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Beam Diagnostic Instruments of TARN II 

Shin-ichi WATANABE 

Institute for Nuclear Study, University of Tokyo 
Tanashi, Tokyo 188, Japan 

The beam diagnostic instruments of the heavy ion synchrotron 
cooler TARN II are described. The test accumulation ring, TARN, 
had been constructed for the development of heavy ion accumula
tion, and the experiments of beam acceleration and stochastic 
cooling were performed successfully. TARN was converted into a 
new ring, TARN II, which has a maximum energy of 1.1 GeV and 370 
MeV/amu for protons and heavy ions. The beam diagnostic system 
was constructed for a beam intensity of less than 1«10" charges. 
With the system, position, profiles, bunch structure, intensity, 
emittance and momentum spread were measured to evaluate the in
jection, accumulation, acceleration and cooling experiments. 

1. Introduct ion 

The synchrotron-cooler TARN II has been constructed to study 
the acceleration and cool the beam injected from the low energy 
heavy ion accelerator. At present the injector of TARN II is 
INS-SF cyclotron with K=67. The maximum magnetic rigidity of 
TARN II is 6.8 Tm with a lattice structure of FODO. In Fig.l the 
schematic layout of TARN II is shown. 

As well known the heavy ion accelerator provides the beam 
with a low charge state and limited current. Then the accelerat
ing technique is depend on both the highest RF technique and the 
beam instrumentation, especially for the ultra low current. Then 
the related technique is being developed in the world wide in
stitutes as shown in Table 1. As shown in Table 1, TARN II is 
unique machine in this field. 

The first trial of the beam injection to TARN II was made 
successfully in November, 1988 [1]. The proton beam of 20 MeV 
was injected and circulated in the ring. After the first 
success of beam injection, synchrotron acceleration and electron 
cooling have been made and their results were in close agreement 
with the theoretical predictions [2][3]. The process of 
synchrotron acceleration was precisely surveyed and their results 
were discussedf4 ] . 

The present paper describes the construction and performance 
of beam diagnostic instruments of TARN II. 
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2 . General 

The synchrotron acceleration of TARN II is summarized as fol
lows. Injected beam , such as Alpha beam, has extremely low 
current and bunch structure an order of 10" charges per pulse and 
a few nanosecond, respectively[5j. After the beam injection, 
the injected beam with the kinetic energy of 10 MeV/amu is cap
tured and accelerated up 370 MeV/amu and cooled with the electron 
cooling system to obtain the accelerated narrow momentum beam 
with the fractional momentum spread A p/p of 0.001 %. The over
all stacking number of 300 pulses will be attained with the mul-
titurn injection + cooled stacking methods. The life time of the 
stacked beam will be 20 second at the vacuum pressure of 10 " Pa. 

Through the experiments, the beam diagnostic instruments are 
used to measure the quantity, quality and behavior of the beam 
which is circulating or not. The constructed beam diagnostic 
instruments wore conventional type, however it has a evolutional 
property. The beam diagnostic instruments of TARN II are com
posed of the electrostatic monitors, permalloy core monitor, wide 
band DCCT, travelling wave monitor , quarts plate monitors, scin
tillator rod monitors and beam stopper. 

The difficulty is to eliminate the noise in the detected 
signal as well as increasing the gain-band width of the beam in
strumentation. The noise reduction was performed with the 
successful shielding and appropriate filtering techniques. 

The discussion of beam monitor electronics was also per
formed. Main parameters of TARN II and list of monitors are 
shown in Table 2, 3. In Fig. 2, layout of the beam diagnostic 
instruments are shown. 

3. Destructive Monitors 

Injection beam current of TARN II is expected as from 0.2 
to I /(A and about A (j A after the multiturn injection. Therefore 
destructive beam monitors have been used so as to identify 
whether perfect beam optic tuning have been done or not[6). 

In the old TARN, three kinds of the metal probe were used. 
One was a Be-Cu (Beryllium Copper) for the rod monitor, another 
was comprised of sixteen Be-Cu ribbons for the multiwire monitor, 
and the other was a plate of tantalum for the beam stopper. In 
the first or the last one, the rod or plate were connected to a 
nanoammeter, and the second one was connected to the charging 
capacitor with a sample & hold circuit. The probes were thick 
enough to stop the beam in them in order to measure an accurate 
beam current and to obtain a sufficient large signal level. We 
found that the Be-Cu rod of 3 mm in diameter, 0.5 mm thick Be-Cu 
ribbons and 0.3 mm thick tantalum plate were suitable for the 
probes. Another destructive type beam monitor was photo sensi-
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tive probe composed of a plastic scintillator rod covered with 
metal, photomultiplier and light guide pipe. This monitor was 
used for the purpose of measuring the beam profiles. The beam 
stopper made of tantalum plate was used to measure the beam cur
rent . 

It was considered that present TARN II has a large beta and 
dispersion functions. Then the coverage area of profile monitor 
should be larger than old TARN. The quartz plate monitors which 
have an area of 15 X 15 cm in each monitor, have been constructed 
and located in each straight section. The fluorescent of quarts 
plate is observed with the color CCD camera and displayed on the 
color TV. The charge on the plate due to the bombardment of beam 
is measured by the nanoammeter however the current of quarts 
plate has error due to the emission of secondary electrons. The 
TARN like scintillation rod monitor has been constructed and used 
in the slow extraction system. In Fig.3, the schematic of scin
tillation rod monitor in TARN II is shown. 

4. Nondestructive Monitors 

Four kinds of nondestructive beam monitors were constructed 
to observe a beam injection, accumulation, acceleration and cool
ing process. One is a wide band DCCT, another is an electros
tatic one, the other is a permalloy core one, and the latter is 
a travelling wave one. The first one mainly detects the 
stacked DC beam current, the second one detects the bunch struc
ture and position, the third one detects the intensity during 
the injection or accumulation process, and the last one detects 
the schottky signal of the circulating beam. 

The goal is to detect a pulsed beam of several tens nA as a 
minimum current. As the detectable signal level is very small, 
the noise reduction was performed carefully. Especially the RF 
noise is eliminated by the careful shielding and cabling. 
Electric power feeding to the monitor system is carried out with 
the isolated power supply which is free from the RF system and 
grand line. Those monitors were efficiently referred during the 
multiturn injection and the RF stacking operations. The present 
beam diagnostic instruments were converted from old TARN excepts 
the electrostatic one and the wide band DCCT. Fundamental re
search of that monitors is shown in literature[7 ] . Specification 
and schematic of the wide band DCCT are shown in Table 4 and 
Fig.4, respectively. 

5. Beam Feed Back in The Synchrotron Acceleration 

For example. Alpha beam of 10 MeV/amu with current of 0.2;/ A 
have been accumulated and accelerated up to 120 MeV/amu. During 

•i;« 



t h e a c c e l e r a t i o n p r o c e s s , beam s i g n a l i s m e a s u r e d w i t h t h e 
e l e c t r o s t a t i c m o n i t o r and i t r e s u l t i s fed back t o t lie RF s y s t e m 
to r e g u l a t e t h e a c c e l e r a t i n g RF f r e q u e n c y . In t h i s p r o c e s s , t h e 
e l e c L r o s t a t i c m o n i t o r w i t h d i a g o n a l c u t d e t e c t s t h e p o s i t i o n and 
p h a s e of b u n c h e d beam. The d e t e c t e d beam s i g n a l i s a m p l i f i e d 
w i t h h i g h g a i n w i d e b a n d a m p l i f i e r and f i l t e r e d by t h e s u p e r 
h e t e r o d y n e s y s t e m . In t h i s c i r c u i t , c a p a c i t y of p i c k - u p 
e l e c t r o d e i s 60 pF and t h e n o i s e l e v e l of t h e h e a d a m p l i f i e r i s 
1.7 nV/V Hz. h o w e v e r i n p u t i m p e d a n c e i s 50 ohm. The d e t e c t e d 
beam s i g n a l p r o d u c e s t h e v o l t a g e ; 

Vs = Q/C, 

where Vs, Q and C are pick-up voltage. Charge due to pass the 
beam ( Q = qN) and capacity of the electrode. 

In case of Alpha beam, RF captured charge number N is 1.3 » 
10'Vpulse since the revolution time and harmonic number of RF 
system are 2*10" and 2, respectively. Then the Vs of 3.8*10'-* 
volt will be appeared at the output terminal of electrode. But 
the differentiated output of the detected beam signal is ob
served, however the bunch structure is gaussian like waveform. 
The differentiated signal level of -30 dBni was observed with the 
spectrum analyzer and the signal to noise ratio of 30 dB was ob
tained after the amplification with 60 dB X 2 (120 dB) head 
amplifiers. Result of RF acceleration and beam signal are shown 
in Fig.5. 

6. Beam Position Measurement at Electron Cooling System 

At the electron cooling section, two set of beam position 
monitor are used. The shape oT electrode is four- divided 
diagonal-cut with cylindrical structure. The pair of opposite 
electrodes is used as the position detector to measure the verti
cal or horizontal directions. Since the signal feed-through is 
longer than ordinary one, the impedance matching elements are in
serted into the cable feed-through. Signal processing is carried 
out with the combination of the spectrum analyzer and micro
computer. Position of the electron beam is to be measured by 
the modulation to the electron beam flux. 

7. Conclusions 

At present, position measurement with the electrostatic one 
is carried out with a resolution of ± 1 m at the charge number 
of less than 1 * 10'Vpulse. The beam DCCT can detect t he stored 
current with the resolution of 0.2 n A. Our experimental results 
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show the capability of measurement of ultra low beam current less 
than 10r> charges in the ring. Further experiments are needed; 
additional results will be presented elsewhere in the near fu
ture . 
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Table 1. List of facilities on ultra low beam current handling 

1, IUCF cooler, Indiana IUCF, USA, 1987 -
Injector; Cyclotron 
Ring; C=86.8 m, B P =3.6 Tm, 30 ~ 560 MeV/u 
Cooler and Synchrotron, E cool -> acceleration -> E cool 
Injection current = 3.3 u A 
Stored current= 1 mA ( E-cool stacking ) 
Ions ; up to Li 
Monitor ; L,R Electrostatic pickup 

2, ESR ,GSI , Darmstadt, FRG, 1989 -
Injector; SIS ( synchrotron ) 
Ring; C= 103 m, Bp = 10 Tm, 200 MeV/u 
Electron Cooler 
Injection Current = 10 u A ~ 
Stored current = Ne"'*: 10' ' 
Ions ; up to U 
Monitor ; L, R Electrostatic pickup : 14 pairs 

3, CELCIUS, Uppsala, Sweden, 1988 ~ 
Injector; Cyclotron 
Ring; C=87 m, Bp = 7 Tm, up to 470MeV/u 
Cooler and Synchrotron 
Stored Current =8 n A ( Alpha 50 MeV 4*10 1 0 ) 
Ions ; up to Li 
Monitor; L,R electrostatic pick up : 10 pairs 

4, TSR, MPI, Heidelberg, FRG, 1988~ 
Injector; Electrostatic 
Ring; C=35 m, Bp = 1.5 Tm 
Cooler 
Injection Current = 1.4 /u A 
Stored Current = 2400 n A, P, 21 Mev (by E-cool stacking) 

= 18000 u A, C", 73.3 MeV (by MT+RF+Ecool stacking) 
Ions ; up to I 
Monitor; L,R electrostatic pickup 

5, TARN2, INS, Tokyo, Japan, 1988 ~ 
Injector; Cyclotron 
Ring; C= 78 m, Bp = 6.1 Tm 
Cooler and Synchrotron 
Injection Current = 0.2 iiJ 
Stored Current = 2 u. A ( by MT ) 
Ions ; up to Li 
Monitor; L,R electrostatic pickup: 6 pairs 

l.'lii 



Tabie 2 Specification of TARN-2 

Maximum Beam Energy (MeV/u) proton 1100 
ions with q / f l = l / 2 370 

Circumference (m) 77.761 
Average Radius (m) 12.376 
Radius of Curvature (m) 4.045 
Focusing Structure FBDBFO 
Length of Straight Section (m) 4.2 
Superperiodicity 6 

for Cooler Ring Mode 3 
Betatron Tune Value around 1.75 

for Cooler Ring Mode around 2.25 
Transition Ganma 1.87 
Repetition Rate (Hz) 1/10 
Max Field of Dipole Magnet (KG) 15.0 
Max Gradient of Quardrupoie Magnet (KG/m) 70. 
Revolution Frequency (MHz) 0.31 - 3.75 
Acceleration Frequency (MHz) 0.55 - 8.7 
Max RF Voltage (KV) 2.0 

Table 4 Specification of Wide Band Beam DCCT 

Range A 1 micro A - 2 mili A 
Range B 200 micro A - 200 mili A 
Resolution 1 micro A rms 
Zero Drift (1 hour) < +- 1 micro A rms 
Long Term Drift < +- 5 micro A/day 
Band Width ( Range B) DC - 40 KHz 
Output 0 - 10 Volt 
Sensor Dimensions 300 OD , 215 ID, 32.5 W 
Senser Tc 210 degree 
Temp. Control < +- 1.5 degree 
Magnetic Shielding 50 dB 
Weight Sensor 4 Kg x 6= 24 Kg 

Total = 450 Kg 
Baking 300 degree 
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Table 3 Specification of Beam Monitors of TARN II 

Quarts Monitor (Vertical or Horizontal) 
Purpose Beam Profile 
Scnser Quarts Plate 
Coverage Area 150mm X 150mm 

Electrostatic Monitor (Horizontal) 
Purpose Beam Posistion 
Senser Metal Plate 
Coverage Area 70mm X 180mm 

Permalloy Core Monitor 
Purpose 
Scnser 
Coverage Area 

Beam Stopper 
Purpose 
Senser 
Coverage Area 

Travell ing Wave Monitor 
Purpose 
S e n s c r 
Coverage Area 

Circulating Current 
Laminated Permalloy Core 
200mm ID 

Injected Current 
Tantalum 
60mm X 60mm 

Scholky Signal 
Spiral Coil 
70mm X 180mm 

Scintillation Rod Monitor 
Purpose 
Senser 
Coverage Area 

Wide Band Beam DCCT 
Purpose 
Scnser 
COVCHIEC Area 

Beam Profile 
Grass Rod 
70mm X 190mm 

Stored Beam Current 
Amorphous Core 
200mm ID 
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r-iExt. System TARN-2 i=T] 

Fig. 1 Layout of TARN II 
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I I 

Fig. 2 Layout of Beam Diagnostic Instruments of TARN II 
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Beam Signal and Magnetic Field 
during the acceleration 

Beam Position and Magnetic Field 
durinc the acceleration 

Fig.5 Result of RF Acceleration of TARN II 



Beam Instrumentation for an II Cyclotron Meson Factory 

(i.II. Mackenzie 

TRIUMF, 4004 Wrshrook Mall, Vancouver, H.C., Canada V6T 2A3 

Abstract 

The instrumentation of the TIUUMF 520 MeV high intensity H~ cyclotron is 
enumerated and any unusual operating experience described. Since much of the instru
mentation is similar to that used on other cyclotrons, and at other meson factories and 
spallation neutron sources, features associated with strippable I I - ions or high average 
beam power will be emphasized. 

Introduction 

THIUMF operates about 1000 h/y with 150 ft A cw of 500 MeV protons for meson 
production; -110 fi\ has been demonstrated. At the same time tens of /zA may be 
extracted between 65 and 115 MeV for isotope production and between 180 and 500 MeV 
for nuclear physics. The same beam lines receive polarized beam for an additional 2000 
h/y; currents range from < 1 nA to a few microamp. 

The dc beam from high intensity or polarized sources is accelerated to 300 kV 
and transported by a 40 m long electrostatically focussed beam line over the cyclotron 
and injected axially. The cyclotron phase acceptance is about 45° and a 56% capture 
efficiency is achieved by using bunchers operating on the first and second harmonic of 
the 23 MHz accelerating frequency. A 150 //A beam consists of a continuous train of 
pulses 5 ns base width spaced 43 ns apart with A x 10 7 ppp. Phase restricting flags 
or slits can be used to reduce the bunch width down to 0.15 ns; the current, however, 
is reduced 1000-fold. A pulsed (~1 kHz) deflector placed in the high current source 
eliminates a portion of the pulse train to produce a macro duty cycle variable from 0.1 
to !)!).!)%. The gap is sensed by current measuring devices and by equipment measuring 
time of flight (lief. 1). 

Environment 

The shutdown radiation fields at the cyclotron centre are 1 mSv/h with hot spots 
up to 70 mSv/h at the tank periphery. Downstream of meson production targets the 
fields can exceed 200 mSv/h; upstream, however, the fields are less than 0.03 mSv/h. 
The fields during operation are estimated to be 1000 times greater. In the high field 
areas all maintenance is carried out with remote handling equipment. This includes the 
cyclotron except for connection of some services following installations. 

The cyclotron magnet yoke is fully saturated, the fringe field is ~30 G at ion 
sources and the vault periphery rising to hundreds of gauss near the cyclotron. Ferroflu-
idic feedthroughs, photomultiplier tubes, motors, etc. must be shielded. 

The cyclotron vacuum is 5 x 1()~8 torr, the beam lines generally 10~ b torr, how
ever, near production targets the pressure may occasionally rise to 20 m torr when 
ionized residual gas can contribute a significant background to some monitors. 

