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Abstract
The Cornell Electron Storage Ring (CESR) was upgraded

in the second half of 2018 as a dedicated synchrotron light
source, CHESS-U. The upgrade is by far the largest modifica-
tion to CESR in its 40-year history, replacing one-sixth of the
storage ring with six new double-bend achromats, increasing
beam energy from 5.3 GeV to 6.0 GeV, and switching from
two counter-rotating beams to a single on-axis positron beam.
The new achromats include combined-function dipoles, a
first in CESR, and reduce the horizontal emittance at 6.0 GeV
by a factor of four. Eight compact narrow-gap undulators
(4.6mm vacuum chamber aperture) and one high-energy 24-
pole wiggler feed a total of six new and five existing x-ray
end stations from a single positron beam. Commissioning
of CHESS-U took place in the first half of 2019. We re-
port on the results of beam commissioning, including optics
correction and characterization.

CHESS-U OVERVIEW
The accelerator design for the CHESS-U upgrade is doc-

umented elsewhere [1]. Parameters before and after the
CHESS-U upgrade are summarized in Table 1.

Table 1: Design Lattice Parameters for CESR Before and
After CHESS-U Upgrade

Parameter CHESS CHESS-U
Circumference [m] 768.438 768.438

Energy [GeV] 5.289 6.0
Species e+ and e− e+

Current [mA] 120/120 200
ϵx [nm·rad] 98 29.6

Emittance coupling 1% 1%
βx,y at IDs [m] 7.9, 3.1 11.2, 2.6
ηx at IDs [m] 0.42 0

IDs 3 9
End Stations 11 11

Qx,y 11.28, 8.78 16.55, 12.63
Q ′

x,y −16.0, −14.2 −25.6, −26.8
αp 9.2 × 10−3 5.7 × 10−3

σz [mm] 16 17
Ibunch [mA] 7 2.2
τTouschek [hrs] >24 40

VRF [MV] 5.2 6.0

Four of the seven straights (Sectors 2, 3, 4, and 7) house a
pair of CHESS Compact Undulators [2, 3], split by a 2 mrad
canting angle (1 mrad in Sector 7). Sector 1 uses an existing
24-pole wiggler [4]. The geometry of the remaining two
∗ js583@cornell.edu

Table 2: Commissioning Timeline

Date Milestone
1/30/19 CESR gun, linac, and synchrotron on
2/22/19 First attempt at e− injection
3/6/19 First turn achieved – e− at 5.289 GeV

3/11/19 Recover e− accumulation at 5.289 GeV
Time in CBPM system and correct optics.

4/8/19 Recover e+ accumulation.
Store 50 mA e+ at 5.289 GeV.

4/24/19 First turn achieved – e+ at 6.0 GeV
4/26/19 Recover e+ accumulation at 6.0 GeV
4/27/19 Establish 100 mA e+ conditions at 6.0 GeV
5/9/19 Sector 1 wiggler gap closed

First canted IDs installed in Sector 7
5/16/19 First light in Sector 7
5/17/19 First light in Sector 1
6/27/19 All five front-ends illuminated

sectors is not conducive to end stations at this time. Removal
of the old sextant of CESR and installation of the six new
achromats was completed from June 2018 to January 2019.

The digital CESR Beam Position Monitor (CBPM) sys-
tem requires timing in to the peak of a bunch passage to
around 10 ps. Details on the CBPM system are available
in [5]. Timings for the new sextant of the ring were initially
unknown, therefore the first turns in the storage ring were
observed using an older analog BPM system with diode
stretcher and higher sensitivity. Roughly every tenth set of
buttons in CESR is permanently connected to the relay sys-
tem, though it is possible to “steal” buttons from the CBPM
system for use in the relay system. For threading the first
turn, relay BPMs in the new sextant were set up in a “cow”
configuration, where all four button signals are summed to
provide a dead-or-alive intensity signal. Once beam was
stored, the digital bunch-by-bunch system was restored.

COMMISSIONING
The CHESS-U commissioning timeline is summarized

in Table 2. Positron operation is in the clockwise direction,
compatible with CHESS operation. Electron operation is
in the counter-clockwise direction, which although incom-
patible with the polarity of x-ray beam lines, allows for
approximately 10 times higher charge per injection pulse,
improving BPM signal amplitude prior to accumulation.
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Due to its size, the Sector 1 wiggler was installed prior to
initial commissioning, with its gap maximally opened until
the Sector 1 front end was ready to receive x-rays. Canted
pairs of 1.5-m-long CCUs were installed every two weeks,
taking 3-4 days per pair for the initial installation. The impact
on optics and operations from each pair of IDs was minimal,
with first light on each front end coming within 48 hours of
turning on after installation.

