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AbstracL Orbit correction is now routinely performed at the few-micron level in the Advanced
Photon Source (APS) storage ring. Three diagnostics are presently in use to measure and con-
trol both AC and DC orbit motions: broad-band turn-by-turn rf beam position monitors
(BPMs), narrow-band switched heterodyne receivers, and photoetnission-style x-ray beam
position monitors. Each type of diagnostic has its own set of systematic error effects that place
limits on the ultimate poindng stability of x-ray beams supplied to users at the APS. Limiting
sources of beam motion at present are magnet power supply noise, girder vibration, and ther-
mal timescale vacuum chamber and girder motion. This paper will investigate the present limi-
tations on orbit correction, and will delve into the upgrades necessary to achieve true sub-
micron beam stability.

INTRODUCTION: POWER SPECTRAL DENSITY

An essential tool in the study of beam stabilization is the power spectral density.
SimpIy put, the power spectrrd density is the mean square signrd per unit frequency,
whether the signal is measured in volts, microns, or furlongs per fortnight. Upon inte-
gration (or summation) over the available frequency band represented in a given data
set, one arrives at the mean square signal in that band, the square root of which yields
the rms signaL Shown in Eqs. (1) is the definition of a discrete Fourier transform pair
for a time-sampled data set {xn} containing N samples, while Eq. (2) is a statement

derived from Parseval’s theorem, forming the basis for the definition of power spectral
density [1]:
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The key point to notice in Eq. (2) is that th; sums, whether taken in frequency or
time domain, produce an invariant quantity, namely the mean square signai amplitude.
The k=Ocomponent of the sum over frequency (i.e., k) in Eq. (2) has been moved to the
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left-hand side of the equation and is none other than the square of the mean, or D.C.
value for the data set {xn }, as can easily be verified by inserting k = Ointo the first of
Eqs. (1). Power spectral density is quantitatively defined to be 2 lXJ2/5f, (k = 0...2),),
where &f= U(N &) is the frequency discretization interval, & is the sampling period,
and N is the number of samples. Wdues of lXJ from k = N/2+1 to N-1 are just a mirror
image of those from k = 1 to N/2-1, explaining the factor of 2. “Integrating” tie power
spectral density from zero up the the Nyquist frequency fNY= (N12)8f = l/(23t) yields
the mean square signal defined in Eq. (2).

One impediment to the understanding of spectra displayed in other than power spec-
tral density units is the fact that one must carefully account for the sampling rate and
duration in order to be able to infer rms noise amplitude. For example, a plot of peak
FFT amplitude vs. frequency, while convenient for picking off the amplitude of a pure
sine wave, can be difficult to interpret in the case of purely random noise. A white
noise source with constant power spectral density P volts2/H.z, for example, corre-
sponds to a signal having an rms amplitude of simply (P Af)ln, where Af is the fre-
quency band of interest, measured in Hz. In the context of beam stability, a useful
measure for power spectral density is (mm*/Hz).

Keep in mind that information is unavoidably discarded when a continuous signal is
sampled at discrete time intervals. In particular, changes in a continuously variable
quantity, i.e., x(t), that occur more rapidly than the sample period & will be “aliased”
[1] to lower frequencies when the variable is represented as a set of discrete numbers

‘n = x(n &). In spite of this, Eq. (2) will provide an accurate value for the rms noise in
the continuous signal x(t) provided the number of samples N is large enough even
though the shape of the spectrum Xk vs. k will not be an accurate representation of the
spectrum of x(t).

SOURCES OF BEAM MOTION

Shown in Table 1 are the quantities of rrns beam motion contained in four frequency
bands: 10-6 to 0.017 Hz (drift), 0.017 to 30 Hz (jitter), 30 to 500 Hz (high frequency),
and 500 Hz to 135 kHz (very high frequency). These numbers must be combined in
quadrature to obtain the totals listed in the last row. At the APS, low-frequency drift
motion is controlled using workstation-based orbit correction software, while interme-
diate frequency motion (jitter) is corrected using real time digital feedback operating at
a 1 kHz update rate [2]. Correction bandwidth presently extends to about 50 Hz. The
dominant sources of beam motion are indicated in the table for each frequency band.