Creep in the rf resonator structure led to a vertical asymmetry and an rf leakage 
field (r%) in the cyclotron which eventually approached 100 V/cm in some regions. 
Installation of some stiffer resonator segments has improved this ten-fold. 
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II Acceleration and Beam Diagnostics 

The advantages of an I I - beam, compared with protons, lie in the ability to 
strip and collect the electron current in a thin foil and in the ability to extract easily 
a representative sample of the beam at any point. On the other hand a fragment of 
material falling into the beam may direct an intense, bright (since unscattered) proton 
beam into the tank wall or other equipment to cause serious damage, and, at energies 
above ~50 MeV, the magnetic field limit set by electromagnetic (Lorentz) stripping 
affects the cyclotron design. 

The electrons and proton constituting the H~ ion have the same velocity and 
energies in the ratio of their mass. The 250 keV electrons associated with 460 MeV 
protons have a range of 70 rag/cm2 of carbon, much greater than the stripping thickness. 
In a beam line their retention requires special measures, however, the cyclotron magnetic 
field recirculates the electrons through the stripping foil many times. They can scatter 
through quite large angles increasing the pitch of their spiral trajectory. This spreads the 
electron power over an area greater than the incident Il~ beam, which helps radiation 
cooling, however it also means that electrons can escape from a vertical sheet unless it's 
much taller than the beam spot or horizontal catchers are placed above and below. A 
cyclotron probe head is shown in Fig. 1. Computer simulations show retention of 72% of 
electrons in a 6.7 mg/cm 2 aluminum foil tilted 5.7° to the magnetic field lines, whereas 
88% were retained in a vertical foil. A few % of high energy protons generate 6-rays, 
knock on electrons, with an energy greater than the I I - electrons; these also must be 
retained. Fewer energetic S are produced in aluminum than heavier materials, which, 
however, may be preferred for mechanical stiffness or melting point. 

A thin wire extracts < 1% of the circulating beam allowing the stability of the 
beam about to enter, say, a depolarizing resonance to be monitored while measurements 
are made on the beam passing through the resonance. Comparison of accelerated and 
decelerated beam has located weak resonances more clearly (Ref. 2). Energy width and 
stability are measured in a beam line tuned to provide a focus with dispersion ~10 
cm/% Ap/p. Position, momentum and timing analysis of the stripped electrons can 
give transverse and longitudinal emittance information; this is more practicable in an 
H~ transport line (Kef. 3) 

Stripping extraction does not preserve phase space and the resulting emittance 
may not be a symmetric ellipse. 

The TRIUMF average field is three times lower than that of equivalent positive 
ion cyclotrons and more than ten times lower than superconducting machines with the 
same rigidity. The closed orbit shift or betatron amplitude growth scales inversely as 
the square of the average field, consequently TRIUMF has much lighter tolerances than 
other cyclotrons. This, together with the variety of beam energies and intensities, calls 
for more adjustable parameters and instrumentation. 

1'ig. 1. Cyclotron high energy probe 
head (MVA) with four 0.076 mm tan
talum stripping foils and electron 
catchers. The H~ beam approaches at 
211° and the rear foil projects inward 
1.2 mm to give radial density. 
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lieam Instrumentation 

Ion sources and injection sysli nt 
The high current source is equipped with a variable duty cycle square wave beam 

deflector. The pulse frequency is divided down from the accelerating rf and is approxi
mately ().!)! kHz. It was installed to develop high current, space charge dominated, tunes 
at lower average beam power and to provide a current modulation sensed by beam in
strumentation. The 300 keV transfer line is equipped with a 23 and a 46 MHz buncher 
and a 4.0 MHz transverse deflector followed by an adjustable slit. The deflector operates 
at the ion rotation frequency and can be used to eliminate 4 out of 5 bunches. 

Current is measured by cooled beam stops biased at :)()0 V to retain electrons and 
by 1 kHz toroids placed after the ion source and immediately above the inllector. Quad
rant scrapers are placed before each aluminum electrode of the electrostatic focussing 
system. They are summed in sections and excessive current can initiate a trip. Cooled 
collimators are placed strategically, e.g. at waists, to define the tune. They can accept 
quite high beam powers during tuning, trips being based on beam loss not registered 
by the collimators. 

[('SOURCE - 'AI iNrux-Toit) - ^ 'COLLIMATORS] < 'TRIP 

All cyclotron trip conditions insert a beam stop in the relevant ion source terminal. 
Position and profile are measured by wire scanners equipped with clearing fields; scin
tillators and video system are now rarely used. The distribution in energy is obtained 
from profiles measured at a dispersed focus between two 45° bends. The distribution 
in time is obtained from a caparitive pick-up downstream of the bunchers. Kmittanre 
is measured by recording the current transmitted through a pair of slits which slowly 
scan across the beam; a relatively fast deflector sweeps the current transmitted by the 
first slit across the second. 

A chopper defining a .r>° phase band and adjustable in central phase is no longer 
maintained; the pha.se being better defined by slits at the centreof the cyclotron. A 1 kHz 
beam position monitor system and a scanned electron beam profile monitor have been 
commissioned but are not in regular use. The latter gave useful profiles of positive and 
negative charge distribution in an overall space charge neutralized beam. New projects 
include a resonant pick up with a 0.1 ns resolution to be used to stabilize buncher phase 
and energy instability and a current mirror circuit to read biased beam stops. 
('yclatran 

The radius of the 520 MeV beam is about X m; injection is at 0.3 in. Me.hanical 
considerations led to the region between these points being spanned by two different 
sets of probes. The mid radius corresponds to 72 MeV. At energies below this, H~ ions 
are stopped by a probe; above 72 MeV thin foil electrodes strip and retain the electrons, 
the protons being stopped in carbon blocks between the thin tank wall and the magnet 
yoke. The instrumentation layout is shown in l-'ig. 2. 

The 0.3 MeV beam leaves the electrostatic inflertor/deflector through four aper
ture defining jaws; mis-steered or deforussed beam initiates a trip. A hinged flag,FTK, 
is positioned inside the first orbit in the fourth resonator quadrant following two acrcl-
erating kicks. Insertion of the flag can remove, at. low beam power, phases more extreme 
than | 15° |. A similar flagon the second quadrant defines the first turn orbit centre. The 
beam passes between sets of electrostatic correction plates whose vertical fields com
pensate dee misalignments and steer all phases onto the vertical closed orbit, defined 
by the magnet. The electric focussing contribution has fallen below the magnetic by 3 
MeV. A flag, \ T extending from 1 to 8 MeV (almost one vertical betatron oscillation) 
can be raised to trim the emitlance. A radial slit, 112, adjustable in width and position 
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Fig. 2. I'laii view of ryrlolron tank showing beam instrumentation. In general, equipment is 
symmetrically placed about the dee gap. Devices are described in the text. 

between 'l.'l MeV and 13 MeV ran ho used for further plia.se selection; 2.8° or 0.3 fin
is possible. Slits II1, 2. 3. operating between 15 1)5 MeV may be inserted to define the 
radiaj emiltanrc and reduce the energy spread (r-/•-//•.') at extraction below H I - 3 , and 
to further reduce the pha.se width accelerated. The region 0.3 m to •! in is spanned by 
two probes, I.K1 and 2, on opposite sides of, and ~72° to, the resonator gap. Three 
horizontal fingers projecting 2 mm beyond a masking electrode give the radial density 
and an indication of beam height. HF leakage caused problems for many years. This has 
been reduced to acceptable levels by improved resonator design, and grounded plates 
above and below the electrodes to intercept multipactoriug discharges. 

A pair of centring probes, CI', operate in the dee gap. Tantalum fingers scan 
through the beam while current is recorded in a stationary outer probe. A beam dis
placed perpendicularly at injection produces a different turn width at right and left dee 
gaps. ( T ' s also resolve ambiguities in measurements of plia.se dependent radial centring 
errors. Tin y operated reliably for ten years, during which the I,H probes were inopera
ble, but have recently seized. They may be replaced by probes running on the resonator 
surface, however, to date users have requested only the centering of a narrow band of 
phases which requires only the empirical adjustment of a single set of harmonic coils to 
lender turns evenlv spaced bevond the vT = I non-adiabatic region which extends to 
- 1 0 MeV. 

The ].}•'. probes ran withstand only 35 W, e.g. 5 //A at 7 MeV. To commission 
the centre region at high intensity a 100 //A beam stop can be inserted at 20 MeV. The 
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current is read from a st r ipping foi l electrically isolated from the water cooled proton 
stop. 

A pair of radial probes, HIM and 2, span the region between 70 and 520 M c V . 
The probe heads are interchangeable. A differential head has two ta l l foils w i th electron 

catchers; the downstream projects 1.2 mm inward from the upstream to measure the 
radial density The other head has five fingers (i mm tal l arranged one above the other 
bu t displaced azimuthal ly by the stripped electron gyroradius. I t gives vert ical posit ion 
and beam wid th but , since about 10% of electrons escape, the finger efficiency should 
be calibrated against the first head. The probe heads are mounted at the end of a rai l 
which is driven along, and extends f rom, a length of a luminum channel by a tensioned 
l ie-Cu belt. Flexible flat r ibbon cable brings signals to a feed through. I t takes about 
5 minutes to retract the rail in to the channel and raise the lat ter above the beam 
plane. Consequently pneumatical ly operated foils are installed at several radi i for quick 
transmission checks. A differential probe, 1IK3, is permanently in the beam plane and 
operates from 110 MeV ou tward . I t is used to calibrate extract ion foils at low currents 
and to serve as an u l t imate beam stop preventing decelerated beam when operat ing at 
par t ia l ext ract ion. The incident current is l imi ted to 2 fiA to prevent damage by the 
str ipped protons. Measurements at high intensity require the use of extract ion probes, 
X 1 and X I , which span the range from 520 to 1K() MeV and also have a 50 cm azimuthal 
mot ion and a 2.5 cm vertical mot ion. A wide tal l foil extracts all the incident beam; a 
narrow fo i l , e.g. a '.VI /mi wire, can be used to extract a port ion of the c i rculat ing beam 
either from the vert ical halo, or , when completely lowered, a representative sample. The 
populat ion as a funct ion of vert ical emiUanre may be obtained from a plot of current 
extracted dur ing this process and a knowledge of latt ice fl values. 

The vert ical beam aperture is defined by copper bars running from the centre to 
75 MeV. Thermocouples are attached which can generate t r ips. Thin scraper foils above 
and below the beam plane from 70 to 520 MeV are placed at azimuths to both focus the 
str ipped protons vert ical ly and also direct dill'ercnt energy bands in to the segments of 
secondary emission monitors located beyond the outermost beam orb i t . A th in helium 
ionizat ion chamber outside the tank wall provides backup, l 'otent ia l ly vulnerable sites 
in the beam plane have thermocouples attached or, for faster t r ips, air ion chambers 
placed nearby. 

The beam energy is estimated to ± 1 MeV from measurements of orbi t diameter 
using several probes at different azimuths to shadow each other. Measurements of the 
pion momentum from the two-body reaction (;> + ;i — </ + 7r + ) provide conf irmation at 
~ ;!50 MeV. Measurements wi th a precision ± 0.05 MeV have been obtained from the 
"l. i(/». Fi)"He; (up —> djr") reactions near threshold ( l ie f . -1). The d is t r ibut ion in energy 
is obtained by ext ract ing the beam in to a transfer line tuned to provide a dispersed 
focus. Cosf.'>( l i ) is obtained by dif ferentiat ing the t ime of f l ight between ion source and 
the probe radius (Kef. 1). The dist r ibut ion in t ime (phase) is obtained by scattering a 
port ion of the extracted beam into a particle detector to start a t ime-to-d ig i ta l converter 
which is stopped by a pulse from the rf or a pickup in the same beam line. The former 
folds cyclotron j i t ter in to the measurement. 

Hecent improvements include reduced rf pickup on the \,\) probe, replacement 
of the X I foil cartr idge by a carousel wi th a menu of typical foils, anil remote control 
of the i l l umina t ion , periscope and T V camera used to view the inter ior of the tank 
under vacuum. Work in progress includes the instal lat ion of II I'M for profile and current, 
measurements of the extracted 11" beam, a non-magnetic chain dr ive to replace the 
exist ing tape dr ive, general redesign of the I I I ' probe mechanism, and capacit ive t ime 
pickups inside the cyclotron. 
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Beam Line Instrumentation 
Heam lines, including the meson production line, were instrumented to guarantee 

operation at the low currents suitable for initial experiments. It was found, however, 
that the tunes developed using this equipment were suitable for high current operation. 
Additional instruments have been added as required and some prototype devices are 
being developed for a possible overall upgrade of the system. 

IScam currents lower than 10 )iA are measured by multiplate secondary emission 
monitors isolated from the beam line and pumped by their own ion or getter pumps. A 
portable 1 in long Faraday cup can be used for calibration below 1 fiA. Above 10 fiA 
currents from the extraction foils, single secondary emission foils before targets, and a 
capacitive pickup are incorporated into transmission or overrurrent interlocks. 1 kHz 
toroids located before each target are used for calibration. The cyclotron blurs the time 
structure and the duty factor must be lowered below 95 % to provide a clean "no beam" 
base line. At most locations the beam position is obtained from profile monitors: some 
secondary emission split plate and halo monitors are also used. Stripline, loop and wall 
current beam position monitor prototypes operate above 5 //A . The beam energy is 
inferred from the extraction foil radius cross checked by nuclear reactions. The mean 
phase with respect to the rf is determined from a capacitive pickup and at low currents 
by particles scattered into a detector. 

The transverse distributions are measured by multiwire ion chamber profile mon
itors, MWIC, at intensities below 1 nA per mm 2 . Proportional chambers are used for 
ultra low currents and in secondary channels. A LeCroy PCOS delay line readout is used 
at rates below 10 7/wire and MWIC charge integrators above this; the former gives X —Y 
correlation. Secondary emission harps are used at higher current, gold plated molybde
num to 50 n A / m m 2 and carbon monofilament to 5 / /A /mm 2 . A single pass or oscillatory 
(1 Hz) scanning wire operates reliably to at least 150 //A. The same mechanism with 
a secondary emission scanning blade operates at currents above 20 nA and, when scat
tering particles into a scintillation detector, at currents below 2 nA. The distribution 
in phase is measured by scattering primary or secondary particles into a detector, as 
discussed above, to start a TDC. A Cerenkov monitor near a meson production target 
has a resolution of 1 ns, a counter telescope with small fast 1'MT's a resolution of 0.1 
ns, and a channel plate system a resolution of 0.15 ns. The low current beam line -II) 
can be tuned to provide a focus with dispersion 10 rm/% A;>/;> to give the distribution 
in energy. The beam line optics is checked by using cyclotron harmonic coils to displace 
the closed orbit toward, or away from, an extraction foil (Kir,) or in a direction 00° to 
the foil azimuth ( R u ) . The magnification. H n . is checked by moving the foil and using 
harmonic coils to cancel the energy change. Vertical matrix elements may be measured 
using coil pairs powered in opposition. 

lieam loss is monitored by strategically placed scintillator and l 'MT's in low loss 
areas and ambient air ion chambers downstream of production targets or in strong 
magnetic fields. There are polarimeters in the three low current beam lines. Counter 
telescopes measure asymmetries in the scattering of protons from hydrogen in CH2 
targets. It is necessary to measure and subtract the carbon contribution to achieve a 
precision of 1%. 

The meson production targets are small in the transverse direction to minimize 
meson absorption. The proton beam should be forussed into a spot a few mm across. 
Production falls when beam is mis-steered, defocussed, or when targets erode or frag
ment. Secondary channel count rates give a measure of the beam target overlap, how
ever, these change with experimental setup ..nil a dedicated system is preferred. The 
lead-iron shield vessel of the newest target station was constructed with an orifice oppo
site the target and perpendicular to the beam direction. An ion chamber using local air 
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as the working gas is placed just beyond the end-cap to measure the flux of charged sec
ondary particles. A Cerenkov monitor consisting of a plastic converter cum light guide 
and PMT is placed behind this and records the high energy gammas associated with TT0 

decay. The original target station has a 2.5 cm secondary emission monitor mounted on 
the target frame and shielded from the targets by a 5 mm copper absorber. It responds 
to energetic secondaries. 

The stainless steel canisters of water cooled targets and vacuum windows are 
designed assuming certain values of beam size and power. A mis-steered or oversize in
cident beam may melt window mounting frames or the weld beads on target canisters; 
too bright a beam may melt the window itself. The targets and dump windows in the 
higher intensity beam lines, 1A, 4A and 20 , are preceded by secondary emission pro
tection monitors similar to that shown in Fig. 3. These are made of 0.001 in. aluminum 
foil. High current beam dump trips occur if 

|L-It | or |U-D| >15/tA 
HALO >2() //A 
TOTAL > 135 /iA (license constraint) 
|T0TAL-DENS1TY| > ! 0 / i A . 

Violation of these conditions scaled by current gives a software warning. The logic 
ensures that the beam is centered on the monitor, the density close to the peak of the 
beam (assumed single peaked) is sampled, and target frames are not over-irradiated. 

Whenever a new target ladder is installed and following each major shutdown op
erators scan the beam horizontally and vertically across the target and record secondary 
channel rates, the interaction monitor rates and the signal from the target protection 
halo monitor. This procedure confirms target alignment and provides reference values 
to test suspicions of target degradation. 

