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ABSTRACT 

Supervisor: Professor R.M. Pearce 

Various concepts for the transportation of pions and muons 

from production targets external to the TRIUMF accelerator have been 

stud ied . A dual purpose magnetic channel capable of providing a pion 

beam and a muon beam has been designed. 

Phase One of the system consists of five quad rupo les and 

two bending magnets, and forms the pion collection section of the muon 

channel. It a 1 so serves as a stopped p i on channe 1. _The max imum so I i d 

angle of acceptance of this channel is 26 msr and the range of accepted 

momenta extends 17.5% on each side of the central momentum. For a 100 µA 

proton beam i ncident on a 10 cm long beryllium target, the calculated 

maximum stopp i ng density of pions in an area of 25 cm x 25 cm i s I x 108 

n- (sec•g/cm2 )-1 when the channel is operated at a central momentum of 

100 MeV/c. A maximum muon stopping density of 7 x 106 µ-(sec·g/cm2)-l 

can be obtained if the pions are separated by range absorption. Better 

muon beam purity is obta i ned by tuning the second half of the channel to 

90 MeV/c to co l lect muons from the decay of pions in the backward direc­

tion when the first half i s set at 160 MeV/c. In th i s case , a maximum 

muon stopping density of I x 106 µ- (sec•g/cm2 )-l can be obtained. If a 

bend i ng magnet is placed after the Phase One system to separate the muons 

and the pions by momentum analysis, a calculated maximum muon stopping 

density of 2 x 106 µ-(sec·g/cm2 ) -l can be obtained when the magnet is 

tuned to 85 MeV/c and the channel is set at 160 MeV/c. 
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Phase Two of the design cons ists of a long straight alternating 

gradient section and an analyzing section. The straight section provides 

an extra 5.5 meter l ength for p ion decay. When the central momentum of 

the pion col l ection system i s 160 MeV/c and the straight sect ion is tuned 

to optimize the number of mouns from the backward decay of pions, the 

calculated maximum muon stopping density in a 25 cm x 25 cm area is 

l x 107 µ-(sec·g/cm 2) - 1 . The analyzing section consists of a 90° bending 

magnet and a quadrupole triplet. With the pion coll ection system and the 

straight section set as described above and the ana lyz i ng section tuned 

to 82 HeV/c, a calculated maximum stopping density is 3. 2 x 106 µ- (sec~ 

g/cm2 ) - 1 in a 25 cm x 25 cm area and 1. 1 x 106 µ- (sec•g/cm2)-l in a 10 cm 

x 10 cm area. An average muon polarization of between 70% and 90 % may 

be obtained . The yields of TI+ andµ+ are about three times l arger than 

the TI- andµ- yields. 

The accuracy of the calculation procedures was checked by 

compar i ng calculated and measured values for a pion channel, designed 

and set up at the Lawrence Laboratory at Berkeley. The two sets of 

values were found in agreement to within exper imenta l error. 
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CHAPTER 

INTRODUCTION 

1. 1 Mesons, Meson Factories and TRIUMF 

The understanding of the nature and origin of the forces that 

bind the protons and neutrons together to form a nucleus has been the 

ultimate aim of nuc lear physics. In an attempt to explain these forces 

Yukawa (Yukawa, 1935) advanced a theory in which he postu lated the exist­

ence of short-range nuclear forces that act between nucleons (protons and 

neutrons). The nuc l eons are thought to be held together by a f i eld of 

force, known as the meson field , which has associated wi th it particles, 

the mesons, acting as the field quanta in a manner analogous to the way 

photons are the quanta of the electromagnetic field. According to the 

Yukawa theory , the meson should have a mass intermediate between the 

electron and the nucleon, approximately 200 MeV. 

In cloud chamber studies of cosmic rays (Anderson and Nedder­

meyer, 1937; Street and Stevenson, l937) a particle which had a mass of 

~ 100 MeV and a l ifetime of~ 2 x 10- 6 sec was discovered. Although it 

had a smaller mass and a longer li fetime than predicted, this particle 

was assumed to be the Yukawa meson. However, considerable doubt was 

thrown on this assumption by an experiment (Conversi et al., 1947) which 

showed that the particle had a very weak nuclear interaction with matter . 

Some of the particles decayed when brought to rest instead of interacting. 

This was contrary to the predicted properties of the Yukawa mesons which 

would have interacted readi l y and been absorbed in a nucleus of the 

mater ial. 
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These contradictions led to the suggestion (Sakata and Inoue, 

1947; Bethe and Marshak, 1947) that there were two types of mesons. 

The Yukawa meson was postulated to be a parent meson decaying into the 

long li ved meson observed in cosmic rays. Cosmic ray events observed 

in nuclear photographic emu l sions exposed at high altitudes (Lattes et 

aZ., 1947) confirmed this very postulate. These events were interpreted 

as the decay at rest of a positive heavy meson (mass= 150 HeV) into a 

light meson (mass= 100 HeV). The energy of the latter meson was found 

to be a constant, implying a two body decay. The heav ier meson was 

designated as the pi-meson or p ion and the lighter one as the mu-meson. 

of muon. Basic properties of pions and muons are summarized in Appendix A. 

Although both the pions and the muons were discovered in experi­

ments on cosm i c rays, the intensity (about one part icle per minute per 

square centimeter at sea level) is too small for carrying out most experi­

ments. Thus, alternative sources of pions and muons are required. 

Pions were f i rst created in the laboratory at Berkeley (Gardner 

and Lattes, 1948). When two nucleons collide , the momentum that is trans­

ferred from one to the other may be visualized as being carr ied by the 

exchange of a virtual meson. If the ava i lable energy in the centre of 

mass system is greater than the meson rest mass, then a free meson may 

be created . Nuclear reactors and Van de Graff type accelerators do not 

provide neutrons and protons of sufficient energy for pion production. 

The intermediate energy accelerators built in the early fifties and the 
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modern medium energy accelerators provide protons of sufficiently high 

energy but not high enough current to produce reasonably intense beams 

of mesons. The latter are required to carry out experiments more accur­

ately and to study interactions which have low probability of occurence; 

therefore, there is a need for meson factories. The ones currently 

planned are designed to provide particle beams two to four orders of 

magnitude more intense than existing ones, and ranging in energy between 

200 and 800 MeV. Particles with this range of energy have the correct 

de Broglie wave length for studying the interesting details of nucleon­

nucleon interaction inside the nucleus. For the reasons discussed above 

and because little research has been carried out in intermediate energy 

physics, all the meson factories being built to date plan to operate 

within this energy range. 

The meson facility TRIUMF of the universities of Alberta, 

British Columbia, Simon Fraser and Victoria (Vogt and Burgerjon, 1966) 

is now under construction. Variable energy, good energy resolution, 

multiple proton beams, and the acceleration of negative hydrogen ions 

are unique features of the TRIUMF project. 

A schematic diagram of the facility is shown in Fig. I. 1. H­

ions from a 300 keV ion source are injected at the centre of the sector­

focussed isochronous cyclotron. The ions go into nearly circular orbits 

and are accelerated each time they pass a gap between two sets of RF 

resonators which develop 200 keV across the gap . They are confined to 

follow these orbits by the magnetic field developed by the six sectors 
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of the cyclotron magnet. The sectors are shaped so as to achieve radial 

and vertical focussing of the ion beam and to take account of the relati­

vistic increase in mass. Protons are then extracted very efficiently by 

passing the ion beam through a thin foil which strips the two electrons 

from the H- ion. The energy of the protons can be varied by changing the 

radial position of the stripping foil inside the cyclotron. In pri~ciple , 

six proton be~ms may be extracted simultaneously by placing stripping 

foils which partially intercept the H- beam at six locations around the 

perimeter of the gaps between the six sectors of the cyclotron. In 

practice, the location of the resonators may limit the number of ex­

tracted beams to four. 

Initially, only two proton beams are to be extracted, as indi­

cated by the two beam lines in Fig . I. 1. The beam extracted at the south­

west corner is to be used for meson production at two targets and will 

terminate at the neutron facility. The total proton current available 

ranges from 70 µA at the maximum energy of 525 MeV to about 320 µA at an 

energy of 450 MeV. The protons are transported to the second pion pro­

duction target where the stopped meson channel is located . The fact 

that the production target is external to the cyclotron and not internal 

provides greater freedom in choosing the type of channel compared to 

proton accelerators which have internal targets. 
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1.2 Beam Transport Systems and Meson Channels* 

The extracted beams of particles from an accelerator have to 

be transported away from the background radiation near the accelerator 

to the locations wh~re experiments are to be carried out. The develop­

ment of efficient systems for the transport of particle beams became 

possible when the principle of "strong focussing" or the "alternating 

gradient theory" was developed (Courant et al. t 1952) in connect ion with 

an Investigation of the feasibility of alternating gradient synchrotrons. 

Strong focussing tensest or quadrupolest were developed in which the 

magnetic field is perpendicular to the direction of motion and propor­

tional to the distance from the axis passing through the centre of the 

lens. The resulting force acts directly to focus a particle towards 

the axis of the quadrupole in one transverse plane and to defocus it 

in the other. 

Several such quadrupoles can be combined to contain a beam of 

particles whicht together with bending magnetst form a beam transport 

system. These magnets and lensest together with the free spaces sepa­

rating themt are called beam transport elements. The motion of charged 

particles through the elements of a beam transport system is described 

by second order differential equations (Steffent 1964; Banfordt 1966; 

Brownt 1967). These equations can be integrated to find the trajectory 

of the particles. The solutions may be expressed as Taylor series 

* In this section and in the rema1n1ng Chapters of this workt it is 
convenient to use the word "meson" for both the pion and the muon. 
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expansions in the initial coordinates and are conveniently represented 

by matrices . The matrices of the individual elements can be multiplied 

together to give the transfer matrix for the system. Basic concepts 

of beam transport systems and the techniques of matrix representation 

which are used in this thesis are discussed more fully in Appendix B. 

Meson channels are specialized types of beam transport systems; 

they are reviewed in Chapter 3. After this review and considering the 

availability of funds, it was decided at TRIUHF to design a dual purpose 

channel, serving both as a pion and as a muon channel. The design work 

was divided into two phases. In Phase One, discussed in Chapter 4, a 

short channel is designed to provide a pion and a muon beam. In Phase 

Two , discussed in Chapter 5, a long straight pion-decay section is added; 

Phase One would now be used as a pion channel and also serve as the 

injection section for the more elaborate muon channel . The design 

procedures used above were tested by designing a pion channel for the 

Berkeley pion-deuteron scattering experiment (Auld et aZ., 1971). This 

is discussed in Chapter 6. 
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1.3 The Use of Stopped Pions and Muons in Scientific Research 

Space permits only a brief indication of the types of experi­

ments that may be carried out with stopped pions and muons and the infor­

mation obtainable from them in several fields of science in which these 

particles may find use. More detailed discussions of such experiments 

· are to be found in proposals for the various meson factories (Vogt and 

Burgerjon, 1966; LASL Staff, 1964; Yale Staff, 1964). 

For nuclear structure studies, negative pions and muons make 

excellent probes. They have masses over 200 times the mass of an elec­

tron· and therefore, when they are captured by nuclei to form mesic atoms, 

their Bohr orbit is smaller by this same factor . Consequently, their 

wave function appreciably overlaps that of the nucleus; in other words, 

they spend a significant part of their time inside the nucleus . The 

energy of the mesic x-rays produced as the meson cascades down to lower 

orbits is affected by the overlap referred to above. Pi-mesic x-rays 

yield basic information on the distribution of nuclear charge and the 

magnetic moment distribution, nuclear polarization, and the nuclear 

quadrupole moments of the ground state. Mesic x-ray experiments may 

also be used to verify the quantum electro-dynamic effect called vacuum 

polarization, since the muon mass can be independently determined. 

In the field of fundamental particle physics, the properties 

of the pions and muons and their basic interactions (strong, electro­

magnetic and weak) are of great interest. For example, more precise 

knowledge of rare decay m~des, facilitated by the availability of intense 
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meson beams, will contribute to the understanding of the weak interaction. 

Also, observation of muonium-antimuonium coupling may help to determine 

whether the muonic lepton number is additive or multiplicative. 

Atomic and molecular systems formed by the muon with other 

particles , atoms or molecules are still an open field of research where 

further experimentation is required. Muonium is formed by the positive 

muon with an electron 

+ + -µ + e ~ µ e 

Information i s needed on depolarization mechanisms of polarized muons 

stopped in gases , liquids or sol ids, as well as study of muonium pro­

perties and its hyperfi ne structure. 

Muon induced nuclear fusion such as 

µ + p + d ~ He 3 + µ , 

µ + d + d ~ He 3 + p + µ , or 

He3 + n + µ 

can be investigated by stopping muons in liquid hydrogen and deuterium. 

Stopped pions and muons fi nd applications in other fields of 

science. The muon may be used as a probe for sol id state studies such 

as radiation damage and activation in solids. Radiation therapy and 

medical applications of pions are other fields whe re a great deal of 

experimentation will be valuable . Chemical experiments using pions or 

muons will become numerous. For example, pion-induced reactions and 

their rates could be investigated. 
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1.4 General Criteria 

It is not possible to set exact design criteria because of 

the different beam requirements for the great variety of experiments 

using stopped mesons, as seen in the previous section. However, some 

general criteria that apply to all types of experiments and for both 

pion and muon ·channels may be formulated. 

Firstly, the stopped meson density is to be maximized. The 

figure of merit employed here is the meson stopping rate per unit range 

(in g/cm2). Optimizing for total stopping rate is not suitable since 

only very thick targets are capable of stopping all the mesons in the 

wide momentum range accepted by the channel. On the other hand, choosing 

the stopping rate per gram of target material as a figure of merit would 

be suitable only in a case where a small mass of target is available and 

if the meson beam could be focussed to a small spot. This may be possible 

with the pion beam which has reasonably good optics, but not with the muon 

beam which comes from an extended source and in principle cannot be 

focussed to a small spot. This figure of merit leads to a very low pion 

energy since the stopping volume is in the denominator. 

Secondly, contamination of the meson beams with other particles 

is to be minimized. Upper limits on these contaminants were set as a 

result of a questionnaire answered by prospective users (Sperry, 1970). 
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These are: Gamma Rays 1% 

El ect rons 10% 

Protons 1% 

Neut rons 1% 

Muons 1% fur the pion beam 

Pions 1% for the muon beam 

The inc l usion of bends in the channel wi ll almost eliminate neut ral 

particles generated near the production target. This subject of beam 

purity will be considered in Chapter 4 where channel design is d iscussed. 

Thi rd ly, the beam spot size at the experimenta l target should 

be reasonably small since detectors a re normally smal l and some target 

materials cannot be obtained in large quantit ies at reasonable cost . A 

cross section are of about 100 cm2 was used as a reasonab l e beam s i ze 

for the muon beam. 

Fi nal l y, the design has to be f lexible in order to operate 

t he channe l in several different modes, depending on exper imenta l re­

quirements and to facilitate poss i ble future modifications . 
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CHAPTER 2 

PI ON AND MUON PRODUCTION AND DECAY 

2.1 Pion Production 

At the energies available in TRIUMF, single production in 

proton-nuclear interactions is the dominant process fo r pion production . 

When a proton beam hits target nuclei, the following interactions, among 

others, may take place: 

• • + p + n + n + n + TI 

+ p + p + TI 

+ p + n + TIO 

+ d + TIO 

p 
~ . 

+ p + p + n + + 
TI 

+ d + + 
TI 

+ p + p + TIO 

The threshold energy is slight ly d i fferent for each of these reactions 

but has an average va l ue in the ne ighbourhood of 285 MeV. The thresho l d 

ene rgy in the l aboratory system depends on the target nuclei because of 

the Ferm i mot ion of the nucleons inside the nucleus and is lower for 

l arge nuclei than for 1 ight nuclei . 

Pion production cross section data are not plentiful. The 

most comprehensive set of measurements are those carried out by a Los 

Al amos group at Berkeley (Nagle et ai., 1969). Fig. 2. 1 shows some of 
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Fig . 2. 1 Negative pion product ion cross section as a funct i on 

of pion energy for the angles indicated plotted from 

the Los Al amos data (Nagle et ai . , 1969). 

Data are for 747 MeV protons on Be. 
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these results for 747 MeV protons on a Be target for the laboratory 

angles 45°, 90°, 135° and 150°. It is seen that, for large angles, the 

negative pion production cross section increases to a peak as the pion 

energy decreases down to ~ 50 MeV and, at this energy, does not vary 

significantly as a function of angle. Fig. 2.2 shows similar data for 

the positive pion cross section. The Los Alamos data also indicate a 

reduction in electron contamination at larg~ angles as shown in Fig. 2.3. 

The increase in the n cross section with decreasing pion 

energy is also indicated by the CERN measurements at 600 MeV (Hirt et al., 

1969) as seen in Fig. 2.4 for. several target materials at 21.5°. Then 

results, however, indicate a peak around 200 MeV; but if one compares 

the results for 0.8° shown in Fig . 2.5, and for 21.5° shown in Fig. 2.6, 

a shift in the peak towards the lower energy side is noticed for the 

larger angle. Also for the heavier elements the curves start to peak 

up again below 100 MeV, which suggests that for even larger angles one 

would expect the cross sections behaviour to be similar to that of the 

Los Alamos results. This is supported by some older measurements made 

by various workers. The 660 MeV protons on carbon data (Meshkovskii 

et al., 1958) are shown in Fig . 2.7 for the angles 19.5°, 38° and 65°; 

it indicates a rise in n+ cross sections, with decreasing energy, to a 

peak around 100 - 200 MeV. It is seen here again that the peak moves 

towards the lower energy end as the angle of production increases. The 

450 MeV data (Lil lethum, 1962) shown in Fig. 2.8 indicate similar 

behaviour. 



-~ 
ct) 

> 
Cl) 

~ 

' ..a 
:t. -

C: 
-0 
w 
"O 

' b 
"' "O 

- 15 -

40 

.. -, 
/ ' 

I ' I ' I ' ' 

" ' ' 30 /", ' ' I \ / ' I \ I 

\' \ I \ 
I I, \ I 0 

I \ '-(45 ~ A \ 
\ . 

