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Abstract

We report on measurements and modeling studies performed from 2021 to 2024
on the 76 sextupole magnets in the Cornell Electron-positron Storage Ring
CESR. Beam-based, magnet-specific calibrations (K value versus excitation
current) were measured, replacing the common value obtained from transverse
field measurements and longitudinal modeling from the late 1990’s. The method
consists of defining a custom closed bump for each sextupole and measuring the
slope of the betatron tune change as a function of horizontal beam position. It
was found that the new calibrations differ by an average of 3.1% with an RMS
spread of 12%. The uncertainties in the calibration correction factors average
1.7% with an RMS spread of 1.0%.

Sextupole alignment values relative to the reference orbit were measured by
combining the measured beam position with the quadrupole and skew quadrupole
terms caused by a sextupole strength change AK,. High accuracy was achieved
by fitting to difference phase and coupling functions as Ko was varied. The
horizontal (vertical) average offset values were found to be -0.01 (0.03) mm
with RMS spread of 1.1 (0.9) mm with some exceptionally large values of a few
millimeters. Typical uncertainties are 0.01-0.02 mm.

The above measurements were motivated by the precision required in mea-
suring horizontal beam size at each sextupole. A precision of 10% for a 1-mm
beam size requires uncertainties of better than 0.1 pradian in the horizon-
tal angle change produced in the sextupole for a typical strength change of
AKy; L =1 m2, where L is the length of the sextupole, as well as 10% in the
difference of the squared horizontal and vertical beam positions relative to the
center of the sextupole. These precision values were achieved by the analysis
of difference functions. However, a small source of horizontal angle change of
unknown origin, independent of the sextupole strength, requires a sextupole
strength range larger than now available to measure accurately the typical hor-
izontal beam size at CESR.
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1. Introduction

The sextupole field components %BX = KyLxy and %BY = %KQL(xz —y?)
can be used to derive expressions for the quadrupole kick Aby, the skew quadrupole
kick Aa; and the orbit angle changes Apx and Apy caused by a change in sex-
tupole strength AKsL as follows. Assuming initial K5 = 0 and including the
parabolic and cubic terms,

Abl = AKQL (XO + AX) (1)
Aa1 = AKQL (Yb + Ay) (2)
Apy = AK;L(Xo+ Ax) (Yo + Ay) (3)

Apx = $AK,L [(YO +Ay)* + oy — (Xo + Ax)? — UDQC] )

where we have integrated the Lorentz force over the transverse Gaussian bunch
distribution of widths ox and oy. The quantities Xy and Y; denote the ini-
tial horizontal and vertical positions of the beam relative to the center of the
sextupole prior to the strength change. The sign of the horizontal orbit kick
is given by the convention that it is positive toward the outside of the ring.
Including only terms linear in AKsL, we have

Apx
AK>5L

The generalization of this derivation to non-zero initial K5 values is given in
Sec. 5.

Our method for measuring beam sizes in sextupole magnets was inspired
by a private communication,’ and has not, to our knowledge, been developed
elsewhere.

Since early 2021, we have performed a set of measurements of increasing so-
phistication and precision at the Cornell Electron-positron Storage Ring CESR,
presenting the results in Refs. [1], [2], and [3]. A web site describing the develop-
ment of this project is available [4]. Here we summarize our investigations into
the contributions to the precision of our beam size calculations. The require-
ments of micron- and sub-microradian-level orbit measurement accuracy entail
a detailed model of the CESR optics, including horizontal and vertical sextupole
alignment values. Accurate determination of the sextupole calibration factors
is important, as we have shown that the value obtained for the beam size is
proportional to the value of Ky (Eq. (5)).

Throughout the analysis we employ a method for estimating measurement
errors by 1) observing the reproducibility of the measurements, and 2) setting
the residual weights in polynomial fits so as to obtain xy?/NDF=1 [5, 6]. In each
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0% — 0y =2 +Yg - XG. (5)

!Reinhard Brinkman, private communication to Georg Hoffstaetter (2001)



case, we argue that the assumption that the uncertainties are independent of
K is reasonable in the relevant range.

We introduce CESR and the lattice optics in Sect. 2.

Section 3 covers the history of sextupole calibration values in use at CESR
since the late 1990’s, the measurement procedures in use since 2002, and the
improved analysis methods introduced in 2022.

Section 4 describes the measurement procedures used to obtain the sextupole
alignment values and the data analysis techniques. The results are presented
in Section 4.7, together with the error estimates. Section 4.8 discusses conse-
quences for optics corrections of the misalignments at the observed level.

Section 5 presents the full first-order derivation of the beam size, generalized
to include K5 changes where the initial value is not zero. Since the calculation
of beam size requires the dependence of the angle change on the K5 change, in
addition to the quadrupole and skew quadrupole kicks, the means of determining
the angle change is discussed, including error estimates. The results for the beam
size values and uncertainties concludes this section.

Finally, Sec. 6 presents discussions of the results and precision values ob-
tained for the calibration factors, alignment determinations, and horizontal
beam size values.

2. The Cornell Electron-positron Storage Ring

The Cornell Electron-positron Storage Ring was commissioned in 1979 and
ran at an energy of 5.289 GeVuntil June of 2001, at the v (4s) resonance, above
the threshold of the production of bound states of bottom quarks. The pe-
riod and its pre-history are chronicled in Ref. [7]. In 2003, the storage ring
operated at 1.9 GeV, collecting data on rare decays of bound states of charm
quarks. CESR was converted in 2008 to a test accelerator (CESRTA) [8] for
the damping rings required by the proposed International Linear Collider. Fol-
lowing the termination of the CESRTA program, CESR resumed operation at
5.289 GeVas a X-ray light source using both the electron and positron beams.
Following extensive modifications to the ring to convert to single-beam positron
operations [9], the CHESS-U project began in 2019. One sixth of the ring was
replaced, removing the straight section accommodating the detector studying
electron-positron collisions (1979-2008) and improving the emittance by a fac-
tor of four. The investigations described here were performed during this era of
CESR operation. The lattice parameters for CHESS-U operation are shown in
Table 1.

The data recorded for the present study used a single bunch of 0.7 mA
(1.1 x10'%), which avoided any saturation effects in the beam position monitor
readout system. The turn-by-turn readout capability developed for CESRTA
operations played an important role in our project.

A number of sextupole magnets served a dual purpose, including windings
for either vertical steerings or skew quadrupoles. These contributions to the
deflection of the positron beam were subtracted when fitting the dependence on
sextupole strength change.



Table 1: Lattice parameters for the CESR ring operating for CHESS-U.

Beam energy (GeV) 6.000
Circumference (m) 768.44
Bunch current (mA) 2.2
Number of bunches 45
Beam current (mA) 100
RF frequency (MHz) 500
Energy loss per turn (MeV) 1.7
Momentum compaction (10~2) 5.7
Bunch length (mm) 17.1
Energy spread (107%) 8.2
Horizontal tune 16.5557
Vertical tune 12.6357
Synchrotron tune 0.0336
Horizontal emittance (nm) 28
Vertical emittance (nm) 0.1

We adopt the numbering convention for the CESR sextupoles, which in-
creases in the positron flight direction from the western end of the south arc
(which has no sextupole magnets and comprises the undulators producing the
X-ray beams), 9AW, 10W, 10AW, 12W, ..., to 47W in the north, continuing
with 47E to 11E, 10AE, 9AE at the eastern beginning of the south arc. The
sextupoles 9AW, 10W, 10AW, 10AE and 9AE are harmonic sextupoles, i.e. the
dispersion is designed to be zero at these sextupoles. We also use the monotonic
numerical scheme 8, 9, 10, ..., 88, 89, 91. We use the sextupole 10AW as the
example in our analysis procedures.

