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RHIC overview
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RAHIC beams 110 bunches with ~1 5E9 |ons/bunch or 2E11 protons/bunch
rms transverse beam sizes ~100 um at IPs, rms bunch length ~ few ns
revolution frequency ~ 80kHz, bunch spacing ~100 ns
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Brief history of operations

RHIC commissioning (2000 to 2002)

reached Au design energy and 75% of design luminosity
first 100 GeV polarized proton run

RHIC-I (2003 to 2013)

reached 15x Au+Au design luminosity
stochastic cooling beginning in 2007

steady increase in bunch intensity

long full energy (250 GeV) polarized proton runs

RHIC-I1l (2014 to present)
EBIS
since 2014: full 3D cooling for Au (and other species)
since 2015: electron lenses for head-on beam-beam compensation
2016-2017: 56 MHz superconducting cavity (for longitudinal focusing)

Recent developments
since 2016: coherent electron cooling proof-of-principle experiment
since 2017: bunched-beam electron cooling accelerator commissioning
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Instrumentation and Applications

Orbits
Betatron Tunes and Global Coupling

Chromaticity



RHIC BPMs

approximately 150 stripline BPMs / plane
self-trigger and fixed-trigger modes

single-bunch, turn-by-turn; some bunch-by-bunch monitors
average orbit position resolution ~1 pm
turn-by-turn orbit resolution ~ 20 um (more on this later)

Average orbit measurement precision improved by factor 10 using digital equivalent of a single-
pole, low pass (IRR) filter to effectively average out ~ 10 Hz variations in the closed orbit:
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RHIC Tune and Global Coupling

tune measurement initially PLL-based using 1 m striplines for both BPMs and kickers

US-LARP proposal (FY03) with joint agreement between BNL/FNAL/LBNL/CERN (FY05)
tune measurement — BBQ method (M. Gasior and R. Jones)

coupling measurement — using methodology of coupling angle measurement (Y. Luo et al)
uses eigenmodes for betatron coupling (R. Jones, P. Cameron and Y. Luo)

M. Gasior and R. Jones, CERN-LHC-Project-Report 853 (2005)
Y. Luo et al., BNL C-AD AP Note 174, (2004)

R. Jones et al., Proc. of DIPACO5, p. 298 (2005)

Y. Luo et al., Phys. Rev. ST Accel. Beams 9, 124001 (2006)

tune/coupling feedback demonstrated in RHIC in 2006
P. Cameron et al., Proc. of DIPACOQ7, p. 33 (2007)
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Tune (and coupling) measurement resolution <1E-6 after removal of data corruption (CPU
limits and data overwrites) and use all available data

8 periods 8 periods
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Developments enabled application of tune/coupling feedback in FYQ09 for all development

ramps and since FY10 for all ramps.
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RHIC BPMs and Optical Model for Orbit Feedback

acquisition time [s]

average orbit BPM data acquisition rates reduced from ~ 1 s to 150 ms and made
‘deterministic’ (‘fliers’ of up to 3.5s removed) following changes to BPM FEC and
ADO code; sign of BPM survey offsets also changed in software (~700 micron rms)
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RHIC orbit feedback
FY09 Fyl1
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Uses ~ 75000 transfer matrices (model R12’s) for ~ 600 BPMs and 480 correctors with
measurement and correction applied at a 1 Hz rate; ~30 million stored values for an
acceleration cycle of ~ 5 minute duration (e.g. polarized protons, 250 GeV).
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Orbits, tune/coupling feedback enabled accelerator operation under extreme conditions:
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avoidance of depolarizing snake resonance by acceleration in close
proximity to strong orbit resonance
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~ 25 % increase in relative polarization of each beam

figures of merit: LP? (transversely polarized) and LP# (longitudinally polarized)
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RHIC chromaticity
at fixed energy measured using standard technique by applying rf frequency offsets

during acceleration measured by taking the difference of the tune feedback action
from two ramps one with, one without a constant frequency offset

for chromaticity feedback during acceleration, the rf frequency is sinusoidally
modulated at a 0.5 Hz rate (with zero crossings at times or orbit fbo measurements)

tune feedback chromaticity feedback
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acceleration *and* deceleration with orbit, tune/coupling and chromaticity feedback
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Optics Measurement and Control

Dispersion, Local and Global Coupling
Betatron Phase
BPMs revisited

Beta Functions and Optical Model revisited

Optics Measurements during Acceleration



Dispersion, local and global coupling

important because certain optics measurements

did not consider influence of coupling

while developing dispersion-free steering
determined that dispersion n, was introduced by

global decoupling and that global decoupling
was correcting for triplet rolls (local coupling)
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revisited local coupling correction using F. Pilat’s approach
F. Pilat, “Correction of triplet skew quadrupole errors in RHIC”, RHIC/AP/58 (1995)

global skew quadrupole . before .
: &
strengths corrections
§ ™
A. Marusic (unpublished) s R 5 .
- e e e i
ORMSs before local coupling correction (FY10) ORMs after local coupllng correction (FY12)

T. Summer’s (unpublished)

since FY12 local and global coupling independent; also developed algorithms for simultaneous
coupling and dispersion corrections, C. Liu et al, Nucl. Instr. and Meth. A, Vol. 750, pp 56-60
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Betatron Phase Measurements

motivated by Electron Lens (requiring nt phase advance between lens and IP)

(1) conventional harmonic analysis

Trem = Ap cos(20Q ,m + ¢oi) k specifies BPM, m is turn number
N
Z Tpm c08(2mmQ) ), Sk = Z Tpm Sin(2rmQ) ;).
m=1 m=1

