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EFFECT OF 3D POLARIZATION PROFILES
ON POLARIZATION MEASUREMENTS
AND COLLIDING BEAM EXPERIMENTS

Wolfram Fischet and Alexander Bazilevsky
Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract DISTRIBUTIONS

The development of polarization profiles are the primary A Gaussian intensity distribution in phase space is
reason for the loss of average polarization. Polarization
profiles have been parametrized with a Gaussian distribu{ (z, ', y, 7', s,§) =

tion _[1]. We derive the effect of 3_—dimen$ional pc_)larizzmtio N, o 2472 24 G2 s24 52
S/ \3 .9 9 o - - -

profiles on the measured _polgrlzatlon in polarlmeters_, a (2m)3020207 p 202 207 202

well as the observed polarization and the figure of merit in @)

single and double spin experiments. Examples from RHIC

are provided. where N, is the bunch intensity. We now assume that the

spin polarizationP can be written as

INTRODUCTION P, 7y, 7, 5,5) =
The Relativistic Heavy lon Collider (RHIC) is the only 22+ 3% 2 4+g? 24357 3)
collider of spin polarized protons [2]. During beam accel- Poexp § — 202 952 . 942 ‘
X . . - z,P y,P s, P
eration and storage profiles of the polarizatiBrdevelop,

which affect the polarization measured in a polarimetefyjith this dependence the polarization is a function of the
and the polarization and figure of merit’QM) in col-  5rmalized horizontal /22 +772), vertical (/32 + §2)
liding beam experiments. We calculate these for profileg, longitudinal {/s2 + §2) betatron amplitudes. The

in all dimensions, and give examples for RHIC. Like inyayimum polarizatiorP, is reached for zero amplitudes
RHIC we call the two colliding beams Blue and Yellow.;, a1l dimensions. We also introduce the quantities

We use the overbar to designate intensity-weighted aver-

ages in polarimeters (e.gP), and angle brackets to des- o2 o2 o2
ignate luminosity-weighted averages in colliding beam ex- Rz 1= O_QI . Ry = Ugy , and R, := 025 (4)
periments (e.g{P)). P v.P s,P
that parametrize the polarization profile, and with which
COORDINATES Eq. (3) can be written as

~/ ~/ ~/

We use normalized horizontal, vertical, and longitudinal P(z,7',y,9',s,5)

phase space coordinates P exp{ R 22472 Y2+ 52+§’2} (5)
0 — Ly .

2 il 2 s 2
202 203 202

(2, 7') = (z,apx + B2")

(v, 9") = (y, y + Byy')

(o C Cn op
= (37 37 7)

Without any polarization profiles we have, p — oo,
(1) Oy, p — 00,0, p — 00, aNdR, = Ry, = R, = 0.

POLARIZATION MEASUREMENTS

The average polarization over all particles, as measured
by a H-jet polarimeter [3, 4], is

where (z,2’) and (y,y’) are the horizontal and vertical
phase space coordinates, g, ;) and(g,, o) the re-
spective lattice functionsp is the rf phase(' the circum-

ference,h the harmonic number; the slip factor,), the +o0

synchrotron tune, andp/p the relative momentum devi- [ [ dedi’ dydy'dsds' P(x, ...) I(z, ...)

ation. In the normalized coordinates the linear motion in P = ——= —

phase space is represen_ted by a circle ona Poir_maré surface [ [ daed® dydj'dsds'I(z, ...) (6)
of section, and all coordinates have the dimension length. —

B
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Here and in the following the overbar denotes the intensitywhere the superscriptdenotes quantities at the interaction
weighted average. In a horizontal profile measurement withoint, and the functiof(¢,, t,)) is the hourglass factor
a thin vertical target [5] we have

+oo t t / exp( t2) (13)
[ [ d&'dydg'dsds'I(z, ...) with
Py { R,z } 5 2(c 5t Oy )
= expq ——— 2 = . (14)
VI+R.(1+Ry)(1+Ry) 203 ) (025 +a§7y)( 5;B+amy ;?Y)
Similarly, we have for a vertical profile measurement wittf* SIMilar expression holds foff.
a thin horizontal target
) AVERAGE POLARIZATIONSAND
Pr(y) = R exp{_Rny } FIGURESOF MERIT IN COLLIDING
| (14 Re)/T+ Ry (1 + Ry) 20, - BEAM EXPERIMENTS
and for a longitudinal profile measurement Let us introduce polarization moments for two colliding
. R beams as
Pi(s) = 0 _ LS Mo, = (PR - P, 15
e <1+—fa»<1+-fa»xfr¢iR;eXI’{ 207 }' ) e