3. Measurement of Sextupole Calibration Factors

3.1. Values in Use Prior to 2023

Prior to the calibration procedures described here, the values used were
taken from transverse finite-element modeling and field measurements and 3D
modeling for the field integrals [10, 11]. Field uniformity was improved by
redesigned pole faces in the late 1990’s to accommodate operation with electron
and positron beams sharing the 9-cm-wide beam pipe. The value used was
1.736 x 10~* m=3/cu for a beam energy of 5.289 GeV, where cu are “computer
units,” i.e. the digital command values issued to the power supply controllers.
The controllers provided a maximum current of 12.5 A for 32k cu. The 27.2-cm-
long sextupoles have a field integral of 10.65 Tm at X = 1 cm at that current.

3.2. Calibration Measurements 2002 - 2015
The procedure developed for obtaining the calibration of each sextupole
consisted of measuring the horizontal and vertical tune changes for a given



change in K for five beam positions set by a closed bump. This analysis neglects
corrections arising from the beam motion consequential to the horizontal beam
size. These are typically less than 0.1 mm. A linear dependence of tune on the
quadrupole error introduced by the sextupole strength change is also assumed,
justified at our desired level of accuracy by running at a horizontal tune at least
25 kHz above the half-integer resonance at 195 kHz [12, 13, 14]. The calibration
correction factors were generally used to find polarity errors and shorted coils.
They were not implemented in the CESR control system. During this period
the sextupole calibration procedures were incorporated into the CESR modeling
program CESRV based on the Bmad library [15] used during operations.

8.8. Calibration Measurements 2022-2023 with Updated Analysis

A comprehensive re-calibration of the sextupoles was resumed in 2022 for
the purposes of this beam-size measurement project. Two improvements were
made:

e A closed bump design specific to each sextupole was introduced, calculated
on the fly during the tune-shift measurements. This required a model
for the CESR optics which was obtained via the optimization procedure
described in Sec. 4.4.

e The tune measurement and closed bump data were extracted from CESRV
and subjected to a linear fit using the procedure described in Sec. 1.

The example of such measurements shown in Fig. 1 uses the method of
estimating uncertainties in the slope determinations by adjusting the residual
weights. The slopes are of opposite sign and approximately in the ratio of the
beta values, modulo a coupling contribution (e.g. vertical sextupole offset.)

The calibration correction factors were obtained by using the beta-weighted
difference of the horizontal and vertical tune shifts, which is insensitive to skew
contributions and thus largely independent of vertical offset of the sextupole as
can be inferred from the full 2D derivation of the tune shifts presented in the
Sec. 4.

Also shown in Fig. 1 as green points are the X positions where the fit crosses
zero, giving the horizontal sextupole offset in the BPM coordinate system. These
were compared to the more accurate method discussed in Sec. 4 and found to
have typical uncertainties of 0.1-0.3 mm. This method of reconstructing the
beam position used only the two nearest BPMs, whereas the method in Sec. 4
used all available BPMs in the ring.

Horizontal and vertical tunes were measured by shaking the beam and lock-
ing to the tune [16]. Thirty-two single-pole-filtered 60-Hz samples were averaged,
resulting in tune measurement RMS fluctuations between about 20 and 200 Hz.
Those values are 174 Hz (horizontal) and 69 Hz (vertical) in the example shown
in the previous section. This procedure required about 3 minutes per sextupole.
The accuracy was shown to improve when additional 1-second averaging was
included. For an additional 16 measurements, the tune accuracy improved by
nearly a factor of four and the duration increased from three to ten minutes.
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The calibration correction factor is derived from a measured/theory ratio for
the beta-weighted tune shift differences [2], where the theory value assumes the
nominal calibration value used for the sextupoles during operations. A rough
estimate of 5% for the variations due to construction tolerances was made during
the initial field measurements in 1998 [11].

The measured calibration correction factors for the 76 sextupoles in the east
and west arcs of the CESR ring shown in Fig. 2. A total of 155 calibration data
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Figure 2: Results for the calibration correction factor for each of the 76 CESR sextupoles. A
total of 155 calibration data sets were recorded to measure repeatability and improve precision.
The final values were determined using error-weighted averages.

sets were recorded to measure repeatability and improve precision. The final
values were determined using error-weighted averages.The assumed polarity for
sextupole 91 was discovered to be incorrect.

Our measurements show an RMS deviation of 12.5% with a mean value
of 0.969, as observed in Fig. 3, where the sign of the factor for sextupole 9AE
(91) has been corrected.
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Figure 3: Results for the calibration correction factor for each of the 76 CESR sextupoles.

The RMS spread in correction factors is 12.5% with an average value of 0.969.




Figure 4 shows the distribution in the uncertainty in the calibration correc-

\ T \ \ \ \ I

225 — —
- Entries 76 | |

i Mean 0.1666E-01 | |

20 | RMS 0.1037E-01 | —|
17.5 —

15

12.5

T T T T T

10

\l‘\\\l‘\\\\‘\

7.5

2.5

\\\‘\J\I‘\\\J‘\

L ‘ L L ‘ | | ‘ | | ‘ L L | L
0.04 0.06 0.0 0.14

0 . 0.02 . 8 0.1 0.12 .
Calibration factor error from Af,-Af, slope difference

0

Figure 4: Distribution in the uncertainties in the calibration correction factor measurements.
The uncertainties average 1.7% with an RMS spread of 1.0%.

tion factor determination. The uncertainties average 1.7% with an RMS spread
of 1.0%.

4. Measurement of Sextupole Alignment Values

4.1. Introduction

We calculate sextupole alignment values from the difference of the distance of
the beam from the sextupole center, denoted X and Y, and the beam position
at the longitudinal center of the sextupole in the reference system defined by
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the quadrupole centers, denoted Xgoxt and Yiext-

Xoffset = Xsext - XO (6)
Y:)ffset = szext - YO (7)

We begin with the first-order 2D analysis of betatron tune changes caused
by the normal (b;) and skew quad (a;) terms arising from a sextupole strength

KoL [2]. We use the sextupole field components g—éBx = Ky Lxy and %By =

1K, L(2* — y?) and define the normal and skew quad multipole coefficients,

o qL ABY o
by = Py, Az =KoLz (8)
qL ABX
= = =KsL
“ PO ALE 2=y (9)

we have the familiar results for the tune shifts from the normal quad term:

A,uw = _Ablﬂw/Q (10)

Apy = Aby B,/2 (11)

The tune shifts from the skew quad terms can be shown [17] to be

BaBy sin i
Apy = —(Aay)? yy 12
. (Aa) 4 (COS f1z — COS fiy) (12)

BoBy sin pia

Apy = (Aay)?
1y = (Aar) 4 (cos pg — COS fiy)

(13)

Superposing the two contributions to the tunes and isolating a; and by, we
obtain their values as functions of known quantities when the tune shifts are
measured:

—Ab;

Sin fe Aty + sin pry Apy = 3

(Bx sin Mz — By sin Ny) (14)

2 BuBy (Bysin p, — By sin ,uy)

Ay AL, = (A 15
51/ M +5 Hy ( a’l) 4(cos,ux—cosuy) ( )
The second equation shows that
Apy  Apg
Aby = v — 16
=B, TR (16)

is more independent of a; than b; derived from either Ay, or Ay, alone.

