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Development of a low-Q cavity-type beam position
monitoring system

S. W. Jang, E.-S. Kim*, A. Heo, Y. Honda, T. Tauchi, N. Terunuma and J. G. Hwang

Abstract—A beam position monitor (BPM) with nanometer-1

scale position resolution and decay time of approximately 20 ns2

is developed as an interaction point (IP) beam position monitor,3

to verify the nanometer stabilization of the International Linear4

Collider beam trains at the Accelerator Test Facility (ATF),5

High Energy Accelerator Research Organization (KEK). The6

developed low-Q cavity BPM consists of a one-cell sensor cavity7

and a one-cell reference cavity. An electronic system is developed,8

based on the beam test results, to process the signals from the9

BPM. The beam position resolution of the low-Q cavity BPM10

with the electronics system is measured at the ATF2 beam line11

of KEK, and the results of the beam tests conducted on the12

developed low-Q cavity-type BPM are described.13

Index Terms—Cavity BPM, ATF2, KEK, Beam Position Mon-14

itor, Resolution, ILC.15

I. INTRODUCTION16

The International Linear Collider (ILC) [1] is a next-17

generation accelerator designed to address some of the im-18

portant questions in our universe. The ILC is a 250 to 50019

GeV center-of-mass high-luminosity linear electron–positron20

collider based on 1.3 GHz superconducting radio-frequency21

(SCRF) accelerating cavities. The ILC allows beam focusing22

down to a few nanometers at the interaction point (IP). In23

addition to being focused sharply, the beam for the proposed24

ILC has to be controlled very precisely. For precise beam-orbit25

control at the IP, fast beam-based feedback systems [2] and26

very precise beam position monitors (BPMs) [3] are required;27

these feedback systems must operate within nanosecond time28

scales and the BPMs should be able to measure nanometer-29

level position resolutions. Because a low-emittance beam is30

produced, and is available at ATF in KEK, the ATF is an31

ideal facility to develop instrumentation for the ILC, including32

a high-resolution BPM. The ILC and ATF2 design parameters33

are compared in Table I.34
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TABLE I
ILC TECHNICAL DESIGN REPORT AND ATF2 PARAMETERS.

Parameter ILC ATF2
Beam energy (GeV) 250/500 1.3
Number of e− per bunch (N ) 2 × 1010 1 × 1010

Bunch interval (ns) 554 150 ∼ 300
Bunch number 1321 60
Norm. emittance εx (m) 1 × 10−5 3 × 10−6

Norm. emittance εy (m) 3.5 × 10−8 3 × 10−8

Beam size σx (µm) 0.72/0.47 2
Beam size σy (nm) 7.7/5.9 37

The first goal of ATF2 [4] is to achieve a vertical beam size 35

of 37 nm in the IP region and the second goal is to achieve a 36

beam position resolution of 2 nm for the fast beam feedback 37

system to maintain nanometer scale stability for the beam 38

collisions in the IP region. The high-Q cavity-type BPM [5] 39

developed by KEK was tested at the ATF2 exaction beam line 40

and a beam position resolution of 8.7 nm was measured for the 41

Y-port. The decay times of the high-Q BPMs were 59 ns and 42

30 ns for the x-port and y-port, respectively. The high-Q BPM 43

signal did not decay within 150 ns bunch spacing, and thus, 44

the second bunch overlapped with the tail signals of the first 45

bunch. The fast beam feedback system required a feedback 46

processing time of 100 ns and a BPM signal processing time 47

below 50 ns. The detailed ATF2 layout is shown in Fig. 1. 48

For the fast beam-based feedback system, an improved cavity-

Fig. 1. ATF2 layout, where the ATF2 is the extended test beam line of ATF
for the final focus system in a future linear collider.

