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Abstract
Tungsten blade based photoemission X-ray Beam Posi-

tion Monitors (XBPMs) are widely used as white beam
diagnostics at synchrotrons. Traditionally, the scale factors
are determined by stepper motor movements of the XBPM,
or by controlled electron beam displacements, and measur-
ing the response. These measurements must be repeated for
each ID gap to produce a complete set of scale factors for
all operational conditions. This calibration procedure takes
time and cannot be done while users are acquiring data. In
addition, the scale factors can vary over time due to changes
to the storage ring. It is possible for these scale factors to
become inaccurate, reducing the accuracy of the beam posi-
tion measured by the XBPMs. By using the intrinsic kHz
electron beam movements and correlating the signals from
electron beam position monitors and XBPMs it is possible
to have real-time calculation of the scale factors without the
need to disturb user operation. Presented in this paper is
a method to non-invasively calculate scale factors during
normal user operation. A comparison of the precision of
this method versus the traditional stepper motor method is
presented.

INTRODUCTION
To monitor and improve the stability of the photon beam

Diamond Light Source utilises two X-ray beam position
monitor (XBPMs) on most insertion device (ID) front ends.
Each XBPM is mounted on stepper motors to enable pre-
cise alignment of the XBPM with the incident X-ray beam.
Traditionally, the XBPM calibration factors, or ‘scale fac-
tors’ are obtained by measuring the position response of
the XBPM whilst a known stepper motor offset is applied,
to simulate real X-ray beam movements. Alternatively, the
beam movements can be generated using an electron beam
bump. Corrector magnets are used to induce a known an-
gular offset through the ID. This in turn produces a fixed
offset of the X-ray beam at the XBPM. A scale factor, 𝐾, can
be calculated by comparing the measured response of the
four XBPM blades to the known applied beam offset. The
response of the XBPM is defined by

(Δ/Σ)𝑥 = (𝐼𝐴 + 𝐼𝐷) − (𝐼𝐶 + 𝐼𝐵)
𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 + 𝐼𝐷

(1a)

(Δ/Σ)𝑦 = (𝐼𝐴 + 𝐼𝐵) − (𝐼𝐶 + 𝐼𝐷)
𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 + 𝐼𝐷

(1b)

where Δ/Σ is a dimensionless position and 𝐼(𝐴,𝐵,𝐶,𝐷) are
the currents from the four XBPM blades (A = top-left;
∗ claire.houghton@diamond.ac.uk

Figure 1: Schematic of the EBPM and XBPM locations for
a typical Diamond Light Source Insertion Device straight.

B = top-right; C = bottom-right; D = bottom-left) when
viewed from the X-ray source. The calculation of the XBPM
scale factors using these methods has several limitations.
Firstly, both these methods require specific machine devel-
opment time and cannot be done during user operation. Sec-
ondly, the XBPM scale factor is dependent on the ID set-
tings particularly the ID gap. As the ID gap varies there
are changes to the XBPM sensitivities due to the change
in the photon beam distribution [1, 2]. Currently, the scale
factors, 𝐾𝑥 and 𝐾𝑦, are calculated for a selection of ID gaps
and can be used to convert the dimensionless position, Δ/Σ,
to a horizontal and vertical position in millimeters. Current
methods for calibration use interpolation in order to populate
lookup tables for all possible ID gaps.

Presented in this paper is a method for utilising the intrin-
sic electron beam movements and fast electronics in order
to calculate XBPM scale factors passively during user oper-
ation.

SET-UP
Diamond Light Source has a Fast Acquisition network

which can synchronously capture the position data from elec-
tron beam position monitors (EBPMs) and XBPMs at a rate
of 10 kHz [3]. This data stream allows for the comparison
of the electron beam trajectory through the ID with the X-ray
beam position at the XBPM. For the duration of one user
run at Diamond Light Source, 1 s of the 10 kHz position
data was collected from the EBPMs and XBPMs at inter-
vals of 10 seconds from the I14 insertion device beamline.
The ‘projected’ position of the X-ray beam at the XBPM
is determined from a geometric projection of the EBPM
measurements from either side of the insertion device out to
the distance of the XBPM. Figure 1 shows a schematic of
the system and distance to these components.

The projected and measured X-ray beam positions are
analysed by calculating the Singular Value Decomposition
(SVD); finding the major axis between the two data sets
returns the scale factor between the XBPM response and the
EBPM projections [4]. Figure 2 shows the correlation be-
tween the measured and the projected XBPM measurement.
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A time series plot, Fig. 3, shows the projection of the EBPM
measurement in good agreement with the measured XBPM
position both horizontally and vertically. The standard devi-
ation of the residual error between the two measurements
once the scale factor was applied was 0.29 µm horizontally
and 0.30 µm vertically.

Figure 2: Graphs showing the horizontal (left) and verti-
cal (right) correlation between the projected and measured
XBPM position. The scale factor shown here is calculated
from the SVD of the correlation.