The 2D calculations of b; and a; are sensitive to cancellation divergences.
The values of the initial tunes are such that sin p1; ~ —0.4 and sin p,, >~ —0.8.
Thus the formula for b; and a; both diverge for 3, ~ 24,.
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For simplicity of presentation, we have used here the approximation
cos (u+ Ap) — cos pp ~ Apsin p. (17)

This approximation breaks down near the half-integer resonance. In fact, the
quadratic term in Fig. 1 of Ref. [1] was later shown to arise from this approxima-
tion, rather than from the quadratic term AKyL Az. With this approximation
removed, the quadratic term is consistent with the horizontal beam motion aris-
ing from the sextupole strength term. Our choice, however, is to use only linear
terms in the calculation of beam size, since these are much more accurately
determined.

4.2. Modeling Studies for Sextupole Alignment Analysis

Nonlinear effects, such as beam motion in sextupoles arising from strength
change in the studied sextupole, perturb the linear analysis presented below in
Sec. 4.6.2. Modeling studies are necessary to quantify the magnitudes of such
effects. A model was developed [18], tracking 2000 beam positrons through
the CESR design lattice. A 1 mm horizontal misalignment in CESR sextupole
10AW was put in the model. Choosing eleven K5 settings, we write out tunes
and sextupole attributes including beam coordinate centroid and RMS values
at the sextupole. To reconstruct Xy, we use the method of subtracting beta-
weighted horizontal and vertical tune changes to remove coupling contributions
(see Sec. 4.6.3 and Egs. 16 and 18). Figure 5 shows the value of the quadrupole
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Figure 5: The quadrupole term AK;L calculated from the tune shifts as a function of the
sextupole 10AW strength change modeled by tracking 2000 beam particles through the CESR
design lattice. The simulated 1-mm offset on the sextupole is reconstructed with an inaccuracy
of 4 microns. The uncertainties given the for the coefficients are due to machine accuracy in
the modeling.

term AK;L as a function of the sextupole strength change. This model also
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shows that our approximation using the beta-weighted tune difference is suffi-
ciently accurate. Since the beam is on-axis, aside from the small beam motion
in the sextupole, we recover the 1-mm offset with an inaccuracy of 4 microns.

4.3. Measurement Procedure

For each K5 setting, multiple measurements of phase, orbit and coupling
functions are recorded [19]. At least three such measurements are taken in all
cases. Studies of the uncertainty dependence on the number of measurements
have also been performed. It was found, for example, that five K5 settings
are insufficient to determine accurately the quadratic coefficients, which require
nine K> settings to achieve a precision of 10% or better.

4.4. Optimizations for Reference Functions

The model for the optics reference functions (AK> = 0 m~3) was obtained by
varying the steering, quadrupole and skew quadrupole magnet settings in the
model to best match the measured phase, orbit and coupling measurements.
Prior to the optimization, geometrical misalignments obtained from periodic
laser alignment measurements of dipole magnet roll values were included in
the model. The horizontal and vertical sextupole magnet offsets measured as
described below in Sec. 4.6 were also included. Finally, it was found that loading
the sextupole magnet settings recorded in the measurement file improved the
ultimate merit function achieved. Since these values are recorded in computer
units, the calibration values described in Sec. 3.3 were required.

Each BPM contributes five constraints contributing to the merit function:
horizontal and vertical phase, horizontal and vertical orbit, and coupling. There
are typically 295 variables and 380 constraints in the final iteration of the op-
timization. The iterative procedure consisted of rejecting anomalous contribu-
tions to the merit function, then rerunning the optimization.

Since phase, coupling, orbits and tunes are fit simultaneously, the relative
weights for constraints are important. These were obtained using the optimiza-
tion for difference functions, as described in Secs. 4.6.2 and 5.3. The weights
used correspond to precision values of 0.1 mm for the orbits, 0.02° for the phase
functions, 0.02 for the coupling Cj2, and 0.001 for the tune @. The precision
in the coupling measurements was assumed to be the same as for the phase
function, since the residual analysis for the quadrupole and skew quadrupole
terms obtained similar values (see Sec. 4.6). In the case of the orbit precision,
the precision values of a few microns were found in the fits to the difference
functions 5.3. The weights for the optimizations for the reference functions
were increased to 0.1 mm to account for systematics in the determination of the
BPM offsets relative to the quadrupole centers and for contributions from the
button gain measurements. The latter were found to depend on the thermal
state of the machine, varying over 12 hours after the begin of full-current oper-
ation. The sextupole scan data was obtained in the cold state of the machine.

The means of estimating appropriate weights for the contributions of phase,
orbit and coupling functions to the merit functions are discussed below.
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4.4.1. Orbit Residuals Analysis

The example of the K3 scan result for orbit dependence on the 10AW sex-
tupole strength change are shown below in Figs. 27 and 28 in Sec. 4.6.3, where
the contributions to the uncertainties in the misalignment value determinations
are discussed. The RMS variation in the average of three measurements was
found to be 3.3 pm (0.8 pm) for the horizontal (vertical) orbit measurement at
each Ky setting. For the results for all sextupoles and all scans, see Figs. 6, 7,
and 8. Typical values for the uncertainty in the horizontal (vertical) position
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Figure 6: Distributions in the precision in the determination of the horizontal (co,bx) and
vertical (corpy) orbit changes caused by the sextupole strength change AK» for all scans.

is found to be less than 6 ym (4 pm). The tail results in the distribution RMS
value of 7 ym (7 pm). However, due to a variety of systematic effects in the
BPM data acquisition mentioned in Sec. 4.4, a value of 0.1 mm was used for the
weights in the calculation of the merit function.
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Figure 7: The uncertainties in the determination of the horizontal and vertical orbit changes
caused by the sextupole strength change AKjy versus sextupole number.
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4.4.2. Phase Function Residuals Analysis
Examples of the phase function change A®x as a function of the sextupole
strength change AK5 from the 10AW scan 85 are shown in Figs. 9 and 10. The

0. 15 _I_ T T L | T T Ll T I T T T Ll T T T T | ) T T T I T T T Ll | ] T T T I T T T _I-
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g C P2 -0.1035E-01 + 0.5609E-03 | 4
W 005 — —
¥ Og x = 0.0025° :
B o =
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- ForK, =0, ®, = 16.4879%0.0011° .
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Figure 9: The change in the horizontal phase at sextupole 10AW induced by the change in
sextupole strength AKs. Adjusting the assumed uncertainty in each point to give x2/NDF
to unity results in a value for the RMS variation in the average of three measurements of
0.0025 degrees.

RMS precision in the average of three measurements was found to be 0.0025°
(0.0068°) for the horizontal (vertical) phase measurement at each Ko setting.
These values are smaller than typical. For the results for all sextupoles and
all scans, see Figs. 11, 12, and 13. Typical values for the uncertainty in the
horizontal (vertical) phase change are found to be less than 0.014° (0.016°). The
tail results in the distribution RMS value of 15° (13°).