49

type BPM with low-Q value and electronics is developed. The 50

major improvement of the new BPM is the increased short- 51

signal decay time of ∼20 ns, which helps to distinguish the 52

multibunch signals without signal overlap. To achieve a small 53

loaded Q value for a short decay time, we employ a cavity 54

BPM with a large coupling slot size in the sensor cavity, which 55
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uses stainless steel as the cavity material for a reference cavity.56

The electronics are also developed so as to reduce the signal57

processing time to less than 20 ns. The performance of the58

low-Q BPM system is tested in the ATF extraction line at59

KEK. In this paper, we describe the cavity BPM principle,60

the developed low-Q cavity BPM, and the results of the beam61

tests at ATF2. The characteristics of the developed homodyne62

electronic system are also presented.63

II. LOW-Q CAVITY BPM DEVELOPMENT64

A. Motivation for rectangular-cavity BPM65

The limit of the beam position resolution for a strip-line66

BPM or button-type BPM is approximately 1 µm, which is67

insufficient to achieve the second goal of ATF2. To obtain68

a more precise beam position resolution using the BPM, we69

choose the cavity-type BPM. The usual cavity BPMs use70

cylindrical shapes, but the cylindrical cavity BPMs provide the71

same dipole frequencies for the x and y ports. The IPBPM,72

however, should be capable of measuring much smaller signals73

in the vertical direction, compared to those in the horizontal74

direction. Therefore, the isolation of the two dipole modes is75

of utmost importance for nanometer position resolution. For76

this reason, we select a rectangular shape to explicitly separate77

the x and y port frequencies, and thus isolate these two dipole78

modes perfectly [3], [5].79

The final focus system focuses the vertical beam size80

rapidly; however, such strong focusing optics result in trajec-81

tory angle jitters. The angle signal jitter in the vertical direction82

can contaminate the position information during the position83

measurements. The cavity length along the beam direction is84

strongly related to the angle sensitivity; if the cavity length85

of the BPM is reduced, the angle sensitivity can be reduced.86

However, the cavity length is also proportional to the stored87

energy inside cavity; therefore, the cavity length cannot be88

reduced infinitely. In addition, the small aperture of the beam89

pipe improves the orbit sensitivity.90

The frequencies selected for the x and y dipole modes91

are 5.712 and 6.426 GHz, respectively. Although there is no92

global optimal dipole frequency for each BPM application, it is93

desirable to identify the operating point in the generated dipole94

mode energy. The generated dipole mode energies for different95

cavity lengths and frequencies are shown in Fig. 2, along96

with the points of operating frequency, for the cavity BPM.97

The generated dipole mode energy is sacrificed to reduce the98

effects of bunch factor and beam angle. However, the principle99

resolution determined from the ratio of the calculated dipole100

mode signal to the thermal noise is below the nanometer range.101

B. Design102

The Q0 and resonant frequency are strongly dependent103

on the cavity material and cavity size. The desired resonant104

frequencies are 5.712 and 6.426 GHz, and the material is105

selected as copper. After the stored energy calculation, the106

cavity length in the Z direction, L, is fixed at 5.8 mm and the107

rectangular cavity size of the low-Q cavity BPM is determined108

to be 60.99 mm by 48.59 mm.109

Fig. 2. Generated dipole mode energies for different cavity lengths. The
assumed bunch length is 8 mm RMS. The rectangles and circles indicate the
x and y dipoles, respectively.

The decay time of the cavity BPM depends on the QL value; 110

therefore, the QL is a very important parameter for the low-Q 111

IPBPM. As mentioned before in the introduction section, the 112

decay time of a high-Q value IPBPM is not suitable for a fast 113

beam feedback system. The residual leakage of the high-Q 114

IPBPM after a bunch spacing of 150 ns remains at ∼28% for 115

the x port. Therefore, we need more complicated analyses for 116

the second beam bunch, and longer signal processing times 117

are required. Therefore, the decay time of the low-Q IPBPM 118

should be lower than that of the high-Q IPBPM. A method 119

to reduce the QL for a short decay time is the optimization 120

of the coupling slot size [6], because the coupling slot size 121

determines the Qext value. If the Qext value can be reduced 122

through adjustments to the coupling slot size, the QL will also 123

be smaller. Equation 1 shows the relation between the quality 124

factors and the decay time τ [7], 125

τ =
QL

2πf
=

Q0Qext

2πf(Q0 +Qext)
. (1)