I \ \ \ 
20 . \ 

/' 
\ \ 0 \ A 

\ • \ ✓135 
' o/1 ~ \ 150 ' \ 

' ~ \ ' 
\\ . \ 

\ \ 
10 . .. 

\' 
'\~', ,, . '\ 

' '\ • ' ,, 
-~, ... ..... 

0 ~--- X 
0 50 100 150 200 250 

PION ENERGY (MeV) 

Fig. 2. 2 Positive pion production cross section as a function 

of pion energy for the angles indicated plotted from 

the Los Alamos data (Nagle e t ai., 1969). 

Data are for 747 MeV protons on Be. 



0·6 

0·4 

+ 
~ 

........ 
+ 
Q) 

0 

\ 

50 100 

PRODUCTION ANGLE {degrees) 

Fig . 2.3 Electron contaminat ion versus pion production ang le 

for the data of Fig . 2 .2. 

I 

-
0-.. 

150 



-... 
Cl) 

> Q) 

~ 
....... 
~ 
:t.· -~ 

"0 
w 
~ 

(\16 

"0 

40 

30 

20 

10 

0 

Ag 

Cu 

Al 

C 
Be 

- 17 -

JO O 200 300 

PION ENERGY (MeV) 

Fig. 2.4 Negative pion product ion cross sect ion as a function 

of pion energy at 21. 5° for 600 MeV protons on the 

materia l s i ndicated. Reproduced from the CERN report 

(Hirt et al., 1969). 



-... ., 
> Cl) 

~ 

' .0 
=t. -
~ 
"'O 
uJ 
~ 
t> 

N 
"'O 

80 

60 

40 

20 

0 

Ag 

Pb 
Cu 
Al 

C 

Be 

• 18 -

100 200 300 

PION ENERGY ( MeV) 

Fig . 2 . 5 Positive pion production c ross sec ti on as a func ti on 

of p ion energy at 0.8° for 600 MeV protons on the 

mater i a l s indicated. Reproduced from t he CERN report 

(Hirt eta'l. , 1969). 



-~ 
en 

> 
II> 

~ 

' -'l -
~ 
-0 

w 
~ 

fl,.fb 

-0 

- 19 -

80 

Pb 

Ag 

60 

Cu 

Al 

40 

C 

20 
Be 

0 100 200 300 

PION ENE RGY ( MeV) 

Fi g. 2.6 Positive pion production cross sect ion as a funct i on 

of pion energy at 21.5° for 600 MeV protons on the 

materials indicated. Reproduced from the CERN report 

(H i rt et al.~ 1969) . 



50 

-... 
Cl) . 
> 
Q) 

~ 
....... 
.o 25 
...:- I r r............. --~ '\. 0 

q 
'U I I -

"' 0 x~v w ~" 
'U ....... 

Cl.I 
b 

'U 

0 50 100 150 200 250 300 350 

PION ENERGY (MeV) 

Fig. 2.7 Pion product ion cross section as a f unction of pion energy fo r 660 HeV prot ons on carbon 

and the angles indicated . Pl otted from or igina l data (Heshkovskll et al., 1958). 

N 
0 



50 

10 

-... 
fl) . 
> 
G> 

:E 5 
...... 
.£:l 

::l. -
C: 
-c, 

l1. 
-c, 

' b 
CII 

-c, 

0 •5 

- 21 -

X - 0 j( , 21.8 
-i- · ---

x • X • , .X ' ' 
' "' •' 

" , rr-60° " , 
' 
~-

' " ' 

50 100 

' 

\ 
' \ 

X 

' ' 

• ' 
\ . ' \ 

150 

PION ENER GY ( MeV) 

0 

200 250 

Fig. 2. 8 Pion production cross section as a funct ion of pion energy 

for 450 MeV protons on carbon and the angles indicated. 

Plotted from origina l data (Lillethum, 1962) . 



- 22 -

Preliminary results of a pion production cross section experi-

* ( ) 8 ment being carried out at SREL Robertson et al., 1972 at 5 0 MeV, 

suggest similar tendencies to those indicated by the Los Alamos data. 

2.2 Pion Decay 

Pion decay is a weak interaction process which is assumed to 

be described by the universal Fermi interaction theory. Weak interactions 

violate spatial parity, and this was postulated (Lee and Yang, 1956) to 

explain the two modes of decay of the K-meson : The violation of parity 

in~-µ decay was confirmed experimentally . (Garwin et al., 1956) by 

sear~hing for asymmetry in the angular distribution of positrons from 

+ + 
µ ~ e decay. The violation of parity led to the revival of the two-

component theory of the neutriro which had been rejected earlier (Pauli, 

1933) on the ground that it led to parity violation. In this theory, 

the neutrino is described by two-component wave functions forming the 

solution to the Dirac equation for particles of zero rest mass which 

has the form: 

(2 . 2. l) 

where p is the momentum, cr the Pauli spin matrix, and !Pl is the eigen­

value corresponding to the eigenvector w2 (since E = !Pl for massless 

particles). This equation has the eigenvalues (cr • p) = ±p corresponding 

to wave functions for spins which are parallel or anti-parallel to the 

momentum. 

* Space Radiation Effects Laboratory, Newport News, Virginia, U.S.A. 
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The neutrino hel iclty is defined as 

H = TPf = +1 for spin parallel to momentum , 

-1 for spin anti-parallel to momentum. 

Thi s means that the neutrino can be found in one of two possib le states 

with equal and opposite energies. The particle which has negative 

helicity (left-handed) is called the neutrino, and the one with positive 

helicity (right- handed) is called the anti-neutrino. 

The dominant decay mode of the pion into a muon and a neutrino 

may be represented schematically as: 

I t is seen that parity is violated since the mirror image of, say, the 

+ 
~ decay implies a right-handed neutr ino which does not exist. A charge 

conjugation operation in addition to the parity operation wil l result in 

the situation on the right which is al lowed since the anti-particles 

have the oppos i te hel icity. 

The charged pions (mean life 26.04 nsec) undergo other decay 

modes. The decay scheme 

V e 

has a branching ratio of abou t 10- 4 , as predicted by the universal Fermi 

interaction theory. 
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Thee-type decay mode, 

was estimated to have a branching ratio of about 10-8 (Zel'dovich, 1954) . 

The experimental value (Dunaitsev, 1962 and 1974) is i n good agreement 

with theoretical estimates. 

The neutral pion (with a mean life of about 2 x 10- 16 sec) 

decays into two y-rays in an electromagnetic type interaction 

This explains the difference of its mean life in comparison to the charged 

pions which decay through the weak interaction as indicated above. 

2.3 Decay Kinematics and Muon Production 

The mean 1 i fet ime of the pion is 26.04 nsec and the decay 

length , calculated from the relation 

(A = CT/m = 5.593 cm/MeV/c) 
0 7f 

as a function of momentum, is shown in Fig. 2.9 which indicates that 

for the range of energies being considered (see Chapter 4) the decay 

length is between 3 and 7 meters. Fig. 2. 10 shows the percentage of 

pions surviving decay as a function of distance for various pion mo­

menta. It i s seen that at a distance of 8 meters, at least 80% of all 

pions with momenta less than JOO MeV/c would have already decayed. 

(2.3.1) 
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In the f rame of the p ion at rest (the va ri ab l es in t his f rame 

wi l l be starred), the decay is isotropic and the muon momentum vector 

has a constant magn i tude of 29.8 MeV/c (4. 12 MeV) which cor re sponds to 

* 4 a ve locity of 8 = 0.271 re lative to the speed of light . 
).J 

If i n the 

la boratory frame the pion is moving wi th ve locity 8 , the decay muon 
7T 

will have a range of momenta with limits 

* B ± B 
).J ).J 

B (l +e*) 
7T ).J 

which are indicated graphically i n Fig. 2. -11. Si nce genera l ly no 

part lcle goes backward in the laboratory frame for decay i n fl ight, 

except for extreme ly low energy pions, there will be a max imum decay 

angle 0 which is given by (see Appendix C) max 

1 
e = a rctan[(l- B2)/(g2- 1)]~ 
max 

The decay ang l e dependence on pµ i s shown in Fig. 2. 12 for several 

va l ues of p. The angular distr i bution of the decay muons is given 
7T 

by (see Appendix C) 

dN 
de= 

sin e 
2y 

* 
... ... 

y 2 (g+cos e") + sin2e" 
·'-

(g + cas e") 

(2. 3.2) 

(2. 3.4) 

This function and its integra l have been computed and represented graph­

ically (Vogel , 1967) as a function of t he decay ang le and the momentum . 

Fig. 2. 13, rep roduced from Vogel, shows a plot of dN/de as a function 

of e for various pion momenta. Derivat ion of the above re lations and 

some useful kinematic tables are given in Appendix C. 



-u 
~ 
G) 

::E -
ci..:l 

- 28 -

/ 
180 I 

I 
I 

I 
/ 

I 
135 I 

I 
/ 

I 

I 

90 / 
I 

I 
I 

I 
I 

45 I 
I 

I 
I 

/ 
/ 

0 50 100 150 

P1r (M eV/ c) 

Fig . 2 . 11 Upper and lower limit$ on the range of decay muon 

momenta versus pion momen t um. 

I 

I 

200 



60 

-Cl) 

: 4 0 
~ 

Cl 
Q) 

"'O -
w 
...J 
<.!) 

z 

11 I I <( 

~ 20 
(.) 

I I I I w 
Cl 

0 

I 

50 

~,100 
........ 

V\ ~140(160 

100 

MOMENTUM ( MeV/ c} 

150 

Fig . 2. 12 Decay ang le ve rsus muon momentum fo r the 

pion momenta indicated on each curve . 

N 
\.0 

I 

200 



1.0 

.8 

.6 -:t 
0 I "0 

~ 
~ 

.4 :t z 
"0 

0 -
Cb 

~o 

.2 

0. 

Fig. 2.1 3 

200 MeV/c 

0.1 0.2 

/ 
/ 

,,,,,/ 

.,., ----
/// 

- - - - - - - !!i .1,1.w.- - .,. 
---- -- I -- - - - - - _ 59iMeV/c ----

0.3 0.4 0.5 

Bo Gadians] 

Fraction of muons decaying into a laboratory ang le o < o for the various pion momenta 
0 

indicated on each curve . Solid curves represent the fo rward decay muons and dashed 

curves the backward muons. Reproduced from the LAMPF repo rt (Huqhes et al.• 1971). 

w 
0 



- 31 -

• 2.4 Muon Polarization 

The concept of polarization may ~e explained if one considers 

a particle with spin Shaving 2S+l possible orientations with respect 

to a given direction along the unit vector n. For a beam of such part­

icles , the spin component in the direction n will have a certain expec­

tation value <s.n>. This value will be zero for an unpolarized beam; 

otherwise, a certain direction n exists such that the expectation value 
0 

is a maximum; i.e., 

max <s.n> = <s.n > = ~ 
0 

~ is called the degree of polarization of the beam. The polarization 

three-vector is defined by 

The direction in which ~ is maximum is the direction of the polari­

zation vector ~- The magnitude of the vector l~I varies between zero 

for unpolarized beams and 1 for completely polarized beams. 

If the momentum vector p of the beam is parallel or anti­

parallel to the polari zation vector "Z, the beam is said to be longi­

tudinally polarized. In this case, a muon helicity h is defined by 

If p and ½ are in the same direction, h = ±1; if they are in the 

opposite direction (a nti - paral lel) then h = -1 . 

(2.4.1) 

(2.4.2) 

(2.4.3) 
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The muons from pion decay in flight are not 100% po larized 

since muons emit t ed forwards and backwards in the pion res t system have 

opposite polarization . Also there is an appreciable kinematic depo lar­

izat ion caused by the relatively large accepted angular range in the 

pi on rest system. Both pos i t i ve and negative muons suffer equa l ly from 

ki nematic depolarizat ion . 

Depo larizat ion during the slowing down of the muons is due 

mai nly to Coulomb scattering and is very sma ll . A larger depola ri zation 

t akes p lace after the stopping of the muons. The amount of depolarizat ion 

i n this case depends on the material in wh i ch the muons are slowed down 

or stopped and is different for the positive and negative muons. For 

positive muons, the mechanisms responsible for depolarization after 

stopping i n a material medium are mainly the formation of muonium and 

t he i nteraction between the magnet i c moment of the pos i tive muon and 

the magnetic f ields i n the medium, with the former mechanism being more 

important. For negative muons, the spin-orbit interaction i s the main 

mechanism of depola r ization . Extensive l iterature on muon depolarization 

is avai l able (Garwin et al. , 1956; lgnatenko et al. , 1958; Mann and Rose, 

1961; We i ssenburg, 1967) . 
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2. 5 Mesic Atoms 

When pions and muons are incident on mate r ial targets, t he i r 

history i s carried out in several stages. In the fi rst stage, mesons 

lose energy by col l ision wi th atom i c e lect rons unti l their energy is 

of t he o rder of a few keV when this loss mechanism ceases to operate. 

In the second stage, the meson i s considered as moving i nside a degen­

erate e lectron gas, their velocity being smaller than the max imum ve l ­

oc i ty of the atomic electrons. After the mesons are t hermal ized, the 

t h i rd stage depends on the charge of the meson. 

The negat i ve mesons are captured into high mo lecula r or atom i c 

o rbita ls. The energy loss mechan i sm and the capture process i s not under­

stood . The Bohr orbit of the meson _is smal ler than that of the electron 

by the ratio of their masses. The meson then cascades down to an orbit 

in the neighbourhood of t he elect ronic K-shell where the nuclear f ie l d 

is virtually unscreened by atom i c electrons. The radius of the electronic 

K-she ll corresponds approximately to then= 14 o rbit for the negative 

muon and then= 16 for the negat i ve pion. The next stage i nvo l ves the 

cascade of the meson from this outer orbit down to the ground state in 

a hydrogen-like potential. Th i s part of the cascade i s well understood. 

The process takes of the order of I0- 12 seconds. At the higher o rbi ts, 

Auger transitions predominate. As the meson reaches lower levels, radia­

tive trans i tions (involving x- ray emissions) become more important until 

final ly, at some lower value of n depending on the atomic number of the 

material, the radiative transit ions become dominant. 
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In the case of the negative pion, towards the end of the cas­

cade, the pion is readily absorbed by the nucleus often before reaching 

the 1S level because of its strong interaction . The probability of decay 

of the pion is very small. On the other hand, in the case of the negative 

muon, the 1S level is almost always reached. Two processes then compete; 

namely, nuclear capture, 

µ + p ~ n + V , 

and muon decay (mean life 2.2 microseconds) 

+ V + V -e µ 

As in the case of the pion, this decay is a weak interaction process 

violating parity. 

For the positive mesons, the final stage involves the formation 

of atomic systems or decay. + -The positive muons form muonium {µ e) and, 

in theory, the positive pions can form pionium. The latter, however, has 

not been observed, since the pion decays readily . 
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CHAPTER 3 

A REVIEW OF STOPPED MUON CHANNELS 

Stopped meson channels may be classified into three main 

categories: stopped pion channels, dual purpose stopped pion/muon 

channels, and stopped muon channels. The first category includes 

channels which are specifically designed to provide stopped pions and 

low energy pion channels that can be used for stopped pion experiments. 

These channels are all basically similar bea_m transport systems con­

sisting of several quadrupoles and bending magnets. Examples of stopped 

piqn channels are given in Ap.pendix D. The second category includes 

channels which are designed specifically to provide both stopped pions 

and stopped muons. Examples of these channels are given in Appendix E. 

The stopped muon channels are normally designed specifically to provide 

muons and are classified below according to their design philosophy. 

3.1 Alternating Gradient (A.G.) Channels 

This type of channel has been studied extensively (Citr~n et 

al . , 1963; Yale Staff, 1964; Telegdi et al., 1964) . The basic concept 

is to collect as many pions as possible from a production target, pass 

it through a bending system for initial momentum selection, then 

through a straight long section of alternating gradient quadrupoles 

allowing as many of the pions as possible to decay, and finally through 

a second bending system to separate off the pions . Matrix treatment of 

periodic systems is well covered in the literature (Steffen, 1964; 

Banford, 1966) and a simple treatment is given in Appendix F. 
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The principle merits of the A.G. channel are flexibility, good 

optics due to the decoupling of the x-plane and y- plane motions, and 

proven performance in existing channels . The muon capture efficiency 

of t hi s type of channel is typically 10-12% . The c lassical examples 

* are the CERN and Chicago Channels . The basic characteristics of these 

two channels, together with those of the proposed LAMPFt and Nevis 

channels, are reviewed in Appendix G. 

3.2 Solenoid Channels 

In a solenoid, the pions describe helical trajectories around 

the magnetic field lines along the axis of the solenoid . The decay muons 

fo ll ow similar orbits once they are generated. Two solenoid channels 

& have been proposed, the SIN and the Saclay channels. Test sections of 

the SIN channel are under construction. These two channe l s are reviewed 

in Appendix H. 

The most important characteristic of solenoids is their high 

capture efficiency for decay muons which approaches 90%, or even 100% 

for low momentum muons. But they have several disadvantages. The 

coup li ng between the x-p lane and y- plane motions makes it difficult to 

efficiently match to magnets and quadrupoles in the system . Then there 

is the fact that the large acceptance of the solenoid cannot be usefully 

* European Organization for Nuclear Research, Geneva, Switzerland 

t Los Alamos Meson Physics Facility, Los Alamos, New Mexico 87544 

a Swiss Institute for Nuclear Research , Zurich, Switzerland 
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uti l ized since the acceptance of the injection sys t em, cons i sting of 

quadrupoles and bending magnets, is not so la rge. Also the so leno id 

i s a spec ial purpose device and , therefore, lacks the flex ibility of 

t he alternating gradient channels. 

