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The 3 GeV roton RCS of the JAERI-KEK Joint Project is a 25 Hz separate-function rapid cycling

synchrotron under design. Bending magnets (BM) and quadrupole magnets (QM) are excited separately.

The 3 GeV RCS requests above IO families of magnets excited independently, far beyond 3 families in

practical RCS's. Difficulty of field tracking between BM and QM is significantly increased.

Magnet strings are grouped into resonant networks and excited resonantly with power supplies driven by

a waveform pattern, typically a DC-biased sinusoidal signal. To achieve a close tracking between many

families, the driving signal of each power supply should be adjusted in phase and amplitude flexibly and

dynamically.

This report proposes a signal generator based on VXlbus. The VXIbus, an extension of VMEbus (VME

extensions for Instrument), provides an open architecture with shared process bus and timing. The

VXfbus-based signal generator facilitates the timing synchronization and is easy to extend to many

channels needed by the 3 GeV RCS. Experimental results of the signal generator are reported.
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1. Introduction

The 3 GeV proton synchrotron 3 GeV RCS) of the JAERI-KEK Joint Project (JKJ Project) for High-

intensity Proton Accelerators [II is a 25 Hz separate furiction rapid cycling synchrotron (RCS) that will be

constructed at the JAERI Tokai site on schedule (Fig. -1).

N

Neuckeak&Partlcke
50 GeV Ps Ph Ics Ql:lklt

3 GeV PS
Makter1cLMLWtclence, FoLdtl y

Transmutation System

LLJ Unac LLJ

N' -in'
to uper-KA ANDE

Fig. I -I Facility complex of te JAERI-KEK Joint Project for Higb-intensity Proton Accelerators

In a separate function RCS, magnetic excitation is carried out with bending magnets (BM) and

quadrupole magnets (QM: QF or QD) in separate families. The three magnet families, BM, QF and QD,

are excited either in one magnet string (e.g. ISIS 500 MeV Proton Synchrotron 21) or in independent

magnet strings (e.g. BESSY-11 Electron Booster 3]). But for the 3 GeV RCS of the KJ Project, above 10

magnet families are requested to excite independently 41, far beyond 3 families in practical RCS's

constructed in the world. Difficulty of B/Q field tracking between BM and QM is significantly increased.

B/Q tracking is an essential requirement for stabilizing the betatron tunes in a synchrotron by tracking the

focusing (defocusing) magnetic field closely to the bending magnetic field. Since each magnet string is

grouped into a resonant network and excited resonantly by a power supply typically with a DC-biased

sinusoidal pattern as shown in Fig. 2. Signal generator for the driving pattern of the power supply plays a

crucial role in performing the field tracking between many magnet families.

1 
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Fig. 1-2(a) One family of magnet string in resonant network and its power supply
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Fig. 1-2(b) Pattern of the power supply for bending magnets
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To achieve close tracking, the driving signal of each power supply should be adjusted flexibly and

dynamically in phase and amplitude. Waveform distortion, resulted from magnetic saturation, also

contributes to the tracking errors, but the subject is not covered in this report. According to te proposed

timing control of the 3 GeV RCS, the magnetic excitation is synchronized and triggered by a master trigger

generated from the master clock of the accelerator complex [5]. Therefore the signal generator is obliged to

have the following features.

• External trigger

• Dynamic phase adjustment (phase advance or lag)

• Dynamic amplitude adjustment

• Waveform adjustment without discontinuity

• Many channels

etc.

This report introduces a VXlbus-based control system as illustrated in Fig. 13, and a signal generator is

proposed for the resonant power supplies of the 3 GeV RCS.

Timing System

VXIBUS

25Hz Master Trigger

�rement de�ices
aock

A

__J �--J

------- LA ---- --------

QM-PS

M- QDN Q DS QFN QFX FS

BM
QM apets

---------------------------------

Fig. 13 Conceptual VXIbus-based control system proposed for resonant power supplies of the 3 GeV RCS
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2 3 GeV RCS Power Supply System for Lattice Magnets

The 3 GeV RCS accelerates a high-intensity proton beam from 400 MeV to 3 GeV at a repetition rate of

25 Hz. With designed beam power of I MW it will be used to produce pulsed spallation neutrons and

muons and works as an injector as well for a 50 GeV synchrotron.