Shown in Figure 1 is a plot of beam position power spectral density, averaged over
the forty zero-dispersion straight sections at the APS, corresponding to the locations of
insertion devices (IDs) (35 of the forty are available for IDs, the other five are used for
injection and rf hardware).



TABLE 1. Beam Stability Performance to Date (5/98)

Frequency Band

Low-frequency drift

(10 ‘6- 0.017 Hz)

Jitter
(0.017-30 Hz )

High frequency
(30 -500 Hz)

Very high frequency
(0.5 -135 Wz)

Broadband TOTAL

Horizontal Motion
Ax (microns rms)

< OX*

e 4.5, or 1.3V0 C=*
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5

14.1 + drift

Vertical Motion
AY (microns rms)
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BPM electronics intensity
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and electrical thermal
effects, rf BPM bunch
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ID x-BPM stray rd]ation

c 1.8, or 109o UY*
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corrector availability,
power supply stabili~,
ID x-BPM stray radiation
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FIGURE 1. Horizontal and vertical APS beam motion power spectral densities.



This plot shows ten decades of frequency, extending from effects occurring on a
turn-by-turn basis down to long-term drift effects of several days. The data shown was
acquired using the same diagnostic, namely the broadband rf BPM system [3] that
employs amplitude-to-phase conversion of 100-ns-long, 352-MHz tone bursts deriving
from individual bunches, and sampled on a turn-by-turn basis (270-kHz sampling rate).

Features to note are a spectral line at approximately 5 x 10-4Hz, corresponding to a
one-half hour water temperature cycle, and two lines near 10-1 Hz, one caused by the
“DC” orbit corrections that occur every ten seconds or so and a second caused by the
BPM intensity-dependent offset correction that occurs in the same time frame. A sig-
nificant bump occurs in the open-loop horizontal motion, centered about 1 or 2 Hz, that
is caused principally by power supply rumble, ground motion, and other electromag-
netic interference. The thick aluminum vacuum chamber provides an excellent shield
from stray electromagnetic fields above a few Hz. Vertical spectral lines at 2,4, and 8
Hz are the result of the injector synchrotrons 2-Hz duty cycle. The synchrotrons tune
generally lies near 1.7 kHz and is observable in the horizontal plane. All of the storage
ring power supplies except the main dipole are powered independently by pulse-width-
modulated DC-DC converters that switch at a 20-kHz rate. The resulting 20 kHz spec-
tral line and harmonics at 40 and 60 IcI% are easily identified; however, they are most
likely picked up in the BPM data acquisition stage and largely do not correspond to real
beam motion. Although not apparent in Figure 1, if one were to show the horizontal
spectrum measured at a high dispersion point in the lattice, a spectral line at 360 Hz and
harmonics thereof would be seen coming directly from the rf system high-voltage
power supplies that cause amplitude and phase ripple, inducing energy oscillations.

BEAM POSITION MEASUREMENT LIMITATIONS

Aliasing
The primary diagnostic used for orbit measurement and control is the monopulse

receiver system that records turn-by-turn information and provides hardware averaging
(up to 2048 samples to EPICS, 32 turns for feedback). This averaging is presently a
“fundamental performance limitation.” Data is sampled on every turn, alternating
between horizontal and vertical, yielding an effective sample rate of 135.8 kHz in each
plane, i.e., half the APS revolution frequency. Thus the available bandwidth on a single
turn is the Nyquist frequency, about 68 kHz. The bandwidth available at the output to
the 2048-sample “boxcar averager” is thus 68 kHz/2048 = 33.1 Hz; out of the 32-sam-
ple averager it is 2.1 kHz. The maximum realistic sampling rate supported by the
EPICS controls system is 10 Hz, meaning that a significant aliasing problem exists. A
similar issue is present for the feedback system that was originally intended to operate
at a 4-kHz rate but is presently sampling at 1 kHz. Thus everything between the 500-Hz
feedback sampling Nyquist frequency and the 2.1-kHz signal bandwidth gets aliased
down below 500 Hz. An upgrade to the digital processing is in the works that will elim-
inate these aliasing issues for both the real-time and EPICS sampling rates.
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Noise Floor
A carefi.d measurement indicates that the monopulse receivers generate the equiva-

