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Abstract

Identifying Sources of Vertical Floor Motion in the SLAC SSRL Storage Ring using Spectral
Analysis. NIKITA SUNILKUMAR (University of Southern California, Los Angeles, CA 90007)
JAMES SAFRANEK (Stanford Linear Accelerator Center, Menlo Park, CA 94025)

Users of the Stanford Synchrotron Radiation Lightsource (SSRL) are being affected by
diurnal motion of the synchrotron’s storage ring, which undergoes structural changes due to
outdoor temperature fluctuations. In order to minimize the effects of diurnal temperature
fluctuations, especially on the vertical motion of the ring floor, scientists at SSRL tried three
approaches: painting the storage ring white, covering the asphalt in the middle of the ring with
highly reflective Mylar and installing Mylar on a portion of the ring roof and walls. Vertical
motion in the storage ring is measured by a Hydrostatic Leveling System (HLS), which
calculates the relative height of water in a pipe that extends around the ring. The 24-hr amplitude
of the floor motion was determined using spectral analysis of HLS data, and the ratio of this
amplitude before and after each experiment was used to quantitatively determine the efficacy of
each approach. The results of this analysis showed that the Mylar did not have any significant
effect on floor motion, although the whitewash project did yield a reduction in overall HLS
variation of 15 percent. However, further analysis showed that the reduction can largely be
attributed to a few local changes rather than an overall reduction in floor motion around the ring.

Future work will consist of identifying and selectively insulating these local regions in order to

find the driving force behind diurnal floor motion in the storage ring.



I. Introduction

The Stanford Synchrotron Radiation Lightsource (SSRL) provides high energy photon
beams to various users working along a 234-m circumference electron beam storage ring
(SPEAR). Due to the sensitive nature of the users’ experiments, it is essential that the electron
beam and photon beam remain stable over long periods of time. However, challenges have arisen
in maintaining the vertical stability of the beam due to movements of the ring floor. A
Hydrostatic Leveling System (HLS) and Radio-Frequency orbit feedback (RF) have observed the
storage ring of the synchrotron expand, contract and shift vertically on the order of hundreds of
microns within days. Such movement has led to difficulties for SSRL users who need the
incident photon beams to remain stable to better than ten microns. The cause for this instability is
unknown, but one hypothesis identifies temperature variations inside, outside and within the
concrete surfaces of the ring as being directly correlated to the motion of the tunnel.

In an attempt to stabilize the ring, scientists from the Accelerator Physics division of
SSRL have tried three approaches. In the summer of 2008, the roof and walls of the storage ring
were painted white. In the June of 2009, highly reflective aluminum Mylar was installed on the
asphalt that covers the ground in the middle of the ring. In July, the Mylar was also installed on
the roof and walls of a portion of the ring, and fans were placed inside the ring to promote
ambient temperature stability. The reasoning behind all three experiments was the same: by
finding ways to shield the ring and surrounding structures from cyclical temperature changes, the
scientists hoped to prevent the expansion and contraction of the ring due to heat absorption and
loss. The white paint, and later Mylar, was intended to protect the concrete walls of the ring from
solar radiation, which causes diurnal heating and cooling that can lead to internal buckling or

shear forces. The Mylar on the asphalt was intended to prevent outward expansion that would



cause stress on the inner walls of SPEAR and perhaps translate into vertical or rotational
movement of the ring floor.

The efficacy of the three experiments mentioned above may be determined by processing
and analyzing the data provided by the HLS and RF systems. In the future, the knowledge
gained from these experiments may help scientists at SSRL determine the exact causation and

correlation relationship that links temperature variation with ring structure movement.

II. Methods and Materials
1. Measuring Systems

Any attempt to pinpoint and correct issues of structural instability relies heavily on the
systems that are in place to measure it accurately. The two systems in place at SSRL are the HLS
and RF systems. The HLS, in brief, consists of a series of tubes half-filled with water placed on
the concrete floor around the storage ring. Sensors placed at points around the ring measure the
water level in reference to a central sensor. The data coming from one sensor shows the amount
of vertical movement occurring at that point in relation to a sensor upstream of the East Pit [1].
SPEAR contains 22 sensors, with pairs of sensors placed upstream and downstream of points
where photon beam lines move tangentially off from the electron beam. HLS data is measured
in microns, and the sampling rate is every 10 seconds.

The second system in place is the RF system, which provides data regarding the
circumference of the beam. The data provided by this system represents the change in the
frequency of the radio signal that steers the beam — the delta RF signal is proportionally equal to

the change in the circumference of the ring by the following relationship [2]:

AC = - C-Afrrlfr,



The RF data is in Hz, and the sampling rate is every minute.

