FERMILAB-CONF-05-152-AD
OBSERVATIONS OF STRONG TRANSVERSE COUPLING

IN THE TEVATRON *

M. J. Syphers, G. Annala, D. A. Edwards, N. Gelfand, J. Johnstone,
M. A. Martens, T. Sen, Fermilab, Batavia, IL 60150, USA

Abstract 2003 a search was conducted for the sources of transverse

During the beginning of Run Il of the Tevatron CoIIider.Cc.)UpI.Ing by turning off the skew q_uadrupole correctors and

. injecting with a transverse offset in one degree of freedom
it became apparent that a large skew quadrupole sourc . .

. . arid looking for growth in the other degree of freedom mak-

or sources, had developed in the superconducting syn- L2 .

ing use of orbit difference measurements. For Figure 1 a

chrotron. Efforts to locate the current source of COUp”n%teering magnet was adjusted to inject beam with a large
were undertaken, with the eventual discovery that the majn

: orizontal betatron oscillation, and the progressive growth

magnets had developed a systematic skew quadrupole mg- . ; . . :
L of the vertical amplitude is recorded. This was the first
ment over their lifetime. Over the past year, the magnet; . .
: ) ata to suggest a systematic skew quadrupole term in the
have been altered in place in an attempt to restore the sys- . . )
ing. Corresponding data using a steering element one cell

tematic skew quadrupole moment to zero. Beam Observg'wnstream (60 was consistent. Attempts to find a sig-

tions and their interpretations are presented, and remedja]. : . . . -
. niticant localized disturbance by using a variety of steering
measures are discussed.

dipole locations were not successful.
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When slow extraction was attempted from the Fermi- T
lab Main Ring in the summer of 1970 horizontal-vertical o r ]
coupling prevented adequate transverse oscillation growth ’ ]
for efficient slow spill. This situation was corrected by an ]
8 mrad roll of each of twelve equi-spaced quadrupoles[1]. |
In order to avoid a repetition of this problem in the Teva- o M\ /\ /\ /\ f\ /\ /\/\ /\ m m ﬂ ﬂ
tron, an extremely strong skew quadrupole circuit was built VY \/ v v UV V U V v \/ \j%
in at the outset. When the Tevatron was commissioned only - .
4% of the capability of this circuit was required. In 2003, ’ ]
20 years later, the excitation of this skew quadrupole circuit T
was running at apprOXimately 60%. 0 1000 2000 3000 4003 5000 6000

In the normal Tevatron tuning process the skew quad
circuits are adjusted to minimize the difference betweejgyre 1: Vertical orbit data displaying growth of amplitude
the horizontal and vertical betatron tunes to the level Oilong the Tevatron circumference.

Avpmin ~ 0.003. It was realized in late 2002 that if the
main skew quadrupole circuit were to be turned off, the re-

sulting minimum tL_me d|_fferen_ce would be 9'3 units! characterized by Figure 2 which shows the progress
Aft(_ar further deliberations, it was r_ec‘?g”'zed that StronQhrough several turns. This figure shows a difference orbit
‘?OUP"T‘Q COl_Jld glso account for a Q|st|nct pattern of V€Tith an initial oscillation in the horizontal degree of free-
tlcql dispersion in the Tevatron, which also could lead tQ ., generated by a mistuned steering dipole in the injec-
emittance growth upon transfer of coalesced (large MOMEfG, transfer line. In textbook fashion within about 1.5 turns

tum spread) bunches from _the Main Injectqr. Addlt!Ona‘"_ythe motion couples fully into the vertical and in another 1.5
cross-talk between the horizontal and vertical motion hmt'urns returns fully to the horizontal

dered the early commissioning of the transverse damper
systems early in the run.
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The measurements of a follow-on study are elegantly

ANALYSIS

THE EXPERIMENTS OF EARLY 2003 Several attempts in 2002 were made by T. Sen, B.

