam intensity that can be stored
compared to that of a conventional storage ring of the
same energy. In the latter there is the limit caused by the
Space-Charge Tune-Depression Av that cannot exceed a
value of at most 0.5. In the CRFQ the situation is different
and identical to that encountered in the linear RFQ. First,
the focusing periodicity is vexy high and cannot be broken
down by magnetic imperfections that do not exk
Secondly, the structure, though mechanically closed on it,
is electrically open. Turn after turn, the CRFQ is just like
a long transport. One can then make the analogy with the
linear RFQ where the Space-Charge limit is caused by
lowering of the phase advance per period from 90’ down
to 45” (or less), below which the particle motion may
&come unstable. The equations of motion am then to be

f

modified by adding a space-charge term with the
parameter
A

=

Q’NrOA21AiZ’R

(6)

The depression of the phase advance of a single perkxi
due to space charge forces from 9(Y down to 45°
corresponds to A -0.044.

Figure 2. Plan Viewof a CRFQ

8 RF POWER SOURCE
Powering of a linear four-rod RFQ structure has been
discussed by Hutchem [4]. We follow essentially the
same approach, which requires placing a number of
cavities around the ring as shown in Fig. 2. These cavities
function as rf couplers by providing the needed rf voltage
difference behveen the two paim of opposite rods. The
analysis of Hutcheon had to be extended to include the
geometric closure of the CRFQ.

9 INJECTION
Injection of a single beam pulse is possible if the duration
is sufficiently shorter than the revolution period in the
ring. During injection, the rf is turned off in a section of
the CRFQ as shown in Fig. 2, txmveen A and B. This
section is mechanically cut out and electrically isolated
from the rest of the ring. In the remaining of the ring the
rf is kept on. Once the tail of the beam has entered the
energized section, then also the isolated section is turned
on in a period of time about the duration of the beam gap.

10 AN EXAMPLE
The main purpose of this example is the construction of a
prototype to demonstrate the two basic principles: (i) that
it is possible to achieve very short alternating focusing
perkxis of few centimeters, and (ii) that it is possible to

store ion beams at intensities higher than those that can be
achieved in conventional stomge rings. We take a proton
beam at 100 keV and a rf of 200 MHz. The ring mdius is
R =50 cm, the peak rf voltage VO= 160 kV, the internal
diameter 2b = 15 mm. The density which corresponds to
the RFQ space-charge limit is D = 2 x Idz cm-z. With a
beam normalized emittance of 1 n cm mrad, the average
beam radius at the space-charge limit is a = 5 mm, so that
about 2 x 10’*protons can be stored in the ring. This is
about 10 times larger than the conventional limit given by
Eq 1. Thus an experiment can be done to verify that
indeed it is possible to store considemble more curnmt in
the CRFQ storage ring. The circulating current at the RFQ
space-charge limit is 460 mA, and only 50 mA with the
conventional limit of@ 1. An ion source, opexating at ai
very low duty cycle, is certainly capable to produce a.
beam pulse of about 0.5 ps duration in excess of 100 d.
The pulse duration is shorter than the revolution period so,
that only one turn need to be injected in the CRFQ. The
ion source can be placed on a platform at 35 kVolt. The
energy difference to 100 keV can be obtained by
accelerating the beam in a short linear RFQ optxating also
at 200 MHz. At the end of the accelemtion, the vanes of
the linear RFQ are no longer corrugated, and only
focusing is then provided. This linear section would then
merge the CRFQ. The experiment can be performed at a
very low duty cycle, for example, with a beam pulse
injected and stored in the CRFQ every few minutes. There
is thus no much beam power involved and the beam itself
can directly be disposed by turning off the rf field.

11

CONCLUSIONS

We have described a new concept of Stoxage Ring for
low-energy ion beams. The principle of operation of the
new device is similar to that of an ordinruy RFQ, except
that it is mechanically bent on itself. It is then possible to
achieve very short alternating focusing periods, and to
store considerable higher beam intensity well beyond the
ordinary space-charge limit of conventional storage rings.
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