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Abstract 
We implemented a completely parasitic measurement of 

lattice dispersion functions in both horizontal and vertical 
planes, which is fully compatible with light source user op-
erations. The measurement is performed by applying prin-
cipal component analysis and adaptive filtering to very 
small residual orbit noise components introduced by the 
RF system and detected in the beam orbit data, sampled at 
10 kHz. No changes in RF frequency are required. The 
measurement, performed about once a minute, was shown 
to be robust and immune to changes in the beam current, 
residual orbit noise amplitude and frequency content as 
well as other factors. At low current it was shown to pro-
vide similar accuracy to the standard method which shifts 
the RF frequency. Here we will explain our measurement 
technique and present typical dispersion function stability 
achieved during NSLS-II operations. 

INTRODUCTION 
Reliability and stability are arguably the two most im-

portant metrics for operating light sources. Users want 
X-ray beam to be there (when promised), and stable at their 
samples. This is why decades of effort have gone towards 
improving beam orbit stability [1]. More recently there is 
also an added emphasis on beam size stability [2]. To guar-
antee that the beam size at every beamline source point re-
mains stable it would be ideal to have an on-line linear lat-
tice characterization running during operations. This is es-
pecially important now, with light sources running user op-
erations for many days without interruption, so there are 
long intervals between the routine lattice measurements 
(performed during machine studies) and thus a higher pos-
sibility that some subtle hardware failure may distort the 
lattice in the meantime.  

 Unfortunately, all standard lattice characterization tech-
niques are inherently disruptive. While there has been 
some progress in measurements of beta-functions during 
light source operations [3], we are not aware of any meth-
ods to non-invasively measure the dispersion functions.  

The standard method to measure the dispersion functions 
relies on changing the RF frequency by Δ𝑓 ୊ and measur-
ing the difference orbits. For the horizontal plane,  
 𝜂௫ሺ𝑠ሻ ൌ 𝛼൫𝑋଴ሺ𝑠ሻ െ 𝑋ଵሺ𝑠ሻ൯ ௙౎ూ୼௙౎ూ ,         (1) 
 
where 𝛼 is the momentum compaction. The same calcula-
tion, applied to the vertical orbits, gives  𝜂௬ሺ𝑠ሻ.  

The change in RF frequency needs to be large enough to 
provide resolvable orbit difference at low dispersion 

BPMs. At NSLS-II (𝛼 = 3.6e-4, 𝑓 ୊ = 500 MHz), the stand-
ard dispersion measurements shift the frequency by up to Δ𝑓 ୊ = +/-500 Hz. Multiple orbit measurements are usually 
performed before averaging to improve the resolution. 
Separately, several Δ𝑓 ୊  sub-steps are taken and 𝜂௫, 𝜂௬ are 
found by linear fitting of equations similar to Eq. (1).  

Typical NSLS-II dispersion function measurement re-
sults are shown in Fig. 1. Thirty horizontal dispersion 
peaks in the top plot are due to the 30-cell DBA lattice of 
NSLS-II. There are 180 BPMs around the ring which are 
used for these measurements; 60 of them (two per cell) are 
in high-dispersion areas, while the rest are at nominally 
zero dispersion locations. Nominal vertical dispersion is 
zero everywhere. The 𝜂௬ “spikes” are due to BPM rota-
tions. These could be measured separately and calibrated 
out. However, we will omit this non-essential step through-
out this paper.   

 
Figure 1: Typical NSLS-II dispersion function measure-
ment results (blue) for a well-corrected lattice. Model dis-
persion, 𝜂௫, ௠௢ௗ௘௟ and 𝜂௬, ௠௢ௗ௘௟ ൌ 0 are shown in red.  

While the standard measurement works well, it is inher-
ently disruptive (resulting in mm-scale orbit motions) and 
requires the orbit feedback to be off. This measurement is 
typically performed during low-current studies, usually in 
combination with other lattice characterization tools.  

NEW METHOD 
We now proceed to describe our method, which is com-

pletely parasitic, does not move the beam, and can be ap-
plied with an arbitrary beam current and other machine 
conditions, including during user operations.  

