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Foreword 

The workshop on Advanced Beam Instrumentation (ABI) was first proposed at 
KEK in October 1990. The organizing committee was formed in October and the first 
decisions at the committee were the dates and the name of the workshop. The time for the 
prepararion was rather short but we were very pleased to find that the plan was welcomed 
by the beam instrumentation society. 

The ABI was planned at first to commemorate the sixtieth anniversary of Professor 
S. Shibata who has retired just before ABI. But it was interesting to note that the naming 
had an effect to define the character of the named object. Thus the fundamental errand of 
ABI was settled as the meeting principally to discuss the problems which will be 
encountered in the future accelerator projects such as a high luminociry B-factory or a TeV 
region linear collider. 

On the other hand, the beam instrumentation society is, I would say, rather a group 
of very realistic people. Therefore, ABI will not be very successful if we limit our subjects 
only to the ideas for future plans and exclude those matters which have already been 
established. As we have expected, the program was full of presentations of advanced 
techniques and were very useful for us. Some are very ambitious, not to say abnormal, 
and also deserve the name ABI. We hope that many participants share the same feelings. 

Before the workshop, Dr. Webber of SSCL asked us how ABI might be different 
from the Beam Instrumentation Workshop annual series in US. ABI is not intended for a 
series, but just a one shot discussion meeting which will help future KEK planning. 
However, it would be very nice if some other organization could take this over in some 
future. 

To summarize, we had 120 participants from 11 countries and 62 presentations. 
We would like to express our sincere thanks to Tsukuba EXPO'85 Memorial Foundation 
and Foundation for High Energy Accelerator Science for their financial support. Finally 
we thank all the people who supported this workshop. 

Yoshihiko Mizumachi 
Chairman, 
Organizing Committee of ABI 

Editorial 

These proceedings will consist of two volumes. The second volume will include 
those papers which are ruled out of order; i.e., those which are either l)not submitted 
during the workshop; or 2)longer than twice of the prescribed length in the circular, or 
3)not camera-ready because of poor typing. 

We wish the participants could understand that this is a result of our trial to serve 
the dishes while they are hot. 

Editors, 
Organizing Committee of ABI 
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Beam Instrumentaion at KEK 

Yoshihiko Mizumachi 
KEK, National Laboratory for High Energy Physics 

Oho, Tsukuba, Ibaraki 305 Japan. 

Abstract 
Beam monitors in the present KEK accelerators, both for protons 

and electrons, are tabulated and several topics are mentioned. 
Requirements for instrumentation in future accelerator projects are 
discussed. 

1. Introduction 
At present there are two groups of accelerators in KEK. One h the 15 

years old (since the final beam was obtained) proton facility which consists 
of 40 MeV linac, 500 MeV booster synchrotron and 12 GeV synchrotron. 
The other is the 5 years old electron facility and consists of positron 
generator linacs (230 MeV, 250 MeV), 2.5 GeV main PF linac, 2.5 GeV 
storage ring (Photon Factory, 9 years old for its own history), S GeV 
accumulation ring (TRISTAN AR) and 30 GeV colliding ring (TRISTAN 
MR). The beam monitors in these accelerators have got considerable 
improvement and modification and they do not necessarily keep the 
original style at the starting period1 --.3,4,5,6)> j h e present lineup in each 
accelerator are listed in Table 1 — Table 3, where the type of device is 
shown in the first coumn and the function of the device (with some 
comments) is shown in the second column. From these tables, we notice 
similarity of instrumentation particularly among electron rings. In fact, 
Photon Factory instrumentation gave useful instructions to the later 
TRISTAN machines. This report does not aim at a complete review of 
KEK instrumentation but I will mention only such topics that I have some 
experience or acquaintance. 

2. Position Monitors 
Position monitors make use of slight difference of beam induced 

signals on a pair of electrodes at both sides of a beam path. When the 
deviation x from the neutral position is very small it is given by 

x = k(A/£), 
where A = vl - v2, 2 = vl + v2 and k is a geometrical factor. In a very 
simple case, where a beam runs near the axis of a circular cylinder of 
radius r and the electrodes are on the wall, k is approximately equal to r/2. 
Then, (A/S) = 2(x/a) and if we require the precision of x as about 0.0lmm 
at the center of the pipe of r = 50mm (very close to TRISTAN MR 
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Table 1 Beam Instrumentation in proton Accelerators 

40MeV pTOton linac 
1 Current transformer 

I Faraday cup 
1 Secondary emission chamber 

current | 
bunch shape | 
profile, emittance (with slit) | 

1500 MeV proton svnchrotron ("Booster') 1 

| Wall current monitor 

1 Current transformer 
1 Electrostatic pickup 
1 MicroChannel plate 
I Secondary emission chamber 

112 GeV proton svnchrotron (Main 

I Wall current monitor 

1 Current transformer 

1 MicroChannel plate 
1 Polarimeter 
1 Moving wire + loss monitor 
1 Secondary emission chamber 

position 1 
tune(single kick and FFT) | 
current, intensity | 
bunch (with a cathode follower) | 
profile (gas ionization) | 
profile (beam line) | 

RinfO 1 
position (56) I 
tune(single kick and t b i) | 
bunch | 
current, intensity(slow, medium slow, fast) | 
bunch 1 
profile (gas ionization) | 
transverse polarization | 
profile (ext.beam) | 
intensity, profile (ext beam) | 

1 Segmented wire ionization chamber profile (ext beam) | 



Table 2 Beam Instrumentation in Photon Factory Accelerators 

Positron generator <230MeV e- linac and 250 MeV e+linac^ 1 
1 Wall current monitor 
1 Current transformer 
1 Fluorescent screen 
1 Streak camera 

12.5 GeV e+linac 
| Wall current monitor 
1 Current transformer 
1 Fluorescent screen 

l2.5GeVPFrin<? 

1 Electrostatic pickup 
1 Split ionization chamber 

1 Current transformer 

1 Wall current monitor 
| DCCT 

| TVdisplay 
1 Photo diode(position sensitive) 
1 Streak camera 
| Single photon counting 

current (-Ins) | 
current (~l|is) | 

profile 1 
bunch shape (with Cerenkov light in the air) I 

current (-Ins) | 
current (~lp.s) j 

profile 1 
energy (analyser magnet in beam line) | 

position (45,0.01 mm) | 
position 1 
current (100ns) | 
bunch shape | 
current (~lns) | 
current I 
beam life I 
profile (SR) I 
transverse oscillation (SR, RF sweep excitation) | 
bunch shape(SR) | 
bunch shape, RF bucket population | 



Table 3 Beam Instrumentation in TRISTAN Accelerators 

|8 GeVARrins 

1 Electrostatic pickup 

1 Current transformer 
| DCCT 

| TV 
[ Streak camera 
1 Streak camera (dual time-base) 

1 X-ray pinhole camera 
1 Strip line pickup 

1 Fluorescent screen 

I^GeVMRrin? 
1 Electrostatic pickup 

1 Current transformer 
I DCCT 

I TV 
| Streak camera 

1 Streak camera (dual time-base) 

1 X-ray pinhole camera 
1 Strip line pickup 

1 Polarimeter 

position (83,0.1 mm) j 
bunch shape | 
phase space (x, x', y, y\ <$>, <J>'), instability | 
timing, bunch shape | 

current I 
beam life I 
profile (SR) 1 
bunch shape (SR) ] 
bunch shape (SR) | 
coherent oscillation, instability | 
emittance I 
transverse oscillation | 

betatron tune (RF sweep excitation) | 
profile (beam line) | 

position (392, 0.01 mm) | 
bunch shape | 
phase space (x, x\ y, y', $, <j>'), instability | 
bunch shape | 
timing, current 
beam life I 
profile (SR) ] 
bunch shape (SR) | 
bunch shape (SR) 

coherent oscillation, instability 

emittance (SR) 
transverse oscillation 
betatron tune (RF sweep excitation) 
transverse and longitudinal 

polarization(e", laser-Compton) 



parameters), we must have the precision of 0.0004 for A/2. This means 
that the S/N ratio of the beam signal must be better than 70 dB. 

Anyway, we must have a good noise rejection for reliable position 
measurement. This consideration led to the wall current detection in the 
position monitors of proton synchrotron.7) It has an advantage of smaller 
impedance and better low frequency response than pickup electrodes. The 
incorporated output transformer further reduces the impedance. 
Furthermore, the beam signal is rectified near the electrode location and 
only the low frequency components of the signal are transmitted to the 
control room and thus the effect of high frequency (beam induced) noise in 
the transmission line can be eliminated. On the other hand, pickup 
electrode is used in the electron rings of TRISTAN MR, AR and PF, and 
good S/N is obtained by the detection with a narrow band tuned circuit 
which picks up a single harmonic component of revolution frequency (in 
TRISTAN 380 MHz and in PF 500 MHz) from beam signal. These system 
can follow the small RF frequency excursion which is introduced as in the 
case of damping partition control or dispersion measurement. In 
TRISTAN, the calibration of the beam position (x,y) and the signal 
normalization (h,v) with a set of four electrodes was made for each 
monitor and the result is expressed in terms of 5th order bipolynominals 
as 

x = S ay hi vj - y = I bij hi v j , 0 < i + j < 5 , 0 < i,j < 5. 

Similar calibration relations were prepared using output voltage of three 
electrodes. These are used in a software procedure to avoid measurement 
error; measurement is abandoned when the position with four electrode 
calibration deviates from the four results of three electrode calibration by 
more than the allowed value. 

The strategy for the orbit correction in the proton synchrotron is the 
analysis with Lagrange's method of undetermined multipliers8) which can 
separate the orbit distortion into the contribution from momentum error 
and that from magnetic field error. In TRISTAN, program PETROK, 
modification of PETROS developed in DESY, is used. 

Photon Factory supplies its light beam to many users who generally 
require very stable light beam positioning. Hence the fluctuation of beam 
position was observed by a split ionization chamber and the causes of 
almost all frequency component have been identified. Major contribution 
comes from temperature change of the building, cooling water breathing, 
power line fluctuation, stray magnetic field pulsing of other accelerators 
(mainly TRISTAN MR) and so on. Position feedback system has been 
implemented, both horizontal and vertical, and heat shielding has been 
treated to the building to prevent the effect of sunshine. The result shows 
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substantial elimination of fluctuation with each component going down 
from the level of several micron rms amplitude down to less than 0.1 
micron. 

3. Current Monitors 
Current transformer with a single or several turns winding is one of 

the most popular device in the accelerators to observe a beam pulse shape. 
Though it is a simple device there is still a point to be careful; if the beam 
pulse is very short, say less than 10 ns, the transformer output depends on 
the beam location in the core aperture. Or, similarly, when we make 
calibration with the current pulse in the calibration winding, the output 
depends on the location of the calibration windings. This is because the 
magnetic permeability of the core material goes down at high frequencies 
and the amount of the magnetic flux of the primary current depends on the 
relative location of the primary current. Therefore, we cannot estimate 
accurate beam transport efficiency by the comparison of the current 
transformers outputs even when we use the identical sets. This is actually 
observed in TRISTAN. 

In the electron storage rings, DCCT's are installed to see the DC 
beam current. As the beam life time is getting improved, higher resolution 
of the current value is requested for the real time display of beam life. 

4. Tune Measurement 
In the proton synchrotrons, a pulse magnet gives a single kick to the 

beam and the position signal is processed by an FFT signal processor. In 
the electron storage rings beam oscillation is excited by RF power with 
frequency sweep given to a stripline deflector. In Photon Factory the beam 
response is detected by a position sensitive photo diode. In TRISTAN it is 
detected by a stripline pickup and a bunch oscillation detector circuit9). 
Owing to the directivity of the stripline, it measures the tune of electron 
and positron beams independently and this system is useful to measure the 
beam-beam parameter10). 

5. Profile Monitor 
Profile monitoring in PS was made from the early dates which use 

gas ionization and secondary emission11). The latest version makes use of 
micro channel plate with high sensitivity. It has a very effective 
mechanism of in-beam calibration12). In the beam line of electron 
accelerators fluorescent screen is widely used (Desmarquist) while in the 
proton machines SEC's are used. In electron machines we have certainly 
an advantage r.hat we can easily get profile image from synchrotron 
radiation. TV display of the optical radiation is used in daily machine 
operation for general watching of the beam condition. In addition to the 
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usual B&W TV display, the TV light intensity signal is digitized and the 
intensity distribution of the radiation is displayed on a color monitor by 
colored contour maps. This helps the intuitive understanding of the beam 
condition. When we want to know very exact profile or emittance 
eliminating the diffraction effect, x-ray pinhole camera is very reliable13). 

6. Bunch Length/Shape Measurement 
In proton synchrotrons, bunch length measurement is possible with a 

good oscilloscope as long as we don't take into account the signal 
attenuation in a transmission cable. Still, a simple current transformer is 
not very accurate for the observation of beam pulse shape. In the 500 MeV 
booster, a carefully designed cadiode follower is used just next to a pickup 
electrode and in the 12 GeV ring a wall current monitor is used. In the 
200 MHz proton linac, bunch observation is not so easy and a coaxial type 
Faraday cup is used. 

In the electron machines bunch length is much shorter than in proton 
machines and streak cameras are generally used to see synchrotron 
radiation. In the 2856 MHz Photon Factory linac, however, Cerenkov 
radiation in the air is used instead of synchrotron radiation. When a streak 
camera was first equipped in TRISTAN we recognized that it was an 
excellent aparatus to see an instantaneous bunch length14*15). But it works 
in a single shot mode and is not able to follow a coherent motion of the 
beam. Hence we sent a request to the manufacturer to develop a model 
which allows coherent or synchronous triggering to see temporal 
evolution of beam motion. The solution was not necessary what we 
imagined but it has a novel idea of two-dimensional sweep with dual time 
base and allows to observe the beam in successive revolutions 16-17)-
Streak camera needs offline signal processing, and therefore, it cannot 
make a real time measurement or it cannot be used for on-line beam 
control. To solve this problem, a real time method has been developed in 
which the amplitudes of two harmonic componets of beam signals are 
compared18). Rather different approach of 'single photon counting method' 
is being developed in the Photon Factory19), particularly for use in the 
single bunch mode operation. It detects the attenuated synchrotron 
radiation with a photomultiplier and the PM's output is recorded in 
synchronism with RF signal. The system displays not only the bunch shape 
of the main bunch but also the unwanted beam population in the 
neighboring RF buckets which the single bunch users want to clear 
completely. 

7. Phase Space Monitor20) 
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In TRISTAN, real time position signals at two position monitors are 
combined to calculate and display phase space variables (x, x', y, y', fy, <j)'). 
It gives clear view of transverse and longitudinal oscillations. 

8. Polarimeter 
Polarized proton beam has been awaited for in the proton 

synchrotron and much work has been done to accelerate it and measure its 
polarization in the main ring synchrotron21). For electron, natural beam 
polarization has been measured in the TRISTAN MR with now 
conventional method of laser-beam Compton scattering meuiod. The 
polarization reached 40 % after some orbit correction and it keeps high 
level of 10 % during the colliding experiments with the solenoid field at 
the tfiree colliding areas22). 

9. Instrumentation in future projects 
There are three future accelerator project in KEK; an asymmetric B-

factory23), a linear collider24) and a hadron collider25). The status of these 
projects are quite uncertain at present but technical discussions and 
preliminary R&D works have been fairly well launched in several fields 
but beam instrumentation issues has not been well investigated yet. 
However, these projects give us a good playground to develop several 
fundamental techniques we have not now and cultivate new ideas. We need 
to establish signal processing scheme for single passage beam particularly 
for linear collider, we have *o attain betrsr precision in position 
measurement and '.ve have to develop feedback control scheme to suppress 
coupled bunch instabilities in the C-factory. Beam size measurement in 
nanometer range is required at the final focus of the linear collider and two 
ideas have already been proposed26-27). These ideas aim at the scanning of 
thin final focus beam not with an ordinary material but eiuier with thinner 
standing wave laser pattern or with electron microscope beam, and observe 
Compton scattering or M0ller scattering respectively. However, we must 
also prepare for the measurement of beam size of micron scale with more 
conventional wire scanning technique before we handle the final focus 
beam. 
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LEP BEAM INSTRUMENTATION 

C. Bovet 

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

Abstract 
LEP has been commissioned since mid-1989, using a large variety of instru
ments for measuring beam current and positions, bunch sizes in three 
dimensions, luminosity and polarization. During 1990, a year of operation and 
of machine developments, some of them were still in the commissioning phase, 
others have reached maturity, a few have already entered a second generation 
process. Here is a status report of the known performance and of .the 
improvements anticipated for the present year. With the crash programme for a 
Pretzel scheme and with LEP200, new challenges are on die horizon. 

1. Introduction 

It is very difficult ;n a ahort rencrt lo pay Tiir nibure to all the people who have contri
buted and to the various equipment which they have helped put together for the benefit of die 
great LEP venture. The EPAC conference in Nice 1990 has been a catalyser for the effort of 
publication in this domain, as can be seen from the reference list. Most instruments realized 
for LEP [1] are mentioned, with particular attention given, this time, to the BST, a general 
purpose real time communication means and to BOM, the largest ensemble, where a second 
generation of some components is on the way. Some collimators will have to be remade and 
additional ones installed for LEP200. Transverse profile monitors still have to be properly 
cross-checked and calibrated. Many developments are in progress for longitudinal profiles, 
where a streak camera is producing interesting results and will soon be coupled with 
transverse bunch analysis. Not to speak of Q-meter, luminometer and polarimeter which 
have become popular for their efficiency. 

2. Beam Synchronous Timing (BST) 

LEP has a large number of detectors distributed over its circumference and interfaced 
to approximately hundred VME based computers which acquire and process data autono
mously. In order to ensure the coherence of a measurement and to correlate measurements of 
different instruments, it is essential that the data are acquired for die same bunch at die same 
revolution. This function cannot be fulfilled by the general machine timing which has an 
accuracy of 1 ms and is not synchronous to the RF frequency. The BST [2] ensures this 
synchronism by broadcasting.to all instruments in phase with the revolution frequency, 
messages describing the actions to be performed. The instructions are guaranteed to arrive at 
exactly the same moment at all stations by careful compensation of the propagation delays. 
Messages are sent around in phase with the LEP RF frequency and therefore allow the 
identification of bunches during their whole life-time. Due to the numerous transactions 
involved in the transmission using Time Division Multiplex techniques, through 24 
electronic stations along the 27 km of LHP, and to the delays necessary to insure the 
simultaneous message delivery, the propagation time, one-way, is 1 ms. The jitter of the 
synchronous pulses is ±110 ns. 

The heart of the system (BST Master) is a commercial 25MHz 68020 based VME 
module coupled to an inhouse designed message assembler: these are able to synthesize 
instructions for up to six different kinds of instruments in a single LEP revolution (89|is). 
Each of the 80 listening modules provides the hardware with pulses derived from the 
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incoming message, filters the messages according to the addresses and passes them to real
time tasks which set the hardware or acquire the data. 

A reverse channel allows up to eight different signals to inform the Master of locally 
detected events such as beam loss or high background. A special recovery instruction can 
then be broadcast such as: stop the ongoing movement of a collimator or dump the beam. 
Fig. 1 gives the content of the BST message sent around at the revolution frequency. 

d e l i m i t e r s ton b i t 
/ ' 

12 -1- /byte 0 byte 1 byte 2 byte 3 byte 4 byte 5 byte 5 byte 7 
1 o O t ! O I 1 O 1 1 D ) 1 O I [ O I 1 O 

header Service to hardware to application software 
Request 

Fig. 1 BST message structure 

3. Beam Orbit Measuring System (BOM) 
Generalities 
BOM has been designed to measure the bunch positions at 504 points mostly located 

near QD's, along the 27 km of LEP [3], The BPM signals are brought, with long cables (up 
to 800 m) to electronic processors grouped in 24 shielded underground areas, of which two 
thirds cannot be accessed during machine operation. 

The most stringent requirement is to measure single bunches at injection intensity, in 
order to establish trajectories even before a circulating beam has been established. This 
implies a delicate synchronising all over the 24 electronic stations, which is done via the 
BST (see para. 2). During data taking the positions of all bunches are digitized and stored in 
local memories tailored to contain up to 1000 revolutions. 

These raw data are then further processed by local microprocessors to derive 
trajectories, closed orbits or amplitudes and phases, etc, according to the user's request. The 
resulting volume of data to be transmitted is very much reduced and does not create a heavy 
load to the control network. But data have to be gathered from 40 processors, which is not a 
trivial business! 

The radiation level expected in the LEP tunnel has conditioned the fabrication of the 
BPM button electrodes, the choice of signal cables and the design of front-end electronics. 

Beam position monitors 
LEP BPM's have capacitive buttons of 3.2 cm diameter mounted on a 50 Q. coaxial 

rod with a feedthrough very much inspired from the KEK design for TRISTAN [4,5]. The 
gold-nickel braze of the ceramic insulator to the titanium rod is inducing stresses in the 
ceramic which have provoqued occasional vacuum leaks even months after installation. A 
sligthly modified design is taking care of that defect. The button capacity of 8.7 pF is 
primarily determined by a precision ceramic washer. Each button assembly has been 
carefully tested on the same laboratory bench, in order to form quads of four buttons with 
equal coupling factor (to 0.01 dB) and capacity (to 0.1 pF). These button assemblies are 
mounted on the vacuum chamber through flanges of 70 mm diameter bearing metallic seals. 
No leak has developped there, following the baking out of 2148 buttons. For each BPM the 
vacuum chamber holds a precision machined box, 115 mm long, made of aluminium or 
stainless steel, matched to one of four different pipe cross-sections. Each of these boxes has 
been checked, prior to welding, in order to insure that the mechanical offset of the BPM will 
be within 0.1 mm. Once installed in the machine the BPM becomes a fixed point of the 
vacuum chamber, whose position is accurately related (0.1 mm) to the magnetic centre of the 
neighbouring quadrupole, through a rigid support bolted in place during the magnetic 
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measurements. Therefore, taking into account the tolerances of the buttons, of their holding 
boxes and of the alignment to the quadrupoles, the absolute electrical centres of the BPM's 
are within 0.2 mm r.m.s. by construction and without any correction to be applied later in 
the software treatment. 

Signal processing 
Bunch induced pulses on the button electrodes range from 1 to 2500 V and last for 

about 100 ps at mid-height. Since the signal power collected by the button electrodes is not 
large [3,61 a nd has to be transmitted over long distances of up to 800 m, the analogue 
preprocessing is not obvious. A solution inspired by previous designs has been adopted in 
LEP for 44S BPM's connected to the so-called narrow band (NB) processing circuit, for 
monitors wherever the time of passage between e+ and e~~ is larger than 600 ns. 

Narrow Band processing scheme 
This circuit is presented in Fig. 2, It is characterized by an intensity.analogue 

normalizing circuit, which is based oi\ a differential phase modulator with a Jt/2 hybrid, 
followed by a linear phase demodulator made of an exclusive or gate. The resulting transfer 
function is: 8 = arctah(A / 2). Such a circuit has to be driven by a burst of sinusoidal 
signal. This is produced by ringing filters directly connected to the button electrodes. Their 
central frequency is 70 MHz and the burst lasts for about 150 to 400 ns. These filters must 
have very close and stable response to avoid phase errors very critical for the absolute 
precision of BOM. The filters are double tuned circuits printed on ceramic substrate to 
withstand radiation. A capacitive test input allows for test and calibration of the complete 
processing chain. 

The four signals are processed in diagonal pairs and transmitted to the electronic 
stations on two cables. The transmitted pulses present a duty cycle modulation of the 
140 MHz carrier. The mean value is the position information and the carrier is used to 
derive an auto-trigger enabling flash-ADC acquisitions. Two acquisitions are programmed, 
one before the pulse to monitor the base-line and the principal one, 150 ns later, to record the 
magnitude of the low-pass filtered pulse. Since the filtered signal needs 450 ns to decay, the 
NB system is ready to take the next measurement after 600 ns. 

RINGING FILTER : 

T.st NORMALIZES* 

Fig. 2. Narrow band processing scheme 

FADC's with 8 bit resolution and 15 MHz maximum rate (Thomson EF 8308) are 
used for the conversion. The corresponding resolution is: 

dX = ±85u.m and dY = ±130|im for±l/2LSB. 
This insufficient resolution can be improved by the use of two verniers: 
i) When many measurements, taken with a noise of ideally 1/2 LSB r.m.s., are 

averaged one gets a bit interpolation. This improvement relies upon a linearity of the FADC 
better than ± 1 LSB, which was not the case. But by comparison of all FADC's one saw that 
most non-linearities were systematic and they have been subtracted in the digital processing 
to obtain a response within ±1/4 LSB. Therefore this vernier method can improve the 
resolution by a factor 4 at most. 
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ii) When the beam position amplitudes are small, a zoom can be applied to the 
system by changing the FADC reference voltages. Factors of 2 or 4 are foreseen but have 
not yet been tried out. 

In the calibration procedure with test pulses both offset and gain are established for 
each electronic chain. The performances obtained so far are given in the relevant section 
below. 

Wide Band processing scheme 
As mentioned before, the BPM's close to intersections (56 units) require a faster 

acquisition electronics which is called the Wide Band system (WB). It is represented in 
Fig. 3. Its characteristic is linear and therefore simpler to process. But its circuitry is more 
complex: it requires gain changes, according to intensity and 12 bit ADC's to cope with a 
larger signal dynamic. It is also beam self-triggered, but can measure only one beam at a 
rime. 

FILTER 
riZH>"* 

Test 
COUPLER 

FILTER 

DE 
AMPLI 

GATE l-H 

Lie? 
A D C J - " ^ 

Gain AUTO TRIG. 

I 1 f * s * M P U COAX50Ohms 
3H 

_e+e-
"Sel. 

P-5 
BITS 

GATE l-H ADClJ> 

TO 
MEMORY 

Fig. 3. Wide band processing scheme 

The button electrodes are directly connected to 50 Q cables and low pass filters. This 
pre-integrated pulse is still asymmetric and the surface of the first part is sampled by an 
Integrate & Hold circuit. Its output value is then convened by the ADC in 3 mi. The WB 
system treats the four bunon signals separately. Two double directional couplers are used to 
inject test and calibration signals before the low pass filters. The WB cost per BPM is about 
four times larger than for the NB, not to speak of the need for doubling the signal cables: a 
problem to be faced when the Pretzel scheme will be implemented! 

BOM software description [7] 
The request made on an APOLLO console goes to a process called BOM Server which 

handles the priorities and initiates a process in the BST (see para. 2). A number of messages 
are then broadcast to the 40 ECA's (Equipment Controller Assembly) for real time 
execution. Let us show, for instance, the sequence for the acquisition of the injection trajec
tory. The first message asks for a piece of code to be run in the local microprocessors to set 
the hardware prior to data acquisition; different settings are run for NB and WB systems. 
The BST waits then for an injection trigger and launches ten messages passed directly to the 
hardware, each of them enabling the acquisition during one revolution. Each acquisition card 
has a clock counting time intervals of 0.4 LIS, which is reset by the BST at each revolution. 
These fine times are stored together with the raw position data in the memories situated in an 
ECA VME crate and are used, later on, to identify the bunches, which obey a fixed time 
sequence for any given BPM. When the acquisition is completed the BST sends another 
command asking for the processing of the data, which will then be performed 
simultaneously in the 40 ECA's. 

For this off line processing of raw data (NB case given as an example),the CPU: 
1) retrieves the data from the acquisition memories, according to their turn number 

and fins time, 
2) subtracts the systematic non-linearities of the FADC's from the raw data and 

makes the difference: signal -base line, 

_ 14 . . 



3) uses a table to invert the distorted arctangent function of the phase demodulator, 
togetDj andD2, 

4) computes x = KH (DJ-DT-OH) and y = Ky (Di+D-r-Ov). using the gain 
coefficient K and the offset O, (previously obtained from calibration with test 
pulses) 

5) eliminates the geometrical non-linearities oftheBPM'swiih polynomials: 
X = ax+bx3+cx5+dxy2+exy4+fx^y2,and likewise for Y, whose coefficients 
have been measured, for each type of vacuum chamber, once for all in the 
laboratory. 

The task ends up by dispatching the results to a collector process attached to the 
control system. The latter checks the consistency of the results and tells the BOM Server that 
the job is completed. The complete output file can be read from the user's program in the 
APOLLO, for visual display and further use [8], 

Some other codes are available to perform different tasks: closed orbit measurement, 
calibration and orbit simulation with test pulses. Other jobs arc still to be implemented e.g.: 
the surveillance of X, X', V, V at the interaction points, the harmonic analysis of betatron or 
synchrotron oscillations observed for many revolutions, or a continuous acquisition for post 
mortem analysis. 

BOM performance and perspectives 
As a tool for correcting the closed orbit BOM has been very successful since the best 

vertical orbit has reached yr.m.s.= 0-5 mm [9]. 
But there are systematic offsets in the NB system, different for e+ and e~. Their 

common effect is due to harmonic distortion affecting differently beam and test pulses, 
because the latter were ten times longer. Thus the pulse generators have been modified to 
generate three times shorter pulses and lab tests show that this helps. The difference effect 
comes from a delay of half a period of the 70 MHz in the self-triggering of the measurement, 
due to the sign of e+ pulses (calibration done with negative pulses). No solution yet in view. 

The calibrated gains of the NB system are too low by 20% and fluctuate from BPM to 
BPM by ±10%. Pan of this effect will be corrected with the shorter test pulses mentioned 
above. But there are systematic discrepancies in the distorted arctangent functions for the 
two diagonal signals Dj and D2 which could be cured by the introduction of two distinct 
conversion tables. This function also presents small wiggles of 4 LSB peak to peak (ie 0.6 
to 1 mm) in the region -5 mm to +5 mm. These errors will be reduced now that longer 
cables have been installed to connect the button filter to the normalizer circuit, in order to 
delay the reflections beyond the measuring lime. Another cure might be brought up by the 
replacement of the 70 MHz ringing filters which present a frequency variation during the 
burst. But the final step in the search for accuracy will need a redesign of the normalizer 
module introducing perfect symmetry and separation of the two channels. 

The WB system has presented instabilities due to the degradation of gain relay 
contacts. They have been totally replaced during the recent shut-down and this problem 
should have definitely disappeared. 

Except for this last point the BOM hardware presents good reliability: calibrations are 
needed only every second month. 

On the other hand failures are frequent at the level of communication between the 
different processes. The data collection from 40 ECA's seems particularly vulnerable and 
many measurements end up with some ECA's missing. The speed of closed orbit local 
processing should also be increased. This will soon be the case with the replacement of the 
CPU's by new 68030 computers directly connected to ETHERNET. A version 2 software 
written in C and running under OS9 is in preparation and will be working first for the WB 
monitors. Its purpose is to improve the response speed and performance. 
Once version 2 of the software has been fully implemented more sophistications will be 
introduced to take advantage of the large acquisition capabilities of BOM like 1000 turns 
memory and second memory, allowing to run surveillance and background tasks. 
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4. Injection Monitors 

Split-foils 
Four Split Foil monitors [10] are installed, one vertica' tnd one horizontal, at the end 

of each injection dujinel into LEP. They are made of two titanium strips 12 nun wide and 
30 urn thick. With so little mass they do not blow up the injected emittances by more than a 
few percent and therefore can be used permanently. Their sensitivity is of 30 pC per foil for 
a centered bunch of 8-109 panicles. The foil width of the horizontal detectors has been 
reduced to 6 mm during the recent shut-down to allow for measurements with the detector 
centered on the optimum beam trajectory during stacking. 

Beam scrapers 
Scrapers are incorporated in the two monitor boxes placed downstream of each 

injection septum magnet. They may be used eventually, in conjunction with injection 
bumpers, for bunch charge, equalisation. 

Beam stoppers 
Beam stoppers made of thirty radiation lengths of copper are installed at both ends of 

each even straight section in order to protect the experimental detector during beam setting-
up. An additional safety stopper installed in LSS1 is closed whenever access is granted to 
the tunnel. 

Screens with TV observation 
Some luminescent screens (LS) are provided in LEP, most of them mounted on beam 

stoppers. Being destructive devices they can only be used for exploring the first turn 
trajectory. They are made of chromium doped AI2O3 plates, 2 mm thick. All screens are 
placed perpendicular to the beam for better image sharpness and are seen through stainless 
steel mirrors at 45° and a CCD TV camera. The 24 LS installed in LEP are: 

• three successive LS beyond each injection point, 
• two per beam stopper located on each side of the four experiments, 
• two on the safety stopper near Interaction Point 1. 

5. Current Transformers 

Two assemblies (BCTR), mounted on vacuum chambers with a ceramic gap, 
comprising average current (DC), individual bunches (BB) and single turn (ST) current 
transformers, are installed in LEP at±163m from IP1 [11]. 

The DC transformer is a parametric magnetic amplifier which presents less noise than 
former Zero Flux CT's from which more than 500 are used for precision monitoring of 
magnets and klystrons current. The toroi'dal cores are made of wound amorphous Virrovac 
6025 tape with combined longitudinal and cross-field (perpendicular to the tape axis) 
annealing yielding an optimized BH curve with best dynamic properties and smaller 
magnetic domains for minimum Barkhausen noise. The Integrating CT covers a large 
dynamic range and the noise level is < 0.2U.A rms (1 s integration time). The DC transformer 
covers a range of i lO mA with a resolution of ±1 uA. 

The BB and ST transformers are integrating devices. They are made with two toroidal 
cores also from Vitrovac 6025 tape. They are housed in a toroi'dal copper box with a gap 
forming a single turn winding. The integrating capacitor is formed of 36 capacitor chips of 
100 pF. The charge I induced by each bunch is temporarily stored in this capacitor and 
therefore stretched by a factor of about 1000. This analogue signal is applied to 8 parallel 
analogue processing channels for bunch selection and integrate and hold function with DC 
level compensation and very low noise. The output signal is proportional to the charge, 
expressed as current, of the selected bunch and averaged for a given number of revolutions. 
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The BB and ST transformers use the Beam Synchronous Timing control for bunch and tum 
definition. 

Beam life-times have been computed until now from current measurements averaged 
over 200s; this will soon be done with a time constant variable from 10 s to 20 min. 

6. Collimators 

LEP is fitted with a large number of collimators [12] with one, two or four jaws. In 
total 126 stepping motors drive these jaws in place, with a resolution of 5 |im and a setting 
accuracy of 0.1 mm. 

Collimators are mainly used to prc:ect the experiments [13] from backgrounds 
produced by synchrotron radiation and low momentum electrons. Those placed at ±S.5 m 
from the collision points are called BIMO's and have two horizontal and two vertical jaws 
made of 30 radiation lengths of tungsten. 

Another set of H- and V-coUimators is placed at ±120 m and ±100 m respectively, to 
clear out electrons and photons coming from the arcs. Two single jaw horizontal collimators 
are installed at ±420 m and ±640 m to absorb off-momentum electrons produced by 
Bremsstrahlung in the arcs. Finally three sets of three collimators in cascade are installed in 
the region of LSS3, in order to define the machine acceptance in the six-dimensional phase 
space of the beams.Thosc H-collimators located at points with maximum dispersion are 
made of 18 cm aluminium to stand the loss of both beams in case of accidental or intentional 
dumping. These aperture collimators play an essential role of preventing halo panicles from 
hitting the jaws of the BIMO's. They have to reduce the background by a factor 105 and 
such a high performance could not be reached without some sophistication like polished 
spherical surfaces and gold plating of the aluminium surfaces in order to reduce the 
reemission. 

Sixteen more collimators are used to clear photons out of the surfaces of the more 
exposed electrostatic separators. All jaws are matched to the vacuum chamber with Cu 
transition blocks in order to reduce RF losses. 

New sets of collimators will be built for LEP200 because the present ones can not 
stand more titan about 1 k\V heating per jaw, and at 100 GeV some jaws will receive up to 
10 kW. Additional collimators will be needed to protect the new superconducting cavities 
and also in order to fullfil the requirements of the 90° optics used at high energy. 

7. Transverse Profile Monitors 

Various instruments have been prepared for measuring transverse profiles and 
emittances: synchrotron radiation telescopes (BEUV), X-ray monitors (BEXE) and wire 
scanners (BEWS). Their characteristics are listed in Table 1 

Table 1. Instruments for transverse emittance measurement 
Instruments 

BEUV 
a) CCD in TV 
b) CCD digital 

c) fast shutter 

d) fast shutter 

BEXE 
BEWS 

Measurements 

beam cross-section 
digitized image + 

projections 
digitized images + 

projections 
digitized images + 

projecrions 
V-profile 

H- or V-profile 

Trigger 

TV asynchronous 
asynchronous 

selected bunch 

8 bunches at pre
selected intervals 
separate bunches 
separate bunches 

Integration rime 

18 ms 
up to 18ms 

1 to 200 revol. 

single passage 

single passage 
= 50 revol. 

Frequency 

50 Hz 
0.5 Hz 

0.5 Hz 

0.1 Hz 

44 kHz 
0.2 Hz 
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BEUV 
Four telescopes are installed [14] in the machine tunnel for the observation of beam 

cross-sections, seen from synchrotron light emitted in standard arc dipoles. On each side of 
IPS, two telescopes are placed at ± 300 m, where the dispersion is negligible, and two 
others at ± 468 m, where the dispersion is large. Since the vertical emittance is very small all 
four telescopes are placed at locations where the vertical beta is as large as possible. The 
light is extracted from the vacuum chamber, 21m downstream of die source, by means of 
small plane beryllium mirrors, polished with extreme accuracy (±25 nm flatness). The light 
beam is then folded several times and focussed via a spherical mirror, through a diaphragm 
which defines the field depth, onto various detectors. In the image plane, the beam image 
formed with 450 nm photons can be directly monitored with a CCD camera to transmit a 
live image of the cross-section. For a more accurate observation the image formed by 
250 nrn photons is captured by a pulsed light intensifier and projected onto another CCD 
camera with 288x384 pixels. Digital processing allows for 3 modes of operations: i)The 
normal TV -mode for observation in the control room, ii) Acquisition of a single shot with 
computation of the sigmas and data compaction for display on a console, iii) Acquisition of a 
series of images stored on the CCD before processing and spaced in time as close as one 
revolution period apart. 

BEXE 
This is another instrument aimed at measuring the vertical emittance, from X-rays. A 

full description of this device is given elsewhere in the proceedings of this workshop [15], 

Wire scanners (BEWS) 
Two sets of two wire scanners [16] for measuring horizontal and vertical profiles are 

installed in LSS1 at ± 220m from the crossing point, at places where the dispersion is still 
zero. The wires are made of carbon with a diameter of 36 |im and are moved through the 
beam at a speed of 0.4 m/s. Two types of signal have been used so far. A scintillator placed 
at 90° detects the products at large angles of inelastic interactions, from both beams; this 
signal has the disadvantage of being rather noisy. On the other hand Bremsstrahlung 
photons are produced in the phase space of the beams and can be seen through the windows 
made for polarirnetry with another scintillator placed 80 m downstream. The signal there is 
very clean, once filtered through a few radiation lengths to absorb all synchrotron radiation, 
but it is sensitive to the limited acceptance of the window which introduces asymmetries 
when the beam is off-centered (for instance with the Pretzel scheme). 

The wire position is monitored with high resolution (4 urn) by means of an optical 
ruler used to monitor the linear motion of 36 |im per revolution. Each measurement is made 
with a scan IN followed by a scan OUT, a few seconds later. Hundreds of scans were taken 
during last year's run and beam sizes could be watched carefully during physics runs and for 
MD studies of beam-beam effect or luminosity optimization. 

Emittances deduced from these measurements are systematically larger than those 
obtained from other sources, which remains an unsolved problem for the moment. The beam 
blow-up due to multiple scattering induced by the wire is not negligible at 20 GeV and can 
be seen in the asymmetric deformation of the IN and OUT profiles. An algorithm has been 
employed for correcting the rms value as a function of the observed asymmetry, and a more 
suitable one is under development. 

During the first months of LEP operation several carbon fibres were broken. Two of 
them were replaced by less brittle beryllium fibres. But those were burned out. In order to 
improve the situation various measures were taken : the speed of the fibre passing through 
the beam was increased, the control of the motion was improved to avoid mechanical shocks 
and carbon fibres were reinstalled on the four scanners. After these improvements no further 
fibres were destroyed. A study of their temperature behaviour has shown that a large fraction 
of the heating occurs through electromagnetic induction even when the fibre is at rest. This 
has now been cured by increasing the impedance of the supporting fork. We do not expect 
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any more problems until the total current in the machine goes beyond 10 mA. Nevertheless 
the problem of the fibre hearing by the beam remains a topic to be watched carefully. 

S. Longitudinal Profile Monitors 

Electrical signal observation 
A fast oscilloscope with 29 ps rise time has been installed in the machine tunnel to 

observe, at short cable distance, pulses derived from a BPM button. By self triggering on all 
bunches on gets an average image of the bunch shape, slightly distorted, by a ringing at the 
button resonant frequency of 4 GHz. By deconvolution of the instrumental broadening this 
system can be used down to a=50 ps. 

Streak camera 
An industrialy developed Streak Camera [17], with two orthogonal deflections 

allowing for the stacking of up to 50 streaks on the screen of a CCD readout, is installed in 
the IPl optical laboratory, where it receives synchrotron radiation from the miniwigglers 
located in LSSl. The slow sweep can be varied in order to spread 10 to 50 streaks on the 
same picture. Selected bunches are gated by pulsing the bias voltage of the photocathode. 
The time resolution has been measured with a picosecond laser pulse and was found smaller 
than 6 ps FWHM. The fast sweeps are triggered from R.F signals transmitted through optical 
fibres. The jitter in this triggering system has been carefully worked on and is now of less 
than 10 ps. Synchronizing the Streak Camera and BEUV detector should allow for synchro-
betatron oscillation observation. For the time being the streak camera is provided with a 
stand alone computer, running a dedicated software, and cannot be used remotely. Therefore 
an ambitious project has been launched for providing the simultanous reading of two CCD 
images, analysing their information content and producing a live image, according to TV 
standards, showing the behaviour of the bunches in three dimensions. 

Solid state autocorrelator 
The aim i>f this detector is to monitor the autocorrelation of the longitudinal profile of 

LEP bunches by means of an micro-electronic circuit realized with imbedded matched lines 
and using CdTe photoconductors [IS]. A special vacuum enclosure, also described in [9] 
allows the direct exposure of this detector to X-rays from the main dipole synchrotron 
radiation, received through a window of 0.4 mm berylium. The detector and its movable 
support for alignment and in-out motions are kept in a special vessel evacuated to 10-6 Torr 
in order to avoid metal-organic deposition under the impact of severe irradiation. The CdTe 
photoconductors have been chosen for their very short carrier life-time. 

POLARISATION 

Photoconauctors 

OUTPUTS TO CHARGE AMPLIFIERS 

Fig. 4. Autocorrelator circuit for longitudinal profile 

19 



The circuit is of the type shown in Fig. 4 and works as follows. The array of 
photoconductors is illuminated directly by the strong X-ray pulse, Po, the only 
photoconductor polarized with a d.c. bias voltage emits on the line an electric pulse which 
will, in turn, polarize the other photoconductors at delayed times. The charges collected on 
the output channels represent autocorrelation points corresponding to the known staggered 
delays. The readout is similar to that described in [15]. The analogue signals are multiplexed 
for transmission to a common electronic crate near IP 1. They are acquired sequencially for 
each bunch passing, by a BOM NB-ADC module and stored in a parallel buffer memory for 
further digital processing and display. 

The prototype circuit has been realized in an institute for industrial technology 
development, D.LETI in Grenoble, France. Experimental evidence of the fast rise time 
(-10 ps) of the deposited photoconductors is at hand, but no complete circuit has been 
measured yet in the LEP beams. One of the difficulties is that most circuits made so far have 
been broken at some stage of production or installation, due to their thin quartz support of 
only 127 |itn thickness. Two new circuit prototypes made on ceramic supports have been 
introduced in the exposure vessels during the last shutdown and will be measured soon. The 
ceramic insulator might bring with it a new problem due to luminescence produced in 
response to the X-ray pulse. If this is the case a new design will have to be done, to match 
the circuit to a thicker quartz support. 

Photon storage rings 
Another new technique for longitudinal profile from synchrotron radiation is in 

development but has not yet reached the operational stage: the photon storage ring [19] with 
stochastic sampling. 

9. Q-Mcter 

One Q-meter instrument [20] is installed near IP 1. Its sensor is a standard four-button 
BPM, and two single turn ferrite kickers are installed around a ceramic vacuum chamber in 
order to excite individual bunches. The system measures the coherent non-integer pan qH y 
of the betatron frequencies with a resolution < 10"3 and this for any of the eight bunches. 

Thanks to the size of LEP and to the speed of modem computers, this Q-meter has 
been realized with fully digital processing, using two VME micro-processors MOTOROLA 
6S020. The software flexibility allows the running of the instrument with three different 
modes of operation: 

• FFT Mode: The beam is excited with random noise and the resulting motion (peak to 
peak amplitude of 0.05 to 0.5 mm) is acquired for 256 to 4096 revolutions and is sub
sequently processed by FFT in a time of 170 to 860 ms. The resolution Aq = 1 / ns , which 
is related to the number of samples, has been further improved by an interpolation algorithm. 
During continuous q-monitoring, qH and qv measured data are stored in a circular buffer. 

• Swept Frequency Mode: as in usual frequency analysers the beam excitation 
frequency is swept according to a staircase function. The beam response is processed by 
Harmonic Analysis with an average of 1000 samples per point. The obtained accuracy is 
2.10-4, which is better than the stability of LEP over 10 min. 

• Phase Locked Loop Mode (PLL): With a correctly chosen phase shift between the 
beam excitation and observation, the PLL will track and even capture the q resonance. An 
amplitude regulation is necessary to avoid over excitation and beam loss. This mode is more 
delicate to use since it depends upon machine state, but, once locked to the good frequency it 
is very reliable since its bandwidth can easely cope with rapid tune changes. 
The use of the LEP Q-meter has proved to be a precious tool for both operation and precise 
accelerator studies. One example is the observation of the a and 7t modes of oscillation 
during collision which gives information related to luminosity, effective emittance and aspect 
ratio at LP's. A closed loop tune regulation using the PLL needed a thorough 
commissioning, but is now operational and proves very useful during ramping. 
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10. Luminosity Monitors 

Special monitors have been built in order to measure luminosity and background at 
eac'u IP [21]. In order to get the highest possible Bhabha rate, compact silicon-tungsten 
calorimeters were fitted into the jaws of horizontal collimators (BIMO's) now placed at 
±8.5 m from the collision points, thus allowing to cover very small angles from 2 mrad 
upwards. The calorimeter used to identify electrons has in total 14 radiation lengths of 
tungsten, with interspersed silicon strip detectors to measure the horizontal position and full 
plane silicon detectors for integrating the shower energy. A fast wired logic coupling a pair 
of calorimeters (upstream inside and downstream outside, for example) allows to select 
e+r>e - events and to veto background from the wrong beam. Coincidence, delayed 
coincidence and single electron rates are counted on scalers. 

During commissioning, the silicon detectors suffered from a prohibitive increase of 
their diode reverse current and could not be used anymore. This alarming situation was 
cured: i) by shielding the detectors from beam induced synchrotron radiation, with an extra 
2 mm of lead, ii) by disabling the bias voltage whenever the detector was not used and iii) 
by avoiding to take measurements during periods where the beam was unstable and when 
the closed orbit had not yet been well corrected. In the coming run a surveillance of the 
reverse current will be implemented, with an automatic switching off of the bias voltage, in 
case of danger. 

At luminosities of 5.10j0, the Bhabha event rate depends of the position of the 
collimators and is typically of 5 to. 

11. Transverse Polarimeter 

A laser polarimeter [22] based on spin-dependent Compton scattering of circularly 
polarized photons from polarized electrons has been installed in the LEP straight section 
LSS1. The vertical angular distribution of the recoil high energy 7-rays, as measured at a 
detector 247m downstream of the laser interaction region (LIR), shows a vertical 
asymmetry, depending on the right /left helicity of the incident laser photons and 
proportional to the electron beam transverse polarisation level. The installation of the laser 
polarimeter has been completed in 1989 with its Nd-YAG laser (kp = 532 nm) placed in the 
underground optical laboratory, 125 m away from the LIR. Evidence for polarization of the 
electron beam has been recorded during the last run of 1990 [23]. 

Polarization measurements are going to be used, this year, for an accurate 
determination of the absolute energy in LEP. During the last shut-down some major 
improvements have been made: i) rebuilding the laser beam line with more stable 
components, ii) adding redunduncy to the detector and improving its dynamic range to cope 
with higher counting rates, iii) working out a new software acquisition system to suppress a 
dead time of 50 % and allow handling of the polarimeter from the LEP control room. 

A c k n o w l e d g e m e n t 

Creating LEP instrumentation has been the task of a large group of people, who 
should all be thanked for their long and strenuous dedication to a common enterprise. 
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Review of Beam Instrumentation at Fermilab 
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Abstract 

This paper is a guided tour of a selected portion of the beam instrumentation at Fermilab, 
starting with the Linac and progressing up in energy to the Tevatron. Since some of the more 
interesting developments in beam diagnostic equipment and techniques have been motivated by 
operational problems or accelerator upgrades, this tour will also include comments on the present 
challenges facing accelerator physicists at Fermilab. 

Linac 

In anticipation of higher beam intensity demands, especially when the Main Injector is 
operational, work is presently underway aimed at improving a variety of beam diagnostics. The 
major areas of focus are the preaccelerator and the replacement of the last half of the drift tanks by 
side coupled cavities. 

In the last few years there has been renewed interest in understanding and improving the 
transport of beam in the preaccelerator. At present this work is concentrating on the proton 
source, rather than the operationally utilized H- beam. At this stage in the acceleration of the 
beam the kinetic energy is 30 keV. The issue is preservation of transverse phase space in the 
early stages of acceleration [2]. Using movable slits and multiwire monitors, the density profile of 
the beam is measured and displayed in a false color phase space plot. By fitting an ellipse to 
encompass the measured distribution, the transverse emittance and twiss parameters [3] are 
derived. 

The output kinetic energy of the Fermilab Linac is being increased from 200 to 400 MeV. 
This upgrade is being accomplished by replacing the drift tube alvarez tanks (201 MHz) in the 
downstream half of the linac by higher gradient side coupled cavities (805 MHz) [4]. The 
motivation for this project is in the Booster, where the beam suffers from destructive transverse 
emittance growth due to space charge [5]. Multiple turns of H" ion beam are injected into the 
Booster at 200 MeV by immediately stripping the beam of its electrons as it is steered into the ring. 
With up to 5 or 6 such turns of beam, the space charge force becomes so strong it causes 
transverse emittance growth in tens of turns. By increasing the injection energy of the Booster, 
this problem is eliminated. 

A new set of beam diagnostics are required for commissioning, independent tuning of the 
RF phase and amplitude in the various acceleration sections (AT tuning), and the monitoring of 
transverse emittance, bunch length, and momentum spread just before injection in the Booster 
[6]. For commissioning, since the side coupled cavities have a smaller aperture (from 4 cm to 3 
cm), the constraints on beam steering and quadrupole tuning becomes more stringent. This 
requires strategic placement of beam position and emittance monitors for tuning dipole and 
quadrupole currents. Beam position measurements are performed by stripline detectors (both 
horizontal and vertical electrodes) inside the poles of each quadrupole. Transverse beam size 
measurements are performed by wire scanners. 

In the process called AT tuning [7] the phase of the beam with respect to the RF must be 
measured at each acceleration section (a section is a set of cavities driven by a common klystron) 
and compared to the result in the following section. Since the change in phase with distance is 
related to the beam energy, synchronous phase and amplitude corrections can be calculated. 
Beam phase is measured by a resistive wall monitor [8] specially modified for the Linac to also 
function as a beam intensity torroid. Using a 805 MHz bandpass filter, the phase between the 
beam and the RF can be measured quite accurately. By sacrificing the uniform response of the 
resistive wall monitor from 4 kHz (the nominal low frequency limit) to 200 MHz (the first AC 
component of the beam current), the flux in the ferrite torroid (which is integral to the resistive wall 
monitor design) could be transformer coupled for simultaneous beam intensity monitoring. 
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The measurement of the output phase space characteristics of the Linac are important for 
operational purposes. In the event of a system or component failure, it is typically true that the 
resultant effect on the beam is manifested much later in the acceleration chain. Therefore, the 
accelerator operators typically have a difficult time identifying the nature of the fault. It has been 
found that a large percentage of the recovery time can be saved by quickly identifying the 
accelerator in which the failure has occurred. 

In the transfer line from the Linac to the Booster, beam position monitors are used to verify 
the steering of the beam. The width and centroid of the beam energy is measured with a 
spectrometer magnet. The phase or timing of the beam is irrelevant since the beam is debunched 
and then adiabatically recaptured by the Booster 53 MHz RF system. Transverse beam emittance 
is monitored by the wire scanners. Beam intensity is verified using the torroids. Therefore, the 
only remaining quantity to be measured is the final bunch length, and hence longitudinal 
emittance. 

A set of dedicated non-destructive bunch length monitors [9] based on an already existing 
design [10] is presently under construction. A tungsten wire at high voltage placed to the side of 
the beam in the tail of the transverse distribution is struck by a flux of H* ions at a rate proportional 
to the instantaneous beam current. Secondary electrons emitted from the wire, upon traversal of 
a slit and Einsel lens, are focussed on to a detector. The detector is a slit over a Faraday cup. This 
collimated beam of low energy electrons are deflected transversely by a 805 MHz RF signal, such 
that only the electrons which traverse the deflector at a node are detected. By correlating Faraday 
cup current with RF deflection phase offset, the longitudinal line density of the beam (and hence 
bunch length) is measured. Upgrades to the design have been made to improve timing 
resolution and sensitivity to systematic errors. Three such detectors will be placed in the 400 MeV 
transfer line. By comparing the centroids and widths of the bunch profile, and knowing the 
distance between the detectors, the mean beam energy and its spread can be derived. 

Booster 

At present the Booster ring is the dominant intensity limitation in the injector chain. Though it 
can accelerate much higher currents than presently requested, the beam suffers such emittance 
growths at higher intensities that major fractions of the six dimensional phase space distribution 
no longer falls within the acceptance of the Main Ring. Transverse phase space dilution is caused 
by space charge forces at injection, as discussed in the previous section on the Linac. The 
longitudinal emittance at extraction (at a kinetic energy of 8 GeV) has been observed to be an 
exponential function of beam current [11]. The experimental evidence confirms the hypothesis 
that this dilution occurs after transition, and is the result of a coherent longitudinal coupled bunch 
instability induced by the impedance structure of the RF cavities. 

Confirmation of the effects of space charge and the longitudinal impedance of the RF 
cavities requires a host of beam diagnostics coupled to advanced signal processing 
instrumentation, data acquisition systems, and analysts techniques. Also, as in the case of the 
Linac, measurement of the output characteristics cf the beams makes fault analysis and correction 
significantly faster. 

It has been calculated that at the highest operational Booster intensities the space charge 
induced transverse emittance growth should be complete within approximately 10 turns [12]. 
This time is far too short for a flying wire [13] to make a reasonable measurement of beam size. A 
system dubbed the "crawling wire" allows a wire to be positioned in the aperture of the Booster. 
By monitoring the amplitude of the secondary emission signal as a function of turn number and 
wire position, and insuring that the beam size from the Linac is sufficiently repeatable, it is 
conceivable that this growth could be measured by averaging over many injections [14]. 
Unfortunately Ihe scattering of a 200 MeV beam off the wire causes transverse emittance dilution 
itself, and the wire has been placed near a fast steering magnet which disrupts the wire signal. 
Therefore, no reliable information on space charge growth has yet been acquired with this 
system. 

A solution which has been designed and constructed is a residual gas ionization beam profile 
monitor [15]. The oasis of this detector is the imperfect vacuum of any accelerator. When the 
beam traverses this residual gas, molecules are ionized with a transverse probability density 
proportional to the transverse profile of the beam. By drifting these ions to a segmented detector, 
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the transverse distribution of the resultant signals is proportional to the density distribution ol the 
beam 116]. In the case of the Booster a photocathode coupled to a gated image intensifier boosts 
the signal to a linear CCD array for data acquisition [17]. The connections to a control system are 
still not complete, but the goal is to record horizontal and vertical beam size every turn in the 
acceleration cycle of the Booster. 

Measurements of the longitudinal coupled bunch instability in the Booster are very difficult 
due the fast slew rate of the beam energy. The Booster is constrained to a sinusoidal momentum 
waveform which has a frequency of 15 Hz. Since the RF frequency changes from 32 MHz at 
injection to 53 MHz at extraction, frequency domain measurements of beam spectra are very 
challenging. At present there are two methods for dealing with this problem, both using a 
standard Fermilab resistive wall monitor mentioned above. First, the Hewlett-Packard 8566B 
spectrum analyzer has a mode called zero span where the power at a set frequency w'rthin a 
specified bandwidth is measured as a function of time. By stepping the frequency each beam 
cycle, a 3 dimensional false color plot of power vs. frequency vs. cycle time is synthesized [18]. 
The second method is to use a Tektronix DSA 602 digital oscilloscope to record the beam current 
profile as a function o( time at a sair>pting rate of 2 GHz. By pettorrmrvg a Fa. f ouher Transform on 
the acquired data, the beam spectrum can be measured at a given time in the cycle. 

The beam diagnostics which check the final Booster beam co i t i ons are both in the Booster 
itself and in the 8 GeV transfer line to the Main Ring. Beam positions measured in the transfer line 
are sensitive to the last turn orbit in the Booster. An overlap phase detector comparing the pnase 
of the beam with the Booster RF is used to check the alignment of the beam during bucket-to-
bucket synchronous transfer to the Main Ring. Multiwire monitors in the transfer line are used to 
monitor the beam sizes, and again trajectory. In the near future a vertical flying wire will be 
reinstalled in the Booster to routinely monitor vertical emittance just before extraction. 

Main Ring 

The Main Ring can accelerate 7 different configurations of beam to 3 different energies down 
3 different beam lines virtually simultaneously. Beam intensities cycle to cycle can range from 
2x1010 to 2x1013 protons. Protons and antiprotons can be accelerated on consecutive ramps, 
which range in time from 2 to 15 seconds in length. This flexibility carries with it a price in 
complexity. Therefore, it is absolutely vital that beam diagnostics are constantly maintained and 
improved. Recently a number of major upgrades and additions have been made in the Main Ring. 
The following discussion will dwell on these developments. 

The upgrade with one of the largest impacts, but lowest technological content, is expansion 
of an analog signal matrix switch bringing signals to the main control room from the RF building 
approximately a kilometer away. By plotting signals like synchronous phase, radial position, and 
feedback loop error signals in a realtime manner on a dedicated digital oscilloscope, accelerator 
operators have significantly improved their ability to diagnose faults and improve Main Ring 
performance. In modern control theory the existence of analog signals routed to the main control 
room seems to be unfashionable, which in our experience is an erroneous policy. 

Another realtime monitor which has revolutionized the way in which beam performance up 
the acceleration ramp is monitored is the new bunch length monitor [19]. Based on a the simple 
premise that the ratio ol two spectral lines of the beam current is determined by the rms bunch 
length [20], this monitor provides useful information despite the theoretical objection that the 
absolute answer depends of the shape of the longitudinal beam profile. With a video bandwidth 
of 10 kHz, the monitor can accurately trace the evolution of bunch length through such fast 
transients like transition crossing and the RF manipulation bunch rotation [21] for antiproton 
production. 

It is also desirable to measure the transverse emittance of the beam up the acceleration ramp. 
In the past the flying wire system was constrained to wait up to 2 seconds between consecutive 
flys. This limitation made realtime flys up the ramp impossible. Recently the control software in the 
Main Ring flying wire systems have been upgraded to allow a fly every 0.1 seconds. By plotting 
horizontal and vertical emittance as a function of time, the preservation of emittance through the 
acceleration ramp can be assured and optimized. 

Another RF manipulation, designed to squeeze between 9 and 13 bunches into a single 
bunch for collider operations, is called coalescing [22]. At the required proton intensities, 
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coalescing is less than 50% efficient at placing the available charge into the appropriate RF 
bucket. Observations of the structure of the initial bunches just before coalescing, while the RF 
amplitude is being adiabatically reduced, indicates that there may be a low-Q, low frequency 
longitudinal impedance which is causing the inefficiency 123]. In order to better record the 
structure of the beam during the coalescing process, a phase space tomography monitor has 
been proposed [24]. This monitor, which is again connected to a standard Fermilab resistive wall 
monitor, is presently under construction and should provide a false color image of the density 
distribution of the beam in longitudinal phase space. At present photographs of frame grabber 
displays which have captured mountain range plots of the evolution of the beam profile are used. 
They do not provide sufficient resolution to significantly improve our understanding of beam 
dynamics during this manipulation. 

In order to find and correct the longitudinal impedance which is hypothesized to cause the 
problems with coalescing, measurements must be made of the longitudinal impedance spectrum. 
Using a standard Fermilab resistive wall monitor and a new broadband longitudinal kicker with a 
bandwidth from 4 kHz to 6 GHz and a maximum amplitude of 50 volts, longitudinal transfer 
functions measurements of the beam are being performed. By analyzing the shift in the inverse 
response of the beam, the longitudinal impedance at every revolution harmonic may be 
measured. These measurements have only recently begun, and are patterned after the work in 
the Tevatron and the Accumulator. 

Transfers of antiproton bunches from the Accumulator to the Main Ring are tuned up by 
reverse injection of protons from the Main Ring to the Accumulator. When the proton bunches 
enter the Accumulator with an injection error, they undergo betatron oscillations which are 
recorded turn-by-turn with a single beam position monitor in the Accumulator. By fitting the phase 
and amplitude of the oscillation back into the injection line, a program calculates the changes in 
the transfer line steering to minimize errors [25]. In the era of separated orbits in the Tevatron, the 
antiproton line will be tuned up using reverse injected protons, but now the voltage on the 
separators must be reversed. Therefore, there is some question as to the effectiveness of this 
procedure, since the reversal symmetry of the closed orbit with high voltage polarity is not 
guaranteed. The solution is to correct the transfer line after every antiproton transfer in a manner 
similar to that employed in the Accumulator. But instead of an accelerator operator sitting at a 
control console and running this program, the beam position monitoring and the calculation of the 
corrections would take place automatically in a VXI-based remote processor. The commands to 
the relevant power supplies would be transmitted through the accelerator control system via a 
token ring link. No operator intervention would be necessary, and the emittance of the antiproton 
bunches in the Tevatron would surfer less dilution with each transfer. A prototype of this system 
is presently under construction. 

Antiproton Source 

Operation of the Debuncher and Accumulator rings, the target station, and the various 
transfer lines represents a complex problem in system coordination and timing. Due to their 
primary function of stochastically cooling antiproton beams, most of the beam diagnostics are 
constructed to record beam parameters in the frequency domain. Because of the large apertures 
in these machines, mundane instrumentation like beam position and loss monitors are not often 
used. Positioning of beams in the horizontal plane is usually performed with energy adjustments, 
where longitudinal Schottky scans presenting the frequency distribution of the beam are the main 
diagnostic. 

A particular problem in the Debuncher which prevents effective aperture scans is the 
destruction of beam loss monitors. The production rate of antiprotons depends on the aperture 
of the Debuncher. Aperture scans are executed by storing small amounts of beam (due to the 
large impedance of the ring) and steering correction magnets until beam loss occurs. This type of 
study requires sensitive loss monitors, which are typically liquid or plastic scintillator matched to 
high current photocathode photomuttiplier tubes. The signal from a tube goes into a discriminator 
and a counter for loss monitoring. Under normal conditions this technique works adequately. 

The problem is the process of antiproton stacking itself. When a proton bunch strikes a 
target, only a very small amount of the shower is composed of antiprotons. Muons, electrons, and 
pions with the correct momentum will also travel down the Debuncher pipe until they decay. This 
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pulse of charge is so large that if the phototube high voltage is not turned off, the connections to 
the last dynodes and the anode melt. Also, the scintillating material and the glass of the 
phototube darken. To date, this problem has not yet been solved. 

The newest diagnostic to be added to the Accumulator ring is the flying wire system. 
Composed of 6 separate wires, it is designed to report em'rttances both from the core and from the 
injected/extracted portion of the beam. In a low dispersion straight section there is a single wire-
In a high dispersion straight there are 2 vertical and 3 horizontal wires. The third horizontal wire is 
for measuring a core beam centered in the beam pipe, which is usually the case during operation 
of an internal target high energy physics experiment. A great deal of work has already been 
dedicated to this system to improve its reliability [26], since losing an antiproton stack is an 
unacceptable occurrence. For the first time at Fermilab, secondary emission readout ability has 
been designed into the injection/extraction wires. 

Tevatron 

Many ol the most advanced beam diagnostics reside in the Tevatron, and most are in support 
of collider operations. The purpose of these systems is to monitor the evolution of the properties 
of the beam over the life of a store. 

The most heavily used beam monitors during normal operations of the Tevatron collider are 
the 21.4 MHz horizontal and vertical Schottky detectors [27]. Pairs of detectors are connected to 
sensitive receivers [28] which translate (using subharmonics of the RF frequency) the betatron 
signals between revolution harmonics 448 and 449 to baseband. Pairs of detectors separated by 
90° at 21.4 MHz are combined to yield independent proton and antiproton tunes in each 
transverse plane. Tunes, chromaticities, coupling, beam-beam strength, and instabilities are all 
monitored using these signals plugged into low frequency dynamic signal analyzers. A recent 
diagnostic attached to the output of these receivers is a tune tracker circuit [29]. It is a series of 
filters and phase lock loops which track the power in the tune lines and outputs a voltage 
proportional to tune. This voltage is then monitored via the control system. 

The next most often used diagnostic, especially in the age of electrostatic separators, is the 
beam position monitor system. During fixed target operations, when every RF bucket is 
populated with beam, the AM-PM technique for calculating beam position works well. 
Unfortunately, during collider operations single bunches shock excite the AM-PM circuit (which is 
inherently a frequency domain device) causing a systematic shift in the position measurement of 
approximately 1 mm. A number of schemes are being discussed for fixing this problem, but since 
there are roughly 200 such circuits, this upgrade will be quite expensive. 

In the past, only the upstream or proton ports of the stripline pickups in the Tevatron were 
instrumented. The downstream or antiproton ports were terminated into 50i i . Since there were 
no electrostatic devices in the ring, the antiproton and proton orbits were known to be identical. 
With the installation o( the electrostatic separators, this simple scenario is eliminated. 
Measurement of the antiproton orbit during colliding beam operations is now required. The 
inherent directionality of the stripline pickups are roughly 26 dB. With a ratio of protons to 
antiprotons of up to 10:1, it is necessary to supplement this directionality with an external circuit. 
The resultant outputs, which will be purer proton or antiproton signals, will be switched by 
computer command into a single receiver. 

Once the tunes and positions are known, the next measurement to be performed is of the 
transverse emittance. The present tool for making these measurement is the flying wire system. 
In the last year one vertical and two horizontal flying wires have been extensively upgraded to 
improve reliability and performance. Twin forks now hold a wire and its backup in case of 
breakage. New radiation detectors in the form of plastic scintillator paddles are used to measure 
the local density of the beam. System software has been dramatically improved, and the 
electronics which digitize the signals from the paddles have been upgraded for better signal-to-
noise. The result is a more robust system which provides superior emittance information. 

One drawback of the flying wires is that they cause beam loss around the ring, since particles 
are scattered into the outer regions of the ring aperture by the wire. With the introduction of a 
sensitive silicon vertex detector in the CDF detector, alternate means of monitoring transverse 
emittances during a store are required. The two schemes presently being commissioned are a 
synchrotron light monitor [30] and a set of radio receivers monitoring the noise power in a betatron 
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line [31]. By transmitting the signal from a resonant 2 GHz transverse Schottky detector [32] into a 
standard radio receiver and monitoring the output of the AGC circuit, the power In the betatron 
line, and hence the emittance, is known. 

A quartz window and deflection mirror have been installed in the Tevatron just downstream of 
a dipole magnet. Presently the synchrotron light emitted at the point where the magnetic field of 
the upstream dipole turns on is measured with a photornultiplier tube, and in the future a gated 
image intensrfier coupled to a two dimensional CCD array will digitize the synchrotron light image 
for processing. Whereas the Schottky method above measures the average emittance of all 12 
collider bunches, the gating of the image intensifier allows independent measurements of the 
emittances of each bunch. To date, strong light signals with very good signal-to-noise 
characteristics have been observed. 

Conclusion, 

This survey of Fermilab beam instrumentation has been by no means complete. The goal of 
the paper was to describe some of the newer or rnore interesting systems, putting their 
development into perspective by explaining the accelerator physics and operational issues which 
initiated their design or upgrade. 
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Abstract 

Construction of "Ring Cyclotron Facility" in Research Center for Nuclear 

Physics (RCNP) has nearly completed. Beam acceleration test will start by using the 

injected beam from an AVF cyclotron in this September: an RCNP ring cyclotron is 

a stx-separated-spiral-sector cyclotron with K=400, Ep=400 MeV. Beam diagnostic 

components designed for the ring cyclotron over the beam injection or extraction line 

and inside the accelerator are explained. 

Introduction 

Emphasis of the accelerator design, is placed on the production of high quality 

beams so as to enable precision experiments without cooler devices. Using the flat 

topping RF cavity, the ring cyclotron provides an extracted beam of AE/-B ~> 10"4-

This quality has been demanded to realize a measurement with A P / P ~ 10~5 for high 

precision nuclear physics experiments; expected intensity and qualities of unpolarized, 

polarized and heavy ion beams are summarized in Table 1. 

In order to obtain such high quality beam at the experimental hall finally, ma

nipulation with entire beam diagnostic devices and analysis of the diagnostic data 

play essential role. Thus, these devices should be properly distributed over the beam 

transfer lines and inside the accelerator itself. Particular, in a cascade machine such 

as van de graaff + solid pole cyclotron, linac + cyclotron, compact cyclotron + ring 

cyclotron etc., good matching in the 6-dimensional phase space is very important 

subject as shown in Fig. 1. Many components exploit the conventional or existing 

technique to diagnose the beam optics precisely and some of them in particular, longi

tudinal beam motion is analyzed with nuclear particle and gamma-ray measurement 

technique via time to amplitude converter. 
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Property 

E(MeV) 

Mode 

AE(keV) 

d(HFdeg.) 

o(rtscc) 

fr(mm mrad) 

rv(inm mrn/ll 

I(ey.A) 

roi l(i-nA\ 

III. I(p/iA) 

Inj. Cyclotron 

lnj. 

-

-

Ext. 

65 

200 

30 

4.5 

20 

10 

5 

0.S 

0.7(4.0) 

Sep. Sect. Cyclotron 

lnj. 

65 

std. 

50 

20 

1 

6 

0.1 

0.01 

tor. 

250 

10 

0.5 

6 

10 

0.25 

-

high cur. 

250 

20 

1 

20 

1.0 

0.1 

0.03(0.2) 

Ext. 

400 

std. 

100 

10 

0.5 

2 

0.1 

0,01 

tor. 

500 

5 

0.25 

2 

0.25 

-

high cur. 

500 

10 

0.5 

7 

1.0 

Q.l 

0.03(0.2) 

Table 1. Summary of expected intensity and qualities of the injected or extracted 
beam. Three distinct ''modes of operation" shown as std., tof. and high cur. mean 
good resolution •with moderate intensity, minimum longitudinal beam width and 
largest beam intensity allowed by radiation safety respectively. 

Extraction Orbit 

Orbit 

x radial (horizontal) displacement 

9 radial ( " ) angle 

y vertical displacement 

<p vertical angle 

z longitudinal displacement 

6 longitudinal angle = longitudinal 

momentum deviation 4 2 1 

Injection line 
/ 

® 
• ' ; 

AVF cyclotron 

Fig. 1. Phase space conditions for acceleration in a cascade- cyclotron. 

31 



Injection line 

The beam from the AVF cyclotron, which is selected in momentum, emit-

tance and in phase, enters the ring cyclotron. There are two variable width slits 

(VSL-1,-2), three three-wire-profile monitors (TPM-1,-2,-3), one emittance monitor 

system(ESL4-EPM) and one phase probe (PP-INJ) in the beam injection hall. 

The beam shapes in transversal phase space are defined by the VSL-1, and -2 

to fit the eigenellipse of the beam of the ring cyck/lron. The transverse beam shape 

and position are measured with the TPM-1, -2 and -3, while the beam emittance 

both in horizontal and vertical planes are measured with a single slit (ESL) and a 

harp-type monitor (EPM). 

At the entrance of the valley chamber of the ring cyclotron, TPM-4, TV-monitor 

(TVM-INJ) and the beam stop (BS-INJ) are located, housed in the one unit of a 

diagnostic chamber. The beam is investigated in size and position once more with 

the TPM-4 and TVM-INJ. When necessary, the beam is interrupted by BS-INJ. The 

actual phase of the beam from the AVF cyclotron relative to the acceleration r.f., is 

measured by the non-intercepting capacitive pick-up (PP-INJ). 

In the valley chamber, a fast rotary scanner (RPM-INJ) driven by a supersonic 

motor is used for the beam to travel to the bending magnet (BM-2) through a narrow 

space between two electrostatic injection channels (EIC-1) and (EIC-2). 

- 1 

f{ n'-|NJ 

B5-1NJ y i I 

TVMIKJ . ) 1 
TP.M-4 / . ' 1 

VSL-INJ ^ I \ I \ TIVM.J 
TrMIN.I-1 

TP.M-S X 

•\ CMIT-V / 

\ TPM.I S 

l\ 

I \ VSW 

'\A 

nnn 
cji.i mi 413 

Fig. 2. Beam diagnostic components distributed along the beam injection line up to 
the 1st sector magnet. They are shown with calculated beam envelopes. Horizontal 
and vertical beam envelopes are described in x and y respectively. 
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Beam diagnostic components distributed along the beam injection line up to 

the 1st sector magnet are shown in Fig. *2. They are located at efficient points for the 

various beam diagnostics, as they are expected positions from the calculated optics1). 

Injection Orbit 

At the entrance of the first magnetic inflection channel (MIC-1), the beam 

should match the eigenellipses of the accelerator orbit. To define the beam size 

correctly, the horizontal and vertical beam widths are redefined with a horizontal 

variable width slit (VSL-INJ) and a vertical fixed width slit ("FSL-IN.1) respectively. 

These are combined with a profile monitor (TPM-INJ-1,-2).' At the entrances and 

exits of the two magnetic inilection channels, butfer slits are also installed as diag

nostic devices in the horizontal plane (SL-5 ~ 12). To measure the vertical positions 

of the beam, single-wire profile monitors (SPM-ACC-1,-2,-3) are available. 

Fig. 3. Diagnostic components located on the injection orbit. Fig. 4. Beam diagnostic 
components along the beam injection orbit. Injection orbit, lst-turn and 2nd-turn 
in a half part of full orbit are shown to clear the turn separation between them. 
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Fig. 3 shows these diagnostic components on the injection orbit. The injection orbit 

and turn separation of the first few turns can be measured sufficiently with these 

components from the estimated beam optical condition as shown in Fig. 4. 

Energy-Phase Probe (PPEN-INJ.EXT) 

The energy-phase probe is prepared to measure the time structure of the beam 

at the injection orbit and to measure the correlation of the beam phase and beam 

radius (energy)2^. The same device is installed at the extraction orbit to observe the 

beam phase of the final few turns. A thin single wire target attached to the main 

rod which is pneumatically moved up and down, is driven radially. Scattered particles 

are detected by a plastic scintillator. The time interval between the particle signal 

and r.f. of the accelerator is measured with a time to pulse height converter and 

the signals are processed digitally. Two dimensional (time-radius) analysis becomes 

available. 

All these monitors are used while the beam is stopping at the beam stop (BS-

ACC-1). 

Acceleration Orbit 

In the valley chamber, there are several beam diagnostic devices for the accel

erating beam; main probe (M.P), phase probe (PP-ACC) and three additional beam 

stops (BS-ACC-2,-3,-4). 

The beam phases relative to the accelerator r.f. phase are measured with eight 

capacitive phase detectors (PP-ACC), which are separated by 300 mm each other on 

a same carriage. It is installed along the line at the same azimuthal interval as the 

each accelerating gap between the sectors. They cover the full radius continuously by 

driving the carriage. One unit of the detector has two electrodes (upper and lower). 

The beam phases are measured with sampling method. Sampling pulse and 

horizontal trigger pulse are generated by circuits as shown in Fig. 5. The sampled 

signals are digitally processed with a digital oscilloscope to interface the computer 

control system. The magnetic field defect upon the radius 5B(It) is deduced from the 

measured phase deviation, taking into account the effect of a magnetic field change 

upon the beam central phase and orbit data. 
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Fig. 5. Block diagram of sampling pulse circuits and horizontal trigger pulse circuits 
for digital oscilloscope. 

Extraction Orbit 

Along the extraction orbit, several types of beam diagnostics devices are lo

cated; single-wire energy-phase monitor (PPEN-EXT), TV-monitor (TVM-ACC), 

beam stop (BS-ACC-5), single-wire profile monitor (SPM-EXT), a fast rotary scan

ner (RPM-EXT), and three-wire profile monitor (TPM-EXT). The TPM and the 

RPM are used to measure the orbit separation and the beam width, while the SPM 

set in front of the first extraction channel is used to observe whether the separation 

is sufficient for the septum. Buffer slits (SL-13 ~ 20) for all the extraction elements 

are helpful to protect these elements and to guide the beam correctly. All these 

components are shown in Fig. 6. 

The extracted beam is finally monitored with three TPM (TPM-6, -7, -8), 

variable width slits (VSL-EXT), phase probe (PP-EXT) and TV-monitor (TVM-

EXT). They are shown in Fig. 7. 

By using two TPM combined with quadrupole magnets are useful to measure 

the transverse emittance of the beam by the GSI method.3) 
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Fig. 6. Beam diagnostic components along the extraction orbit. The beam extraction 
orbit (320-turn) and the last accelerated orbit (319-turn) and the 318-turn are shown 
to clear the turn separation between them. 
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Fig. 7. Typical beam optics 
from the extraction system of 
the SSC to the transfer point 
(right extreme in this figure) 
of the further beam transport. 
By using two or three TPM 
combined with quadrupole 
magnets, the transverse beam 
emittance can be measured. 

MEC2 BCl QMIU QMID BM1 QM2 

Main Probe (MP) 

A main probe measures the current and the transverse shape of the beam in 

the cyclotron. It consists of a tomography head of three thin tungsten wires and 

an indirectly cooled beam stop. The probe can be adjusted for the head to face 

the tangential direction of the beam orbit at any radius. The driving speeds can be 

chosen between 20 mm/sec and 200 mm/sec. 

Beam Stop (BS) 

There are two types of beam-stops; differential type in injection or extraction 

orbit and integral type in the accelerator chamber. These are set at the radius of 
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r=2000, 2395, 2872, 3350 and 4000 mm. At minimum and maximum radii two beam 

stops can be moved in radial direction about a few tens mm. And the other three 

stops can be moved pneumatically up and down. All the heads are thick enough to 

stop the beam at each radius. The total beam current intercepted can be measured. 

These stops are used to optimize the accelerator condition without serious activation 

of other accelerator components. 

Miscellaneous 

We have investigated various parts of the diagnostic instruments as mentioned 

above. 

i) Longitudinal phase width of the injected beam must be less than ±4° in RF 

phase at std.-mode (high resolution and moderate intensity). This width will 

be assured by a buncher system between two accelerators. 

Fig. 8. Spectrum of the 
time to amplitude con
verter between rf and 7-ray 
produced at the slit of the 
transfer line with 56 MeV 
deuteron (pol.) beam. 
Lower is background spec
trum taken from the resid
ual activities at SH5G-slit. 
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Typical time width of the extracted beam in the AVF cyclotron was measured 

with xf and 7-ray TOF technique as shown in Fig. 8. Minimum time width 

observed so far, was less than 500ps via internal phase slits with very small 

current- The present two-buncher system will make sure to get such width 

with more beam current sufficient to the cascade acceleration. 

ii) In order to move the single wire up and down in the magnet vacuum chamber 

(SPM-ACC-1,-2,-3), ferrofluidic seals are considered for use. We examined two 

types of the seals in the presence of the strong magnetic field. One of them 

showed the clear defect; the vacuum leak started at the magnetic field about 

100 Gauss. The other was stably operated at more than 600 Gauss in Fig. 9. 

:fi) The supersonic motor without water cooling was found usable at the magnetic 

field of 1.6 kG inside the vacuum chamber. 

