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ABSTRACT 

Supervisor: Professor L.P. Robertson 

A survey of several monitors which can be used for measuring 

the intensity, position, profile and energy of the proton beams to be 

produced at TRIUMF is presented. The survey deals in some detail with 

the theory of operation, design, performance and capabilities of each 

of the monitors discussed. Because of the large range in intensities 

encountered at TRIUMF, a review of both low intensity and high intensity 

monitors is included. 

Based on the survey, we conclude that the most useful 

device for measuring either the intensity, position or profile of 

the proton beams is some type of secondary emission monitor, while 

the proton spectrometer proves to be the most accurate beam energy 

monitor. A Faraday cup incorporated as part of one of the Proton 

Area beam dumps is considered the best absolute monitor for calibrating 

other intensity monitors. 
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CHAPTER 1 

INTRODUCTION 

It is important for the successful operation of a 

particle accelerator facility to be able to measure easily and 

accurately such properties of the external beams extracted from 

the accelerator as the energy, energy spread, intensity, and 

intensity distribution. Especially during the commissioning period, 

accurate measurements of the beam parameters are required in order 

to optimize the performance of the accelerator and to properly 

adjust the settings of the beam transport magnets so as to obtain 

efficient transmission of the beams to targets in the experimental 

areas. The purpose of this work is to review the various types of 

monitors which may be used to measure the beam parameters. The 

study can be used as a basis for deciding which devices &re suitable 

for monitoring the external proton beams to be produced at TRIUMF. 

A brief description of the TRIUMF facility and a summary 

of the characteristics of the proton beams are presented in Chapter 2. 

The high energy and intensity of the beams present some unique 

problems in the choice of suitable monitors. Many devices used 

for monitoring low energy beams are not suitable for use at TRIUMF 

because they rely on stopping all of or a fraction of the beam. 

Several types of monitors, such as geiger tubes and spark chambers, 

which rely on the detection of individual particles cannot be used 

because of the large intensities of the proton beams. The large 
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range in intensities which will be used also makes it difficult 

to find a monitor capable of operating over the full range. The 

time structure of the beams restricts the use of such devices as 

induction toroids, capacitive pickups, and microwave cavities 

commonly used at many high energy facilities. 

In order to specify the monitors required at TRIUMF, a 

monitoring system for the first section of one of the proton beam 

lines is suggested and discussed in Chapter 3. Following this a 

summary is made of several monitors reported in the literature and 

presently in use at various accelerators, and an analysis is made 

of those suitable for TRIUMF. Extensive use has be·en made of the 

excellent reviews published in the proceedings of conferences held 

at Daresbury (Hatton and Lowndes 1968), LAMPF (Macek et al. 1971), 

Chicago (Shea 1965; 1971), and Washington (Shea 1967; 1969). 

Additional information was taken from books edited by Ritson (1961), 

Yuan and Wu (1961), Neal (1968), and La Postolle and Septier (1970), 

as well as from the numerous papers listed in the bibliography. 
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CHAPTER 2 

CHARACTERISTICS OF THE TRIUMF PROTON BEAMS 

2.1 The TRIUMF Facility 

The TRIUMF cyclotron presently under construction at the 

University of British Columbia is a six-sector, azimuthally varying 

field (A.V.F.), isochronous machine designed to accelerate negative 

hydrogen ions to a maximum energy of 525 MeV. The acceleration of 

H- ions enables high energy proton beams to be extracted with 

essentially 100% efficiency. The protons are produced by passing 

the ions through a thin foil (e.g. 4 mg/cm2 carbon) which causes 

the two electrons to be stripped from each ion. By changing the 

radial position of this foil, the energy of the extracted proton beam 

can be varied continuously from 150 to 525 MeV. At the outset, the 

energy resolution of the beam is expected to be z 600 keV, while the 

R.F. phase acceptance will be 40° or 11%; giving a microscopic duty 

cycle of beam on for 5 nsec every 43 nsec, as the accelerating R.F. 

field has a fundamental frequency of 23.1 MHz. As soon as possible, 

a third harmonic component will be added to the R.F. field thereby 

improving the microscopic duty cycle to 23%, i.e. beam on 10 nsec 

every 43 nsec. Because it is a fixed frequency cyclotron, the 

macroscopic duty factor is 100%, i.e. the R.F. accelerating voltage 

is on continuously. 

A general plan of the TRIUMF facility is shown in Fig. 2,1. 

Although the six-fold symmetry of the cyclotron magnet will permit 
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the simultaneous extraction of six separate beams, only two beam 

lines are planned for initially. Beam Line I will be used to 

transport the full intensity proton beam to the meson experimental 

area and then to the thermal neutron facility, Beam Line IV will 

supply a lower intensity proton beam to the proton experimental 

area for experiments using extracted proton beams. Since it is the 

secondary mesons and neutrons that will be used in performing 

experiments along Beam Line I, the energy resolution is of less 

importance and the proton beam may have a total energy width of 

up to 2.5 MeV. As a result, the intensity and microscopic duty 

factor may be maximized at the expense of energy resolution, with 

the maximum intensity being set by the shielding available in the 

meson beam tunnel. Beam Line IV will be used to transport a high 

resolution (ultimately,* 50 keV) proton beam to several targets 

in the proton area. The maximum intensity transported along this 

beam line will be limited to 10,uA; most experiments to be done 

in the proton area require currents less than 1 pA. The detailed 

characteristics of the beams to be extracted and transported down 

these two beam lines are surrnnarized in the following sections, 

while the major parameters are listed in Table 2.1 (Mackenzie and 

Craddock 1970). The radial oscillation amplitude, ARm, mentioned 

in this table is a parameter used to designate beam quality; the 

smaller ARm is the better beam quality. Improved calculations have 

changed the beam values listed in Table 2.1 slightly, but not 



TABLE 2.1 

Energy Spread and Beam Quality on Leaving the Stripping Foil (foil scattering not included) 

Mode of operation Normal operation - wide stripper 

Radial oscillation 
amplitude at 30 MeV (in.) 0.40 0.25 0.14 

Fraction of 3rd harmonic (%) 0/-14 0/-14 0/-14 

Phase spread ( 0
) 40/83 30/76 15/65 

Microscopic duty factor (%) 11/23 8/21 4/18 

Pulse length (nsec) 4. 8/10 3.6/9.2 1.8/7.8 

ex. Maximum current 
obtainable (pA) 440/920 320/840 160/720 

~ Maximum current 
permissible (JJ-A) 850 650 250 175 100 675 500 250 17 5 100 500 400 250 175 100 

Energy (MeV) 150 200 300 400 500 150 200 300 400 500 150 200 300 400 500 

~·( Total .1 E (MeV) 1.6 1.7 1.8 1. 9 2.3 1.2 1.4 1.4 1.4 1.6 0.8 1.0 1.1 1.1 1.2 

* Horizontal spot size (in.) 0.57 0.56 0.33 0.20 0.13 0.43 0.42 0.33 0.20 0.13 0.34 0.31 0.30 0.20 0.13 

* Horizontal divergence (mr) 3.4 2.7 2.1 1.7 2.6 2.5 2.0 1.6 1.6 1. 7 1.4 1.2 1.1 1.0 0.9 

* Vertical spot size (in.) 0.46 0.45 0.44 0.42 0.40 0.46 0.45 0.44 0.42 0.40 0.46 0.45 0.44 0.42 0.40 

* Vertical divergence (mr) 0.80 0.68 0.58 0.51 0.45 0,80 0.68 0.58 0,51 0.45 0.80 0.68 0.58 0.51 0.45 

The current available will be the lower of 11
0(. 

11 and II f3 11
• o<- is the maximum current obtainable based on a 

2 mA ion source, a factor 2 bunching, and duty factor and slit restrictions. /3 is the maximum current per­
mitted by power dissipation in the stripping foil (for a foil lifetime > 1 week) and/or space charge 
effects. ~'( The energy, spot size and divergence spreads are all "total widths" and include tails. 

O' 



- 7 -

sufficiently to alter conclusions about monitor requirements. 

2.2 Beam Intensity 

During the first three months of operation, the internal 

beam dynamics of the cyclotron will be thoroughly investigated. 

The average beam intensity will be kept at or below 200 nA, with 

most of the beam being lost inside the machine. In order to over­

come this restriction in beam current, the use of a chopped beam 

simulating full current conditions has been proposed (Duelli 1969; 

1971). Under this scheme, the macroscopic duty cycle of the accel­

erator will be limited to values less than 1.5% with beam pulse 

widths of 50 nsec or more. The frequency of these pulses is determined 

by the duty cycle required, but would always be less than 230 kHz. 

The advantage of this technique is that the beam dynamics of the 

accele~ator can be studied under high intensity conditions without 

the problem of excessive activation caused by a high intensity 

proton beam. 

Beam dynamics studies will continue during the next three 

months, but the emphasis will shift to the external beam lines. 

The alignment of the various quadrupoles and bending magnets will 

be checked, using the actual beam as the probe. In addition, the 

beam emittance and energy definition will be investigated. The 

chopped beam can be used to great advantage during this period. 

The average intensity of the extracted beams will be held below 
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100 nA for beam diagnostic purposes, but will increase slowly 

to 1 µA as preliminary nuclear physics experiments get under 

way. Within the following six months, the external beam intensity 

will be raised to a total intensity of 10 JJ-A. 

At the beginning of the second year the cyclotron will 

be operated .at full intensity. The maximum intensities available 

during full beam operation are set by the requirement that the 

total beam spill inside the cyclotron be less that 20 f'-A at 500 MeV 

or an equivalent power loss of 10 kW. This criteria will prevent 

excessive activation of the cyclotron, and will enable servicing 

to begin within a reasonable period after shutdown. The beam spill 

is caused both by the electric dissociation of the H- ions as they 

travel through the cyclotron's magnetic field and by the stripping 

of the ions through collisions with the residual gas molecules 

in the vacuum tank. On the basis of the expected electric stripping 

losses shown in Table 2.2 (Auld 1971) and the 4% gas stripping loss 

expected for a pressure of 4 x 10-8 Torr, the values for the maximum 

intensities permitted along Beam Line I assuming a 10 kW beam spill 

within the cyclotron have been calculated and are given in Table 

2.2. Although it is expected that these intensities can be obtained 

from the 2 mA ion source being developed provided the third harmonic 

is used in the R.F. accelerating voltage, the limitations which arise 

because of power dissipation in the stripping foil (Mackenzie, 1969) 

have not been taken into consideration. As a result of the strong 
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TA B L E 2.2 

Beam Intensity Limits Set by Activation of the Accelerator 

Beam Energy Electric Stripping Maximum Intensity 
(MeV) Loss (%) ( f-A) 

525 22.5 70 

500 13. 5 115 

450 3.0 320 

400 0.5 560 

300 0 750 

200 0 1250 
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magnetic fields surrounding this foil, the two electrons which are 

stripped from each H- ion will spiral around and deposit their total 

energy in the foil (250 keV/electron for 500 MeV ions). The foil 

must therefore be thick enough to have a reasonable lifetime allowing 

for the evaporation of material from its surfaces. On the other 

hand, if it is too thick the multiple coulomb scattering introduced 

will seriously degrade the quality of the extracted beams such that 

the acceptance of the transport systems will be exceeded. Mackenzie 

and Craddock (1970) have calculated the maximum intensities that 

can be extracted using a 4 mg/cm2 carbon foil assuming a lifetime 

of one week or more. Their results are shown in Table 2.1, and for 

energies below 500 MeV they indicate a significant reduction from 

the figures quoted above. 

2.3 Energy Resolution 

The energy resolution of the extracted beams is determined 

primarily by the amplitude of the radial oscillations at the extraction 

radius, by the energy gain per turn in the accelerator, and by the 

spread in the phase of the H- ions with respect to the peak in the 

R.F. voltage. Calculations show (Richardson 1969) that the resolution 

of the 500 MeV beam using a wide stripping foil, i.e. with a width 

greater than two turn separations so that the entire beam is inter­

cepted, is±. 600 keV. As seen from Table 2.1, the resolution is 

improved at lower energies. Low energy defining slits placed at 
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a radius of 70" in the accelerator can reduce the energy spread to 

~ 100 keV at 500 MeV at the expense of a smaller microscopic duty 

factor and a lower intensity of 2 J-1-A maximum. 

Various other methods have been suggested (Richardson 

1969; Richardson and Craddock 1969) for improving the energy 

resolution of the proton beams and are summarized in Table 2.3. 

2.4 Beam Emittance, Divergence and Lateral Dimensions 

The lateral dimensions and angular divergence of the beam 

given in Table 2.4 represent the semi-axe s of the phase space dis­

tribution at the exit of a 4 mg/cm2 carbon stripping foil. 

~o, the angular divergence in the horizontal and vertical directions, 

respectively , were calculated by adding the half-divergence values 

for the beam incident on the foil, as given in Table 2.1, in quad­

rature with twice therms projected scattering angle, o-RG' for such 

a foil. o-RG was calculated from the following equation (Rossi 

and Greisen 1941) 

o-RG = 21.2 j 
pv 

t (2.4.1) 

where tis the foil thickness in gm/cm2, Lrad is the radiation 

length of the foil material in gm/cm2, and p and v are the average 
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TABLE 2.3 

Sumrnarz of the Main Characteristics of the 500 MeV His;h R~solution 

Mode of 
Operation 

Raw beam 

Low energy 
slits 
0.032 in. 