Thermocouples (TC) placed at various locations inside and outside the ring provide data
on temperature fluctuations taking place over any given period of time. TC data is taken in
degrees centigrade, and the sampling rate is every minute.

2. Materials

All of the walls and the roof of SPEAR were painted with a white, titanium oxide based
paint that also contained a Borosilicate glass additive. The Mylar used to cover one half of the
ground in the center of SPEAR, and later one quarter of the South Arc, is a thin polyester film
coated with aluminum. The floor of SPEAR is composed of six sections, with four continuous
concrete slabs forming the north and south arc, and two concrete blocks anchoring the East and
West Pit. Most of the interior wall of the storage ring is composed of discrete concrete blocks 61
cm thick that are placed on the asphalt that covers the inner region of the ring; however, in some
regions, the wall has been cast as a continuous structure that extends 3 feet below the ring floor
(See Figure 2).

3. Data Analysis

Data from all three experiments was analyzed using one method, which consists of
simple filters, a planar extraction and spectral analysis.

The SPEAR schedule during operation consists of 12 day cycles of uninterrupted beam
time followed by two days of either Accelerator Physics sessions or maintenance projects.
During the Accelerator Physics sessions, which include various tests and changes to the beam
itself, the RF signal becomes erratic and noisy. Similarly, when the ring is open to maintenance
traffic, occasional bumps and vibrations can disrupt the HLS sensors, and cause faulty or invalid
readings. A simple search and replace filter written as a MATLAB function allowed the signal to

be cleaned before further analysis.



The filter consists of two steps: the first involving a moving window within which data
points above and below a range of standard deviations were replaced by the MATLAB value
NaN (not a number), and the second which replaced all the NaNs in the vector with interpolated
values. Also, some regions of data taken during periods with known disruptions were manually
removed and replaced with interpolated values.

In addition to the simple filter, the HLS data was also corrected for overall planar
movement. Although each sensor of the HLS provides readings independent of the others, the
entire system forms a plane parallel to the ring itself. A portion of the movement recorded by
each sensor actually corresponds to the movement of this plane and not just the movement of the
region measured by each sensor. A MATLAB function was written to calculate the equation for
the best fit plane at each time denomination using the coordinates of each of the sensors and the
vertical reading (Y) of each sensor at that time. The coordinate system for the HLS sensors is
based on the major and minor axes (labeled X and Z, respectively) of the ellipse formed by
SPEAR. The function then subtracted the Y-value calculated from the best fit equation from the
actual data point. The function also returned the slopes of the X and Z axes from each best fit
plane.

The planar movement was subtracted from the HLS data since it represents uniform
motion across the ring; however, it is unclear whether the planar behavior of the ring can be
extended onto the photon beamline floor. The beamlines extend tangentially from the ring and
are placed on foundations that are distinct from the SPEAR arcs. For the purposes of analyzing
instability of just the storage ring and not the photon beamlines, the planar correction is not
detrimental, but the function written for this analysis may have to be modified before it is applied
to photon beamline motion. The sources for the planar motion of the ring are unknown, although

certain hypotheses suggest that the planar slopes can be accounted for in part by tidal motion at



12-hour, 24-hour and 14-day frequencies. In order to calculate the theoretical tidal motion at
SPEAR, the program Solid_UTC was used, which generates tidal shifts based on a solid Earth
assumption [3]. An initial comparison of the best-fit slopes and theoretical tidal slopes shows
that both values are on the same order of magnitude (See Figure 1). The best-fit slopes even
approximate the 12-hour amplitude of tidal motion within 14 percent, although the 24-hour and
14-day content does not seem to be correlated (See Table 1).

After processing the data through the simple filter and the planar extraction function, a
spectral analysis method was used to determine the characteristic frequencies embedded within
each vector of HLS data. As expected, the HLS sensors’ readings all contained a noticeable 24-
hour period and a smaller 12-hour frequency in some cases (See Figure 3). An existing
MATLAB function was modified to perform the spectral analysis — this code takes the Fast
Fourier Transform (FFT) of the HLS data, multiplies by the conjugate of the FFT and generates a
Power Spectrum Density (PSD) plot. On logarithmic axes, the PSD plot shows clear peaks at the
12-hour and 24-hour frequencies where the majority of the power in the signal is concentrated.
Then, by Parseval’s Theorem, integrating the power spectrum density curve produces an
“Integrated Displacement Power Spectrum” plot, which shows the typical amplitude of the signal
across a domain of frequencies. By measuring the displacement, or ‘step’, at the 24-hour
frequency before and after an experiment, the change in diurnal variation for each HLS sensor

may be determined (See Figure 4).