Most problems and inconveniences are associated with the profile monitor system 
and the changes in the secondary emission coefficient of devices exposed to beam line 
vacuum. The harp and ion chamber grids have a fixed wire spacing which, although 
adequate for routine beam delivery, is too small in area or too coarse for development 
work. The wire coefficient ages in both secondary emission harp and MWIC and for a 
reasonable life the devices must be retracted when measurements are not required. Beam 
loss and blow up due to scattering mean that only one or two devices may bo inserted 
at one time. This is annoying and extends tuning time. Unfortunately the high current 
beam linos also operate with nA polarized beams precluding the simple replacement of 
harp or MWIC with scanning wires. The ion chambers give a pessimistic measure of 
the size of the beam tails also. Occasionally the vacuum near meson production targets 
can rise to a point where ionization of the residual gas causes a background signal of, 
say, 20% of the true beam signal. This can be reduced but not eliminated by shielding 
the monitor from drifting ions and backscattered secondaries and by careful design of 
clearing fields. 

The reduction in wire response, "ageing", is proportional to the integrated local 
beam density. A badly aged monitor will give the impression of a somewhat hollow 
beam; however, if this beam is steered away from the usual point of incidence the 
profile will assume a more peaked character. Figure 1 compares simulated profiles of 
a beam, parabolic in both transverse directions, measured by a harp whose wires are 
supposed to be aged according to beam density and by scanning the most severely 
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Kig. 3. Protection monitor for 200 ft\ 
beam dump and isotope production 
facility. Secondary emission foils of 
0.025 mm aluminum are separated by 
similarly shaped foils bearing a 300 
V clearing voltage and ground planes. 
The device checks that beam is cen
tred, is not too bright, and that the 
wings are not overpopulated. 

aged, i.e. central, wire. Although both profiles are suppressed, that from the scanned 
aged wire is a better representation. Since we are presently tillable to replace our harps 
or ion chambers with scanning wires, a software facility has been implemented which 
uses upstream steering magnets to scan the beam across a harp or ion chamber grid. The 
signal from several wires is recorded as a function of steering magnet current, and the 
current converted to transverse position. A wire output gives the beam profile directly 
for secondary emission monitors. Ion chamber wires collect charge from a region mid
way between adjacent wires, although this may be distorted by the coating on heavily 
aged wires, and this rectangular response function must be deconvoluted for all but 
large beams. 

Discontinued systems include the scintillator screen and video system except at 
the target location of the nA beam lines and a long segmented lleliax loss monitor. 

Work in progress includes development of a wall current beam position monitor, 
impedance measurements, a 23 MHz capacitive current pickup to replace the secondary 
emission foil in the dump protection system, a DCCT for a 10 keV 5 mA beam, and a 
sub-nA scanning blade wherein a scintillator detects scattered particles. 

INTENSITY ( ! ) T r u e p r 0 f i | e INTENSITY 

-3 .0 0.0 3.0 6.0 9.0 -9 .0 -6 .0 -3 .0 0.0 3.0 

POSITION POSITION 
Fig 4. (a) Ideal beam profile and thai measured by a harp with wire efficiency reduced propor
tional to incident beam density and by a scanned "ayd" wire (b) ('urves of (a) normalised to 
the central value. 
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Accommodat ing High Radiation Levels 

I'cpiipincnt close to a meson production target receives ~ H)1* Sv per year. Ra
diat ion resistant metal and ceramic materials are used, e.g. AI2O3 pr inted circuit harp 
frames, wire insulated wi th ceramic sleeves. Host rail insulated wire withstands 1 0 " Sv 
but is slow to dry out i f used near potential water leaks. Moni tor heads are replaced 
remotely. Their design uses material w i th low residual act iv i ty , the amount being min
imised to help wi th disposal. Insulator resistance falls when hit by stray beam or when 
it becomes radioactive and ground planes interrupt all paths between high voltage and 
signal electrodes. Products of radiolysis can lie a problem; CO.. may break down into 
chemically reactive 0 7 and CO. A brass l i l t i ng was once encrusted and blocked by ra 
diolysis products; stainless steel and helium gas are now used in that region. In general 
high radiat ion areas pose problems for other groups also; maintenance may be delayed 
and the work ing environment less sanitary than elsewhere. 

Remote removal and reinstal lat ion of replacement devices should be considered 
at the design stage. T l i l l ' M F has had success wi th the so called "smokestack" design 
wi th crane access. A pipe extends the beam line vacuum vert ical ly upward through 
shielding blocks. The moni tor or other device is suspended from the endcap sealing the 
pipe. Acuators, vacuum feedthroughs, etc. are in a relatively cool environment since 
much direct radiat ion may be absorbed by a metal shield plug also suspended from the 
endcap. A cable harness and perhaps an actuator rod can pass through small holes in 
this plug. An addit ional one or two layers of concrete blocks may be required, however, 
access is easier and minor checks and adjustments may be made in s i tu . 

Damaged units are replaced by manipulators in a hot cell (F ig . M . Services are 
manual ly disconnected at the endcap and the region vented. A shielded cyl indr ical 

I'ig a. M'-M-n production targets being leak checked ill hot e l l The carbon monofilament harp 
prolile monitor on the left can be swung into the target location when the ladder is raised The 
manipulator arm can insert or remove harp cassettes from the permanently wired holder. 



vessel is lowered over a dowelled frame surrounding the cap and the unit (monitor, plug, 
endcap, actuators, etc.) is drawn up into the cylinder and transported by crane to a 
similar dowelled frame above a hot cell. Replacement units are designed to be plug-on 
cassettes held by friction or perhaps one or two large screws. The process is followed 
in reverse for installation. Replacement of a target protection halo monitor, say, 0.1 Sv 
per hour on contact, can be done in less than (i hours from first shield block removal to 
its replacement and with a total dose to all personnel involved less than 0.2 inSv. The 
distance between radiation source and flange means that standard feedthroughs may 
often be used and connections made by hand. 
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Abstract 

BEAMSCOPE (HEtatron Amplitude Scraping by Closed Orbit PErturbation) 
is a device developed more than a decade ago at the CHUN Proton Synchrotron 
Booster (PSD). Its main use is for fast, automated omittance measurements 
at any moment in the acceleration cycle but it also allows the display of the 
distribution of betatron amplitudes, physical or normalized. Experience gained 
over the years and problems encountered are presented and results are related to 
other types of emittance measurement devices. 

1 Introduction 
Since the beginning of operation of the PSD, the four-ring stacked injector synchrotron 
of the CRHN Proton Synchrotron, knowledge of the omittances of each of its four 
beams has been important for the smooth operation of the CPS. Moreover, accelerating 
protons from 50 MeV to 1 GeV, the PSB was at all times limited by space charge at low 
energy, with the concurrent risk of transverse blow-up at stopbands. In anticipation 
of these problems the PSB had been equipped from the outset with a set of Ionization 
Beam Scanners of crossed-ficld type (a profile detector using electrons from ionization 
of the residual gas), as well as flip measurement targets. The former failed to produce 
quantitative measurements whereas use of the targets turned out to be tedious for 
four rings in a pulse-to-pulso varying-beam environment. Consequently an automated 
measurement was proposed by P. Krempl who also proved its feasibility [1]. Presented 
at. the 1979 PAC [2], it has been regularly used in operation since more than one 
decade without, any upgrading. Over these years it has helped the understanding of 
the transverse behaviour of intense beams at low energy [3] and thereby helped the 
PSB to reach almost four times the design intensity [•]]. Having vaunted its successes, 
it is only fair to present the problems, as awareness of them may be instructive in the 
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design of future omittance measurement systems. Most of the efforts to be taken into 
account have been described in the internal report [5]. Those, together with some more 
recently discovered ones, are the main subject of this contribution. 

2 Principle of operation and computer processing 

2.1 Basic method 
It is very likely that at almost every proton synchrotron (e.g. also at KEK) the BEAM-
SCOPE method has been used at least occasionally to determine beam dimensions : 
Deflecting the circulating beam into a known collimator with simultaneous recording 
of the beam current allows determination of the beam radius through computing the 
orbit amplitude at the collimator from the deflecting dipole fields. Undoubtedly one 
obtains a coarse result with little effort, but, as will be explained below, one should 
not expect too high accuracy. The basic layout is depicted in the "artists view" of 
Fig. 1. The typical appearance of the live digitized electronic signals is shown in Fig. 
2. An importai,:, feature is the electronic differentiation of the beam current (I) trans
former signal, yielding a raw representation of the betatron amplitude distribution. In 
the subsequent computer processing I and dl/dt are normalized, whereas the bump 
amplitude at the precision aperture is computed from the three dipole currents (Fig. 
3). The beam radius, traditionally quoted at the CEKN PS as containing 95% of the 
particles, is simply the difference of the bump amplitudes of the 95% crossing of the 
normalized beam current, and at the moment of reaching zero, i.e. the beam centre. 
The latter is more easily found by putting a tangent to the slope of the derivative 
(assuming constant phase space density in the vicinity of the origin). We call this 
procedure the "single-pulse" or "closed-orbit reconstruction (COR)" method. If beam 
radii, e.g. those containing 95% of the beam are the only parameters to be measured, 
the search for the beam centre can be avoided for stable beams by measuring twice on 
consecutive machine cycles with alternating excitation polarity of the bumpers. As can 
be read from Fig.'l, obtaining the mean beam radius x from the two bump amplitudes 
i/i(95) and j/j(95) is trivial, without the need to know the closed orbit nor the beam 
centre. In fact the bumpers may be stopped after the 95%. level has been crossed, limit
ing the beam loss to about 10%. This so-called "double-pulse method" is the one used 
in operation. On the other hand, recording the beam centre for both bump polarities 
provides an excellent tool for autocalibration: From Fig.'f one notes that the sum of 
the bump amplitudes for complete loss should be the full aperture 2a. Any deviation 
of the "computed aperture" from the true one can be used to correct the computation. 

2.2 Straightforward items taken into account. 
These enter into the calculations of the bump amplitude; the physics is simple but. this 
does not necessarily imply little computational effort: 

1. F,valuation of the lattice functions for the given tunes : the lattice program 
BOOM, developed for the I'SB during its design, is resident in the NORD-100 
measurement computer and runs automatically prior to each measurement. 
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2. The magnetization curves flidl vs. / of all 32 dipoles (four rings - two planes -
three stacks) involved, have been measured and are stored in polynomial approx
imation in the code. 

3. The effect of eddy currents Bcjf(t) = B(t) — BTr,uy = B(t — Tcay) is included by 
shifting the computed bump numerically backwards by T,idy. The latter is easily 
computed for the circular vacuum pipes, but has also been measured together 
with the magnetization curves and found to be ~ 130/xs. 

4. Calibration of the electronic chain for all computer-controlled sensitivities is done 
periodically and stored coefficients are updated, if necessary. 

2.3 Less straightforward items and conceivable error sources 
In this category one distinguishes several types of effects and/or errors: 

1. Known errors that can be corrected at processing : 

• Finite bandwidth and filtering of the electronic processing chain. Observ
ing fast ejection of the beam, the falling edge (90 —• 10%) is found to be 
120 fis, corresponding to 3 kHz bandwidth. This limitation, generated in 
the CAMAC multiplexer, can be considered as a pure delay for normally 
behaving beams whose spectrum rolls off steeply beyond 1 kHz. The delay 
is then simply added to Tr,My • Sharp-edged beams, however (e.g. being 
scraped by a target) do exhibit broadened edges due to this filtering. 

2. Errors known and checked to be negligible: 

• Intrinsic resolution limit : this is a geometrical effect related to the penetra
tion speed of the interceptor : it takes a number of turns to entirely scrape 
an annulus in phase space. Close to a resonance this number becomes large, 
as the scraper essentially intercepts the same phase space slice it had inter
cepted before. Calculations yield an off-resonance resolution of a few tenths 
of a mm, which is neglected so far. In a first, crude approximation, it may 
be compensated by an appropriate delay, but this delay would depend on 
scraping speed and the instantaneous beam radius being scraped. 

• Parasitic shaving on another aperture restriction than the BKAMSCOPE 
aperture is a rather insidious error that may occur when the bump is not 
perfectly local, the closed orbit is off-centre and the beam is large. Extensive 
simulations have been performed before choosing the aperture to prove that 
the effect, should not occur in normal operating conditions. 

• Magnet field inhomogeneity and finite length of the bumpers: Both effects 
have been measured and computed, respectively, and arc insignificant. 

3. Errors difficult to evaluate or of unknown magnitude : 

• Error in coherent. Q-values : The computed bump amplitude being very 
sensitive to the tune parameter, e.g. dY/YdQv ~ -0 .5 around the opera
tional tune, the coherent, tune has to be entered correctly. The latter is not 
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measurable since the Q-meter of the I 'SB has been discontinued because of 
complexity and unreliability, and is replaced by the more useful tune calcu
lation system yielding the bare working point (and not the coherent tune) . 
Consequently, the manually entered tunes (stored per intensity range on the 
da t a file) are not always correct, as working points drift slightly. 

• Deviation of real lat t ice functions from computed ones : As /^-functions and 
phases cannot be measured directly, at least not at. the precise az imuth , 
possible deviations from theoretical values will entail erroneous b u m p am
pli tudes. The only way to check the lat ter is the auto-calibration procedure 
mentioned above, and to compensate errors in the 'computed ape r tu re ' by 
a correction factor. This is indeed done in the processing code, but one 
should bear in mind that the three delays already quoted and tune errors 
enter equally into the computa t ion . This renders the calibration extremely 
lengthy until a consistent set of parameters is found. Nevertheless, in the 
vertical plane, results are (almost surprisingly) good and the best correc
tion factor is just one. Less satisfaction must be reported for ni"asure-
mcnts /ca l ibra t ions in the horizontal plane - mainly due to the following 
two effects. 

• Influence of momen tum spread : As the horizontal dispersion function in 
the PSB is non-zero everywhere (and roughly proportional to /? r ) . the mo
m e n t u m spread of the beam is folded into the measured dis tr ibut ion. This 
renders emi t tances measured less meaningful; note h o w e v r , tha t the sit
uation in the CI\S and in most transfer lines is nearly the same, so that 
comparison of these ' ' emit tances" is still useful. 

Another undesirable effect is that the beam centre is not well-defined but 
subject to dispersion too : the measured ampl i tude distr ibution exhibits a 
tail around the origin (while in the vertical plane it takes off sharply and 
l inearly). The tangent fitting method described in Sec. 2.1 is frequently 
ambiguous and cannot be au tomated . The resulting uncertainty in the beam 
centre found this way is of course reflected in an uncertain calibration. 

• Reaction of the beam control system to the horizontal b u m p : At top energy, 
the R F frequencies of the four rings are synchronized and then locked to a 
common reference oscillator. The bum]) changes the orbit length inducing 
a change in momen tum and in radial position 

dp _ _U1C .//? _ 1 ilC 

where r/C/(* is the change in orbit length for a coasting beam and dlij It the 
corresponding change for a bunched beam with fixed R F frequency. Both 
effects are equivalent to a calibration error of the bump ampl i tude which 
can be computed to be ~ !)%, and is confirmed (within limited accuracy) by 
measurements with beam position monitors. The effect is compensated by a 
calibration correction factor found to be 1.01 . Beyond this calculable effec' 
one can unfortunately observe some wild reaction at the end of the scraping 
process, when only 10 to 'H)Vr of the beam is left : Ampl i tude profiles are 
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asymmetrical (in/out) and frequently exhibit pathological oscillations in the 
vicinity of the beam centre. It is known that the phase pick-ups do not 
like beam loss and it looks as if the phase loop is breaking up in the last 
phase of the measurement. These facts seem indeed to produce systematic 
calibration errors that are not yet assessed quantitatively. They are also the 
reason that, for horizontal operational measurements, we are bound to use 
the double-pulse method of Sec. 2.1. 

The three delays described above being cumulative, they are all incorporated into one 
delay parameter, which is adjusted empirically in vertical calibrations with different 
scraping speeds until the calibration error is independent of speed. This way even the 
resolution error is taken into account to some extent. 

3 Operational experience 
Over the years the type of beams subject to measurement has evolved : While a few 
years ago knowing the rather large emiUanccs of high intensity beams was first priority 
in order to make sure they pass the transfer line to the CI'S, collider physics (present 
and future) requires bright low-emittance beams. Owing to unavoidable blow-up in 
each transfer, emittances are bound to be even smaller in the PSH, which has to prove 
frequently that emittances judged too large in the CI'S or SI'S are still normal at 
its exit. Now beams of unprecedented density are being prepared for LHC, featuring 
(9")%)radii of about 7 mm. To measure these emittances to 10% accuracy means mea
suring beam radii to better than 0.35 mm. This corresponds to a relative calibration 
error in the reconstructed aperture of 0.7% (horizontal) or 1.2% (vertical). This accu
racy appears perfectly feasible : Careful calibration to <0.2% aperture error is possible 
and reproducible. The single-pulse ernittances are probably more precise than those 
measured with the standard double-pulse procedure, hence we will probably switch to 
the former in future. 
This is evidently impossible for horizontal measurements, were we are faced with an 
untrustworthy calibration and, on top of that, with the observation that measurements 
of the same, but debunched, beam - to exclude all caprices of the beam control sys
tem , systematically yield C 12% larger eniittances. Again, this may be due to growth 
of the momentum spread in the dobuncliirig process... 