lent of about 7 microns of rms noise on a single measurement, i.e., in a 68-kHz band-
width. Since this noise scales as the square root of bandwidth, an equivalent statement
is that the BPM noise floor is about 27 nanometers/~Hz, or 7.3 x 10-10mm2/Hz (see
Fig. 1). It is desirable for the beam to be stable to within about 5% of its size, and since
the vertical beam size with 1% coupling is about 20 microns rms, the tightest stability
specification at the APS presently is 1 micron rms. Based on the noise-floor measure-
ments, we are able to measure this level of motion in bandwidths of 1.4 kHz or less,
another fimdamental limit. Motion faster than a few tens of Hz for most x-ray experi-
menters appears as an effective small increase in beam size. They are thus more tolerant
of beam motions in this band provided that the effective beam size is stable at lower fre-
quencies.

Intensity and Bunch Pattern Dependence
While the noise floor dictates the high-frequency performance of the the monopulse

receivers, more serious limitations occur at very low frequencies as a result of system-
atic intensity dependence. As the beam decays, position monitor readbacks have been
found to vary by some tens of microns in the absence of real beam motion. The effect
can be modelled as an intensity-dependent offset and is quantified at the beginning of
each operational period. Corrections are calculated and applied as the beam current
decays. Reproducibility of this effect is at best a few microns, giving another stability
limitation.

Another serious effect is a sensitivity of the monopulse system to changes in fill pat-
tern. The APS injectors provide single pulses at a 2-Hz rate, and the timing system is
adjusted to direct the injected bunch at different buckets as a fill proceeds, resulting in
small changes in fill pattern from one fill to the next as injection efficiency varies. An
upgrade to the monopulse system’s rf front end is underway to address this issue [3].

To overcome both the intensity and bunch pattern dependence, new electronics
based on narrow-band switched heterodyne receivers [4] have been purchased and are
undergoing early commissioning. These receivers are to be placed immediately
upstream and downstream of all insertion device x-ray source points, with pickup elec-
trodes fixed to the small-aperture vacuum chambers (most have an 8-mm vertical full
aperture). These small-aperture chambers result in position sensitivity that is greater
than for the standard vacuum chambers by a factor of 3 vertically and 6 horizontally. If
the electronics described in Ref. 4 indeed achieve micron-scale resolution as stated with
a 40-mm aperture chamber similar to the standard APS chamber, then in principle at
least, long-term stability at the 100- to 300-nanometer rms scale should be attainable
(relative to the vacuum chamber location, of course).



MECHANICAL STABILITY

In spite of the potential for beam position monitor electronics to detect submicron
beam motions, the lack of an absolute mechanical datum and mechanical component
stability dominate our ability to stabilize the orbit at very low frequencies. For example,
our small-aperture insertion device vacuum chambers are rigidly supported 1.4 meters
above the floor. The air and water temperature in the tunnel is generally stabilized to
within ~ 0.3 ‘C rms. Given that thermal expansion coefficients tend to be on the order
of 1 x 10-5, this translates into a vertical chamber motion of order 1.4x 0.3 x 1 x 10-5=
4.2 microns rms. This will almost always be the case; mechanical components typically
cannot be stabilized to better than 5 to 10 microns rms owing to one’s ability to reguIate
temperature. Worse yet, as the beam is injected and decays away, the thermal load on
water cooling systems varies and vacuum chamber shape distortions inevitably result
[5]. Chamber motions at the APS are typically smaller than* 2 microns, a consequence
of careful masking of all vacuum chamber surfaces by discrete water-cooled radiation
absorbers.

Another source of beam motion is associated with mechanical component vibrations
[6]. Typically, ground motion in the APS accelerator enclosure amounts to a few tens of
nanometers rms from 2 to 50 Hz, while the magnet motion is in the range of 80 to 100
nanometers rms in the same frequency band. This is not yet a limiting source of beam
motion since power supply noise dominates at these frequencies.