The method is based on principal component analysis 
(PCA), which is closely related to singular value decompo-
sition (SVD). These techniques have a long history of suc-
cessful applications to storage-ring lattice analysis 
(e.g. [4]), including dispersion measurements. These tech-
niques (as well as the related independent component anal-
ysis) typically use turn-by-turn BPM data with the beam 
kicked by a pinger or some other excitation [5-9]. In con-
trast, our method uses the PCA/SVD technique for para-
sitic dispersion function measurement from closed orbits, 
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which, to our knowledge, has not been demonstrated be-
fore. 

We start with sampled BPM orbit data arranged in a ma-
trix (N BPMs times M time samples, M >N), 

 𝑋 ൌ ൭𝐵𝑃𝑀ଵ௫ ሺ𝑡ଵሻ ⋯ 𝐵𝑃𝑀ଵ௫ሺ𝑡ெሻ⋮ ⋱ ⋮𝐵𝑃𝑀ே௫ሺ𝑡ଵሻ ⋯ BPMெሺ𝑡ெሻ൱.             (2) 

 
The DC offset is subtracted from each BPM, 𝑋′෡ ൌ 𝑋ᇱ െ 𝑋ᇱതതത. 
Optionally, a band-pass filter (BPF) around the 
synchrotron frequency 𝑓ୱ (or other frequency band  
containing significant dispersive motion) is also applied, 
 𝑋෠ ൌ BPFሺ𝑋ሻ.                                  (3) 
 

We then perform the standard SVD-decomposition into 
spatial (𝑈௫) and temporal (𝑉௫) eigenvector matrices and 
the eigenvalue matrix (𝑆௫), 
 𝑋෠ ൌ 𝑈௫ ∗ 𝑆௫ ∗ 𝑉௫′,                           (4) 

 

where the eigenvectors (columns of 𝑈௫ and 𝑉௫) are mutu-
ally orthogonal and square-normalized to 1. The main di-
agonal of 𝑆௫ contains positive eigenvalues, 𝜆ଵ௫ ൐ 𝜆ଶ௫ … ൐𝜆ே௫ ൐ 0, each quantifying the amplitude of a particular spa-
tio-temporal mode 𝑛 of X. The mode’s structure is com-
pletely defined by the eigenvectors 𝑈௡௫ and 𝑉௡௫. 

Identical steps, Eqs. (1)-(4), are performed for the verti-
cal plane data, 𝑌, sampled synchronously with 𝑋, to obtain 𝜆௡௬, 𝑈௡௬ and 𝑉௡௬ for 𝑛 = 1, …, N.  

Normalized horizontal dispersion is defined as the spa-
tial eigenvector with the largest linear correlation coeffi-
cient with the model dispersion, 𝜂௫, ௠௢ௗ௘௟,  
 𝜂෤௫ ൌ 𝑈௝௫,    𝑗 ൌ argmax௜ୀଵ,..,ே ൫ห𝑐𝑜𝑟𝑟ሺ𝑈௜௫, 𝜂௫, ௠௢ௗ௘௟ሻห൯,    (5) 

 
where 𝑐𝑜𝑟𝑟ሺ𝑎, 𝑏ሻ ൌ 𝑐𝑜𝑣ሺ𝑎, 𝑏ሻ/ሺ𝜎௔𝜎௕ሻ. 

Normalized dispersion in the vertical plane is defined as 
the eigenvector 𝑈௠௬ , such that the corresponding 𝑉௠௬ has the 
largest correlation with 𝑉௝௫, with 𝑗 found in Eq. (5),  
 𝜂෤௬ ൌ 𝑈௠௬ ,    𝑚 ൌ argmax௜ୀଵ,…,ே ൫𝑐𝑜𝑟𝑟ሺ𝑉௜௬,𝑉௝௫)൯.          (6) 

 
In words, the horizontal dispersion is the 𝑥 (spatial) ei-

genvector which best correlates to the model dispersion. 
The vertical dispersion is the 𝑦 spatial eigenvector whose 
corresponding temporal eigenvector best correlates to the 
temporal eigenvector for the horizontal dispersion.  