Separated 
turn 
acceleration 

Final orbit 
selection 

Proton Beams 

Full Width Phase Estirna ted 
Energy Spread Acceptance Intensity 

(keV) (0) (µ-A) 

:l: 30 100 
* 600 

± 50 (3rd) 100 

;h 1.8 2 
::. 100 

± 14 (3rd) 16 

± so ± 0.5 5 

± 25 ± 6. 7 (3rd) 30 

± o. 5 o.os 
:k 60 

:: 5 .o (3rd) o.s 

(3rd) indicates that the proper mixture of 
third harmonic of the RF voltage is used. 

Microscopic 
Duty ;Factor 

(%) 

15 

27 

1 

8 

0.3 

3.7 

0.3 

2.8 



TA B L E 2.4 

Lateral Dimensions and Angular Divergence of the Beam on Leaving 

a 4 mg/cm2 Carbon Stripping Foil 

Radial oscillation , 

amplitude at 30 MeV 0.40 0.25 0.14 
(in) 

Energy (MeV) 150 200 300 400 500 150 200 300 400 500 150 200 300 400 500 

Horizontal spot 
size ,co (mm) 7.24 7.11 4.19 2.54 1.65 5.46 5.33 4.19 2.54 1.65 4.32 3.94 3.81 2.54 1.65 

Horizontal diver-
gence 0

0 
(mrad) 2.00 1.57 1.19 0.95 1.35 1.63 1.28 0.97 0.91 0.92 1.26 1.00 0.78 0.66 0.57 

Vertical spot 
size Yo (nun) 5.84 5.72 5.59 5.33 5.08 5.84 5.72 5.59 5.33 5.08 5.84 5.72 5.59 5.33 5.08 

Vertical diver-
gence 'Po (mrad) 1.12 0.87 0.62 0 .50 0.42 1.12 0.87 0.62 0.50 0.42 1.12 0.87 0.62 0.50 0.42 

1--' 
l.,.) 
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momentum and velocity of the beam on passing through the foil. 

According to the theory derived by Rossi and Greisen, 20-RG should 

include 95.5% of the coulomb multiply scattered beam. However, as 

shown by James (1971), a more accurate theory developed by Moli~re 

(1948) predicts that in the case of 500 MeV protons incident on a 

4 mg/cm
2 

foil 98.3% of the scattered beam will lie within 2c,RG• 

Although the foil increases the beam divergence signi­

ficantly, increases in the lateral dimensions of the beam are 

negligible since therms displacement, lrms due to multiple coulomb 

scattering is given by 

and is always less than 10- 2 nun for a 4 mg/cm2 carbon foil. There-

fore, the horizontal and vertical dimensions of the beam, x0 and y0 , 

shown in Table 2.4 are taken directly from the results of Mackenzie 

and Craddock (1970) listed in Table 2.1. 

For the purpose of calculating the lateral extent of the 

beam at various locations along the beam lines, it is convenient 

to approximate the beam density distribution in the phase space 

having co-ordinates of lateral displacement, x and y, and 

divergence, 8 and¢, for the horizontal and vertical directions 

respectively as being contained in an elliptical area. The areas 
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of these ellipses are defined as the x and y emittances , Ex and 

f y• The emittance at the stripping foil has been assumed to be 

given by 

f X = XO 8 O (rmn-rnrad) 

E y = y O ¢ 0 (rmn-mrad) 

(2.4.3) 

(2.4.4) 

Since the x , Y, and z motions of the beam are independent, according 

to Lioville's theorem (Banford 1966, p. 10) Ex and Ey will remain 

constant at all points along any beam line composed of quadrupoles 

and bending magnets provided no material is placed in the beam. 

Assuming this to be the case the beam envelopes, which give the 

variation in the horizontal and vertical beam widths along the beam 

line, have been calculated for the first section of Beam Line I 

at 200 and 500 MeV and are shown in Figs. 2.2 and 2.3. These 

envelopes were calculated using the program TRANS (Chan et al. 1972), 

the beam parameters listed in Table 2.4, and the beam transport 

systems designed by Lobb (1971). 
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CHAPTER 3 

BEAM MONITOR REQUIREMENTS AT TRIUMF 

3.1 Introduction 

The purpose of this chapter is to establish a philosophy 

regarding the proton beam monitor requirements at TRIUMF. In order 

to have a basis on which to determine these requirements, the monitors 

needed along the first section of Beam Line I between the combination 

magnet and the first target are discussed. Since these devices will 

be used not only to set up the beam transport system and monitor the 

beam during normal operation of the cyclotron but also to measure 

several parameters associated with the internal beam dynamics of the 

cyclotron, they deserve special consideration in any discussion of 

monitor requirements. 

Sections 3.2 and 3,3 of this chapter deal with the various 

position and profile monitors required during the alignment of the 

transport system and during normal beam operation. Section 3.4 

considers the probl em of the various intensity monitors needed at 

the divers stages of operation, while Section 3.5 outlines the 

requirements of the profile monitors used to measure beam emittance. 

A summary of all the monitors to be used along the first section of 

Beam Line I is presented in Section 3.6, along with a discussion of 

some of the more general problems which must be overcome in measuring 

the various parameters. 
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' 3.2 Transport System Setup and Alignment 

The ten beam monitor locations suggested for the alignment 

of the first section of Beam Line I are shown in Fig. 3.1. The 

devices used at these locations must be able to monitor beams of 

very low currents ( ,v 1 nA) and current densities ( rv 1 nA/cm2), 

since the intensitie s used during beam alignment are very small. 

The monitors located at the various positions shown in 

Fig . 3.1 will be used for several purposes. In particular, those 

devices located at points 1,2, and 3 are required tn order to 

determine the position and direction of the beam in both the hori­

zontal and vertical planes as it leaves the combination magnet, Bl. 

This information will enable the current setting of this magnet and 

the azimuthal position of the stripping foil to be ~djusted so as 

to correctly extract the proton beam from the cyclotron. The radial 

position of this foil is of course determined by the desired beam 

energy. Measurements of the horizontal beam position at points 4 

and 5 will be us ed to establish the correct current setting for the 

20° bending magne t, B2. Position monitors located at points 6,7, 

and 9 will be used to guide the beam to the experimental target 

Tl. 

Estimates of the accuracies, 66 and 8¢, , to which the 

horizontal and vertical beam directions can be determined using the 
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Fig. 3. 1 Beam monitor locations for the first section of Beam Line 1 
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monitors discussed above are given in Table 3.1. These calculations 

are based on the assumption that the position of the beam can be 

measured to an accuracy of± 20% of the total beam width. Under 

this condition, 

Se = ~Od4jxt + x2 
2 (3. 2. 1) 

8<p = ± Od.4 F (3. 2. 2) 

where dis the distance between the two monitors being used, and x1 , 

x2 , Y1, and y2 are the horizontal and vertical half-widths of the beam 

as measured by these monitors. The values of x and y at the various 

monitor locations were obtained from the beam envelopes shown in 

Figs. 2.2 and 2.3, and are sunnnarized in Table 3.2. 

The two operating cases corresponding to the smallest and 

largest beam spot sizes were considered; these are the 500 MeV beam 

with an internal radial oscillation amplitude, ARm' of 0.14" at 

30 MeV and the 200 MeV beam with ARm equal to 0.40" at 30 MeV, 

respectively. 

Since there is a possibility that the quadrupoles located 

between a pair of monitors could steer the beam and thus cause errors 

in the determination of the beam's direction, care must be exercised 

if these magnets are excited. An alternative would of course be to 

turn off these quadrupoles. Table 3.3 lists the angular resolutions 
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TA B L E 3.1 

Accuracies to Which the Horizontal and Vertical Directions of the 
Beam can be Determined Using the Monitors Indicated 

Monitors Distance, d ± fie (mrad) ± ~4' (mrad) 
Used Between the 

Monitors (m) 200 MeV 500 MeV 200 MeV 500 MeV 

1 and 2 3.0 4.3 0.45 0.94 1.4 

1 and 3 9.0 2.2 0.35 0.68 0.64 

4 and 5 3.5 3.7 0.62 1.4 o. 96 

6 and 1 5.0 1.9 0.29 0.84 0.66 

6 and 9 9.0 0.14 0 .10 0.26 0.22 
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TA B L E 3.2 

Lateral Dimensions of the Beam at the 
Various Monitor Locations 

x(mm) y(mm) 
Location 

200 MeV 500 MeV 200 MeV sod MeV 

1 32 2.7 6.5 9.0 

2 4.2 1.8 2.6 4.5 

3 37 7.2 14 11 

4 22 3.4 7.9 4.3 

5 24 4.2 8.9 7.2 

6 3.0 2.0 3.5 1.8 

7 23 3.0 9.9 8.1 

8 30 3.8 5.1 4.6 

9 0.74 0.5 4.4 4.4 

10 30 3.8 4.9 4.5 



- 24 -

TA B L E 3.3 

Accuracies to Which the Horizontal and Vertical Directions of the- Beam 
can be Deternined When the Quadrupoles are Off 

Monitors Distance Quadrupoles ± S0 (mrad) ±b<p (mrad) 
Used d(m) Not Excited 

200 MeV 500 MeV 200 MeV 500 MeV 

1 and 2 3.0 Ql,Q2, & Q3 6.5 0.60 1.5 2.0 

1 and 3 9.0 Ql,Q2, & Q3 2.6 0.30 0.78 0.90 

4 and 5 3.5 Q4,Q5, & Q6 5.0 0.94 1.7 1.4 

6 and 7 5.0 ------ 1. 9 0.29 0.84 0.66 

6 and 9 9.0 Q7 & QB 1.6 0.22 0.68 0.56 

TA B L E 3.4 

Lateral Dimensions of the Beam When the Quadrupoles Listed are Off 

Location Quadrupoles Not x(mm) y (nun) 
Excited 

200 MeV 500 MeV 200 MeV 500 MeV 

1 ------ 32 2.7 6.5 9.0 

2 Ql,Q2, &Q3 37 3.6 9.3 12 

3 Ql,Q2, & Q3 48 6.4 16 18 

4 ------ 22 3.4 7.9 4.3 

5 Q4,Q5, &Q6 38 7.5 12 11 

6 ------ 30 2.0 3.5 1.8 

7 ------ 23 3,0 9.9 8.1 

8 Q7 & QB 29 3.6 12 10 

9 Q7 & QB 37 4.4 15 13 

10 Q7,Q8 & Q9 44 5.4 18 15 
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expected if this were done. The angular resolutions obtainable 

are larger when the quadrupoles are off; however there is less 

chance of error in the actual measurement of the beam direction. 

It is therefore recommended that the initial measurements be made 

with the quadrupoles off. The quadrupoles could then be turned on 

and more accurate measurements made. 

Given the spot sizes indicated in preceeding tables and 

the criteria that the position of the beam be known to± 20% of 

the total beam width, the monitors used at the above locations 

should all have a position resolution of 1 to 2 mm except in the 

case of monitor 9 where a resolution of a few tenths of a millimeter 

is required. 

As well as being used to measure beam position, several 

of the monitors already discussed are required to measure the profile 

of the beam. These include the devices at points 2 and 5 which will 

be used primarily to check that the transport system is operating 

correctly. With the transport system in its normal operating mode, 

the monitor at 2 can also be used for a crude energy spread measurement 

as the dispersion of the beam is quite large at the exit of quadrupole 

Q3. Such a measurement cannot be performed downstream of the 20 
0 

bending magnet since, under normal operating conditions, the transport 

system is achromatic from that point onwards. Further measurements 

of the profile of the beam are required at points 8,9, and 10 in 
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order to determine the beam size at the target and to insure that 

there is a waist in the horizontal plane located within 10 to 20 cm 

of Tl. Profile measurements at the latter three locations can also 

be used to determine the emittance of the beam in each plane, although 

a more accurate determination of the beam emittance can be made 

by measuring the size of the beam at points 5 and 7. A discussion 

of the methods used to measure the beam emittance is given in 

Section 3.5. 

The monitors used to measure beam profiles must be able 

to detect changes in these profiles which occur over 20% of the 

total beam width. They therefore should have the same resolutions 

as the position monitors discussed above. Note that a single profile 

monitor can be used at those locations where position and profile 

measurements are required, that is at points 2,5,7, and 9. 

3.3 Normal Beam Operation 

When Beam Line I is run under normal operating conditions 

the number of monitor locations can be reduced to four; one each 

at points 2,5,8, and 9. The devices at these points should be 

designed to continuously monitor the beam at intensities ranging 

from 1 nA to 0.5 mA. Because of this large range in intensities, 

two sets of monitors may have to be constructed, one each for low 

( < 1.0 f-A) and for high intensity operation. If this is necessary, 

the low intensity monitors should be designed so that they can also 
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be used during beam alignment. 

At each of the locations mentioned above, the position, 

size and intensity of the beam should be measured. However, since 

only an indication of the size of the beam and not a detailed 

measurement of its profile is required, a profile resolution equal 

to 50% of the minimum total beam widths expected at the monitor 

locations is certainly adequate. With the exception of the monitor 

at point 9, this figure corresponds to an absolute resolution of 

3 to 5 mm. This high a resolution will also permit the position of 

the beam to be measured with sufficient accuracy. 

The higher resolution required at location 9 is a direct 

result of the small beam size at Tl (typically 1.0 mm x 1.0 cm) as 

well as the small size of the target itself (0.5 cm x 1.5 cm). 

Because of their relative sizes, the beam must be positioned to 

within 0.5 nnn of the target's centre in order to insure that all 

the beam hits the target. This sets the position resolution in 

each plane to 0.5 nnn. The higher resolution in profile is required 

to insure that the beam does not get too small at Tl. If this were . 

to happen during periods when large intensities were being used, 

the resulting current densities could cause damage to the target 

and its support structure. These densities should be kept below 

2 
3 mA/cm (Hodges 1971). In order to accomplish this, a reduction 

in the size of the beam of 50% of its optimum width should be detectable. 
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This sets the profile resolution to 0.5 mm in the horizontal plane 

and 0.5 cm in the vertical plane. The horizontal resolution demanded 

here will also permit the horizontal beam-width to be measured ac­

curately enough so that the performance of the pion channel located 

immediately downstream of Tl can be optimized (Reeve 1971). A 

profile monitor at location 7 can also be used to insure that the 

beam does not get too small at Tl since a small beam at Tl arises 

only if the beam is small at the entrance of quadrupole Q7. 

