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Abstract 
The Advanced Photon Source (APS) is a third-

generation hard x-ray source serving a large scientific user 
community. In order to characterize the high-brilliance 
beams, the APS diagnostics beamlines have been 
developed into a full photon diagnostics suite. We will 
describe the design and capabilities of the APS visible-
light imaging line, the bend magnet x-ray pinhole camera, 
and a unique diagnostics undulator beamline. Their 
primary functions are to support APS user operations by 
providing information on beam sizes (20 - 100 
micrometers), divergence (3 – 25 microradians), and 
bunch length (20 – 50 ps). Through the use of examples, 
we will show how these complementary imaging tools are 
used to visualize the electron dynamics and investigate 
beam instabilities. Special emphasis will be put on the use 
of undulator radiation, which is uniquely suitable for 
time-resolved imaging of electron beam with high spatial 
resolution and for measurements of longitudinal beam 
properties, such as beam energy spread and momentum 
compaction.  

INTRODUCTION 
The Advanced Photon Source is a third-generation hard 

x-ray source serving a large scientific user community. In 
order to characterize the high-brilliance beams, a bend 
magnet radiation beamline (35BM) and an insertion 
device beamline (35ID) were allocated during the 
construction of the APS for electron beam diagnostics [1-
5]. In the past ten years, these APS diagnostics beamlines 
have been developed into a full photon diagnostics suite.  

Figure 1 shows a floor plan of the current devices in the 
diagnostics beamlines. An x-ray pinhole camera line is 
installed in the front end to provide beam size 
measurements (resolution ~ 22 µm) at video rate (30 Hz). 

A specially designed undulator, with many short 
magnetic periods and low field error, is used as the x-ray 
source in the insertion device beamline.  

Optical synchrotron radiation (OSR) was used for 
emittance measurements during commissioning of the 

storage ring. But its resolution fell short as the electron 
beam size continued to decrease. Currently, the OSR line 
is used solely for time-resolved beam imaging.  

X-RAY PINHOLE CAMERA 
The APS storage ring x-ray pinhole camera consists of 

an adjustable x-ray pinhole (a set of tungsten blades), a 
aluminum vacuum window (10 mm thick), a YAG 
scintillator screen and a CCD camera with imaging optics. 
A VME-based digitizer processes the video in real time 
and calculated the beam size at 30 Hz. The beam size has 
been archived since 1997 (Figure 2). In 1995, when the 
storage ring was being commissioned and was running 
under 20 mA, an OSR camera was used to monitor the 
beam size at an rms resolution of ~60 µm. As the stored 
beam current gradually increased to 100 mA, the pick-up 
mirror distorted and the imaging resolution worsened. An 
x-ray pinhole camera was implemented in 1996 and was 
continuously improved up to 1999, with a final resolution 
of 22 µm.  

 
Figure 2: The rms electron beam sizes observed at the 
APS 35-BM bend magnet source, and the imaging 
resolution from 1997 to 2004.  

The horizontal beam size remained ~140 µm till 2001, 
when a low-emittance lattice was tested [6]. Eventually, 
the lattice completely replaced the original design lattice 
by 2003, and the horizontal beam size continues to 
decline over the past few years. The vertical beam size, 
started from the design value of 110 µm, continued to 

Figure 1: Floor plan of the APS Diagnostics Beamlines.
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reduce. In 2004, the vertical beam sizes consistently 
remain under 35 µm.  

Recording the measured beam sizes continuously (data 
logging) is not only used to monitor proper operation of 
the storage ring but also to find tell-tale signs that subtle 
instability is present [7]. 

OSR MEASUREMENTS 

Beamline Design and Experiment Setup 
Figure 3 shows a schematic of the APS storage ring 

OSR imaging line. The OSR light is picked up by a water-
cooled mirror behind a water-cooled copper tube, which 
blocks the hottest part of the bend magnet radiation fan. A 
spherical mirror is used to form an image at the end of the 
transport line (path length ~ 47 m), located in an optics 
lab on the experimental floor. Along with beam splitters 
and secondary optics, a Hamamatsu C5680 streak camera 
a Quik05 gated intensified camera are used for time-
resolved imaging. 
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Figure 3: APS storage ring OSR imaging setup. 

In a streak tube, photoelectrons generated by an OSR 
light pulse are accelerated and focused on to a micro-
channel plate (MCP), and the intensified electronic image 
is converted to light by a phosphor screen. When a 
vertical electric field ramps rapidly to deflect the electron 
beam before it strikes the MCP, a streak image forms on 
the screen. The streak image is a projection of the bunch’s 
electron density at an angle θy from its direction of travel, 

tan FS
y

FS

y
c t

θ =
⋅

,  (1)  

where tFS and yFS are the full-scale time and displacement 
over the entire video screen, respectively. When this 
tangent ratio is well above the bunch’s aspect ratio (tanθy 
>> σy/σz), the streak camera is said to be in top-view 
mode. Conversely, the streak camera is said to be in front-
view mode when tanθy << σy/σz. When the side view of 
the electron bunch is of interest, we add an image rotation 
optic, such as a dove prism or a set of mirrors, to rotate 
images in the transverse plane (Fig. 3). Note that this 
definition of views depends on the optical magnification 
(∆x, ∆y), streak sweep range, and the electron beam’s 
aspect ratio.  

