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Abstract

We are building a 4.7 Tesla-meter room temperature
solenoid to be installed in a 10-foot long AGS straight sec-
tion. This experiment will test the idea of using a partial
snake to correct all depolarizing imperfection resonances
and also test the feasibility of betatron tune jump in cor-
recting intrinsic resonances in the presence of a partial
snake.

1 INTRODUCTION

The spin equation of motion for a moving particle in a
static magnetic field is given by?

-

ds e 5 1
- = ;—T;;Sx [(1+ Gv)ByL +(1+G)By]. (1)

where B, and 5” are the transverse and longitudinal
components of the magnetic fields respectively. G is the
anomalous gyromagnetic g-factor and ymc? is the energy
of the moving particle.

Eq. (1) indicates that the transverse vertical dipole
guide field in an accelerator, gives rise to a spin preces-
sion around the vertical direction by Gy per turn around
the ring. On the other hand, the transverse horizontal
and the longitudinal fields kick the beam spin away from
the vertical polarization direction. Normally, there i1s no
longitudinal field in the accelerator except the solenoidal
snake in the present proposal. The transverse horizontal
fields could arise from: (1) vertical orbital motion away
from the center of quadrupoles and/or (2) dipole rotation
error. Given the repetitive nature of circular accelerators,
these depolarization kicks can be Fourier analyzed to ob-
tain the resonance frequency, or resonance tune per revo-
lution. The intrinsic resonance occurs at a resonance tune
K; = k- P+ v, and the imperfection resonance occurs at
K; = n. The corresponding Fourier amplitudes are called
resonance strengths, ¢;. Intrinsic resonances arise from
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the vertical betatron motion of particles, and imperfection
resonances arise from the vertical closed orbit distortion.

As v increases during acceleration, the intrinsic reso-
nance condition can be avoided by appropriately shifting
the vertical betatron tune. Imperfection depolarizing res-
onances due to the vertical closed orbit motion occur at
vy, = Gv = n. They have been overcome by using the
methods of harmonic correction? and adiabatic spin flip®.
For example, at the AGS the method of harmonic correc-
tion is applied by utilizing 95 correction dipoles.

The above mentioned correction schemes are, how-
ever, of limited applicability when accelerating polarized
protons to very high energies. The harmonic correction
method is tedious, time consuming and depends on the
closed orbit of the accelerator, which may drift with time
and change between running periods.? At high energies,
where the resonances are overlapping, the method of adia-
batic spin flip fails, as does the method of tune jump which
is stopband limited.

An arrangement of magnets, called a Siberian snake,
was proposed? to simultaneously overcome all depolarizing
resonances. A snake rotates the spin of each proton by 180
degrees about an axis in the horizontal plane on each turn
around the ring without affecting the orbital closed orbit
outside of the snake. Similarly, a partial snake rotates the
spin of each proton by an angle § < 180°. The beliavior of
a partial snake is most easily understood from the point
of view that the spin tune i, of a spin particle is given by
the following equation,

& .
cos mv, = cos(n(Gy)cos 7 (2)

For a 100% snake, & = 180°, we have v,=1/2. Neither
resonance condition discussed above is therefore ever sat-
isfied regardless of the beam energy. For a partial snake,
§ < 180°, the spin tune i, obtained from Eq. (2) will de-
viate from an integer value by a distance of :Lw Thus the
imperfection resonance condition will not occur. The ver-
tical stable spin direction will however flip sign in passing
through every integer Gy value. The situation for intrinsic
resonances is more complicated, and in general a partial
snake will not be able to overcome the intrinsic depolar-
ization resonances. Thus the vertical tune jump method
has to be used.



Recently, snake experiments® have been performed at
the Indiana University Cyclotron Facility. These experi-
ments demonstrated that a Siberian snake can indeed over-
come a single depolarizing resonance. More importantly, a
partial snake is found to be capable of correcting imperfec-
tion resonances. However these tests were partially static
and only corrected an individual resonance during the ac-
celeration cycle. A very slight depolarization on each of
many resonances could be troublesome. Although absent
in ideal theoretical simulation,® we should determine that
this does not occur in a real machine. An AGS test would
be a direct demonstration of a partial snake correcting
many resonarnces during acceleration.