The solenoid has been studied extensively (Petitjean, 1969(a), 

(b) and (c); 1970(a), (b) and (c); 1971; Petitjean and Vecsey , 1971)' by 

t he SIN group, and the co il s are now in the construction phase . It was 

considered perhaps less extensively (Hughes et aZ., 1971) by the LAMPF 

group and rejected in favour of an A. G. type channel. Here, i t is 

suff ic ient to summarize their findings. The figures below (Petitjean 

and Vecsey, 1971) compare the calcu lated performance of the SIN solenoid 

(described in Appendix H) and an equivalent quadrupole channel: 

So lenoid Quadrueo le 

Ape r ture (cm 14 25 

tin (mst r ) 75 75 

tip (MeV/c) 27 25 

Pi ons accepted 109 X 4. 6 4. 6 

Muons at 70 cm 2 target 106 µ- (sec•MeV/c)-l 3,9 1. 6 

Max. stopping . rate (1 cm2)106 µ-(g•sec) - l 1.0 0.3 

wh i ch indicates that the solenoid provides tw i ce or three t imes as many 

muons as the quadrupole. A gain factor of 2 i s also ind i cated by the 

LAMPF calculation (Hughes et aZ. , 1971). On the other hand, the latter 

ca l cul ation shows that at most 10% of the muons ava i lable at the end of 
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the solenoid can be transported through the analyzing section. The SIN 

group assumes this efficiency to be 25% . This is because an alternating 

gradient analyzing magnet is used. This type of magnet, however, has a 

wide momentum acceptance and, consequently, the~-µ separation may not 

be complete. 

3-3 Coaxial Channels (Beam Guides) 

This type of channel was origina ll y proposed (Van der Meer, 

1962) at CERN. Further contribution to its theory was also made at CERN 

(Regenstreif, 1964). As in a coaxia l transmission line, the f ield in ihe 

beam guide between the inner and outer conductor is rotationally symmetric. 

Charged particles, introduced into this field and not cop l anar with the 

axis, will follow a screw-type trajectory around and along the inner con­

ductor . The trajectory is a rather complicated periodic function of the 

axial coordinate along the beam direct ion. For some range of initial 

conditions, the particles do not touch the conductors. The focussing 

action may be considered as arising from the attraction between the 

current flowing th rough the inner conductor and the current formed by 

the moving charged particles. 

The obvious advantage of this type of channel is the considerably 

l ower cost compared to other systems, but there are several disadvantages. 

As in the case of the soleno id, there is strong coup li ng between the two 

transverse planes which results in poor matching to other elements of the 

system. This is particularly the case for matching to the bending magnet 
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in the momentum analyzing section. For a straight beam guide, the solid 

angle of acceptance is rather small. For the guide described in the CERN 

report (Van der Meer, 1962) the maximum solid angle of acceptance is less 

than 8 msr for a guide 7 cm in diameter placed 0.8 m from the target and 

for a current-to-momentum ratio less than Ix 10- 4 Amp(eV/c)- 1 . Another 

disadvantage is the bad optics of such devices arising from their non­

linear properties which distribute the beam over the whole cross section 

of the tube. Thus, the beam cannot be focussed into a reasonably small 

spot . Finally, as in the case of the solenoid, the beam guide lacks the 

flexibility of conventional quadrupole channels; it is also a single 

purpose device. 

If the maximum sol id angle, 8 msr, accepted by a straight guide 

is used, then using the TRIUMF pion flux available at the 10 cm Be target, 

about 2.4 x 107 pions are transmitted by the guide . Assuming 80% of the 

pions decay (100 MeV/c pions at 10 m) and taking the capture efficiency 

of the Carnegie-Mellon beam guide of 11% (Foss, 1968), the maximum muon 

flux possible is 2 x 106 muons (sec • MeV). If a bending magnet is added 
C 

for momentum analysis, this flux will be reduced. The solid angle of 

acceptance is reduced by a factor of 6 (Van der Meer, 1962) when the guide 

is bent through a few degrees. However, at Carnegie-Mellon (Foss, 1968) 

a design in which a bent beam guide passes through a bending magnet whose 

field is superimposed on the field of the guide is claimed to have an 

observed transmission of 70%. This means a maximum muon flux of 1.5 x 

106 (sec• MeV)-l but the channel is more sophisticated now and the 
C 
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advantage of low cost has largely disappeared because of the special 

design for the magnet and the curved beam guide. No published perform­

ance data are available for the Carnegie-Mellon guide. It is described 

briefly in Appendix I. 

3.4 Helical Quadrupole Channels 

In a helical quadrupole channel, the quadrupole field rotates 

about the longitudinal axis with distance down the channel . An 

approximation to this is obtained if a series of thin quadrupoles are 

placed next to each other such that each quadrupole is rotated through 

a small angle about the optic axis with respect to the one preceding 

it. The motion of charged particles through such systems and their 

focussing properties have been studied extensively (for example, 

Krienen, 1957; Couteur, 1967; Salardi et ai., 1968; Pearce, 1970). This 

type of channel is stronger focussing than an equivalent conventional 

alternating gradient channel (Pearce, 1970) . It also has about 20% 

larger phase space acceptance . An important advantage is that the cost 

could be considerably less than that of an A.G . channel. 

There are several disadvantages to this type of channe 1. In 

the first place, there is strong coupling between the motions in the two 

transverse planes which makes perfect matching to ordinary quadrupoles 

and bending magnets in the system impossible . Secondly, as indicated 

by Ohnuma, it has low acceptance for momenta which deviate by more than 

about 20% from the central momentum p . In particular, lower momenta 
0 
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which are less than 0.8 p are strongly attenuated compared to a conven­e 

tional channel, which accepts particles with momenta as low as 0.6 p. 
0 

This is an important disadvantage since decay muons may have momenta 

which differ from the reference momentum by more than 40 or 50%. Ohnuma 

showed that the momentum acceptance of the helical channel is 60% less 

than an equivalent A.G. channel and that the low momentum cut-off is 

0.75 p
0 

for the former but 0.64 p
0 

for the latter. Thirdly, although 

it has 20% larger acceptance than a conventional quadrupole channel, 

the distribution of this acceptance in phase space is such that the pion 

beam cannot be efficiently injected (Ohnuma, 1969). Finally, a helical 

channel is less flexible than an A.G. one; it is a single purpose device . 

No proposal for a muon channel using the helical quadrupole 

has been made except for an old suggestion at CERN {Horpurgo, 1957) for 

a 10 cm radius helical quadrupole with a field gradient of 11 Web/m3 

having a winding pitch of 1.43. For a pion momentum of 285 HeV/c the 

channel capture efficiency for equimomentum muons was estimated at 

about 28%. 

3.5 Channels Collecting the Muon Cloud Near the Pion Production Target 

The recent data (Nagle et al., 1969) indicates that the pion 

production cross section at low pion energy is not insignificant. Con­

sequently, in the neighbourhood of the pion production target, a signi­

ficant flux of muons resulting from the decay of low energy pions is to 

be expected. Thus, a muon source extended in all directions away from 

the pion source is available. If the channel is placed such that it is 

not looking directly at the pion target, i.e. its axis is misaligned 
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with respect to the pion target, the muon flux transmitted by the channel 

is not much reduced because of the extended muon source. The pion flux, 

on the other hand, is drastically reduced because the origin of all pions 

is the pion production target. 

A channel utilizing this principle was considered by the LAMPF 

design group (Tanabe, 1970) and is described in Appendix J. Tanabe's 

work indicates that complete separation of the pions from the muons is 

not possible by simply misaligning the channel with respect to the pion 

production target . In addition to misalignment, it is necessary to use 

slits and detune the second half of the channel to a different momentum 

from that of the first half in order to obtain a pion-free muon beam . 

But this procedure results in reduction of the muon flux at the channel 

exit. If the yields obtained by Tanabe are normalized to the TRIUMF 

production target and proton current and energy, the total flux obtained 

is 1,5 x 107 µ-/sec integrated over an area of 27.5 cm x 27.5 cm at the 

exit. Thus, this type of channel does not seem to have any advantages 

compared to a conventional channel where detuning is employed (see 

Section 4.4.2). 

3.6 Channels i n Which Pions Decay at Rest 

The pions are stopped and the 4. 12 MeV muons from the decay of 

pions at rest are collected. This method is possible only for positive 

pions since negative pions interact readily with the stopping material 

before decaying. Two types of channels, based on this principle, are 

possible. 
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3.6.1 Muons from Pion Decay at Rest in an Absorber (Jakobson Type) 

If positive pions are brought to rest in an absorber, the decay 

muons will have a maximum energy of 4.12 MeV and can be collected and 

focussed onto a stopping target . A channel utilizi_ng this concept was 

suggested (Jakobson, 1968) . A superconducting magnet would be employed 

to trap the pions, after a suitable degrader reduced their energy to a 

few MeV. Inside the magnet,a low density absorber such as styrofoam 

slows down the pions to rest after a few orbits. The decay muons would 

be collected into a transport system at right angles to the plane con­

taining the orbits of the pions. To increase the pion flux, a wedge. 

absorber may be placed at the dispersed focus of a bending magnet forming 

part of the pion beam transport system. 

With the above arrangement, it shou ld be possible to obtain an 

almost contamination-free muon flux of about 4 x 107 µ+/sec, assuming a 

1 mA beam of 800 MeV protons on a 3.4 cm Cu target. The channel is of 

limited use because on ly positive muons can be obtained. 

3.6.2 Muons from Pion Decay at Rest in the Production Target 

The concept of collecting low energy muons generated from the 

decay of low energy pions stopped in the production target (using any 

type of channel) is different from concepts considered earlier. Although 

the pion production cross section is relatively low for pions of a few 

MeV energy, the capture of the muon in the channel is a one-step process 

in contrast to the usual two steps - captur i ng first a pion, then the 

decay muon. This concept was tested experimenta ll y by the Arizona group 
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(Pifer et ai., 1971) using the 18411 cyclotron at the Radiation Laboratory 

of the University of California, Berkeley. The muons emerging from the 

production target have a maximum energy of 4. 12 MeV. The muon flux as a 

function of momentum obtained by the Arizona group is shown in Fig. 3.1, 

which indicates a peak at 28 MeV/c. This is for a 30 nA, 750 MeV protons 

on a 5" long tungsten target. The channel used, a conventional quadrupole 

and bending magnet channel, had a solid angle of acceptance of 40 msr. 

In Section 4.4.2, the corresponding flux for the TRIUMF case is discussed. 

3.7 Channels Using Time-of-Flight 

Because of the mass difference between the pions and the muons, 

the velocity of a muon is slightly greater than that of a equimomentum 

pion. These pions and muons can be separated by time-of-flight, which 

is much cheaper than magnetic analysis. In any such separation scheme, 

it is not possible to separate muons which are born between the two 

spatial points where the timing is performed. 

The possibility of using the proton pulse as a starting pulse 

has been investigated (Pearce, 1969). Even with a channel which is de­

signed to be isochronous for pions, there are difficulties from the time 

length of the proton pulse and from the finite momentum acceptance of the 

channel. It should be possible to obtain the starting pulse from counters 

located at the midpoint. Using several counters dispersed in the trans­

verse direction to use the spatial dispersion of the pion beam, the effect 

of the finite momentum range could be nullified. 
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Fig . 3. 1 The experimental beam intensity of the Ari zona channel fo r 

muons gen7rated in the pion product ion target for a 30 nA 

beam of 750 MeV protons on 5" tungsten ta rget. Reproduced 

(Pifer et aZ , 1971). 



- 46 -

CHAPTER 4 

PROPOSED TRIUMF STOPPED PION/MUON CHANNEL 

PHASE ONE 

4.1 Introduction 

The requirement, as ind i cated by the users , i s for a dual pur­

pose channel to provide both pions and muons. This, together wi th the 

general cr i teria discussed in Section 1.4, eliminated some of the channels 

d iscussed in Chapter 3, such as the muon c loud type and the Jakobson type. 

Also, as shown in Section 4.2.~, a bend is essent ial for any channel and , 

i n order to obtain reasonably good p ion opt ics and an achromatic beam, 

at least two bends are required. The proposed channel consists of three 

main sections : 

1) an achromatic p ion col lection section wh ich wi ll a l so form the 

stopped pion channel by itse lf, 

2) a straight pion decay sect ion to collect decay muons, and 

3) a momentum analyz i ng section to separate the pions from the decay 

muons. 

The rest of this chapter wi l l be restricted to the d i scussion 

of the first section , its use as a stopped pion channel, and its possible 

use as a stopped muon channe l . Separation of pions from muons by a n 

analyzing magnet placed immediately after the col lection system is a l so 

discussed in this chapter. The performance of the muon channe l with 

st raight section and analyzer wi ll be discussed in Chapter 5. Th i s 

division coincides with the two phases of the construction program . 
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4.2. 1 Design Aims 
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The following design aims are used in optimizing the system. 

1) The channel is to be capable of providing both positive and negative 

pions and muons, although it should be optimized for negative mesons. 

2) The stopping rate of pions (pions per gram/cm2 per sec) is to be 

maximized with due consideration of the funds available. This implies, 

among other things which are not variable design parameters, that one 

should aim at: 

(a) as short a channel as practicable , 

(b) an achromatic channel, 

(c) a large sol id angle of acceptance, 

(d) a large accepted momentum bite, and 

(e) a thick pion production target of high luminosity . 

Except for item (a), the above criteria also lead to increasing the 

muon flux. 

3) Contamination with neutral particles, electrons and protons is to be 

minimized. This implies that one should aim at: 

(a) using bends which attenuate neutrons, 

(b) a large angle of pion extraction which minimizes the number of 

electrons (see Fig. 2.3) and high energy neutrons (cochrane and 

Jakobson, 1967), 

(c) low energy operation wh ich reduces protons because low energy 

protons having the same momentum as the pions are easily absorbed 

in thin absorbers. 
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4) The pion beam spot size at the stopping target is to be minimized , 

which imp l ies that one should aim at: 

(a) a small production target, 

(b) a large backward angle (or a small forward angle) to reduce the 

projected length of the target, and 

(c) good beam optics. 

One cannot do very much to minimize the muon beam size because of its 

large emittance due to the extended source of muons. However, 100 cm2 

is used as a reasonable size to aim at. 

5) The pion beam should be brought to a focus near the midplane so that 

a momentum-defining slit may be placed there to limit the accepted 

momentum band . 

6) The channel should be capable of providing polarized muons. Although 

po larization is not required for mesic x-ray studies, it is required 

for muonium studies. 

7) The channel should be flexible in order to accommodate the varying 

requirements of the various users and to make future modifications 

or additions possible without radical changes. 

8) Cost should be kept as low as possible .which implies that one should 

not aim at more sophistication when the improvement in performance 

is only marginal. 
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4.2 . 2 Desi gn Methods 

The genera l configuration and i nitia l parameter s for the beam 

tra nsport system were obtained using a hybrid analog computer (Al - Qazzaz, 

1969). This was fo ll owed by an optimization using the program TRANSPORT 

(Brown and Howry, 1970) with its first order optimization rout ine. Th i s 

program i s described i n more detai l in Append ix K. The program TRANS 

(Chan , Hunt and Lobb, 1972) was also used occas ional l y for this purpose 

and for calculating the various to lerances of the systems elements. Thi s 

program is also desc r ibed in Appendix K. For second order optics , TRANS­

PORT was used to calculate the .second order transfer matrices. The 

system acceptance and beam em i ttance were cal culated using the program 

ACCEPTANC E (Harr i son and Lobb, 1968) which also ca lculates the acceptance 

sol id ang le (see Appendix K). The beam was then simulated using the 

Monte Ca rl o program NPFLUX (Hutson, 1970) and a slight ly modified ve rsion 

of it. This program uses the f i rst and second order matrices from TRANS­

PORT to calculate the sol id angle of acceptance, particle density distri ­

buti on i n the beam, and the horizontal and vertical histograms of t his 

distribution at any given point in the beam line (see Append ix K) . 

However, NP FLUX does not calculate pion decay . 

Momentum spectrum for the pions and the decay muons a re ca l cu­

l ated using the program MBEND which is a modif ied ve rsion of the program 

BEND (Ohnuma, 1969) . This program i s also used for the final opt imization 

of the channel. The modified vers ion HBEND has facilit ies for tracing the 

pions and the muons through the different sect ions of the channel which 
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are tuned to different centra l momenta. It a l so calculates the stoppi ng 

density of the pions and muons as functions of range in g/cm2 of carbon. 

More detailed descript ion is given in Appendix L. A plotting program, 

PLOTS, to plot the quantities calcu lated by MBEND, is also described in 

Appendix L. 

4.2.3 Parameter Optimization 

The design parameters for the system are: 

(a) pr imary proton current, 

(b) pion production target material and s ize, 

(c) pion energy, 

(d) angle of extraction (production angle), 

(e) distance of the first magnet from the production target, 

(f) total system length, 

(g) accepted momentum band, 

(h) the number and angle of bends, 

(i) st rengths and spac ings of the quadrupoles, and 

(j) apertures of the d ipoles and quadrupoles. 

These parameters are to be chosen to satisfy, as far as possible , the 

a ims discussed in Sect ion 4.2. 1. 

(a) The maximum primary proton current availab le depends on the choice 

of energies and currents made at that time by other users on both 

beam li nes of TRIUMF . For the purpose of this study, yields will 

be quoted assuming a design current of 100 µA. 



- 51 -

(b) Va r ious materia l s have been considered for the pion production targets 

(Hodges, 1970). Of the several target materials studied, Cu, C and 

Be seem to be acceptable. Be is preferred unless short targets (less 

than 4 cm) are required, as is the case in some pion experiments when 

t he image size has to be small . Again, because the target is shared 

by another user (the medical pion channel), one is not complete ly 

free in choosing the type of target material. The choice of the 

target thickness is 1 imited by the degradation and energy loss of 

t he proton beam which is to be used by the neutron facility further 

downstream. For the purpose of this design, a 10 cm long Be target 

is chosen. The target size as seen by the channel will depend on the 

angle of product ions . 

(c) The choice of pion momentum is based on three main considerations. 