(9) wherem andn are non-negative integers and the angle
A longitudinal profile can be obtained through time-brackets indicates the luminosity-weighted average over
binning in a H-jet polarimeter [3, 4] or CNI polarimeter [5] the polarization function.
measurement. Important quantities for a collider experiment are aver-
age polarizations and figures of merit. For single spin mea-
LUMINOSITY surements with the Blue and Yellow beams respectively

. o these can be expressed through the polarization moments
For the following we recall the luminosity formula[6-8] 7/ as

Pg) =M,y FOMpg = L(P%) = LM 16
/ /dxdydsdt (PB) 10 B (Pg) 20 (16)

X IB( ) Iy( t)
X \/(173 — vy )? — 7(63 X Oy )

2 For double spin experiments we have

(Py) =My FOMy = L(P}) =L M.  (17)

where f. is the bunch collision frequency, and the sub- (Pg-Py)=M;; FOMpy = £<P§-P§) — LMy
scriptsB andY” describe quantities of the Blue and Yellow (18)
beams respectively. Note that the distributidnare only

' ° - Polarizations, if not equal to 1, dilute the measured
3-dimensional and also time dependent,

asymmetries and rescaling is needed to get the physics
asymmetries. Statistical uncertainties in the measurémen

, scale ad /v FOM, so figures of merit describe the exper-
I(z,y,s dz'dy'ds'I(z, ..., t) ; g ;
imental sensitivity or resolution.
(11) We now calculate the moments,,,,, using the luminos-
_ Ny ox _1_2 B i . i ity formulas in the previous section. With Eq. (15) we have
@) 0,00, D 202 202 202

¥ is the common velocity of particles in the bunch, and M, / /da:dydsdt
the speed of light. The rms beam sizgs, ; are functions

of the timet. With neither transverse offset nor crossing i j
angle the luminosity can be written as [6, 9] x Ip (@, ... )y (@, ) (19)

feNo.s Ny x Pg(x,...,t> PP (2, .0 1)
Vb, B Vb, h(tsity) (12 s
2m\ (072 + 073 ) (0% + o3y) 42 x \/ (G — By )2 — (0B X Ov)?

ﬁ:




where the time-dependent polarization functions in 3 spavith

cial dimensions”* (k = m, n) are given by

+oo
[+ [di'dy'd3' P*(x,
—+oo
[ [dE'dydsI(z, ..., t)
Py
VA +ER,)(1+ kRy)(1+ kRy)

Pk('r7 y’ S’ t) =

X e —kRJExQ _ kRyQQ _ kR,s?
w 202 205 202 ’
(20)
Equation (19) can be expressed as
P, PR
an - 0.B_0.Y H 1
£ i:z.y.s(l + levB)(l + nRi,Y)

—+oo
X fc/---/d:vdydsdt

H \/ 1—|—le B)(l-l—’any)

Ny Ny y
(2m)?

0i,BOiY
i=x,Y,8

1 o 5)i2
I ew{ gt

20i7B

(14 nR;y)i? }

2
20i7y

c2

(21)

2 o = 2
Lmn UE,B + UE,Y
1+mR;s B 1+nRs )y
U::?B U;?Y
1+mRs. B + 1+nRz Y

x,B + m Y
(1+mR. )83, (1+nRs,v)B5%

(25)

X

and a similar expressions ff ,,,,..

Note that the polarizations observed by colliding beam
experiments (Egs. (16) and (17) with the solution of
Eq. (24)) generally differ from the average polarization
measured by the H-jet polarimeter (Eq. (6)).

SIMPLIFIED CASE

To simplify the general solution of Eq. (24) considerably
we make the following assumptions:

e short bunches, i.e. no hourglass effect
0s,B,0sy K ﬁ;Ba ;_,Ba 6;7}/’ ﬁ;yy = h(tma ty) =1

¢ no longitudinal polarization profile
RS,B = RS,Y =0= h/(tm,mna ty.,mn) =1

e equal transverse polarization profiles in both beams,
Pyp =Py = P,
RI,B = Rz,Y = Rzu Ry,B = Ry,Y = Ry

e round beams of the same size in both rings,
U;,B frg UZ,B = U;,Y = O';;,Y = 0'*

Equation (24) can then be written as

The last 4 lines of the above expression have the same form

as Eq. (10). The solution of Eq. (12) can be used with the

replacements

07 — 0/ /(1+mRip)