Bunch Length and Phase Measurements 
Top-view mode is normally employed in the APS to 

provide bunch-timing information to users [8]. The 

bunch-length data and bunch profiles are also available to 
users on request. This view is also appropriate for 
visualizing longitudinal instabilities. Figure 4 shows a 
multibunch instability observed during machine studies 
when the bunches’ rf phase oscillations are driven by a 
higher order mode of the rf cavity.  

Recently several approaches for generating short 
bunches are under investigation at the APS. Figure 5 
shows one of the techniques being studied, where the 
phase of rf cavity is modulated at twice the synchrotron 
frequency to force bunches into a quadrupole shape 
oscillation [9].  

 
Figure 4: Dual-sweep streak image of a HOM multi-
bunch instability observed in machine studies (7/4/2002). 
The vertical axis is the fast time scale (full scale = 1 ns) 
and the horizontal axis is the slow axis (full scale = 1 ms). 

 
Fig. 5: Streak images of a longitudinal shape oscillation. 

Bunch-by-Bunch Transverse Imaging 
The rf bucket spacing of the APS storage ring, 2.84 ns, 

is too short for fast video cameras to distinguish. 
However, since the bunch length (~ 8 mm) is well below 
the bucket spacing (85 cm), a streak camera operating in 
front-view mode captures images of consecutive bunches 
and arranges them separately in a column. When the 
sweep in the orthogonal direction (dual-sweep) is also 
enabled, we can study the bunch motion turn after turn 
[10]. Figure 6 shows such an image for a bunch-train 
instability observed in the APS storage ring during 
machine studies. Twenty 1-mA bunches were filled in 
consecutive buckets. The wake field coupled the adjacent 
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bunches so their horizontal motion was amplified down 
the trains.   

    
Figure 6: Dual-sweep streak images of a bunch-train 
instability in the APS storage ring. The vertical scale is 
100 ns and the horizontal scale is 50 µs. (Left panel) 
stable beam, (right panel) instability occurs at low 
chromaticity setting. 

UNDULATOR MEASUREMENTS 

Undulator Beamline Design 
Table 1 lists the design parameters of the APS 

diagnostics undulator. At and above the photon energy of 
the first harmonic, the x-ray beam forms a narrow cone 
with an rms radius of 2.7 µrad, which can be used for 
measuring electron beam divergence in both x and y 
directions. Figure 7 shows the basic setup of the beamline 
optics. During user operations, the undulator is set at low-
power mode (total power ~ 4 W) with the first harmonic 
at 25 keV. A water or liquid-nitrogen (LN2) cooled thin 
Si(110) crystal is used to reflect monochromatic x-rays in 
Laue geometry. A thin YAG:Ce scintillator crystal and a 
CCD camera are used to read out the footprint of the x-ray 
beam. Since most x-ray photons pass through the thin 
crystal, a pinhole camera was built to image the ID 
source. The resolution is limited to about 40 µm due to 
Fresnel diffraction [4]. The images for ID beam 
divergence and source size are made available to users in 
real time.  

Table 1: APS Diagnostics Undulator Design Parameters  
Period 18 mm 
Number of periods 198 
Total length 3.56 m 
Minimum gap 10.5 mm 
Maximum peak magnetic field 0.27 T 
Maximum K-value 0.46 
First harmonic photon energy, ω1 23.4 - 25.5 keV 
RMS radiation cone angle at ω1 2.7 - 2.6 µrad 
Maximum peak power density 116 kW/mr2 
Maximum total power 0.83 kW 

Electron-Beam Energy Measurements 
Both the undulator field quality and the electron beam 

divergence affect the x-ray flux through a pinhole aperture 
far from the source. Thus the pinhole spectra have been 
used as a benchmark for the quality of both the undulator 
and the electron beam. However, if we open the aperture 
to an angular radius of 1/γ, the spectrum of flux through 
the aperture demonstrates a sharp edge located at every 

odd harmonic with little background (Figure 8). Due to 
the steep slope of flux intensity changes at this edge,  

1

2F nN
F

ω
ω

∆ ∆
− ,  (1) 

an intensity (F) measurement of moderate resolution 
translates into a high-resolution photon energy (ω) 
measurement. We have used two methods to analyze the 
measured spectra. In the first one, we numerically 
differentiate the spectra and compare them to the 
numerically calculated spectral derivative (Figure 8). 
With the second method, we fit the measure spectra with 
an error function with finite width and compare that with 
a calculated spectrum. The results of the two methods 
differ slightly but the second method is much faster and 
much more tolerant of experimental errors. From these 
analyses, we can extract the harmonic photon energy and 
electron energy spread [11, 12]. 