I11. Results
1. Whitewash Project
The painting of the SPEAR roof and walls during the summer of 2008 did yield

significant results, according to analysis of data from May 2008 (before paint) and May 2009



(after). As shown in the first row of Table 2, the two months had nearly identical daily variations
in outdoor temperature. However, the daily temperature fluctuation of the concrete roof was
reduced by a factor of two after the addition of white paint, and the internal ambient temperature
fluctuation of the ring was reduced by 15 percent. The diurnal HLS variation, calculated as the
mean of all sensors’ variations, was also reduced by 15 percent, although the greatest
contribution for the change came from a few select sensors. The changes in each sensor are
shown in Figure 5, with the sensors arranged in order as they would be seen from Girder 3,
looking from left to right toward the ring center. Since there was no uniform reduction in HLS
variation throughout the ring, it is not likely that the internal ambient temperature is directly
correlated to vertical floor motion, though it may make a minor contribution to the dynamics of
the entire system.
2. Mylar on Asphalt

Row two of Table 2 shows the changes in temperature and HLS after installation of
Mylar on the asphalt that covers the center of the ring. The two rows represent different data sets:
the first compared data from one week each in May and July 2009, and the second compared 17
days of data taken immediately before and after the Mylar was installed. Both analyses showed
that despite a significant reduction in the temperature variation of the asphalt (which was
estimated to be by nearly a factor of six), the HLS variation did not improve. Even the RF signal
did not improve after the installation of the Mylar, which suggests that the predicted asphalt
expansion and ring motion are entirely decoupled.

3. Mylar on Ring Roof and Walls

The results of the first two experiments prompted the installation of Mylar on the roof

and walls of a section of SPEAR. It was hoped that the Mylar would reduce the temperature

fluctuation of the roof by additional factors beyond the reduction caused by white paint alone.



Due to the relationships demonstrated in the analysis of the roof painting project, it was hoped
that the internal ambient variation, and subsequently the HLS motion, would also decrease. In
addition to the Mylar, fans were also placed at locations around the ring to increase airflow and
minimize temperature gradients between the floor and ceiling of the ring. Although the amount
of data recorded at this point is insufficient to conduct a thorough analysis, a partial analysis of
the Beam Line 11 (BL11) sensors showed no improvement in floor stability, despite a slight
reduction in roof temperature (See Table 2). The reduction in the interior wall temperature
variation only amounts to an actual change of 0.05 degrees Centigrade. One week each from July

and August were compared for this analysis.

Analysis of the three experiments discussed above has also suggested another path of
inquiry — one that examines the effect of wall structure on floor motion. Figure 5, which shows
daily variations for each HLS sensor before and after SPEAR was painted white, also shows
spatial discontinuities in diurnal floor motion that cannot be explained by temperature
fluctuations. A specific example involves the HLS sensors upstream and downstream of BL 7,
which recorded far greater daily variation than the sensors on BL10 and BL9. BL10 and 9 are
immediately adjacent to BL7 and therefore too close to have a significant ambient temperature
difference. BL7 also responded to the white paint more than the surrounding sensors — the two
BL7 sensors’ variations fell by 35 percent while those at BL10 and BL9 actually increased by
two percent. The only known difference between BL7 and the other sensors is that the inner ring
wall at BL7 is composed of cast concrete that extends a few feet below ground, whereas the
other sections of the surrounding arc are composed of concrete blocks that rest on the asphalt that

covers the middle of the ring (See Figures 2 and 6).
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IV. Conclusion and Future Work

Although each of the three attempts described above have provided insight into the forces
and factors that affect ring instability, none have conclusively demonstrated the exact cause and
effect relationship between temperature variation and HLS motion. However, the results of the
different experiments have eliminated some hypotheses, such as the link between horizontal
asphalt expansion and vertical ring motion, and reinforced others, such as the relationship
between internal ring temperature and HLS variation. Future work toward improving stability in
the ring will focus on quantitatively identifying this relationship between internal temperature
and floor motion and designing experiments to minimize both.

The method used to study data for this effort will also have to be re-evaluated, as the
analysis expands to include not just the main storage ring, but also the beamlines and
experimental floor. A more precise tidal calculator must be used to analyze and extract planar
motion from the HLS data. Additional factors, such as ground water levels, humidity and fault
line activity must be studied to determine if they also cause uniform fluctuations in HLS data.