22
o}y — 0y /(L+nR;y) )
fori =2,y and
o2 . — o2 1+ mR,
;,B ;,B/( B) (23)
O'S7y - Us,Y/(l + nRS’Y)'
We obtain
My = P II 1
mn = F5'p Py (1+mR; )1 +nRiy)

i= zys

\/(G;,B + U;?Y)(UZ,QB + 0*,2Y)

0.*2 o* 0.*2
+ oy +
1+mRI B 14+nR.;y 1+777,Ry B l+77,Ry Y

h(tw,mna ty,mn)
h(tz,ty)

X

(24)

m-+n
PO

V0 + 2R, (1+ 282 R,
1
O rmBR) (L nRy) (L mB,) (L1 nk,)

mn

(26)

and the cases of Egs. (16), (17) and (18) become

Py
[(1+LR.)(1+ 3R,
1
0+ R (1 + R

(Pg)or (Py) =
(27)

Py
[(1+ Ry)(1+ Ry)]'/?
1
"1 2R (1 1 2R)/2

(Ph) or (P) =
(28)

Py
(14 Ry)(1+ Ry,)]3/%
Py
[(1+2R,)(1 4 2R,)]3/2

(Pp-Py) = (29)

(Pj - PY) = (30)




The ratio between the polarizatidhmeasured by the H-jet
and the polarizatiolP) observed in a single spin colliding

beam experiment is for the simplified case A
o
S
P P \/(1+%Rz)(1+ 1R,) E oo
= o I I I I |
(Pp) — (Py) (1+ Re)(1+ Ry) 31) peo0d S S S S ]
R.+R K 3 3 3 | |
%1—7—’— Y for R, R, < 1. ‘0-02 7777777777 S o - - ]

EXAMPLESFROM RHIC 0.0, : : ‘ ‘ ‘ ‘
0.0C 005 0.1C 015 02 025 0.3
For illustration we take the RHIC 250 GeV polarized Vertical polarization profile paramet@,
proton run in 2011 [10], with3; , = 0.6 m at Interaction 1.0Cf: ‘ ‘ 1 1 1

Point 8 (PHENIX) andr, = 0.6 m in both rings.

We consider the two cases &, = 0 andR, = R,, =
both with equal polarization profiles in both beams. Thes
former case is expected if all machines in the accelerds
tion chain are perfectly flat, and the horizontal and vetticas
planes decoupled. The latter case is expected for fully coum
pled machines. Profile parametersitf ~ R, ~ 0.2 were
observed at 250 GeV in Run-11 [11]. The longitudinal pro-
file parametelR, is not yet determined for Run-11 but was
found to be small in Run-9.

Figure 1 (a) shows the relative reduction (i.e. relative to
the case without polarization profiles) of the average polar
ization P measured by an H-jet as a function of the vertic
profile parameteR,,. The two case®, = 0 andR, = R,
are shown forR, = 0,0.01,0.05,0.1 each. Figure 1 (b)
displays the ratio of the polarization measured by an H-J%
to the polarization seen in a single spin colliding beam &
periment.

Figure 2 exhibits the effect of the polarization profiles on,
the average polarization and figure of merit in single spin
colliding beam experiments. Figure 3 shows the effect in
double spin experiments.

Pe/(P

1.0f=

0.8& -
0.8€L,

R.=0, 0.01, 0.05, 0. |

‘ =Ry
! ! Rs=0,0.01,0.05, 0. |
0.0t 0.1C 0.15 0.2C 0.25 0.3C
Vertical polarization profile paramet&,

0.0C

a{:igure 1: (a) Relative reduction of the average polariza-
tion, Pg/P, or Py /Py, as a function of the vertical pro-
.f'lle parameter?,. (b) Ratio of the polarization measured
y an H-jet to the average polarization in single spin col-
iding beam experimentsPz/(Pg) or Py /(Py). The
casesR, = 0 and R, = R, are shown forR,
,0.01,0.05,0.1 each.
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The development of polarization profiles are the main
mechanism for the reduction of the average polarization
in accelerators, i.e. a reduction compared to the central
value Py. In the case of RHIC polarization profiles have 1]
an considerable impact on both the average beam polar-
ization and the figures of merit in colliding beam experi-
ments, with typicalk-values of about 0.2 in both transverse
planes. Because of the profiles the polarization measure&]
by polarimeters is different from the polarization seen by
the experiments, and corrections depend on profiles in all
three planes. For precision spin experiments poIarimetr)ﬁ3
must provide measurements of tRevalues.
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