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Abstract: The chromaticity correction system, including the nonlinear cormrection, for the
Relativistic Heavy Ion Collider (RHIC) is presented. Expected multipoles in the superconducting magnets
have shown that the octupole and decapole might be large enough to reduce the momentum aperture and
introduce undesirable nonlinear chromatic behavior of the machine. Simulations of these conditions have
been performed with the accelerator physics tracking code TEAPOT!. The chromatic dependence curves
were obtained by the least square fitting. A correction to the first and the second order terms were applied
by using two sextupole and two octupole circuits. The decapole correction system has been applied to
correct for the third order dependence on momentum. The long term tracking studies at injection did not
include the decapole correction. The studies showed that the octupole correction system significantly
improves the dynamical aperture at the injection. The decapole system would not be necessary at
commissioning of the machine but the correction magnets will be available. At the top energy, as to be
expected, the low beta quadrupoles are the dominant source of the nonlinear momentum dependence.

1. Introduction

Chromaticity could be defined as "a change of the linear optics parameters with the
beam energy-momentum"(?) ., The linear correction is performed with a standard two
sextupole circuits while the higher order correction consists of the octupole and decapole
families. The horizontal and vertical chromaticities are defined as the linear tune
dependence on momentum (8=Ap/p=(p-po)/p) Where p, is the momentum of particles with
the designed energy Eq:

Ex = 0vx/0d I15=0 » and gy = avy/as 15=0- (1)

From the equation of motion for the off momentum particles the betatron tune dependence
on momentum can be presented as:

viy@® =a+bs+cd +d3, ()

where a, b, ¢, and d could be treated as constants.

2. The Linear Chromaticity Correction

The linear chromaticity correction is a standard two circuit correction. Twenty four
chromaticity sextupoles are placed at the focussing and defocusing quadrupoles within each
arc, where the dispersion values are: Dyr=1.9 m and Dy4=0.9 m, respectively. The
strengths of the sextupoles to correct for the required chromaticity at the injection and at the
storage lattice with the full energy are:

atinjection: xyr=B"L/Bp=0.11m2  atstorage:  xz= 020 m2
k24 = B"L/Bp = - 0.21 m-2 K24 = -0.37 m-2

The transfer functions of the production sextupoles were measured to be S =8.959 T/m/A
and S =8.305 T/m/A, for the excitation currents of I=29.64A and 1=49.35A, respectively.

*Work performed under the auspices of the U.S. Department of Energy.
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The maximum required current through the sextupoles at the top storage energy was
measured I=43 A (with different random seeds and with all possible errors included).

The second order tune shifts induced by the sextupoles at the operating horizontal
and vertical tunes, vx= 28.19 and vy= 29.18, respectively, are:

dv,/dex = -380.0, dvy/dey = 130.0, dvy/dex = -1200.0

which makes the maximum tune shift equal to Avy=0.000265 for normalized emittance of
£x=€y=6162BY PTwiss=20n mm mrad, where Py is the relativistic factor, while the Buiss is
the betatron function (the real beam size at the ;=50 m and at the top proton energy
By=268.2 is 0,=0.788 mm while the real emittances are ex=e,=0.0746 n mm mrad).

3. Second and Third Order Chromatic Correction

The tune shift on momentum and amplitude due to systematic multipoles of the
higher orders could be presented®) as:

8vx=04/2n*b3[3/28,n? 52+3/8B.as>-3/4Bxa 2 +04/2nx by 2Bn> 8°+3/28mas 8-3pxmay’ 8] .(3)
Svy=0g/2n*b3[-3/2p,n? 8%-3/4pB,a,2+3/8Bya 2| +0g/2nx by - 2By 82-3Byna,? 8-3/2B,na,” 8]...4)

where ©4=B l4/Bp is in the case of the dipoles the bending angle of the dipole, while in
the case of the correction elements octupole and decapole the products of B3=04*b3 and
B4=04*by4 represent the strength of the octupole and decapole elements, respectively
where ©4%b3 = B L/Bp and ©4%bs = BIVL/Bp, and L is the length of the correction
element. The horizontal dispersion is presented by n, the horizontal and vertical amplitudes
of the betatron motion are ax=\/[3ysx and ay =\/Byey,respectively. while By and Py are the
betatron functions.