The total beam diagnostic components are shown in Fig. 10. 
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Fig. 9. Vacuum leakage of the 
ferrofiuidic sealing caused 
by magnetic field. 
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Fig. 10. The layout of the beam diagnostic components. 
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CEBAF B E A M INSTRUMENTATION" 

R. Rossmanith 
CEBAF, 12000 Jefferson Ave., Newport News, Virginia 23606, USA 

Introduction 
CEBAF, now under construction, is a unique accelerator. The main design goals 

are: (1) a cw electron beam with energies up to 4 GeV; (2) maximum beam current 
of 200 fiA; (3) relative energy spread no larger than 1 0 - 4 ; and (4) support for up to 
3 simultaneous fixed target experiments. 

The design is indicated in Figure 1. The beam is accelerated in two supercon
ducting linacs. Because the superconducting structure is expensive, about 3200 K 
per meter, the beam is recirculated several times, in a manner somewhat similar to 
the many passes in a synchrotron. A detailed cost evaluation showed that the lowest 
total cost could be achieved with five recirculations. 

The cavities, which resonate at 1.5 GHz, are similar to the cavities developed at 
Cornell University. When they were first produced, the maximum achievable gradient 
was less than 5 MV/m. With experience, the quality has improved so that several 
cavities have shown gradients significantly larger than 10 MV/meter. 

This unconventional machine requires unconventional instrumentation: 
o With five beams in the accelerating structures at the same time, the position 

monitors must be able to detect the position of each beam in the presence of the 
others. 

q Energy spread is closely connected with bunch length, so the bunch length must 
be measured precisely with sub-picosecond resolution, 

o The high power density in the circulating beam makes necessary a system that 
can shut the machine down within 20 #sec. 

0.4-GeVLinac 

Injector-
0.4. GeV Lime 

Extraction 
Elements 

End 
Stations 

I. The CEBAF accelerator configuration 

* This work was supported by the U.S. Department of Energy under contract 
DE-ACOS-S4ER40150. 
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Beam position measurement 
As can be seen in Figure 1, all five recirculated beams occupy the same vacuum 

pipe in the linacs, -whereas each beam has its own pipe in the arcs. This implies 
that different types of monitors must be used in the arcs and the linacs. The linac 
monitors must be able to measure the position of each beam in the presence of four 
others; the arc monitors nave no such requirement. 

Linac moni to r s . In order to measure the position of each beam individually in 
the presence of other beams, the beam must be marked, and the mark must then be 
detected. At CEBAF, the marking is amplitude modulation of the beam current at 
100 MHz; the modulation is then further altered by changing its sign, or equivalently 
shifting its phase by 180°, in a pattern that enables the position monitors to suppress 
all but the desired signal.3 

To illustrate the coding for a simple case of two beams, assume 

/ ( < ) = . 4 sin(u,z)*(i/r), (1) 

•where u» is the modulation frequency, r is the beam circulation period in the machine 
(4.2 us for CEBAF), and x{t/r) is a function with values ± 1 , changing at integer 
values of its argument. Consider the sequence 

i = l t l , - 1 , - 1 , 1 , 1 - 1 , - 1 , . . . (2) 

If the signal is mixed with itself, the resulting autocorrelation function is 

/(<)/(<) = A2 sin3 (u,i), (3) 

representing the detected signal for the first pass. The time average is nonvanishing 
and is equal to A2/2. If /(<) is delayed by r and then mixed with the detected signal, 
however, the correlation is 

f(t)f(t - r ) = A2 sin2 (art) x(t/r) x(t/r - 1). (4) 

The time average is then 

? / / ( < ) / ( < " T ) < f < = T / »« ' ( "* ) * ( 1 - 1 + 1 - 1 . . . ) 

^; 0. 

Thus, the correlation function in this case picks out the signal from the first pass and 
suppresses that from the second. To suppress the first and observe the second, the 
signal is mixed with the delayed sequence f(t — r). 

The sequence x(</r) is not sufficient for three or more passes, but it is easy to 
extend the argument. We need only to generate a sequence with values ±1 such that 
the autocorrelation function with delay will vanish. Such sequences are already well 
known in coding theories, where they are known as pseudorandom sequences (PRSs). 

- 41 



To illustrate the technique more carefully, define the correlation function as 

i rT 

fl(x,y,n) = - / x{t/T)y{t/r+n)dt, (6) 

•where X ( : / T ) , y{t/r) axe pulse sequences with values ± 1 , T is the total time of the 
sequence, and n r is the time delay. We are particularly interested in the autocorre
lation, x(t/r) = y( r / r ) , which should satisfy the orthogonality condition in order for 
the sequence to act as a filter: 

1 fT 

iZ(x,x;n) = — x(t/r)x{t/r 4- n)dt = 1 if n = 0, 

= 0 if n ^ O . 

Perfect sequences, which satisfy Eq. 7 exactly, are hard to find and implement. 
Shift register sequences, however, which will satisfy Eq. 7 to within an arbifcrarilj* 
small residual error determined by the length of the sequence, can be easily im
plemented by shift registers with appropriate feedback connections. Programmable 
array logic (PAL) devices can produce shift register sequences in a single device that 
needs only a clock pulse. A length-63 PRS generator is indicated in Figure 2; we 
have used a similar register in our evaluations. 

(7) 
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3 Beam position monitor orocesstng 

The block diagram for the modulation is shown in Figure 3. The current is 
modulated with the frequency w and by a pseudorandom sequence Ax(t), 

I = h + Ax{t/r) sin{wt), (8) 

where x(t/r) is either +1 or - 1 . For five beam passes through the detector, the 
output signal at the probe is 

4 

Sj = ^2 (kr-4 x(t/r - r) sin (wt — TT)) -f- noise, (9) 
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where kr is a constant for each beam which depends upon its position. Because noise 
is generally quite system-specific and cannot be easily handled analytically, we will 
Henceforth neglect its effect; as usual, however, noise will determine the processing 
time needed for a given signal/noise ratio. When the detector signal is mixed "with 
the input delayed by j circulation periods, the output is 

S = J2krA
2x{t/T-T)x(i/T-j)sin2(wt). (10) 

Integration over m complete sequences will remove the high-frequency time-varying 
terms, so the signal average will be 

S = ikjA
2-±-YkrA

2 
2 3 2N £-> 2JV 

sin 2wT 

2wT (11) 

where wT is equal to mN; it is seen that the last term in the second brackets is 
0(1/T). 

A position monitor of the type used to observe the beam in the linac regions is 
the four-wire loop monitor shown in Figure 4.a. 

Arc monitors. In the arcs, where each beam has its own beam pipe, the 
position monitors need not respond to the modulation, so they can be optimized to 
detect the 1.5 GHz rf signal of the beam. An arc monitor is illustrated in Figure 
4.b. The two types of monitors are variations of one basic type, the thin-wire pickup. 
The general design is shown schematically in Figure 5, where the symbols are defined. 
The significant differences are found in the termination Zi, which is oo for an open 
line (1.5 GHz monitor) and 0 for a shorted line (100 MHz monitor).2'3'4 

For the monitors, the basic quantity of interest is the transfer impedance ZT, 
defined for a single pickup as the ratio of the pickup output voltage for a centered 
beam to the current J;,. Standard transmission line analysis, gives for the transfer 
impedance2 

Z („) - i ^ i | | Z c ( l - e - j 2 " " / c ) , . 
M « ) - i . r ^ e - j w / c > (12) 

where g is a geometric coupling factor, and 

Z, | | * . « * * ' 

T2=z2 + zc-

Zi 
Zi 

Zi 

z2 

+ ZC 

-zc 
+ zc 
-Zc 
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5. General thin-wire beam position monitor 
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The amplitudes of the transfer impedance for three pickup types are shown in 
Figure 6. The plots are normalized to oZj and carried out to 4w0 to emphasize the 
relative sensitivities and multiple bandpass characteristics of the pickups. 

3, 

6. Amolltuae of t ransfer Impedance vs. frequency 

Orbi t correc t ion techniques 
We have performed orbit corrections,5 using simulations, for the full five-pass 

accelerator. The orbit correction of the lowest energy beam is found by making the 
beam offset in each position monitor zero for the first pass. However, the corrector 
settings are not necessarily optimum for the higher passes. A perfect orbit correction 
cannot be obtained simultaneously for all beams. 

Since the linac design uses an alternating position monitor and corrector pattern, 
we can compute the upstream corrector strength required to make a downstream 
monitor reading zero for the first pass. The necessary kick Axj. is calculated from 
the beta functions and phase advance: 

A x ' f c = -
sin(<£m - 0t)-v/pfc/Pr. 

(13) 

Figure 7 shows the corrected low-energy beam, together with the higher order passes. 
Further correction of the higher passes is limited because any change applied to 

a corrector will disturb the low-energy beam. The following methods can be used 
for the correction of the higher energies: (1) Optimization of the injection angle and 
displacement, (2) the use of beam bumps in the low-energy line, which act as kicks for 
the higher energies, (3) a combination of these, (4) a least-squares fit to 26 variables 
(26 corrector dipoles with 26 monitor readings), and (5) 36 variables (26 correctors 
and 10 initial conditions). All of these have been tried in our simulations. As an 
example of what can be done, Figure 8 shows the results of optimizing the entrance 
angles and positions of the recirculated beams. 

- 45 -



r; I ^ ^ 

100 ISO 

• Law-energy cor.-ec:eC erstt 
with higher-energy passes 

so mo no 
Lttuc« ty«t«nl 

1 

a. Qntimizauon of injection Darameters 

B u n c h length measu remen t 
The bunch length, in the CEBAF electron beam, less than 1° in phase or 2 ps in 

time when fully relativistic, is too short to be measured by direct timing techniques. 
We have proposed two methods for obtaining subpicosecond resolution: 

1. To measure the self-correlation function of the transition radiation emitted when 
the beam strikes a thin sheet of metal foil; this method is discussed more fully 
in another paper. (Walter Barry, Proceedings of this conference.) 

2. To observe the change in the energy spread that is introduced when the phase 
between the beam and one or more rf cavities is altered.6 This method will be 
described in more detail. 
The bunch usually rides at the crest of the rf wave in order to maximize the 

acceleration and to minimize the energy spread. By altering the phase of one or 
several cavities, the energy spread can be increased by an amount that is proportional 
to the bunch length. By measuring the energy spread for several phases, the bunch 
length can be determined with subpicosecond resolution. The method has been 
successfully tested at the injector, but can later be used at any part of the accelerator. 

The cavities in the injector, shown in Figure 9, are driven by two klystrons. The 
first cavity raises the beam energy to about 2.7 MeV, which is nearly fully relativistic 
(/3 = 0.98). The phase of the second cavity can then be altered to increase the 
energy spread. Calculations have indicated that the phase length of the bunch at 
the entrance nf the second cavity can be measured with 0.2° precision; this figure 
represents the limit of validity of the computation. 
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9. Schematic layout of CEBAF Injector 
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To a first approximat ion , the energy spread produced in the b e a m by t i e second 
rf cavity because of phase spread is given b y 

SE = E0 sin q> £<£, (14) 

-where Eg is t h e energy an electron -would gain in traversing the cavity at op t imum 
phase, <f> is the phase difference of the bunch centroid from op t imum, and S<j> is the 
phase spread in the bunch . The bunch length / is re la ted to the phase spread by 

l = X064/(2*), (15) 

where A is the rf wavelength, and (3 ( = v/c) is very near ly equal to 1. A closer 
approximation for SE can be gained by using the b e a m t ranspor t code PARMELA, 
which includes the effects of phase drift t ha t is present because 0 is not quite equal 
to 1. 

We can characterize the b e a m by i ts energy spread SE a n d i t s phase spread S<f>. 
Their values a t the ou tpu t of a cavity can be connected to their values at the inpu t . 
Let the subscript i denote input , and o denote ou tpu t . For small dispersions, we have 
the following l inear relat ions: 

The transfer coefficients dE0/dEi, dE0/d<f>i are computed b y PARMELA. 
The input energy spread SEi and the input phase spread 6<j>i can be found by 

least squares, yielding as the best fit the following values: 

SEi = 0.0386 MeV, 

S<f>i = 0.247°. * ' 

Note tha t , as 1° at 1.5 GHz represents a t ime of 1.85 ps , the measured bunch length 
is nearly 450 fs. 

A c c e l e r a t o r p r o t e c t i o n a n d b e a m s h u t d o w n . 
Because of the high power density of the beam, if it is steered into any solid 

object, it will b u r n a hole in a very short t ime, typically of order 0.1 millisecond or 
less. As a design constraint , it is assumed tha t the burnthrough time is 50 /is. The 
beam already launched at the injector can require 25 /J.S to clear the machine, and 
another 5 /is may be necessary for t rans i t t ime to get the shutdown signal to the 
injector. We thus have approximately 20 /is available for response of the protect ion 
system. 

To detect b e a m loss, we have installed a system of counters tha t detect increases 
in background radia t ion. 7 If the background counting ra te at any counter increases t o 
more t han a preset l imit , a signal is sent t o the fast shutdown 8 (FSD) system, telling 
it to turn off the b e a m at the gun. T h e turnoff is accomplished in two steps: a large 
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negative voltage is rapidly applied to the grid, and then, somewhat more slowly, the 
high voltage power is removed from the gun. The shutdown is hardwired separately 
from the computer controls, although it sends messages to the computer. This means 
that a computer crash will not disable the FSD system. 

The system continually accepts and passes a series of 5 MHz square or trapezoidal 
waves that must be received to keep the gun active. It is fail-safe in the sense that a 
power failure emulates an FSD trigger. If the permissive signal does not arrive at any 
level of the safety logic, that level will initiate shutdown within less than 5 cycles. By 
comparison, a trigger produced by an actual fault condition will initiate shutdown 
within 3 cycles, a difference that is equivalent to only one more level of logic. 
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10. Fast snutflown tree structure 

While the system was being designed, it became apparent that fault conditions 
other than beam loss should also shut the beam down. In time, the number of triggers 
became rather large, so large in fact as to affect the choice of architecture used in 
implementing the shutdown. To accommodate the large and increasing number of 
triggers, we have adopted a tree logic (see Figure 10). Up to seven input signals can 
be received and combined by each node. A positive fault signal on any of the inputs 
will result in an output fault signal within 3 cycles, or 600 ns. The output signal is 
then passed on to the next logic level for its action. Since each level introduces its 
own 600 ns delay, the number of levels cannot be allowed to increase without limit; 
but the practical limit, corresponding to a total delay of 10/xs, is so large that ii does 
not impose any real constraint. 

Viewers and profile monitors 
Several conventional diagnostic tools are also installed in the CEBAF beamline. 

They include about 120 actuators that are distributed around the accelerator, and 
that can insert or withdraw targets from the beam. The targets can be: 

Standard fluorescent screens 
Aluminum foils to produce transition radiation 
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Cherenkov cells. 
In addition, we have several profile monitors, wire scanners driven by stepper 

motors. 
The beam, current is measured by a Faraday cup at low energy, or it can be 

monitored on-line by parametric current transformers. 
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NEW BEAM INSTRUMENTATION IN THE AGS BOOSTER* 
R. L. Witkover 
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Upton, NY, 11973 

Abstract 

The AGS Booster was designed to accelerate beams from 2 x 
1010 polarized protons to 1.5xl013 protons and heavy ions 
through Au+33. The range of beam parameters and the high 
vacuum, and radiation environment presented challenges for 
the beam instrumentation. Some interesting beam monitors in 
the Booster and transport lines, will be described. Where 
available, results will be presented. 

Description of the Booster 

The booster synchrotron now being commissioned has 
several goals: (1) increase AGS proton intensity by injecting 
4 Booster pulses per AGS pulse at higher energy (1.5 GeV vs 
200 MeV) to reduce AGS space charge effects at low energy; 
(2) increase AGS polarized protons by accumulating 20 pulses 
in the Booster at 7.5 Hz each AGS cycle, and (3) accelerate 
heavy ions up to Au + 3 3 to a momentum where they can be 
injected into the AGS for acceleration and injection into 
RHIC. 

The layout of the Booster and its transfer lines is shown 
in Figure 1. The ring is 201.8 m in circumference divided 
into 48 half-cells. Acceleration lasts from 60 msec for 
protons to 620 msec for Au+33. Normal or polarized H-minus 
beam is injected from the Linac via the LTB line. HARP 
multiwire profile monitors1 are located before the bend and 
injection to the Booster. Two beam current transformers with 
a range from 1/iA to 100 mA, 70 nsec risetime and 2%/msec 
droop measure beam intensity. Four meter long coaxial ion 
chambers2 measure beam loss using fast-scanning electronics.3 
Heavy ion beams from the Tandem Van de Graaff are inj ected 
via the HTB line, an extension of the existing HITL line,4 
using HARPs, Faraday Cups and beam current transformers to 
measure the beam. Beam is transported to the AGS in the BTA 
line. HARPs provide profile data. Beam current transformers 
similar to those in LTB and HTB but with fast integrator 
electronics measure the charge in the three extracted 
bunches. Position is observed using the same detectors as in 
the Booster Ring. The same type loss monitors as in the LTB 
line measure radiation in the BTA and in each half-cell of 
the ring. 

The Parametric and Environmental Design Problems 

Most Booster instrumentation operates over a range of 
three decades in intensity and two decades in resolution. 

*Work performed under the auspices of the U.S. Department of 
Energy. 
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Much of the electronics is in the tunnel to maintain the 
bandwidth and low noise required for low intensity beams, 
exposing them to radiation from high intensity protons which 
can be inter-leaved pulse to pulse. For protons running 24 
hours a day for 200 days (worst case) , the dose estimated5 
was 5.4 JcRad and 3.4xl012 n/cu2 at a "typical" unshielded 
location at floor level. This should allow at least five 
years operation except at locations such as the internal beam 
dump which will require shielding. High dose radiation 
detectors will be placed with the electronics to provide 
data for failure analysis. At beam height, radiation is 
expected to be 20 times higher, precluding materials such as 
PTFE. Radiation tests were done in the AGS on the fiber 
optic links used to isolate all signals to ring BPM electron
ics. The 3xl0-11 Torr ring vacuum affected detector designs 
by limiting materials to ceramic and stainless steel. Some 
ring components, such as the BPMs, had to retain tight toler
ances even after vacuum firing at 950°C. Bakeout of the Ring 
vacuum system at 300°c caused problems since PTFE is used in 
most high temperature cables could not be used. Some of the 
solutions to these challenges will be described. 

Ring Beam Current Transformers 

Beam current in the ring will range from 10 /iA for single 
turn injection to 2.9 A at design intensity with a duration 
ranging from less than 1 usee for fractional turn injection 
to 3 sec for accumulating polarized beam. A fast injection 
beam monitor (BIBM) and a slower circulating beam monitor 
(BCBM) were installed, each designed to cover the full range 
of current without saturating, to provide stability for low 
intensity measurements. 

The BIBM uses a beam current toroid6 with a sensitivity 
of 0.1 V/A into 50 Ohms and bandwidth from 0.5 Hz to 8 MHz. 
It has a 170 mm ID and is enclosed in an aluminum shield. 
The circuitry uses two separate relay-switched amplifier 
chains similar to those in LTB and HTB, but with gains of 100 
A*A/V, 1 mA/V and 1 A/V. The rise time is 70 nsec for the 
high and 1 jasec for the low intensity range. 

The BCBM is a dc current transformer (DCCT) which uses 
magnetic modulation and synchronous second harmonic detection 
to measure beam intensity.7 This commercial unit8 uses metal 
glass tape cores modulated at 6.928 kHz for a dc to 15 kHz 
bandwidth. The BCBM is 170 mm ID and 62 mm long including 
integral magnetic shielding. The circuitry consists of the 
Front End Electronics (FEE) which must be within 3 meters of 
the detector and the Back End Electronics (BEE) which can be 
up to 300 m away. With ranges of 1 A/V and 10 mA/V, only 1 
mV is produced for a 10 |iA beam, so a relay-switched gain of 
10 amplifier was added following the FEE. 

The BIBM and the BCBM are housed in a 1.27 cm thick, 1006 
steel magnetic shield mounted on vibration isolators. A 
water cooled copper sheet keeps the detector temperature 
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under 80°c during 300"C bakeout. A 5 cm ceramic section of 
vacuum pipe forces the wall current to follow a low impedance 
path outside of the transformers. The FEE and BIBM circuits 
are housed in an electrical box located near the floor with 
steel conduit shielding the cables to the transformers. 

In storage rings DCCTs may obtain 1 tih resolution with a 
1 sec integration window, during which modulation, Barkhausen 
and environmental noise average to zero. This is not the 
case for pulsed beams. Modulation noise equivalent to ± 150 
//A, consisting of spikes and components at the fundamental 
and odd harmonics were observed. Since this is crystal 
generated, a filter with -40 dB notches at 6.928 and 20.782 
kHz was built which reduced the noise to ± 10 /xA of 5th 
harmonic. A 4th order 21 kHz Butterworth low pass filter 
left only random noise of a similar level. Figure 2 shows a 
50 fiA test pulse measured with the DCCT (BCBM) . 

An identical pair of transformers called the ACBM and 
AIBM, were installed and tested in the AGS. RF and magnet 
noise saturated the AIBM on the high gain ranges until the 
electronics were moved into the tunnel. The ACBM showed 
severe rf pickup in the 3 - 4 MHz range. The vendor modified 
the circuitry and it is waiting to be tested again with high 
intensity beam. Pick up equal to 50 pA came from an AGS 
dipole located 30 cm away which produced about 1 Gauss at the 
housing. In the Booster this should be lower since the 
magnets are further away. The AIBM initially reacted 
strongly to the RF since this fell within its bandwidth. The 
amplifiers were rolled off at 1 MHz as a compromise with the 
required rise time, with a significant improvement. There is 
still severe magnetic pick up on the BIBM after 4 0 msec in 
the AGS cycle on the 100 /JA/V scale, but this is well after 
the injection period for which the transformer was intended. 
Figure 3 shows a fractional turn of 45 /JA of 0 + 8 beam spiral-
ing around the AGS Ring. 

LTB Beam Position Monitors 

The seven dual plane stripline BPMs9 in the LTB line are 
designed for use with the high intensity beam, but may be 
extended for polarized use by resonating the strips10 and 
adding input preamplifiers. The two planes are displaced 
longitudinally to reduce coupling which can be important if 
the strips are resonated. The plates are designed for 402.5 
MHz, double the Linac frequency. This cut the length almost 
in half to fit the crowded beam line, with a loss of only 5% 
amplitude for the most downstream detector. This also moved 
the processing frequency away from the Linac rf, reducing the 
background. 

Amplitude to phase modulation (AM/PM) 1 1 electronics 
process the signals at 402.5 MHz without down converting.12 

This increased the bandwidth, but made the limiter stages, 
which remove the amplitude dependence of the phase modulated 
signal, more difficult. The Plessey 532C limiters had good 
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specifications but still had to be selected in pairs to match 
better than 0.18 °. The four stage limiter cascade provide ± 
0.5 mm precision over a 26 dB dynamic intensity range as 
measured with the beam. The bandwidth was found to be 40 MHz 
in bench tests. The BPMs provided clean signals and were 
used to steer the beam, reducing radiation during commission
ing of the LTB line. The four-strip sum signal provided a 
good measure of the intensity along the line. 

Booster Ring Beam Position Monitors 

The Booster Ring BPMs are split plate, capacitive pick up 
electrodes (PUEs)13 to provide low frequency response for the 
neavy ion bunches. Measurements have shown the linearity of 
the PUEs to be better than ± 0.1 mm over ± 30 mm of the 75 mm 
radius. The 20-cm long single plane PUEs are located at each 
beta-max except at the beam dump and extraction septum. Six 
units are located in the BTA line to the AGS. A single turn 
trajectory or average orbit is obtained by varying the number 
of bunches integrated from 1 to 240. All of the electronics 
including the control interface are located in the tunnel 
separated from the PUE by 10 feet of cable. Data can be read 
from all PUEs every 10 msec in the cycle. 

A unique design of the PUE resulted because the complete 
assembly had to be vacuum fired at 950°c and when cooled, 
hold the mechanical and electrical centers to within ± 0.1 
mm. Thermal analysis showed that a double gimbal design 
(Figure 4) would do this. The 316N stainless steel cylindri
cal electrodes are axially locked together at two end points 
with ceramic posts. Four radial ceramic posts fastened to 
the plates, pass through close-fit holes in a ring surround
ing the electrodes which serves as an internal calibrator to 
couple test signals to the electrodes. A second set of 4 
holes, closely fitted to ceramic sleeves on the vacuum con
nectors, support the calibration ring from the vacuum shell. 
The electrodes are free to expand and contract axially while 
radially they slide outward along the ceramic posts, then 
back again during cooldown. Tests before and after firing 
confirmed the design is stable to ± 0.1 mm. 

Cables to withstand the 3 00'C bakeout are usually made of 
PTFE, which would last only one year in the expected radia
tion. A thermal isolator was designed which dropped the 
temperature to 60'C allowing standard polyethylene dielectric 
RG-62 cable to be used- It consisted of a 15 cm stainless 
steel type-N adapter with a stainless inner conductor sup
ported by ceramic disks. To provide additional rf shielding, 
the cable was run in copper tubing. 

The need to cover three orders of magnitude of intensity 
for bunch lengths from 50 to 3750 nsec with resolution of ± 
0.1 mm, made the design of the electronics difficult. The 
bunch electronics were built to operate over the rf range of 
0.21 - 4.1 MHz for 3rd harmonic acceleration. Later it was 
decided to accelerate heavy ions starting on the 12th har-
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monic and switching to the 3rd later in the cycle. A block 
diagram is shown in Figure 5. Sum and difference processing 
is used, with division performed in the host computer. The 
Front End Board (FEB) provides (A-B) and (A+B) bunch signals. 
The Integrator Board contains the BLR (Base Line Restorer) , 
the gated integrator and an ADC. All FEBs achieved a differ
ence signal of -50 dB with respect to the sum signal from 50 
kHz to 20 MHz. Most reached -55 dB in each of the three gain 
ranges. The impedance of the Compensation Circuit matches 
the cable at high frequency but rises at low frequency flat
tening the response to ± 1.5 dB from 10 kHz to 30 MHz. The 
Gain Block uses a low noise amplifier (AD9610) for gains of 
0.1, i and 10. A 4-port, trifilar transmission line trans
former with more than 60 dB common mode provides the sum and 
difference outputs. Since the signals are reactively 
coupled, a BLR is needed to set the zero level. A balanced 
diode bridge (HP 5082-2813) grounds the signal between 
bunches. The Gated Integrator gate opens for the desired 
number of bunches which are held until read (50 /;sec) by an 
on-board ADC. 

The 60 nsec BLR pulses must fall in the gap between 
bunches within a 20 nsec error over the rf range. The 48 
equally spaced PUEs require BLR pulses at 4 8-r (harmonic num
ber) phases, which must ripple around the ring to measure the 
single turn trajectory. The Bunch Timing Sequencer (Figure 
6) provides a pulse train which drives the BLR and the inte
grator gates. The Low Level RF System generates a signal, 
phase-locked to the beam, at 4 8 times the revolution 
frequency. A direct-digital synthesizer (Stanford Telecommu
nications Inc., Santa Clara CA, Model STEL 9273) which can 
operate at frequencies in excess of 70 MHz made this practi
cal. These pulses clock a 48-bit chain of ECL shift regis
ters which make the evenly phased triggers. The time window 
is encoded by counting the RF frequency for the desired 
number of bunches, starting at the required time. These are 
the data clocked through the shift register. The delay of 
each channel can be adjusted within a few nsec. This allows 
each PUE to get all the timing information on a single 200 
meter-long fiber optic link without high power line-
compensated drivers and providing ground isolation. 

Because of the low intensity beam signals, the electron
ics were located in the tunnel and floated at the beam pipe 
potential. All signals are coupled on fiber optic links. 
The bunch timing link used Hewlett-Packard HFBE-1404 GaAlAs 
transmitters and HFBR-2404 GaAlAs photo-diode receivers with 
200 m of 200 pm Ensign Bickford HCR step index silica cable. 
Tests in the AGS14 showed < 2 dB loss for the receiver and < 
1 dB loss for the transmitter for 28 kRad(Si). Attenuation 
for cables 3 meters long was 0.3 dB or less. Analog bunch 
signals for the tune meter, damper, rf control and bunch 
studies will be carried on analog fiber optic links1-5 with 6 
Hz to 35 MHz bandwidth and better than'3% linearity over a 26 
dB dynamic range. 
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All of the PUE detectors and electronics have been fin
ished and the last units are being installed. The fiber 
optic links are in place and trimming of the delays has been 
started. Tests of several stations with the computer system 
have been successful and the high level software has also 
yielded test data. The Sequencer has been installed and 
final timing set up will begin shortly. The analog fiber 
optic cables have been installed. 

The Ring Profile Monitor 

The choice of a profile monitor for the Booster was not 
easy. Flying wires could not be used because they would 
strip partially stripped ions. Heavy ions would not be 
affected by a residual gas ionization profile monitor (IPM) 
enhanced by micro channel plates (MCPs) but at 3xl0-11 Torr 
too few ions are generated in 1 msec by 2xl010 polarized 
protons to be meaningful.16 Since the Booster will accumulate 
20 such pulses it would still be useful through most of the 
cycle. At high intensity the MCPs degrade and would not last 
long without special precautions. An 1PM has been built for 
the Booster. 

Earlier IPMs which used MCPs have not had to operate in 
the high vacuum or over the intensity range of the Booster. 
Krider17 used a two-layer MCP with a 1 msec integration time 
to observe 1 ̂ A anti-protons in a 5-10xl0-8 Torr vacuum. This 
produced a number of ions similar to that of the accumulated 
polarized beam. MCP degradation with increasing charge 
output was observed by Krider and by Kawakubo, et al.18 The 
KEK device cleverly provided calibration of the collector 
array by rotating it 90° to illuminate all channels uniformly 
with the beam. In the AGS Booster 180 nm UV light will be 
shined through sapphire windows to calibrate the MCPs. Since 
the IPM will operate with beams of 3 A, local controls will 
adjust the bias voltage to limit anode current. The bias 
will be rapidly pulsed on only during measurements. Each 
detector plane consists of a two-layer MCP capable of 107 

gain, with an integral 64-channel anode array. The collec
tors are 1.1 mm wide on a 1.47 mm pitch, 75 mm long.19 
Provision was included to put a voltage between the MCP and 
the anode array to reduce spreading of the electrons if 
needed. 

The IPM is designed to operate with up to 70 kV on the 
electrodes. This was chosen not only to reduce the beam 
space charge effects on the ion trajectories, but also to put 
the impact energy of the ions above that at which the MCPs 
act as energy analyzers.20 Because of the high vacuum, the 
field shaping electrodes were designed to eliminate the 
resistive divider normally used to grade the voltage21 and 
provide a flat electric field region. A POISSON equipotential 
plot is shown in Figure 7. A third set of electrodes without 
a detector, mounted at 45°, is used to compensate the effect 
of the field of the other two on the beam. The electrodes 
are square stainless steel bowls 2 inches deep and 8 inches 
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long with a 4 inch gap. The MCP array is positioned in a 
square opening in the grounded electrode. A stainless steel 
cover shields the signal leads. Everything but the detector 
was vacuum fired to 950'C. The whole IPM was baked to 300"C. 
The design includes "multiple vacuum pumps to overcome the 
outgassing of the MCPs. High voltage testing of the 
assembled unit under vacuum to 150 kV was performed prior to 
installation in the ring. 

The electronics for the IPM can scan both planes, (a 
total of 128 channels plus power supply readbacks) in less 
than 1 msec- Each anode is connected to a low leakage (< 10 
pA) gated integrator, packaged 8 per 6Ux220 mm Eurocard 
board. Sample and Hold circuits (Datel DVME-645) allow the 
integrator to reset and start again while the data is being 
processed. A 68010 microprocessor controlled 12—bit ADC VME 
board (Datel DVME-601) digitizes the voltages and puts the 
data into dual port memory at a 140 kHz rate. A bus 
translator (Bit-3 Corp.) will connect the VME crate to a 
standard AGS Multibus control system interface. This maps 
the dual port RAM on the Datel DVME-601 into the address 
space of the Multibus control processor where is can be 
accessed by the AGS Apollo-based control system. The IPM is 
now being controlled by a "286 AT-Clone" through the Bit-3 
bus translator until the AGS controller is completed. The 
electronics function properly under the control of the AT, 
although the operator interface program is very simple since 
it will be replaced by the standard Apollo displays of the 
AGS control system. 
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Fig. 2. 50 i^A test pulse in Fig. 3. Partial turn of 45̂ iA 
DCCT. 20 mV/Div, 100 /iS/Div. of 0 + 8 on AIBM (50 ̂ S/Div) . 

Fig. 4. Booster Ring 
PUE showing Double 
Gimbal suspension and 
integral Calibration 
Ring. 
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Abstract 

The beam diagnostic instrumentation system for the 1.3 GeV synchrotron radiation 
facilities of the Synchrotron Radiation Research Center (SRRC) has been designed and the 
implementation is under way. The design consideration of the beam diagnostic 
instrumentation system for the SRRC are aid the commissioning of the machine and 
provide sufficient machine parameters for machine study as well as routine operation. The 
overall design concept including various diagnostic devices and present status of beam 
diagnostic instrumentation system will be described in this report. 

1. Introduction 

The goal of the third generation synchrotron radiation light source is to deliver high 
brilliance and low emittance photon beams to their users. The 1.3 GeV synchrotron 
radiation facilities of the SRRC is designed with a turn-key full energy injector, a 70 m 
long transport line and a 120 m long storage ring with triple bend achromat (TBA) lattice 
configuration [1]. It will be dedicated to provide high quality synchrotron radiation light for 
users. To fit the stringent requirement of the machine, the diagnostics system should be 
provided precision and sufficient machine parameters for machine physicist and operator. 
The diagnostic system is composed of various type of detectors and monitors, all major 
diagnostic devices for the storage ring and the transport line are described in the following 
section. 

2. Beam diagnostics instrumentation for the storage ring 

The diagnostic devices using at the storage ring are shown in Figure 1. Electron beam 
position is measured by 47 beam position monitors (BPM). The averaged beam intensity is 
measured by a dc current transformer (DCCT) and the fast beam structure also observed by 
a fast current transformer (CT). Two tapered striplines are used to observe transverse and 
longitudinal oscillation as well as time structure. One excitation electrode is used to excite 
betatron oscillation or used as damper to damp transverse instability. Eight screen monitors 
are used to aid commissioning of the storage ring. Two set scrapers will be served for 
dynamic aperture, beam center and beam size measurement One synchrotron radiation light 
port will be used as optical diagnostic station to provide transverse and longitudinal beam 
profile information. The beam diagnostic system is controlled by three sets of VME crate 
based intelligent local controller (ILQ which is based on Motorola MC68030 
microprocessor with 68882 floating point coprocessor. The orbit measurement, the 
averaged beam current reading, the control of screen monitor as well as the control of 
scraper are handled by these ILCs. 

(1) Beam position monitor 

The beam position monitor plays a vital role in the operation of the storage ring. The 
electron beam orbit in the storage ring will be measured by 47 sets BPM which is located 
and distributed around 120 m circumference and also shown in Figure 1. There are 8 
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Figure 1. Beam diagnostic devices for the storage ring 

BPMs per achromat cells, but one BPM is neglect due to space limitation. The lattice has 
sixth achromat cells, hence, total number of BPM is 47. The location of the BPM and the 
closed orbit correction scheme are proposed and suggested by the beam dynamic group at 
SRRCfl]. 

The BPM is composed of four button-type electrostatic electrodes that are directly 
mounted in the elliptic shape vacuum chamber. The signal is picked up by four button-type 
electrodes and processed arithmetically to obtain the horizontal and vertical position as well 
as total intensity of the electron beam. The geometrical structure of the BPM is shown in 
Figure 2. The sensitivity of BPM about 7.5% and 6% signal strength change per millimeter 
near the center of the BPM for horizontal and vertical direction respectively. The Al-SMA 
feedthrough with button-type electrode is welded on the vacuum chamber by the electron 
beam welding technique and preserved a smooth inside surface of vacuum chamber. The 
button electrode is made by stainless steel SUS-304. The SMA feedthrough consists of the 
ceramic-aluminum alloy and provides a small dimension and better RF performance. The 
BPM is tightly fixed on the BPM jig, the reference plane on the jig are used as reference for 
BPM calibration and installation. The BPM with jig is mounted at the BPM fixture near the 
quadrupole magnet, the adjustment mechanism is also include to adjust position of BPM. 
The reference plane of the quadrupole magnet are on the top of the magnet, the setting error 
of BPM will be measure by in-house develop dimensional measurement equipment. 

In order to calibrate the BPM, a high precision two-axis micropositioner with 
resolution 3 \xm is set up. A semi-rigid coaxial antenna is used as a simulated electron 
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Figure 2. Beam position monitor 

beam. The signal is picked up by the button electrodes and processed by processing 
electronics. A personnel computer is used as a controller for data acquisition and normalize 
die measurement data. The measurement data are used to find die calibration coefficient to 
correct die nonlinearity by appropriate algorithm [2,3]. 

The processing electronics basically follow the design of B. Biscardi and J. W. Bittner 
[4] as shown in Figure 3. The same kind system also proposed by several synchrotron 
radiation facility which is under construction [5,6,7]. The solid state switch (PIN diode or 
GaAs MMIC) is used as a multiplexer to select the pick-up signal from die button electrode, 
single channel heterodyne receiver and IF amplifier to detect the electron beam signal. One 
set of the processing electronics is dedicated for one BPM. The analog signal from 
processing electronic is read into ILC to normalize and to correct the nonlinearity of die 
BPM. The horizontal and the vertical beam displacement are updated into the dynamic 
database on die process computer and workstation periodically with rate about 10 Hz. This 
high accuracy beam position information can be accessed by any user to perform closed 
orbit correction or other purpose. The ILC also provides fast beam position information 
about 500 reading/sec for position feedback purpose. The control network has not 
sufficient channel capability to transmit such fast beam information, merefore a parallel 
DMA link will be used to send fast beam position to position feedback cnnrml ILC. On the 
beam position feedback control ILC, fast parallel link is established u« >...vg uaee sets orbit 
acquisition ILCs. A number crunching VME board will be used to provide computing 
horsepower. 

The first and single turn beam position information is very helpful for the machine 
commissioning. Special module will be added on beam instrumentation rack to measure the 
first/single turn beam position. The module will handle 16 units of processing electronics. 
Each injection cycle, only one signal picked up by one of the four button electrodes is 
sampled, hence, the first/single turn trajectory need four injection cycle. 

The beam movement could be reduced by local bump with fast response to eliminate 
mechanical vibration and ripple of me power supply [8]. The VUV ring of NSLS has been 
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Figure 3. Functional block diagram of the BPM processing electronics 

used analog electronics to implement global harmonic feedback and yielded an excellent 
performance [9,10]. To achieve the design performance of the storage ring, real time digital 
feedback control system to minimize the orbit motion has been proposed [11]. The beam 
feedback system will enhance the performance of the storage ring and provide a good 
stability for the photon beam output. The bandwidth of beam position feedback is limited 
by eddy current effect of vacuum chamber about 50 Hz which can be extended higher after 
using appropriate compensate algorithm at control loop. In order to damp fast beam motion 
due to unavoidable noise, the beam position monitor should have fast response (> 200 Hz). 
The fast beam position measurement system can provide beam position reading about 500 
times/sec. The speed of the beam position measurement can fit the requirement of electron 
beam position feedback. 

(2) Intensity monitor 

The average beam current of the electron will be measured by a DCCT with 0.4 |iA 
resolution. This device is well-developed by K. B. Unser [12]. The DCCT will provide 
information about the averaged beam intensity, injection rate and beam lifetime of the the 
storage ring. The intensity monitor is composed of toroid sensor made by high quality 
magnetic amorphous alloy, a front electronics, and a back-end electronics. Due to high 
dynamic range of DCCT, a 6-1/2 digit DVM is used to read the averaged beam intensity. 
The reading data of the DVM can be accessed from any process computer or workstation. 

High frequency component of beam current is observed by a fast response CT with 
rise time better than 1 ns. The CT is very useful to monitor the beam filling structure of 
injection sequence or single bunch operation. The CT shares the same ceramic gap with 
DCCT to save space as well as money. 

(3) Excitation and pickup electrode 

One set of excitation electrode is composed by four electrodes mounted on skew 
position of circular vacuum chamber. The excitation electrode is used to excite transverse 
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beam motion and to damp the transverse instability. 

The pickup electrode is composed by two wide bandwidth linear tapered stripline 
electrodes to observe transverse motion and time structure. The tapered stripline is designed 
for 50 Q characteristic impedance and terminated with a 50 Q load. Exponential tapered 
stripline has been built by T. Linnecar for SPS-CERN despite it Is difficult to build [13]. 
Linear tapered design has been adopted for the storage ring of SRRC due to its simplicity to 
implement than exponential tapered stripline and also preserve wide bandwidth feature with 
slightly large amplitude ripple. The signal picked up by stripline electrode is transferred to 
hybrid junction to obtain the sum and the different signal. The sum signal will provide the 
observation of the longitudinal tune and the feedback, but the different signal will be used 
for the betatron tune measurement and the transverse beam damp. 

(4) Tune measurement system 

The betatron tune measurement of the electron beam at the storage ring is based upon 
the RF knockout technique. In order to excite the betatron oscillation of the electron beam, 
the excitation electrodes are used as kicker and one set of stripline electrodes is served as a 
pickup electrode. The kicker electrode is driven by a signal generator to excite betatron 
oscillation, the bunch signal composed of a large number of harmonics of revolution 
frequency. The resonance occurs at fex = (n + q) frev, where n is integer, q is the fraction 
part of the tune number from 0 to 0.5, frev is the revolution frequency which equal to 
2498.27 KHz, fex is the frequency of the excitation signal. The design value of betatron 
number is (7.18,4.13) in the machine. Therefore the lowest frequency is 449.7 KHz (0.18 
x frev) in the horizontal direction and 324.7 KHz (0.13 x frcv) in the vertical direction. The 
signal will be analyzed by a spectrum analyzer with tracking generator and/or a network 
analyzer. The design of the phase locked loop based automatic tune measurement system is 
also under development. 

(5) Screen monitor and scraper 

The fluorescent screen and the CCD camera are a considerable important and useful 
monitor to commission the storage ring. Eight chromium doped alumina fluorescent 
screens will be installed in the storage ring. There are six screen monitors installed on the 
basis of one screen per superperiod. The other two screens, one is installed before the 
injection window, the other one is mounted at the injection section of the storage ring after 
the injection kicker. The image information can be accessed and analyzed by user from 
console or workstation to provide the information about the beam profile. The screen is 
mounted on the linear motion UHV feedthrough driven by a stepping motor which is 
controlled by ELC located in the equipment area inside of the storage ring. 

The scraper mount on the linear motion. UHV feedthrough is driven by stepping 
motor. The outer part of density distriburior. ;;f the beam is measured by two pairs of 
scraper. The transverse profile can be determined by scrapers . The dynamic aperture can 
be deduced by beam lifetime measurement at different scraper position. 

(6) Synchrotron radiation monitors 

The synchrotron radiation is very useful to provide electron beam parameters of the 
storage ring. Estimated orbit stability requirement for the third generation synchrotron 
radiation light source is less than ± 10 (am in position and less than 1 urad in angle. Beam 
steering system is necessary to meet these requirements. It is necessary to install photon 
beam monitors for the closed loop beam steering system. 
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One synchrotron radiation port is dedicated for optical diagnostic. The synchrotron 
radiation output from one dedicated light port going through appropriate optical system, 
leads to a detection system mounted on a optical bench, on which high speed 
photo-diode,diode array, position sensitive detector, CCD camera, as well as streak camera 
are mounted. The optical system will be aligned by a He-Ne laser system. The optical 
system should be carefully designed to improve the resolution of profile measurement 
[14,15]. The location of the optical diagnostic instrument will be set up at the experimental 
area. 

3. Diagnostics instrumentation on the transport line 

In order to commissioning and tuning the parameters of the transport line and the 
injection system, the diagnostic instrumentation has been designed. The location of 
diagnostic devices is shown in Figure 4. These devices consist of beam position monitor, 
intensity monitor, screen monitor and energy define slit. 

(1) Beam position monitor 

Seven non-interception BPM with the stripline-type electrodes will be installed and to 
observe the electron beam position. The accuracy of the BPM associated with its 
processing electronics is about ± 0.5 mm. 

(2) Beam intensity monitor 

The low loss ferrite core is used to make three toroid transformers for current 
measurement. The device is mounted on a ceramic gap of the vacuum chamber. The signal 
will be sampled and recorded by the high speed sample and hold circuit as well as the fast 
integrator. The transmission efficiency of the transport line and total beam current can be 
measured by this monitor. 

One fast response wall current monitors will be installed at transport line to observe the 
bunch structure of the injected current. The signal picked up by wall current monitor will be 
sent directly to the control room and monitored by the wide bandwidth oscilloscope. 

Injection 
Septum 

(Storage Ring) 

W Screen monitor 

t Slit 

x 6 

x l 

O Beam position monitor x 7 

-§- CT x3 

n%TI Wall current monitor x 1 

Figure 4. Diagnostic devices for the transport line 
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(3) Screen monitor 

Six screen monitors are used to observe and measure the transverse beam profile and 
the spatial position. It is very useful to commission and tune the parameters of transport 
line. AH screen monitors are composed a retractable fluorescent screen and a CCD camera. 
The video signal is transmitted into the control room. The beam position and profile will be 
reduced from this video image which is processed by the video digitizer and console 
computer. The emittance of the beam will be determined from measurement of the beam 
width on a screen monitor as a function of current setting of the quadrupole magnet 

(4) Energy define slit 

One energy define slit will be used to measure momentum spread at transport line. The 
optics is changed by tuning Ql, Q2, Q3 and Q4 to blow up the dispersion function. The slit 
is installed between Q3 and Q4. The energy resolution of the slit is about 8 x 10"*, which is 
useful to ensure the performance of the injection system. 

(5) Beam dump 

In order to keep the low level radiation for the test measurement, the beam stop device 
will be installed in the beneath of the vertical achromatic section. The beam dump will 
provide gross information about the characteristics of the beam and it permits to 
commission and tune the parameters of injector more efficient. 

4. Present status 

To meet the requirement of the machine, a accuracy and reliable diagnostics system are 
needed. The performance of the diagnostic system will affect the performance of the 
machine. Due to the tight schedule and enormous tasks should be done before machine 
commissioning, beam diagnostics system will use well developed manner to fulfill its goal. 
Eight BPMs have been received at June, 1990. The calibration method was developed and 
applied to these BPMs. These BPMs have already been installed on the vacuum chamber of 
the one superperiod of the storage ring. Another 40 BPMs have been ordered and expected 
to be received at June, 1991. Much attention is paid to the implementation of the processing 
electronic. The procurement of DCCT and CT are in progress. The mechanical for 
DDCT/CT is under manufacture and intensity monitoring system has been underway. The 
stripline electrode and excitation electrode, screen monitors and scraper have been designed 
and under implementation phase. The control for diagnostics devices is also in 
implementation phase. All systems are expected to be ready before October, 1992. 

Acknowledgements 

The author is grateful to Y. Mizumachi (KEK-Tristan), T. Katusra (KEK-PF), J. 
Hinkson(ALS), T. Linnecar (CERN), K. Unser (CERN), F. Loyer (ESRF) for their 
useful suggestion. The author also grateful to Miss M. H. Wang for the discussion about 
diagnostic of the transport line. The help from Prof. Y. C. Liu, Dr. J. R. Chen and Dr. K. 
K. Lin are also highly appreciate. 

Reference 

[1] "SRRC Design Handbook", Synchrotron Radiation Research Center, April 1989. 
[2] H. Ishii, M. Tejima, T. Ieirj, J. Kishiro, Y. Mizumachi, K. Mori, A. Ogata 

and T. Shintake, "Beam position monitor system of TRISTAN main ring", 
The 6th Symp. on Accelerator Science and Technology, 1987, Tokyo, Japan. 

[3] J. Borer, C. Bovet et D. Cocq, "Algorithmes de linearisation des pick-ups", 

- 66 -



LEP Note 582,21 Mai 1987, Rev. Mai 1989. 
[4] R. Biscardi and J. W. Bittner, "Switched detector for beam position monitor", 

Proceedings of the IEEE conference on Particle Accelerators, 
CH2669-0/89/0000-1516,1989. 

[5] J-C Denard, A. Camiel, R. Aiello, T. Monaci, "Beam position monitoring system 
for ELETTRA", European Particle Accelerator Conference, Nice, June 1990. 

[6] F. Loyer and K. Scheidt, "Beam position monitor : Proposed types of 
measurements", ESRF-BD-90-01, February 19, 1990. 

[7] "Pohang Light Source - Conceptual design Teport", Pohang Institute of Science and 
Technology, January 1990, Pohang, Republic of Korea. 

[8] R. O. Hettel, "Beam steering at the Stanford synchrotron radiation laboratory", IEEE 
Trans. Nucl. Sci., Vol. NS-30, No. 4, 2278(1983), and Nucl. Inst. Meth., 155, 
A266(1988). 

[9] R. J. Nawrocky et al., "Automatic beam steering in the NSLS storage ring using 
closed orbit feedback", Nucl. Instrum. and Meth. A266,164 (1988). 

[10] L. H. Yu, "Orbit stability and feedback control in synchrotron radiation storage 
rings", NSLS, 1989. 

[11] D. Bulfone, "Real time orbit position feedback system for the ELETTRA storage 
ring". STM-89/19, Sincrotrone Trieste, Padriciano, 99, 34012 Trieste, Italy, April 
1989. 

[12] K. B. Unser, "Design and preliminary tests of a beam intensity monitor for LEP", 
CERN/LEP-BI/89-07, and reference therein. 

[13] T. P. R. Linnecar, "The high frequency longitudinal and transverse pick-ups in the 
CERN SPS accelerator", IEEE Trans. Nucl. Sci., Vol. NS-26, No. 3, 3409(1979). 

[14] A. Hofmann and F. Meot, "Optical resolution of beam cross-section measurements 
by means of synchrotron radiation", Nucl. Instrum. and Meth., NIM-203, 
483(1982). 

[15] G. R. Aiello, "Emittance measurement project", Sincrotrone Trieste, ST/M-88/29, 
December 1988. 

- 67 -



Status report of the design of the Spring-8 storage ring beam 
diagnostics system 

Shigeki Sasaki 
SPring-8 project, RIKEN 

Hirosawa 2-1, Wako, Saitama 351-01, Japan 

A b s t r a c t 
in this report, overview of the SPring-8 project, a synchrotron 

radiation light source project, will be described first. Also the design 
of the beam diagnostic system for the storage ring of the SPring-8, 
which is still in the conceptual design stage, will be presented. 

Overview of SPring-8 O 
SPring-8, which stands for S_uper Pjioton ring. 15. GeV, is a 

project of a synchrotron radiation light source, which has capability 
of accelerating and storing both electrons and positrons. The 
accelerator complex consists of a 1-GeV linac, an 8-GeV booster 
synchrotron as injectors, and an 8-GeV storage ring, which is a full 
energy injection storage ring. The main parameters of each 
accelerator are listed in Table 1. 

The scheduled completion of the machine is in the fiscal year 
1997 and the first beam for experiments will be delivered in the 
fiscal year 1998. 

The machine is designed as a low emittance synchrotron light 
source, whose natural emittance is 7 nmrad with Chasman-Green 
type lattice. The storage ring is devised with a lot of dispersion free 
straight sections with the length of some 6 m to be fit to install the 
various insertion devices. 

This type of low emittance machines is sensitive to the orbit 
errors; in some cases, a small closed orbit distortion reduces the 
dynamic aperture and the beam lifetime significantly. Therefore 
accurate measurements of the beam position relative to focusing 
magnets optical axes, in particular, sextupole magnets for SPring-8, 
are important. 
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Another feature characteristic to the SPring-8 is four 30-m 
long straight sections. We will adopt a 2-step installation for the 
long straight sections. 

In the first step, 44 normal Chasman-Green cells and 4 
straight cells are placed. The straight cell has the same cell structure 
except not having the bending magnets in it. At this stage, up to 4 
normal length insertion devices can be installed. 

After some maturarization of the machine will have been 
achieved, the focusing magnets in a straight cell will be rearranged 
so that a long free straight section emerge. In the long straight 
section, a single long insertion device can be installed. 

The diagnostic system design of the storage ring 
The overview of the design of the beam diagnostic system of 

SPring-8 storage ring is described. Diagnostic systems for the 
injectors will not be described here. 

For the storage ring diagnostic system, most of the devices will 
be manufactured with conventional techniques. As in many other 
electron storage ring, the following diagnostic instruments will be 
installed in the SPring-8 storage ring: a direct current current 
transformer (DCCT), a current transformer (CT) or a wall current 
monitor (WCM), a set of driving electrodes which make coherent 
oscillations or perturbations to the stored beams, fluorescent screen 
monitors, and beam position monitors (BPM). Numbers and purpose 
of these devices are listed in Table 2. Although detailed designs of 
each item are not undertaken yet so far, a few items in the list are 
described here to some extent. We should also consider the 
possibility of using instruments which are not in Table2. 

Beam Position Monitor 
As mentioned earlier, the storage ring is very sensitive to the 

orbit error or closed orbit distortion (COD). Accurate measurement 
of the beam position relative to the magnetic center of the adjacent 
sextupole magnet is essential for reducing the residual COD, and 
keeping the dynamic aperture the size acceptable for practical use. 

The requirements from the lattice design to the beam position 
monitors are described below. (1) At the commissioning, the beam 
position monitor should be able to measure the position of the beam 
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with a single passage of the beam at the very first turn just after 
the injection with the accuracy of 1 mm, slightly worse than this 
accuracy may be tolerable. (2) For the normal operation, the beam 
position have to be known with the accuracy less than 100 u,m, less 
than 50 urn is desirable. For both cases, the beam position means 
transverse coordinates relative to the magnetic center of the 
adjacent sextupole magnet. The beam position monitors will be 
attached to each sextupole magnet. 

The measurement accuracy is limited by several factors. For 
the first case, the accuracy will determined by the measurement 
resolution of electronics circuits because of the low beam current. 
For the latter case, mechanical uncertainties come from sextupole 
magnet machining accuracy (magnetic center of the magnet may 
differ from the mechanical center of the pole pieces), vacuum 
chamber deformation, accuracy of attaching the chamber to the 
magnet, and so on, may limit the measuring accuracy. 

A super heterodyne method will be adopted for signal 
processing electronics of the beam position monitors.2) We 
considered a preliminary design, and the first set of prototype 
electronics is under manufacturing. The radio frequency of the front 
end amplifier (RFamp) was chosen to be 508.58 MHz, which is the 
same frequency as the accelerating Tadio frequency. The 
intermediate frequency (IF) for the Intermediate frequency 
amplifier (IFamp) is decided to be 50 MHz. Schematics of the 
electronics are shown in Fig.l. 

To cope with the single pass measurements, the signals are to 
be divided into two ways after the intermediate frequency 
amplification; one is for the single pass measuring electronics and 
the other is for the averaged signals measurements. 

Since the revolution frequency of the storage ring is 208.8 
kHz, the intermediate frequency of 50 MHz is high enough for the 
single pass measurements. 

For the single pass measurements, the sampling rate of the 
signal must be faster than revolution frequency, 208.8 kHz. After 
the IFamp the signals for single pass measurements are pushed into 
first-in-first-out (FIFO) memories through detectors and 8-bit 
analogue to digital converters (ADC) synchronized to the macro 
pulse revolution timings. 
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Signals for averaging are fed into a 12-bit ADC through 
detectors, low pass filters with the cutoff frequency of 1 kHz, 
sample and hold circuits, and a multiplexer. 

The design of the chambers and electrodes for the beam 
position monitors is undertaken with the cooperation of the vacuum 
group people. Details of these design will appear elsewhere. 

Diagnostics Using Synchrotron Radiation 5) 
Emittances,3)-4) bunch length, betatron tunes, oscillations and 

vibrations of various kinds will be measured with the help of the 
diagnostic systems using synchrotron radiation. Many of the 
techniques are common to those used in construction of the 
experimental beam lines. The design work will proceed in 
cooperation with the design group of beam line front end. 

The system needs at least following components: a light source 
(a bending magnet or an insertion device), focusing optical 
elements, a monochrometer, an imaging devices for profile 
measurements, an angular distribution measuring devices, a streak 
camera for temporal measurement, and detectors which can 
observe vibrations and oscillations. Although, the detailed design of 
the system has not yet been started, the system should be 
optimized for the energy of photons used for the measurements 
mentioned above. 

R e f e r e n c e s 
1) Conceptual design report: "SPring-8 PROJECT, PART I. FACILITY 
DESIGN 1990 [DRAFT]", JAERI-RIKEN SPring-8 Project Team, 2-28-8 
Honkomagome, Bunkyo-ku, Tokyo 113, Japan, (1991). 

2) J. Hinkson, J. Johnston, and I. Ko: Proc. of 1989 IEEE particle 
accel.conf., March 20-23, 1989, Chicago, IL, USA, 1507(1989). 

3) A. Ogata, T. Mitsuhashi, and T Katsura: Proc. of 1989 IEEE particle 
accel.conf., March 20-23, 1989, Chicago, IL, USA, 1498(1989). 

4) G.P.Jackson, R.H. Sieman and E.M.Mills: Proc. 12th Conf. High 
Energy Accel., Fermilab, 217 (1983). 
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5) T. Katsura:"0H0'86, proc. of KEK accel. summer school, Oho, 
Tsukuba, Ibaraki, Japan 111-12 (in Japanese), (1986). 

Figure Caption 
Fig.l- Schematic diagram of the signal processing electronics for the 
beam position monitors. 
BPM: Beam Position Monitor 

BPF: Band Pass Filter 
RFamp: Radio Frequency amplifier 
MIX: MDCer 
LO: Local Oscillator 
LPF: Low pass Filter 
IFarr.p; Intermediate Frequency amplifier 
MPX: MultiPleXer 
ADC: Analogue to Digital Converter 
S/H: Sample and Hold 
FIFO: First In First Out memory 
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Table 1. Main Parameters of SPring-8 

Storage Ring 
Energy E(GeV) 

Current(innlu- / single-bunch) I (niA) 

Circumference 

Dipole magnetic field 
Bending radius 

Type of lattice 

Number of cells 

Length of straight section 

normal / long 

Natural emittance 

Critical photon energy 

Tune 

Synchrotron tune 

Momentum compaction 

Natural chromaticity 

Energy loss in the arcs 

Energy spread 

Damping time 

Harmonic number 

R.F. voltage 

R.F. frequency 

Bunch Length (FWHM) 

Injectors 
Linac 

R.F. frequency 

Klystron Power 

Repetition Rate 

Main Linac Energy 

Peak Currents (eVe+) 

Positron Linac Energy 

Peak Currents (eVe+) 

C(m) 

B(T) 
p(m) 

Chasman-Green 

Normal /Straight 

L(m) 

£n (nm-rad.) 

EcOceV) 

V X / V y 

vs 

a 

Cx/Cy 
Uo (MeV/rev) 

Oe/E 

xx/Ty(msec) 

Te (msec) 

h 

Vrf(MV) 

frf(MHz) 

(mm/ps) 

frf(MHz) 

Pk(MW) 

(Hz) 
E (GeV) 

I(mA) 

E(MeV) 

I(A/mA) 

8 

100/5 

1435.948 

0.679 

39.2718 

4 4 / 4 

6,65/-30 
6.99 

28.90 

51.22 / 16.16 

0.O1005036 

1.4597x10-4 

-115.86/-40.03 
9.2263 

0.0010936 

8.3028 / 8.3064 

4.1541 

2436 
17 

508.58 

8.55/28.5 

2856 

35 

60 

1 

300/10 

250 

10/10 
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Synchrotron 
Injection Energy Ej(GeV) 1 

Maximum Energy Emax (GeV) 8 
Grcumference C (m) 396 
Number of cells FODO 40 
Repetition Rate (Hz) 0.75 
Tune v x / v y 11.73/8.78 
Naturalemittance en (nmrad.) 230 
Dipole magnetic field B (T) (lGeV/8GeV) 0.11 / 0.9 
R.F, frequency fjf (MHz) 508.58 
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Table 2. Components of the beam diagnostic system. 

Device Number Purpose or quantities to be 
measured 

DCCT 
CT/VVCM 
Screen monitors 

1 
1 or more 

Beam position monitors 336 (7/cell) 

Beam loss monitors surround the ring 

Perturbing electrodes 1 

Strip line electrodes 1 
Synchrotron Radiation 2 for B 
monitoring system 2 for I.D. 

Synchrotron Radiation each beam line 
beam line stabilization 
systems 

Average stored current 
Beam intensity of a bunch 
Beam position of the first rum 
after injection 
Beam position of the stored 
beam 
Occurrence and rough position 
of beam losses 
Excitation of coherent 
oscillations, 
suppression of instabilities 
Directional coupling monitor 
Beam profile, angular 
distributions, emittance and 
tune, bunch length 
Stabilization of the photon beam 
line axes 

DCCT: Direct Current Current Transformer 
CT: Current Transformer 
WCM: Wall Current Monitor 
B: Bending Magnet 
ID: Insertion Device 
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SURVEY OF BEAM INSTRUMENTATION USED IN SLC* 

Stanley D. Ecklimd 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 94309 

A B S T R A C T 

A survey of beam instruments used at SLAC in the SLC machine is presented. 
The basic utility and operation of each device is briefly described. 

The various beam instruments [1] used at the Stanford Linear Collider (SLC), 
[2,3] can be classified by the function they perform. Beam intensity, position and 
size are typical of the parameters of beam which are measured. Each type of param
eter is important for adjusting or tuning the machine in order to achieve optimum 
performance. 

B E A M I N T E N S I T Y 

Beam Intensity is measured at SLC to about 1% accuracy using toroid trans
former pickups at a ceramic gap in the metal beam pipe. Most of the toroids arc 
made as part of a resonate LC circuit with a local preamplifier to give good sensitiv
ity to beam charge. A sample and hold circuit is gated on the desired machine pulse 
and the charge read out via a custom CAMAC module. The closely spaced bunches 
in the SLC are not resolved in time and the readout gives the difference between 
positron and electron bunches. For that reason, the toroids are used mostly where or 
when only one beam pulse is present. 

Another device commonly used is a gap pickup. This monitor sends a part of 
the wall image current down a cable to an oscilloscope or to a charge integrator. The 
connection and back termination of the cable to the vacuum pipe is critical to get 
a clean signal with an accurate representation of the beam. Gap monitors are used 
mostly at the electron injector [<l] where the beam pulse length is long, on the order 
of several nanoseconds. 

B E A M LOSS M O N I T O R S 

Beam losses are monitored at SLC in order to optimize transmission and to give 
warnings of levels of beam loss which could cause damage to equipment. With beam 
sizes as small as 100 ft, and intensities of 5 x 1010 particles, the possibility for melting 
or cracking of machine components is severe. 

Liter-sized gas ion chambers are most commonly used to protect equipment. 
They are spatially located outside the beam pipe and near the device to be protected, 
typically a collimator, beam dump [5,6] or septum magnet. The integrated or aver
age signal is read out to the control computer. Threshold levels are set in hardware 
to turn off or reduce the repetition rate of the machine automatically. Calibration is 

* Work supported by Department of Energy contract DE-AC03-7GSF00515. 
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made by running a known but safe beam power and intercepting it in the device being 
protected. The chambers are usually filled and flushed with He gas. In locations where 
high sensitivity is desired such as in the Final Focus, [7] Argon gas is used. There 
the readout is calibrated in terms of radiation dose, (R/hr) to give a quantitative 
measure of losses. This monitoring is used extensively to avoid backgrounds in the 
interaction point detector. 

For a long time, the SLAC LINAC has used a long cable as an ion chamber to 
record the distributed losses along its 3 km length. With the construction of SLC, and 
additional beam transports, many additional systems [S,9] have been added. Nitrogen 
gas is used to fill a gas dielectric cable whose center conductor is biased at several 
hundred volts. When a loss occurs, signals propagate in each direction down the cable. 
The temporal distribution readout from the up beam end gives the spatial distribution 
of losses along the cable. (For convenience, usually the down beam end of the cable is 
viewed in the control room and the up beam end AC shorted through a capacitor to 
reflect the signal.) For machine protection from losses, hardware thresholds are used 
to ca\ise turn off and/or cause reduced repetition rate operation of the machine. 

B E A M POSITION M O N I T O R S 

For the SLC machine, measurement and control of the beam position is the most 
important beam control function. Not only is position control needed to efficiently 
transport beams without loss, it is essential to avoid beam induced wake fields in the 
accelerator disk loaded wave guide. The wake fields act back on the beam and cause 
phase space correlations and distortion which effectively results in enlargement of the 
beam emittance. This results in larger beam spots and beam divergence in the final 
focus and hence reduced luminosity and possibly increased detector back grounds. 
Beam position measurements also perform a vital role in a number of diagnostic 
checks of the machine such as checking quadrupole focusing strengths and alignment. 
[10-16] 

The beam position monitors (BPM) at SLC [17] are strip lines inside the beam 
vacuum pipe, coupled out to 50 ohm cables with vacuum coax SMA connections. The 
strips vary in length from a few centimeters in the Damping Ring to over 40 cm in 
the Positron Return Line system. Most locations incorporate 4 strips for horizontal 
and vertical position; some use only 2 strips in case only one dimension is needed. 
The strips are sometimes rotated 45 degrees to avoid their being hit by synchrotron 
radiation. The BPM's are located along the beam line at least every 90 degrees in 
betatron phase to provide adequate determination of the beam trajectory. In the 
LINAC there are over 270 4-strip monitors. 

The signals from four strips are read out with a CAMAC module. Hybrids in 
the module subtract signals from opposing strips and a sample/hold and digitizer 
provide difference amplitude read back. A sum signal is used for self gating of the 
module, and is also digitized for normalization of the difference signal. A gate from 
the control timing system also gates the signal. In the LINAC electron and positron 
beams are separated by 60 ns; either beam can be read out independent of the other. 
Multiplexing of signals is done in most of the systems to reduce module cost. However, 
the LINAC system is not multiplexed so the full trajectory can be obtained in a single 
beam pulse. This is useful when searching for the caun: of pulse-to-pulse beam jitter. 
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For the LIN AC BPM's which have a radius of 12 mm, typical accuracy is 100 p; the 
precision and short term reproducibility is about 25 ft. 

B E A M PROFILE MONITORS 

Beam size monitoring is important for SLC in order to know the emittance of 
the beam. Several monitor devices are used. The emittance [1S,19] is measured with 
three or more successive screens separated by known beam transport elements, or by 
a single screen and taking data scanning a focusing quadrupole up-beam. In addition 
to transverse beam emittance, the energy spread is measured at locations where the 
dispersive size of the beam dominates the beam profile. 

Until recently, the most common beam profile monitor at SLAC [21] utilized a 
fluorescent screen optically coupled to a commercial TV camera. There are advan
tages and disadvantages to this type of monitor. On the plus side, it is a relatively 
simple device with inexpensive readout and display hardware available. Digitizers 
are even commercially available for analysis. At SLC a CAMAC synchronization and 
timing module coupled to a CAMAC digitizer is used to input a video frame into 
the computer. There curve fitting and emittance calculations are done. Some of the 
disadvantages found with this type of monitor are sensitivity to radiation damage of 
the screen, camera and optics, and the disturbance of the beam down-beam of the 
screen. These disadvantages have led to modifications to the video system and to the 
development Wire Scan monitors for use at SLC. 

Near the end of the LINAC where beam profile monitoring is most important, 
a new system has been installed which samples a beam pulse every second. This 
is done with pulsed magnets which deflect a single beam pulse onto a fluorescent 
screen. To avoid radiation damage to the video camera it is located outside the 
radiation shielding and the light is transmitted to it with lenses and mirrors. A video 
frame grabber is used to store the picture for view. Intensity is digitized and a false-
color representation supplied to the control room operators. Eight screens are used 
to obtain good resolution in each transverse plane for both particles (electrons and 
positrons) at two locations along the beam One approximately 90 degrees apart in 
betatron phase advance. 

The Wire Scan monitor is a relatively simple device conceptually. A thin wire is 
moved through the beam and its interaction with the beam detected. This is basically 
a sampling technic extending over a number of beam pulses. It is therefore subject 
to error if the beam is not stable. In the SLC design the wire is attached to a fork 
which is driven in the beam vacuum using a bellows, a linear stage and a stepping 
motor drive. The motion is calibrated with a linear variable displacement transformer 
(LVDT) readout and stepping motor counts are used to determine the location at each 
beam passing. The fork usually holds three wires at relative angles of 0, 45, and 90 
degrees in order to obtain horizontal, vertical and skew projections of the transverse 
beam profile. Some care was necessary to avoid vibration of the wire caused by the 
discrete stepping of the motor. A set of high resolution wires have been used at the 
final focus [24,25] to determine beam sizes down to 2 p. In that application, the beam 
is scanned across the wire with magnets rather than moving the wire. 

Several methods have been used to detect the interaction of the beam with the 
wire. Secondary emission from the wire has been used, but for most applications 
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at SLAC, the field of the beam is so great that it presents a noise signal which 
adversely affects the accuracy of the measurement. Instead, a scintillator seen by a 
photomultiplier tube has been successfully used to detect the beam wire scattering. 
Considerable care is required to obtain a linear response in this case so as not to bias 
the size measurement. An ion chamber has also been used successfully to detect the 
beam-wire interactions. Because each beam, spaced apart by only 60 ns. must be 
measured, a small drift fast ion chamber was developed. The readout is from a gated 
ADC CAMAC module. 

At present 21 wire scanners are installed in SLC with another 9 or more being 
planned for future installation. During colliding beam operation emittances are mea
sured in several locations every 15 minutes. This can be done while the experiment 
continues data collection. 

Synchrotron radiation is used to monitor beam size in each of the SLC damping 
rings and the energy spectrum at the end of the LIN AC. The light from the damping 
rings is simply imaged on to a video camera and viewed in the control room. It is 
commonly used to note the relative horizontal to vertical beam size and determine if 
the ring horizontal and vertical tunes are coupled as desired. The energy monitor at 
the end of the LIN AC [22,23] has the feature of not disturbing the beam and provides 
continous monitoring of the energy spectrum. Synchrotron radiation is made by 
vertical bend magnets in a chicane geometry. Down-beam, after an horizontal bend 
magnet has deflected the electron beam out of the path of the synchrotron x-rays, a 
phosphor is located and viewed by a video camera. This device is used extensively to 
fine tune the LINAC RF phase, thereby controlling the energy spread of each beam. 

A variant of the strip line beam position monitor has been utilized to measure 
a coarse resolution beam profile in the case of a beam much bigger in one dimension 
than the other. The vacuum chamber in this case is rectangular with a 6 to 1 aspect 
ratio. A series of 6 strips along the long sides of the chamber give a coarse measure of 
the beam profile. The read out in this device is split into the usual BPM module for 
position information and to a system of combiners and delays which provide a real 
time scope picture. 

B E A M - B E A M S C A N 

The ultimate beam size monitor for SLC is the head-on collision of the 47 GeV 
electron beam with the 47 GeV positron beam. While the rate of events gives a 
measure of the average beam size a faster method is needed to tune the parameters of 
the machine. This is accomplished by scanning the transverse position of one beam 
and measuring with sensitive BPMs the deflection of the other on a series of beam 
pulses [26-2S]. When the beams are far apart, little deflection occurs. As the scan 
brings the beams close to collision, the electromagnetic fields seen by each beam due to 
the other increase to a maximum. When the beams collide head-on, the net coherent 
force averages to zero for the beam and no deflection is detected on the BPMs. As 
the beam is scanned across the range of interaction, an S-shaped curve is obtained. 
Fitting the curve determines the quadrature sum of the electron and positron beams 
sizes. Nearly all the tuning of the the SLC Final Focus system relies on this technique. 

When the SLC beams collide, particles are accelerated sufficiently by the electro
magnetic field of the oncoming beam to radiate photons of high energy in the range of 
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10 to 20 MeV. These photons are detected in a Cerenkov counter behind a lead con
verter [30-35]. The detector is located after a bend magnet so the direct beam is not 
intercepted. Synchrotron radiation from the bend magnet could present a background 
signal. The threshold of Cerenkov detector is high enough to avoid this background. 

L O N G I T U D I N A L B U N C H L E N G T H 

The longitudinal phase space of the SLC beams typically occupy a 0.5% in energy 
and 1 to l.o mm longitudinally. Often there are considerable correlations between 
energy and distance along the beam path. The bunch length is manipulated in the 
transport lines from the damping rings to the LIN AC, reducing it from 6 mm to 
about 1 mm. In the positron system the energy spread of the beam is reduced in the 
transport to the damping ring [36], essentially to match the longitudinal beam phase 
space to the ring acceptance. Control of bunch length is also of interest in the electron 
injector where a 600 mm bunch is reduced to several mm with three RF systems and 
in the positron system where a beam is collected with a spread in velocities. In a 
LINAC [37,3S] a bunch which is too long will result in an enlarged energy spread 
downstream. Monitoring the bunch length is important because it allows tuning the 
smaller portions of the system. 

A beam pickup RF cavity which resonates at 9 GHz is used in the positron and 
injector systems to obtain a signal dependent on the beams bunch length. When a 
single beam passes through the cavity it excites the cavity and causes it to resonate 
more or less depending on the frequency components present in the beam pulse. 
For a given charge the cavity will be excited to a greater amplitude if the pulse is 
short (high frequency components) than if it is long. The resonate frequency was 
chosen for sensitivity to beam pulse lengths around 5 mm. The cavity is coupled to a 
rectangular wave guide to transmit the signal out of the radiation area. The signal is 
passed through a filter and variable attenuator and then is detected in a crystal. The 
output of the crystal is viewed on an oscilloscope and digitized for monitoring by the 
control computer. The Q of the cavity is low in order to couple out a large signal in a 
short time allowing pulses 60 ns apart to be separately resolved. This device can be 
calibrated if care is taken in the linearity of the detector and normalization to total 
charge. In practice at SLC, it has been most useful as an empirical tuning aid giving 
a signal which increases with intensity and decreased bunch length. 

At several locations in the electron source, the positron source [39] and in the 
early part of the LINAC, Cherenkov radiation from a thin plate of quartz was used 
with a streak camera to determine the bunch length of the beam. The resolution of 
the camera was about 2 ps, although verification of that was difficult to confirm in 
actual measurements. The camera was located several tens of meters from the radiator 
so it could be located out of the radiation area. The optical light was transmitted 
with an array of lenses. Results from this technique were useful during the early 
commissioning of the machine when tuning a localized portion of SLC was necessary. 

A C K N O W L E D G E M E N T S 

The detectors mentioned in this report are the work of a large number of people. 
The reader is directed to the references for additional information and appropriate 
credits. 
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BEAM INSTRUMENTATION FORESEEN FOR LHC 

J. Bosser, C. Bovet, L. Bumod, H. Koziol, and L. Vos 
European Organization for Nuclear Research (CERN), CH-1211 Geneva 23 

ABSTRACT 
A preliminary estimate of the instrumentation needed for monitoring 
the LHC itself and the beams in its transfer lines is given. Emphasis 
is put on the particularities of the LHC project such as the protection 
of the magnets against quenches provoked by beam losses. 

1 . INTRODUCTION 

LHC will be a multiparticle collider. It will permit proton-proton, electron-proton, and 
ion-ion collisions. The project consists primarily of the addition to the existing LEP tunnel of 
a superconducting magnet system with two beam channels located in a common yoke and 
cryostat [1]. 

Eight intersection regions are foreseen; three of them being reserved for physics exper
iments. The main parameters in p-p mode, which are of interest for the present report, are: 
(the same symbols will be used later on) 

Injection energy (E,) 0.45 TeV 
Maximum energy for B = 10 T 7.70 TeV 
Luminosity (L) 1.65 x 10M c m ' V 
Number of bunches 4725 
Bunch spacing (X) 4.5 m (T0 = 15 ns) 
/? values at intersection points /?* 0.5 m 
Normalized emittance en = a2y/P * 3.75 fim 
Bunch length (crL) 0.075 m 
Particles per bunch (N) 10u 

Circulating current (I (4.8 x 1014p)) 0.85 A 
Revolution frequency (fr) 11.245 kHz (Tr = 88.9 fis) 

The definition of emittance, as given in the above table, is that which is generally used 
for LHC studies, with a being the rms value of the beam width. We use it here for 
consistence with other papers on the LHC. 

For preliminary tests and at each setting-up, in order to avoid a magnet quench due to 
accidental losses during the transfer, injection and acceleration of the beam, a pilot beam is 
foreseen. It will consist of a single bunch of 109 p. 

For most of the detectors the large ratio between the nominal current "I" and the test 
beam current will require a wide dynamic range, whereas a high sensitivity is needed for 
monitoring the pilot (or test) beam. The large energy variation together with the various kinds 
of particles must also be taken into account. 

To reduce the risk of a magnet quench beam-loss detection will play an important role. 
A special timing system and some specific control requirements will be needed (not described 
here). A large number of detectors and equipment, also including the transfer lines, are 
foreseen. Therefore a good choice of the monitors is important from the onset of the project 

- 85 -



2 . BEAM POSITION PICKUP 

2.1 Beam Properties 

As mentioned before, the beam position system must be able to cope with: 

- the pilot or test beam consisting of one single bunch of 109 p. the intensity of which is 
1.8 u.A. Its Fourier spectrum is made of harmonics of the revolution frequency 
fr= 11.245 kHz, 

- the nominal beam consisting of 4725 bunches of 1011 p each spaced by 15 ns. The 
Fourier spectrum harmonics are multiples of 66.8 MHz. The total dc current is 0.85 A, 

- in the e-p mode: 508 bunches of 3 x 1011 p/bunch spaced by 165 ns. The harmonics are 
spaced by 6.06 MHz, 

- for ion-ion collisions: 800 bunches of 6.2 x 107 ions/bunch, spaced by 105 ns. 

2.2 Type of Detector [2] 

Matched strip lines are favored, although no use is made of their directionality. The fact 
that they are matched to 50 fl is beneficial for longitudinal and transverse impedance 
considerations. 

Most of the pickups consist of two strip lines measuring the horizontal or the vertical 
planes. Less pickup stations measure both planes. The strip lines should be in the shadow of 
the direct synchrotron radiation. They are fixed together with the quadrupole in die normal 
superconducting cells. The accuracy with the quadrupole magnetic axis is expected to be 
better than 0.1 mm. The monitor is kept at 5°K so that die power dissipation at the ends must 
be small. 

The overall coupling impedance with the beam is Z /̂n = 0.108 Q., PavZt = 486 MQ. 

2.3 Output Signal Voltage for one Strip Line 

We consider a beam with a Gaussian longitudinal distribution (OL = 0.075 m). 
Bunches are spaced by X meters such that the Fourier decomposition consists of harmonics 
of the fundamental frequency fo = 1/To =c/X. The signal is processed at the extremity of a 
cable of length '7" which gives an attenuation A. For a centered beam, the amplitude V of the 
nth harmonic of the output signal is given by: 

A [Volt] 

V = ViA 

a, b, £s = pickup dimensions (see Fig. la) 
Qo = charge of the bunch; Qo = Nq 
Vi = voltage at the strip-line output at frequency f = nfn 

Example: a = 0.021 m, b = 0.0306 m, is = 0.374 m; The cable of length I = 750 m is an 
industrial coaxial cable of good quality. One obtains the data given in Table 1. 

V = 60^i UK2™ Is th <sf! 
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Table 1 

Frequency 
f(MHz) 

66.8 
66.8 

200.4 
200.4 

N 

ion 
109 

1011 

109 

To 
X = cT0 

15 ns 
S8-92MS 

15 ns 
88.92 us 

Vi 
(Volt) 
12.7 

21.4 x 10-6 
22.8 

38.5 x 10-6 

V 
(Volt) 
1.90 

3-2 x 10-6 
0.86 

1.46 x 10-6 

In the case where N = 10n p and To = 15 ns the power at the output of each strip line 
is about 25 W whereas at the end of a cable of length I = 300 m it is 1.5 W (if I = 750 m, P 
= 67 mW). 

