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Abstract

The x-ray pinhole camera diagnostics on the Advanced
Photon Source (APS) storage ring have recorded an
“effective” transverse beam size instability during
operations with a sextuplet plus 22 singlets fill pattern.
These instabilities were not observed with the sextuplet
plus 25 triplets fill pattern that has been the standard fill
pattern in FY’98. The instability threshold is at 82-85 mA
with positrons. The features include an increased average
(few seconds) transverse size both horizontally and
vertically for stored currents above the threshold with a
correlated effect on the beam lifetime. The horizontal
transverse emittance is 25-30% larger at 100 mA than
below the threshold. There is a related horizontal beam
centroid motion as well, but this does not explain the
vertical size change nor the lifetime effect.
Complementary data were also taken with the diagnostic
undulator, and a similar threshold effect on divergence
was observed. The cross-comparison of the data and
possible mechanisms will be presented.

1 INTRODUCTION

Operations of the Advanced Photon Source (APS) storage
ring have included two fill patterns in the last year: one
with a bunch sextuplet followed by 25 bunch triplets that
were spaced by 140 ns and the other with the sextuplet
followed by 22 singlets spaced 100 ns apart. In both cases
the total stored current in the ring at the end of the fill is
the nominal 100 mA, but in the singlets case the charge
per bunch is about three times higher than in each bunch
of the triplets. In the singlets-fill case our x-ray pinhole
camera diagnostics were used to identify two instabilities
that result in increases in averaged transverse beam sizes.
One instability occurs only near the maximum beam
current in the present conditions, and the horizontal beam
size at the dispersive point is dramatically increased. The
other is also present down to the threshold of 82-85 mA.
Several cross-comparisons of results from both the
dispersive and nondispersive bending magnet source
points, the diagnostics undulator, and the streak camera
bunch length data were used to separate the features of
the two instabilities. These features are consistent with a
transverse instability with the 82-85 mA threshold and a
longitudinal instability at the top of the fill. The first is
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sensitive to changes in the sets of sextupol~currents
(chromaticity) and the second to changes in the rf cavity
temperature setpoints (HOMS). Representative examples
of the different types of data will be presented. The
observations were initially performed with stored
positrons, but the basic features persisted with the change
to electrons in October 1998.

2 EXPERIMENTAL BACKGROUND

The APS storage ring utilizes a 7-GeV positron or
electron beam (since Oct. 1998) circulating in a 1104-m
circumference ring. Normal stored beam currents are 100
mA with a natural emittance, &= 7.9 + 1.1 nm rad. The
baseline vertical coupling was 10%, but we now generally
run at the 1-270 level. The standard fill pattern involves a
sextuplet (each of similar intensity) totaling 10 mA of
stored beam current. The other 90 rnA are distributed in
25 triplets spaced 140 ns apart in the ring. In a special
user mode we have run -15 rnA in the sextuplet and 85
mA distributed in 22 singlets that are 100 ns apart. It is
this latter till pattern, with about three times the charge per
bunch that has exhibited the “effective” transverse beam
size growth. These phenomena have been detected with
photon diagnostics, rf BPMs, and the tune measurement
system. This paper will concentrate on the photon
diagnostics results.

The photon diagnostics are located in one of the 40
sectors of the APS [1-3]. We use radiation from bending
magnets and a diagnostics undulator as shown in Fig. 1.
For the dipole magnet source at a dispersive point in the
lattice, both x-ray synchrotrons radiation (XSR) and
optical synchrotrons radiation (OSR) techniques are used.
An in-tunnel x-ray pinhole camera includes a remotely
controlled four-jaw aperture at 9.1 m from the source, a
CdW04 or YAGCe converter crystal at 17 m from the
source, and a charge-coupled device (CCD) camera.
Effective spatial resolutions of about 25 ~ (r$ are
estimated. The video is digitized by a Data Cube
MaxVideo-200 (MV200) unit, and the digital results are
identified as process variables (PVs) for the EPICS
platform. Data logging of beam size, centroid, and
emittance can thus be done on a 24-hour period. The OSR
is transported out of the tunnel to an optics station where
a CCD camera, a Stanford Computer Optics (SCO) Quik-
05 gated camera, and a Hamamatsu C5680 dual-sweep
streak camera are available. The synchroscan unit is phase
locked to 117.3 MHz, the third subharmonic of the SR rf
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Fig. 1. Illustration of setup for laser scattering inspection system.

steel pinhole aperture, and recorded by Detector A. Any light that is scattered from the subsurface
directly beneath the incident spot passes through the aperture and onto Detector A. The remaining
light that is scattered from the area around the illuminating spot is reflected back through the lens
and M4 plate. In this case, its polarization has been rotated to vertical, and it is reflected by the
detecting PBS and directed to a 50/50 beam splitter. One side of this splitter is imaged by a
positive lens onto Detector B, while the other side is imaged onto a CCD array to monitor the
scattering surface.

The total back-scattered intensity can be obtained by monitoring the sum of the outputs of
Detectors A and B. This sum will be most indicative of lateral defects. As the laser illumination is
rastered across the specimen surface, these sum values are assembled into a gray-scale image of the
surface known as the “sum” image. However, if the ratio of outputs from Detectors B and A, i.e.,
B/A, is computed, we obtain an indication of the degree of lateral spread of the subsurface scatter.
This value is primarily sensitive to median defects. Again, as the specimen is scanned, these ratio
values are assembled into a gray-scale image called the “ratio” image. Most real defects will have
some orientation between median and lateral, and will therefore provide an indication in each
image, although one orientation will often dominate the other.

