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Abstract. We present a novééchnique for characterizing transvebssam dynamicsising a
dual-sweepstreak cameralhe camera is used teecordthe front view of successivieeam
bunchesand/or successiveirns of the bunches. This extension of thel-sweep technique
makes it possible to display non-repeatable beam transvertsen in two fastandslow time
scales of choiceand in asingle shot. Wepresent a study of a transversuilti-bunch
instability in the APSstoragering. The positions, sizesndshapes of 20 bunches (2.84 ns
apart) in the train, in 3 to lduccessive turng3.68 us apart) areecorded in asingle image,
providing rich information about the unstable beam. Thestde the amplitude of the
oscillation (~0 mm at the head of the train and ~2 mm towards the end of the traimnthe
to-bunch phaselifference, andhe significanttransverse sizgrowth within the train. In the
second example, the technique is used to characterize the injéckeninducedbeammotion,

in support of the planned storage ring top-up operation. By adjusting thes¢atee ofthe dual
sweep, it clearly shows the amplitudd 8 mm) anddirection ofthe kick, andthe subsequent
decoherence (~500 turns) and damping (~20 me)eo$toredbeam. Since the storage ring has
an insertion device chamber with full vertical aperture of 5 mm, it is of special intereatko
the verticalmotion of the beam. Aintensifiedgated cameravas usedfor this purpose. The
turn-by-turn x-y motion of a single-bunchheam wagecordedand used as diagnostic for
coupling correction. Images taken with uncorrected coupling will be presented.

INTRODUCTION

The streak camera has been successiisid foracceleratodiagnostics irthe past

two decadeg1-7). Originally developedor the diagnostics of ultra-fast las@ulses,
the camera’s temporal resolution, from several ps down tdHaeslps, isparticularly
suitablefor measuringhe length and longitudinghase ofparticlebunches in modern
accelerators. The addition s€anningcapability in thesecond horizontal axisenabled



recording of successive imagesthé beamand study of itslongitudinal dynamics
(6,7). Many measurementalso makeuse of one transverse dimensionti@ image
(1-5), which amounts to taking the side or top view of the travelntcle bunch. This
technique enabled the visual demonstration of dynamic efets asintra-bunch
wakefield interaction in the linafl), stronghead-to-tail instability in a high-energy
storage ring(2,3), etc. When the horizontal beam size is dominated by the particle
energy spread, found in high dispersion regions, the top vighhedunch was used to
image the longitudinaphase-space distribution during longitudinal dampigy In
these measurements, the longitudinal beam dynamics were studied.

In this work, wepresent a streakamera technique thamphasizes recording the
evolution of the front view of the particle beam, eithrem multiple particlebunches or
from multiple turns of a single bunch incaicular accelerator. We wihowthat it is a
powerful and flexible technique for studying transverse beam dynamics.

Basic Technique

The basic technique is illustrated Figure 1. In a streakube, photoelectrons
generated by the instantaneous lightse ofthe particlebunch on a photocathode are
accelerated and focused on to a micro-channel plate (MCP), and the intexisdiszhic
image is converted to light by thghosphor screeriWhen the verticasweepingfield
ramps rapidlythe imagescans dowrthe screen,leaving a traceproportional to the
length of the particldunch. If, howeverthe sweepingfield ramps slowly and the
images from the head and tail of the bunch are almost overlapping, the ramadtjegis
a good approximation of the front view of the particle bunch.
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FIGURE 1. Schematic for recording the front view of the bunch with streak caniémraaccelerating
and focusing electro-optics, as well as the horizontal deflection plates, are not shown for simplicity.

When the next event, the next bunch, or the next turn of the same bunchat@mes
a time period much longer than the bumhehgth, itsimage will be placed on a different
location of thephosphor screemreferably not overlapping witthe previous one. In
this manner a “fast sweep”—normally in thertical directionand triggered by &ming
pulse—records ahain ofsuccessive events. In a dual-swsepak camera, when the
horizontal sweep is also enabled, a secamtical sweep,triggered after &hosentime
period, records a second series iofages that areshifted from the first ones
horizontally. In this manner, matrix of beam images can becorded. As wewill
illustrate below with examples, thesgnages reveal rich information aboleam
dynamics. A few points are important for the application of this technique:



» The photocathode entrance slits need to be wide open for a good field of view.