As an example of an application. Fig. 5 shows a measurement after capture of a 
high-density beam of which the tail has been blown up at a 3rd order stopband. 

4 Comparison with other omittance measurement 
devices 

For any measurement device it is of outmost importance to compare its results with 
other devices, possibly of different design. Although there are sometimes devices of 
such simplicity that it is hard to imagine errors, like activated foils in external beams, 
comparisons between methods of their like can exhibit amazing differences [6]. 
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ft may be useful at this point to recall a few farts about the differences between 
(i) devices that measure betatron amplitudes like BKAMSCOI'F, and flip targets, and 
(ii) devices measuring the projected density of a beam (profile detectors). 

• Group (i) is of destructive type (ruling out its use in storage rings), necessarily 
rather slow (because of its intrinsic resolution limit, cf. Sec. 2.3), but, if speed 
is not required, can in principle provide high resolution and accuracy. Details 
of the amplitude distribution are obtained directly and easy to display. Emit-
tances are naturally given with respect to a cicumscribcd fraction (9.5% in the PS 
complex) of the particles, but transformation to parameters of the projection (to 
compare with type-(ii) instruments) is possible by performing the Abel transform 
numerically [7]. 

• (.roup (ii)-in.struments can be non- (or hardly) destructive, The duration of the 
measurement is in general limited only by the signal/noise ratio, allowing to gain 
insight into phenomena whose observation is out of reach for group-(i) devices. 
The price to pay in general is poor resolution (SKM-grids feature a typical step 
size of 2 mm - not quite adequate for 7 mm beam radius as quoted above), and in 
some cases sensitivity to space-charge, and other hidden effects. Rmittances typ
ically quoted refer to multiples of the variance (a, 2a etc.). Theoretically, display 
of the amplitude distribution is possible by performing the inverse Abel trans
form, but fails in practice (this is related to the fact that numerical integration 
works better by far than differentiation). 

This comparison suggests that the two groups are rather complementary and a well-
equipped machine should have both types in the ring and additional profile detectors 
in the external beams. The data processing unit should offer the possibility of trans
forming type-(i) omittances into those measured by the instrument of type (ii). For 
Gaussian beams, the t)'pe-(i) 95% omittances are quite exactly 1.5 times the 2a omit
tances derived from projected density, and this factor appears to be a fair approxima
tion also for most real proton beams. Note that this is not strictly correct for horizontal 
measurements in presence of dispersion. 

DF.AMSCOI'E has been compared extensively with flip targets in the same ring(s) 
[5], occasionally (because these instruments have been out of order for a long time 
and have boon revived only recently) with secondary emission monitor (SFM) grids in 
the 1 GeV Measurement line of the PSH and at the entrance of the CPS, as well as 
with the (.IPS wire scanner [8]. Note that comparison with the latter means comparing 
different beams : The beam in the ('PS ha.s been subject to steering- and matching 
errors, blow-up at stopbands etc. before being measured. 

There follow tabulated comparisons with the first three devices - those that measure 
the same beam. In Table 1 the difference of the horizontal results is rather systematic 

Horizontal Vertical 
(<W-)«K,i.\rsro/'K w.r.t. targets -9.0 % 21 % 
Target olfset [mm] 0.11 I). Hi 0.36 0.9-1 

Table 1: Comparison of omittances measurements BKAMSroi'K vs. flip targets 
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suggesting a default of BKAMSCOI'K in this case (or a deviation of the real from the 
theoretical latt ice functions). Vertical errors are scattered between rings and probably 
reflect target errors. This coincides with larger ' target offsets', denoting by this te rm 
a systematic target position readout error tha t can be deduced from series of measure
ments of beams with varying dimensions. Such an offset is not. necessarily a stat ic one 
but may be caused by vibrations of the target a rms. Fig. (i shows the effect on a beam 
progressively intercepted by a well- and an ill-functioning flip target and illustrates 
why target, measurements are sometimes diflicult to interprete. It also shows the effect 
of limited resolution (intrinsic and by electronic bandwidth) Not many comparisons 

Emi t t ance \n mm mradj Horizontal Vertical 
BKAMSCOI'K: f(!).r>%) 
same, debunched 
e(2a) computed 

9.3 
10 l.S 

8.:} 

io.;) 

fi.O 
SKM-Crid BTM.SCxl e(2a) 
SEM-Crid BTM.SCx2 e(2<r) 
SKM-Crid HTM SCxIl s(2a) 

11.8 
12.2 
1:1.5 

11.8 
10.8 
11.5 

Table 2: Comparison of omit tances measurements BK.AMSCOI' I ' , VS. SKM-Crids of the 
1 CoV Omit tance Line 

have been performed yet, but they all show the trend to yield comparable figures (at 
least in the vertical plane) for emit tances , unfortunately of different definition. Trans
formation of BKAMS('Ol'E omit tances i'lto projected-density defined ones reveals that, 
the SKM-grids sec more than 50% larger emi t tances . At present the physics behind 
this divergence is not. understood. 

High Density 1 • : i 2 p / P 

Kmiltniieo [TT mm mrad] Horizontal Vertical 
UlOAMseoPK: f(!>5%) :!.2 
f (2a) es t imated 2.11 
SKM-Crid lM{.MSClSf(2<r) 2.0!) 
SKM-Crid l 'H.MSC52 e(2a) absurd 
SKM-Crid IMI.MSC5I e(2a) absurd 

Medium High liitonsi y 5.(iK12 p / i > 
Kmit tance [T nun mrad] 
Bi'.AMsroi'r.: f(!J5%) 

Horizontal Vertical Kmit tance [T nun mrad] 
Bi'.AMsroi'r.: f(!J5%) 20.0 11.8 
f (2a) es t imated 
SKM-Crid I 'H.MSCIS t(2a) 

1.18 
.11.0 

7.!) 
lb\0 

SKM-Crid PH.MSCVi e(2a) absurd absurd 
SKM-Crid I 'R .MSCM s(2a) 22.2 I 1.5 

Tabic 
( T S 

1 Comp 
•ntranre 

arison of emi t tances nieasiiremeiits BKAMSCOl'K VS. SKM-Crids at the 

The situation is similar when comparing B'AMSCOl'i: omit tances of more intense 
beams with results from the SKM grids in the ( T S inflection area; but surprisingly, 



they almost agree for low-intensity, but dense beams (Table .T). Is there a space-charge 
effect, in the SEM-grids ? Future measurements may tell, but at present there is no clue. 
It should however be noted that the differences between BEAMSCOPE and flip targets 
are considerably smaller than the differences encountered in comparison with monitors 
based on SKM, which may be a hint that those devices suffer from yet unknown effects. 
Note that the discrepancies between vertical target and SEM-grid measurements would 
be worse than those with BEAMSCOPE. 

Measurements of the proton pencil beams for the Sp/>S collider at 26 (ioV/c with 
the wire scanner [8] often yield matching figures, again for different omittance defi
nitions... To facilitate future comparisons, a postprocessor for BEAMSCOPE output is 
being implemented [<)][] 0], computing the projected-density omittances for an arbitrary 
beam. 

5 Conclusions and outlook 
Piling up all the facts reported so far, it is not easy to draw a conclusion of a few 
words: the facts are contradictory in many aspects. VVhil" one can state that in ver
tical measurements everything fits consistently and, apart from particular sensitivity 
to the tune, measurements are very reproducible and could be automated, one has to 
admit the unexplained and significant discrepancies compared to SEM-grid results. For 
horizontal measurements, one has to add to these the known and the unsolved prob
lems of the interaction between measurement and beam control system. At present, no 
obvious improvement is at. sight, let alone the possibility to force debunching system
atically prior to a horizontal measurement, which opens up a new dimension of trouble 
related to the stability of the debouching and debunched beam. 

Resuming, one may say that the decision made in the seventies, to go for a (elec
tronic) BEAMSCOPE rather than a mechanical device, was certainly justified by the 
signilicantly lower cost of the present design, where, apart from the signal processing 
gear required in any case, only three bumper supplies plus a multiplexer had to be 
built (the dipoles, standard orbit correctors, were already in the machine!). This was 
to be compared with the cost of eight mechanical units. 
Nevertheless, in the light, of past experience and present more ambitions demands, a 
mechanical "BEAMSCOPE", if well-designed, will pay off in the long run. But what 
specifications to should be given ? 

5.1 The mechanical "BEAMSCOPE" 
It does, of course, not. merit the acronym, as '(-losed Orbit PErturbation' has gone. 
"General target." or "Dynamic Target' would be a better fitting designation. "Gen
eral", because the same drive could either move a scraper or a wire across the beam, 
"dynamic", because it is not set. to a particular position but is moving during all the 
interception. In view of the experience with flip targets and other devices that recon
struct the actual interceptor position (e.g. from potentiometers linear to only ~ 1% 
!), the position of the scraper edge has to be measured directly by an optical position 
sensor. A schematic (not a design proposal!) of such a Dynamic Target is depicted 
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in Fig. 7: It features a cheap, smooth, but not necessarily precise linear drive, tha t 
accelerates the target s t ruc ture to convenient speed, lets it drift through the beam, 
then stops it. Its instantaneous position is aquired by an optical sensor, here drawn 
as a fibre optics transmission system reading position marks on the guiding rod. T h e 
s t ruc ture must be stiff enough to keep deformation vibrations down to a few microns. 
The position readout replaces the computed b u m p ampl i tude in the BEAMSCOPE com
puter processing scheme, and is independent of machine tune and energy. The orbit 
circumference is not al tered, which means tha t the beam control system would stay 
ra ther inert , as it seems to behave in present vertical BEAMSCOPE measurements . 
In a real design one would very likely prefer a rotary drive to a linear one, and it is 
surprising to note tha t exactly such a device built at KEK [II] has been presented at 
the same 1979 PAC as BEAMSCOPE. One may wonder, why has the mechanical device 
been phased out years ago [12], while the electronic one has to work harder than ever. 
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Fig. 1 " A r t i s t ' 3 view" of Beamscope measurement system. 
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Fig. 2 The five "raw" Beamscope signals (the shunt signals of the two outer di
poles appear as one single trace). 
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(Beam Centre) 

Fig. 3 The three basic Beamscope signals and their interpret.ition. 
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+ y i ( 9 5 ) + x , ( 9 r i ) 

+ y , ( 9 5 ) + x 2 ( 9 5 1 

y ! ( 95 ) + y 2 ( 9 5 ) + X ! ( 9 5 ) + x 2 ( 9 5 ) 

x t ( 9 5 ) * x ? ( 9 5 ) _ -

Vl(95) 4- y 2 (95) 
2 

Au to -ca l lb ra t i on : 
At complete l o s s i t should hold 
y i , 2 « " ~ Vl ,2< 9 5 > + "1 ,2 (95 ) , 
hence : y^O) + y 2 ( 0 ) ' - 2a . 

Fig. 4 P r inc ip l e of the double-pulse method. 

BEAMSCOPE EMITTANCES 16/ 7/1991 18 MS 
B 1300 USER ME1 PLS LINE 39 
RING P/P HOR. EMITTANCE UERT. EMTTANCE 

El© PHYSICAL (NORM) PHYSICAL (H0RI1) 

3 152 51.0 ( 17.8) 50.7 ( 17.8) 

K 
AHPLITUDE PROFILES 

Kit" 

Fig. 5 BEAHSCOPE measurement of a single-turn high-
density beam after capture. The vertical double-
hump distribution stems from a tail in the llnac 
distribution blown up at a 3rd order stopband. 
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Target supposed al rest 

Target plunging 

Fig. 6 Beamscope profile series showing a) correct and b) faulty behaviour of a 
plunging target. In (b) the target continues to penetrate slowly into the beam, 
causing slow loss which is visible on the beam current signal (left). In (a) the 
target stays quiet once plunged and there is no beam loss during this phase. Time 
increment: 1 ms between Beamscope profiles. 
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Fig. 7 Schematic of a "Dynamic Target" (not a design proposal!) 
It consists of a cheap, smooth, but not necessarily precise linear drive, 
that accelerates the target structure to convenient speed, lets it drift 
through the beam, then stops it.Its instantaneous position is acquired by 
an optical position sensor, here drawn as a fibre optics transmission 
system reading position marks on the guiding rod. Alternatively the drive 
can move a wire to measure the density profile of the beam rather than the 
amplitude distribution. 
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Beam Position Monitor 
Using a Reentrant Coaxial Cavity 

R. Bossart 

European Organization for Nuclear Research (CERN) 
CH-1211 Geneva 23, Switzerland 

Abstract 

A special beam position monitor is used in the enlarged straight sections of the SPS 
accelerator at CERN, in order to measure the position of the proton beam bunched at 
200 Ml Iz. A reentrant coaxial cavity connected to the circular vacuum chamber acts as shunt 
impedance for measuring the wall currents induced by the beam on the vacuum chamber. The 
coaxial cavity works al 200 MMz much below it's resonance frequency. Both the horizontal 
and vertical beam position can be measured by four orthogonal signal ports. A good response 
of (he beam position monitor has been obtained as for signal power, precision of centre 
position, linearity of the position measurement and decoupling between horizontal and 
vertical position measurement. The total position error E amounts to £ <, ± 0.6 mm ± 0.01 x, 
where x is the distance of the beam centre from the moni'or centre, measured along the 
x-axis, for horizontal and vertical beam positions up to 60 mm. This paper describes the 
analysis of the reentrant coaxial cavity and it's application as a position monitor at very high 
frequencies. 
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1 . Introduction 

Very large beam position monitors have been required for beam injection and extraction 
in the enlarged straight sections of the SI'S with an aperture diameter D = 0.27 m. 
l ;lecirostalic induction electrodes do not work correctly with this aperture as their 
dimension becomes a sizeable fraction of the signal wavelength X = 1.5 m and the 
self-resonance of the electrodes is close to the signal frequency. The new wall current 
monitor Bl'A [ 11 has a higher self-resonance of 700 MHz due to the attenuated signal 
transmission around the circumference of the coaxial cavity (Fig. 1). 

The SI'S beam is accelerated by 200 MHz travelling wave cavities, which capture the 
proton beam in bunches of typically 1-2 ns duration and 5 ns period time. The proton 
bunches induce on the the inner side (if the stainless vacuum chamber an ultra-high 
frei|uenc\ current, whose current density varies on the circumference depending on the 
position of the beam. The induced current density can be measured by a shunt 
impedance put in series with the vacuum chamber; often shunt resistors are used 12.3,4]. 

A beam monitor using a reentrant coaxial cavity instead of shunt resistors lias been 
developed in order to gel more signal power and better linearity of the position 
measurement. The tests in the laboratory and the results of a computer model have been 
confirmed by beam tests of the new device called wall current monitor | 5 | . The simple 
and precise mechanical construction of the coaxial cavity provides a very accurate 
position measurement of ultrahigh frequency beams. An almost linear response and 
good isolation between horizontal and vertical position measurement have been 
obtained due to the attenuated propagation of circumferential waves inside the coaxial 
cavity. 

At frequencies above 700 MHz, the circular coaxial cavity can be used at it's resonance 
modes (coaxial or waveguide). The dipole oscillation modes of a cavity provide a 
perfectly linear position measurement at resonance, with a very high precision of the 
centre position (0.01 mm). The resonance frequency of the monitor is determined 
mainly by the diameter of the coaxial cavity and can he adjusted by the width of the gap 
and the length of the reentrant cavity. 

The beam position is measured by a single output signal from the cavity which is 
coupled out along the x- or y-axis. Both measurements along the x- and y-axis can be 
connected simultaneously and do not interfere with each other, if the cavity is exactly at 
a dipole resonance frequency. The azimuthal polarisation of the two orthogonal dipole 
oscillation modes is defined by the two signal feedthroughs on the x- and y-axis. 
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For cavity resonators, the dipole mode is separated from the monopole oscillation mode 
in frequency. For this reason, the dipole mode provides a position signal A, which is 
zero for the beam in centre position x = 0: 

A = x I S, 

where I is the beam intensity, and S is the sensitivity of the beam position monitor. 

If the coaxial cavity is used in the dipole resonance mode, the precision of the position 
measurement is improved very much, since there are no individual electrodes and 
signal combiners with some unbalance as in the case of the wideband monitors like 
wall current monitors, electrostatic pick-ups, directional coupler, etc ... For these 
monitors, the monopole and dipole signals are generated at the same frequency, and 
cannot be distinguished otherwise than by means of a hybrid ring or junction [ 1, 5]. 

If the beam to be measured consists only of a single bunch much shorter than the 
wavelength of the resonance frequency, the same cavity can be used to measure also 
the beam intensity signal E at a definitely lower resonance frequency of the monopole 
oscillation mode: 

I = I Z t, 

where Z t is the longitudinal transfer impedance of the beam monitor. 

I-"or multiple bunches grouped in a pulse train, the monopole signal I and dipole signal 
A must be measured by two different cavities tuned both to the bunch repetition 
frequency. 

In the case of the reentrant coaxial cavity, the fundamental coaxial monopole mode is at 
a much lower frequency (0.4 f.,) than the lowest dipole mode frequency (f n), for the 
same cavity dimensions, so that the two osicllation modes can be measured easily by 
frequency filtering. If the coaxial cavity is used only for the monopole measurement I , 
the gap connecting the coaxial cavity to the vacuum chamber can be made so small, that 
the longitudinal beam impedance of the monitor is reduced so that it does not cause 
beam break-up of high intensity multibunch beams. 