The magnetic field cycle repeats in the form of DC-biased sinusoidal pattern at 25 Hz as shown in Fig. I -

2(b). To achieve a high intensity with low beam losses, betatron tunes, beam collimation, physical aperture

and injection schemes are carefully designed and the present lattice version has a variety of features such

as high transition gamma, long dispersion-free straight sections, etc. 4].

Bending magnet string and about IO families of quadrupole magnets (QM's) are excited separately at a

repetition rate of 25 Hz. The magnet string of each family is grouped into meshes and excited resonantly to

avoid large amount of reactive power. Power supplies for above 10 families of main lattice magnets should

be designed and be available on schedule for the construction of the accelerator complex. Based on the past

R&D's 6,7], we are carrying on the design of the power supply system 8,9, 1 0,1 I].

2.1 Tracking of Magnetic Field of Bending and Quadrupole Magnets

The magnetic field of each amily of the QM's should closely track the BM field. The essential tracking

requirement for synchrotron is described as follows 12].

AV Ak# (s)ds k# (s)ds �.ture
47r 47r k k (2-1)

but k _- 9 (2-2)
Bp

where,

AV :betatron tune shift,

k- quadrupole strength,

,6(s): betatron amplitude function,

4nature: natural chromaticity,

g: field gradient of a quadrupole magnet,

B: magnetic field density of a bending magnet, and

p: bending radius of a bending magnet.

From above expressions, quadrupole strength k is required to keep constant during the operation cycle

for injection, acceleration and extraction. The tune shift AV resulted from the quadrupole strength

deviation is inevitable in practice due to deviation in phase and amplitude or due to waveform distortion.

- 4 -
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We estimate the deviation resulted from phase and amplitude in field gradient of quadrupoles. as described

below.

BM field density (B) and QM field gradient (g) are given by

= 9d, ,, C00y = gd, (I - a cos(0)00) (2-3a)

= Bdc - Bae cos(wt = Bd, (1 a COS(O)OO) (2-3b)

We define

ko = 9d - .c � = B a =9ac

Bdp Bwp Bd, gd,

Assuming that QM field gradient (g) has phase error AO with respect to BM and amplitude eror of g

we can derive the quadrupole strength deviation as follows.

Ak cc sin(wot) a
(- )AO AO < AO (2-4a)

ko I -a -cos(ot) 11-a 2

Ak ) =- I Agd, a -cos(coot) Ag,,,
ko I - a -cos(wot) gk a cos(coot) g,,,

Ak I Agd, Ak a Aga,.- (_)Ag'� < _..
ko I-a gd, , ko '-a gac (2-4b)

Statistically, the deviation tolerance can be expressed as:

Ak a 1 d, a2 A9.1 2
- Ael (A�_ 2 � -

-a' -a)2 (I_ a) 2 g (2-5)ko 9d,

Given 4alure=8.9 and o�--0.61 in present design, the error tolerance can be estimated as shown in Fig. 21.

Supposing (Agde rim= (Agc r.= 10-4, 4. 137 mrad is required for &5 0.0 1.

9d, ga,

5
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Fig. 21 Estimation of eror tolerance for time shift AV-0.01 002 and 0.05

2.2 Resonant Network Analyses

In an RCS, magnets are commonly configured as a resonant circuit named "White circuit", and powered

by an AC power source 13]. he resonant current is generally DC-biased to achieve a full use of the

sinusoidal waveform for beam injection and acceleration in one magnetic cycle. This general configuration

of RCS avoids the generation of large amount of reactive power in magnet strings. Magnets are usually

grouped into meshes to work at moderate resonant voltage. Each mesh is connected in series so that a

uniform waveform in each magnet is achieved.