The observed level of repeatability of about 0.01° for the average of three
measurements is somewhat better than the value 0.05° cited in Ref. [19] for
single phase measurements. Many improvements have been introduced in the
BPM data acquisition system since that time. The weight assumed for the
contribution to the merit function in the fit to the reference phase function is
0.02°.

4.5. Optimizations for Difference Functions

The optimizations for the difference functions use four variables: quadrupole,
skew quadrupole, and and horizontal and vertical dipole terms superposed on
the sextupole, caused by the change in sextupole strength AK,. The typical
number of constraints for these fit was about 380 phase, coupling and orbit
measurements.

The precision in the quadrupole term Ab; and the skew quadrupole term
Aay are discussed in Sects. 4.6.3 and 4.6.4 on the measurement of sextupole
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Figure 10: The change in the vertical phase at sextupole 10AW induced by the change in
sextupole strength AK5>. Adjusting the assumed uncertainty in each to give x2/NDF to unity
results in a value for the RMS variation in the average of three measurements of 0.0068 degrees.

misalignments. The horizontal and vertical dipole terms resulting from the
sextupole strength change are not used directly in the calculation of the beam
size, however, together with the quadrupole and skew quadrupole terms, they
give the orbit angle changes in the sextupole which are used in the beam size
determination.

4.6. Analysis Procedure for Difference Functions

The orbit, phase, and coupling difference functions were obtained from three
repetitive measurements at each sextupole strength setting. The averages of the
three were then subjected to the polynomial fit procedure described below.

4.6.1. Scatter Plots

The value of the scatter plots is two-fold: 1) an order-of-magnitude estimate
of the precision of the measurements can be gleaned from the observed repeata-
bility, and 2) the occasional anomalous failed optimization is easily identified.
Our more accurate method of determining measurement precision is presented
below in Sec. 4.6.2.

Figures 14 and 15 show scatter plots in Ab; and Aa; for the example of scan
85, recorded for sextupole 10AW on the 23rd of October, 2021. Three phase,
orbit and coupling measurements were made at each of eleven K5 settings. The
observed repeatability of better than 0.4 mm™! suffices for our desired precision,
as shown below in Sec. 4.6.2.

4.6.2. Polynomial Fits and Error Analysis
The sections 4.6.3 and 4.6.4 below describe the polynomial fits to the de-
pendence of quadrupole and skew quadrupole terms arising from changes in
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Figure 11: Distributions in the precision in the determination of the horizontal (cgx) and
vertical (ocgy) phase changes caused by the sextupole strength change AK5 for all scans.
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Figure 14: Scatter plots for the three difference measurements at eleven K> values for the
quadrupole term Ab; induced by the change in sextupole strength AK»>. The repeatability is
observed to be better than about 0.4 mm™1.
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Figure 15: Scatter plots for the three difference measurements at eleven K> values for the
quadrupole term Aaj; induced by the change in sextupole strength AKs. The repeatability is
observed to be better than about 0.2 mm™1.
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sextupole strength. The precision of our measurements allows very good de-
termination of the linear term and often good determination of the quadratic
coefficient. At this level of precision, no significant cubic term is observed, as
expected from the linear analysis (Egs. 1 and 2). This observation encourages
the approximation that nonlinear effects such as those mentioned in 4.2 are
small.

4.6.3. Quadrupole Term

Tune Measurements. Our first method of determining Xy, the horizontal dis-
tance of the beam from the center of the sextupole prior to changing the strength
of the sextupole Ks, is to derive the AK; value from the beta-weighted differ-
ence of horizontal and vertical tune measurements according to

Ap, . Apy
By B

derived in Ref. [2]. This calculation is more insensitive to skew quadrupole
contributions than the value derived from either Au, or Ay, alone.

Our tune measurements derive from two sources: 1) we operate the Digi-
tal Tune Tracker [16] continuously during the measurements, obtaining about
20 measurements at intervals of 3 seconds for each sextupole setting, 2) following
three phase function measurements at each sextupole setting, we record turn-by-
turn orbit data, 32k revolutions for each of 126 beam position monitors (BPMs).
This data is post-processed to obtain tune measurements with an accuracy of
about one part in 10%. The combination of these two tune measurement meth-
ods provides an accuracy of about 0.003%. Figure 16 shows an example of ten

AK L =

(18)

Z/ndf 8000 / 8
PI 2322+ 0.9065E-02
P2 -0.1984E-01 +  0.6755E-02

-1
Opety-kixpLiz = 0.030 mm

-1

-2

AK,L/AK,L = 2.32191 * 4.4E-06 mm

AK,L (mm’’) from H/V tune difference
=
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Figure 16: Quadrupole kick values K1 derived from betatron tune changes as a function of
sextupole strength change for the example of scan 85.

difference measurements obtained from eleven sextupole settings. We employ a
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method for estimating uncertainties in the polynomial coefficients by adjusting
the residual weights to obtain x?/NDF=1. The linear term provides us with a
value for Xy of —2.3219 4+ 0.0091 mm. The estimate for the AK; L uncertainty
in each point is 0.030 mm~".
Difference Phase Functions. A second, independent, means of determining X
is to record phase function and orbit measurements at each sextupole setting,
then to fit the difference functions with multipole values b1, a; and horizontal
and vertical dipole kicks superposed on the sextupole. We choose to distinguish
these two methods by denoting the kick AK7 L for the case of the tune change
and Ab;y for the case of the difference phase function. We show below that the
two methods provide consistent results with < 0.1 mm precision.

Figure 17 shows the results for the quadrupole term Ab; obtained from the

: 1 T T | L T I T I T T T I | I L T T | 1 T 1 T I T T T I | I L T T I 1 T 1 :
I 2/ndl 9.000 / 9 E
k= PI 2383+ 0.1036E-01 |
B P2 0.1556E-01 +  0.7646E-02 | 3
-~ *F E
= I = Opps = 0.030 1}*’.'111!1"r E
£ F E
~ E 3
S E
< LE E
- &b;/&Ksz -2.383 = 0.011 mm 3
3B =
_4;_Ab,=AK2L{X0+ Ax ) E
; 1 1 L J L 1 1 1 I 1 1 1 1 l '} 1 1 L | L 1 L 1 I 1 L 1 1 l '} 1 1 1 I L 1 L 1_—

15 -1 0.5 0 0.5 1 15

A Kz L(m™)

Figure 17: Example of scan 85 for the polynomial fit results for the quadrupole term Aby
induced by the change in sextupole strength AKs. Quadrupole kick values Ab; at the sex-
tupole caused by a change in sextupole strength AKs. These are determined using a fit to
phase function, coupling function and orbit differences while varying Ab;, a skew quadrupole
kick Aai, and horizontal and vertical dipole kicks.

fit to the difference phase, orbit and coupling functions. The polynomial fit
procedure described in Sec. 1 provides a value for Xy of —2.383 £ 0.010 mm.

The precision of each Ab; point obtained from setting x?/NDF=1 for this
scan is 0.030 mm~'. This value is typical of the scans. Figure 18 shows the
distribution in precision values for all scans. The average value is 0.029 mm™?!
and the RMS is 0.019 mm~!. The values obtained from all scans are shown for
each sextupole in Fig. 19. The values obtained from all scans are shown as a
function of scan number in Fig. 20.

