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ABSTRACT:

The NSLS X-ray ring exhibits a direct correlation between photon beam motion, and distortion
of the ring vacuum chamber induced by fluctuations in the cooling system. We have made long
term measurements of photon beam vertical position, accelerator vacuum chamber motion,
process water temperatures, and angular motions of the magnets around one superperiod of the
NSLS x-ray ring. Short term transients in water temperature cause deflection of the ring
vacuum chamber which have in turn been shown to induce very small angular rotations of the
magnets, on the order of 10 micro-radians. A larger and more difficult to correct effect is the
drift in beam position, over the course of a fill. This problem has been shown to be related to
the thermal gradients that develop across the vacuum chamber which, as a consequence of the
configuration of the chamber cooling, depend upon stored current. Orbit simulations based upon
the measured rotations are in agreement with the observed beam motions, and reveal that certain
patterns of correlated motions of the magnets can produce much larger erron than random
motion or concerted motion of all the magnets. During the course of these measurements global
orbit feedback was installed, and found to significantly reduce the orbit errors which could not
be corrected at their source.

INTRODUCTION:

As the second generation synchrotron radiation facilities move into mature operation arid
with third generation sources looming not far off the horizon, beam stability has become an ever
increasingly important concern of the users of these machines. Often the topic of animated
discussion at gatherings such as this conference, it evokes much the same sentiment among light
source users as the weather; it seems that everyone talks about it, but no one does anything
about it. This is in fact far from the truth as evinced by the papers in these proceedings on
photon beam position monitoring [L-7], photon beam diagnostics [8], and an excettent review
of the heroic efforts at the KEK photon factory [9].

*Work performed under the auspices of the U.S. Department of Energy, under contract DE-
AC02-76CH00016.
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For the purposes of this discussion, it is important to remember thar. photon beam motion
is a direct consequence of perturbations of the electron beam trajectory within the storage ring.
Since the electron beam is guided and focused essentially only by the accelerators magnets,
itstands to reason that beam motion can be traced to variations in the characteristics of these
magnets including field strength, orientation, and displacement from their nominal positions.
While these modes of coupling to the beam are easy to understand, the mechanisms which
actually cause them can be quite vexing to track down and remediate.

One problem which contributes to the difficulty of evaluating beam stability in existing
facilities has been a lack of reliable methods of beam motion measurement that are themselves
not influenced by the sources of beam motion. For example, although electrostatic pick-up
electrodes (PUE's) in the storage ring chamber may have the requisite sensitivity, in situations
where the beam motion is driven by displacement of accelerator components, the ring vacuum
chamber and the PUE's (in designs where they are not decoupled from the chamber ) may be
carried along with the magnets, and hence provide an inadequate representation of the true
perturbation. Beam line photon beam position monitors located after optical elements are equally
suspect since the separation of real source movement and beam induced thermal motion of the
optical elements are often impossible to separate.

In the foregoing, we have tacitly assumed a reference frame from which beam motion
is measured. For second generation machines, such as the NSLS, the most appropriate choice
seems to be the space between the storage ring and the beamlines (the so-called "front ends"),
referenced to the building floor. This area can be most conveniently mechanically decoupled
from the accelerator and beamline, and as such, it provides an ideal location for photon beam
position monitors. We have in fact developed several detectors for use in beamline front ends,
which are designed so they will not obscure any part of the radiation intended to be delivered
to the beamline users. A discussion of these devices is beyond the scope of this article, but
references to our previous work [10,11], that of others [1-7, 12-19], and overviews of the
operating principles of these detectors [20, 21] are included. For the purposes of the present
discussion, it is sufficient to know that these devices exist, have been shown to be reliable over
many months of operation, and exhibit sensitivity at the sub-micron level.