The two signals A and X are measured usually by superheterodyne or homodyne 
receivers [1,6,7| using the bunch repetition frequency as reference frequency. The 
reference frequency is necessary for the detection of the sign +/- of the position 
signal A. 
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2. Theory of the Short and Unloaded Reentrant Coaxial Cavity 

Ultra-relativistic beams of charged particles, for which the beam velocity approaches 
asymptotically the speed of light, have a transverse electromagnetic field with a 
negligible longitudinal field component, as long as the frequency of the signal 
considered is below the cutoff for waveguide propagation in the vacuum chamber. The 
magnetic field and the wall current induced on the inner side of a circular metal tube by 
an axi-symmetric beam with the centre of mass at coordinates P(x,y) can be expressed 
by [2,31: 

/ 1 _ V 2 _ V 2 

H{4>,x,y) = -Jfax,y) = — — — — -2KR l + x +y -2 ;ccos#-2 .ys in0 

H : azimuthal magnetic field strength 
J : longitudinal current density on beam tube 
0 : azimuthal angle around circumference of beam tube (see Fig. 1). 
1 : beam current, Fourier component at frequency f 
R : radius of beam tube 
x = X/R : normalised horizontal coordinate of beam centre 
y = Y/R : normalised vertical coordinate of beam centre 

The impedance seen by the beam's image current along a vacuum chamber of constant 
aperture is fairly low, even if the current is confined to a very thin skin depth. 
However, if the vacuum chamber changes its cross-section abruptly, considerable 
voltage signals develop across the discontinuity. The discontinuity in our case is a 
coaxial caviiy around the vacuum chamber. The length of the prototype cavity was 
adjustable by a plunger in order to adjust it for optimum response. The definitive wall 
current monitor has a fixed cavity length of 155 mm as shown in Fig. 1. For cavities 
much shorter than the wavelength of the monitored signal, the cavity is basically an 
inductance put in series with the vacuum chamber. If the beam is in the centre of the 
vacuum chamber, the shunt impedance of the coaxial cavity is given by: 

Za=j 60 n In ( —j tan[2ff 

Z s shunt impedance of coaxial cavity 

D : outer diameter of coaxial cavity 
d : inner diameter of coaxial cavity 
t : length of coaxial cavity 
X : wavelength of monitored signal 
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For D - d « D, and I « X, the shunt impedance Z s and the longitudinal inductance L | 
reads: 

•7 • cnn. hint Z, = / 60 £2 — - — 

Z, = j IjtfL, 

hi 
k = Mo -z— 

where 
h : difference between outer and inner radius of cavity, h = (D-d)/2 
r : mean radius of cavity, r = (D+d) / 4 

If the beam is not in the centre, the instantaneous voltage across the gap is unequal 
around the circumference. An azimuthal current is set up, which tends to equalise the 
shunt voltage around the circumference. The coaxial cavity acts as an azimuthal 
transmission line consisting of longitudinal and azimuthal inductances (see Fig. 2). The 
longitudinal inductances dLj are the shunt elements., whereas the azimuthal inductances 
dL2 are the series elements of the transmission line around the circumference: 

hrdQ 

where 
dL, 
dL2 
d<(> 

longitudinal inductance element of cavity 
azimuthal inductance element of cavity 
azimuth element around circumference of cavity 

The characteristic impedance Z c of the transmission line is a pure inductance, if the 
cavity is much shorter than the wavelength of the monitored signal {I < X/4). The 
characteristic impedance depends only on the difference h between the outer and the 
inner radius of the cavity: 

Zc = ^j codLt j co dl^ = jcon0h, w = 2K f 

The propagation constant a around the gap is a real attenuation constant. The phase 
constant is zero and the phase velocity is infinite, if the negligible skin effect of the wall 
is disregarded: 

I jadLj _ r_ 
\ jwdL, ~ t ° = l/ 
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The attenuation factor a between two points on the circumference with an angle § in 
between amounts to 

a = e~a* = e^TK log a = - ^ • 8.68 dB 
I 

The attenuation factor a of the cavity around the circumference has been measured on 
a model (r = 51 mm) between two opposite coaxial feedthroughs (<j> = n) for different 
cavity lengths I and an operating frequency of 600 MHz: 

Cavity length I 

(mm) 

Measured 
attenuation a m 

(dB) 

Calculated 
attenuation a s 

(dB) 

41 -35 -34 

61 -23 -23 

81 -15 -17 

„ - ,„ 51mm a, = - 27.2 dB 
e 

The comparison between the calculated and the measured attenuation shows that for 
longer cavities (I > X18) the effective attenuation is less than that calculated from the 
formula valid for short cavities. In fact the cavity becomes a resonator for t ~ X / 4, 
and there is no attenuation between two points anywhere on the circumference of the 
gap. 

Let us now consider the voltage signal induced by the current density J along the 
circumference d<J> at azimuth <{). The induced voltage element dUs amounts at the source 
point (J) to: 

dUJ = ZcJrd<p 

Instantaneously the induced source voltage splits up into two equal voltage signals, one 
propagating in a clockwise direction and the other one counter clockwise around the 
transmission line with almost infinite phase velocity. 

The voltage across the gap of the cavity is measured by two coaxial feedthroughs at 
diametrically opposite positions on the circumference. For a current source Jrd<|) 
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located at an angle <|> from a feedthrough, the voltage signal dU measured at the 
feedthrough becomes 

du = 
2 e-"&*-*) + e-<**-*) + e-<*(**-*)m 

ZcJrd<l> [«-•+ e-"< 2-*>] 
dU = — T f r r ^ ] — 1 

The voltage signal dU is the superposition of electrical waves emitted from the source 
point <|> and propagating clockwise and counter clockwise around the circumference, 
whereas the waves are attenuated by e " 2 m per turn. The total voltage U set up across 
the unloaded feedthrough is the sum of the voltage signals dU generated by the wall 
currents distributed all around the circumference 0 < ((>< 2K : 

U(x v) = \ dU = — — f 

v ' l 4K(\-e-2"a) i \+x2+y2-2xcos(t>-2ysin<l> 

The integral can easily be solved for the beam in centre position x = y = 0 : 

t/(o.o) = - i ^ - = -iz, 
For any other beam position (x,y), the integral can be solved only by a series 
development of the denominator . The integrals have been calculated by numerical 
integration. A computer program has been written to calculate the normalised voltage U] 
of port 1 and U3 of port 3: 

"' ( X , y ' U0 I \ + x2+y2-2xcos(p-2ysin<l> 

h UB ln \ + xi+y2-2xcos$-2ys\n<t> 

-lZc{\-x2-y2) 
4 ^ ( l - e - 2 m ) 
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The normalised difference AIZ between two opposite ports has been calculated for 
various beam positions: 

-(x,y) = 2—3-

x 2 + y 2 < 1 

The calculations show that the normalised difference A /1> goes linear with the position 
x measured along the axis between the two ports: 

A r 
— = ax = -x 
Z I 

The linearity of the normalised difference A/E is best in the centre region and 
deteriorates towards the periphery of the vacuum chamber. The linear error of the 
normalised difference A/L, calculated from the best-fitting straight line over the 

aperture V*2 + ^ 2 - 0.4 is less than ±10' 2 of the beam pipe radius, if the cavity 
length and the mean radius are equal (a = r/t = 1). 

The sum signal of two opposite and unloaded ports is proportional to beam intensity I 
and shunt impedance Z s of the cavity, as can be checked easily for the centre position 
x = y = 0: 

1(0,0) = (7,(0,0) + (73(0,0) = ^ A = - 2 / Z, 

However, the sum signal is not constant for beam positions outside the centre region.A 
substantial improvement can be achieved if four ports instead of two are summed 
together. With two ports located on the x-axis and the other two ports on the y-axis, the 
beam position can be measured in x- and y-coordinates, and the sum signal of the four 
ports becomes nearly constant and independant of beam position. The longer the cavity 
is the more constant becomes the sum signal. 

The sum signal of four orthogonal and unloaded parts of a cavity varies only by 
+ 4.10"3 over an aperture of 

jx2+y2 < 0.4 , 

if the cavity length is equal to the mean radius (a = r / / = 1). 
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Analysis of the Non-Resonant Reentrant Coaxial Cavity Loaded hv 
4 Ports 50 Q 

The theory of the non-resonant reentrant coaxial cavity presented so far is accurate 
under the condition that the ports are loaded by an impedance Z^, which is considerably 
higher than the characteristic impedance Z c of the non-resonant cavity. If the load 
impedance is of the same magnitude as the characteristic impedance, reflections arise at 
the junctions between the cavity and the ports. 

The response of the cavity loaded by 4 feedthroughs can be analysed by the network 
theory. Every piece of cavity between two feedthroughs is considered as a transmission 
line with an attenuation constant Y and a characteristic admittance Y c = 1/ZC. The 
equivalent network of the wall current monitor is shown in Fig. 3. The nodes 1,2,3,4 
represent the feedthroughs loaded by 50 £1 Node 5 corresponds to the source point of 
the wall current located between port 1 and 2 at azimuth 0 < <J» < 7C/2. Again the total 
voltages Uj, U 2 , U3, U 4 at the feedthroughs are the superposition of the voltage 
elements Ei,E2, E3, E4 generated by the wall current I5 («p) = J (tp) rd tp around the 
circum-ference of the beam pipe. 

Nodal Equations of Wall Current Monitor (see Fig. 3): 

Node 1 
Node 2 
Node 3 
Node 4 
Node 5 

Y , E , + Y 1 4 ( E 1 - E 4 ) + Y 1 5 ( E 1 - E 5 ) = 0 
Y 2 E 2 + Y 2 3 ( E 2 - E 3 ) + Y 2 5 ( E 2 - E 5 ) = 0 
Y 3E3 + Y 2 3(E3-E 2 ) + Y 3 4 ( E 3 - E 4 ) = 0 
Y 4 E 4 + ¥34 (E 4 - E 3) + Y , 4 (E 4 - E,) = 0 
Y 5 E 5 + Y I 5 ( E 5 - E 1 ) + Y 2 5 ( E 5 - E 2 ) = I 5 

The nodal analysis of the wall current monitor is straightforward. Every sector of 
cavity between two nodes is represented by a Ji-network according to Fig. 4. The 
inductive shunt admittances of the 7t-networks are lumped together with the loads Y^ = 
1 /5() £2 at the feedthrough nodes: 

Y, = Yt + Y c Tanh (arc/4) + Y c Tanh «x<t> 12) 
Y : = Y / + Y c Tanh(ai t /4) + Y c Tanh(a(7t/2 - 0 ) / 2 ) 
Y, = Y 4 = Y, + 2YCTanh (an/4) 
Y 5 = Y c Tanh (a<|>/2) + Y c Tanh (a (it/2 - $ ) 12)) 
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The mutual admittances between nodes are purely inductive: 

Y 2 3 = Y 3 4 = Y 1 4 = Y 3 2 = Y 4 3 = Y 4 1 = Y c / Sinh (cm / 2) 
Y 1 5 = Y 5 , =YC/Sinh(a<j>) 
Y 25 = Y 52 = Y c / Sinh (a (jt / 2 - <)))) 

The characteristic admittance Y c and the attenuation constant a for a cavity of length 
t < X14 are given by: 

aYc r V X J 

The system of nodal equations can be represented by the admittance matrix [8, 9] with 
the following diagonal elementsYjj: 

Y i l = Y l + Y14 + Y15 = Y * + Y c (Coth (a7t /2) + Coth (a0)) 
Y 2 2 = Y 2 + Y 2 3 + Y 2 5 = Yt + Y c (Coth ( a i t / 2 ) + Coth (a (71 / 2 - <)>)) 
Y 33 = Y44 = Y 4 + Y 3 4 + Y 1 4 = Y; + 2YC Coth (a Jt / 2) 
Y 5 5 = Y 5 + Y 1 5 + Y 2 5 = Y c (Coth ( a <|>) + Coth ( a (jt / 2 -0))) 

The complex admittance matrix of the WCM is symmetric: 

I'M 0 0 -y» - r . s 

0 y* -r» 0 - ^ 
0 -y» n. - ^ 0 

-n, 0 -n , KM 0 

-n. - n 2 
0 0 n5 

The node voltages Et (i = 1,2,3,4) generated by the current source I5 are calculated 

according to Cramer's rule: 

Ei = I 5 A 5 i / A 

whereas A is the determinant of the admittance matrix and Ajj is the determinant when 
the 5th row and i-th column are omitted. It should be recalled that the current source I5 
is an infinitesimal current element at azimuth 0 < 0 < Jt I 2, and that the total node 

>', = J 
jo)H0h 

a 

2KI 

X 

tan m 
2nl 

X 

tan 
lKl\ 
X J 
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voltages U; (i = 1,2,3,4) at the 4 feedthroughs are the sum of all voltage elements Ej 

generated by the wall current J (<(>, x, y) for 0 < (J) < 2TU. 

The voltage elements generated by current elements located in the other quadrants 

7i / 2 < <(> < 2K can be calculated from the above admittance matrix IF (0 < 0 < n 12)1 by 

a symmetric permutation of beam position P(x,y) and feedthrough nodes. The voltage 

generated at node 1 by a beam located at P (x,y) and feeding a current source at point 5' 

is equal to the voltage generated at node 3 by a beam located at P' (-x,y) and feeding a 

current source at point 5 (see Fig. 5). 

Similar symmetries hold for the other quadrants, so that the integral of voltage elements 
can be restricted to current sources laying in the first quadrant only. The total voltage 
measured at each feedthrough amounts to: 

o A(0) 

V1(x0) = )\(J(<l>.x,y) + J^.-x,y))A^) + (n<'--x.-y) + J(<P,x,-y))A^(<p)}-^d<t> 

iU(x,y)=7{{J(<t>.x,y) + J(<t>,x,-y))Ai^) + (j(4>,-x,y) + J^,-x,-y))Aj<p)}-^-M 

UAx,y)=l\(n<P.x,y) + J(<P,-x,y))Au(<t>) + (J(4>,-x,-y) + J(<l>,x,-y))Ai2(t)}-^d4> 
i) A(0J 

The above integrals have been calculated numerically for wall current monitors of 
different cavity lengths. Since the admittance matrix has resistive (load) and inductive 
(cavity) components, the output voltages Uj are complex vectors with a phase angle 
depending on beam position. 

The characteristics of the signal treatment by the electronics equipment must be taken in 
account when calculating the response of the beam position monitor. At the SPS, the 
output signals of the wall current monitor are fed directly into a hybrid ring which 
provides the vector sum and difference of two opposite feedthroughs. The sum and 
difference signals of which the 200 MHz frequency component only is retained, are 
treasured by synchronous detectors. The homodyne synchronous detector provides the 
absolute value of the sum signal and the in-phase component of the difference signal, 
which changes it's sign as the beam moves through the centre position |7J. It has been 
shown by calculations and by measurements that the linearity of the wall current 
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monitor whith 4 feedthroughs is better if the vector difference is measured instead of 
the difference between absolute values. 

The results for a non-resonant cavity of equal length and mean radius (r = I = 155 mm, 
h = 27 mm) loaded by two or four feedthroughs of 50 ft are given in table 1 and 2. 

In the SPS, two wall current monitors have been equipped with only 2 vertical 
feedthroughs since there was no space for horizontal feedthroughs at the place where 
the extraction beam line takes off. The linearity and the sensitivity is very much the 
same for 2 and 4 feedthroughs as can be seen in table 3 which gives the overall 
characteristics of the wall current monitors. The calibration factor and the transfer 
impedance depend slightly on the cavity load. 

From the calculations summarised in Table 3 for various cavity lengths, it can be 
concluded that the best sensitivity and linearity over the half aperture of the vacuum 
chamber is obtained for a cavity of equal length and radius (t = r). 

The analysis of the wall current monitor given in this section is not restricted to short 
c;ivities only. It can be extended to resonant cavities, for which the propagation 
constant becomes imaginary because of waveguide transmission around the cavity. If 
the cavity is working in the TE 111 resonance mode, a linear beam position monitor 
with a high transfer impedance is obtained. In fact, measurements at a frequency of 
1.1 GHz on a model with an aperture diameter of 83 mm and a cavity length of 
1% mm have shown that the wire position can be measured with an accuracy of 
± 0.5 mm over the half aperture of the position monitor. For a beam position monitor at 
200 MHz, however, a TE 111 resonator cavity would be too bulky for the enlarged 
straight sections in the SPS, and the short cavity working below the cut-off frequency 
has been preferred because of its smaller size. 

4. Experimental Results 

A prototype wall current monitor with an adjustable cavity length I = 10 ... 360 mm 
h;is been built for tests at a frequency of 200 MHz in the laboratory. The test set-up is 
shown in Fig. 7. The beam is represented by a wire of 0 9 mm, which can be mounted 
at different positions (X,Y) of the cross-section. The wire is excited by a 200 MHz 
signal. A transverse electromagnetic field is set up between the wire and the beam pipe. 
The current distribution on the inner surface of the beam pipe is the same as for an 
ultrarelativistic 200 MHz-beam. 
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A first set of measurements has been made with all 4 feedthroughs loaded by 50 Q and 
a cavity length of 135 mm. The wire representing the beam has been displaced along 
the X-axis from the centre towards port 1. The signal amplitudes at port 1 and port 3 
have been measured by means of he vector voltmeter HP 8405A. The measurements 
are recorded in Table 4. From the measurements Uj (X) and U3 (X), the ratio 
difference to sum of the monitor is calculated by (U| - U3) / (Uj + U3). The best-
fining straight line goes through the measurement for X = 45 mm. The proportionality 
factor between the position of the wire and the ratio difference to sum of the monitor 
with a cavity length of 135 mm is therefore 

L = 45 mm / 0.3883 = 115.9 mm. 