The algorithm is illustrated in Fig. 2, which plots the 
SVD eigenvectors obtained from real data (180 BPMs 
sampled 1000 times at a 10 kHz rate). For simplicity, we 
only plot three eigenvectors with the largest eigenvalues 
per plane. Starting with top left figure, it is easy to spot the 
horizontal dispersion. Formally, however, we find it by 
correlating each 𝑈௡௫ to the model (plotted in Fig. 1). The 
correlation coefficients (by absolute value) for the three 
vectors shown are 0.999, 0.020, and less than 0.001 for 𝑛 = 1, 2 and 3, so the index of the dispersive mode in 𝑥-
plane is 𝑗 = 1, and 𝜂෤௫ ൌ 𝑈ଵ௫.  Continuing counterclockwise 

in Fig. 2 and correlating 𝑉ଵ௫ to each of 𝑉௡௬, we find the high-
est correlation with 𝑉ଷ௬, thus 𝑚 = 3. Switching to space-
domain we find the normalized vertical dispersion, 𝜂෤௬ ൌ 𝑈ଷ௬. 

 
Figure 2: Normalized dispersion found from Eqs. (5) 
and (6); three spatial (top) and temporal (bottom) eigen-
vectors shown for the horizontal (left) and vertical (right) 
planes.  

To convert the normalized dispersion functions to phys-
ics units (meters) we fit the scalar parameter 𝜅 (also in me-
ters) to best match, in the least-squared sense, the model at 
dispersive BPM locations 𝑠௜, 𝑖 = 1, …, 60,   

 𝜅 ൌ argminఓ ൬𝛴௜ ቀ𝜇 𝜂෤௫ሺ𝑠௜ሻ െ 𝜂௫,௠௢ௗ௘௟ሺ𝑠௜ሻቁଶ൰.       (7) 
 

Dispersion functions (at all BPMs) are then found from  
 𝜂௫ ൌ 𝜅 𝜂෤௫,                                  (8) 
    𝜂௬ ൌ 𝜅 𝜂෤௬𝜆௠௬ /𝜆௝௫,                            (9) 
 

where 𝑗 and 𝑚 are the indices of the horizontal and verti-
cal dispersive modes from Eqs. (5) and (6). 

For the method to work, the orbit noise needs to have 
some dispersive component (energy oscillation) usually 
coming from the RF phase noise. However, as long as the 
BPMs can resolve it, this noise could be very small. For 
instance, at NSLS-II the total integrated rms in the band-
width of [0.1-5000] Hz typically measures in single digit 
microns on dispersive BPMs, which is about 1% of the 
beam size (see examples in [10]). Out of that, the bulk of 
the energy oscillations comes in the broad peak around 𝑓ୱ, 
where the integrated noise is ~ 1 micron rms. This corre-
sponds to the energy oscillations with δE/E  = 3e-6, which 
is only about 0.3% of the natural rms energy spread. 

CROSS-CHECKING 
To confirm the accuracy of the new method we per-

formed many cross-checking studies against the standard 
method. One is illustrated in Fig. 3, which plots the results 
from both methods, with the data taken 15 seconds apart. 
For the standard method we changed 𝑓 ୊ by +/-500 Hz. For 
the PCA method, we recorded a 10-second-long buffer of 
10 kHz orbit data. It was split into 0.1 second consecutive 
segments, and the PCA algorithm was applied to each. The 
average of these gives the dispersion function value, and 
+/- one standard deviation gives the error-bars, plotted in 
Fig. 3. Clearly, the two methods agree well with each other.   
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Figure 3: Dispersion functions measured with the standard 
and PCA-based methods at 10 mA beam current.  

Other examples of cross-checking studies, including at 
high beam current, are presented in the accompanying talk. 
They all show good agreement between the two methods. 