First, the Los Alamos pion production cross section measurements 

d i scussed in Section 2. 1 indicate a rise in cross section to a peak 

as the p ion momentum decreases to~ 50 MeV for la rge ang les. This 

is supported by the CERN and other data discussed in Section 2. 1. 

Second ly, the muon decay cone angle decreases with increasing p ion 

momentum which improves the efficiency of the channel for trapping 

muons. However, th is has to be balanced against the increase in the 

pion decay length at higher momentum which reduces the decay fraction 

in a given length of channel . The final consideration is the fact 

that choice of high energy pions leads eventually to the use of th ick 

degraders to slow down the meson before stopping in the target. Thick 

degraders cause losses due to multiple scattering and although this 
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may be minimized by placing the degrader as close as possible to the 

target, the neutrons and other pa r ticles produced in the degrader re­

sult in a low signa l- to-noise ratio in the detector system. Thus for 

the pion beam, an energy of less than 50 MeV (130 MeV/c) would be 

chosen. However, for the muon beam, using higher energy and co l lect­

ing backward decaying muons leads to a choice of high pion energy. 

But, as wi l l become clear in the forthcoming discussion, this pion 

energy is only slightly highe r . It was , therefore, decided to opti ­

mize the channel for a pion momentum of 100 MeV/c (32 MeV) and design 

it to be tunable between O - 160 MeV/c (0 - 70 MeV) . 

{d) The cho ice of production angle does not appear to be critical at the 

low energy range chosen above as far as the production cross section 

is concerned, as indicated in Section 2. 1. However, there are good 

reasons for choosing a large angle. First, as shown in Fig 2.3, 

electron contam i nation decreases at large angles. Secondly, a Monte 

Car lo calcu lation for 800 MeV protons on 4,5 g/cm2 C target (Cochran 

and Jakobson, 1967) i ndicates that at angles larger than 90° high 

energy cascade neutrons are reduced by a factor ~ 104 and neutrons 

of a ll energies are reduced by a factor ~ 102 • This is shown in 

Fig. 4. I, reproduced from the report quoted above. Thus, both on 

account of reduced contamination and the decision to choose low energy 

pions, a large (backward) angle seems preferable. On the other hand, 

to increase the solid angle of acceptance, the first magnet e l ement 

has to be as close to the target as possib le . On this account an 

angle of 90° will be preferable. However, this will make the projected 

size of the target large and, therefore, the beam spot size will be large. 
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Fi g. 4. I Angular distribution of cascade neutrons , a Monte Carlo 

ca l culation for 800 MeV protons on 4.5 g/cm2 C target 

(Cochran and Jakobson, 1967) . 
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A production angle of 135° was chosen as the optimum for the case 

where the first quadrupole element is 811 in aperture . This will be 

discussed further below. 

(e) This d i stance of the first quadrupole from the production target 

should be as small as possible in order to maximize the so l id angle 

of acceptance. This may be achieved by choosing a production angle 

of 90° as mentioned above but, for the reasons given there, 135° was 

chosen. At this angle, the distance is determined by the s ize of the 

quadrupole element . The minimum distance. for an 811 aperture quadru­

pole is 0.5 m and for a 1211 quadrupole is 0. 7 m if the quadrupoles 

~re not to interfere with the proton beam . 

(f) The total length of the system was minim ized to reduce the pion decay. 

Although this is not optimum for muons, it is felt that more elements 

cou l d be added to increase the muon beam. This is particu larly so if 

one wants to col lect muons from backward-decaying pions. In any 

case, in the energy range likely to be used, the pion decay length 

is about 4 to 7 meters (see Fig . 2.9) and the channel cannot be made 

as short as one decay length for reasons to do with the physical 

dimensions of the magnets and the necessity to penetrate the shie l ding 

wal l . Even with this minimum length, a considerable fraction of the 

pionswould have decayed at the pion energy likely to be used. 

(g) The momentum pass band chosen will depend on other system parameters, 

particularly the number of bending magnets and the ang le of bend . A 

band of not less that± 10% p is aimed at in order to increase the 
0 

accepted pion flux. If, for some experiment, a narrower band is re-

quired , provision is made for a momentum-defining slit to be placed 

at a dispersed focus near the midplane of the channel. 
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(h) The argument for the inc l us ion of bends (Pea rce , 1970) cent res around, 

pr incipa l ly, the prob l em of the attenuation of low ene rgy evaporation 

neutrons. High energy neutrons are e liminated by the choice of an 

angle of pion extraction greater than 90° , as ment ioned earlier in 

this section. Low energy neutrons are produced iso t ropically from 

t he target and their rate of production depends on the energy of the 

proton beam and the target material. The necessity for bends can be 

demonstrated with the fo l lowing order-of- magni tude calcu lations . If 

i t is assumed that one neutron is produced for each proton mak ing an 

inelast ic coll i s ion, which is a reasonable assumption when compared 

with experimental measurements (Gross, 1957) for 190 MeV protons on 

ca r bon, the neutron intensity wou l d be about 1014 per sec. Assuming 

a 10 meter long channel with 1011 ape r t ure and a pion f l ux at the 

channel exit of 108 per sec, the table below summar izes the calcu­

lat ion results obtained using the methods d i scussed in Section 4 . 3.6. 

Number of 
bends 

No bend 

One bend 

Two bends 

Channel 
attenuat ion 

f actor 

At Channel Exit 

neutron 
f l ux/sec neutron/pion 

Obv ious l y, at least one bend is essent ial . However, only neut rons 

produced i n the ta rge t were considered i n the above ca l culation. 
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The intensity of secondary neutrons produced in the channel walls 

as the result of stopping pions and protons is difficult to estimate. 

For the purpose of this argument, though, it is assumed that they 

have a minimum flux equal to the pion flux; that is,~ 108 neutrons 

per sec, which will mostly be generated in the first half of the 

channel where the beam spill is high. To attenuate these neutrons, 

a second bend is desirable . This second bend will also make it 

possible to design an achromatic system that will contribute to 

increasing intensity . 

Once the necessity of bends is established, the question of the 

angle of bend can be studied. To increase the momentum pass band 

of the channel, a small angle should be chosen since the momentum 

acceptance of the system decreases as the bending angle increases. 

On the other hand, a small angle leads to greater separation between 

the bending magnet and the quadrupole that follows it in order to 

allow for neutron traps, which leads to a longer channel and to a 

decrease in the solid angle of acceptance. A bending angle of 45° 

was chosen, which maintained a momentum band not less than± 10% p. 
0 

Two rectangular 45° bending magnets were chosen; the rectangular 

magnets have pole-face rotations providing vertical focussing which 

is sufficient to make it possible to eliminate a second quadrupole 

between the two dipoles. 

(i) Two quadrupoles were found to be the minimum number needed to form 

a nearly parallel beam in the horizontal plane with a waist in the 

vertical plane at the first bending magnet, then to form a horizontal 

focus at the midplane. 
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Two other quadrupoles were necessary to form a double focus or a 

double waist at the pion stopping target. The centre quadrupo l e 

was adjusted to get an achromatic beam. The strengths and spac ings 

of these quadrupoles were varied, subject to those constraints which 

ensure that the channel remains achromatic with a horizontal focus 

at midplane. The criteria were maximum acceptance, and consequently 

pion and muon fluxes, subject to the above constraints. The procedure 

was to choose a value for the field of .the first quadrupole Ql, then 

compute the acceptance using TRANSPORT for several values of the drift 

lengths between the two bending magnets, always maintaining the cri ­

teria mentioned above. The fluxes of pions and muons were computed 

using the program HBEND and an optimum system which maximized these 

fluxes was chosen. 

(j) The quadrupole apertures and magnet gaps were optimized by calcu­

lating pion and muon fluxes for each of three aperture sizes, 811
, 

1011 and 1211 and magnet gaps 6.511
, 811 and 1011

• The results are shown 

in Fig. 4.2 for pions and Fig. 4.3 for muons . This indicates a 

steep rise in flux for both pions and muons as the apertures and 

gaps increase in size. However, bearing cost in mind, it was 

decided to choose 1211 quadrupoles and 1011 gaps. 
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fig. 4. 2 Total pion flux versus quadrupole aperture for three 

values of the magnet gaps. 

Fluxes are for p = 100 MeV/c integrated over an area of 
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25 cm x 25 cm. 
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4.2.4 Cost 

The cost was minimized by using t-he minimum number of magnets 

that would perform the job, subject to the specificat ions set in Section 

4.2.1, and by choosing magnets which are reasonably inexpensive. The 

costs of magnets and power supplies were estimated using two programs 

(Otter, 1970(a) and (b)) for the dipole and quadrupole magnets respect­

ively, employing up-to-date material and fabrication costs. Costs of 

supports, monitors, vacuum, alignment, engineering and installation are 

not included. It is assumed that these costs are not affected sign i fi ­

cantly by the size of magnets used. The percentage increase in the pion 

and muon fluxes as a function of the percentage increase in the cost of 

magnet and power supplies was calculated and plotted in Fig. 4. 4. It is 

seen that the integrated pion and muon fluxes are doub led by us i ng 1011 

gaps and 12" quadrupoles, while the cost increases by about 35% only. 

The total estimated cost of magnets and power supplies for the optimized 

channel is given in Table 4. 1 for the two cases when the maximum oper­

ating momentum is 140 MeV/c (60 MeV) and 160 MeV/c (72 MeV). 
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15 
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25 
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35 

Fi g. 4.4 Increase in total f l ux versus increase in cost for three 

magnet-quadrupole combinations, relative to a reference 

system with 6.511 magnet gaps and 1011 quadrupole apertures. 

(I) 811 gaps and 1011 apertures (except Q3 with 1211 aperture) 

@ 811 gaps and 1211 apertures 

(D I O" II II II II 

Fluxes are for p
0 

= 100 integrated over an area of 

25 cm x 25 cm. 
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Table 4. 1 

Magnets and Power Supply Costs in $1000 

Maximum Momentum Max imum Momentum 

140 MeV/c 160 MeV/c 

number power tota 1 power total 
magnet magnet 

required supply cost supply cost 

Quadrupoles * 

8QN16M/2.2(2 . 6) 5.4 4.0 9~4 5,7 4.2 9,9 

1 2 Q 1 2/ 4 . 1 ( 4 . 7 ) 4 8.8 5.6 58.0 9,5 6.0 62.0 

Bending Magnetst 

C20 X 20/4.9(5.6) 2 17.7 9.8 55.0 19.9 1 1. 0 61.8 

122.4 133.7 

* The LMPF code is used . 

The first f igure is the quadrupole aperture; the second is the po le 

l ength; N stands for narrow and M for mineral insulation. The figures 

after the slash are the pole-tip fields for maximum operating mome ntum 

at 140 and (in brackets) 160 MeV/c. 

t C designates a C- type magnet. The dimensions follow the C in this 

order: pole width, gap (in Roman numerals) and pole length. Pole- tip 

fields are as for quadrupoles. 
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4.2.5 Description of the Optimized Channel 

A schematic layout diagram i s shown in Fig . 4.5 and values of 

the var ious parameters are given i n Table 4.2 in the case where po l e t ip 

fields are set to produce a focus at the midplane and a small first order 

spot at the channe l end . 

The pions are extracted at 135°. Quadrupoles Ql and Q2 br i ng 

the beam, after bending through 45° , to a focus either at the centre of 

Q3 (if the channel is used for muons) or 10 cm upstream from Q3 at the 

location of the momentum defining slit when the channel ~ used for 

pions. The beam is then bent through another 45° and brought to a 

doub le focus, a double waist or a minimum s i ze spot according to the 

f ield settings of the quadrupoles Q4 and Q5, The tota l length of the 

channel is 7.9 m. 

The two 45° bending magnets have 2011 x 2011 rectangu lar pole 

pi eces and 1011 gaps. A C- type magnet may be preferred for Ml in order 

t hat charged particles of the sign opposite to those accepted may be 

def lected out i nto a trap . With a window frame type magnet, and to a 

l esser extent an H-frame, these particles hit the wa l ls of the magnet 

and become a source of neutrons and other secondary partic les. The 

second magnet M2 does not have to be a C- type. 
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target 

Fig . 4.5 Schematic layout of the Phase One channel 

(Pion Collection System). 
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Ta bl e 4.2 

Opt imized Channe l Parameters 

Effective Po le- tip Quadrupole Magnet 
El ement Length Fi eld* Aperture Gap 

(inches) (kG) ( inches) (inches) 

d1 22.4 

Ql 20.0 - 1. 6 12 

d2 8.0 

Q2 18.0 1. 898 

d3 20.9 

Bl 30.0 3. 493 10 

d4 27,5 

Q3 18 . 0 1. 964 12 

ds 27.5 

B2 30.0 3,493 10 

d6 26 .0 

Q4 18 .0 1. 946 12 

d7 8.o 

QS 18. 0 - 2. 898 

da 20 . 0 

* Negative f ields imply vertica l focusing quadrupoles. 

Fields are quoted for operation at p = 100 HeV/c . 
0 

Wi dth 
(inches) 

20 

20 
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The quadrupoles, except for Ql , have 12" long pole pieces and 

12" apertures. Ql has a 1611 long pole piece , 811 aperture, and is radia­

tion hardened . The 811 aperture instead of 12" reduces the solid angle 

of acceptance of the channel by almost 30%. However, design and drawings 

for the 811 lens are available readily, and because of limitations of time 

and effort, the 811 aperture has been chosen for Ql . 

The slit in front of Q3 is to be remotely controlled and will 

be used to adjust the momentum bite accepted for some pion experiments; 

otherwise it wil l remain fully open. Two neutron traps are to be pro­

viced after Ml and M2. The distances d4 and d6 were determ ined so tha.t 

a beam of neutra l particles will not touch Q3 and Q4 respectively. Some 

provision i s to be made for absorbing the charged particles deflected to 

the left (looking along the beam direction) after the first magnet, Ml, 

in order to minimize scattering back into the channel and secondary 

emission. 
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4.3 Expected Performance 

In this section, the calculated performance for n- andµ- of 

the channel shown in Fig. 4.5 is discussed, with the elements positioned 

as indicated in Table 4.2. The central momentum p is 100 MeV/c, except 
0 

in Section 4.3.4, where the yield as a function of momentum is investi-

gated and the fields indicated in Table 4.2 are scaled accordingly. 

4.3. I Channel Characteristics 

(a) Pion Energy 

The energy is variable but · the calculations were carried out for 

several energies between 12 MeV (60 MeV/c) and 73 MeV (160 MeV/c). 

Optimization was carried out at a central momentum of 100 MeV/c 

and parameters were scaled up or down when calculating performance 

at other momenta. Calculated yields for various energy settings 

will be discussed in Section 4.3.4. 

(b) Channel Acceptance for Pions 

The acceptance of the channel was calculated using several methods. 

First, using the program NPFLUX, the solid angle was calculated as 

a function of 6p/p and the results are plotted in Fig. 4.6. The 
0 

maximum solid angle at 6p/p = 0 is seen to be 25.9 msr. These 
0 

calculations also indicated that the momentum bite accepted is± 

17.5% p. The FWHM (Full Width at Half Maximum) of the curve is 
0 

± 9%, which may be used in conjunction with the maximum solid angle 

for estimating pion yields. The above results include second order 
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Fig . 4.6 Solid angle of acceptance as a junction of Ap/p for the 

reference system describ~d by Fig . 4. 5 and Table 4.2. 
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effects. The pion momentum bite transmitted to the end of the 

channel is obtained from the flux calculations with MBEND and is 

between 85 MeV/c and 120 MeV/c; i.e., a momentum acceptance of± 

17. 5% in agreement with the NPFLUX results. The phase space areas, 

calcu lated by the program ACCEPTANCE, are: 

(c) Flux 

2. 00 cm-rad for the horizontal plane, and 

0.32 cm-rad for the vertical pl ane. 

For the reference sett i ngs indicated in Table 4. 2, the calculated 

momentum spectra of pions and muons are shown in Fig. 4.7 and the 

corresponding range curves in Fig. 4.8. These are calcu lated from 

the relations discussed in Section 4 . 3.4 fo r the condition stated 

there . The total n- f l ux i s 2.9 x 108/sec, andµ flux i s 4.8 x 

107/sec, and the pion- to-muon ratio is 5.9. Maximum differential 

flux and stopping rate for pions are 1.54 x 107 n- (sec· HeV/c)-l 

and 1.04 x 108 (sec· g/cm2)- 1 respectively. The correspond ing 

figures for muons are 1.35 x 105 µ- (sec· MeV/c)- 1 and 2.67 x 106 µ 

(sec • g/cm2 ) - 1 respectively . These fluxes are all quoted for p = 
0 

100 MeV/c and an area of 25 cm x 25 cm. The distribution of the 

pion beam in the transverse planes for 6p/p = 0% and 6p/p = 20% are 

shown i n Fig. 4.9 and Fig. 4 . 10 respective l y. 
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4.3.2 Optics 

First order optics were ca l culated using the programs TRANSPORT 

and TRANS . Fig. 4 shows first order horizontal and vertical envelopes 

and the dispersion trajectory (see Append ix B) obtained from TRANS which 

has a plotting routine. It is seen that the system is dispersionless. 

The transverse midplane passes through the centre of Q3 , 

The first order matrix at the midplane, obta i ned from TRANSPORT 

(see Appendix K for the mean ing of the elements and their units) is: 

-0.699 

-1 0.833 

0. 

0 . 

- 1. 

o. 

0. 

-1.431 

o. 

0. 

-0. 137 

0. 

0. 

o. 

- 4.099 

- 35,265 

0. 

0 . 

0. 

0. 

0.012 

- 0. 144 

o. 

0. 

0. 

0. 

o. 

o. 

1. 0 

0. 

0.956 

0 . 

o. 

o. 

-0. 075 

1. 0 

whi ch indicates a horizontal focus (R1 2 = 0), an approximate vertica l 

focus (R34 = 0.012) and a dispersion of 0.956 cm per % in x and O in 

x'. The image is inverted with an x-magnification of 0. 7. At the 

channel end, the matrix is: 

0.661 -0.055 0. 

11 . 2 48 O. 580 O. 