With i ding o 0.3 units of t dif Erdelyi, M. Martens, and others to determine strong local
Ith & correction corresponding to &5 UNIts ot tune ditsy, , cag of coupling in the Tevatron without success. The
ference, coupled orbital motion should be easily obser

. Yoll angles of almost all quadrupole and dipole magnets in
able with the skew quad magnets tumed off. In Februar%e Tevatron were measured in 2003[2], and the resulting

*Work supported by the U.S. Department of Energy under contract Néj.f"‘ta can account only f(?r atune difference an order of mag-
DA-AC02-76CH03000. nitude lower than what is observed.
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Figure 2: Orbit difference data, taken on February 22, 2003, for 5 consecutive turns. The circumference of the Tevatron is
6283 m. The incoming horizontal oscillation (top) completely couples to the vertical plane (bottow).Brevolutions.

The data of February 2003 suggest that a systemati¢, = z( cos(nu), wherep is the half-cell phase advance.
skew quadrupole component existed in the Tevatron digt this location, a vertical oscillation will be initiated with
tributed along the circumference. A systematic rotation adeflection angler,,/f. Downstream aftetNV half-cells,
the 200 quadrupoles seemed unfeasible, since each foctie total vertical displacement may be approximated by
ing quad would need to be rolled inward and each defasy ~ x¢46a18 > cos(nu)sin[(N — n)u], whereg is the
cusing quad rolled outward, for example. However, if alamplitude function midway between the quadrupoles. Ig-
the dipole magnets had systematically developed a skawering the oscillatory terms in the sum, its amplitude is
quadrupole component to their magnetic field, this could&/2. The condition that the horizontal oscillation fully
account for the observations. The skew quadrupole mutouple into the vertical plane ig46a;5N/2 = xq, from
tipole coefficient,a, is defined bya; = (0B,/0z)/By whicha; ~ 1.6 x 10~* per inch, where we have taken
where By is the main dipole field strength. The minimumN = 200 to represent one turn antl= 50m.
tune split due to a systematig in the Tevatron dipoles
would beAvy,in, = (1/27)(Boail/Bp)+/B:0, Naip =  Other Early Analyses
2Faq, where F' is the focal length of the FODO lattice ) o )
quadrupoles. A tune split of 0.3 would imply a value of Following the initial m(_aasurements des_crlbec_j above,
a1 ~ 0.006/m =1.5 x 10~%/in (1.5 “units” of a1, in the sev_eral methods of analysis were purgued, mcluc_ilng an an-
standard Fermilab Tevatron magnet system of units). Sudltical difference resonance calculation and a linear cou-
picion of a systematie; in Tevatron dipoles had already pled matrix calculation. These gave resglts consistent with
been raised by measurements performed in the tunnel d{ff€ data. Unfortunately, for such a claim of understand-
ing the January 2003 shutdown period as reported by Hartfld t0 be accepted by the most skeptical of critics one must
ing, et al. Physical magnet measurements performed in tHe"form computer simulations using sophisticated models
Tevatron tunnel also suggested @nat the level of one of the Tevatron lattice. This was performed through two in-

unit.[3] [4] dependent approaches using the codes MAD and TEVLAT,
each of which again supported the hypothesis. Further de-
Reprise of 1970 Estimate tails of all of these calculations can be found in [5].

This is just a repeat of the 1970 calculation, with sus- DISPERSION MEASUREMENTS
picion resting on the dipoles on this occasion. Local-

ize the four dipoles between each pair of quadrupoles at Soon after the magnitude of the coupling was realized,
the midpoint of the inter-quadrupole space. These fout was suggested to look at the vertical dispersion in the
dipoles will represent a skew lens of focal lengtlgiven  Tevatron as this should be easily predicted from the sys-
by 1/f = 46a, whered is the 8 mrad bend of each tematic coupling and its localized correction. Dispersion
dipole. Suppose a horizontal oscillation exists such thagn be measured operationally by varying the radial posi-
at the nth inter-quadrupole position the displacement igion feedback loop of the RF system and recording orbit



differences. An example of such a measurement is showr1 mrad and the pattern should appear random. However,
in Figure 3. The horizontal positions vary roughly in ac-with the “missing correctors” near the Interaction Regions,

cordance to the design dispersion in the ring, which hamnd additional skew quadrupole circuits being used to tune
the coupling, the observed vertical dispersion can be under-

peak values of aboud, = Az/(Ap/p) =5 m. However,

stood.