DISPERSION MEASUREMENTS DURING 
USER OPERATIONS 

It was convenient to implement the on-line measure-
ments of the dispersion functions by the PCA method in 
the so-called Orbit Monitor Input/Output Controller (IOC), 
which, by that time, was already in operation for a couple 
of years [10]. In a nutshell, about once a minute, this IOC 
triggers 180 BPMs, acquires 10 seconds of 10 kHz (FA) 
orbit data, extracts various orbit-stability-related quanti-
ties, and writes them into EPICS PVs. We added the dis-
persion calculations, Eqs. (2)-(9), to be performed on the 
same BPM data with the results for  𝜂௫ and 𝜂௬ written into 
PVs. This allowed us to monitor the dispersion functions 
during operations alongside of other machine PVs.    

Having operated this IOC with the added dispersion 
measurement for about a year, we generally found the dis-
persion functions to be very stable during regular topoff 
operations. Over this time, we had instances of operations 
with varying beam currents, RF system settings, orbit feed-
back settings, etc.; all of these substantially affecting the 
amount and spectral content of the residual orbit noise. In 
all instances, our dispersion measurement performed well.  

One of these events, from 11/24/2019, is illustrated in 
Fig. 4. Here, due to injector problems, topoff was disabled, 
and operations continued in decay mode. Beam current de-
cayed from 400 mA to 290 mA over ~ 4 hours; 400 mA 
topoff injections resumed afterwards. During this time the 
total noise on dispersive BPMs in [0.1-5000] Hz bandwidth 
was changing by a factor of >2. The highest spectral peak’s 
amplitude was changing by a factor >10, while its fre-
quency was hopping between 720 Hz and 𝑓ୱ ~ 2 kHz (see 
talk, page 19). Nevertheless, as indicated by largely over-
lapping traces in Fig. 4, 𝜂௫ and 𝜂௬ remained quite stable.  

 

 
Figure 4: 𝜂௫ and 𝜂௬ (446 traces each) measured every 
2 minutes over ~ 15 hours, 4 of which were in decay mode.  

Finally, we present an example of a significant change 
of the dispersion functions that occurred during the 
2nd week of March 2020. That week’s operations started on 
3/11/2020 at noon. Users were provided with uninterrupted 
400 mA beam until a beam dump occurred about three days 
later. The cause of the dump (beamline PPS glitch) was un-
related to the storage ring. The beam was restored in about 
one hour and uninterrupted operations continued until the 
planned shutdown for interlock checks on 3/20/2020, 
08:00. Dispersion functions, measured continuously dur-
ing that week, are plotted in Fig. 5. Clearly, they were very 
stable (traces largely overlap), both before (top subplot) 
and after the dump (bottom subplot). (We only plot 𝜂௫ but 
the same was checked to be true for 𝜂௬). However, the be-
fore and after sets of dispersion functions differ signifi-
cantly, indicating a dispersion error, inadvertently intro-
duced during machine recovery. Note that this error was 
undetected by other available diagnostics, which demon-
strates the value of continuous dispersion measurements 
during user operations.  

Figure 5: 𝜂௫ measured every 2 minutes over 5 days of op-
erations, before (top) and after 3/14/2020 beam dump. 

CONCLUSION 
We implemented a completely parasitic measurement of 

lattice dispersion functions in both horizontal and vertical 
planes, which is fully compatible with light source user op-
erations. The measurement is performed by applying prin-
cipal component analysis to very small residual orbit noise 
components (passively introduced by the RF system) de-
tected in the beam orbit data. The measurement was shown 
to be robust and immune to changes in beam current, resid-
ual orbit noise amplitude and frequency content and other 
factors. Extensive cross-checking has revealed that our 
method provides similar accuracy to the traditional method 
which shifts the RF frequency. Measurements during 
NSLS-II operations confirmed dispersion to be very stable. 

We believe our method can be implemented at other 
light sources which can capture reasonably long orbit buff-
ers with BPM sampling rates faster than the synchrotron 
frequency. 

We are thankful to Anton Derbenev and Kiman Ha for 
implementing Orbit Monitor IOC as well as to Robert 
Rainer for help with the CSS Control Panels. 
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