Fig. 3. Dimensions of low-Q cavity BPM. The coupling slot sizes are
optimized for a short decay time.
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The optimized dimensions for the coupling slots are shown126

in Fig. 3, and the decay times of the low-Q cavity BPM for x127

and y dipoles are designed to be 18 ns and 15 ns, respectively.128

The residual leakage in the cavity BPM, after a bunch spacing129

of 150 ns for the first bunch, remains below 2% of the peak130

voltage of Vout,0 [7].131

Vout(t) = Vout,0 exp(− t

2τ
)sin(ωt + φ). (2)

TABLE II
LOW-Q CAVITY BPM DESIGN PARAMETERS.

Port f (GHz) β Q0 Qext QL τ(ns)
x 5.712 8 5900 730 650 18.1
y 6.426 9 6020 670 603 14.9

A waveguide is used for the rejection of the monopole132

mode, so that we can detect a clear dipole mode signal at the133

feedthrough antenna. The dimensions of the waveguide are de-134

signed to satisfy the condition that the cutoff frequency should135

be located between the x-dipole modes and the monopole136

mode. The monopole mode frequency is lower than 4 GHz and137

the x-dipole mode frequency is 5.712 GHz. Through analytical138

calculations, the waveguide cutoff frequency is set to ∼5 GHz.139

The excited electrical field is picked up by a feedthrough140

antenna whose position is optimized using HFSS(High Fre-141

quency Structural Simulator) simulation [8]. If the antenna142

position is optimized ideally, the reflection S parameter (S11)143

will be zero. Fig. 4 shows the reflection S parameters due144

to the resonant frequency after antenna position optimization.145

The optimized low-Q cavity BPM design parameters are listed146

in Table II.147

Fig. 4. Reflection S parameters due to resonant frequency after antenna
position optimization.

The exchange of energy between the beam and the cavity148

depends on the geometry of the cavity, rather than on the cavity149

material, and it can be characterized by the normalized shunt150

impedance described in Eq. 3.151

R

Q
=
|
∫
E ds |2

Pwall

Pwall

ω0U
=
|
∫
E ds |2

ω0U
=
| V |2

ω0U
, (3)

Using the simulation code HFSS, we estimate the normal- 152

ized shunt impedance for an arbitrary offset in the dipole mode 153

field. The so-determined normalized shunt impedance values 154

for the dipole mode are listed in Table III. Table III shows the 155

linearity of the output voltage of the low-Q IPBPM. Because 156

R/Q is proportional to the square of the offset, the output 157

voltage will be proportional to the root of R/Q. Therefore, the 158

R/Q value at an offset of 2 mm should be larger than four 159

times the R/Q value at 1 mm. 160

TABLE III
NORMALIZED SHUNT IMPEDANCE FOR DIPOLE MODES.

Offset (mm) x-dipole mode (Ω) y-dipole mode (Ω)
1 0.504 1.440
1.5 1.133 3.259
2 2.011 5.887

By using the R/Q factor of the low-Q IPBPM and the beam 161

parameters of ATF2, we can fully evaluate the output voltage 162

described by Eq. 4. 163

Vout,0 =
ωq

2

√
Z

Qext
(R/Q) exp

(
−ω

2σ2
z

2c2

)
. (4)