The magnetic field is presented by:

B =B, +iBy =B, I (by +iap)(x +iy)" (5)

The systematic multipoles at BNL, as by and by, are defined in "units", which represents
104 part of the main dipole field at the 3/4 of the coil radius R,. The magnetic field
measured along the horizontal axis in the middle plane is presented as:

By(x)= Bo[l + by (x/Ro)+ ba(x/Rg)*+ b3(x/Ro)’ + ba (x/Ro)*+...] 6)

The 3/4 of the coil radius for the dipoles and correctors is equal to Rs=2.5 cm. A change
of the vertical magnetic field, with one unit of the octupole multipole (b3=1) within the
dipole is equal to: ABy = Bo* b (x/Ry)3, or AByzl"IO'4 * B,, for x=R,, while the
horizontal kick at the horizontal offset "x" produced by this field is equal to:
AB=AX'=(Bo*b3*l4 /Bp)*(x/R,)3, where lqis the length of the dipole, while Bp is the
magnetic rigidity.

3.1 Octupole Correction Circuits

The betatron functions at the corrector's positions are: Bmx=46.0 m, Bmin=11.0 m,
Baveg, =22.0 m, and npw=1.74 m, Niy=0.76 M, Naverg=1.10 m. The equations (3) and 4
provide a solution for the strength of the octupole and decapole correction elements. The
first order chromaticity was corrected with the chromaticity sextupoles to the zero value.
The vertical and horizontal tune shifts Avy y(8) were measured with the TEAPOT for



different values of the momentum offsets & (five values were used: =0, top, and 20,
where for the injection the 6,=0.043%). The tune dependence on momentum was
measured under three different conditions:

-both octupole circuits - octupoles at the focussing quadrupoles B3p as well as the
octupoles at the defocusing quadrupoles B3p - were turned off,

-only the B3 octupoles were turned on and

-only the Bap octupoles were turned on.

The least square fitting routine produced three different tune versus momentum
dependences. The results of the summation and of the difference of the tune shifts:

AvSyy (8) = dvg y(+8) + dvxy(-8) and Avdyy (8) = dvx,y(+8) - vz y(-5),

provide the octupole Oxg, Oxp, Oyr, and Oyp and decapole Oxg, Oxp, Oyg, and Oyp
matrix elements, respectively. The horizontal and vertical tune shifts induced by the
octupole correction elements can be presented with a matrix elements as:

( Avy/282 ) (OXF OxD \ [ NEB3F )
= *

L aves2 ) | oye om ) | NpBpp )

where the coefficients of the matrix O are calculated from the average values of the lattice
parameters as:

Oxg= 3/4n anzm =33.25m?, Oxp= 3/4n Bminﬂzmin = 1.52m?
OYE = -3/47 BrinN 2max = -7.95 m%,  Oyp = -3/4nBnax n2min= -6.34 m?

with a value of the determinant of Dg = -198.72. The strength of the octupole correction
element was calculated at the nominal value of the current through the coils of I=50A is
(B3p=BL/Bp *1/R,3) and at the top energy with the magnetic rigidity of Bp=839.2 Tm.
The octupole correction element strength and the systematic octupole strength of one unit is
equal, to B3p=0.700 m -3 and b3= 1* 104 * 1/(0.025)3 = 6.4 m-3, respectively. The
results for the octupole strength were obtained from the reported™ octupole measurements.
The magnetic field of B=0.0164 T was measured at radius @R=0.025 m, with a current
through the coils of I=51 A. The effective length was L=0.571 m.
With forty-two ( Ng=Np=42) correctors it is possible to cancel the average systematic
octupole in the dipoles of: b3 =0.8 units. The expected systematic octupole in the dipoles
was reported(3) to be at the top energy equal to by = 0.24 units.

The octupole and decapole correction elements are placed in the interaction regions
according to figure 1.

3.2 Decapole Correction Circuits

The tune third order dependence on momentum is corrected with the decapole
correction elements. There are two circuits of the decapole elements, B4p and By, as
presented in figure 1 with the total number of 42 elements. The tune horizontal and vertical
tune shifts on momentum were predicted from the lattice parameters and calculated with the
TEAPOT. The matrix elements calculated from the lattice parameters for the decapole tune
shift are:

Dxp= 1/7 Boamax = 77.14 m*, Dxp= 1/aBminn’min = 1.54 m*
DyE = -1/n Brin’max = -18.45 m%,  Dyp = -1/n Brax’min = -6.43 m*
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Figure 1. Octupole and decapole correction elements inside the interaction region.