------------------------------------------
PWM Converter Inverter

Is Lch Lm

J� J� Irn
:lvc

-------------------------------- DC-bias Power Supply

IGOT Power Supply (AC)

Parallel Resonance (PR)

-----------------------------------------------

PWM Converter Chopper

IM Lm
Ich

J J
Vs

------------------------------------------------
IGBT Power Supply (AC+DC)

Series Rsonance (SR)

Fig. 22 Configuration of power supply system in parallel resonance (PR) or in series resonance (SR)
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Figure 22 shows a one-mesh magnet/power supply configuration in RCS. An AC power source and a

resonant circuit can be configured in parallel resonance (PR), or in a configuration variation with the

power supply inserted in the resonant circuit in series (SR).

Fundamentally, the resonant network is driven by a current source (s) in PR configuration or by a

voltage source (s) in SR configuration. With a simple AC model of the resonant circuit, circuit response

is analyzed as follows.

The transfer function of the resonant circuit is

0),2

S n S2 (COO S + 0)02 for PR, (2-6a)

Q

or

S 2 % S + 0)2

Im I Q

V, L.s S 2+( O)o ) + )o2 for SR, (2-6b)

Q

where, (O 2 L, L 'h is the resonant frequency, Q = OOC.Re = Re (L +L.) is the quality
0 L.Lehc. O)O L,4 L.

2 2
factor of the resonant circuit, 0, L.C. , 0)2 LIh C. , Re is the equivalent resistance for AC losses

and :n ---turns ratio (primary/secondary) of the choke transformer in PR.

Phase of the transfer function is derived in eqs. 2-7) for PR and SR respectively:

'- = - arctan[ 'O'
Q(0)02 _)2)] for PR (2-7a)

or

O)OO) co yr
'n arctanf - arctm[ O)O

V., Q(0)2 2 - ) 2 Q(O) 2 _ 2 2 for SR (2-7b)

- 7 -
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Therefore,
ao Q( 2 2). A(

'00 Cf)2 O)O 00 002ao AQ -2 _ O)O 0) (C _(01). AQ

A = awo AO)O aQ Q2 (0)02 _ t)l 2 a)W )I

AO(O)O) 2Q 'AO)O
0)0 at co coo for PR, (2-8a)

or, for SR, we have

AO AO) + ao AQawo aQ

QO) - (0)2 2 - co 2 .AO)O - (000)(0)2 2 _ co 2).AQ

Q2 (0)2 2_ 0) 2 2 + m 0 )2

QO) -((O)o 2 -_ co 2 -20) 02).AO) _)00)(0)02 _C02).AQ
Q2 (O 2 2 (ox)o 2

_)02 _ )

At 0) Coo, we get

QCOO -(0)2 2_ 0)0 2 ) -AO)O - 0 2 2 J)02

)O (0)2 _AQ + 2 A(t)o
AO(0)0) Q2(0)2 2- (00 2 2 + 0)0 4 0)0

getO 2
Supposing k=k*L., we _) 2= Q + k) )2 and therefore

k(I + k _ 2 Q AO)O k(I + k) AQ �E 2Q AO)
AO(0)0) (kQ)2 2 (kQ)2 7�2'+ (I k 0)0 + (I k) coo

(2-8b)

Response to a step signal helps us to understand the performances in real time.

In PR, we get

0)12 S+ 0)12
2 0

0), O)o coo _)2
(S) +

n 2 ()O)S+O)"2 S n 2+(C')O)S+ 2

+ Q S Q t)O S

-



JAERI-Tech 2002-039

and

2Q
),-(I -e 2Q Cos( O)Gt 0) (2-9a)

co �4 -1 4

but (p = arctan(
�4 Q I

Similarly, in SR we obtain

2 2 0)2
2 O)i O W2 S

)S + )2 2 Q2 + 2
+(O O 0) 0)

Q 0 O)o Q O)O, O)OQ 0(S) +
Lins S 2 + (o S + )02 S Ln S + ) ) + O2 Sz

Q Q

and

0)2

Q _)2
2Q (2 0)2

(I-e + � � .COS(0)0 + (0) + t)
Q2 Q2 2L. coo Q 4 4 WO

(2-9a)

but, p arctan( 2Q -I
=�MV4 -1)

(Notice: the terms of the equations related to the response to DC component is not in correct form due to

the transfer function is based on AC equivalent circuit.).

From the expressions derived above, we can describe the circuit responses with network parameters, i.e.

quality factor Q and resonant frequency (0 I he analyses help us to understand te performances of the

resonant circuits, some of which can be concluded as below.

