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Abstract
Spatial and temporal ground diffusion can be approxi-

mately described by the ATL law [1, 2]. Ground diffusion
can have an important effect on the long-term stability of ac-
celerator alignment. To estimate the possible consequences
of ground diffusion on APS Upgrade [3] performance, the
ground diffusion constant of the existing APS tunnel was
measured using two methods: the orbit correction effort
analysis and the hydrostatic level system. It was then used
to estimate the ground diffusion effect on the orbit stability
of the APS Upgrade. In this paper, we will describe the
diffusion constant measurement and present estimations of
the expected APS-U alignment and orbit stability.

INTRODUCTION
Ground diffusion is often described by an empirical “ATL

law” [1, 2] as 𝑥2
rms = 𝐴𝑇𝛼𝐿𝛽, where 𝑥rms is the rms relative

displacement between two points separated by a distance
𝐿 after a time interval 𝑇, and 𝐴 is a constant that depends
on the particular site. The constant exponents 𝛼 and 𝛽 are
usually assumed to be unity. There are various ways of
measuring the constant 𝐴 as described in [4]. We used two
methods – orbit correction effort and hydrostatic leveling
system (HLS) measurements. The hydrostatic leveling sys-
tem directly gives the relative vertical displacement of two
points, so the processing is straightforward. The idea behind
the method utilizing the orbit correction effort is the follow-
ing [5]: as the ground experiences diffusive motion over
long periods of time, it moves the magnet girders, which
results in orbit distortion; orbit correction corrects for this
orbit distortion, therefore the orbit correction effort can be
used to characterize the ground motion. The calculation
goes as follows. The ground motion is described by the ATL
law as

𝑥2
rms ground = 𝐴 𝑇 𝐿,

where constant 𝐴 has units m/s. More convenient units
µm2/m/s are also often used. This leads to orbit distor-
tion [6]:

𝑥2
rms orbit = 𝜅2

ground𝐴 𝑇 𝐶, (1)

where 𝜅ground is the orbit amplification factor due to ground
motion, and 𝐶 is the circumference of the storage ring. The
orbit errors generated by the ground motion are corrected
by orbit correction, and the time evolution of the rms orbit
correction effort can be described according to Eq. (1) as:

𝜃rms = 𝐷√𝑇, (2)
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where 𝐷 is the coefficient obtained from the fitting of the
archived orbit correction effort. The rms orbit errors that are
produced (or corrected) by correctors can be described as:

𝑥rms orbit = 𝜅corr ⋅ 𝜃rms = 𝜅corr𝐷√𝑇, (3)

where 𝜅corr is the orbit amplification factor of the corrector
effort. Equating expressions from Eqs. (1) and (3), the ATL
coefficient 𝐴 can be determined as:

𝐴 = ⎛⎜⎜
⎝

𝜅corr𝐷

𝜅ground√𝐶
⎞⎟⎟
⎠

2

. (4)

Now to determine the constant 𝐴, one needs to find the
amplification factors 𝜅 and the fitting coefficient 𝐷.

ORBIT CORRECTION EFFORT
Typical mean time between faults during APS operation

is about 100 hours, or four days. Only uninterrupted run
periods were used for analysis because the orbit changes
after beam dumps might be caused by other than ground
motion changes. 37 uninterrupted periods longer than 5
days were found over the last five years of APS operation.
Sudden orbit events not related to diffusive ground motion,
such as deliberate user steering, BPM reading jumps due to
malfunctions, and others, were removed by the analysis.

APS orbit correction utilizes 80 and 120 correctors in the
X and Y planes, respectively. First, the analysis subtracts
the initial corrector values from each corrector data set so
that the corrector time evolution starts from zero. Then, the
corrector rms value is calculated for each subsequent time
moment. After that, the median time evolution of the cor-
rector strength is calculated over all data sets. The results
are shown in Fig. 1. According to the ATL law, the rms cor-
rector strength evolution should be proportional to √𝑇. One
can see that the median time evolution of the rms corrector
strength follows the square root of time dependence rather
well. Coefficients of the √𝑇 fit calculated using multiple data
sets (before taking median) are given below:

𝐷𝑥 = (1.2 ± 0.3) ⋅ 10−9 rad/√s
𝐷𝑦 = (2.2 ± 0.5) ⋅ 10−9 rad/√s.

Orbit distortion due to random correctors is easy to sim-
ulate as well as estimate analytically. Simulations using
elegant [7] give the following values for the orbit amplifi-
cation factors due to correctors:

𝜅corrx = 140 m/rad, 𝜅corry = 46 m/rad.

As expected, analytic calculations give very close values.

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-THPAB066

MC2: Photon Sources and Electron Accelerators

A05 Synchrotron Radiation Facilities

THPAB066

3907

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



Figure 1: Median time evolution of the rms corrector
strength during user operation. Red line shows √𝑇 fit.

