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Abstract

The Advanced Photon Source (APS) is a 7 GeV, third-
generation synchrotrons rtilation source. To provide more
stable beam for users, we are pursuing a new operating
mode called “top-up.” In this mode, the beam current is
not allowed to decay as it normally would, but instead is
maintained at a high level through frequent injection. A
safety question with top-up mode is, during injection with
photon shutters open, can injected beam ever exit a photon
beamline? This might happen, for example, due to a full
or partial short of a dipole coil. We discuss a number of
analytical calculations that can be used to quickly assess
top-up safety for a general ring. We also apply these re-
sults to the specific case of the APS. A companion paper in
this conference discusses detailed tracking procedures for
assessing safety.

1 INTRODUCTION

Injection into a storage ring is usually done with all pho-
ton safety shutters closed to protect against radiation ac-
cidents. As one can easily picture, injecting into a ring
with shorted dipole will transport the injected beam down
a photon beamline. If the safety shutter of the beamline is
open, then the injected beam can exit the accelerator en-
closure and potentially produce a large radation dose on
people outside.

A sufficient condition for safe injection with shutters
open is to ensure that no dipoles are shorted. This could
be done dmectly by interlocking on the voltage across each
dipole. An indirect way is to detect the absence of stored
beam, which indicates the possibility of a shorted dipole.
Since a shorted dipole will presumably preclude the stor-
ing of beam, one could inhibit injection with shutters open
when no beam is stored in the ring. Injection could only
proceed in an empty ring when the shutters are closed. This
simple idea becomes more complicated when one includes
the possibity of a partially shorted dipole.

It may not be obvious at first but the possibility of ex-
tracting beam into a photon bearnline under normal circum-
stances is severely restricted by the internal apertures of the
storage ring, in particular the dipole crotch absorbers. The
extraction of injected beam can on]y occur from a short
(full or partial) of a directly upstream dipole magnet. Ac-
companying magnet faults or lattice configuration errors
may enhance the possibility of extraction, but they alone
cannot extract the injected beam.
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(Y&#j’jy’:’A full proof of this statement as applied o
age ring has been done using detailed tracking
and is given in an accompanying paper [1].

This paper will illustrate some of the principles of the
tracking simulations. The discussion will refer to the field
strength error (FSE) of a dipole as a variable quantity. A
normaI dipoie has an FSE vahe of O, while a completely
shorted dipole has an FSE value of – 1. These two limit-
ing values of FSE correspond to two situations of definite
character. We shall show that when FSE = O(i.e., the ring is
norrnaI), stored beam is possible but extraction of injected
beam into a photon line is impossible. When FSE = -1,
stored beam is impossible but extraction of injected beam
into a photon beamline is possible.

For intermediate values of FSE, one has to estimate sep-
arately the possibility of stored beam or of the extraction of
injected beam. If there are some values of FSE that allow
both a stored beam tid extraction of injected beamj then
top-up injection is not safe. We shall show that in the case
of APS and its apertures, there are no unsafe values of FSE.

At APS there are two X-ray beamline types of slightly
different geometry: ID beamlines with photons exiting the
first (AM) dipoIe photon port, and BM beatnlines (bend-
ing magnet radiation) with photons collected from a point
1/8 th the distance downstream of the second (BM) dipole
entrance. They will be treated separately where possible.

2 NORMALLY OPERATING DIPOLES

If all dipoles are operating normally, extraction of injected
beam is impossible, no matter what other magnet faults or
lattice configurations might be used. Illustration of this
point involves tracking a hypothetical extracted injected
beam backwards in the photon beamline.

To begin, assume that the photon bearnIine acceptance
is very small, so that the backtracked beam is a single
ray through the center of tie acceptance-defining aper-
htres. Using the simple geometry in Figure 1, the parti-
cle beam trajectory (going backwards) crosses the entrance
of the dipole at the comer of the pole. In APS, rhe ef-
fective pole width is 112 mm and the vacuum chamber
is 43 MM. Therefore, the hypothetical beam must have
originated non-physically from the vacuum chamber, from
which we conclude that extraction of beam is impossible.
Note that since the backtracked beam is “lost” before leav-
ing the dipole, no other magnet fault or configuration, in-
cluding extreme injection kicker settings, can affect the re-
sult and produce an extracted beam.

The picture gets more complicated if one allows for the
rather large acceptance of the photon beamlines. There is
an increased chance for a particle to backtrack successfiily
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waveform and outweigh the single advantage of minimum
bandwidth required of system components.

A simpler method was therefore chosen to perform syn-
chrotrons bunch cleaning at APS. The idea consists of driv-
ing the kicker at a vertical tune sideband so that the beam
is removed at a vertical scraper. When the bucket contain-
ing the bunch to be injected into the storage ring passes the
kicker, a fast gallium arsenide switch turns off the rf briefly
so no kick is applied. This system is shown in Fig. 1. The
principal component of this system is a fast switch with
a risetime of 1.5 ns gated once every injector synchrotrons
turn. The speed of the switch is dictated by the requirement
that the injection bucket receive no kick and buckets adja-
cent to it must receive a maximum kick horn the kicker.
This means that the switch must turn on and off in at least
one rf period less the full width tenth maximum (FWTM)
bunch length of 1 ns or 1.84 ns. In practice, the smallest
bandwidth component witl determine the system’s overatl

w.
The speed of the switch requires the 180° hybrim high-

power amplifiers and kicker to be broad-band devices. The
broad-band hybrid is a relatively inexpensive off-the-shelf
item and the stripline kicker is. an inherently broad-band
device to be described in the next section. The two high
power amplifiers are, however, quite expensive due to both
the bandwidth and high power requirement. The ampli-
fier chosen was available in house and has a bandwidth of
220 MHz (250 watt) and therefore a rise time of 4.54 ns.
This rise time is a bit long but shoutd be adequate if the
switch is commanded to start turning off the rf 1.5 rf pe-
riods ( 4.3 ns) before the target bunch passes the kicker.
The switch must turn the rf back on as soon as the injec-
tion bunch passes. The slow amplifier rise time ultimately
means that bunches adjacent to the target bunch will re-
ceive approximately 67% of the maximum available kick
from the kicker. This should not be a practical problem as
long as enough time is allowed for resonant displacement
of the adjacent bunches to build up and saturate (in practice
a few thousand turns).
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Figure 1: ~me domain bunch cleaning schematic circuit
diagram.

