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Abstract
This paper proposes a hybrid coordinate measuring system based on collabora-
tive operation of contact and non-contact probes to address complex require-
ments in alignment measurement for high-energy synchrotron radiation light
sources, including wire position measurement, thin blade edge monitoring, and
accuracy verification of vision scanning equipment. By integrating vision probes
and contact probes, the system fully leverages their complementary advantages
in accuracy, efficiency, and adaptability, successfully overcoming limitations of
traditional single-probe methods for easily deformable components, highly re-
flective surfaces, and complex geometric features. Experimental results demon-
strate that in applications such as rotating wire magnetic center extraction,
adjustable slit blade zero calibration, and tension wire scanner accuracy verifica-
tion, the comprehensive measurement uncertainty of the hybrid system reaches
as low as 6.09 �m. Specifically, the zeroing adjustment time for adjustable slit
blades at beamline stations is reduced to 0.25 hours compared with traditional
methods, achieving an accuracy of 10 �m and an efficiency improvement of more
than fourfold. This hybrid measuring system achieves high-precision collabora-
tive measurement, significantly enhancing efficiency and reliability of alignment
operations, meeting alignment measurement requirements of high-energy light
sources. It demonstrates an important development trend of coordinate measur-
ing machine technology in light source alignment and provides technical refer-
ence for multi-probe collaborative measurement in other precision engineering
fields.
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Abstract
[Background]: The high-energy synchrotron radiation light source represents
one of the world’s brightest fourth-generation synchrotron radiation facilities.
With its extensive storage ring circumference and large quantity of magnets,
the alignment measurement demands exceptionally high precision. [Purpose]:
To address complex requirements in high-energy synchrotron radiation source
alignment—such as wire position measurement, thin blade edge monitoring, and
visual scanning equipment accuracy verification—this paper proposes a hybrid
coordinate measurement system based on collaborative operation of contact and
non-contact probes. [Methods]: By integrating an imaging probe with a con-
tact probe, the system leverages their complementary advantages in accuracy,
efficiency, and adaptability, successfully overcoming limitations of conventional
single-probe methods when dealing with deformable components, highly reflec-
tive surfaces, and complex geometric features. [Results]: Experimental results
demonstrate that the hybrid system achieves a comprehensive measurement
uncertainty as low as 6.09 �m in applications including rotating wire magnetic
center extraction, adjustable diaphragm blade zero calibration, and tension wire
scanner accuracy verification. Notably, the blade zeroing adjustment time for
beamline front-end stations was reduced to 0.25 hours with 10 �m precision—
more than four times more efficient than traditional methods. [Conclusions]:
The hybrid measurement system enables high-precision collaborative measure-
ment, significantly improving alignment efficiency and reliability while meeting
high-energy light source alignment requirements. This work reveals important
development trends for CMM technology in light source alignment and pro-
vides technical references for multi-probe collaborative measurement in other
precision engineering fields.
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Uncertainty

Introduction
The High Energy Photon Source (HEPS) is China’s first high-energy synchrotron
radiation facility and among the brightest fourth-generation synchrotron radia-
tion sources worldwide [1]. Currently, HEPS has completed construction of its
accelerator and first batch of beamlines, undergoing multiple rounds of beam
commissioning and light commissioning. The storage ring spans 1,360 meters
in circumference with numerous magnets, imposing stringent demands on align-
ment measurement precision.