In addition, the investigation into the correlation between wall structure and floor motion
must expand to include the rest of the ring beyond BL7. It has already been noted that other
sections of the ring with discontinuities similar to BL7 do not conform exactly to this wall-type
hypothesis, but future work in this area may account for such discrepancies. Since BL7
responded so well to the white paint, areas with similar wall structure could be insulated
selectively to test their response in comparison to dissimilar sections of the inner wall. Part of
that effort may include the installation of more sensors across definitive features of ring
structure, and the extension of the HLS system onto photon beamlines and perhaps even the

experimental hall.

11



V. Acknowledgements

This effort would not have been possible without funding from the Department of Energy
Office of Science and the SULI program at SLAC National Laboratory. Special thanks to my
mentor, James Safranek, for his unfailing guidance and support. Thanks also to Steve Gierman,
Ben Scott, Ann Trautwein, Georg Gassner, Tom Rabedeau, Ray Ortiz, Harvey Rarback, Jim
Sebek and the rest of the SSRL Accelerator Systems Division for their very helpful

contributions, and to Greg Portman for his PSD code.

VI. References

[1] Gassner, Georg. “Startup of the HLS in SPEAR3.”
<http://www-group.slac.stanford.edu/met/Align/Spear3/...
SPEAR_WWW/HLS%20Startup%202007.pdf>

[2] T. Katsura, Y. Kamiyat, A. Araki, H. Nakamura and Y. Fujita. “Variation of the
Circumference in a Storage Ring and Expansion of the Building.” EPAC92. Third

European Particle Accelerator Conference, page 1631, 1992.

[3] Milbert, Dennis. “solid.m” < http://home.comcast.net/~dmilbert/softs/solid.htm>

12



VIL Figures and Tables

Tidal and Best-fit Planar Slopes -- I\.'IZ

01

m

0

0.

o
m

cro Radians
o

= 005

01k

o o o
o = ~a W
I T

Micro Radians

=]

=)
ra

e m.,wa i i

Tidal and Best-fit Planar Slopes -- I‘\.v'l><

‘“"W“w W‘ 4’*“‘“‘“\%’. A\ }\W‘ ”\Wt

Best-fit Plane Slope
Tidal Slope

Best-fit Plane Slope
— Tidal Slope

56 5Mm 5416

Date - May 2002

526 5431

Figure 2: The two plots show the slopes of the major and minor axes of SPEAR versus time, as
calculated by the best-fit planar extraction program and a tidal motion calculator. The slopes of
the best fit plane across all HLS sensors are on the same order of magnitude as the theoretical

slopes that would be caused by tidal motion.

Ratio Amplitude

12-hr 24-hr
Tidal Slope X
Best-fit Slope X 0.8623 0.3194
(Phase Difference) (4.326 hI'S) (10.055 hI’S)
Tidal Slope Z
ESil=opeZ 0.6806 0.2283

Table 1: A comparison of the best-fit slopes and theoretical tidal slopes using
spectral analysis. The best fit planes were able to approximate 12-hour tidal motion

more accurately than the 24 hour content.
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Figure 3: A typical HLS data vector. Each measurement corresponds to the vertical displacement
of the ground at one location (in this case, downstream of BL13) in reference to a sensor placed
upstream of BL12.
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Figure 4: A typical HLS PSD plot. The mean daily variation for this sensor can be
determined by calculating the change in the Integrated Power Spectrum across the
24-hour frequency.

WHITEWASH

(May 2009/ 0.846 0.999 0.5308 0.8494

May 2008)

MYLAR on 1.077

ASPHALT

©/13.6/30/00, IAERY 1.087 1.087 0.8185

6/30-7/16/09)

MYLAR - (BL11 Only

Roof/Walls — No plane fit) (Interior Wall TC

(6/30-7/05/09 / Upstream: 1.314  0.9473 0.8054 Girder 13)

7/29-8/03/09) Downstream: 0.4338
0.9182

Table 2: The results of the three experiments designed to improve SPEAR stability. Each value
corresponds to the ratio of the mean daily variation of the signal after an experiment over the
variation before an experiment.
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Figure 5: The mean daily variation in each HLS sensor before and after the roof and walls of
SPEAR were painted white. Note the lack of a uniform change across all sensors; most of the
reduction can be attributed to BL7 and the sensors on the BL12 photon beam floor.
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Figure 6: HLS data from sensors up and downstream of BL7, 10 and 9. Although the
sensors are adjacent within SPEAR and on a continuous arc of the ring floor, the figure
above shows a discontinuity between BL7 and the other sensors. A possible cause for the
discontinuity is the non-uniformity of the inner wall structure of SPEAR.
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