If the beam is off-centered, different voltages will be seen by the strip line according to 
the formula 

V(<p,.r,z)=V(<p,0,0)-
l-(x* + z*) 

1 + (.r + r ) - 2(.r cos q> + z sin <p) 

In view of the importance of the pickup system, studies are presently under way [3]. 

2.4 Data Processing 

Taking into account the smallest distance between bunches, 66.8 MHz or its multiple, 
more explicitly 200.4 MHz, will be the working frequency. Presently, the choice is oriented 
towards a homodyne type electronics. 

lb). 
The position will thus be given by the ratio of the difference to the sum signal (Fig. 

x (or z) = C -C—, C = calibration factor (in m) 
A + B £ 

—€L 

Cables 

Figure lb 

Fig. l 
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With this technique, the accuracy if fundamentally given by the "overall equivalent 
noise voltage amplitude" (t.e. the noise signal and uncertainties introduced by the electronic 
system). This will be quite critical in the case of a pilot bunch where £ is rather small. For 
closed orbit measurements, however, the signals may be integrated over many rums thus 
giving a better accuracy. For a pilot bunch, the expected resolutions are 0.3 mm for the 
closed orbit and 1 mm for the trajectory. 

A few selected pickups will be connected to a phase detector to provide a fast detection 
of the beam excursion and a subsequent alarm. The normalization to intensity will be made 
with the sum signal. For this application, fast conversion into beam position is more 
important than high precision. 

2.5 Number of Position Pickups 

Type 

Horizontal 

Vertical 

Horizontal + Vertical 

Ring 

400 

400 

286 

Transfer lines 

44 

44 

0 

3 . SPECIAL PICKUPS 

Their number is rather smalt and they will be used for special purposes described 
below. 

3.1 Longitudinal "Wall Current Monitor (Fig. 2) 

Shield; R 
-h*-

vn/nu*. Ml 

-mmnm-
InsulatlriQ gap 

Fig. 2 

It can be regarded as an AC current 
transformer. Its upper frequency limit (3 GHz) 
will allow the observation of the shape and 
phase of bunches and their oscillatory 

"^ J beam behavior. 

Iwall 
an 

By loading the volume of the shield with 
ferrite the frequency range is extended down
wards to about 100 kHz. 

3.2 Position Sensitive Wall Current Monitor 

Based on the same principle as above but using resistances at opposite positions, it will 
permit the observation of transverse oscillations. Horizontal and vertical signals are obtained 
from a single monitor within the bandwidth 10 MHz to 1.5 GHz. 

3.3 Electrostatic Pickups 

They can be used up to 500 MHz. Special very low frequency pickups will descend to 
a fraction of the revolution frequency, say 2 kHz, so that the lowest mode of coherent trans
verse instabilities at (n±Q)fr can be observed. They can also be used as resonant pickups. 
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3.4 Strip-Line Pickups 

They are useful for spectral analysis of the beam. By changing the terminations at the 
feedthroughs they are easily adapted to varying requirements and their frequency response 
can be tailored by shaping the width of the electrodes. 

3.5 Schottky Pickups 

They are very wide-band and sensitive pickups for measuring the statistical fluctuations 
of the beam. Many types can be foreseen like coupler (in series or in parallel), resonant 
cavities or progressive wave cavities, and they will provide important information on the 
momentum spread, rms betatron amplitude, synchrotron frequencies, Q-values, etc. 

3.6 Many industrial instruments, like fast oscilloscopes, spectrum analyzers, transient 
recorders, etc. will be used together with these special monitors. The large required 
bandwidth implies that they should be located near the LHC tunnel. 

3.7 Two of each of the above-mentioned detectors are foreseen. 
lb earn 

4. INTENSITY MEASUREMENTS /^~-^\S 

Intensity will be measured with a variety of beam 
transformers: 

- Fast beam transformers: their principle of operation 
is shown in Fig. 3 where the beam acts as the primary 
circuit which gives a voltage at the output of a secondary 
circuit. They are used mainly to observe the passage of 
the beam and the timing of the bunches. 

- Integrating beam transformers are based on the same principle as the fast beam 
transformer but their signals undergo digital data treatment. The precision, typically 1%, 
is perfecdy adequate for monitoring operational performance, but will not permit injection 
efficiency to be' determined wim a resolution corresponding to permissible the beam loss 
(see section 5) 

- dc beam transformers are based on the principle of magnetic amplifiers and should be 
able to measure intensities from 0.1 uA to 1 A. In the present state of the art it seems 
impossible, due to thermal and dayly drifts, to cover this range. In consequence, it is 
expected to use two transformers (one covering the range 0.1 U.A to 0.1 A and the other 
the range 10 (J.A to 1 A). 

4.1 Numbers 

Type 

Fast 
Integrating 
dc 
dc, low intensity 

Transfer SPS-LHC 

2 
4 
0 
0 

Transfer to dumps 

2 
2 
0 
0 

Ring 

2 
2 
4 
2 

Total 

6 
8 
4 
2 

Secondary 
circuit 

(N turns I 

Fig. 3 
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5 . BEAM-LOSS DETECTION 

The high rate of collisions between the two proton beams implied by the LHC high lu
minosity also implies a high rate of small angle scattering resulting in beam halo growth and, 
consequently, continuous and important losses which may cause a magnet quench. 

The expected luminosity at each intersection point is L = 1.65 x 1034 cirrus*1. The total 
p-p interaction cross section is a = 100 mb from which 40 mb concern the elastic cross 
section. After one inelastic event the particles are lost in the interaction region where they are 
produced. After one elastic event the particles are emitted within angles comparable to the 
beam divergence and can create losses all around the machine. The rate for losses will thus 
be, when LHC operates with three intersection regions: 

h = L x o x 3 = 2 x 109 s~l for each beam 

Taking into account other effects like beam-beam, intrabeam scattering, magnet non-
linearities, power supply ripple, this number has to be raised to 4 x 109 p/s per beam. 

It is estimated that, at 7.7 TeV the maximum loss rate at any given point must not be 
larger than 107 p/s to avoid quenching a SC dipole. That shows that beam monitors must be 
able to measure a loss of 106 p/s to reliably detect a potentially dangerous situation. 

5.1 Detector 

Three possibilities will be considered: 

- A ionization chamber filled with air at atmospheric pressure. The chamber used in SPS 
has 10 cm diameter and is 25 cm long. 

- Coaxial cables, a few meters long, are used as ionization chambers. This makes the choice 
of the detector position less critical. 

- A metal tube, 3 to 6 m long, with a thin wire along its center. Filled with argon it works 
like a proportional chamber with a gain of -1000. This is the preferred solution and a 
prototype is under development 

The detectors will be placed around the machine, at locations where the betatron ampli
tude is maximum. They will be attached to the dipole cryostats. In total, there will be about 
1200 of them. 

5.2 Electronics 

Each ionization chamber (or tube) has its own electronics. The required large dynamic 
range could be covered with charge-to-frequency converters. Each channel will have a 
maximum threshold which will be set locally while lower levels can be selected through the 
control system. When the integrated charge on any of the detector exceeds the threshold, an 
alarm is given and a trigger can be created to dump the beam. This is an independent circuit, 
not relying on the control system. 

The whole system must be very reliable and one must be able to test it at any time. This 
can be done by raising the power supply in steps, or applying test currents. Shift registers 
memories will permit a post-mortem diagnostic. 
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6. TRANSVERSE PROFILE MONITORS 

6.1 Beam Properties 

The LHC normalized emittance is en = 3.75 u,m such that the emittance e = En/Y is 
very small. 

Some values of 2a = 2y/3w ve„ / y are given below. 

Arc 
P Cm) 
2a (.mm) 

Interaction region 
P (m) 
2a (mm) 

0.45 TeV 

29.5 
0.96 

4 
0.355 

169.5 
2.3 

521 
4.04 

7.7 TeV 

29.5 
0.225 

0.24 
0.021 

168.5 
0.55 

5019 
2.97 

Thus, very narrow profiles have to be resolved. 

6.2 Transfer Lines and Transfer to Dumps 

TV cameras observing the light from scintillator screens will play an important role. 

Secondary emission monitors (SEM) used in sets of 3 will give die beam emittance 
parameter and provide information on the injection matching. 

6.3 LHC Ring 

Two types of detectors are considered: wire scanners and "synchrotron light monitors" 

Wire scanners [4] 

A thin carbon wire (diameter d = 30 x 10"6 m) is scanned through the beam either 
vertically or horizontally. The profile is obtained by the use of scintillators detecting the 
secondary particles issued from the interaction of the beam with the fibre. One must mainly 
consider the heating of the wire, resolution and precision and the effects on the proton beam. 

- Heating - Experiments made at SPS [5] have shown that with a carbon fiber of d = 30 u.m 
traversing a beam of a = 1 x 10-3 m and for N' = 2 x 1013 protons, the non-destructive 
speed v' must be larger than 0.2 ms_I. If we consider that the temperature increase is pro
portional to N/va applied to LHC (for the same a but N = 4.8 x 1014 p) this implies a 
speed v = 5 ms-1' which seems feasible. Of course, smaller beams (a = 0.1 mm) will 
require a speed which does not seem technically realizable. 

- Precision, resolution - If we need to measure at least 20 points over a width of 4a = 4 mm 
the sampling time will be 20 fas for v = 20 ms-1. The vibration amplitude of the wire must 
be kept smaller than the fiber diameter. 

- Effect on the beam - The emittance growth per scan de/dn due to Coulomb scattering is 
approximately given by: 
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where P (GeV/c) = momentum, pn.v = beta values, v = speed, Lrad = radiation length 
(Lrad = 0.188 m for carbon). It is negligible. 

The particle loss per traversal is given by 

1 dN _fnd'sf fr 

N dn I 4 J vLn 

where Ln = nuclear scattering length (Ln = 0.66 m for carbon). For d = 30 Jim, v = 10 
m/s, we obtain dN/dn = N x 2.35 x 10-6 = 1.13 X 109 p, which is not negligible when 
considering the influence on the physics experiments and the risks of quenching a magnet 
as it is a localized loss. 

We can conclude that the wire scanner must be used with care. It should concern 
mainly low-density beams and, of course, will be used at low energies (0.45 TeV). Up to 8 
wire scanners are foreseen, 4 of diem will have speeds of up to 2 m/s and 4 a fixed high 
speed of the order of 20 m/s. 

Synchrotron light monitors 

This device is of course non-destructive. A useful parameter is the critical wavelength 
defined by X* = (2jt/3)(p/v3), i.e for E = 7.7 TeV: X.c = 10 nm, and for E = 0.45 TeV: Xc = 
50 |i.m. Optical image detectors operating in the UV and/or visible range (200 to 800 nm) 
give valuable results for a power density >1 nW/cm2. 

- Normal bending magnets - According to IQ one can foresee that it would be difficult to 
observe any profile for low energies. In fact, computations show that for N = 1014 p an 
observation can be made for E > 1.2 TeV, and for N = 109 p for E > 2 TeV. 

- Edge effect - Experiments made at SPS [6] show mat good results are obtained for N > 
1013 p and E > 0.45 TeV. However, this assumes a sharp discontinuity (10 to 90% 
within about 15 cm) of the magnetic field at the edge of the dipole. This could not be the 
case for LHC penalizing, a priori, the only metiiod using synchrotron light which would 
allow us to measure profiles at 0.45 TeV. 

- Short magnet [7] - A short dedicated magnet with a magnetic field B(s) = Bo/(l+s2/lm2), 
Bo = 1 T, lm = 0.3 m, will give sufficient power in the UV range (1 = 150 to 350 nm) 
above 0.65 TeV. At this energy, when filtering out the horizontal polarization, the diffrac
tion width is about 60 \im when X = 200 nm. Of course, the diffraction pattern increases 
with energy. Studies oriented towards some adequate magnet field "shaping" are to be 
pursued. 

As a conclusion there will be some challenge to observe profiles, at low energies, 
when using synchrotron radiation. The use of x rays and of the beam-beam synchrotron 
radiation can be envisaged at top energy. 

For each beam one horizontal and one vertical profile monitor is foreseen (total = 4). 
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7. TUNE MEASUREMENT 

Betatron tunc and chromaticity must be measured throughout the cycle with high 
precision. The transverse feedback system, although not a part of instrumentation, can be 
used for this. For a tune measurement its damping is interrupted for a brief interval, typically 
10 to 100 ms, during which it is used to excite coherent transverse oscillations observed with 
position pickups. After that, the damping action is re-established. In this way a series of 
measurements can be performed over the cycle. 

The signals from the pickups will lie in a frequency range 2 kHz-34 MHz. Since the 
chromaticity causes a tune spread, measuring the time taken for the oscillations to loose their 
coherence, seen as a decrease of the pickup signal amplitude, allows the determination of the 
chromaticity. At the small amplitudes at which the measurement is performed, the 
contribution to the incoherence of the oscillations from other non-linear effects, e.g. octupole 
fields, will be negligible. The same type of electronics foreseen for the tune measurement can 
also permit die study of coupling and the measurement of betatron phase advance. 

The exploration of tune and aperture at large oscillation amplitudes requires powerful 
kickers (in the horizontal plane the injection kickers may be used). These are not considered 
as belonging to instrumentation. 

8 . INSTRUMENTATION FOR TRANSFER LINES 

Under this heading are grouped the instruments for monitoring ejection from the SPS, 
transfer and injection into the LHC, ejection from the LHC and transfer to the two beam 
dumps. 

The lines will be equipped with the same type of monitors mentioned before. 

Transfer 
line 

TI48 
TI51 
Dumps 

Pickups 
H V 

24 24 
24 24 
6 6 

SEM-grids 
H + V 

6 
3 
0 

Screen 
and TV 

10 
10 
6 

Beam 
transformer 

2 
2 
2 

Loss 
monitors 

40 
20 
0 

Screens 
40 cm 

0 
0 
2 
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Beam Diagnostics In the TJNK 

E.A.Merker. V.S. Seleznev 

IHKP, 142284, Serpukhov, Moscow region, USSR 

Abstract. 

The present paper gives a brief description and list of 

beam monitoring devices which are in production or under 

design for the accelerating and storage complex (TINK) at 

IHEP. Their operational features are also described. 
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Fig.1. The general layout of the IHEP complex. 
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phase between UNK-1 and UNK-2, and then "between UNK-2 and 

UNK-3. 

UNK-1 

UNK-3 

Figure S. The c ross - sec t iona l view of the UNK tunnel 
The major parameters of the complex are given in Table 1. 

A c c e l e r a t o r ' r a l _ 3 0 | 3 o c s x e r ] u-yQtuNK-I JUNK-2 
parameter | j t i l 

E, GeV 
PPP 

.,-2 - i 
cM s 

j MeV j 1 . 5 
J100 MA | 2 M 0 1 2 

I ! 

Wr 
,13! 

•I ! 
^600 {3000 

| 5 ' 1 0 ' V ' | 6 M O I 4 ; 6 M 0 1 4 

l633 

UNK-3 

3000 

1.2'tO 1*1 

2'10' ,32 

The UNK orbit may have 1-12 trains of particles of the 

S00 MHz structure. The durations of the trains depend upon 

the number of bunches on the U-70 orbit and may vary from 

~ 5 (is to ^100 us, the minimum interval between the trains 

being "" 600 ns, except for one, equal tc ~ 5 |!s. The 
9 

minimum intensity injected" into the UNK is —'10 particles 

The present paper describes some beam diagnostics devices 

used to measure the beam parameters in the injection beam 

line from U-7o into the UNK, in its circular accelerators, 

In the beam transfer lines from one stage into another and in 

the UNK extraction beam lines. 
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The General Structure of the Beam Diagnostics System 

Running-in and tuning the XINK as -well as a success of the 

experiments to be done at it. require that the following beam 

parameters should, be measured: intensity, centre—of—gravity 

and closed orbit positions, transverse profile, time 

structure, i.e., frequency characteristics, betatron 

oscillation frequency and beam loss. 

The signals coming from the pickups, after* being handled by 

the electronics placed next to them, are transferred through 

the cables into the technological buildings to be digitized, 

processed in microprocessors. Then this information is send 

by the interface electronics to the Control System (CS) for 

the UNK, connecting through its network all technological 

buildings including the Main Control Room (MCR) . 

The layout of the technological buildings along the ring 

can be seen in fig.1 . The maximum cable length between the 

pickups and technological buildings is about 1 km. To be 

protected against radiation effects the electronics servicing 

the pickups is placed in special alcoves in the walls of the 

ring tunnel (see fig.2). 

Now consider briefly the aforementioned beam diagnostics 

systems. We would like to note that not all of them are yet 

completely developed and manufactured but are under design, 

simulating, testing in the beam or at the production stage. 

The Beam Intensity Measurement System. 

The beam intensity is measured in all beam lines and in 

every machine. The current transformers whose cores are made 

from thin strip amorphous iron are used as beam intensity 

monitors. As compared with permalloy utilized usually, this 

iron possesses better magnetic and frequency properties, a 

higher time stability and mechanical resistance. 

In single crossing beam lines the time constant of the 

secondary coil of the transformer Is chosen in such a way 

that it should operate in the passive integration mode. 

97 



Figure 3 shows such a transformer placed In the Injection 

beam lines. 

Each ring accelerator will have -two measuring stations, 

each consisting 

of two transfor

mers and a pick

up , providing 

the measurement 

of the intensity 

of "both every 

single train and 

the total one of 

the whole ring. 

Figure 3. Current transformer. 

As In the 1)63111 lines, the transformers function in the 

passive integration mode. However, when used to measure 

the intensity of the circulating beam, their electron circuit 

foresees a high -precision scheme for base-line restoring. 

The acouracy of measuring the intensity should be at least 
8 — 

±10 ± 0,1'J. , where T is the beam intensity. 

The intensity of a slowly extracted beam will be measured 

with the help of secondary emission chambers which have 

already become traditional for this mode. 

Beam Position Measurement 

Beam position monitors of the strip line type will be used 

everywhere except for ihe beam injection line, where 

electrostatic pickups are installd. The monitors are located 

next to every focusing lens as well as at the points of the 

pronounced beam trajectory kink, i.e., in the areas, where 

the kicker magnets, septum magnets of the extraction system 

and bump magnets of the orbit correction system are installed. 

A cavity-type narrow-band filter extracts from the pickup 

signal the frequency of the 1 st harmonic of the accelerating 

field. This allows one, as it is the case , with the FNA1 

and TiKP machines [3,4],to decrease essentially the amplitude 
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dynamic range by -the amplitude-phase modulation done with 

the help of the circuit adding and subtracting the voltages 

shifted, by 90°. 

To decrease the degree of signal attenuation in the __long 

cables connecting the pickups and. -technological buildings, 

the frequency of 2O0 MHz extracted by the filter is converted 

directly at the pickups into an intermediate one, 5 MHz. 

The phase detection of the voltage of the intermediate 

frequency, conversion of the detected signal into a digital 

code and its further handling are carried out at the 

technological buildings by microprocessors. 

T 
tunnel 

50 0 . r* 

PU 

50 fl 

APM 

A 

A 

- > C 

t 
G 

1 
- * • C 

CN CC 

PD 

ESM 

BM 

CM 

Pig.4.. The functional "block diagram of the scheme of one 

pickup. Here the following notations are used: PU - pickup 

station. S - calibrator, C — frequency converter, P- 200 MHz 

filter, APM - amplitude-phase modulator, A - amplifier-

limiter, PD - phase detector, H - 195 MHz heterodyn, ESM -

emergency signal module, CN - computer network, CM - control 

module, I - interface, BM - buffer memory, CC - crate 

controller. 
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The system is arranged in such, a way that it allows one to 

obtain information on the "beam position for each train during 

the whole acceleration cycle. This information is stored, in 

the buffer memory of an ADC. The memory allows to store the 

data on the beam position in 20 random time points of the 

cycle. At each time point, the coordinates of every train are 

mesured at 8 successive beam revolutions. The closed orbit 

position, of the beam is calculated at the pickup position by 

averaging the train coordinates during these revolutions. 

The second problem to be solved by the beam position 

measurement system is to generate the signal to initiate beam 

abort when the departure of the beam position from the 

working coordinate is larger than the tolerable limit. Since 

this signal should be generated within the time interval 

comparable with the beam revolution, time, this is done at the 

hardware level. The signal initiating the beam abort system 

is shaped from the readings of three pickups in each 

coordinate in every technological building. 

The functional block diagram of electronics scheme for one 

beam position monitor is presented in fig.4. 

The accuracy of measuring the beam coordinate should be at 

least o.5 mm. 

Beam Profile Measurement 

The profile of the beam is measured at the places of its 

single passage, i.e., in the apertures cf the septum magnets 

of the extraction system and in extraction lines and those of 

beam transfer from one into another machine, by beam profile 

monitors based on secondary electron emission. They have the 

traditional design everywhere except for the input to the 

septum magnets ejecting the U-70 beam into the UNK injection 

channel. The electrode system is made by vapouring the metal 

onto a polyamid base [5]. This allowed us to reduce the 
2 

amount of the matter introduced into the beam, up. to 5 mg/cm , 

simultaneously having a good quality of the beam profile 

monitors produced. Figure 5 shows such a device. Since there 
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is magnetic field in 

the area close to the 

septum magnets we use 

there a beam profile 

monitor developed at 

our Institute and 

working in crossed 

electric and magnetic 

fields [6] (see fig.6). 

The injection beam 

line will have in the 

critical points, at 

least during the 

adjustment period, a 

pair of luminescence 

screens with TV cameras 

based on CCD matrices allowing one to digitize the image of 

the distribution of the density of beam with the resolubion 

of up to 0.15 mm. 

Pig.6. Beam profile monitor Pig.7. Beam halo 

of the extraction system of U-70. measuring unit 

Pig.5. Beam profile monitor. 
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The electrode systems or screens of these devices are 

mobile and placed Into the beam during measurements only. 

The beam lines and ring accelerators envisage units (see 

fig.7) to measure the beam halo beyond the working region of 

the vacuum chamber. They may turn out handy especially at the 

Initial phase of beam guiding and tuning. Their operational 

principle is also based on secondary electron emission. 

The profile of the beam circulating in ring accelerators 

will be measured using a few devices: fast scanners, based on 

ionization of the residual gas and in UNK-2 those applying 

synchrotron radiation developing at the edge of the main 

dipole of the accelerator. 

There are two types of the scanning devices. One is based 

on rotation of the filament around the axis beyond the beam 

with the help of low-inertia hollow-rotor motor. It allows 

multiple measurements with one switching along one 

coordinate. Another one is based on linear filament motion 

with the help of an electromagnetic drive and allows single 

measurements but along two coordinates simultaneously. There 

will be a special report devoted to this device. 

Measurement of Betatron Oscillations Frequencies 

To measure the frequencies of betatron oscillations with 

the help of the system suppressing wall instabilities, 

transverse oscillations will be excited. After a fast Fourier 

transformation of the signals from the pickups a special 

algorithm extracts from the spectrum the frequency of 

betatron oscillations [7]. The algorithm allows one to obtain 

during beam position monitoring the value of frequencies to 

an accuracy of about O.0O1 within 64.-128 beam revolutions and 

in 32 time intervals of the cycle of the UNK in the fixed-

target mode. 

The frequencies of betatron oscillations and the beam 

transfer functions will be measured continuously with the 

help of Shottke pickups of signals. 
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Measurement of Beam Time Structure 

The fine time structure (frequency spectrum) of the beam 

is observed in ring accelerators by special stations 

including electrostatic pickup electrodes from which the data 

on longitudinal and transverse oscillations in the 

low-frequency part of the spectrum is read-out, by strip-line 

pickups for measuring transverse beam oscillations in the 

2-3 GHz frequency range and by a wall current pickup used to 

observe longitudinal oscillations in the 3-4. GKz. 

The signals will be recorded in many ways. One of them lies 

in transforming their spectrum close bo the pickups by the 

device of simultaneous gating the signal propagating in the 

transfer line, which is under design, by fast switches 

distributed along the line. Another technique is the 

spectral analysis of the signal. And, finally, commercial 

recorders placed directly ab the monitors will be used to 

read out single signals having the upper boundary frequency 

of 5 MHz and handling the image with a built-in 

microprocessor and outputting the dat^i in the digital form. 

Beam Loss Measurements 

A large stored energy of the UNK beam necessitates a very 

low admissible level of beam loss both during its 

acceleration and utilization. This requirement is still 

aggravated by SC magnets used in UNK-2, where the beam loss 
7 should not exceed 10 protons/magnet to avoid their quenches. 

To meet this demand, the beam loss monitoring system should 

be very reliable and distributed. Ionization chambers are 

used as beam loss monitors. To make their sensitivity higher, 

each of them is made in the form of a coaxial cylinder, 

placed, wherever possible, directly on the vacuum chamber. 

The monitors are placed near every lens of the ring 

accelerators 

and also in the most dangerous, from the viewpoint of 

beam loss, areas of straight sections ( near extraction or 

103 



beam loss localization systems), of beam transfer or 

extraction lines. 

In addition to digital processing the data from the 

monitors, they are also processed at the hardware level 

(within about the time of one revolution of the beam) to 

shape the signal actuating the beam abort system if the beam 

loss is above the tolerable level. 
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Status of Beam Instrumentation at the SSC Laboratory 

Robert C Webber 
Accelerator Systems Division 

Superconducting Super Collider Laboratory* 
2550 Beckleymeade Avenue 

Dallas, Texas 75237 

Abstract 

An overview of the Superconducting Super Collider and the scope of the beam 
instrumentation effort required as a part of it are presented. A few of the challenges, many 
technical and some not, facing this effort are described. The present and planned make-up 
of the instrumentation group and some of its current activities are outlined. 

I. INTRODUCTION 

The Superconducting Super Collider (SSC), a proton-proton collider consisting of two 
intersecting 20 TeV superconducting synchrotron rings, will be the largest particle 
accelerator in existence upon its completion, now scheduled for late 1999. It is also by far 
the largest and most ambitious single accelerator construction project ever to be undertaken. 
The injector alone, a 600 MeV linac followed by three synchrotron stages, with a final beam 
energy of 2 TeV, would qualify for either of these distinctions. The beam instrumentation 
required in this project is very diverse and many of the resolution and reliability 
specifications are extremely demanding. The Beam Instrumentation Group of the 
Instnmeiuaticn and Diagnostics Deparment within the Accelerator Systems Division is 
responsible tor delivering this equipment for the entire accelerator complex. Additionally, 
this group must provide low level RF hardware required for beam transfer synchronization 
from one ring to the next and a precision timing distribution system for the complex[l]. The 
budgeted cost for beam instrumentation for the entire project is approximately $40 million. 

The magnitude of the SSC project and current government and Department of Energy 
compliance and reporting requirements impose a whole new regime of administrative and 
managerial issues which must be dealt with on a formal, rather than ad hoc, basis. Areas 
included are environmental protection, reliability, and quality assurance in addition to the 
traditional areas of safety and cost control. Coupled with an ambitious construction 
schedule for a newly established national laboratory, without previously existing structure 
or staff in place, it is a formidable task indeed. 

* SSC operated by the Universities Research Association Inc., for the U.S. 
Department of Energy under Contract No. DE-AC02-89ER4O486. 
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D. THE SSC LABORATORY 

The SSC Laboratory has a staff presently approaching 1200 in number. The staff 
currently occupies leased office space at the south end of Dallas, Texas. This has been the 
home of the Laboratory for about 2 years, since shortly after the site selection was 
announced. Building a suitable institutional infrastructure and a new staff, with adequate 
talent and experience, has been a major focus of effort during that period. By the end of the 
summer of 1991, a large fraction of the staff, including all of the accelerator systems 
engineering personnel, will move near Waxahachie to a large existing building acquired for 
the SSC by the state of Texas. This facility, within the planned circumference of the 
Collider rings, will provide offices and technical laboratory space for instrumentation, RF, 
power supply, mechanical, controls, and other necessary development and testing functions. 
A new building designed as a superconducting magnet development laboratory is airrendy 
under construction on the SSC site. It will be the first building constructed specifically for 
the SSC project. 

Tables 1 and 2, updated from the SSC Site Specific Design Report[2], show a selection 
of important machine parameters for the various accelerator stages of the SSC. Table 3 
shows the prosenr baseline project schedule orlestones. 

m . THE BEAM INSTRUMENTATION GROUP 

The Beam Instrumentation Group currently has 15 people involved in the hardware 
effort, 4 physicists, 5 engineers, and 6 technicians. Subtracting those working on the 
synchronization and timing distribution tasks, only 9 people remain to actively work c;; 
beam instrumentation with its associated electronics and interface systems. Much of theii 
time is presently spent helping determine instrumentation requirements and developing 

Energy 
Particles/bunch (AQ 
Circumference 
No. of bunches (S) 
Nb 
/rot 
,/colIiskms 
Sb 
9v(0> 
P> 
o*0im) 
Luminosity {L) 
iVhit 
AVHO (total) 
AVLR (total) 
Sync. red. power at NB = 1.3xl014 

20TeV 
0.75 x 1010 
87,120 m 
17,424 
1.3 x 10" 
3.4 kHz 
60MHi 
5.0 m 
15i mm-mrad 
1/2 m 
5 
lxlOSScm-^s-1 

1.6x1025 crrr2 

0.003 
0.004 
8.75kW/ring 

Table 1. SSC Parameters 
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Collider HEB MEB LEB Linac 

Kinetic energy 
Momentum 
Mono-bipolar 
Superconducting/normal 
Peak field fT) 
CircumfeTencs (km) 
Bunch spacing (m) 
Harmonic number 

Emit for collider operation 
Ormm-mrad, rms, normalized) 
N for collider operation 
Nux for collider operation 
Cycle rime for collider oper. 
Emit for test beam operation 
(irtnm-mrad, rms, norm.) 
N for test beam operation 
tyot for test beam operation 
Cycle time for test beam oper. 

20TeV 
20TeV/c 
(2 rings) 
SC 
6.6 
87.12 
5 
17,424x6 
(2*32112)6 
1.0 

0.75 x 1010 
1.3 x 1014 

-
-

-
-
-

2TeV 
2TeV/c 
bi 
SC 
6.4 
10.89 
5 
217£ 
(2 32 11=) 
0.8 

1 x 1010 
2 x l 0 » 3 

2min 
4 

5 x 1010 

low 
3min 

200 GeV 
200 GeV/c 
mono 
normal 
1.7 
3.96 
5 
792 
(23 32 11) 
0.7 

1 x 101° 
8 x 1012 

3s 
4 

5 x l 0 1 0 

4 x 1 0 " 
4s 

11.1 GeV 
12GeV/c 
mono 
normal 
1.2 
0.54 
5 
108 
(22 33) 
0.6 

1 x 10»° 
1 x 1012 

0.1s 
4 

5 x 1010 

5 x 1012 

0.1s 

0.6 GeV 
1.2 GeV/c 
-
normal 
-
-
-

<0.5 

-
-

-

-
-

Table 2. Collider Ring and Injector Accelerator Parameters 

Collider superconducting magnet string test 

Begin full 600 McV Linac commissioning 

Full rate production Collider magnet contract award 

Begin LEB commissioning 

Begin MEB commissioning 

Test beams available from MEB 

Begin HEB commissioning 

Begin full collider commissioning with beam 

Colliding beams for experiments 

October 1992 

. October 1994 

April 1994 

October 1995 

Jur,.- 1996 

January 1997 

September 199S 

March 1999 

September 1999 

Table 3. SSC Baseline Schedule Milestones 

107 



plans and schedules, leaving little for actual hardware development. The group total of 15 
people is expected to grow to 23 by October 1991 and to a plateau of approximately 36 by 
October 1992. Nearly all of the increase will focus direcdy on instrumentation tasks. Even 
with these resources, it will take much coordination to avoid duplication of effort to provide 
the necessary instrumentation on schedule. An important goal is the development of 
compatibility among devices, electronics, and interfaces for the different machines and 
applications. Staffing the group with the right combination of experienced individuals and 
enthusiastic young talent is a major challenge. 

IV. GENERAL INSTRUMENTATION ISSUES 

With the wide range of beam energies encountered within the SSC complex, nearly 
every imaginable type of instrumentation has potential application, from the traditional slit 
and collector emittance device for 2.5 Mev H" ions to synchrotron light monitors for 20 TeV 
protons. The many kilometers of accelerator and beamline ensure that all types of 
traditional instrumentation will exist in large quantities. Table 4 shows a preliminary count 
of the most common instrumentation devices within the accelerators; devices in transfer 
beamlines are excluded from the table. 

To meet the construction and commissioning schedule, standard and traditional devices 
requiring minimal development must be used wherever applicable. Precious development 
time must be reserved for situations in which economical and widely applicable devices 
may result, in which significandy improved performance is both anticipated and necessary, 
or in which there is no alternative. 

Even with strong reliance on standard types of instrumentation, development with 
increased reliability as a goal will be required. The magnitude of the project, the quantity of 
ievices, the inaccessibility of equipment due to large underground geographical 
distribution, the large and potentially damaging stored energy in the beams 
(>400 megajoules per beam), and the long cycle times required for recovery from 
operational disruptions all point to reliability as a significant issue in all systems. BPM 
pick-ups in the superconducting HEB and Collider rings, with approximately 9000 vacuum 
signal feedthroughs, must operate in a cryogenic environment at 4°K and survive numerous 
temperature cycles. Beam loss monitors numbering >6000 must function to protect the 
superconducting magnets and other devices from beam induced damage by triggering safe 
beam aborts if unacceptable losses are observed. Aborts due to false alarms must be held to 
an absolute minimum. Any unnecessary abort in the Collider costs 2-3 hours of lost 
operating time while stored beam is being re-established. Failure of any critical cryogenic 
device, be it a magnet or BPM, requiring repair or replacement, means approximately 10 
days downtime for warm-up, repair, and cool-down. 

Achievement of high luminosity Collider operation depends on producing, 
accelerating, and transporting small emittance beams placing severe constraints on 
instrumentation. The small emittance makes certain beam parameters more difficult to 
measure and requires doing so in a manner resulting in minimal emittance growth, whether 
due to wires actively passing through the beam or to the longitudinal or transverse 
impedances presented to the beam which might lead to dynamic instabilities. 
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Instrument 

Beam Position 
Monitor (electrodes) 

Loss Monitor 

Cross-Calibration 
Intensity Monitor 

Schottky Monitor 
(Low frequency) 

Schottky Monitor 
(Cavity) 

Flying Wires 
(Accelerator) 

Flying Wires (IR's) 

Multiwire Profile 

TV Viewed Flags 

Precision Transductor 

Fast Current 
Transformer 

Wall Current Monitor 

Synclirotron Radiation 
Profile Monitor 

Pingcr Magnets 

L1NAC 

ISO 

30 

10 

3 

6 

16 

LEB 

300 

150 

2 

6 

4 

1 

3 

1 

4 

MEB 

352 

176 

2 

2 

2 

2 

6 

4 

1 

3 

1 

4 

HEB 

1160 

290 

4 

3 

2 

*> 
o 

6 

8 

1 

3 

1 

4 

BOT 

3S72 

2904 

2 

3 

2 

6 

12 

12 

8 

2 

3 

1 

6 

4 

TOP 

3S72 

2904 

2 

3 

2 

6 

12 

12 

8 

2 

3 

1 

6 

4 

Table 4. SSC Accelerator Beam Instrumentation Systems 
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V. CURRENT ACTIVITIES 

Current activities of instrumentation personnel include work on an emittance 
measurement system for the 30 KeV H" ion source, design of the Collider ring Beam 
Position Monitor (BPM) pick-ups, and investigation into the possibility of utilizing log-
ratio circuit electronics for position signal processing. 

The prototype 30 KeV magnetron style H~ source is currently operating on a test stand. 
Initial beam profile measurements are being make with two wire scanners. In conjunction 
with an Einsel lens beam transport system it is hoped that some emittance data can be 
obtained with these wires. Atthe same time, slit and collector ernittance probe hardware, 
procured from Los Alamos National Laboratory, is being adapted for use with this source to 
allow more direct and credible emittance measurements. Significant collaboration with the 
Controls Group Is underway to produce a computer controlled interface to the slit and 
collector system. The source has already been outfitted with a beam current monitoring 
transformer and an isolated charge collection plate acting as a Faraday cup. 

Though Collider commissioning is 8 years in the future, Collider ring BPM pick-up 
design is timely and in progress. The pick-ups are mechanically an integral part of the 
cryogenic spool pieces which contain other devices including the superconducting corrector 
magnets. Design and production lead times of the large number of spool pieces require that 
the BPM design be completed at an early stage in the project. A stripline pick-up design 
shorted at one end is proposed[3]. Figure 1, taken from reference [3], shows a sketch of the 
Collider BPM pick-up as currently envisaged. Current development and design emphasis is 
being placed on electrical performance and signal feedthrough reliability. 

Electronic development work is beginning in an effort to test the possibility of using 
monolithic wideband logarithmic amplifier/detector circuits in a log-ratio beam position 
signal processing scheme as suggested by Bob Shafer of Los Alamos National Laboratory. 
The philosophy is mathematically based on the approximate equivalence of log(A/B) and 

Figure 1. Sketch of Proposed Collider BPM Pickup 
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Figure 2. Los Alamos Log-Ratio BPM Circuit 

(A-B)/(A+B). Preliminary tests done at Los Alamos suggest that this idea may have some 
promise[4]. Figure 2, from reference. [4], shows the circuit built at Los Alamos. At SSC we 
will extend this preliminary development to include investigation of response to dynamic 
input signals (Los Alamos concentrated on tests with CW inputs) and potential problems of 
channel matching, temperature tracking, etc. This processing method offers the wide 
instantaneous dynamic range and "automatic" normalization provided by the AM-PM 
method with advantages including simplicity of implementation and relaxed requirement 
for phase matching of the input signals. Like AM-PM. this method is basically a frequency 
domain based type of processing as opposed to fast pulse rime domain processing. 
Therefore, processing of signals from single isolated beam bunches requires application 
ringing filters or the equivalent, as does the AM-PM method. 

VI. CONCLUSION 

The SSC Beam Instrumentation Group has a challenging and extremely busy future in 
sight. Instrumentation for an ion source, RFQ, linac. five synchrotron rings, and numerous 
beamlines must be provided over the next 8 years. Reliability and resolution requirements 
are demanding and must be met without a long established staff. The rest of the accelerator 
instrumentation world will surely be watching our progress, as we will be watching theirs 
for ideas and developments that we might support and apply. 
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BEAM DIAGNOSTIC INSTRUMENTATION 
FOR BEPC STORAGE RING 

BEPC Beam Diagnostics Group 

Institute of High Energy Physics, Chinese Academy of Sciences 
P.O.Box 918, Beijing, 100039, China 

Abst rac t 

The beam diagnostic tools of BEPC storage ring and their performances are 
described in this paper. It includes 10 fluorescent screen monitors; a current monitor; 
a wall current monitor; 32 beam position monitors; 2 stripline electrodes; 2 beam 
scrapers and 2 synchrotron light monitoring systems. 

In t roduc t ion 

The Beijing Electron-Positron Collider (BEPC) has been put into operation since 
the beginning of 1989. The collider has provided beams for high energy physics 
experiments as well as synchrotron radiation research in parasitic or dedicated modes 
since May, 19S9. The recent status of the machine is given in several papers ,,:2'3. 
The peak luminosity has reached 2.4 x lO30 cm"2 • s~l at .//*/> energy region. The 
natural beam emittance is 0.076 mm • mrad at 2.2 GeV for dedicated synchrotron 
radiation configuration. Some present operating parameters of the BEPC storage 
ring are listed in Table 1. 

Table 1 Some Parameters of B E P C Storage Ring 

Operation energy (GcV) 
Injection energy (GeV) 

Injection repetition rate (Hz) 
Circumference (m) 

RF frequency (MHz) 
Colliding Beam Current (mA) 

Single Beam Current (mA) 

1.55 ~ 2.2 
1.11 
12.5 

240.4 
199.53 

20 ~ 30 per beam 
150 

The beam from linac is a single bunch of 2.5 ns width with 285G MHz RF structure. 
The peak current of injection beam is 800 mA for electron and 4 mA for positron at 
the injection points. 

A VAX-750 serves as the main control computer for the storage ring, and a 
MICRO-VAX II is going to be added via DECnet. The beam diagnostic devices for 
BEPC storage ring are listed in Table 2. The arrangement of these devices around 
the ring is shown in Fig. 1. 
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Table 2 M o n i t o r T y p e s of B E P C S to rage R ing 

Monitor type 
Fluorescent Screen 

DC Current Transformer 
Wall Current Monitor 

4-Button Pick-Up Electrode 
4-Stripline Electrode 

Semper 
Synchrotron Light Monitor 

qt. 
10 
1 
1 

32 
2 
2 
o 

Function 
injection beam profile 
averaged beam current 
pulsed beam current 

beam position 
tune measurement and drive 

transverse beam size 
transverse beam profile, size, 
intensity, and bunch length 

F luorescent Screen M o n i t o r s 

We have S fluorescent screen monitors in BEPC storage ring and 2 immediately 
after the Lanbertson magnets close to the electron and positron injection points 
respectively. The 50 mm x 50 mm screen Model AF995R can detect the injected 
beam with even 1 mA peak current. These monitors are driven by pressed air bumps 
which are controlled manually at center control room. The position repeatability of 
monitors is ±0.5 mm. These screen monitors played an important role during the 
early period of the machine commissioning. Though the screen monitors in the ring 
are seldom used at present, the two located near the injection points are still used 
very often to monitor positions of injected beams. 

D C C u r r e n t Transformer 

The DC Current Transformer (DCCT) and its signal processing electronics used 
for BEPC are not commercial products. They were designed and built in our labora
tory. DCCT is installed outside a 20 mm long ceramic gap of stainless steel vacuum 
chamber with 103 mm inner diameter. Fig. 2 shows its schematic diagram. A pair 
of toroidal cores are wound from high permeability permalloy tape with a thickness 
of 0.05 mm. Equal 40-turn excitation winding is wound oppositely around the cores, 
which are driven by a 1 KHz frequency signal at a saturation current. The numbers 
of turns of sense winding and feedback winding are 100 and 140 respectively. An ad
ditional one turn winding is provided to calibrate the DCCT. The main parameters 
of DCCT are given in Table 3. 

Table 3 Main P a r a m e t e r s of D C C T 

Current Range (mA) 
Accuracy (%) 
Linearity (%) 

Zero drift at 100mA (8 hr) (/<A) 
Sensitivity (mV/mA) 

0.1 ~ 300 
< ±0.1 
< ± 0 . 1 
< ± 4 0 

24.7 

At first, we put the DCCT in the second quadrant of storage ring, very close 
to a RF cavity. It was found that the DCCT almost did not work because of the 
electromagnetic interferences. Then we moved the DCCT to the fourth quadrant, 
and it has worked well since that time. 
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Wall C u r r e n t Moni to r 

There was no plan to build a wall current monitor at the beginning of the BEPC 
construction. We just utilized the vacuum chamber with ceramic gap , which is 
previously used for DCCT in the second quadrant of the ring, to make it. Twenty 
9.1 Ohm resistors are connected across the ceramic gap in parallel. Four coaxial cables 
without connectors are directly welded to two ends of resistors at right angle on the 
circumference of the gap. A broadband hybrid junction Model SD-4-4 with 2-2000 
MHz frequency range combines the signals from four cables to eliminate the factor of 
position dependence. The sum signal is brought up to center control room on a 1/2 
inch cable. Because of the simple and crude construction, there are some reflections 
in the output waveform. But it is good enough for comparing the amplitude of pulsed 
current of different bunches. It is also used to monitor the bunch length oscillation 
when some beam instabilities occur. 

Beam Posit ion Moni tors 

There are 32 4-button type electrode monitors for beam position measurement. 
They are divided into two types: the one shown in Fig. 3-(a) is used for arc sections 
and another shown in Fig. 3-(b) is used for long straight sections. All monitors are 
equipped with BNC-type connectors for signal feedthroughs. A set of four RG223 
coaxial cables brings up pick-up signals of each monitor to the local control room 
where the processing electronics is located. The lengths of cables vary from 60 to DO 
meters depending on the location of the monitors in the ring. The relative attenua
tions of four cables for each monitor have been measured and saved into computer. 
Fig. 4 shows a schematic diagram of the electronics for beam position monitors. The 
total time to scan all 12S electrodes of 32 monitors is about 50 seconds. 

Bench calibration for each monitor was carried out in the laboratory before in
stallation. A rod parallel to the monitor axis was put at the position (X,Y) and 
the 4 electrode signals V,t, V B , VC, V D were measured. As the normalized dif
ference signals U = ( V B + V C - V , , - VD)/(V /1-|-VB4-VC+VD) and V = (VA+VB- V c -
VD)/(V^+VB-f-Vc+VD) are independent of bunch shape and intensity, we used a 5 
MHz continuous sinewave as cfilibration signal. The calibration was made at the 25 
mesh points in the each monitor's center area of 20 mm x 20 mm (5 mm step). To 
calculate a beam position (X,Y), third order polynomials of U and V were fit for these 
25 mesh data. The beam position can also be calculated from any three electrode 
signals instead of the four. At this time, the normalized difference signals are U1 

= (Vc-VD)/(Vc:+VD) and V = (V f l -V c ) / (V f l +V c ) if B,C,D electrodes were used. 
We fit fourth order polynomials of U' and V for the same mesh data. The fitting 
errors of each monitor are less than 0.1 mm for both 4- electrode and 3-electrode 
calibrations. 

Whenever we measure the COD, if the difference between the position data com
puted by using 4-electrodc calibration and any one of 3-electrode calibrations is larger 
than 0.4 mm, we will mark that position data as bad reading. After two year opera
tion, most position readings of 32 monitors were getting bad. We found it is mainly 
caused by the relative attenuation change of coaxial cables and channel to channel 
offset change of PIN diode multiplexers. We remeasured these parameters carefully 
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and replaced the old ones. At present, the difference between position data got from 
4-electrode and 3-electrode calibrations is around 0.2 mm for each monitor. The 
typical COD is XTm, = 2 mm and Y r m j = 1 mm after correction with 3 correctors. 

Stripline Electrodes 

Two identical 4-stripline electrode monitors were built for tune measurement, one 
is used as a shaker and another as a receiver. Each electrode is made of a stainless 
steel plate with 27 mm width, 1 mm thickness and 277 mm length. Four electrodes 
are mounted on a circular cross section vacuum chamber of 103 mm inner diameter 
at right angle around the chamber wall. Each end of a electrode has a feedthrough 
with a N-type connector. Every electronde is a directional coupler and one end picks 
up electron signal while the other end picks up the positron signal. Signals from 
electrodes are brought up to the center control room on eight 1/2 inch cables Model 
LDF4-50A. Fig. 5 shows a block diagram of the tune measurement system. The 
processing electronics was duplicated from SLAC. 

At present, we use the swept frequency method to measure tunes. The method 
of tracking a resonance by means of phase locked loop has not been available. An
other problem is that the length of the stripline electrode is relatively short and the 
maximum output voltage of shaker amplifier is ±40 V. Sometimes the amplitude of 
the coherent betatron oscillation, which is stimulated by the shaker externally, is not 
large enough to be detected. A more powerful amplifier is needed. 

Sc rape r s 

There are two beam scrapers. Each one has two pairs of horizontal and vertical 
scrape plates made of tantalum. The area of the horizontal plate is 40 mm x 30 mm 
and that of the vertical plate is 60 mm x 20 mm. These scrapers are driven by step 
motors with a 0.1 mm step and controlled manually. The positions of the plates are 
sensed by 0.1% linearity potentiometers and high stability power supplies and are 
displayed by 4 1/2 decimal digit DVMs. 

We used the scrapers to measure the beam transverse sizes for many times. The 
rms spread of beam width ax in the horizontal direction, the beam lifetime r, and 
distance from scrape plate to the center of beam X,c are related as follows 

where TX is the horizontal damping time. We have a similar relation in the vertical 
direction. 

The err calculated from above formula fairly agrees with the theoretical prediction. 
But <7y does not keep constant when Y„c decreases even at a low beam current. This 
phenomenon is not well understood. 

- 116 -



Synchrotron Light Monitoring System 

There are two identical synchrotron light monitors , one for electrons and an
other for positrons. The synchrotron light is used in following ways: beam profile 
monitoring, transverse beam size measurement, beam intensity measurement and 
bunch length measurement. Fig. 6 gives a schematic diagram of synchrotron light 
monitoring system set up. 

The synchrotron light emitted in the bending magnet BIO is reflected horizontally 
to a side window of the beam pipe by a well polished copper mirror and then reflected 
vertically by a remote controllable mirror to the optics building. After reflecting from 
the third mirror, a intermediate image of the light beam cross section at the source 
point is formed near the fourth reflection mirror with a Newtonian telescope of 500 
mm focal length. The light from the intermediate image passes through a eyepiece 
and becomes parallel. Two light splitters after the eyepiece divided the parallel beam 
of light into three: the first is led to a TV camera for profile monitoring: the second is 
focused on a photodiode array by a converging lens for beam size measurement; and 
the third is led to a microchannel tube for bunch length measurement. Before the 
eyepiece, there is an additional splitter to give a light beam for intensity measurement. 

Conclusion 

As the first step, the diagnostic devices we have built are most necessary for initial 
stage of the machine commissioning and operation. Most monitors have no interfaces 
to control computer for data acquisitions and all monitors are controlled manually 
except DCCT and beam position monitors. A improvement program is carrying on 
in order to satisfy the growing requirements in measurement accuracy and reliability 
of the diagnostic devices from the machine studies and operation. 
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DEVICE FOR MEASURING BEAM PROPHE IN THE ACCELERATOR 

Loginov A.A., Merker E.A. 

IHEP. 142284. Serpukhov. Moscow region. USSR 

Abstract 

This paper describes a prototype of the device designed to 

measure the beam profile in the UNK. It also presents its 

design, operational features and the results of its 

testingon the beam. 

Introduction 

The a c celerating complexes of CERN and FNAL apply-

extensively differnt scanners [1,2] to measure the profile of 

the circulating beam. Their operational feature is based on 

registrating a flux of secondary particles produced a thin 

filament crosses the beam. The major factor impeding the 

application of such devices in high-intensity machines is 

thermal failure of filaments due to radiation heating by the 

accelerated beam. To avoid that and to decrease the growth of 

the beam emittance due to its interaction with the filament 

it is necessary to cut the filament diameter and to increase 

the velocity of its crossing the beam. However, due to the 

rate of acceleration increased at the phase of the filament 

speed-up the requirements imposed on its mechanical strength 

become heavier. Under all other conditions equal, they can 

be fulfilled only by increasing the filament diameter. Hence, 

the requirements on its thermal" stability and mechanical 

strength can be satisfied simultaneously only by a trade-off 

choice between its material, diameter and velocity. The 

present paper describes the way these problems were solved 

in the prototype of the device designed to measure the beam 

profile in the Accelerating and Storage Complex presently 

under construction at IHEP, in which the beam intensity is to 
14-

be as high as 6*10 ppp. 
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Design 

The studies carried out earlier in a number of papers (see, 

e.g., t3]) show that the most suitable material for the 

filament is carbon possessing rather low density and afairly 

high melting temperature and mechanical strength. The choice 

of the filament diameter is determined essentially by the 

beam intensity, dynamics of filament acceleration, by the 

ways of fisdjng it, etc. Since the number of major factors 

basically determining the filament diameter is large and are 

difficult to be taken into account, it is very complicated to 

estimate it more or less accurately. But some rough estimates 

and many experiments with an intensity and energy close to 

the parameters of the UNK beam show that with a filament 

velocity of about 10 m/s, its optimal diameter is a few tens 

of micrometers. Therefore we put the filament diameter to be 

35 |im. 

Controlled 
power supply 

Control 

block 
A D C computer 

AAA 

K 
te r minal 

Fig.1 . The block diagram of the beam profile monitor 

and functional electronics 
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it is placed back on it with, the help of special units with 

two motors. 

To see that the device developed can be used to measure the 

profile of the UNK beam, a prototype was manufactured and 

tested in U-70. 

It was placed in straight section 104. of U-70 (see fig.2) 

between the accelerating cavity and magnet block in a special 

vacuum chamber where vacuum is ensured with a 1000 1/s getter 

ion pump. 

Fig.2. Device for measuring the Pig.3. The histograms of 

beam profile, placed in beam profile 

straight section 104. of U-70 

Signal Registration and Handling 

Secondary emission is registrated by a photomultiplier (PM) 

placed next to the beam profile monitor. The PM signal is 

sent to the Main Control Room (MCR) to be handled and 

converted there into a digital code with the help of a 

special ADC having the memory allowing one to digitize and 

store continuously 1024. measured values. These 1024 values 

correspond to about 20O mm, enabling one to have the 

information on the signal from three filaments 

simultaneously. After handling and processing the normalized 

histograms of the beam profile are displaced, indicating the 

value of the background subtracted and the beam dimensions 
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The block diagram oX "fclie "beam profile monitor and 

functional electronics are shown in fig.1. 

An electromagnetic drive is used to move the filement.lt 

consists of a magnetic core 1 made from transformer steel and 

two induction coils 2 and 3 energised by pulsed current 

lasting 5 ms. Storage capacitors charged up to voltages of 

1500-1600 V and discharged through thyristor switches are 

used as the power supply*. One of the coils speeds the core up 

and another one decelerates it. The core is fixed to two 

stainless-steel thin-walled pipes 4. moving along guides 5. To 

reduce the friction, teflon bushings 6 are pressed Into the 

pipes. There are three carbon filaments 7 stretched between 

the pipes with a step of 50 mm. To specify the initial 

position of the core (filament) the speeding-up and 

decelerating coils have next to them fixing ones, 8 and 9, 

energized by quasi-direct current. To determine the instant 

of the core position in the center of each of the four coils, 

four induction pickups 10 are foreseen. They generate the 

signal whenever a metal flag 11 , fixed to one of the mobile 

pipes, passes through them. 

Depending on the direction of the core motion, the coils of 

the drive alternate as the decelerating or speeding-up ones. 

The initial position of the core, the geometry of the 

coils, their current and the parameters of the discharging 

circuit are chosen in such a way that at the instant of the 

core passing the centre of the speeding-up coil its current 

would already drop down to zero. The decelerating coil is 

actuated from the signal from the inductance pickup 

indicating that the core has passed through the coil center. 

The fixing coils are actuated after each triggering of the 

drive. 

To avoid mechanical failure of the mobile part of the beam 

profile monitor caused by the malfunctioning of the 

decelerating coil, there are special mechanical guide pins 

foreseen, which intercept the core if it passes beyond the 

decelerating coil at a distance larger than the specified 

one. If the core is not on the coordinate for some reasons, 
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according to the level specified. Csee fig.3). Then the 

obtained graphic and digital information is printed out. The 

beam dimensions are calculated by comparing the PM signal 

duration at the specified level with the time interval 

between the signals from the two neighbouring filaments, with 

the distance between them taken into account. The accuracy of 

measuring the beam dimensions is at least + 0.4 mm. 

Conclusions 

The device described above makes it possible to measure the 

beam profile once per U-70 cycle ( 8 s) . This is 

determined by the time of charging the storage capacitors 

in the power supplies. At present, the device allows us to 

measure the beam profile across the radius. Using the 

filaments stretched at an angle of 45 to the direction of 

motion and at 90 to each other we can measure the profile 

of the beam from two coordinates when it crosses the filament 

once. 

Now we are improving the design of the device to have all 

the coils and motors beyond the vacuum chamber. 

To conclude, the authors find it their pleasant duty to 

express a deep gratitude to Del'nov B.I. for his having 

manufactured the prototype, to Yagnakov A.A. for his kind 

assistance in processing the signal, to Poluektov A.G. and 

Termolaev A.D. for their help with the installation of the 

device at the U-70 machine and testing it. 
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EXPERIENCE W I T H A F A S T WIRE S C A N N E R F O R B E A M 
PROFILE M E A S U R E M E N T S A T THE CERN P S 

S. Hancock, M. Martini, M. van Rooij, Ch. Steinbach 
CERN, FS, CH 1211 Geneva 23 

Abstract. The fast wire scanner built at the CERN PS for beam profile monitoring has 
been improved, tested and used extensively since its first operation in 1985. The system 
is briefly described, the recent improvements are outlined and comparison of 
measurement results with other profile monitors are given and discussed. 

Introduction 
A fast wire scanner was built at the CERN PS and its operation started in 1985. It is 

used to measure the circulating beam profile and hence the emittance since the Twiss 
amplitude parameter, p\ is normally well-known in both planes. It measures beams of 
various particles GePtons» protons, antiprotons and ions) from injection (1 GeV) to high 
energy (26 GeV/c) over a wide range of beam intensities (from less than 109 to 
approaching 1013 charges per pulse). 

Principle and technical characteristics 

The system has already been described (Ref. 1) and only die main features will be 
recalled here. 

Two mechanical assemblies are installed in the PS, one for each plane. The main 
components are: 

- die printed circuit D.C. torque motor with its potentiometer and. velocity 
transducer, 

- the transmission system comprising a crankshaft activating two push-pull rods, 
- die stainless steel vacuum enclosure with two metallic bellows allowing the 

movement of these two rods through a flange into the vacuum, 
- die low inertia U shaped wire support and its bearings inside vacuum, 
- the scintillator, lightguide and photomultiplier underneath die tank. 
The power amplifier feeding die motors is located in an equipment room. 
The linear projected speed achieved by the wires as they cross the beam is 20 m/s. 
Secondary particles produced in the interaction of the beam with the wire are 

detected in a scintillator optically connected to a photomultiplier. The resultant analogue 
signal is sampled and digitalized in a waveform analyzer for further analysis. 

All the local controls are executed in a first generation stand alone PC with an 8 bit 
processor under die cp/m system. It is located in the PS control room together with a 
CAMAC crate containing all the interface and sampling hardware. It takes care of the real 
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time task of the digital feedback displacement control loop, of the data acquisition and 
processing and of the input and output to the system (request for measurements and 
visualization of results). Remote access is also possible from the main computer system via 
a RS232 connection between the local and general control system CAMAC crates. New 
controls are foreseen using a VME crate and a 32 bit processor. 

Photomulrioliers and signal processing 

The first profiles were obtained with the two scintillators and their photomultipliers 
mounted directly on top of the tanks, just above each wire. The photomultipliers had 14 
dynodes and a very high gain, a type used for particle counters at relatively low counting 
rate. 

The shape of the profiles turned out to be distinctly non-linear and sensitive to the 
value of the high voltage chosen for the photomultipliers. 

A careful study of these phenomena led to the conclusion that the photomultiptier 
gains were too high, the photocathodes were saturating and that direct radiation induced 
unwanted secondary electrons and persistent effects. Tests were carried out with 6 dynode 
photomultipliers to confirm the first hypothesis and then with a prototype lightguide to 
remove the photomultiplier from the secondary particle shower. 

The final arrangement comprises scintillators of 0.5 1 volume placed upstream and 
downstream of each wire (horizontal and vertical). Each serves either for positively 
charged particles (protons, ions or positrons) or negatively charged ones (antiprotons or 
electrons), these being accelerated in opposite directions during different magnetic cycles. 
The scintillators are placed directly in contact with the vacuum chamber, so as to provide 
some acceptance down to a secondary particle production angle of the order of 15°. 
Plexiglass lightguides link them to the photomultipliers (through selectable optical filters 
mounted on a carousel mechanism) installed at ground level, 1.2 m below the PS vacuum 
chamber. 

Optical filters are needed because of the wide range of energies and intensities which 
must be covered. One can remotely choose between calibrated transmission factors of 
0.1% to 100%. This reduces the dynamic range that the photomultipliers have to cope with 
to less than a hundred. 

The photomultipliers have 10 dynodes, a compromise which provides plenty of gain 
at weak intensities and low energies (e.g. for antiprotons) at the cost of linearity at the 
highest beam intensities. The type chosen has a high photoelectron current capacity due to 
its tri-alkaline photocathode. Since it must work in proportional mode, the base has been 
designed specifically to permit high currents; the dynode voltages are obtained with 
relatively low resistance dividers. 

For the highest intensities (several 1012) and high energies however, the 
photomultipliers have to be traded for less sensitive 6 dynode units. 

There is an additional analogue amplifier in the ring to adapt the equivalent current 
source of the photomultiplier into a voltage source able to drive the 50 Q. cable bringing 
the signal to the control room. 

The signal-to-noise ratio is improved by the use of a low-pass Bessel filter of 6th 
order. The pass band is thus reduced to the minimum necessary without signal deformation 
since the group delay is independent of die frequency. A choice is available between two 
cut-off frequencies: 15 kHz and 75 kHz for wide and narrow beams (Ref.2). Fig.l gives a 
typical exemple of the result obtained with a proton beam at 24 GeV/c. 
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Fig-1: Profile and cmittance of a 23 1010 proton beam at 24 GeV/c 

Beam scattering 

When crossing the wire, particles undergo multiple Coulomb scattering which blows 
up the beam. Using the Rossi formula for the mean square scattering angle (Ref. 3), 
averaging on the successive wire traversals and the betatron phases, and correcting for the 
cylindrical shape of the wire, the 2 r.m.s. emittance increase (expressed in TC mm mrad) is 
given by: 

it P,(P 
A £ * = I v 7 ^ 

where Px is the local Twiss amplitude parameter in the measurement plane, d is the wire 
diameter, v the projected transverse wire velocity, T, the revolution period of the particles 
around the machine, X0 the radiation length in the wire material, p the particle velocity in 
units of c and p the particle momentum (in MeV/c). 

The velocity of the wire (20 m/s) was determined in order to reduce the effect of the 
multiple scattering as much as possible. 

For the most interesting PS hadron energies, we obtain the following results 
expressed in units of 7t mm mrad: 

[JLV 
IPPJ 

Energy 

IGeV 
(injection) 

•3.5GeV/c 
(antiproton iniectionl 
26 Gev/c 
(hiehest enerev) 

Blow-up 
in measurement 
plane 

.32 

.062 

.00105 

Blow-up 
in other plane 

.59 

.113 

.0019 

Normalized 
blow-up 
in meas. plane 

.58 

.23 

.029 

Normalized 
blow-up 
in other plane 

1.06 

.42 

.053 

Table 1 

- 128 -



The smallest normalized emittance we want to measure in the PS is 10K mm mrad. 
We see that the Coulomb scattering of the beam during traversal of the wire is negligible 
at high energies and relatively small at low energies (hardly more than 10 %). 

Heating of the wire at high intensities 

For a long rime, the wire scanner was mainly used to measure the proton and 
antiproton beams of relatively low intensity accelerated in the PS to be used in the collider 
experiments of the SPS. There was, therefore, no practical experience of the maximum 
intensity that the wire could withstand without damage. More recently, the first studies on 
the future PS beam for the LHC machine has revived interest in the measurement of the 
emittance of high intensity beams. 

The temperature increase of the wire during traversal of the beam has been 
calculated (Ref. 4) as: 

Jc. dE £ N / 3 
A T " C,dx v x - N j ^ e , 

where k is the fraction of ionisation loss convened into heat, Cv is the heat capacity of the 
wire material, dE/dx the ionization loss of the panicles in the wire, N the number of 
panicles and £x the emittance in the other plane. 

The losses by radiation and conduction along the wire are neglected because the 
traversal is short (almost always less than a millisecond). 

An attempt to burn the wire in a high intensity proton beam failed at high energy 
(26 GeV/c) after numerous scans in a 1.8 1013 proton beam. The initial calculations of 
temperature rise used k=l, assuming that the ionization losses in the material of the wire 
were entirely converted into heat. It would lead in this case to a temperature rise of about 
1260°C. At the CERN SPS, however, it has been estimated that the actual heat deposition 
(Ref. 5) corresponded in fact to only one third of the ionization loss (k=l/3). Following 
this hypothesis, the temperature in the wire would not exceed 420°C, which explains why 
the destruction test was unsuccessful. 

Comparison with other monitors 

For comparison, transverse beam profile measurement have been carried out by 
means of measurement targets in the PS and Secondary Emission Monitor grids (SEM-
grids) at injection in the PS and in the extraction line. 

Measurement targets are made of a pair of mobile blades. The method involves 
moving the blades transversely stepwise into the beam and recording the beam loss shot 
after shot. The derivative of the remaining beam intensity with respect to the blade 
position yields the particle distribution profile. Measurement targets are thus destructive. 

SEM-grids consist of a grid of foils placed in the beam so that secondary electrons 
are produced upon the impact of beam particles. This emission induces a voltage on each 
foil, which provides a measure of the number of incident panicles. 

Beam profile measurement are used to determine the r.m.s. beam width (ax) or beam 
height (o"y), from which the horizontal or vertical beam emittance (at 2ax „ projected) can 
be evaluated. In the horizontal plane, the beam profile includes the momentum distribution 
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if the dispersion is non zero at the monitor location. However, the momentum spread in PS 
was not considered because its effect, assuming quadratic addition of the betatron and 
momentum dispersion (Ref. 6), is of the order of only 2% for a 20 mm wide beam. 

Table 2 shows some emittance measurements (at 2ax y) performed between 1988 
and 1991. It can be seen that values of emittances derived from beam profiles measured 
with diverse monitors agree rather well. 

vertical emittance 
(3-5GeV/c 5 1010p) 
horizontal emiuance 
OGeV 610"p) 
horizontal emittance 
(1 GeV 4.3 1011 p) 
vertical emittance 
0 GeV 4.3 1 0 [ 1 P ) 

Wire scanner 

0.74 ;t mm mrad 

19.7 a mm mrad 

24.8 it mm mrad 

9.0 7t mm mrad 

Measurement targets 

0.70 JI mm mrad 

— 

— 

— 

SEM-grids 

0.68 JI mm mrad' 

18.5 rr mm mrad z 

23.3 7t mm mrad 2 

9.1 re mm mrad 2 

1 SEM-grids installed in the PS-SPS transfer line. 
2 SEM-grids installed in the PS downstream of the injection septum. 

Table 2 

Conclusion 

The performance of the CERN PS fast wire scanner has been improved since its first 
operation. Its accuracy, versatility and user-friendliness have been enhanced. Comparisons 
with other profile monitors agree well and confirm the importance of this monitor for non
destructive measurements. 
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Abstract 

Positive ion and electron pairs are produced by a circulating beam which strikes 
residual gas in the synchrotron ring. Not only by collecting a positive ions, but also 
by collecting electrons to a rectangular area micro-channel plate (MCP) with multi-
anodes, were able to measure the transversal beam profiles within one acceleration 
period without any damage to the circulating beam. 

In order to increase the life time and saturation signal current of the MCP, an 
assemble of many electron multipliers (EM) is used, which is especially useful at 
locations where a large beam width exists. 

The combination of two monitors will give us the information concerning the 
momentum spread in a synchrotron. 

1 Introduction 

It is very convenient for beam studies and machine operation to measure the 
beam profile in a synchrotron ring without causing any damage to" the circulating 
beam. 

We began a preparatory experiment concerning a non-destructive beam profile 
monitor (NDPM) in 1982; this device was actually made using small round-area 
micro-channel plate (MCP) with a single anodefl], a large rectangular area MCP 
with 32 anodes[2] and an assembly of 30 Electron multipliers (EM), successively. We 
have installed two NDPMs of the MCP with multi-anodes, one of which measures 
the horizontal beam profile in the Booster ring and another in the Main ring. 

Since we explained the NDPM using MCP in detail and fully discussed notes for 
applying it to beams with various intensities in reference 2), we describe them only 
briefly in section 2 of this paper. 
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This is the first time, however, to introduce a difference in the measurement 
results by collecting both the positive ions and electrons produced by a circulating 
beam striking the residual gas in a ring (explained in section 3). 

For setting NDPM at a ring position with a large beam size, using an assembly 
of many electron multipliers (EM) as a sensor is better than using a MCP, from 
the view point of long life for radiation and a high saturating signal current. A 
combination of two NDPMs (one of which is made of EMs and set at the place with 
a large dispersion function; the another is made of MCP and set at a location with 
a small dispersion function) is used for the measurement of a momentum spread. It 
is explained in section 4. 

2 Non-Destructive Profile Monitor using a MCP with multi-
anodes 

2.1 Mechanism 

A circulating beam in a synchrotron strikes residual molecules in the vacuum 
ring while producing positive ion and electron pairs with some probability. When 
a positive collecting voltage is supplied to an electrode (as shown in the left figure 
of Fig.l), positive ions move from the bottom to the top along the'collecting field. 
On the contrary, if a negative voltage is supplied electrons move to the top. If a 
large-area rectangular MCP with multi-anodes is placed at the end of the field, it 
can measure the number of ions or electrons which are produced in proportion to the 
beam intensity along the vertical collecting field. In our case, the MCP is tandem-
type and has an effective area of 81mrnx31mm[3], and 32 anodes (each anode has a 
width of 1.5mm, a length of 29mm and a pitch of 2.5mm) are placed closed to the 
output side of the surface of the MCP, as shown in the right-hand figure of Fig.l. 

effective area 

beam 
eurth ^ 

IHIH'I . il||)l|l III W i l l ) n i W R . 

' , , ' m - -gear I MCP 

N2§ 
+ HV. -^fe-l 

SL 

W" K 

motor 
resistor 

-GFRP 

(Fig.l) Left ugure: Fundamental plan of a horizontal NDPM with multi-anodes. 

Right figure: 32 anode structure of a rectangular-type MCP. 
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Every anode has an independent electric dicuit shown in Fig.2; its output signal 
from beam injection to extraction is memorized by a computer. By rearranging 
these data, we can obtain a "mountain view" of transversal beam profiles within 
one acceleration period. 

(Fig.2) Block diagram of the electric circuit connecting every anode on a MCP. 

2.2 Calibration 

In this system the most important point regards the calibration of the entire gain, 
which includes the MCP, pri-amp, voltage-to-frequency converter (VFC), frequency-
to-voltage converter (FVC), main-amp and analog-to-digital converter (ADC). For 
observations of the beam profile, the direction of the anode stripes on the MCP is 
set to be parallel to the beam direction, as is shown in the left-hand figure of Fig.3 
(Measuring position). For the calibration, however, the direction of the stripes is 
changed by a pulse motor and set perpendicularly to the beam direction, as shown 
in the right-hand figure of Fig.3 (Calibrating position). In this position, each anode 
can be considered to receive the same quantity of ions produced by the circulating 
beam, and the anode signal should be similar figure with each other. 

anode anode 

beam beam 
(Fig.3) Orientation of the anode strip lines of a MCP. 

Left figure: Measuring position (the anode strip are parallel to the beam). 
Right figure: Calibrating position (the anode strip are perpendicular to the beam). 

The typical signals from three anodes which have a high, middle and low gain 

in the Booster and Main ring are shown in the left- and right-hand figures of Fig.4, 

respectively. 
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(Fig.4) Typical signals from three anodes which has high, middle and low gain. 
(Left figure: In the Booster, Right figure: In the Main) 

In the case of the Booster, three figures are almost similar to each other. In 
the Main ring, however, especially the signal from the low-gain apode (ch 17) is 
not similar to another. The reason for this has not been explained clearly, though 
it might be thought that the radiation not only decreases the gain, but also the 
saturating current of the MCP (see 2.4). The calibration constant of each anode is 
fixed by integrating the signal for the proper time interval (surrounded by dotted 
lines). Lists of the constants in the Booster (about one year use) and Main (about 
two years use) are shown in the left- and right-hand figure of Fig.5, respectively. 

Z t G Q W II ;• IE 18 33 22 24 26 29 30 32ch 

z 

:::ZTZ::: 
Z 4 6 8 JO J2 11 16 19 ffl ZZ 24 JS ZS 30 3ZCh 

(Fig.5) Calibration constants of anodes on the MCP. 

Left figure: Booster ring (about one year use) 

Right figure: Main ring (about two years use). 

The figure of deterioration at the anode is similar to that of the beam profile. By 

comparing these figures to the constants which were measured during the first use 

(as shown in Fig.6), it is clear that deterioration in a MCP depends on how many 
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electrons have been produced from the point of the MCP. 

3 | 

2 

I 
ir 

1 
2 4 S 8 10 12 : 4 16 18 20 22 24 26 28 30 22 

(Fig.6) Calibration constants of anodes on the MCP at the first use. 

2.3 Mer i t s and Demeri ts of N D P M with mult i-anodes 

By comparing an NDPM with multi-anodes with one which has a single anode, 
both the merits and demerits were found to be as follows: 

meri t : A NDPM with a single anode requires a long measurement time with many 
acceleration periods. Therefore, it cannot measure the beam profile while a 
beam is unstable. On the contrary, the multi-anode type can measure a beam 
profile from injection to extraction during one acceleration period. 

demer i t : The single-anode type can obtain a beam profile with a very small pitch if 
it requires long measurement time. The pitch of the profile by the multi-anode 
type, however, is determined by the anode pitch. 

2.4 Notes while using N D P M with M C P 

There are several notes to be considered when using this type of NDPM; they 

are described as follows: 

1) When the circulating beam intensity is large, its electric potential distorts the 

collecting field. The collecting field should therefore be sufficiently high to 

neglect the beam potential (see 3.2). 
1 Since the time during vrhich the collecting and bias voltages are added for one measuring of a beam profile is 

less than 30 seconds and NDPM are used, on average, once per one week, these deteriorations are too severe from 
a consideration of a half life of 19 days of the MCP. T h e following two mistaken'uses might be the main causes of 
the deterioration: 
1) (For the MCP of the Main ring) The horizontal aperture of the NDPM was too narrow compared to the beam 
size for two weeks. During this time, the MCP was irradiated by many neutrons produced by the circulating protons 
which hit the frame for generating a collecting field. 
2) (For both MCPs of the Booster and Main) In order to increase the collecting voltage, we made a conditioning 
by adding a voltage of 8kV to the gap for five days without the bias voltage of the MCPs. Although there was no 
electron amplification in the MCPs, the ions were led by the collecting held, collided into the MCPs and deteriorated 
the characteristic of secondary electron emission at the entrance part of the MCPs. 
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2) When some amounts of electrons axe produced inside the MCP, the gain is de

creased to half value. In order to decrease this deterioration of the MCP, MCP 
bias voltage and the collecting voltage should be supplied as short as possible. 

3) When the bias voltage of the MCP is increased, its gain is exponentially increased. 

A gain that is too high causes a saturation of the output signal of the MCP, 
since the bias current cannot follow the supply electrons emitted from the MCP. 

3 Measurement results 

3.1 B e a m profile 

We determined the measurement results by collecting both positive ions and 
electrons to the MCP in the left- and right-hand sides of the following figures, re
spectively; 
1) Booster ring 

(positive ion) (electron) 

BST SS 
0 . 5 1 ( n f i c ) 
• am) 

m Pro-f i l e : B S T SS 
525 (mtec)r ftep 0. SI I msec i 

( norma 1 btam) 

-3 ~Z -1 B i 2 3 * S 

Hor 
( cm) - 3 - 2 - 1 0 1 2 3 a S 

Hnr 
< cm) 

(Fig.7a) "Mountain view" of horizontal beam profiles in the Booster ring. 

(positive ion) 

H o r i z o n t a l Beam Center :BST S8 
( IM>) 

+ 20 T 
(norma 1 beam) 

O 5 10 IS 2B 25 

(electron) 

H o r i z o n t a l Beam Centar :BST S8 
( ffvn) 

+ 2 3 , 
( norma 1 bum) 

TIMC - 2 3 4 , . . , . 
<m I ) a s l a 1 S j 0 , s <m « ) 

(Fig.7b) Time dependence of the beam center (AR). 
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2) Main ring 

(positive ion) (electron) 
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(Fig.8a) "Mountain view" of horizontal beam profiles in the Main ring. 
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(Fig.8b) Time dependence of the beam center (AR). 

Both AR measurements in the Booster and Main taken using positive ions are 
in good agreement with the output signals of the AR monitor, as shown in Fig.9. 

(Fig.9) Out-put signals of AR monitor. 
Left figure: In Booster (X:5ms/d, Y:5mm/d), 

Right figure: In Main (X:200ms/d, Y:4mm/d). 
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In the Booster, the measurement results obtained by collecting electrons are in 
good agreement with those by positive ions. In the Main ring, however, the collected 
electrons are moved to the outside of the ring by the leakage field of the Main bending 
magnet- After magnetic shielding the chamber in which the NDPM is installed by 
using a pure iron box of 3.2mm thick, measurements have been much improved, as 
shown in Fig.10. However, there is still a small effect of the leakage field. 

Horizonta l Beam Pro-Fi le:Ma in 1—3 
from 0 ( n u c ) to 3237 (n i ie ) i s*«p Z7-* I nf«c 

( normal bom) 
o r i z o n t a l Beam CenterJMain J.—3r 
( M l ) 

-J0-, 
C normal b«m) 

Hor 
( M) 

nj v -x~WV 

a. a a. s i . o a. s 2. a 2. s 3. a 3.5 
TIME 

(Fig.10) Measurement by collecting electrons in the Main ring after magnetic shielding. 
(Left figure: "Mountain view" of beam profile, Right figure: time dependence of AR). 

3.2 Dependence of t he beam profile on the collecting field 

When the beam intensity is high, the electric potential of the beam distorts the 
collecting field. The collecting voltage dependence of the half-beam width at half 
the height of the horizontal Booster beam profile at a beam intensity of 1.0xl012ppp 
is shown in Fig.ll by taking not only ions, but also electrons. It can be said that 
the collecting field should be lager than 12kV/50mm for this intensity. 

26-
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2 0 -

18-
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10 12 14 
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Collecting Electric Field (kV/50mm) 

(Fig.ll) Collecting voltage dependence of the HWHH of the horizontal Booster 
beam profile at 1.6ms after injection for the beam intensity of 1.0xl012ppp. 

- 1 3 8 -



4 N D P M w i t h e lec tron mult ipl ier a n d i t s appl icat ion 

4.1 N D P M with E M 

Although the MCP has the merits of compactness and high gain, it has demerits 
in that the saturation current is low and the total number of input charged particles 
required to make the gain half is small. Even if the gain of one anode is decreased, 
it cannot be increased by increasing the bias voltage, since the bias electrode is 
common fcr all anodes and another anodes, which have been injected by small 
number of charged particles and still have the initial gains, begin to saturate by 
increasing the bias voltage. 

An EM is reported to have about a 100-times larger saturation (.-.trrent and about 
a 10-times longer life-time than MCP[4]. It has, however, a demerit of a larger 
aperture than that of the MCP. We will set it at a position with a large beam 
width, where it can sufficiently measure a beam profile with a large pitch. We have 
assembled 30 EMs[5], in which every EM has an aperture with a width of 5.2mm 
and a length of 30mm, as shown in Fig. 12. Although we had intended to install this 
monitor this April, the out gas from wires connecting the EMs were too many to 
set it in the high-vacuum chamber. After changing the wires to ones with much less 
out-gassing, we will install it this summer. 

DVl ANODE 

(Fig.12) Plan of an assembly of 30 electron multipliers 

4.2 Measurement of momentum spread 

Assuming that the intrinsic beam profile and momentum distribution have Gau-

sian shapes, the total half beam width (x) is, 
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«=( i f e+(^ ) a ) 1 / a , (1) 
where /? the Twiss parameter, c the beam emittance, 77 the dispersion function, 

and AP the momentum spread. If two NDPMs are installed at a location -with the 
same Twiss parameters (/?), but different dispersion function (ift, T^), the momentum 
spread is deduced from the above equation to 

P -\l-ri] ' W 

where xx and x2 is the half beam width at the position with TJI and TJJ, respectively^]. 
We are intending to install this type of NDPM in the Main ring at a location with 
a large dispersion function and the same Twiss parameters as a place where the 
NDPM of MCP u-ere already installed. 
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A H I G H R E P E T I T I O N R A T E B E A M P R O F I L E M O N I T O R 

J .T. ROGERS 0 , A. GRAY*, and J .B . WARRENC 

° NSLS, Brookhaven National Laboratory, Upton, NY 11973 USA 
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A b s t r a c t : A high repetition ra te beam profile monitor is needed to measure the momentum 

distribution of each bunch, in a 200 bunch train at the Biooknaven Accelerator Test Facility. 

We have designed a monitor using secondary emission, from a rnicrostrip delay line. The delay 

line converts position, information into discrete time delays synchronous with the sampling 

ra te of a fast transient digitizer. We present the results of Initial electrical testing here. 