The calculated position signals for an offset of 2 nm 164

are approximately 7 and 12.5 µV for the x and y offsets, 165

respectively. The low-Q IPBPM output sensitivity calculated 166

using simulation results is larger than the previously recorded 167

high-Q IPBPM output sensitivities. The main reason for the 168

improvement in the output sensitivity is that, even though the 169

Q0 of both BPMs are similar, the Qext of the low-Q IPBPM is 170

smaller than that of the high-Q IPBPM [5], which difference 171

causes the difference in the output sensitivities between the 172

two BPM models. 173

Figure 5(a) shows the simulated output signal in the waveg- 174

uide port. The signal is jagged because it includes other modes 175

coupled from the cavity to the waveguide, as well as the 176

dipole mode. Through a fast Fourier transformation, the output 177

signal is classified into modes in the frequency space, and 178

the corresponding frequency spectra are shown in Fig. 6. A 179

distinguishable peak is observed at ∼6.426 GHz, which is 180

the design value for the y-dipole mode. In addition to the 181

y-dipole mode, quadrupole and higher order dipole modes 182

are also present. However, the common mode signals do not 183

appear when the proposed design is used. In addition, an x- 184

port and y-port isolation of -50 dB is achieved, as shown in 185

Fig.6. By assuming a 3 GHz pass band, the signal is filtered 186

(see Fig. 5(b)) and the signal decay time for the filtered signal 187

is estimated to be ≈17 ns. 188

C. Fabrication and bench test 189

We fabricated a BPM block consisting of three copper parts 190

for the rectangular sensor cavity, two pieces of stainless steel 191

for the cylindrical reference cavity, subminiature version a 192

(SMA) feedthroughs for signal pickup, and flanges for beam 193

duct connection. The main difficulties in fabrication were the 194

lack of a tuning pin and the irregular cavity surface. To realize 195

frequency tuning without a tuning pin, we adjusted the cavity 196
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Fig. 5. Simulated output signals at the y port (a) before filtering and (b)
after filtering. The band-pass filter eliminates the other mode signals from the
6.426 GHz y port signal. The simulated decay time is 17 ns after filtering.

Fig. 6. Frequency spectra of the output signals for the y port obtained using
HFSS.

dimensions to compensate for the frequency difference in the197

cold model. Because the external quality factor dominated over198

the loaded quality factor, that is, Qext � Q0, ∼5 µm the199

roughness of the cavity wall was treated.200

TABLE IV
COMPARISON OF QUALITY FACTORS OF THE SIMULATION (SIM.) AND RF

MEASUREMENT (MEAS.) RESULTS FOR THE FABRICATED BPM.

Port Frequency QL β Q0 Qext

(GHz)
Y (Sim.) 6.426 603 9 6020 670
Y (Meas.) 6.433 595.6 0.79 1066.2 1349.6

Table IV shows a comparison of the simulated quality201

factors and the measured quality factors of the y-port after the202

brazing. The measured external and internal quality factors203

show differences with respect to the simulation results. We204

assume that the reason for the difference between the simu-205

lated and measured results is the irregular surface machining.206

However, the measured QL was similar to the simulation207

result; thus, the expected output voltage was also similar to208

the simulation result.209

Figure 7 shows the fabricated pieces of the low-Q BPM.210

The rectangular shape of the main cavity and the four wave211

guides were machined from the main copper piece from both212

ends. Four coupling slots were fabricated by electric discharge213

machining (EDM). For brazing the pieces, grooves were dug214

on the connection surfaces to insert wire fillers, and nickel215

was additionally plated on the stainless steel material surface.216

Fig. 7. Fabricated pieces of the cavity. The sensor cavity is made by stacking
three copper pieces and the reference cavity is made by stacking two stainless
steel pieces.

Finally, the five pieces of copper and stainless steel were 217

simultaneously brazed using Au filler. 218

TABLE V
RF SIMULATION (SIM.) SIGNAL PROPERTIES AND FABRICATED CAVITY

MEASUREMENT (MEAS.) RESULTS.

Port Frequency Bandwidth Decay Sensitivity
(GHz) (MHz) time (ns)

X (Sim.) 5.712 8.8 18 2.3 mV/µm/nC
X (Meas.) 5.716 7.1 22 1.7 mV/µm/nC
Y (Sim.) 6.426 10.7 15 3.9 mV/µm/nC
Y (Meas.) 6.433 10.8 15 3.4 mV/µm/nC
Ref. (Sim.) 6.426 5.5 29 3.27 V/nC
Ref. (Meas.) 6.429 4.2 38 3.47 V/nC