The alignment system is responsible for magnetic center measurement of booster
magnets. To meet magnetic center extraction calibration error requirements, a
single-turn rotating coil magnetic center calibration system was developed, re-
quiring wire position information during the process. In beamline front-end
areas, adjustable diaphragms need internal blade edge position monitoring in
the slit after calibration, with motor-controlled blade movement to the zero
position. The storage ring control network has a long circumference; when
schedules are tight, extensive manpower and instrumentation are required, re-
sulting in low efficiency and long durations. Consequently, the alignment system
is investigating tension wire methods for control network measurement, having
completed one round of control network surveying in the storage ring tunnel. To
achieve higher-precision tension wire tunnel measurements, a blue-light absolute
scanner was procured for use with laser trackers. Prior to deployment, the scan-
ner’s line measurement accuracy required verification against other equipment
while mastering its measurement methodology. Conventional laser trackers and
single-probe CMMs cannot directly measure soft, easily deformable wires or thin
blade edges [2], failing to meet practical HEPS alignment measurement needs.
To accomplish these measurements with higher efficiency and precision, multi-
ple measurement systems must collaborate [3]. Therefore, we procured a CMM
integrating both contact and non-contact (also called imaging) measurement
capabilities, where the two probe types alternate to jointly complete measure-
ments of the same equipment or system, playing a crucial role in light source
alignment work [4-5].

This paper presents a hybrid measurement system based on alternating use
of CMM contact and non-contact (imaging) probes, focusing on non-contact
measurement applications in high-energy light sources. The system addresses
practical challenges including wire position measurement, blade edge position
monitoring, and scanner wire measurement accuracy verification. By fully lever-
aging each probe’s measurement characteristics, the system achieves complete,
high-precision collaborative measurement, satisfying HEPS alignment require-
ments and demonstrating the necessity and practicality of the hybrid CMM
system, yielding more accurate and credible results.
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1. Comparison of Contact and Non-Contact Measurement
Methods
CMMs have various structural configurations. The PILOT 15.30.12 model used
in HEPS alignment work features a semi-gantry structure with column-type
guide walls on one side, as shown in [Figure 1: see original paper]. Its mea-
surement range is 1500 mm × 3000 mm × 1200 mm, with a maximum permis-
sible indication error of 3.5 + 3.5L/1000 �m. The data processing software is
PC-DMIS, which guides the CMM through measurement by planning sampling
points via probe movement. CMMs are large-range, high-precision, versatile
instruments [6-8] equipped with both contact and non-contact probes, enabling
two measurement approaches.

Contact measurement offers high reliability and precision. The measured compo-
nent is placed on a granite platform; moving the CMM contact probe to contact
the workpiece yields the stylus center’s x, y, z coordinate data [9], capturing the
measured feature’s profile. Contact measurement is widely applied, conveniently
acquiring surface information for geometric dimension inspection. However, it
requires force between the probe and workpiece with point-by-point detection,
stopping measurement upon contact before lifting to the next position. Contact
measurement cannot precisely measure soft, easily deformable materials or thin
edge positions, potentially causing slipping, friction, and elastic deformation
that introduce measurement errors [10-11].

Non-contact measurement adjusts the distance between the imaging probe and
workpiece to clearly present image edges, offering advantages of speed and avoid-
ing workpiece contact. It can measure soft and deformable materials, fragile
components, and inaccessible areas. However, its measurement accuracy is
inferior to contact measurement and is significantly affected by surface char-
acteristics such as brightness, color, and roughness [12-13]. HEPS alignment
work—including rotating wire magnet measurement, front-end equipment cali-
bration, scanner accuracy verification for tension wire control networks, and vi-
brating wire displacement gauge calibration—employs combined methods: imag-
ing probes measure wires and thin blade edges while contact probes measure
solid spheres and reference surfaces. Non-contact measurement plays a vital
role in alignment work, with different CMM probe types alternating to com-
plete measurements collaboratively, representing an important trend for CMM
technology in accelerator alignment.

2. Non-Contact Measurement Principle
Non-contact measurement technology is based on optical imaging and digital
image processing, efficiently acquiring spatial coordinates by capturing optical
signals from measured object surface features. Compared with traditional con-
tact measurement, this method avoids deformation errors caused by mechanical
contact, making it particularly suitable for precision inspection of flexible mate-
rials, highly reflective surfaces, and microstructures. In HEPS alignment work,
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three-dimensional positioning of wires and profile extraction of thin sheet work-
pieces are critical measurement requirements, with imaging probes becoming key
technical tools due to their non-invasive nature and rapid imaging capability.