1. Introduct ion 

The Accelerator Test Facility a t Brookhaven National Laboratory is a general purpose 

facility for accelerator and free electron laser research. I t provides a 50 MeV electron beam 

synchronized -with Nd:YAG and C 0 2 laser pulses, with the quadrupled Nd:YAG radiation 

being used to generate the electron beam from a photo cathode. In its free electron laser 

mode, the facility produces a train of 200 bunches separated by 12.25 ns. Each bunch may 

have a slightly different momentum distribution due to variations in the laser pulse duration 

or intensity, beam loading, or wake field effects. 

We wish to measure the momentum, distribution of each bunch through its transverse 

profile in a dispersive section of the beamline. Rather than use a "harp" monitor with 

parallel transient recorders sensing the voltage on each wire, we use secondary emission from 

a meandering conductor separated by dielectric from a ground plane. This conductor forms 

a microstrip delay line. The dimensions of the line axe chosen so that the time delay between 

adjacent strips matches the sampling rate of a single transient digitizer. The use of a single 

digitizer keeps the cost of the monitor from being prohibitively high. 

2. C o n s t r u c t i o n 

The conductor pattern of the prototype microstrip we have constructed is shown in Fig. 

1. The lines represent gold conductor on a single-crystal sapphire (AI2O3) substrate. The 

groundplane underlying the pattern is also Au. Sapphire was chosen as the dielectric because 

of its high dielectric constant (e/e0 = 9.3 to 11.5 depending on orientation) which allows 

shorter line lengths for a given delay, low electrical loss tangent (3.0 - 8 . 6 x l 0 - 5 at 10 GHz), 

and radiation hardness. The sapphire is in the form of a 500 fan thick wafer of the type 

used in the semiconductor industry. Gold was chosen as the conductor because of its high 

secondary emission coefficient, good electrical conductivity, and oxidation resistance. The 

conductor was applied in three steps. A thin Cr layer was vapor deposited onto the sapphire 

to provide a base with good adhesion, followed by a vapor deposited Au layer, followed by a 

30 /xm electroplated Au layer. The microstrip was then etched using a photoresist process. 

The length of a half-period of the line was chosen to match its delay to the 742 ps sampling 

interval of a commercial transient digitizer1. The line comprises 14 such half-periods, so that 
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14 position, "channels" axe available- The 12.25 ns interval between bunches is approximately 

16 samples, so that the monitor output from each, bunch is temporally separate. The line 

width was chosen to make its impedance 50 H, matching the transient digitizer impedance. 

The unused end of the line is terminated in a matched load to prevent signal reflections. 

F ig . 1. Microstrip conductor pat tern. The length of the vertical strips is 79 mm. 

3. Radiat ion effects 

Secondary emission has long been used as a means of monitoring current in electron 

linacs2 '3 ,4 . Previous investigators have found secondary emission coefficients of 3.5% 2 and 

5.2% 4 from double-sided Al foils. Extrapolating to a single Au surface, we expect a secondary 

emission coefficient of 2 to 3%. Signal strengths, within the bandwidth of the transient 

digitizer, vary with the incident profile width, but will be of the order of 10 to 100 mV per 

nC bunch charge. 

Radiation induced conductivity in sapphire has been measured by several authors5 '6 '7 . 

Extrapolating from the results of van Lint et al,5 who find a conductivity of 10~5 H - 1 c m - 1 

for irradiation at 3 xlO 9 rads/s with a 30 MeV electron beam, we find that the shunt resistance 

of a strip to ground will be approximately 104 fl for 200 bunches of 1 nC each. This shunt 

resistance should not measurably affect the performance of the monitor. It does, however, 

suggest another mode of operation in which the line is biased relative to the monitor, so that 

the radiation induced current through the dielectric becomes the signal. 

The monitor will be locally heated by the beam. The instantaneous temperature rise 

from 200 bunches will be highest in the Au layers (210°C), and the average temperature in 

the monitor center, assuming edge cooling, will be 85°C above room temperature. 
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4. Electrical m e a s u r e m e n t s 

Preliminary electrical tests have been made of the prototype device. The propagation 

velocity in the line is accurately determined by measurement of the resonant frequencies 

in the ring resonator, shown at the right side of Fig. 1. The velocity is 1.15 x 10s m / s . 

Measurement of the capacitance of the disk on the right side of Fig. 1 gives the dielectric 

constant e/e0 = 11.2. The capacitance per unit length of the line was measured to be 

1.98 x 1 0 - 1 0 F / m . Combining these values we find the line impedance to be 44 n . The 

attenuation in the line has been measured using the ring resonator to be 0.07 dB/cm. 

The impulse response of each line segment (strip) was measured by capacitively coupling 

a swept signal generator to a single line and observing the microstrip output with a network 

analyzer. This analyzer is equipped with software which calculates impulse response through 

Fourier analysis. The Tesults are shown in Fig. 2 for strips 1, 5, 9, and 13. When the signal 

must propagate through greater line lengths, it becomes progressively smaller due to the line 

attenuation. Dispersion in the line is not apparent. Coupling between adjacent periods of 

the line is a problem and results in the dip following the signal. 

The effect of attenuation and interperiod coupling will be somewhat improved in the 

next prototype monitor by adjustments of the line width, length, and spacing. Remaining 

small effects will be removed in numerical post-processing. 

START 0 . 0 s 
STOP 1 2 . 0 n i 

Fig . 2. Impulse response of the monitor to a capacitively coupled signal applied to strips 

(from bottom) 1,5,9, and 13. The vertical scale is arbitrary. 

5. Conclusions 

Electrical measurements of a high repetition rate profile monitor using a meandering 

microstrip show the principle to be useful, and also point out problems in interline coupling 

which we plan to solve in a second prototype. Radiation induced effects in such a device are 

believed to be understood, and tests in an electron beam are scheduled for the immediate 
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future. 
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Oho 1-1, Tsukuba-shi, Ibaraki-Ken, 305 Japan. 

ABSTRACT 

A recent improvement in the profile and emittance measurement system 

of the external proton beam of the KEK 12GeV proton synchrotron (KEK-PS) 

is briefly described. The apparatus mainly used at present for the 

profile monitoring is a newly developed gas-flow ion chamber with 

segmented plane anodes. A luminescence screen is subsidiarily used with 

the ion chamber. Measurement of the beam emittance is performed by 

either using several profile monitors placed in a drift space, or the 

combination of a monitor and a quadrupole magnet. We are now developing 

a completely new type of the beam profile monitor for a relatively 

high-intensity proton beam. To avoid any deterioration of organic parts 

by intense radiation, a thin ceramic board made of silicon carbide (SiC) 

is employed as a solid state ion chamber. The status of this development 

is summarized in the last section. 

1. Beam profile monitor 

The beam profile monitor that we are now using at the KEK-PS has 

been developed from a traditional segmented wire ion chamber (SWIC) [1], 

We had been using a SWIC system for a long time, but faced several 

problems which forced us to initiate modifications of the SWIC system. 

One of the most serious problems was wire destruction. The KEK-standard 

SWIC was wired using 50 u <t> gold plated tungsten (Au-W) for the read-out 

electrode (anode) and by 120/i <f> Au-W for the -HV electrode (cathode). 

The wire spacing was 1 mm for both electrodes and the distance between 

the anode and the cathode was 6 mm. The operation voltage was 

approximately -500 V with a He atmosphere. Though the beam profile of 

the extracted protons could be measured very well by the SWIC, most of 

both the anode and cathode wires broke after only six months of operation. 

The broken point was usually at the border between the irradiated area 

by the beam and the non-irradiated area. The cleaning effect on the wire 
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surface due to beam sputtering and relatively high humidity in Japan 

might cause such breaking. Nevertheless we had to replace the broken 

SWIC every six months in a highly radioactive environment. We, therefore, 

started to develop a maintenance-free beam profile monitor by deporting 

wires from SWIC. The anode was formed as a flexible printed circuit, 

which was 35 u m thick copper stripe printed on a 50 u. m thick polyimide 
film. The anode plane also played the role of a gas packing wall. The 

cathode plane was superseded by a mesh of expanded nickel foil (30 n m 
thick). The distance between the anode and the cathode planes was 6 mm. 

The configuration of a new wire-less beam profile monitor, the Segmented 

Parallel-plate Ion Chamber (SPIC), is illustrated in Fig.l. Three sizes 

of SPIC were designed and constructed. The effective area of the 

respective sizes of SPIC were 3.2 x 3.2 inch3, 6.4 x 6.4 inch2 and 12.S x 

6.4 inch2. The number of stripes (the channel number) of each type of 

SPIC was standardized to be 64 in order to use the same read-out system. 

The spacing of the anode stripes was, thus, 0.05 inch for 3.2 inch, 0.1 

inch for 6.4 inch and 0.2 inch for 12.8 inch. The ionization gas used 

was He for the high intensity beam and Ar for the relatively low 

intensity beam. The -HV applied were -500 V for He gas and -1500 V for 

Ar gas. The signal strength from a SPIC measured as a function of 

applied -HV is indicated in Fig. 2 in both He and Ar atmospheres. The 

performance of the SPIC as a profile monitor was tested in the external 

proton beam line of the KEK-PS. The beam profile measured by the SPIC 

was compared with that of traditional SWIC and agreed very well, as shown 

in Fig.3. The read-out electronics used for the SPIC were the completely 

same as that for the SWIC (described in the next section). 

2. SPIC read-out system 

The charge induced by incident high-energy protons in the SPIC 

chamber is collected by segmented electrodes and transmitted to the beam 

channel control room (BCCR) of the KEK-PS through a multicore cable that 

is more than 100 m long. The charge of each SPIC channel is grounded at 

the BCCR through a 1 M Q resistor. The terminal voltage of the resistor 

is electrically scanned by CMOS analog switches and recorded in a digital 

memory. The scanning is 16 times in one typical 2 sec beam spill of the 

KEK-PS to measure the gross time structure of the beam. The depth of the 

digital memory is, then, 1024 words (64 ch x 16 scan). For two sets of 

the profile information projected on X and Y coordinates, the total 

memory used is 2 K words. The block diagram of the profile measurement 

is schematically illustrated in Fig. 4. We positively removed the charge 

integration stage in the scanner since the SPIC is used for the 
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measurement of relatively high Intensity primary beam. The typical proton 

number passed through the SPIC is 10 1 2 protons per second. One proton 

induces approximately 5.6 ion pairs in the 6 mm He gas-filled space 

between the anode and the cathode of the SPIC. If the beam is 

distributed on 10 stripes of the SPIC, the averaged ion current for one 

stripe is 

10 1 2 x 5.6 x 1.6 x 10-,° 

~ 100 nA. 

10 

This current induces 100 mV at the 1 M Q terminal resistor. This 

voltage is sufficiently high to be measured. The noise level of the 

measurement system is about 10 mV, suggesting that the measurement system 

can observe at least 101D protons per stripe. In case of Ar flow in the 

chamber, the lowest limit will be 10° protons per stripe. We, then, 

removed the integration stage for simplicity. For low intensity beams 

such as a polarized beam or a secondary beam, the scanner can easily be 

modified to a charge-integration type. 

Data accumulated in the digital memory are transferred to a micro 

computer through the IEEE488 interface (GPIB). The transfer time is not 

so fast (about 2 sec for 2 K words) and is limited by the speed of the 

GPIB control software on the computer written by a BASIC interpreter. 

Data are displayed on a graphic panel, as shown in Fig. 5. The full 

width at e_1 of the maximum of the beam profile is determined on-line. 

Data can be saved in a floppy disk for off-line analysis. 

3. Emittance measurement 

The emittance of the extracted beam, E = it e , is determined by using 
the following two equations[2]. The first one is used to extract e 

from three independent profile measurements in a long drift space, 

\/[(W1l23)
2+(WEl,3)

2+(W3l,2)
2]2-2[(W,l23)

u+(Wel13)^(W3l12)'
1] 

e _ . , t 

2(ll2ll3l23) 

where Wt is the half width of the beam profile measured at position 

i(=l,2,3). lij is the distance between the position i and j(=l,2,3). 

The second method is to measure the beam profile at an appropriate point 

downstream of the quadrupole magnet. If the minimum half width (Wi) 

could be found at the Q-lens strength (Si), the beam emittance could be 
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derived from 

V w 2
a - Wia 

I 2 I Sa-Si I 

where W 2 is the half width of the beam at a corresponding lens strength 

(S2). 1 is the distance between the center of the Q-lens and the 

measurement point. The ¥1 could be extracted by fitting a parabola to 

the W 2 measured as a function of S since I 2 can be expressed as 

I 2 = s[(l-lS)2/9 -21(l-lS)ar + l 2 r ] . 

Here, a , £ , 7 are the beam ellipse parameters and 7 X 2 + 2 a XX' + j9X'2 

= e , at the center of the Q-lens, which is normalized as j J y - a 2 = 1 . 

The former method is easier and faster to use than the latter method, but 

is sometimes accompanied by larger errors. We therefore use the former 

one for the usual type emittance monitoring and the latter for a 

confirmation. A typical result by using the latter method is indicated 

in Fig. 6. The emittance of the extracted beam of the KEK-PS is 

approximately 5zrmm-mr in the horizontal direction and 10 n mm-mr in the 
vertical direction. It should be noted that the width (W) is defined at 

1/e2 of the peak of the intensity distribution. 

4. Some additional detectors for beam channel tuning 

In addition to the SPIC monitor, we are also using several 

additional beam profile detectors. One of them is a luminescence screen 

made of a Cr-doped Al a0 3 ceramic, which can be used for a beam intensity 

that is greater than 1 0 n particle per sec (pps). The other kind of 

luminescence screen made of ZnS is used from 10 s to 1011 pps. Recently, 

we successfully measured the beam profile down to 10° pps by combining a 

Cd2OaS(Tb) fluorescent screen and an image intensifier tube. A schematic 

view of the image intensified fluorescent monitor and a measured pion 

beam profile are shown in Fig. 7. 

The development of a new type of beam profile monitor is in progress. 

The first idea is to use a conductive ceramic board as a solid state ion 

chamber. The material selected is silicon carbide (SiC), the resistance 

of which can be controlled from 10s Q. /mm to ,10° Q /mm. If we could 

select an appropriate resistance of SiC, a uniform electric field 

gradient might be generated in a SiC board, and some part of the ion 

pairs induced by incident high-energy particles might be collected. We, 
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then, prepared a SiC board 1.5 mm thick. Segmented copper electrodes 

were formed at one side of the board surface; the other surface was a 

plane electrode used to supply bias voltages (Fig-. 8). The SiC beam 

profile monitor was. thus, connected to a standard SPIC read-out system 

and placed in front of a SPIC monitor; it was then irradiated by 12 GeV 

protons. A small signal which appeared synchronously with the incident 

beam was surely observed on a large constant background by the SiC 

monitor. The beam profile was reconstructed from the signal after 

background subtraction and compared with the profile observed by SPIC. 

The result is shown in Fig. 9. Though the width of the profile measured 

by the SiC monitor is slightly smaller than that of SPIC, the signal from 

SiC exactly refers to the incident beam. The amplitude of the beam 

signal was measured as a function of the negative bias voltage on the SiC 

board. The amplitude is almost proportional to the bias voltage, as sown 

in Fig. 9. No plateau structure was found, suggesting that the signal 

comes from a change in the SiC resistance, which is almost proportional 

to the incident beam intensity. This is, in any case, a new possibility 

to assemble a beam profile monitor which can operate without gas-flow, 

and is essentially radiation resistant. The SiC monitor can be operated 

in a vacuum chamber. The next step is to prepare a thin SiC board with 

uniform resistance. 

Acknowledgement 

The authors would like to express their thanks to Prof. H. Sugawara, 
Prof. H. Hirabayashi, Prof. S. Iwata and Prof. K. Nakai for their 
encouragement through out the present study. A part of the present work 
was supported by a Grant-in-Aid for Overseas Scientific Research (No. 
01041095) of the iMinistry of Education, Science and Culture. One of 
authors (Tanaka) was provided with support by a Grant-in Aid for 
Encouragement of Young Scientists. 

References 

[1]F. Hornstra, Jr and J.R. Simanton, Nucl. Instrm. Meth., 68(1969)138. 

L.G. Hyman and D. Jankowski, Nucl. Instrm. Meth., 113(1973)285. 

[2]H. Ploss and L.N. Blumberg. AGS DIV 68-4. 

L.N. Blumberg, M.Q. Barton, J.D. Fox J.W. Glenn and L.E. Repeta, 

AGS DIV 69-12. 

149 



i--*^***rM****sss**?fs*-

T o S c a n n e r 

H V 

Fig. 1 

Conceptual illustration 
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SWIC NUMBER IS 7 
2110 775.735 
26 ( 21.4929 -> 29.8751 ) 
l/eWX= 8.38216 ch 

1896 697.959 
27 ( 21.805 -> 33.6723 ) 
l/eWY= 11.8673 ch 

A 
^ " - * — • — y 
J i 

Fig. 5 The data display of the profile measurement using SPIC. Upper is 

a integrated beam profile over one beam extraction and Lower 

shows time revolution of the beam profile during the extraction. 

The profile measurement is carried out 16 times in one extraction 

beam period. 
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Fig. 6 The emittance determination of the extracted beam from the KEK-PS 

to the east experimental hall using a combination of a SPIC and a 

Q-lens. The vertical axis is for the square of the half width of 

the beam profile (W2) and horizontal axis indicates the Q-lens 

strength (S). 
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Fig. 7 The schematic view of the image intensified fluorescent monitor 

and a pion beam profile measured. The intensity of the pion beam 

was 3 x 10° particle per sec. on 2 x 8 cm2 area. 
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l/eWY= 7.68824 ch 

l/eWX= 8.38216 ch 

J \ 
J 

Fig. 9 Beam profiles measured by the SiC monitor after the background 
subtraction [up], and by the SPIC [down]. The operation voltage 
of SPIC is -30V. The output signal strength of SiC is 
approximately 10% of the SPIC. I t can be concluded that two 
measurements agrees very well. 
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N o n - D e s t r u c t i v e P r o f i l e M o n i t o r 
i n a Beam T r a n s p o r t L i n e 

T.ADACHI and T.KAWAKUBO 

National Laboratory for High Energy Physics 
1-1 Oho, Tsukuba-shi, Ibaraki, 305, Japan 

Abstract 

A signal from a residual gas ionized by a proton beam 
was first detected using a non-destructive profile monitor 
with a micro-channel plate in the BSF beamline of KEK. This 
beamline transports a 500-MeV proton beam extracted from the 
booster synchrotron. By changing the polarity of the ion-
collecting voltage, both positive and negative ions could be 
collected. The ion current was detected as a short pulse, 
since the proton beam was bunched within 100ns. As a result, 
the feasibility of non-destructive profile measurement in 
the beam transport line was confirmed. 

1.Introduction 

A non-destructive profile monitor (NDPM) using a micro-
channel plate (MCP) has been developed at KEK.'1' The NDPM 
detects ions of residual gas ionized by a proton beam in a 
vacuum chamber. The ions are guided to the MCP transversely 
with respect to the beam direction by an appropriate 
electric field. It amplifies the ion current by a gain up to 
104 (single stage MCP) or 10s (two stage MCP). If the density 
of the produced ions is proportional to the beam density, 
the ion signal detected at a certain position implies the 
transverse projection of the beam density. Therefore, 
succession of such a measurement provides a beam profile. 

The NDPM using with multi-anodes has already been 
installed in the booster synchrotron and 12 GeV PS at KEK so 
that the behavior of the beam during one acceleration period 
could be clarified without causing any disturbance. In a 
beam transport line, however, a secondary emission chamber 
(SEC) is the major monitor for beam profile measurements. 
Such a monitor measures the beam profile in a destructive 
manner. 

The BSF beamline transports a 500-MeV proton beam from 
the booster synchrotron to the experimental facilities every 
50 msec, as shown in Fig. 1. Along this line, 18 profile 
monitors of the SEC type are placed. Each monitor comprises 
32 tungsten wires of 30|i.m in diameter with a 2.5mm pitch for 
horizontal profile measurements and the same number of wires 
for vertical measurements. The beam size blows up due to 
multiple scattering by these wires; some part of the beam 
escapes and causes radio activity in beamline components. 
The effect was simulated and a total loss rate of about 1% 
of the incident beam intensity was obtained.<2' It is getting 
to be a serious problem as the beam intensity is increased 
in our facility. Hence, in order to investigate the 
possibility of non-destructive beam profile measurements, an 
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NDPM using a single-stage MCP was recently installed in this 
beam transport line. This report describes the results. 

j^$> 7 7 T~<$; 

Fig. 1 Plan of the BSF beamline. 

2.Measuring system 

A schematic diagram of the measuring system is 
illustrated in Fig. 2. The NDPM comprises the MCP and two 
copper plates vertically separated by 125mm. An ion-
collecting voltage is applied between them. The MCP is 
driven transversely with respect to the beam direction over 
a range of 100 mm by a motor, so that the beam profile can 
be measured. The NDPM is placed inside of a vacuum vessel. 
The detected signal was directly transferred to the local 
control room, where motor controller and power supplies for 
ion collection and the MCP were placed. Finally, the ion 
signal was fed into an oscilloscope and observed. 

Oscilloscope 

HV Power Supply 
for Ion Collection 

Beamline Tunnel Control Room 
- 4 fc> 

Fig .2 Schematic of the measuring system. 
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3.Signals 

The signals of positive and negative ions were measured 
by changing the polarity of the ion-collecting voltage. The 
applied voltages were up to lOkV for positive ion 
measurements (positive mode) and -5kV for negative ions 
(negative mode). 

The main noise in the MCP output signal may be caused 
by an electro-static coupling with the proton beam pulse 
since the noise pulse coincides with the beam pulse and 
there is no dependence on the MCP gain. Fig. 3 shows such a 
noise taken by adjusting the ion-collecting voltage to be 
OV. Here, the horizontal scale is 200ns/div and vertical 
scale is lOmV/div. As shown, the small pulse followed by the 
fast oscillation is observed. Fig. 4 shows the beam pulse 
measured with a current transformer. During the 
measurements, the beam intensity was about 7*10n ppp. 

The typical MCP output signals for positive and 
negative modes are shown in Fig. 5. Here, these signals were 
taken by adjusting the ion-collecting voltage to be +9kV 
(Fig. 5a) and -5kV (Fig. 5b), respectively. In both figures, 
the horizontal scale is 200ns/div and vertical scale is 
lOmV/div. As shown by arrows in the photographs, three peaks 
are easily identified for both modes. These peaks are named 
as PI, P2, P3, Nl, N2 and N3. Each peak corresponds to the 
ion signal, since it has a clear dependence on the ion-
collecting voltage. Fig. 6 shows a photograph of the peak P2 
observed by a storage-scope. Here, the pulses taken at every 
lkV-step, where the collecting voltage was swept between Ik 
and 9kv, overlap. The horizontal scale is 200ns/div. As the 
collecting voltage increases, the ion reaches the MCP 
faster. 

Fig.3 MCP output signal without the ion-collecting voltage. 
(Horizontal scale; 200ns/div. Vertical scale; lOmV/div.) 
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Fig. 4 Proton beam pulse. (Horizontal scaler 50ns/div.) 

BNMB^MI mm 
N1 

a) Positive mode ( + 9kV) b) Negative mode (-5kV), 

Fig. 5 Typical MCP output signals. 
(Horizontal scale; 200ns/div. Vertical scale; lOmV/div.) 

. -„!_: 1—_J: u — 

Fig. 6 Movement of the peak P2. 
(Horizontal scale; 200ns/div. Vertical scale; lOmV/div.) 

If the produced ions do not collide with any other 
molecules of residual gas, the drift time, t, of the ion 
produced at the center of two electrodes can be expressed by 
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t=aVm/Vion /c. (1) 

where m, Vicn , a and c denote the ion mass (keV) normalized 
by the charge number, ion-collecting voltage {kV), distance 
of the electrodes and the light velocity, respectively. Fig. 
7 shows the voltage dependence of the pulse peak positions. 
Here, the marks denote the measured peak position and the 
solid line is the fitted values in terms of the eqs. (1). 
Supposing that the signal peaks correspond to the ions 
produced at the center, one can derive the normalized ion 
mass by using the optimized parameters of eqs.(l). 
Preliminary results are summarized in Table 1 where a 
normalized mass number is measured in unit of the proton 
mass. The peak Nl may be induced by the electron. 
Unfortunately, its movement was inside of the time 
resolution of our oscilloscope so that its mass could not be 
derived. 

loo H 1 1 1 1 1 1 < 1 1 

0 2 A 6 8 10 

Vlon (kV) 

Fig. 7 Voltage dependence of the pulse peak. 
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Table 1 Normalized mass number of detected ions. 

P e a k Hame N o r m a l i z e d 
Jlajsjs Number 

P I 
? 2 
P3 
Nl 
N2 

JS3_ 

2 . 6 
3 3 . 2 
5 3 . 1 

1 . 4 
1 8 - 1 

4.Beam Profile 

By assuming that the produced ion density is 
proportional to the beam density, a beam profile is defined 
by the transverse distribution of the detected ion current. 
The produced ion drifted vertically up to the MCP, which was 
driven transversely on a horizontal plane. The effective 
area of the MCP was 5mm in width and 10mm in length. 
Therefore, the ion current distribution was measured at 
every 5mm-step. The profiles determined by using the 
dominant three peaks are plotted in Fig. 8a (for Vj.on=+8kV) 
and Fig. 8b (for Vlon=-5JcV) . Here, each mark distinguishes 
the ion peak. In the positive mode, profiles for the peak P2 
and P3 agree well, while the profile for the peak PI is 
somewhat broad. The noise induced by the proton pulse is so 
hard around the peak PI that large error may be introduced 
to the pulse height measurement. In the negative mode, the 
similar discussion can be made for the measurement of the 
peak N2. The profile determined by the peak N3 seems to be 
more reliable rather than the peak Nl. The profiles of the 
peak P2 and N3 were compared with the profile measured by 
the SEC monitor placed 350mm downstream from the NDPM. The 
results are shown in Fig. 9. They are consistent each other. 

0.15 

0.10-

I 
H 0.05 

0.00 
30 

0.12. 

40 50 60 70 
Horizontal Position (mm) 

80 20 40 60 80 
Horizontal Position (mm) 

100 

a) Profiles measured at +8kV. b) profiles measured at -5kV. 

Fig. 8 Beam profiles determined by using three dominant 
peaks. 
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a) Profiles measured, at +8kV. b) profiles measured at ~5kV. 

Fig. 9 Comparison between NDPM and SEC profiles. 

An electric field induced by the proton beam pulse 
distorts the ion-collecting field so that the ion trajectory 
is disturbed. Such an effect is very remarkable in the 
circular machine since the beam current is very large by 
comparing with a beam transport line.'1' In order to 
investigate the beam effect, the ion-collecting voltage 
dependence of the beam profile was measured. Here, the beam 
intensity was about 7*10u ppp and the profiles were 
constructed by using the peak P2. The voltage dependence of 
FWHMs of the profile is shown in Fig. 10. As shown, the 
effect cannot be neglected even in the beam transport line. 

The beam was slightly displaced around the optimized 
horizontal position by a steering magnet placed upstream. 
Such a dependence is shown in Fig. 11. In this figure, the 
center of the distribution shifts around the optimized one, 
which is assigned by a magnet current of -13.9A. 
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Fig. 10 Voltage dependence of FWHM of the profile. 
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Fig. 11 Responses of beam profile for beam deflection, 

5.Remarks 

The signal of a residual gas ionized by a proton beam 
was first detected in the BSF beamline at KEK. Such a signal 
can be used for determining the beam profile without any 
disturbance to the beam, even in a beam transport line. The 
profiles measured by the NDPM was consistent with one 
measured by a conventional profile monitor of the SEC type 
placed 350mm downstream form the NDPM. It was found that the 
contribution of heavy ions was dominant, especially in the 
positive mode where ions with a normalized mass number of 
about 33 or 53 were detected. Therefore, such 'pollution', 
as hydrocarbons may be necessary for non-destructive profile 
measurement. 
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Beam Profile Measurement by Counting X-ray 
Emitted from Target Wire 

A. ANDO 

Research Center for Nuclear Physics, Osaka University, Osaka, Japan 

K. Ishii 

Cyclotron and Radioisotope Center, Tohoku University, Sendai, Japan 

A simple method to measure transverse profiles of a DC beam is to count 

recoil particles or emitted ones from a target wire which crosses over a beam. We 

can precisely see a tail of the distribution smaller than the peak by five orders of 

magnitude. 

Why do we want to know such a small tail ? 

The energy distribution of a charged particle after passing through a thin 

material is analyzed by a magnetic spectrograph. To understand the special process 

of this energy loss, such as a large energy loss mechanism as K-shell ionization, we 

must pickup particular particles from a large amount of elastically scattered ones, 

that is, we must find a some deviation in the tail from the Landau distribution. 

Unfortunately the cross section of K-shell ionization is smaller than that of elastic 

scattering by the factor more than 103, we must precisely measure the tail of energy 

distribution, which is typically shown in Fig.l. 

Measuring method 

The energy distribution of the scattered beam is given by the horizontal beam 

profile at the focal plane of a magnetic spectrograph, such as RAID EN at RCNP. The 

measuring configuration is schematically shown in Fig.2 and Fig.3. The scattering 

angle is set to zero and the profiles with and without the carbon foil ( ~ lOfig/cm2 

thickness ) are compared. The target wire is made from cupro-nickel ( Ni-Cu ) and 
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the diameter of the wire is 0.1 mm. X-rays emitted from the wire were detected by the 

proportional counter "SIEMENS Flow Counter F02-1160", and the typical spectra 

is shown, in Fig.4. The window of this counter is made of 100 nm Mylar and has the 

aperture is ~ 20 mmp. The counter was operated with an Ar(95%)+CC"2(5%) gas 

mixture at normal pressure under the flow rate ~ 70 a c / m i n . The high voltage is 

about 1.1 kV. The spectrum line is calibrated with 5oFe and 241Am. As shown in 

Fig. 4, we selected the X-rays following the transition of L-shell electrons to K- shell 

states which were made vacant by K-shell ionization. The X-ray counting rates were 

normalized with the integration of the current form the Faraday cup FC. 

Result 

The obtained profiles are shown as Fig.5 in both log. and linear scale. From 

this we cannot say anything about the tail smaller than the peak by the factor 103, 

because we could not reject any X-rays or 7-rays produced by direct hitting of the 

primary beam on the vacuum chamber and/or FC. But about ten years ago as shown 

in Fig.61), we already done the very good measurement in the beam transport line 

which was free from such direct hitting. Therefore we can say that a beam profile 

can be measured in the dynamic range of five orders of magnitude with a suitable 

setup to avoid direct hitting of a beam on vacuum chambers and so on. This method, 

though it takes a very long time for accurate measurement, is preferable to, 

l ) a stationary constant beam or, 

2)an averaged structure of any beams. 

Reference 

1) M. Kondo, IEEE Trans. Nucl. Sci., NS-26 (1979), 1904. 

169 -



Count 
Elastic Peak 0 1000 1000 

10' ,4U 

10 3 •-

2 10 

IO1- f J 

\ 
K-shell Ionization 

\ 1 
w 

I T * % 
\ 

\ 

LU L If 
9.S8 9.S7 9.86 MeV 

<— Kinetic Energy 

Fig.l Energy Spectra of Scattered 

Proton Through Thin Cu Foil 

The incident energy is 10 MeV and the 

scattering angle is 2deg. 

Fig.2 Arrangement of Spectrograph 

RAIDEN 

Proportional Counter 

Beam 
o o 

Selected 

-> 

AiUJrj 

-S3xS3» 

. luSaa-. „'-LwKjqtn.. i,'j 
. . . ..̂ i .%i/xr-i3*vo=su—• 

Energy 

Fig.3 Schime of Profile Measurement Fig. 4 Typical Spectra of X-ray 

170 -



10* 

3 

a 
u 
5 io» 

in ' 

Hor 

li. 
::t:|:::|::t: 

::r:::i::H:i:l: 

izontal 

:::B:::::E: 

i"!"„*~"*"r 

::ii:::5i5:ll£ 
"^i'.7ji.. 

:::::::p"?i:::" 

Profile 

I T i ! 

!if 

" . -£~™ 

,.-•;-

i i 
15 20 25 30 35 

XI0* Horizontal Profile 

4a 

a 
a 
a i 

MM 

•4-4"H" 

.i..i...L.i. 

- ^ 

\ — 
i 

• • - • ; , 

i It 

f •• ; -}-

Li. 
VJ I 

i : i j 

; : f ; 

-•I-I4-]-

..;...;..i.i.. 

Position (mm) 
15 20 25 30 35 

Position (mm) 

Fig. 5 Beam Profiles. Real and broken lines are the results with and without Gu 

foil, respectively. 

Vertical Horizontal 

Fig.6 Beam Profiles in Beam Transport Line cited from Ref.l) 

- 171 -



Profile Measurement of Muon Beam in the Muon Storage Ring 

Y. Mizumachi, K. Mori and M.Arinaga 

KEK, National Laboratory for High Energy Physics 
Oho, Tsukuba, Ibaraki 305 Japan 

Abstract 
The muon storage ring is being constructed at BNL to store 3.09 

GeV/c muon beam. Plans for the profile measurement of very low 
intensity muon beam are described. 

§1. What is the muon storage ring? 
At present a muon storage ring is being constructed at BNL. This 

facility aims at the measurement of muon magnetic moment anomaly to the 
precision of 0.35 ppm ^ 2 ) . The principal component is a superconducting 
dipole magnet ring of 14 meter diameter which has 1.4 T field with the 
design uniformity of about 1 ppm over the muon storage space along the 
44 m beam orbit and in the circular cross section of 9 cm diameter. 
Researchers of many laboratories are joining this project and KEK 
members are taking care of the superconducting magnet, pole piece iron, a 
superconducting inflector and beam monitoring in the storage ring. 

The muon beam will be produced in the beam line of AGS where the 
extracted protons hit a target and the secondary pions of about 3.11 GeV/c 
are collected. Longitudinally polarized muon beam is obtained by the 
decay in flight of the pion beam and it will be injected into the ring orbit 
with an inflector and a kicker. Stored muon momentum is 3.09 GeV/c (Y = 
29.3) and the life time is 64.4 jisec. 

§2. What is going on? 
The principle of the experiment is the following; longitudinally 

polarized muon bunch goes round the circular orbit and the spin of muon 
makes precession around the guiding field. If the gyromagnetic ratio of the 
muon g is exactly 2, as is given by Dirac theory, the spin precession 
frequency fs is exactly equal to the orbital revolution frequency fr = 
eB/27T,mcY 3). Then the spin takes the same direction at any location on the 
orbit during many revolutions. But if the muon has an anomalous moment, 
the spin precession has a different frequency fs = (eB/27T.mc)(l/Y + a), 
where a = (g-2)/2 is the anomaly of the moment. In this case, the direction 
of the spin at any location will oscillate during the revolutions4). This 
oscillation can be detected at the muon decay by catching decay electrons. 
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Since the angular distribution of decay electron has an anisotropy with 
respect to the muon spin direction the number of electrons at the fixed 
direction shows moduation with the frequency fa = fs - fr and hence we 
obtain a. 

§3. What is required? 
We must know the anomaly a and precise value of fr and fa to 

determine g-factor g with the error of 0.35 ppm. Therefore, we must 
know Ba to a sufficiently high precision. Here Ba is the average field 
experienced by the muon beam. Although the uniformity of the magnetic 
field in the beam storage region will reach a very good level after careful 
corrections and its design value is about 1 ppm and approximate muon 
distribution could be estimated, we had better confirm the distribution of 
the muon beam to add the confidence in die experiment or to relax the 
demand for die magnetic field tolerance. 

Following discussion has been made by Farley et al. 5). The field 
B(x,y,<j>) of the magnet satisfies Laplace's equation in the cylindrical 
coordinate system x(horizontal), y(vertical), <j)(azimuthal) with the origin 
at the center of the ring orbit 

32B 32B 1 9B 1 32B 
+ + + = 0 (1) 

9x2 9y2 x 3x x2 9<}>2 

but the mird and the fourth terms are negligible compared with the first 
two terms. Therefore, we obtain two-dimensional Laplace's equation, 

92B 92B 
+ = o . (2) 

9x2 3y2 

The average of B(x,y,(J)) over the azimudi Bi(x, y) = 1/2K J B(x, y, <}))d<j) 
satisfies the same eqation. We have the same equation if we shift the origin 
to the center of the beam orbit. We assume that the beam distribution in the 
aperture normalized to unity is dN = M(x,y) dx dy = M(r,G) r dr d9. 
Then, the average field seen by beam is 

B a = Jf Bi(x, y) M(x,y) dx dy. (3) 

Since Bi(x,y) satisfy, but M(x,y) does not satisfy, the two-dimensional 
Laplace's equation, we use the expansion in the (x,y) plane as 
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Bl(x>y) = B(r,9) = Z n r n (c n cosne + Snsinne) (4) 

M(x,y) = M(r,9) = Sn (pn(r) cos n9 + qn(r) sin n0}. (5) 

Then we have 

B a = C0Io + Sn (Cn In + Sn Jn) (6) 
with 

Io = 2K J po(r) r dr , 
In = JJ r" M(r,9) cos n9 r dr d9 = K J rn pn(r) r dr, (7) 

Jn = JI ri M(r,9) sin n9 r dr d0 = K {r" qn(r) r dr. (8) 

Therefore, we notice that only die moments of the same order couple in the 
calculation of the average field. 

§4. What is planned? 
Beam measurement is difficult by two reasons; The intensity of the 

stored muon beam is extremely low, estimated as about 2 x 10 4 at the 
injection, and it decays very fast. The time structure of the beam keeps that 
of the parent proton beam at first, a bunch of about 30 nsec width, but will 
then debunch due to the energy spread. 

There are four possible ways to estimate the beam distribution. One 
is a non-desrucive monitor widi pick up electrodes, the second is a 
destructive monitor with wire scanner and the third is deflection of beam 
by a kicker and a scraper and the fourth and the most promising is the 
scintillating optical fiber measurement. Since the number of stored muons 
will be several times of 1()4, the beam signals will be very small for eimer 
methods. 

§5. How will it work? 
§5.1 Pick up electrode 

If line charge of density p occupies the space dS in the beam pipe at 
the location (ro, 9o) in the transverse plane, potential at the point (R, 0) is 
expressed as 6) 

V(R, 9) = - (l/27te0) p dS log r 

= (1/2TC80) p dS{- log R + Zn (1/n) (r0/R)n cos n(9 - 90)}, (9) 

where r is the distance between the source point (ro, Go) and the field point 
(R, 0). Then, if the charge distribution 
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M(x,y) = E [pk(r) cos k9 + qk(r) sin k9] (10) 

is in a cylindrical beam pipe, the voltage distribution on die wall is 
expressed as 

V(R,6) = (l/2iceo) 
x{-I0 logR + S:k (l/k)(l/R)k(Ikcosk6 + Jksink9)}, (11) 

where R is the distance between the origin and the point on the wall. In 
principle, we can obtain the moment of distribution if we set many 
electrodes aound the circumference of die beam pipe as in Fig. 1 and make 
a Fourier analysis of the signal distribution with respect to G. 

Fig.l 
Pickup electrode assembly 
to measure the beam distribution 

If we assume that 20,000 muons ocupy the space of about 9 cm 
diameter circular section in the beam pipe of a radius 9 cm and range over 
9 meters long (30 nsec pulse), and die pick up electrode is 50 cm long at 
die distance of 8 cm from die beam center and ocupy the angular range of 
30 degrees. Then me capacitance C of the electrode to the beam pipe is 
approximately 18 pF and the charge Q on die electrode induced by die part 
of muons which are widiin the length of the electrode is 1.8 x 10 -16 

coulomb, hence die signal voltage on die electrode V=Q/C will be about 10 
p.V. On die other hand, thermal noise voltage Vn on the pickup is related 
to the noise charge Qn as Vn=Qn/C where Qn2/c=kT is the total noise 
energy. At room temperature T=300K, Qn=2.7 x 10 - 1 6 coulomb and 
Vn=15 M-V. We will see smaller voltage if we limit the frequency 
bandwidth of the signal detection but we can imagine mat we must improve 
S/N ratio significantly. We will test die scheme which was proposed by 
Farley as in Fig. 2 7). This scheme is a kind of synchronous detector which 
detect die signal voltage in synchronism with die beam revolution. In the 
actual storage ring die signal should be integrated over many injection 
cycles. Hence we know only die average profile for some long period. 
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§5.2 Wire monitor 
Destructive wire scanner will possibly give direct view about the 

beam distribution. If a wire sweeps the muon storage region, the speed of 
wire movement will be at most 20 m/sec. It will take about 4.5 msec for 
the wire to cross the beam diameter. It is far longer than the muon beam 
life of less than 1 msec and the wire will see several new injections during 
its movement. Therefore, a moving wire doesn't fit to our purpose and we 
have to use a stationary monitor widi many wires which can be pushed into 
and pulled out from the beam region. 
When a muon hits the wire, we will probably see secondary electron 

emission. Since the secondary emission ratio of metal wire is about 0.05, 
the number of emitted electron will be about 1.4 x 10 2 for each passage 
of 2 x 10 4 muons if we use a wire or strip of 2 mm wide. Then the 
average emission current over muon revolution period is 2.4 x 10 _ 1 1 A. 
If we use a 1 kohm resiter the output voltage will be 0.024 microvolts. 
Then the signal is smaller than the pick up voltage. Therefore, the 
amplification of secondary electrons by a channel plate mutiplier or 
detection of bremsstrahlung by a photomultiplier will be preferable. The 
output of these devices are accumulated over several injection cycles for 
each location of the wire. 

§5.3 Kicker and a scraper 
We can excite a betatron oscillation by the use of an electric 

quadrupole as a kicker. The displacement of the orbit can be a known 
amount from the cell structure. If we prepare a scraper in the ring, the 

Attenuator' 

Fig.2 
Test electronics 
scheme for signal 
integration to improve 
S/N. 

1 
Function 
Generator 
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decrease of muon beam could be measured as a function of the kick amount 
as long as we have a good intensity detection. 

§5.4 Scintillation fiber 
We can use a scintillation optical fiber and a photomultiplier for the 

muon profile measurement as in Fig.3. Muon generates a scintillation light 
in the fiber and it is guided into a photomultiplier. Optical photon yield in 
a fiber will be about 100 per muon passage. Even if we take the 
attenuation in me fiber into account we will possibly have a few photons at 
the input of the photomultiplier and photoelectrons at the photocathode 
output. Since the multiplication of electron in a multiplier will reach. 10 x 
10 6 we will have sufficient outputs. At present scintillation fiber profile 
detection seems to be the most hopeful method. In this scheme we will 
have to develop an reliable optical fiber vacuum feedthrough. 

Fig.3 
Profile measurement 
with scintillation 
fiber array 

Scintillation fiber array 
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Semiconductor Scanistor Application for Synchrotron Light and 
Electron Beam Parameters Measurement 

Toumanian A. R., Vagarshakian V. A., Nickogossian V. Ts. 

Yerevan Physic Institute, Armenia, USSR 

Abstract 

The use of semiconductor scanistors for parameter recording of 
synchrotron radiation and electron beam in comparison with the known video 
monitors is thought to be practicable due to their simple and high accuracy 
measurement in the wide spectral and power range. 

Scanistor researches for radiation measurement in X-ray wavefield are 
described in this paper and some circuits are considered for measurements of 
vertical size and position of the synchrotron light and electron beam. 

Semiconductor scanistor was first proposed by Kochergin S. I. in 1959 
/l/. Later on the photodetectors of this type were produced in several variants 
both in die Soviet Union and in abroad. The scanistor made at PhTI USSR 
/3/ on die base of silicon alloyed with gold appeared to be die most promising 
one. 

Scanistor is a three p-n-p (or n-p-n) structure, all die layers of which 
are being photosensitive(Fig.la). To the upper photosensitive high-ohms 
layer (10 Oh) is applied direct bias voltage (Eb) with metal electrodes El and 
E2. To the lower photosensitive (low ohms) layer via load impedance Ri 
with metal support MS is applied die sawtooth voltage Es = tEO A, where t is 
the scanning time of the scanistor 0 < = t < = T. Scanistor equivalent circuit 
is shown in Fig. lb where DA is a differential amplifier, RD is a redording 
device. Scanistor voltages and currents diagram is shown in Fig. lc, where 
die pulse widdi dfyat characterized the width of the photoradiation flow, its 
position by time characterizes a radiation coordinate and the amplitude shows 
radiation intensity. 

Scanistor in the visual spectrum range has the following parameters: 
spectral sensitivity region is 0.6-1.1 mm, its maximum level is within 0.85-
0.95 mm, resolution is up to 10 lines/mm with the 20 mm monitors, 
threshold sensitivity is 10-30 lux, limiting frequency of the scanning is 30 
kHz. 

It is thought to be helpful to carry out researches concerning scanistor 
application for radiation measurement in the X-ray region as scanistor has 
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simple system for scanning and data processing it is reliable and small enough 
to be installed in the accelerator vaccum chamber. 

A number of researches has been carried out at Yerevan sysnchrotron 
and Tomsk Polytechnical Institute /4/. The scanistor research results obtained 
within X-ray radiation region are the following-

Spectral sensitivity region is within 4-25 KeV of photons (3-0.5 A) of 
the wavelength at the frontal radiation of the photosensitive surface. Maximal 
spectral sensitivity is widiin 1.3-1.4 A(8-9KeV). 

Sensitivity direshould of the scanistors having the width of the 
photosensitive surface within about 1 mm is in the range of 3 x 10"4 -5 x 10~4 
W/cm2 - mat is almost twice as less as the adequate one in die visual range. 

With illumination value more than 1 W/cm.2 a scanistor becomes 
saturated and a video singal is spread all over the monitor surface which 
causes reversible defects in the monitor. While the defects appear within 1-10 
sec, the recovery time takes tens of minutes. That's why the real range of the 
measurement is within 3 x 10~4 -10-1 W/cm^. Some of the circuits shown in 
the paper /4/ allow to reduce these limits partically. 

However the most promising appeared to be a circuit 151 developed at 
YerPhy and shown in Fig.2, which allows to reduce essentially the 
dependence of coordinate measurements on instantly and spectrum of the 
recorded flow. 

The circuit consists of two scanistors, a source of direct bias voltage 
(Eb), two signal followers (EF), two dark current compensators (C) and a 
recording circuit (R). An important point is that there is not used a sawtooth 
voltage source. 

The scanistors are installed in parallel and aligned with the coordinates. 
Two emitter contacts of one of die scanistors are connected with the other one 
in the opposite way coordinates while the collectors are connected to the 
emitter follower. Potential difference Uext between the emitter followers 

outputs correspond to die integral middle of the radiation flow O. 
The diagram of cross currents of the first and second scanistors are 

shown in Fig.2, where axis U is the distribution of the potentials along emitter 
output of the scanistor. Xk and Xkl are the coordinates of the point where 
current, flowing in the transverse direction of the scanistor structure, changes 
its direction. Xi and X2 are the coordinates of the radiation flow edges. 
The curve C shows the intensity increase or the change of the radiation flow 
spectrum while the difference Uk2-Uk3 remains unchangeable and is equal to 
Uk-Ukl. 

This curcuit allows to measure the vertical coordinate of the 
synchrotron radiation with accuracy to 0.02 mm while radiation intensity 
changes by 100 times. The measurement of the vertical sizes of the radiation 
flow can be carried out by die addition of the third scanistor. 

179 -



The circuit appeared to be a promising one as it is successfully used in 
the machine-tool industry for measuring the irregularities of the lathe carriage. 
The obtained results are given in the paper /6/ and we'll notice here only that a 
laser was used as a radiation source, the measurement error is not more than 
0.3 mm. 

Further the scanistor was tested under the electron beam of the Yerevan 
synchronous injector HI with a conventional circuit Injection beam energy 
was 50 MeV and the current changed within (0.0007-0.12) 10"6 A. The test 
results are the following. It was very unexpected to see the change of the 
scanistor video signal polarity to the opposite one. We think that this 
phenomena can be explained. The allowed range of the beam intensity was 
within (0.001-0.08)10-^ A. The limit of the lower value is conditioned by 
nonregularity of the dark currents and the upper values are limited by the 
essential reduce of the monitor resolution. The accuracy of the measurement 
was about 0.04 mm within the sawtooth time duration stability of 0.1 %. The 
monitor was under the continuous beam for about 5 hours and no parameter 
changes of the scanistor were observed. 

In conclusion we may notice that at present two-coordinate scanistor of 
10 x 10 size is under test. 

The above written allows to hope that scanistor researches will be 
continued and the application regions widened, as in many cases they have a 
number of advantages in comparison with other methods. 
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METHOD OF THE MEASUREMENT OF SUPERSMALL BEAM SIZE IN 

ELECTRON-POSITRON COLLIDERS BY COMPTON SCATTERING 

G.Ya. Kezerashvili and A.N. Skrinsky 

Institute of Nuclear Physics, 630090, Novosibirsk, USSR 

ABSTRACT 

A new method of measurement of submicron transverse sizes 

of the electron beam is discussed. This method permits to 

define the electron-positron luminosity without taking into 

account the beam-beam interaction effects by using the 

information from the electron-photon Compton scattering. 

Analytic formulae and quantitative estimations are given for 

the most significant parameters of an experimental condition. 

As shown at this paper less then 10% accuracy can be easily 

achieved at the measurements of the electron beam sizes for 

FFTB experiment at SLAC and about 20% accuracy for VLEPP 

project at Protvino. 
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INTRODUCTION 

One of the problems in an achievement of a high 

luminosity in cycle and linear superhigh energy colliders is 

associated with the obtaining of high density electron and 

positron bunches with small sizes at the interaction point 

because of the beam transverse dimension sizes are near one 

micron or even less [1-3]. The problem of the measurement of 

* 
such supersmall beam sizes is staying opened now. We consider 

a new method to measure so small beam sizes by using simple 

technique based on the Compton scattering of a laser light 

(see, for example,[4]). 

MEASUREMENT METHOD 

A general idea can be understood with a help of Fig.l. 

A linearly polarized standing electromagnetic wave is formed 

perpendicularly to the electron beam orbit. In this case a 

photon density distribution is given as: 

V r ^ - I ^ ) ' JVV = 1' (1) 

where \ - the wavelength of the electromagnetic wave which is 

comparable with cr - the transverse size of the electron beam; 

E , Z - photon beam sizes along X and Y axes accordingly. x y 

Charged particles passing through the standing wave structure, 

During preparing of the text of this article we received KEK 

Preprint 90-173 A (January 1991) by T.Shintake with the same 

method discussed independently. 

- 184 -



interact with photons and give rise to high energy gamma ray 

which travel along electron beam trajectory. The intensity of 

the gamma ray production depends on the standing wave point in 

which the electron beam interacts with the 

electromagnetic wave. Changing the locations of the standing 

wave density maxima by pulling them across electron beam orbit 

one can obtain a gamma ray intensity modulated according a 

periodic function. A modulation depth 6 can be defined as: 

N - N . 
s _ max min 

N + N . 
max min 

where N__„ and N .„ are a maximum and a minimum of the gamma max min 3 

ray intensity. This value 5 depends on the shape and the size 

of the electron beam. 

The gamma ray intensity is N = <r • L , where a - the 
c ep c 

Compton scattering cross section, L - the electron-photon 

luminosity. The last one can be written as: 
Lep = Ne Np f J]"} n p n e d x dY dZ' (3) 

where N , N - numbers of the particles in the electron bunch 

and the photon beam accordingly, f - the frequency of the 

electron-photon interaction, n - the distribution of the 

electron beam density. Because of the photon density is 

supposed to be unvariable along the X and Y axes in the 

interaction area we can integrate on this dimensions. So 
N ~ \p p dz, where p , p - linear density distributions of the 

J p e 'p e 

photon beam and the electron bunch accordingly. 

Let's to analyze of the behaviour of the intensity N at 

the different distributions of the electron beam density which 
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are shown at Fig.2. The results of the calculations are given 

at the Table 1, where k = — ? ^ z , z, z - coordinates along the 
A 0 

normal of the standing wave front. One can see that in all 

cases the expression for the intensity of the gamma ray 

( 47TZ 1 
—T—o , which represents the modulation of the 

intensity. The factor before cosine is the modulation 

amplitude - 3 (modulation depth eq.2). In the second column of 

the Table 1 the expressions for the average beam transverse 

Table l. 

Density distribution for 
particles in the electron beam 

Expressions for modulation 
and size of the beam 

1. Gauss N - 1 - e x p ( - 2 k 2 ) c o s ^ j ^ o 

*—-(-r?) 271 cr v^/W-H 
2. C i r c l e 

( — 
p - • rta't ^ e 2 

1 o, 

cr 
T — z z =£ 

| z | > 

cr 
2 

2 J (k) 
N - l i l l c o s ^ o 

ff
z
s A /12 ~ 2/485 " " 

3. Exponential 
N - 1 -

2a. 

( i Zo~ 2 exp — 
*• z 

f Z - V 

1 + 4k 

1 „4rcz„ 
C O S — r 0 

2 \ 

exp 
I °" 

z .̂  z. 

, z a zr 
z ' 

_ = _X_ / 1 1_ 
z 2 TT / 4 5 4 

4. Square 

_^_ f l , z « [ z o , z Q + <r ] 

crz 1 0 , z « [ z o , z Q + cr ] 

•T . s i n ( k ) „ (4TTZ , ."I 
N _ ! _ _ _ ^ L c o s [ — o + kj 

°z* TTr / 1 0 - 2 / 306 - 5 

s i z e cr a r e g i v e n up t o t h e t h i r d o r d e r a t t h e k - p a r a m e t e r . 

The a m p l i t u d e m o d u l a t i o n 5 of t h e i n t e n s i t y a s t h e f u n c t i o n of 
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the parameter k is performed on Fig.3. It's easy to see that 5 

has the similar qualitative dependence for the different 

distributions of the electron beam density. 

It's important to mark that the "dispersed" distributions 

such as the "gauss" and the "exponential" have more strongly 

decreasing (curves 1 and 3) than the "bounded" ones - the 

"circle" and the "square" (curves 2 and 4). 

From Fig.3 one can see that this method provides the 

highest sensitivity when the wavelength X and beam transverse 

size correspond to the amplitude modulation of the intensity 

about 5 « 1/2, because of the derivative of the modulation 

amplitude is the highest at this point. 

Here we can set the condition for the optimal wavelength 

of the initial photons. For the "gauss" and "exponential" 

distributions it is X » 4TTCT , for the "circle" and "square" -

X « 7T<7 . The reason of such distinction is that the 

"dispersed" distributions destroy modulation of the intensity 

stronger than the "bounded" ones do. Moreover the correct 

comparison of the different cases require a new parameter cr 

- a value of the electron beam transverse size containing a 

half of all particles of the electron beam. The Table 2 

represents this value cr . in the column 2. 

This parameter as shown in the Table 2 differs in 2.8 

times at the "square" and "gauss" distributions and about 1.15 

at the "gauss" and "exponential" for the same modulation 

amplitude of the intensity ( 6=1/2 ). 

An expression for the electron-positron luminosity L _+ -

can be written as: 

- 187 -



L • - = N + «N - -f -G, e e e e o (4) 

where N -, N + — numbers of the particles in the electron and e e 

positron bunches accordingly, f - the electron-positron 

collision frequency. G = p • p - dz, - the geometric factor 

of the electron-positron luminosity connected with the shapes 

and sizes of the beam density distributions without taking 

into account the beam-beam interaction effect (p -, p • - the 

linear densities of the electron and positron beams). This 

parameter is shown in the third column of the Table 2. It's 

easy to calculate that for 5=1/2 the values of the geometric 

Table 2 

Densi ty 
d i s t r i b u t i o n 

Gauss 

C i r c l e 

Exponen t ia l 

Square 

. 5 7 X , 
277 / 

. 4 1 X , 
2TT / 

. 6 9 X 
2TT I 

. 5 X 
27T : 

' 1 / 2 

'+- [4] 

/ r 
• 

1 2 - 2 / 4 8 5 - 1 3 

/ 4 5 4 

/XQ-ZV: 505-5 

Geometric f a c t o r for L - + 
e e 

1 / 2TT 

V m (4-) 
64 

X-37T y±2-2Vi 
' 

185-13 

n 

» / - I - - i 
27T 

x / i o - : 2 / 3 0 5 - 5 

factors at all the distributions are practically the same. 

This is right for the wide variation range of the modulation 

depth 5. Fig.4 represents precise calculation of the parameter 

G as the function of the modulation depth 5 for different 
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cases of the electron beam density distributions. So for 

calculation of the electron-positron luminosity L + — without 

beam-beam interaction effects it is enough to measure 

modulation depth 5 in the electron-photon Compton scattering 

on the standing wave. The electron-positron luminosity can be 

defined without a knowledge about the shape of the electron 

beam density distributions and of the electron beam size. 

ERROR SOURCES 

Now we intend to study some effects decreasing the 

amplitude modulation of the intensity measured by the method 

which has been discussed above. It is very easy to estimate 

that in the case of cr « a the polar angle <p between the front 

of the electromagnetic wave and Z-axis (Fig.l) must be 

e'0",/°"v» where c is the required accuracy of the electron beam 
—2 -3 size measurement, 0" /<r is about (10 - 10 ) rad for the most 

of the collider projects. So for the 10% accuracy (c = 0.1) 

-3 -4 the polar angle <p should be (10 - 10 ) rad. 

A nonparallelness of the front of the standing 

electromagnetic wave to the electron beam trajectory at the 

interaction point affects the intensity modulation depth. 

Let's introduce a new parameter a - a asimutal angle between 

the electron beam orbit direction and the electromagnetic wave 

front at the interaction point (Fig.l). Certainly a < —=- « 1, 
y 

(S - the size of the electromagnetic wave region along the 

beam trajectory ) because of no modulation could be observed 

if the maximum at the beginning and at the end of interaction 
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field were displaced more than for a half of wavelength. 

Moreover a contributes to the absolute intensity value and 

influences on the gamma ray energetic spectra bound. At the 

first approach on the parameter a one can estimate that 

N( a) = N* 1 - —pZ-ct , where u - the energy of the initial 

m c 
0 

photon , y, mQc - gamma factor and the electron rest energy, 

(j ̂  la.) = u l l + a) , u . - the maximum of the gamma quanta 
max max ' ' max ^ ^ 

energy distribution [4]. 

All expression for N in the Table 1 could be written as: 

N - l-Ftkl-cosf i^o + \li 1. (5) 

where F(k) is one of the functions shown at Fig.3 and ̂  -some 

phase in the modulation of the intensity. Integral of the 

expression (5) with the written as (1) density distribution of 

the photon beam along Y-axis (the electron beam trajectory) 

one can obtain N as a function of a: 

m «, - 1 - F(K)"
1 1 A' Y) • c o s f e + i^y + J (6J 

2naZ 

where \' - Xcosfa). Hence, more strict condition for the 

a-parameter is (from eq.6): 

a = c ' 6 X (7) 

2TiZy 

where c - required accuracy of the electron beam size 

measurement. 

As a result the radius of the wave front should be 

greater then: 
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V 6 X 

The photon beam has the flat front in the focusing region 

and this place is the most suitable for the electron-photon 

interaction because of the high density of the energy and the 

large wave front radius are there. As all the measurements are 

provided on the size about the photon wavelength, the 

variation of the photon density connected with the laser ray 

focusing is negligible. 

Another significant factor decreasing the modulation 

amplitude is the fluctuations of the electron beam trajectory 

which produces the fluctuation of the location of the 

interaction point. It's necessary to examine two cases. Let A 

- a characteristic magnitude of the beam fluctuation in some 

vicinity of its average position. The first case corresponds 

to the "big" fluctuations 2A > -|—, the second to the "small" 

one 2A < —=—. In the first case there's no reason of use to 

pull the electromagnetic wave across the electron beam 

trajectory because of the beam can scatter the photons at any 

point of the standing wave, both at the maximum and minimum of 

the energetic density distribution. Nevertheless, this "big" 

fluctuation can be used for the modulation amplitude 

determination if much more then one gamma quantum are produced 

and registered per one electron-photon collision. In this case 

the equation (2) for G should have the minimum and maximum 

quantity of the gamma quanta produced in one interaction act 

instead of intensities. It's easy to estimate the average 

gamma quanta quantity which is necessary to obtain a with 10"/. 
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accuracy. For this we should measure 5 with approximately the 

same accuracy (7%) . The electron beam is considered to have 

the "gauss" density distribution and in this case the errors 

is given by equation: 

A|_ =,/^ka 4- (9) 

where -?• and —— - the relative errors for 5, a- accordingly, 

and k is about 0.5 when 5 » 0. 5 (Fig.3).The relative ft") 
error for 5 is given by equation: 

m • = 
2 . N • N . 

max m m .._. 
- N . N2 - N2 . max m m max m m 

For the "gauss" electron beam density distribution we 

obtain from eq.(1),(9) and (10) expression for the average 

number of the gamma quanta per one electron-photon collision: 

< N > . 1 - 52
 w h e r e < N > =

 Nmax + Nmin (11) 
16 62 k4 e2 2 

To suppose e = 0.1 and 5 = 0. 3 we obtain the necessary average 

quantity of the photons about 300. So the registration of the 

3 00 gamma quanta per one electron-photon collision allows us 

to measure a with e = 10% accuracy. 

In the case of "small" fluctuations the measured beam 

transverse size will be lager than the real one because of the 

modulation amplitude is decreased, as the electron beam 

scatters the standing electromagnetic wave not only in the 

points of the maximum and minimum of the intensity but in some 

vicinity around them. Fig.5 represents how the measured beam 

size depends on the average trajectory fluctuation of the 

electron beam. One can see that the distinction is not 

significant when A < —5—, and rapidly increases when A ~ —j-. 
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Nevertheless in the case of the "small" fluctuations it is 

possible to subtract the systematic error connected with the 

beam trajectory fluctuations by measuring the fluctuation 

magnitude A. It's require the electron beam scattering the 

electromagnetic standing wave at the place where the gradient 

of the energy density is high. The difference between maximum 

and minimum quantity of the produced gamma quanta depends on 

the fluctuations magnitude so it could be measured. 

SCHEME OF THE EXPERIMENT 

The most profitable way to create the high density 

electromagnetic wave is to close the optical laser-like cavity 

with the inserted active element ( Fig.6 ) where the linearly 

polarized standing wave is formed. The magnetic vector 

direction is collinear to the impulse of the electron which 

makes the electron scattering upon the magnetic field 

negligible and permits to obtain the modulation of the gamma 

ray intensity. The vacuum chamber with the electron-photon 

interaction area is placed into the optic cavity working in 

the pulse regime. Pickup - the electron beam position monitor 

and the electron beam trajectory corrector give some 

facilities for fixing the interaction point. Moreover it let 

us to scan the electron beam across the standing wave. The 

optical mirror upon the piezoelectric holders also gives us 

the possibility to pull the standing wave across the electron 

beam trajectory. 

Due to the energy dissipation in the transparent and 
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reflective elements the traveling wave appears. It's the 

contribution to the decreasing of the amplitude modulation of 

the intensity which could be simply calculated if the 

dissipation coefficients are known. 

Now we intend to make some quantitative estimations. For 

example one needs to measure 50 GeV electron beam containing 

5*10 particles with the transverse sizes about cr =0-06 um 

and cr = 1 lira. These parameters are typical for the Final Focus 

Test Beam experiment (FFTB) at SLAC [5], For the best 

sensitivity at j « 1/2 we choose the first harmonic of the 

Nd:YAG - laser at the wavelength X=1.06 urn, the peak power -

2 MW inside optical cavity and the laser beam diameter about 

2 mm which are quite typical for the industry manufactured 

lasers. For the high photon density we focus the laser beam 

into the spot Z =0.2 mm in the diameter. Under these 

conditions and for the c = 0.1 the angle a must be 0.2 mrad 

(eq.7) which can be easily fulfilled. It's easy to calculate 

that we would have about 600 gamma quanta per one electron-

photon collision with the highest energy 15 GeV. Thus the 

accuracy of the measured value or would be e = 7% as 5 

accuracy equals to 5% (eq.9-11) In the case of such quantity 

of the high energy photons is well enough to use the total 

absorption detector for the intensity modulation depth 

measuring. The requirement to this detector is that the 

accuracy of the total energy measurements connected with the 

statistical fluctuations must be less than the measuring 

accuracy of 5. 

This method gives possibility to measure the nanometer 
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range transverse electron beam sizes. In this case it is 

difficult to obtain the best sensitivity of this method. For 

VLEPP project [1] the maximal electron energy 1 TeV, number of 

11 —3 

the particles in the bunch - 2 10 , cr = 3 jxm and a- = 10 urn. 

In this case we can use the Ar_- excimer laser with wavelength 

0.126 ina. and we can obtain the modulation depth S = 0.995, 

k = 0.05 (see Table 1). From eq.11 for the 20% accuracy in the 

electron beam size measurement we need 2 600 gamma quanta per 

one electron-photon collision. 

CONCLUSIONS 

As shown in this paper the suggested method can be easily 

realized for the measurements of the electron beam transverse 

sizes at existing and constructed high luminosity electron-

positron colliders. Advantage of this method is the wide range 

of the supersmall transverse beam sizes can be measured as it 

has no principal physical limits. As shown in this paper for 

the calculation of the electron-positron luminosity L e
+ -

without taking into account the beam-beam interaction effects 

it is enough to measure the amplitude of the modulation of the 

gamma quanta intensity 5 in the electron-photon Compton 

scattering on the flat standing wave. The electron-positron 

luminosity can be defined without information about the shape 

and size of the electron beam. It's important to mark that it 

doesn't require any unique equipment to except a widely used 

laser and detector systems. 

The present device configuration also gives a possibility 
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to measure two electron beam parameters - a sign and a degree 

of the electron longitudinal polarization. The intensity of 

the Compton gamma quanta output on the angle along the 

electron beam trajectory near zero depends on the electron 

beam longitudinal polarization if the laser beam has had the 

circle polarization. This can be achieved if laser resonator 

is turned on angle a about 1 rad. For the FFTB experiment [5] 

at the electron beam longitudinal polarization degree is 0.5, 

the values d7jc,(£JmavJ differ about 40% each to other for the 

right and left circle polarization of the laser photon. 
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Fig. l The principal scheme of the interaction point. 
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Fig. 2 Density distributions of the electron beam. 
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Fig. 3 Intensity modulation depth S dependence on the parameter 

)c = -y-z for the different density distributions of the 

electron beam. 

G (rel. units) 
1.0, 

0.5-

square 
gauss 

••• cirJle 
— « exponential 

I I I • I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Fig. 4 The geometric factor G for the electron-positron 

luminosity as the function of the intensity modulation depth 5. 
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0.3 A 

.15* -

Fig. 5 Measured electron beam size as the function of the 

electron beam trajectory fluctuation magnitude A. 

Total absorblion, 
detector 

e beam 

Corrector 

Fig. 6 Experimental set-up. 

Ml, M2 - optical mirrors, PH - piezoelectric holders, W 

optical windows of the vacuum chamber. 
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MEASUREMENT OF VERTICAL EMITTANCE AT LEP 

FROM HARD X-RAYS 

C Bovet and E. Rossa 
European Organization for Nuclear Research (CERN) CH-1211 Geneva 23, Switzerland 

Abstract 
Two X-ray detectors are installed to measure on line the vertical profiles of 

both beams in LEP. They consist of 64 elements of CdTe photoconductor 
deposited with a pitch of 100 |im on a ceramic support. Profiles can be recorded 
at the rate of bunch passages (44 kHz). In this paper calibration curves are 
established for the evaluation of beam emtttance, first experimental results are 
presented and the planned developments are exposed. 

1. Introduction 

The aim of the project is to monitor, at a repetition frequency of 44 kHz, the vertical 
distribution of electron and positron bunches [1]. Synchrotron radiation, even produced at 
injection energy in LEP, is energetic enough to get through a thin window (X-rays of 10 keV 
!o 100 keV), and tan be directed onto monitors placed outside the machine vacuum. 

These monitors operating in a fully parasitic mode can be permanently used, provided 
they can resist very severe irradiation (1012 Sv per anuum). Because there is no imaging of 
the synchrotron light, only the vertical divergence can be observed... but this is anyhow the 
most interesting one in a flat beam collider. Furthermore a detector with many parallel 
channels can measure the beam size at each bunch passage (44 kHz). 

Two special recesses have been created in the LEP vacuum chamber near the 
quadrupoles QD12, on both sides of LSS1 (one of them is shown in Fig. 1). There the main 
dipole synchrotron radiation strikes the detector through a 0.4 mm Be window covering a 
surface of about 2 mm height and 20 mm width. 

vacuum chamber 

Fig. 1. Layout of X-ray monitors in LEP straight section LSS1 
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The relationship between measured profile and beam emittance is analysed in detail, 
then the existing hardware is presented, followed by some preliminary results and the actions 
planned for 1991. 

2. Computation of the calibration function 

Synchrotron radiation produced in an arc dipole of LEP has a critical energy of 5.7 keV 
at 20 GeV (injection) and of 70 keV at 46 GeV. The emitted energy spectrum is illustrated in 
Fig. 2 (thin line). When passing through the vacuum window of 0.4 mm of Beryllium the 
spectrum is sligthly altered by the absorption of long wave length photons in the low Z 
material. 

i i i—l—i—r-[ 1 1 J ! — J — r 

Fig. 2. Energy spectrum of synchrotron radiation power, dP/dloge, emitted by a LEP dipole.-
a. emission spectrum, with E = 46 GeV, bending radius = 3096 m, 

b. spectrum of photon energy absorbed in 4 |im of CdTe, through 0.4 mm of Be. 

The energy deposited in the photoconductor is characterized by a spectrum shown in 
Fig. 2, b. and Table I summarizes the parameters relevant to three different cases, including 
the effect of a much thicker filter. 

Table 1. Characteristics of synchrotron radiation 

E 
GeV 

20 
46 
46 

ec 

keV 
5.7 
70 
70 

dP/ds 
W/m 

0.430 
19.5 
19.5 

Filter 
mm 

0.4 Be 
0.4 Be 
10 Al 

dPdep/ds 
WYm 

0.163 
0.804 
0.058 

9 
urad 
13.1 
11.1 
6.1 

The above parameters are: critical energy, ec , total emitted power per unit length of 
electron trajectory, dP/ds, photon deposited power in 4 urn of CdTe, dP^ep/ds, r.m.s. value 
of the vertical angular distribution 9. When there is enough energy available (at 46 GeV) the 
filtering action of the Beryllium window can be complemented by a thicker filter and the 
resulting vertical spread is reduced. The phase space of the photon beam can be constructed 
by adding 9 in quadrature to the electron beam divergence, see Fig. 3. 
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— electrons 
— hard X-rays 

at emission source 

Fig. 3. Vertical phase space for electrons and photons 

If a and p are the vertical optic parameters at the radiation source, e is the beam 
emittance and 8 is the vertical opening of the photon emission, then the following equations 
govern the optical transformations of the photon beam parameters. 

:.J1 + £f (1) 

* = f (2) 

. as 
e 

(3) 

y = -
l + a 2 

(4) 

where the symbol - characterizes the photon beam. 
After a drift length, £, the beta function at the detector becomes: 

pia=p-2ea+e2y 

and the profile that can be measured is: 

(5) 

* = V& (6) 
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Eq. (1) through Eq. (6) can be used to relate a to e in order to provide a proper cali
bration for the beam emittance that one wants to determine. 

Such a relationship is presented in Fig. 4, for a typical LEP optics (N05D46). How 
sensitive the calibration is to the variation of some parameters is also seen in Fig. 4 where 
the two sets of curves correspond to 9=6.1 urad and 9=13.1 [irad respectively. The three 
curves in each family are for radial excursions of the electron beam in the radiating dipole of 
dx=±10 mm, which also correspond to longitudinal displacements of the source by 
d*=±1.55 m. 

\Q i i i i i-i n i i | i"r I ' r r r n i p i 'i-t t t i r-r-f I I I I I I T I I j i -i i J I i"i M J \~I I 11 n i ry i i i n"i i rrf-ri i i ri i i i 

200 300 400 500 600 700 800 nm 

Fig. 4. Calibration curves for the beam emittance e versus the measured a 

3. Mechanics and vacuum vessel 

When LEP is operated at 46 GeV, 60 W of synchrotron radiation are passing through 
the Beryllium window threatening the detector with corrosion. It is therefore mounted on a 
mechanical support moving inside a vessel evacuated down to 10"^ Torr. One movement 
serves to take the detector out of the X-ray beam, when not in use, the other is for fine 
vertical tuning (see Fig. 5). 

For the transmission of the movements by the servo-motors, which are at atmospheric 
pressure, to the inner vacuum, rotary FERROFLUIDIC feedthroughs were used. They are 
hermetically ?'-.aled by a ferrofluid kept under a magnetic field. 

No polluting residual gas, even rarefied, is permissible, otherwise the window or the 
detectors could be corroded. The frictions were minimized with a stainless steel-polyimide 
contact for the gear wheels actuating the rotational motion, and stainless steel-titanium 
carbide for the ball screw, which provides the vertical motion. 
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Fig. 5. Motorized support in vacuum for X-Ray monitors 

The vacuum vessel, made of aluminium alloy, with its Be window, must be baked-out 
in situ. It was foreseen to test it, prior to installation, with three cycles of bake-out at 150° C 
during 24 h. The electron-beam weld, between the window and its Al support, manufactured 
by ELECTROFUSION CORP. USA, must resist high stresses due to the differential 
expansion Be-Al. These elastic stresses must be watched carefully and remain a subject of 
preoccupation when LEP will run at higher energies. 

4. Solid state detector 

A thin layer of CdTe (4jum) is poured on a ceramic support, 127 urn thick, using the 
technique of metalorganic chemical vapour deposition. 

Under the impact of X-rays the conductance of CdTe changes and the gap resistance 
decreases as a linear function of the photon flux [2,3] generating currents in the different 
lines which are direcdy proportional to the vertical profile. 
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Fig. 6. Micro-electronic circuit for vertical profile 

This detector has been realised in the laboratory D.LETi in Grenoble [6]. 

5. Electronic system 

All front end analogue electronics associated with the detector have been built with the 
prerequisite to use the digitizing and storage system already developed for the BOM (Beam 
Orbit Measurement System) [5]. And since the detectors are 300 m away from the digital 
processing system situated in the pit at intersection No. 1 something had to be done in order 
to reduce the price for analogue signal transmission cables. 

Because the BOM input flash ADC [5] was able to take data spaced by about 1 u.s, it 
was decided to time multiplex 16 signals in the same cable in less than 22 (is (interval 
between LEP bunches). 

CHARGE AMPLIFIER MULTIPLEXER INTEGRATOR 

FH>f-
l— PhotocorxJuciorj 

Spacing o.l mm 

POLARISATION BEAM SYNCHRONOUS TIMING 

PREPULSE DETECTION 

A to D CONVERSION 

DMA 10 VME-CRATE 

OATAPROCESSING 

Fig. 7. Synoptic diagram : detector and front end electronics 
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No electronic module was available on the market to amplify, store and time multiplex 
16 signals at that speed. Therefore, a VME module with 16 input channels was developed at 
CERN. In this module (see Fig. 7) the charge from each photoconductor is amplified, gated 
and stored by means of hybrid components. After gating (2 (is) the charges are multiplexed 
onto an integrator and mixed with prepulses preceding each channel. 

In this way 16 channels of the vertical profile are sent as a 16 y.s long train of pulses 
containing trigger information for the flash ADC 300 meters away. 

The detailed description of the circuit will be given elsewhere [5] but its main 
characteristics are as follows. BOM flash ADCs used for digitization have only 8 bits of 
resolution which is not sufficient to give a satisfactory dynamic range. Thus the front end 
module ^as been designed with two outputs: the low sensitivity one being attenuated by a 
factor 8. The high sensitivity output gives 4 V amplitude for a charge of 5.10"2 pC received 
in a pulse of 100 ps full width half maximum. Since the noise level is strongly related to the 
capacitance of the input cable a special development was nude of a 32 channel fcapton strip-
line of 2 m length with only 200 pF per channel. Thanks to all these precautions the noise 
level has been reduced to 3.10"3 pC peak to peak. 

6. Results obtained in real beam conditions 

One detector has been installed in LEP during the last shutdown and has survived 
many days of irradiation. This is a crucial result because the power deposited by X Rays in 
the 4 urn of CdTe can be estimated to be 40 m\V/mm2, for a beam of 1 mA. Therefore the 
dose accumulated in several days amounted to more than 1011 grays, still no damage has 
been noticed which is exceptional for a semi-conductor detector. 

The first results obtained recently with a final detector can be seen in Fig. 8. This 
picture is obtained with an oscilloscope triggered on LEP revolution frequency and receiving 
directly die multiplexed signal from 16 fingers of the detector. During the film exposure the 
same bunch was seen 150 rimes but there is not much smearing since the beam was stable. 
The short prepulses seen in Fig. 8 are made on purpose to trigger the digital acquisition 
electronics not yet in use. Since 32 finger signals are interlaced in two 16 channel modules, 
the binning in Fig. 8 is 200 (im and cr= 0.6 mm can be deduced with hardly any systematic 
error to worry about. 

Fig. 8. Time multiplexed signal received from a vertical profile detector 
and observed on an oscilloscope (200 mu. per channel) 
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When properly digitized with the help of some BOM electronic modules the infor
mation acquired on line can be retrieved from the local memory and exploited for various 
displays. Fig. 9 shows an example of data fitted with Gaussian curves prior to producing a 
mountain range display 

Fig. 9 Mountain range display of four LEP bunches seen for 20 turns 

One detector has been left in position to receive synchrotron radiation during the whole 
LEP run of 1991. The energy deposited in the 4 Jim layer of CdTe is 40 mW/mm-, for a 
circulating beam of 1 mA. According to estimations the photoconductor accumulated a 
radiation dose of about 1011 grays and its sensitivity has been reduced progressively to 50%. 
During the year, the vacuum vessel containing the detector had been contaminated by 
outgassing of some plastic material and the ambiant high level of radiation prompted the 
deposition of sputtered aluminium. New vessels are now installed which can be pumped 
down to 10"6 Torr and should cure the problem. Nevertheless the detectors need not be put in 
the radiation flux when they are not used and the mechanism shown in Fig. 5 allows for 
their retraction. 
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Abstract 

Method of measuring a very small beam emittance in electron storage rings is pre
sented. The monitor can sense an intrinsic emittance of beam particles by detecting the 
angular distribution of Compton scatterings of laser photons on beam electrons. It is 
possible to achieve measurement resolution smaller than 10~9 m-rad without difficulty. 

1. Introduction 

A very low emittance beam in electron storage rings has been envisaged as the 
next generation synchrotron radiation source in order to deliver high brilliance photon 
beams. From a point of view of the accelerator operation, it is essential to have a 
monitor that measures an intrinsic emittance representing the phase space of electron 
motion in the beam. The beam emittance in the electron storage ring has been usually 
deduced from measurement of the angular distribution of synchrotron radiation like a 
pinhole camera system. In a beam profile produced by synchrotron radiation, however, 
the intensity distribution of the image cannot represent a true projection of the elec
tron motion because of diffraction and emission mechanism. The diffraction pattern 
of synchrotron radiation depends on the opening angle, wavelength and photon polar
ization. Thus the diffraction from the limitted aperture enlarges the true beam profile 
[1]. The finite length of the photon source in a bending magnet produces a spherical 
aberration, called field depth, in both horizontal and vertical planes. In the horizontal 
plane, further, the curvature of the particle trajectory in the bending magnet produces 
an error. In addition to these errors resulted from synchrotron radiation itself, the 
resolution of the detector makes accuracy of measurement worse. 

The phase space motion of electrons in storage rings can be observed by scattering 
process of electrons and photons. In this paper measurment of the angular distribu
tion of Compton scatterings is proposed to obtain a direct observation of the beam 
emittance. A short laser pulse is used to produce Compton scatterings by illuminating 
a electron beam and to detect backscattered high-energy photons. The principle of 
this measurement is free from errors related to the photon source unlike synchrotron 
radiation. Accuracy of measurement is only limited by the resolution of detector for 
position and energy measurement of photons. 

