Feeddowns Circuits for Collider Run Il
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The sextupole feeddown circuits are used to adjust the tunes and coupling of the protons and
antiprotons independently during collider operations. In particular these circuits can adjust the
difference in the horizontal tune (or vertical tune or sine or cosine component of the coupling)
between the proton helical orbit and the antiproton helical orbit.

The feeddown circuitsin Collider Run 11 consist of the same circuits used in Collider Run | plus
two new feeddown families that were selected to improve the differential coupling adjustments.
Details of the circuits and magnet locations are given in Appendix A. Four of the seven families
are used when the protons and antiprotons are on the injection helix (injection through step 12 of
the low beta squeeze) and a different set of four families are used when the protons and antiprotons
are on the collision helix (step 12 of the low beta squeeze through collisions.).

The main function of each family is shown in the table below where Av,,Av, arethe differential
tune adjustments, and ACy,, AS,, arethe differential cosine and sine components of the differential
coupling.

Injection Collision

Circuit Helix Helix

S1 Av, AC,,

S2 Av,

S3 AC,,

A Av,

S5 Av,

S6 AS,,

S7 AS,

Ideally each of these circuits would behave independently but in practice each feeddown circuit
changes both the tunes and the coupling. Therefore we compute a 4x4 coefficient matrix, M, which
relates adjustments in the tune and coupling to the changes in the feeddown circuits,

Sl Av,

s2| I\/I Av,
S3 | ACg |

S6 AS,



In this equations Av,,Av, arethe differencesin the tunes between the proton helix and antiproton
helix, the ACy,, AS,, arethe differences in the coupling tunes between the proton helix and

antiproton helix, and the S1, S2, S3, and S6 are the kKAmps in the feeddown circuits. To be clear, if
Av, isadjusted by 0.002, then the proton tune will increase by 0.001 and the antiproton tune will

decrease by 0.001. Also if AC, ischanged by 0.002 then the cosine component of the coupling for
the proton helix increases by 0.001.

While examining the behavior of the existing feeddown circuits and designing the new feeddown
circuitsit was hoped that only two sets of coefficients for the M matrix would be needed: one for
the injection helix and one for the collision helix. However we found that the coefficients of the
4x4 matrices, M, changed significantly during the different steps of the squeeze making it
impractical to use only two sets of matrices. Therefore we use a separate set of coefficients for each
step in the squeeze. The coefficients given in this memo are calculated values using the design
Tevatron Collider Run 11 lattice.

Calculation of Coefficients

If particles are traveling about a closed orbit which does not pass through the center of a sextupole
magnet then they will experience a quadrupol e field which depends on the sextupol e strength, the
tilt of the sextupole, and the position of the closed orbit. As aresult, the tune of the closed orbit will
change due to the added quadrupole gradients. In the Tevatron the separate closed orbits of the
protons and antiprotons means that each orbit will see a different set of quadrupole gradients. This
makes it possible to adjust the tunes and coupling of the protons and antiprotons differentially

Once we know the strengths and feeddown effects of the sextupoles we can calculate the effect they
have on the tune and coupling. (The details of the sextupole magnet strengths in the Tevatron and
the quadrupol e fields for offset closed orbits are given in Appendix B.) The change in horizontal
and vertical tuneis given by the simple equations

AVx = (2)$2ﬁm (KlL)no,i

AVy = —(2)$Zﬁy| (KlL)no,i

where £, , 3, arethe beta function at the locations of the feeddown sextupoles, and (K,L),; isthe

normal component of the quadrupole field created by the off-center closed orbit and the sextupole
field. The extrafactor of 2 in the above equation is because we have defined Av,,Av, asthe

differential tune shift between the proton helix and the pbar helix. (Without the factor of 2, the tune
shift represents the change in tune of the protons between the centered orbit and the helical orbit.)

To quantify the effect that the feeddowns have on the coupling we calculate a sine and cosine term
of the coupling as



ACSq = (2)%2 (KlL)sq,i \/ﬂx,iﬁy,i COS(¢y '¢x)
48y = (2= % (KL BB, S0, -6)

where (K,L)g,; istheskew component of the quadrupole field and (¢, - ¢,) isthe difference

between the vertical and horizontal betatron phase advances. Again the extrafactor of 2 in the
above equations is because we have defined AC,AS,, asthe differential coupling between the

proton helix and the antiproton helix.

To better understand the coupling constants we express the minimum tune split in terms of
AC,,AS,,. If the Tev istuned up such that there is no coupling on the proton helix thenin

principle the horizontal and vertical tunes could be set equal to one another. However, if we add a
small amount of coupling with the feeddowns then the minimum tune split is

1 2 2
Avmm = E”ACSq +ASSq

This equation can be used to get an idea of the strength of the feeddown circuits.

New Feeddown circuits

For Callider Run I1 there will be two new feeddown circuits added to improve the coupling
adjustments. These feeddown circuits, the S6 and S7 circuits, were chosen to provide a coupling

adjustment which was orthogonal to the S3 and Sl circuits. In the expression for AC,AS, there
isaterm containing the difference in the vertical and horizontal phase advances (¢, - ¢,) . Ideally

the sextupole elements for the S6 and S7 circuits would be located in the Tevatron where the phase
difference is orthogonal to phase difference of the S3 and Sl circuits. However (¢, -¢,) does not

change much in the Tevatron arcs because the horizontal and vertical betatron phase advances are
roughly equal. Thisleaves only afew locations near the BO and DO low beta straight sections that
are suitable locations for feeddown sextupoles. In addition to having a suitable phase advance the
orbit separation at the locations of S6 and S7 magnets must also be suitable.