These two methods for determining X are compared in the correlation plot
in Fig. 21 which includes all measurements to date. The RMS of the difference
distribution, shown in Fig. 22, is 0.11 mm (excluding anomalies), showing suf-
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Figure 20: Precision values for the quadrupole term change oap; for each Ko scan.

ficient precision for measuring beam sizes of 1-2-mm. The mean uncertainty
for the X, values determined from the K;IL values from the tune shifts is
0.044 mm.The mean uncertainty for the X, values determined from the Ab;
values is 0.015 mm. The significance of the good agreement between the local
kick result and the ring-wide tune measurement is that the underlying assump-
tion of linear optics is sufficiently accurate for our purposes.

The horizontal misalignment X gset of the sextupole relative to the BPM
coordinate system, which defines the origin as the centers of the quadrupole
magnets, can now be found by determining the horizontal orbit position mea-
surement prior to the sextupole strength change. The full statistical power of
the measurements at eleven sextupole settings is shown in Fig. 27

4.6.4. Skew Quadrupole Term from Difference Coupling Functions

Figure 23 shows the dependence of the skew quadrupole kick dependence
on the sextupole strength in sextupole 10AW measured during scan 85. The
value of Y} is determined with a precision of 3 ym. The statistical uncertainty
in the average of three measurements of Aa; is found to be 0.010 mm™'. This
value is typical, as seen in Fig. 24, which shows the result for all 158 scans. The
average value is 24 pm; the RMS of the distribution is 21 pgm. Such values are
sufficiently precise for the measurement of beam size and generally smaller than
the contribution of the measurement precision of the horizontal angle change.

Figures 25, and 26 show the values of the precision in Aa, for each sextupole
and each scan.

4.6.5. Determination of the Beam Position in the Sextupole

The value for z at Ko = 0 of —0.7123 £ 0.0013 mm yields a value for the
horizontal misalignment X, gset = 1.671 £ 0.0010 mm. This means of determin-
ing the horizontal misalignment has two advantages over the method presented
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Figure 23: Example of a polynomial fit result for the change in the skew quadrupole term
Aa; induced by the change in sextupole strength AK5. This example is for the Ko scan 85
of sextupole 10AW. The vertical position of the beam relative to the center of the sextupole
is measured to be Yy = —0.406 £ 0.003 mm.
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Figure 27: The horizontal orbit change Az as a function of sextupole strength change
measured in scan 85 for sextupole 10AW. The unconstrained fit value at Ko = 0 has
been subtracted. This zero-constrained fit shows the beam position at K2 = 0 to be

Xsext = —0.7123 £0.0013 mm.

in Ref. [2], which entailed measuring tune changes with sextupole strength at
prescribed orbit positions. The first is precision, since the present method uses
multi-parameter fits to the entire-ring phase functions and orbit. Secondly, this
method can also be used to determine vertical misalignments. Just as Eq. (1)
was used above for finding the values of Xy, Eq. (2) can be used to find the value
for Yp. The corresponding analysis is shown in Fig. 23. The vertical distance of
the beam from the center of the sextupole is found to be —0.406 4+ 0.003 mm.

The measurement of the change in the vertical position of the beam in the
sextupole is shown in Fig. 28 The value for y at K5 = 0 of 0.01507 £ 0.00038 mm
yields a value for the vertical misalignment Yygset = 0.391+0.003 mm, the error
dominated by the error in the determination of Yy (see Fig. 23).

4.7. Results for the Determination of Misalignments

We have recorded 158 sextupole strength scans for 71 of the 76 sextupoles in
the ring. The error-weighted averages of all measurements are shown in Fig. 29.
The distributions in the weighted averages of misalignment values and associated
uncertainties are shown in Figs. 30 and 31. Typical values for the horizontal
misalignments are 1-2 mm. The vertical misalignments are generally smaller,
less than 1 mm, but with a number of exceptions up to 4 mm. The statistical
uncertainties in their determination are typically 0.01 to 0.1 mm. Since beam
position dependence on AKs will lead to deviations from the assumption of
linear optics implicit in our derivations, these misalignments must be included
in an accurate model of the ring optics.
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Figure 28: The vertical orbit change Ay as a function of sextupole strength change AKoL
measured in scan 85 for sextupole 10AW.

4.8. Effects of Sextupole Misalignments
The procedure to estimate the consequences of the sextupole offsets for the
optics was:

e Perform the optimization on a reference data set as per Sec. 4.4. The
example of one of the three reference measurements for scan 85 was chosen.

e Set the modeled sextupole offsets to zero sequentially. The optics become
unstable if the tunes are not adjusted reset to the measured value after
each setting change.

e Observe the change in the phase, orbit and coupling caused by removing
the offsets.

The horizontal (vertical) RMS phase deviation from the design value around the
ring was found to increase to 1.74 (1.45) degrees. The coupling RMS increased
to 0.044. These errors are easily compensated by the quadrupole and skew
quadrupole magnets within their operating ranges. The RMS changes in the
horizontal and vertical orbits was less than 0.1 mm. The horizontal (vertical)
chromaticity changed from 0.980 to 1.09 (1.00 to 0.95).

It has also been shown via modeling that the effect of the sextupole offsets
on dynamic aperture is minor [20].

5. Beam Size Calculations

5.1. Derivations

Here we generalize the derivation presented in Sec. 1 to the case of non-zero
initial sextupole setting, initially in a single transverse dimension. The variation
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from 158 sets of sextupole strength scan data for 71 sextupoles.
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of a sextupole strength by an amount AKsL in a storage ring introduces

1. a quadrupole kick AK;L

and
2. a horizontal angle change Apx

Apx = = (X§+0%)AK>L

=N =

+ (2 Xo Az + Az?) (KoL + AK,L), (20)

2
where L is the length of the sextupole, Ax is the change of the beam position
from its original position relative to the center of the sextupole X, and o, is
the beam size.

The two equations permit the elimination of the unknown value X, to de-

. . AK L Az .
termine the beam size from the measured values of AT and AR

o2 = 4tan(mQ) Az <AK1L)2
B AK,L AK,L
AZIZ AKQL
KoL——)?(1 21
+(2AK2L)(+K2L>’ (21)

where the values prior to the variation are the tune @, the sextupole strength K51,
and the twiss function S at the sextupole. We note that no terms have been
neglected in this derivation.

The judicious choice for the initial value of the sextupole strength KoL = 0,
together with the fact that a kick Apx causes a closed orbit change at the
location of the kick Az given by

_ B cot(mQ)

Az 5

Apx, (22)

results in the simple relationship

0% (23)

_, Dy AK L\?
T YAK,L  \AKL

Extending the analysis to the two transverse dimensions ([1], [2]), we de-
rive the quadrupole kick AK;L and the angle changes Apx and Apy from
a change in sextupole strength AKsL using the sextupole field components
%BX = Ky Lzy and %By = %KQL(JUZ — y?), we obtain three equations with
four unknowns:

Apy = AKsL (Xo + Aaj) (YO + Ay) (25)
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2 ApX = AKQL

Apy \° [AK,L\? g2 (DKL >, (26)
oy — -0
AKsL AK5L Y AK5L X
We note that these quantities are differences, not differentials. The equations
are exact; there is no expansion. Typical vertical beam sizes are approximately
0.05 mm, too small to measure using our method. We neglect their small con-

tribution the calculation of horizontal beam size, which is typically 1-2-mm.
Assuming initial KoL = 0 and including all terms:

02 — g2 = _9 Apx L Apy \° [(AKL _2_ AKL\® (27)
XUy AK,L AK,L AK,L AK5L

Including only terms linear in AKsL, we have:

0% — 0% =2 +YZ - X2, (28)

AKsL
where X, Yy is the initial position of the beam relative to the center of the
sextupole. The is the two-dimensional generalization of Eq. 5 in our ITPAC21

paper [1].