2. Beam profile produced by Compton scattering 

Let us consider a Cartesian reference system shown in Fig. 1 where the x0 and yo 
axes are in the plane of the interaction point of the laser photon onto the electron beam, 
and the X and Y axes are in the plane of the photon detector placed at a distance L. 
The betatron motion of a single electron in the storage ring is expressed by 

I/o= V^cosv?, y'0 = - . / - ( a c o s v + siny), (1) 

where yo denotes the horizontal or vertical position relative to the equilibrium orbit 
and y'Q is the angle relative to the vertical or horizontal plane. At a given position 5 of 
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the orbit, the phase space coordinates of the electron are plotted on the ellipse: 

7yo + 2at/oyo + /?J/oI = «, (2) 

where a, /?, 7 are the Twiss parameters defined by the beam optics of the storage ring. 
They are periodic functions with the period of the machine circumference and related 
to each other by 

7 = ( 1 + « ' ) / / ? , /3' = -2cr, (3) 

where /?' represents the derivative of the /?-function with respect to position along the 
orbit. The beam emittance is represented by e and the phase space area of the ellipse 
is given by 7re, which is constant around the machine. The position projected onto the 
detector plane is 

>o = Jfo + Ly'0 = y/t{P - 2aL + 7L2) cos(<p + <5), (4) 

where 5 = tan - I[L/(/J — aL)]. Assuming that the amplitude of the betatron motion 
is a Gaussian distribution in the phase space, the distribution function of projected 
position on the detector plane is given by 

P(Y0) = - J = _ e x p ( - 2 £ - ) , ar = V(e)(/3-2aL + iLi), (5) 

where (e) represents the rms emittance of the beam. The probability of electron pro
jection found on the detector plane is normalized as 

CO 

/ 
Py(Y)dY=l. (6) 

Then the rms emittance can be obtained from measurement of the rms width cry of the 
beam profile projected on the detector. Projection of the beam is produced by photons 
scattered from electrons in the beam through Compton scatterings. The position of a 
scattered photon on the detector is given by 

A' = A ' 0 - Ltan0sin<£, Y = Y0 + Ltan0cos<f>, (7) 

where 0 and <f> are scattering angles of photon in the laboratory frame. The coordinates 
X and Y are only measurable quantities. The distribution function of scattered photons 
detected on the detector is calculated by 

J2 a 
dXdY 

All 
/

J 

dilPx {X + L tan 0 sin (p)Py{Y - L tan 0 cos *)-jo (0, </>)• (8) 

Here Af2 represents a solid angle spanned over acceptance of the detector and dcr/dQ, 
is the differential cross section of Compton scattering. Considering Eq. (6), the profile 
projected on the vertical (V) axis is given by 

^ = J dXd^lY = j m P ^ Y - ^ a a 0 c o s ^ ( M ) . (9) 
- 0 0 A O 
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The rms width of the beam profile produced by scattered photons is 

OO OO 

VY = JdYY^/JdY^ = *l + *l, (10) 
—oo —oo 

where oc is the rms width produced by angular distribution of photons due to Compton 
scatterings from a point electron, calculated by 

a% = J dnL7Un20 cos2 4^iP,#)/ J' dQ.^O^). (11) 

an an 

Thus the net width of the beam profile can be deduced by 

4 = 2 2 . - 4 (12) 

For the distribution on the horizontal (A') axis, the same approach to measuring the 
horizontal width of the beam profile can be carried out. 

3. Angular distribution of Compton scattering 

The differential cross section of Compton scattering for a linearly polarized photon 
is given in the electron rest system [2]: 

^ = ri^ll + cos2°' + (<Io-q)(l-coS0-) + (;s\n20-}, (13) 

where qo and q is the initial and final photon momentum, respectively, re the classical 
electron radius, 0' the scattering angle of photon, and f the polarization of photon. In 
the laboratory system shown in Fig. 1, the cross section is written by 

** _ f l r 2 f * 2 ( l - « ) 2 , . , r l - * ( l + «0l2 , e 4aic( l - ic) ] . 
d<j>dK U l - / c ( l - a ) ^ "*" l l - / c ( l - a ) J ^ [ l - / c ( l - a ) ] 2 / ' { l ) 

where K is defined by the ratio of the scattered photon energy to its maximum possible 
energy, K = k/kmax, <j> the azimuthal angle of the scattered photon, 

0 = 1/(1 + 47^0), and kmax = (if2 + l)k0a, 

with the incident photon energy k0 and the electron beam energy 7 in units of electron 
rest mass. The scattering angle of photon in the laboratory system is given by 

Un0=-J- -. (15) 
7 V na s ' 

Defining angular coordinates as u = -fX/L and v = 7Y/L, Eq. (14) is rewritten by 

d7a 2o2r* r ( 1 - a ) 2 

) 2 i a ( l + 1 dudv ( l + au2 + a u 2 ) U a ( l + au2 + ai;2)(l + u2 + u2) 
/ i - u 2 - v 2 y 4(y + u2) ! (16) 

M l + u2 + u2 / C ( l + u2 + u 2 ) 2 / ' 

Using the relation between the scattering angle and the photon energy, Eq. (15), the 
angular distribution produced by scattered photons with energy above a cut-ofF KC is 
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^ = 2a2r2[$a + $2 + $3 + $,], (17) 

calculated by 

where $ i , . . - , $ 4 are 

L_ 
(1 - a)2 2 4(1 + au2) 

1 .-(l + a 2 ) - ^ « c ( l - a ) 3(1 - a) I Ue - icg(l + au"2! 
1 l + a u 2 l ( 1 - a ) 2 2 4(l + au2)JV a 

~ 4a(l ~ 0 > e - , c 2 ( l + au2) 
2 (1 - a)2[l - »se(l - o)](l + u2) V a 

<b l \2 I 4 ( 1 ~ ° 8 ( 1 ~ 0 ( 1 + a ) l t a n - ' / l - « c ( l + <»**) 
3 ( l - a ) > / n F i ? l a " , " ( l - a X l + u2) ( 1 - a ) 2 J V *ca(l + tz2) ' 

(. 1 r8a(l + a ) ( l - Q (l + a ) 2 - 4 a f 2 3(1 - a) 1 
4 v / a ( l + a u 2 ) l ( 1 - a ) 3 " t " ( l - a ) 2 ( l + a u 2 ) 1 - a 4(1 + a n 2 ) 2 J 

t _t / l - K c ( l + au2) 
Y «c(l + au2) 

In the Compton scattering on a point electron, scattered photons are distributed within 
the maximum angle 0C = v ( l — «c)/«ca, as shown in Fig. 2 for various cut-ofFenergies. 

4. Resolution of emittance measurement using Compton scattering 

The emittance is deduced from measurement of the the rms width of the beam 
profile using known Twiss parameters at the interaction point: 

< t ) s l + Wla)»F <18> 
The resolution of emittance measurement can be defined as the minimum spread of 
angular distribution which can be resolved by the system as a image produced by 
a source with a finite size. Enlargement of the beam profile is due to the angular 
distribution of the Compton scattering and the position resolution of the detector, aD. 
Then the minimum emittance resolved is given by 

W 1 + ( / ? / £ - a ) 2 L2 U J J 

Using Eqs. (11) and (16), the angular resolution is calculated by 

Another error limiting the resolution results from uncertainty of energy measurement 
of scattered photons. In particular, uncertainty of a cut-off energy spreads out angular 
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distribution on the detector. In measurement of energy K with an error, the expectation 
value of a function F{n) is given by 

CO 

(F) = J deP(e,K)F(e), (21) 

where P(e, K) is the probability function, defined such that the probability that a value 
of a random measurement of the energy K is found around e is given by P{e, K)de. 
The resolution of energy measured by calorimetric method is given by AE/E = 
C/y/E{GeV), where a constant C is typically 0.05 in lead-loaded glass detectors. Then 
the probability function is expressed by 

P(=,«) = 
1 

/2XKA 
exp 

(s ~ «) 
2KA-

(22 

where A = C/y/kmax{GeV). Using these results, the angular resolution due to uncer
tainty of energy measurement is obtained as 

where 

< / / 
dudvu' 

u'+v'<01 

(fV , „ , f (l + a ) = - 4 a f 
aWu > = * " " • • ( - 2 a ( l - a ) 2 ( 1 " K c ) 

u=+v=<5l 

1 - a 
4a [ d - * c ) J + « . ^ + -

i r . l 

2 a ( l - 0 1 - K c 

l n - + ^ 

a ( l - a ) 
( I - a ) 2 L l - / c e ( l - a ) [1 - ACC(1 - a)]3 

1 4 a ( l - J ) 1 f | _ a , ( 1 - a ) 2 

KCA" 

+ [_J___l5izl2][i a . 
+ b ( l - a ) ( 1 - a ) 3 J L n i - / c e ( l - o ) " r 2 [ l - / c c ( l - o ) ] 2 

< / / 
d2c 

«=+«=<« 

+ 

(l + a ) a - 4 a f 
( 1 - a ) 2 

4 a ( l - m l - « . 

(24) 

' • " W - ^ l (1-a)2 (1 " ^ + ~<"« - J + "^ > 

1 — KC a ( l — a) 

• l - « c ( l - « ) ~ [ l - « , ( l - a ) | ^ 

+ 

( 1 - a ) 2 

r 3 a 2 - f 6 a - l 4 a ( l - f a ) q r a , (1 - a)^ 

L ( 1 - a ) 3 ( 1 - a ) 3 J [ n i - « c ( l - a ' ' 

A2 

e ( l - a ) 2[1 - *e(l - a)]' 
• K , / 1 * }• 

(25) 
Fig. 3 shows the angular resolution as a function of a cut-of? energy. The minimum 
attainable angular resolution due to uncertainty of a cut-off energy is adL ~ O.2/7 
with KC = 0.9. The angular resolution of the detector can be easily achieved to be less 
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than 10~s. In Eq. (19), the value related to the beam optics at the interaction point is 
an order of 1 m. Thus the resolution of the beam emittance becomes 

A(e}~0 .04 / 7
3 (m-rad) . (26) 

For the beam energy of 10 GeV, this resolution is 0.1 nm. 

5. Conceptual design of the Compton emittance monitor 

The system of measuring the beam emittance consists of a short pulse, high rep
etition rate laser and the photon detector for position and energy measurement. An 
intense power of laser is necessary to produce sufficient scattered photons so that a 
event rate of the Compton scattering should be higher than that of backgrounds. The 
luminosity of interaction between an electron beam and a laser with a horizontal cross
ing angle 5 is given by 

c w° m 

where Ne is the number of electrons in a beam bunch, Ni the number of photons 
in a laser pulse, Jo the revolution frequency or the machine, and <rez,<7e„ffM and 
^Li^Lyt^Lz a r e the rms dimensions of the electron buncli and the laser beam, respec
tively. At the interaction point, the beam size of the elctron bunch is made smaller 
than the pulse dimension of the laser and the crossing angle is chosen to be small 
enough. The spot size of the laser is usually much smaller than the pulse length. Using 
these assumptions, the electron beam current, /,. = eiVe/0 in A, and the laser energy 
per pulse, VVj, = N^hui in /xJ with the photon energy FIUL =2.412 eV for the 514.5 
nm line of the Ar ion laser, the luminosity is obtained in kHz/mb: 

- hWh 257.1J.W& 
C - o—?—x = —£ (kHz/mb). 28) 

As an example, if the laser pulse with the peak power of 1 kW, the pulse width 3.3 ns, 
and a round profile <TLX = aiy = 1 rnm intersects the electron beam of 1 mA at the 
angle 5 mrad, an estimate of the luminosity is 167 Hz/mb/mA. The cross section of 
the Compton scattering is shown in Fig. 4 as a function of the cut-off energy. Thus the 
event rate of scattered photons with the energy above 2.4 GeV (/cc = 0.9) is expected 
to become 100 kHz for the 10 mA electron beam at 10 GeV. The background is high 
energy gamma rays produced by the beam-gas bremsstrahlung in the straight section 
around the interaction point. In order to reduce the background, a high vacuum in the 
beam pipe of the straight section is necessary. 

The distance L between the interaction point and the photon detector is chosen so 
that the angular resolution of the detector, <TD/L, should be smaller than CTQ/L and 
that the effect resulting from the interaction length of the laser and the electron beam 
should be minimized. Using the detector with the position resolution of 0.1 mm, the 
detector resolution GQ/L is 10~s for the distance L =100 m. The error due to the 
interaction length is given by 

*o\lv\~alJL\ (29) 

where <rLz is the pulse width of the laser. Using a i m long pulse, this error is as small as 
10~4. The photon detector will be assembled from the vertical and horizontal position 
sensetive detector and the calorimeter for photon energy measurement. An example 
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of the photon detector is illustrated in Fig. 5. Main detector components consist of 
scintillation counters, a tungsten converter, a silicon microstrip detector and a lead 
glass calorimeter. The photon trigger is basically provided by a coincidence among 
two scintillation counters and a lead glass calorimeter with a cut on photon energy. 
Electron-positron pairs created in the tungsten converter are detected by the silicon 
microstrip detector to determine the vertical position of a converted photon from hit 
channels and their pulse heights. 

6. Conclusion 

The monitor of measuring a very small beam emittance is presented by using 
photons produced due to the Compton scattering of beam electrons and laser photons. 
It is possible to measure the beam emittance with the resolution of 0.1 nra. This 
method is of possible advantage to the use of synchrotron radiation even in storage 
rings for the high brightness synchrotron radiation. For measurement, there is no need 
of an insertion device generating synchrotron radiation, like an undulator. In priciple 
a laser pulse can probe into the beam phase space at any position of the machine. The 
problem is to improve the resolution of energy measurement for high energy photons. 
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Fig. 2 Angular distribution of photons scattered on the 10 GeV electron for various 
cut-off energies. 

< 

Fig. 3 Angular resolution due to the Compton scattering for the 10 GeV electron as a 
function of the cut-off energy. The parameter C denotes the energy resolution of the 
lead glass detector for the 1 GeV photon, i.e. Ak/k = C{%)lyJk{GeV) . 

216 



5 0 0 (• , , ) i 

Fig. 4 Cross section of the Compton scattering for the 10 GeV electron as a function 
of the cut-off energy. 
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Fig. 5 Schematic view of the Compton omittance monitor. 
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abs t r ac t : A method is proposed to measure vertical phase space profile 

and emittance of a storage ring. It monochromatizes and scans opening angle of 

the X-ray component of synchrotron radiation from a normal bending magnet, 

rotating a crystal monochoromator. It is possible to measure the emittance of 

l nm with resolution of 10%. 

This paper proposes a method to derive vertical phase profile and emittance 

of a storage ring in the range down to subnanometer, measuring the X-ray 

component of synchrotron radiation from a normal bending magnet using a 

crystal monochromator. It is just a modern version of the good old method.1 

We first draw a phase space ellipse in the (y, y') plane: 

1 — p2 a2 era' a2 

Emittance E is then given by 

E = (l-py'*aa', (2) 

together with two Twiss parameters, /3 = a2/E and 7 = crn/E. As shown 

in Fig. 1, a crystal monochromator selects radiation whose angle satisfies the 

Bragg condition. It slices the phase ellipse by a line parallel to the y axis, as 

shown in Fig. 2. Rotating the crystal, we can scan the phase ellipse by lines 

parallel to the y axis. 
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The phase ellipse of the monochromatized radiation is, however, not exactly 

same with the expression of eq. (1). It is because, first, the radiation generated 

from a single particle in a beam has a finite opening angle o-Jjrn, and second, the 

reflection at the crystal surface introduces another angular spread called Bragg 

reflection width Ay', both of which are given in Fig. 2. The observable phase 

ellipse is thus expressed by 

y2 2Ryy' y' 
1 _ /?2 v V2 V V V2 + ̂ r) = 1. (3) 

where 

(4) 

Z° = a* + a! +Ay* (5) 

and 

R2 = 
p2an 

^ + 0-2 + A ^ ' (6) 

Fig. 1. Principle of the measurement. The crystal selects the radiation whose angle 

satisfies the Bragg condition. Changing the angle of the crystal, it is possible to scan 

the angle of incoming radiation. 
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This expression is valid only when we select the radiation component polar

ized in the orbit plane. The configuration which reflects the radiation from the 

orbit plane upwards with, the Bragg angle T / 4 satisfies this requirement. The 

opening angle of this component with wavelength A is approximated by 

0",„n = 
0.565 A 0 4 , 5 

7 -^ 
(7) 

around the critical wavelength Ac ; i.e., 0.8 < A/Ac < 3.0. 

radiation 

Fig. 2. Phase ellipse of a beam, and of a radiation, together with the trace made by a 

crystal monochromator. Bragg width is expressed by the line width of the trace Ay'. 
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Let us assume that Ave are going to measure the vertical emittance of the 

TRISTAN MR (bending radius 247m) operated at 'lOGeV in the low emit

tance optics. The critical wavelength of the synchrotron radiation is 0.13Snr7i. 

If we assume the vertical emittance lnm, p — lm, 7 = l m - 1 , we have a = 

31.6/1771, a' — 31 .6/ i ra i Further assumption that we detect the radiation with 

the critical wavelength makes its opening angle 28.8jurad, very close to the a' 

value. 

The Bragg reflection width depends on the selection of the reflection plane. 

It is possible to reduce this width down to a few ^irad. Equation (5) tells that 

if the detectable limit of the change of S*2 is e, if cr' and a3yn are comparable, 

if v,yn is independent of the measurement, and if Ay' is negligibly small, the 

detectable limit of the change of an is 2e. In other words, if we measure the E'2 

with, say, 1% accuracy, the resultant a' has the accuracy of 2%. The similar 

estimation applies for R2. If the three values, E2, E*2 and R2, are measured with 

the resolution of 1%, the resultant resolution of the emittance measurement will 

be about 5 — 10% at the worst. 

In the TRISTAN MR, the total number of photons on the orbit plane and 

with the critical wavelength is approximately 1.39 X 1014(nm - sec • mA • rnradS • 

mrad6-)~l. Energy resolution of the crystal monochromator is about 10~5, 

and the acceptance of the vertical angle <j> is about lfirad. The acceptance of 

the horizontal angle 9 can be controlled by a slit width, which gives the field 

depth. If we want to identify the source position with the accuracy of 10cm, 

the horizontal angle acceptance should be OAmrad. Inserting these values, we 

estimate the number of photons into the detector from the orbit plane to be 

about 106(raA • sec) - 1 , which is still large enough, or still too large, to conduct 

this measurement. 

A candidate for the crystal monochromator is the combination of Si(7 7 7) 

and Si(ll 5 1) in the non-dispersive (achromatic) (H—) configuration. Though 

Fig. 1 shows only one crystal plate, the second crystal is necessary in the real 

field. It rejects components with longer wavelength which also satisfies the same 

Bragg condition. This configuration selects only O.0631nm component of the 

synchrotron radiation whose opening angle is 20.7/xrarf. The Bragg reflection 
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width is about ZfiTad. 

We need an exquisite goniometer to rotate the crystal. One with resolution 

of l.Sfjrad h commercially available (Huber 410), which can be modified to 

have O.lSfirad resolution, when combined with a precise encoder (for example, 

Heidenheim ROD905). 

A remaining problem is the one-dimensional detector to measure t i e beam 

size as small as 30/zm. A crystal monochromator shown in Fig. 3, where the 

diffracting planes and the crystal surface form a finite angle, can enlarge the 

cross section of the incoming parallel beam. Magnification of 10 is easily re

alizable. The requirement is then eased to find a detector to measure the size 

around 300/m?.. 

One candidate of the detector is the combination of a phosphor screen and 

a TV camera. An estimation tells that a phosphor screen can measure the 

electron beam size of 200>m with 1% resolution,'31 though its response to the 

X-ray is not clear. 

Fig. 3. Asymmetric reflector where the diffracting planes and the entrance crystal 

surface form an angle a. It magnifies the width of the incoming parallel beam u>,„ to 

U'o.t-
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In conclusion, a method to derive vertical emittance in tlie subnanometer 

range from the phase ellipse measurement is proposed. It is based on the princi

ple that a crystal nionochromator selects radiation with certain incoming angle; 

changing the angle of the crystal plate, we can scan the phase ellipse parallelly 

to the y axis. It requires neither special insertion devices nor any active com

ponents like lasers to interact with particle beams. The method will be first 

tested in either the KEK PF or in the TRISTAN AR, and it will then applied 

to the TRISTAN MR. 
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A n Autocorrelat ion Technique for 
Measuring Sub-Picosecond B u n c h Length 

Using Coherent Transition Radiation* 

Walter Barry 
Continuous Electron Beam Accelerator Facility 

12000 Jefferson Avenue, Newport News, Virginia 23606 

A b s t r a c t 

A new technique for determining sub-picosecond bunch, length using infrared 
transition radiation and interferometry is proposed. The technique makes use of 
an infrared Mlchelson interferometer for measuring the autocorrelation of transition 
radiation emitted from a thin conducting foil placed in the beam path. The theory of 
coherent radiation from a charged particle beam passing through a thin conducting 
foil is presented. Subsequently, the analysis of this radiation through Michelson 
interferometry is shown to provide the autocorrelation of the longitudinal bunch 
profile. An example relevant to the CEBAP front end test is discussed. 

I n t r o d u c t i o n 

It is well known that transition radiation is a phenomenon useful for measuring 
various parameters of a charged particle beam including energy, emittance and trans
verse profile.'1' Typically, these measurements are made in the optical region where 
the radiation is due to individual charged particle effects. 

In order to determine the collective longitudinal properties of a particle beam, 
i.e., bunch length and longitudinal profile, a device or system capable of measuring 
the temporal or longitudinal spatial distribution of the bunch charge or current is 
required. One common method of measuring longitudinal profile makes use of optical 
radiation (synchrotron, transition or Cherenkov) and a streak camera. This "single 
shot" technique is quite expensive and generally limited to 1-2 psec bunch lengths. 
Alternatively, by considering radiation in the region where wavelength is compara
ble to bunch length and bunch to bunch coherence is exhibited (wavelengths large 
compared to particle spacing), autocorrelation or spectral analysis techniques can be 
used to measure equivalent bunch widths. For picosecond and shorter bunches, this 
region generally covers the infrared. 

In this note, a technique for measuring the autocorrelation of longitudinal bunch 
profile using infrared transition radiation from a conducting foil and Michelson inter
ferometry is described. In order to present a clear picture of the origin and properties 
of transition radiation, the radiation from an arbitrary charge distribution striking a 
conducting foil is derived in some detail. Subsequently, the analysis of this radiation 
through Michelson interferometry is shown to provide the autocorrelation of the lon
gitudinal bunch profile. An example relevant to the measurement of bunch length at 
CEBAF is given. 

Radiation from a Conducting Foil 

Consider a beam of charged particles with velocity 0c in the z direction striking 
a conducting foil located at the z = 0 plane in the cylindrical coordinate system 
(figure 1). The foil is assumed to be perfectly conducting and the beam filamentary 

* Work supported by U.S. Department of Energy under contract DE-AC05-84ER40150. 
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along the z axis. For radiation wavelengths large compared to particle spacing, 
the beam is well approximated by a moving line charge distribution qi[t — z//3c), 
where qt(t) is the charge distribution of the beam measured as a function of time 
as the beam passes the 2 = 0 plane. Accordingly, the beam current is defined as 
I0(t — z/j3c) = f3cqi(t — z//3c). For the autocorrelation measurement described later, 
the charge distribution must be periodic. However, this restriction is not necessary 
for the radiation derivation. 

True 

p(2,t) = q f t(t-z/pc) 

I(z,t)=pcqi(t-*/Pc) 

= I0(t-z/£) 

Image 

p(z,t) = -q.(t+z/[3c) 
A 

Foil 

I(z,t) = pcqft(t+z/pc) 

= I0(t+z/pc) 

Figure 1. Image method for radiation from a thin foil. 

In order to satisfy boundary conditions at the conducting plane, surface currents 
are induced in response to the fields of the incident beam. These currents in turn ra
diate electromagnetic energy. Thus, in general, transition radiation can be described 
as a reaction to boundary conditions. Traditionally, the term transition radiation 
refers to radiation emitted from a charged particle as it passes from one medium to 
another (in this case vacuum to metal). However, radiation of this type will occur 
when any current distribution is in the presence of abrupt boundary conditions. Un
usual examples of transition radiation might include radiation from a beam passing 
through a conducting aperture or from a slot in the wall of a uniform beam chamber. 
The spatial and frequency characteristics of the radiation are, of course, extremely 
dependent on the boundary geometry. 

As indicated in figure 1, a convenient technique for solving the foil radiation 
problem makes use of image theory. Here, the conducting foil is removed and an 
image current I0(t + z//3c) is inserted for z > 0 so that: 

T(zt)_flo(t + z/(3c) z> 
i ^ - \ J o ( i - z / / ? c ) z< (1) 

With this current, it is clear that only the z component of vector potential exists and 
from symmetry, the vector potential and the fields derived from it are independent 
o f0 . 
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The vector potential must satisfy the homogeneous wave equation for p > 0: 

r* * r--* 1 &MP,z,t) VsAz(p,z,t)-- | g L _ L ^ = 0 p>Q (2) 

subject to the excitation condition: 

Km / H*(p, z, t)p d<p = I(z, t) (3) 

The procedure for solving (2) is greatly simplified by introducing the two dimensional 
Fourier transform: 

/

o o /><x> 

/ f(p,z,t)e-^t+^ dtdz (4) 
-oo J—oo 

•which has an inversion given by: 

/ 0 > > M ) = 4 ^ 2 / ^ / _ " / ( P ^ ^ ) ^ t + " ^ dwdij. (5) 

Applying (4) to ( l ) , (2) and (3) results in a statement of the problem in the transform 
domain: 

d2 ^« ( P , ^ ) , 1 9Az(p,T],u) 2 , , - - . , * 

S | E+{p,7,yU)pd4>= ^ ^ (7) 

where : fc = k0/(3 = w//3c 

Jo(w) is the frequency spectrum of the current defined by: 

J0(w) = /"°° J0(f)e-»w* <Zt (8) 
J—oo 

with inversion: 

io(*) = ^ / ° ° W e * " <k> (9) 

Equation (6) is Bessel's equation of order zero. Anticipating outward propagat
ing wave characteristics, a solution to (6) is: 

Ax{p,r,,u) = C{T,,W)H™ {pyjhl - T72) (10) 

where: 3^2\x) = zero order Hankel function 
of the second kind 

c(77,w) = function to be determined 
by excitation condition 
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The $ component of the R field can be derived from the vector potential using: 

H${p,-n,u}) = (11) 
Ho dp ' 

Using equations (10), (11) and (7) and the small argument approximation for E^2\x) 
yields the following expression for c(j], « ) : 

C(„„,= - | H (_ i_ ) (12) 

Therefore, from (10): 

i,(ft,,„, = z^(_i_)^>((,v^7) (13) 

Taking the 77 —• z part of the inversion given in (5) yields: 

j,c,,,,„) = =nm £ (_1_) *<» (,JT?)-*- * (M) 

Equation (14) gives, in integral form, the exact frequency domain expression 
for the vector potential. For the purpose of evaluating the fields in the radiation 
zone (p and z large), the integral in (14) may be approximated by the method of 
stationary phase giving: 

where: 2 = r cos 9 
p = r sin 9 

As indicated in figure 1, r and 9 are spherical coordinates with 9 measured from the 
+2 axis. As is usual with the method of images, the actual fields are those obtained 
for the region containing the true charge or 2 < 0. Accordingly, it is convenient to 
use the axis of specular reflection (z, — —z) as a reference when expressing the vector 
potential and fields. Equation (15) is then written: 

*.M..»>-*s5g= (usknO - » i (16) 

where 9, and z, are as shown in figure 1. The electric and magnetic fields may be 
obtained in the typical manner using: 

! ( r , « 1 , « ) = i v x i ( r , « 1 , B ) (17) 
Ho 

JE(r,0.,a;) = - i « A ( r , 0 . , « ) + ' ; (18) 
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Resolving (16) into f and 9a components, substituting into (17) and (18) and retaining 
only 1/r terms, expressions for the radiation fields are found: 

v ( G ^ ZaU")e-jkor ( flan*. \ . , . - , 

S ^ r M = S s - ^ 9 ' ^ (20) 

where : Z0 = . / ^ = 377ft 

Equations (19) and (20) are the frequency domain field expressions for backward 
transition radiation emitted from a beam striking a conducting foil. It should be 
pointed out that in the previous analysis, the thickness of the foil is irrelevant.' If, 
however, the foil is thin so that the beam passes through unperturbed, radiation 
will also be emitted in the forward direction. The forward fields are obtained by 
reversing the ranges of z in (1). The results are identical to (19) and (20) with the 
simple substitutions 9, —» 9 and <f>, —»<f>. The autocorrelation technique described in 
the next section requires only backward radiation, therefore, forward radiation from 
thin foils will not be pursued. 

Several important features of transition radiation axe evident from equations 
(19) and (20). Prom (19) it is seen that the frequency spectrum of the radiation is 
identical to that of the beam current. Therefore, the conducting foil can be viewed as 
a device that produces a propagating electromagnetic wave that is an exact replica 
in time of the incident beam current (an infinite bandwidth antenna). This feature 
is most easily seen by transforming (19) and (20) to the time domain via (9): 

F t-rf) fy _Z*hjt-r/c) ( Isinfl, \ 
Ee.W.S)- ^ [l - j 3 2 cos* 9,) ( 2 1 ) 

S,.(r,9.,i)=Ee-{r'd"t) (22) 

Comparing the above equations to (1) shows that at a fixed point r in space, the 
radiation has the same temporal characteristics as the beam current for a fixed point 
2. It is this property that makes the autocorrelation measurement, to be described, 
possible. 

Another important characteristic of transition radiation is its spatial distribu
tion. From (21), it is clear that the angular distribution of energy or power density 
is given by the function: 

S2(8.)=( ^TB\a V (23) 
v " \l -/32 cos2 9, J y J 

This function has a single, very sharp maximum at 9, = l/@~f. Therefore, for rela-
tivistic beams, virtually all of the radiation is in the vicinity of this extremely small 
angle. In this case, an excellent approximation for S2(9,) is: 

- 228 -



From (24) it i s noted that the energy or power density is proportional to *y2 a t 
8. « 1/7-

T i e standard example of transition radiation is that of a single electron striking 
the foil. In this case, the current is approximated by Ia(t) = eS(t) so that IQ(UJ) = e. 
For a single electron or pulse of current, it is convenient to calculate the radiated 
energy per unit frequency per unit solid angle: 

d'u _ |£8.M,")I2
 r2 (2S) 

duidtl ttcZo 

Substituting (19) with IQ{U) = e into (25) yields the standard formula for transition 
radiation from a single electron striking a foil: 

d2ue 
du an 0 -̂> Joule 

Hz • Steradian 
(26) 

From (26) it is seen that for this idealized calculation, the electron radiates uni
formly over the entire spectrum. In reality, the analysis presented breaks down at 
wavelengths comparable to the microstructure of the foil. However, for highly pol
ished foils, (26) is taken to be a reasonable approximation for wavelengths well into 
the visible range. 

Because electrons in an accelerator are randomly distributed from bunch to 
bunch, autocorrelation of optical transition radiation will not provide any informa
tion on bunch length or profile. However, autocorrelation of transition radiation at 
wavelengths comparable to bunch length will provide this information if the bunch 
length is large compared to electron spacing. This latter requirement ensures bunch 
to bunch coherence of the radiation. In this case Io(t) is a simple periodic current 
corresponding to a continuous train of bunches passing through the foil. 

By use of equations (21) and (22) and the definition of the Poynting vector, the 
total average power per unit solid angle radiated by a periodic beam current, Io(<), 
striking a foil can be found: 

*£. - E?± S2{9.) watts/steradian (27) 

where: 

PZO=YJ
 7fl2(i)<f< T = period of Jo(f) (28) 

The quantity Pz0 is recognized as the total average power dissipated by Io(i) in 
a 377f2 (free space) resistor. By integrating (27) over the backward radiation half 
space, the total radiated power for a relativistic beam is obtained: 

P « ^ > 1 w a t t s ( 2 9 ) 

2?r 
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The frequency spectrum of P consists of discrete lines at integer multiples of 
1/T •with, amplitudes proportional to the square of the Fourier transform of the 
bunch profile. In this case, it is clear that the critical frequency components for 
determining bunch profile and length are in the I/17, region. This xegion covers the 
far infrared for the approximate range of bunch lengths, .03 psec < TT, < 3 psec. It 
is worthwhile to note that power measurements in the far infrared are traditionally 
made 'with bolometric and other heat measuring devices. Because heat is measured, 
these devices are "flat" in the power measurement sense throughout the fax infrared 
range. Therefore, through interferometry or filtering, the autocorrelation or power 
spectrum of bunch profile may be obtained using these devices as detectors. The 
lower limits on sensitivity for these devices range from 10~8 watts for the simplest 
thermocouple devices to 1 0 - 1 1 watts for cryogenic detectors.t2J 

As an example relevant to CEBAF, consider a beam current consisting of a 
continuous train of bunches with uniform rectangular profiles of length IT,. The 
period of Io(t) (time between bunches) is T and the average current is Iav. In this 
case, it is easy to show that: 

PZo = Z°IavT watts (30) 

A typical front end test beam might have the parameters Iav = 1 0 0 x 1 0 - 6 amps, 
T/TJ, = 360 and 7 = 88 (45 MeV). With these parameters and equations (29) and 
(30), the total power radiated from the foil is l m W . This level is certainly detectable 
by any of the devices mentioned above. In addition, from equation (27), the angular 
distribution of power, shown in figure 2, can be plotted. As expected, the radiation 
is concentrated in a thin cone of half angle 1/7 = 11 mrad with a peak angular power 
density of 67 mW/steradian. As will be seen, the high directionality of the radiation 
is important for the autocorrelation measurement described in the next section. 

Angle from axis of specular reflection (mrad) 

Figure 2. Th in foil radiation from a typical C E B A F front end t es t b e a m . 
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A u t o c o r r e l a t i o n of B u n c h Profile 
T h r o u g h Michelson I n t e r f e r o m e t r v 

A simple system for obtaining the autocorrelation of the beam current is shown 
in figure 3. Here, the beam current, Io(t), passes through a thin conducting foil at 
an incident angle of 45°. Backward transition radiation is then emitted about the 
axis of specular reflection and directed into an infrared Michelson interferometer. By 
measuring power at the output port of the interferometer as a function of A in the 
delay path, the autocorrelation of Ia(t) may be obtained. It is important to note 
that in general, the transition radiation field expressions for oblique incidence are 
considerably more complicated than those for normal incidence. However, it can be 
shown that, for large 7, the field expressions about the axis of specular reflection 
arc well approximated by the normal incidence expressions derived in the previous 
section. 

Beam IQ( t ) Foil 

^ Transition radiation-

MA 

Inpu 

1 T 1 

tport 

Splitter/Combiner 

*Ml ^21 Detector 

•A • £> Delay path 

s u =i 
- • Output port 

Fixed path 

S l l = M, 

F i g u r e 3 . Michelson in t e r f e romete r . 

The interferometer, illustrated in figure 3, consists of a fixed mirror, a movable 
mirror and a splitter/combiner. These elements are arranged so that the incoming 
radiation is split into two beams. One of the beams is then delayed by a distance 
A before recombination takes place at the output port. In order to simplify the 
analysis of the interferometer, the optical elements are assumed to be non-dispersive. 
If the mirrors and splitter/combiner are modeled as thin conductive surfaces, it can 
be shown that the reflection and transmission coefficients for these elements are the 
same for incident waves with polarization in the plane of incidence and normal to 
the plane of incidence except for an overall sign change with the reflection coeffi-
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dent . Because power is being measured, the sign difference between the reflection 
coefficients for the two polarizations is irrelevant. Therefore, the optical elements can 
be characterized by single reflection and transmission coefficients which are valid for 
all incident polarizations. As indicated in figure 3, the transmission coefficients for 
the splitter/combiner axe designated as S n and S21, respectively. Both mirrors have 
reflection coefficients of 1. 

The simplest way to determine the power measured by the detector is to image 
the radiation source at the foil into two sources separated by a distance A (figure 4). 
As shown in figure 4, image source 1 corresponds to the fixed path in the interferom
eter while image source 2 corresponds to the variable delay path. In this case, the 
fields at a point po at the detector due to each source are given by: 

Si ( r i ,0 j ,w) = 
27T7-! 

1 S(0i)0i (31) 

% (,2,*2}W) = 5»5»Z'J«W,-i».r,5(fe)ft 
4TTT2 

(32) 

r, = rt + Acosfy 

e2 = 91(l-A/r1) 

02 = 9t cosV + rt sinM/ 

F i g u r e 4. Source imaged t h r o u g h i n t e r f e r o m e t e r . 
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The pertinent coordinate and unit vector transformations between systems 1 
and 2 are indicated in figure 4. These relations were derived using small angle ap
proximations and A « r j , ^ . In fact, 6X and 82 are both on the order of I / 7 which 
is extremely smalL In addition, A , which is on the order of the bunch length is 
extremely small compared to rj and T2 which are both approximately equal to the 
total distance from the foil to the detector including all reflections in the interferom
eter. Therefore, the transformations given in figure 4 may be further approximated 
as follows: r2 = T\ = r for magnitudes, r 2 = 7 ,

1 - j - A = r - f A for phases, 82 = Q\ = 6 
and 82 =• #1 = S. Using these approximations, the total electric field at po becomes: 

1 (r, 0,u) = E a + E2, = S^ZM^) e-3k0r{1 + r ) W ) 5 ( ( ) ) j ( 3 3 ) 

Dropping the overall phase factors in (33) and transforming to the time domain 
yields: 

£e(r,,,f) = l £ » M ^ M [ I o ( t ) + 7 o ( i _ T ) ] 

where r = A / c . Because the radiation is confined to a cone of half angle 1/7, it may 
be assumed that the detector measures the total available power. In this case, the 
total power detected as a function of T becomes: 

Pd{T) = \S»S»\Hm j ^ + I jf JoW7o(t _ T)A] (35) 

where Pz0 is defined in (28). 

Clearly, the second term in the brackets of equation (35) represents the autocor
relation of the beam current, which in turn is proportional to the autocorrelation of 
the bunch profile repeated periodically with period T. As an example, P<L{T) for the 
CEBAF beam described in the previous section is plotted in figure 5. In figure 5, the 
typical value of | S u S 2 i | 2 = '^ *°r a ^ ^ silvered splitter/combiner has been used. 
As shown, the autocorrelation of a uniform rectangular bunch is the well known tri
angle function. In this case, the base width of the autocorrelation is twice the width 
of the rectangular bunch. Typically, n = 1.8 psec for the CEBAF beam. 
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Autocorrelation of 
bunch profile 

> T 

F i g u r e 5. O u t p u t from in t e r f e romete r For C E B A F front e n d t e s t b e a m . 

Ascertaining information about a function, / ( t ) , from its autocorrelation, F{r), 
is a common problem in many branches of physics and engineering. Because the 
autocorrelation is obtained by a power measurement, all phase information is lost 
maHng it impossible to construct f(t) from F(T). However, because F(r) is essen
tially a smoothed out version of / ( f ) , a significant amount of qualitative information 
about / ( i ) is obtainable from the autocorrelation. 

In addition to providing a qualitative feel for bunch profile, the autocorrelation 
function can be used to obtain a quantitative measure of bunch length. There are a 
multitude of quantitative definitions for the width of a function in common usage.W 
One definition which is particularly suitable for describing bunch length is equivalent 
width, defined as: 

We = 

J 9(x)dx 
— oo 

(36) 

From (36) it is seen that We is the width of a rectangle of height equal to the 
maximum value of g(x) and of area equal to the area under g(x). As indicated in 
figure 5, the equivalent width for a uniform rectangular bunch profile is invariant 
under autocorrelation. Therefore, since most bunch profiles are expected to be close 
to rectangular, the equivalent width of the autocorrelation is an excellent measure 
of bunch length. When considering bunches whose profiles are significantly differ
ent from rectangular, the definition of bunch length becomes somewhat arbitrary. 
Therefore, in all cases, it is not entirely unreasonable to define bunch length as the 
equivalent width of the autocorrelation. Finally, it is mentioned that the bunch 
spectrum is easily obtained by taking the Fourier transform of the autocorrelation. 

P r e s e n t and F u t u r e Efforts 

Efforts are presently being directed towards experimentally verifying the theory 
presented here by performing a series of experiments at the 45MeV point of the 
CEBAF front end test. By replacing one of the standard phosphorescent view screens 
with a thin conducting foil, the emission of transition radiation in both the infrared 
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and visible regions will be verified. Concurrently, an investigation into the design or 
purchase of a suitable interferometer "will be conducted so tbat ultimately, a bunch 
length measurement can be made using this technique. 
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3UMCH SHAPE MEASUREMENTS AT THE I WE LIN AC 

A. V. Feschenko arid P. N. Qstrouaov 
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USSR. ilT*3i.2. Moscow 

Abstract; 

The bunch shape analyser CSSA3 has been developed in. the 
I?'P: and is used for the -MH linac tuning. The operation of 
the device is based on a transverse scanning of a low energy 
secondary electrons emitted from a thin target crossed by an 
jc;sierited bear.. The phase resolution obtained is better 
'.nan i 'Ci=iSS. i: .MKo-. The results of the bunch ships 
measurements at the exit of the first C£0 MeVj accelerating 
cavity as well as at, the exit of the drift tube linac part 
CLOO Me'.O of the accelerator are presented. The methods and 
tne. results of rf aspiiiudss and phases setting and a 
longitudinal emittar.ce sisasar^aents with the help of SSA are 
:iss"cr' '-sera. 

A longitudinal bunch dsr.sity distribution Ca bunch shape 
or a phase spectrum^ is one of the most important 
characteristics of an accelerated ion beam. An information 
about a buncr. shape in meson factory linacs is of special 
importance because these accelerators consist of different 
parts with multiple rf frequencies as well as dws to service 
restrictions on beam losses. Besides a bunch shape may be 
used to find other important parameters of a beam and of an 
accelerator for example energy spread. longitudinal 
emittar.ce, amplitudes and phases of" accelerating fields. The 
principle of operation and the design parameters of the 
bunch shape analyser are described in the first section of 
this paper. The results of bunch shape measurements at the 
exit of the first accelerating cavity C20 MeVD and the exit 
of the first part of accelerator C100 MsVO are presented in 
the second and in the third sections of this paper. Some of 
the information given is published earlier .''1,2,3,4/. 

1. Bunch shape analyser 

The schematic diagram, of the analyser is given in fig. 1. 
The beam studied passes through the target 1 and secondary 
electrons are emitted. The potential of the target is 
negative so the electrons are accelerated up to energy 4 keV 
by electrostatic field. Electrostatic lens 2 is installed 
downstream the collimator 2 to obtain a beam image at the 
collimator 5 plane. The transverse modulation of electrons 
is made by the deflector 4. The deflecting field is 
synchronous with the rf field in accelerating cavities. The 
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angle of deflection depends on the phase of deflecting 
field. As the time of flight of electrons from the target to 
the deflector is constant the collector S registers 
electrons knocked out by protons having a definite phase. 
That is the current downstream the collimator 3 is 
proportional to the number of particles in a definite point 
of longitudinal charge distribution. Total distribution is 
obtained by changing a phase of deflecting field. The 
secondary electrons are extracted at an obtuse angle to 
exclude S—electrons which can destroy the proportional! tv of 
electron current and bunch density. Moreover this geometry 
allows to measure a phase spectrum of a low energy ions when 

beam passing through the analyser initiates the lew voltage 
rf discharge in the deflector. As no practical means 
prevented this effect at 198.2 MHz it was decided to use the 
third harmonic 594.S MHz because in this case the operating 
voltage is less than the discharge threshold. To provide rf 
synchronization of deflecting field the phase reference line 
of accelerator is used. The power supply circuit includes 
Cfig.22 directional coupler, two mechanical phase shifters 
and frequency multiplier. The power consumption of the 
deflector is 1.5 w' Cf=5S4.5 MK:J. 

To measure a secondary electrons current downstream the 
collimator 5 a secondary electron multiplier 6 is used. It 
is possible to change the gain of multiplier adjusting the 
supply voltage. This allows to weaken the specifications to 
the following electronics and to provide bunch shape 
measurements in a wide range of current intensities. 

The following effects influence a phase resolution of 
the device: 
-nonzero image dimensions of the focused electron beam; 
-time delay of a secondary electron emission; 
-temporal structure distortion at the path from the target 
to the collimator 2 due to nonuniformity of electrostatic 
field and misalignment of the target; 
-temporal structure distortion due to initial energy and 
angular distribution of secondary electrons; 
-temporal structure distortion at the path collimator 2 -
lens 3 - deflector 4 due to nonzero dimensions and 
divergence of the electron beam; 
-instabilities of the target and the lens potentials; 
-space charge of both primary and secondary beams. 

However the detail consideration of the above effects 
has shown that their total contribution to the resolution of 
the BSA is less than 1° at a frequency of 133.a MHz. 

2. Phase spectrum measurements at the exit of the first 
accelerating cavity. 

The first phase spectrum measurements were made at the 
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"exit of the first accelerating cavity C20 Me\Q for pulse 
currents up to 40 mA pulse length 6. 10 s and pulse 
repetition rate IK::. 

Phase spectrum is a characteristic of a single bunch. 
At the same time the method of measurements is practically a 
stroboscopic one because different points of a spectrum are 
measured for different, bunches. The necessary condition of 
feasibility of the method is repetition of phase spectrum 
from bunch to bunch. Moreover there must be repetition of 
spectrum from pulse to pulse because different points are 
measured for different pulses. If a signal from the BSA is 
integrated the intrapulse instabilities of spectrum are 
--r/eraged. The repetition of the spectrum thus measured may 
be verified by simple multiple measurements using slow 
variation of a phase of a deflecting field. The results of 
measurements made are shown in fig.3. The repetition of the 
averaged phase spectrum from pulse to pulse is satisfactory. 
This fact proves that the measurements of this type are 
possible. After this the behavior of phase spectrum along 
the pulse may be found using slow variation of phase and 
measuring signal for different points of the pulse. The 
results presented in fig.4 show essential changing of phase 
spectrum along the pulse. 

One of the main components of the phase resolution is 
due to nonzero dimension of the electron beam AX ir. a 

u 
collimator 3 plane. This component depends on the amplitude 
of the deflecting field and may be written as 

AX 

" nX 

where X is a maximum displacement of electrons in the 

collimator plane, n is the harmonic number of the deflecting 
frequency Cn=32. An eroerimental value of X has been found 

from the measured phase spectra. To do this different 
potentials were applied to the electrodes at the lens in 
order to obtain a disDlacement of the imaae X from the 

u 
collimator 5 axis. If the deflector rf field phase is 
adjusted in a wide range the phase spectra measured are 
located biperiodicall y with the distances between the 
adjacent spectra 5 and $ C5 i $ , •$ +<E =2n/n'J. Fig. 5 

J ^ 1 2 1 2 1 2 ** 

shows the phase spectra measured. The maximum displacement 
X may be found as 

urn 
X 

x = 
tz. 1 

s i n — — 

For X =13 mm, $ = 3 1 ° , $ =89° t h e v a l u e o f X e q u a l s 
L I 2 Lm 
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4Smm. The following expression was used to find A-p : 

Jc n.\. L.O s«m La 
L,m 

where AX is a. theraoeiectron beam size at- the collimator 5 
L.O 

planeCAX < lmrrO, «5V i s a beam s i z e q rowth due t o i n i t i a l 
l-O sam 

energy and angular distribution of electrons. 6X , is a beam 
size growth due to deflector field nonuniform!ty. The values 
o:" a'/. and 6X - found from the calculations are equal to 
~ " w ' * *»•-* — — « w ~ - ~ - * «_...£.._.. .~- * — » - — i _ . ^ y - ^ ^ ^.. _ . *.i... 

summarized income of the ot-her components of the resolution 
without taking into account space charge influence of the 
anal;/-ed beam found from the calculations is about O. 3 . Tne 
final resolution is thus less than 0.9°. 

In order to take into account a space charge influence 
of a proton beam on an electrons motion the measurements of 
phase spectra have been done for 20 MeV and 20 mA beam with 
and without O.5mm collimating slit located upstream the 
target. The results of multiple measurements presented in 
fig.6 show negligible influence of a space charge of an 
analyzed beam on phase spectrum measurement in our case. 

The results of phase spectrum measurements were 
successfully used for precise determination of rf amplitude 
in the first cavity . The phase spectrum strongly depends on 
a phase advance lP of small longitudinal phase oscillations. 
If the bunchers are turned off a maximum value of signal I 

m 

i n a phase spec t rum and a minimum v a l u e of bunch l e n g t h a r e 
a c h i e v e d when lIJ = rc/'2+rrn Cn=0,1 . . . } . The v a l u e of lI/ =rz^^2+7n 
i s a c h i e v e d for E'=0. 995E . where E i s a nominal v a l u e . The 

o o 
phase spectra for different E are shown in fig. 7. The 
dependencies I CEJ and AFCED in the vicinity of E' are shown 

m 

in fig. 8. The value of E' does not depend on the injection 
energy because small longitudinal oscillations are 
considered. The analysis of experimental data has shown that 
the accuracy of the rf amplitude determination is better 
than +0. 2%. 

A strong dependence of a phase spectrum on the 
amplitude explains considerable changing of phase spectrum 
along the pulse Cfig. 4}. This variations are produced by 
mainly intra pulse variations due to beam loading. 

Unaccelerated particles are usually present at the exit 
of the first accelerating cavity of any ion linac. Phase 
spectrum measurements outside the bunch showed that in our 
case the fraction of accelerated particles is more than 99% 
even without bunchers. The experimental results of phase 
spectrum measurements carried out for different 
amplifications are shown in fig. 9. The flat top of the 
curves corresponds to the saturation of electronics. The BSA 
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sensitivity enables to measure a longitudinal beam halo 
containing about lO of a total number of particles. 

Some other measurements of phase spectrum were made at 
the exit of the first cavity. For example the measurements 
with bunchers off and on and for different gradients of 
quadrupole lenses were made. The measurements have shown 
that the bunchers da not strongly influence the bunch length 
at the exit of the first cavity and the value of bunch 
length is usually S0°+ 30° C99% of particles!}. The 
variation of focusing gradients in the drift tube quadrupole 
lenses resulted in changing of phase spectrum but the data 
available are insufficient to explain the effect. 

The phase advance and the decrement of longitudinal 
phase oscillations in the first, cavity is rather large so 
the phase portrait is d o s e to a canonical ellipse. The 
momentum spread Ap.-'p and the bunch length AF are connected 
as 

Ap AF drZ 

p _2 w 

where co is accelerating frequency, D is a phase oscillations 
frequency. If AF=aO°+ 30° then Ap/p=+Cl. 0-rl. 5D°i. 

3. Bunch shape measurements at the exit of the lOO MeV 
part of the INR linac. 

The first part of the INR linac C100 MeVD includes 5 
Alvarez cavities operating at the frequency of 1QS.S MHz. 
The disk and washer CDAW3 accelerating structure being used 
for higher energy operates at the frequency of 991 MHz. A 
phase size of the longitudinal acceptance of the DAW part is 
approximately five times smaller than in the Alvarez part of 
the linac. Hence there are special requirements to a bunch 
length of the 10O MeV beam. To decrease a bunch length as 
well as to damp coherent longitudinal displacements of 
bunches the last cavity of Alvarez part is used. The 
characteristic features of this cavity are relatively small 
length C6.4rrD and energy gain Co MeVO , relatively large 
synchronous phase C |<p|=60 } and a specific value of the 
longitudinal oscillations phase advance n/"3.. The combination 
of this cavity and the BSA provides good opportunities to 
study longitudinal beam dynamics as well as to match a 
longitudinal emittance with the acceptance of the DAW part 
of the linac. The results of the first bunch shape 
measurements at the transition region are presented in this 
section. The length of the transition region is equal to 
1. Sm, the BSA is installed 1.5m downstream the fifth cavity 
exi t. 

The BSA was used to set rf amplitude in the fifth 
cavity. The method is based upon the measurements of phase 
displacements of bunches A<p vs phase shift of rf field in 
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t h e c a v i t y Ap . T h e f u n c t i o n Ap^CAp ~3 i s l i n e a r i n t h e 

v i c i n i t y o f p ~ - 9 0 ° a n d i t s t i l t d e p e n d s u p o n t h e r f 

a m p l i t u d e . F i g . 1 0 s h o w s a c a l c u l a t e d r a t i o Ap /Ap v s 
b 3 

amplitude for the point of BSA location. The measured phase 
spectra and their relative positions for &<p equal to 0°, 5° 
and 10 . are presented in fig. 11. The Ap, CAp 'J function is 

b 5 
shown i n f i g . I S . D i f f e r e n t p o i n t s f o r t h e same Atp v a l u e s 
c o r r e s p o n d t o a r i t h m e t i c a l means o f p h a s e p o s i t i o n s o f l e f t 
aiiu r i a n t s c ^ n a a r i e s m e a s u r e d f'•— Q. 1 » O . 2 . . . . 0 . 9 l e v e l s o f 
p h a s e s p e c t r a . C o m p a r i n g t h e rrns f i t t e d s t r a i g h t l i n e t i l t 
3;y^ t h e t h*?cr 9T i c n i da*-a *~f i o . 1 0Z* c*r;r? c^tn f i nd th<? va 1 u^ o f 
r : a m p l i t u d e . The v a l u e of r : ' a m p l i t u d e m t h i s e x p e r i m e n t 
•a/as 3?-s l a r g e r t h a n t h e n o m i n a l o n e . I f t h e rf a m p l i t u d e i s 
v a r i e c t h e t i l t of t h e e x p e r i m e n t a l s t r a i g h t l i n e c h a n c e s 
a c c o r d i n g t o t h e t h e o r e t i c a l f u n c t i o n . The a n a l y s i s of t h e 
e x p e r i m e n t a l d a t a h a s shown t h a t t h e a c c u r a c y of r f 
d e t e r m i n a t i o n i s ^1X. 

To s e t r f p h a s e o f a c c e l e r a t i n g f i e l d i n t h e f i f t h 
c a v i t y p t h e d e p e n d e n c e o f b u n c h l e n g t h AF vs p may b e 

"5 *5 

used. The calculations have shown that the minimum value of 
AF is cbtair.se; at a linear part of cosine accelerating wave. 
The value of p corresponding to a minimum value of AF 

3 

almost doss not depend on the rf amplitude and is 
approximately equal to -100 . The experimental function 
AFC p 2 measured at Q.1 level of a maximum chase soectrum 

5 ' • 

value is shown in fig.13. The accuracy of a phase 
determination is about several degrees. The experimental 
function presented appeared to be useful both to understand 
a beam dynamics and to preliminary determine rf phase. But 
the measurement of this function is rather long time and 
laborious process so this method of rf phase determination 
was not used in our subsequent work. 

Fig.14 shows a typical bunch shape measured for the 
nominal parameters of a field in Alvares part of the linac 
and bunchers off. The bunch length is smaller than the 
acceptance of the DAW structure C100°, f=9Sl MH=D.The thin 
structure of bunches at the exit of Alvarez part of the 
linac is only just distinguished. This bunch shape was 
measured using integration of signal . A beam loading leads 
to a systematic changing of rf amplitudes and phases and to 
coherent displacement of bunches during the pulse. So a real 
bunch length must be smaller than that measured with the 
integration of the signal. The bunch shape measurements made 
for different moments of time during the pulse indicated 
coherent displacements but their values for peak current 
10mA appeared to be smaller than those predicted by 
computer simulation. 

The BSA and the fifth cavity as a bunch rotator were 
used for restoration of a longitudinal phase ellipse/5,6/. 
The coefficients A, B, and C of the ellipse 
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may be. determined if three bunch lengths for three different 
known amplitudes of rf field are measured. Here \(t=tp—tp -. 

c 

h=Cp—p y/p » <p and p , tp and p are phase and momentum of a 
c c c c 

particle at , a center and at a boundary of an ellipse 
accordingly. The motion of particles is supposed to be 
linear and to be described by a. known matrices MCi=1.2.-33. 
The expressions for the ellipse parameters determination are 
the foilewing: 

dCk -k : ^a - . 2 - k 2 " J 

C=4-
d2Cg2-g5-f-4dCk a 2 -k | ) H C k V - k Z a ! 3 

3 2 3 1 1~2 2 1 1~2 Z~l 

B=CCd}.-'2 

wher e 

r 
mm 

- e l e m e n t 

A' 

d 

k 

3 

B2 gZ -2Bk -CkZ 

1 l i 

, 2 , 2 2 ^ t l 2 . 2 k •- g - g 5 + k <_g • 
1 3 2 3 3 2 3 3 

k Cg2-q2D+k Cq2-
1 3 3 - 2 2 " I 

- r . ' r 
2 2 t 1 2 1 

<> 

•*} 

9- ~ 
L 

of M ~\ AF - b u n c h 

2 2 
+k Cg -

3 a i 

+k Cg 2 -
3 a 2 

AF r 2 i 
i 

2 

• < * 

'3? 
r 

1. 1 2 V 

l e n g t h e s . 

r 

- r 

1 2 i 

l i t . 
r 

2 2 > 

In the fifth cavity the condition of linear motion for 
injection phases near -lOO is kept in a wide range of 
amplitude variation from zero up to a maximum possible 
val ue. 

The computer simulation of beam dynamics has shown that 
the AF. values should be measured at the lowest possible 

level of phase spectrum because only in this case a 
longitudinal phase portrait is approximated by an ellipse 
satisfactory. In this case the phase ellipse determined 
includes nearly 100% of particles. Fig.IS shows the 
experimental phase spectra for the fifth cavity accelerating 
field levels E =0, E =0. 7E and E =1. 3E , nominal parameters 

1 2 O 3 O r 

of rf fields in the upstream cavities and the bunchers off. 
The restored ellipse at the entrance of the fifth cavity and 
the ellipse transformed to the entrance of the DAW part of 
the linac are presented in fig.16. 
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Conclusion 
Various opportunities to study accelerated beam 

parameters and to determine nominal accelerating field 
values in ion linacs with the help of BSA are described. The 
results of phase spectrum measurements at the energies of 
20MeV and lOOMeV. longitudinal emittance determination and 
nominal rf phase and amplitude setting are presented. 
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A Real Time Bunch Length Monitor using Beam Spectrum 
for the TRISTAN AR 

T. leiri 
KEK, Oho 1-1, Tsukuba-shl, Ibaraki-ken, 305 Japan 

ABSTRACT 

The bunch length can be measured by the comparison of two 
Fourier components of the beam. This technique has been applied 
to an electron bunch in the TRISTAN Accumulation Ring (AR). 
Since the rms bunch length of the AR is in a range from 1 cm to 4 
cm, detected frequencies are in the Gigaherzt region. Two 
heterodyne receivers have been constructed and tested using rf 
signals and beam pulses. It is confirmed that this monitor can 
measure an rms bunch length of 1 cm with an accuracy of 10 % 
with a dynamic range of 25 dB. Bunch lengthening with 
quadrupole synchrotron oscillations was observed at the injection 
energy of 2.5 GeV. 

1 . In t roduc t ion 
Bunch lengthening is one of the most important issues in 

electron/positron rings from the aspect of beam dynamics. In the 
AR, bunch lengthening actually occurs " I . Anomalous bunch 
lengthening phenomena are also observed when two bunches or 
more are stored 2 . It is expected that the bunch length should be 
measured dynamically to understand these phenomena. The bunch 
length has been measured using the synchrotron light by a streak 
camera, whereby an rms bunch length is obtained from a stored 
longitudinal profile 3 . This method has an advantage of detecting 
a charge distribution. However, it is difficult to follow 
dynamical changes of the bunch length, for instance, when bunch 
length oscillations occur. 

In order to measure the bunch length more easily in real time, 
a bunch length monitor has been proposed in the AR using the 
method of detecting Fourier components of the beam 4,5. A 
monitor for real time measurement of the bunch length has been 
constructed with a stripline electrode of 30 cm in length. This 
note describes a design of the monitor, characteristics of 
detector electronics and some results obtained from an electron 
bunch. 
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2. Design of the Monitor 
The AR is an injector for the TRISTAN Main Ring, an electron 

and positron collider, and also an electron storage ring for use of 
synchrotron radiation. Main parameters related to the monitor 
are summarized below: 

1 .RF Frequency fRF = 508.58 MHz 
2.Revolution Frequency cory2jt = 794.6 kHz 
3.Number of Bunches 1 
4.Natural rms Bunch Length o| = 1.0 - 2.0 cm 
5.Synchrotron Frequency fs = 20 - 40 kHz 
6.Beam Current lD ~ 50 mA max. 

Assuming a Gaussian longitudinal charge distribution of rms 
bunch length a\, the Fourier component of the n-th harmonic is 
given by 

V(nfl)0) = 2V0. 6 x ^ - ^ 0 ) ^ / 2 ] 
(1) 

Here n is integer, V(ncon) is induced voltage on an ideal beam 
pickup and VQ is the DC component. The rms bunch length is 
obtained from the ratio between two Fourier components as 

_ 2 m f W ] 
(i-rf.) > 8 ( W , (2) 

where V^ and V2 are Fourier components at n-j -th and n2-th 
harmonics of the revolution frequency and n2 > n-j. 

When designing this monitor, we must consider two things. 
The first one is what kind of pickups we should use to detect the 
beam signal. It is desirable for the pickup to have wide and flat 
frequency response up to a few Gigaherzt. The pickups already 
installed in the AR, striplines, button electrodes and current 
tranformers (CT) are considered. The button has high-pass 
characteristic and the CT has low-pass characteristics. The 
stripline installed at A042 seems to be satisfactory. 

The second one is which harmonics we detect to measure the 
expected bunch length. The frequency response of the stripline 
of 30 cm in length has high sensitivity to the beam around 
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frequencies of 250 MHz, 750 MHz, 1250 MHz, 1750 MHz and so on. 
Detected frequencies are chosen among them. We select the 250 
MHz component as the lower frequency component, because it is 
hardly affected by the bunch length. Though we want to use a 
frequency component above 2 GHz as the upper frequency to 
detect the minimum bunch length of 1 cm, it is limited by the 
cutoff frequency, 1.63 GHz, of the vacuum pipe. Therefore, the 
upper frequency is chosen to be 1.62 GHz. The expected bunch 
length is in the range from 1 cm to 4 cm. When the bunch length 
is 1 cm, the amplitude ratio between 250 MHz and 1.62 GHz 
components is 0.5 dB, which will require a detector with 
resolution of 0.1 dB or 1%. 

The stripline is also sensitive to transverse beam position. 
However, position dependence will be cancelled out by the ratio 
between 250 MHz and 1.62 GHz components if the dependence is 
independent of the picked up frequencies. 

3. Detector Electronics and Performance 
A block diagram of the detector is shown in Fig.1. The beam 

signal from the stripline is divided into two paths. One goes 
through the Band Pass Filter (BPF) of 250 MHz and the other of 
1.62 GHz. The BPFs have the same bandwidth of 10 MHz to get 
comparable transient responses. The detector is composed of 
two identical heterodyne and synchronous receivers/detectors, 
and an analog calculator unit (ACU) using AD538. The 
heterodyning lowers the input frequencies to 10.7 MHz with two 
stages of mixers. Local oscillator signals of 320 MHz and 1690 
MHz are produced from multiplied RF frequency and crystal 
oscillators, and fed to the mixers. The synchronous detectors 
convert 10.7 MHz rf signals into DC levels with a bandwidth of 
160 kHz. The ACU calculates a square root of log-ratio to get a 
signal propotional to a bunch length. The voltage gain is 
adjusted so that a conversion coefficient from the output voltage 
to a bunch length is 1 cm/V. An output signal of the ACU is fed 
to a ADC and/or to a scope for measuring a transient phenomenon. 
Signal gains between the 250 MHz and the 1620 MHz lines should 
be equal including a cable loss. A gain difference between the 
two receivers will produce an offset at the output of the monitor. 
An variable attenuator, ATT-2 is installed in the 250 MHz 
receiver line to compensate a gain difference with a 0.25 dB step. 
An expected attenuation of ATT-2 is 7.0 dB, which agrees with an 
actual setting of 7.25 dB. 
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Fig. 1 Block Diagram of Detector 

In order to check static characteristics of the detectors, a 
pulse-modulated rf signal is applied to the heterodyne receivers. 
The rf frequencies are 250 MHz or 1.62 GHz. The pulse length of 
140 ns corresponds to ringing duration produced at the BPFs with 
bandwidth of 10 MHz. DC output voltage of the synchronous 
detectors was measured as a function of rf input level. Results 
are shown in Figs. 2. Both characteristics are almost same 
except a gain difference of 1.3 dB. The linearity of the detector 
is within 2-3 % in a 30 dB range. However, it increases to 9 % in 
a -40 dB level. This nonlinearity occurs at the synchronous 
detectors. Though this large nonlinearity is a problem, we may 
expect that an error of the ACU output will be reduced since the 
nonlinear characteristics are same between the detectors. 

In order to check static characteristics of the ACU, two DC 
voltages,V1 and V2 were applied to it and output voltage of the 
ACU was measured. Fig.3 shows expected bunch lengthes 
together with calculated values as a function of V1 and as a 
parameter of voltage ratio, V1/V2 . We see that an error of the 
ACU is within 10 % in a range of 30 dB. When V1 and V2 are 
comparable such as V1/V2=1.02, however, which corresponds to a 
bunch length of 0.6 cm, an output error is very large as an input 
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level decreases. A transient response of the ACU was measured 
by applying a pulse to it, which showed a rise time of 2 lis . 

Whole characteristics of the monitor were tested using a 
beam pulse at the beam energy of 6.5 GeV, where the beam is 
stable and a bunch length is almost constant. A result is shown 
in Fig. 4, where equivalent bunch lengthes controlled by the ATT-
2 are measured as a function of an input attenuation, ATT-1. We 
see that the equivalent bunch lengthes are reliable with an 
accuracy of 10 % within a beam current range of 25 - 35 dB. 
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of the Bunch Length Monitor 
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lb= 24- 28 mA. 

4. Observation of Bunch Length 
A bunch length measurement was done during a beam fill at 

the injection energy of 2.5 GeV. Fig. 5 shows an average bunch 
length measured with a Digital Volt Meter as a function of beam 
current. An accelerating voltage, Vc is also shown. The Vc is 
programmed with beam current to get a stable beam fill. A 
measured bunch length at the measurable lowest beam current is 
consistent with a theoretical natural bunch length. Bunch 
lengthening was observed without threshold current, especially 
below 5 mA. It is remarkable that the bunch length jumps from 
2.2 cm to 2.5 cm at 3 mA. Coherent oscillations at twice the 
synchrotron frequency started just after the jump, which was 
measured with a spectrum analyzer . We expect that a bunch 
rotates in phase space; bunch length oscillations. At 5 mA, the 
bunch length was shortened by an increase of Vc. Dipole and 
quadrupole synchrotoron oscillations were dominant above 5 mA. 

In conclusion, it is possible to measure a bunch length of more 
than 1 cm in real time with an accuracy of 10 %. The 
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measurement is available within a dynamic range of 25 dB - 35 
dB. Since this monitor has a fast response and its noise level is 
so small that we can detect a small variation of a bunch length 
with a resolution of 0.01 cm and a bandwidth of 100 kHz. This 
monitor will be useful for beam dynamics experiments and 
adjusting RF parameters. 
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Fig. 5 Measured 
Bunch Length and 
Accelerating RF 
Voltage vs. 
Beam Current 

at E=2.5 GeV. 
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1. Introduction 
The Advanced Photon Source storage ring at Argonne is designed to operate at 7 

GeV with an operating current of 100 mA, and has a circumference of 1104 meters. 
Along this circumference will be placed 360 beam position monitoring stations, each 
composed of four button type capacitive pickup electrodes. The injector synchrotron, 
which is exactly one third the circumference of the storage ring, has BPM's that are also 
of the button type, and a total of 80 stations are planned. Shown in Table 1 are accelera
tor parameters relevant to diagnostic instrumentation design. 

Table 1 - Accelerator Parameters for Diagnostics 

Parameter 
Energy (GeV) 

RF Freq. (MHz) 
Harmonic No. 

Min. Bunch Spacing (ns) 
Rev. Period (jis) 
No. of Bunches 

Max. Single Bunch Current (mA) 
Bunch Length (2a) (ps) 

Damping Times Th v (ms) 
Tunes vh,vv 

Damping Time t s (ms) 
Synch. Freq. fs (kHz) 

Storage Ring 
7 

351.93 
1296 
20 

3.68 
1-60 
5 

35-100 
9.46 

35.22,14.30 
4.73 
1.96 

Inj. Synch. 
.45-7 
351.93 

432 
1228 
1.228 

1 
4.7 

61-122 
2.7 @7GeV 
11.76,9.80 

1.35 @7GeV 
21.2 

A measurement accuracy of ± 200 Jim 
for the storage ring is required relative to 
the magnet:i centerline of adjacent sextu-
pole magnets, with a required resolution of 

* Work supported by the U.S.Department of Energy, 

Office of Basic Energy Sciences, under Contract No. 

W-3M09-ENG-38. 

better than 25 Jim. The reason for the tight 
accuracy specification is that, at commis
sioning, the dynamic aperture of the 
machine approaches the physical aperture 
when the rms placement error of the sextu-
pole magnets is equal to 200 |im. After 
commissioning, the insertion device 
vacuum chambers (1.2 cm vertical full 
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aperture) will be installed and become the 
limiting aperture. 

In addition to measuring the beam 
position of stored positron beams, the BPM 
system must have a first turn capability for 
commissioning. The accuracy specification 
for the storage ring BPM measurement in 
first turn mode is ±500 |im with a resolu
tion better than ±200 nm. At this time, it 
is planned to also incorporate turn by turn 
capability in both the storage ring and 
injector synchrotron designs. Accuracy and 
resolution specifications for the injector 
synchrotron are ±500 nm and ±100 jam, 
respectively. 

2. Beam Position Monitor Mechanical 
Design 

The pickup electrode design is similar 
to mat developed at ESRF in Grenoble, 
France, and being used in the Elettra 
machine in Trieste, Italy. A high vacuum 
feedthrough with a small (.425" dia.) but
ton attached on the vacuum side is welded 
into a 1.33" diameter flange. Alumina 
(AI2O3) is used to insulate the center pin of 
the feedthrough and provide a good RF 
match. The flange is machined to accept a 
Helicoflex vacuum seal. Mounting the 
feedthroughs on individual flanges allows 
convenient replacement of defective units. 
Specifications for the pickup electrodes to 
be used in both the storage ring and injec
tor synchrotron are shown in Table 2. 

Table 2 BPM Feedthrough Specifications 

He. Leak Rate 

Bakeable to 

VSWR@ 6(12) GHz 

Diel. Strength @ 60 Hz 

< 10"1U atm-cc/sec. 

400 °C 

< 1.04 (1.08) 

> 1500 Volts 

Two complete injector synchrotron 
BPM prototypes, each having four button 
type pickup electrodes, were fabricated for 
electrical testing. One such device is 
shown in Figure 1. The BPM was 
machined from a solid block of AISI 316L 
stainless steel using a wire EDM technique 
in combination with NC machining. The 
inner bore is elliptical with major axis 3 
cm and minor axis 1.85 cm. The overall 
length of each prototype is 10.2 cm. 

Figure 1. Injector Synchrotron BPM 

The storage ring vacuum chamber is 
an aluminum extrusion with a roughly 
elliptical inner bore near the positron beam, 
a photon exit slot, and an antechamber con
taining NEG pumping strips'1'. The pickup 
electrodes will be mounted on machined 
flats surrounding the positron side of the 
chamber. They will be located with a 
tolerance of ±.004"(±100 p.m) relative to 
the positron chamber center. 

3. BPM Electrical Characterization 

The electrical characterization of BPM 
assemblies consisted of measuring button 
capacitance, calibrating the assembly using 
a coaxial wire technique, and finally 
extracting electrical offsets from button to 
button transfer function measurements for 
comparison with those determined using 
the wire calibration. The final step is 
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important since it provides the possibility 
of determining offsets in the accelerator 
tunnel under vacuum in the final 
configuration using only the burtons them
selves and their associated cabling. 

A. Button Capacitance Measurement 

A time domain reflectometer tech
nique was used to measure button capaci
tance. The time constant of the exponential 
reflected waveform resulting from a step 
function input yields the capacitance 
according to x = RC, where R is the 
characteristic impedance of the coaxial line, 
50 £i. 

Figure 2. Button Pickup TDR Measurement 

Shown in Figure 2 are data measured 
in this fashion. Notice the absence of any 
parasitic resonances, indicating that the but
ton is a pure capacitor up to very high fre
quencies. The TDR rise time was less than 
20 ps for this measurement The data was 
fit to a function K(l - e- l /x) by first sub
tracting K and performing a linear least 
squares fit to the logarithm of the exponen
tial term, accurately determining T. 

Typical results using this technique 
showed that a button capacitance of 
approximately 5 pf could be measured with 
a standard deviation for random errors of 
±.05%, or ±2.5 femtofarads. Disconnecting 
and reconnecting the button from the cable 

would typically shift the measured capaci
tance by about 10 femtofarads. Using a 
different SMA F-F adaptor moved the 
measured value by 4%, presumably 
because of the change in characteristic 
impedance of the line, which was assumed 
to be exactly 50 $2. 

B. Coaxial Wire Calibration 

Shown in Figure 3 is the test stand 
used for calibration of the injector synchro
tron BPM's. The BPM block was mounted 
on an x-y translation stage, with a .012" 
dia. steel music wire strung coaxially. 
Both ends of the wire were attached to 
SMA bulkhead connectors. A 4:1 ferrite 
impedance transformer and 133Q parallel 
trimming resistor were used on the input to 
approximately match the 50Q input line to 
the 320CI wire/chamber impedance. On the 
output, a 270J2 carbon resistor was placed 
in series to match into the 50O output line. 
This matching scheme proved adequate 
over the range DC - 400 MHz. 

Figure 3. Injector Synchrotron BPM Test Stand 

A spring tensioning device was 
located on the left hand side, and on the 
right was a manual x-y stage for precise 
wire alignment During data collection, 
aluminum foil RF shields were wrapped 
around the elliptical ends of the BPM 
block, to within about 0.5" of the ends of 
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the wire, extending the elliptical transverse 
profile. 

The buttons were multiplexed in a 
mechanical SP4T switch shown at lower 
right. Calibration was performed at the 
APS RF frequency, 351.92 MHz, using a 
network analyzer. Button voltages ("A") 
were normalized using the transmitted RF 
waveform ("R") coming out the right hand 
side of the test stand (producing "A/R"). 
Because the 210C1 series resistor provides a 
reasonable RF match, the current flowing 
into the network analyzer "R" input is 
essentially the same as mat flowing on the 
wire. Therefore the coupling impedance, 
defined as the button output voltage into 50 
Q. divided by the beam current (or wire 
current), is simply the fraction "A/R" mul
tiplied by 50 Q. 

0.01 0.51 1.01 
Frequency (GHz) 

FiRure 4. Inj. Synch. BPM Coupling Impedance 

Shown in Figure 4 is the measured 
coupling impedance of the injector syn
chrotron BPM over the frequency range 
10MHz to 1.01 GHz for a typical button 
with the wire centered. The smooth curve 
in Figure 3 is the theoretical coupling 
impedance'2!. The expected 3 dB point, 
1/2TIRC, is at about 530 MHz in this case. 
The high frequency data is an overestimate, 
simply because the 270f2 resistor provides 
a poorer match at high frequency, making 
"R" smaller, and "A/R" larger. 

In Figure 5 is shown a contour plot of 
measured data from the test stand. Plotted 
as a function of transverse wire position XQ 
and y0 are the quantities Ay/Z and A^/Z, 
where Z is the sum of the four button vol
tages, Ay is the difference between the top 
and bottom pairs of button voltages, and A^ 
is the difference between left and right 
hand pairs. Here x and y take on the usual 
accelerator conventions (note that figures 1 
and 3 show the monitor rotated by 90 
degrees relative to its final installed orienta
tion). The data are in agreement wim 
theoretical calculations to ± .0043 AJ2. 
units and ±.0033 A^/Z units rms t 2 l 

j / - ^ > ^ T j J j r P ^ V \ , Sensitivities 

°'̂ J7 l̂2--r_rTi r^^-i~v Measurement 
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Figure S. Injector Synchrotron BPM Calibration 

C. Button-Button Transfer Function 
The beam position monitor test stand 

described in the previous section for APS 
injector synchrotron BPM calibration was 
also used as a test bed to determine the 
accuracy and reliability of a technique 
pioneered at Berkeley by Lambertson'3 ' 
and Hinkson14 ' for the determination of 
electrical offsets by non-invasive means. 
By measuring the twelve button to button 
transfer functions between the four button 
pickups, ratios of relative gains can be 
extracted, equivalent to electrical offset 
determination. The technique necessarily 
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includes some assumptions, such as sym
metry and impedance matching on network 
analyser ports. Using this technique, Hink-
son has shown offset determination with an 
accuracy of better than ±100 jim '4L 

Shown in Table 3 are comparisons 
between offsets determined using the wire 
and using the Lambertson button-button 
transfer function method. Three button 
configurations were characterized; starting 
from configuration 1, the pickups were 
transposed across the x plane (config. 2), 
and then the y plane (config. 3). 

Table 3 Comparison of Offset Data (um) 

Conf. 

1 
2 
3 

*w 
-150±6 

-167 ±4 
81 ±4 

Yw 
103±13 
185+4 
189±6 

— * — 
XL -159 

-152 
73 

yL 
100 
194 
189 

* Typ. Meas. errors were < 3 u,m. 

The relative button voltages caused by 
a current flowing on a mechanically cen
tered wire determines the "true" electrical 
offsets. The ordered pair (xw,yw) is, by 
definition, die displacement of the mechani
cal center relative to the electrical center, 
measured using the wire technique. The 
values xL and yL are similarly defined for 
the button-button transfer function tech
nique. For both measurements the SP4T 
RF switch was used. Its insertion loss was 
measured and corrections were made to the 
data. 

The measurement of button to button 
transfer function should be done with the 
wire completely removed from the 
chamber. This was extremely incon
venient, since reinstallation of me wire 
involved a tedious realignment procedure. 
The presence of the wire was found to 
have a large effect on the button to button 

transfer function when placed near the 
center of the chamber. However, it was 
found that by locating the wire at the 
chamber edge, the effect was greatly 
reduced, and that by averaging the meas
ured values with the wire placed at positive 
and negative extremes, the effect could be 
eliminated. To place the wire at the 
chamber edge, the dc resistance between 
wire and chamber was measured. As soon 
as me wire touched the chamber, a short 
was produced. This also gave a very accu
rate way of finding the mechanical center, 
since the stepper motor setpoints at positive 
and negative chamber extremes could be 
determined to within 2.5 |im. 

4. BPM Electronics 

The design of APS BPM electronics 
is still in the R&D stage; a block diagram 
of the preliminary design is shown in Fig
ure 6. This scheme consists of a mono-
pulse AM to PM conversion technique. 
The RF front end consists of matched 
351.92 MHz 5% BW ringing filters which 
are combined in a comparator network. 
The comparator network consists of four 
180 degree hybrids connected in such a 
way as to extract horizontal and vertical 
differences (A^AA and a sum signal (£). 

Cavity resonator filter technology is 
presently being considered for the front end 
due to thermal stability and relatively high 
power requirements. The measured 
impulse response of a Chebyshev type cav
ity filter is shown in Figure 7. 
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Figure 6. APS Beam Position Monitor Electronics Preliminary Design 

The input pulse used to excite the 
filter was a 170 mV high 200 ps duration 
square pulse with rising and falling edges 
having rise and fall times less than 25 ps. 
This pulse was produced by combining two 
opposite polarity TDR step functions in a 
broad band power splitter/combiner. By 
adjusting the relative delay between TDR 
channels, flat top pulses having durations 
of zero to 200 ps could be produced. 
Bessel type cavity filters will be considered 
for future prototypes due to their good time 
response and phase linearity. 

Figure 7. Impulse Response of 351.92 MHz BP Filter 

Ferrite hybrids are presently being 
considered, due to the fact that the A and £ 
signals come out in phase as opposed to 

stripline "rat race" hybrids which have a 90 
degree phase difference between output 
ports. Stripline "rat race" hybrids take 
differences simply by delaying one line by 
180 degrees and then surnrning widi the 
other line. For die bandwidth of the 
bandpass filters being considered (Q = 20) 
a true real time difference is required. A 
differencing transformer performs this 
function and is essentially what a ferrite 
180 degree hybrid is. Problems associated 
with ferrite saturation are presently under 
investigation. 