Within the confines of these constraints the optimum choice for magnets seemed to be the
chromaticity sextupoles at locations A46, C46, B14, and D14. Therefore each of these four magnets
will be separated from the chromaticity circuits (T:SF and T:SD) and each magnet will be powered
individually. The naming convention for these devicesis the same as for the other feeddowns and is
listed in Appendix A.

Once the choice of magnet |ocations was narrowed down, the coefficients relating magnet strength
to tune and coupling changes were calculated and are shown in Appendix C. As can be seen from
the datain Appendix C, the S6 and S7 feeddown circuits are weak compared to the other de-
coupling feeddown circuits. In fact, on the injection helix it takes 34 amps of current in the S6
feeddown circuit to de-couple the AS_, component by 0.001 units. Asthe low beta squeeze



progresses the S6 circuit does become somewhat stronger, but still remains weak. The S7 circuit,
which is used while on the collision helix, is aso weaker than the other feeddown circuits, yet
stronger than the S6 circuit.



Appendix A: Feeddown circuit locations

Starting with the Run | configuration the following hardware changes were made to the feeddown
circuits:

Reversethe polarity of the C:S4F2A circuit.
Thisis necessary because the relative polarity of the helix in the long and short arcs has
changed.

Createa" S6" feeddown family.

At locations A46 and C46 remove the sextupol e magnets from the chromaticity circuit
T:SF. Add separate power supplies to these two magnets to create the C:S6A4A circuit at
A46 and the C:S6C4A circuit at C46. The C:S6C4A power supply should be connected
with the opposite polarity of the C:S6A4A circuit.

Createa" S7" feeddown family.

At locations B14 and D14 remove the sextupol e magnets from the chromaticity circuit
T:SD. Add separate power supplies to these two magnetsto create the C:S7B1A circuit at
B14 and the C:S7D1A circuit at D14. Both power supplies should be connected with the
same polarity.

A complete listing of the feeddown circuits and the magnet locations is given in the table below



Circuit Magnet Spool Modified Circuit Magnet Spool Modified
Name Polarity  location type for Runll Name Polarity  location type for Runll
C:S1B1A - B19 E C:S3A2A + Al7 C
C:S1B3A + B38 E - A24 C
C:S1C2A + C24 E C:S3D2A - D19 C
- C32 G + D26 C
C:S1E2A + E24 E C:S3D4A + D38 C
- E28 E - D46 C
C:S1F2A + F19 E C:S3E1A - E17 C
- F26 G + E22 C
C:S1F3A + F34 E C:S3E3A - E32 C
- F38 E + E36 C
C:S2A1A - Al4 D C:SAC2A + C19 E
C:S2A3A + A33 D - C26 G
C:S2B4A - B43 D C:s4C2B + C22 G
+ B47 D - c28 E
C:S2C3A + c27 D C:HARF2A + F24 E Polarity
- C33 D - F28 E Polarity
C:S2D2A - D23 D C:S5A2A + A18 D
+ D27 D C:S5A3A - A37 D
C:S2F1A + F12 D C:S5D3A - D33 D
- F16 D + D37 D
C:S2F2A + F23 D C:S5F1A - F14 D
C:S2F4A - F43 D C:S5F3A + F33 D
C:S6A4A + A46 T:SF New
C:S6CAA - C46 T:SF New
C:S7TB1A + B14 T:SD New
C:S7D1A + D14 T:SD New
Notes:

The type-C and type-D spools contain skew sextupoles. The type-E, type-G, and the chromaticity
spools contain normal sextupoles.

The C:S6xxx and C:S7xxx circuits are new for Run I1. Sextupole magnets for these circuits were

taken from the chromaticity circuits T:SF and T:SD.

The polarity of C:S4F2A is changed between Run | and Run 11.




Appendix B: Sextupole magnet strength and feeddown effect

First we define the sextupole magnetic field as

B, (X, y) = B,xy
B, (X y) =1B,(x* - y?)

and want to relate this to the magnetic field in a Tevatron sextupole magnet. From "The Tevatron
Energy Doubler: A superconducting Accelerator”, H. Edwards, (Ann. Rev. Nucl. Part Sci. 1985,
35:605-60) we have that the integrated strength of a sextupole magnet is 57 kG-in at 1 inch at 50
Amps. Thisimplies that

B,L/I =8.98 T/m/A

where L isthe length of the sextupole and | is the current in the magnet.

If the sextupoles are treated as a thin sextupole magnet, then in the MAD convention the thin
sextupole strength is given by

1
K.L=(B.L/1)——1
2-=(5 ”ml

where | isthe current in the sextupole, and | Bp | isthe magnetic rigidity.

Next we look at the effective quadrupole field that the sextupole field creates for an off-center

closed orbit. If the closed orbit through athin sextupole has the coordinates xo and yyp, then athin

sextupole with strength K,L and atilt angle y will give anormal quadrupole field with strength
(KlL)no = KZL (XO COSSW + yO 5'n31//)

and a skew quadrupole field with strength

(KlL)sq =K,L (Xo sin3y -y, COS&//)
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