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A b s t r a c t .  We recently studied the first acceleration of a spin-polarized proton 
beam through a depolarizing resonance us ing a part ial  S i b ~  snake. We acceler- 
a ted po la t~ed  protons fzom 95 to 140 MeV with a constant  10~  part ial  Siberian snake 
obtained using rampable  solenoids. The  10~  part ial  snake suppressed all observable 
depolarization during acceleration due to the  G~f = 2 imperfect ion depolarizing reso- 
nance which occurred near 108 MeV. However, 20% and 30~  part ial  Siberian snakes 
apparently moved an intrinsic depolarizing resonance, normally near  177 MeV, into 
our energy range; this  caused some interesting,  a l though not-yet-fully unders tood,  
depolarization. 

I N T R O D U C T I O N  

Many depolarizing resonances are encountered in accelerating a polarized 
proton beam to high energies in circular accelerators. Polarized proton beams 
have been accelerated by correcting each individual resonance at the ZGS (1), 
Saturne (2), KEK (3), and until recently at the AGS (4). However, correcting 
individual resonances becomes impractical for energies above 20 GeV. 

A full Siberian snake has been proposed as way of overcoming all depolar- 
izing resonances (5), a proposition which has been supported by experimen- 
tal tests at the IUCF Cooler Ring (6-9). By rotating the proton's spin by 
180 ~ every turn, a full Siberian snake causes the cancellation of depolarizing 
precessions due to magnetic field errors on alternate rotations through the 
accelerator. Attractive designs for full Siberian snakes exist for low and high 
energy accelerators, but no simple solutions exist for medium energy acceler- 
ators, ~ke the Fermilab 8 GeV Booster (10) or the Brookhaven AGS (11). In 
such accelerators partial Siberian snakes might be used to overcome many of 
the depolarizing resonances. 

Without a Siberian snake, each proton's spin precesses around the ring's 
vertical magnetic field, which is the stable spin direction in this case. How- 
ever, horizontal magnetic field errors may depolarize the beam when the spin 
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precession tune ts~, which is the number of times the spin precesses around 
the stable spin direction per turn in the accelerators satisfies the following 
condition 

v ,  = n + m v y ,  ( I )  

where the vertical betatron tune vy is the number of vertical betatron oscil- 
lations per turn in the accelerator, and n and m are integers. Imperfection 
depolarizing resonances occur when m = 0, while first-order intrinsic reso- 
nances occur when m = =t=l. Without  a Siberian snake the spin tune is given 
by t,~ = G~/ where 7 is the Lorentz energy factor and G = 1.792847 is the 
proton's anomalous magnetic moment.  

A recent experiment (8) confirmed that ,  in a ring containing a partial 
Siberian snake of strength s, the spin tune is found from 

= c o s  ( 2 )  

where s = 1 corresponds to a full snake, for which vo is a half-integer and 
independent of the energy. On the other hand, for a weak partial Siberian 
snake, the spin tune is changed from G7 but only strongly in the vicinity 
of the imperfection resonances. Thus, partial Siberian snakes may be useful 
for overcoming the many weak imperfection resonances in medium energy 
accelerators, while the comparatively fewer intrinsic depolarizing resonances 
might be overcome using pulsed quadrupoles to jump the vertical betatron 
tune as the resonances are approached. 

We report here the results of the first acceleration of a polarized proton 
beam through a depolarizing resonance using a partial Siberian snake, much 
of which have been recently published elsewhere (12). Not long after our 
work, a partial Siberian snake was independently tested at the AGS (13). It 
should also be noted that  partial Siberian snakes have been previously used to 
overcome an imperfection resonance for accelerated polarized positrons (14). 

E X P E R I M E N T A L  M E T H O D S  A N D  R E S U L T S  

The snake strength s of a single solenoid magnet with NI ampere-turns is 
given by 

s - #0(1 + G'NI,~ (3) 
10.479 p 

where/~0 = 41r x 10 -7 T m A -1 and p is the proton's momentum in GeV/c. 
Thus to maintain a constant snake strength as the beam is accelerated, the 
solenoid current must be ramped. For our studies, we installed two ram- 
pable warm solenoid magnets symmetrically around our previously installed 
superconducting solenoid in the IUCF Cooler Ring, separated only by drift 
spaces. The superconducting solenoid, the polarimeter and the Cooler Ring's 
operation with polarized protons were discussed earlier (6-9,15-17). The two 
warm solendoids' currents were varied together so that ,  in combination with 
the superconducting solenoid operating at constant current, a constant snake 
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F I G U R E  1. The  measured  transverse polarization Pt after acceleration to 140 MeV plotted 
against  the  imperfectlon f B ~  with no snake and wi th  a constant  10~  part ial  Siberian snake. The  
dashed line is the best  constant  polarization fit to the  snake-on data.  