The properties of the completed cavities were verified 219

through port-to-port measurements using a network analyzer. 220

From the measurements of the resonance frequency of the 221

dipole modes, coupling strength, and loaded quality factor, 222

we extracted the basic parameters of the BPM signal with the 223

calculated normalized shunt impedance along the beam offset. 224

The RF test results are summarized in Table V along with the 225

simulation results from HFSS. 226

III. BASIC BEAM TEST 227

After confirming the basic parameters using a network 228

analyzer and investigating the contaminated signal through 229

simulations, a basic beam test was performed for the low- 230

Q cavity BPM, on the ATF beam line. The low-Q cavity 231

BPM was installed in the last section of the extraction line 232

at the ATF. The temperature was passively stabilized within 233

2 K variations per year and the ground vibrations were 234

isolated within 4.3 nm at 40 Hz using a heavy granite table. 235

More detailed temperature variations and ground variations are 236



5

presented in the reference paper [5], [7], [9]. The layout of the237

last section of the extraction line is shown in Figs. 8.238

Fig. 8. Beam line layout of the last section of the ATF extraction line.

The layout of the basic electronics for the basic beam test239

are shown in Fig. 9. The overall sensitivity of the electronics240

was calibrated using a continuous wave (CW) signal source241

and a spectrum analyzer. The beam position was controlled242

with steering magnets and was monitored with strip-line243

BPMs. The beam positions monitored by the strip-line BPMs244

were extrapolated to determine the beam positions at the245

location of the cavity BPM. To simplify the beam optics, the246

quadrupole magnets in this region were turned off during the247

experiment.248

Fig. 9. Layout of the basic electronics used in the experiment. Detection
electronics consisted of a 180◦ hybrid combiner with a band-pass filter,
attenuator, amplifier, and diode. 9(a) layout are used 180◦ hybrid combiner
with a band-pass filter, attenuator, amplifier, and diode. 9(b) layout are only
used diode to measure the raw signal shape from cavity BPM. 9(c) layout are
used 180◦ hybrid combiner with a band-pass filter, amplifier, and diode.

First, the beam position sensitivities for the x and y ports249

were measured to investigate the output signal from the cavity250

BPM. The beam orbit was controlled and changed using a pair251

of steering magnets (see Fig. 8). The combined signal from the252

two opposite ports of the BPM was detected using a simple253

electronics scheme, including an oscilloscope, as shown in254

Fig. 9(a). The peak voltage of the output signal was measured255

at different beam offset positions.256

Figure 10 shows the measured peak voltage along the257

extrapolated orbit from the strip-line BPMs at the location258

of the cavity BPM. To confirm the result, the expected values259

based on simulation results were compared with the measured260

sensitivities of the low-Q cavity BPM. A difference of ∼4 dB261

was observed between the measured and expected voltages,262

which originated from the inaccurate electronics calibration.263

The electronics simulation indicates a 2 dB difference between264

the losses caused by the CW signal (used in electronics265

Fig. 10. Position sensitivity of the combined signal from two opposite ports
of the cavity BPM. The data plot becomes V-shaped with its minimum at the
electrical center of the cavity.

calibration) and the pulse signal (from the cavity BPM with the 266

beam) at the diode. In addition, the inaccuracy of the spectrum 267

analyzer used in the calibration was estimated as 3.25 dB [7]. 268

Therefore, the difference of ∼4 dB is explained. 269

Fig. 11. Stacked waveforms of y dipole along the beam position jitter. (a)
Layout in Fig. 9(b) and (b) layout in Fig. 9(c) are used.

The test for common mode contamination was performed 270

by changing the beam orbit at the ATF beam line. As shown 271

in Fig. 11, the common mode contamination can be roughly 272

identified by stacking the waveforms of the signal along the 273

change of the beam orbit. From the offset and decay time 274

of the smallest offset waveform, the position signal and type 275

of contamination source can be estimated roughly. In the 276

absence of contamination of the signal, the smallest offset 277

waveform should be zero; however, as shown in Fig. 11(a), 278

the smallest offset waveforms had amplitudes of 20 mV for 279
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Fig. 13. Layout of the developed electronics system.