• Phase shift due to resonant frequency variation: AO(0)0 = 2 - '6,0)0
WO

• Time constant of amplitude variation for resonant current = Q
MO

• W - Ff. �+L,, Q = WO C. R _ Re (Leh +L.)

L.Lem CM' coo Lh L.

9 



JAERI-Tech 2002-039

3. VXIbus-based Control System

3.1 Introduction to VXlbus

VXIbus VME extensions for Instrument) is a fast-growing platform for instrument systems 14].

Because of many limitations in VME specifications-particularly for analog conversion, the major

instrument manufactures developed the specifications for VXIbus, and VXIbus was adopted as IEEE

Standard II 55 in March 1993. VXI is now used in many applications ranging from test and measurement

and ATE (Automatic Test Equipment), to data acquisition and analysis in both research and industrial

automation.

VXI-an open architecture with shared process bus and timing (Fig.3-1) offers the numerous benefits

below.

Convxdw Module

PRorEssoRous VXIbus Mainframe BackWane

M
U

Register-Based nsbument

a A L

��OCES

U
Timing_��

PROCESSOR OU

Fig.3-1 VXI: an open architecture with shared process bus and timing

• Open standard with extensive multivendor support from many of largest instrument suppliers,

including National Instruments, Hewlett-Packard and Tektronix, etc.

• Modular approach for system configuration with off-the-shelf building blocks that meet specific

application needs.

• Easy programming and integration with standardized VXIplug&play software because of standards for

both hardware and software combined by the VXI Consortium and VXlplug&play System Alliance.

• A precision clock for timing and trigger lines for event handling-to facilitate high-perfon-nance

systems.

• Increased system throughput reduces test time and increases capabilities.

10
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e Mechanicalconfigurationwithsmallersizeandhigherdensityfacilitatesmobilityorportabilityand

access to the test and control devices.

To support the open multivendor architecture, members of VXlplug&play Systems Alliance 1 5] ave

implemented common standards in both hardware and software. All hardware that is compatible with the

VXIbus Specifications is applicable to Xlplug&play frameworks. The alliance also achieves

interoperability for system software including operating system, programming language, I/O drivers,

instrument drivers and higher-level application software tools.

3.2 Access to VXIbus Device

VXIbus devices are configured and accessed by the following ways.

1). Hardware Registers

VXI modules have a specific set of registers for hardware configuration. The following is the

description of VXI configuration registers.

* Upper]6kBofAl6spacereservedforVXlconfigurationspace

* 64B per device

* 8-bit logical address specifies base address for each device

* 256 devices per VXI system

Each VXI device has an 8-bit logical address, which is analogous to GPIB address of a GPIB device and

can be manually set or automatically configured by the system at startup.

2). Register-based Devices

With VXI configuration registers-the common register set for all VXI devices, the system can identify

each VXI device (its type, model/manufacturer, address space, and memory requirements). System and

memory configuration can be performed automatically with the Resource Manager (RM) a centralized soft

module for system initialization.

3). Message-based Communication and Word Serial Protocol

VXIbus specification defines message-based devices in addition to register-based devices. All message-

based VXIbus devices have communication register and configuration registers and can communicate at a

minimum level in a standard way using VXI-specific Word Serial Protocol, which is very similar to IEEE-

488 protocol.
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4) Commander/Servant Hierarchies

VXI Commander/Servant Hierarchies is a communication protocol using conceptual layers of VXI

devices to construct hierarchical system. The structure is like an inverted tree in which a Commander

device has one or more associated lower-level Servant devices. Commanders communicate with Servants

through communication registers of Message-based servants using the Word Serial Protocol or by device-

specific register manipulation for Register-based servants. Servants communicate with their Commander

by responding to the Word Serial commands and queries, or by device-specific register status.

5). Interrupts and Asynchronous Events

Servants can communicate asynchronous status and events to their Commander through hardware

interrupts or by writing specific messages (signals) directly to their Commander's hardware Signal

Register.

3.3 Ways to Control a VXI System

Slot controllers provide the communication path between other modules in the mainframe and its host

computer. Slot controllers can be divided into three categories:

1). GPlB-VXI interface module: The GPIB-VXI interface transparently translates the GPIB protocol to

and from the VXI Word Serial protocol.