3.4 Intensity Monitor Requirements 

The intensity monitors required along the first section 

of Beam Line I can be divided into two groups. The first group 

will be used during beam alignment and the initial stages of normal 

beam operation. It includes monitors at locations 1,2,3,4,5, and 9 

which must all be capable of measuring average currents as small 

as 1 nA. The absolute accuracy required is of the order of 10 to 

20%. The second group which includes devices at points 2,5, and 9 

will be used during high intensity operation. These monitors should 

be able to detect currents of the order of a few microamps and larger. 

An absolute accuracy of the order of 5% should be adequate for most 

purposes. All of the devices discussed in this section should, if 

possible, have a linear response over the full rang~ in intensities 

for which they are to be used. The intensity limits discussed above 

are bas ed on the beam intensities expected during the various stages 

of cyclotron operation as outlined in Section 2.2. 
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Most of the intensity monitors used will be relative rather 

than absolute in nature and will require periodic calibration against 

some absolute standard. It is suggested that a Faraday cup located 

at point 3 or at the beam dump in the proton area be used as such 

a standard. 

Although most of the devices will be designed to measure 

average intensities, it may be advantageous to construct some which 

are sensitive to peak currents. This would be especially advantageous 

during beam alignment as it has been suggested that one operate 

during this period with a much reduced microscopic duty factor 

(see Section 2.2). The peak currents would be at least 100 times 

larger than the average currents and should therefore be easier to 

measure. 

3.5 Beam Emittance Measurements 

Two methods which can be used to measure the emittance 

of the beam by measuring beam widths are discussed in this section 

(Banford 1966). Both of these methods assume the beam to have ellip­

tical phase space contours. 

The first makes use of the equation for the variation in 

beam envelope size, x, as the beam travels through a drift space. 
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This equation is given by (Banford 1966, p.24) 

2 
X (z) (3. 5. 1) 

where z is the distance along the beam direction as measured from a 

waist, and x
0 

and x~ are the half-width and divergence of the beam 

ellipse in the horizontal plane at that waist. Using this equation 

and the results from the measurement of x at three points in the 

drift space, the horizontal emittance Ex can be determined from the 

following equations 

x'2 = x2 
0 1 

+ x2 
3 2x2 

2 (3. 5. 2) 

2a 2 

b 
2 2 

= xl X3 (m) (3. 5. 3) 

4ax' 
0 

2 

2 X "' 0 x~ - b2 x'2 
0 

(3.5.4) 

fx = XO x' 
0 (nnn-mrad) (3. 5. 5) 

where a is the separation in metres between the monitors and bis 

the distance in metres from the centre monitor to the waist as 

shown in Fig. 3.2. A similar set of equations exists for y, y' and 
0 

fy. The locations of the waists in the x and y planes will not in 

general coincide. 
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1. 2 3 

Fig. 3. 2 The measurement of beam emittance using three profile 

monitors in a drift space 
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Fig. 3.3 The measurement of beam emittance using the common 

tangent technique 
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This method can be used to determine t along Beam 
X 

Line I using the monitors located at points 8,9, and 10. The 

monitor at 9 should be located as close to target Tl as possible, 

with monitors 8 and 10 being placed equidistant on either side of 

Tl as shown in Fig. 3.1. To make the measurement, the target must 

be removed and quadrupole Q9 must be shut off. In order to improve 

the accuracy of the measurement, a should be made as large as 

possible. With a= 2m and assuming that the total beam widths can 

be measured to± 20%, 

:c 30% in all cases. 

E can be determined to an accuracy of about 
X 

The small divergence of the beam in they 

plane at Tl prevents E from being measured ' to better than a factor y . 

of 2 or 3 using this method. The position of the waist in the hori-

zontal plane can be measured to an accuracy of*\ musing equation 3.5.3, 

again assuming a 20% uncertainty in spot size. 

The second method that can be used to measure the beam 

emittance is based on the common tangent property illustrated in 

Fig. 3.3 (Banford 1966). This figure shows the profiles of a constant 

emittance beam having elliptical phase space contours as it emerges 

from a quadrupole of variable focal length. Note that there are two 

profiles yielding the same beam radius at a point such as A. However, 

at point B there is only one such profile and it is tangent to a line 

of slope ~/xq where Eis the beam emittance and xq is the semi-width 

of the beam at the quadrupole. The method used to determine Eis to 

measure the beam width as a function of magnet strength at some 

convenient distanced metres downstream of the magnet and to note 
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the minimum semi-width ¾i (nun). The emittance is then given by 

(nun-mrad) (3.5.6) 

Similarly 

(3. 5. 7) 

In order that ¾i and Ym are large enough to obtain accurate 

measurements, d should be as large as possible. This method can 

be used by observing the profile at location 7 as the strength of 

quadrupole Q6 is varied. xq and Yq are measured using monitor 5. 

Assuming the beam widths at 5 and 7 can be measured to~ 20%, both 

fx and Ey can be measured to ,:!. 28%. The monitors at 5 and 7 must 

have a resolution of 1 to 2 nun to accomplish this as the minimum 

total beam widths in either plane at these locations is of the order 

of 5 mm. 

The second method is limited to those periods when the 

beam is run at low intensities, unless beam spill can be accomodated. 

3.6 Additional Limitations on Monitor Design 

Several problems must be overcome in order that monitors 

can be placed at the locations shown in Fig. 3.1. One of these 

involves the beam degradation introduced by those monitors which 

require small amounts of material to be placed in the beam. This 

problem is of special interest during normal beam operation as any 
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significant increase in the beam size at Target Tl must be avoided. 

Calculations show (James 1972) that of the four locations at which 

monitors are to be placed during normal operation, only location 9 

is suitable for the continuous operation of an intercepting monitor. 

These calculations indicate that up to 20 mg/cm2 of aluminum (or 

its equivalent) can be placed anywhere within 25 cm of Target Tl 

without increasing the horizontal beam size by more than 40%. The 

beam size in they plane changes by less than 1%. Continuously 

operating , intercepting monitors should not be used at points 2,5, 

or 8 as they would result in large increases in the beam size at Tl 

and in some cases would cause the acceptance of the transport system 

(notably quadrupoles Q7 and Q8) to be exceeded. For example, a 

2 
1 mg/cm Al foil placed at 8 would increase the horizontal size of 

the beam at Tl from 50 to 100% depending on the energy of the beam. 

Note, however, that there is no objection to using intercepting 

devices at any location if provision is made for there extraction 

from the beam during periods when experiments are to be run. 

Amongst the other problems associated with the development 

of the various monitors are the limitations on their size. Because 

of large beam sizes expected during beam alignment (see Table 3.4) 

the monitors used for this purpose should all have apertures of the 

order of 3 to 4" in diameter. This is also true of the device~ used 

at points 5 and 8 during normal operation. A 1" aperture is sufficient 

at points 2 and 9 as the maximum beam widths expected at these points 
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are of the order of\ cm. In the case of the monitors at 1 and 9, 

spatial limitations and shielding requirements restrict the total 

size of the device along the beam line to 10 to 15 cm. Between 

the combination magnet and quadrupole Ql, i.e. location 1, space 

must be allowed for vacuum flanges as well as for a vacuum shut-off 

valve. 

Problems associated with radiation damage and heat 

dissipation strongly depend upon the type of monitor and will be 

discussed in subsequent chapters. The devices used should be 

reliable because of the limited access to the beam lines and because 

many locations will be inclosed in shielding. Where possible the 

electronics associated with these devices should be located outside 

the beam line shielding as this would facilitate easy servicing and 

replacement, and would protect them from radiation damage. Table 3.5 

presents a summary of the monitor locations to be used, the para­

meters to be measured at each location, the purposes that these 

measurements will serve and the resolution required in the various 

measurements. 



Location 

1 

2 

3 

4 

5 

6 

7 

TA B L E 3.5 

Sunnuary of the Monitor Requirements Along the First Section of Beam Line I 

Type of 
Monitor 

Position 

Intensity 

Position 

Intensity 

Profile 

Position 

Intensity 

Position 

Intensity 

Position 

Intensity 

Profile 

Position 

Position 

Purpose Required Resolution 
Low Intensity High Intensity 

Locate stripping foil. Set combination magnet. 

Measure extracted beam intensity. 

Locate stripping foil. Set combination magnet. 

Measure beam spill up to magnet 82. 

Measure energy spread. Optimize quadrupole current 
settings. 

Locate stripping foil. Set combination magnet. 

1.0 mm 

1.0 nA 

1.0 mm 

1.0 nA 

1.0 mm 

2.5 mm 

A Faraday cup located here could be used to calibrate 1 nA 
relative intensity monitors. 

Set 20° bending magnet. 

Measure beam spill in bending magnet. 

Set 20° bending magnet. 

Measure beam spill up to quadrupole Q6. 

Measure emittance. Optimize quadrupole current 
settings. 

Set steering magnets Sl and S2. 

Set steering magnets Sl and S2. 
~ 

1.0 mm 

1.0 nA 

1.5 mm 

1.0 nA 

1.5 nun 

1.0 nun 

1.0 mm 

3-5 mm 

1. 0 f"A 

3-5 mm 

3-5 mm 

1.0 ~ 

3-5 mm 

w 
"' 



8 

9 

10 

Profile 

Position 

Profile 

Position 

Intensity 

Profile 

Profile 

T A B L E 3.5 (cont'd) 

Measure emittance. 

Check steering of q~adrupoles Q7 and QB. 

Locate waist near Target Tl. Optimize quadrupole 
current settings. 

Measure beam position at Target Tl. 

Measure current hitting Target Tl. 

Measure size of beam hitting Target Tl, 

Locate waist near Target Tl. 

1.0 nun 

1.5 mm 

1.5 mm 

0.2 mm 

1.0 nA 

0.2 mm 

1.5 nun 

3-5 mm 

3-5 nun 

0.5 mm 

1. 0 JJ,-A 

0.5 nun/0.5 cm 

w 
--.J 
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CHAPTER 4 

BEAM INTENSITY MONITORS 

4.1 The Faraday Cup 

The Faraday cup is a device in which the total beam is 

stopped and the deposited charge is measured using a calibrated 

capacitor; it usually takes the shape of a Faraday cage. It has 

been found to be the best available absolute intensity monitor since 

it essentially depends on the accurate measurement of collected 

charge. Several authors have reported absolute accuracies of 

0.5% or better, although in the case of high energy proton beams 

accuracies of a few percent are more usual (Willard and Riley 1971). 

While the initial testing may in some cases be tedious, the calibration 

of the monitor at any given energy never changes except possibly 

as a result of changes in leakage currents, which can readily be 

checked. For a given energy, the calibration is linear as a function 

of beam intensity. Since the charged particles in the beam must 

be collected, the cup must be large enough to stop the beam and con­

tain the secondary reaction products. As a result there is an upper 

energy limit for the usefulness of a given cup design. The maximum 

intensities that can be measured are set by power dissipation and 

leakage current limitations. The SLAC Faraday cup (Yount 1967, 1968), 

which is used to monitor the 20 GeV electron beam, has been operated 

at long-term and short-term power levels of 1 kW and 10 kW, respectively, 

without the aid of water-cooling. The water-cooled cup shown in 
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Fig. 4.1 is presently being designed at LAMPF (Willard and Riley 

1971) for use with 100-800 MeV proton beams at currents up to 

5 ~- This represents a maximum power dissipation of 4 kW, well 

below the 225 kW of the TRIUMF proton beam at full power. It is 

still sufficient for the Faraday cup to be used as a primary standard 

for testing and calibrating other monitors over a significant 

intensity and energy range. Such a cup could be used continuously 

in the proton area at TRIUMF, where accurate intensity measurements 

are required for cross-section measurement$, as the maximum power 

of beams transported to that area is 5 kW (lOfkA at 500 MeV). As 

A 
for the minimum measurable intensity, Grossetete and Isabelle (1968) 

have reported measuring the .average intensity of a 10- 2 nA, 1.3 GeV 

electron beam to within 1%. This is well below the 1 nA minimum 

threshold suggested for TRIUMF proton beam monitors. 

There are several problems which must be overcome in 

designing a Faraday cup. The cup must be large enough to stop 

essentially all of the beam, and as the particle energy increases 

this is an increasingly difficult problem. In the past, empirical 

formulas introduced by Brown and Tautfest (1956) have been used 

with success to determine the minimum dimensions required for a 

Faraday cup used to monitor electron beams. These formulas were 

based on the work of Kantz and Hofstadter (1952, 1954) concerning 

electron-induced showers in various materials. More recently, the 

Monte Carlo calculations of Nagel (1965) and Volkel (1965) have been 
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used in the design of several electron Faraday cups, including 

those at SLAC and Daresbury (Hatton 1968). For proton beams below 

50 MeV, the simple criteria of the range of the incident protons 

can be used to determine the size of the cup as the number of 

secondary particles produced is relatively small and the range of 

these secondaries is comparable to that of the proton beam. However, 

at higher energies, a significant fraction of the protons undergo 

nuclear interactions, and one must insure that the scattered protons 

and pions produced in these interactions do not escape. Charged 

pions decay into muons, which then decay into electrons with possible 

charge loss to the cup. High energy neutrons can also give rise to 

charge losses by recoil proton emission near the surface of the cup. 