» The imaging optics need to be carefully configured to maintain a balance between
good spatial resolution and an adequate field of view.

» Because the bunch length is used to determinexpesureime of eachmage,
the interbunchtime (or turn period) needs to bauch longer than théunch
length, a requirement often satisfied on many accelerators.

» The vertical timescaleneeds to be chosen to record astequate number of
events.

* The structure of the vertical timing pulse train and the horizac@htime needs
to be adjusted to suit the time scale of the dynamic phenomenon studied.

Multi-turn Images of a Bunch Train in the APS Storage Ring

The experiment to study the effect of chromaticitybaimch stabilitywas performed
at the APS UV/visible diagnosticsbeamline (8) with a HamamatsuC5680 streak
camera. The results are shown in Figure 2. We started with aliiginaticitysetting.
The 12 mA stored beam, in the train of 20 bunditiésy successive buckets, stable
and the matrix of images are evenly spaced (Figure 2A). Each spot is the front view of a
passing positron bunciThe verticalspacing betweetwo adjacentspots isdetermined
by the interbunch spacing @f8 ns,with the head of the train placed at the top of the
image. The vertical scan is triggered every {17 us). The horizontal scale ishosen
to fit 14 columns of images on the screen without overlap.

As the horizontal chromaticity of thattice was lowered,the last trailingbunch
became unstable and its size grew horizontally (Fig&e Graduallythe latter half of
the train began to execute a cohexstillation, likely induced by interbunch coupling
(Figure 2C). Eventually the horizontal size and oscillation amplitude of tthiding
bunches got so large (Figure 2D) that they started to lose charge quickly.

From these beanimages, onecan obtain the centeroordinates,horizontal and
vertical size of each bunch in tkrin, andtheir turn-by-turn progressionrhis amount
of information can pustrong constraints othe theoretical modalsed toexplain the
instability. Without going into details, wean makesome general observatior{4) The
shape of the bunctnain almost repeats itself every figrns, correspondingell with
the fractional horizontal betatron tune 69.2 atthe time of experiment. Hence, we
conclude that the instability is transverse in nature and exciting betettdlations. (2)
The amplitude of the oscillation increases quickly from the head of the(#@imm) to
its tail (~2 mm), suggestinghat (near-neighbor) interbunch coupling is feeding the
oscillations through a wakefield. (3) The “wavelength” of the train shafieicoherent
oscillation (Figure 2C) isdetermined by thehase of such couplings. tay provide
clues about which wakefield component is respondiniehe instability andwhat its
bandwidth is.

Figure 3 shows twimages taken with a test orbit aftBe recent installation of an
insertion device chambewith 5 mm vertical aperture. Horizontalinstability was
observed orthe left panel as amall-amplitude, coherent bunch-train oscillation in the
horizontal directionAfter we changed the current séxtupole magnetshe horizontal
chromaticity was increased and the oscillatiostopped. The vertical chromaticity,
however, wasimultaneously reduced andvertical instabilitysetin, as shown by the
increased size of the last threanches inthe train on the righpanel. Since these
instabilities do not cause significant movement of the charge center sfxthench
train, it is difficult for an electronic pickup device to detect. This exarsptevsthat the



time-resolved transversenaging technique may besed toquickly diagnose and
visualize subtle instabilities and aid the search for a stable operating parameter space.
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FIGURE 2. Image of a long bunch train inthe AR®rage ring withdifferent chromaticity settings
(in arbitrary units). The vertical scale is 100 ns and the horizontal scalgs$s 50

FIGURE 3. Images of ashort bunch train in a test orbit in the AR®rage ringafter a5 mm
insertiondevicechamberwas installed. The verticalcale is50 ns andthe horizontalscale is 50us.
Current of a sextupole (S4) was increased by 4 amperes (< 3%) to produce the image on the right.



