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Abstract
In order to maximise the injection efficiency from the

booster synchrotron into the proposed Advanced Photon
Source Upgrade storage ring, beam-based optimisation of
the booster electron optical lattice is anticipated. In the
present work, we present non-destructive beam size and
emittance measurements using the booster synchrotron light
monitor and destructive quadrupole scan emittance measure-
ments in the booster to storage ring transport line. Destruc-
tive measurements are performed with a 0.1 mm thickness
Cerium-doped Yttrium Aluminium Garnet screen. In or-
der to characterise performance, both the beam energy at
extraction (5, 6 and 7 GeV) and the bunch charge are varied.

INTRODUCTION
The Advanced Photon Source Upgrade (APS-U) is a

project to convert the existing facility to a high brilliance
diffraction limited electron storage ring light source [1]. A
distinguishing feature of multibend achromat lattices for
diffraction limited storage rings is that the dynamic aperture
is small enough that on-axis injection (rather than off-axis
accumulation) becomes desirable [2, 3]. As a result, a high
charge single bunch injector is an important feature of the
design of the APS-U [4–7] and also the High Energy Photon
Source [8, 9].

In order to efficiently inject into the APS-U storage ring,
it is desired to monitor and optimise in particular the hori-
zontal emittance of the high charge electron bunch extracted
from the booster synchrotron. We consider several estab-
lished diagnostics to measure the horizontal and vertical
emittances in the booster [10]. For a non-destructive mea-
surement of the stored beam in the booster, an optical syn-
chrotron light monitor (SLM) was used [11,12]. Destructive
quadrupole scan emittance measurements of the electron
beam emittance can be performed in the booster to storage
ring transport line. The diagnostics used in this study are
illustrated schematically in Fig. 1.

QUADRUPOLE EMITTANCE SCANS
Consider the beamline in Fig. 2. The beam encounters

a quadrupole of length lq and strength k that focusses the
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beam in one dimension. The beam then traverses a drift of
length d and is imaged on a screen.

The emittance is given by [13]:

ε =
√
Σ0,11Σ0,22 − Σ

2
0,12, (1)

The beam size at the screen (Σ1,i j) can be expressed in terms
of the beam size at the entrance of the quadrupole (Σ0,kl)
by [13]:

Σ1,11 (k) =
(
d2l2

qΣ0,11

)
k2 +

(
−2dlqΣ0,11−2d2lqΣ0,12

)
k

+
(
Σ0,11 + 2dΣ0,12 + d2

Σ0,22

)
. (2)

Uncertainties in the fitted parameters were determined by
propagation of uncertainty. We follow an approach similar
to Refs. [14, 15]. For a general parameter g, the uncertainty
σg can be expressed by [15]:

σ2
g =

n∑
i=1

(
∂g

∂xi

)2
σ2
xi
+

j∑
i=1

j∑
j=1, j,i

(
∂g

∂xi

) (
∂g

∂xj

)
C(i, j) (3)

where σ2
xi

are the variances of the fitted parameters xi , and C
is the covariance between them, which are determined when
fitting Eq. (2) to measured beam moments. Because the
terms Σ0,i j are not independent of one another, we partially
differentiate the emittance with respect to each term.

∂ε

∂Σ0,11
=

−Σ0,11d−2 + Σ0,22 + 2Σ0,12d−1

2
√
Σ0,11Σ0,22 − Σ

2
0,12

, (4)

∂ε

∂Σ0,12
=

−2Σ0,11d−1 − dΣ0,22 − 2Σ0,12

2
√
Σ0,11Σ0,22 − Σ

2
0,12

, (5)

∂ε

∂Σ0,22
=
Σ0,11 − d2Σ0,22 + dΣ0,12

2
√
Σ0,11Σ0,22 − Σ

2
0,12

. (6)

The lattice parameters at the quadrupole are given by:

β (s) = Σ0,11
(
Σ0,11Σ0,22 − Σ0,12

)−1/2
, (7)

α (s) = −Σ0,12
(
Σ0,11Σ0,22 − Σ0,12

)−1/2
, (8)

γ (s) = Σ0,22
(
Σ0,11Σ0,22 − Σ0,12

)−1/2
. (9)
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Transverse profile and emittance monitors
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Figure 1: Booster emittance diagnostics layout. The source point for the synchrotron light monitor (SLM) is within a
bending magnet in the booster ring. For quadrupole scan emittance measurements in the Booster-to-Storage Ring (BTS)
transport line, the nearest upstream horizontally focussing quadrupole is BQ1, and the nearest useable vertically focussing
quadrupole is AQ5.

l
q
 

d

Figure 2: Conceptual overview of beamline. The beam
encounters a quadrupole of length lq and strength k that fo-
cusses the beam in one dimension. The beam then traverses
a drift of length d and is imaged on a screen.

Quadrupole Scan Hardware
In January of 2019 the old Chromox scintillator screen at

this location was replaced with a 0.1 mm thick Cerium-doped
Yttrium Aluminium Garnet (Ce:YAG) scintillator [16].