Neutral pions do not present a serious problem as they decay rapidly 

into pairs of O -rays. These high energy o'-rays produce forward 

going electron-position pairs which result in a very small net charge 

loss. The same argument applies to the tf'-rays produced by thermal 

neutron absorption. The amount of material required to stop these 

various secondary particles can be calculated using Monte Carlo 

techniques (Bertini 1963, 1965; Ranft 1967 a,b,; 1970). 

Along with these calculations, certain precautions can 

be taken to reduce the charge loss caused by these secondary particles. 

In order to minimize neutron production, a low Z material such as 

carbon should be used to stop the primary proton beam. This proton 

absorber should be surrounded by a high Z material, several radiation 
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lengths thick, in order to reduce the number of pion and neutron 

interactions occuring near the surface of the cup. Lead or copper 

is corrnnonly used for this purpose. In the case of cups built to 

stop electron beams, a jacket of low Z material, such as aluminum, 

is often placed around the lead in order to reduce the production 

of photoelectrons on the block surface. This may not be necessary 

in the proton case since the production of ¥ -rays will be much 

smaller. 

A further problem associated with the design of a Faraday 

cup is the emission or collection of secondary electrons which 

would alter the measured charge. Secondary electrons will be pro­

duced at the entrance of the cup, and the current produced by such 

an effect can be as much as 3 to 4% of the incident current. The 

charge loss due to these secondary electrons is reduced by the 

Faraday cage structure which has the effect of making the mouth of 

the cup as small as possible. Such a design reduces the solid angle 

for the escape of these particles as well as for back-scattered 

primaries and reaction secondaries. In addition, the secondary 

electron loss can be reduced by using a magnetic field at that 

point where the beam enters the stopping material. A field of 

250 gauss should be sufficient to trap all secondary electrons with 

energies below 1.5 MeV. The same magnetic field can be used to 

prevent secondary electrons produced in the entrace foil from 

reaching the cup. This entrance foil is required since the cup 
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must be evacuated in order to prevent the collection of charged 

particles arising from the ionization of gas molecules between the 

cup and its surroundings. A pressure of 10-3 Torr will reduce this 

effect to less than 0.1% (see equation 4.4.2). 

In the presence of radiation, there are additional sources 

of error caused by ionization. For example, air spaces around 

electrical connections serve as a source of ions. This problem can 

be avoided by using a slide-back electrometer (Brown and Tautfest, 

1956) to measure the charge on the Faraday cup, since this enables 

the cup and its connectors to be kept at ground potential. Such an 

electrometer also serves to reduce electrical leakage problems to a 

point where they are not important. 

The major limitations on the construction of a Faraday 

cup for TRIUMF arise from its large size and high cost. It has 

been estimated that the cup being designed at LAMPF (Willard and 

Riley, 1971), which will be similar to that used at TRIUMF, will 

weigh 13 tons and cost $50,000. Because of these two factors, it 

is suggested that one of the beam dumps in the proton area be con­

structed so that it could be used as a Faraday cup. This has the 

advantages, in addition to reducing costs, that the dump already 

provides the necessary cooling and shielding. 

4.2 Induction Current Monitors 

The induction current monitor has been widely used for 
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several years in industry to measure high intensity currents. 

More recently, due to the necessity of measuring the intensity of 

particle accelerator beams in a nondestructive way, studies have 

been carried out at several laboratories regarding the possibility 

of using such a monitor with relatively low intensity,short pulse 

length beams. 

The monitor is essentially a transformer in which the 

beam forms the primary and a pickup coil would on a high permea­

bility toroid forms the secondary. It is a nonintercepting device 

and can be calibrated by feeding a known current pulse through a 

separate calibration coil wound on the toroid. The signal induced 

in a symmetrically wound pickup coil is given by 

where 

L dib 

N dt 

r 1 , r 2 = inside and outside radii of the toroid, 

a= length of toroid along its axis, 

ib = instantaneous beam current, 

N number of turns in pickup coil, 

L = self inductance of the toroid, and 

t time 

(4.2.1) 
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Although this equation was derived using classical electrodynamics, 

it has been shown to be valid for relativistic particle beams 

(Bergere et al. 1962 a,b), with the result that the output is in­

dependent of beam energy. The output has also been observed to be 

independent of beam position, although a small ( ~ 2 to 3%) variation 

with beam position is seen if a nonsymmetrical winding is used, The 

coil inductance L should be chosen as a compromise between the fact 

that L must be as large as possible in order to have a large output 

signal, while the wiring capacitance and resistance must be kept 

small if the rise time of the output is to be short compared to the 

beam pulse width, which is of the order of 5 to 10 nsec for TRIUMF 

beams. 

The major disadvantage of the toroid is its limited current 

range with most devices having a minimum sensitivity~ 1 }-'-A peak 

current. Measurement of smaller intensities is difficult because 

of the small output voltages and noise limitations. A review of 

the most important sources of noise is given in a paper by Zulliger 

(1964). They include inhomogenous magnetic fields, R.F. Pickup, 

electrostatic pickup from the mains which can be quite large if 

pulsed equipment such as a spark chamber is in use, and electro­

static pickup from the beam itself, Extensive electrostatic and 

electromagnetic shielding is usually required to reduce the noise 

due to these sources to an acceptable level. The small surface 

area of the pickup coil serves to reduce noise caused by the 
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collection of charge particles, a problem which can be quite severe 

in several other types of monitors; e.g. electrostatic induction 

electrodes. Other problems arise because of inhornogenities in the 

toroid material as well as changes in its properties due to tern­

perature variations and exposure to radiation. A 
Grossetete and 

Isabelle (1968) report a 20% decrease in the permeability of their 

toroid after an exposure to a dose of 5 x 106 rad over a period of 

1500 hrs. These problems can be reduced by using a toroid con­

structed with wrapped sheets of permalloy metal (e.g. Ultraperrn 10) 

rather than a ferrite material; by monitoring the signal produced 

in two pickup coils wound on the t _oroid in opposite directions 

(Hohback and Mango 1967); and by calibrating the device at regular 

intervals. A feedback technique such as that suggested by Yamada 

(1962) can also be used to produce a signal which is independent 

of small changes in the toroid properties. 

There are two basic methods by which a toroid can be used 

to measure beam intensity or charge. One method is to terminate the 

toroid in a resistance so as to develop a voltage proportional to 

the instantaneous beam current. When short pulse length beams are 

being measured, this is usually accomplished by connecting the 

toroid directly to coaxial cable which is terminated in its 

characteristic impedance, R, as shown in Fig. 4.2. The circuit 

has the advantage of a short risetirne (1-2 nsec), and permits the 

output to be measured at a location remote from the toroid where 

radiation damage to amplifiers is not a problem. The voltage 
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Fig. 4.2 A passive transformer 
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Fig. 4.4 A beam current transformer with DC to 200 MHz range 

Fig. 4.5 A resonant tuned circuit transformer 
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developed across the resistance R is given by 

(4.2.2) 

provided the time constant 1/R is much greater than the beam pulse 

length T. Battisti (1966) used this technique to measure beam 

pulses 10 nsec long with peak intensities varying from 400 fLA to 

800 mA. He used a 10 turn toroid made of Ultraperm 10 with an 

inductance of 5 mH, terminated in 75 .11. • This gave e/ib = 7 .5 f-'--V/ t-,J-A, 

Given that commercially available wide band-width amplifiers have 

input noise levels of ~l f--V, one should be able to detect peak 

currents of the order of 1 JJ-A to 10% accuracy using this method, 

The measurement of such small currents will require the use of 

specially shielded coaxial cable to avoid pickup problems, and may 

in fact require that the amplifier be located fairly close to the 

toroid. 

Another approach to the same method, suggested by Hereward 

and developed by Sharp (1962), is to terminate the pickup coil in 

a low impedance, resistive feedback amplifier as shown in Fig. 4.3. 

The output is again given by equation 4.2.2, provided 

RCs << T << LA (4.2.3) 

A R 
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where Cs is the stray capacity of the coil and the cable connecting 

the toroid and amplifier. This circuit can only be used for measuring 

long pulse length (T > 0.5 msec), low frequency beams since phase 

shifts in the feedback loop cause instabilities at high frequencies. 

Even for these beams, peak currents of the order of 10 fl-A are very 

difficult to measure using this circuit (Sharp 1962, Zulliger 1964). 

Unser (1969) has since developed a circuit with OC to 

200 MHz range based on the principle of the Hereward transformer. 

The basic circuit is shown in Fig. 4.4. The 1/R integrator of the 

previous circuit is restricted in high frequency response by stray 

capacity Cs and by the slewing rate limit of the operational ampli­

fier A. Unser uses coaxial cable terminated in a resistance R to 

eliminate the effect of Cs and thereby conserves the risetime of 

the passive transformer. Amplifier A acts to maintain a low impedance 

(~ 1.Jt) across the secondary of the toroid, and also supplies 

current to drive the load resistor, R. The initial response of the 

circuit is determined by R,L, and C, and is independent of the 

amplifier. Therefore the amplifier need not have a wide bandwidth, 

resulting in a reduction of the problem of stabilization, The value 

of R is limited only by the stray circuit capacitance, which acts to 

limit the risetime of the system, The output is again given by 

equation 4.2.2. 
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For a 10 turn coil and R = 50 .n.. , Unser (1969) reports a 

useable dynamic range of 100 µA to 1 A, while a prototype built 

at LAMPF (Trump 1971) is reported to have a resolution of 1 JLA; 

this limit being set by 60 Hz pickup. Unser measured a risetime 

of 1.7 nsec using this circuit. At LAMPF, the long pulse lengths 

(500 }-'-Sec) permitted the designers to use a 1 k.n. resistor and a 

50 turn coil, given a sensitivity of 20 f'-'V/ f-A• 

The second basic method used to measure beam intensity 

is to load the toroid with a capacitor so as to cause it to resonate 

when a pulsed current passes through the core. In this manner, a 

low frequency voltage proportional to the beam charge is developed 

at the toroid terminals; the waveform is then amplified and sampled 

at one of its peaks to obtain a measure of the beam pulse charge. 

The theory of operation and the circuits used to sample this output 

are described in several reports (Olsen 1965; Larsen and Horelick 

1968, 1969; Larsen 1971). The basic circuit is shown in Fig. 4.5, 

where Risa damping resistor and C is the required capacitance. 

Adapting this technique to a synchronous cyclotron beam is difficult 

because of the high repetitive frequency of the beam pulses and the 

low peak beam intensity. For this type of accelerator it is more 

common to use a tuned circuit technique in which the capacitor C 

is used to tune the sensor circuit to the beam pulse repetition 

frequency or one of its higher harmonics. Assuming that the 

cyclotron beam current can be represented by a periodic series of 
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rectangular pulses of magnitude lb' duration T and period "C, the 

Fourier series for such a current is 

1 sin n1f T cos 2nlf tJ 
n -C -C 

(4.2.4) 

The voltage induced in the sensor circuit is from equation 4.2.1. 

e· 
1 

=-411 
..:..:.:h 

N"C 

"° 
'j 
n=l 

sin n 1T T 

-=c 
sin 2n 1f t 

-c 

By tuning the circuit to the n=l mode, the voltage developed across 

the capacitor is 

e =-l-~ 
o N"C 

sin 2 1f t 
-c 

where Q is the quality factor of the circuit. This voltage is 

amplified and used as a measure of the peak current lb. 

(4.2.5) 

This technique has been used by Johnson and Ramler (1963) 

for monitoring the external Argonne National Laboratory (ANL) 

cyclotron beam for a current range of 30 nA to several microamps. 

They, however, used very expensive, high gain ( ~ 106), low band­

width amplifiers designed to amplify the cyclotron's fundamental 

frequency of 11.2 MHz. In spite of the higher current sensitivity 

of this technique compared to those already discussed in this section, 

the high cost of the amplifiers may prohibit the· use of this method 

for monitoring TRIUMF's proton beams. 
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4.3 Electrostatic Beam Monitor 

A second type, of nonintercepting beam monitor is the 

electrostatic pick-up electrode. In its simplest form it consists 

of a metallic cylinder of length W, having a capacitance to ground C, 

which is traversed by a particle beam of average intensity ib and 

charge q. The basic geometry is shown in Fig. 4.6. The voltage 

induced on the pick-up electrode is given by 

V = 1 SW 
C 

0 

where the capacitance is given 

C = 21Tt W 
0 

dq 

by 

ln (b/a) 

= 1 )w ib ds = Wib 
C l3 C ~cc 0 

(4.3.1) 

(neglecting and effects) 

(4. 3. 2) 

The output voltage is therefore independent of W; however from a 

current and capacitance point of view W should be as large as possible. 

To maximize the output voltage V, the ratio b/a should be large. At 

TRIUMF these dimensions have the following limitations at most monitor 

locations (see Section 3. 6): W ~ 30 cm, a ~ 5 cm, and b 4 15 cm. For 

b/a = 3 and W = 30 cm, C = 15 pf and the sensitivity V/ib is 

100 f'-V / ~A, which is of the order of 10 to 100 times larger than 

the sensitivity of the toroid. This sensitivity will probably 

be reduced to"' 50 f"-V/ J-LA because of the capacity of feedthroughs 

and connections to the electrometers used to measure the output. 

These electrometers should be mounted directly on the monitor box 

to reduce this effect. This may pose a problem because of the high 

radiation levels. 
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Fig . 4. 6 A typical electrostatic beam monitor 
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The minimum current measurable is set by the noise levels 

of the electrometer tubes. Typically such electrometers have current 

noise levels of the order of 10-15 A and input impedances of 10 10 
..It. 

Using these values and a sensitivity of 50 fl'-V/ p.-A, one should be 

able to measure beam currents as low as 2 fJ-A to 10% accuracy. 