With our chosen reference frame, there are basically three possible ways to address beam
motion. The first, is to accept existing beam movement (at the front end) and compensate for
it in the experiment or beam line. This may take the form of measuring beam displacement and
tracking it with the experiment, or correcting it with beamline optics. The second approach to
beam movement is to identify the mechanism driving the disturbances, and take corrective action
to eliminate or reduce their effect. An example of this approach is the insulation of the KEK
photon factory to reduce the magnitude of thermal distortion of the building [22]. The third
approach to beam stabilization is to develop an active feedback system to steer the electron beam
to compensate for machine disturbances. Local feedback systems [23, 24, 25], and the well
known global harmonic orbit correction scheme developed at the NSLS [26,27], are examples
of this avenue of attack. Each of these approaches depend upon reliable measurement of beam
movement, and all are currently being actively pursued at the NSLS.



The present work is a small part of the overall activity at the NSLS, and provides an
example of a study to determine the mechanism by which variations in cooling water temperature
drive beam displacements. The results are important not only because they indicate the level
to which direct remediation is practical, but also because they provide information which may
be valuable for properly implementing feedback schemes at synchrotron radiation sources such
as the NSLS.

THE MACHINE

The NSLS X-ray ring is a 170 meter circumference storage ring with a separated function
(Chasman-Green) lattice structure. It is composed of 8 superperiods each consisting of an
insertion device straight section roughly 4.5 m in length, two dipole magnets (2.7 m each) each
subtending 22.5 degrees of arc, 5 short quadrupole magnets (.45 m each), two large quadrupoies
(.8 m each), and four sextupoles (.2 m each). The magnets for the bending part of the
superperiod are mounted on five separate girders; two for the dipoles, two known as triplet
girders each supporting two small quads and one large quad, and the quintuplet girder which
supports two sextupole magnets followed by a short quad and two more sextupoles. The
placement of these girders is given schematically in figure 1.

There are two types of arc vacuum chambers in the NSLS X-ray ring. As part of the
"Phase H" shutdown, new machined chambers were manufactured and installed in four oi the
dipole magnets to facilitate the operation of high power insertion devices. The original "Phase
I" type vacuum chambers considered in this work are manufactured from extruded aluminum
alloy with the basic cross section shown in the inset in figure 1. In the quint and triplet girders,
the chamber cross section is exactly as shown with an electron beam channel of roughly 40 x
80 mm inside dimension. In the dipole magnet sections, the extrusion is bent to its nominal
6.875 m radius at the beam center line, and an ante-chamber structure is welded onto the
triangular (outside) section of the extrusion. A 6 mm high slot is milled through the outside wall
between the two triangular cooling water channels in two sections through which the photon
beam is extracted. The first slot is for beamlines viewing source points from 0 to 2.5 degrees
into the arc, and the second slot for a tangent point at 10 degrees.

Although these chambers were individually fabricated, they are field welded in place,
producing a continuous structure over 17 meters in length. This chamber is isolated from the
adjacent insertion device straight sections by bellows cells, and is in principle only fully
constrained by a fixed support located on the quint girder. Its position is also fixed by
"transverse supports" which are essentially leaf springs that allow the chamber to expand along
its length, but determine its position orthogonal to the electron beam orbit, that is, in both the
vertical and horizontal direction. There are transverse supports on the quint and triplet girders,
and in many cases the chamber binds between the poles of the bending magnets. Since the
chamber shares the same support structure as the magnets, it seemed plausible that distortion of
the chamber could lead to motion of the photon beam. The problem is one of collecting (and
interpreting) a meaningful representative set of data without disturbing the normal operation of
the machine.



THE MEASUREMENTS

For this study, we had available beam position monitors viewing the soft x-ray undaJater
at X-13 [10], and a 10 degree dipole source point at X-14 [11], Measurements of chamber
expansion across the isolation bellows cells were obtained using a linear transformer [28].
Measurement of the actual displacements of the magnets was not deemed practical as
environmental temperature changes causing thermal motion of any reference structure would be
comparable to the anticipated motions of the magnets. Instead, an autocoilimator [29] was
employed to measure their angular movement.