0. 0. 0.103 

0. 0. 231,943 

o. 0. o. 

o. 0. 0. 

0. 

0. 

- 0.004 

0. 164 

0. 

o. 

0. 

0. 

0. 

o. 

I. 

o. 

0. 

o. 

0. 

o. 

-o. 150 

I. 
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Thi s indicates a doubly achromatic beam (R1 6 = R26 = 0) . A focus in 

both planes at the channel end may be obtained by adjusting Q4 and QS. 

The spot size at the focus depends on the distance from QS and the beam 

divergence that can be tolerated. One may trade spot size for lower 

divergence. A double waist (in both horizontal and vertical planes) or 

a beam of very small divergence may be obtained. In Table 4.3, a summary 

of the various conditions and spot sizes is given with corresponding 

settings for quadrupoles Q4 and QS and the drift space d8 . The spot 

sizes were calculated using the program NPFLUX, which employs the first 

and second order transfer matrices provided by TRANSPORT (see Appendix 

K). The first order spot sizes were obtained by replacing the elements 

of the second order matrices with zeros. 

Second and higher order effects make the pion beam spot size 

about twice as large as its first order size in both the horizontal and 

the vertical planes. This is due almost completely to the second order 

* chromatic aberrations caused by the large accepted momentum bite of± 

17.5% p . This may be seen in Fig. 4. 12, which displays the percentage 
0 

increase in the horizontal spot size of the beam as it travels along the 

channel. This increase was calculated using a method (Lobb, 1972a) which 

determines the maximum value of the position coordinate when second order 

chromatic effects are present in a first order achromatic system. The 

horizontal spot size of beam at the end of the system is about 65% larger 

than the first order size. The difference between this result a nd those 

of Table 4.3 is partly due to different input assumption. In the method 

* Chromatic aberration i s a term used to describe the change in 
trajectories due to the momentum deviation 6p. 
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Table 4.3 

Summa ry of Beam Characteristics 

Pion beam d i s t ance Fields (kG) beam size x(cm) y(cm) 
requirement da (m) Q4 QS 1st order 2nd order 

Doub 1 e focus 
(R12=R34=0) 0 . 5 I . 989 - 3. 244 7 X 3,5 16 X 8 

II II 0. 75 1. 876 - 2.667 8 X 5 17 X 10 

II I I 1.0 1. 794 - 2 . 337 9· x 6 J8 X 12 

Double waist 
(cr21=cr43=0) 0.5 1. 527 - 0 .828 6 X 20 12 X 26 

II II 0.75 1. 424 - 0.787 8 X 20 14 X 26 

x-focus, min y 
(R12=0, cr33=small) 0.5 I . 942 -2.873 6 X J 15 X 4 

Para l lel beam 
(R22=R44=0) 1.0 1. 228 - 1. 097 J 6 X J 0 24 X 18 

1. cr .. are beam matrix elements i n the TRANSPORT notation (see Appendix K) 
IJ 

2. See Fig. 4.5 for location of d8 , Q4 and Q5 . 

3. 1st and 2nd order sizes are obtained using NPFLUX, based on a 10 cm 

long and 1 cm high production target. The sizes quoted contain at 

least 95% of the beam. 
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used to calculate the data of Fig . 4.12, an ellipsoidal beam was assumed 

which may or may not be representative. 

Correction for second order effects was attempted using curva­

ture of the edges of the two bending magnets but no significant improve­

ment was found. Slight improvement was obtained using sextupole magnets 

but it was considered insufficient to warrant inclusion of such magnets. 

4.3.3 Tolerances 

The tolerances for the various system parameters (Lobb, 1972b) 

were calculated using the prog'ram TRANS (Chan, Hunt and Lobb, 1972). 

For magnet current tolerances and for tolerances on quadrupole rotation 

a required t olerance on the beam spot of± 10% is assumed. For the 

tolerance on the bending magnet rotation (twist) the fractional change 

of the beam spot size caused by a 10 mrad input twist is calculated. 

The effects of a harmonic content of 1% and 2% of the basic quadrupole 

field at 80% of aperture on the beam size is calculated by this program. 

These tolerances are rather small for the requ irements of a stopped 

meson channel. 

For the bending magnets, the calculated current tolerance is 

0.46% for a 10% increase in spot size which, in practice, is easily 

obtainable with commercially available power supplies. The current 

tolerance is the same for both bending magnets. Results of a 10 mrad 

twist of each of the two bending magnets indicates a maximum increase 

of 0.6% in the spot size for the second magnet in they-plane. It is 
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half of this value for the first magnet. In the x-plane, it is about 

0.02% for both magnets. Thus, if alignment to within 20 to 30 mrad 

(1° to 1.5°) is achieved, the beam spot size increases by only 1 or 2%. 

For the quadrupoles, the current tolerance is 0.7% for a 10% 

increase in beam spot size. This is readily obtainable with commercial 

power supplies. The same increase in the beam spot size is produced by 

a rotation of 40 mrad in the x-plane or 9 mrad in they-plane. This y­

plane tolerance is small. Although in practi~e the quads can be aligned 

to within about 10 mrad, very careful alignment is not necessary because, 

as mentioned earlier in this section, an increase in beam spot size of 

more than 10% can be tolerated and also because it is possible to correct 

for the effects of these rotations by empirical adjustments of the system 

settings. 

A 1% higher harmonic error field produces a maximum possible 

increase in the beam spot size of 1. 5 cm in the x-plane for quadrupole 

Q2. However, in most other cases, the increase is less than 1 cm. The 

quadrupoles which are most critical are Q2, Q4 and QS , in that order. 

The effects are negligible in they-plane. A harmonic content of 2% 

produces a maximum increase of 3 cm in the beam size for the x-plane 

and negligibly small increase for they-plane. Thus, although 2% har­

monic content is tolerable, 1% is preferable. 

The errors introduced by displacing a quadrupole 0.5 cm along 

the beam axi s leads to an increase of 2 cm in beam size for the x-plane 

and 0.3 cm for they-plane when the errors for all the quadrupoles are 

combined together. Therefore, the quadrupoles should be positioned to 
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within 0.5 cm or less. Bending magnets should be positioned much more 

precisely along the beam axis - to within or 2 mm. 

4.3.4 Calculated Yields and Variation with Energy 

Pion and muon yields were calculated using the program MBEND. 

The initial differential pion flux~; entering the channel was calculated 

from the relation: 

where 

dE • 6Q 
dp 

I = primary proton current - protons per second, p 

Nt = number of target nuclei per cm2 , 

(4.3.1) 

6Q = solid angle subtended at the source by the first 

quadrupole in steradians, and 

d2 cr 
dQdE = pion production cross section in cm2 (MeV • sr)- 1 • 

The cross section was assumed constant over the range of energy considered. 

The yields are quoted for a 100 µA beam of 500 MeV protons, a JO cm long 

Be production target, and the geometry of Fig. 4.5, assuming a pion pro­

duction cross section of 5.5 µb (MeV • sr)-1 . 

The calculated yields as a function of energy are summarized 

in Table 4.4. Fig. 4. 13 shows the yields as a function of central 

momentum. It is to be noted that both pion and muon fluxes increase 

with momentum, particularly the backward decay muons. The increase of 

muons with energy, although the fraction of pions decaying in the channel 

decreases with increasing energy, is due to the increase in muon capture 

efficiency because of the smaller decay angles at higher energy. 
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Tab le 4.4 

Variation of Pion and Muon Yields with Energy 

Po (MeV/c) 60 80 100 120 140 160 180 

K. E. (MeV) 12.4 21.3 32. 1 44. 1 58.6 72 . 8 88 

Tota l flux (sec)- 1 

108 X TT- 0.42 1.35 2.81 4 . 87 7.38 1 0. 1 13.3 

107 X total µ 0.60 2.50 4.42 7 . 28 11.6 16.5 21.8 

·t 06 X backward - 0 . 07 0.40 1. 46 3.66 7.38 15.6 23.7 µ 

TT/µ ratio 7 .0 5. 4 6.4 6.7 5. 7 6. 1 6. l 

Max. diff. flux (sec • MeV/c) - 1' 

107 X 7T - 0.38 0.93 t. 48 2. 13 2.80 3.54 3.93 

106 x forward µ - 0.68 1.28 1. 74 2.52 3.54 4. 45 4.78 

105 backward - 0.08 0.35 0.94 1.92 3,57 5.52 7.49 X lJ 

n/µ (forward) 5.5 7.3 8.5 8.4 7,9 8.0 8.2 

Max. stopping rate (sec . g/cm )-1 

107 X - 7. l 6 10.2 9. 77 10.8 11.2 12.2 11. 6 1T 

106 x forward µ 6.63 6.46 6. 88 8.62 10.3 11. 5 11. 5 

106 x backward µ - 2. 42 2.36 1.85 2. l 6 2.71 3. 12 3. 19 

Fluxes calculated for 100 µA protons on a 10 cm Be target and on an area 

of 25 cm x 25 cm. "Backward µ- " integrated over the backward muons peak . 
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IOx .forward µ. 

100 

MOMENTUM 

140 

( MeV/c} 

TT' 

-µ. 

180 

Fi g. 4. 13 Total f l ux as a function of channe l centra l momentum fo r pions, 

forward muons, and backward muons and for the reference system 

descr i bed by Fig . 4.5 and Tab l e 4. 2. Fluxes calcula ted for 

JOO µA protons on a 10 cm Be target and an area of 25 cm x 25 cm 

wi th the channel set to 100 MeV/c. 
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However, the rate of increase starts to diminish after 160 MeV/c, as 

seen by the change in direction of the curve for the backward decay 

muons. Fig. 4. 14 indicates similar tendenc ies for the va ri ation of 

the maximum differential flux with momentum. The curves tend to 

fl atten out after 160 MeV/c. 

The change in the maximum stopping rate with momentum in 

Fig. 4. 15 is seen to have less momentum dependence. This is because 

another factor is involved; namely, the dp/dR values used t o calculate 

the stopping density from the relation: 

dn dn ie_ 
dR = dp dR 

(4.3.2) 

where R is the range. dp/dR is a non-linear function of momentum and 

has large values at low momenta decreasing as the momentum increases. 

A table of Rand dp/dR (in MeV/(g/cm2)) is given in Appendix C. The 

stopping rates for pions shows two maxima, a low energy one at 80 MeV/c 

and a high energy one at 160 MeV/c. However, for pions, operation at 

low energy is preferred in order to avoid the need for thick degraders. 

The stopping rates for forward muons reach a maximum at about 160 MeV/c , 

then flatten out . The maximum for backward muons is at 180 MeV/c. 

However, it is almost flat between 160 and 180 MeV/c. 
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It should be noted that, although the stopping rates for 

forwa rd muons, as indicated in Fig. 4.15 or Table 4.4, is between 3 

and 4 times the rates for backward muons ; only a fraction of these 

can be extracted since the pion and forward muon peaks coincide. 

This point will be discussed further in Section 4.4. 

4.3.5 Beam Spill 

To calculate the beam spill at var ious locations, a beam con­

taining particles originating at the pion production target Is defined 

by a cone formed by the target and the first aperture of the channel. 

Each particle is generated at the target with random position, s lope, 

and momentum deviat ion (with in ± 10 MeV/c). Its displacement from the 

axi s is then calculated at the end of each element of the system and 

compared with the specified aperture rad ius of the element. If it is 

smaller than the aperture, the particle is passed to the next element, 

otherwise it is considered lost and is added to the spill at the loca t ion 

of that element. The apertures are assumed circular except for the bend­

ing magnets where rectangular apertures are assumed. 

The calculations were carried out using the program NPFLUX. 

The results for a sample of 2 x 104 particles are summarized in Table 

4.5, which indicates that most of the spil l occurs within the f irst 

section before the first bending magnet. To obtain actua l fluxes of 

spilled particles at the various locations, the initial total pion 

flux generated at the target is multiplied by a max imum sol id angle 
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Sp i 11 location 

end of d1 

II II QJ 

II II Q2 

II II d3 

II II HI 

centre of Q3 

end of d5 

II II H2 

II II d5 

II I I d7 

II II Q5 

II II da 
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Table 4,5 

Beam Sp i 11 

Apertures 

Quad or drift 

radius 

15 

10 

15 

15 

15 

15 

15 

15 

15 

15 

* See Fig. 4.5 for element designation. 

(cm) 

Magnet 

X ...L Sp i 11 (%) 

58.6 

28.5 

0.9 

0 

20 12. 5 0 

0 

0.2 

20 12.5 0.8 

1.4 

0.7 

0 

0 
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calculated by NPFLUX. This angle is 0.386 sr for the system described 

by Fig. 4.5 and Table 4. 2. The product is used in conjunction with the 

percentages l isted in Table 4.5, 

4.J.6 Contamination 

In this section, contamination of the meson beams by protons, 

electrons and neutral particles is discussed. The pion content of the 

muon beam and muon content of the pion beam is discussed in Section 4.4 

for the various modes of operation. The neutral particles flux for a 

channel with bends is low because they are not affected by electro­

magnetic bending devices. In the following paragraphs, an estimate of 

the flux of some of these contaminants is made. 

(a) Neutrons 

Neutrons originate from the primary production target and from pro­

tons and pions stopped along the channel , in the degraders, and in 

the secondary experimental targets. Data on neutrons generated in 

a Be target by a 500 MeV proton beam are not available. However, 

available experimental and calculated data are summarized in the 

Yale report Y12 (Yale Staff, 1964). Using these data, an estimate 

of the low energy neutron flux generated at the target indicates 

5 x 1013 neutrons per second. Higher energy cascade neutrons are 

greatly reduced by the choice of a backward production angle. 

The attenuation coefficient for the channel is calculated from the 

following relations (Yale Staff, 1964): 
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1 a 2 a g(x) = 1+ (x) (1 + k • ;) for a st rai ght sect ion, 
(4.3.3) 

and = c/sin e for a bend 

where a is a semi-aperture 

xis the distance along the channel, 

C = 0. 1, assuming a void facing the bend, 

and k is a number depending on the albido of the shielding for 
1 a 2 

neutrons. If k = 0, then one has the stra ight geometry term 1+ (;) 

Using the above relations, the ca l culated attenuation factor of the 

channel is ~ 1 x 10- 10. Thus, the neutron f l ux at the channel exit 

is~ 5 x 104 • With a pion flux of 3 x 1O8/sec ava il able at the channel 

exit, the neut ron-to-pion ratio is 1.4 x 10- 4 • Si nce the muons are 

roughly one tenth the intensity of the pions, the neutron-to- muon 

ratio is ten times that for pions. 

It is difficult to estimate the neutron flux generated by pions and 

protons stopping along the channel. However , some order of magnitude 

estimates are possible. As shown in Table 4.5, about 93% of the pions 

admitted into the channel are lost within the first section before the 

magnet Ml. The contribution of these pions to the neutron flux i s 

negligible, as they are close to the target and are attenuated by 

the same factor as those generated in the target. The remaining 7% 

include pions within the momentum range accepted by the channel, 

which amounts to 5%, and those outside this momentum range, which 

make the remaining 2% lost in the rest of the channel, mostly at 

the second bend an-0 the drift following it. These 2% amount to 
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l x 108 pions/sec for p = 100 MeV/c. It is assumed that each positive 
0 

(negative) pion stopping in the walls produces 0.2 (2) neutrons (Hughes 

et al., 1971). Thus 2 x 107 (1 x 108 ) secondary neutrons are generated. 

The combined attenuation factor for the second bending magnet and the 

section following it is 2 x 10-4 . The secondary neutron flux due to 

pions lost in the channel is, therefore, 4 x 103 (2 x 104 ) neutrons/ 

sec , which shows that this is a more important source of neutrons than 

the production target . 

For negative meson beams, the secondary protons generated in the target 

are eliminated by the first bend and their contribution to neutron. pro­

duction is negligible. Therefore, the total neutron flux from the 

target and the channel walls would be~ 7 x 104 giving a neutron-to­

pion ratio of 2 x 10-4 . 

For positive meson beams, the secondary protons which pass the first 

bend and are lost near the second bend would be an important source 

of neutrons, However, these protons are peaked in the forward direc­

tion and, at the production angle of 135° chosen for this design, the 

protons production cross section for Be is a 1 ittle less than half 

that of pions (Nagle et al., 1969). Thus, the proton flux accepted 

into the channel may be assumed to be half the pion flux, or~ 5 x 108 

protons/sec. Only about 2% of this flux is lost in the second half 

of the channel. Assuming each proton produces two neutrons, the 

neutron flux is ~ 2 x 107/sec. With an attenuation factor of 2 x 10- 4 

for the second bend and the last two quadrupol es, the neutron flux 

reaching the channel exit is 4 x 103/sec. Therefore, the combined 
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flux from all sources is about 8.5 x 103 , giving a neutron-to-pion 

ratio ~ 3 x 10-5. When the channel is tuned for backward muons, 

however, the neutron-to-muon ratio is ~ 6 x 10- 3 or 0.6%. 

(b) Gamma Rays 

Gamma rays, other than those produced in the experimental target, 

decay in or close to the production target . Neutron capture by 

nuclei of material in the beam line also produces gamma rays. Be­

cause then° flux is much less than the neutron flux produced at 

the target, the number of gamma rays is about 10% of that of the 

neutrons (Hughes et al., 1971). Since they are attenuated approx­

imately by the same factor in the channel, their output flux is 

about 10% that of the neutrons. At the experimental target, how­

ever, gamma rays are produced from pions or protons stopping in 

the degrader. 

(c) Protons 

About 2 x 107 protons/sec with the same momentum as the pions are 

accepted by the channel. These are low energy protons (less than 

5 MeV for 100 MeV/c) having a range of~ 0. 1 g/cm2 C. Thus, they 

can easily be absorbed in thin foils and vacuum windows. The 

proton-to-pion ratio is, therefore, zero but proton scattering 

into the channel from surrounding material may give rise to a 

neg! igibly small value. 



- 93 -

(d) Electrons 

The principal source of e lectrons, oth~r than the degraders and 

exper imental target, is usually attributed to pair production from 

t he gamma rays produced from TI 0 decay in the production target. 