Figure 9 shows measured photon energy changes 
(∆ω/ω1, = 2 ∆p/p0) with varying rf frequency. The slope 
gives the momentum compaction factor, which is 
otherwise difficult to obtain experimentally.  
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Figure 8: (Top) Calculated angle-integrated undulator 
spectrum for zero-emittance electron beam shows a sharp 
edge at the first harmonic energy. (Bottom) Negative 
derivative of the measured spectrum showing the effect of 
electron-beam energy spread.  
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Figure 7: Sketch of undulator beamline setup. 
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Figure 9: Measured photon energy change with storage 
ring rf frequency. The slope yields the momentum 
compaction factor of the APS storage ring.  

By now we have realized that a diagnostics undulator 
enables us to measure the electron beam sizes and 
divergence at the same point, as well as beam energy 
centroid and spread, all in one measurement. Figure 10 
shows an example of combining all these measurements. 
The beam emittance and the energy spread were measured 
as functions of the storage ring rf frequency. Due to orbit 
shift in the quadrupoles, the partition of longitudinal and 
horizontal damping can be manipulated [13]. At a lower rf 
frequency, the longitudinal damping is stronger (shorter 
bunches and lower energy spread) and the horizontal 
damping is weaker. Hence the horizontal emittance 
increased more than four-fold. When the rf frequency was 
further reduced, the stored beam became unstable and was 
quickly lost. On the higher frequency side however, the 
energy spread increases with the frequency and the 
horizontal emittance decreases.  
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Figure 10: Measured emittance vs. rf frequency of the 
APS storage ring using different techniques: (Circle) from 
the product of ID divergence and sizes, (diamond) from 
the BM source size only, (dashed line) from ID source 
size only, and (solid line) the calculated values. 

Microwave Instability 
When microwave instability occurs, the electrons inside 

a bunch are excited internally and the charge distribution 
deviates from the well-damped Gaussian shape. To date, 
we have not been able to capture any image with non-
Gaussian distribution. Instead, we looked for its signature 
in a time-averaged property. The energy spread increases 
dramatically above the threshold of microwave instability. 
In Figure 11, two microwave instability thresholds can be 
seen in the data set with 9.5 MV rf gap voltage, likely due 
to coupling to two different longitudinal modes [13].  
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Figure 11: Measured electron beam energy spread 
(undulator data) as a function of stored current. (Lower 
curve) rf gap voltage is 7.0 MV; (Upper curve) rf gap 
voltage is 9.5 MV. 

KICKER-INDUCED BEAM MOTION 
A common technique to study beam dynamics is to  

kick a stored beam in a circular accelerator and observe its 
subsequent motion. We have used the technique with a 
gated intensified camera and a programmable delay to 
measure damping behavior using OSR [10]. Until 
recently, the limited resolution of OSR imaging and low 
flux from the bend magnet source prevented us from 
studying the dynamics in the vertical direction. With the 
commissioning of a cryogenically cooled silicon 
monochromator on the undulator line, we finally have a 
tool for mA-bunch single-turn imaging at a resolution 
comparable to the vertical beam size. 

Figure 12 shows sample images taken with 3.5 mA 
stored beam at a single turn, before and 80 turns after a 
vertical kicker was fired. From each image, a horizontally 
integrated profile can be calculated. In Figure 12, we also 
plot over 500 such profiles in a map: the horizontal axis is 
the delay time, from -10 µs to 5 ms (~ log scale), the 
vertical axis is in µrad (full scale 100 µrad), the profile 
intensities are color coded at each point. We can see that, 
from the time of the vertical kick, the beam moves away 
from its initial, equilibrium position, goes into betatron 
oscillation, gradually broadens, and finally damps down. 
The rms height can be plotted against the delay time from 
the kicker pulse (Figure 13), and damping time can be 
derived from fitting the data set. We observed a shorter 
apparent damping time in the vertical direction (when 
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excited by a vertical kicker) than in the horizontal 
direction (when excited by a horizontal kicker). The 
reason for the difference is not clear, although vertical 
coupling should be an important factor. We also note that, 
in the first several ms after the kick, all degrees of 
freedom of the electron are important in describing its 
motion, as can be seen from a side-view image taken 
around the 80th turn after the kicker pulse [14]. 

 
Figure 12: (Left) Single-turn undulator monochromatic x-
ray imaging data from a 3.5 mA bunch: (Lower left) front-
view image before vertical kicker pulse; (Upper left) 
front-view image 80 turns after kicker pulse. (Middle) 500 
horizontally integrated intensity profile from delay time = 
-10 µs to 36 ms (time scale is not uniform, ~ logarithmic). 
(Right) Streak camera side-view image around the 80th 
turn. 
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Figure 13: Measured single-turn rms undulator x-ray 
beam divergence as a function of time after a kicker is 
applied: (circles) horizontal divergence after a horizontal 
kick; (diamond) vertical divergence after a vertical kick. 

SUMMARY AND DISCUSSION 
Synchrotron radiation is an indispensable tool to 

provide beam dynamic information without disturbing the 
beam in a circular accelerator. We presented examples of 
visualizing beam dynamic behavior using time-resolved 
imaging with optical and x-ray synchrotron radiation. We 
also showed that an undulator is a unique tool for 
studying electron beam dynamics noninterceptively. 
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