At this time it is planned to locate the 
bandpass filters and hybrids (the "RF front 
end") in the accelerator tunnel near the 
BPM button pickups. Short coaxial cable 
jumpers will be used to connect the buttons 
to the filters. The RF front end is perhaps 
the most critical component in the orbit 
measurement system, since errors intro
duced at this point limit die achievable 
accuracy of die position measurement 
Because of the large quantities involved, 
the matching of front end components is 
planned to be accomplished through meas
urement and sorting of pickup buttons, 
coaxial cable jumpers, and filters. 
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It may be necessary to place matched 
attenuators in front of the filters to reduce 
the effects of multiple reflections for out of 
band frequencies, specifically very high fre
quencies. The positron bunch contains fre
quencies as high as 30 GHz. Problems 
could result if the short coaxial jumper 
were to resonate at some harmonic of the 
bunch repetition rate. Measured peak vol
tages at Cornell's 5-GeV collider, which 
has bunch length and total bunch charge 
comparable to APS, can exceed 200 
volts'51, and the dielectric strength of the 
APS button pickups is 1500 volts. (The 
planned maximum current per bunch for 
APS is a factor of six lower than that pro
ducing 200 volts peak in CESR). 

Upon exiting the hybrid comparator 
network, the A and Z signals are transmit
ted along coaxial cables to electronics racks 
placed on top of the APS storage ring tun
nel. At diat point, the signals are down 
converted to 70 MHz, and 90 degree 
hybrids are used to extract signals Z + jAy, 
jZ + Aj. Phase detection between the two 
signals and jZ, Z, respectively, produces 
signals proportional to horizontal and verti
cal beam position in the small signal limit 
The exact formula for the output signal 
voltages E, y for this circuit is 

e,,y = cos[tan-]( - ? - ) ] = > * .(1) 
Ax.y Vl2 + A£y 

These signals occur on a pulse by 
pulse basis. It is planned to digitize the 
peaks of these signals and store them in 
local memory on a turn by turn basis. An 
important issue concerning bandwidth is 
that the ringing filters must have damped to 
zero prior to the arrival of the next bunch, 
but digitization only occurs once per turn. 
Therefore it is important to sample the 
peak very quickly, but analog to digital 

conversion of die sampled value can take 
place over a much longer period. For 
APS, the revolution period is 3.68 psec 
(conversion time), and the nominal bunch 
spacing is expected to be about 60 nsec 
(sampling time) for 60 bunches. Note that 
60 ns is about 20 oscillations at 351.92 
MHz, hence the Q of 20 for the bandpass 
filters. Clearly, some signal overlap 
between bunches will occur at spacings 
less than 60 nsec, but this effect diminishes 
rapidly for fewer bunches. 

In addition to the normalized position 
signals, the bunch intensity will also be 
digitized and stored in memory on a turn 
by turn basis. Also, one has the option, by 
manipulation of sampling triggers, of "cog
ging" through the bunches, so that adjacent 
values stored in memory correspond to 
adjacent bunches. This can be done by set
ting the sampling period equal to the revo
lution period plus or minus one bunch 
spacing. 

The RF, data acquisition, and digital 
electronics located on top of the tunnel are 
planned to be constructed as VXI compati
ble plug-in modules. The VXI (VME 
extension for Instrumentation) architecture 
is an IEEE standard commonly in use for 
electronic automatic test equipment. The 
standard provides specifications for crate 
geometry, power supplies, cooling, and 
back plane plug definition in addition to the 
built in VME computer bus standard. This 
arrangement will allow convenient interfac
ing with the APS controls system, which is 
based on the VME bus. 

5. Conclusion 

Calibration of the APS injector syn
chrotron BPM pickups are complete, and 
results agree well with theory. The tech
nique developed by Lambertson and Hink-
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son for non-intrusive electrical offset deter
mination shows promise of working down 
to the 25 |im level or better. This has been 
tested using the slotted Berkeley ALS 
chamber by Hinkson and will be investi
gated further with the APS storage ring 
BPM test stand which is under construc
tion. Work is proceeding on BPM electron
ics design using monopulse AM/PM 
conversion. 
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Beam Position Measurements 

at the SIS 
A.Peters, GSI Darmstadt, Germany 

Introduction 

In. the early 80ies a decision was taken to extend the existing accelerator facility of GSI, 
i.e. UNILAC. The intention was to increase the energies achieved so far - a maximum 
of 20 MeV/u - by the factor 100. As from 1986, two new accelerators were designed 
and constructed (see Table 1, Fig. 1). 

Machine circumference 
Maximum bending power 
Maximum energy 
RF frequency 

SIS 
216.72 m 
18 Tm 
1 - 2 Gev/u 
0.8 - 5.2 MHz 

ESR 
108.36 m 
10 Tm 
0.5 - 1 GeV/u 
0.8 - 5.2 MHz 

Table 1: SIS and ESR parameters 

Figure 1: The GSI accelerator facilities 
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Non—destructive position measurement of the ion beam was imperative for both acce-
laiator rings. In order to determine a satisfactory description of the orbit, the measur
ing system was to consist of 12 monitors each for SIS and ESR. 

Design of the measuring probes 

When the measuring system was planned, the choice fell on capacitive probes con
sisting of four plates with diagonal slits (material MARCOR-ceramic, copper-plated). 
Leaving aside all marginal eifects, you can imagine the position measurement as simple 
as that: a charged particle influences a signal on the plates which is proportional to 
the distance covered (see Fig. 2). 

Beam. 
above the plates 

— • ) A x p—Displacement 

Figure 2: Principle of position measurement 

From this, it can be derived that 

o . Difference signal for a displacement Ax 
Sum signal 

or 

C _ AZ _ 2 * Ax 
^ ~ L - B 
This means that the standardized difference signal also is proportional to the displace
ment of the beam from the reference orbit. This applies independent of the intensity 
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distribution, within a bunch. As regards the electrical processing of the signals, a high-
impedance system was preferred to a low-resistance system since it offers the following 
advantages: 

• the sensivity is 10 to 20 times higher 

• the dynamic range is considerably better. 

The disadvantages entailed by this option are that one must know the exact size and 
capacities of the entire probe arrangement. The properties of each monitor were accu
rately measured in a test procedure and are taken into account as specific constants in 
the calculation of positions. 

Plate length 120 mm 
Plate width 200 mm 
Plate distance 70 mm 
Capacity 200 pF 

Table 2: Position monitor parameters 

The measuring system 

The entire control of the machinery and the related measuring processes are triggered 
by a timing control unit; as regards the position measuring system, a so called timing 
generator is used (see Fig. 3). One of its main tasks is to provide the necessary gates for 
the analogue signals. For the technical implementation, a programmable GaAs-RAM 
(16*256 byte) was used and read out at 40 times the RF frequency per cycle. Thus it is 
possible to measure the position of the bunch from cycle to cycle in the following way: 
the analogue electronic permanently sets the baseline of the signal at zero, so that the 
bunch signal can be integrated by using the gates. This is effected synchronously for 
all 4 plates. The integral values thus obtained are processed by rapid 12-bit-ADCs and 
stored in an 8 kRAM memory so that the connected VME computers can calculate 
1024 positions each in the horizontal and vertical direction per monitor and machine 
cycle. These data are made available to an evaluation program via Ethernet. 

Examples for measurements 

Let me illustrate the capabilities and properties of the position measuring system at 
the example of some measurements. Fig. 4 shows the results of four different closed-
orbit-measurements recorded at machine experiments last November. Without orbit 
corrections, there are radial beam oscillations in the range of ± 15 mm. Three different 
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Figure 3: The beam position measurement system 
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Figure 4: Closed-orbit-measurements in dependence of correction coil settings 
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settings of the correction coils were tested on that occasion. The optimum setting can 
be clearly recognized and shows a 50 per cent reduction of the oscillation to ± 7 mm. 

Another measurement in particular shows the resolution of the system. The ion beam 
in orbit - here: 2 0Ar1 8 + , accelerated from 11.4 MeV/u to 250 MeV/u - was excited 
to produce moderated betatron oscillations by means of a Q-kicker. A synchronous 
position measurement is to be seen in Fig. 5 The horizontal and vertical positions at 
one monitor were followed for 250 orbits and analysed by means of a discrete Fourier 
transformation. This is a way to determine the non-integral part of the Q-value 
(named q). 

Positionssoncen (0X3 

•rrin'm 

I 

-•kww^f^~^*^r^^ •*-*-p~r*r-^\: 

snitt 

tttr t m n « j i 11 
M . f t M , - f l . 7 
l*i» ISO 

u-OT-tikai; 
N.Pow: o.a 
rwx* Z f tO 

IJfct. 1 CM 
!•-• n« 
M i n 3 OK. 
m c i n 

^ w -
.ah . 10 . i s . *o . x i . M .3» .*o . « . s o 

Figure 5: Computer plot of a Q-measurement 

A specific beam intensity was necessary to achieve the required accuracy. This is 
obvious from the following table: 

I el 
60 
120 
250 

(M) accuracy Ax 
±3.0 
±1.0 
±0.5 

mm 
mm 
mm 

Table 3: Intensity and position accuracy 

Further developments 

Until now the position measuring electronics is realised in broadband technique. But 
higher sensivity is needed when very heavy ions like uranium or lead with rather low 
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intensities have to be accelerated. Therefore, an additional electronic equipment is in 
the development stage to increase the sensitivity of the position monitor system by a 
factor of up to 200. A preliminary block diagram of the prototype electronics is given 
in Fig. 6. 

PREAMPS MIXERS FILTERS AMPS / DETECTORS 

IN A .—It-] 1> |-
tfiMTtiM •Utpul l 

• I broadband •jattm) 

© > * • — OUT A 

{©P -FH- OUT B 

r l O ' r « i l ' r Z 

SPLITTER 

TRACKING - LO f l O 

DRIVER/£ 

-i TRACKING 

_ - i 101 

LIMITER PLL 
f».. 

| F z - r L O UB 

H F N > 
(Ii«m 
•cc.tlircllnp W 

Figure 6: Narrow—band signal processing system 

The outputs from the preamplifiers of the broadband system are mixed to a fixed 
intermediate frequency of 50.0055 MHz. The method is well known from the radio 
receiver technique. Since the revolution frequency of the bunches in the ring changes 
during acceleration from about 210 kHz to 1.3 MHz the acceleration RF is used to track 
the local oscillator (LO) by means of a PLL-circuit. Fig. 7 shows a first measurement 
of such a processed signal from one plate of a monitor (element: 136Xe48+, 800 MeV/u 
at extraction, 20 /^A). The signal disappears reaching the flattop (no RF) after about 
1.2 ms. 
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P. Strehl, H. Vilhjalmsson: "The SIS-Beam Diagnostic System", EPAC, Rome, June 
1988, pp. 1413-1415 

M. Fradj, M. Hartung, P. Moritz, A. Peters, P. Strehl, H. Vilhjalmsson: "Bunch Syn
chronous Monitoring of Beam Position at SIS", presented at EPAC, Nice, France, June 
1990 

P. Moritz, A. Peters: "Beam Position Measurements at the SIS", GSI Scientific Report 
12-90 
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Figure 7: Narrow-band signal from one monitor-plate 
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ORBIT MEASUREMENT TECHNIQUES AT DARESBURY 

T.Ring and R.J.Smith 
SERC Daresbury Laboratory, Warrington, WA4 4AD, U.K. 

Abstract 

Aspects of beam position monitor (BPM) vessel design and calibration and the approach adopted 
at the Daresbury Laboratory for the future development of hybrid based BPM signal processing 
systems are reviewed. The importance attached to techniques for the precision measurement of 
BPM response in vessels of varying cross section and lengths up to 2 metres, both to determine 
absolute calibration offsets and to confirm analytic models of BPM response, are highlighted. The 
review then focuses on key aspects of the development of the present limited dynamic range, 
narrow band BPM signal processing system to produce a more flexible system for precision 
closed orbit measurement of the electron beam in the SRS.The intention is to reduce costs and 
complexity to produce a system capable of providing full parallel signal processing over a beam 
current range of 1 mA to 500mA. 

1. Introduction 

New standards of precision and performance are now being demanded for beam orbit 
measurement in synchrotron radiation sources. Systems must have the flexibility to support a 
number of general BPM functions such as tune measurement and dynamic beam response 
during injection, with the new standards geared to improving the task of precise orbit correction 
using the BPM's as part of a local steering or position feedback system or as a part of an integrated 

system of global orbit control1. New systems to achieve the precision and wide dynamic range 
required, using both amplitude-to-phase conversion and plate switching techniques have been 
described2-3,4. 

The present SRS system5 is based on the amplitude detection of a set of processed sum (X) and 
difference (A) signals derived locally at each BPM monitor using passive 180° hybrids. These 
signals are then switched in turn to a single, narrow band detector tuned to the 500MHz 
fundamental r.f. beam component. Current performance figures are : 

Resolution ~30um 
Stability and Repeatabiliy £100u.m 
Detector Sensitivity • - 0.5mA. mm (> 10db noise margin) 

. Minimum Beam Current ~15mA 

These figures are dominated by the performance of the present BPM detector and clearly fall 
short of current performance standards. In addition, the response time for orbit measurement is 
relatively slow (- 1 second / scan). 
A programme of work presently underway to install a second superconducting wiggler magnet in 
the SRS involves the redesign of some installed BPM vessels and provides an opportunity to test 
ideas for upgrading the present system.This upgrade will aim to improve present methods of 
signal detection and processing while, at the same time, maintaining the operational advantages 
enjoyed with hybrid based systems. Processing the sum (£) and difference (A) signals directly at 
the monitor using passive hybrids means that a stable electrical measurement centre, 
independent of beam intensity, is defined. In conjunction with precision bench calibration 
procedures to measure the BPM offset, the system then has the potential for accurate and stable 
measurement of beam offset about the survey orbit, using the signal processing system as 
essentially a zero beam offset detector. This is particularly true if mounting arrangements in the 
ring allow BPM vessels to be independently aligned to survey beam orbit. 
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2. Revised System Specification 

An outline target specification has been drawn up for the upgraded system: 

Dynamic Range : 1 - 500mA: multi-bunch 
1-50mA :singlebunch 

Position Sensitivity < 0.05 mA.mm 

Resolution < 10u.m 
Stability (over fill period) £20u.m 
Absolute Cal. Accuracy < 100nm, rms 

Response ~ 2kHz : precision beam position 
- 1Mhz: tune 
< 100ns response (injection studies) 

3. Vessel Design and Calibration 

Various BPM vessel geometries have been incorporated in the SRS including circular section 
monitors in the injection flight path, square section monitors in the storage ring *D" focusing 
quadrupoles and flat, rectangular 'letter box' monitors in the 'F focusing quadrupoles. All are 
capacitive button monitors and all have a geometry which lends itself to analytic modelling of 
vessel BPM response6. Coupling from a single pick-up in a rectangular section vessel is illustrated 
infigurel. 
The frequency response of a capacitive pick-up button, figurel, takes the form of a single pole 
high pass filter with a breakpoint: 

Fc = l/2nZoCp 
where at a frequency F^ below Fc: Cp = plate capacitance 

VpaF^.Zo.S Vp = plate pick-up volts 

S = surface area of plate 

From this it can be seen that, if a low capacitance pick-up plate, figure 2, is used such that the 
working frequency of the monitor is well below the breakpoint frequency Fc, then: 

1. Vp is simply a function of vessel and plate surface geometry. It is effectively 
independent of Cp and thus variations in internal mechanical assembly of the pick-up. As a 
consequence, the analytic model of BPM response will then more accurately represent the real 
case monitor response. 

2. At frequencies up to F^ the position response A/Z is effectively independent of 

frequency. This then makes it possible to confirm the analytic model, and measure BPM offsets, 
by mapping the vessel response in a precision low frequency (5MHz typical) calibration rig. 

This is the approach adopted at Daresbury. Assessments of monitor performance to optimise any 
particular BPM vessel geometry are based on relatively simple models of the coupling from the 
BPM pick-ups and the position response derived for each measurement axis, figure 3. From 
these response plots monitor performance can then be expressed in terms of the BPM coupling 
impedance Zc and the vertical and radial BPM calibration factors, Cy and Cx , according to the 

familiar definitions : 

ZcHVpl/ l^fohms) x = C x .Ax / I x (mm) y = Cy. Ay/Sy (mm) 
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Bench calibration using a thin, accurately positioned test wire, then confirms these response 
figures in addition to the precision measurement of BPM offsets. Calibration measurement 
accuracies better than 20u.m (<lOu.m typical) are achieved with absolute positional accuracy being 
largely determined by bench survey accuracy, currently -50um 

4. The SRS Signal Processing System 

The present BPM signal processing system is essentially a narrow band (+2MHz) receiver tuned 
to the 500MHz fundamental beam component, figure 4. It responds equally to single and 
multibunch beams in the range 20-500mA. Main elements are the signal switching multiplexer and 
the phase sensitive amplitude detector. Both affect performance but it has been interesting to 
observe that, over the life of the SRS (>10 years), the signal multiplexer has maintained excellent 
switching stability and repeatability («0.1db). More significant as a factor determining system 
sensitivity and stability has been the performance of the detector and, in particular, the limited 
10db working dynamic range over which it maintains a level and accurate measurement response. 
Signal levels into the detector must be maintained within this working range and this has then 
introduced the need to condition the signal inputs using high performance, and thus expensive, 
switched attenuators (6db step) and narrow bandwidth (±2MHz) bandpass filters. The new system 
addresses these limitations, the aim being to achieve a significant reduction in costs to allow 
individual signal processing at each BPM channel. The main elements in the new system, figure 5, 
are described: 

a) The Down Converter 
The same basic r.f. unit in use in the present system, the phase sensitive amplitude 

detector is now adapted for use as a two channel frequency converter, offering the following 
performance : 

Noise figure : 3db 
Sensitivity (1 MHz bandwidth) : < -110dBm 
Linear dynamic range, figure 6 : > 80db 

These noise and sensitivity figures are compatible with operation down to signal levels 
<0.05mA.mm in the new BPM's to be installed in the SRS wiggler straight, with the linear dynamic 
range (>80db) providing operation over the full specified current range (1-500mA). A low cost 
bandpass filter conditions the down converter input for single bunch operation over the current 
range 1-50mA. A filter bandwidth of 2.5% provides a detector response <100ns. 
Depending on the mode of operation selected the system can be switched to down convert to 
one of three frequencies : 

1. 500kHz for accurate low frequency (~2kHz) measurement of the beam 
closed orbit. 

2. 3MHz for processing the beam tune components fr, fv and also fs, fed 
direct as undetected r.f. components to a low frequency spectrum 
analyser. 

3. 50MHz for wide band (<100ns)dynamic response : injection studies. 

b) The L.F. Phase Sensitive Detector 
This is the key component in the new system. A commercial, wideband analogue multiplier 

(AD539) serves as a dual channel phase sensitive detector, processing within the same chip both 
the sum (X) and the difference (A) channels from each monitor. The phase reference signal for 
the detector is generated from the sum (E) input channel using a very fast (eel) amplitude 
comparator to ensure constant amplitude and phase («5° change) over an input range 20 to 
3000mV (peak). In practice the working range of the detector will be limited to 34db with the low 
frequency (500kHz) inputs fed via an L.F. amplifier providing two levels of gain switching : 
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1- x2 for beam currents 10-500mA (multi-bunch). 
2. x20 for beam currents 1 -50mA (single-bunch). 

The wide dynamic range achieved in the new detector is illustrated in figure 7. This summarises 
performance by plotting the detector output against levels of beam current through the new 
wiggler straight BPM's, the output being expressed in terms of mm beam offset. Signal levels 
(A/S) corresponding to1.6mm offset in the new monitors are chosen to illustrate the level 
response of the L.F. detector. As shown, a measurement accuracy and stability better than 
±10u.m is maintained over the lull 34db working range of the detector. For comparison, the 
performance of the present phase sensitive detector over its limited working range of 10db is also 
shown. 
Filtered analogue outputs with a response up to 2kHz will be available from each detector for use 
in local feedback systems. These outputs will also be available for either multiplexed or individual 
digitisation depending on the speed required for processed orbit displays. 
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Fig.la Beam Coupling in a Rectangular Vessel 

U-O 
- * - X 

Assuming an ultra relatlvistlc baam and a pick-up plate surface area s and radius r such that: 
a » r «X, 

Then the Induced short circuit (Norton) current Ip is : 
CO 

ID = IX 2its sin f 2rc (vt + ZX\ 1 I Bm ,v n . 
Xa~* X "tel C=D) 

where: Bm. 
(x) 

Tin [nm(a*X6Tl sh [ m* (a+Yo)i 
_ l . 2 a i L .2a £, sin [ m7t ( a + x ) ] 

sh [«2* . l L 2a J 
2a 

Rq.1 b Frequency Response of Capacitive Button Monitor 

Zc 
fc = 

27i ZoCp 

- • fX 

Assuming the plate current Ip couples directly into a coaxial line, impedance Zo, then the frequency 
response takes the form shown, where : 

a) Below f c , when : G\ZoCp > 1 

Zc= i 2 L 2 o S B m , „, 
Xa m=1 (x=°) 

b) Above fc , when : CO^ZoCp < 1 

Cp = plate capacitance 

s = suface area of plate 

v = particular beam monitor 

Zc = Zo E Bm , „, 
Cp.av m=1 \X=D> 
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Fia. 2 Feedthrouah Assemblies in use at Daresbury 
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Fia. 3 BPM On-Axis Coupling and Pgsition Response 
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Fig.6 BPM Down Converter R e s p o n s e 
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BtHrt POti l i IDN I M U N I I Q R w l i r i i_QW IMPtDANCE t-uR 3—FACiuRI tS 

A. 5 . K a l i n i n 
I n s i i x u t e o r N u c l e a r r h v s i c s . tooQOVta. N o v o s i b i r s k - USSR 

A b s t r a c t 

An eiecfcromaaneiic inauction beam oosition monitor wi-fch 
screening by a conducting laver that continues wails o-f tne 
vacuum cnamber is described. The layer provides a unitorm and 
low imoeaance of the monitor at wavelengtns at -about or lo
wer than the bunch iehqth, which is of imnortance for the fa
cilities with intense short bunches. The monitor sensitivity 
is compared with that without the iaver. provided that the 
time characteristics of the signal are formed directly bv tne 
conaucting layer. One version of the monitor for 3-tactories 
is presented. 

1. ODtimai monitor for B—factories 

The efficient oDeration of B-factories is ensured by 
the deveiopea diagnostics of beam parameters. The main prob
lem in this diagnostics in storage rings, besides measuring 
intensity, length and frequencies of beam betatron oscillati
ons, includes observations of the first beam revolution, me— 
asuremets of equilibrium orbits and of beta—functions for the 
lattice. To solve the latter problems, a set of monitors dis
tributed along the ring is required. Their number can be as 
hign as hundreds of monitors. 

One of peculiarities of storage rings (for their more 
detailed description refer to, e.g. C1D) is the necessity to 
use a vacuum chamber with wide—band imoedance satisfying cei— 
tain demands for its "smoothness" and value, so as to pre
vent the undesirable interaction of the beam with the ambient 
structure leading to the deterioration of the bunch parame
ters. Of special importance are the impedance parameters at 
frequencies with wavelengths of about or lower than the bunch 
length whose value is about 10 mm. An essential problem for 
the diagnostic systems having a considerable number of moni
tor, is the contribution of monitors to the total wide—band 
impedance of the vacuum chamber. 

The bunch spectrum is rather wide and it extends to 
frequencies of about 10 GHz. Having a monitor capable of re
producing such a spectrum, we nevertheless won't be able to 
utilize it to a full extent in the above diagnostic systems. 
The reason is that the available methods of signal measure
ments for diagnostics (exept a stroboscopic technique) requi
re an essential reduction in signal spectrum under prelimina
ry processing of the signal by filtering, integration, etc. 
If one takes it into account, it is possible to formulate the 
problem of elaborating an optimal beam monitor that would be 
insensible to the unutilized high—frequency part of the spec
trum, or, in other words, that would have a low impedance for 
the beam at frequencies with wavelengths of about or lower 
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tnat the bunch length. This quality of the monitor without 
limitations of the diagnostic system abilities would prove to 
be rather advantageous tor the rings with intense short bun
ches, since the problem or the system contribution to the to
tal imoeaance of the vacuum chamber whose admittable value 
has an upper limit, would be eliminated. 

2. Electromagnetic induction monitor with screening 

The proDerties satisfying the above formulated demands 
can be obtained with an electromagnetic induction monitor se
parated from the beam by a thin conducting layer. This layer 
continues walls of the vacuum chamber and provides a uniform 
and low impedance at the monitor location far the high-frequ
ency part of the beam spectrum. 

In the low-frequency part where the layer thickness is 
lower than that of the skin, there appears an external magne
tic field induced by the image current of a beam "frozen" in
to the conducting wail. This field is the source of signal in 
coils of the monitor located in the external ring cavity ad
jacent to the chamber. The impedance noninformity at low fre
quencies due to the presence of the external cavity and coils, 
does not exert any essential effect on the beam dynamics. The 
schematic of the monitor is reoresented in Fia. 1. 

rina cavitv 

vacuum 

Fia. 1. Schematic of the monitor with screenina laver 

An idea for screening the electromagnetic induction mo
nitor by a thin layer to get the uniform impedance has been 
suggested in Ref. 2. where a beam current transformer for the 
PETRA storage ring is described. The thickness of the stain
less steel screening layer is 0.2 jim. The monitor is used for 
a simultaneous observation and measurement of the current for 
S about 30 mm long bunches. The output signal is shaped with 
the help of a low pass filter, and for one bunch it is in the 
form of a pulse with 100 ns duration. With this duration the 
conducting layer due to its low thickness does not affect ei
ther the form or the value of the output signal. 

The feasibility studies an screening the monitor inten
ded for beam coordinate measurements, suggest that the sensi
tivity to the beam shift takes place if the time characteris-
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tics of the output signal, sucn as a pulse lengtn, are for— 
med ayrsctly by the conducting layer. For this purpose this 
layer snouia have a Definite thicKness at a given conauctivi-
ty wnich are resDonsible for tne output time characteristics. 
In tnis case tne layer thickness will be higner tnan it is 
suffcient -for screening the imoeaance. with lower thicknesses 
and maintaining tne same signal time characteristics by the 
filter there will apper a spreaaing effect \to be discussed 
below; leading to the disapoearance of the shift sensitivity. 

3. Pulse response of the monitor 

The calculations of tne sensitivity ana tne signal form 
wi 11 consist in the determination of the pulse response as 
tne monitor reaction to the 5—function reDresenting a short 
beam of B-factories. 

In the absence of the cavity, the magnetic field beyond 
the layer is easily calculated for the two limits: A » 8 and 
A << & , where A is the thickness of the conducting layer ana 
6 is that of the skin at the frequency W which is available 

in the beam spectrum. But there is no analytical expression 
for the magnetic field in the overall frequency range for la
yers of finite lengths. It is evident that the behaviour of 
the magnetic field beyond the conducting layer can be appro
ximately described in terms of the pulse response of the type 
h <t> =H*t"'5/'2 *exp <-a/t) which is characteristic for the medium 
with a damping function K<s) ~> exp C~~V a*s' ). The conducting 
layer makes just such a medium. <In the expressions the value 
H and a are determined by the layer parameters and s is the 
complex frequency'; . 

In the presence of the cavity, the magnetic field is 
strongly—dependent on the current flowing in the inductance 
produced by the cavity wails. This current can be calculated 
by considering the inductance connected to the conducting la
yer with the resistance r having a voltage induced by the 
"frozen-in" current flow. The time dependance of the inducta
nce current is characterised by the factor of the type l/s(l+ 
sT|< ; . where T^Lfc/r, fc=0, 1.2.. . . is the multipoie number of 
the "frozen—in" current with respect to the monitor axis, L^ 
is the inductance whose value is determined by the cavity si
ze and by the multipole number (the case k=0, T0=L0/r for the 
axial beam with the stepwise current and the layer pulse res
ponse as 8-function was considered in Ref. 3). L 0 is the in
ductance for the short—circuit section of the coaxial line 
formed by the conducting layer and the ring cavity. It seems 
natural to suggest that k*L|<~L0. 

Let the layer parameters be such that the condition 
T;<-<T(jis fulfilled, where t is the duration of the above pul
se response h(t). If the coil placed into the ring cavity is 
loaded onto a resistor, then due to the appearance of the fa
ctor s/(l+sTw). the coil voltage beeng the output signal of 
the monitor, will have a similar form as that of the pulse 
response, provided that TW=L/R^'t, where R is the load resis
tance and L is the coil inductance. It is this case that sho
uld be realized in the monitor. 
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When the beam is snifted from the axis, the asiautnsl 
distribution of the iongituoinai voltage due to the "frozen— 
in" current -flow will also oe nonunitorm. The voltage differ
ence causes the asimutnai currents, which levels the Distri
bution o-f the longituoinai current, ana as a result, tne mo
nitor loses its sensitivity to the beam shift. This spreading 
ef-fect was studied in Ref . 4 by calculating tne H^ —mode exi
ted in the ring cavity. The calculated spreaoing time cons
tant amounts to Ti =i_i /r, wnere i_i is a certain "transverse" 
inauctance. (The uniformly distributed "frosen-in" current 
flows from the layer to the cavity with a time constant To= 
L O T - which is caused bv the TEM-moae exitation. > Aooarentlv. 
t m s aescriDtian of tne spreaaing is also valid for higner 
modes Hm1 , m=2,3,...: Tm=Lm/r. In Re-f. 4 it was also shown 
that Li~/ i_c • Let us take a more general relationship: m*Lm~L0. 

Let us consider the ring cavity like in Ref. 4 as a 
short-circuit coaxial waveguide and the magnetic field as the 
one resulting from manyfoid propagations of the TEM— and H m -
modes exited by the longitudinal voltage on the layer, and 
assume that L|^-Lm. Then at m*Tm~T0 and ~\^^ ~m we obtain *t <<Tm 
for, at least, k=m=i. Thus, in the electromagnetic induction 
monitor with screening whose pulse response is formed by the 
conducting layer (at T^^t) the spreading effect is not obser— 
veri. One should remember that any additional filtering of the 
signal extending the pulse up to about To considerably dimi
nishes the sensitivity to both the beam current and its shift. 

The sensitivity of the monitor with screening will be 
approximately equal to that of the same monitor open to the 
beam field provided that the output of the latter is taken 
from the low pass filter producing the pulse whose duration 
is about X (with the load resistances of both the monitors 
bei ng equal). 

The above qualitative considerations do not contradict 
the experimental data obtained for a model monitor with a cu
rrent—simulated beam. The current was a bell-shaped pulse 
with a duration of 8 ns. we measured the longitudinal layer 
voltage and the coil voltage for both m=fl (the conductor with 
the current on the monitor axis) and m=l (the dipole formed 
by two conductors with opposite currents). The conducting la
yer was a 22) jum thick stainless steel foil. The duration "X. of 
the transient characteristics was about 50 ns. The time cons
tant T w was chosen to be about 10 ns. 

4. Version of the monitor for S—factories 

The scematic of the.monitor is given in Fig. 2. The al
uminium chamber (1) has 4 round windows (2) where are instal
led ceramic disks (3) in metal rims (4) coated with metal la
yer (5). The rims have contacts with the chamber wall. Behind 
the conducting coat there is a cavity (6) wherein a coil is 
placed (not shown). The cavity is a part of the vacuum voiume. 
The front cover of the cavity has a joint (7) to take the si
gnal. A coil is fastened to the joint feedthrouahs. The cavi
ty has a bimetal (aluminium-stainless steel) component (S). 

The main problem is to ensure a good contact between 
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the conducting coat and the chamber wails. The -following so
lution is suggested. A ceramic disk is welded to the cylind
rical inner surtace or the rim made of the alloy matched with 
ceramics in the thermal expansion coefficient. Then the side 
facing the beam is grinded for the alloy and the ceramics to 
form a plane. Then this side is coated with metal which is 
fixed both on the disk and the rim. The contact of the coat 
to the chamber wall is provided by pressing the rim to the 
collar (9) with a screw (10), The diameter of the collar is 
chosen larger tartan that of the ceramic disk tD eliminate me
chanical loads onto the coat at the disk-rim junction at a 
shift of the collar with resoect to the rim due to the lower 
expansion of the latter. Note, that the fabrication of the 
screw (IB) of stainless steel and of the cavity wails (11) of 
aluminium ensures loosening the pressure under the high—tem
perature heating of the chamber for its degasation. which ma
kes lighter the relative displacements of these components. 

It should be noted that a temperature difference of co
nducting coats in different windows of about 10° K will lead 
to a relative change in amplitudes and the duration of the 
output pulses. The measurement of the beam coordinates via 
the pulse peak value will result in a considerable (about 1 
mm) shift of the monitor "electric" zero. In the systems mea
suring the pulse area this effect manifests itself rather fa
int. 
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HIGH SENSITIVE BEM POR LI33EAB. COLLIDERS 

Zinevich 31.1., Sukharov D.P. and Filippov A.V. 

Institute of Nuclear Physics, 630090 

Novosibirsk, USSR 

Abstract 

Two versions of "beam position monitors that designed 

with one general idea are described. The first monitor 

consists of two cylindric resonators with joining cavity 

and measures the beam displasement for one coordinate.The 

second one consist of four (two pairs) resonators and me

asures the beam displasement for both transverse coordi

nates. 
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Introduction. To reduce the phase volume of the bunch 

in sections of the linear collider VLEPP the error in the 

alignment of its systems should not exceed a few microns. 

Setting the lenses relative to the axis of the facility is 

assumed to be performed using the beam position monitor 

(BPM). 

As shown in /l/, two coupled resonators can serve as 

beam position monitors and turns out to be the most adequate 

devices for these purposes. The principle of their operation 

is as follows. Passing through a cavity, the bunch excites RF 

oscillations in it; note that the bunch that propagates just 

along the axis of symmetry in the cavity, induces only 

symmetric modes. In case of the deflection, asymmetric modes 

will take place as well and their amplitude is proportional to 

both the deflection and the beam current. In principle, the 

symmetric and asymmetr±c/"ciifferent in frequency and therefore 

the current and position signals can be separated and a 

monitor will show 'electric zero'. 

Description of the BPM. The monitor is a system 

comprising two identical round resonators connected to each 

other by a coupling cavity (Fig. 1). The mode EQlf) is taken as 

a working type of oscillations. While passing near the axis of 

symmetry (z-axis), the beam induces sine- and antiphase 

oscillations in resonators. The difference in oscillation 

frequencies, corresponding to the two modes, depends on the 

magnitude of the coupling and is chosen such that its inverse 

was much less than the constant of oscillation damping in 

resonators. In this case, owing to energy exchange between the 

resonators, oscillations in each are an amplitude-modulated 

carrier with aV trequency equal to the difference between the 

sin- and antiphase modes frequencies(Fig. 2a). The ratio of 

the modulation amplitude to the carrier one is proportional to 
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the displacement, and the initial phase of modulation carries 

information on the direction of displacement. 

This monitor seems to be more practical than the 

single-resonator one /2/. The latter requires for more 

complicated electronics for output signal • processing: 

frequency converters, phaserotators, a device to compare the 

phase of the current and displacement signals, filters with 

large off-band damping.The resonator itself should be of high 

quality. Besides, the amplitude ratio for the symmetrical 

and asymmetrical modes, which depends here on the resonator 

dimension-to-beam displacement ratio, is higher /!/-

The double-resonator monitor has a weaker coupling with 

the beam. For this reason, its reciprocate action on the bunch 

reduces. Note that the electronics of the double-resonator 

monitor is simpler. The processing of output signals is not so 

sensitive to the variation of the natural frequencies of 

resonators. The variation may be caused by any inaccuracy in 

fabrication and temperature oscillations. Though the 

sensitivity of this monitor is somewhat worse, it is quite 

enough for the indication of micron displacements. 

Sensitivity Estimation. The electric field in the monitor 

is of only the z-component and is described by the relation 

where t~jc (Fj is the eigenfunction of the electric field 

of k-th mode (by k-th modes we mean the sin- and antiphase 

modes): N is the number of particles in a bunch; is for the 

beam displacement from the symmetry axis of the monitor; is 

the resonator radius; J- (ttj) — the Bessel function of i-th 

order; t.. the j-th root of the i-th order Bessel function. 

It is accepted that £•/< / Cj in each resonator 

coincides with Ccio 

(r) and is equal to unity in its centre. 

We will find the the eigenfield of the sin- and antiphase 

modes at the points of possible beam passage, i.e. in a 

certain vicinity of the symmetry axis of the monitor taking 

advantage of that the coupling region is small as compared 

with the wavelength of the working oscillations. The 

quasistatic approximation is true for this case and we may use 

the equation $ <E c/g = - J ? £ r / & / J 
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The field structure of the sin- and antiphase modes -may be 

found in Fig. 3. The fields in the coupling region can be 

approximated with good accuracy at least in the beam passage 

region. The sin-phase mode: xz plane, y~0: 

The antiphase mode: yz plane, x~0: 

In the above case, it is clear that the electric field is zero 

in the xz plane, y=0. Here H<- and H a are the magnetic field 

strengths at the wall and in the centre of the coupling 

cavity, respectively. For a nearly square coupling cavity/^-: 

/&/^ where H_,n is the strength of the magnetic field at the 

resonator wall. 

Omitting further calculations (see /3/ for more details) 

we merely dwell upon the results. The sin- and antiphase mode 

voltages, induced by the beam between the centres of the flat 

walls of resonators, are determined by the expressions 

where h is the longitudinal size of resonators. The expected 

characteristic impp.da.nce of the monitor at the centre of one 

of the resonators is 

Under the condition that both outputs of the monitor are 

loaded on the resistance R, the voltages at the output are 

where ofo is the loaded Q-factor of the monitor. 

Estimation and the Measurement Results. Let N = 10 , 

0 = 28 mm, d = 16 mm, h = 20 mm, /}/= 1 um, £Q1Q = 4 GHz, Q^ -

2-103, R = 50 ohm. The voltages at one of the monitor output 

a r e 
Usi-7/?v and U«e-4/i'»V 

For comparison, the level of resistance noises of 50 ohm 

resistors within the 500 MHz bandwidth (the assumed area of 

analysis) is 20 \iV. This means that the maximum resolution, 

determined by the signal-to-noise ratio, is equal to 0.01 urn. 

-287-

http://impp.da.nce


For N = 10 , the resolution decreases down 1 urn. Thus, if the 

number of particles is larger or equal to 10 , the monitor in 

question is quite adequate for the indication of micron beam 

displacements. 

The effective dimension of the half-aperture is 

/±= &Y- M%i./Ua(?, ca.£mm 
To convince ourselves that the above estimations are true, we 

fabricated a two-resonator monitor of the sizes indicated 

above. The resonators were excited by a pin located near the 

symmetry axis of the monitor. The measurements were made of 

the ratio of the voltage amplitudes of sin- and antiphase 

modes. The measured effective size of the half-aperture, -3.6 

mm, is ii? fairly good agreement with the expected value. 

Four-Resonator Monitor. Besides the two-resonator, we 

also fabricated and tested a four-resonator BPM (Fig. 4). Each 

pair of opposite resonators is employed for one-coordinate 

beam position measurements.The resonators in each pair are 

identical. The resonance frequencies in the pilot device were 

4.1 and 4.7 GHz, respectively. Thus, both the displacements 

coordinates and the sin- and antiphase modes, connected with a 

definite coordinate, are separated. Note that if all four 

resonators are identical, then the system will have four 

oscillation modes with very close resonance frequencies. Here 

the problem of sin-^phase modes separation (apart from the 

others) is becoming problematic. 

The other parameters of the monitor are: Qa = 6-10 , 

the difference between the sin- and antiphase mode frequencies 

and the magnitudes of the half-apertures for x and z 

directions &J- = 38 MHz, &yy = 20 MHz and /^sr/L ^ 12 mm, 

respectively. 

In our opinion, such a monitor may turn out to be more 

preferable since it has the smaller size along the axis of 

beam motion. 

Processing Scheme. The useful signal from one of the BPM 

outputs is separated by a filter and detected (Fig. 5) . The 

filter bandwidth (~500 MHz) is taken rather large in order to 

decrease the duration of the transient process of the filter 

itself that occurs because of the pulsed signal from the 

resonator. The output detector voltage is a damping exponent 
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with -the time constant -2T=^2o<K/"^ro (Fig.2b). The exponent is 

amplitude-modulated with the difference frequency of sin- and 

antiphase modes. This voltage then arrive at two channels -

for sine- and antiphase modes. 

Each channel comprises integrators and an ADC. in 

addition, the antiphase mode channel has a synchronous 

detector (SD). The reference signal for SD (Fig.2b) is formed 

by a generator (TG) triggered by the timer pulse, the 

frequency and the initial phase of the generator voltage beinq 

strongly (with an accuracy of about 1%) connected with the 

modulation frequency and its initial phase. This enabled us 

to decrease the sinephase mode amplitude in the antiphase 
4 

mode channel by a factor of about 10 . The integration time is 

equal in each channel and is equal to the constant of 

oscillation damping in the resonator ~&=z2.Qa/t^Qo(o • Ifc ^s 

worth mentioning that the frequency band for the antiphase 

mode signal, which determined , in the long run, the 

signal-to-noise ratio, is i£olp/2.Q& • Further processing: 

normalization, establishing of the amplitude and direction of 

the displacement, is performed with a computer. 

Conclusion. We have dwelt upon the peculiarities 

distinguishing the monitors in question from similar devices. 

One of them can turn out to be of primary value in our 

choice of one or another design of the device. The monitors 

under discussion are simple in service and tuning and are not 

expensive. This is important when the fabrication of a great 

deal of devices is planned. Possibly, the use of such monitors 

in the major sections of VLEPP will be expedient just for this 

reason. 
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DEVELOPMENTS IN ORBIT CONTROL AT THE SRS AT DARESBURY 

P.D. Quinn and T. Ring 
SERC Daresbury Laboratory, Warrington WA4 4AD, UK. 

ABSTRACT 

Major improvements to the SRS orbit control and monitoring systems are planned 
in response to the User requirement for high beam position stability. Existing electron 
and photon beam monitoring systems are reviewed. An overview of the new systems is 
presented with a discussion on proposed methods for automatic beam position control. 

INTRODUCTION 

As Synchrotron Radiation experimental programmes and facilities become more and 
more sophisticated, all operators of SR sources face the challenge of providing accurately 
aligned beams down many beamlines with beam position drift reduced to very low levels. 
A typical specification for a new SR source requires the beam to be stable to O.lcr of the 
source profile, implying beam movements of less than ±1 pm and ±1 /wad. 

The SRS at Daresbury is a 2nd generation 2 GeV dedicated source serving up to 32 
stations on 10 beamlines. The source has an emittance of 0.11 mm.mrad and a vertical 
source size of 150 /tm. It was commissioned in 1981 and upgraded to a higher brightness 
configuration in 1987^. 

This paper starts with a description of the existing systems for electron and photon 
beam position monitoring and beam steering. Data on the uncorrected beam stability 
performance is presented and the underlying causes of the movements are briefly discussed. 
The paper concludes with an outline of development work leading up to automatic orbit 
control at the SRS. 

ELECTRON MONITORING FACILITIES 

Capacitive button type pickups are used close to the F and D quadrupole magnets in 
each straight section of the SRS FODO lattice. A diagram showing the position of the 
steering elements and BPI vessels in relation to the quadrupoles, together with the lattice 
/? functions is shown in Fig. 1. The cross section of the vacuum vessels at the F and D 
quadrupoles is not the same and the disposition of the button pickups for each location 
is given in Fig. 2. Hybrid strip line combiners are used locally to produce sum and 
difference signals from each set of pickups and the subsequent processing of these signals 
is shown in Fig. 3. Vertical and horizontal position information is fed into two separate 
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LATTICE PARAMETERS 

V E R T . C A L B P I S MULTIPOLE AND SEXTUPOLE 

Fig. 1. Location of BPIs and magnets in SRS straight 

40mm | 40mm [^ SO mm i SQwifw 

T 

Fig. 2. BPI vessels: a) horizontal; b) vertical. 

Table 1 Performance parameters of existing electron monitor system. 
VESSEL CALIBRATION ACCURACY 
D Quad Vessel + Hybrid 100 /zm RMS 
F Quad Vessel + Hybrid 100 /im RMS 

SIGNAL MULTIPLEXOR 
Switching Stability and Repeatability « 0 . 1 db 

PHASE SENSITIVE DETECTOR 
Resolution 
Sensitivity 
Stability 
Minimum Current 

app. 30 fim 
app. 0.2 mA.mm 
app. 100 /im 
app. 15 mA 
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Fig. 3. Block diagram of existing electron position monitoring system. 

multiplexed systems which are controlled and monitored by the main SRS control 
computers. The main performance parameters are presented in Table 1. The system 
is at present limited by noise in the switching circuits which limits the accuracy and 
repeatability of position measurement to ±50 /zm. In its present form, therefore, this 
system is too inaccurate to assist in the diagnosis of beam drift across a fill and is used 
principally for gross orbit correction and for monitoring long term drifts in the horizontal 
closed orbit. The system is described in uetrA in ref. ? 

PHOTON MONITORING FACILITIES 

All die photon beam drift data in this paper has been obtained using two independent 
monitoring systems on beamline X8. the disposition of these monitors is shown in Fig. 4. 
The scanning pin hole ion chambers are stepper motor driven and plot the source profile 
with a resolution of 50 /im on x-ray beam lines. They are equipped with a precision 
reference micro switch which is used to set the start position of each scan to 10 pm 
accuracy. These devices are not cooled and may only be used to sample the beam position 
periodically. Similar scanning devices with an aluminium photodiode behind the pinhole 
are common on other beam lines. The two wire monitor is based on a design developed 
at the NSLS3) and provides a permanent real time output proportional to beam position 
providing the source profile is gaussian. This monitor, with 12 mms wire spacing at 
21 m from the source, has a useful range of 3 mm and a resolution of around 10 /*m. 
The residual beam current dependence of the monitor has been checked by repeating the 
calibration procedure at several different current levels and by comparing the results with 
those obtained from the scanning pin hole ion chambers. 

FILTERS 

PHASE 
A SENSITIVE 

DETECTOR 

OUTPUTS TO : 

COMPUTER 

SCOPE 

SPECTRUM 
ANALYSER 
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BEAMLINE XS 

S » SCANNING PIN-HOLE ION CHAMBER 

T a TWO WIRE POSITION SENSITIVE DETECTOR 

Fig.4. Location of photon beam monitors on line X8. 

BEAM STEERING FACILITIES 

The location of the steering magnets is shown in Fig. 1. The steering dipole adjacent 
to the D quadrupole was introduced at the time of the high brightness modification and 
is now the strongest corrector in the vertical direction. The multipole magnet adjacent 
to the F quadrupole magnet has twelve individually powered windings and may be used 
to provide combinations of horizontal steering, vertical steering, octupole or quadrupole 
fields. Further horizontal adjustment is available from back leg windings on the main 
dipole magnets giving a requirement for a total of 224 separately controlled steering power 
supplies. At present these are programmed from 16 channel multiplexed 12 bit CAMAC 
DACs. By selecting different combinations of corrector elements it is possible to construct 
eight different BUMP profiles; five vertical and three horizontal. The profiles for three 
commonly uced vertical bumps are giver\ in Fig. 5. In normal User operations the SRS 
is steered horizontally to a zero offset orbit on. the electron position monitors using the 
multipole nu.jnets set to values calculated by an on-line lattice model. The vertical user 
orbit is obtained by using combinations of long and short range vertical BUMPs to steer 
on to photon position monitors on each line in turn. 

1X1 

Ul 

o 
< 
a. 
m 

20 

15 -

10 

BUMP V B 
BUMP V E 

Fig.5. Vertical bump profiles. 
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LONG TERM CLOSED ORBIT DRIFT 

The 2 GeV closed orbit of the SRS with all steering elements set to zero is measured 
periodically to give an indication of the long term positional stability of the lattice. The 
changes in horizontal and vertical orbit as measured in each straight section of the SRS 
over a period of 6 months axe shown in Fig. 6. F quadrupole movements have been 
necessary on three occasions in the last two years to compensate for this drift and to 
maintain the user orbit within the Tange of the multipole correction magnets. The drift is 
assumed to be in response to the thermal cycling of the lattice during normal operation. 
The F quadrupoles, in particular and for historical reasons, change in temperature by up 
to 15°C after the ramp to 2 GeV. 

1 2 3 5 6 7 8 9 10 11 12 13 H 15 16 

Horizontal BPI Number 
S 6 7 8 9 10 1 1 1 2 13 14 15 16 

Vertical BPI Number 

Fig.6. SRS bare orbit drift over 6 months. 

10 20 0 10 20 

Hours 

Fig.7. Beam movement measured at 21 m from the source, a) Typical fill. 
b) Showing noise due to power supply instability, c) First fill after a two 

day shutdown, d) Abnormally high drift with beam current above 300 mA, 
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BEAM STABILITY DURING A SINGLE FELL 

Vertical beam position stability is the most critical effect for SR users and the largest 
movement at present in the SRS is a slow drift between refills. Typical SRS behaviour, 
measured at 21m from the source on line X8, is shown in Fig. 7a. The beam moves 
up to a peak displacement of 250 fim ± 100 /xm in the first three hours of the fill and 
then follows a roughly linear decay at approximately 20 ^m/hr for the remainder of 
the fill. The time constant of the initial rise is well matched to the time taken for the 
temperature of the quadrupoles to stabilise following the energy ramp and correlation has 
been observed between the amplitude of the initial rise and the time taken to reinject 
the machine. For example, the extent of the initial rise is consistently higher after each 
morning refill when a mandatory inspection of the accelerator adds up to 30 minutes to 
the total refill time. The association with temperature stability is reinforced by observing 
the behaviour of the beam during the first fill after the magnet lattice temperature has 
reduced to ambient levels (Fig. 7c). 

The linear decay section of the beam drift has been far less consistent over the last 
two years. The total beam shift in this region has varied between 100 and 600 fim. but 
is typically around 300 /xm and may vary on a day to day basis by over 100 /im. The 
highest shifts always occur with stored beams in excess of 300 mA. Attempts to correlate, 
this behaviour with other parameters have so far proved inconclusive. The magnitude of 
the drift has been measured as a function of clearing electrode voltage to check for die 
presence of ion effects. Initial results were encouraging, showing a substantial reduction 
in drift (at the expense of source size) with the clearing electrodes grounded. However, 
several further attempts to repeat this result have been unconvincing. 

REDUCTION OF MOVEMENT AT SOURCE 

The water cooling plant at the SRS was adapted from existing equipment in the late 
seventies and is not, therefore, optimally designed for a modem high stability storage ring. 
The plant is shared with the experimental areas and is now approaching the limits of its 
capacity. Provision of a new, dedicated and highly regulated system will bring immediate 
benefits in reducing the temperature excursions experienced by the magnets during the 
normal operational cycle of injection and ramping. The main sources of heat in the storage 
ring tunnel are the coil assemblies on the dipole and quadrupole magnets. An analysis of 
the flow rates in these coils shows that the cooling is close to optimum implying that only 
a marginal improvement in the overall operating temperature of the lattice can be obtained 
by forcing more water through the system. Installation of air conditioning in the storage 
ring tunnel would also be beneficial although an analysis of the consequent reduction in 
thermal cycling has yet to be carried out. A multiplexed system of linear displacement 
transducers (accurate to 1 ̂ m) and temperature monitors has been recently commissioned 
in the storage ring tunnel. The expansion and offset of an F quadrupole magnet has been 
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measured during routine operations and a typical result is given in Fig. 8. 
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Fig.8. Expansion and offset measurements on an individual F quadrupole magnet 

New water plant and air conditioning will both require substantial capital outlay but 
will only alleviate half the. problem. With lifetimes in excess of forty hours possible 
at the SRS, fill lengths up to 24 hours are common and the drift in position following 
magnet temperature stabilisation will dominate. In the absence of a mechanism to explain 
*his effect, in line wim all major SR facilities, preparations are being made for automatic 
correction of the machine orbit. 

NEW SYSTEMS 

Many authors have now published assessments of feedback systems appropriate to 
SR storage rings (see refs. 4, 5 and 6 for a selection). There are three major elements 
to consider in a feedback system: electron and photon position monitors, the correction 
algorithm and finally the detailed configuration of the steering system and its power 
supplies. 

Electron Position Monitoring 

It has already been stated that the existing electron position monitoring system at 
Daresbury is not sufficiently accurate for observing typical drift during a single fill. In 
order to implement global feedback techniques for orbit control it will be necessary 
to upgrade the entire system. A system comprising a new high performance hybrid 
combiner with separate down conversion electronics local to every monitor is now under 
development and is expected to achieve 10 pm resolution. The predicted performance 
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Table 2 Performance parameters of proposed electron monitor system. 

TARGET SPECIFICATION FOR NEW SYSTEM 

Dynamic range 1-500 mA, multibunch 
1-50 mA, single bunch 

Position sensitivity <, 0.05 ma.mm 

Resolution ^ 1 0 pm 
Stability over 24 hours £ 30 ftm 
Calibration accuracy 100 fim RMS 

Response 2 kHz Beam position 
1 MHz Tune 
£ 100 ns Injection studies 

parameters of this system are shown in Table 2 and a more detailed description is the 
subject of a separate paper at this workshop^. 

Local feedback loops for individual beamlines require highly stable permanent beam 
monitors capable of dealing with high power loading. Although the two wire monitor in 
use at the SRS has performed well with a resolution of 10 (im at 21 m from the source, 
it will require substantial re-engineering to maintain its dimensional stability closer to 
the source. Following work at the NSLS8\ a prototype tungsten vane monitor has been 
designed and is presently under construction. A test facility at 4m from the source has 
been constructed and equipped with a high precision vertical drive and encoder to plot the 
characteristics of position monitors and temperature monitoring facilities to allow thermal 
study of the tungsten vanes and correction for temperature changes in the drive. The 
equipment will be computer controlled and will allow blade separation and bias to be 
optimised for different pre-filters. The test facility should be operational by August 1991. 

Correction Technique and Resolution 

Global orbit correction software using a lattice model and least squares error reduction 
is already in routine use at the SRS and could be adapted into a feedback system. A 
theoretical evaluation of the effectiveness of such a system has not yet been completed 
and a study of alternative techniques such as harmonic analysis specifically for the SRS 
lattice is needed. Local feedback systems will use the existing compensated bumps (see 
Fig. 5). Experiments have been conducted9^ to confirm the minimum change in source 
position and angle that can be achieved with the existing 12 bit drive to the steering power 
supplies. In order to achieve 'smooth' control witfiin the target specification of ± 10 /xm 
and ± 1 firad, the resolution of the new system will need improving by a factor of four. 
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It is intended to upgrade all the steering system analogue control and monitoring to 16 
bit resolution so that the required 14 bit performance can be guaranteed. Commercially 
available 16 bit multiplexed DACs are at present being evaluated although it may prove 
necessary to incorporate individual DACs into each power supply module and use digital 
addressing to achieve the required low noise performance. 

Steering Control Systems 

Individual steering elements will eventually contain current contributions from three 
separate sources: the basic corrected orbit file, the global feedback system and a local 
feedback system. The feedback contributions will require frequent updating in a carefully 
controlled and smooth fashion. These requirements are outside the capability of the 
present control system and a new design with increased bandwidth and local intelligence, 
based on VME systems, is under development. A block diagram of the new system is 
given in Fig. 9. A series of VME crates, each containing a processor and all the necessary 
DACs, ADCs and digital I/O, will be linked via an ethernet LAN to a steering process 
crate. This crate will provide the high level functions of the system including interface 
to the existing control system via a second ethernet link, servo algorithm processing and 
interface to the steering system database. Each of these functions will be performed by 
separate processors which are linked via shared VME memory. All the VME processors 
will be 68030 based machines with the option to upgrade to 68040 if necessary. 
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Fig. 9. Block diagram of proposed steering system for the SRS. 
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CONCLUSION 

Beam position stability in the SRS has been studied extensively over the last year and 
the nature a id extent of the problem is now well understood. Development work on the 
necessary systems for automatic correction is now in progress and trials on the storage 
ring are now scheduled for 1992. The long term objective of this work is to reduce the 
movements of the beam in the SRS by a factor of ten. 
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BEAMS TRAJECTORIES CONVERGENCE SYSTEM AT THE COLLISION POINT 
OF B-FACTORY VEPP-5 

A.3. Kalinin 
Institute of Nuclear Physics. 630090. Novosibirsk. USSR 

Abstract 

One of the problems in the creation of a Novosibirsk 
B-factory is to converge the electron and positron beams from 
different storage rings at the collision point within 0.1 jzm 
accuracy. Beam convergence is assumed tD perform using the 
feedback system. The latter corrects the beam position at the 
collision point by a signal proportional to the degree of in-
convergence. The system in question comprises two "fast", in
dividual for each beam loops that supresses beam "trembles" 
caused by seismic vibrations and a "slow" loop for beams con
verging. The strip lines. mounted near the collision point 
while the beams are not yet separated serve as coordinate mo
nitors. Far the beam position correcting signal to generate, 
use is made of an amplitude mixer and synchronous detector ha
ving a large dynamic range. A compass-needle like strip line 
as a monitor with low impedance on wavelength roughly equal 
or less than the bunch length is suggested. 

1. B-factory description 

One of the present programs of the Institute of Nuclear 
Physics (Novosibirsk, Siberian Division of the USSR Academy 
of Sciences) is aimed at constructing a facility with colli
ding electron—positron beams having 5*1033cm~2 s~1 luminosity 
with 9-14 BeV energies in the center—of-mass system. Such fa
cilities with superhigh luminosity in this energy range are 
called B—factories. 

The major results obtained for this project by October, 
1990, were reported in Ref. 1, and the parameters of the B-
•factory given below were taken from it. The elaboration of 
the project is under way, but no results that could radically 
affect the system architecture have been obtained. 

The B—factory consists of two storage rings of the same 
circumferences, installed one over the other and intersecting 
at two collision points. Beam energies were chosen equal to 4 
and 7 Gev". Electrons and positrons are injected to the stora
ge rings by a Linac. 

The storage rings have similar magnetic lattices, each 
consisting of two strong focusing half-rings and straight sec
tions. Accelerating cavities of each ring are arranged into 
two sets that are symmetrical to the storage ring center. 

Some parameters of the B-factory are listed in table 1. 
Beams are separated in proximity to the collision point 

by the magnetic field due to the difference in their rotation 
radius and energies. The magnetic field is induced at a dista
nce of 0.4 m from the collision point. The parameters for the 
separation system are chosen so as at a distance of about 2 m 
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•from the collision point where the secondary collision takes 
place, beams have already su-f-ficiently separated. After then 
they enter the parts of the straight sections that are indivi
dual -for each beam. 

The peculiarity o-F this separation system consists in 
the fact that same o-f its elements are installed inside the 
longitudinal magnetic -field detector. To protect them against 
detector -field. they are placed into an iron shield having a 
compensating superconducting coil. 

energy. GeV 
circumference, m 
parameters of the collision point. 

beam rms sizes at collision point, 

bunch length, cm 
number of bunches 
number of particles in the bunch, 

cm 

Jim 

1010 

.Pv 

6v 
6h 

7 
6S0 

1 
40 
50 
1.5 
400 
0.7 
170 
6 

4 
6S0 

1 
40 

-50 
1.5 
400 
0.7 
170 
S 

Table 1. Some parameters of the B-factory. 

2. Beam converging 

Colliding bunches are stored in different storage rings 
and can independently displace at the collision point due to 
seismic vibrations of magnetic elements, magnetic pulsations, 
etc. Thus, ground vibrations on the Institute site provide, 
depending on the day time, (0.1-2) Jim vertical displacements 
within the (0.5-15) Hz range. Our estimates show that with in
dependent displacements of the quadrupole lenses of both sto
rage rings, the relative displacements of the beams at the co
llision point must be of the same order in magnitude. With ve
rtical rms sizes of beams 6V =1-5 jam at the collision point, 
such displacements are impermissible, since a more than (0.15-
0.3) urn separation leads to the excitation of odd resonances 
by fields of the upstream beam, which decreases its lifetime. 
To stabilise the beam vertical position at the collision point 
and their convergence within 0.1 Jim, a feedback system is re
quired. It corrects the position at the collision paint acco
rding to the signal that is proportional to the inconvergence. 
Horizontal convergence of beams of about 400 Jim in size can 
be realized with the help of orbit correction systems instal
led on the storage rings. 

From the technical viewpoint it is advantageous that the 
vertical converging system have two feedback subsystems: an 
AC loop ("fast") to supress beam "trembles" at (0.5-50) Hz 
band and a DC loop ("slow") for converging beams. Separation 
will permit to obtain the required accuracy at a given band
width. It is reasonable to use two "fast" feedback loops that 
would be individual for each storage ring, stabilising the po
sition of its "own" beam on irrespective of the other, and 
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common "slow" loop for converging beams. 

3. Location a-f monitors 

The collision point of beams is placed inside a thin-
wall berillium tube of about 30 mm diam. separating the vacu
um space -from the inner detector. The tube is approximately 
100 mm long in both directions -from the collision point. The 
tube is welded with a copper vacuum chamber placed inside the 
separation magnetic elements and compensating coils. In the 
chamber there are receivers of synchrotron radiation going 
from separating elements. They protect the tube against di
rect radiation and scattered photons. 

With this geometry, beam coordinates at the collision 
point that is not sutable for the installation of a beam moni
tor, can be determined through an averaging of two coordina
tes measured at certain distances from the collision point in 
the region where no separating magnetic field still exists. 
In this case monitors can be installed in the chamber between 
radiation receivers and in front of the separation elements, 
at approximately 250 mm from the collision point. The monitor 
occupies an area of about 30 mm long. 

4. Beam monitor. Signals 

The mast appropriate type of monitors for the problem 
of convergence is a strip line matched at the ends and acting 
as a directional coupler. The line signals of both electron 
and positron beams moving in the opposite directions, exist 
each on its output and can be used independently, e.g. in two 
"fast" feedback loops. 

Will consider line signals. Let all 170 bunches distri
buted in aaimuth with 13.3 ns time spacing (repetition rate 
75 MHa) in each of the storage rings. With ultrarelativistic 
beams, the signals of one bunch on upstream end is in the form 
of two Gaussian pulses (2t is about 20 ps) of opposite pola-

vll^ 
\1 

1.5 n s 

0 .2 ns 

K-20 ps 

13.3 ns 

* . . 

Fig. 1. Output signal of strip line 

rity. Its shape coincides with that of the bunch current. Pu
lses are spaced at a double line length (about 0.2 ns). With 
5*1010 particles in the bunch, the 3mm strip width and the 50 
Ohm line characteristic impedance the pulse amplitude will be 
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about 350 V. A signal on the downstream end is usually in the 
form of the beam current derivative and is 20-30 dB lower 
than that on the upstream end. 

The line ends -for an upstream beam change their roles 
with respective changes in signals. The output signal -from 
one of the ends shown in Fig.l (heavy line). 

5. Block diagram o-f signal processing 

The vertical beam convergence within 0.1 jjm needs a sig
nal resolution of above 10-5 with respect to the level corres
ponding to the half-aperture (about 15 mm). It can be obtai
ned through synchronous signal detecting. 

The block diagram of signal processing is represented 
in Fig. 2. The line signal arrives through cable at a narrow
band filter tuned to the N-th harmonic of the repetition rate 
F then at a matching amplifier and, finally, at the amplitude 
mixer (AM), whose reference signal with frequency (N*F+K*f)=M#f 
is taken from the accelerating system of the storage ring (f= 
0.44 MHz is the beam revolution rate). The output signal of 
the amplitude mixer with frequency K*f after the amplifier 
matching the upper limits of dynamic ranges for the amplitude 
mixer and the synchronous detector, is fed in the latter (SD) . 
The reference detector signal of frequency K*f is also taken 
from accelerating system. Its tract has a phase rotator (PR) 
to match phases of the input and reference signals of the de
tector. • 

i n p u t 
i 

r"» -> 
£_! * 

N*F+K*f=M*f 

N*F 

NBF \ 
/ 

1 
AM 

K*f 

K*f 

1 
PR 

' 

SD 

P 
1 

Fig. 2. Block diagram of signal processing (P) 

The synchronous detector (Fig.3) was constructed accor— 
ding to the modulation-demodulation principle (MDM) [23. The 
input signal is on amplitude modulated with 100% modulation 
depth with switch SI (switching rate is about 1 kHz). Then it 
is detected by the synchronous detector proper (SD) and demo
dulated by switches S2 and S3. The MDM permits to eliminate 
the output signal component resulted from the parasitic detec-
ing of the reference signal by nonlinear capacitors of synch
ronous switches (MOS-transistors) and hence to extend the dy
namic range of the detector up to 100 dB with output voltage 
up to 3 V. 

The harmonic number is chosen from the following argu
ments. Besides the legitimate signal of a given beam, on the 
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strip line output is there a time-shifted parasitic signal of 
the upstream beam. A-fter the narrow-band filter, this parasi
tic signal will equal —£40—50) dB of the legitimate one with 

SI S3 

input —•» 

T S2 I 
Fig. 3. Block diagram of the MDM sinchronous detector 

similar beam currents. This attenuation is sufficient for noi— 
mal operation of the system. The contribution of the parasi
tic signal to the synchronous detector output can be reduced 
to a negligible level provided that N=2 (with N*F=150 MHa and 
M=342). In this case, its phase on the synchronous detector 
input is close to JT/2 with respect to that of the reference 
signal, that ensures its additional, about 30 dB weakening by 
the synchronous detector. 

The frequency band of strip line signal is rather wide 
and is as high as 14 GHs. One of its lower harmonics can be 
selected by a simple filter with discrete elements due to the 
attenuation of high harmonics by cable connecting the strip 
line and the filter. The calculated response of 13 m long ca
ble with diam=4 mm to two 8-functions of different signs with 
time-spacing 0.2 ns, gives its output pulse with length about 
0.7 ns. Its amplitude is approximately 10 times lower than 
that of the strip line. After the filter, the harmonic ampli
tude will be about 1 V. Thus the level of the signal, fed in 
the amplitude mixer, is already sufficient so that the thet— 
mal and shot noises no exert on the measurement accuracy at a 
beam current on order of magnitude lower than is nominal va— 
1 us. 

6. "Slow" feedback loop 

In the "slow" feedback loop the detector signal is mea
sured by a precision ADS (17 binary digits, 20 ms measurement 
time) and send to the computer. Strip lines outputs are inter— 
rogated by turns with the help of a commutator included befo
re the narrow—band filter. The beam coordinates stre computed 
after ending the interrogating cycle and then the DAC indues 
current in the beam converging correctors. 

Probably, the optimal structure for the "slow" feedback 
loop in the tract between the strip line and the ADC inclusi
ve is as two similar channels. This permits to perform simul
taneous measurements of electron and positron beams. The per
iod of coordinate measurements and renewal of correction cur— 
rent in this feedback loop will equal about 100 ms. 

The absolute, 10~5 accuracy of coordinate measurements 
that is required for beams adjustment in the "slow" loop can 
hardly be obtained due to the nonidentical outputs of strip 
lines, commutator channels, etc. Therefore it is necessary to 
perform frequent calibrations of the "slow" feedback loop, 

output 
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whose essency is to determine, with the help of the same loop, 
some -fictious di-Fference in the vertical coordinates o-F the 
beams, corresponding to the maximum luminosity. For the period 
between calibrations the "slow" loop being an autoregulation 
system with a discrete -feedback must maintain this difference 
permanent during the independent movement of the two beams,, 
each in its storage ring. 

During the period between calibrations the stability of 
channels must be sufficient to provide IB - 5 measurement accu
racy. It is probable that the construction of high quality 
circuits (amplitude mixer, synchronous detector and etc. who
se instability is less than 10"^ for at least several minutes) 
will be one of the fundamental problems of the program. 

7. "Fast" feedback loop 

The purpose of the "fast" feedback loop, beeng indivi
dual for each storage ring, is to eliminate "trembles" in the 
vertical coordinate of the beam at the collision point. It 
can be carried out by autoregulation with a continuous feed
back when the "tremble" signal after a certain treatment is 
sent to the correctors to displace the beam in the opposite 
direction. The depth of the feedback is chosen such that the 
residual "tremble" be beneath 10~ 5 of the half-aperture. 

The joint operation of the "slow" and "fast" loops re
quires that their frequency bands should be matched. Let as
sume that we have the simplest case when the setting time in— 
the "slow" loop is much longer than the discretisation period. 
Then the discrete feedback loop can be considered as continuo
us. Let the frequency characteristic of the continuous loop 
be of the form of a first-order aperiodic line characteristic 
with a time constant Tl. Its high rate of operation is chara
cterised by the time constant T<<T1 corresponding to the fre
quency of unit feedback gain. 

The matching point for both the loops is just the fre
quency of 1/T. With frequencies above 1/T the effect of the 
"slow" loop on the beam disappears, whereas that of the "fast" 
one not observed beneath 1/T appeares. Thus, the frequency 
characteristic of the "fast" loop can be compared to the cha
racteristic of a link that performs differentiation with slow
down with time constant T2 and unit feedback gain at a frequ
ency of about 1/T. The occurence of a second time constant T3: 
1/T3<1/T<<1/T2, is also admissible. 

Let us assume, that the frequency characteristic o-i" the 
"fast" loop at lower frequencies will not change as a result 
of its more careful matching with that of the real discrete 
"slow" loop. Then the "fast" loop will have the following pe
culiarities. 

The differential character of frequency characteristic 
corresponding to the limited at lower frequencies spectrum of 
the "tremble" signal results in the fact that the DC compon
ent if there is any at the synchronous detector output, is su
ppressed. It means, first, that the detector admits a drift 
and zero shift, i.e. it can be made simple without applying 
the MDM principle. Second, the rejection ratio for the common 
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moae of signals -from two lines when obtaining their differen
tial mode. beeng a useful "tremble" signal, can be mediocre. 
The rejection ratio is determined as follows. The residual 
common mode at the detector output which appears with incomp
lete subtraction depends on the beam current. With a beam li
fetime amounting to 1 h, due to the current decrease in the 
period between adding new portions of particles the signal 
will have a parasitic component whose spectrum lies partly in 
in the pass band of the feedback loop. The level of this para
sitic component is about 10"'' of the residual common mode. 
The total common mode is 10^—10 times as high as the useful 
"tremble" signal. Thus, the suppression of the common mode up 
to the level of 40 dB is sufficient. 

One more peculiarity of the "fast" loop is that there 
is no necessity in accurate normalisation of the "tremble" si-
nal to the beam current. The normalization error will lead to 
small variations in the feedback gain, which is insignificant 
in view of some stability margin. The normalisation can be pe
rformed, e.g. via compulsory changes in the gain of a matching 
amplifier installed between a synchronous detector and correc
tors, according to the data on the beam current in the stora
ge ring. 

normalization 
to beam current 

to correctors 
of e— storage 
ring 

Fig. 4. Block diagram of "fast" feedback loop for e- b earn 

A block diagram of the "fast" feedback loop for the e-
beam is given in Fig. 4. In the diagram Ml, M2 are two pairs 
of strip lines, D is the difference device, S is the summati
on device, for P - see Fig.2. The "fast" loop for the e-t- beam 
arranged analogously is fed in strip lines outputs 3,4 and 7, 
S. 

S. Compass-needle like strip monitor 

The strip line signal induced by a bunch (see Fig.l) 
has a rather wide spectrum, since at high frequencies it de
pends on the spectrum of the beam current. Hence, the band of 
the longitudinal impedance through which the line appears to 
the beam is also wide. The impedance values can be estimated 
from Ref. 3. The total impedance of system monitors will be S 
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times higher since there will be 4 pairs of lines arranged in 
2 pairs near each collision point. 

The measurements o-f beam coordinates in the beam conver— 
ging system are carried out using only one harmonic o-f the li
ne signal spectrum. The rest o-f the spectrum is -filtered out. 
The strip line sensibility to the upper -frequencies whose wa
velength is of the order of magnitude or lower than that of a 
bunch can prove to be detrimental, since the inhomogeneities 
available in the 1ine—feedthrough-RF connector—cable tract ma
nifesting themselves just at high frequencies lead to the ap
pearance of resonance properties of the impedance, which can 
be dangerous from the standpoint of beam dynamics. It is of 
particular importance for the systems with a large number of 
such monitors distributed over the storage ring, e.g. for the 
orbit measurement systems. 

In installations with short intense bunches it is reco— 
mended to use a strip line as a monitor that has a variable 
width but its characteristic impedance is constant. With a ce
rtain configuration of the strip the line longitudinal impe
dance becomes low at frequencies with a wavelength of the or
der of the beam length, but its sensitivity at low frequenci
es remains the same as for the uniform line. 

The line has a configuration of the compass needle, its 
width is maximal at the line middle and decreases towards its 
ends right down to the size equal to the diameter of the cen
tral conductor of the feedthrough to be chosen as small as po
ssible. To obtain a characteristic impedance which is cons
tant along the line (as a first approximation) the gap betwe
en the line and the vacuum chamber wall should also be varia
ble and decrease from the line middle towards its ends. It is 
clear that the more the line length, as compared to the maxi
mum width, the more like are the line properties with the uni
form line ones. A simplified sketch of the line is given in 
Fig. 5. 

view A 

Fig. 5. Compass-needle like monitor 

It is known that the interaction between the beam and 
the line is determined by the projection of the inherent elec-
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trie field of this line on the beam direction C43. With a lon
gitudinally moving beam the uniform lines have a longitudinal 
component at their ends in the area which dimensions are of 
the order of the chamber aperture. In the case of relativis— 
tic beams the interaction with such lines can be described 
phenomenologically with introducing a fictious field obtained 
through the longitudinal compression of the end fields by the 
relativistic factory . Due to high v the longitudinal size of 
of the area of the fictious field becomes much shorter than 
the bunch length, and as a result, the signal spectrum foll
ows to that of the bunch current. 

The longitudinal end field component of the compass-ne
edle like line has been essentially reduced due to the decrea
se in the width of the line ends. Corresponingly, the beam in
teraction with the line ends is decreased. On the other hand, 
due to the variable width there appears a longitudinal compo
nent throghout the line length which changes its sign at the 
line middle. The bunch interaction with this component results 
in the fact that the line signal will have upper frequencies 
which depend on the line length rather than on the length of 
the bunch. One should choose such a longitudinal coordinate 
dependence of the width as. to ensure a smooth signal both at 
its beginning or end and at its going through a zero value 
when the bunch passes by the line middle. A type of the sig
nal induced in such a line is shown in Fig. 1 (dashed line). 

Hence it can be predicted that the application of such 
a monitor with a length of about 30 mm or more for the B-fac-
tory with short (about 7 mm) bunches will provide essential 
abridgement of the signal spectrum and will decrease the lon
gitudinal impedance at frequencies with wavelengths of the or— 
der of the bunch length. 

The line having variable width but constant characteris
tic impedance and symmetry with respect to its middle, remains 
a directional coupler. Indeed, at the downstream end the sig
nals induced at the ends are subtracted like in the line hav
ing a constant width. But the signal generated by the bunch 
interaction with the part of the line whose width increases 
downstream, is then compensated by the signal with an opposi
te sign generated in the part with decreasing width. But the 
suppression of the signal of both types at the downstream end 
will, apparently, be worse than that in the uniform line, si
nce due to the line inhomogeneity caused by variable widths 
and gaps, the wave propagation velocity will be slightly lo
wer than that in the uniform line where it coincides with the 
beam velocity c. 

The sensitivity of the line with variable widths at low 
frequencies will be the same as that of the uniform one, pro
vided that the maximum width at the line middle coincides with 
the width of the uniform line. 

The suggested type of the monitor has not been yet inve
stigated. In the nearer future I am going to perform experime
ntal studies on its properties using an electrodynamic model 
of the vacuum chamber and of the line installed. All the cha
racteristic linear dimensions of the model will be approxima
tely 10 times as high as the real dimensions of the chamber 
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and the line. Such an increase will permit one to use -for the 
beam simulation longer (about 0.2 ns) current pulses passed 
through the central coaxial rod. which makes easier their ge
neration and measurement o-f line signals. 
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Bunched Beam Sctiottky Signal Measurements for the 
Tevatron Stochastic Cooling System 

G. Jackson, J. Mam'ner, D. McGinnis, R. Pasquinelli, D. Peterson 
Fermi National Accelerator Laboratory1, Box 500, Batavia, IL 60510, USA 

Abstract 

A prototype bunched beam stochastic cooling system has been installed in the Tevatron. 
The goal of the final system is to provide horizontal and vertical emittance cooling to both proton 
and antiproton bunches during colliding physics stores. In this paper the temporal and spectral 
beam measurements made during the commissioning of the prototype system, designed to cool 
the vertical emittance of proton bunches, are presented. In addition to Schottky signals, the 
observations of external and beam generated microwave modes and the response of the system 
to coherent beam excitation is reviewed. 

Introduction 

An objective of accelerator physicists at Fermilab is to extend the luminosity lifetime of the 
Tevatron collider [2]. Since injection into the Tevatron is a complex and time consuming exercise 
[3], and since the production of a sufficient number of antiprotons requires tens of hours of 
stacking [4], the integrated luminosity delivered to the experiments can be significantly increased 
by extending the luminosity lifetime. Since the dominant beam intensity loss mechanism during 
future collider operations is expected to be proton-antiproton collisions [5] (which is desired), the 
only other significant beam property which can be modified is transverse emittance. 

During past collider stores, it was observed that the dominant source of short luminosity 
lifetimes (typically 8 hours) was the growth in the horizontal and vertical proton and antiproton 
emittances [6]. It was discovered that power supply noise in the abort kicker and low-p quadrupole 
systems generated a linear emittance growth with time of 5.42±0.08 n mm-mrad/hr. After a set of 
veiy simple modifications, the luminosity lifetime was increased to approximately 20 hours. With 
an initial invariant 95% transverse emittance of 20JI mm-mrad, the present linear emittance growth 
rate is 0.31+0.O2 n mm-mrad/hr. The source(s) of this residual growth rate have not yet been 
identified, though work is still in progress. 

As a next step in the quest for longer luminosity lifetimes, a bunched beam stochastic 
cooling system has been designed. By preserving and even reducing the transverse emittance, 
the luminosity lifetime and the optimum store periods are greatly lengthened. 

Tevatron Cooling System Design 

The Tevatron collider is a circular storage ring with an injection energy of 150 GeV and a peak 
energy of 900 GeV where high energy physics data taking is performed. The transition gamma is 
18.75, and the revolution frequency is 47.714 kHz. The RF voltage is approximately 0.8 MV at 
both energies with a harmonic number of 1113. At present the collider is operated with 6 proton 
and 6 antiproton bunches. 

These bunches have an rms length which starts at 1.5 nsec at the beginning of stores and 
grows to 2.0 nsec after many hours of storage. At injection each bunch is accompanied by 
"satellite" bunches in the leading and trailing 1 or 2 RF buckets. These satellites are eliminated by 
applying random betatron kicks to those RF buckets with the Tevatron superdampers [7], causing 
fast emittance growth and eventual intensity loss. Both the satellites and the long initial bunch 
length are the results of inefficiency in the bunch coalescing [8] process in the Main Ring. 

Proton and antiproton horizontal and vertical emittance cooling is required to optimize the 
luminosity lifetime, requiring a total of 4 cooling channels. Due to technical, fiscal, and ecological 
concerns, it was not feasible to build classical stochastic cooling feedback loops where the signals 
from the pickup to the kicker cut a cord across the ring. Instead, the Tevatron channels use an 
optical delay line between adjacent pickups and kickers. The physical separation of the pickups 
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and kickers is approximately 60 m to provide a Ap/4 fractional betatron tune advance for optimal 
cooling rate. Figure 1 contains a sketch of the basic elements of each of the feedback loops. 

With the initial goal of doubling the integrated luminosity of the next collider run, it was 
determined that a 15-20 hr emittance cooling time was necessary in each channel. As a result the 
4-8 GHz frequency band was chosen. The pickup and kickers are composed of two moveable 
plates, each supporting an array of 16 slotted line loops. The loops are actually etched images on 
a teflon circuit board. The signals from the 16 loops are combined on the reverse side of the 
board. The combined signals from each plate are brought outside the tank and are immediately 
subtracted. After 35dB of gain from a low noise preamplifier (which is the only active circuit 
element of each channel in the tunnel), the difference signal is sent to the F0 RF building. 