2) Embedded Controller: this is an embedded computer module offering direct connection to VXI

backplane.

3). MXIbus (Multisystem etensions for Instrumentation bus): MXIbus links an external computer to

control the VXI backplane. The external computer operates as though it is embedded directly inside te

VXI mainframe.

3.4 VXlbus Interface Software

1). VISA: Virtual Instrument System Architecture

As a standard I/O Application Programming Interface (API) for instrumentation programmings defined

by the VXIplug&play Systems Alliance, VISA can control VXI, GPIB, PXI or serial instruments for either

message-based communication or register-based communication.

- 12 -
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2). lVI: Interchangeable Virtual Instruments

Interchangeable Virtual Instruments defined more standardization to instrument divers and can do

instrument simulation 161. Interchangeability is achieved through generic class drivers such as

oscilloscope, DMM, arbitrary waveform/furiction generator, switch and power supply, in which an

instrument is controlled by using a set of function and attributions.

4. Signal Generator Scheme and Experiment

Signal generators to drive RCS magnet power supplies differ in accelerator facilities since requested

tracking tolerance is not the same and each facility has different development story. We introduce the

schemes of two existing RCS's in BESSY 11 (Berlin, Germany) and SRRC (Hsinchu, Taiwan) before

going into the details of te scheme proposed for the 3 GeV RCS.

4.1 Signal Generator Scheme for BESSY 11 and SRRC

BESSY 11 and SRRC are both 3 rd generation synchrotron radiation light sources in which RCS boosters

are used to sorten beam filling time. Both are excited at 10 Hz from injection energy of 50 MeV to

extraction energy of 1.5 GeV (BESSY 11) and 19 GeV (SRRQ respectively and either drives three

independent 10 Hz White circuits for dipoles and two quadrupole families. Since the absolute tracking

tolerance may differ each other, BESSY 11 booster synchrotron adopted Dual Arbitrary Waveforni

Generator ADS, a commercial signal generator by Robde&Schwarz and a circuitry unit is implemented for

magnetic field regulation and phase synchronization. On the other hand, in recent upgrade SRRC

developed a VME module for 10 Hz signal generator with control interface for phase and amplitude

control. Table I is a brief comparison of the signal generators of BESSY 11 Booster, SRRC booster and the

proposed 3 GeV RCS 3,4,17,18].

Table I A comparison of the signal generator schemes for BESSY-11, SRRC and 3GeV RCS

BESSY 11 Booster SRRC Booster 3 GeV RCS (proposal)

Frequency (Hz) 10 I 0 25

Family number 3 3 1 

Timing reference B field B field Master trigger (ext.)

Signal generator Rohde&Schwarz ADS VMEbus-based VXlbus-based

Interface fnction Phase/amplitude Phase/amplitude Phase/amplitude

control control control

Tune shift <0.05 Unknown <0.0 I

13 -
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4.2. Signal Generator Scheme Proposed for the 3 GeV RCS

In the proposed control system shown in Fig. 1-3 a VXI module (Wavetek Model 13 75) is used as the

signal generator, It is triggered and synchronized by a 25 Hz master trigger signal obtained from a tentative

timing system. The other blocks are functioned with VXI modules or with software implernentati on as

follows.

1). Signal generator: Wavetek Model 1375 20 MS/s Arbitrary Waveform Generator, triggered and

synchronized externally) by master trigger signal.

2). Phase delay (or advance) block: the phase delay (or advance) is carried out by memory shift of the

sinusoidal pattern instead of using converter circuit.

3). Time interval converter: time interval is measured and obtained directly using Hp El 333A (counter).

4). Software environment: LabVIEW 19].

Figure 41 illustrates the programming flow diagram and the control scheme of the system. Ornitting the

DC-bias, we create the sinusoidal pattern with the following memory data:

N-M
n -

(2"-1)-[1+sin(2ir-- 2 2, n = 01,2,..., N - I
M

where, N is the memory length, M (N) is the length for one repetition period, and the 12-bit vertical data

ranges from minimum through maximurn with the midpoint corresponding the zero of the sinusoidal

pattern. The signal generator outputs one period of data with memory shift index p as the start point,

namely:

N-M
n - ��

(2 1) [I sin(27r 2 2, n = p, p + 1, p 2 p + M - I
M

where P=[O, N-Afl.