The cho ice of 135° for the angle of p ion extraction reduced the 

e lectron-to-pion ratio as indicated in Fig . 2.3 of Section 2. 1. 

Data for the 500 MeV TRIUMF beam are not available . However , 

using the Los Al amos data for Be (Nagle et ai. , 1969) the e+/TI+ 

ratio i s ,037 for 90 MeV pions, which should be lower for a proton 

energy of 500 MeV and 40 or 50 MeV pions. Assuming a rat io of 

0.03, the e l ectron f l ux accepted by the channel is~ 4 x 107, 

which also assumes that the channel acceptance for p ions and 

electrons is ident ical. This gives a pos i tron- to- pion rat io of 

about 12%. The rat io for negat ive pions is about three times 

h igher since the cross section for negative pions is about three 

times smaller than that for positive pions and thee- and e+ yields 

are approximately equa l . 

4.3.7 Muon Polarization 

The polarization of the muons (see Sect ion 2.4) as a function 

of momentum is (Jensen and ~ver~s, 1958) 

~ 

( 1 - s:> E - E 
~ 

TI µ 
cos = 

* 
(4.3.4) 

B µ Pµ 
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where E 
'!T' 

E and p are 
IJ IJ 

the pion and muon energies and muon momentum in 

the laboratory system, and * f\ is the muon velocity, re lative to the 

ve locity of I i ght, in the rest system of the pions . The polarization was 

ca l cu lated, using MBEND, for the spectrum shown in Fig . 4.7 and is dis­

pl ayed as a function of momentum in Fig. 4.16. It is seen that if 90% 

polarization or better is required, forward muons having higher momenta 

than 90 MeV/c or backward muons having lower momenta than 40 MeV/c 

shou l d be collected for the case where the channel centra l momentum is 

100 MeV/c . The muon flux of a given polarizat ion is in Fig . 4. 17 aga i nst 

pol arization. It ind icates that muons in the forward peak are 90% 

po larized and those in the backward peak are 85% polarized. 

4. 4 Modes of Operation 

4. 4. I Operation as a Stopped Pion Channel 

For this case, the setting of quadrupole Q2, indicated i n 

Table 4.2, is changed to 2.0 kGauss in order to obta i n a focus at the 

position of the slits 10 cm upstream of Q3, the centre quadrupole . If 

the momentum bite is to be 1 imited, the vertical sl i ts are closed to the 

req uired s i ze. In Tab le 4.6 are surrmarized the various settings of the 

slits with the corresponding fluxes, beam sizes , momentum bites ~P and 

so l id angles ~n transmitted by the slits. With the slits fully open, a 

pion beam with an x- focus and min imum y- size i s formed 0.5 m downstream 

from Q5 by adj usting the latter and Q4. The pion flux, momentum spread 

~p and pion-to- muon ratio were calculated with MBEND. The spot sizes 
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Table 4. 6 · 

Negative Pion Flux, Momentum Acceptance, and Beam Spot Size for Various Settings of the Slits 

S 1 It Flux 

Openings tip Ml Spot Size Max Stopping Rates Total Rat lo 
% 

(cm) % msr x (cm) • y (cm) 108 (sec . g/cm2 ) - l 108/sec n/µ 

Fully open ± 17. 5 28.3 16 X 4.0 I. 15 3. 1 100 6.0 
\D 
-...J 

± 7.5 ± 12. 5 28.0 14 X 3.5 I. 15 2. 4 77 .2 6.3 

± 5.0 ± 8.5 27.7 13 X 2.5 1. 14 1.7 55. 1 6.4 

± 2.5 ± 5. 5 25.8 12 X 2.0 I. 13 0.94 31. 0 6.7 

± 1. 0 ± 4.0 11.0 10 X 2.0 o.49 0. 36 11. 4 7. 1 

± 

Channe l central momentum p Is 100 MeV/c . 
0 

The spot sizes quoted contain at least 95% of the pion beam. 

Yie lds are quoted for 100 µA, 500 MeV protons on a 10 cm Be target. 
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which contain 95% of the beam and the solid angles of acceptance were 

calculated to second order with NPFLUX. Table 4.6 indicates that, as 

expected, the pion flux decreases with narrower slit openings. But the 

pion-to-muon ratio in~reases and about 14% muon contamination is left 

when the slits are set to± 1 cm. At this setting, the total pion flux 

is 3.6 x 107/sec, which is still more than adequate for a large number 

of experiments, and the momentum bite is± 4 MeV/c. 

The calculated momentum and range spectra are very similar 

~o those shown in Fig. 4.7 and Fig. 4.8 when the slits are fully open. 

However, when the st its are set to± 1.0 cm, corresponding to a ~p/p of 

± 4%, the calculated momentum spectrum is shown in Fig. 4. 18 and the 

range spectrum in Fig. 4. 19. The pion beam distribution in the t rans­

verse plane is shown in Fig. 4.20. 

4.4.2 Operation as a Stopped Muon Channel 

The use of the first part of the channel by itself, the pion 

collection system, as a muon channel is investigated. Several methods 

are s tudi ed. 

(a) Collecting Backward Decay Muons by Detuning the Second Half of the 

Channel 

In this method, the second bending magnet M2 and the quadrupoles Q4 

and Q5 were tuned to col lect low energy muons from backward decaying 

pions originating in the section between Ml and M2. The momentum 

spectrum at the entrance to M2, shown in Fig. 4.21, indicates that 
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the backward muon peak is centred at 42 MeV/c when the main channel 

is operated at a central momentum of 100 MeV/c. Maximum yield of 

low momentum muons was obtained when M2, Q4 and Q5 were set for a 

central momentum of 40 MeV/c while the first part of the channel was 

unchanged at 100 MeV/c. The muon output momentum and range spectra 

for this case are shown in Fig. 4.22 and Fig. 4.23 respectively. 

The maximum stopping density in a 10 cm x 10 cm target, as seen in 

Fig. 4.23, is 1 x 106 µ- (sec • g/cm2 )- 1 . However, the actual 

available yield is 4 x 105 µ-/sec; these may be stopped in a 0.6 

g/cm2 C target after a 0.2 g/cm2 C degrader that does not stop any 

muons because of the low energy cutoff at 30 MeV/c. Muon polarization 

as a function of momentum is shown in Fig. 4.24, indicating that the 

maximum polarization is 90% for muons with momenta around 45 MeV/c 

which is the muon peak momentum. For a target 25 cm x 25 cm in area, 

the maximum stopping density is 2.7 x 106 (sec· g/cm2)- 1 and the 

total flux is 2.0 x 106 • 

Higher yields may be obtained if the channel is operated at a higher 

momentum. This wou ld be appropriate when thicker targets are used. 

A s imilar calculation to the above was carried out with the channel 

central momentum set at 160 MeV/c. The spectrum at the entrance to 

M2, shown in Fig. 4.25, indicates a backward muon peak at 90 MeV/c. 

M2, Q4 and Q5 were then tuned to this momentum and the output pion­

free spectra are shown in Fig. 4.26 and Fig. 4.27 for the momentum 

and range spectrum respectively. For this case, the total negative 

muon flux in a JO cm x 10 cm area is 2.5 x 106/sec. Thus, for a 
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2 g/cm2 carbon target, for example, it is possible to stop 1.5 x 

106/sec using an approximately 6 g/cm2 carbon degrader. The muon 

polarization as a function of momentum is shown in Fig. 4.28. For 

a target 25 cm x 25 cm in area, the maximum stopping density is 

1.0 x 106 and the total flux is 7,1 x 107. 

(b) Using a Plug to Stop the Pions and Collecting the Muon Halo 

In this mode, the pions are focussed into a narrow strip which covers 

a small part of the total area of the muon beam (it is not possible 

to focus the pions into a small spot because of the second order 

effects discussed in Section 4.3.2). An absorber, extending across 

the full width of the beam pipe in the horizontal plane and having 

the same height as the pion beam in the vertical plane, is placed at 

the pion focus. The thickness of this plug depends on the maximum 

momentum of the pions and is chosen so that all the pions are stopped. 

For the case considered here, the channel central momentum is set at 

100 MeV/c and the maximum momentum transmitted is 120 MeV/c. The 

range of 120 MeV/c pions is 8.25 g/cm2 carbon, which should be the 

thickness of the plug neglecting range straggling. 

For a 1 cm high proton beam at the production target, the resulting 

pion distribution in the transverse plane at the focus, calculated 

to second order, is shown in Fig. 4. 10 (see Section 4.3. 1) for a 

momentum interval of± 10%. It is seen that 97% of the pions are 

contained within a strip 18 cm x 4 cm and 99% are contained in a 
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22 cm x 4 cm strip. If the proton beam height could be reduced to 

0.5 cm, the height of the strip will be reduced accordingly. A 

calculation with MBEND using a transverse area of 25 cm x 25 cm 

and a similar calculation using an area of 25 cm x 4 cm gave the 

difference in the muon total flux as 1.6 x 107 µ-/sec . This is the 

intensity of the muons forming the halo. These muons, though, are 

contaminated with pions. The pion content is 77%. If the plug 

size is increased to 25 cm x 6 cm, the total muon flux transmitted 

is reduced to 1.2 x 107/sec but the pion contamination is also 

reduced to only 1.5%. 

The muons in the halo are transmitted above and below the pion plug. 

The momentum and range spectra are shown in Fig. 4.29 and Fig. 4.30 

respectively . These are obtained by subtracting the spectrum for the 

25 cm x 6 cm case from the spectrum shown in Fig. 4.7 for the case of 

no plug where the area at the exit is 25 cm x 25 cm. Fig. 4.29 

indicates that the forwa rd muon peak has shifted upwards to 109 MeV/c 

from about 100 MeV/c and the backwards muons to 45 from 42 MeV/c. 

The muons passing through the plug wil ·l be degraded in energy and 

will, therefore, not contribute to the useful muon intensity. If 

a 9 g/cm2 carbon degrader is used, about 5.4 x 106 µ-/sec may be 

stopped in a 1 g/cm2 target, using the forward muons. Using the 

backward muon peak, about 1.2 x 106/sec may be stopped in I g/cm2 

carbon target after a 0.25 g/cm2 C degrader. The disadvantage of 

this method is the large background flux of neutrons and electrons 

generated by pions and muons stopping in the plug. 
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(c) Using an Absorber to Stop the Pions and Degrade the Muons 

In this mode, a large absorber filling the beam pipe is placed at 

the pion focus. The th i ckness i s chosen accord i ng to the pion energy 

so t hat all the pions (and, incidentally, the backward low energy 

muons) are stopped because of their lower range compared to the 

fo rward muons which are degraded to a lower energy and col l ected 

beh ind the absorber . For the case considered here, the channel 

cent ral momentum is JOO MeV/c as in the previous case considered 

in (b) above. The absorber thickness required to stop a l l p ions 

is 8.25 g/cm2 of carbon. {twi ll also stop a ll muons wi th momenta 

l ower than JOO MeV/c. Muons of higher momenta, including t hose in 

the peak at 103 MeV/c (see Fig. 4.7), are transmitted. The momentum 

spect r um of the transmitted muons is shown in Fig. 4.31, indicat ing 

a sh ift of the peak to the lower momentum of 47 MeV/c and the d i s­

appearance of the low energy side of the forward peak. The corres­

ponding range spectrum is shown in Fig. 4.32. 

The total muon flux before the beam enters the absorber is 4.8 x 107 

µ-/sec (see Section 4.3. l). The total flux transmitted through the 

absorber is 3. 4 x 107/sec neglect i ng losses due to multiple sca t tering . 

An estimate of mult ipl e scattering losses was made using ca lculated 

curves (Sternhe imer, 1954) of the fraction of particles travers i ng a 

counter of a given area placed a given d1stance from the absorber . 

For a target 25 cm x 25 cm i n area , for which the above fluxes are 

quoted, placed 20 cm downstream from the absorber, the loss due to 
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multiple scattering is 15%. The refore , the total muon flux available 

at the target is 2.9 x 107 µ-/sec . This is much l arger than that 

obtained from the muon halo discussed above. However, as in the 

previous case, a large background of neutrons and electrons is gener­

ated as a result of the pions and muons stopped in the absorbe r, 

which is a distinct disadvantage. 

+ (d) Collecting 4 MeV µ from Pions Decaying at Rest in the Production Target 

Pions of very low energy may stop c lose to the surface of the product ion 

target . Negat ive pions wil l be captured by the target mater ial but 

positive pions may decay into muons wh i ch escape the target. The 

energy of these muons will range between 4. 12 MeV for those produced 

from pions stopped at the surface of the production target to zero 

for muons coming from pions stopped far enough inside the target for 

the muons to lose al l their kinetic energy by degradat ion in the 

target material. 

To collect these muons the channel should be tuned to a central 

momentum of 27.5 MeV/c. The momentum acceptance of the channel is 

± 10%, which means that muons with momenta between about 25 MeV/c 

and 30 MeV/c wil l be transmitted, covering the peak ind icated by 

the Ar izona experimental results (P i fer et al,., 1971). If the 

Ar izona experimental resu l ts are scaled to the TRIUMF energy, 

current and production target, the curve shown (n Fi g. 4 . 33 is 

obtained, indicating a maximum f lux of 5 x 105 µ+/sec in a 100 cm2 

target. 
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4.4.3 Operation of the Channel with the Analyzing Magnet 

Although the momentum analyzing system will be discussed In 

Chapter 5, resu l ts are given here for the 90° analyzing magnet when used 

to separate the pions from the muons after the first section of the channel 

(the pion collection system) in the absence of the straight section. To 

match the magnet to the channel, Q4 and Q5 are adjusted to a pole-tip 

field of 1.76 and -2.37 kGauss respective ly, and d8 is increased to 2411
• 

Other elements of the system are unchanged as listed i n Table 4.2. 

(a) Us i ng the Analyzing Magnet for Collecting Backward Muons 

With the channel tuned to a central momentum of 160 MeV/c, the back­

ward muon peak is at 85 MeV/c. The analyzing magnet is tuned to this 

momentum which is the optimum setting for maximum stopped flux. The 

pion-free momentum spectrum is shown in Fig. 4.34 and the correspond­

ing range spectrum in Fig. 4.35. The muon polarization as a function 

of momentum is shown in Fig. 4.36 , The tota l muon flux for th is case 

is 1.0 x 107 µ-/sec integrated over an area of 25 cm x 25 cm. From 

Fig. 4.35 it is seen that, if a carbon degrader of 5.0 g/cm2 is used, 

3.8 x 106 µ-/sec may be stopped in a 1 g/cm2 carbon target. If the 

channel is operated at a central momentum of 100 HeV/c, the backward 

muon peak is at 45 MeV/c. The analyzing magnet is tuned to this 

momentum and the corresponding spectra are shown in Fig. 4.37 and 

Fi g. 4.38. The muon po larization is shown in Fig. 4.39. The total 

muon flux is 1 x 106 µ-/sec for a 25 cm x 25 cm area. For this case, 

0.7 x 106 µ-/sec may be stopped in a 1 g/cm2 carbon target without 

using a degrader . 
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(b) Using the Analyzing Magnet for Forward Muons 

With the channel tuned to a central momentum of 100 MeV/c, the pion 

cut-off occurs at 120 MeV/c and a pion-free forward muon beam is ob­

tained when the analyzer is tuned to 132.5 MeV/c. The muon momentum 

spectrum for this case is shown in Fig. 4.40 and the range spectrum 

in Fig. 4.41 . The total flux is 2.7 x 106 µ-/sec for an area of 

25 cm x 25 cm. and the maximum stopping dens i ty is 1. 1 x !06 (sec · g/cm2 )- 1 . 

If the analyzer is tuned to 130 MeV/c, a pion contamination of 0.5% is 

obtained but the total muon flux is almost 50% higher at 4 x 106/sec. 

The ana l yzing magnet may also be used to collect forward muons in 

conjunction with the methods outlined in Section 4. 4.2 (b) and (c) 

where absorbers are used to stop the pions. The analyzer, in this 

case, will serve to reduce the background particles generated in 

the absorber. 
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CHAPTER 5 

PROPOSED TRIUMF STOPPED PION/MUON CHANNEL 

PHASE TWO 

5. 1 Cho ice of Straight Section 

Four types of channe l s were cons idered, in more or less detail , 

for the design of the straight section: a helica l quadrupo l e , a coaxial 

beam guide, a superconducting soleno id, and an a l ternating gradient 

quad r upole. The latter is chosen. The reasoning behind this choice, 

which is based on performance, cost and flexib il ity, is summarized i n 

the fol l owing pa ragraphs, outlining the a r guments for each type. 

The helical quadrupo le magnet was cons idered and not found 

s ui t able . The basic concept and t he advantages and disadvantages of 

th i s type of channel were discussed in Sect ion 3.4, which ind icates no 

clear advantages as a straight section. Although it may offer a cost 

advantage, i t i s a sing l e purpose dev ice and has a lower acceptance than 

the al ternat ing gradient quadrupole channe l . 

The coaxial beam guide was also ·considered and found unsuitable. 

This device was discussed in Section 3.3 and its main advantage as a 

stra ight section is its low cost. However , the disadvantages discussed 

i n Section 3.3, in particular its low acceptance and lack of flexibility, 

makes it unsuitable even at a relatively low cost. The lack of published 

performance data fo r the only existing guide at Carnegie-Mellon make it 

difficult to evaluate its performance in practice. 
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The superconducting solenoid was discussed in Section 3.2, 

where the merits and disadvantages of the device are considered . Its 

very high capture efficiency for muons, 100% for low energy muons, 

makes it suitable as a straight section. However, the disadvantages 

discussed in Section 3.2, in particular the divergence of the beam at 

the exit, and the relatively large development and design program 

that would be involved (requiring funds and manpower not available at 

TRIUMF) made it less attractive, at least at the present time. 