2 HIGH SHUNT IMPEDANCE
STRIPLINE KICKER DESIGN

The bunch cleaning system described in the previous sec-
tion relies on a high shunt impedance stripline kicker to

deflect the beam. This kicker is a modified version of the
APS 352-MHz quarter-wavelength stripline kicker used for
injector synchrotrons tune measurements, The new kicker
was modified by decreasing the stripline vertical separa-
tion by a factor of two, thereby increasing the kicker shunt
impedance [1]. Figure 2 shows the kicker geometry. Each
stripline is electrically connected and mechanically sup-
ported via a vacuum feedthrough at each end. The ellip-
tical injector synchrotronsvacuum chamber is mechanically
matched to the smaller cross section kicker chamber by a
transition piece.

MAFIA calculations [2] show that the shunt impedance
of the new kicker is a factor of nine larger than that for the
original tune measurement kicker. Measurements made for
beam energies near injection using the tune measurement
kicker show that for 180 watts total input power, the beam
was deflected approximately 1 mm at a vertical scraper.
The modified kicker should therefore be able to deflect the
beam at least 5 mm at the scraper at injection using two
250-watt amplifiers. This amount of deflection shoutd be
more than adequate to keep the injection bunch well clear
of the vertical scraper.
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Figure 2: High shunt impedance kicker design.

3 STORAGE RING BUNCH C!LEAMNG

Storage ring bunch cleaning is required in the event some
charge remains in satellite buckets after cleaning in the in-
jector synchrotrons. The bunch cleaning system considered
here relies on the fact that any satellite bunches injecled
will necessarily have much less current than the injected
bunch. The small sateltite bunches will therefore have a
tune that is different from the large current bunches, due to
the vertical transverse coupling impedance (mostly gener-
ated by the APS small-gap chambers [3, 4]). The satellite
bunches can be removed by selectively driving the beam
using a kicker at (or very near) the single particle tune fre-
quency. The resonantly driven bunches can be removed by
a suitably positioned vertical scraper.

This method was tested during storage ring machine
studies time. The ring was fitled with a standard user pat-
tern consisting of six 1.67-mA bunches filled in buckets
O through 5, followed by 25 2.00-mA bunches starting at
bucket 72 and separated by 36 buckets (the storage ring
consists of 1296 buckets) for a totat current of 60 mA. Then
250. l-mA “contamination” bunches to be cleaned were
filled three buckets downstream of each of the 252.00-mA
bunches. The first six bunches are used to reliably trig-
ger the BPM system so that orbit correction (both reaI time
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Figure 3: Storage ring tune spectrum for bunch cleaning
6+25 user pattern and 25 O.1-mA contamination bunches.

and slow) can be used to keep the beam fixed. Figure 3
shows the tune spectrum for this pattern. The large peak
at Vv = 0.266 is due to the 2-M bunches, the peak at
Vv= 0.274 is due to the 1.67-mA bunches, and the peak at
Vg = 0.281 is due to the O.1-mA bunches. Figure 4 shows
the APS bunch purity monitor triggered to view once per
turn only the 252.00-mA bunches and 25 O.1-mA bunches.
The purity monitor diagnostic counts photons incident on
a photomultiplier and bins them in time. The figure shows
the large current bunches as the central peak and the O.1-
mA bunches both upstream and downstream of the large
current bunches (downstream is toward zero bunch position
in the figure) on a log scale. Since the 250. 1-IuA bunch
pattern was filled only downstream of the large bunches,
the diagnostic shows that during injection some of the O.1-
mA bunches were unintentionally filled upstream of the
large bunches.
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Figure 4: APS bunch purity monitor showing the252.00-
mA bunches and 25 O.1-mA bunches.

The bunch cleaning experiment used the tune measure-
ment stripline kicker to drive the beam. The vector signal
amiyzer (VSA) was used as a signal source set to drive
the tune of the O.l-mA bunches. A vertical scraper was
slowly moved toward the beam while orbit correction was
running to keep the orbit fixed. Figure 5 shows the bunch
purity monitor after the scraper had been moved to a po-
sition to intercept the resonantly driven O.1-mA bunches.
The figure shows that the charge remaining in the satellite
bunches was five orders of magnitude below the 2.00-mA

bunch. The final beam current remaining was 52.5 mA,
indicating that some of the beam in the desired user fill
pattern was also removed. This is because the tune mea-
surement striplines only produce approximately 20-30 mi-
cons centroid displacement when driven at full power. Any
fast fluctuation in beam position that orbit correction can-

not correct can therefore result in beam loss from the user
pattern. The cleaning efficiency can be greatly improved by
driving the small bunch beam centroids resonantly to larger
amplitudes. This can be accomplished by using a higher
shunt impedance kicker and/or more powerful amplifier.
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Figure 5: APS bunch purity monitor showing only the 25
2.00-mA bunches rem-ain~g after removal o~ the-25 O.1-
mA bunches.
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