The position X m of the wire is calculated from the signals of the wall current monitor 
by: 

The error AX = X m - X is very small in the centre of the beam position monitor. The 
centre position of the wire can be measured with an accuray of ± 0.2 mm or± \°L of 
the diameter of the beam pipe. The centre precision of the wall current monitor depends 
on the coaxial feedthroughs (VSWR < 1.01 at 200 MHz) and on the mechanical 
precision of the cavity. Owing to the simple and precise construction of the wall current 
monitor, an excellent accuracy is obtained for the beam in centre position. 

The linear error is rather small in the centre region, but increases towards the periphery 
of the vacumm chamber. As long as the wire lies within half the aperture of the 
enlarged vacuum chamber, the linear error measured along the X-axis is smaller than 
2% of diameter D = 270 mm of the vacuum chamber, plus 2% of the actual wire 
position X: 

\±AX\ < |().002D + 0.02X| for | ± X | < D / 4 , Y = 0 

It is worth while to notice that there is a small phase difference measured between the 
signals of port I and port 3, which is proportional to the wire distance from centre 
position. This phase shift even ameliorates the linearity of the measurement, if the ratio 
of the vector difference to vector sum of U | and U3 is used for position measurement 
with a homodyne receiver, see last column of Table 4: X = L ( U] - U3)/( U] + U3). 
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A comparison between the measurements and the calculations shows that the results are 
consistent. The measurements and calculations for beam positions along the X-axis up 
to 60 mm provide the same proportionality factor L = XZ / A : 

L - 114 ±4 mm measured 1 
r f°r 

L = 117 ±3mm calculated) 

X = <60mm, Y = 0, l = 135mm, R = l26mm 

A second set of measurements at 200 MHz has been made with a cavity length of 
155 mm. The sum and difference signals have been derived by two hybrid rings for the 
X- and Y-plane simultaneously. The isolation between the sum and difference outputs 
of the hybrid ring was 50 dB, causing a zero offset of 3.10"3 X for A. 

The measurements recorded in Table 5 and the calculations in Table 1 show that the 
wall current monitor provides a fairly linear response over half the aperture of the beam 
pipe, the measurement errors AX, AY being: 

\±&X\< 0.5mm + 0.01 M l \ for \X\ < 60mm, \Y\ < 60mm |±Ar|<0.5/wn + 0.01|K| J J ' ' " 

The normalised difference A/£ of the horizontal respectively vertical feedthroughs is 
very little affected by the vertical respectively horizontal beam position. This orthogonal 
isolation Q can be expressed in the horizontal plane by: 

» _ A»/Z„(X,r)-A,3/Si3<X.O) 
Y 

The orthogonal isolation is better than 30 dB over half the aperture of the wall current 
monitor with a cavity of equal length and mean radius ((. = r, Table 3). 

The sum signals Z13 and Z24 in Table 5 are not constant, because the signal level of 
the 200 MHz generator driving the wire has been changed when passing from position 
X = 0 mm, Y = 60 mm to position X = 30 mm, Y = 0 mm for reasons of better reading 
accuracy of the difference signals A13 and A24. In spite of the standing waves on the 
wire varying with wire position, we can observe from the measurements in Table 5 that 
the sum signal S13 increases and £24 decreases as the wire is displaced along the line 
V = const from the centre X = 0 towards port 1. The sum signal £13 decreases and 
£ 2 4 increases, if the the wire is displaced along the line X = const from the centre 
Y = 0 towards port 2. These measured variations of the sum signals versus position are 
consistent with the calculations in Table 1. 
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The transfer impedance has been measured for the monitors installed in the SPS and 
loaded by 4 feedthroughs 50 Q (Fig. 1). The value measured with beam agrees with 
the calculated transfer impedance Zj: 

Z t = 5.9 ± 0.3 n measured 
Z, = 5.7 Q calculated 

The linearity of the beam position measurement has been tested with a 200 MHz-beam 
of 2 x 10 1 3 ppp. The beam has been displaced along the horizontal axis of the monitor 
by a local deformation of the closed orbit. The response of all wall current monitors is 
very linear. The linear error is less than ± 1% X for beam displacements IXI < 20 mm. 
Larger beam bumps have caused beam losses on the vacuum chamber elsewhere in the 
machine. 

The calibration factor of the wall current monior WCM has been measured from the 
same beam displacements ± 20 mm. The calibration factor L varies between different 
monitors because of different gains between the electronic equipments: 

V 

130 ±6mm measured, X =±20mm A/1 

R x 
L = = 135mm calculated, X = ±20mm 

A / S 

The sensitivity S of a beam position monitor indicates the variation of the difference 
signal 8A due to the variation of the beam position 8X at beam intensity I: 

s= SA 

8X1 

The sensitivity in the centre position can be expressed by means of: 

Z (0,0) = 2 I ^ 

5 ( 0 0 ) _ SA-2Z, = 2 A 

From the above measurements of Z( and L, the sensitivity of the wall current monitor 
WCM amounts to' 

S = 91 ±9 mV/mm • mA measured 
S = 85 mV/mm • mA calculated 
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The sensitivity is largest in the centre and decreases slightly for beam positions at half 
the distance between centre and vacuum chamber. 

5 . Conclusions 

The response of the reentrant coaxial cavity provides optimum linearity and sensitivity 
for beam position measurement, if the length of the reentrant cavity is equal to it's mean 
radius and if the characteristic impedance is of the same magnitude as the load of each 
port. The cavity operated at 200 MHz needs no segme Nation or ferrite tiles, as might 
be necessary for an increased bandwidth of the wall current monitor [10, 11 j . 

Vertical and horizontal beam positions can be measured independently of each other. 
For a beam intensity of 10 1 3 protons in the SPS and well in the centre of the monitor, 
the wall current monitor provides a signal of 570 mV t m s at each of its four ports. The 
centre of mass of the beam can be measured in the centre of the monitor with an 
accuracy of 0.2 mm. This high accuracy is made possible by the precise and simple 
mechanical construction of the cavity and the coaxial feedthroughs. Beam positions 
lying within half the aperture of the monitor can be measured with a hybrid ring in the 
vertical and horizontal plane with a relative error of 1% of the measured coordinate. 
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'la hie 1: Response of wall current monitor with 4 feedthroughs 50 Q (Fig. 1); 
Calculated ratio A / £ (x,y) for equal cavity length and mean radius. 

X = Q.O X = .1 X = .2 X = .3 X = .4 X = .5 X = .6 X = .7 X = .8 

Y = 0.0 -.00000 .10014 .19929 .29647 .39073 .48121 .56714 .64793 .72325 

Y = .1 0.00000 .09993 .19887 29582 .38984 .48004 .56562 .64590 .72037 

Y = .2 -.00000 .09932 .19764 .29395 .38729 .47672 .56137 .64044 .71313 

Y = .3 0.00000 .09836 .19571 29105 .38337 .47172 .55517 .63284 .70391 

Y = .4 -.00000 .09713 .19327 .28739 .37851 .46565 .54787 .62432 .69426 

Y = .5 -.00000 .09571 .19046 .28326 .37311 .45907 .54021 .61575 .00000 

Y = .6 0.00000 .09417 .18744 27888 .36753 .45244 .53275 .00000 .00000 

Y = .7 -.00000 .09254 .18431 .27445 .36203 .44612 .00000 .00000 .00000 

Y = .8 -.00000 .09080 .18107 .27004 .35677 .00000 .00000 .00000 .00000 

Tiible 2: Response of wall current monitor with 2 feedthroughs 50 ii; 
Calculated ratio A / £ (x,y) for equal cavity length and mean radius. 

X = 0.0 X = ,1 X = .2 X = .3 X = .4 X = .5 X = .6 X = .7 X=8 

Y = 0.0 .00000 .09450 .18808 27985 .36897 .45472 .53647 .61378 .68646 

Y - . 1 .00000 .09430 .18768 27922 .36811 .45357 .53496 .61176 .68356 

Y = .2 .00000 .09372 .18650 .27743 .36563 .45032 .53077 .60632 .67628 

Y = 3 .00000 .09282 .18468 .27466 .36185 .44544 .52465 .59873 .66697 

Y -- A .00000 .09168 .18239 27119 .35719 .43954 .51745 .59022 .65719 

Y = .5 .00000 .09039 .17982 .26735 .35209 .43321 .50995 .58168 .00000 

Y = .6 .00000 .08906 .17717 26342 .34695 42696 .50274 .00000 .00000 

Y = .7 .00000 .08777 .17463 25969 .34213 .42121 .00000 .00000 .00000 

Y = ,8 .00000 .08661 .17235 .25639 .33794 .00000 .00000 .00000 .00000 
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Table 3: Characteristics of wall current monitor for different cavity lengths £. 
Cavity: D = 338 mm, d = 284 mm, r = 155.5 mm, h = 27 mm (Fig. 1:1 = r) 

Mean values L and mean errors <L> are calculated over all beam positions yx2 +y < 0.5/? = 67.5 mm 

4 Feedthroughs 2 Feedthroughs 

Cavitv Leneth I / = 0.5 r I = 0.75 r * = 1r / = 1.25 r * = 1.5r l = r 

j 43.4 Q j 44.5 Q j 46.1 Q j 48.6 Q j 52.5 Q J46.1Q Z. = jw^h^Mlnll^lilKtlX) j 43.4 Q j 44.5 Q j 46.1 Q j 48.6 Q j 52.5 Q J46.1Q 

1.964 1278 0.924 0.701 0.541 0.924 Y = (r/l) ^(2KIIX)IIM{2IHIX) 1.964 1278 0.924 0.701 0.541 0.924 

Calibration factor L = RAVG [X / (A / I ) ] 0.653 R 0.800 R 1.020 R 1.374 R 1.957 R 1.081 R 

[ e = <L>/L 
Linear error v ; , , \ ,-,r 

0.038 

0.069 

0.022 

0.041 

0.013 

0.022 

0.013 

0.023 

0.014 

0.029 

0.014 

0.022 

\n = AVG(Ax/v) 
O r t h O 9 0 n a l r e ] e C t , 0 n | n . M A X ( A . / ; v ) 

0.004 

0.010 

0.005 

0.014 

0.009 

0.025 

0.013 

0.034 

0.017 

0.041 

0.008 

0.024 

Transfer impedance Z t = U (0,0) / 1 3.084 Q 4.487 Q 5.729 Q 6.800 Q 7.707 Q 6.212 Q 

f< Z > / L of 2 ports 
Sum siqnal \ _ 

| < Z > / Z of A pons 
0.111 

0.010 

0.068 

0.005 

0.042 

0.003 

0.026 

0.002 

0.016 

0.001 

0.039 

0.003 

| Sensitive/ S = 2Z. •' L (0.0) 73uV7rrAmm 85uV/mA mm 85uV/mA mm 75uV7mAmrn 59uV/mAmm 87uV/mA mm 



Table 4: Measured linear error AX of wall current monitor (Fig. 7) 
(t = 135 mm) versus wire position X 

X 
[mml 

Ui 
[mV] 

U 3 

[mV] [deg] 

( U 1 - U 3 ) / ( U , + U 3 ) L - ( U , - U 3 ) / ( U i + U 3 ) 
[mm] 

AX 
[mml 

L - ( U j - U 3)/( U 1 + U 3 ) 

[mml 

0 4.540 4.525 0.5 0.0017 0.2 0.2 0.2 

15 5.457 4.164 2.3 0.1344 15.6 0.6 15.6 

30 6.586 3.827 4.9 0.2650 30.7 0.7 30.7 

45 7.572 3.336 7.5 0.3883 45.0 0 45.0 

60 8.768 2.887 10.4 0.5046 58.5 -1.5 59.4 

X : horizontal position of wire U] : signal amplitude measured at port 1 
Y = 0 : vertical position of wire U3 : signal amplitude measured at port 3 
AX =-X+ L-(Ui - U 3 ) / (U[+U 3 ) : linear error (j) : phase measured between Uj and U3 

Length of cavity : £=135 mm Proportionality factor : L = 45 mm/0.3883 = 115.9 mm 
Diameter of vacuum chamber : D = 252mm Incident signal on wire : Uj = 72.5 mV (200 MHz) 
All four ports loaded by 50 Q. Reflected signal on wire : Ur = 39 ... 45 mV 

Linear error of position monitor over half aperture IXI < 0.25 D : ttAXI < 10.5 mm + 0.02 XI = 10.002 D + 0.02 XI 



Table 5: Position X m , Y m of wire measured at 200 MHz by wall current monitor (Fig. 7) 
(r = 147.5 mm, I = 155 mm) and hybrid rings, versus wire position X, Y. 

X 

[mm] 

Y 

[mm] 

A13 
[mV] 

S i3 
[mV] 

A 2 4 

[mVl 

S24 

[mVl [mm] 
Y m 

[mm] 

0 0 0.016 5.764 0.016 5.785 0.4 0.4 

0 30 0.018 5.765 1.484 5.918 0.4 30.4 

0 60 0.007 5.450 3.311 6.663 0.1 602 

30 0 2.180 8.776 0.004 8.327 30.1 0.0 

30 30 2.123 8.648 2.192 8.622 29.8 30.8 

30 60 2028 8.353 4.803 9.687 29.5 60.1 

60 0 4.890 9.902 0.008 7.957 59.5 0.1 

60 30 4.776 9.733 2.082 8245 59.3 30.5 

60 60 4.627 9.312 4.462 9.083 602 59.5 

D = 252mm, ^ = 155 mm L = 121.2 mm 
I ± A X ! < 0.5 mm + 0.01 X = 0.002 D + 0.01 X X m = L A 1 3 / 1 1 3 

I ± A Y | < 0.5 mm + 0.01 Y = 0.002 D + 0.01 Y Y m = L A 2 4 / 1 2 4 
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PORT 2 

PORT 3 

Current source 15 

0 4 <t> < * / 2 

1 PORT 

PORT * 

FIG. 3 . EQUIVALENT NETWORK OF WALL CURRENT MONITOR 

System of Nodal Equations for 4 Ports 50 fl Driven by Current Source 1̂  

Node 1 
Node 2 
Node 3 
Node 4 
Node 5 

Y,E! + Y 1 4 (E, - E 4) + Y , 5 (El - E5) = 0 
Y 2 E 2 + Y 2 3 (E 2 - E 3) + Y 2 5 (E 2 - E 5 ) = 0 
Y3E3 + Y 2 3 (E 3 - E 2) + Y34 (E 3 - E4) = 0 
Y4E4 + Y 3 4 (E 4 - E 3) + Y , 4 (E 4 - E,) = 0 
Y5E5 + Y 1 5 (E 5 - Ej) + Y 2 5 (E 5 - E 2 ) = I 5 (current source) 

Y, = Y 2 = 
Y 1 2 = Y 2 I 

Y c Tatih (y*7 2) 
= Y c / Sinh (yt) 

y<$ YCE2 

Tank (y() Sinh (yi) 

Kt, Y E 
Sinh (y£) Tanh (ye) 

FIG. 4 . ADMITTANCE MATRIX FOR TRANSMISSION LINE Y c g[ 
Det / Y / z Y c 1 , see ref - 8 J 
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PROMPT BUNCH BY BUNCH SYNCHROTRON OSCILLATION 
DETECTION VIA A FAST PHASE MEASUREMENT* 

D. B H I G G S , P . C O R R E D O U R A , J . D . F o x , A . G I O U M O U S I S , 

W . H O S S E I N I , L. K L A I S N E R , J . - L . P E L L E G H I N , K. A. T H O M P S O N 

Stanford Linear Accelerator Center 

Stanford University, Stanford, California 91,309 

and 

G. L A M B E R T S O N 

Lawrence Berkeley Laboratory, 

University of California, Berkeley, CA, 94720 

Abstract 

An electronic system is presented which detects synchrotron oscillations of individ

ual hunches with 1 ns separat ion. The system design and performance are motivated 

l>y the requirements of the proposed B Factory facility at SLAC. 

A cciiiil) generator is used to produce an eight cycle coherent tone burst at 3 GHz 

fr<>m each bunch. T h e phase of the coherent burst is compared with a master oscillator 

in a double balanced mixer. T h e detected mixer output is digitized a t a 250 MHz rate , 

yielding a unique phase measurement for each bunch. 

Laboratory results are presented which show that, the prototype, is capable of mea-

suiing individual bunch phases with bet ter than ()..r) degree resolution a.t the -176 MHz 

Hb frequency. A system design for damping longitudinal oscillations of 1G5S bundles 

using this detector is also shown. 

* Work supported hy the Depart incut of Energy, contract DE •AC'()!5--76SF00515. 
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Figure 1. Block diagram of the prototype front end circuitry. This system converts a 
beam signal impulse into a 2856 MHz 8-cycle tone burst, and compares the phase of 
the burst against a reference oscillator. A 250 MHz A/D digitizes the phase each bunch 
crossing. The proposed B Factory design has 1658 bunches with a 4.2 ns bunch interval. 
The laboratory prototype uses two-step recovery diodes and phase shifters to simulate 
bunches with independent synchrotron oscillations. 