After more amplification the signal goes through a fast pin diode switch for signal gating. The 
absolute necessity of this switch will become apparent in the discussions later in this paper. This 
gate is followed by a transfer switch and the modulation input of the optical fiber delay line laser 
driver. The transfer switch is used to perform open loop transfer function measurements vital for 
system timing and gain adjustments, and is also a convenient location to monitor the beam 
signals. The fiber optic delay line is in a temperature controlled chamber to provide the required 
picosecond level timing stability. Finally the signal is amplified by a traveling wave tube and sent 
back down to the kicker. The kicker is identical to the pickup. 

Bucket 
Gate 

Transfer Switch Laser Reciever 

ZSE-i 
-o, n, 

Spectrum 
Analyzer 

Network 
Analyzer 

Optical Fiber 
Delay Line 

F0 RF Building 

Tunnel 

Tevatron 

Figure 1: Sketch of the Tevatron bunched beam stochastic cooling 
system. 

Bunched Beam Spectrum 

The theory and practice of measuring Schottky spectra with coasting beams [9,10] and 
bunched beams [11,12] is quite well developed . Indeed, stochastic cooling of bunched beams 
has already been demonstrated [13,14]. Unfortunately, the situation in the Tevatron is more 
complicated. The existence of strong coherent beam signals and microwave modes makes the 
observation and anlysis of bunched beam spectra quite important. Figure 2 contains a typical 
bunch beam spectrum, which was taken at 900 GeV with the bucket gating switch active. 
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Figure 2: Typical Tevatron vertical bunched beam spectrum as 
measured by the vertical proton pickup. This signal was measured after 
it was diverted by the transfer switch and sent to the spectrum analyzer. 

There are four distinct features to the spectrum in figure 2. First and foremost, the vertical 
Schottky betatron lines are clearly visible as broad distributions rising 7dB above the noise floor. 
Since the vertical betatron tune was approximately 0.41, the upper and lower sidebands are close 
together. The observation of these Schottky signals is a very encouraging sign for the success of 
this project. 

At the three revolution harmonics visible in figure 2, the very strong coherent beam signals 
almost wash out the longitudinal Schottky bands, which rise above the noise floor by about 10dB. 
These coherent signals can be 40dB higher than the betatron Schottky signals. The implications 
of such large coherent signals are discussed later in the paper. 

There was approximately 60dB of gain between the 180° hybrid combining the top and 
bottom pickup array signals and the spectrum analyzer, which was a Hewlett-Packard 8566B. This 
puts the noise power into a bandwidth of 300 Hz at approximately -167 dBm. This value is well 
below the classical prediction given by the equation 

which yields a noise level of 5x10"18 watts, or -143 dBm. This noise floor is dominated by the 
noise figure of the first preamplifier, and was reduced because of the bucket gating pin switch. 

The Effect of Gating on Spectral Measurements 

The pin switch bucket gating system was installed to remove a feedback loop instability 
caused by the transmission of microwave power from the kicker to the pickup via the beam pipe. 
Using the network analyzer and the transfer switch to perform an open loop measurement of the 
system, in the absence of beam, the response in figure 3 clearly indicates a pair of strong 
microwave modes near 4 GHz coupling the kicker and pickup. Since their amplitude is greater 
than 0 dB, with the transfer switch closed the cooling loop went into a positive feedback instability. 
Since the travel time from the kicker to the pickup is different from the time it takes the beam to go 
around the Tevatron, a bucket gating system effectively removes this instability. 
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Figure 3: Amplitude response of an open loop transfer function 
measurement of the vertical proton stochastic cooling channel in the 
absence of beam. The enhancement around 4 GHz is cause by the 
leakage of kicker power down the beam pipe in the form of traveling 
microwave modes being received by the pickup array. 

The bucket gate has another highly desirable effect on the spectrum measurement 
capabilities of this system. Since the 6 proton bunches only occupy 6 out of the possible 1113 
RF buckets, most of the power being observed by the spectrum analyzer is due to the 
preamplifier noise figure. By gating through only the buckets occupied by the bunches, the 
amount of work the noise at the input of the spectrum analyzer performs per turn per unit 
bandwidth is reduced by the duty cycle of the gate. 

Figure 4 contains a bunched beam spectrum acquired at 150 GeV with a total beam intensity 
of 3.4x101 °. The gating system was active, with a conservative gate width of 40 nsec centered 
about each of the 6 bunches. The coherent lines peak at an amplitude of approximately -90 dBm, 
and the noise floor seems to be down near -109 dBm. The gate was then disabled such that the 
signal from the preamplifier in the tunnel was transmitted to the spectrum analyzer uninterrupted. 
The result is shown in figure 5. The most obvious change to the beam spectrum is the rise of the 
noise floor to -87 dBm. According to the above argument, the expected rise due to the change in 
the duty cycle of the work performed by the noise is 87x, or 19 dB. The actual change of 22 dB is 
reasonably close. 

Another change caused by the bucket gating switch is the amplitude of the coherent peaks. 
The lines increased by approximately 6 dB when the gate was turned off. It was known by 
comparing the outputs of the bunched beam intensities and the Tevatron DCCT that only about 
half of the protons resided in the designated 6 RF buckets. The other half populated satellite 
buckets. When the gate is on, only the charge in those buckets contribute to the coherent 
signals, whose power scales as N 2 . When the gate was turned off, the peaks were indeed 
expected to rise by 6 dB. 

External Microwave Signals 

When the signal from the pickup was observed for the first time, it was immediately noted that 
harmonics of the RF frequency were excited, even in the absence of beam. Figure 6 contains an 
example of these lines up near 8 GHz. Since they could be extinguished by turning off the power 
amplifiers for the Tevatron RF cavities [15] or by closing a beam gate valve between the cavities 
and the pickup, it was certain that the RF system was somehow generating harmonics as high as 
200 times the fundamental RF frequency. 

It turns out that the power amplifiers for the RF cavities are class C. This means that they 
generate a spike of current once per cycle to periodically charge up the resonating fields in the 
cavity. Class C amplifiers are preferable to sinusoidal (class A) amplifiers due to their superior 
efficiency. Unfortunately the harmonics of these narrow spikes, which are transmitted through the 
cavities and into the beam pipe, are troublesome for the stochastic cooling systems. 
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Figure 4: Tevatron bunched beam spectrum at 150 GeV with bucket 
gating system on. The gate width was 40 nsec surrounding 6 proton 
bunches. 
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Figure 5: Tevatron bunched beam signal under same conditions in 
figure 4, except the bucket gating system has been disabled. Signals 
from the pickup are now transmitted to the spectrum analyzer without 
interruption. 
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Figure 6: Microwave signal detected by the vertical proton Schottky 
pickup. The signal is generated by the power amplifier of the Tevatron 
RF system and is transmitted through the beam pipe. 
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Figure 7: Same measurement conditions after 20 inches of ceramic 
toroids impregnated with microwave absorbing material was inserted into 
the beam pipe between the RF cavities and the pickup. 
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Three possible solutions for eliminating these external microwave modes were tested during 
the commissioning of the vertical proton system. First, microwave absorbing material in the form of 
ceramic toroids was inserted into the beam pipe between the RF cavities and the pickup. This led 
to a reduction of the microwave amplitude by about 20 dB (see figure 7). Second, the RF cavities 
closest to the pickup were shut oft. Only the nearest cavity contributed significantly to the signal, 
therefore indicating that the microwaves are attenuated strongly as they propagate down the 4 
inch diameter stainless steel beam pipe sections and 3 inch diameter copper tubes making up the 
RF cavities. Finally, the power amplifier screen can be biased such that they operate closer to 
class B (half wave rectified current). It turns out that only a slight change to the pulse width makes 
an enormous change to the strength of the higher harmonics of the RF frequency with lall inside 
the bandwidth of the stochastic cooling system. 

Beam Generated Microwave Signals 

A major concern during the planning for this system was the existence of propagating 
microwave modes associated with the beam dominating the signal measured by the pickup. 
During commissioning of the vertical proton prototype system such modes were indeed 
observed. The measurement was performed by replacing the spectrum analyzer by a Tektronix 
11802 sampling oscilloscope. With a 20 GHz bandwidth SD-24 sampling head, this scope was 
capable of observing the beam signal from the pickup in the time domain. One of the more 
convenient data acquisition modes for monitoring the beam signal was the envelope function, 
which stored the minimum and maximum voltage in each sampling bin across the screen. Figure 8 
contains 6 such traces. Obviously, the bucket gating system was disabled during these 
measurements. In addition, the travelling wave tube driving the kicker was also turned otf. 

Just after injection into the Tevatron, the beam signal is completely washed out by a 
microwave burst which decays with a time constant of roughly 100 nsec. After 30 to 60 minutes of 
sitting at 150 GeV this burst suddenly disappears, leaving behind only the Schottky and coherent 
signal of the beam. Figure 8 shows the typical time sequence of this phenomenon. Note that the 
bunch is centered on the second division from the left (see bottom right trace). In the 4 minutes 
between the last two frames, there was no warning that the microwave burst was about to 
disappear. The value of 0.3 volts, which is the upper and lower limits of the vertical scales of the 
oscilloscope traces, represents the oulput saturation level of the preamplifier chain. The actual 
microwave signals are probably much larger. 

At present the source of these microwave modes is not understood. The hypothesis at the 
moment is that the coalescing process generates bunches with a large amount of high frequency 
structure. This high frequency component of the current interacts with a resonator upstream of 
the pickup, and a voltage is produced. Since the beam pipe allows the propagation of microwave 
modes in the 4 to 8 GHz frequency band, power is dissipated into the beam pipe. The rate at 
which energy is transmitted by the beam pipe determines the observed decay rate of the burst. 
Since the burst of microwave modes disappears suddenly, it is probable that the bunch is actually 
microwave unstable, enhancing the current modulation and hence the voltage in the beam pipe. 
Once the momentum spread of the bunch has increased sufficiently, the instability is stabilized 
and the voltage drops dramatically. Clearly, many more measurements are required before the 
source of this signal is understood and the problem is corrected. 

Conclusions 

Even though the pickup was designed and installed as an integral part of the prototype 
Tevatron bunched beam stochastic cooling system, a interesting set of beam observations have 
been made possible. The observation of regular, time dependent microwave modes generated 
by the beam must be understood and corrected if full advantage is to be taken of the cooling 
system. The use of bucket gating to eliminate system instabilities and enhance measurements of 
Schottky spectra has been demonstrated successfully. 
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SOME METHODS OP NARROV/-BAND 

MEASUREMENTS IB" BEAM DIAGNOSTIC 

SYSTEMS FOR STORAGE RINGS 

A.S.Medvedko 

Institute of Nuclear Physics, 630090 Novosibirsk,USSR 

Abstract 

It is compared some characteristiks of the wide-band 

and narrow-band systems for measuring the number of par

ticles and the beam motion parameters at the storage 

rings of the charged particles. It's described some exam

ples of narrow-Band systems - that was made for storage 

rings of the IMP during some years. 
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Introduction. The paper deals with the designs of devices 

in radio electronics that are intended to measure the beam 

current (number of particles), the closed orbit and the 

parameters of betatron oscillations of particles in cyclic 

charged particle accelerators and storage rings. We mean here 

only the devices that are classified as narrow-band 

(selective) systems to process information on the beam. 

Signals and Spectruras. I'd like to dwell briefly upon the 

time structure of signals and their spectrums which the 

designer of observation systems usually deals with. Signals 

from detectors in cyclic accelerators and storage rings are 

regular sequences of comparatively short pulses. The period of 

a sequence is the particle revolution period, and the number 

of pulses in the sequence is equal to the number of particle 

bunches on an orbit. Finally, the amplitude distribution of 

pulses in the sequence is obeyed to the distribution of the 

number of particles in bunches. For the single-bunch regime, 

the signals and their spectrums are of the following form 

(Fig. 1) . The first case corresponds to the electrostatic 

monitor loaded on high impedance of the following circuit, 

while the second corresponds either to the matching strip 

line or to the electrostatic monitor loaded on low 

impedance.Here the distance (T) between pulses is determined 

by the parameters of a monitor and by the azimuthal length of 

the bunch. In the case of nonideal monitors (nonmatching strip 

line, the presence of parasitic resonances), the pulses and 

their spectrums can considerably distort. 

To consider the spectrums of signals in more detail, we 
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will separate some spectral part limited by several arbitrary 

harmonics of the beam revolution frequency. If we deal with 

the signal from the beam position monitor, it has all the 

required information on the number of paricles, and on the 

equilibrium and nonequilibrium motion, i.e. on the closed 

orbit and on the betatron and synchrotron oscillations (Fig. 

2). In the spectrum of the signal from an integral monitor (or 

the summarized signal) there is no information on the 

transverse motion, but it contains information on phase 

oscillations and the number of particles. Let me remind that 

the pulse duration and shape are presented as the envelope in 

the spectrum and as the appropriate amplitude coefficients 

dependent on the position of concrete harmonics in the 

spectrum, for concrete harmonics. The spectral analysis 

enables us to easily draw a conclusion that in most cases, it 

is quite enough to perform measurement at one harmonic of the 

beam revolution frequency in order to obtain information on 

the parameters of the closed orbit or betatron oscillations, 

or the number of particles. The only exception is the 

measurements concerning the behaviour of each bunch 

separately in the multibunched operational mode of storage 

rings and also in the regime of stochastic cooling of heavy 

particles quas^jniformly distributed over the azimuth of a 

storage ring. 

Specific Features of Narrow- Band Measurements. What 

advantages do narrow-band (selective) systems have from the 

point of view of measurements? We believe that the most 

important are as follows: first, the increased (as compared 

with wide-band systems) immunity against pulsed and 

high-frequency disturbances caused by power devices of charged 

particle accelerators (including the accelerating RF system) 

and, second, selective systems allow us to reach the 

considerably higher sensitivity than that in the wide-band 

ones. What does the higher sensitivity mean? 

We will compare two ideal versions. The first version in 

Fig. 3a comprises an integral electrostatic monitor, a 
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wide-band amplifier and a sample-and-hold, while the second in 

Fig. 3b comprises an integral electrostatic monitor forming 

the resonant circuit with inductance L, a selective amplifier 

and a synchronous detector (SD). The resonant frequency of 

the input circuit depends on the harmonic no. chosen for 

measurements. We will compare the sensitivities under the 

following assumptions: 1. the monitor electrode 'covers' all 

the beam; 2. the circulating current is generated by one bunch 

of particles whose length t^t, is larger than that of the 

electrode -monitor £ftl ( £#,><£); 3. the noises at the inputs 

of the measuring circuits are characterized by the equivalent 

noise resistance R^: U^" — H KlA -f R^y and the 

spectral density of these noises is constant throughout the 

frequency range; 4. the transmission band ^ •$ of 

the filter at the output is the same in both versions, i.e. 

their response characteristics are the same. 

If the orbit length £<?., monitor capacity G^ and the 

mean beam current S0=A/&Te ( fa ^s t^le ^ e a m revolution 

frequency and N is the number of particles) are assumed to be 

given, the relations for monitor signals may be written as 

follows: 

The amplitude of the voltage pulse at the monitor is 

Um-(2.TtM,C,J-(£*/0'I0 , where C0p=2.h£ . and the pulse 

duration is equal to 

The amplitude of m-th harmonic of the induced voltage 

( m « £a/ &6 ) i s a s follows: 

In the_ wide-band system the number of the used 

harmonics of the beam revolution frequency equals /7 

( n<.8o/&b )» i-e- the amplitude of the pulse, passing 

through the system, is lXw—tlCimf l/^/^ Up, • 

At the input of the sample-and-hold circuit the 

signal-to-noise ratio taken as the ratio of this amplitude to 

the r.m.s. value of the noise is 

while at its output this ratio is 
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Since the output noise is the sum of noises whose spectrum 

occupies the band 2 A J ^ around each harmonic of the signal we 

have chosen. 

For the selective .system with the circuit at the input 

where the monitor is fully connected to L in the circuit and 

the circuit to the input of the measuring scheme, the voltage 

of the chosen harmonic at the circuit is L</p^=CJ'Cfnrr where 

Q is the quality factor of the input circuit. In this case, the 

noise voltage is mainly determined by the circuit: 

UZ=4KT*ffy„+Qp)^4KTa£Qp 

where p = *f/nicDcCii7 is the characteristic impedance of the 

circuit. In this case, the signal-to-noise ratio at the SD 

output is .—, 

Thus, with other conditions being equal, the sensitivity of the 

wide-band circuit is proportional to the square root of the 

number of the harmonics and in the case of the narrow-band one to 

the square root of the Q-factor of the input circuit. 

However, I have to emphasize once more that the choice of one 

or another method depends on the whole set of parameters and the 

sensitivity is not always a decisive factor. 

Synchronous Detection. As known, a synchronous detector 

(SD) is one of the major components of narrow-band systems. As 

a linear multiplier of signals, it transfers the spectrum we 

are interested in without the distortion of the spectral 

distribution of signals and noises. In particular, this allows 

us to effectively use any digital and (or) analog methods for 

storage and processing of output SD signals. One of the 

important parameters of a SD is the dynamic amplitude range. 

For SDs whose reference voltage is not higher than 10-5-15 MHz a 
3 . . 

dynamic range of about 10 -(60 db) is obtained without special 

difficulties. To extend the dynamic range of the system, we 
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usually use one of the following schemes: l) the positioning 

of amplifiers with controlled gain between the monitor and the 

SD //2/ or 2) both the modulation of the SD input signal and 

the demodulation of its output signal. 

In the detector of this type (Fig. 4) that was designed 

by my colleague Dementyev E.N. /l/< the signal of the chosen 

harmonic is modulated with modulation frequency F by means of 

a switch SI, detected by a SD and demodulated by switches 

S3-S6. To measure the mutually orthogonal constituents of the 

input signal using one SD, we have to change the 

reference-voltage phase by /7" /2 with frequency F using a 

switch S2. Here the voltage at the demodulator input is a 

superposition of two sequences in which the pulse amplitudes 

are proportional to the sine and cosine components of the 

input signal. The demodulator (S1+S6) separates these 

sequences and demodulates them. 

The dynamic range of this SD (MDM SD) exceeds 100 db. 

Note that the sine and cosine measuring channels are 

considered identical. The speed of response of the detector 

depends on the modulation frequency . Depending on the system, 

the frequency was taken equal to 1 kHz / / / or 17 kHz /4 /• 

Closed Orbit Measurements. The system of measuring the 

closed orbit (CO) on the proton synchrotron NAP-M is one of 

the first versions of our systems that use information on a 

single harmonic of beam revolution frequency /2/. (The 

synchrotron was employed in experiments to study electron 

cooling and stochastic cooling of protons. The energy range 

was within 1.5 to 65 MeV, acceleration took place 30 s, and 

the revolution frequency was ranged from 0.36 to 2.23 MHz.) 

The beam in the storage ring occupied almost the whole orbit 

during the injection and nearly one tenth of its volume at the 

end of the acceleration. 

The system comprised a wide-band pick-up station, a 

two-channel (£ , £ ) selective amplifier with double frequency 

conversion, a SD and an ADC. The working frequency is the 

first harmonic of revolution frequency. The intermediate 
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frequencies are 20 MHz and 145 kHz. The signal from the 

channel £__ was used to control the amplification of both 

channels and also as the reference signal for the SD of 

difference channel. With a number of particles on the orbit 
g 

of (4-5) 10 the resolution of the system was about 0.5 mm. 

The system proved to have good noise undisturbances immunity 

and to be weakly dependent on the shape and duration of the 

accelerated beam. The CO measurement took 35 ms when in-turn 

information gathering from 10 pickup-stations. 

The system for CO measurements on the VEPP-4 

electron-positron storage ring (2 x 5.5 GeV, £-, — 0.8 MHz, 

54 pickup stations) was fabricated as a selective amplifier 

with automatically controlled amplification which operates at 

the second harmonic of beam revolution frequency (1.6 MHz). 

The pickup stations in this case are wide-band ( &£• Of 12 

MHz). Information from them is gathered in turn /3/.Note that 

the electrodes of the electrostatic monitor are connected to 

the input of a pickup station in series and switched on by 

diode keys. At the exit the amplifier has two SDs with 

mutually orthogonal reference voltages. This ruled out the 

necessity of mutual phasing the reference and measured 

signals and also complement information on the signal phase 

(this information is required in tests of the circuit). The 

reference voltages for SDs were generated by the RF system of 

the storage ring. 

The system was put into operation in the summer of 1977. 

It operated in the 0.025-10 mA range of currents and at 0.5 mA 
9 (4 »10 particles) its error was about 0.15 mm. At lower 

currents, this accuracy was achieved by averaging the 

measurement results. 

The last modification of the selective system for CO 

measurements was fabricated in 1990 /4/ for the storage ring 

BEP (electron-positron booster, one-bunch regime, = 

MeV, f c^ 13 MHz, 7 pickup stations). In this system the 

third harmonic of beam revolution frequency is used, and 

frequency conversion is envisaged ( f-+p "-^ •"• MI^Z' the SD 
also operated at this frequency). The system comprises the 
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above MDM SD (Fig. 4) "with a dynamic amplitude range of 100 db 

and a ADC with, double integration. As in VEPP-4, in this 

system the monitor electrodes are connected in series to the 

measuring electronic equipment. This simplifies the 

requirements for the measuring track, and the calculation of 

the position of the electrical centre of the beam reduces to 

simple arithmetic with the measured signals. The sensitivity 
g 

of the signal is about 0.1 mm at 10 mA current ( /\/~ 5 * 10 

particles). The working range of the beam currents is from 1 

mA to 2 A. 

Beam Current Measurement. In different years, the one-

and double-bunch regimes of particle (e or e ) accumulation 

were realized at the VEPP-3 storage ring (E = 0.5-̂ 2.1 GeV, 

frev = 4- 0 3 mz): fRF = f
r e v

 i n t h e f i r s t c a s e a n d fRF = 2frev 
in the second one. Here the beam current was measured by 

selective narrow-band systems.In the one-bunch regime, the 

measuring system operated on the 2nd harmonic of revolution 

frequency /l/. The electrostatic integral monitor used here 

was connected to the resonant circuit. In the double-bunch 

version, the third and fourth harmonics were used. The 

separation of these harmonics from the monitor signal was 

performed using a scheme (Fig.5) having a double-resonant 

characteristic with the resonances corresponding to the chosen 

harmonics. It is clear that the amplitude of the even harmonic 

is proportional to the sum of and the odd harmonic to the 

difference of the nuber of particles in bunches. Following 

from the odd harmonic phase,it is easy to find a bunch in 

which the number of particles is larger. For signal 

detection, the Dementyev MDM SD and a ADC with double 

integration were employed. 

The systems in question offer the possibility of 

measuring the beam current within 1 mcA*100 mA without the 

variation of the amplification factor in the measuring track. 

The ultimate sensitivity of the circuit, determined by noises 

(the signal-to-noise ratio is about l), approximately 
5 

corresponds to a beam current of 60 nanoampere (-10 
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particles) . 

Betatron Oscillation Measurement. The INP selective 

systems for this purpose are very similar, 

in construction, to the classical spectral analysers (for more 

detailed information see the papers by my colleagues /5,6/). 

Here I have to note that these systems can measure the frequencies 

of betatron oscillations with error A_̂ ->£ 10 - J~rev • a n d tJie ai"Pl. 

of induced bunch vibrations is a small share of its transverse 

dimension. 

Conclusion. As is well known, the success of a designer 

is largely determined by Know—How. In my talk I have aimed at 

demonstrating and generalising some techniques we use in our 

work and I hope that they will be useful for my lisneners 

and readers. 
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A Beam-Loss Distribution Monitor (LDM) 

Hirohiko SOMEYA, Yoshihiro SATOH and Isao YAMANE 

National Laboratory For High Energy Physics 
Oho 1-1, Tsukuba-shi, Ibaraki-ken, 305 Japan 

Abstracts 

A loss monitor system was developed and tested at the injection point of the KEK-PS 
booster synchrotron. It was turned out to be very effective for activation protection and fine 
beam tuning to monitor spatial distribution and its variation with time of radiation induced by a 
local beam loss. 

IONIZATION DETECTOR 

/"\ 

# # 

/*">> O r>i r^ 

10 

VACUUM TUBE 
PREAMP. 

P.S. 

1. Introduction 

Loss monitors are now widely used for accelerator and beam transport tuning.They are 
very useful not only for activation protection of a beam line but also for tuning beam condition. 
In usual loss monitors, radiation detectors are used to detect radiation generated by lost beam 
particles. Those radiation detectors are enough sensitive to detect a very small amout of beam 
loss. So a loss monitor is an effective tool for fine beam tuning. 

Information about beam-loss 
distribution around an accelerator or a 
beam transport line and its variation with 
time is very useful to know condition of 
the beam being accelerated or transported. 
Very similarly, with respect to a special 
local beam loss, information about 
radiation distribution induced by the loss 
and its variation with time is often very 
useful to know the manner by which the 
loss is generated and consequendy cause 
of the loss. This is the basic idea that led 
this development of an LDM. 

In KEK-PS (Proton Synchrotron), 
there are some points where level of 
recidual activity after operation becomes 
considerably high. Those points are mainly 
distributed around injection and extraction 
points of the booster and the main ring. 
Especially radiation level of those points 
aroun the booster ring becomes serious as 
the beam intensity of the booster has been 
increased more than twice in last two 
years. Therefore, we started development 
of a loss distribution monitor with an aim 
to make causes of these losses clear, 
remove those causes and eventually 
supress radiation to an acceptable level. An 
LDM has been constructed and tested at the 
injection point of the booster. It turned out 

PS CONTROL 
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VOLTAGE 
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Fig. 1 A schematic diagram of the LDM. It 
consists of ten ionization detectors, vacuum tube 
preamplifiers, a ten channel fast multiplexer and a 
displaying oscilloscope. 
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to be useful not only for inspecting injection condition of the booster but also for reducing beam 
loss at the location. 

2. A loss distribution monitor 

The LDM which have been developed this time consists of following four components: 
ten gas ionization detectors, ten preamplifires using vacuum tube, a ten-channel fast analog 
multiplexer, and a digital oscilloscope to display the radiation distribution measured.The system 
is composed as shown by a block diagram in Fig. 1. 

2-1. Gas ionization detector 
Characteristics 

of the used gas 
ionization detector is 
decribed in detail in a 
reference [1]. A cross 
sectional view of the 
gas i o n i z a t i o n 
detector is shown in 
Fig. 2. The cathode 
of the detector is a 
s t a i n l e s s s teel 
cylinder with a 
diameter of 34 mm 
and 280 mm long. 
The anode wire is a 
gold-plated tungsten 
wire with a diameter 
of 30 |im and 

15mm -

Detector Gas: ArSO'/. * CH^IO'/., ! a.tm 

Fig. 2 A gas ionization detector. The cathode is a stainless steel 
cylinder with a diameter of 34 mm and 280 mm long. The anode 
wire is a gold plated tungsten wire with a diameter of 30 um. 

extended at the center of the cylinder using a spring. The detector gas is P10 gas ( Ar 90% + 
CH4 10% ) filled to a pressure of 1 atm. The gas is filled after the chamber is sufficiently 
degassed under heating. 

2-2. Preamplifier 
Because the 

preamplifier of the 
ionization detector is 
operated together 
with the detector at a 
place where radiation 
level is considerably 
high, it should have a 
sufficiently high 
radiation resistivity. 
Therefore vacuum 
tubes ( 6AQ5 ) are 
used as amplifying 
elements. 

HV,0-ZkV 
©-7 

6AQS 6A05 

Fig. 3 A circuit diagram of the preamplifyer. 

Table. 1 Main parameters of the preamplifier 

Maximum input voltage 
Input impedance 
Maximum output voltage 
Output impedance 
Rise time 

4 V 
l l d i 
I V 
50 D 
50 nsec 
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A circuit diagram is shown in Fig. 3, and its main parameters in Table l.The preamplifier was 
designed so that it should not decrease high response speed of the ionization detector, output 
voltage should be sufficiently high and high charge-multiplication characteristics of the 
ionization detector should not be degraded. 

When capacitance of the condencer CIN in 
Fig.3 is small, detector anode voltage and 
consequently charge-multiplication efficiency 
dropps while detector current flows. 
Therefore it is desirable to use a condencer 
of sufficiently large capacitance. After 
simulating effect of its capacitance with a 
computer, ihe capacitance was decided to be 
2200pF. 
Resistance of the resister RG1 in Fig 3 is 

related with response speed and voltage of 
the output signal. When a gas ionization 
detector is used at low counting rate, a resiter 
of a fairly large resistance ( -Mfl ) may be 
used for RG1 to obtain sufficiently large 
output signal. With such a large resistance, 
however, output signal has a long tail. Rate 
of incoming radiation is usually very high in 
the case of loss monitor detector. When 
output signal of the detector head has a long 
tail, serious pile-up is expected to deteriorate 
proportionality of the output volage to beam-
loss amount. Therefore, we compared output 

signals obtained with 50 Q and lkQ, by 
experiment using a Cs137 y source. Figure 4 
shows output signals at RG1 resister which 
are obtained under the same anode voltage of 
2.3 kV. Rise times are 25 nsec for 50 £2 and 
40 nsec for lkQ. Fall time is about 150 nsec 
for both cases. Thus response speed seems 
to be sufficiently high and the length of tail is 
also sufficiently short for both cases. Since 
amplitude of the signal for IkQ. is 4 V and 
ten times larger than that for 50 Q, the case 

of lkQ is considered to be more tolerable 

against background noise. As a result lkQ 
was selected for RG1. 

( b ) 

Fig. 4 Photograpfs of detector output signal at 
the RG1 resister for two values of resistance: 
(a) RG1 = 50 Q., and (b) RG1 = lkQ. These 
signals are outputs for single radiation which 
was obtained using a Cs137 y source with an 
anode voltage of 2.3 kV. 

2-3. Fast analog multiplexer 
Each output signal of the preamplifier is 

transfered by a 10D-HFB coaxial cable about 
110 m long from the accelerator room to the 
central control room. Then signals of ten 

channels are taken into a fast analog multiplexer, read out one by one in the order of detector 
position repeatedly, and displayed by a digital oscilloscope. 

As the first application of this LDM. monitoring of beam loss accompanying the charge-
exchange injection into the booster was planned. In the case, it is necessary to observe output 
signal of each channel in a repetiton periode of at least 1 (isec, since the injected H- beam pulse 
is usualy 10 ~ 40 u\sec long. In the fast analog multiplexer, each channel is successively 
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switched on for 100 nsec by a fast switch using Schottky diodes to the output channel for an 
oscilloscope. 

Fig. 5 A schematic view of beams and beam losses around the injection straight 
section of the KEK-PS booster. 

3. Application to the beam loss at the injection point of the KEK-PS booster 

The beam injection into the KEK-PS booster synchrotron is done in the H" charge-
exchange injection scheme. An H- beam is charge-exchanged to a proton beam by passing 
through a thin carbon foil on a bump orbit which is formed in the injection straight section of 
the booster. In this injection scheme, small amount of H- and H° beams remains downstream of 
the foil and is lost at some place near the straight section when proper stopper for these beams is 
not installed. In the case of the KEK-PS booster, recidual activity often became higher than 2 
R/Hr after a two or three-week operation on the surface of vacuum chamber which those H- and 
H° beams hit. Amount of the lost beam, especially of spilled H- beam, depends upon tuning of 
the injected H- beam and injection condition. So monitoring distribution of radiation induce by 
the lost H- and H° beam is very effective not only to suppress the radiation level but also to fine 
tune the injected H" beam and injection condition. 

A schematic view of beams and losses around the injection point is shown in Fig. 5. 
The stripping carbon foil is installed 50 mm apart from the central orbit not to scrape the beam 
being accelerated on the orbit. The 40 MeV H" beam is injected into a bump orbit which is 
formed by four dipole magnets ( 1-4) so as to pass through the stripping foil. Since the foil is 
usually selected to have a charge-exchange efficiency of about 98%, 2% of the beam which 
passes the foil will remain as an H° beam. Moreover, some small amount of H- beam misses 
the foil when the position of injection point is not proper or the beam size is too large. These 
beams will take orbits shown in Fig. 5 and hit the vacuum chamber. Since there is not sufficient 
space in the injection straight section of the KEK-PS booster, no beam stopper is installed 
except for an H" stopper between bump magnet 3 and 4. The H- stopper, however, can not be 
inserted sufficiendy deep.If the H- stopper is inserted deep inside enough to completely stop the 
spilled H- beam, it will scrape the beam being accelerated on the central orbit. Thus some 
fraction of spilled H" beam and major part of H° beam pass by the H- stopper and activate the 
vacuum chamber of the M-l magnet. 

An oscilloscope display of output signal, which was taken with an anode voltage of 300 
V, is shown in Fig.6, Detectors of LDM are set as shown in Fig.5. Since the H° beam loss is 
generated from the major part of the beam which past through the foil, its amount does not vary 
so much as long as the intesity of the captured proton beam does not vary. Consequently output 
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of detectors 6-9 are stable. On the other hand, since the H" beam loss is formed as the part 
which misses the foil, its amount easily varies depending upon the spot size and the position of 
the injected beam. When the spot size and the position are properly adjusted, it disappeares. 

Fig. 6 A photograph of the digital 
oscilloscope display. The top is a pulse of 
injected H- beam intensity measured by a 
fast current transformer. The middle is a 
display of output signal from the ten 
channel fast multiplexer. Each dotted 
curve corresponds to output variation of 
an ionization detector. The bottom is an 
overiayed display of one cycle fixed rime 
after the injection start. It shows ten steps 
of different height corresponding to ten 
detector channefs. From left to right each 
step corresponds to the ionization detector 
1 through 10 in Fig. 5. Two peaks 
around detector 3 and 7 correspond to the 
H- and the H° beam loss respectively. 

But when adjustment is not proper, its amount easily reaches to several % of the injected beam. 
So output of detectors 2-4 is very changable. Output of detectors 2~4 should be maintained no 
higher than that of 6~9. 

Since response speed of this LDM is sufficiently high, the manner by which the beam 
loss takes place is observed in real time. Its variation during the injected H- beam pulse is also 
observable. The highest dotted curve in the middle of Fig.6 shows output variation of the 
detector 7 which H° beam loss comes in. It does not show the same variation pattern as the 
injected beam intensity which is shown in the top of the same figure. It rapidly rises untill the 
beam current comes up to about a half of the maximum and thereafter gradually falls down. 
Amplitude of the signal decreases to about one third of the maximum. As is discussed in the 
next section, this pattern of variation is not trivial. So we should be careful to use for 
monitoring fast variation of injection condition during the injected beam pulse. However, since 
the pattern is fairly constant for pulse to pulse change, it is useful to monitor the pulse to pulse 
change of the injection condition. 

4. Discussion 

The variation of the detector 7 output corresponds to variation of H° beam amount. But 
such a variation of H° amount is not trivial because the peak intensity of the H- beam did not 
vary as the top curve of the figure shows and more than 95 % of the injected beam was actually 
capturerd in the booster. Naively speaking, the amount of the H° beam is expected to vary very 
similarly to the H- beam intensity. If the amount of H° beam actually varies, it may mean 
variation of charge-exchange efficiency from H" to H° by a carbon foil during the injected beam 
pulse. Otherwise, this variation may suggest variation of charge-collection efficiency of the 
detector gas, since at an anode voltage of 300 V the detectors are considered to operate in the 
ionization chamber mode. More investigation is necessary for this question to be solved. 

In the present status, the loss distribution is displayed in a serial manner on the time 
axis. It seems more desirable to display the loss distribution as a map or a mountain view on a 
plane with time and position axes. Since we have already information about time and position, 
such a display may be easily developed. 

When a loss monitor is used as a tool to monitor beam condition in an accelerator, 
especially in a synchrotron, it is often desirable to know beam loss and its variation of a single 
bunch. Since the time duration of a single bunch is very short, loss monitors for such use are 
required a very high response speed. The LDM reported here is not aimed for such a high 
response speed, because another system of loss monitor using secondary electron multipliers 
which is capable to observe bunch to bunch beam loss are now being developed. 
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5. Conclusion 

A ten channel LDM using gas ionization detectors and a fast analog multiplexer was 
constructed and applied for monitoring injection condition of the KEK-PS booster. Monitoring 
spatial distribution of radiation induced by a local beam loss and its variation with time turned 
out to be very useful to suppress activation due to the loss and to fine tune the relevant beam 
condition. As far as the constructed LDM concerned, there are some problem to be solved with 
respect to the fast response characteristics. The LDM will be more effective and convenient 
monitor not only for activation protection but also for fine beam tuning, if the loss distribution 
is displayed as a map on a plane with time and position axes. 
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Timing and Current Measurement from the TRIUMF Cyclotron Probes 

W. R. Rawnsley 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C, Canada, V6T 2A3 

Abstract 

The TRIUMF cyclotron has 6 probes which travel radially through the beam plane. Signal 
currents are formed in the probe fingers by the interception or stripping of H" ions. Two 
types of heads are used; a vertical head and a differential head. The ac components of the 
signals are used to measure the energy gain per turn and the machine isochronism while 
the dc components are used to measure the beam height and the radial beam density \ The 
signals are brought out of the cyclotron vault on balanced twinax cables, about 70 m long, 
to differential ac and dc amplifiers connected in parallel. This system allows simultaneous 
measurement of dc and ac signals, optimization of their amplifiers, and avoids multiplexing 
of the low level current signals. 

43 ns—— 

1.4 mA -

BEAU 
CURRENT 

100 uA -

1 uA 

3 ns—m~ 

RF STRUCTURE 

h 

V s 

10 us—»• 

* A 
V 

MACRO STRUCTURE 

•m-1 m S - » 

1 

-

1 
. nuc 

III 

Introduction 

Figure 1. A 1 \iA beam at 1% duty cycle. 

The cyclotron accelerates an H" ion beam in a train of bunches 0.5 ns to 4 ns wide at 23 
MHz. Average intensities of 0.1 nA to 200 uA are available i.e. 26 to 5.3xl07 ions per 
bunch. The normal beam is cw but we have a pulser in the injection system which can 
eliminate some of the bunches. It can be pulsed at l,'(24x210) of the rf (about 1 kHz) with 
a duty cycle of 0.1 to 99.2% for diagnostic purposes and intensity control, see fig. 1. One 
can measure the time of flight (TOF) of a beam macro pulse through the injection system 
and cyclotron by starting a time to digital converter (TDC) with the with the pulser signal 
and stopping with the arrival of the first beam on a probe head. 
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Two low energy probes, LEI and 2, on opposite sides of the cyclotron run from 0.3 MeV 
to 67 MeV. Two high energy probes, HE1 and 2 run from 61 MeV to 516 MeV. HE3 and 
HE4 (presently being installed) run from about 460 MeV to 516 MeV. The fingers of an 
LE probe are 8 mm thick copper and intercept the beam whereas those of an HE probe 
are 0.13 mm tantalum and only strip the H ions. A HE vertical head consists of 5 
horizontal fingers spaced vertically, a differential head of 2 radial fingers with a separation 
of 1.3 mm. The LE heads have 3 vertical fingers plus a differential finger. 

System Bandwidth Considerations 

A simplified diagram of the signal 
separation scheme used in the probe 
electronics is shown in fig. 2. Cl and R2 
form a network which passes the high 
frequency components of the probe signal 
to the ac amplifier and the low frequency 
components to the dc amplifier. The 
crossover frequency is 5.3 Hz. The rise 
time of the dc section is 66 ms, allowing 
rapid collection of data during probe scans. 
The ac section need not respond to signals 
of less than the 1 kHz pulser frequency. 
The droop is 1.7% at a 50% duty cycle. 

The HE probe TOF signal is used to 
measure the total number of turns to a 
given radius or the energy gain per turn as 
a function of radius. A set of slits and 
flags in the central region of the cyclotron 
may be used to restrict the phase acceptance of the machine. 150 ps beam pulses are 
possible. A phase acceptance of 8° is easy to obtain using the radial flag and one slit, H2. 
This narrow A<j> should be used for the most accurate measurements. Assuming 
isochronism, the energy spread in a single beam pulse is: 

Figure 2. The signal separation. 

AE = V ^ (1-cos A<j>/2) 

This causes a spread in radius so that successive turns may overlap. The average energy 
gain per turn is 0.36 MeV and the ion orbital period is 217 ns. The rf is the 5th harmonic 
of the orbital frequency. Thus for 8°of phase acceptance, at 200 MeV stripping occurs 
over 1.4 turns or 0.29 us and at 500 MeV over 3.4 turns or 0.73 p.s. Drifts and jitter, 
mainly due to rf resonator vibrations of a few Hz, can markedly increase these figures. 
The TOF system triggers on the first part of the arriving pulse. It is advantageous to keep 
the frequency response as low as possible to reject 23 MHz rf pickup and to reduce system 
noise. The signal paths are not ideal. The probe head signals pass through about 10 m of 
flat, shielded ribbon cable inside the probe and through low pass filters at the tank with a 
bandwidth of 1.7 MHz. However, the actual system rise time is close to that of the 
amplifier; 0.2 u,s. 

- 3 / 1 0 -



AC Signal Levels and Noise 

Heating of the probe head and tank activation (stripped ions from the HE probes are 
deflected into the tank wall) restrict usual average beam currents to approximately 1 uA 
at the probes. As a result TOF measurements are carried out at low duty factors. 
Typically a 1% duty factor at 1 uA is used equivalent to a peak current of 100 uA. Under 
these conditions the system noise is equivalent to about 0.5 uApeak to peak of beam. The 
main source of noise is electrical interference, as shown by disconnecting the balancing 
line at the amplifier which increases the noise by a factor of 10. The amplifier system is 
non-inverting and has a conversion factor of 16.6 mV/u.A into a 50 Q load. Thus 100 \iA 
peak input current would yield an output pulse of 1.66 V, sufficient to drive an oscilloscope 
or discriminator. 

System Lav Out 

Fig. 3 shows a block diagram of the 
typical connections of a vertical 
probe head. The ac signals from the 
centre 3 fingers are summed in the 
ac amplifier while the dc signals are 
digitized separately. For a 
differential head, both fingers would 
be summed. The sum signal from 
one probe at a time is selected from 
the control room and connects to a 
common cable via relay contacts. 
The 1 m length of cable extending 
to disconnected amplifiers does not 
cause ringing due to the limited rise 
time of the signals. The signal is 
carried to the control room on 20 m 
of balanced line to a differential 
receiver, then displayed on an 
oscilloscope and discriminated. 

The dc signal from each finger is 
amplified and digitized to 12 bits by 
a nearby high input impedance 
differential scanning analog to 
digital converter with a ±5 V input 
range. 

Signal Display and Usage 

The oscilloscope display of the TOF signal is used to optimize the overall machine 
isochronism. The cyclotron rf frequency is fine tuned to achieve the fastest rise time and 
to minimize the TOF delay. 

AC AMPLIFIER 

PROBE 
FINGERS 

2 

r^ 
I AC SIGNALS 
I TO DAISY CHAIN 

F£>-

ENABLE 

AND TO CONTROL 
ROOM 

DC AMPUFIER 
CHANNELS 

fc> DC SCNALS 
TO SCANNING 
ADC 

CAIN 
SELECT 

Figure 3. Block diagram. 
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Fig. 4 shows a TOF signal from the 
HE2 probe at 500 MeV with a 0.5% 
duty cycle 450 nA beam. The peaks 
are equivalent to 90 uA. The stripped 
electrons yield an "inverted", negative 
going signal on the display. Fig. 5 
shows four overlapping shots of the 
TOF signal taken about 5 seconds apart 
from the HE3 probe at 500 MeV with 
a 5.8% duty cycle 398 nA beam. The 
peaks are equivalent to about 6.9 \xA. 
The apparent increase in noise in the 
"beam on" portion is due to fast 
intensity fluctuations in the ion source. 

A computer program called probe scan 
utility (PSU) is available to record the 
TOF and finger currents versus radius 
as a probe is run through the machine. 
A Vcos <|> scan is shown in fig. 6. V is 
the dee gap voltage and <j> is the phase 
of the beam with respect to the rf. The 
radius is first converted to energy using 
a look up table. Vcos (j> is proportional 
to the reciprocal of the derivative of 
the TOF with respect to energy. In 
this example, the isochronism was not 
good near the outside of the machine 
and was later improved by tuning the 
B, trim coils. 

- 0 , 5 

- 1 . 0 -

- 1 . 5 -

- 2 . 0 -

- 2 . 5 

Figure 4. The TOF signal from HE2. 
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The AC Amplifier Figure 5. The TOF signal from HE3. 

The ac amplifier (named 0653 TOF) is shown in fig. 7. It allows the ac components of up 
to 3 probe fingers to be summed and is housed in a single width NIM module. The first 
stage consists of two summing junctions for the 3 signal lines and the 3 balancing lines. 
CI and LI are series resonant at 23 MHz and attenuate any rf leakage from the cyclotron 
dees. Rl and diodes Dl and D2 protect the input stage JFET op-amps from damage by 
transients. Rl,2,3 and 4 give the unit an input impedance of 248 Q line-to-line which only 
approximately matches the twinax impedance of 124 Q. They were selected experimentally 
to yield the fastest rise time and minimum ringing of the input circuit. This occurs when 
the inverting inputs of Ul and U2 are not driven so hard that they are no longer virtual 
grounds due to the limited bandwidth of the operational amplifier (op-amp). Polycarbonate 
capacitors C2A, C2B and C2C provide ac coupling. R13 and C13 insure that the closed 
loop gain of Ul will be >5 at high frequencies for stability. The sum signals are subtracted 
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Figure 6. A Vcos <j> plot. 

in a differential amplifier. Driver amplifier transistors Q 1,2,3 and 4 are placed in the 
feedback loop of U3 to insure accurate gain. Relay Kl connects the selected amplifier to 
the output jacks and R26 matches the low output impedance of the driver stage to the 
signal cable. 

The DC Amplifier 

The dc amplifier (named QSX) is a true differential current to voltage converter with 6 
gain ranges from 1 nA/V to 100 \iA/V and an absolute accuracy of 3 % on all but the 
lowest range. 

The dc amplifier schematic is shown in fig. 8. It consists of 4 channels contained in a 
single width NIM module. Each channel is a differential current to voltage converter 
followed by a low pass filter. Care was taken to keep the impedance and transfer functions 
the same for both inputs so that optimal noise cancellation could occur. Note that the 
balancing lines must be left open circuited at the probe head to maintain this balance. The 
inputs have rf traps and low leakage (typically 2 pA at 25 °C) protection diodes. The op-
amp has a typical leakage of 10 pA and offset voltage of only 50 \iV at 25 °C. One of 6 
feedback resistors is selected by a low leakage CMOS switch integrated circuit (IC). The 
sections of the switch are arranged so that leakage currents will cancel from one side to the 
other. The differential leakage per channel is 10 pA typical at 25 °C and 50 pA at 75 °C 
The worst case figures are 10 times higher, however it has not been found necessary to 
select devices. The leakage is only significant on the lowest range, but it is a fixed 
background which can be subtracted out. The higher value resistors require 10 pF 
capacitors across them to maintain circuit stability. R12 is adjusted to a value slightly 
below 10K to compensate for the series resistance of the switch, about 650 £2. U5 forms 
a unity gain differential voltage amplifier. U6 is connected as a low pass filter with a 
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bandwidth of 70 Hz. R25 is necessary to prevent oscillations when driving long lines. U7 
is a CMOS inverter used to buffer the gain select bits which are driven from open 
collectors externally. 

The Receiver 

The differential receiver, shown in fig. 9, is necessary due to the 60 Hz ripple which exists 
between the grounds of the electronics bays. Rl and R2 terminate the twinax cable while 
Ul,2 and 3 form a true differential voltage amplifier. The output circuitry is similar to that 
of the ac amplifier. 
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A VECTOR POLARIMETER FOR MEASUREMENT OF SPIN POLARIZATION 
IN ELECTRON STORAGE RINGS 

K. NAKAJIMA 
Natinal Laboratory for High Energy Physics 

1-1 Oho, Tsukuba-shi, Ibaraki-ken, Japan 

Abs t r ac t 

A polarimeter for a precise measurement of the polarization vector of a polarized 
electron beam is presented. The polarimetcr is based on measurement of asymmetries 
in the Compton scattering of circularly polarized laser beam on polarized electrons. 

1. I n t r o d u c t i o n 

It is well known that electrons are transversely polarized anti-parallel to the guiding 
magnetic field in a storage ring by emission of spin-flip synchrotron radiation, known as 
the Sokolov - Ternov effect. It would be difficult to obtain a high degree of polarization 
in a larger storage ring with a higher beam energy because of strong depolarizing effects 
originating not only from magnetic imperfections and misalignments but also from a 
spread of the beam energy unless sophisticated optics design and corrections would 

be employed. An only useful application of the transverse polarization is, however, 
precision measurement of the beam energy in the storage ring using the depolarizing 
resonance. Most of the interesting high energy e+e~ and ep physics phenomena are 
associated with longitudinal polarization of beams, for which it is necessary to rotate 
the spins from the transverse to the longitudinal direction by so-called spin rotators. 
Although there have been several kinds of rotator schemes proposed, none of them has 
worked so far and the longitudinal polarization has never been observed in existing 
electron-positron storage rings. In most of e+e~ storage rings for use of collider ex
periments, strong solenoidal fields utilized for particle spectroscopy tilt the spins away 
from the vertical bending field. Since the deviation of the spin vector from the direc
tion of the bending fields leads to a serious loss of polarization, one would no longer 
expect to obtain a high degree of equilibrium polarization. Furthermore, in a storage 
ring with magnet errors,-the equlibrium polarization direction may no longer coincide 
with the bending magnetic field because of the associated closed orbit distortion. The 
depolarizing mechanisms result from decrease of spin-flip synchrotron radiation due 
to the closed orbit distortion and diffusive effects of spin motion due to spin non-flip 

3) 

synchrotron radiation. In the presence of depolarizing effects, the buildup of the beam 
polarization can be expressed in terms of the effective buildup time r as 

Pe(t)~T/TpPo[l-eM-iM], (1) 

where PQ is the ideal asymptotic polarization level, P0 = 8/(5\/3) = 92.38%, and TP 

is the natural polarisation time. The buildup time of the polarization for the beam 
energy E in GeV is given by rp = 9SM(p2R/Es) sec, where p is the bending radius in 
meters and R is the machine mean radius. 

A precision polarimeter that enable us to measure not only transverse polariza
tion but also longitudinal polarization of the electron spin is an essential tool to study 
polarization phenomena in e+e~ storage rings. Various methods of analyzing electron 

spin polarization can be used in e+e" storage rings. The Touschek effect technique 
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has been applied to low energy storage rings, giving the transverse polarization to be 
deduced from a measurement of the outscattering rate of electrons from a beam. The 
Touschek effect is intra-beam Moller scattering of which cross section depends on beam 
polarization. Various processes in e+e~ collisions arc also useful for measurement of 
transverse polarization by the study of angular distributions of the cross sections for 
e+e~ reactions. However, these techniques are not always suitable for a precise mea
surement of the beam polarization in high energy storage rings. The Touschek method 
would be low rates and large backgrounds, and the measurement of e+e~ annihilations 
are also low rates and needs two beams to be equally polarized. The method using 
laser photons has been developed for the transverse polarization measurement of high 

energy electrons. The principle is based on asymmetry in Compton scatterings of 
circularly polarized photons from a laser on a polarized electron beam. The laser po-
larimeter may be a desirable device to make a fast and non-destructive measurement 
possible. The polarimeter has been developed in TRISTAN to allow for simultaneous 
measurement of the transverse and longitudinal polarization. In principle it enables to 
measure a polarization vector of the electron spin at the interaction point of laser with 
an electron beam. 

2. C o m p t o n po la r ime t ry 

Let us consider the Compton scattering of a circularly polarized photon by a po
larized electron with spin inclined with respect to the direction of an incident electron 

beam. In the electron rest system (Fig. 1), the differential cross section is given by 

S = l^)2f1 + C ° s 2 l ? + ^ - ^ 1 - C O S 1 ? ) (2) 
- K i sin21? - £3(1 - cos tf)(q0 cos tf + q) • S ] , 

where rc = e2/mc2 is the classical radius of the electron, q0 and q are the initial and 
final energies of the photon in units of the electron rest mass mc2, qo and q are the 
incident and scattered photon momenta, i? is the scattering angle, £j = +1 refers 
to linear polarization perpendicular to the scattering plane, & = +1 refers to left 
circular polarization, and S is the polarization vector of the initial electron. Since the 
interaction between photons and electron spin occurs only with circularly polarized 
components of the photon beam, the Compton scattering for the circularly polarized 
photon is written using the coordinates defined in Fig. 1 as 

— P 7 P e sin ••&.. s in <f>eq(l — cos J)) s in i? s in <j> (3) 

—P^PC s in ij}e cos <j>cq(l — cos 1?) s in 1? cos <f> 

—P^Pe cos ipe{q + q0)[l — cos i?) cos tf], 

where <f> is the azimuthal angle with respect to the direction of the guiding magnetic 
field, Pn is the photon polarization, Pe is the electron spin polarization, and rj;e and <j>e 

are the inclined angles of the electron spin. 

Assuming the interaction of a highly relativistic electron, 7 ^ 1 , with a laser 
photon at a very small crossing angle, ( 5 < 1 , kinematics and Lorentz transformation 
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between the electron rest system and the laboratory system are 

I / ? - l / ? 0 = 1 — COST?, 27^0 W fc(fco + 7) + K^O — 7) C0S °> 

go « 27/ro, Ar0t(l + cos0) w <7o<7(l — cos 1?) = g0 — 9. (4) 

, - siin? 
tan 0 « — —, 

7(1 —cos v) 
where 7 is Lorentz factor of the incident electron beam, E/mec

2, kQ and k are energies 
of the incident and scattered photons in the laboratory system, and 0 is the scattering 
angle of the photon with respect to the direction of the incident electron beam. In the 
laboratory system shown in Fig. 1, the cross section can be written as 

(Per d2aa n o T ^2(T!I • i± \^2(Tx a d'aa _, _ f , d an . , . , , . d crx] . . . 

d^K
 = l^ + p^ lcos +'WK-sin ^'cos(^ ~ ^ 1^\' (5) 

where K is defined by the ratio of the scattered photon energy to its maximum possible 
energy, K = k/kmaxi using parameters 

0 = 1/(1 + 47*0), and kmax = {47
2 + l)k0a, (6) 

<**<*, , r , « 2 ( i - a ) 2 , r i - * ( i + «)i2-) m 

d<t>dK e l + l - / c ( l - a ) " * " l l - / c ( l - a ) J J ' Ki 

and 

d2cr± 22(1 - q ) K A / a K ( l - « : ) 

d0dK ^ l - « ( l - a ) ' ( ) 

g i = a ^ [ l - . ( l + a ) ] { l - [ 1 _ / { (
1

1 _ a ) p } . (9) 
The scattering angle of photon in the laboratory system is given by 

t a n 0 = - J - - . (10) 
7 V isa 

From eq. (5), it is seen that the transverse component of the electron polarization can 
be deduced from measuring of the azimuthal angular distribution of scattered photons 
and the longitudinal component can be obtained from their energy distribution. 

(1) Transverse polarimetry 

Considering the betatron motion of electrons in the beam of the storage ring, the 
angular distribution of scattered photons seen by the detector placed at a distance L 
is expected as 

d2c 
= / dQGx{X + Ltan0sin<j>)GY{Y - Ltan0cos<£)^-(0,<£), (11) 

J d\l dXdY 
An 

where AH represents a solid angle spanned over acceptance of the detector and da/dil 
is the differential cross section of Compton scattering. The probability function repre
senting the distribution of the projected position on the detector plane is normalized 
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as 
oo 

/ 
GY(Y)dY=l. (12) 

Then the vertical distribution projected on the V axis is obtained by 

da 

dY 7 = J dXJ^[y = J dn°y(Y -Lt^nOcos #^(0 , #). (13) 
-oo An 

Assuming that the amplitude of the betatron motion is a Gaussian distribution in the 
phase space of the beam electron trajectory, the distribution function on the detector 
plane is given by 

1 , Y2 

G[Y) = _ g e x p ( - ^ - r ) , with oY = y/e.{,P-2aL + iL*)% (14) 

where e represents the emittance of the beam, and a, /?, 7 are the Twiss parameters 

describing the beam optics of the storage ring. Similarly the horizontal distribution 

can be obtained. Using eq. (5), the horizontal and vertical distributions are given by 

-as/»/»-»[-tx+L5"-*i& ™ 
and 

1 fj fjj. r {Y-LUnOcos<l>)* d2a 

= ^ J d K J »~*l-~ 5? L]«& (16) 

where KC is the lower cut-ofF energy for photon detection. Substituting eq. (5) into 

them, the distribution functions for left-handed and right-handed circularly polarized 

photon beams can be expressed by 

da± _ da0 , , p , \ p daz dcrx day*\ 

dx ~ dx *' 7' L " dx + " dx r'y dx J' {U) 

and 
da± d(TQ 

dY dY 

do's . „ dax „ dav da± _ da0 . ,r das dax day-[ 
dY ' "dY cvdYl 

where Pex,Pey,Pez are components of the electron polarization vector, defined by 

Pex = —Pe sin V'e sin (f>e, Pey = Pe sin ipe cos <f>e, Pet = Pe cos ipe, (19) 

and the horizontal distribution functions are 
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da0 1 / " , / , , r (A' + LtanflsiiKji)2-, d2aQ 

-Jx=7^J dKJ d<Aexp[ M ]W 
i t i 0 

1 2* 
dvx 1 f , f ,. r (A' + Ltan0sin^)2 . dVj. 
dX=:-J^JdKJd+eXrt 2^ l " 1 1 ^ ' 

Kc 0 

da-y 1 f, f ,, , (A + Ltan0sin<£)2, ,d2<rx 

lx~3T^J dKJ # e x p [ M ]cos*d^? 
Kc 0 

dcrz 1 f , f ,, r (A"+£tan/7sin<£)2, <i\7|i 

dx=vT^;J dKJd*^ M ] ^ ' 
Kc 0 

and the vertical distribution functions are 

da0 1 f , f ,, , ( V - i t a n O c o s ^ ) 2 , d2o-0 

!Y=VT^J dKJ # e x p [ S? ] d^ ' 
Kc 0 

dax 1 K 7 , , r ( y - L t a n f l c o s ^ ) 2 , . d2<7X 

W=^^J dKJ ^6Xpt 24 J " ' 1 ^ 

der, 1 / " , f* r (y-Ltanflcos^)2, .dVj. 
— r =—7=— dn d4>exp\—- —T. — cos q> , , , , 
dy V27ay J J l 24 J ^ d / c ' 

KC 0 

dcrz 1 /" / r ( y - L t a n O c o s . j i ) 2 , d2<7|| 

(20) 

(21) 

1 f , [ , . r y-Ltanflcos-ft)2- , 

=7^1 * 7 ^CXP[ U> ] 
dY y/2itOY J J 2cr2, Jd^d/c* 

By integrating over the azimuthal angle, the parities of these functions are shown as 

dX( A)-d7f (A) ' dA'( A ) - ~ d A W ' ( 2 2 ) 

dA (~A) = dA (A) ' d T ^ = d A ^ ' 

and 

The distribution of photons on the detector plane is calculated as shown in Fig. 2 for 
Pey = 1. Thus the transverse component PeT and Pey of the polarization vector can 
be extracted from measurement of the horizontal and vertical distribution of scattered 
photons on the detector, respectively, as 

p«=\m;' and p«=wk' (24) 
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where Az and Ay are the left-right and the up-down asymmetry, respectively, given by 

A = *x+(x < o) - S^-(,Y < o) - s,Y+(x > o) + Sjr_(jy > o) 
x E J C + ( X < 0) + £ A - - (A < 0) + E , Y + ( A > 0) 4- S X _ ( X > 0) ' l ~ ' 

and 
4 =

 s r + ( y > °) ~ S ^ - ( y > 0) ~ W * < °) + s v - ( y < 0) r2fi1 
v sy+(r > o) + sr_(r > o) + s r+(r < o) + sy_(r < o) * ^ ; 

Here Sx±(A) is the quantity proportional to the number of events captured on the 
left half (A' < 0) and the right half (A" > 0) of the horizontal distribution for the left-
and right-handed circularly polarized photon beams: 

•v.-

S A - ± ( A ' < 0) = J d X ^ , for A\ < X2 < 0, 

VX±{X > 0) = J dxij£, for A'2 > X, > 0. 

Ey±(V) is the quantity proportional to the number of events captured on the upper 
half (Y > 0) and the lower half (Y < 0) of the vertical distribution: 

S K ± ( F > 0) = j d Y ^ , for K2 > K, > 0, 

\ (28) 

:Y±(Y < 0) = / d Y ^ , for Yx < Y2 < 0. -.(Y<Q)=Jc 

IIX and ITy are the analyzing power of the transverse polarization measurement, defined 
by the ratio of the spin-dependent term of cross section to the non spin-dependent term. 
They are calculated from the cross section integrated over the kinematic acceptance of 
the asymmetry measurement as 

x2 Xt 

Xi Xi r, y, 

(2) Longitudinal polarimetry 

Measurement of the longitudinal polarization of the high energy electron is rather 
simple than the transverse polarization measurement with a high precision calorimeter 
for a high energy photon. By integrating eq. (5) over the azimuthal angle, the spin-
dependent cross section coupling to the transverse polarization can be cancelled out 
and the non spin-dependent term and the term coupling to the longitudinal polarization 
are remained: 
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The energy distribution of photons is illustrated in Fig. 3 for Pez = 1. Thus the 
longitudinal polarization can be obtained by taking difference between measurements 
with the left-handed and the right-handed circularly polarized photons as 

p-=mf (3I) 

where Az is asymmetry on the energy distribution of scattered photons, given by 

A:=lK*~l*-- (32) 

Here S«± is the quantity proportional to the number of events counted within a given 
energy bin: 

E«± = J dic-p-, for 1 > K2 > K, > 0. (33) 

IIZ is the analyzing power of the longitudinal polarization measurement, defined by 

where the cross sections can be integrated as 

3a2 + 6n - 1 1 - / c 2 ( l - q ) (35) 
( 1 _ „ ) 3 l n i _ K l ( i _ 0 ) 

+-JfL.f ! 1 U 
T ( l - a ) 3 l l - / c 2 ( l - a ) 1 - K , ( 1 - O ) J J ' 

f j d<JW 2 r 1 + a 2 2 1-fa 1 - K 2 (1 - a) 

2a r 1 1 I -i 
+ ( l - a ) U l - K 2 ( l - a ) ~ l - K , ( l - a ) J / " 

(36) 

3. Cons idera t ions on resolution 

The degree of polarization Pe is basically determined by asymmetry of gamma rates 
and the analyzing power II as 

P = i A - * - (37) 
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where N+ and N- are the number of gamma events counted by the detector for the two 
photon helicities with \P-,\ = 1. The statistic accuracy of the polarization measurement 
is given by 

where N = iV+ -f- JV_. In order to make a high accuracy measurement, it is necessary 
not only to take a sufficient number of events but to make a high analyzing power. 
Therefore relevant parameters of the polarization measurement should be chosen so as 
to optimize the quantity U2N, 

(1) Resolution of transverse polarimetry 

The maximum asymmetry of the backscattered gamma rate occurs in the polar 
angles of 0 ~ 1/7. The angular divergence of the beam and the angular resolution 
of the detector should be small compared to this angle so that asymmetry of the 
distribution can be resolved. The net angular resolution of the polarimeter is given by 

A 0 = {(<TB/0)2[l + (a-P/L)2] + (aD/L)2y/2, (39) 

where <?B is a beam size at the interaction point and <?D >S the rms position resolution 
of the detector. The angular resolution can be minimized by making L as large as 
possible and by satisfying the condition such that a = P/L. However, it is impossible 
to satisfy this condition in both horizontal and vertical planes simultaneously. Usually 
in the e+e~ storage rings, the horizontal emittance is much larger enough to smear 
out asymmetry information than the vertical one. Therefore the optimum location of 
the interaction point can be determined from considerations on the horizontal beam 
optics. 

In order to analyze the degree of tvanseverse polarization, the most likely range of 
the transverse position distribution over which the number of events is integrated is 
chosen so that the quantity II2JV is maximized: 

The analyzing power and U2N are predicted as shown in Fig. 4. Analyzing power and 
resolution in transverse polarimetry strongly depend on the width of a beam profile 
projected onto the detector as shown in Fig. 5. 

(2) Resolution of longitudinal polarimetry 

It is noted from eq. (9) that the spin-dependent cross section of the longitudinal 
polarization changes a sign at K = 1/(1 4- a). Thus analyzing of the longitudinal 
polarization can be carried out in two parts of the photon energy distribution as given 
by 

0 < «i < K2 < , and < «i < «2 < 1. (41) 
1 + a 1-1-a 

The most likely energy range is chosen so that the quantity Yl2N is maximized: 
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For longitudinal polarimetry, analyzing power and T[2N are shown in Fig. 6 for a beam 
energy of 29 GeV. 

The resolution of the calorimeter for photon energy measurement decreases the 
analyzing power. If one uses a lead-glass Cherenkov counter as a calorimeter, the 
resolution of energy measurement is usually given by 

AE^/K, = ClyJE^GeV), (43) 

, where E1 is a photon energy in units of GeV and a constant C is typically 0.05 in lead 
glass calorimeters. Taking into account the resolution of the calorimeter, the expected 
analyzing power is approximately written as 

n = S"ll( / ti'*2:°)~*' i :"ll(* :i-' /c2i'4) (44) 

where 2Ko(Ki)K2)0) and E K | | ( K I , K 2 ; 0 )
 a r e the integrals given by eqs. (35) and (36), 

respectively, and using A = C/y/kmax(GeV), effects due to uncertainty of energy 
measurement are obtained as 

2«o(«i,«:2;^) = 2jrar 2A 2 | — — («i - «2) 

3a2 + 6a — 1 r /ct K2 

+ 

£*!!(«!, K2;i4) = 2j rar 2 / l 2 | — — (/cj - / c 2 ) 

2 ( 1 - a ) l [ l - K i ( l - a ) ] 2 [ l - K 2 ( l - a ) ] 2 J 

4a2 r K2 «i 11 
+ 1 - a L[l - K2(1 - a)p [1 - K , ( 1 - a)]3J J ' 

1 + a, 

(45) 

1 + a [ M *2 1 
+ 2 L [ l - « , ( l - a ) p [1 - K 2 (1 - a)]2J ( 4 6 J 

+ 2 a L[l - *2(1 - a)]» ~ [1 - «a(l - a)J3j /* 

These effects are sufficiently small on analyzing power with C < 0.2. 

4. Even t r a t e and background 

A power of laser must be intense enough to produce sufficient scattered photons so 
that a event rate of the Compton scattering should be higher than that of backgrounds. 
The luminosity of interaction between an electron beam and a laser with a horizontal 
crossing angle 6 is given by 

" - , , N'Na° (47) 
1*yj< + CTIv vW(<V2)(<r 'x + <r\x) + sin^/2)(<7>2 + <72 J 

where Ne is the number of electrons in a beam bunch, N^ the number of photons 
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in a laser pulse, Jo the revolution frequency of the machine, and aeT, a^y, crez and 
GLxi&iyiVLz are the rms dimensions of the electron bunch and the laser beam, re
spectively- At the interaction point, the beam si2e of theelctron bunch is usually much 
smaller than a spot size of the laser and the crossing angle is chosen to be small enough. 
The spot size of the laser is usually much smaller than its pulse length. Then the elec
tron beam current, Je = eJVe/0 in A, and the laser energy per pulse, Wi = Nzhu!L in 
fiJ with the photon energy hu^ =2.412 eV for the 514.5 nm line of the Ar ion laser, 
the luminosity is obtained in kHz/mb: 

£ ~ - — - = — (kHz/mb). (4S) 

As an example, in the case of a laser pulse with a peak power of 100 W, a pulse width 
15 ns and a round profile a~z,x = criy = 1 mm colliding the electron beam at an angle 8 
mrad, the expected luminosity is 48 Hz/mb per a 1 mA beam. The total cross section 
of the Comptou scattering for a 29 GeV electron beam is 139 mb with a photon energy 
cut of 2 GeV. Thus an estimate of the Compton gamma rate is 6.7 kllz/mA for 29 
GeV. 

A main background is high energy gamma rays produced by the beam-gas brems-
strahlung in the straight section around the interaction point. The total cross section 

of the bremsstrahlung in a gas with average atomic number (Z) = 5 is given by 

a 6 r e m(> k/E) = 57.3{6.37[(fc/£) - ln(k/E)] - 2.34(fc/£)2 - 4.03} (mb), (49) 

where k is the emitted photon energy and E is the electron beam energy. The cross 
section of the bremsstrahlung is 770 mb for the emitted photon energy more than 2 
GeV. Thus the bremsstrahlung gamma rate from a residual gas with a pressure p x 10~9 

Torr in a 100 m straight section leads to 1.7p kHz/mA for k > 2 GeV. Photons produced 
by the synchrotron radiation are not recorded as the background in the single photon 
counting method with a energy cut-off. However intense synchrotron radiation causes 
inevitable damages in the detector and the optical system. 

5. P o l a r i m e t e r sys t em 

Two methods have been proposed to measure the transverse polarization. In the 
single photon counting method, the electron beam is illuminated by a low power, high 
repetition rate laser pulse. Each backscattered photon is measured by the position 
sensitive detector and the calorimeter. The multi-photon technique uses a high peak 
power laser to produce numerous gamma rays per interaction. The number of photon 
is recorded as a deposited energy in the calorimeter. In order to allow for a simulta
neous measurement of transverse and longitudinal polarization, only the single-photon 
counting method is adopted. The system of polarimeter which has been developed in 
TRISTAN e+e~ storage ring is illustrated in Fig. 7. 

(1) Laser 

A cavity-dumped argon-ion laser producing the 514.5 nm line is used for the mea
surement of Compton scattering. The cavity-dumped pulses are synchronized with the 
200 kHz beam crossing frequency in 2 bunch mode to illuminate the electron bunch at 
each crossing. The pulse width is 15ns (FWHM) and a peak power is intensified up 
tolOOW. The linearly polarized laser light is converted to either left or right circularly 
polarized light with Pockels cell and a quarter wave plate. The laser beam is guided 
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through the 38m long transport optics consisting of 8 mirrors and focusing lenses to
wards the interaction point where the laser light crosses the electron beam at an angle 
of S rnrad in the horizontal plane and is focused with a nns spot size of approximately 
less than 1mm. 

(2) 7-detector 

The backscattered gamma rays travel along with the electron beam, then leave 
the beam pipe at the end of the main dipole and finally reach the 7 detector located 
about 41 m downstream from the interaction point. Main detector components consist 
of scintillation counters, a tungsten converter, a silicon microstrip detector(SSD) and 
a lead glass calorimeter. The photon trigger is basically provided by a coincidence 
among two scintillation counters and a lead glass calorimeter with a cut on photon 
energy. Electron-positron pairs created in the tungsten converter are detected by the 
silicon microstrip detector to determine the vertical position of a converted photon 
from hit channels and their pulse heights. The position resolution is expected to be 
126 /im for a single charged track. The photon energy is measured by the pulse height 
proportional to the energy deposited in a lead glass counter with the energy resolution 
~ 6/-\/E7(GeV) + 1%. Pulse height signals from SSD and the lead glass calorimeter 
are digitized by fast ADC CAMAC modules in coincidence with the trigger gate. A 
ECL bus transfers encoded data to either of two 16K words memory modules to be 
read out through CAMAC bus by the computer each time a memory module is filled 
with data. The ADC system allows for the data aquisition rate of at least 40kIIz. 

6. Conclusion 

The polarimetcr has been developed for measurement of electron beam polarization 
in TRISTAN. This system enabled us to analyze a polarization vector of the electron 
spin in the storage ring and in fact has verified simultaneous measurements of transverse 
and longitudinal asymmetries as shown in Fig. 8. This measurement indicated that 
the equilibrium polarization of the electron spin is a degree of about 40% and inclined 
by an angle 30° in colliding beam operation at 29 GeV. Further study of depolarizing 
effects in the storage ring is envisaged by using the vector polarimeter. 
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Fig. 1 Diagram for the Complon scattering in the electron rest system and in the 
laboratory system. 
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Fig. 2 (a) The differential cross section crYdcri./dY of the scattered photons for left-
and right-handed cirlular photon polarization, (h) 2<Tyday/dY shows <ry(dcr+/dY — 
dcr_/dY) for the electron polarization Py = 1. The vertical position is represented in 
units of the rms width of a beam profile projected on the detector plane. The cross 
sections are calculated for the electron polarization vector, Pv = 1, Px = Pz = 0, a 
beam energy of 29 GeV, and the cut-off energy of scattered photons, KC = 0.1. 
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Fig. 3 (a) The differential cross section da±/dK of the scattered photons for left- and 
right-handed cirlular photon polarization. The dashed curve shows the differential cross 
section dcr0/dK for an unpolarized photon, (b) 2dcx\\/dK represents da+fdn - da^fdit 
for Pz = 1. The cross sections are calculated for a beam energy of 29 GeV. K is the 
scattered photon energy in units of kmax = 15 GeV. 
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Fig. 4 Analyzing power Uy and the quantity U^ao defined by eq. (40) for the transverse 
polarimetry at 29 GeV as a function of the lower position of the integration range. The 
upper position of the integration is set to Yifvy = 3. 
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Fig. 5 Analyzing power fl,, and the quantity U2
ya0 for the transverse polarimetry at 

29 GeV as a function of the rms width of a beam profile on the detector. The beam 
profile width is represented in units of a characteristic size L/7. 
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Fig. 6 Analyzing power I V and the quantity n*cr0 for the longitudinal polarimetry at 
29 GeV as a function of the lower cut-off energy /e, in the integration. The solid curves 
are calculated for the upper cut-off energy K2 = 1. The dashed curves show the values 
for the upper cut-off energy K2 = 1/(1 + a ) , where a = 0.4S3 for a electron beam energy 
29 GeV and an initial photon energy 2.41 eV of the argon-ion laser. 
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Fig. 7 Schematic representation of the TRISTAN polarimeter system. 
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POLARIZATION MEASUREMENTS IN ELECTRON-POSITRON 

COLLIDERS 

V.N.Baier 

Institute of Nuclear Physics, Novosibirsk 90, 

630090,USSR 

Abstract 

Different methods of polarisation measurement for 

transversely and longitudinally polarized particles are 

discussed: 1. Backward Compton scattering. 2. Scattering in 

a polarized electron target. 3. Internal scattering effects 

inside beam. 4 Dependence on electron polarization intensity 

of synchrotron radiation. 5 Dependence on polarization 

production cross sections at electron-positron annihilation 

1. Measurement of Polarization by Means of Compton 

Scattering 

It is known, that cross secion of Compton scattering for 

polarized initial electron and photon ( summation over 

polarization of final particles is carried out ) has a form 

(see e.g./l-3/) 

dcr = 

where 

2r 2 u 2 dfJ 
0 2 
2 2 m * 

i 

F + a ? F 
s3 3 

£ f S' 
^ 2 2fX 

M (1.1) 

FQ = 4 (3(13-1) 

f = M 
2U m 2U 

+ kiM( 1-2(3) 

F = 4 0(1-/3) 

3 = 
1 
* 

1 

(1.2) 

£ , £ are the Stokes parameters, describing circular ( £•) 

and linear ( £ )polarization of the initial photon with the 

4-momentum k = k (u ,k ) ; s is the 4-vector of the spin of 

the electron, with the 4-momentum p P (c,?^), s = 

s (pC/m ,C + P(PC)/(e+m)m ) , where vector £ describes 
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electron spin in the rest frame of the initial electron; 

k = k (u ,k ) is the momentum of the final photon; 

r = cc/m is the electron classical radius(r = 2.82-10~13cm) ; 
0 0 

m is the electron mass; * = -2pk /m2, * = 2pk_/m2; we use 

inner product ab = a°b°- ab, h=c=l. 

The form of the cross section (1.1) is only possible 

from considerations of P and T invariance. 

The spin term in (1.10) depend only on circular polari

sation of the photon,so we put £ = 0 . We consider head-on 

collision of laser photons with high-energy electrons /4/, 

than the final photons are emitted mainly in a narrow cone 

with an angle - 1/r relative to the initial electron 

direction and have an energy (-y = £/xn) 

w2= 2cX/(l+2X+n
2) (1-3) 

where \= 2u c/m and the photon emission angle (between 

k and p ) is i? = n/y « 1. For this situation the cross 

section has the form 

dcr = do-Q+ da-x£2|Cjsinp + dcrl)C2Cii (1-4) 

where 

dcr = 
4r n dn dip o r 

0 (l+2\+n2)2(l+n2) 

1+n4 2\2 

1+n2 1+2\+n2 

8r2Xn2dn dip 4r2Andn(l-n2)cfy? 

(1.5) 

1 1 ' 

1+2X+n2 1+n2 
do- =- , do"n=-

x (l+2X+n2)3(l+n2) (l+2X+n2) 2(l+n2) 

C, ( <;„) is the degree of of the transversal (longitudinal) 

polarization of the electron and <p is the angle between 

the plane perpendicular to the vector C, and the scattering 

plane. It is seen,that this method permits one to measure 

simultaneously both transversal and longitudinal polariza

tions. The transversal polarization is obtained by measuring 

azimuthal asymmetry at ip = — TI/2 and rc/2 ,i.e when the vec-

tor £ lies in the scattering plane, so that for ?2(k
2Cx)<0 

the cross section is maximal and for £ (k C )>0 the cross 

section is minimal. The azimuthal asymmetry coefficient has 

the form 
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p = -
Aai 2 X n ( l + n ) 

dcr 2X2 ( 1 + n 2 ) + ( l+2X+n2) (1+n4) 
(1.6) 

A dependence of P on angle n at different X is presented 

in Fig.l. It is seen that 3s reaches an extremum P = 1/3 
3 m a x 

for n = 1, X = 1. So, at enough high-energy the azimuthal 

0.35 

O.c0 
Fig.1 Azlmuthal 

asymmetry coef

ficient for X = 0 25 

1.5,1,0.5,0.25, 

as a function 

of an emission 

angle 

Q20 

0.15 -

Q.L0 

asymmetry is very large and this permits one to measure the 

transversal polarization with quite good accuracy. For 

storage rings with lower energy and standard lasers one has 

X << 1. then 

dcro = 
4r 2 (l+n4)ndn dip 

(1+nV 
dcr = -

8r 2Xn 2dndy> 

(1+nV 
(1.7) 

Here the maximal value of the asymmetry coefficient is 

reached for n = 0.7 6 and is 9 = 1.14 X 
m 

To find longitudinal polarization it is possible to 

measure the total cross section of Compton scattering in 

forward direction for opposite sign of £ . The total cross 
section has a form / 5 / 

2 
o"=cr +pcr ,tr = o K p' o 

na 

m 2X 

cr = 
P m2X 

1+ 
11 

fl- -1 - -| ]ln(l+2X)+ - + - -
v \ \ •' 2 X 

( 
ln(l+2X)-2 1+ 

(1+2X)' 

2(1+2X) 

(1.8) 
P = (CP)?2/P 
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Asymmetry coefficient A = cr /<ro is drawn in Pig.2. 

It is seen,that value of A is rather small in an interesting 

region of A and only at X » 1 A —> 1. 

Laser polarimeters was used in many laboratories: INP 

(Novosibirsk)/6,7/;KEK (Tsukuba)/8/;DESY (Hamburg)/9/. In 

INP instead of laser a spiral undulator was also used as a 

source of photons/10/. 