This is comparable with the minimum currents detected using toroids, 

and agrees with the calculations of Zulliger (1964). 

Up to this point, all external noise sources have been 

neglected. In general, the same sources of noise are present as 

discussed for the induction current monitor. Magnetic distrubances 

are less severe, while electrostatic noise increases and as a 

result electrostatic shielding, particularly against R.F. pickup, 

will be required. In addition, with pickup electrodes it is 

essential that no spurious charges reach the electrodes. This can 

be accomplished partly by insuring that none of the incident beam 

hits the electrodes, and by using a negatively biased grid inside 

the electrode to remove ions and low energy scattered particles. 

Ionization of the residual gas within the electrode could result 

in a sufficiently large collection of charge so as to make the signal 

to noise ratio unacceptable. Consequently, a reasonable vacuum is 

required. The pressures expected in the TRIUMF beam lines of less 

-3 
than 10 Torr are adequate, since a 500 MeV proton beam produces 

1 10 -1 . . 
on y ion pairs per proton per Torr per cm of path length in 

air. 
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One disadvantage of this device is that its output is 

energy dependent (V«l/~). In contrast to the toroid, the elec­

trostatic monitor is not self calibrating and the calibration 

must be done against some other type of current monitor. As the 

Faraday cup envisioned for TRIUMF will be designed for a maximum 

intensity of 10 Jl,-A, it does not seem reasonable that it could be 

used to calibrate either the electrostatic device or the toroid. 

Since the electrostatic monitor has a maximum sensitivity of 

1 p.,A average current, it could only be used during high intensity 

operation. 

4.4 Ionization Chambers 

One of the earliest devices developed for monitoring 

particle beams is the ionization chamber. A detailed description 

of the device and its operating characteristics is given by Fulbright 

(1958). Basically the monitor consists of an enclosure containing 

a gas in which the ionization is produced, and having two or more 

electrodes between which an electric field is applied so as to 

collect the resulting ions. To insure that all the ions are col­

lected, field gradients of the order of 200 V/cm or more are usually 

required. For monitoring particle beams the monitor usualiy takes 

the form of a parallel plate ionization chamber, with the plates 

serving as vacuum windows to isolate the chamber from the residual 

gas in the beam lines. The available ionization current is given 

by 
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= J:. d dE 
RT W dx 

(4.4.1) 

where pis the gas density (p=p/RT), dis the plate separation, 

W is the energy required to produce an ion pair ( ~ 35 eV for air), 

dE/dx is the energy loss of the beam in the gas (2.4 MeV/gm/cm2 for 

500 MeV protons in air), and ibis the average beam ~urrent. For 

500 MeV protons incident on air at standard temperature (T = 293° K) 

(4.4.2) 

That is, a 100 f'-A, 500 MeV proton will produce 8.4 mA of ions and 

electrons along each cm of its path in air at atmospheric pressure 

(760 Torr). The large signal amplification produced is the main 

advantage of the ionization chamber and permits the measurements of 

very small beam intensities ( < 105 particles/sec). As seen from 

equation 4.4.1, is is directly proportional to ib; however, at large 

beam currents many of the ions and electrons recombine to form 

neutral atoms because of the high ionization density in the gas, 

with the result that the response of the chamber becomes nonlinear. 

The value of the incident current beyond which the response is no 

longer linear depends on the beam current density, gas pressure, 

plate separation and voltage gradient used. By reducing the gas 

density and the plate separation, it is possible to construct a 

linear device for current densities up to 1 mA/cm2• Several 

chambers have been used for measuring incident proton beam current 

densities ranging from 1 nA/cm2 to 1 mA/cm2 using air as the chamber 

gas. Better performance has been reported with gases such as argon, 

methane, and argon-carbon dioxide mixtures. 
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The accuracy of the ionization chamber depends mostly 

on the purity of the gas, the maintenance of a constant pressure, 

and the elimination of the effects due to recombination and 

secondary electron emission. The secondary electrons are produced 

in the vacuum windows and result in a current equal to approxi­

mately 2% of the beam current (see Section 4.5). Secondary emission 

is therefore important only at low pressures (<10 Torr). For 

example, in a 10 cm long ionization chamber filled ~ith air at a 

pressure of 10 Torr, is= 11 ib and secondary electron emission 

from the windows contributes less than 0.2%. On the whole, accuracies 

of the order of 1% seem to be obtainable with several authors 

reporting an accuracy of 0.1% over a limited intensity range (e.g. 

A 
Grossetete and Isabelle (1968). 

Because of the high current densities (~ 1 mA/cm2) and 

the small gas vacuum loading permitted on the beam line vacuum system, 

any ionization chambers used at TRIUMF will require fairly substan­

tial vacuum windows, or a costly differentially pumped isolation 

section. Calculations done by Hodges (1971) on the thin windows 

in intense proton beams suggest the use of 0.001 11 (26 mg/cm2) 

molybdenum foils for windows. Thinner windows suffer from fatigue 

and are not vacuum tight. For continuous monitoring, an ionization 

chamber therefore offers more scattering material ( > 50 mg/cm2) 

than desired to the beam, and insertable chambers must be used. 
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The residual gas in the beam line may be used to produce 

the ions, dispensing with the need for windows. However, in the 

section of line up to Target Tl the pressure in the line is expected 

to be less than 10-6 Torr, so the sensitivity of the device is not 

sufficient. This procedure can be used downstream of Tl where 

vacuum line pressures are permitted to be larger (,.., 10-3 Torr), 

although accurate pressure measurements are requ~red. 

The ionization chamber appears to be a suitable monitor 

for measuring the beam intensity at TRIUMF, especially during beam 

alignment when small intensities must be measured. It cannot be 

used continuously to monitor the high intensity (100 fLA) beam at 

points upstream of Tl because of multiple scattering. Downstream 

of Tl this should not be a problem. Some recombination effects may 

be seen at the larger intensities, especially where the beam profile 

is small. The ionization chamber can also be used as a crude beam 

spill monitor by placing it at points near the beam line. 

4.5 Secondary Emission Monitors 

The use of secondary emission as a means of ~easuring the 

intensity of incident radiation arose out of studies of the saturation 

properties of ionization chambers (Taylor 1951; Greening 1954; 

Wilson 1954). It was during these studies that the phenomena of 

secondary emission was found to occur in ionization chambers when 

extrapolation of the x-ray or ~-ray currents to zero pressure 
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resulted in a non-zero current, in disagreement with the Bragg-Gray 

theory. The first Secondary Emission Monitor (SEM:) designed speci­

fically to monitor high energy beams of charged particles was 

constructed by Tautfest and Fechter (1955) at Stanford University. 

Since then most nuclear physics laboratories possessing a particle 

accelerator have constructed their own SEM's, including several 

high energy proton accelerator facilities (Harting et al. 1960; 

Agoritsas 1968; de Parry and Ratner 1969). 

The SEM operates on the principle of the emission of 

secondary electrons from material on passage of a high energy beam 

of charged particles. As shown in Fig. 4.1., it consists of a set 

of thin foils alternately phased in voltage. The current resulting 

from the secondary electrons produced in these foils is collected 

on one set of the foils, and is measured using a calibrated capacitqr 

or an electrometer. The ratio of this current to the primary beam 

intensity is defined as the yield or efficiency of the SEM and, as 

shown in Tables4.1 and 4.2, it is of the order of 2 to 4% per 

emitting surface. The yield has been found to remain constant for 

beam currents ranging from 10 pA to 1 mA (Harting et al 1960; 

Taimuty and Deaver 1961; Okabe et al. 1961). The SEM is free from 

the saturation problems found in ionization chambers and has been 

2 used at current densities up to 150 mA/cm (Taimuty and Deaver 

1961; Agoritsas 1968), which is well above the levels to be found 

at TRIUMF. The SEM must be operated at pressures less than 10-3 Torr 
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TA B L E 4.1 

Reported SEM Efficiencies For Electron Beams 

Reference Foil Foil Number of Beam Overall Yield per 
Material Thickness Emitting Energy Yield Emitting Surface 

2 Surfaces (MeV) (%) (%) (mg/cm ) 

Tautfest Al 1.71 19 111 - 235 39.75 2.09 
Fechter (1955) 

Vanhuyse et al. Al 2.62 2 2.00 4.35 2.17 
(1962) 2.05 1.75 4.14 2.07 

1.51 1.60 3 .15 1.57 

Taimuty and Al 2.06 2 6 - 30 5.00 2.50 
Deaver (1961) 

Vanhuyse and Al 3.43 2 200 4.00 °' 2.00 J-1 

Van de Vijer (1962) 1.73 30.0 2.94 1.47 

Isabelle and Al 1.62 6 230 12.00 2.00 
Roy (1963) 3. 24 20 150 44.00 2.20 

Al & Au 15.66 6 144 22.80 3.80 
215 24.00 4.00 

Planskoy (1963) Al 7.00 2 10.7 - 15.3 3.80 1.90 

Okabe et al. Al 1.40 3 7.5 6.60 2.20 
(1963, 1964) Au 38.00 2 7.5 4.00 2.00 

Ladage and Al 1.62 16 1 - 5 Gev 51.8 3.23 
Pinge 1 (1965) 



Reference 

Harting et al. 
(1960) 

Michaelis and 
Hirt (1960) 

Agoritsas (1968) 

de Parry and 
Ratner (1969) 

Foil 
Material 

Al 

Al 

Al 

Al 

TA B L E 4.2 

Re£orted SEM Efficiencies For Proton Beams 

Foil 
Thickness 

2 
(mg/cm ) 

5.40 

5.40 

1.35 

3.34 

Number of 
Emitting 
Surfaces 

19 

19 

4 

14 

Beam 
Momentum 
(GeV / c) 

1.21 

1.21 

7.00 
8.00 
9.00 

10.00 
11.00 
12.00 
1-6. 70 
19.20 

3.6 
4.4 
4.7 
6.4 
7.1 
7.6 
8.45 
9.0 

Overall 
Yield 

(¾) 

54.00 

34.70 

7.29 
7 .48 
7 .49 
7.62 
7.64 
7.87 
8.49 
8.50 

37.8 
37.8 
38.2 
38.-6 
39.1 
40.2 
39.6 
40.6 

Yield per 
Emitting Surface 

(%) 

2.84 

1.83 

1.82 
1.87 
1.87 
1.90 
1.91 
1.97 
2.12 
2.12 

2.70 
2.70 
2.73 
2.76 
2.79 
2. 87 
2. 83 
2.90 

°' N 
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in order to reduce the effect of the ionization of residual gases. 

From equation 4.4.2, 10-4 ion pairs are produced per proton per 

centimeter of path length in air at 10-3 Torr by a 500 MeV proton 

beam. Given that the SEM foils are separated by 1 cm and that all 

the ions are collected by these foils, the resulting current would 

amount to only 1% of the secondary electron current. 

Accurate calculations of the secondary emission yield 

cannot as yet be made as the basic mechanism and the effect of the 

foil surface conditions, are not well enough understood. A 

derivation given by Tautfest and Fechter (1955), based on the 

scattering of atomic electrons by protons according to the Rutherford 

formula, is not complete as this treatment fails to explain the 

very low average energy of the secondary electrons which has been 

found experimentally. 

An estimate of the yield can, however, be made in the 

following way. When a beam of incident particles passes through 

one of the foils, a number of atoms along the path of the beam are 

ionized. This process is analagous to the ionization of gas atoms 

along the path of a high energy beam of charged particles. Electrons 

that have been liberated by the ionization process can escape from 

the foil if their energy is sufficiently large to overcome the 

surface barrier potential, and if they are produced near enough 

to the surface, If the velocity of the incident particles is 
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much higher than that of the atomic electrons, the yield can be 

written as (Harting et al. 1960; Aggson 1962) 

Y = k dE 
dx 

(4.5.1) 

where dE/dx is the energy loss per gm/cm2 of the incident particle 

in the foil material, and k is a constant approximat~ly independent 

of energy but which depends markedly on the foil material and sur­

face conditions. In Fig. 4.B, the experimental results of Agoritsas 

(1968), and de Parry and Ratner (1969) for high energy protons 

incident on aluminum SEM's have been plotted as a function of 

dE/dx for protons in aluminum, and they show good agreement with 

the above equation. Although no measurements exist for 200 to 

500 MeV protons, measurements for electrons of the same velocities 

(Aggson 1962; Karzmark 1964) indicate that the yield should be pro­

portional to dE/dx even at these proton energies. 

The variation of yield with bias voltage applied between 

the two sets of foils in an SEM is shown in Fig. 4.!J. The maximum 

in the yield at 30 volts suggests that nearly all of the secondary 

electrons have energies less than 30 eV and that they are emitted 

from the external molecular layers of the foils. These results 

support the theory that the majority of secondary electrons result 

from the ionization of the atoms within the foil 9 • 

A further less important process which contributes to the 

production of secondary electrons is the ionization of atoms in the 
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foil both by knock on electrons produced through Rutherford 

scattering, and by high energy charged particles produced by nuclear 

interactions. It has been shown (Agoritsas 1968) that this process 

accounts for only 2-3% of the total SEM current measured for a 

19.2 GeV/c proton beam. 

It is well known that the yield depends very much on the 

state of the foil surfaces (Planskoy 1963). The yield o~ an 

aluminum SEM has been observed to vary rapidly during the first 

few hours of irradiation and then to remain constant (:i: 1%) as long 

as the vacuum in the chamber is not destroyed (Planskoy 1963; 

Vanhuyse et al. 1962). This can be explained by a modification 

of the foil surfaces through the fonnation of oxide layers during 

the first hours of irradiation. An improvement in the long term 

SEM stability and freedom from changes in yield immediately 

following exposure to air was reported by Isabelle and Roy (1963), 

who used gold-plated aluminum foils in order to provide a more stable 

foil surface. 