5.2. Modeling for Beam Size Measurement

For the beam size calculation, we need the angle change in the sextupole Apx
as well as the quadrupole term X calculated in Sec. 4.2. This is shown in Fig. 32.
The value for the linear coefficient -1.076 yrad/m~2 gives a reconstructed beam
size value of 1.070 mm via Eq. 5. The value of the horizontal RMS spread of
the tracked beam particles at the sextupole is consistent at 1.062 mm.

The quadrupole term was also calculated from the difference phase function,
as described in Sec. 4.6.3 for the analysis of the K5 scan data. The resulting
values of Aby/AK,;L and Apx /AK,L for the ten values of AKyL are shown in
Fig.33 Nonlinear effects are observed to be small relative to the accuracy of the
beam size calculation. The reconstructed beam size shows little dependence on
the magnitude of the change in Kj.

Following the above study using beam particle tracking, we realized that
a simpler test of the model can be made by superposing on the sextupole the
dipole term expected from the beam size, by = %AKQ L 0%, and reconstructing
the beam size by our method using the tune change and the angle change caused
by the change in the closed orbit. This method was tested using a toy FODO
lattice with a single sextupole. Figures 34 and 35 show the modeled results
for the Apx dependence on sextupole strength change for the cases with no
sextupole offset and with a sextupole offset of 1 mm.

The modeled results for the beam size calculation are shown in Figs. 36
and 37.
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Figure 32: The angle change Apx as a function of the sextupole 10AW strength change AKa,
calculated by tracking 2000 beam particles through the CESR design lattice. The value for
the linear coefficient -1.076 prad/m~2 gives a reconstructed beam size value of 1.070 mm via
Eq. 5. The value of the horizontal RMS spread of the tracked beam particles at the sextupole
is 1.062 mm. The uncertainties given the for the coefficients are due to machine accuracy in
the modeling. The weighting to obtain x2/NDF=1 also results in rounding errors at machine
accuracy.

5.8. Analysis Procedure for the Difference Angle Change Functions

5.83.1. Scatter Plots

Figure 38 shows the scatter plot in the horizontal orbit angle change in the
sextupole 10AW for the three measurements at each of the eleven Ky settings
in scan 85. The repeatability is observed to be less than a few tenths of a
degree for a full range of angle change of +6 degrees providing for a precise
measurement of the linear term in the polynomial fit described in Sec. 5.3.2.
The linear coefficient is the most consequential parameter in the calculation of
beam size.

The corresponding plots for the vertical angle change are shown in Fig. 39,
exhibiting a data quality similar to that observed for the horizontal angle change
measurement.

5.8.2. Polynomial Fits and Error Analysis
5.8.83. Horizontal Angle Change

Figure 40 show the results for horizontal angle change dependence on the
K5 change for the example of the K scan for sextupole 10AW. The data show a
clear need for a cubic term, as expected from Egs. 3 and 4. The lack of necessity
for a quartic term at our level of precision encourages the approximation that
nonlinear effects are small.

Given the values of X and Y obtained for this scan in Secs. 4.6.3 and 4.6.4
of —2.38340.010 and 0.406 +0.003, this value for Apx /AKsL of —4.670+0.100
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Figure 33: The values of Ab; /AK>L and Apx /AK>L for the ten values of AK>L are shown
in the top two plots. The third plot shows in red the dependence of the reconstructed beam
size on the Ko change. The blue points show the horizontal RMS spread of the tracked beam
particles at the sextupole. The value reconstructed for the beam size shows little dependence
on the magnitude of the change in Ks.
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Figure 34: Modeled results for the angle change Apx dependence on sextupole strength
change for the case with no sextupole offset. The linear coefficient value of -0.9902 prad/m—2
gives the expected value for the beam size of 1.4 mm via 02 = —2Apx/AKz2L. The cubic
coefficient arises from the term % (Aw)2 AKsL as seen in Eq. 20. The uncertainties given the
for the coefficients are due to machine accuracy in the modeling.
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Figure 35: Modeled results for the angle change Apx dependence on sextupole strength change
for the case with a sextupole offset of 1 mm. The linear coefficient value of -1.542 prad/m 2
gives the expected value for the beam size of 1.4 mm via 02 = —2Apyx /AK>L — Xg. For
this value of Xo = 1 mm, the quadratic term in Eq. 20, X9 Az AK>L, dominates over the
cubic term. The uncertainties given the for the coefficients are due to machine accuracy in
the modeling.
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Figure 36: Modeled results for the beam size calculation dependence on sextupole strength
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the horizontal angle slope are very weak.
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Figure 37: Modeled results for the beam size calculation dependence on sextupole strength
change for the case with a sextupole offset of 1 mm.
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horizontal angle change Apy induced by the change in sextupole strength AKs. This example
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Figure 39: Scatter plots for the three difference measurements at eleven Ko values for the
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is scan 85 for sextupole 10AW.
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Figure 40: Polynomial fit results for the horizontal angle change Apx induced by the change
in sextupole strength AK>.

results in a beam size determination of 1.956 & 0.053 mm, much larger than the
value expected from the optics, 1.09 mm. We will see below that this is a
problem common among the K5 scans. The precision in the determination of
this linear coefficient is good enough to measure a 1-mm beam size with 10%
accuracy, but the systematic error is much larger.

The distribution in precision values for the horizontal change Apx for all
scans is shown in Fig. 41. Typical values are 0.1-0.2 urad, which is sufficiently
accurate for a precision of about 30% for a 1-mm beam size. Figures 42 and
43. show the precision values for each sextupole and each scan.

5.8.4. Vertical Angle Change

Figure 44 shows that the precision in determining the vertical angle change
is similar to that for the horizontal angle change. The need for a cubic term (see
Eq. 3) is clearly determined at —0.311+0.067urad. The precision in determining
Apy is found to be 0.17 prad. This is a fairly typical value for all scans, as is
seen in Fig. 45. The average value is 0.167 pyrad and the RMS value of the
distribution is 0.154 prad.

The values in the precision of the Apy determination for each sextupole and
each scan are shown in Figs. 46 and 47.

5.8.5. Error Analysis for Beam Size Calculation
We recall Eq. 5, neglecting the small contribution from the vertical beam
size,

+ Y2 - X2 (29)
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Figure 41: Distribution in precision values for the horizontal orbit angle change Apx for all
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So the uncertainty in the squared beam size calculation, 503( , is then given by

2
0oz =4 [(5 Arx ) + (Yo 0y,)* 4 (X0 6x,)% ] (30)

AKoL

where 0 apx , 0y,, and dx, are the uncertainties in the the measured quantities.
AKoL

The uncertainty in the beam size is given by

602

20’){

Ooy = (31)

See Figs. 48 and 49 for the three contributions to the precision of the beam
size calculation.