The accelerator physics experiment at the AGS is in-
tended to study (1) the effect of a partial snake® on the
spin motion in the presence of imperfection and intrinsic
resonances, {2) adiabatic turn on/off of the snake”, and (3)
betatron tune jump in the presence of the partial snake.

2 ACCELERATOR PHYSICS ISSUES
2.1 Emittance Growth due to Tune Jump

Intrinsic resonances in the presence of a 5% partial snake,
can be overcome with the vertical betatron tune jump,
where 10 laminated ferrite quadrupoles are pulsed pri-
marily to change the vertical betatron tune (the horizon-
tal tune is also changed by the ratio of 8,/8,) with rise
and fall times of 3 psec and 3 msec respectively. These
pulsed quadrupole fields create a betatron amplitude mis-
match. The emittance growth is estimated to be 10% with
Av, =0.3.

During the tune jump, the horizontal and vertical be-
tatron tunes will cross each other. Thus the linear betatron
coupling is enhanced in the presence of a solenoidal snake.
Since the resonance strength is proportional to the square
root of the vertical emittance, \/€;, the emittance growth
must be minimized. This process has been studied with a
numerical simulation.

2.2 Effect of Solenoid on Emittance

A transport matrix is used to track the particle motion
in the AGS ring with a sclenoid. The transport matrix,
Miotat, a 4 x 4 matrix, is given by

A’Itotal = Mw[ ' Mring- (3)

The maximum tolerable tune jump is Av = 0.3, so
the time for v, to return to its normal value is At =
Av/G% = 3.3ms(9=50 s~! for the AGS). Since the rev-
olution frequency is 2.7us, the vertical tune v, is restored
in about 1200 turns after the jump. For a solenoid with
length 1=2.5m, #=kl=4.7/Bp=0.057, we obtain the cou-
pling strength k==0.0226 m~1.

In the present simulation, we use Av, = 0.2,ie.,, v, in-
creases linearly from 8.6 to 8.8 in 1200 turns for Av,=0.2,
v, decreases linearly from 8.7 to 8.6 in 1200 turns. Then
vy and v, are kept as constants as the particle travels upto
1700 turns. The simulation has been done for two cases:
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Figure 1: The initial position of the particle is x=z==7 mn.
Er=€, =47 mm-mrad.

1) The two initial transverse emittances are unequal.
The simulation results show that the two emittances oscil-
late around the original values. Since v, and v, cross at
400 turns, the amplitude oscillation is more drastic around
400 turns. At the same time, €, and ¢, are exchanged
The emittance exchange gives rise to emittance growth.
The simulation has been done for several different initial
phase space coordinates, all results show the emittance ex-
change. It seems that the emittance exchange is inevitable
for unequal initial emittances.

2) The two initial transverse emittances are equal.
The simulation shows that the trend does not change: ¢;
and €, oscillate around the initial values and oscillate dras-
tically when near 400 turns. The differences between ¢,
and ¢, are smaller, since the starting emittances are the
same. Which of ¢, and ¢, is larger depends on the initial
phase space coordinates. No emitiance growth is observed
in this case(see Fig.1). Emittance measurement during the
tune jump? shows similar behavior.

2.3 Spin Flip due to Large Betatron Amplitude

The beam bunch is made of particles with different trans-
verse action. The rms emittance £y of the heam is defined
as
2
)

B:

