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Abstract

Wire position monitor (WPM) is designed to monitor contraction of the cold
masses during the cooling-down operation in an accelerator driven system. Be-
cause of material difference, machining error, assembly error, etc., each WPM
has to be calibrated. The sensing voltage and wire position are of a nonlinear
relationship, which is expressed by high order polynomial. Root mean square
(RMS) of the polynomial fitting error were 3.8 m and 7.4 m at x and y direc-
tions, respectively. The alignment test was carried out on the beta cryostat.
Optical instruments were used to verify the WPM measuring results. The dif-
ferences between WPM measuring results and optical measurements were 0.044
and 0.05 mm in x and y direction, respectively. A significant asymmetric con-
traction was detected, and asymmetry of material was taken as the main reason
through analysis.

Full Text

Preamble
Alignment of ADS Beta Cryostat with Wire Position Monitor

ZHU Hong-Yan (%4:#%),f DONG Lan (ZFx), MEN Ling-Ling ("148#), LIU Can
(x13%), and LI Bo (==ig)

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049,
China

(Received August 25, 2014; accepted in revised form October 10, 2014; published
online August 20, 2015)

Abstract: A wire position monitor (WPM) is designed to monitor contraction
of cold masses during cool-down operations in an accelerator driven system.
Due to material differences, machining errors, assembly errors, and other fac-
tors, each WPM must be calibrated. The relationship between sensing voltage
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and wire position is nonlinear and can be expressed using high-order polyno-
mials. The root mean square (RMS) of the polynomial fitting error was 3.8
pm and 7.4 pm in the x and y directions, respectively. Alignment tests were
carried out on the beta cryostat, with optical instruments used to verify the
WPM measurement results. The differences between WPM measurements and
optical measurements were 0.044 mm and 0.05 mm in the x and y directions,
respectively. A significant asymmetric contraction was detected, with material
asymmetry identified as the primary cause through analysis.

Keywords: Wire position monitor, Alignment of cryostat, Wire position mon-
itor calibration
DOT: 10.13538/j.1001-8042 /nst.26.040401

Introduction

An accelerator driven system (ADS) is currently under development at the Insti-
tute of High Energy Physics (IHEP), Chinese Academy of Sciences. Most cavi-
ties and magnets operate within cryostats at liquid helium (LHe) temperature.
Each cryostat contains six superconducting cavities and five superconducting
magnets. Alignment is first performed at room temperature, and after thermal
contraction, the positional error of the cavities and magnets must remain within
+0.1 mm [?, ?]. Conventional collimation methods are difficult to implement
for measuring targets within the cryostat, and material contraction must be
monitored throughout the thermal cycle. Therefore, a wire position monitor
(WPM) was designed to track position changes caused by thermal contraction
and expansion \cite{3-5}. The design and machining of the WPM have been
completed [?].

Due to material differences, machining errors, assembly errors, and other factors,
each WPM must be calibrated before use. A dedicated platform was designed
for WPM calibration, followed by alignment experiments on the beta cryostat.
Optical instruments were employed to verify the WPM measurement results.

I1. Simulation
A. Calibration Simulation

Calibration simulation results obtained from CST Microwave Studio within a
range of +£4 mm in 0.5 mm steps are shown in Fig. 1

. The parameters Kz and Ky, defined as functions of wire position = and y,
represent the sensitivity ratios:

Kx=2z/U, Ky=y/V

where U and V' are the sensing voltages in the x and y directions, respectively.
Kz and Ky remain approximately constant when x and y are small. However,
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Figure 1: Figure 1

due to the probe geometry and microstrip angle, the relationship between sens-
ing voltage and wire position in each direction is nonlinear. This relationship
can be expressed using high-order polynomials [?, ?]:

k k—i k k—i
T = ;ZAUU%‘VJ; y = Z;ZBUUWJ'
1=0 7= =0 j=

where A and B are polynomial coefficients for each direction, and k is the
polynomial order, which can be adjusted based on calibration results.

B. Influence of WPM Position Error

The inner radius of the WPM is 12 mm. The microstrips are 1 mm wide and
76 mm long, with their height calculated to achieve 50 2 matching with the
readout circuits [?]. The wire position monitor is supported within the cryostat
by G10, a low thermal expansion coefficient insulation material. The setup is
placed on a steel platform, with the connection structure between platform and
WPM shown in Fig. 2(a) [FIGURE:2].