the y signal. Using the position sensitivity shown in Fig. 10,280

these amplitudes were converted to ≈3 µm for the y position.281

After the common mode signal was annihilated in the 180◦
282

hybrid combiner and its residual leak was cut off by the band-283

pass filter by using the layout in Fig. 9(c), the corresponding284

smallest offsets (in Fig. 11(b)) were also converted to ≈2.5285

µm. Here 500 nm for the y position signals contaminated by286

the common mode were rejected by the 180◦ hybrid combiner287

with the band-pass filter. The remaining offsets, whose decay288

times were similar to that of the dipole mode in Fig. 11(b),289

could be explained by the cavity BPM tilt. From the simulation290

results, the remaining position offset signals were equivalent291

to ∼0.9 mrad for the y angle signal. Since both ends of the292

15 cm long cavity BPM were aligned at the 1 mm level, the293

BPM could be tilted until ∼7 mrad. However, these remaining294

offset waveforms could be dramatically rejected by the phase295

filter.296

In addition to the investigation of the signal separation297

between bunches, three bunch modes were also confirmed. The298

bunch-to-bunch time gap was ∼150 ns. The signals from the299

cavity BPM were well separated in Fig. 12 (left). A feedback300

study was performed using y-port signals, and Fig. 12 shows301

the beam feedback test results for the multibunch operation.302

IV. ELECTRONICS303

An electronics system was developed for processing the raw304

signals from the low-Q cavity BPM . A schematic diagram of305

the electronics is shown in Fig. 13.306

The purpose of the electronics design is the reduction of307

the signal processing time for the fast beam feedback system.308

Therefore, we adopt single-stage homodyne electronics. Two309

output signals from the sensor cavity, with the same direction,310

are fed into a low-noise amplifier (LNA) and drive amplifier to311

increase the signal amplitude. The LNA is selected to reduce312

the noise figure (NF) of the entire electronics system. The313

noise figure of the electronics system is determined by the314

first part of the electronics; the relation can be explained by315

the following equations,316

Ftotal = F1 +
F2 − 1

G1
+
F3 − 1

G1G2
+ ...+

Fn − 1

G1G2...Gn−1
, (5)

NFtotal = 10log10Ftotal, (6)

where the NF and gain of each module are F1, F2, ... , Fn and 317

G1, G2, ... , Gn, respectively. Therefore, the NF of the entire 318

system is determined by the NFs of the first elements of the 319

electronics. The measured NF of the entire electronics system 320

is 3.871 dB. 321

After signal amplification, the two RF signals are combined 322

with an anti-phase hybrid. A band-pass filter (BPF) with 323

a ±200 MHz bandwidth is used after the two signals are 324

combined, to reject other modes. To detect the IQ phase, 325

the signal is split into two mixers and detected in a base 326

band with orthogonal phases (I and Q). The bandwidth is 327

determined by a 50 MHz low-pass filter (LPF) placed after the 328

mixer. The longest signal processing time of the electronics is 329

determined by this LPF. Because the LPF signal processing 330

time is expected to be ∼ 1/∆f , the entire electronics signal 331

processing time is expected and measured to be ∼20ns. 332

The minimum detectable signal power of the entire system 333

is measured as −83 dBm, which corresponds to 15.83 µV. 334

The measured BPM output sensitivity under nominal beam 335

conditions of the ATF is 5.44 µV/nm for the y-port. There- 336

fore, the expected resolution limit of electronics is ∼3 nm. 337

Additionally, the electronics is installed outside the tunnel and 338

the long cable power loss is measured to be 8.5 dB; thus, the 339

expected resolution with long cable power loss is ∼7.7 nm. 340

The measurement results for the developed electronics module 341

are listed in Table VI.

TABLE VI
ELECTRICAL SPECIFICATIONS OF THE ELECTRONICS.