The yield of an SEM has been shown to be independent of 

foil thickness (Planskoy 1963; Blankenburg et al. 1965). This 

2 permits the use of very thin foils (1 to 2 mg/cm Al) which requce 

the beam degradation effect of this type of intercepting monitor. 

Several monitors requiring less than 10 mg/cm2 of material have 

been used successfully (see Tables 4.1 and 4.2). Hodges (1971) 
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has shown that conduction cooling of such foils is sufficient to 

prevent them from melting when exposed to the proton beams expected 

at TRIUMF. 

The SEM can be used to monitor the TRIUMF proton beams 

over the full range of currents involved, subject to the limitations 

outlined in Section 3.6 regarding beam degradation. Measurements of 

the yield as a function of energy will have to be made against an 

absolute monitor because of the sensitivity of the efficiency to sur­

face conditions. It may be necessary to supply the monitor with its 

own vacuum system in regions along the beam lines ~here the pressure 

exceeds 10-3 Torr, or where the vacuum must frequently be broken. 

4.6 Monitoring Using Activation Techniques 

Foil activation techniques have been used extensively 

for measuring the absolute intensity of accelerator beams (Cumming 

1963; Caldwell 1961; Steinberg 1971). This method consists of 

measuring the induced activity of a sample of material exposed to 

the beam. In order to make such a measurement one must know the 

activation cross-section for the particular reaction used, the number 

of atoms in the foil, the counting efficiency, and the history of 

the exposed sample. Measurements made in this way can be done over 

a wide range of energies to• 10%, but achieving accuracies much 

better than this is possible only at energies where the cross-section 

is well known. The determination of an absolute cross-section 

requires a measurement of the absolute flux of particles. This is 
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usually done by counting individual particles or by using a Faraday 

cup (Cunnning 1963; Yuan and Wu 1961; Ritson 1961). Both of these 

methods are limited to accuracies of a few percent for proton beams 

of the energies in question. The most accurate cross-sections 

are rarely quoted to better than d: 3%. Table 4.3 lists the standard 

deviations for the most commonly used monitor cross-sections along 

with the pertinent radioactive properties of the nuclides involved 

(Steinberg 1971). 

The major advantage of the activation technique is its 

linear dependence on beam intensity. It is a method which can be 

used for beams of all intensities, being limited only by saturation 

of the counters used to measure the activation. It is insensitive 

to the electric, magnetic, and photo environment. The technique 

does require that the beam be intercepted and cannot be used to 

continuously monitor the beam, In addition, the result is not 

immediately available as one must await the radioactivity analysis. 

The method is also subject to the effects of secondary particles 

and cannot differentiate amongst beam contaminants such as the 

high energy neutrons and pions found in proton beams. These various 

limitations prohibit the use of this technique along Beam Line I 

during normal operation. It is useful as a standard for calibrating 

monitors and for measuring beam intensities in experimental areas. 



TA B L E 4.3 

Nuclear Data for Nuclides Commonly Arising in Activation Measurements 

Reaction Cross-Section Standard Daughter Half-Life Radiation Natural 
for 500 MeV Deviation in Nuclide Abundance 
Protons the Cross-

(mb) Section 

cl2(p,pn)Cll 30 5% ell 20.4 min + 
0.97 MeV f3 1. 00 

27 18 Al (p,5p,5n)F 7.5 6.5% Fl8 110 min + 0.635 MeV f3 0.97 

Al27 (p,3pn)Na24 11 6.5% Na24 15 hr 1. 39 MeV ~- 1.00 --...J 

1.37 MeV ?f 0 

2, 75 MeV t( 

c 12 (p,Jp3n) Be7 11 10% Be7 53.6 days 0.48 MeV o 0.103 

A 27 (p, 3p3n) Na 22 17 10% Na22 2.6 yrs + 0.898 0. 55 MeV ia 
1. 28 MeV ?) 
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4.7 Other Intensity Monitors 

Several commonly used intensity monitors exist which 

cannot be used for monitoring the proton beams produced ai TRIUMF, 

but which may be useful in other applications such as measuring 

the intensity of TRIUMF's secondary beams. 

The following single particle detectors are limited to 

counting the fluxes indicated: spark chambers, < 10
2
/sec; geiger 

tubes, < 103/sec; proportional counters, < 105/sec; scintillation 

7 
counters,< 10 /sec. They therefore cannot be used to directly 

measure the intensity of TRIUMF's proton beams, but could be used 

as relative monitors by detecting particles scattered trom a thin 

foil placed in the beam. 

Nuclear emulsions, calorimeters and solid state detectors 

all require significant amounts of material to be placed in the beam. 

Nuclear emulsions must be exposed to less than 5 x 106 particles/cm2 

in order to retain accurate enough resolution so that the individual 

tracks may be counted, and therefore cannot be used in TRIUMF's 

proton beams. By their nature, emulsions cannot be used as continuous 

beam monitors. 

Calorimetric procedures have seldom been used for either 

absolute (Marquez 1952) or relative (Prokoshkin and Tiapkin 1957) 
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intensity measurements in the energy range of interest because of 

the difficulties involved. 

Solid state detectors are radiation sensitive and their 

output decreases rapidly with radiation over 1013 particles 

(Fabjan and Zulliger 1964). 

Two techniques which are often used in monitoring electron 

beams are based on the emission of synchrotron radiation (de Raad, 

V V 
1963) and Cerenkov radiation (Cerenkov 1937). As the intensity of 

synchrotron light is inversely proportional to the cube of the 

particle's mass, the amount of synchrotron light produced by high 

~ 

energy protons is far too small to be useful. Cerenkov light, which 

is produced when a particle traverses a material at a velocity 

greater than the velocity of light in the material, can be used 

to measure the intensity 

at currents greater than 

of high energy proton beams. However, 

7 . 
10 particles/sec. the counter saturates 

and it cannot be used as an intensity monitor. Its use as a beam 

energy monitor is discussed in Chapter 6. 
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CHAPTER 5 

BEAM POSITION AND PROFILE MONITORS 

5.1 Electromagnetic Pickup Coils 

As well as being used to measure beam current, the 

current transformer discussed in Section 4.2 has also been aqapted 

' to beam position measurements (Johnson et al. 1961; Bergere et al. 

1962a; Johnson and Ramler 1963; Dorikens-Vanpraet et al. 1967). 

Two sets of detection coils are required to determine the hori­

zontal and vertical co-ordinates of the beam position. Each set 

consists of two coils, connected in opposition and synnnetrically 

placed about the mechanical centre of the beam pipe. The axes of 

the coils are aligned perpendicular to the direction of the beam 

and the direction to be sensed. 

The voltage induced in each coil is given by 

ei = -2µ,AN dib 
r dt 

where f'- is the effective permeability of the coil-beam current 

flux loop, A is the cross-sectional area of the coil, N is the 

total number of turns on a coil, and r is the effective distance 

(5. 1. 1) 

from the beam to the coii axis. If the beam is locateq synnnetrically 

between the two coils, the voltage output will be zero. If it is 

displaced a distance Ar towards one of · the coils, the output 
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will be 

ei = :i:: 4 f'- AN dib b. r (5. 1. 2) 

r 2 dt 

The polarity of the output signal will depend on the dire~tion of 

the displacement and along with the magnitude can be used to 

determine the beam position. 

The most commonly used method for processing this output 

voltage in the case of cyclotron beams is the tuned circuit technique 

discussed in Section 4.2 (Johnson et al. 1961; Johnson and Ramler 

1963). Several other techniques have also been used (Berg~re et 

al. 1962 a,b,; Holcomb et al. 1963; Bergstrom 1963; Law and Holcomb 

1965); however these methods are particularly suited to beams 

produced by linear accelerators which are usually characterized 

by peak current pulses of milliamps in magnitude and cycles/sec 

in repetition rate as compared to microamps and megacycles/sec 

for cyclotron beams. 

Using the tuned circuit technique, Johnson and Ramler 

(1963) were able to measure the position of the external ANL cyclotron 

beam to an accuracy of~ 0.1 mm for b~am currents down to 30 nA. 

The position accuracy decreased for lower qea~ currents. A derivation 

similar to the one used to derive equation 4.2.5 shows that the 

voltage developed across the tuning capacitor is 



e = 
0 

!C 16 ,!:j ANQ 
r '"C 
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lf T sin 2 1T t 
7:. ,: 

where lb is the peak beam current, Tis the beam pulse length, 

(5.1.3) 

-C is the period between pulses and Q is the quality factor of the 

sensor circuit. From this equation Johnson and R~mler (1963) 

calculated the sensitivity e
0
/.6rib to be 40 t'-V/rnm fLA· The output 

thermal noise level was found to be 3 p.V. Circuits of similar 

response could be built for use at TRIUMF although, as was the case 

at ANL, expensive high gain, low bandwidth amp~ifier$ are required. 

This technique would therefore satisfy the position monitor 

requirements at TRIUMF; however it is e~pensive and could only be 

used for beam currents of the order of 10 nA or larger. 

5.2 Electrostatic Pickup Electrodes 

The electrostatic beam monitor described in Section 4.3 

has also been adapted to beam position measurement. An example of 

this device is shown in Fig. 5.1, which was developed for the 

20 MeV linear accelerator injector at the Lawrence Radi~tion 

Laboratory Bevatron (Allison et al. 1966). The electrodes are 

taken up in a resonant R.F. bridge tuned to the linac frequency. 

The beam position resolution with this particular system is of the 

order of .:l::: 0 .1 mm and a linear response with beam displacement 

has been observed. Several other el~ctrode geometries have been 

used with similar position resolutions being measured (Sherwood 
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Fig. 5 .1 A t ypical electrostatic position monitor 
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1965; Bogaards and Drake 1966; Simanton 1969). The longitudinal 

asyrrnnetry of the electrodes shown in Fig. 5.1 eliminate phase 

shifts caused by beam transit time effects. 

For beam position determinat~on, knowledge of the total 

beam intensity is necessary. This can be measured with the above 

position electrode system by summing the signals from the various 

electrodes. The basic problem of this type of monitor is its low 

current sensitivity. All of the devices discussed here have been 

used on linear accelerators which are characterized by curre~t 

pulses of the order of several milliamps in magnitude. A circuit 

has been developed which will allow this technique to be used at 

TRIUMF (Glavina 1971) at least for currents greater than 10 ~. 

In this technique each electrode is connected via coaxial cable 

terminated in 50 .J1. to a sampling switch operated at a frequency 

close to the cyclotron's R.F. frequency. This switch produces a 

low frequency signal which is then fed into a charge sensitive 

amplifier. Because of noise generated in the switching circuit, 

this technique can only be used for beams with currents greater 

than 6 µA. This was found to be the minimum current detectable 

using cylindrical electrodes 6" in length and 3" in diameter. 

Ultimately changes will be made to improve this performance. 
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5.3 Secondary Emission Chambers 

Several monitors based on the principle of secondqry 

electron emission have been used to measure the position and profile 

of accelerator beams. A simple configuration of split electrodes 

such as that shown in Fig. 5.2 can be used to determine the beam 

position. Prudnikov et al. (1971) report q position sensitivity 

of± 0.1 rrnn using just such a design. They used 35 f'-m thick Al 

foils, 40 rrnn in diameter and 5 mm apart. The emitting electrodes 

were cut in two equal halves and separated by 0.1 mm. A direct 

voltage of 300 V was applied to the collection electrodes, This 

type of monitor can also be used to measure beam profiles if provision 

is made to move each set of emitting electrodes across the be&m 

in a direction perpendicular to the cut separating them. However, 

for profile measurements it is more corrnnon to use either a grid of 

foils or a single foil scanner. The SEM grid proftle monitor 

consists of a series of horizontal and vertical foils mounted in­

dividually on two frames. Each foil is connected to its own amplifier 

or via a switch to a single amplifier. The resolution is determined 

by the distance between the foils, although it can be improved by 

one or more interpolation measurements. These are made by moving 

the slit assembly across the beam a distance equal to some fraction 

of the distance between the foils. This type of monitor has been 

used by Neet (1969) who reports a spatial resolution of 2.5 nnn. 

He uses 2 mm wide Al foils spaced 5 mm apart. The secondary electrons 
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Fig. 5.2 A secondary emission beam position monitor 
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produced in these foils are trapped by three positive collector 

electrodes, the outer two of which are ring shaped so as not to 

intercept the beam. The average amount of material place~ in the 

beam by this set of electrodes is 5.7 mg/cm2 • 

The SEM profile scanner consists of a single foil or 

wire which is mechanically scanned across the beam using either 

a stepping motor (Neet 1969) or a mechanical vibrator driven by 

an electromagnet (Takacs 1965; Wegner and Feigenbaum 1967). Wegner 

and Feigenbaum (1967) have modified a conunercially available oscil­

lating beam scanner for measuring profiles of high ~urrent density. 

The highest beam power density so far scanned using this device 

is approximately 35 kW/cm2 ; however, heat transfer calculations 

indicate that this type of sc~nner could be used at power ievels 

up to 80 kW/cm2 • The scanner consists essentially of a water-cooled 

loop made out of 0.64 nun diameter stainless steel tubing. The 

loop oscillates through the beam with a frequency of about 10 to 

15 Hz. It is shaped in such a way that one element scans through 

the beam in the x direction while another scans in they direction. 

A combination of light source and photocell is used to mark the 

centre of the beam pipe in both the x and y directions. The 

spatial resolution of this device was observed to be 0.5 nun. 