Since the uncertainty in the linear term in horizontal angle change depen-
dence on the sextupole strength change is typically less than 0.3 yrad/m=2, the
resulting contribution to the error in a 1 mm beam size measurement is 30%.
To this precision the analysis described above can be considered acceptable for
measuring the beam size at each sextupole magnet in CESR. The contributions
by the uncertainties in Xy and Y{ of typically less than 0.05 mm are small in
comparison.

Figure 50 shows the distribution of beam size precision values. Typical values
are 0.05 to 0.15 mm.

5.8.6. Results of the Beam Size Calculation

Recalling the equation for the beam size (Eq. 29), we plot the determinations
of the three contributions Xy, Yy and Apx/AKsL in Figs. 51 and 52 for each
sextupole. Multiple scans were made for a number of sextupoles. The calculated
values may be different for each scan, since the beam position relative to the
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Figure 51: Results of the fits to difference functions for the linear terms in the dependence
of quadrupole kick b1 and skew quadrupole kick a; on sextupole strength. These terms are
equal to the horizontal (vertical) distance of the beam from the center of the sextupole Xg
(Yo). These values, together with the linear term in the horizontal angle change dependence
on sextupole strength, suffice to calculate the horizontal beam size for each scan.
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Figure 52: Results of the fits to difference functions for the linear term in the horizontal angle
change dependence on sextupole strength for all scans. These can differ for each scan, since
the beam position relative to the center of the sextupole differs. However, in general, these
terms are found to be too negative to be consistent with the beam size.
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sextupole center may differ from scan to scan. For the same beam size and Y
value, a larger value of X requires a larger horizontal angle change with AKj.
Figure 53 shows the values for the squared beam size and the beam size
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Figure 53: Results for the beam size calculation for each sextupole. Note the multiple entries
and repeatability. The beam size is shown as zero for the cases where the squared beam size
is negative.

for all scans for each sextupole magnet. Note that the finite measurement
precision can result in negative values for the squared beam size. There are
then shown as zeroes in the plot of beam size. In general, we see that the values
for Apx /AK>L tend to be too negative to be consistent with the value for the
beam size expected from the optics, as shown in Fig. 54.

Discussion of Systematic Error in Beam Size Calculation. Figure 55 shows the
example of the contributions to the beam size calculation for the sextupole
10AW scan 85. This is the example K5 scan used in the sections above. The
optical functions in the CESR model predict a horizontal beam size of 1.09 mm
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Figure 54: Comparison of the beam size calculations to the beam size values expected from
the optical functions and dispersion.

96



T 2f E
g F E
%\l -2.4 g— i ? % { _g
E -2.5 g— —g
3 E
2.7 ST BTSRRI RS BRI S A S SRR SRS A
—_ -1.5 -1 -0.5 [ 0.5 1 L5

“ r~*rrrrrrrrrrryrrrTr T T T T T T T T T T
s 351 ¢ —
= C T
= L 1
3 4L ¢ .
Y n ¢ ]
qw C E { * } { ]
4.5 — —
3 ? 5
C L 1 I 1 1 L 1 I L 1 L 1 | L 1 1 1 | L L 1 L | L 1 1 L | 1 L 1 L | 1 I_

3 - I I e o N I I L
1
T S (R A SR
HE R ;
ot 1SE ¢ J : E
1.25 f— i _f
_l 1 I 1 1 L 1 I L 1 L 1 | L 1 1 1 | L 1 1 L | L 1 1 L | 1 L 1 L | 1 |_

-1.5 -1 -0.5 0 0.5 i 1.5
AK, L (m?)

Figure 55: The dependence of the contributions to the beam size calculation on the sextupole
strength change AKs. No dependence for Abi /AK>L is observed within uncertainties. There
is a clear dependence on AK» observed for Apx /AK>L. It results in the calculated value for
the beam size approaching the value expected from the optics for larger changes in Ks.
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at this sextupole. The contribution from Y;; ~ —0.4 mm is omitted because its
contribution is small compared to that of Xy. A dependence on AK5 is observed,
and results in a dependence of the calculated beam size on the magnitude of the
sextupole strength change AK5. No such dependence is observed for Ab; /AK,;L
(Xo). The beam size calculated from the Ko scan is observed become more
precise and to approach the value expected from the optics for larger strength
changes. The beam size dependence on Ks arises from a contribution to the
horizontal angle change which appears to be non-sextupole in nature.

Figure 56 shows that the vertical angle change has a similar, but opposite,
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Figure 56: The values for the vertical angle change slope show a dependence on A Ky opposite
to that for the horizontal angle change slope. It is plausible that the vertical angle change
could be used to correct the horizontal angle to correct for the apparently non-sextupole
contribution.

dependence on the change in sextupole strength. It has been shown for this case
that an ad hoc assumption that the non-sextupole contribution to Apx is half
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its contribution to Apy reduces the difference between the calculated beam size
and the value expected from the optics from 20 o to 1.7 ¢ [21], however without
knowing the source of this non-sextupole contribution, such an assumption is
not justifiable.

It is plausible that the non-sextupole contribution to Apy

Apr;/onscxt _ Apgcas — AK5L X0 Yy (32)

could be used to calculate the non-sextupole contribution to Apx
1
ApHETSext = Appeas — QAKQL (X3 - YP). (33)

The curl relation
8x 8BX = 8y 3By (34)

may provide an answer to this puzzle since the horizontal and vertical angle
changes along the trajectory are integrals of the corresponding field components.
If there is negligible contribution from fringe fields, we have in addition from
the divergence equation

6y 8BX = —0x aBy. (35)

A promising next step will be to use the measured anomalous horizontal
and vertical deflections’ dependence on the beam position in the sextupole to
identify the multipole content of this non-sextupole contribution to the magnetic
field.

6. Conclusions

6.1. Sextupole Calibration Correction Factors

The sextupole calibration procedure was updated in 2022 to use a custom
closed-bump for each sextupole, and the fit to the tune change versus beam
position was updated. During 2022 and 2023, 155 calibration data sets were
recorded for the 76 sextupoles. A 3.1% average correction was found and the
RMS deviation of the correction factors is 12.5%. The average uncertainty in the
correction factors is found to be 1.7 %. The RMS deviation in the uncertainties
is 1.0 %.

6.2. Sextupole Alignment Values

Horizontal and vertical misalignment values for 71 of the 76 sextupoles were
measured using quadrupole and skew quadrupole terms derived from difference
phase and coupling measurements, together with fits to the orbit data. The
horizontal (vertical) misalignments average -0.048 mm (-0.039 mm) and have
an RMS spread of 1.0 mm (0.94 mm). The uncertainties in the misalignment
determinations average 0.023 mm (0.021 mm) with an RMS spread of 0.027 mm
(0.035 mm).
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6.3. Beam Size Calculations

A measurement procedure and data analysis method has been developed
which has sufficient statistical precision to determine the horizontal beam size
at each CESR sextupole magnet with a precision of better than 30%. However,
an unknown systematic contribution to the uncertainty which is of magnitude
comparable to the beam size itself spoils the results. The identification of this
systematic contribution is the logical next step in the analysis. Success appears
likely given the comprehensive nature of the data set.