X-RAY BEAM POSITION MONITORS

One significant exception to the
limitation on mechanical stability is 0.020.;, 1

o.o15ithe support structure for the x-ray s \
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monitors [7] where special attention ~ O.OOO~

..=..—~- ~.. .. .>.,-.==._ — —
has been given to thermal insulation ~ -ooo~~ ,,<~=&>5~~’ -“~~-’”-~~s- =

=..----- .——,..-—. r—
.-~.....,=

I
and vibration damping. The x-ray ~-..O,~ #~:i’ “” .“

. .
;:

BPMs are placed inside the accelera- ~-001, ““ ~’
::

tor enclosure, some 15 to 20 meters ‘ r:

from the x-ray source points, with two
2/5 2/6 2/7 2/8 2/9

Time starting Wed Feb 4 19:12:07 1998

units installed for each beamline. On
bending magnet beamlines a two- FIGURE 2. Bending magnet x-BPM data.

blade design is used with one upper
and one lower blade for vertical position detection only. The insertion device beamlines
employ four-blade designs, witl-the blades arranged in such a manner that the upstream
set of blades does not cast shadows on the downstream unit’s blades. The electronics
presently in use consist of a set of micro-ammeters, the outputs of which are processed
io
to

generate delta over sum-type position signals. The bending magnet x-BPMs, owing
their superior mechanical support design and simple radiation geometry, provide the



most believable data on long-term vertical beam stability. Shown in Figure 2 is a set of
data, collected over a (good) four-day period, indicating vertical beam motion of
*2.7 microns MM.

The insertion device x-ray BPMs, although similar mechanically and electrically to
their bending magnet counterparts, have some critical differences that complicate their
use. The most important difference is that the radiation traveling along the-mun.line is
composed not only of the insertion device photons of interest, but also of stray radiation
emanating from upstream and downstream dipole magnet fringe fields, from steering
correctors, and from sextuples and quadruples with offset trajectories. The effect of
the stray radiation is to induce an offset in the measured ID beam position. Because the
relative proportion of stray radiation to insertion device radiation changes when the
insertion- device gap is varied, an apparent “gap dependent” offset is obsemed. While
significant progress has been made using look-up tables derived from translation stage
scans to compensate for this effect [8], performance to date is at the 10- to 20-micron
level. This limitation most likely arises from the fact that the stray radiation effects are
sensitive to small trajectory changes taking place outside of the insertion device.

A research effort presently Stray radiation from X-ray BPM
underway to address this issue upstream magnets
involves the introduction of a
chicane into the accelerator lat-

+tice to steer the stray radiation
-6mrn

away from the x-BPMs (Figure

4
3). A horizontal parallel transla-
tion of the insertion device
allows only ID photons and radi-
ation from two nearby correctors
to travel down the beamline,
simplifying the radiation pattern 78 mra
considerably. Stray radiation is Stray radiation from
displaced by up to 2 cm horizon- 77 mrad downstream magnets
tally at the x-BPM’s location so
that it should be easily masked.

FIGURE 3. Concept to eliminate x-BPM stray radiation.’

Orbit Correction Algorithms

The result shown in Figure 2 demonstrates that excellent orbit stabilization is achiev-
able in spite of significant systematic effects such as BPM intensity dependence. The
orbit correction algorithm at the APS makes use of as many of the 360 BPMs as possi-
ble together with only 80 of the available 317 correctors in each plane. A least-squares
algorithm is used to minimize errors detected at the BPMs. This implementation is
insensitive to short spatial wavelength (presumed unphysical) orbit motions, such as
those caused by intensity dependence,
Additionally, a nonlinear “de-spiking”

that vary essentially randomly from unit to unit.
algorithm is used to replace suddenly misbehav-



ing BPM readbacks by the average of neighboring units, adding to the robustness of the
correction.

The alternative to correcting long-wavelength orbit errors is to use so-called “local”
control that exactly corrects the orbit at rf BPMs straddling each x-ray source point. The
few-micron errors that accumulate over hours or days would result in microradian-scale
pointing direction errors with local control. Multiplying by the 20-meter lever arm out
to the second x-BPM of Figure 2, this amounts to 20 microns of beam motion instead of
the 2.7 microns achieved. The use of an explicitly global correction algorithm that takes
advantage of the statistics of having a large number of BPMs is what makes this possi-
ble [9]. Local steering for individual beamlines is conducted infrequently and only upon
beamline user request.
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