Since the magnets are mounted on girders which are in turn firmly bolted to the floor,
any translation would likely also result in a rotation. The autocoilimator is sensitive to micro-
radian level rotation, but is insensitive to translations. This means that vertical motion of the
stand supporting the autocoHimator head due to temperature changes in the x-ray ring tunnel
does not appear as apparent (spurious) motion of the magnets. The measurement set up consists
of an aluminum mirror mounted in a teflon block placed on the magnet with the electronic
autocollimator head mounted on an aluminum survey stand which is supported kinematically
from the floor.

Only one instrument was available, so the roll (rotation about the electron beam direction)
and yaw (rotation in the plane of the orbit) of the magnets were measured separately, and logged
over a period of several days (or weeks) to obtain what is hoped to be a representative range of
measurements. Both rotations were measured for each of the dipole magnets, and for one
quadrupole magnet on each of the other girders. Initial measurements on all of the magnets
located on a triplet girder indicated that they essentially moved together, so it was felt that for
subsequent measurements one location on each of the girders would be sufficient. Pitch
measurements (rotation along the electron beam direction) are impractical to make because of
space constraints in the tunnel, and given the structure of the machine, were regarded as less
significant than either roll or yaw.

As previously mentioned, cooling water flows through the two small channels in the
extrusion shown in figure 1. For the chamber described here (phase I type), the water flows in
a direction opposite that of the electron beam, and forms a continuous circuit from one end of
the superperiod to the other. To measure the temperature rise across the chamber, contact
thermocouples were placed on the chamber at locations near the extreme ends of the triplet
girders, and on the upstream end of the quint girder section just behind BM1. A signal
proportional to the stored beam current (from a current transformer in the ring) was also logged.

THE RESULTS

While we have data from many locations figures 2 and 3 suffice to demonstrate the
important features of si the observations. The roll measurement of a triplet girder, the
extension of the chamber across the bellows cell, and the output from the X-14 beam position
monitor are combined in figure 2. The stored current during the acquisition of this data decayed
smoothly from 220 to 140 mA. The vertical photon beam position monitor is located 3.2 m
from the source point which has a size of roughly 150 jum ay, and a vertical @y of 14 m. The



two large jumps in position at 17:00 and 17:30 hrs (down and then back up) are due to orbit
corrections requested by users. The span of the measured motion is about 40 /im over this 12
hour period which is fairly typical when vertical global feedback is disabled. Although this is
not an unacceptably large shift for many experiments, it is still outside the goal of limiting beam
movement to 10% of ay. Over the course of an entire fill, motion of up to 120 pm is not
uncommon.

The curve labeled "chamber extension" is actually the change in distance from the end
of a straight section chamber to the beginning of a triplet chamber, measured across a bellows
ceil. The general trend shown in figure 2 is that this distance is increasing with time, which
translates into a contraction of the vacuum chamber. This curve also exhibits large transients
on the scale of roughly 30 minutes, and smaller oscillations with a period of roughly 3 minutes.
These data were taken at a time when the NSLS was operating on "free-cooling". What this
means is that the compressor/chiller units were shut off with the cooling provided only by the
5 spray cooling towers on the roof. As it happens, December 3 1990 was an unseasonably
warm day (by Long Island standards) where the outside air temperature ranged from 4 to 10°
C (39 to 50°F) rising more or less continuously from the beginning to the end of the data
shown. As the outside temperature rose, different cells of the cooling tower were automatically
cycling on and off, giving rise to the large transients in chamber extension. By 22:30 hrs. the
outside temperature increase and prevailing load conditions were sufficient to require continuous
use of three cells of the cooling tower which correlates with the abatement of the large transients
in chamber extension.