7. Acknowledgments

The authors would like to acknowledge important critical input from the
Cornell Electron-Ton-Collider /Energy Recovery research group throughout the
course of this research project. Essential expert support for both the data-
taking and the analysis was provided by the members of the CESR Operations
Group: V. Khachatryan, S. Wang, J.Shanks, M. Forster, and L. Yang. The
expertise of the CESR technical staff and operators were also essential to this
work. Helpful contributions were provided by participants in the CLASSE Re-
search for Undergraduates program funded by the National Science Foundation:
A. Fagan, I. Mishra and W. Carbonell. Additional analysis support came from
H. Duan, J.Wang and A. Shaked. We also acknowledge critical readings of the
draft manuscript by Sophia Wang. This work is supported by National Science
Foundation award number DMR-1829070.

60



References

1]

[10]
[11]
[12]

[13]

[14]

[15]

J. Crittenden, K. Deitrick, H. Duan, G. Hoffstaetter, V. Khachatryan, and
D. Sagan, in Proc. IPAC’21, International Particle Accelerator Conference
No. 12 (JACoW Publishing, Geneva, Switzerland, 2021) pp. 802-804.

J. Crittenden, H. Duan, A. Fagan, G. Hoffstaetter, V. Khachatryan, and
D. Sagan, in Proc. IPAC’22, International Particle Accelerator Conference
No. 13 (JACoW Publishing, Geneva, Switzerland, 2022) pp. 550-552.

J. Crittenden, H. Duan, A. Fagan, G. Hoffstaetter, V. Khachatryan,
I. Mishra, D. Sagan, A. Shaked, and J. Wang, in Proc. IPAC’23, In-
ternational Particle Accelerator Conference No. 14 (JACoW Publishing,
Geneva, Switzerland, 2023) pp. 3130-3132.

J. Crittenden, “CHESS-U sextupole studies,” CLASSE web site (2024).

P. R. Bevington and D. K. Robinson, Data Reduction and Error Analysis
for the Physical Sciences, 3rd ed. (McGraw-Hill, New York, 2003) p. 107.

W. H. Press, B. F. Flannery, S. A. Teukolsky, and W. T. Vetterling, Numer-
ical Recipes (Press Syndicate of the University of Cambridge, Cambridge,
1987) p. 503.

K. Berkelman, A Personal History of CESR and CLEO, The Cornell Elec-
tron Storage Ring and Its Main Particle Detector Facility (World Scientific,
New York, 2004).

M. Billing, S. Greenwald, X. Liu, Y. Li, D. Sabol, E. Smith, C. Strohman,
M. Palmer, D. Munson, and Y. Suetsugu, J. Instrum. 11, T10009 (2016),
10.1088/1748—0221/11/10/T10009.

J. Shanks, J. Barley, S. Barrett, M. Billing, G. Codner, Y. Li, X. Liu,
A. Lyndaker, D. Rice, N. Rider, D. L. Rubin, A. Temnykh, and S. T.
Wang, Phys. Rev. Accel. Beams 22, 021602 (2019).

A. Mikhailichenko, “CESR sextupole upgrade,” (1996), CON 96-5.
A. Mikhailichenko, “Sextupole for CESR,” (1998), CBN 98-2.

J. Crittenden, “CESR tune measurement precision,” CLASSE presentation
(9 September 2021).

J. Crittenden, “Resolution of the quadratic dependence of tune on sextupole
strength,” CLASSE presentation (14 October 2021).

J. Crittenden, “Modeling tune shifts from sextupole offsets in CesrV,”
CLASSE presentation (9 February 2022).

D. Sagan, Nucl. Instrum. Methods Phys. Res. A558, 356 (2006).

61


http://dx.doi.org/ 10.18429/JACoW-IPAC2021-MOPAB254
http://dx.doi.org/ 10.18429/JACoW-IPAC2022-MOPOTK040
http://dx.doi.org/ 10.18429/JACoW-IPAC2023-WEPL013
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/
http://dx.doi.org/https://doi.org/10.1142/5426
http://dx.doi.org/https://doi.org/10.1142/5426
http://dx.doi.org/ 10.1088/1748-0221/11/10/T10009
http://dx.doi.org/ 10.1088/1748-0221/11/10/T10009
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.22.021602
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_9sep21.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_14oct21.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_14oct21.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_9feb22.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_9feb22.pdf
http://dx.doi.org/10.1016/j.nima.2005.11.001

[16]

[17]

[18]

[19]

[20]

[21]

R. E. Meller and M. A. Palmer, in Proceedings of the 2011 Particle Accel-
erator Conference, New York, NY (IEEE, 2011) pp. 504-506.

D. Sagan and D. Rubin, Phys. Rev. ST Accel. Beams 2, 074001 (1999),
10.1103/PhysRevSTAB.2.074001.

J. Crittenden, “First results from the tao model for measuring beam size
with sextupole magnets,” CLASSE presentation (11 April 2023).

D. Sagan, Phys. Rev. ST Accel. Beams 3, 102801 (2000), 10.1103/Phys-
RevSTAB.3.102801.

J. Crittenden, “Effects of horizontal and vertical sextupole misalignments,”
CLASSE presentation (15 February 2023).

J. Crittenden, “Proposed resolution of the beam size measurement puzzle,”
CLASSE presentation (25 February 2023).

62


http://accelconf.web.cern.ch/PAC2011/papers/mop215.pdf
http://accelconf.web.cern.ch/PAC2011/papers/mop215.pdf
http://dx.doi.org/10.1103/PhysRevSTAB.2.074001
http://dx.doi.org/10.1103/PhysRevSTAB.2.074001
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_11apr23.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_11apr23.pdf
http://dx.doi.org/10.1103/PhysRevSTAB.3.102801
http://dx.doi.org/10.1103/PhysRevSTAB.3.102801
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_15feb23.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_15feb23.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_25jul23.pdf
https://www.classe.cornell.edu/~critten/chessu/ms_sextupoles/crittenden_25jul23.pdf

	Introduction
	The Cornell Electron-positron Storage Ring
	Measurement of Sextupole Calibration Factors
	Values in Use Prior to 2023
	Calibration Measurements 2002 - 2015
	Calibration Measurements 2022-2023 with Updated Analysis

	Measurement of Sextupole Alignment Values
	Introduction
	Modeling Studies for Sextupole Alignment Analysis
	Measurement Procedure
	Optimizations for Reference Functions
	Orbit Residuals Analysis
	Phase Function Residuals Analysis

	Optimizations for Difference Functions
	Analysis Procedure for Difference Functions
	Scatter Plots
	Polynomial Fits and Error Analysis
	Quadrupole Term
	Skew Quadrupole Term from Difference Coupling Functions
	Determination of the Beam Position in the Sextupole

	Results for the Determination of Misalignments
	Effects of Sextupole Misalignments

	Beam Size Calculations
	Derivations
	Modeling for Beam Size Measurement
	Analysis Procedure for the Difference Angle Change Functions
	Scatter Plots
	Polynomial Fits and Error Analysis
	Horizontal Angle Change
	Vertical Angle Change
	Error Analysis for Beam Size Calculation
	Results of the Beam Size Calculation


	Conclusions
	Sextupole Calibration Correction Factors
	Sextupole Alignment Values
	Beam Size Calculations

	Acknowledgments