2.1 Imaging Probe for Wire Measurement

Rotating wire, tension wire, and vibrating wire experiments all require wires
for measurement, necessitating wire position and sag information. Therefore,
studying non-contact wire measurement methods to improve accuracy and re-
liability, combined with contact probe collaboration, enables complete high-
precision measurement. Imaging probes can only perform accurate planar two-
dimensional measurement; height values perpendicular to the probe direction
are measured inaccurately. Thus, to obtain three-dimensional wire position
information for sag calculation, two-dimensional measurements must be trans-
formed into three-dimensional through coordinate integration calculations.

The CMM’s elevation direction corresponds to its mechanical coordinate sys-
tem’s Z-axis, with the XY plane parallel to the granite platform. When the
wire ends are tensioned as shown in Figure 2: see original paper, the wire
parallels the coordinate system’s Y-axis. The imaging probe measures verti-
cally downward, producing a two-dimensional image as shown in [Figure 3: see
original paper], where the black elongated portion represents the wire and the
black-white boundary represents the wire edge. Due to material and tension
effects, wire reflectivity and tensioned diameter vary, making the black strip
width inconsistent in images. Therefore, imaging probe wire measurement must
determine the wire’s axial position.

When the imaging probe measures vertically downward perpendicular to the
granite plane, the obtained elevation coordinate value z1 for that wire segment
is inaccurate and unreliable; this elevation value should be disregarded. The
wire image obtained is shown in [Figure 3: see original paper]. Clicking with
the mouse on the wire image’s left edge selects two points to obtain the left edge
line; similarly, the right edge line is obtained. Constructing the bisector of the
left and right edge lines yields the wire axis, represented by the axis midpoint
coordinates (x1, y1, z1). Since imaging probes only enable two-dimensional mea-
surement within the vertical plane, the axis midpoint’s effective two-dimensional
coordinates are (x1, y1), with the elevation coordinate discarded. To achieve
three-dimensional wire measurement, the imaging probe must be rotated hor-
izontally as shown in Figure 2: see original paper, making the probe parallel
to the X-axis and perpendicular to the YZ plane, with elevation direction as
the X-axis. Horizontal measurement yields wire axis coordinates (x2, y2, z2),
with effective two-dimensional coordinates (y2, z2). To ensure measurement
of the same wire segment, the difference between y1 and y2 must be mini-
mized; in practice, this difference is controlled within 10 �m. The horizontal
probe measurement method yields accurate z2 coordinate values for that axis
segment, which integrate with vertical measurement coordinates to obtain the
three-dimensional wire axis coordinates (x1, y1, z2).
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2.2 Imaging Probe for Thin Sheet Measurement

HEPS thin sheet components such as sextupole iron laminations, shown in [Fig-
ure 4: see original paper], require profile acquisition to assess machining quality.
Adjustable diaphragms require blade edge position acquisition on the slit side
to facilitate zero adjustment via motor control systems. Stylus probes cannot
detect thin sheet edges, potentially causing measurement errors from probe
jumping and slipping. Therefore, imaging probes are needed for profile acquisi-
tion in inaccessible situations. First, the workpiece surface is cleaned and placed
on the CMM table. The imaging probe moves in the plane perpendicular to the
measured profile, stopping at fixed points for measurement to obtain sampling
point coordinates on the workpiece. The metal sheet’s contour image is shown
in [Figure 5: see original paper], where the metal surface appears as bright
textured patterns and the edge line at the dark-bright boundary represents the
workpiece contour edge. For metal sheet workpieces, probe brightness should
be maximized to enhance contrast between dark and bright regions, obtaining
clear boundary contour images.