It is also worth noting that discontinuities in the chamber extension with time are
reflected in both the recorded beam motion at X-14 and autocoilimator output. The long term
roll of this triplet, and in fact of the magnets in general, is outward or away from the center of
the ring. The long term drifts seem to be related to the current in the machine as highlighted
by the data in figure 3. This plot is data taken during a (happy?) vacuum accident during which
the ring current decayed to 0 mA over about 30 minutes. The temperature was measured at a
point on the chamber near the end of the cooling water loop, and its average value tracks the
ring current exactly. In fact plots of the temperature drop across the whole superperiod vs.
stored current have been made for many fills, and always exhibit the same linear current
dependance. The other important feature of the data in figure 3 is the exact correlation of the
temperature variation with the vertical beam motion detected at X-14. The only disagreement
between the two are the kinks in the beam position data during the precipitous drop in beam
current which are actually attempts by the machine operators to correct the orbit before the
vacuum problem was discovered.

ANALYSIS AND DISCUSSION

Looking at the data, and after examining the NSLS water system in some detail pO] the
rapid variations in temperature were fairly easily traced to a problem in the aluminum cooling
water control system which is now being corrected. The more interesting observation was that
the magnets all seem to rum inward at the beginning of a fill, and relax back to their nominal
positions as the beam decays. The inward twist was observed in both roll and yaw, as if the



chamber radius decreases with increasing beam current. This is exactly opposite to the effect
that would be anticipated from a uniform rise in chamber temperature. The answer lies in the
non-uniform way in which power is deposited into the chamber, shown schematically in figure
4.

If the power from insertion devices is not included, the x-ray ring generates a total of 125
kW of radiated power at 250 mA and 2.5 GeV (nearly 20 W per horizontal mrad). The
distribution of this power within a superperiod is shown by the upper curve in figure 4, while
the power absorbed by the aluminum chamber and the resulting temperature distribution are
given by the middle and lower curves respectively. The spikes in the absorbed power are simply
due to the slots which pass radiation on to the beamlines. The upstream spike occurs in the
material in the chamber separating beam ports. This area is structurally well supported by the
ante-chamber weldment, but the radiation from the end of the dipole, extending into the straight
sections of either the quint (BMl sourced) or second triplet (BM2 sourced) strikes extrusion with
the bare cross section shown in figure 1.

The power density in this part of the chamber approaches 2.9 W/mm along the length
of the chamber, and depending upon precisely where the beam strikes the outside wail, thermal
gradients from the water cooled to uncooled wall of up to 30 C have been calculated to be
possible. With the power loading shown in figure 4, the differential thermal stress on a 1 meter
free section of the extrusion could generate a bending moment of several thousand cm-kg. In
the actual chamber geometry, this bending moment would be expressed as a torque between
girders, and while the magnitude of this force seems small, it is more than adequate to produce
measurable displacements of the magnets. One of the checks in verifying that the autocoUimator
was operating properly, was in feet to lean on the magnet and look for rotation. The applied
force was less than 200 N (ca. 45 1b. measured), and was adequate to produce rotations of 10's
of micro-radians, comparable to those observed during machine operation. The important
question is cyi such small changes in magnet orientation produce orbit errors as large as those
observed? To look at this problem in more detail, we utilized the optics tracking code MAD
pi].

Many simulations were performed, moving only one family of magnets but changing the
number of the ring complement which were disturbed from their nominal positions. In each case
rotations of 10 micro-radians were introduced. The two most significant cases turned out to be
roll of the dipole magnets for vertical orbit errors, and yaw of the large quadrupoles in the
triplet section for horizontal motion. The results of these two cases are summarized in table 1.



TABLE 1
Summary of tracking code simulations for 10 p. radian rotations.