The decapole tune shifts correction was simulated with the TEAPOT. The tune
dependence on momentum was obtained by measuring a difference of the tune shifts:

AvOy y(8) = Ovx y(+8) ~ Dvxy(-8) = 2d &%, as b =0.

Again three tune dependences on momentum were obtained by the least square
fitting of the particles with different momenta: 8= 0, *op, T20p, wWhere 0,=0.044 % at
injection and 0,=0.089% at the top storage energy. The first dependence was obtained
when both decapole circuits were turned off, the second dependence when only the
decapoles close to the focussing quadrupoles when turned on, and the third dependence
was obtained when only the decapoles at the defocusing quadrupoles when turned on. The
matrix elements for the third order correction of the tune dependence on momentum can be

presented as:
( Avy /263 ) ( Dxr DXD) ( NgBap 1
= *
\ awnet ) | Dwbw ) | NoBap
( NEgB4F ] ( Dvp -Dxp j ( Avyx/283 w
=1/Dy *
k NpB4p ) -Dvyr Dxr } k Avy/283 )




() [

\ NoByp ) | 7205 )

with a value of the determinant of Dy = -477.245. The strength of the decapoles is
calculated at the nominal value of the current through the coils of I=50A as B4p=BL/Bp
«1/R,*, where at the top energy the magnetic rigidity is Bp=839.2 Tm. The decapole
correction element strength and the systematic decapole multipole strength of one "unit" in
the dipoles are equal to B4p=22.89 m-4 and bg= 1*¥104%1/(0.025)% = 256 m-4, respectively
The measurements>) showed the magnetic field of B=0.0154 T, at a radius of R=0.025
m, with a current through the coils of I=59A, where the effective length was equal to
L=0.575 m. From the above result, with forty-two ( Ng= Np=42) elements, it is possible
to cancel the systematic decapole in the dipoles of: Ibgl =0.5 units, while the expected
systematic multipole® is bg=-0.29.

4. Conclusion

Dominant sources of the nonlinear behavior in RHIC at injection are the 9.45 m
dipoles. At the top energy, with two interaction regions at f*=1 m, the dominant sources
of nonlinearities are the triplet quadrupoles. The chromaticity in RHIC is corrected at
injection up to the second order. The linear chromaticity uses two standard sextupole
circuits. Two octupole circuits correct the second order tune dependence on momentum.
The dynamical aperture studies at injection, with all possible errors in the RHIC magnets
included, has showed an average aperture of 11o. The commissioning of RHIC will not
use the decapole correctors although they will be available. At the top energy the octupoles
induce to high amplitude tune shift . The average dynamical aperture of the low beta lattice
showed an aperture of 5.25 oy y. Additional families of sextupoles are being considered
for the nonlinear momentum dependence correction at the top energy.

References:

(1) L. Schachinger and Richard Talman, "TEAPOT - A thin Element Accelerator Program
for Optics and Tracking", SSC Central Design Group internal report SSC-52, 1985.

(2) A. Verdier, "Chromaticity”, CERN 92-01, CAS-CERN Accelerator School, Fourth
Advanced Accelerator Physics Course, Ed. S. Turner, pp. 204-225.

(3) S. Ohnuma, "Shifts in Betatron Oscillation Frequencies Caused by Average Multipole
Fields", Fermilab, p-bar Note#324, July 1983.

(4) P. Wanderer, "Multipoles in the Arc Dipoles in RHIC", Internal Report RHIC,
September 1992.

(6) Conceptual Design Report of the RHIC, May 1989, BNL 52195, pp.184, Table
1V.4-23.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United Statt’ts
Government. Neither the United States Government nor any agency lhcrcgf. nor any of lhc!.r
employees, makes any warranty, express or implied, or assu'mcs any legal liability or (r;sponsn-
bility for the accuracy, completeness, or usefulness of any }nformgtlon, apparatus, pr t;:t,r or
process disclosed, or represents that its use would not infringe anately owned rights. Refer-
ence herein to any specific commercial product, process, or service by .lrade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, rccpm-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.