3. Non-Contact Measurement Applications in High-Energy
Light Sources
As alignment measurement methodologies advance, CMMs with single probes
can no longer meet certain measurement requirements, necessitating hybrid
CMM systems with alternating contact and non-contact probes. Through joint
calibration of imaging and contact probes to unify coordinate systems, the sys-
tem ensures precision consistency and coordination between different measure-
ment principles, enhancing overall system reliability to meet diverse experimen-
tal measurement needs.

3.1 Rotating Wire Magnetic Center Extraction

To ensure magnetic center pre-alignment precision for HEPS magnets, the align-
ment system designed a unique single-turn rotating coil magnetic center calibra-
tion system, shown in [Figure 6: see original paper]. The traditional multi-turn
compensation coil is simplified into two connectable windings: one wire serves as
the rotation axis, achieving four-axis collinearity with the magnet’s mechanical
center and both rotary tables’rotation centers; the other wire is the revolution
axis for rotating through magnetic flux lines, with the distance between the
two wires representing the rotation radius. The rotating coil system principle
involves calibrating to obtain the magnet’s mechanical center, then measuring
the deviation between magnetic and mechanical centers using the rotating coil,
finally establishing a coordinate system with the magnetic center as origin to
extract the magnetic center to four reference points on the magnet top. The
measurement coil uses 0.125 mm diameter beryllium-copper alloy wire composed
of over 98% copper (Cu) and 1.8%-2.0% beryllium (Be), with tensile strength
of approximately 1105 MPa and elastic modulus of 128 GPa, renowned for high

chinarxiv.org/items/chinaxiv-202504.00257 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00257


strength, good wear resistance, corrosion resistance, and excellent conductivity.

Magnetic center calibration comprises three main steps. First, the CMM con-
tact probe measures the magnet’s pole faces and reference planes to establish
a calibration coordinate system, identifying the mechanical center and extract-
ing it to four reference points on the magnet top. Second, the imaging probe
scans wires near both magnet ends, measuring from vertical and horizontal di-
rections. After data integration, the axis position of the single-side wire segment
is obtained, represented by three-dimensional coordinates of the axis midpoint.
The line L connecting two axis midpoints represents the wire position passing
through the magnet. By fitting the magnet’s inlet-outlet connection line parallel
to the beam direction to the wire position, the deviation between coil axis and
magnet beam flow can be determined through the magnet top reference point
coordinates. This deviation can be adjusted via the magnet bottom adjustment
mechanism to align the wire axis with the magnet mechanical center. Finally,
driving high-precision synchronous rotary tables at constant angular velocity
rotates the wire through magnetic flux lines, generating induced voltage vary-
ing with the magnetic field. Processing and analyzing the voltage signals and
rotation angles yields the deviation between magnetic and mechanical centers,
achieving magnetic center position measurement.

Non-contact measurement applications in the rotating wire magnetic center mea-
surement system manifest in three aspects: (1) During rotating wire mechanism
construction, achieving collinearity between both rotary tables’rotation cen-
ters and the wire. The method involves using the imaging probe to perform
three-dimensional scanning measurement on the wire segment near each rotary
table following Section 2.1’s method, then rotating the tables multiple times
through 360° total. Spherical nests on the back panels can adsorb 0.875-inch
high-precision solid spheres, whose positions are measured by the contact probe
at each rotary table angle. Multiple sphere center positions are fitted into a
circle to obtain the rotary table’s rotation center. Based on measured data,
whether the wire axis and rotary table rotation center are collinear can be de-
termined; if not, adjustment via the back-panel structure achieves three-axis
collinearity between the wire and both rotary table rotation centers. (2) Us-
ing the imaging probe for three-dimensional scanning of wires at both magnet
ends, adjusting the magnet mechanical center to be collinear with the wire po-
sition, ultimately achieving four-axis collinearity among the wire, both rotary
table rotation centers, and the magnet mechanical center. (3) Performing three-
dimensional scanning measurement across the entire wire in segments to obtain
multiple wire segment axis position coordinates. Fitting multiple point coordi-
nate values into a curve via least squares method enables wire sag analysis.