strength was maintained during acceleration (12). This combination of ma~: 
nets allowed constant partial Siberian snake strengths of 10%, 20%, and 30% 
while accelerating from 95 MeV to 140 MeV. This energy range includes the 
G~ : 2 imperfection depolarizing resonance (6) near 108 MeV, but is well 
below 177 MeV where the 7 - vv intrinsic depolarizing resonance normally 
o c c u r s  (Z).  

We first studied the depolarization during the acceleration with no Siberian 
snake (0%), and then with a 10% partial Siberian snake. In each study the 
beam polarization transverse to the beam motion, Pt, was measured after 
accelerating to 140 MeV for different values of the imperfection f Bd~, which 
is produced by the correction solenoid magnets in the ring's cooling section. 
The results of these measurements are shown in Fig. 1. It should be noted 
that the spin direction was actually flipped both with and without the partial 
Siberian snake, and there is a normalization uncertainity of about 15% for the 
values of Powhich does not affect the shape of the curves. 

With a 0% snake, there is a significant decrease in Pt for nonzero f Bdl  
due to the G'y = 2 imperfection depolarizing resonance. Since the beam 
accelerated through the resonance with (d~/dt I = 0.061 s -1, this Pt curve 
is flatter than the 104 MeV fixed-energy data of Ref. (6); nevertheless, with 
no snake, the G7 = 2 resonance clearly depolarized the accelerated beam, or 
rotated its spin into the unmeasurable longitudinal direction. However, with a 
10% partial Siberian snake, the beam polarization measured after acceleration 
to 140 MeV was almost independent of the imperfection f Bdl  within our 
precision of about 2%. 

We also studied the effect of stronger partial Siberian snakes. In Fig. 2, the 
transverse beam polarization, measured after acceleration from 95 to 140 MeV, 
is plotted against the imperfection f Bdl  for constant partial Siberian snake 
strengths of 0%, 10%, 20%, and 30%. Note the behavior in the 20% and 30% 
snake data; the polarization was unexpectedly lost for higher f Bd~. A possible 
explanation for this depolarization may be deduced from Fig. 3, in which the 
calculated values of the spin tune are plotted versus G~/ for various snake 
strengths. The spin tunes at which the imperfection and intrinsic resonances 
occur are marked with horizontal dashed lines, and the values of G7 for the 
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F I G U I ~ E  2. The measured transverse polarization at 140 MeV plotted against the imperfection 
f Bds for a partial Siberian snake with stren&ths 0%, 10%, 20% and 30%. 

initial (95 MeV) and final (140 MeV) energies during the ramp are marked by 
vertical dashed lines. As long as the spin tune (solid lines) do not pass through 
a resonance within the range of G'y during the ramp, taking into account 
that the resonance has some width, depolarization should not be observed. 
Without a Siberian snake, ~,~ = GT, and the intrinsic resonance would not be 
encountered until the proton kinetic energy reaches 177 MeV. As can be seen 
in Fig. 3, Siberian snake strengths between 20% and 30% result in spin tunes 
relatively near to the intrinsic depolarizing resonance within our energy range. 
Although this suggests how the beam may have been depolarized, we do not 
yet have a detailed explanation for actual depolarization we observed. 

To summarize, the 10% snake data support the conjecture that a weak 
partial Siberian snake can maintain full beam polarization during accelera- 
tion through a weak imperfection depolarizing resonance. Therefore, partial 
Siberian snakes might be useful for accelerating a polarized proton beam at 
medium energy accelerators such as the Fermilab 8 GeV Booster (10) or the 
Brookhaven AGS (11). However, the effect of partial Siberian snakes near 
intrinsic depolarizing resonances requires further study. Experimental studies 
are underway which show promise for explaining the depolarization observed 
with partial snakes with strengths greater than 10%. 
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F I G U R E  8. Spin tune ~, versus G7 (solid lines) for various partial Siberian snake strengths, as 
calculated from Eq. 2. 
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