Parameters Units Min. Typ. Max.
Frequency range GHz 6.2 6.4 6.6
Output frequency MHz 0 50
Conversion gain dB 9.3 10.6 11.6
I,Q phase difference degree 87 90 93
1-dB compression (input) dBm −15 −13
Electronics NF at 10 MHz dB 3.871

342

V. POSITION RESOLUTION MEASUREMENT TEST SCHEME 343

The low-Q cavity BPM was installed at the extraction beam 344

line of ATF2 to test the beam position resolution. Figure 14 345

shows one block of the developed low-Q cavity BPM and two 346

high-Q cavity BPMs [7]. Two sets of horizontal movers and 347

vertical movers were installed to align the beam center of each 348

BPM. The electronic systems for the low-Q and high-Q cavity 349

BPMs were used to convert the raw signal to the I–Q signal 350

and were installed on the outside tunnel. The sensor cavity 351

monitor was used to measure the beam position by using the 352

dipole mode, while the reference cavity was used to measure 353

the beam charge by using the monopole mode of the same 354

resonant frequency as that of the sensor cavity. The output 355

signal from the sensor cavity was fed into the electronics. We 356

acquired I and Q signals after phase tuning using a phase 357

shifter, in which the signals differed in phase by 90◦. Band- 358

pass filters were used to prevent the unwanted dipole modes in 359

the signals. Additionlly, the low-Q cavity BPM was developed 360
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Fig. 12. Beam feedback test for multibunch beam operation. The time gap between bunches is ∼150 ns.

Fig. 14. Testing scheme for beam position resolution measurement of low-Q
BPM.

to measure the orbit resolution in the vertical direction because361

horizontal beam size is very larger than vertical beam size. It362

means that a measurement of vertical orbit needs a magnitude363

of smaller orbit resolution. Therefore, beam test in vertical364

direction was performed to measure the y-port resolution. By365

this reason, we only used the y-port electronics and measured366

vertical beam position resolution. The orbit feedback system367

is also used for the y-port beam.368

VI. MEASUREMENT OF BEAM POSITION RESOLUTION369

The position resolution of the low-Q BPM in the vertical370

direction was measured at ATF2. This measurement was371

performed in three steps: 1. I–Q tuning by using the phase372

shifter, 2. calibration to obtain the calibration factor, and 3.373

data collection for analyzing the beam position resolution of374

the low-Q BPM.375

A. Basic idea376

We used three BPMs to measure the beam position resolu-377

tion of the low-Q cavity BPM. Because two BPMs were used378

to find the predicted position, the beam position resolution was379

defined by “the RMS of the residual between the measured and380

predicted beam positions of the low-Q cavity BPM” × “geo- 381

metrical factor.” The predicted beam position was calculated 382

from the two high-Q cavity BPMs, and the geometrical factor 383

was used to compensate for the propagation of error caused by 384

the alignments of the three cavity BPMs used to calculate the 385

resolution of a single cavity, assuming that the three cavities 386

have the same position resolution. Even though we assumed 387

that the three BPMs have the same position resolution, the low- 388

Q IPBPM could not achieve a resolution below the position 389

resolution of the high-Q IPBPM because the predicted position 390

of the low-Q IPBPM was calculated using the two high-Q 391

IPBPMs. 392

B. I–Q tuning 393

I–Q tuning was performed using an oscilloscope to reduce 394

the effect of noise on the position signal. When the maximum 395

value of the I signal was reached, the Q signal was set to the 396

zero position using the phase shifter. In this setting, the I and 397

Q signals represent the beam position and beam trajectory 398

angle signals, respectively. If I–Q tuning is not performed, 399

the electronics can easily become saturated by the large beam 400

trajectory angle and a correct beam position resolution cannot 401

be expected. 402

C. Calibration procedure 403

The calibration run was performed to calibrate the signal 404

from the sensor cavity with respect to the actual beam position. 405

To monitor the response of the sensor cavities in the vertical 406

direction, the beam was swept along the sensor cavities by 407

vertical movers. An electron beam was swept against the sen- 408

sor cavities by controlling the mover current, and the response 409

of the sensor cavities was monitored. During the calibration 410

run, the average beam charge was 0.2×1010 particles and the 411

calibration was swept within a range of 40 µm. 412

The intermediate frequency (IF) parts of the low-Q IPBPM 413

electronics were connected to 40 dB of extra amplification to 414

achieve a higher calibration factor. However, the other high- 415

Q IPBPM electronics did not need any amplifiers because 416

the high-Q electronics already had sufficient system gain. 417
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The calibration run was done three times to determine the418

calibration factors. The results of the calibration run for each419

cavity BPM are listed in Table VII.420

TABLE VII
RESULTS OF THE CALIBRATION RUNS.