Due to assembly errors, the WPM may not be perfectly parallel with the wire.
Four sets of simulations were conducted to analyze the influence of this position
error. The coordinate system is aligned with the center of the WPM and the
end of the microstrip (Fig. 2(b) [FIGURE:2]). Simulated position errors caused
by wire tilting in 0.5° increments are presented in Table 1 , where L is the length
of the strip and the coordinates represent rotation centers for each simulation.

TABLE 1. Position errors caused by wire tilt
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Tilt angle x=0,y=0, x=0,y=0, x=0,y= x=0,y =2,
(degree) z=1L/4 z=1L/2 0,z=0 z=1L/2

0.5 -0.068 -0.145 -0.068 -0.145

1.0 -0.165 -0.318 -0.165 -0.318

1.5 -0.204 -0.403 -0.204 -0.403

2.0 -0.235 -0.572 -0.235 -0.572

2.5 -0.315 -0.656 -0.315 -0.656

3.0 -0.342 -0.782 -0.342 -0.782

The readout signal is a superposition of the upstream signal and the reflection
from the downstream signal. The amplitudes of these two signals should be
identical, and the readout signal effectively reflects the center position of the
wire. Therefore, a position calculated from calibration simulation results is
compared with the actual center position of the wire, with each value in Table
1 representing the error between them. The data show that the further the tilt
center is from the WPM center, the larger the error becomes. When the tilt
center is at the WPM center, the error can be ignored within 4+2°. However,
the error cannot be ignored even within 0.5° when the tilt center changes.

An electronic level, optical level, and theodolite were used to adjust the relative
position between the WPM probe and the wire. The electronic level was used to
level the WPM probe, the optical level to level the wire, and the theodolite to
adjust the parallelism of the vertical lines in the horizontal plane, which could
be guaranteed within 10 .

IT1. Calibration Platform
A. Platform Structure

The WPM contains four Cu antennas supported by SMA jacks. The upstream
ports connect to readout electronics to measure signal amplitude, while the
downstream ports are terminated with 50 €2 loads. The monitor body is also
made of Cu.

In the calibration platform (Fig. 3

), a fixed stretched wire serves as both a reference [?, ?] and signal carrier, fed
by a 215 MHz RF signal [?, 7, ?]. The WPM is attached to an electric translator
stage with high position resolution up to 2 pm. The platform moves the WPM
to simulate material contraction. The sensing signals from the four microstrip-
antennas change with movement, and signal amplitude can be correlated to
specific displacement after calibration [?, ?].

B. Input and Termination Structure

The wire connections to the external RF signal and matching load are housed in
two external boxes (Fig. 4 [FIGURE:4]). The input side is fixed, while the termi-
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Figure 2: Figure 3

nation side is loaded with a set of steel blocks. At both ends, copper-beryllium
wires are allowed to slide on G10 pulleys during contraction or expansion. The
wire ends are clamped between G10 blocks, with the total weight of steel blocks
being 5 kg [?].

C. Data Acquisition
Figure 5(a)

shows a diagram of the data processing circuits. A time-sharing system is em-
ployed, with digital I/O controlling RF switches for the WPMs [?]. Signals from
the monitor are processed by a Bergoz card and transferred to a PC through a
DAQ card to calculate wire position using calibrated coefficients. The sensing
signals are shown in Fig. 5(b)

IV. WPM Calibration

The SMA jacks use PTFE insulation, which contracts as temperature decreases.
This common-mode contraction in a symmetric structure is cancelled in differen-
tial circuits. Experimental results show that the reading difference between LN2
and room temperature is about 0.04 mm, partially caused by body contraction
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or temperature differential. Therefore, the wire position monitor is calibrated
only at room temperature. Two calibration tests were performed: one within
r/2 (£6 mm) in steps of 0.2 mm, and another within r/3 (+4 mm) in steps
of 0.1 mm (Fig. 6 [FIGURE:6]). U-V represents the sensing voltage at each
position, where 100 mV corresponds to 0.1 mm displacement at the center.

A sixth-order polynomial was used for the 7/2 (+6 mm) mapping, and a fourth-
order polynomial for the /3 (44 mm) mapping. The fitting results for the r/3
(+£4 mm) mapping are given in Table 2 .