For the quadrupole scans, an analogue camera and frame
grabber is used to acquire and digitise images of the beam.
An image of the beam at the horizontal waist is given in
Fig. 3 and the vertical waist in Fig. 4. For the optical system
and digitising frame grabber used at the BTS flag station,
the effective pixel size is 115.9 µm pix−1 in the horizontal
and 90.9 µm pix−1 in the vertical direction.
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Figure 3: Measured electron beam distribution imaged on a
YAG screen, at the horizontal waist of a horizontal emittance
quadrupole scan.
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Figure 4: Measured electron beam distribution imaged on
a YAG screen, at the vertical waist of a vertical emittance
quadrupole scan.

The quadrupole power supplies in the BTS transport line
are unipolar. For the horizontal emittance measurement,
the excitation current of the nearest upstream horizontally
focussing quadrupole (BTS:BQ1) was scanned. The dis-
tance separating BQ1 and the Ce:YAG screen is 3.77 m. A
quadrupole scan of the horizontal emittance is illustrated in
Fig. 5.

For the vertical emittance measurement, the excitation cur-
rent of the nearest upstream vertically focussing quadrupole
(BTS:AQ5) was scanned. The distance separating AQ5 and
the Ce:YAG screen is 11.97 m. Although the lattice be-
tween BTS:AQ5 and the YAG screen is not a drift (there is a
horizontally-deflecting bending magnet between them), we
make the simplifying assumption that the vertical dispersion
is small along the BTS line and treat the separation of the
quadrupole and YAG screen as a drift in the vertical axis.
A quadrupole scan of the vertical emittance is illustrated in
Fig. 6.

SYNCHROTRON LIGHT MONITOR
The electron beam is imaged using synchrotron light

emitted at one of the booster synchrotron bending mag-
nets [11, 12]. The electron beam optical functions of the
booster synchrotron FODO lattice at the location of the
source point of the synchrotron light monitor are summarised
in Table 1.
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Figure 5: Measured electron beam horizontal moment with
variation of vertically focussing quadrupole BQ1 excitation
current.
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Figure 6: Measured electron beam vertical moment with
variation of vertically focussing quadrupole AQ5 excitation
current.

Table 1: Nominal Booster Electron Optical Lattice Parame-
ters at Synchrotron Light Monitor Source Point

Lattice parameter Value Units

βx(s) 4.18 m
ηx(s) 0.48 m
βy(s) 11.83 m
ηy(s) 0.00 m

Synchrotron Light Monitor Hardware
The synchrotron light monitor is an optical beamline [11,

12, 17, 18]. The electron beam distribution is imaged using

a single lens. Optical components of the synchrotron light
monitor beamline are summarised in Table 2.

The optical magnification of the synchrotron light monitor
beamline is 0.577. The camera used is a Point Grey Research
Grasshopper3 (greyscale sensor). With a sensor pixel size
of 5.86 µm, this gives an effective pixel size at the electron
beam source point of 10.15 µm pix−1.

Table 2: Optical Components of Synchrotron Light Monitor,
and Distance s from Electron Beam Source [18]

Component s (m)

Electron beam source 0.000
f = +2.0 m lens (Melles Griot LAO379) 5.466
Neutral density filters (0.0-6.0 OD) 8.420
450 nm filter, 10 nm bandpass 8.520
CMOS Camera (Point Grey Grasshopper3) 8.620

Results
An example image of the electron beam distribution im-

aged using the synchrotron light monitor is given in Fig. 7.
Varying the camera trigger, the electron beam distribution
was acquired at different times during the acceleration ramp,
for different bunch charges. This is plotted in Fig. 8.
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Figure 7: Electron beam image measured in the booster syn-
chrotron ring using the synchrotron light monitor at 7 GeV
and 11 nC.

SUMMARY
A summary of horizontal electron beam emittances at 5,

6 and 7 GeV is presented in Fig. 9. Effectively, the measured
horizontal emittance is increasing with the excitation from
synchrotron radiation as the energy increases. Similarly, a
summary of vertical electron beam emittances at 5, 6 and
7 GeV is presented in Fig. 10. Effectively, the measured
vertical emittance was not observed to change with energy.

We have measured the transverse emittance of high charge
beams in the booster synchrotron using optical synchrotron
radiation. We have not yet measured the emittance of beams
extracted at such high charge in the BTS transport line. In
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Figure 8: Measured booster synchrotron light monitor scan
of electron beam horizontal (a) and vertical (b) size dur-
ing the acceleration ramp. Multiple injected charges were
measured between 2 and 11 nC. Essentially, once there is suf-
ficient synchrotron radiation damping, the beam size damps
to equilibrium independent of the injected charge within this
range.
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Figure 9: Summary of horizontal emittance measurements
at different energies and charges. Effectively, the measured
emittance is increasing with the excitation from synchrotron
radiation as the energy increases.
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Figure 10: Summary of vertical emittance measurements
at different energies and charges. Effectively, the measured
emittance is not changing with energy.

order to measure the emittance in the BTS transport line
using quadrupole scans at higher charge, new radiological
surveys will be performed.

CONCLUSION
Operation of the booster synchrotron at bunch charges

exceeding 10 nC will be important for several proposed elec-
tron beam filling patterns of the APS-U. For efficient beam
transport and acceptance into the APS-U storage ring, low
transverse emittance is desired. In the present work, we
have measured electron beam size and emittance in the
booster synchrotron using a synchrotron light monitor and
quadrupole scans. We have not observed a significant in-
crease in transverse emittance with injected bunch charge.
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