3.2 Front-End Equipment Calibration

The beamline front-end area contains multiple structurally similar but not iden-
tical monochromatic adjustable diaphragms, with apertures defined by four in-
dependently moving blades, as shown in [Figure 7: see original paper]. The
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left side has upper and lower blades, the right side has left and right blades.
The blades’primary functions are obtaining specific spot sizes and clear spots
while blocking stray light. Diaphragm calibration requires moving blades to the
zero position via control software, with the blade travel zero position on the
beam center. The traditional method first uses a laser tracker to calibrate and
find the equipment’s mechanical center (collinear with the beam center), then
combines this with the beam center position found by the laser tracker, using a
tool theodolite to aim at blade edges for movement to the travel zero position—
a process requiring at least 3 hours with uncertain adjustment precision.

Currently, high-precision hybrid CMMs complete diaphragm calibration and
blade zero adjustment as follows: (1) The CMM contact probe measures the
equipment’s left/right end faces, top face, and four alignment reference points, as
shown in Figure 8: see original paper. The measured reference planes establish
a mechanical center coordinate system with origin on the beamline, transverse
as X-axis, elevation as Y-axis, and beam direction as Z-axis. (2) Switching to
the imaging probe for horizontal measurement of blades at one end, as shown
in Figure 8: see original paper. Probe light intensity is adjusted above 90% to
clearly display blade edge images in software, as shown in [Figure 9: see original
paper]. For upper/lower blades to move to the beam center position (blade edge
line passing through equipment mechanical center), the elevation Y coordinate
value of any point on the edge should be 0. In practice, blades are not at zero
but at arbitrary travel positions. Adjusting the working distance between probe
and blade presents clear blade edge images in software. Clicking any point on
the edge line yields the edge point coordinates, where the Y coordinate value
represents the blade’s elevation deviation from the beam center. Similarly, the
X coordinate value of left/right blade edge points represents the blade’s trans-
verse deviation from the beam center. Based on measured deviations, motors
are controlled to move blades to the beam center position. After reposition-
ing, blades are remeasured to verify adjustment, and the travel zero position is
set in the diaphragm motor control software. Imaging probe-based diaphragm
blade adjustment achieves precision within 10 �m in approximately 0.25 hours,
dramatically improving efficiency.

3.3 3D Scanning Equipment Accuracy Verification

Tension wire measurements for control networks were conducted in the HEPS
storage ring tunnel. The alignment system aims to deeply investigate this
method to address the low efficiency of laser tracker measurements for large-
scale control networks. Tension wires’physical properties enable extremely
high-precision distance measurement with strong anti-interference capability
and long-term stability, crucial for alignment and positioning of key compo-
nents (magnets, vacuum chambers) in particle accelerators [14]. Consequently,
the alignment system procured a blue-light absolute scanner for use with laser
trackers in tunnel tension wire measurements. To verify the scanner’s line mea-
surement accuracy, a scanner wire absolute accuracy verification system was
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built on the CMM granite platform, as shown in [Figure 10: see original paper].
The wire ends are tensioned by a mechanism, with one target seat attached
beside the wire’s middle section and four target seats attached on the surround-
ing granite platform for placing 1.5-inch high-precision solid spheres or tracker
targets.

Blue-light absolute scanner line accuracy experimental steps: (1) The scanner
measures the wire while the laser tracker measures targets, obtaining wire po-
sition and five sphere center positions. (2) In scanner software, spheres 1-4
centers construct a plane, projecting the wire and sphere 5 onto the plane to
calculate the two-dimensional distance D1 between wire axis and sphere 5 center
for comparison with CMM results.

CMM line accuracy experimental steps: (1) The contact probe measures spheres
1-4 to obtain solid sphere center coordinates and fit a plane. (2) The imaging
probe measures the wire vertically downward in segments to obtain each seg-
ment’s axis, fitting axis segments into a straight line to participate in coordinate
system establishment. (3) Using the plane’s normal direction as Y-axis, the
line as Z-axis, and sphere 5 center as origin, the two-dimensional distance D2
between the line and sphere 5 center along the X-axis is compared with distance
D1.