The monitors used by Takacs (1965) and Neet (1969) are similar 

in design although no water cooling is provided. The design of 

these wire scanners reduces the amount of electronics required 
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and keeps the quantity of material placed in the beam to a minimum. 

Thin foils mounted on motor-driven jaws can also be used 

to scan the beam. Each set of jaws would consist of one vertical 

and one horizontal pair of thin fo~ls. The relative beam current 

can be determined by measuring the secondary eiectron current frpm 

the foils. By moving the jaws into the beam and recording the distance 

from the centre of the beam pipe when a certain integrated collected 

current is reached, a measure of the beam size can be obtained. 

5.4 Residual Gas Ionization Beam Scanners 

Because of the problem of beam degradation several beam 

position and profile monitors based on the ionization of the residual 

gas in the beam line vacuum system have been designed. Hornstra 

and de Luca (1967) have used devices of this type for beam obse~vation 

in the Zero Gradient Synchrotron at ANL. They used an electric 

field to collect and accelerate the electrons resulting from the 

ionization of the gas in the beam line onto a phosphor screen or 

onto a set of strip electrodes. Beam widths at ANL are of the 

order of several centimeters and as a result no great demands 

were made on the spatial resolutions of these devtces. ':Che na~row 

beam widths at TRIUMF require better resolution than can be pro­

vided by these monitors. Johnson and Thorndahl ~i968a) suggest 

that a strip electrode system, combined with a focussing magnetic 
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field along the direction of the electric field, could be used 

to -provide a device having a s-patial -resQlution. of l to 2 mm, ln 

order to cover the large beam apertures encountered at TRIUMF, a 

large number of e lectrode strips would be required an~ a suitable 

multiplexer system would have to be developed to process the signals 

from these electrodes. This problem can be avoided by collycting 

the electrons from the gas using some form of scanning pystem, 

Several such systems have been developed by Johnson a~d Thorndahl 

(1968 a.b.; 1969), the most successful of which is the crossed-field 

scanner shown schematically in Fig. 5.3. In this monitor crossed 

electric and magnetic fields are used to guide th~ electrons along 

the electric equipotential planes. The spatial distribution of the 

electron current travelling out along these equipotentials gives an 

orthogonal projection of the proton beam density distribution . 

The electrons drift along the equipote~ttals with a 

velocity 

v = E/B (5.4.1) 

following cycloid trajectories of radius 

R = [ z / + (y O - E/B) 2 J 1z (5.4.2) 

eB/m 

where z
0 

and y0 are the initial electron velocity compon~nts along 

the direction of the magnetic field, B, and mutually perpendicular 
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Fig. 5.3 The basic principle of the crossed-field scanner 
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to both the electric field, E, and the magnetic field, and e/r is 

the charge to mass ratio of the electron. By suitable choice of 

E and B the majority of ionization electrons can be 9iven a 

8 velocity of 10 cm/sec and a radius, R, of 2 mm. The electric 

and magnetic fields must be orthogonal over the region traversed 

by the proton beam in order that the p~ojection i& not distorted. 

Two monitors are required, one for the horizontal plane 

and one for the vertical. For each monitor a single detector is 

used to collect the electrons. Scanning is achieved by keeping the 

detector at ground potential while simultaneously applying a 

triangular high voltage waveform to the eleqtrodes which provide 

the main electric field. In this manner the zero equipotential 

is displaced from side to side across the proton beam. Since the 

detector can only receive ele~trons which travel along pr close to 

the zero equipotential, it receives in sequence electrons from each 

segment of the beam through which the zero equipotential passes. 

The spatial resolution of the detector is given by the effective 

slit width 

(5.4.3) 

where a is the separation of the main electrodes, Ve is the voltage 

between the main electrodes and Vd is the voltage between the 

detector electrodes. A resolution of 1 mm yan be achieved with a 

field voltage of 300 volts/cm and a detec~or voltage of 30 volts. 
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The integrated output voltage produced at tµe detector 

is given by 

V = pltib ( i ) 

-c i: (5.4.4) 

where is/ibis the ratio of the electron ionizatio~ cu~rent, is, 

to the proton beam current, ib, pis the residual gas pressure, 1 

is the length of the detector along the beam direction, tis the 

scantime, and C is the detector capaciry. From equation 4.4.2, 

is/ibis 0.11/cm Torr for 500 MeV protons in air. Because of the 

large peak currents produced at the proton synchrotron accelerator 

at CERN (ib ~ 80 mA), Johnson and Thorndahl were able to use scan~ 

times of the order of 10 !-'-sec and to operate at pressures of 

approximately 10-6 Torr. -6 Fort= 10 !-'-sec, p = 10 Torr, 1 = 10 cm 

and C = 10 pf an output voltage of 80 mV was observed, compared to 

a background noise level of about 5 mV. Because of the smaller 

beam currents at TRIUMF longer scan-times will have to be used~ 

For example, in the region downstream of Target Tl where the pressure 

is expected to be about 10-3 Torr, a scan-time of approximately 

1 msec will be required to yield an output of 100 mV for a 1 ft-A 

proton beam assuming 1 = 10 cm and C = 10 pf. The noise level is 

expected to be the same as at CERN. In order to measure smaller 

intensities or the same intensity in a region of lower pr~ssure 

still longer scan-times will be required. The possibility of 

introducing controlled ~ea~s into the beam lines also exists. 
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V 

5.5 Phosphor Screens, Scintillators and Cerenkov Counters 

Phosphor screens and Cerenkov light monitors ~re ~idely 

used in accelerator facilities to monitor beam profiles (Bovet et al. 

1964; Fabjan 1964; de Raad 1964). The screen monitors, which are 

a type of scintillator, have the advantage that they are easy to 

fabricate and show reasonably good sensitivity ( ,._, 1 nA/cm4 for ZnS). 

On the other hand their lifetime is severely limited by loss of 

V 
luminescence as a result of exposure to the beam. Cerenkov counters 

show very good longevity but are substantially more expensive. 

Both types of monitors share a severe shortcoming that restricts 

their use to applications where rough, qualitative measurements 

are adequate. They suffer from saturation, a problem which is 

further accentuated by the vidicon of the TV came~a use~ to monitor 

these devices. 

More accurate profile meas~rements have been made using 

specially designed plastic scintillators. Kneissl and Kuhl (1970) 

use a thin rotating plastic scintillator viewed by a photomultiplier 

to measure beam position and profile . Peak currents down to 1 nA 

have been monitored using this device (shown in fig. 5,4) and a 

spatial resolution of 1 mm has beeµ achieved. Still more complex 

arrangements have been used by Binnie et al. (1964) and by Waters 

et al, (1962). These devices are again plagued by the problem of 

saturation at high beam intensities. 
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Fig. 5 .4 A rotating scintillator profile monitor 
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CHAPTER 6 

BEAM ENERGY MONITORS 

6.1 Introduction 

A knowledge of the proton beam energy will normally be 

required for essentially all experiments to be performed at TRI~; 

the accuracy required varies considerably amongst expe~iments. 

For example, since the experiments to oe done along Beam Line I 

will involve the secondary meson beams, the accuracy requirements 

are usually not as stringent as along Beam Line IV where accurate 

energy dependent cross-sections are to be measured using the proton 

beam. For most experiments an energy resolution of a few percent 

will be sufficient. Better resolutioµ will be required during the 

commissioning of the accelerator as accurate measurements of both 

the beam energy and energy $pread are to be made. Since the full 

width energy spread is expected to be 1.2 MeV for the 500 MeV 

proton beam, a resolution of at least 0.2% will be required for 

measurements of the energy spread. AGcurate energy spread 

measurements of the high resolution beams ( AE = 50 keV) will 

require a resolution of 0.01%. 

Beam energy measurements may be made using several techniques 

including: momentum analysis using a magnetic spectrometer, range-
..; 

energy measurements, time-of-flight, Cerenkov counters, as well as 

several methods based on reaction kinematics (Smythe 1964). A 
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magnetic spectrometer mounted on Beam Line IV ¥ill provide the 

necessary accuracy to measure the energy and energy spread of 

TRIUMF's proton beams. However, for energy measurements on Beam 

Line I other methods must Qe made available. 

6.2 Range-Energy Measurement~ 

Range-energy measurements have been used extensively to 

determine the energy of medium energy particle beams (Chamberlain 

et al. 1957; Fretter 1961; Hanna and ~odges 1965; Stevens et al. 

1971). The technique consists of measuring the range of particles 

in various materials for which the range-energy relationships are 

known. One of the major limitations of this method is that the 

best range-energy calculations (Barkas and Berger 1964) are only 

good to approximately 1%, and no adequate checks have been made to 

the data at higher energies. In addition, Landau broadening and 

range straggling cause problems in determining the range and as a 

result mask energy spreads of a few percent. 

The two techniques most commonly used to measure the 

range of a particle are the range-energy telescope and th~ total 

energy scintillation counter. A telescope used by Stevens et al. 

(1971) to measure the range of 1025 ~eV/c deuterons is shown in 

Fig. 6.1. It consists of four scintillation counters , numbered 

s1 through s4 , and a variable aluminum degra~er. The deuteron range 
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Fig. 6 .1 A scintillation counter range-energy telescope 
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was measured by varying the amount of aluminum between s2 and s3 • 

Differential range data were defined by the ratio of the coincidence 

s1s2s3s4 to the monitor coincidence S1S2 with the S1S2 coincidence 

set to accept a narrow time region, including the deuteron peak, 

using time-of-flight techniques. Using this data Steven~ et ?1. 

were able to determine the beam momentum to within x 2.2 MeV/c. 

They were also able to estimate the beam momentum spread by 

correcting their data for range straggling and stopping counter 

resolution. They obtained a result of (AP/P)rms = 0.7% which 

agreed fairly ~ell with the momentum acceptance of 0.5% cal~ulated 

using a beam transport program. 

A variation of the counter telescope which used? differential 

ionization chamber has been used by Hanna and Hodges (1965). They 

report measuring the energy of a 50 MeV proton beam to within~ 1%. 

The total energy scintillation counter is a large 

scintillator in which the particle beam is stopped and the energy 

deposited is measured. In addition to range straggling, inelastic 

interactions in the total energy scintillator cause a tail in the 

light output for a monoenergetic proton beam; this tail makes it 

difficult to accurately determine the beam energy. One of the 

difficulties in using this device for monito~ing high energy protons 

is its large size . A 500 MeV proton beam hFs a range of approximately 

1 min most scintillation materials. An excellent review of the 
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design of such large scintillators is given by Reynolds and Reines 

(1961). 

Because the two techniques discussed use scintillation 

counters, they are limited to beams with intensities less than 

107 particles/sec. They also require that large amounts of material 

(~ 100 gm/cm2) be placed in the beam. As a result these techniques 

cannot be used to directly measure the energy of TRIUMF's proton 

beams except during beam alignment at very low intensities. At 

large intensities they could be used by measuring the energy of 

protons elastically scattered from a thin target placed in the 

primary beam. Location 3 seems ideal for this purpose. 

V 
6.3 Cerenkov Counters 

v 
The operation of a Cerenkov counter is based on the 

principle that when a charged particle passes through matter with a 

velocity, v, greater than the velocity of light in the material, 

" u, electromagnetic radiation is emitted (Cerenkov 1937). The 

radiation is confined to a narrow conical shell around the direction 

of propagation of the particle. The angle of the aperature of this 

cone is given by (Jelley 1958) 

cos e = u = 1 (6.3.1) 
V n~ 

where n is the index of refraction of the material and~= v/c. 
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V 

The intensity of Cerenkov radiation per unit pathlength per unit 

frequency interval is given by (Jelley 1958) 

::; 21T z 2 

137c 

where Vis the frequency of the e~itted photons (Hz), 

e is the electron charge, 

z is the charge of the incident parti~le, 

c is the velocity of light in vacuum (cm/sec), and 

his Planck's constant. 

. ze sin 

For a particle with z::; 1 travelling in a medium of constant index 

(6.3.2) 

of refraction, the number of photons in the visible spectrum generated 

per cm of pathlength is found by evaluating equation (6.3.2) to be 

dN _ 
dx 

. 2 
500 s 1.n 0 (6.3.3) 

For 0::; 10°, this corresponds to approximately 15 photons/cm, 

4 
compared with about 10 photons/cm produced by a minimum ionizing 

particle in plastic scintillator (Lindenbaum and Yuan 1961). 

However, this reduced current sensitivity should not be a problem 

at the beam intensities to be found at TRIUMF. 

V 
The Cerenkov counter operates by restricting the velocity 

range of the particles counted. This can be done in two w?ys. First 
V' 

of all Cerenkov radiation is only emitted for particles with velocities 

/3 > 1/n. 
V 

Secondly, measurement of the angular range of tre Cerenkov 

cone establishes that the incident particles have velocities in the 
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range f3 / f3 < f3 2 , where Si_ and l3 
2 

are determined by the index 

of refraction and the details of the measuring system. ~everal 

techniques for measuring this angular range are outlined in the 

article by Lindenbaum and Yuan (1961). 