TABLE 2. The calibration coefficient (in mm) of +4 mm

Term A (x-direction) B (y-direction)
U've 721 %1073 —2.83 x 1073
U%vt 171 x10°¢ —1.51 x 1073
U'%v?2 842 x 1010 2.22 x 10710
U'v? 1.60 x 10713 —3.93 x 1071
U%v4+ 1.58 x 10716 —1.11 x 10716
Utvo —1.51 %1073 —6.67 x 1077
Utvt —221x10710 774 x107°
Utv? —379x 107" 151 x 10713
Ulvd —858x107%¥  —2.00x 10716
U2v0  —8.28 x 1079 —2.75 x 10711
U2vt 1.11x 10718 —3.42 x 10711
U?v? —1.33x10716  6.01 x 10717
U3ve —320x 107t 7.00 x 10~1°
U3Vl 151 x 1077 9.24 x 10716
UV 133 x10°1° —9.51 x 10717

The coefficients 4, and By, at U’V represent the offset between the geometric
center and electrical center in each direction. The offset is -7.2 pym in the x-
direction and -2.8 pm in the y-direction. Ay, and By, are first-order coeflicients
representing position resolution, where smaller values are better. The fitting
results for £4 mm and +6 mm are consistent. The variances of fitting error are

calculated as follows [?]:

Sy dmm = \/Zpl(%p o

=3.8um
n
> (Yo — Up)?
Sy—4mm = \/ i n =74 Hm
Szf6mm = 0.047 mm, Sy76mm = 0.045mm
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As shown in Fig. 7 [FIGURE:T7], the fitting error for £6 mm is much larger
than that for £4 mm.

V. Alignment Experiment
A. Experiment Setup

A complete thermal cycle was performed on the beta-cryostat, which was de-
signed specifically for alignment testing. The beta-cryostat was 2 m long, with
four WPMs symmetrically assembled beside a 1 m cavity made of 316 steel—
the same material as its girder. A schematic layout of the WPMs and optical
targets is shown in Fig. 8 [FIGURE:8]. The blue components are made of G10
material, which has low thermal conductivity and low thermal deformation [?],
and is used as support for the WPMs, optical targets, and the bottom insulation
layer.

When temperature decreases, the cavity and its girder contract. Attached to
the cavity, a WPM experiences displacement in both horizontal and vertical
directions [?, ?]. The primary contraction of interest occurs between the cavity
center and the girder bottom, with a distance of 0.419 m between them. Two
optical targets placed at one end of the cryostat on the same support as the
WPM experience the same displacement as the WPM. Levels were used to
measure vertical displacement of the optical targets, while theodolites measured
horizontal displacement. Optical measurements and WPM measurements were
compared to verify accuracy.

B. Experiment Procedure

Beta-cryostat evacuation began at 8:00 on June 10, 2014, with vacuum reaching
0.1 Pa approximately 3 hours later. Figure 9 [FIGURE:9] shows horizontal
and vertical displacements of the beta-cryostat during the entire thermal cycle.
Optical measurements were time-consuming, so all measurements were taken
during stable change periods. Figure 10 [FIGURE:10] shows the error between
optical and WPM measurements.

The differences between WPM and optical measurements are within 0.1 mm,
with variance of the difference being 0.044 mm in the x-direction and 0.05 mm in
the y-direction. Considering alignment error and self-contraction of the optical
target, the measurement results are consistent.

At the beginning, positive movement is observed in both vertical and horizontal
directions as an effect of evacuation. The cool-down procedure began imme-
diately after vacuum reached 0.1 Pa. Liquid N, was pumped into the ®1 m
cavity, causing a sharp displacement change. After slight recovery from this
sudden change, contraction increased as temperature continued to decrease [?].
The figures reveal that contractions were not symmetrical, particularly in the
x-direction. The maximum contraction difference was 0.4 mm in the x-direction
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and 0.2 mm in the y-direction. This asymmetric contraction may cause facility
center shift, making material symmetry a major design consideration [?, ?].

Warm-up began at 12:00 on June 11, proceeding much slower than cool-down.
Position was well recovered from both vertical and horizontal displacement after
warm-up.

VI. Conclusion

Comparison results between optical measurements and WPM measurements
demonstrate that WPM measurements are credible. Optical instrument usage
requires personnel and only allows periodic readings. Conversely, WPM en-
ables continuous monitoring, providing detailed contraction data valuable for
characterizing new structures.
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