DIAMOND-GROUND GS44 SPECIMENS

Three diamond-ground GS44 specimens were analyzed, and machining conditions for
these specimens are listed in Table 1. Specimen 6 was machined by a diamond wheel with grit no.
125 and a grit concentration of 150%. Specimens 7 and 8 were machined by a diamond wheel
with grit no. 125 and a coarser concentration of 100%. A high material-removal rate (MRR) was
used for specimens 6 and 8, and a lower MRR was used for specimen 7.
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Table 1. Machining conditions of diamond-ground GS44 specimens

Grit
Specimen Concentration

No. Grit No. (%) MRR
125 150 High: 12 in./min

: 125 100 Low: 6 in./min
8 125 100 High: 12 in./min

LASER SCA’ITER RESULTS

We have focused our effort to establish correlations on the surface microstructure between
the elastic optical scanering data and photomicroscopic image, using specirqen 8 which was
machined with a high MRR (Table 1). Our technique uses three sequential steps: (a) obtain laser
scattering data, (b) obtain photomicrographs, and (c) polish to remove a surface layer of material
and then repeat the entire sequence.

Figure 2 is a photomicrograph of the specimen surface after removing a 21-pm layer from
the ground surface. Four deeper grinding grooves are visible where machining darnage is expected
to be severe. The region within the black fhrne was studied at various polishing depths. One
portion of this region is within a grinding groove. It should be noted that these grinding grooves
would not be observed without fust polishing the ground surface.

Figure 3 shows the laser scattering sum and ratio images scanned at 5-j.Lrnresolution on the
ground surface enclosed within the white frame shown in Fig. 2. In the sum image, the white
spots and lines represent surface regions with excessive light scattering due to surface/subsurface
defects or machining damage. Correspondingly, the damaged regions am darker in the ratio
image. As described above, the sum and ratio images are sensitive, respectively, to lateral and
median cracks in the specimen subsurface. Two types of defects and machining damage are visible
in these images. First, individual defect regions (or spots) are distributed throughout the specimen
surfaces. Second, machining marks ae represented by vertical lines (darker lines in the ratio
image and whiter lines in the sum image). By comparing Figs. 2 and 3, we see that three deeper
grinding grooves are enclosed in the scanned area. The laser scattering ratio image clearly shows
the intensive grinding lines within these regions, indicating severe machining damage in the
grinding grooves.
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Fig. 2. Photomicrograph of polished (by a 21-pm layer) surface of GS44 specimen 8,
revealing deeper grinding grooves on the ground surface.
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Fig. 3.

Fig. 4.

Elastic optical scattering sum and ratio images of ground surface of diamond-ground
GS44 specimen 8 at region within white frame in Fig. 2.

(a)

@)

Elastic opticaI scattering ratio images of ground surface of diamond-ground GS44-.. . —
specimens (a) 6 and (b) 7.

Figure 4 shows the laser scattering ratio images scanned at 5-~m resolution on the ground
surface of diamond-ground specimens 6 and 7. It is evident that the machining marks are denser
for specimen 6 and are similarin intensity to those for specimen 8, while the machining marks m
less intense for specimen 7 but their distribution and width me similar to those for specimen 8.
These results indicate that harsh machining condkions, i.e., higher MRR or coarse grit
concentration, will generate scattering “rough” surfaces with more intensive machining marks.

The ground surface of specimen 8 has been polished and examined at several depths.
Figures 5 and 6 show scattering ratio and sum images (at 5-p.rn resolution) of the ground surface
and after the surface was polished by a 38-pm layer, respectively, within the region of the black
frame shown in Fig. 2 (with a 90° counterclockwise rotation). The corresponding
photomicrographs (at 50X) are shown in Figs. 7a-b. Several prominent features (flaws) am
indicated in these figures. Two surface-breaking cracks (identified as “Cracks”) are detected on the
top of the scattering and photo images. Two additional prominent features are identified as a
“Spot” =80 ~m in diameter and a “Line” =40 ~m in width. These two regions were further
examined from rnicrographs at 1000X magniilcation, shown in Figs. 8 and 9. It is evident that the
“Spot” region contains a subsurface void, while the “Line” region is associated with a higher
porosity (or crack) in the subsurface that may be attributed to machining damage. Note that this
grinding line is located within a deeper grinding groove and was not polished after removing a 21-
~m layer, as shown in Fig. 2. The line is only faintly detectable from the laser scattering data after
removing a 38-Lm layer (Fig. 6), indicating that the machining darnage is not very deep.
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Fig. 5. Elastic optical scattering (a) ratio and (b) sum images of ground surface of diamond-
ground GS44 specimen 8.

.3 mm

Fig. 6, Elastic optical scatte&g (a) ratio and (b) sum hages of polished (by a 38-~m layer)
surface of diamond-ground GS44 specimen 8.
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Fig. 8. Surface photomicrographs (lOOOX) ) of “Spot” region of diamond-ground GS44
specimen 8 shown in Figs. 5-7: (a) original ground surface, and after removing (b) a
38-pm and (c) a 51-pm layer by polishing.

(a) (b) (c)

Fig. 9. Surface photomicrographs (lOOOX) ) of “Line” region of diamond-ground GS44
specimen 8 shown in Figs. 5-7: (a) original ground surface, and after removing (b) a
38-pm and (c) a 51-p.m layer by polishing.

CONCLUSIONS

The elastic optical scattering technique was used to detect defects and machining damage in
diamond-ground GS44 specimens subjected to various machining conditions. We found that
harsh machining conditions, e.g., higher material-removal rate and coarse grit concentration, will
produce scattering “rough” surfaces where machining damage is more severe. By repeated
polishing and examination of a ground surface at several depths, it was shown that several “defect”
features detected by laser scattering can be correlated with microstructural defects (e.~.. cracks and
voids) on the surf;ce/subsurface ;f the specimen as observed by
darnage is characterized by increased subsurface porosity, but is
layer under the ground surface.
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