Figure 3: The horizontal (top) and vertical (bottom) beam
position over 200 microseconds for the projected EBPM and
the measured XBPM with measured scale factor applied.

RESULTS
The scale factors for the XBPM-01 on Diamond Light

Source’s I14 beamline were measured over a range of ID
gaps using the three methods described above. The stepper
motor and EBPM angular bump data were collected on the
same day and show good agreement with each other over a
range of ID gaps as seen in Fig. 4. The non-invasive calibra-
tion data shown is the median measured scale factor for each
gap acquired using the 1 s long 10 kHz acquisitions collected
over a 7-day period. The error bars represent the standard
deviation from the measured median. The median of the
data was taken in order to minimise the impact of possible
outliers on the result (for example particularly noisy mea-
surements acquired immediately after top-up injections; or
measurements acquired immediately after an ID gap move-
ment). All three methods show good quantitative agreement
over the 5.0 - 9.0 mm range of ID gaps used by the beamline.
There is a slightly better correlation in the vertical axis than

in the horizontal axis. The reasons for this are not yet fully
understood.
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Figure 4: Graph showing the measured scale factors by three
calibration methods over a range of ID gaps.

Over the course of a run there are multiple things that can
impact the scale factor. These include the machine param-
eters such as ID gap, as seen in Fig. 4, and environmental
factors such as temperature and humidity. Data collected
over a 5 week period of user operation has been analysed.
Sorting the data by the ID gap, to within 0.5 mm, and tak-
ing the median over different time scales it is possible to
see how long term machine drifts impact the scale factor.
Figure 5 shows the median scale factor for a constant ID
gap, 6 mm, over different timescales: 1 week, 24 hours and
1 hour. The error bars represent the standard deviation of
the data from the median value at a given ID gap. Over
the course of the week both the 24 hour and 1 hour median
data shows broadly the same trend for the horizontal and
vertical scale factors. The error bars on the three data sets
are nominally the same, suggesting that taking the median
over a week does not reduce the accuracy in the calibration
by a significant amount.

In Fig. 6 the full 5 weeks of measured scale factors is
shown, with the median taken over 1 hour periods. The
importance of obtaining accurate scale factors at multiple
different ID gaps is illustrated by how much the scale fac-
tors vary under each of the beamline’s different operating
conditions and gaps over this period. For example, when the
beamline steps the ID gap from 7.0 mm to 8.5 mm increasing
𝐾𝑦 by 19%. In addition, similar drifts to those seen in Fig. 5
are present with an increase in 𝐾𝑦 on day 20 before return-
ing to the nominal level a few hours later. This change is
independent of the ID parameters and would not have been
observed using previous methods. Although the mechanism
behind this variation in 𝐾𝑦 is not understood, it is nonethe-
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Figure 5: The median scale factor measured over 6 days
of data collection using different time-scales for ID gap of
6 mm. The error bars represent the standard deviation from
the median. (Top) horizontal 𝐾𝑥, (Bottom) vertical 𝐾𝑦.

less useful information and can help identify potential issues
either with the synchrotron or with the XBPMs themselves.
The variation in 𝐾𝑦 implies that the X-ray beam size may be
varying, which could impact the beamline.
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Figure 6: The median scale factors measured over 24 hour
periods across 5 weeks of data collection. A range of ID
gaps used by the beamline are plotted. (Top) horizontal 𝐾𝑥,
(Bottom) vertical 𝐾𝑦.

CONCLUSION
The good agreement between the non-invasive method for

calculating calibration factors with previously understood
methods, the stepper motor movements and EBPM angular
bump, suggest it can be used in place of or alongside those

existing methods. There are some discrepancies with the
non-invasive method but results show 𝐾𝑥 and 𝐾𝑦 are equal
of previous methods to within 5% and 3% respectively. The
reduced time required for collecting data and the ability to
obtain more accurate results for the most used gaps could
mean the scale factors are more representative of the needs
of the users.

By analysing the long term drift of the scale factors the
impact of machine drifts can be seen. Currently these calcu-
lations are being done offline at the end of the week allowing
for corrections to be made in line with machine and environ-
mental drifts. In future these scale factors could be done in
real-time and be available as an on-line diagnostic.

FUTURE WORK
Currently the system has been used for data collection and

analysis. Applying the measured scale factors and assessing
the residual drift is the next step [5]. The causes of the long
term drifts seen in Figs. 5 and 6 are not fully understood.
The direct comparison between the drifts and measured hu-
midity do not show a clear correlation, suggesting there are
other mechanisms involved. Further work is also needed to
understand the cause for the discrepancy between the three
methods for scale factor calculation described. This method
also has a use for calibrating the XBPMs observing beam
from Elliptically Polarising Undulators where the beam size
and shape can vary significantly depending on the operating
mode. Building up calibration tables using stepper motor
movements can be time consuming as there are so many
potential combinations of ID gap and phase. The technique
presented in this paper would enable on-line lookup tables
to be generated during normal user operation.
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