Bending Magnet Roll - vertical motion

Number of Magnets
Moved

(Same Direction)

.1

2

4

3

12

16 (all Dipoles)

Max. Deviation
W

67

98

151

51

155

10

RMS Deviation
GO

34

54

75

25

75

6

Quad (Qg) Yaw - Horizontal Motion (Moved Symmetrically about the
Superperiod)

Number of Magnets
Moved

(Same Direction)

1

2

4

6

S

10

12

Max. Deviation

90

140

263

323

401

393

342

EMS Deviation

43

68

124

160

173

163

130

The simulations revealed that moving magnets in groups, in a similar fashion, produced
the largest closed orbit distortions. In the case of the dipoles, roll of 4 or 12 dipoles produced
vertical motion the scale of that observed with the photon beam position monitors, while yaw
of 8, 10 or 12 of the large quadrupoles in the triplet girders generates distortions the scale of
those observed with the ring PUE system. The most striking feature of these simulations is that
these very small rotations in concert, produce surprisingly large closed orbit distortions. It is
further worth noting that, at least in the case of dipole motions, one might expect only 12
magnets to move in a similar fashion since the mechanical structure of the 4 Phase II chambers



differs significantly from that of their Phase I counterparts.

CONCLUSIONS

We have shown how it is possible to make measurements which correlate beam motion
with small motions of accelerator magnets and the X-ray ring vacuum chamber. From an
analysis of the data and the structure of the X-ray ring vacuum system we have developed a
model which seems to describe the observed coupling. Short term transients in beam position
are often the most difficult with which to cope from the standpoint of the synchrotron radiation
user. In the case of the X-ray ring, this problem has been traced to a control deficiency in the
cooling water system which is presently being corrected. The long term drift, shown to be
related to the beam current dependant thermal gradients is more difficult to directly correct.
Two possible solutions would be to provide supplemental heating, or adjust the coolant flow
rate.

The supplemental heating approach would require the installation of heaters (heater tape
or rope) on the outside of the chamber and that their power level be adjusted to compensate for
the decay of the beam current. This would maintain a constant thermal load on the vacuum
chamber and thus stabilize its position. Control of the cooling water flow rate would have a
similar effect in as much as a constant temperature drop across the chamber could be
maintained, but it poses the additional problem that the flowrate interlocks (required for machine
protection) become rather more sophisticated than the flow switches currently employed.
Neither solution has been pursued since the global orbit correction system recently installed at
the NSLS seems to suppress this noise, although it of course does not stabilize the ring structure.

For the NSLS, this last point is not insignificant. The global harmonic correction system
relies on data obtained from the PUE's welded directly to the chamber, which this work has
shown to move during a fill. Fortunately, the correction scheme does not refer to the absolute
position of the detectors, but instead compensates for harmonics of the motion they measure.
It is possible, however, that certain dissimilar motions of these PUE's could be incorrectly
perceived as beam motion at some harmonics. The possibility of such interactions is currently
being investigated, and experiments to determine the actual motion of the PUE's utilizing photon
beam position monitors at X-13 are planned.

Finally, we note that the magnitude of magnet rotations required to produce the beam
motion observed is strikingly small. Orbit simulations demonstrate that concerted motions of
special subsets of magnets can indeed produce beam motion the magnitude of that observed and
that further, due to the mechanical structure of the accelerator, motion of this type might be
expected. It is our suspicion that these problems are not unique to the NSLS, and hope that our
study will be useful to those working at other facilities.
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FIGURE CAPTIONS

Figure 1 Schematic of bending section of one X-ray ring superperiod. The direction of
cooling water flow is indicated as are the locations of the beamlines with photon
beam position monitors utilized in this work. The inset provides a cross section
of the aluminum extrusion from which the accelerator vacuum chamberis
fabricated.

Figure 2 Representative data plot showing magnet roll, chamber extension, and photon
beam motion obtained simultaneously as described in the text. Data are taken at
10s intervals.

Figure 3 Data showing the correlation between beam current, chamber temperature, and
photon beam motion.

Figure 4 Schematic showing the distribution of power deposited in the chamber, and the
resultant temperature distribution for a Phase I type vacuum chamber.
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