BPM type Calibration factor Statistical error
(mV/nm) (mV/nm)

Low-Q BPM (w/40dB amp.) 0.674 0.0264
High-Q BPM 1 0.922 0.0451
High-Q BPM 2 0.720 0.0260

D. Position resolution study421

The position resolution (σ) of the low-Q cavity BPM was422

estimated with a fixed beam orbiting near the beam center.423

The electronic setup was the same as in the calibration run.424

The main purpose of this run was to measure the residual425

(∆), which was the difference between the measured position426

obtained using the low-Q BPM (YImeas
) and the extrapolated427

position at the location of the low-Q cavity BPM obtained428

using the high-Q BPM (YIext ). The residual is calculated as429

follows:430

∆ = YImeas
− YIext

. (7)

Figures 15 and 16 show the results of this run for 500431

events. The RMS of the residual was estimated as 440 nm432

during a 500-event resolution run, which value was divided433

by the calibration factor, already. To obtain the beam position434

resolution of a single cavity, we need to consider the geo-435

metrical factor (GF), which is a coefficient determined by the436

geometrical configurations of the three cavities. The GF of437

these three BPMs was calculated to be ≈0.8. Therefore, the438

beam position resolution was given by439

resolution = GF× RMS of residual

calibration factor
. (8)

The position resolution of the low-Q cavity BPM was mea-440

sured as 352 nm when we collected these data with an average441

beam charge of 0.2×1010 particles.442

When we converted the position resolution with the nominal443

beam charge of ATF2, which is 1010 particles, the position444

resolution of the low-Q cavity BPM was expected to be ∼70445

nm. In this study, we did not utilize the position information446

from the x ports of the three BPMs fully. Furthermore,447

the minimal mover step size was ∼1 µm; this mover step448

accuracy caused a large error bar for the calibration factor.449

Therefore, we performed several calibration runs to obtain450

more precise calibration factors, and if we could improve the451

mover accuracy, more accurate calibration factors could be452

measured and the beam position could be predicted precisely.453

If we use the full information for both the x- and y-port signals454

from the three BPMs, we would be able to achieve a position455

resolution less than 70 nm.456

VII. CONCLUSION457

In this paper we described the development of a low-Q458

cavity BPM consisting of a one-cell sensor cavity and a459

Fig. 15. Measured position versus predicted position (top). Residual position
from 500 events (bottom).

Fig. 16. Gaussian fitting of residual position.

one-cell reference cavity. The proposed BPM had a structure 460

similar to that of the high-Q cavity BPM developed by KEK, 461

but exhibited a short decay time with clear residual leakage 462

for fast orbit feedback control with 150 ns bunch spacing. 463

The characteristics of the cavity BPM were examined by 464

performing a beam test. Contaminated common mode signals, 465

which were equivalent to ∼2 µm and ∼500 nm for the x 466

and y position signals, respectively, were confirmed to have 467

been rejected by a commercial band-pass filter and a 180◦ 468

hybrid circuit. The signals from the sensor cavity were well 469

separated in a three-bunch operation, in which a bunch spacing 470

of 150 ns was observed due to the decay times of 22, 15, and 471

38 ns for the x, y, and intensity signals, respectively. The 472

analog electronics for the signal processing within 20 ns were 473
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also developed. The beam position resolution test was also474

performed at ATF2. The measured beam position resolution475

was 352 nm for 0.2×1010 particles and the expected resolution476

for a nominal beam charge of 1010 particles was 70 nm in the477

vertical direction. Further improvements in the electronics to478

achieve better position resolution are under consideration, and479

more beam tests will be performed.480
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