INTRODUCTION 

Many accelerator facilities have incorporated feedback systems to suppress the 

growth of coupled-bunch oscillations (Refs. [1-5]). The proposed SLAC-LBL-LLNL 

B Factory design presents several challenges in the design of transverse and longitudi

nal feedback systems. To achieve a design luminosity of 3 x 10 3 3 , the B Factory will 

contain 1658 bunches per ring (total current 1.5 A for the high energy ring, 2.1 A for 

the low energy ring), spaced every other RF bucket at the 476 MHz RF frequency. This 

large number of bunches, plus the short (4.2 ns) inter-bunch period, forces difficult 

constraints on the detection, processing and energy correction stages of the feedback 

system. Our proposed feedback design uses a bunch by bunch (time domain) strategy 

that treats each bunch as an independent oscillator (Refs. [6-10]). This approach has 

the additional advantage that it damps not only coupled bunch oscillations, but any 
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disturbance, such as injection timing errors, that may induce energy oscillations. In this 

paper we present laboratory measurements of the front end phase detection components 

of our proposed design. 

PRINCIPLE OF OPERATION 

Figure 1 presents a system constructed to test and evaluate various signal detection 

schemes for the longitudinal feedback system. In this laboratory prototype we have 

implemented a two bunch system with a time structure similar to the planned accelera

tor. The master oscillator of this model uses a 102 MHz oscillator that is harmonically 

multiplied by a factor of 28 to generate a phase synchronous 2856 MHz reference. The 

102 MHz oscillator provides the excitation for two step recovery diodes which generate 

60 ps FWHM impulses to simulate beam bunches. Two analog phase shifters are used to 

adjust the spacing of the bunches relative to the 102 MHz master oscillator, and these 

phase shifters allow simulated synchrotron oscillations to be impressed on the 60 ps 

impulses. We space the nominal positions of the bunches with a 4.2 ns interval which 

corresponds to the B Factory ring design, however in our test there is an extra 2 ns gap 

following the second bunch, after which the sequence repeats. With this system we can 

simulate independent synchrotron oscillations of the two bunches at frequencies up to 

100 kHz, and study the performance of the detection system. 

Figure 1 also shows the detection circuitry. A periodic coupler is used to generate 

a short eight cycle tone burst from each bunch. The phase of each burst is compared 

against the 2856 MHz reference oscillator in the double balanced mixer. The output 

of the phase detector is filtered with a 750 MHz low pass filter to remove the second 

harmonic and to limit the bandwidth for noise reduction. A fast analog to digital 

converter (with an internal track and hold ) digitizes the phase error signal at a 238 MHz 

rate (Ref. [11]). This process provides a unique error signal for each bunch crossing. 

In a complete feedback system this digital data stream would undergo further digital 

processing, but in our laboratory model we reconstruct the digitized values with a fast 

digital to analog converter which allows us to use traditional lab instruments to study 

the system performance (Itcf. [12]). A digital timing system, constructed with 100 K 
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ECL logic, is clocked by the 102 MHz master oscillator and provides the timing for 

the A/D and D/A stages. This timing generator provides triggers for both bunches, or 

either of the bunches can be selected for isolated study. This system allows us to measure 

the resolution, noise, and inter-bunch isolation of the bunch phase measurements. Also 

shown in the figure are various phase shifters, amplifiers, and attenuators required to 

synchronize the signals and create proper power levels. 

RESULTS 

The beam pick-up generates a short (less than 4 ns) tone burst at the 2856 MHz 

frequency. We use a periodic coupler, rather than a tuned resonant structure, to avoid 

coupling between adjacent bunches. This RF burst can be generated in several ways, 

using stripline pickups, power dividers and combiners, or delay lines. We have studied 

two possible configurations. We have constructed a comb generator in a coaxial ge

ometry, using an array of quarter wave couplers aligned 10 cm apart along a coaxial 

transmission line. All the coupler outputs are then combined coherently in a power 

combiner as shown in Fig. 2. As an alternative, we have also fabricated and measured 

a structure constructed of periodically coupled stripline circuits. This latter approach 

minimizes the number of RF connections, and in the ca.se of a beam coupled structure, 

would also minimize the number of vacuum feedthroughs. 

Figure 2. The eight quarter wave couplers Figure 3. Measured response of the coax-
are aligned 10 cm apart along the transmis- ial comb generator for two simulated beam 
sion line. Their outputs are connected to signals with '1 ns bunch spacing, 
the power combiner with semi-rigid cables 
of equal length. 
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The ii,. asured response of the coaxial generator is shown in Fig. 3. We see the 

s ignature of the t ime of arrival of each bunch as an eight cycle tone burst . There is a 

small amount of residual ringing ( ~ 5-10'/ ') evident in the t ime domain measurements . 

In comparison, the s t r iphne fabricated generator produced fewer reflections, but due to 

its larger design coupling value and skin effect losses displayed less ampl i tude uniformity 

dm ing t lie out put burst . 

LAB MEASUREMENTS OF COMBINED SYSTEM 
This periodic coupler ou tpu t has been used to s tudy the performance of the elec

tronic .-ysteiii. f ig. 1 presents the analog output signal of the mixer for the two bunch 

sy-tein. for a case where the two bunches are olfset nearly ISO degrees apart with re-

spei t to the 'J85G MHz reference. Also shown in the figure is the reconstructed analog 

output of the D /A converter. We can see that the bunch spacing a t t e rna tes between 

1 and (i ns, as produced by our beam simulator. The response shows the bandwidth 

required for independent measurements on bunches with the 1.2 ns spacing. 

Ann!og 
mi*n r 

output 
(20 niV drv) 

Ri-con 
structnd 
snmp'i?d 
signni 
from n A 
(lOBtnVcSv) 

57 24 ns 

' i . ' v f > - / ' I i . i W 
— I — I — p — I — I — I — l — p — I — 

77 24 ns 

Figure 1. Measured response of the mixer 
(phase detector) for two bunches nearly 
1MI degrees apar t . Also shown is the dig
itized phase signal after reconstruction in 
the l ) /A . 

Mixer 
output 
(20 mV/div) 

D/A output 
(60 mV/div) ^ 

Mixer 
output 
(20 mV/div) 

D/A output 
(60 mV/div) 

58 22 ns 
2ns/div 

Figure "). Analog and digital responses of 
the svstem for A and H bunch modulat ion. 

Figure 5 shows the system response for six independent DC phase offsets of the 

bunches. 1 he top traces show the analog mixer response for three distinct DC phases 
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of bunch A, with hunch I! left undisturbed. I he next trace shows the reconstructed 

l ) / A output. Similarly, the lower pair of traces show three DC phases of bunch H. with 

bunch A left undisturbed. Again, the lowest traces are the reconstructed J)/A output 

showing excellent isolation of the bunches. 

Figure (I. The upper trace slums the signal applied to a step recovery diode (dia.se shifter, 
and represents a synchrotron oscillation amplitude ol 0.7 degrees (±0.()()(> radians) at 
the 47(> MHz HI'" frequencv. The lower (race shows (lie output of the reconstruction 
1)/A. 

Figure (i is an oscilloscope photograph which si lows t he A( ' response of the system, 

hi these measurements a it) KHz A t ' sine wave is impressed on the control signal of 

the step recovery diode of a selected hunch. '| he AC modulation exactly simulates a 

synchrotron oscillation. In the figure bunch A is modulated with an amplitude corre

sponding to 0.7 degrees p/p (rfcO.OIKi radians) at the 17(i MHz ring I? I'' frequency. The 

upper trace shows the signal applied to the diode phase shifter, while the lower trace 

displays t he out put of t he reconst ru< tion 1)/A signal for bunch A. We note t he prompt 

in-phase detection of this oscillation, which coirc-ponds to a T2ps time displacement 

of the bunch. The rins noise floor in this measurement is found to be belter than 

0.1 degrees at the •]'(> M i l / HF frequency within the 10 kHz oscillation bandwidth. 
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300 Hz 1 KHz 40 kHz 

Figure 7. Network Analyzer measurement of coupling between the two bunches. Some 
fraction of the measured —25 tl 13 is due to residual ringing in the comb generator . 

Table 1 
Isolation, Resolut ion, and Noise Measu remen t s 

Comb Generator Configuration Isolation 

Coaxial A to 13 25.9 dB 

('oaxial B to A 2S.5 dB 

Microstrip A to B 26.7 dB 

Microst rip 13 to A 29,1 dB 

Phase Detector Range 1-15° at 17<i MHz 

I'hase Detector Resolu ion l.:i mRad at 17(i MHz 

or 0.(18° at t7(i MHz 

Chase Detector Noise 1.55 mRad rms at I7(> MHz 

or 0.09° rms at 17(i MHz 

1 he bunch to bunch coupling in our system is measured using a variant of the 

technique used in Fig. (i. By driving bunch A wit li a large oscillation, and detecting the 

bunch B out |iut signal at the modula 1 ion frequency we can measure I he coupling from A 

lo B. Figute 7 presents such a network analyzer measurement for (he A driving B case. 

We see that the isolation, over the range of synchrotron frequencies, is bel ter than 

25 d B . Some fi act ion of this coupling is due to residual ringing in the comb generator. 



while a smaller fraction is due to the finite bandwidth of the mixer IF port (1 GHz), 

the low pass bandwidth (750 MHz), and the track and hold bandwidth (1.2 GHz). 

Table 1 presents a summary of the measured performance of our various system 

components for the configuration of Fig. 1. We see that the performance of the two 

comb generators is similar. We also note that the coupling between the bunches for 

the A to B and B to A cases is very similar, notwithstanding the extra 2 ns present 

for the B to A case. The noise performance of the system is consistent with the eight 

bit quantization of the digitizer, and suggest that a system using this technique could 

easilv achieve measurement resolutions of better than 0.5 degrees at the 476 MHz RF 

frequency. 

B-Factory Longitudinal Feedback System 

Pickup electrode structure Kicker structure 

0 

©— Low-pass 
filter 

Master oscillator 
phase-locked at 
*6RF of cavity 

Beam bunches 

Timing control 

Farm of Digital 
'Signal Processors I 
| (DSPs) f 

Kicker oscillator 
1.071 GHz 

phase-locked 
to ring 

Phase/ 
amplitude 
modulator 

Accelerator 
operations 

Figure 8. The proposed longitudinal feedback system includes digital processing of the 
bunch error signals and a 2k\\ power amplifier to correct the bunch energy via a trav
eling wave kicker structure. 
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FUTURE DIRECTIONS 
We are continuing the development of this detection echnique, as well as the devel

opment of the other components required for a complete longitudinal damping system. 

Figure 8 shows a block diagram of such a feedback system using this front end, dig

ital processing of the phase error signals, and a 1 GHz power amplifier and kicker to 

control the beam energy. We have been actively designing and simulating this system. 

(Ref. [13]) 

SUMMARY AND CONCLUSIONS 

We have demonstrated a signal processing system designed to detect longitudinal 

oscillations of stored bunches in a B Factory like storage ring. Our prototype system 

has been shown to be capable of measuring the phase of individual bunches separated 

by 4.2 ns with better than 0.5 degree resolution (at 476 MHZ). We have shown that 

the periodic coupler is capable of generating isolated tone bursts from the simulated 

bunches, and that the detect ion of individual bunch phases for a large number of bunches 

(lt>58) with a 4.2 ns interval is feasible. 
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* Toshiba corporation, 1-1-6 Uchisaiwai-cho, Chiyoda-ku, 
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Abstract 

An rf control system for HIMAC synchrotron has been constructed, in which 
minimum and maximum acceleration frequencies are 1.0 and 7.8 MHz, respectively. 
To control this wide range frequency stably, a digital control system with a 
digital synthesizerCDS) has been adopted. To operate the synchrotron with low 
intensity beam of 10' particles/pulse(ppp), the low noise bean monitoring system 
of a position ( A R ) and a phase ( A <t>) have been developed. A beam test of the 
control system is now under way in TARNFJ at INS. The beam monitors and the rf 
control system are described together with the tested performance. 

Introduct ion 

HIMAC is an accelerator facility dedicated to medical use especially for 
the clinical treatments of tumors. The accelerator complex consists of two 100 
MHz injector linacs (RFQ and Alvarez) in cascade, two separated function type 
synchrotron rings in parallel and a beam delivery system for three treatment 
rooms, a biological experimental room and a physical experimental room. 

The maximum energy is 800 MeV/u for ions with q/A = 0.5, and the required 
intensity range is about 10^ ~- 1 0 " ppp. The specifications of the synchrotron 
are listed in Table I. The machine must be operated stably and the output beam 
energy and intensity must be changed quickly to meet medical purposes. To 
satisfy these requirements, we have chosen the OS instead of an analog VC0 in 
the rf control system. In Fig. I a block diagram of the total rf system is shown. 
With this choice the rf system has wide frequency range with low FM noise and 
stable center frequency. 
Further a low noise beam monitoring system is required to operate the 
synchrotron with low intensity beam. For this purpose the beam monitors with a 
heterodyne conversion technique has been developed. 
Beam monitors 

To measure the phase and the position of beam center, an electrostatic 
pick-up monitor is used. 

Pick-up electrode 
A monitor consists of four diagonally cut copper plates which are insu

lated by ceramic blocks from ground plates. Two plates are for right signal(R) 
and the other two plates are for left signal(L). Each pairs of these plates are 
connected in the vacuum chamber to make the right and left beam signals. There 
are no side plates to diminish the noise due to the beam hitting. The aperture 
of the monitor is 192 mm wide and 56 mm high, and its length is 250 mm. The gap 
between pick-up electrode and ground plate is 5 mm to make the capacitance of 
the plate 100 pF. Two identical units of the monitors are symmetrically in-
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stalled at both side of the rf cavity, and the each L and R signals from the 
monitors are then combined to produce the final L and R signals. This summation 
is expected to reduce the rf noise, because the rf noises in the upstream 
monitor and the downstream one have opposite phase. (In the monitor test, the rf 
noises in each monitors were 0.95 u. V (0-p) and 1.60 y. V (0-p). In the combined 
signal the if noise voltage was reduced to 0.70 « V . This test was done with 
Vrf (p-p) = 2kV and f,.f = 8 MHz.) 

Table I 
specification of III MAC synchrotron 

Ion species 
Average pressure 
Inject ion energy 
Beam omittance (h/v) 
Momentum spread 
Circumference of the 
Focusing sequence 
Periodicity 
t) i po I e field 
Quadrupole field 
Long straight sect. 
Betatron tune (h/v) 
Transition y 
Maximum energy 
Frequency range of rf 
Harmonic number 
Fi11ing factor 
No. of cavity 
Peak if voltage 
Synchrotron frequency 
Beam i ntensi ty 
Repetition rate 
Rise/f lat-top lime 

r ing 

from He to Ar 
IxlO" 9 torr 
6 MeV/u 
264 71/26.4 n mm mrad 
<±0.3 % 
129.6 m 
F0D0 
6 
0.ll(Min.)/l.5(Max.) T 
0.51(Min.)/7.0(Max.) T/m 
12 (5.0 m each) 
3.75/3.25 
3.67 
800 MeV/u 
I ~ 8 MHz 
4 
0.8 
1 
II kV at I MHz 
I ~ 4 kHz 
I0 7 - l O 1 1 P P P 
0.3 ~ 1.5 Hz 
0.7 / 0.5 s 

Fleet ionics 
The first amplifier is directly connected to each electrode and have 100 k 

Q input impedance. The thermal noise voltage from this resistor is calculated 
wi th following formula ; 

R 
4 kTA f 

I • (2«- f C R ) 2 

here k -- 1.38 x I 0 " 2 3 (J/K), T is temperature (K), 
frequency and its band width, t is capactance of t 
input resistance. With above formula the noise vol 
and 0.08 nV/vTHz, respectively. These values are s 
voltage of 1.2 nV/vTllz. An output impedance of the 
of -10 dB or 2(1 dB can he selected. The second amp 
dB, which can be selected too. The beam signal is f 
heterodyne module whose gain is selectable between 
step. Selecting the combination of the gain values 
of the monitor can be selected from OdB to lOOdB wi 

In this heterodyne module the fundamental freq 
converted to fixed frequency of 50 MHz firstly. Th 
done with a double balanced mixer (0BM) following a 

f and A f are observing 
e pick-up electrode, and R is 
tage at 1 and 8 MHz are 0.6 
mall compared with FET noise 
amplifier is 50 Q and gains 
lifier has gains of OdB or 40 
urther amplified by a double 
0 dB and 50 dB with 10 dB 
in each amplifier, total gain 
th lOdB step. 
uency of beam rf signal is 
is frequency conversion is 
bandpass filter(BPF) with 



bandwidth of 160kHz, which is wide enough to use for the A 0 feedback loop. 
With this value of bandwidth the white noise voltage decrease with factor of 
eighteen. In the second stage the frequency is converted to 455kHz with DBM and 
the low pass filter (LPF) of 1 MHz is used. 

In a processor for A R detection, an amplitude to phase conversion method 
is adopted. The rf signal of R+L and R-L have been made from R and L rf signals 
first. With these R+L and R-L rf signals, following two signals have been 
produced by the use of the 90° phase shifter. 