The alternating gradient quadrupole channel was discussed 

in Section 3.1 This type of shannel is most suitable as a straight 

section because of its flexibility and proven performance in 

existing channel s . An obvious advantage is that it can be built in 

stages as funds become available. In addition, there are several 

manufacturers experienced in makeing quadrupoles, thus avoiding in-house 

design and development which require unavailable manpower. It has, 

therefore, been chosen for the straight section of the stopped pion/muon 

channel. 
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5.2 Design of the Straight Section 

5.2. 1 Design Aims and Procedure 

The aim is to maximize muon stopping density within the 

limits of available funds . To realize this aim, phase space and 

momentum acceptance and capture efficiency must be maximized. These 

quantities are functions of quadrupole apertures, length, spacing 

and magnetic fields. The procedure was to adjust quadrupoles Q4 and 

Q5 of the pion collection section (see Fig . 4.5) to form a waist in 

both transverse planes at the centre of the first quadrupole of the 

alternating gradient channel. · Initial channel parameters are then 

chosen for which the stability condition (Citron et aZ., 1963) 

leas µj < 

is satisfied . Cosµ is half the trace of the transfer matrix through 

one period. (A period is the system between the centres of two 

successive focussing quadrupoles.) Cosµ is related to the channel 

parameters length, spacing and gradient through the parameter n 

defined in Appendix F. 

The parameters are then optimized using the linear optics of 

TRANSPORT so that the beam waist repeats itself periodically, keeping 

transverse displacements within the aperture of the quadrupoles . 

Further optimization was then carried out for the individual parameters 

using MBEND. 



- 133 -

5.2.2 Parameter Optimization 

The following channel parameters are optimized for maximum 

stopped muon rates from the backward decay of pions with a central 

momentum of 160 MeV/c: 

(a) fie l d gradient of the channel quadrupoles, 

(b) quadrupole apertures, and 

(c) number of quadrupoles (length of the straight section) . 

Although quadrupole spacing is an important parameter; the optimum value 

for maximum channel acceptance is zero (Ya le Staff, 1964). Therefore, 

in practice, this separation s~ould be given the minimum value consistent 

with c l earances on the quadrupole ends. 160 MeV/c is the optimum momentum 

for operating the pion collection section to inject the maximum pion flux 

into the straight section (see Table 4.4). 

(a) Field Gradient 

With other parameters fixed, the fie ld gradient of the channel quad­

rupoles is varied and the change in the stopped muon flux is noted . 

The results are summarized in Fig. 5 . 1 which shows the change in the 

backward stopped muon peak and the total backward muons as functions 

of field gradient. These results are for a system consisting of the 

pion injection section plus six alternating gradient quadrupoles with 

zero spacing. This choice of number and spacing is made in order to 

reduce computing time and it is considered sufficient for the purpose 

of these calculations. An exit window of 25 cm x 25 cm is used for 

estimating fluxes at the end of the system. The total backward muons 

are obtained by integrating the differential flux over the range of 

momenta covered by the backward peak. 
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Fig . 5. l Variation of backward muon flux with the A.G. field 
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for an area of 25 cm x 25 cm at the end of the straight 

section and for p = 160 MeV/c. 
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It is seen f rom Fig. 5 . 1 that the total backward f l ux and the back­

wa rd muon peak are maximum at a field grad ient of about 0.45 kGauss/cm. 

However, it changes very litt l e between 0.4 and 0 . 5 kGauss/cm. The 

backward muon peak fo l lows the same pattern as the total muons but 

t he variation with the f i e ld gradient is l ess signif icant. 

(b) Aperture 

With the optimum fie l d gradient ca lculated in (a) but with twelve 

quadrupoles after the injection sect ion, the variation of the back­

ward muon fluxes with the change of the ape rture of the s traight 

section is calculated. Again, the dr i ft l ength between quadrupoles 

is assumed zero and an exit window of 25 cm x 25 cm is used. The 

results are shown in Fig. 5.2 wh i ch indicate a rise in both backward 

tota l f l ux and muon peak with larger aperture. However , only a 

marginal increase in flux i s obtained when the aperture increases 

from 1011 to 12" . Thus, the optimum aperture would be approximate ly 

1011 if one considers cost . 

(c) Length 

Using the optimum field and 1011 aperture, the backward muon flux as 

a function of channel length is investigated. Assuming zero quadru­

po l e spacing and an exit wi ndow area of 25 cm x 25 cm, the calculat ion 

results are displayed in Fig . 5,3 which also shows the corresponding 

pion-to- muon ratio for each case. It is to be noted that , after 10 

or 12 quadrupoles, increasing the length does not resu l t in signifi ­

cant i ncrease in flux . Therefore, it is suggested that the optimum 

number of quadrupoles, bearing in mind the cost factor, is 12 
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corresponding to a 5 meter long straight section. However, since 

In practice a drift length of about 10 cm (depending on quadrupole 

design ) is unavoidable, the length of the straight section is 

slightly over 6 meters. However, the pion-to-muon ratio continues 

to decrease, although at a slower rate, after 12 quadrupoles until 

it is less than 1 after 24 quadrupoles. When the channel is operated 

for collecting backward muons, this decrease in the ratio is not 

significant since the pion separation is almost complete. 

When the channel is operated for forward muons, this factor is 

important since pion separation is more difficult and the muon flux 

diminishes as the pion contamination is reduced. The lower the pion­

to-muon ratio, the smaller the reduction in the muon flux for a given 

contamination level. 
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5.3 Design of the Momentum Analyzing Section 

The purpose of theanalyzing system is to sepa rate the pions, 

arr iv i ng at the end of the s t raight section, from the muons. The main 

c ri terion for the design , therefore, is to produce maximum spatia l 

separation of the pions and the muons. This imp l ies maximum momentum 

resolut ion and, consequently, maximum dispersion, which is dete rmi ned 

ma in ly by the angle of bend and magnet length. The disper sion , produced 

by a sing le bending magnet, as a function of bending angle was calculated 

for th ree values of the magnet length. The results are shown in Fig. 5 . 4 . 

Sepa rat ion of muons from the backward decay of pions does not 

require an elaborate analyzing system because the backward muon peak is 

we ll separated in momentum from th~ pion peak. On the other hand, the 

forward muon peak is almost co incident with the pion peak (see Fi g. 5.6 

and Fig. 5 . 10) and the pion cut-off is at 120 MeV/c for a cent ra l momentum 

of 100 MeV/c . Thus, the separation of forward muons is more diff icult and 

requ i res a magnet with good reso l ution. Therefore , a 90° magnet, having 

an effective l ength of 1.0 m, is chosen providing a d i spersion of about 

1.8 cm per%. This i s adequate for separating the forward muons (see 

Section 5. 4. 2). 

Further ca lculation, however, indicates that if two 45° bends 

(with a length of 0.5 m each) are used instead of the sing le 90° bend, 

the dispersion increases with the separation of the two bends and is 

2. 14 cm per % for 0.6 m separation . If these two 45° magne t s a re made 

s imilar to those in the pion col l ection section (magnets Ml and M2 i n 

Fig . 4.5), the total cost may be reduced because a single design i s used. 
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The gap of the analyzi ng m~gnet has been assumed to be 1011 

for the ca lculations presented in the next few sections . If t his gap 

i s reduced to 811
, the reduct ion in the tota l muon f l ux is about 20% 

when the target area is assumed 25 cm x 25 cm and i t is a bout 7% i f 

the target area is assumed to be 10 cm x 10 cm. The reduction i n the 

maximum stopping rate is 30% for the former and 40% for the latter 

case. The corresponding reduction in the magnet cost is 17%. Although 

a magnet with a 1011 gap is preferable, the choice wi ll depend on the 

availabil i ty of funds. 

To focus the muon beam onto the stopping ta rget , a quadrupole 

t ri plet is chosen. An x- focus can be obtained with a doublet but the 

beam size in the vertica l plane becomes too large . A 1011 aperture is 

se lected for the quadrupoles in the trip l e t . A 12" apert ure added only 

about 8% to the f l ux at the target which is ins ignificant. On the other 

hand, the cost of the 1211 aperture triplet is about 30% higher than that 

f9r the 1011 aperture tr iplet. The f i rst element of the triplet should , 

however, be a narrow- type quadrupole so that it may be brought very c lose 

to the analyzing magnet to increase the acceptance. 
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5.4 Calculated Performance 

The layout of the optimized system is shown in Fig. 5 . 5 

indicating the three main sections. The yields quoted in this section 

are for a 100 µA, 500 MeV proton beam on a 10 cm Be target and for an 

output beam cross section area of 25 cm x 25 cm unless stated otherwise. 

5.4.1 Output Beam at the End of the Straight Section 

With the pion collection section tuned for 160 MeV/c pions, 

.the straight section was optimized to maximize the backward decay 

muons. The output momentum spectrum at the end of the straight section 

is shown in Fig. 5.6 indicating a backward muon peak at 82 MeV/c. The 

range spectrum is shown in Fig. 5.7 and the muon polarization in 

Fig. 5.8 and Fig. 5.9. The muon capture efficiency 

n - total muon flux at channel exit 
total pion flux accepted by and decayed 

in the channel 

is 11% for the combined pion collection and straight sections. 

With the pion collection section tuned for 100 MeV/c, the 

straight section was optimized for forward muons. The output momentum 

spectrum is shown in Fig. 5. 10, indicating a forward muon peak at about 

100 MeV/c almost at the same position of the pions . The pion high momen­

tum cut-off is at 120 MeV/c and pion-free muons with mcmenta above this 

value may be extracted. The range spectrum is shown in Fig. 5. 11 which 

indicates that an 8 . 2 g/cm2 thick C absorber may be placed here to 
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Fi g. 5.5 Schematic layout of the complete muon channel 

(Phase One and Phase Two). 
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stop a lmost al l the pions and al l the backward muons. The resul ting 

muon beam may then be transported through the analyzing section to 

reduce background from the absorber . The muon polar ization as a function 

of muon momentum is shown in Fig. 5. 12 . 

The yields for the cases d i scussed above are summarized in 

Table 5. l together with estimated polarization. These yields are for 

negative muons; positive muon yields are about three to four times 

larger. 
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Tabl e 5.1 

Muon Beam Characteristics at . the End of the Straight Section 

Total flux µ-/sec in 

25 cm x 25 cm 

Maximum flux 

µ-(sec • MeV/c)-1 

Stopping density 

µ-{sec· g/cm2 ) - 1 

Muon polarization 

p = 160 MeV/c 
0 

Backward Decay: 

2.3 X 108 

2.1 x 106 at 82 MeV/c 

1.2 x 107 at 82 MeV/c 

> 65% for muons with 

momenta l ess than 

92 MeV/c 

p = 100 MeV/c 
0 

Forward Decay: 

3.8 X 107 

1.4 x 106 at 97 MeV/c 

6.0 x 106 at 97 MeV/c 

> 97% for muons with 

momenta greater than 

120 MeV/c 
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5. 4. 2 Output Beam After the Ana lyzing Magnet 

As shown in Fig. 5.6, the backwa rd muon peak is at 82 MeV/c. 

The analyzing magnet is tuned to this momentum. The fie l d gradient of 

the A.G. quadrupoles is 0.38 kGauss/cm in order to improve the match. 

The output momentum spectrum is shown in Fig . 5. 13 and the range spec­

trum in Fig. 5.14 . The muon polarization is shown in Fig. 5. 15 as a 

funct ion of momentum. The total muon flux integrated over a 25 cm x 

25 cm area is 1.3 x 107 µ-/sec. 

For forward muons, the analyzing magnet is tuned to 132 MeV/c 

to ~ccept the pion-free muons ~ith momenta higher than 120 MeV/c as 

indicated in Fig. 5. 10. The field gradient of the A.G. section is set 

to 0 . 24 kGauss/cm. The output momentum spectrum is shown in Fig. 5. 16 

and the range spectrum in Fig. 5. 17. The muon polarization as a function 

of momentum is shown in Fig. 5.18. The tota l muon flux integrated over 

a 25 cm x 25 cm area is 1. 4 x 106 µ- /sec. If some degree of pion con­

tam inat ion is permit t ed, a higher muon flux can be obtained. Thus if 

the analyzing magnet is tuned to 130 MeV/c, 2.1 x 106 µ-/sec are obtained 

with a pion contamination of 2 . 5%. An even higher flux can be obtained 

i f the pions are separated by ranging. Thus, as seen from Fig. 5.11, if 

an 8.2 g/cm2 carbon absorber is placed at the end of the stra ight 

section, all the pions will be stopped but 2.4 x 107 µ- /sec wi l l pass 

through the absorber. The peak of the transmitted muons will have a 

momentum of about 45 MeV/c. 
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• 5.4,3 Output Beam at the Stoppinq Target 

The gradients of the quadrupoles _in the trip let following the 

analyzing magnet are optimized to focus the muons onto the stopping tar­

get . However, because of the excessive computing time required for the 

calculation of fluxes for the complete channel, the optimizat ion is 

rather crude and the fluxes reported here can be improved upon with 

further optimization. 

With the pion collection section tuned for 160 MeV/c pions and 

the A.G. and analyzing sections set to collect backward muons, the momen-

' 
tum spectrum, range spectrum, and muon polarization are shown in Fig. 

5. 19, Fig. 5.20 and Fig. 5.21 respectively. With the pion collect ion 

section tuned for 100 MeV/c muons and the rest of the channe l set to 

col lect forward muons, the corresponding spectra are shown in Fig. 5.22 

and Fig. 5.23, and the muon polarization is shown in Fig. 5,24. A sum­

mary of the fluxes and average polariation for the various cases is given 

in Table 5.2. The f l ux for the forward muons is small but an average 

po l a r ization greater than 95% i s obtained. To obtain higher flux of high 

energy muons, if required at all, the pions should be separated by ranging 

at the end of the straight section and the analyzing section used to re­

duce background particles generated in the pion absorber. 
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Table 5.2 

Muon Beam Characteristics at the Stopping Target 

Total flux µ-/sec 

Maximum flux µ-{sec·MeV/c)- 1 

Stopping density µ-{sec·g/cm2)-l 

Muon polarization 

p = 160 MeV/c 
0 

25 cm x 25 cm 10 cm x 10 cm 

3 , 6 X 106 1. 3 X 106 

5.4 X 10 5 2.0 x 105 at 82 MeV/c 

3.2 X )06 1. 1 x 106 at 82 MeV/c 

44% < P < 90% in the momentum range µ 

between 77 and 90 MeV/c 

p = 100 MeV/c 
0 

25 cm x 25 cm 10 cm x 10 cm 

1.4 X J0S 5 X JOI+ 

2. 7 X 104 0.9 X 104 

0.8 X J05 2,9 X 104 

P > 90% for muons with µ 

momenta greater than 120 MeV/c 
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CHAPTER 6 

COMPARISON OF PREDICTION WITH EXPERIENCE 

ON A CHANNEL AT BERKELEY 

6.1 Introduction 

A pion-deute ron elastic scattering experiment (Auld et aZ., 

1971) was carried out at the Lawrence Laboratory, Berkeley, by a team 

from the Universities of British Columbia and Victoria primarily to 

investigate the role of absorption effects in the pion-nucleus inter-
... 

action . The design, setting up and testing of a pion channel " for this 

purpose provided an opportunity for evaluating procedures used in the 

design of the TRIUMF stopped pion/muon channel and for gaining experience 

in designing and setting up practical channels. This chapter will 

discuss the design and setting up of the channel and the testing of 

channel performance, but not the scattering experiment itself. 

Measurements were to be made for several values of energy in 

the range 40 - JOO MeV and the energy resolution was to be better than 

2 MeV in order to separate inelastic from elastic scattering . The 

18411 cyclotron at Berkeley provides a 740 MeV external proton beam. 

The beam size at the pion production target was about 111 in the 

horizontal and 2.511 in the vertical plane. Although the nominal value 

of the beam current was 25 nA, there was uncertainty as to the true 

* This work was carried out in collaboration with P.A. Reeve, 
L.P. Robertson and Q. Ingram. 
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value at the time of the expe r iment . Thi s makes any comparison 

between calcu lated a nd measured fl uxes rather un re l iab le . Beam 

opti cs, however , were determined accurately and compa re reasonably 

we ll with calculated values as seen in Sect ion 6.4. The pr incipa l 

er ror in the ca l culated values i s due to the assumption of a hard­

edge model. This error i s of the o rde r of 10% for t he t ype of 

magnets used in this experiment (Alexander and Reeve , 1971) . 

6.2 Channel Design 

6.2. l Design Cr i teria 

For an experiment of this nature a medium reso l ution beam of 

pi ons is requi red and, in this case, a resol ution of . 8% cp/p was to 
0 

be obtained. The pion beam in t esity should be as la rge as possible; 

t hus the product ion target should be chosen accord ingly and the 

cha nne l should be as short as possible in order t o mi nimize losses 

from pi on decay. 

At or nea r t he mid- plane a hori zonta l focus and a hodoscope 

a re requ ired for momen t um definition. An achromatic beam at the 

scat teri ng target is requ i red and the beam size there should be as 

sma ll as possible. Preferab ly, a double focus at the scattering 

target i s to be obta ined. Minim i zation of contaminants , namely, 

protons, neutrons , electrons and muons should be a)med at . Var i ab le 

energy be tween 40 and 80 MeV is required. 
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6.2.2 Parameter Optimization 

The production angle for the pion bea~ with respect to t he 

proton beam was chosen to be large in order to minimize proton and 

neut ron contamination. The choice of an ang le of 129° was determined 

by the geometry of the experimental area at the Lawrence Laboratory. 

Also, because of space restriction in the target area, the channel 

begins with a bending magnet Ml (HP 18 x 36) as shown in Fi g. 6.1, 

which indicates the designation of the various elements. The first 

drift l ength was determined by placing Ml as close as physically 

possible to the target to increase acceptance. 

Since the magnets and quadrupoles were already available, 

their lengths were fixed and could not be used as a design parameter, 

but their strengths and spacings were variable parameters . 

A 60° bend ing ang l e was used for Ml and M2 (LP 18 x 36) to 

obtain a l arge enough dispersion at the mid-plane horizontal focus 

where a hodoscope is placed. A l arger angle could not have been used 

because of the geometry of the area available. 