Horizontal Positions A simple calculation, using the design lattice parameters
= N : - and the operational corrector circuit settings, gives a rough
A P A A M BRAR o s A AR icti i i i i in Fia-

AT AVAMAVAR A fVAJ WATAY A g\ AvAvEY prediction for the vertlcal_dls_persmn and is shown in Fig

ENY VW UYL \,J sl “f i ure 4. As can be seen, this gives a very fair resemblance to

i : ~ the vertical position data shown in Figure 3. Further notes

8 on this subject can be found in [6].
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Figure 3: Beam position data from the Tevatron showingigyre 4: Estimated dispersion pattern generated by skew
difference between two orbits with different average mogyad corrector settings and “missing” SQ components.

menta. Horizontal positions above, vertical below.

the vertical dispersion, zero by design, takes on values with
peaks ofD, ~ 0.6-0.8 m. A common feature of these verti- CONCLUDING REMARKS

cal measurements has been the coherent oscillatory pattersince its discovery and interpretation, the coupling in the
with frequency near the betatron tune, and with smaller vetrevatron has been reduced inysitu correction of dipole
tical dispersion seen through B- and C-sectors, and mughagnets in the tunnel. Further details may be found in [3].
smaller dispersion through A-sector. The magnets have to be fixed during planned shutdown pe-
With the newly understood strong coupling in the Tevarjods, and in a pattern consistent with the skew corrector
tron, it is straightforward to predict the effects on verticapattern. So far, 68% of the magnets have been repaired, the
dispersion given the sources of coupling, including the cokertical dispersion has been reduced by more than 70%, in-
rection elements. jection emittance growth is better under control, and Teva-
tron performance improved, helping pave the way to record

Skew Quadrupole Circuits luminosities for the collider program.

To make improvements to the Low-Beta optics for col-
lider operations, certain superconducting skew quadrupole
correctors near the CDF and DO experiment interactior[l] D.A. Edwards,
regions were removed during Run | in order to include
stronger corrector quadrupoles, reducing the main skew
circuit from 48 magnets down to 42. Also, other skew ]
guadrupoles were commissioned in the neighborhood OP
four of the long straight sections. The seemingly relatively
minor changes in configuration solely could not account for

the increased corrector strengths, but nonetheless produced
Quadrupole Moment in Tevatron Dipoles Over Time,” these
proceedings.

REFERENCES

“Decoupling of Radial and Vertical Betatron
Oscillations at High Energy in the Main Ring,” Fermilab
Internal Report EXP-27 (1972).

J.T. Volk, et al, “Tevatron Alignment Issues 2003-2004,"
these proceedings.

3] D.J. Harding,et al,, “Restoring the Skew Quadrupole Mo-
ment in Tevatron Dipoles,” these proceedings.

Vertical Dispersion due to Coupling

A horizontal orbit offset through a skew quadrupole due
to a change in momentum will generate a vertical orbit dis-
tortion. For random quadrupole roll angles in the Teva-
tron, the expected rms vertical dispersion would be of or-
der AD;™* ~ 8 cm for a typical rms roll angle error of

[5] D.A. Edwards,et al, “Strong Transverse Coupling in the
Tevatron,” Fermilab Internal Report Beams-doc-501 (2003).

[6] M.J. Syphers, “Skew Quadrupole Tuning and Vertical Dis-
persion in the Tevatron,” Fermilab Internal Report Beams-
doc-611 (2003).