In order to simulate orbit distortion due to diffusive ground
motion, one needs to generate corresponding ground dis-
placement. Generating 1D diffusive displacement is easy –
it is a simple random walk sequence where each next value
is obtained by adding a gaussian-distributed random step 𝛿𝑥
to the previous value. For a circular accelerator, the ground
displacement needs to be two-dimensional. Generating 2D
diffusive displacement is much more involved [8], so it was
decided to adopt the following simplified approach to gen-
erate ground displacement for APS simulation. First, a 1D
transverse random walk displacement sequence 𝑥(𝑛) is gen-
erated at 1-m intervals, for 𝑛 from 0 to 1104, where 1104m
m is the APS circumference. For a circular machine, the
end of the sequence should be equal to the beginning of the
sequence. This condition is enforced by subtracting overall
slope (𝑥1104 − 𝑥0)/1104 from every value of the sequence.
Here, advantage is taken of the fact that the 175-m APS
average radius is very large compared to the displacements,
so the problem is almost one-dimensional.

To simulate the orbit distortion due to diffusive ground
motion, the horizontal and vertical ground displacements
are generated first based on the just-described method. Then,
the quadrupole displacements are generated the following
way: the first and last quadrupoles on each girder are as-
signed displacements equal to that of the ground, then the
quadrupoles in between are assigned displacements on a
straight line connecting the first and last quadrupoles. These
displacements are loaded into the elegant model and used
to compute the closed orbit. This procedure is repeated 500
times with different error seeds, and the orbit rms is calcu-
lated at insertion device BPM locations over all orbits and
all insertion device BPM locations. The orbit amplification
factors of the diffusive motion are then calculated using

𝜅ground =
𝑥rms orbit

𝛿𝑥√𝑁
,

where 𝛿𝑥 is the rms size of the single displacement step
and 𝑁 is the number of sequence steps over storage ring
circumference (𝑁=1104 for APS with 1-m-long steps). The
values obtained in simulations are

𝜅groundx
= 2.0, 𝜅groundy

= 0.70.

Now the Eq. (4) can be used to calculate 𝐴:

𝐴x = 5.4 ⋅ 10−6 μm2/m/s, 𝐴y = 1.0 ⋅ 10−5 μm2/m/s.

Note that since the effect of other events such as user steering,
BPM reading jumps, etc cannot be fully excluded, these
values should be considered upper limits for the diffusive
ground motion constants.

Long-term BPM Noise
Orbit correction reacts to beam position monitor (BPM)

reading changes. Those readings are subject to electronic
noise. To make sure that the orbit correction action analyzed
above is not caused by the BPM electronic noise, the long-
term BPM noise was analyzed using a combiner-splitter
method [9]. The measurement requires the presence of the
beam, so the low-frequency boundary of the analysis was
still limited to a few days. It was found that the BPM elec-
tronics rms noise was approximately 1.5 µm for horizontal
and 0.5 µm for vertical planes in the frequency band between
10−5 and 10−2 Hz. For the same band, the orbit motion due
to ground diffusion is estimated to be 43 µm in horizontal
and 23 µm in vertical planes. Clearly, the orbit correction
effort shown in Fig. 1 could not be caused by the BPM noise.

HYDROSTATIC LEVELING SYSTEM
A prototype hydrostatic leveling system (HLS) was in-

stalled in the APS tunnel in 2014 to test the design intended
for APS-U installation [10]. It consisted of three sensors
located on a straight line in sequence BP0, AP0, GRID with
distances between them of 5 m (BP0 to AP0) and 16 m (AP0
to GRID). After sitting in the tunnel for some time, the sen-
sor signals became very noisy, probably due to radiation
damage to the electronics. Four usable three-month-long
data sets were found in the data archives.

To allow sufficient averaging, each three-month-long data
set was split into 21-day-long subsets with 90% overlap. For
each subset, the relative displacement of the sensors was
calculated starting from zero. Then, the standard deviation
of the displacement was calculated over all subsets for every
time moment. Figure 2 shows the resulting time evolution
of the standard deviation of the sensor displacement. Like
the corrector effort discussed above, the time evolution of
sensor displacements should be described by the square root
of time. Square root fits are also shown on the plots. The 21-
day length of subsets was chosen because for longer subsets
the time dependence becomes noisier due to less averaging.

Figure 2: Time evolution of the rms relative displacements
of the sensors for two 3-month-long periods. Three values
shown are the relative displacements between the three sen-
sors. Square root fits are also shown.
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Table 1 gives the results of the diffusion constant calcu-
lation using the fits shown in Fig. 2. One can see that the
diffusion constant calculated based on short distance be-
tween the sensors is about a factor of 10 less than the ones
calculated using the longer distances. It is possible that the
thick concrete floor of the tunnel attenuates the ground dif-
fusion for nearby points, but this feature was not studied any
further.