2.Scattering in a Polarized Electron Target and 

Measurement of Polarization 

An azimuthal asymmetry also exists in the cross section 

for scattering of transversely polarized high-energy 

electrons by a polarized electron target (see e.g./ll/) 
-» -» a 

dcr = do-(j+d(r1 |Cj I |C2|cos(2(p+pi), dcr^ rQ/2y dQc, (2.1) 

where dcr is the Moller cross section, |C,| is the degree of 

polarization of the electron target, the angle <p is defined 
as in Eq. (1.5), the angle <ptis the angle between the vectors 

C and C and dfi is the element of solid angle in the 
^ 1 ^ 2 C 

center-of-mass system. The greatest asymmetry occurs for 

2<p+<p = 0 or TT . For example, for Cx II C2 ( f ^ °) t h i s 
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corresponds to <p = 0 (scattering plane perpendicular to the 
vector £ ) and tp = TT/2 (the vector C lies in the 

scattering plane) . The asymmetry coefficient P = dcr /dcr is 

maximal for a scattering angle # = v2/r (which corresponds 

to a c.m-s. scattering angle tf = TT/2) and is given by 

P =0.11. For cross section integrated over scattering 
max 

angle 

V2/7 tg(i>c/2) < i> < V2/TS ctg(#/2) 

the asymmetry coefficient is 

P = sinai> /(8+sin2T> ) (2-2) 
o c c 

For i> =75° P - 0.1. Obviously for use of this method it is 

desirable to use as a target atomic beams in which the elec

tron polarization |C | - 1 and the total asymmetry for 
1? =75° reaches 20%. c 

It appears that much more favorable situation for use 

of this method there is in the case of longitudinal polari

zations of electrons and positrons. Indeed for this case 

cross sections ratio in cm.s.both for e~e~ and e~e+ 

scattering has a form(see e.g./3/) 
dcr 1 

r = - ^ 2 - = g (l+6cos2tfc+cos tf ) (2.3) 
A 

where dcr ( dcr ) is the scattering cross section for 
P A 

parallel (antiparallel) spins. The strongest effect is at 

tf = 7T/2, where r = 1/8. So, dcr is much larger than 
C A 

dcr in a wide interval of angles 1? . 
3. Internal Scattering Effects and Polarization Measurement 

It is known that an important cause of the loss of 

particles in storage rings with high intensity is elastic 

scattering of electrons inside bunches. If this scattering 

occurs into a sufficiently large angle and is such that par

ticles with a large transverse momentum and small longitudi

nal momentum(in the rest system of the beam) acquire a large 

longitudinal momentum, then in conversion to the lab.system 

the the longitudinal momentum is subject to the relativistic 

transformation and can turn out to be larger than the per-
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missible value. As a result the particles are lost(Touschek 

effect). This effect depends on the particle polarization, 

since e~e~ scattering cross section at the large angles which 

determine the internal scattering effect depends substantial

ly on electron polarization. This dependence can be used to 

measure the polarization of electrons /12/, /13/. 

a)by analysis of the dependence of the lifetime(for the 

condition that it is determined by this effect) on polariza

tion ; 

b)by analysis of the dependence of pairs of particles 

knocked out of the beam on polarization. 

The beam lifetime x ( x is the time in which the number 
of particles decreases by a factor of two) is determined by 

a coefficient a : 

1/x = a N (3.1) 

where N is the initial number of particles in the beam. For 

a Gaussian distribution of radial momenta of the electrons in 

the beam we have 

2VZ r 2 

o 
2 7 C1C2 ^ 2 ( 1 ) 

In —2+ 2Vii 5q exp(l/(Sq) ) 1+ — . V(Ap)2Sq I 7) 4 4 . *• 2(Sq) 

1/Sq 2 

•(1- $(l/5q) )-vrn f ex (l-$(x))dx (3.2) 

where V is the volume of the beam"in l.s., Ap is the maximum 

permissible deviation of momentum from the equilibrium value 

in the l.s., Sq the mean-square momentum of the distribution, 

Tj=Ap/G , c is the electron energy in l.s., and we have used 

the system of unit m =1, $(x) is the probability integral. 

In derivation we have retained only the leading terms of 

the expansion over 1/e2 , r\2. The effect considered is 

important at relatively low energies e - 10 ,under 

actual conditions TJ - lo-2. 

In nonrelativistic approximation 5q « 1 we obtain 

2Vn r " o 
N V(Ap)25q 

ln(eSq/Ap) - (3+2C)/4 - C t C 2 /4 ( 3 . 3 ) 

where C = 0 . 5 7 7 . . i s E u l e r ' s c o n s t a n t . 
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In t h e u l t r a r e l a t i v i s t i c l i m i t 
2V57 r 2 

o a 
U V(Ap)25q 

-» -» 
2VJr 5q - 23/4 +ln(2/T?) - CaCa/4 (3.4) 

The value of a depends weakly on the shape of the momentum 

distribution. For VEPP-2 installation at Novosibirsk for an 

energy e = 700 Mev the relative contribution of spin-depen

dent terms to a for complete polarization of the electrons 
is about 6%. This method was used in INP(Novosibirsk)/14/, 

LAL (0rsay)/15/, SLAC(Stanford)/l6/-

4.Measurement Using Spin-dependence of Synchrotron Radiation 

The spectrum of the intensity of synchrotron radiation 

in a magnetic field H has the form/17/ 

<9 2 2 , , T e m udu dl = 
TZVI? (1+U) 

- u(Cvs) K1 /3(C) 

(2+2u+ua)K2/3(?) - ( l+u) j K (z)dz 
1 /3 v ' 

(4.1) 

where £ =2u/3x ,u=u/(e-w) , u is the photon energy, x — V H/H
Q' 

HQ= m
2/e = (m2c3/eh) = 4.41-1013 Oe, r=e/m, Ky(z) is the 

McDonald's function, (Cvs) = C (vxs) , s = v / v . 

The spin-dependent term contains correlation (Cvs) depending 

on transverse spin component only and changes its sign if the 

magnetic field is reversed. For energy e = 50 GeV and magnetic 

field 4.4-104 Oe parameter x — 10"\ so the radiation is 
• • - 2 — 3 

classical with quantum correction. If u - 10 + 10 than 

5 » 1 and one can use expansion of K (z) 

d I = e V udu_ / „ / 2 € e-
?ri+u+u2-u(Cvs) 1 (4.2) 

TTV̂  (1+U)4/ L J 
- 2 - 3 

Thus, on the right slope of the spectrum when u - 10 -=-10 one 

obtains effect some parts of the percent and still enough 

numbers of photons. 

For measurement one can use two-pole undulator with op

posite directed strong fields and compare flux of hard pho

tons from both identical poles. 
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5-Measurement of polarization in particle production 

The cross sections of processes of particle production 

at e*e~annihilation are extremely sensitive to electron and 

positron polarization/18/.We will start from the cross sec

tions for transversely and antiparallel (natural) polarized 

electrons and positrons in c.m.s. 

The cross section for production of a. pair of pseudosca-

lar mesons ( 7r~7T*, K+K~ . K K ets.) has the form 
s L 

d a 2 P
= d<J1-|C1IK2|cos2<p ) (5.1) 

-» -» 
where |C | and |C | are the degrees of polarization of the ele-

tron and positron, ip is the angle between the production plane 
(the plane passing through momenta of initial particle k and 

the final particle p) , 7 = e/m, e is the energy of the initial 

electron, dcr is the cross section for unpolarized particles. 

dcr° = ( r2/32r2) (p/e)3sin2tf|F(4ca) I dQ (5.2) 
2 p 0 

where p = ( e - m ) ,r = a/m, tf is the angle between p and k, 
p o 

F(s) is the form-factor. If the initial particles are comple

tely polarized |£ | = |C | = 1, then dcr2 (<p = 0) = 0 (production 

plane coincides with the orbit plane) and do- (<p = TT/2) = 
2 p 

2 do-0 (production plane perpendicular to the orbit plane) . 
2p 

The exclusion of the plane <p = 0 is the consequence of P in-

variance. From consideration related to parity conservation, 

conservation of helicity at high energies(with accuracy to 

the order 1/7 ),and one-photon nature of the channel in anni

hilation of transversely polarized electrons and positrons, 

a number of other exclusions follow/19,20/. In particular, 

three pseudoscalar mesons (3TC ,KKTT ) cannot be produced in 

the plane in which the spin vector lies. 

The cross section for production of a pseudoscalar meson 

and photon (n (17)+7) has the form/20/ 

dcrpy= do-°r (1+ |CJ |C2|cos2V sinVtl+cos
2!?)) (5-3) 

where da is the cross section for unpolarized particles: 
P 7 

do-0 = (a/2xm*) (p/c) 3 ( l + c o s 2 t f ) | G ( 4 e 2 ) / G ( 0 ) | 2dQ ( 5 . 4 ) 
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where T is the lifetime for decay of the meson into two 
photons,m is the meson mass,p/e =1 - m2/4e2 , and tf is the 

emission angle of the final particles. For completely pola

rized particles dcr ( #=7r/2, <p=n/2) = 0 (final particle mo-
PT 

mentum directed along the spin direction), da (fl=Ti/2,<p=0) = 
o p 

=2dcr (final particles momentum perpendicular to spin di-
P3" 

rection). 
For production of a pair of muons we have 

-» -> 
d<r2R=(rJ/16r

2)(p/c)[2-(p/e)2sin2i? (1-| C J |C-_ |cos2p )] (5.5) 
For relativistic muons,p/E - 1, and we have for completely 

polarized initial particles da (-&=n/2,<p=n/2)=0 (muon 

momentum directed along the spin) and d<r(-i5=7r/2,̂ =0) = 

=2dcr (muon momentum perpendicular to the spin) . 

It must kept in mind that for the case of production of 

a pair of pseudoscalar mesons, the exclusion exist for plane 

(do not depend on the production angle of the final partic

les) , while for all remaining reactions they exist only if 

the final particle momentum is perpendicular to the momentum 

of the initial particles. 

Let us consider inclusive hadron production production 

cross section (e~(k )e+(k )—»r(q)—»h(p)X) for polarized 

initial particles. Introducing structure functions 
E <P,F|JAi(0)|0><p,F|Jv(0)|0>

+(27r)35(g-p-Spi)=-(gfIV-qMqv/q
2)-

F , S 

•Wi+(l/m^)(p|i-qMqp/q'
i) (p^-q^qp/q*) W., (5.6) 

where m is the mass of particle h, we obtain for cross sei 
h 

tion/21,18,22/ _̂  _̂  
a2 d3p T f ^ H C ^ K W f -»-» -» 

16s 2e L v c ' m 
P h 

-* 2(kp) -> -* -» -» 2(kp)2 -» h\\ •(PC2)+—— C(kCa)(PC2) + (kC2) (PCJ] — (k^HkCJ | | (5.7) 
E C 

where k = -k = k, # is the angle between vectors k and p. 

For two particle production the structure functions W,/W ••'•. 

should be replaced by function D ,D 
W —•» 4D , W —» - 8 m2 D (5.8) 
1 1 ' 2 h 2 v • ' 
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which are combinations of electromagnetic form factors/18/. 

The structure functions W ^ W can be related to the par

tial decay widths of the polarized time-like photons/21/. 

The angular distribution of two jet events is described 

by eq.(5.5) with an accuracy within which the axis of a jet 

coincides with the quark momentum. The explicit expressions 

for three jet events for polarized e*e" are given in/23/. In 

/23/ Quarkonia production by polarized e~e*is also discussed. 
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Abstract 

In a high luminosity hadron collider, the panicles in the halo diffuse towards the 
vacuum chamber wall and depose iheir energy in the surrounding material. This may be in 
the superconducting coils of the magnets which, beyond a certain limit of energy 
deposition, will provoke a quench. Therefore sophisticated collimator systems have to oe 
provided. But the efficiency of such a system is strongly related to the characteristics of the 
particles in the halo which are determined by their transverse drift speed. Studies and 
measurements of the transverse drift speed have been made on the CERN SPS running in 
the proton-antiproton collision mode. The results of these measurements have already been 
used to estimate the protection against beam losses of the future LHC 

Introduction 

In any high luminosity collider, the circulating beams are only stable within a small 
range of betatron amplitudes which we refer to as the 'dynamic aperture'. Beyond this 
aperture, they fall under the influence of nonlinear fields and diffuse outwards with ever 
increasing amplitude. Normally the beam circulates well within this aperture, but particles 
may be scattered into this outer region and then diffuse slowly towards the vacuum 
chamber wall. The beam thus acquires a halo, a continuous flux of panicles which will 
deposit most of their energy as a hadronic shower in the surrounding material. This may be 
in the superconducting (SC) coils of the magnets which, beyond a certain limit of energy 
deposition, will provoke a quench. 

The number of lost protons per dipole conesponding to the quench threshold can 
be determined by knowing the maximum power which can be dissipated in the coil to 
maintain it at a reasonable operating temperature, and the maximum density of energy 
deposit per incident proton in the coil. 

Several processes contribute to continuous beam losses during collisions. For a 
high luminosity collider like the CERN LHC, the continuous halo of panicles drifting 
towards the vacuum chamber is much higher than the critical number of particles which 
provokes a quench on a dipole. Therefore sophisticated collimator systems have to be 
provided. But the efficiency of such a system is strongly related to the characteristics of the 
panicles in the halo which are determined by their transverse drift speed. 

Studies and measurements of the drift speed have been made on the CERN SPS 
running in the proton-antiproton collision mode. 

1. Importance of the halo 

1.1 Origin of the halo 

In steady state collider operation, beam losses occur through proton-proton 
collisions in each interaction point, as well as through beam-gas scattering all around the 
machine. Furthermore non-linear dynamic effects like the beam-beam interaction and the 
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high multipolar effects in the field of the SC magnets produce an increase of the beam 
particle oscillation amplitudes leading to the eventual loss of the particles on the beam pipe. 

The beam-gas scattering is due to direct nuclear interactions of the beam panicles 
on the nuclei of the residual gas and to the multiple Coulomb scattering. Both depend on 
the gas density. In the absence of beam the cryopumping on the vacuum chamber at 2 or 5 
K leads to very low gas densities. However the synchrotron radiation emitted by the high 
intensity beams at several TeV produces a desorption of gases on the surface of the beam 
pipe leading to an increased pressure. For the initial expected LHC gas densities, the beam-
gas scattering can be neglected. During operation the density increase due to gas desorption 
is not yet known; only if it were to increase by a factor 100. would the beam-gas become a 
dominant effect. 

From high energy proton-proton collisions in the interaction points emerge elastic 
and inelastic particles. The inelastic panicles are produced at relatively large angles and 
with a reduced energy so they are mainly lost in the interaction region where they are 
produced. On the contrary after an elastic event, panicles emerge with an angular 
distribution of the same order as the natural divergence of the beam at the interaction point. 
These panicles contribute to the emittance growth of the beam and those which reach large 
amplitudes are lost after several turns due to the diffusion induced by non-linear effects. 
The panicles with large oscillation amplitudes due to non-linear effects (beam-beam and 
non-linear field effects) contribute by the same process to an increase of the beam halo 
distribution. 

For the LHC with two beams of 4 1014 protons each and three interaction regions 
with a luminosity of 1.65 1034 cm~ s~l each, the estimated maximum halo intensity will 
be of the order of 4 109 p/s. 

1.2 Sensitivity of the SC magnets to beam losses. 

To determine the level of continuous losses which could provoke a quench in a 
superconducting magnet, we must know : 

- The density of energy deposition per incident proton inside the coils 
- The thermal resistance between the coils and the cold source. 

Dividing the maximum power which can be dissipated in the coil to maintain it at 
the right temperature, by the maximum density deposition per incident proton in the coil, 
gives the rate of lost protons per dipole corresponding to the quench threshold for a 
continuous loss. 

For a proton hitting the vacuum chamber at the dipole entrance, the energy 
deposition along the coil has been simulated. It depends on parameters like the energy and 
the incidence angle of the proton or the magnetic field map. 

During a continuous loss, equilibrium temperatures are reached along a chain of 
thermal resistances separating the SC cable in the coil from the Helium cold source in the 
cryostat: insulation layers, impregnated glass fibre tapes, multiple Helium channels up to 
the dipole heat exchanger. AH these temperatures must be low enough to maintain the SC 
cable everywhere below the critical current temperature. 

Calculations have been made to determine the beam loss able to provoke a quench. 
For both the LHC and the SSC, a level around 10^ protons lost per second along a dipole 
appears to be the quench threshold. 
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2. Protection against beam losses 

2.1 Interception region efficiency 

The collimator system efficiency, "n, can be determined in the worst conditions 
where all the particles escaping from the collimator strike one dipole offering the smallest 
aperture. For instance, for the LHC, the fraction of particles avoiding interception must be 
less than: 

1-n = 10^/4 109 = 2.5 10 "3 

2.2 Impact parameter 

A collimator is defined as a block of material which has a flat inner face parallel to 
the trajectories of the halo particles. It must be long enough to ensure a high probability of 
hadronic interaction, but the efficiency of the collimator is limited by multiple Coulomb 
scattering which slightly deflects the trajectory of the protons entering the block. 

The very high required efficiency of the interception region is strongly related to the 
'impact parameter' of the particles of the halo when hitting the collimator. The impact 
parameters, b and b', are the distance to the edge and the angle at which the panicle strikes 
the jaw (Fig.l). If the trajectory of the halo is parallel to the inner face, b' = 0. 

300mm 

end-face 

b: impact parameter 
b': db/ds 

Fig. 1. Collimator details a) A collimator jaw and some related definitions 
b) Efficiency limitations because of multiple Coulomb scattering 

Computer simulations [3,4] have shown if the impact parameter, b, is too small, 
(i.e. b ~ 10 M-m in the SPS collider at 315 GeV, or b ~ 1 ̂ m in the LHC at 8 TeV), the 
proton can escape from the inner face of the block before it interacts, and enter the beam 
pipe again to be lost a few turns later. It will be shown that a large fraction of the high 
energy halo particles will hit the front face of an obstacle with such small b values. 
Additional collimators are needed to absorb this secondary flux. 
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A good knowledge of the halo distribution is therefore required to design an 
efficient protection against beam losses. 

3. Drift speed measurements 

3 .1 Principle of the measurement 

Several measurements were made on the SPS antiproton-proton collider to 
determine the transverse speed of the halo under different conditions. The aim was to 
improve the coUimation of the SPS and to extrapolate for designing the LHC collimator 
system. 

All measurements were based on the same principle, even if different apparatus 
was used: all the other collimators being fully retracted, one collimator jaw was moved 
close to the proton beam, scraping all the panicles with an amplitude larger than a certain 
value. Then the collimator jaw was retracted by a known quantity as fast as possible and 
the background is recorded. The background rate decreases immediately since the tail of 
the proton distribution does not touch the collimator anymore. After some time, the 
amplitude of some particles in the tails have increased and are scattered again on the 
collimator increasing the background. The time behaviour of the background hence reflects 
the transverse drift speed of the particles. The experiment was repeated for different 
positions of the collimator relative to the beam in order to see how the drift speed is related 
to the particle initial amplitudes. The experiment was also repeated under different beam 
conditions in order to analyse their effect on the impact parameter. 

3.2 Measurement by the background detectors near the 
experiments 

The SPS collimators are located in sextant 1 while the experiments are on the 
opposite side: UA2 in sextant 4 and UA1 in sextant 5. The collimator jaw, before being 
retracted, is the smallest aperture limitation. The vacuum chamber inside the focusing 
triplets on both sides of the experiments where the beta value is maximum constitutes a 

second aperture limit (at ~ 10 a in r.m.s transverse beam units), which can be hit by 
secondary particles creating a background near the experiments. Two scintillators are 
installed at each side of each experiment. By measuring the time difference between the 
particle hitting these scintillators and the pulse induced by the bunch in a pick-up, the 
background created by the protons and the antiprotons can be distinguished. 

A first experiment [1] used these background detectors to measure the diffusion 
rate as a function of the particle amplitudes. The proton beam was placed near the 
resonance of order 10 and six proton bunches collided with six antiproton bunches. The 
result is shown Table 1, where t is the time when the proton background rate has reached 
again half its equilibrium value and d is the distance of the collimator from the beam centre. 
The proton diffusion rate increases strongly with the amplitude of the protons. 
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Table 1 

asurement 
number 

1 
2 
3 
4 
5 
6 

sigma of pbar 
(mm) 

.89 

.89 

.89 

.89 

.89 

.89 

d in units of 
sigma pbar 

1.5 
1.3 
1.1 
.9 
.6 
.4 

t 
(sec) 

3 
4.5 
6 

60 
330 
600 

3.3 Measurement by a scintillator inserted inside the vacuum 
chamber 

The experimental setup 

In another experiment [2] a more sensitive detector has been introduced in sextant 
2. It consists of one scintillator, called BBS, which can be radially translated inside the 
vacuum chamber but without interfering with the vacuum pressure (Fig. 2). 

Fig. 2 : A cut view of the BBS coiunters as mounted on *he SPS vacuum chamber 
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In the horizontal plane the betatronic phase advance between the BBS and the collimator, 
called TAL, is of the order of (2 K + l)*7t. The smallest aperture restriction in this plane 
is then given by the internal jaw of the TAL, while the BBS can move horizontally towards 
the beam axis from outside. The horizontal beam size, defined by its standard deviation, <5, 
is measured, as well as the closed orbit in the TAL and BBS positions. The BBS is first set 
just at the 'shadow' of the TAL, then retracted by a few o. Once the TAL is fully retracted 
as fast as possible, the BBS becomes the aperture limitation. The background measured by 
the BBS first goes down to a negligible level, where it remains for a certain time and then 
increases progressively (Fig. 3). This means that the halo, cut by the TAL before its 
removal, drifts away at a finite speed, and so needs some time to reach the radially more 
distant BBS. 

I < i • • I ' ' ' l ' 

i I i i i i I i i i i I i i • i I i i i 

1.6 2 2.4 2.8 

TAL at 4 .5 O - BBS at 7.1 (7 

3.2 

Fig. 3. Rate on BBS as a function of time. 

Acquisition and data treatment 

The acquisition unit and the data treatment have the following features : 

A bunch selector synchronizes the electronics with the beam passage, which permits 
the analysis of one or several bunches of particles. 
A charge amplifier integrates the signal of the PM, which is then converted to digital 
by a 8-bit flash ADC. 
The ADC output is compared to an adjustable threshold (range 1-255). This allows 
the selection of the signals which are above a specified level. 
A demultiplexer (3 to 8) allows for a selective amplitude analysis. For each level, a 
16-bit accumulator can be incremented by the number of counts at that level during a 
specified number of SPS turns, Nt (1 < Nt < 6400O). 
After Nt turns, the U.-P reads the content of the 8 accumulators , as well as the sum 
of the 8 channels. Then the accumulators are reset and a new acquisition starts. 
A DAC was used to visualize the result of the acquisition of one of the 8 channels or 
of their sum with an oscilloscope. 
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After a series of consecutive acquisitions (maximum 512) a program reads the able 
out of the (X-P card. 

The TAL was set at 4.5 a and the BBS at 7.1 o. 
The curve superimposed to the data is hand-drawn for illustration purpose 
A correction was then applied to the data to take into account the Poisson 
distribution : the observed bin content, Nc, in the spectra is the number of beam 
rums out of N t for which the BBS has seen at least one panicle. 
N, the real number of panicles for N t turns , is given by [2] : 

N = - N t - ln( 1- N c / N t ) 
The results are eventually displayed as in Fig.3. 

Mathematical model 

If all particles drifted at the same speed, say V M A X ' then the background level 
would rise abrupdy a certain time after the jaw retraction, and then be stable again. This is 
not observed. The rise of the background is a smooth curve (region 4 on Fig. 3) going 
slowly towards an asymptotic level. This means that the halo is made of panicles which, at 
a given position, have a speed distribution instead of a unique speed. 

In order to understand the shape of the time distribution of the background 
spectrum, we propose a simple and somewhat trivial model. It is built with the two 
following hypothesis: 

The speed distribution, fd(v), at a distance d from the beam axis is uniform, 
between 0 and a certain v j ^ ^ , to be determined. 
If between positions dl and d2, V M A X *s s c c n t 0 change ( from vjyj^xi t o 

VMAX2) • t n e n w e suppose that the whole distribution is stretched linearly in the 
rati° vMAXl/vMAX2 between the two positions (f2 = f 1 vMAXl/vMAX2 )• 

The halo has to drift between A = XBBS - XTAL ( t n e initial TAL position and the 
BBS position), and has a flat speed distribution between 0 and V M ^ X • ^ t i m e 0 *s when 
the TAL is suddenly removed, the flux <t> at time t is given by the number of panicles 
which have a speed v' > v = A/t 

vMAX 
<t(t) = } f d v - = [ f v ] v

y
m a x 

v 

so, 

*(0 = f A ( ~ - {), t>tM r N = A/vM A X 

The model predicts t MIN = x. Experimentally x is measured with a better precision 
than t MIN-

Of course this a very simplified approach. We also take here a macroscopic view of 
the problem, all the microscopic and chaotic motion of single particles being ignored. We 
only look at the net flux of the halo at a certain position and at a certain time after one has 
cut it at some depdi. Nevertheless good agreement exists between the model and more than 
80 % of the halo spectrum. 
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Computing the transverse drift speed 

The same experiment has been made for different XTAL ^ ^ XBBS • ^ o r e a c n 

experiment the quantity O35 = A/c, the asymptotic rate of the background on the BBS, and 
x are determined by a fit of <J>(t) to the data. The drift speed distribution is then obtained by 
the derivation of x = t ( X J ^ L ' XBBS )• T n e results with the error margins are shown on 
Fig. 4. A sharp increase in the drift speed can be seen when particles reach larger 
amplitudes. For instance, we can expect a drift speed of 5 o/s for a collimator set at 6 o\ 
while it increases to 25 o/s for a collimator set at 8 ov 
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Fig. 4. The average transverse drift speed as a function of the distance to the beam axis 
measured in the SPS collider at 315 GeV/c 

Impact parameter on the collimator 

The most sensitive parameter affecting the efficiency of a collimator is the impact 
parameters of the particles attacking it. Here, for simplicity, we suppose that the angle of 
impacting particles is b'= 0 , i.e. that the particle trajectories are parallel to the jaw face, 
which is a situation that can be obtained by rotating the collimator jaw. 

The impact parameter, b, can be deduced from the drift measurement. A 'b' 
distribution is computed as follows : 

From vt(x) as previously determined, an average halo growth per turn is deduced 

as 
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A R ( x ) = - ^ -

in which fris the frequency revolution of the beam. 

A simple Monte-Carlo program is then built in which: 
- Particles are uniformly generated in phase, \i, along the circle of normalized 
phase-space corresponding to R = xTAL. 

- Machine turns are simulated by making 

= (R + AR)sin(nn c x l) 
- Iterations on machine rums are made until x ^ t > R 
- Finally, b = x,,^- R is the impact parameter. 

For a jaw set at XTAL=60 (this is close to the present collider setting, and inside the 
foreseen window in LHC ), for which vx(x) = 5 o~/s, we get 

< b > = 5[i 

Conclusions : Application to the protection of high luminosity hadron 
colliders 

Even though diese measurements could be completed to achieve a better accuracy, 
they have already been used to estimate the protection against beam losses of the future 
LHC [3]. 

In a collider the collisions produce a tune shift for the beam central particles and a 
tune spread for particles with large betatron amplitudes. This effect and the machine noi;-
linearities excite high-order resonances, which push the external particles towards instable 
regions where the panicles can be lost. It is quantified by a parameter called the 'beam-
beam tune shift' parameter 

£ = Nr p /4 j re n 

where N = the number of protons per bunch 
rp = the classical proton radius 
£n = the normalized emittance 

The ^ parameter, which is independent of the beam energy, limits the collider 
luminosity. It is found to be the same for the SPS and the LHC (£ = 0.005 per collision 
region). The transverse drift speed, TDS, which concerns the particles outside the stable 
region defined by £, is then expected, if measured in a units, to be at least as large in the 
LHC as in the SPS. In fact it will probably be larger since the LHC will have larger 
magnetic imperfections and also because of long-range beam-beam effects which are 
absent in the SPS collider. A higher drift speed might seem to offer a better efficiency due 
to a larger impact parameter but optical imperfections induce larger beam losses and 
compensate this effect. 
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With the TDS measured in the SPS in a units, quantitative estimates of the impact 
parameter distribution were obtained by tracking protons around the LHC and by 
increasing the amplitude at every turn according to the TDS [3]. It was found that for a 
collimator set at an optimum of 6 o" and at p = 250 m, the computed impact parameter 
distribution was approximately uniform in b and b' within the limits; 

0 < b < 1.6 p.m and -1 < b' < 1 jirad 

Unfortunately b is in the range where the edge effect will reduce the efficiency of a 
single collimator. A significant flux (~ 25 %) will be re-emitted by the primary collimator 
so that secondary collimators are needed. A sophisticated design of the halo cleaning, out 
of the scope of this report, has been elaborated [3]. 

As far as beam instrumentation is concerned, we underline the fact that the 
knowledge of the transverse drift speed in the halo is of the utmost importance in the 
design of high luminosity hadron colliders to protect their superconducting magnets against 
intrinsic beam losses. 
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INVESTIGATION OF SEISMIC VIBRATIONS AND RELATIVE 

DISPLACEMENTS OE LINEAR COLLIDER VLEPP ELEMENTS. 

Baklakov B.A., Lebedev P.X., Parkhomchuk V.V., 
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142284- Protvlno, Moscow reg. 

Abstract 

The results of seismic motion measurements in Protvino 
region ,where VLEPP and UNK will he build,are presented. 
Correlations and power spectrums were measured in UNK tunnel 
and on the Earth surface. Factors that give main contributions 
to seismic motion had been investigated. Significant influence 
of atmospheric pressure variation on low frequency seismic 
vibration was observed. This work is important for linear super
collider VLEPP design. 

1.Introduction 

Linear electron-positron supercolliders need very small 
beam transverse sizes for high luminosity /1/. Eor example, 
for VLEPP luminosity of about 10-54 cm_2s_1 beam sizes in 
the interaction puint should be equal to 3*0.001 microns,and for 
JLO - 0.23*0.0014 microns /2/. Precise alignment of focusing 
elements needs in this case. Estimations show that permissible 
lens displacement from beam line is about 0.03 microns for 
main liiiac and 0.001 microns for final focus system. 

During the collider run magnetic axis oi lenses should be 
tune by feedback system working from beam position monitors. 
Therefore,It's very important to know vibro- and seismonoise 
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levels, 'correlation properties in the region of collider 
construction lor designing of system to suppress a vibrations. 

In this work the results of seismic motion measurements in 
the Protvino region, where VEEPP and UNK supercolliders will be 
build, are presented. Measurements of correlations and power 
spectrums were carried out in the UNK tunnel, measurements of 
absolute and relative Earth surface motions, influence of 
atmospheric pressure variations on low frequency ground 
vibrations were carried out inside the lab building. Details of 
this measurements could be found in INP Preprints /3,4,5/. 

2. Methods and Instruments. 

a) Underground measurements. 

Underground measurement point was situated as far as 3 km to 
North from U-70 accelerator in UNK tunnel on the depth of about 
30 m. 

Scheme of the measurement is shown on fig. 1. Tunnel ground 
motion were measured in three directions by commercial 
seismometers of SM-3KV type . The probes were calibrated in 
the frequency range of 0.03-100 Ha.12 bit CAMAC ADC with 700 
and 80 Ha toggle frequency was used for digitising of the 
signals . In correlation measurements Information from three 
probes placed at different points was simultaneously stored in 
CAMAC memory. For these measurements we' choose probes with 
similar phase characteristics. Maximum distance between 
probes in pair correlation analysis was 140 ra. 

b) Surface measurements. 

Surface measurements were made in lab building , where 
four massive tables for V1EPP accelerating structure were 
Installed.Por absolute table vibration measurements in frequency 
range of 0.003-2 Hs we used seismometer of SVK-D type having 
compensation of atmospheric pressure variation. The probe was 
placed on one of the tables. 
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To measure relative movements of different tables we used 
tungsten wire with, diameter of 28 microns and length up to 14. m 
charged at constant voltage and passed through pick-ups along 
its length on different VIEPP tables /3/.The wire was strained by 
stable force of 1.4 N independent of air temperature 
variations.Sensitivity of such a probe was 10 mV/microns.The 
signal from the wire was digitised by 20 bit CMAC ABC with one 
quantum value equal to 1.0 microvolt , or to-"1" microns. 

3.Resuits of measurements. 

a) Power spectrum of seismic vibrations. 

Power spectrum of vertical seismic vibrations is shown in 
fig.2.These measurements were done in quiet conditions (evening 
of Saturday). 

One can see wide peaic with frequency of about 0.14 Ha, so 
called "7 second hum" /6/ . The origin of these peak is usually 
connected with water and atmospheric activity above the 
ocean results in seismic waves in an earth . Measurements show 
also that in quiet conditions vertical and horizontal spec trans 
are approximately equal. 

The r.m.s. values of vertical displacement vs. time at 
frequencies higher than 0.1, 1 and 10 Hs are shown in 
fig.3. They were measured during two days including weekends 
and beginning of weekday. 

It can be seen from this figure that displacement due 
to microseismic peak does not depend on technical activity in the 
place of measurements. Technical noises manifest itself mainly 
at frequencies above 1 Ha. By weekday power spectrum at these 
frequencies increases more than one order of magnitude. 

At frequencies greater than 10 Hs the influence of traffic 
activity is clearly seen. For example heavy car moving with 
velocity 40 km/h along the road placed of 70 m aside of 
measurement point results in increasing of displacements up to 
(6-10)*10~4 microns, i.e. 2-3 times higher than in quiet 
conditions. 
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ti) Correlation measurements In UNK tunnel. 

Correlation spectrums of vertical motion lor distances 
between probes equal to 40, 100 and 140 m are shown in fig.4. It 
can be seen, that frequency region of high correlation decreases 
with increasing of distance between probes. Por long distances 
high correlation exists only near the frequency of microseismic 
peak.The source of these peak is remote (few thousands of 
kilometers) and very powerful.So the correlation of two 
probes should ̂ e equal to unit multiplying by factor depending 
on phase delay between them. It is also seen that region of 
high correlation is placed to the right of microseismic peak 
because local sources contribution falls with increasing of 
frequency. 

4. Influence of atmospheric activity on Earth surface motion. 

a) Measurements. 

Influence of atmospheric activity on Earth motion was 
studying ir. BIN? lab building. Absolute motion of surface, 
atmospheric pressure, temperature and relative displacement of 
VIEPP tables were measured simultaneously. Maximum distance for 
relative measurements was determined by length of wii-e and was 
equal to 14 m. 

Those measurements confirm great influence of atmospheric 
pressure variations on surface motions at frequencies less then 
0.2-0.3 Ha . The influence can have remote or local character. 

Seismic motion in the range of 0.06-0.25 Hs due to "7 second 
hum" is an example of remote influence. In this frequency range 
power spectrum usually lias a peak at mean frequency 0.14 Hs (see 
fig.2). The mean frequency, shape and amplitude of peak 
depends on weather condition above ocean. Amplitude of peak can 
vary from 0.1 to.10 microns2/Hs. As a rule,the bigger amplitude 
corresponds to lower mean frequency . 

The mean frequency of microseismic peak f can be determined 
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from equality of mean wind velocity V to phase velocity of 
gravitation waves on ocean surface: t=g/(2.*%*V), where g-is the 
acceleration of gravity. Then for the mean frequency f=0.14 Hs we 
get reasonable value of wind velocity V=11 m/sec. 

Local variations of atmospheric pressure and temperature 
influence also on motions at frequencies lower than 0.1 Hs. In 
fig.5 temperature, pressure and relative displacement during 
rapic. cnange ox weanrier (COJ.G. and nigh tDressure sir ix*ont j ars 
shown. These results in vertical displacement of two VLEPP 
tables equal to 30 microns. 

Significant variations in atmospheric pressure result in 
clearly seen correlation between pressure and Earth surface 
motion. In fig.6 sin-like and cos-like parts of correlation 
spectrum between pressure and absolute surface motion are 
shown.The cos- like part is large near the resonance of 
seismometer equal to 0.08 Hs. Therefore, the main contribution to 
ground motion in frequency region of 0.01-0.1 Ha is due to 
atmospheric pressure fluctuations. 

b) Model of atmospheric pressure influence on ground motion. 

Atmospheric flows ( i.e. winds ) usually have high number of 
Remclds ( aLout 10° and more ) and high power oi turbulence. For 
developed turbulence Kolmogorov-Obukhov law /I/ gives a connection 
between fluctuations of flow velocity V for flow regions with the 
sizes about X: 

Vx <* U*(\/L)1/3 

where U,L - average velocity and size of main flow, i.e. in our 
case average wind velocity and thickness of atmosphere .For every 
size X one can find frequency of fluctuations of flow parameters 
in point of measurements: 

f « U A , 

and then 

One can estimate fluctuations of pressure: 
o 

P f <- p*Vf/2 = p*US/3*( f*L )~2 / 3 /2 
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{ here,p - a i r density ) arid, power spectrum of this fluctuations: 

S(?) a —-± = p̂ Û1 b/°*I^^*f f/°/4- ( 1 ) • 

r 
Pig.7 shows good agreement ol formula (1) at L=5CG0 m and 

U=3 m/sec with, measured power spectrum of atmospheric 
pressure fluctuations. 

One can estimate absolute ground displacement XT- under the 
force of atmosphere pressure P.- regarding a ground as elastic 
homogeneous isotropic hounded medium with Youngs modulus Sf: 

? *U 
Xf - ?,*\ /E* = S-f-

x 

Therefore , spectrum of power: 

-2 -4/3 -13/3 
S(X)f <* p

2*U22/3*Ef *L *f /4 ( 2 ) . 

Results of soectrum calculations according to (2) with 
S=10u K/irf1 are shown in fig.7 in comparison with experiment. Por 
infralow frequencies is more reasonable to consider a ground as a 
liquid with density p. In this case ground motion is 
frequency independent : 

Xj - Px/(p*g) 

Transition from solid to liquid model corresponds to sises : 

\iaz/E.1/( p*g ) . 

If E=108 N/m2 ,then \mL * 3000 m and fmin * 10"3 Hz. In the 
liquid model atmospheric pressure variations of 10 mm Hg leads to 
maximum ground displacement of about 4 cm. 

5. low frequency Earth surface movements. 

Besides the oscillating type of motion considered above earth 
surface has another one like diffusion due to tension drops inside 
the bulk.Random character of that jumps leads to continuous 

- 3 9 0 -



diffusion like motion of surface elements. 
Suggesting that the jumps probability is proportional to 

distance between points of surface I and time of t one can make 
estimation of relative displacement dispersion for two points: 

< z2> = A*t*L , 

where A - parameter of the model. 

Results of our measurements of ground displacements using 

another group are in good agreement with the model with parameter 
parameter A=10~4 microns /(sec*m). 17 year investigations in 
Stanford Linear Collider tunnel /8/ show that maximum 
vertical displacements were 15 mm and horizontal 7.5 mm and 
it gives A=1.4-0.4*1O-4 microns2 /(sec*m). Good agreement of data 
from different sources points to the general character of such 
type of ground motions. 

Using this model one can predict displacements of the 
center of 20 km long VLEPP tunnel in the time. 

Time 

1 sec 
1 min 
1 hour 

1 day 
1 month 
1 year 
10 year 

Displacement 

1.4 microns 
11 microns 
84 microns 
415 microns 
2.3 mm 
7.7 mm 

24 mm 

Shown in the Table displacements determine parameters of 
alignment feedback system. 

Conclusion 

In conclusion , we should say that: 

1. Power spectrum of seismic motion falls fast with 
increasing of frequency. So if there will not be strong technical 

-391 -



sources of vibration it allows to neglect vibrations with 
frequency greater than 10 Hs, which amplitude is less than 0.C01 
microns. 

Increasing of r.m.s. sise of beam in interaction point due 
to vibrations at these frequencies can be evaluated as follows : 

AS2. = AX2 *Y ii-U « AXS * -J2- * -^~ 

where 7=E/mc'=" , 8_. - relative energy and beta-function in lens 
with number i, 8.. - beta-function in interaction no int. If 
6. = 5 m, 3, = 1 mm, N = 1CT,then r.m.s. sise would be about 0.G01 
microns. 

2. Amplitude of motions in region 0.1 - 1 Hs is about 1 microns, 
and in region 1 - 10 Hs - up to 0.01 microns. These values 
determine requirements on speed and accuracy of feedback systems. 
High correlation in this case can make the requirements weaker. 

3. Motions with frequencies less than 0.1 Hs determine 
working range of slow alignment systems. For a time of about 
one hour displacement can achieve 80 microns, for one year - as 
much as 7 mm. It means that the range of slow alignment system 
must be a few mm with accuracy a few microns. In this case slow 
alignment system would fit to the range of fast feedback. 

4. It is clearly that any technical sources of vibration 
(big city, highways, compressors, ventilators, etc. ) should be 
placed far enough from the collider,if possible. Another way Is 
to suppress the vibrations from this source at the points of 
their creation. 

The authors are grateful to Balakin V.E. for helpful 
discussions, to Tokmakov "V.A. and Trapesnikov N.L. for seismometer 
handling. We also thank Molyavin V.M. for the help in 
preparation of measurements. 
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Wake-field characteristics of a high-intensity, multi-bunched beam 
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ABSTRACT 

A systematic experimental study on the wake-field characteristics of a high-intensity, multi-bunched 
electron beam was carried out in detail at the primary electron section of the KEK positron generator 
linac. The observed energy spectrum, which indicated the energy variation of one bunch from another, 
was explained fairly well by the multibunch effect of a longitudinal wake field; the importance of 
introducing a self-wake loss and a bunch-length effect into calculations of the energy loss due to a 
longitudinal wake field is noted. On the other hand, a transverse motion of each bunch, showing a 
peculiar behavior when the transverse instability occurred, was in good agreement with the results of a 
numerical calculation based on a multibunch version of P. B. Wilson's two-particle model. In both 
cases, the wake field for our cavity was estimated using a computer code called TBCI. 

I. INTRODUCTION 

For the realization of future high-luminosity e7e+ linear colliders,1 many problems must be solved, 
among which is a deterioration of the beam quality caused by beam-induced wake fields;2 this might 
become one of the most severe problems from a practical point of view. In order to attain high 
luminosity, one must realize an extremely small emittance for intense beams with more than 1010 

electrons/positrons per bunch by, for instance, introducing a damping ring in the first stage of linac. * An 
emittance growth, however, may occur during the course of acceleration, unless the effects of both 
longitudinal and transverse wake fields are sufficiently suppressed by some practical techniques. 
Furthermore, in order to obtain a large quantity of positrons at a positron-producdon target, one has to 
accelerate a more intense electron beam with about 1011 electrons per bunch to the high-energy region. 
In mis case, transverse wake field effects will become more crucial, even though the longitudinal type 
will not. 

A recent design study of the injector linac for the proposed B-factory at KEK^ has also revealed 
serious questions concerning the positron yield under realistic situations, since more practical design 
parameters are required for the short-term construcdon of the facility. Fine experimental studies on the 
wake-field characteristics of a high-intensity beam may be urgent necessity in this case. 

Multibunch operation of die beam is considered to be indispensable in the future linear colliders in 
terms of the power-consumption requirements for an efficient rf power transfer to beams; this is also one 
possibility for the injector linac relevant to the B-factory in order to enhance the effective positron yield. 
A train of intense bunches on each rf fill, however, produces strong longitudinal and transverse wake 
fields in the cavities, which cause both a large energy spread and a multibunch transverse instability not 
only in one bunch, but also among bunches. These effects lead to emittance growth, resulting in either a 
reduction of the luminosity or low positron yield. 

Among the many possible theoretical treatments of these wake-field effects for either a single bunch 
or multibunches, Wilson's two-particle model2 is the simplest; it is even instructive enough to give a 
semi-quantitative result for experimental conveniences, while Yokoya's4 and Chao-Richter-Yao's5 are 
more complete and elaborate. Although theoretical ideas to cure the wake-field effects have been proposed 
by several researchers,4-7 it seems that practically realizable methods for a cure (which must be 
experimentally verified) might be few. 

A first observation of wake-field effects on the electron beam in a linac was performed with a very 
long train of bunches at SLAC by Panofsky-Neal.8 A single-bunch head-tail instability was intensively 
studied in experiments by Seeman et al.," showing a beautiful "banana shape" bunch. However, 
regarding the effects of an intense multibunch beam, only a few systematic experimental studies have 
been carried out. We have performed a series of experimental studies on both the longitudinal and 
transverse wake-field characteristics of the KEK positron generator linac.10,11 

In this paper we present experimental results concerning the wake-field characteristics of an intense 
multibunch beam, especially in an energy spectrum having a bunch structure due to a longitudinal wake 
field and in the transverse motion of bunches caused by a transverse wake field. The experimental results 
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-were compared with a numerical analysis based on a wake-field calculation using a computer code called 
TBCI.12 

In the following, the experimental principles are given in section II, and the experimental setup is 
explained in section III. In section IV, we present detailed results as well as discussions along with a 
numerical analysis of the wake fields and rigid-macroparticle equations of motion. Conclusions are given 
in section V. 

n. PRINCIPLES OF EXPERIMENTS 

Longitudinal wake fields induced by a bunch affect itself as well as trailing bunches, causing an 
energy variation from bunch to bunch during the course of acceleration. These effects manifest 
themselves in an energy spectrum as some peaks corresponding to bunches. The transverse wake fields 
caused by a bunch with a finite initial offset, from a beam axis, deflect each trailing bunch in a different 
manner from one another. Providing an appropriate (vertical) initial offset, the bunches will assume 
different vertical positions at the end of accelerator sections. Thanks to the bunch-to-bunch energy 
variation due to the longitudinal wake fields, the transverse motions of each bunch arc observable 
separately at the energy-analyzing station. 

A. Multibunch longitudinal wake-field effects 

Consider N bunches traversing an accelerating structure of length L,6 which is fully filled with RF 
power. For an accelerating structure with negligible attenuation losses, or of quasi constant gradient (our 
case), the energy gain of each bunch from the accelerating field is 

AVacc = Eo£" 
where To is the field gradient. Suppose that a longitudinal wake field induced in the fundamental 
accelerating mode by a short bunch with charge q„ is given by 

Ewakc, n = " 2t?n> 
where k is the fundamental loss factor per unit length. The self-wake energy loss within each bunch is 

AVself, n = 'kq„L 
if the charge distribudon of the bunch is symmetric around the bunch center; the energy loss in die n-th 
trailing bunch due to die preceding bunches is given by 

n-\ Ti-i 
AVmuhi. n = - 2 (L - nAs ) £ kqm - 2As £ mkqm , 

m=l m=l 
whore As is die propagation distance of die wake field from one preceding bunch to the next trailing one, 
and is approximately equal to the product of a group velocity (vg) and the bunch spacing in time (At). If 
this propagation distance is short compared with the structure length (L) and the total number of bunch is 
not very large, only the first term becomes dominant in the following: 

n-l 
AVmulti, n = • 2£ Z *<7m-

m=l 
The overall energy gain/loss per unit length for the n-th bunch is then written as 

n-l 
AVn/L = 'Eo-kqn-2'Z.kqm. 

m=l 
This simplified formula for the fundamental mode of die longitudinal wake field tells us that the 

relative energy distribution of one bunch to another depends on only the charge distribution. In most 
cases, however, a higher-mode effect arises, especially in die self-wake energy loss, since die bunch 
length is relatively short enough to excite the higher modes in the cavities. In these situations, one needs 
to modify the above formula and to determine tiie loss factors due to wake fields by performing numerical 
calculations, such as the computer code TBCI. In die experiments, we observed an energy spectrum, 
which will be compared witii these numerical calculations. 

B. Multibunch transverse wake-field effects 

Rigid-macroparticle equations for transverse motion in the presence of transverse wake fields, a 
multibunch version of P. B. Wilson's two-particle model,2 are written as 

^ s ) ^ ) + 7(s)k2
nXn = ronp^iWn.Mx! (n=l.A0. 

where s is the distance down die Iinac, xn the transverse displacement of die n-th bunch, kn the wave 
number of die betatron oscillation, y(s) the energy Lorentz factor, ro die classical electron radius, N-t the 
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number of panicles in the t'-lh bunch, N the number of bunches, and Wi the transverse wake function at 
the position of the i-th bunch. A simple solution for two bunches (N = 2) is given in the case of no 
acceleration and fci = ̂ 2=k by 

*2= 2ky S ' 
when initial conditions of xi = X\Q, XZ = 0, dx\/ds = 0 and <3x2/ds = 0 are assumed. This shows that: (1) 
the transverse displacement of the trailing bunch is proportional to the initial offset of the preceding one, 
(2) its coefficient is proportional to the number of particles in the preceding bunch, and that (3) its 
dependence on the distance down the Iinac is linear. 

The equations of motion in the multibunch case might be solved in general by using a Laplace-
transform method. T. Suzuki1^ predicted by using this method that the distance dependence is given as 
j " " 1 if all of the betatron wave numbers are the same for each bunch. This result signifies that increasing 
the bunch number easily leads to beam instability if the distance is very 'onS-

In the present experiments, we investigated these features of the multibunch transverse wake field 
effects. By providing initial offsets at the entrance of the accelerating sections, bunch-to-bunch beam 
profiles after an energy-analyzing magnet could be observed. Numerical solutions of the equations of 
motion based on appropriate assumptions are confronted with die experimental results. 

IIL EXPERIMENTAL SETUP 

A. Primary electron section of die KEK positron generator 

The primary electron section of die KEK positron generator14 starts from an electron gun emitting an 
intense beam of 150 keV with a peak current of 10 A, and a pulse widdi of 4.2 ns. Through a 
subharmonic buncher (SHB) witii a modulation frequency of 119 MHz and a subsequent drift space of 
about 3 m, die electron beam is longitudinally compressed to a 2-ns pulse with a peak current of 13 A. 
It is then split into about 6 bunches within a bunching section operating at 2856 MHz, and accelerated to 
250 MeV in a 22 m-long regular accelerating section with a quasi-constant gradient of about 11 MV/m at 
the same frequency. Focusing quadrupolcs are tuned so as to produce a betatron wavelength of about 30 
m. A schematic layout of the primary electron section is shown in Fig. 1. 

B. Measurement system for the wake-field characteristics 

The longitudinal wake-field characteristics are observed at an energy-analyzing station15 located in 
front of the positron-production target (Fig. 2). It comprises collimators, an energy-analyzing magnet, 
beam-profile monitors, a current monitor, a slit, and a bunch monitor of the strip-line type. With this 
energy-analyzing station, the energy spectrum is measured. 

The measurement system of the transverse wake field characteristics comprises steering coils (ST) for 
providing initial transverse offsets of the beam, as well as an energy-analyzing station for observing the 
behavior of each bunch at the end. The transverse motion of each bunch is observed at the beam-profile 
monitor after die energy-analyzing magnet, thanks to the bunch-to-bunch energy difference due to the 
longitudinal wake fields. 

IV. RESULTS AND DISCUSSIONS 

A. Longitudinal wake-field characteristics 

The observed energy spectrum at the energy-analyzing station is given in Fig. 3. It showed 6 peaks 
that have been identified as being bunches by die bunch monitor. The electric charge on each bunch 
amounted to several nC; the total energy spread was about 9%. According to a calculation of die energy 
gain/loss based on die fundamental longitudinal wake field, die charge distribution determines die relative 
energy spectrum. This gives Fig. 4 (b), which is roughly consistent with die measured spectrum, Fig. 4 
(a). In order to improve die precision, we took into account die higher-mode effect of the longitudinal 
wake field. Assuming parameters for our cavity (Table l) ,1 6 the longitudinal wake potential was 
calculated by die computer code TBCI. A typical example is shown in Fig. 5 for a bunch lcngtii of 7.5 
mm. The loss factors were obtained by integrating die longitudinal wake potential over the bunch length 
at each bunch position with die weight of Gaussian-shape charge distributions (Table 2). Using these 
values, die energy spectrum was calculated and shown in Fig. 4 (c), which is in good agreement with die 
measured one (Fig. 4 (a)). 

In die above calculation, we assumed diat all of the bunches have the same bunch length (7.5 mm). 
Since it was noted that die wake potentials, especially the self-wake potential, strongly depend on the 
bunch length, die value 7.5 mm was carefully selected. Fig. 6 shows die bunch-Iengdi dependence of die 
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loss factors calculated by the 7BC/-code. It might occur in future linear colliders that each bunch should 
have a different bunch length for realizing an energy compensation between bunches. In this case, one 
should both measure and control the bunch length very precisely, otherwise, it could easily lead to a large 
energy spread, due to the steep dependence of wake potentials on the bunch length. 

B. Transverse wake-field characteristics 

The typical transverse behavior of the bunches photographed at the profile monitor of the energy-
analyzing station is given in Fig. 7, in which the initial transverse offset was set to 2 mm. This 
indicates that about 6 bunches are scattered peculiarly around a horizontal center line. While the energy 
difference of one bunch from another is attributed to the effect of a longitudinal wake field, the peculiar 
transverse behavior originates from a multibunch effect of the transverse wake field. 

We first direct our attention to the transverse behavior of the last bunch (the right-most side in Fig. 
7). Transverse displacements of the last bunch were measured by changing the current of ST-1 for 
providing initial vertical offsets. The result is plotted in Fig. 8, showing a linear dependence of the 
transverse wake field effect on the initial offsets, which is expected in section IIB. It was also verified by 
comparing two cases (SHB on and off (Fig. 9)) that the observed effects depend on the charge density per 
bunch, not on the total charge. When SHB was off, the charge density per bunch became almost half as 
much as when SHB was on; the bunch number increased from 6 to about 12, while the total charge, the 
average energy, and the total energy spread remained almost unchanged. 

In order to explain more quantitatively the observed transverse behavior of all bunches, we solved 
numerically the rigid-macropanicle equations for transverse motion. It was assumed that: (1) the bunches 
arc accelerated with a constant gradient ()fa)aX)+i> s> where )o is the initial energy and g the energy gain 
per meter, and that (2) the betatron wavelength is the same for all bunches (kn = k). All of the related 
parameters required for integrating the equations of motion are tabulated in Table 3, among which the 
transverse wake function for our cavity was numerically estimated by the TBCI-coda for a Gaussian-shape 
bunch. Fig. 10 shows the calculated wave forms of the transverse wake function for two different cases 
of iris aperture diameters in a cavity of the constant-impedance type. They are almost consistent with a 
calculation performed by K. Bane.17 Since our cavity is of the quasi constant-gradient type, we take the 
average values given in Fig. 10 for transverse wake functions in Table 3. The convergences of 
calculations were also checked by varying the number of cavities. 

A numerical integration of the equation of modon was performed by a method of Runge-Kutta using 
the parameters listed in Table 3. The trajectories of each bunch were calculated along the accelerator to 
the profile monitor (PRM-A) at the energy-analyzing station. The results are in good agreement with the 
observed beam trajectories (Fig. 11). The calculated transverse displacements for each bunch at the end 
(PRM-A) are shown together in Fig. 12, and agree fairly well with the experimental result given in Fig. 
7. 

V. CONCLUSION 

Both the longitudinal and transverse behaviors of intense multibunch beams were systematically 
investigated in detail at the KEK positron generator linac and compared with a numerical analysis based 
on a calculation of the wake potentials by die 7*BC/-code. The calculations explained fairly well the 
observation. Using these results, we could be more precise in realizing practical ideas needed to cure 
undesirable wake-field-induced effects. Further experimental investigations will be carried out in the near 
future. 
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Fig. 7. Typical transverse behavior of bunches photographed at the profile monitor of the energy-
analyzing station. In this figure, the vertical direction corresponds to the transverse displacement, while 
the horizontal direction corresponds to the beam energy (the left-hand side is the high-energy side). The 
initial transverse offset was set at 2 mm. 
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Fig. 8. Transverse shift of the last bunch at the end of the accelerating sections as a function of the 
initial offset. The solid line indicates the least-squares fit. 
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Fig. 9. Transverse shifts of bunches measured at the profile monitor (PRM-A) at the energy 
analyzing station in two cases: (a) SHB on, and (b) SHB off. No transverse blow-up was observed when 
SHBwasoff. 
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Fig. 10. Calculated wave forms of the transverse wake potentials for our cavities: (1) 2a=26 mm, (2) 

2a=20 mm. A bunch length of about 73 mm was assumed. 
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Fig. 12. Calculated transverse displacements of each bunch. The initial transverse offset was set at 2 
mm. The coordinates in the figure are the same as those in Fig. 7. The white circles correspond to 
bunches. While the bunch intervals were reduced from the energy spectrum observed at the energy-
analyzing station, the bunch spreads do not correspond to the size of the circles in this figure. 
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Table 1. Related parameters of our cavity for calculating the wake functions. 

Type of Structure 

Operating Frequency 
Length of Accelerating Cavity 
Number of Caviues 
Inner Diameter. 2b 
Iris Aperture Diameter. 2a 
Disk Thickness 

quasi-constant gradient 
travclline wave 2JT./3 mode 

2856 MHz 
2m / 4 m 
54/110 
88mm 

20 - 26 mm 
5 mm 

Table 2. Loss factors evaluated at the bunch positions. 

Bunch 
1 
2 
3 
4 
5 
6 

Loss Factor (xlO13 VJC/ni) 
1.8 
3.4 
3.3 
3.6 
3.5 
3.2 

Table 3. Parameters for equations of motion. 

Initial Energy 1 7o 
Enertrv Gain 
Length of Accelerating Section 
Initial Position 
Initial Angle 
Betatron Wave Number 
Number of Particles in the n-th Bunch 

Total Number of Bunches 
Transverse Wake Function 

y 
L 

Xn(Q) 

dxrXOVd* 
k 

^ 6 
N 

W2 

IV3 

VV4 

w6 

23(12McV) 
22 An (11 MV/m) 

22 m 
2 mm 

0 
2ic/27 /m 
6.2 x 109 

3.7 x 1010 

4.4 x 1010 

5.6 x 1010 

2.5 x 1010 

2.5 x 1010 

6 
0 1/m3 

8.9 x 104 

-4.5 x 104 

1.3 x 10s 

-1.8 x 10s 

1.3 x 105 
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abstract 

This paper describes diagnostics for plasma experiments; those of plasma 
density, plasma temperature, plasma wave, beam energy spectra, beam emit-
tance, etc.. Two major subjects are plasma wakefield acceleration and plasma 
lens. They are conducted at the KEK PF electron linac for positron generation, 
and one of the twin linacs of the University of Tokyo. 

1. Introduction 

Two of the major roles expected of a plasma in accelerators are acceleration 
and focusing. This paper describes diagnostics used in experiments which have 
been studying both of these. They are conducted at the KEK PF electron 
linac for positron generation, and one of the twin linacs of the University of 
Tokyo, respectively. Three different plasma chambers were used, two of which 
produce plasmas ionizing gas by the discharge between the cathode and the 
plasma chamber, and the rest produces a plasma by rf waves fed by a helical 
antenna. 

A plasma wakefield accelerator(PWFA) is one of the plasma-based-type 
accelerators that show promise to produce ultra-high accelerating gradients. 
In a PWFA, a high-intensity relativistic driving beam excites a large amplitude 
plasma wave which, in turn, accelerates a low-intensity trailing beam. The KEK 
experiments on PWFA were conceived while using a high-intensity electron 
beam for positron production at the KEK PF linac." The linac provides a 
sequence of several bunches which generate wakefields in a plasma, resulting 
in acceleration or deceleration of trailing bunches. By analyzing the energy of 
each bunch, the energy transfer between the bunches can be observed without 

3—5 

a test beam. Theory tells us that plasma wakefields are enhanced at certain 
plasma frequencies which are resonant with the frequency of spacing of the linac 
bunches. Because the plasma frequency is determined by the plasma density, 
we can probe the resonance by controlling the plasma density. The maximum 
energy shift hitherto observed was approximately 20MeV in a lm long plasma. 
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The PWFA experiments are conducted also at the linac of the University of 
Tokyo. This linac can generate a train of pulses whose envelope is rectangular. 
The width of the train is a few fisec, while the spacing of between neighbouring 
pulses is 350psec. This long train enables us to observe the wakefield directly 
using a coaxial diode detector. 

The plasma lens, based on self-focusing due to the shielding of space charge 
of a particle beam by a quiescent plasma,' has been proposed as a final focus 
device of the next generation of linear colliders. Its focusing force can exceed 
those of a superconducting magnet by several orders of magnitude, since a 
plasma can support very large electromagnetic fields. Our experiments have 
shown that the plasma certainly has a lens effect, although certain aspects of 
the results remain unexplained. 

In this paper we first describe linacs. The following section describes plasma 
production. Description on diagnostics then follows; plasma diagnostics in 
fourth section and beam diagnostics in the fifth section. The last section con
tains some remarks. 

2. Linac Beams 

The KEK PF electron linac for positron generation is used in the PWFA 
experiments owing to its large current. The 2856MHz rf buncher separates 
the 2ns pulse from a subharmonic buncher into a train of more than 6 bunches 
with a 350ps spacing. They are then accelerated up to either 250 or 50QMeV. 
Bunches with a total charge of 5— lOnC are focused on a plasma by a quadrupole 
triplet at the end of the linac. The radius and length of the maximum bunch 
are 1-1.5 and 3mm, respectively. It was found that the preceding bunches 
cause a deceleration of the following bunches, even in the absence of a plasma, 
exciting wakefields in the linac structure. The difference in the barycenter 
energy between the first and last bunches amounts to 15 Me V without a plasma. 

The linac of the University of Tokyo can produce both single pulses and 
pulse trains. Single pulses are used in the plasma lens experiments, while pulse 
trains are used in the PWFA experiments. When it produces a single pulse, the 
energy is ISMeV, and the rms length (measured by a streak camera) is less than 
3mm whose repetition rate is a few Hz. The charge of a pulse was about 0 .5nC 
The averaged electron density inside the bunch was about 1.2 x 1010cm~3. It 
also provides a pulse train where the pulse frequency is 2865 Jlf Hz, or the pulse 
period is 350psec. In the PWFA experiments, the length of the train was 
approximately 6p.sec. In this case the beam energy and the charge of a single 
bunch reduced to 14MeV and 50pC, respectively. 
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3. Plasma Production 

Three different plasma, chambers were used. Two of thern produce plasmas 
ionizing argon gas by the discharge between the cathode and the plasma cham
ber. The third chamber produces a plasma using rf waves. In all cases plasmas 
are generated in synchronism with the linac pulses. The plasma pulse widths 
are 1 — 2msec 

The first chamber, shown in Fig. 1, is used in the KEK for the PWFA 
experiments. It is sized 0.3 m in diameter and 1m in length. Use of this lnt long 
plasma is one of the features of our experiments, so that it is possible to directly 
observe the acceleration gradient in unit of MeV/m. The cathodes were made 
of tungusten filaments but have been changed to comprise four LaB& blocks so 
as to increase the plasma intensity. The cathodes are heated by a 10V — S0.4 
direct current source. The discharge pulse has a voltage of SO — 100V and a 
current of 10 — 20A. The multidipole field of the permanent magnets, lkG at 
the inner surface of the water-cooled chamber, is applied in order to confine the 
plasma. One of the features of this confinement is that there is no magnetic 
field along the beam transport. Both beam windows of the plasma chamber 
comprise 50^m thich titanium foils. Identical foils are used at the windows 
of the linac duct and the spectrometer magnets to separate the vacuum from 
the plasma chamber. The base pressure of the chamber is typically made to 
be 10~8Po by using a 300//s turbomolecular pump. Argon gas is fed through 
a gas-flow controller to maintain a neutral gas pressure of 4 x 10 - 6 Pa for a 
plasma density of 10 l 2cm - 3 . The plasma density can be controlled by both the 
gas pressure and the discharge current. 

The second chamber is used only at the linac of the University of Tokyo for 
both the plasma lens and the PWFA experiments. As shown in Fig. 2, it is a 
small version of the first chamber, because we wanted a thin lens in the plasma 
lens experiments. An argon plasma was produced in the chamber, 147mm 
in inner diameter and 360mm in length, by a discharge between the LaB6 

cathodes and the plasma chamber. The chamber is aix-cooled. The plasma 
was confined by the multidipole field of permanent magnets placed around the 
chamber periphery. The magnetic field had its maximum value 700G at the 
chamber wall. The argon plasma density ranged from .5 - 15 x 1010c77i~3 and 
the temperature from 2.5 — 4eV. The plasma density distribution measurement 
shows that the plasma length along the beam transport is about 15cm in the 
case ne = 1.3 x 10 u cm - 3 , which increases to 20cm at ne = 0.75 x 10 u cm - 3 . 

We usually separate the plasma chamber from the linac duct using metal 
foils in order to avoid any vacuum problems. An obstacle to the measurements 
in this case is multiple scattering of the beam caused by the foils and gas along 
the beam transport, especially in the case where the beam energy is not very 
high. Differential pumping solved this problem by enabling separation without 
having to use any hard boundaries. Four turbomolecular pumps are used in the 
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experiments at linac of the Tokyo University, three of which are placed between 
the linac main duct and the plasma chamber. Ducts with low conductance, 
16nj»ji in diameter and l233/7n;i in total length, connect the linac and the 
plasma. An automatic gate valve closes the line whenever the pressure of this 
section exceeds a prescribed value. 

The first chamber has been replaced with the third chamber which aims at 
a high-density plasma. An argon plasma, up to lO'Vm - 3 , has been produced in 
a 5c77i diameter, J 771 long glass tube shown in Fig. 3 under a few kG solenoidal 
field by excitaion with a helicon (Whistler) wave. The wave is generated by 
applying moderate rf power at a frequency wCT- <S u -C wce, a few and some tens 
of MHz, to a helical antenna. The plasma production is quite efficient. The 
plasma parameters are controlled either by the rf power, by the gas pressure 
or by the magnetic field. The chamber has two titanium windows, identical to 
those of the first chamber, at both ends to pass the electron beams. 

4. Plasma Diagnostics 

The main diagnostic device in our experiments is quite classical; a Langmuir 
probe. At the initial stage of the experiments, a semi-rigid coaxial cable is used 
as a probe, at the end of which the central conductor is processed as the probe 
tip. After it was discovered that the insulator of the semi-rigid cable is easily 
damaged by the plasma heat, the probes have been constructed of stainless-steel 
tubes, ceramic tubes and tungsten wires. Because the plasma production is 
pulsive, a circuitary is constructed which converts pulsive signals to continuous 
ones to make it possible to depict the voltage-current characteristics of the probe 
measurement on an x-y recorder. It mainly consists of a switching circuit to use 
a single-directional power supply as a bi-directional one, selectable resistors, a 
sampler and a holder. 

Besides usual measurement of plasma density and temperature, the probe 
is also used to observe plasma waves in the experiments using the linac of the 
Tokyo University. A coaxial diode detector is connected to the probe which gives 
the envelope of the oscillation power. Fig. 4 shows the setup and an example 
of the output of the diode detector or an envelope of the plasma oscillation, 
together with an envelope of a linac pulse train whose wakefield has caused 
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the oscillation. As shown in Fig. 4(a), the dc component was short-circuited 
to the ground to protect the diode. The diode used was KC-2 produced by 
Nihon KoshuhaCo., whose frequency response cuts off sharply at 3GHz, so the 
plasma density was controlled so that the plasma frequency becomes equal to 
the linac pulse frequency, 2S56MHz. 

Because the main body of the third chamber shown in Fig.3 is made of 
an insulating and transparent glass tube, we can use two diagnostic techniques 
which are not applicable to other two chambers. One is to use either of the 
titanium windows at the end of the glass tube as a Langmuir probe with a large 
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Fig. 4. (a)Setup for power measurement of plasma oscillation. (b)Envelope of a linac 

pulse train and envelope of the power of the plasma oscillation caused by the wakefield 

of the pulse train. 
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Fig. 5. (a)Set up for optical measurement. (b)An example of optical signal. Because 

the PCD elements are scanned serially, the spatial distribution is obtained as a time 

signal on an oscilloscope trace. 
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aiea to monitor the plasma density; connecting a window into ground through a 
Tesister, and applying approariate voltage, we can measure the "probe7' current. 
Though this method cannot give local information, it is superior to the usual 
probe method in two aspects; first, it does not deteriorate the plasma, and 
second, it is more sensitive. 

The other diagnostics enabled by the glass chamber is to measure visible 
radiation generated from a plasma at outside of the chamber. As shown in 
Fig.5, a bandpath filter picks up the light component around 48Snm from the 
ionized argon gas through an opening of magnets, and a convex lens focusses 
the image of the plasma columnn on a one-dimensional detector, "256channel 
PCD (Plasma Coupled Device) produced by Hamamatsu Photonics Co.. Fig. 5 
shows an example of the spatial distribution of the radiation from plasma ions 
obtained by this setup. Because this distribution is spatially convolved, it is 
necessary to apply the Abel transform in order to get the radial distribution. 
Though this measurement cannot give the absolute electron density, it is useful 
as a monitor once it is calibrated. 

5. Beam Diagnostics 

The main purpose of the PWFA experiments is to measure the energy shift 
of the linac beam', while that of the plasma lens experiments is to measure the 
change of the /? and 7 caused by the plasma. 

At the experiments using the KEK PF linac, measurement of energy spec
trum of each linac bunch is required. Combination of a bending magnet and 
a streak camera makes it possible. However, since the energy aperture of the 
magnet is only !5MeV, it is necessary to sweep the analyzing field to obtain a 
spectra for all bunches. As shown in Fig. 6, bunches analyzed in the bending 
magnet travel in air over a length of about 0.5m to a mirror, while radiating 
Cherenkov radiation. The mirror reflects only the radiation, transmitting the 
electron beam. The reflected radiation is finally focused on the slit of the streak 
camera. A Dove prism in front of the slit rotates the image so that the energy 
dispersion axis is perpendicular to the time axis of the camera. 

An example of the resultant streak picture is shown in Fig.6(b). It contains 
three-dimensional information; the horizontal dimension gives the convolution 
of the energy spread and the horizontal beam size; the vertical dimension shows 
the time structure of the bunches; the picture intensity indicates the number of 
electrons. By digitizing the streak picture, it is possible to calculate the mean 
and standard deviation of the energy of each bunch. 

The Langmuir probe cannot give the absolute plasma density correctly. We, 
however, found that the beam energy measuremet can calibrate the density 
measurement of the probe, because a large energy shift occurs only when the 
two frequencies, the plasma frequency UJP and the linac pulse frequency ut, 
resonance; i.e., when UJP = nwi, where n is an integer, as showin in Fig. 7. 
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Fig. 7. Energy shifts of a driving bunch as a function of plasma density. A large shift 

is observed when the plasma frequency is resonant with the linac palse frequency. 
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In the experiments at the linac of the University of Tokyo, we did not 
measure the energy spectrum of each bunch. We made instead another approach 
to measure the energy spectTum integrated over pulses in a whole pulse train. 
The linac pulse is introduced into a rr/2 bending magnet, whose output is fed 
into a block of black lead through a slit. The current into this block is obtained 
as a function of the current. It is recorded on a x-y recorder as an energy 
spectrum. 

In the plasma lens experiments, transverse profiles of the beams were mea
sured by three phosphor screens (Desmarquest AF995R), placed downstream 
of the chamber, screens which were located 1330, 1S30 and 2330mm from the 
center of the plasma chamber. Simultaneous measurements using these three 
screens are impossible because of multiple scattering at the screens. The re
producibility of the linac beams was very good, an important factor in our 
measurements. The images were observed by a CCD camera with good linear
ity, and stored on video tapes and computer-processed. The CCD camera is 
triggered in synchronism with the linac pulse. Special care was taken not to 
saturate the CCD camera. 

Because there is free space between the plasma and the phosphor screens, it 
is possible to derive three parameters (two Twiss parameters and the emittance) 
at the plasma from a set of three data at three screens. Let the size of the image 
measured by each screen be <rl, <r2,0-3, and let us describe the beam at the plasma 
center by a phase ellipse 

1 z2 2ozz' z'2 

1- /> 2 V 2 aa' a*1 ' 

where z = x (horizontal) or z = y (vertical). The parameters describing the 
phase ellipse are then obtained as solutions of three simultaneous equations: 

<Ti = <r2 + 2sipcrcr' -f s}an, 

where i = 1,2,3 and s; is the distance between each screen and the plasma. 
Twiss parameters and emittance are given by the relations <r2 = 0e, aa = 
7e,e = a a ' ( l - / ) ) 1 / 2 . 

Besides those described above, several remote-controllable phosphor screens 
were used during the alignment of the beam lines in all experiments. Their 
images were observed by a TV camera-monitor pair. 

6. Remarks 

As described above, our diagnostic devices are not satisfactory. In the 
plasma diagnostics, it is apparant that we have to monitor the absolute value 
of the plasma density using a method such as a laser interferoemter, especially 
when ve have a denser plasma in a near future. The plasma wave measurement 
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using a probe and a diode detector detector is only qualitative; it cannot give 
the absolute value of the electric field. We wish to have a laser method which 
gives it quantitatively. 

In the beam energy measurement at the KEK PF linac, the use of the power 
supply of the energy analyser is parasitic. It is usually used to feed power to a 
bending magnet on the beam transport from the positron linac to the electron 
Knac. This situation makes the fine control of the energy analyser difficult. 
Aside from this problem, one drawback of the present measurement is that we 
cannot separate the broadening of the energy spectrum and the broadening of 
the spatial distribution of the particles. 

The measuremet in the plasma lens experiments cannot obtain emittances 
and Twiss parameters from a single linac pulse. We know that there exit better 
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methods such as the "pepper -po t" me thod or the me thod using transient 

radiat ion. We wish to make collaboration with those who have such technique. 
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Monday, 22 A p r i l 1991 

The ABI Workshop Program 

Only speakers are shown. 
*The paper is included in this issue. # to be included in vol.2. 

10:00-11:15 S.Kurokawa, chairman 

Opening Y. Mizumachi(KEK) 

Laboratory Reports 
*m 1) Beam instrumentation at KEK Y. Mizumachi(KEK) 
*m 2) Beam instrumentation for LEP C.Bovet(CERN) 
*m 3) Review of beam instrumentation at FNAL G.P.Jackson(FNAL) 

11:30-12:50 R.C.Webber, chairman 
*m 4) Beam diagnostics of the RCNP Ring Cyclotron T.ltahashi(RCNP) 
*m5) Beam instrumentation at CEBAF R.Rossmanith(CEBAF) 
#m 6) Berm instrumentation for an H" Cyclotron Meson Factory 

G.H.MacKenzie(TRIUMF) 
*m 7) Instrumentation for the new BNL Booster R.LWitkover(BNL) 

14:30-16:30 C.Bovet, chairman 

*m 8) Beam instrumentation of Synchrotron Radiation Research Center 
G.-JJan(SRRC) 

*m 9) Status report of the design of the SPring-8 storage ring beam 
diagnostics system S.Sasaki(RIKEN) 

*m10) Beam instrumentation at SLAC S.D.Ecklund(SLAC) 
*m11) Beam instrumentation forseen for LHC J.Bosser(CERN) 
*m12) Beam Diagnostics of UNK E.A.Merker(IHEP) 

—>Wednesday afternoon 
*m13) Instrumentation at the SSC Laboratory R.C.Webber(SSC) 

16:45-17:45 Y.Mizumachi, chairman 

Special Lecture 
#m14) Limit of measurement 

M.Morimura(Optical Measurement Technology Development Co. Ltd.) 

19:00-21:00 
Reception 
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Tuesday morning, 23 A p r i l 1991 

9:00-10:00 A.Ogata, chairman 

Poster Session 
3 min talks on posters. 
(Multi-parallel free discussions should be made at poster displays throughout the 
workshop.) 

*p 1) Non-destructive profile monitor in a beam transport line T.Adati(KEK) 
*p 2) Beam profile measurement by counting x-ray emitted from target wire 

A.Ando(RCNP) 
p 3) Active-passive transformer J.Bergoz(BERGOZ) 
*p 4) Timing and current measurement from the TRIUMF cyclotron probe 

W.R.Rawnsley(TRIUMF) 
*p 5) Diagnostics for small-budget accelerator-oriented plasma experiments 

A.Ogata(KEK) 
#p 6) Beam diagnostic system at heavy ion cooler-synchrotron TARN-2 

S.Watanabe(INS) 
*p 7) Sub-nanometer emittance monitor for high brightness light source 

K:Nakajima(KEK) 
*p 8) Beam measurement in the muon storage ring Y.Mizumachi(KEK) 
*p 9) A real time bunch length monitor using beam spectrum for the TRISTAN AR 

T.leiri(KEK) 
*p10) Phase space profile and emittance measurement using synchrotron 

radiation monochromatized by a crystal A. Ogata(KEK) 
#p11) Status of the photon beam position monitors for beamline at KEK PF 

T.Mitsuhashi(KEK) 
p12) Measurement of Bunch Time-Structure in KEK PF 

M.Tobiyama(Hiroshima Univ.) 
p13) Improvement of the Purity of the Single Bunch in Photon Factory 

T.Mitsuhashi(KEK) 
*p14) Method of the measurement of supersmal! beam size in electron-positron 

colliders by Compton scattering A.N.Skrinsky(INP) 
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Tuesday morning, 23 Apri l 1991(continued) 

10:15-12:35 G.H.MacKenzie, chairman 

Profile / Emittance 

*t1) A device measuring the beam profile in the accelerator 
E.A.Merker(IHEP) >poster 

*t 2) Experience with a fast wire scanner for beam profile measurement at 
the CERN PS C.P.Steinbach(CERN) 

*t 3) Non-destructive profile monitor by using MCP with muiti anodes 
T.Kawakubo(KEK) 

*t 4) A high repetition rate profile monitor J.T.Rogers(BNL) 
*t 5) Measurement of vertical emittance with hard-xray at LEP C.Bovet(CERN) 
*t 6) Profile and emittance measurement system of the KEK PS external 

beam line K.H.Tanaka(KEK) 
#t 7) Experience with the beamscope emittance measurement system 

at the CERN PS booster H.O.Shoenauer(CERN) 
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Tuesday a f te rnoon, 23 A p r i l 1991 

14:00-15:40 V.N.Baier, chairman 

Longitudinal Profile /Bunch Length 

*t 8) An autocorrelation technique for measuring sub-picosecond bunch length 
using coherent transition radiation W.C.Barry(CEBAF) 

*t 9) Bunch shape measurements at the INR linac A-V.Feschenco(INR) 

Others 

*t1Q) Some methods of narrow band measurements in beam diagnostic 
systems for the storage rings and accelerators A.S.Medvedko(INP) 

*t11) Transverse drift speed measurement at the halo in a hadron collider 
LBurnod(CERN) 

*t12) Ground motion in UNK-VLEPP region V.V.Parchomchuk(INP) 

15:55-18:00 K.Takata, chairman 
Special Session 
Beam instrumentation for future linear colliders 

t13) Introduction - beams in JLC K.Kubo(KEK) 
*t14) Wake field characteristics of a high-intensity multi-bunched beam 

Y.Ogawa(KEK) 
t15) Microwave beam position monitors for linear accelerators R.Bossart(CERN) 
*t16) High sensitive beam position monitor for linear colliders A.S.Medvedko(INP) 
#t17) FFTB BPM/quadrupole calibration S.H.Williams(SLAC) 
t18) Microscopic technique of beam size measurement K.Nakajima(KEK) 
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Wednesday, 24 A p r i l 199 

9:00-10:40 G.Gelato, chairman 

Intensity/Beam Loss 

#w 1) Method of circulating beam intensity measurement at the accelerators 
A.R.Toumanian(Yerevan Phys. Inst.) 

*w 2) A beam loss distribution monitor LYamane(KEK) 

Orbit / Beam Position 

*w 3) Progress on the development of the APS beam position monitoring system 
G.A.Decker(ANL) 

*w 4) Beam position measurements at SIS A.Peters(GSImbH) 
#w 5) Beam position measurement with reentrant cavity R.Bossart(CERN) 

10:55-12:35 T.Kasuga, chairman 

*w 6) Development on beam orbit control on the SRS at Daresbury 
P.D.Quinn(SERC) 

*w 7) Orbit measurement techniques at Daresbury T.Ring(SERC) 
w 8) -—>canceled 
*w 9) Beam position monitor with low impedance for B-factories A.S.Kalinin(INP) 
*w10) Beam trajectory adjustment system for the colliding point of the B-factory 

VEPP-5 A.S.Kalinin(INP) 

14:20-16:20 R.L.Witkover, chairman 

Cooling/Feedback 

*w11) Bunched beam Scottky spectrum measurements for the TEVATRON 
stochastic cooling system G.P.Jackson(FNAL) 

#w12) Beam monitors for RF feedback control in HIMAC synchrotron 
M.Kanazawa(NIRS) 

#w13) Progress on bunch-by-bunch feedback for a B-factory design 
J.D.Fox(SLAC) 

Polarization 

*w14) Polarimeter for measurement of electron polarization vector 
K.Nakajima(KEK) 

*w15) Polarization measurement in e+e* colliders V.N.Baier(INP) 

Closing Y.Mizumachi(KEK) 
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