N-M 27r 27r
The signal pase can be shifted by with step of - as shown in Fig.4-1 (a). Signal

2 M M

patterns MO Ml and M2 illustrates typically the cases for in phase, phase advance and phase lag

respectively.

- 14
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Occurring upon the request from the external trigger, the VXI Events process the adjustments of the

phase and amplitude of the waveform so that the adjustments can be carried out with correct timing in

defined time interval. As shown in Fig.4 I (b), the scheme enables the events to be counted to KE and

phase and amplitude adjustments are applied at Event No.KA and KB respectively.

4.3 Experiment

An experimental set of the VXI-based signal generator is built to confirm the scheme and performances.

Figure 42 shows the external trigger, external clock and the output signal.

Limited by the memory size of 32 kB of the module, pattern memory is set to 25000 data points among

which 20000 points are outputted for one repetition period and 5000 points left for memory shift.

Accordingly, the external clock is set to 500 kHz synchronized by the external clock of 25 Hz. The phase

of the output signal can be shifted for 126 radian (10 ms) with minimum step of 0.314 mrad 2 gs).

4096

3584

3072

2560 L -1

F MO2 0 4 8 ... ........... ....... . .. .. ..

5000 10000 I5000 20000 25 00

1536

1024

512
N

0

Fig.4-1 (a) Memory data of sinusoidal pattern

- 15 
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Maine C P

ude

niti t tu e>
tu e<A

Amplitude

Set Memory Pattern
(sinusoidal, length=Ndata) Amplitude

Amplitude

Set Operation Mode

(mode: triggered; Event Program L
clock: external, raster mde;
trigger: externa I)

Set VXI Event tu e
(Ext trigger to event line) own to nt o-

Set ArTlitude and Phase Pead AVAO
(amplitude: initial=Ofinal-A;
phase:memory range-[OM I Event No=Event No+ 

Set Amplitude Up-down S tep t 
Set Memory Shift Step

t vent o

0>

C:� [Memory shiftA

Fig.4-1 (b) Flow diagram

Fig.4-2 External trigger (top), output signal (middle) and external clock (bottom), horizontal: rns/div
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Figure 43 is the LabVIEW font panel of the signal generator. Wavetek Model 1375 is idicated by

instrument descriptor VXI::7. And tis instrument can be extended to many channels. After tigger

mode/source and sample clock source/sample mode ae set, the signal generator is started up in sequence

defined as in the figure.

Startup and shutdown of the signal generator are shown in Fig. 44. The rise and fall time can be set

according to practical use. After the output reaches the set value, arnplitude regulation and phase shift are

functioned.

-g� gggg
NOWEn

tx

W

Fig.4-4 (a) Signal output at start-up (horizontal: I s/div)

�g== gets-,

OR LIME

Fig. 44(b) Signal otput at sutdown horizontal I s/div)
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Figure 45 demonstrates three cases of the phase shift, i.e. phase lag, in phase and phase advance, with

respect to the external trigger signal. Since the phase shift is controlled by memory shift, the phase shift is

operated precisely.
El-_:air

(a) phase lag of 10 ps

(b) in phase

PI M
"NEW

(c) phase advance of 20 ps

Fig.4-5 Signal output phase with respect to external trigger signal (horizontal: 20 �ts/div)

- 19 
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A model power supply 61 was used to test the performance of the signal generator and the functions

have been well demonstrated.

5. Conclusions

The VXIbus-based signal generator provides a way to drive the resonant power supplies for the main

magnets of the 3 GeV RCS. Experiments have confirmed the operation. Flexible adjustments in both phase

and amplitude of waveform facilitate the close B/Q tracking between many magnet families. For better

adjustment accuracy, it is preferred to upgrade the DAC of the VXI module to I 6-bit and extend the

memory points to over I M. Further experiments are planed to fulfill the feedback control in amplitude

regulation and phase synchronization.
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