Multi-turn Images of a Single Bunch in the APS Storage Ring

To supportthe top-up mode ofoperation, one needs to understahd transient
beam motion aftemjection. We combined the strealamerawith a gated intensified
camera (Stanford Computer Optics QUIKO5) to record the trartssambmotion. Since
thering is equipped with insertiodevice chamberwith vertical apertures as small as
5 mm, we are particularly interested in the amplitude of the vertical motion.

The initial experimentvas performed with single-bunch stored current (A) in
an orbit with the vertical coupling uncorrected. The injection kiekasfired at a2 Hz
rate to simulate the injection event. Figurshbwsthe streakcamera image of thieont
view of the bunch in successive turnBefore the injection kickewas fired, aregular
array of beam imagesas obtained (leftpanel). After the kickerwas fired,the beam
started to move in the horizontal direction. The motion quickly (in a single turn) coupled
to the vertical direction and the beam entered into a large amplitude betatron oscillation in
both directions.The bunch quickly decohered and its size increased dramatically. A
number of streak images were taken and appeared itdehtical to Figure 4. This
indicated that the kicker operated reliallgd reproducibly. We switched to gated
intensified camera for its higher spatial resolution and larger field of view.

-4 |

ndgd eIl ANER

B A

-1
=
i
£
i
&
=
)
-
-
[
o
-
-
1
-
=
S
=
-
=
]
-

FIGURE 4. Effect of injection kicker on a single bunch in the APS storage ring. The full scale of the
vertical sweep is 10(0s and the horizontal one is 5 ms. Testical sweep wasiggered event ms.
Before the injection kicker was fired (left panel), and after the kicker was fired (right panel).

Figure 5 showghe images takewith the gatedcamera. Calibrationvas done
with atarget located at theending magnesource point, which has four 1 mm holes
arranged in a 3 mm 4 mm rectangle. The fifth holehown is used tandicate the
upper-outboard corner of the target. From this image, we infer that the total field of view
iIs 6 mm x 6 mm andhat the image is tilted by £y thetransport optics. A sixth
hole, 127um in diameterjocated at the center of tipattern, was used ®&stimate the
rms system resolution, which is 1gt(H) x 90um(V).

The center coordinates of thminch can be extractedrom the turn-by-turn
images by fitting their integratedrofiles. The horizontal motionfollows a simple
sinusoidal curve, indicating a well-behaved free betatron oscillationtladtenitial kick
(Figure 6, left panel).The vertical betatron oscillation startede turnlater (Figure 6,

right panel), and itamplitudedoes notremain constant, asexpected from tracking
simulations.
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FIGURE 5. Image of asingle bunch in the APStoragering. Image (CAL) isthe image of the
calibration target. Imagdabeled Othrough 9weretaken on Oth through 9th tumfter the kicker was
fired. The last image is the integrated image from No. 0 through No. 9, taken with long exposure time.
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FIGURE 6. Coordinates of the electron bunch center as a function of time after the kicker was fired.

The betatron period is aboigtur to five turns, and the integratetinage of thefirst
10 turns (in Figure 5) gives a goaslerage of beam motioover all betatronphases.
The vertical extent of the image is now routinely used as a direct visuahaitvertical
coupling of the injection orbit is corrected.
Figure 7 showthe sameseries of single-pasmages extended further in time. The
bunch decoherence before and damping after 500 turns can be seen clearly. The width of



bunch profilesmay be extractedrom these images and give information about
transverse damping (Figure 8). These data compare wibk ttheoretical dampintme
of 9.5 ms in either transverse plane.
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FIGURE 7. Image of a single bunch in the APS storage ring. Label for eachpanel shows the time of
recording (in number of turns) after the kicker event.
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FIGURE 8. The rms bunch profile width as a function of time after the injection kicker is fired.

CONCLUSION

The timing structure of rhccelerated particlbeams enables us to makseaies of
front-view images of the bunches in a train. This extensiaghefiual-sweegechnique
makes it possible to display non-repeatable beam transverse motion in two faktvand
time scales of choicell in a single shot. It is a powerfulnd flexible technique for
studying beam dynamics.
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