Experimental results show the difference between D1 and D2 is 0.02 mm, indicat-
ing the scanner’s line measurement reliability for control network tension wire
measurement. Close-range photogrammetry can also achieve wire measurement.
A photogrammetric wire accuracy verification system was built on the granite
platform, as shown in [Figure 11: see original paper], using the same method as
the scanner line accuracy verification experiment to validate photogrammetric
wire accuracy [15].

4. Uncertainty Analysis of Multi-Probe Hybrid Measure-
ment System

(1) According to the CMM imaging probe specifications, its comprehensive
measurement error within the field of view is 4 �m, representing the uncer-
tainty component introduced by the imaging probe: u1 = 4 �m. According
to contact probe specifications, the maximum indication error within 1
meter is 3.5 �m, so the uncertainty component introduced by the contact
probe is taken as u2 = 3.5 �m. During hybrid measurement, contact and
imaging probes alternate, so the combined uncertainty component from
both probes is: u3 = √(u1

2 + u2
2) = 5.3 �m.

(2) HEPS has calibrated numerous magnets using CMM, with each magnet
undergoing two calibration measurements to obtain two sets of alignment
reference point coordinate values. The difference D between the two cali-
bration values represents the magnet’s measurement repeatability preci-
sion. Statistics from hundreds of magnets undergoing two CMM calibra-
tions show the standard deviation of reference point differences D is 3 �m,
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so the uncertainty component from measurement repeatability is: u4 = 3
�m.

(3) Although the current CMM has temperature compensation, the measure-
ment environment temperature of 25°C differs from the standard 20°C
temperature, but its impact on measurement results is negligible: u5 = 0
�m.

Through analysis of uncertainty error sources, uncertainty components under
various influencing factors were obtained. Since no significant correlation exists
between components, the combined standard uncertainty is: u_c = √(u3

2 + u4
2

+ u5
2) = 6.09 �m.

This paper systematically introduces the comprehensive application of CMM
non-contact measurement technology in HEPS alignment measurement work.
By integrating a hybrid measurement system with contact and non-contact
probes, the system effectively resolves precision and efficiency bottlenecks of tra-
ditional methods in flexible components, thin sheet edges, and complex scenar-
ios, meeting alignment measurement requirements. Research shows: (1) Imag-
ing probes demonstrate significant advantages in rotating wire magnetic center
measurement and beamline equipment calibration, achieving three-dimensional
wire positioning and thin sheet profile extraction. Combined with contact probe
high-precision characteristics, collaborative measurement of systems containing
multiple component types is completed. In adjustable diaphragm blade zero-
ing adjustment, imaging probes reduced adjustment time to 0.25 hours with
10 �m precision—over four times more efficient than traditional methods. (2)
For blue-light scanner tension wire precision measurement experiments, CMM
achieved wire axis deviation analysis through alternating contact and imaging
probe measurements. Verification results show only 0.02 mm deviation between
scanner and CMM measurements, with the CMM system’s combined standard
uncertainty at 6.09 �m, meeting HEPS’s stringent sub-millimeter precision re-
quirements. CMM imaging probe wire measurement demonstrates high preci-
sion and reliability. This method of establishing coordinate systems using wires
and examining wire-sphere distances to verify other equipment’s line measure-
ment accuracy merits reference; in practice, this method also verified laser radar
scanner and photogrammetric line measurement accuracy.

Future research must further optimize imaging probe adaptability to object
surface characteristics (reflectivity, roughness) to enhance non-contact measure-
ment reliability in complex engineering environments and continue exploring
multi-probe collaborative measurement applications. This study validates the
hybrid measurement system’s practicality and reliability in large scientific fa-
cility alignment engineering, providing important references for measurement
technology in high-energy light sources and other precision engineering fields.
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