(R + L) sin(o)t + 4> + 90° ) + (R - L) sin(wt + <t>) 
= {(R + U / c o s a } {cos(<i>t + <i> - a ) } 

(R + L) sin(<ut + 0 ) + (R~L) sin(&H + <t> + 90° ) 
= {(R + L)/cos a ) {sin(«t + $ + a ) } 

here tan a = (R - L ) / (R - L ) . Limiting the amplitudes of above two signals, and 
mixing with the DBM, we obtain a following signal. 

cos(cot + 0 - a ) sin(cut + <f> - a ) 
= 1/2 sin 2 a + 1/2 sin(2<ut + 2<t> ) 

Cutting off the second terra of high frequency with LPF and adjusting the 
amplitude, we obtains the output of the A R processor. 

2.5 sin [2 arctan {(R - L) / (R - L)} ] ( V ) 

For the A 0 detection the R and L rf signals are added to make the beam rf 
signal(R+L). In the A <P processor a digital phase meter with a band rejection 
filter at 455 kHz and a low pass filter of 330 kHz are used. 

Fig.2 shows the typical A R and A <t> processor outputs which were obtained 
with test signals. Varying an amplitude of the input signal, the errors of the 
processor output were measured. As shown in Fig.3 the errors of the A 0 and A 
R at the gain setting og 70dB are + 3° and ± 2.5 mm, respectively. This 
gain corresponds to rf signal amplitude of 25 # V (o-p) and 10? particles (He2 +) 
in the ring. 

Digital rf control 
To control a wide range acceleration frequency stably, we have adopted the 

digital control system. The A R and A 0 analog signals are converted to digital 
data in every 2 uS with eleven bits (+sign bit) ADCs which are located near the 
rf cavity together with the beam monitor electronics. At these ADCs one bit 
corresponds to 2.4 mV (0.052 mm in the A R monitor and 0.087° in the A <t> 
monitor). In the control module A R digital data is biased first to control the 
beam center at an optimum position. Then the start-stop function with time con
stant of 100 u s are followed. The A R and the A <f> data are added in after ad
justment of proportional gain in A 0 , and proportional and integral gains in A 
R. This is further added to the frequency pattern date from the memory module, 
whose data is driven with the gauss clock pulse from the dipole field of the 
monitor magnet in the synchrotron. There is reverse clock in addition to the ad
vance clock and both clock corresponds to 0.2 Gauss change( increment or 
decrement). To drive the DS twenty bits data is used, and one bit corresponds to 
10Hz. Clock frequency of 10 MHz is used for the digital processing, and a time 
delay between digitizing the A R (or A v* ) data and driving the DS with new 
data is 2 u s . 

feed back loop 

With the designed feedback system of the A 0 and A R loops, the 
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synchrotron oscillation of the beam center is damped by the A 0 "eedback loop, 
and the radial displacement of the beam center is corrected by the A R feedback 
loop. To damp the synchrotron oscillation of the maximum frequency (4 kHz) ef
fectively, each elements in the A <t> feedback-loop must have fast response. The 
transfer functions in each part are listed below to calculate the open-loop 
transfer function of the A 0 and the A R feedback loop. 

1. The transfer function from the phase of the cavity voltage 
to the beam phase is cos'6/{& + cos 2), here cos is the 
frequency of synchrotron oscillation. 

2. The transfer function from the A 4> to A R is 
X p w s

2 / i ? o ) r f s, here X p is dispersion function at the 
monitor position, and n = r t ~ 2 " t '^• 

3. The response of the A $ and A R beam monitor electronics 
are shown in Fig.4-1 and Fig.4-2. Subtracting the delay 
in the measuring instrument (4.4 us), the net transfer 
function of the A<fi electronics was approximated as the delay 
time of Ifis. There is delay time of 20us in the A R monitor 
electronics. (There is no delay in the measuring instrument.) 

4. The time delay due to the digitizing the analogy data 
(A<P and A R ) and the digital processing is 2 us. The 
output frequency of the DS can be renewed in every 2 us. 

5. The output frequency of the DS is changed within 1.5 us 
after the new data input. 

6. The propagation delay of the rf signal is less than 0.5 
U s. 

7. The tuned rf cavity has the following transfer function ; 

1/(1 + 2 Q S / w r f ) 

Here Q is the Q-value of the cavity. 
Using these transfer functions, the open-loop transfer function of the A 

4> was calculated. In this calculation strength of the loop was set to a 
critical damping condition. As shown in Fig.5, this h<t> feedback loop can damp 
the frequency of synchrotron oscillation up to 7 kHz with a phase margin of 20° 
. This is enough for our rf system because the maximum frequency of synchrotron 
oscillation is estimated to be 4 kHz. 

Test of the A v̂  feed back loop with a simulator 

To test the A <f> feed back loop, we have newly developed a simulator which 
is a circuit to generated the synchrotron oscillation: it has the similar trans
fer function as the synchrotron oscillation. The test was performed with the 
condition that f rf = I MHz and fs(frequency of the synchrotron oscillation) = 4, 
6, and 7 kHz. 

As shown in Fig.6, the A <f> feedback loop can damp the oscillation up to 
the frequency of 6 kHz with the DS(Stanford Te lecomunication.STEL-I375A). When 
we use a Anritsu phase continuous rf synthesizer (MG2502B), we can damp the os
cillation up to 5 kHz. From these results, both the DS and the HC2502B seem to 
be possible to use as an rf generator, because the maximum frequency of the 
synchrotron oscillation is 4 kHz. Further we have decreased the input signal 
amplitude in the first amplifier with fs=4kllz. When the signal amplitude is 
larger than 0.4mV(p-p), the h <t> feedback can work well as shown in Fig.7. In 
the case of a small signal amplitude as 0.04mV(p-p)( This signal amplitude cor
responds to the beam intensity of 6 X 1 0 ^ particles in the III MAC ring), the 
feedback can damp the synchrotron oscillation, but the damping time is too long. 
It seems that this is critical condition. 
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Summary 

We have developed the beam monitoring system(AF and A 0 ) which will be 
used for rf feedback control in IIIMAC synchrotron. With the simulator for the 
synchrotron oscillation, He have tested the rf system where the [)S is used as 
the rf generator. From the results of the simulations, it seems that the con
structed rf control system for MIMAC synchrotron will perform well. Just after 
this workshop, we have performed acceleration test with the \\e%+ beam by the 
use of the constructed rf control system in TARN-ll at INS. In thib beam test we 
could accelerate the beam from an injection energy of 10.OMeV/uCf rf =1.12 MHz) 
to a top energy of 180.OHeV/uCf rf =4.02MHz), though the acceleration efficiency 
is about 55%. Further improvement of the acceleration efficiency will be tried 
in the IIIMAC synchrotron whose operation will start in 1993. 
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Method for the Beam Intensity Measurement 
in a Fast-Cycling Synchrotron 

Babayan A.Z., Nickogossian V.Ts., Sadoian K.A., Toumanian A.R. 

Yerevan Physics Institute, Armenia, USSR 

Abstract 

A novel idea is suggested in this paper and a device realizing it 
which enebles with simple measurement of only one parameter of 
the intensity signal to define its value taking into account speed and 
duty factor changes of the beam orbit in the ring is described. 



At the tuning process of the beam landing an an orbit or at 
the slow resonance extraction tuning of the primary particles 
usually takes place a change of the amplitude and duration of the 
intensity signal. It is due not only to the change of the density 
of the circulating bunches but to the change of their duration as 
Mel 1. Then in these cases it is necessary to measure the amplitude 
and duration of the signal intensity simultaneously, that's to say 
to measure a signal area from turn to turn of the beam. 
Nevertheless it can be avoided if some other pulse amplitude is 
measured which is proportional to the signal area. 

In the ideal case intensity signals of the beam monitors in 
the simplified form have almost square pulses of one, say positive 
polarity, as is shown in Fig.la, where E is a pulse amplitude, r 
is its duration, T is a repetition period. The value of the 
measured beam current is I-l<Er, that's to say is proportional to 
the pulse area, where k is the constant coefficient dependent on 
the parameters of the monitor otherwise the beam current on the 
orbit is identical with the unipolar pulses. 

T 
I . ' f i d t av T •• 

O 
The pulse duration in general case is dependent on the duty 

factor <by the length of the orbit) and on the orbital period T of 
the particles in the ring. Nevertheless the magnitude of T is 
almost always constant in the electron synchrotron within 
relativistic range that's why the r value depends only on the duty 
factor of the orbit. Now if we eliminate the direct component of 
the pulse signal which takes place during, e.g. an induction 



monitor use, we'll have a signal picture shown in Fig.lb. A siqnal 
of an induction monitor is the differential of the beam current 

di 
U « 

dt 
The siqnal is usually inteqrated to restore the beam current 
forms. The direct component of the beam current is always 
eliminated or "lost" independent of the way of its integration. It 
is known from the theory of the transient circuits that when the 
direct component is eliminated the dynamical equilibrium takes 
place and then the shaded areas S. and S_ will be equivalent and 
satisfy the condition U • U <T—r> then E T = <Uj+U > T = U 
E T * < U i + U 2 > T " U f T • U T « U <T-T) - U 2 T 
that's to say I » k E T » k U T 

So, the measurement of the beam current is provided by the 
simple measurement of the pulse amplitude U_, the polarity of 
which is opposite to the one of the eliminated direct component, 
that's to say it is more correct to measure an amplitude of the 
neqative pulse for definition the integral beam current value. 
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Limit of Measurement 

Masanao Morimura 
Optical Measurement Technology 
Development Co. Ltd. 

1. Introduction 
It has been discussed continually on the limit of measurement since it 

is the basic problem of metrology, science and technology of precision 
measurement. There are several different aspects on the discussion and 
they are classified roughly into theoretical ones and practical ones. 

Heisenberg's uncertainty relation is basic in the discussion of the limit 
of measurement. It points out that we cannot measure simultaneously 
the physical quantities conjugate each other with arbitrarily high 
precision. The basic expression is as well known 
Ax-Ap*fi72 (jj 

When we measure x of a free particle with the precision Ax at time ti, 
then the position of the particle at time l2 is more than 

•n(t2-t|)/(2mAx) (2) 
apart from the original position, and as the result we cannot confirm the 
precision of measurement of the position of the particle. Although this is 
more than simple example, it suggest that the quantity which is 
conjugate to the quantity to be measured functions as a source of 
systematic error in the measurement. This is an interpretation of 
Heisenberg's uncertainly relation from the melrological point of view. 
When the magnitude of the measured quantity is far from the unit, it 

is not easy to set up reliable reference by dividing multiple times of the 
unit magnitude. Therefore we have to have any local unit in order to 
measure it. It must be careful to do so because the local unit should be 
traceable to the original unit. 

It was a tragedy in the case of Ingstroml 11. 
When a reliable local unit cannot be set up, an indirect method of 

measurement is adopted. For instance, the width of ultra-short light 
pulse is measured by measuring the displacement of a mirror reflecting 
the light pulse using the relation Net. 

2. Detection of change of mechanical quantity 
2.1 Noise as the limit to measurement 

The deteclion of gravitational radiation has been tried for almost 30 
years. Two types of the anlenna are taken to be the candidates as is 
shown in Fig.l. but the deteclion is still uncertain. The anlenna acts as the 
sensor of vibrational force. Fig.2 shows an anlenna which ll.Hirakawa used 
|2l together with the vibrational modes. The displacement of the anlenna 
is transduced to electrical signal-voltage, frequency-.See Fig.3 
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A macroscopic body suffers random excitation from numerous 
microscopic particles, like molecules or electrons, surrounding it and 
exhibits random motion which is called the Brownian motion. 

An elastic body is used to detect force or torque since it is deformed 
or deflected by the exerted force, and the limit of detection of small 
force or torque is said to be set by the Rrownian motion. Random 
deflection of the elastic element due to the Brownian motion is 
characterized by the autocorrelation function pit) 

pu) „ .i&Le-w^cosajftt 
m a ) o 2 Q . J (31 

The detectable energy AE with the measurement lime t is given 
AF.s^nt.pjkBTT/T* ; E , = 0 ^ 0 ( 4 ) 

w h e r e 1 =QM> relaxation time of the element 
If'r / t" * 1. then AE •-• RRT (=,) 
It means that the elastic element can detect force far smaller than the 

Hrownian motion limit Here we must remember that the source of the 
random force is not only the molecules surrounding the element but 
also molecules constituting the element which cause loss rf energy as 
the internal friction 

when AE * E n =1iW()(n*l/2) 
the elastic element is regarded as a macroscopic quantum system. 

Noise generated in the displacement sensor and also the amplifier 
gives reaction to the force sensor like the gravitational radiation 
antenna Noise temperature l"i of the vibration sensor and the matching 
coefficient n are shown as 

T s =(oVx£ia)lf£i<ol/2kn 

n - (l/mulVf&wl/co^lcol ( 6 ) 

and the noise temperature 

Tamp-Vvfi(a)>in(ft))/2kB (7) 
In case of the interferometer type, noise displacements are classified as 

follows 
la I by shot noise 

z n . s ~<c/2Nw)n ]'2 (8) 
lb) by radiation pressure 

Z n.p-IfiwNT/mcIn 1'' 2 (9 ) 

where n Pc/fiwis the number of photon per measurement time 
2 2 Noise as the useful signal for measurement 

Physical noise like the Brownian motion or Johnson noise exhibits 
random fluctuation and disturbs measurement, but it can be regarded 
as a signal if technical noise other than the Brownian motion is reduced 
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to lower level, since the statistical property as expressed as the 
autocorrelation function or power spectral density is described by the 
physical parameters pertaining to the system under consideration. 

Fig.5) shows the power spectrum of the random rotation of the mirror 
suspended by a thin quartz fiber as shown in Fig.4. The shape should be 
Laurentzian and the width depends on the damping ratio f, of the 
suspension system if it is true Brownian motion The damping ratio r, is 
theoretically shown to be linearly depend on the pressure in the 
vacuum vessel and it is shown experimentally as is seen in Fig.6[2). 
Therefore we can measure the pressure without disturbing the object. 

Fig.7 shows the noise on tunnelling current in STM exhibits 1/f type 
when a bias voltage is applied to th? t jp The noise gets thermal when 
the bias voltage is removed The noise current power is inversely 
proportional to the tunnelling resistance, and the topology can be 
mapped by controling the noise current Fig 8 compares the constant 
noise mode with the ordinary constant current mode of mappingl3l 
This is another example of disturbance-less measurement utilizing the 
information contained in the noise. 

3 Empirical Test of Physical Laws 
Physical laws are the abstraction of physical facts and they must be 

tested impirically if the ways ara available Here few examples are 
shown. 

3 1 Test of the equivalence of mass 
The equivalence of the gravitational and the inerlial mass is the basis of 
the theory relativity 
F.otvos showed the relative difference between two different kind of 

materials of the ratio of the gravitational mass to the inerlial mass as 
expressed 

/ m G ] <mG] 
* A '»> * 2 mUT-lnT V 

\m,l,v lm,/B 

is absolutely less than I0 9 The principle of the measurement is shown 
in Fig 9 

Bragmsky and Panov showed using the apparatus as is shown in Fig 10 
that the upper limit of n( A,B) is about 10 , 3(4| 

52 Test of Coulomb s Law 
Test of Coulomb s law has been tried since 18th century'Tablel). It is 

tested by finding the upper limit of discrepancy q from the inverse 
square relation of electrostatic force between two charges 
Willams et ai showed that 9 = ' ^7 ± 3.1 MO using the apparatus 
shown in Fig 11 The principle of the measurement was already 
suggested by Maxwell and adopted by Plimpton and Lawton. Williams 
et al also tested the photon rest mass should be less than ' ^ v ' ° 8 [5]. 



4 Determination of the Fundamental Physical Constants 
The most remarkable feature in the measurement of the fundamental 
physical constants is lack of reference. The value is determined in 
principle by the reference to the base units, but it is very difficult to do 
it directly The accuracy of the measurement should be confirmed by 
applying different principle of measurement, but what is the best way 
to do if the measured values are show discrepancy greater than the 
limit of the error which occurs very often? 
Table 2 shows the measured values of the speed of light in vacuo since 
Michelson. The accuracy was greatly improved by his famous 
experiment as shown in Fig. 12 but the value was wrong as compared 
modern experiment however the discrepancy is not so large!Fig. 13). The 
source of systematic error in Michelson's value cannot he found now but 
it is speculated that he measured the distance of two mirrors in daytime 
and experiment of time of flight in night, and the distance in night 
might be different from that in daytime because of the earth tide. 
The accuracy of measurement of the funcamental physical constants 
now get comparable to the accuracy of the realization of the physical 
standards, and it results that the SI unit can be defined by using 
fundamental constants The Meter is defined through the speed of light, 
the Volt from the Josephson frequency volt ratio and the Ohm Irom the 
quantized Hall resistance. In other words, the accuracy of the 
fundamental constants is now limited by the accuracy of the standards 
Recent verv accurate measurements of the Kydberg constant show 1 airly 
good coincidence but large shift from the value adopted at the 1986 
adjustment as is seen in Table 3. It is said that this is mainly due to the 
poor accuracy of optical wavelength standard. 
The fundamental constants are now used to test quantum mechanics|6j 

and also quantum electrodynamics. 
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