The Gaussian distribution of the beam is given by

Eg =

e
2e0

P -
2ep

ple) =

The intrinsic depolarizing resonance strength of a spin par-

ticle is given by
£
€ = €p -
€0

where ¢; is the resonance strength for particle with
rms emittance 9. Applying the Froissart-Stora Formula
to each particle, the effective polarization after passing
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through resonance becomes,
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For the AGS, o = 4‘%1 ~ 4 % 1075. It is necessary to have
a rms resonance strength, g, 0.016 to obtain 90% spin flip;
ie, (P)/P = —0.90. On the other hand, a single particle
spin flip occurs at a resonance strength ¢ = 1.2 x 1072,
The coresponding rms emittance of the particle to achieve
99% spin flip is about ¢ = 27 mm-mrad at -y = 4.8. Let us
assume that the normalized rms emittanceis ey = 27 mm-
mrad, The required kick emittance will be about 2.5 ¥ mm-
mrad at ¥ = 4.8. The kicked bunch will execute a betatron
oscillation at a maximum amplitude of /2.5 x 22 ~ 7.5
mm. A problem related to such a scheme is that the beam
decoheres in the betatron phase space and leads to bunch
dilution or emittance growth. Amplitude dependent tune
is given by

Oz o

3, %
with a,, ~ 30[;1; . When the bunch is kicked, the tune

spread of the bunch is given by

V, = Vyp +

[¢77

B.

Thus the bunch will completely decohere in about 34 ms.
Thus the scheme is indeed possible. Assuming that 5 ms
is needed in passing through a resonance, the emittance
growth will be about 55-‘4 ~ 15%. Thus the scheme is limited
by its applicability due to bunch decoherence.

Av, =2 a, Aa, ~75x 1075,

2.4 Isa 5 % Partial Snake Enough for the AGS?

A partial snake introduces an effective resonance strength

—215; on each integer spin precession frequency. The polar-

ization is given by Froissart-Stora Formula,

) = 9e-dsldnte’

For the partial snake to dominate the spin depolarization
process, |e| should be less than 0.012.

The resonance strength at Gy = 45 is estimated to
be 0.018 based on 1988 measured magnet survey data. It
is thus interesting to study the interference between the
longitudinal and transverse field errors at Gy = 45.

2.5 Specification and Design of the 4.7 Tm
Solenoid

The experiment calls for the construction of a 4.7 Tm
solenoid with length 90 inches, 3.8 million ampere turns
and 1.5MW power supply. The magnet is ramped to peak
field in 0.6 sec to match the AGS cycle with 33 % duty
cycle. The present design uses six layers 68 turns solenoid
with current 9.5 KA. A schematic drawing of the conceptal
design® is shown in Fig.2,
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Figure 2: A schematic drawing of the solenoidal partial

snake for the AGS.

3 CONCLUSION

The partial snake experiments at the AGS are of funda-
mental importance to the accelerator physics study of spin
motion in the synchrotron and to polarized proton collision
experiments in the high energy colliders®, such as RIIIC,
Tevatron and the SSC. The experiment is approved and is
likely to take place in late 1993 or early 1994

4 REFERENCES

[1] L.H. Thomas, Phil. Mag. 3, 1(1927).
V.Bargmann, L. Michel, and V.L. Telegdi, Phys. Rev. Lett.
2, 435(1959).

[2] F.Z. Khiari et al., Phys. Rev. D39, 45(1989).
L. Ahrens, "Proc. of High Energy Spin Physics”, K.J.
Heller, ed., AIP Conf. Proc., No.187, 1068(1988).

[3] J.L Laclare et al.,, J. Phys. (Paris}, Collog. 48, (2-499

(1985).

[4] Ya.S. Derbenev and A.M.Kondratenko, Part. Accel, &
115(1978).

[5] A.D. Krisch et al, Phys. Rev. Lett. 63, 1137 (1989).
J.E.Goodwin, et al., Phys. Rev. Lett. 64, 2779 {1990).

M.G.Minty et al., Phys. Rev. D44, 1361(1991).

[6] T.Roser, “Properties of Partially Excited Siberian Snakes”.
AIP Conf Proc. No. 187, 1442 {1988).

[7] S.Y. Lee, E.D. Courant and S. Tepikian, *

of a partially excited snake”, AIP Conf. Proc. No. 145,
185(1985).
[8] L.Ratner, AGS/AD-345, Nov.1{1990). A.Otter, private

communication.

[9] S.Y. Lee, “Prospects for Polarization at RHIC and SSC”,
AIP Conf. Proc., No.223, 30(1990).

The spin tune