CHARACTERIZATION
Optics

The betatron phase advance is measured using resonant
excitation at the betatron tunes and recording trajectory data
with the turn-by-turn-capable BPM electronics [6, 7]. Cor-
rections to the linear optics are determined from betatron
phase and horizontal dispersion measurements. Phase and
dispersion after correction are shown in Fig. 1. Transverse
coupling, as characterized by the C̄ formalism [8], is also
measured with phase data and corrected to around 2%, suffi-
cient for initial commissioning.
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Figure 1: Errors in betatron phase advance, dispersion, and
C̄12, measured after correction. The new section of the accel-
erator straddles index 0, spanning indices 0-24 and 119-140.

Tune Plane
Resonances in the tune plane were mapped based beam

lifetime. The measured tune plane after installing all 8 CCUs
and one 24-pole wiggler is shown in Fig. 2, and is in good
agreement with simulation results.

Figure 2: Tune scan around design working point. Data
points represent tunes where lifetime was observed to be
poor when the pulsed injection bumpers were firing.

Beam Lifetime
Beam lifetime was measured as a function of total beam

current, before and after activation of NEG strips through
the new section of the storage ring. See Fig. 3. Two bunch
patterns were examined: nine trains of five 14-ns-spaced
bunches each, and nine trains of one bunch each.

Figure 3: Lifetime as a function of total beam current, before
and after activation of NEG strips in the new achromat cells.
Bunch patterns are indicated as (number of trains)x(number
of bunches per train).

Transverse Impedance
The real and imaginary components of the transverse

impedance were characterized through tuneshift and damp-
ing as a function of bunch current. Results are summarized
in Table 3. For all transverse impedance measurements, chro-
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maticity was set to ξx,y = (+1,+1) and all feedback systems
were disabled.

Table 3: Transverse and Longitudinal Impedance Measure-
ments, Before and After the CHESS-U Upgrade

2018 2019 Units
dfh/dI, measured −30 −7 Hz/mA
dfv/dI, measured −273 −358 Hz/mA
dfv/dI, analytic −292 −321 Hz/mA
dαh/dI, measured −600 −1721 sec−1/mA
dαv/dI, measured −3040 −853 sec−1/mA

kHOM , measured −4.83 −4.76 V/pC
kHOM , analytic −2.60 −2.01 V/pC

The resistive wall impedance impedance is dominated
by the four 3.5-m-long narrow-gap (4.6 mm full-aperture)
undulator chambers. Measured transverse impedances are
in agreement with analytic calculations.

HOM Loss Factor
The method used for determining the higher-order mode

(HOM) loss factor, kHOM , was originally developed at
PETRA [9]. To summarize: Three consecutive RF buckets
(separated by 2 ns) are filled. The first bunch is a “precursor,”
providing a reference time. The second is the “main” bunch,
whose current is varied. The third bunch acts as a “witness”
to the wake left by the main bunch. The arrival time of all
three bunches is observed on a sampling scope as a function
of current in the main bunch. An example measurement at
one main bunch current is shown in Fig. 4. The variation in
arrival time as a function of main bunch current is shown in
Fig. 5.

Figure 4: Example data from bunch sampling scope, with
three consecutive bunches (precursor, main, and witness),
separated by one RF bucket = 2 ns.

The changes in arrival times between the precursor, main,
and witness bunches determine the HOM loss factor and
are a measurement of the longitudinal wake as seen by the
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Figure 5: HOM characterization in 2018 (prior to CHESS-
U upgrade) and 2019 (during commissioning). Shown is
the change in relative arrival time for the main bunch with
respect to the precursor bunch, which determines kHOM .

witness bunch 2 ns after the main bunch. Details of the
calculation are available in [10].

Results are summarized in Table 3, along with analytic es-
timates for kHOM . The discrepancy between measured and
calculated loss factors is not understood at this time, however
the discrepancy predates the CHESS-U modifications and
has caused no observable impact on operations. Insufficient
data was collected during the 2019 commissioning period to
compute W | | after the CHESS-U upgrade; this measurement
will be revisited during the Fall 2019 startup.

PRESENT STATUS
CESR beam commissioning began in February 2019. As

of the writing of this paper, CESR has stored >100 mA e+
at 6.0 GeV, all eight canted undulators and one permanent-
magnet wiggler are installed, and beam has been observed
in the front-end of all end stations. Preliminary characteriza-
tion during commissioning already shows a 9-fold increase
in flux-per-mA over the best pre-CHESS-U conditions at
10 keV.
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