Table 1: Ground Diffusion Constant 𝐴 in Units of
10−6 µm2/m/s Measured Using Hydrostatic Leveling Sys-
tem

Run BP0 – AP0 AP0 – GRID BP0 – GRID
L = 5 m L = 16 m L = 21 m

2017–1 0.80 2.0 2.0
2017–3 0.22 6.8 5.6
2018–1 0.50 7.3 6.7
2018–2 0.30 3.8 3.5

Average 0.46 ± 0.26 5.0 ± 2.5 4.5 ± 2.1

APS-U ESTIMATIONS
To estimate the ground diffusion effect on APS-U, a value

of 5 ⋅ 10−6 µm2/m/s will be used for the diffusion constant.
The ground and corrector amplification factors for the APS-
U lattice were calculated using simulations:

𝜅groundx
= 14, 𝜅groundy

= 16,

𝜅corrx = 90 m/rad, 𝜅corry = 115 m/rad.

Below are a few estimations of the expected ground and orbit
motion over various time intervals. The maximum available
corrector strength is 300 µrad for the fast correctors.

• The expected rms motion of an ID straight section relative
to the corresponding x-ray BPM over one week — 8 µm;
relative motion of x-ray BPM and a user station over one
week — 11 µm (𝑇 = 6 ⋅ 105 s, 𝐿1 = 20 m, 𝐿2 = 40 m)

• Rms orbit change after a month-long maintenance shut-
down — 2 mm; corresponding rms corrector effort —
19 µrad (𝑇 = 2.6 ⋅ 106 s)

• The expected rms motion of a girder relative to the
same girder one sector away over one year — 65 µm
(𝑇 = 3.15 ⋅ 107 s, 𝐿 = 27 m); rms corrector effort over
one year — 65 µrad

• The expected rms motion of a girder relative to the same
girder one sector away over twenty years (presumable
facility lifetime) — 300 µm (𝑇 = 6.3 ⋅ 108 s, 𝐿 = 27 m);
rms corrector effort over twenty years — 290 µrad

All numbers obtained above are estimates. Since the ATL
constant was determined using one- or three-week-long data,
the prediction for longer periods of time could be off. In
addition, the numbers are rms values, and the variation from

one time period to the next could be rather large. Keeping
these limitations in mind, a one-week period should not
present any difficulties for the accelerator. A month-long
maintenance shutdown could result in 2 mm rms orbit dis-
tortion, which means that some sort of first-turn trajectory
correction might be needed in order to store the beam (APS-
U vertical aperture is only ±3 mm in ID locations). Annual
realignment should not be needed, but some realignment
will definitely be required after several years.

Three cases were examined for photon beam stability:
no x-ray BPM and no hydrostatic leveling system; x-ray
BPM without HLS (horizontal plane case); x-ray BPM with
HLS (vertical plane case). Using the one-week number from
above and assuming that the HLS allows freezing the relative
locations of the electron beam BPMs B:P0 and A:P0, and
the x-ray BPM, one can calculate the expected x-ray source
stability. The results are given in Table 2. Position stability
is important to imaging beamlines, while angle stability
is important to non-focusing beamlines. One can see that
both x-ray BPMs and HLS improve the stability, though not
dramatically.

Table 2: Expected Rms Photon Beam Source Stability 60 m
Away From ID Over One Week Period Assuming no Beam-
line Optics. Rms Electron Beam Sizes are 2.4 µrad and
8.7 µm (Fully Coupled Beam, Smallest x or y Numbers)

Case Angle Position

No x-ray BPM, no HLS 0.8 µrad 14 µm
x-ray BPM, no HLS 0.43 µrad 14 µm
x-ray BPM, HLS 0.18 µrad 11 µm

CONCLUSIONS
We estimated the horizontal- and vertical-plane ATL con-

stants for the APS floor using multiple sets of one-week-long
APS orbit correction data. We also estimated the vertical
ATL constant using the prototype hydrostatic leveling sys-
tem in sector 27. Based on these two calculations, the value
of the constant is about 5 ⋅ 10−6 µm2/m/s in the horizontal
and 10 ⋅ 10−6 µm2/m/s in the vertical.

We then used this constant to make predictions about
APS-U girder motion and corrector effort. We estimate
that the relative motion of an ID straight section and the
corresponding x-ray BPM will be about 8 µm over one week.
This motion in vertical plane will be corrected using the
hydrostatic leveling system, but it will remain uncorrected
in the horizontal plane, generating about 0.4 µrad rms x-ray
pointing error. We also estimate that after a month-long
maintenance shutdown, the ground motion will result in
about 2 mm rms orbit distortion, which means that some sort
of first-turn trajectory correction and further commissioning
might be needed after every shutdown. As far as girder
realignment, we estimate that it will be needed every few
years.

The author would like to thank V. Shiltsev for very helpful
discussions.
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