Having made the preceeding measurement, the energy of the 

incident beam can be found from 

T = ( 't _ l) M c2 [ ncos $ 
0 = J n2cos 2 0 

v 

- 1 
M c 2 

0 
(6.3.2) 

The energy resolution of the Cerenkov counter can be expressed in 

terms of the partial derivative 

2 3/2 
(1/~ - 1) 
M c 2n sin 9 

0 

As shown in Table 6.1, counters designed for monitoring 200 to 

500 MeV protons have a resolutions ranging from 0.1 to 0.5°/MeV. 

(6 .3. 5) 

Since several authors have measured 6 to within ¾. 
1 0 
"2 (Lindenbaum 

and Yuan 1961); these figures correspond to energy resolutions of 

the order of 0.5%. This agrees with the results of Mather (1951) 

who measured the energy of 340 MeV protons to within 0.3%, and with 

the calculations of Jelley (1958) who estimates that a resolution of 

0.6 MeV should be obtainable for 275 to 800 MeV protons. 

A measurement of the beam energy spread does not seem 

possible since several factors, in particular the divergence of the 
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TABLE 6.1 

The Characteristics of Cerenkov Counters Designed for Monitoring 
200 and 500 MeV Proton B~ams 

Proton Beam 
Energy (MeV) 

200 

500 

f3 

0.57 

0.76 

Index of 
Refraction n 

1.80 

1.35 

e 

0 

11~ 

-ae/o'I' 
(

0 /MeV) 

0.52 

0.13 
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beam and optical dispersion caused by the fact that n is a function 

of the frequency of emitted photons, cause variations in G which 

mask any effect due to energy spread. The dispersion width .69..;, 

is expected to be about 0.5 ° to 1.0° depending on the radiator used, 

while the variation in e caused by beam energy spread will only 

0 
be 0.15 for the 500 MeV proton beam. A discussion of some of the 

other factors which can cause a broadening of the angular cone is 

given by Lindenbaum and Yuan (1961). 

In conclusion, it should be mentioned that ome need not 

intercept the entire proton beam nor is it necessary to use thick 

counters (1 nnn should be suffi~ient). Furt4ermore, since one is 

not limited to counting individual particles this technique can be 

used at larger intensities ( ,-v 1 p-A) than the range-energy technique. 

6.4 Monitoring Using Time-of-Flight Techniques 

Conventional time-of-flight techniques have been used for 

determining the velocity of particle beams for many years (Manley 

and Jakobson 1965; Yuan and Lindenbaum 1961; Bruckmann et al, 1969; 

Brady et al. 1970; Stevens et al. 1971; Romero et al. 1972). The 

time-of-flight technique is usually accomplished by placing two 

detectors, such as scintillation counter$, in the particle beam 

spaced a distanced apart and measuring the time it takes a beam 

pulse to travel between them. The time can be measured in a number 
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of ways, such as the coincidence method, measuremynt of the pulse 

separation on an oscilloscope screen, or using a time-~o-ampiitude 

converter . Several factors, including the resolution time of the 

coincidence circuit or the time-to-amplitude converter, and the 

risetime and dispersion of the output pulses from the detectors 

and photomultiplier tubes, limit the accuracy with which this time 

can be measured. The best time resolution obtainable for the measurement 

of the velocities of individual pa~ticles is approximately 1 nsec. 

However, because of the large beam intensities at TRIUMF one cannot 

count individual particles. Under TRIUMF beam conditions the scin­

tillation counters will be saturated and one is forced to measure 

the time by observing the leading edge of the proton beam profile 

produced in these counters, A resolution of 0.5 nsec should be 

obtainable using this technique. 

The major limitatioµ of the time-of-flight method for 

measuring the energy of high energy beams is the large path lengths 

that are required. The longest path lengths available at TRIUMF 

are about 30 min length. Since the kinetic e nergy of a particle 

2 beam is given by T = ( ~ - 1) M
0
c, then 

dT = 
T 

~3 f3 2 

]3 - 1 
dt 

t 

Given a 30 m flight path and a time resolution of 0.5 nsec an 

energy resolution of about 1% can be obtained for 200 to 500 MeV 

protons, as shown in Table 6.2. As a result, beam energy spread 

(6 . 4.1) 
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TABLE 6.?, 

Energy Resolution Obtair;iable ]Jsing Time-of-Flight Techniques 

T cf3f32 Flight Time dt dT -(MeV) f3 - 1 t (nsec) t T 

200 0.57 2.7 175 2,9 X 10-3 7.7 X 10-3 

500 0.76 4.0 130 3,9 X 10-3 l.Sx lOr- 2 
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measurements cannot be made using time-of-flight. In order to 

make energy measurements all energy degraders and targets must be 

removed from that section of beam line between the two counters. 

In conclusion, this technique has the advantages that it gives 

better results, requires much less material to be placed in the 

beam, and can be used at much higher intensities than the range-

v 
energy method. It is also less complex than the Cerenkov counter 

technique. 

6.5 Proton-Electron Elastic Scattering 

The energy of electrons produced at a known angle by 

elastic proton-electron scattertng is directly related to the 

energy of the incident protons. For electrons scattered at o0 

in the laboratory, Te = 2 f3 2 O 2 me where f3 and o refer to the 

incident protons, and Te and me are the ener gy and rest mass of 

the scattered electrons. For 500 MeV protons, T = 1.39 MeV. A 
e 

proposal has been made by Gram (1971) to measure the energy of 

such electrons using lithium drifted germanium detectors and thereby 

determine the proton energy. He states that an energy resolution 

of 0.1% should be attainable for 500 MeV protons. 

The kinematics of this process show that the best 

resolution can be obtained if one detects the electrons scattered 

0 
at 0 since both the elastic scattering cross-section and the 

change in electron energy with proton energy, dTe/dTP, are largest 
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at o0 
being 10- 25 cm2/sr and 2.5 keV/MeV, respectively,for 500 MeV 

protons. In addition dT /d8 = 0 at 0 
e 

0 
:;:: 0 • To measure the 

energy of 500 MeV protons to within 0.5 MeV, the electron energy 

must be measured to within 1 . 25 keV, This seems reasonable since 

the electron energy distribution fov a monoenergetic 500 MeV proton 

beam has been calculated to be 13 keV wide; this width being due 

to spread in electron energy caused by the ~otion of these electrons 

in their atomic orbits. The detectors themselves have a full-width 

half-maximum resolution of 1 to 2 keV. One requirement of the 

technique is that one record sufficient events to be able to measure 

the centroid of the electron energy distribution to 10% of its full 

width at half maximum. 100 events should provide this accuracy, 

Since Gram (1971) has estimated that a 1 mg/cm2 Be target yields 

4 x 105 events/sec into 10-
4 

steradiaps at a proton beam inten~ity 

of 100 f'-A, the count rates are adequate at least down to intensities 

of the order of 1 nA (240 events/minute). 

Although the proton energy can be measured to 0.1%, the 

energy spread cannot be measured since a 1.2 MeV wide proton beam 

produces a spread of only 3 keV in the electron energy distribution. 

However, apart from the magnetic spectrometer, this method appears 

to be the most accurate. It has the advantages that it can be 

simply calibrated using a radioactive electron source, and that it 

can be used throughout the operation of the TRIUMF accelerator if 

the foil is located at a point downstream of target Tl where the 
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beam degradation produced is not significant. The apparatus used 

in this technique should include a small permanent magnet to bend 

the scattered electroDS out of the proton beam and focus them on 

a detector shielded from Qackground radiation. Finally, it shoul~ 

be mentioned that this technique has applications as an absolute 

intensity monitor and as a device for measuring the muon contamination 

in pion beams (Gram 1971) . 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The basic characteristics of the more important monitors 

discussed in this thesis are summarized in Tables 7.1, 7.2 and 7.3. 

From Table 7.1, it is seen that only the secondary emission monitor 

is capable of operating over the full range of proton beam 

intensities to be produced at TRIUMF. Such devices as the inductton 

monitors and electrostatic probes are ltmited to operating at 

intensities greater than 1 JJ--A and are less accurate than a 

secondary emission monitor (SEM). They also have a smaller signal­

to-noise ratio and are severely restricted qy the electrical 

environment. On the other hand, a SEM is an intercepting device 

and it also requires a reasonable vacuum in order to operate 

properly. 

One of the most accurate intensity monitors is the ionization 

chamber. The large signal amplification of this device permits it 

to be used at low beam intensities. However, unlike the SEM sat­

uration does occur when an ionization chamber is used to measure 

large beam currents. 

One of the best absolute beam intensity monitors is the 

Faraday cup. It has the disadvantages of large size and high cost, 

and is limi~ed to moderate currents because of power dissipation 



TABLE 7.1 

Characteristics of the Major Intensity Monitors Discussed 

Type 

Faraday cup 

Induction 
monitors 

Electrostatic 
monitors 

Ionization 
chambers (air 
filled, parallel 
plate) 

Secondary emission 
monitors 

Activation 
techniques 

Range of Operation 

10 pA -> 5 fLA 

usually > 1 f'--A 

">- 1 fJ,-A 

5 > 10 p/sec 

10 pA-+ 1 mA 

limited by counters 
used to measure 
activation 

Time 
Resolution 

~ 1 msec 

depends on 
circuit 
configuration 

depends on 
dircuit 
configuration 

lQ.O JJ-sec 

rv 1 msec 

Accuracy 

2-3% 

10% 

10% 

<.1% 

,v 1% 

5-10% 

Remarks 

Best absolute monitor over 
this intensity range. 

Currents down to 30 nA can be 
measured at some expense. 
Response of device is indepen­
dent of beam energy. noninter­
cepting 

Large surface area of electrodes 
poses pickup problems. noninter­
cepting 

Large signal amplification 
allows measurement of small 
beam intensities. Monitor 
saturates at large current 
densities ( ,v 1 mA/cm2). 

No saturation occurs at least 
for current densities less 
than 150 mA/cm2. 

Accuracy depends on accuracy 
of cros-s-section measurements 

I-' 
0 
w 



TABLE 7 . 2 

Characteristics of the Position and Profile Monitors Discussed 

Type 

Electromagnetic 
pickup coils 

Electrostatic 
pickup electrodes 

Secondary emission 
monitors 
a) split electrodes 

b) grid profile 
monitor 

c) wire scanner 

Residual gas 
ionization beam 
scanner 

Range of Operation 

> 10 nA 

> 1 JLA 

> 10 pA 
hitting any 
electrode 

> 1 p..A for 
p = 10-3 Torr 
and t -= 1 msec 

Parameter 
Measured 

position 

position 

1)0Sition 

profile 

profile 

profile 

Resolution 

±o.l mm 

±O.l mm 

±0.lmm 

2.5 mm 

0.5 mm 

1.0 mm 

Remarks 

Figures given are for 
tuned circuit design. 
nonintercepting 

Uses resonant RF bridge 
tuned to cyclotron 
frequency. nonintercepting 

Can be fastened to motor 
-dlt.i ven jaws and used to 
find beam size. 

Resolution determined by 
distance between foils. 

This type keeps material 
in beam to a minimum. 

Lower intensities can be 
measured using longer scan 
times, t, or at higher 
pressures. 

I-' 
0 
+:'-



Type 

Proton magnetic 
spectrometer 

Range-energy 
measurements 

Cerenkov counters 

Time-of-flight 

Proton-electron 
elastic scattering 

TABLE 7.3 

Characteristics of the Beam Eneraz Monitors Discussed 

Range of Operation 

5 < 10 p/sec 

7 < 10 p/-sec 

<. 1 J,(,A 

<107/sec 
for individual 
particle counting 

> 1 nA 

*Energy Resolution 

< 0.03% 

2-3% 

0.5% 

1% 

0.1% 

~\-Figures are for 500 MeV protons 

Remarks 

Spectrometer to be located in 
Proton Area. At present it is 
only method which can be used 
to measure beam energy spread 
as well as beam energy . 

Best range-energy calculations 
are good to only ±:1%. 

Can be used at larger currents 
if located to intercept only 
part of beam. 

Much larger currents can be 
tolerated if time between beam 
pulses is used to determine 
energy. 

Ideal for use at large currents. 

I-' 
0 
\JI 
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problems. It is reconnnended that a Faraday cup be incorporated 

with one of the beam dumps in the proton area. 

The activation technique as well as the techniques dis­

cussed in Section 4.7 cannot be used to monitor TRIUMF's proton 

beams during normal beam operation. However they can be used 

during beam set up and alignment and in the experimental areas 

where very low intensities are found. Since the activation technique 

will probably be the most generally used absolute beam intensity 

monitor, it is reconnnended that as part of the experimental program 

more accurate determinations of activation cr9ss-sections be made 

by using the Faraday cup or single particle counting of the beam at 

low intensity. 

The best position and profile monitor again appears to 

be some form of~ secondary emission device. The SEM wire scanner 

has a resolution of 0.5 mm and can be used in those locations where 

one wishes to keep the amount of material in the beam to a minimum. 

Residual gas ionization beam scanners prove useful when the optics 

of the beam transport system requires that no material be placed 

in the beam. The resolution obtainable is comparable to that of 

the SEM. However one is limited to operating at larger currents. 

Electromagnetic and electrostatic pickup are nonintercepting devices 

as well,but can only be used for measuring beam position and not 

V 
beam profile. Cerenkov counters, phosphor screens and other scin-

tillators can be put to good use during beam alignment where rough 
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m~asurements of the position and profile are adequate. 

The best energy monitor is the proton spectrometer which 

is to be built and located in the ~roton area. It is at present 

the only device accurate enough to measure the energy spread of the 

proton beams anticipated. Proton-electron elastic scattering and 

time-of-flight can be used to measure the beam energy at large 

intensities, but the latter will require removing the meson 

production targets on Beam Line I during the measurements. Range­

energy measurements must be done at low intensities and are the least 

accurate. They also require large amounts of material to be placed 

in the beam. Cerenkov counters can be used at larger intensities 

and are more accurate than range-energy measurements. 

Much work remains to be done in order that the most 

suitable monitors are provided to both the machine operator and 

the experimenter. More detailed studies must be done on the effect 

of placing intercepting beam monitors at the various locations 

desired. Such factors as cost and availability of connnercially 

available devices have not been considered in this work. 

In conclusion this thesis provides a basic review of the 

various monitors which have been used on existing accelerators and 

which are best suited to monitor the external proton beams produced 

at TRIUMF. 
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