1 [ Sk
(/501.' ~ tan ! (C_:_>

iIssue: multiple analyses reported 200-300 um BPM resolution

(2) analysis using nonlinear fitting in the time domain ~ P. Thieberger (unpublished)

BPM turn-by-turn data with AC dipole BPM turn-by-turn data with applied dipole kick
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Least square fitting analysis of the statistical phase error for one of the BPMS. The phase of the
fitted function is varied in steps of 0.5°, a parabola is obtained. The RMS phase uncertainty is
deduced from the width of this parabola (backup slide).
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Blue vertical phase shifter effect. The average RMS error of the points is +0.11°
based on value spreads over four 10A and four 100A runs. The statistical RMS
least square fitting error for a particular BPM in a single run was +0.29°
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demonstrated ability to measure rms phase error as small as +/- 0.1 deg (AC dipole),
+/- 0.4 deg (kicked beam); caveat: 0.1 degree corresponds to 3.7 cm longitudinal BPM
position uncertainty

demonstrated tune resolution < 1E-6
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Nonlinear fitting in the time domain provided the first quantitative measurement of BPM
resolution (deviation between measured positions and fitted sine functions) at RHIC
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~ 20 um precision of turn-by-turn BPMs demonstrated, vertically
~ 30 um precision of turn-by-turn BPMs demonstrated, horizontally — shown to be larger than
vertically due to orbit variations due to triplet vibrations

motivated re-evaluation of earlier approaches to optics (beta- and phase beat) corrections
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Beta Functions and Optical Model revisited

iIssue: with electron lens, unphysical emittance reductions (w/o beam loss) reported by RHIC IPMs

Issue: beta- and phase beat corrections not convincing

Investigations into RHIC optical modeling (OptiCalc)

A. Marusic (unpublished)

FY13 ldentified likely source of error (including use of ‘dated’ magnetic field properties and non-
simultaneously applied lattice optimizations)

FY14 Converted data input files from binary to text
Fixed procedures for calculating optical functions (including improved integration algorithm)
Improved treatment of various beam elements and their contributions to optics
e.g. add finite length to transition quadrupoles
fix sign error in sextupole fields of main dipoles
Developed procedures for producing output for input to MADX
Compared OptiCalc and MADX (good agreement)

FY15/16
Removed scaling factors used since 2003

M. Minty, ARIES Topical Workshop, 14-16 May, 2018



FY15 — optics measurement during commissioning (‘as found’, without corrections)
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Absolute emittance measurements

model B-functions

measured B-functions

transverse beam emittances with 3D stochastic cooling (FY14)
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Optics Measurements during Acceleration

motivation: improve understanding of emittance evolution during acceleration
correct optics during acceleration cycle

strategy: orchestrate data acquisitions and data delivery using interleaved
average orbit BPM measurements (for orbit feedback) and
turn-by-turn BPM measurements (for optics measurements)

1. repeat
trigger 1 Hz event 4. 1 Hz event for
for orbit feedback : . : orbit feedback

ping beam in vertical plane g
acquire TBT BPM data
deliver data ping beam in horizontal plane
l 2 \l: acquire TBT BPM data l
deliver data
acquire and e
deliver BPM
<"data for orbif |
feedback ‘l’

time (ms)

0 200 1000

|

trigger turn-by-turn BPM
data acquisition
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Ramp Optics Measurement

model versus measured 3 at IPM
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Ramp Optics Correction

rms B-beats before and after correction
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C. Liu et al, Optics measurement and correction during acceleration with beta-squeeze in RHIC,
Nucl. Instr. and Meth. A (2016)
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Summary

Presentation concentrated on BPM-based optics measurements, A. Sukhanov
to present optics measurements based on RHIC Schottky detectors

Measurements and control of X,y, Q,, Q,, K, C7, &, and &, enable
- high accelerator availability
- operation under extreme conditions; e.g. with tunes near strong
resonances, beam deceleration and asymmetric lattices

Local and global coupling now independent, coupling no longer dominant
source of dispersion

Nonlinear fitting in the time domain provided precise measurements of betatron
phase advance and a measure of turn-by-turn BPM resolution

Optical ‘errors’ largely solved by fixing accelerator model implementation;
previous developments (e.g. dispersion-free steering, BPM-based impedance

measurements, near-integer tune operation etc.) should be repeated

Optics measurement and correction during acceleration was demonstrated



The probability of a parameter ¢ of the fitted function to be between ¢ an ¢ + A¢ is proportional to the
probability of obtainingthe given set of data points assuming the fitted function is correct. The value @' that

reduces that probability by 1/e defines the standard deviation of ¢. In otherwords G4=0"- ¢ The probability P
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—{ﬂ”i: 21024 'iﬂl"a
IMe 207 o =P 1)

is maximized by minimizingthe exponentin the least square fit. If we now change one of thefitted parameters

(& in our case) until P decreases by 1/e we obtain the standard deviation of ¢. If we call ﬂvir the new errors:

21024 ':ﬂ”'
e Z =p >< - 2)

Dividingthese expressions we get:

—[dl.? )2 —(dAv;)
1024 21024 1 ]

g1 252 202 1 — 3_1

Or

2
%{124 (ﬂ.vI) _2%324 (ﬂ.UI)E] — 20.2 3}

1024 2
Replacing o2 = 2y v

1024

L 1024 )2
[Z1024 (4p,))" — ¥1024 (41,)2] = 2 x %
y 1024 (dv 1+— [ x X319 (4v,)?] 4)

1024