The first quadrupole doublet Qt and Q2 is placed as c lose as 

possible to Ml in order to increase acceptance. The strengths of Ql and 

Q2 and the drift length to the mid-plane were optimized so that: 

I) a horizontal focus is obtained at the mid-plane for placing the 

hodos~ope for momentum analysis; 

2) vertical size of the beam wil l not be too la rge so the hodoscope 

e l ements wil 1 have reasonable lengths , say about 511
; 
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Fig . 6. 1 A layout d iagram of the pion channel for 

t he n,d experiment at Berkeley. 
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3) the d i spersion Dis maximized; and 

4) acceptance should be as large as possible . 

Actually one cannot do very much about the 'dispersion by varying Ql and 

Q2 since it is determined mainly by Ml before the doublet. The drift to 

Q3, the strengths of Q3, Q4 and QS and the spacing with respect to the 

mid-plane and to each other, were set to obtain, at the scattering target: 

1) an achromat ic beam (R1 6 = 0) , and 

2) a double focus (in both the horizontal and vertical planes). 

It was necessary to add QS to obtain conditions 1) and 2) above, since 

the channel was not symmetric about the mid- plane . If the channel was 

made symmetric, a loss in acceptance would have resu lted . 

In the optimized channel (shown in Fig. 6. I ) pions are extracted 

at an angle of 129° to the proton beam and bent through 60° into a quadru­

pole doublet t hat brings the pions to a focus in the hor izontal plane. 

This is followed by another doublet , a 60° bending magnet and a quadrupo l e 

singlet forming an achromatic system and bringing the pions to a double 

focus (in both the hor i zontal and vertical planes). Tab l e 6. 1 g ives the 

parameters of the elements chosen for the channel . 
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Tab le 6. 1 

Optimized Berke ley Channel ·parameters 

Effective Pole- tip Quadrupole Magnet 
El ement* Length Field* Aperture Gap Width 

(inches) (kG) (inches) (inches) (inches) 

Drift 47.2 

B.M. 47. 2 3-735 8 18 

Drift 14.6 

QFH 20.0 1. 207 8 

Drift 4.o 

QDH 20.0 -1 . 100 8 

Dr ift 68.6 

QFH 20.0 0,975 8 

Dr ift 4.0 

QDH 20.0 -0.609 8 

Drift 21.6 

B.M. 47 . 2 3.735 8 18 

Or i ft 36.0 

QFH 20.0 0.698 8 

Drift 63.0 

* See Fig . 6. I and Fig. 6.6 for general layout of channel B.H. 
designate a bending magnet, QFH a quadrupole focussing in the hori ­

zontal plane and QDH a quadrupole defocussing in the hor izontal 

plane (negat ive pole-tip field) . 



- 174 -

6.3 Calculated Performance 

6.3. 1 Channel Characteristics 

The channel was designed for a central momentum of 128 MeV/c 

(50 MeV) and a momentum acceptance of± 3% p . The solid ang le of 
0 

acceptance was calculated as a function of ~p/p using NPFLUX (Hutson, 
0 

1970). This is shown in Fig. 6.2. The FWHM of the curve indicated a 

momentum acceptance of± 2.75% p . However, partic les with maximum 
0 

momentum deviation of about± 5% may be transmitted if their initia l 

divergences were smal l . The maximum acceptance solid angle of 6 msr 

is obtained for particles in t~e momentum range p ± 1% p. 
0 0 

At the x-focus near the channel mid-plane , the f irst order 

cumulative matrix is (see Appendix K for the meaning of the various 

elements and their un i ts): 

-1 . 14 0 0 0 0 ·2.23 

- 9.92 -0.877 0 0 0 9.30 

0 0 -0 .728 0.0955 0 0 

0 0 - 1. 55 - 1 . 17 0 0 

-1 . 16 - . 196 0 0 1.0 - . 208 

0 0 0 0 0 1.00 

indicating a focus in the horizontal plane . The magnification (R11) i s 

-1. 14 and the dispersion (R1 6) is 2.23 cm per% p. The first order 
0 

resolution is calculated as op= 2% p for a projected source length of 
0 

3,9 cm. Second order effects, discussed below, ra i ses this to 3.5% p . 
0 
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Fig . 6. 2 Solid angle of acceptance as a fun c tion of 6p/p for the pion channel at Berkeley. 

...., 
V, 



- 176 -

At the scatteri ng target, the cumu lative f i rs t order ma t rix is : 

0 .660 0 0 0 0 0 

8. 18 1. 51 0 0 0 - 1. 97 

0 0 3. 59 0 0 0 
-

0 0 16.6 0.28 1 0 0 

O. 129 0 0 0 1. 00 -0 .670 

0 0 0 0 0 1.00 

Th is indicates a magnif i cation of 0.66 in t he ho r izontal plane and 

3 ,59 in the vertical plane. The beam is achromatic in disp l acement 

(Ris = 0) and approximately so in angu lar disp l acement (R26 small). 

A double focus is obtained. 

The cumulative matrix from the mid- plane to the scatter ing ta rget 

needed for the procedure to calculate t he required channel charac t erist ics 

i s g iven be low: 

0. 58 0 0 0 0 1. 29 

7,83 - 1. 73 0 0 0 - 3. 41 

0 0 - 4.21 - 0.34 0 0 

0 0 -1 9.0 - 1. 79 0 0 

0.82 -0.22 0 0 1. 00 - 0.21 

0 0 0 0 0 1.00 

The horizontal magnification is 0.58 and the dispers ion of t he second 

ha l f is 1.29 cm per % p . 
0 
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First order beam envelopes for the horizontal and vertical 

planes and the dispersion trajectory are shown in Fig. 6.3, which was 

obtained using the program TRANS (Chan, Hunt and Lobb, 1972) . This 

program also calculates derivitive matrices (Reeve, 1970) which were 

used to determine the most sensitive quadrupoles . This calculation 

indicated that Ql and Q5 are the critical elements in the system. 

From the second order matrix coefficients, calculated by 

TRANSPORT (see Appendix K), some of the second order effects were 

estimated. The coefficient T122 (see Appendix K for TRANSPORT 

notation) is O. 1 cm at the end with respect to the mid- plane. The 

chromatic aberrations (see the note at the bottom of page 76) at the 

same position were calculated to be ±0.6 cm, using the coefficients 

T11G, T126 and T166. The angle of rotation of the focal plane with 

respect to the pion beam axis is given (Brown, 1967) 

where the matrix coefficients were eva l uated at the mid-plane focus 

with respect to the production target. Using the values of these 

coefficients from the first and second order matrices, the focal 

plane angle was estimated to be 65.5° . 
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6. 3.2 Expected Flux 

The pion flux at the end of the channel is given by the 

relation 

I • N l:lfl • !:IE p t 

. d2 a 
The production cross section dEdfl was assumed to be 10.6 µb (MeV • 

Steradian)-1. This value was obtained from the results of the Los 

Alamos experiment (Nagle et al . , 1969) for 46 MeV pions from Be at 

an angle of 135°. The proton current L was assumed as 25 nA and 
< p 

the number of target nuclei Nt was l .875 x 1024 for the 611 x 311 x 211 

Be target. (In fact, 511 Be and 111 C were in the line.) 

The flux at the end of the channel was estimated using two 

different methods. 

(a) By using the solid angle of acceptance l:lfl calculated by using the 

program NPFLUX (see Appendix K) and allowing for pion decay in 

flight. This method yielded 4. 5 x 103 TI+ per sec for the total 

flux . A pion beam distribution is also obtained as shown in 

Fig. 6.4. 

(b) By using the program MBEND (see Appendix L) which takes account 

of pion decay in flight. 
+ This method yielded 5.6 x 103 TI per sec 

for the total flux and provided the pion energy spectrum shown in 

Fig. 6.5. 
+ 

The maximum dif ferenti a l flux was 7 , 2 x 102 TI 

(sec. MeV/c)- 1 , occurring at a momentum of 130 MeV/c. 
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end of the Berkeley channel for ~p/p = 0. The grid mesh is 
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6.4 Procedure and Data Analysis for Setting up and Testing the Channel 

The channel was considered as made up of two regions: 

Region I, f rom the pion production target to the horizonta l focus 

near the centre of the channel where a hodoscope is placed, as seen in 

Fig . 6.6. Region II extends from the hodoscope to the end of the 

channe l where a total energy counter (TEC) is placed. After setting up 

Region I and Region II, as described in Sections 6.4.3 and 6.4 . 4 

respectively, the test for achromatic i ty is described in Sect ion 6.4.5. 

The measurement of dispersion by two different methods is described in 

Section 6.4 . 6 and the ratio of dispersion to magn i fication in Section 

6.4.7. The measurement of magnificat ion is described in Section 6.4.8 

and reso l ution in Section 6.4.9. Misce ll aneous effects are discussed 

in Section 6.4. 10 and second order effects are examined in Sect ion 

6.4. 11 . Finally, measured and calcu lated p ion fluxes are compared in 

Section 6.4. 12. 

6.4. 1 Counter Arrangement 

Fig. 6.6 shows the ounter arrangement used for setting up 

the channel. The hodoscope consisted of twe l ve elements designated Al 

through Al2. Each e l ement is 12 mm wide overlapping 1 mm on either 

side with its neighbours. Bl and 82 are two 511 x 511 NE 102 plastic 

scint ill ation counters used for timing and to define the usable partic l e 

flux. Finger counte rs 83 and 84 form a cross in front of the total 

energy counter (TEC). Another finger counter F was used during the 

setting up of the focus at the mid- plane . Spark chambe rs SCl and SC2, 

separated by 20 cm, were placed 1/2 m upstream of the channel end. 
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Fig. 6.6 Counter arrangement used In setting up and testing the pion channel at Berkeley. 
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· 6.4.2 Multiple Scattering at 50 MeV 

There are three sources of multiple scattering: the air in 

the free spaces where the vacuum tube does not extend, the materia l of 

the several counters and vacuum windows in the beam line, and the wires 

of the spark chamber planes. However, the effect of multiple scattering 

on the beam size depends on the location of the scattering materials. 

Since all the counters are at or near a focus, their contribution is 

negligible . Also, the contribution from the windows W2 and W3 (0.003" 

thick mylar) may be neglected because of the ir proximity to the focus 

at the mid-plane. 

For the purpose of setting up the focus at the mid-plane, the 

contributions to multipl e scattering from the air space between the pro­

duction target and the first bending magnet and the window WI were in­

cluded, as well as the contributions from Region II which was used as a 

telescope to set up Region I. For the cases in which the spark chamber 

was used, the contribution to multiple scattering from the air space 

between the spark chamber and the end of the channel was not included 

because the particles' positions were determined by the spark chamber 

and projected to the end of the channel by calculation. But scattering 

by the wires of the first spark chamber plane was included. Scattering 

by the wires of the second plane and by the air in the final section 

from the spark chamber to the end were included for t~e cases when the 

total energy counter was used to determine the pion peak position and 

width. 
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The calculation was car r ied out (Robertson, 1971) using the 

relation 

a (Projected) - .!i (-L-)½ 
rms - Pe Lrad 

(6.4.1) 

where: a rms is the projected root mean square scattering angle, 

p is the pion momentum in MeV/c, 

a is the pion ve locity relative to velocity of l i gh t, 

L is the thickness of the material traversed, and 

L rad is the radiation length of the material, 

together with the transformation matrices at the various positions 

the system where multiple scattering occurs. Therms displacement 

at 50 MeV and 100 MeV was estimated to be 

in 

rms disp l acement (cm) 

50 MeV 100 MeV 

Scattering in Region I 0.85 0.47 

Scattering in Region II (spark chamber used) 1. 04 0.57 

Scattering in Region II (TEC used) 1. 16 0.64 
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6.4.3 Setting up Region I 

The first part of the channel was set up using Region II as 

a telescope . In order to reduce the contribution of the angular 

di vergence, a finger counter Fis placed in coincidence with the centre 

hodoscope element (Fig. 6.6) and 25,5 cm downstream from it to define a 

beam with small angular divergence at the mid-plane. To determine 

whether a focus has been obtained (R12 = 0) the spark chamber planes 

were considered as being divided into two halves by a vertical line 

through the optic axis. This was incorporated in the software of the 

data acquisition system. A focus is indicated when the peaks of the 

horizontal pion distribution from the two halves of the spark chamber 

overlap. This is because if magnets and lenses were set correctly 

and a focus is obtained, particles will come to the same foca l plane 

irrespective of which half of the spark chamber plane they have passed 

through. The most sensitive lenses in the system were determined 

quickly by detuning the various quads in turn and examining the effect 

on the pion peak position. It was found that Ql was the most critical 

in agreement with the calculated results indicated in Sect ion 6.3. 1. 

The precision obtainable with this procedure can be determined 

by estimating the uncertainties in the system coordinates . Thus, the 

displacement at the horizontal focus near the channel centre is given by: 

- IR I I I ~ 
x1 - l l xO + R12xo + R1 s p (6.4.2) 
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I I I where R11, R12 and R16 are the matrix coefficients evaluated for 

I Region I, xo and xo are the displacement and divergence at the pion 

production target, and ~p/p is the momentum deviation. It is assumed 

that the errors are random and the terms are added in quadrature to 

obtain a likely error. The following uncertainties contribute to the 

error in setting up Region I: 

± 0.6 cm due to the finite target length as seen by the channel, 

± 35 mrad being the channel acceptance for Ae. = O, 
p 

± 0.5 cm the uncertainty introduced by the finite width of the 

hodoscope element, 

± 29 mrad the uncertainty in the angular divergence of Region II 

introduced by the finite sizes of A7 and the finger 

counter F added in quadrature, 

± 0.4 cm determined by the spark chamber resolution for the two 

planes added in quadrature and projected to the channel 

end. 

Using these uncertainties, and the calculated transfer matrix 

coefficients (see Section 6.3. 1), the error in calculating x2 is 

This represents the error expected in setting the focus of both regions. 

An upper limit on the value of the second term was obtained experiment­

ally by detuning Q5 by 10% from the calculated value which, as will be 



l 
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seen in the next section, is bigger than the error in its setting. This 

detuning resulted in a splitting of the pion peaks by two channels, 

corresponding to± .23 cm. Therefore, the calculated uncertainty in 

setting up Region I is given by: 

I X2 = 20.3 R12 + 0.23 ± 0.66 

Experimentally, when Ql was detuned from its calculated value, 

the pion peaks were split apart depending on how far it was detuned. A 

minimum full-width-at-half-maximum (FWHM) of ten channels was obtained 

when Ql was set at its calculated value . Thus, the measured value of 

x2 is± 1.15 cm. This represents the spread due to the errors in 

focussing Regions I and II,multiple scattering in the channel, and 

second order effects if any. The multiple scattering contribution from 

both Region I and Region II at 100 MeV, added in quadrature, is 0.74 cm. 

When this is subtracted out, in quadrature, from the above error, the 

error due to the channel optics only is± 0.88 cm. 

The equivalent resolution of setting Region I is equal to 

the error in determining that the two pion peaks overlap plus the 

error in setting the focus in Region II. Experimental results indi­

cated that the two peaks overlap to within ± 1 channel, corresponding 

to± 0.23 cm. An upper limit on setting the focus for Region II was, 

as indicated earlier, 2 channels or ± 0.23 cm. The total error is 

obtained by adding the two errors giving ± .46 cm. This error will 

produce an equivalent momentum spread given by 
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~ = + 0.46 = + 0.46 _ ± 
up - D/M - 2.2 x - 0.2% p 

0 

where Dis the dispersion and Mis the magnification. 

6.4.4 Setting up Region II 

For the second region, the finger counter F (see Fig. 6.6) 

was removed. The procedure was to detune QS _(which is more critical 

than Q3 and Q4) and observe any splitting in the pion peaks from the 

two halves of the spark chamber. 

To estimate the uncertainties expected in setting up the 

second region, the displacement at the channel end x2 for a central 

trajectory where 

is 

(6.4.3) 

The values of these terms were evaluated in the previous section except 

for ~xi which now represents the full beam divergence at the mid-plane 

(since the finger counter Fis now removed). Thus, adding the random 

uncertainties in quadrature give 
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The experimental results are summarized in Fig. 6,7 which 

shows the pion peak separation plotted against the percentage 

detuning of QS. This indicated that the calculated value was 4% 

low. Q5 was then set 4% higher than the calculated value. At this 

setting, the FWHM of the pion peak was 11 ± 1 channels which is 

equivalent to a spread of ± 1 .26 cm. If the multiple scattering 

effect of ± 0.57 cm is subtracted out in quadrature, then the width 

due to optics only is ± 1.12 cm. 

The equivalent resolution of setting Region II is determined 

by the error in the overlap of the two peaks, which is ± 0.23 cm, 

the systematic error in setting up Region I, which is equivalent to 

0.21 cm. The momentum spread caused by these errors is calculated 

using the ratio of the dispersion to the magnification and is ± 0.5% p. 
0 

6.4.5 Achromaticity 

A system is achromatic if particles of differing momenta are 

brought to the same focus. The procedure to check achromaticity was to 

observe with the spark chamber the dependence of the pion peak position 

on several hodoscope elements which represent sources of pions of 

different momenta. The central wire of the spark chamber was numbered 

50. Experi mental results for 5 hodoscope elements, including the 

extreme elements Al and Al2, indicated that the pion peak position was 

within the li mits 11.14 cm and 11.85 cm; that is, the channel is 

achromatic to within ±0,35 cm. This corresponds to a momentum spread 

of ± 0. 16% p. 
0 
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6.4.6 Dispersion in Region II 

Two independent methods were used to measure the dispersion. 

Method (a) was carried out at 100 MeV and Method (b) at 50 MeV. 

Method (a) For a rectangula r bending magnet the first order matrix has 

dB d no focussing in the bend plane and 8 = ~ appears to first order in 

the R16 and R26 terms . The position at the channel end (scattering 

target) x2 is related to the momentum~ and the position x1 at the 
p 

mid-plane by 

(6.4.4) 

With a source target of± 0.6 , cm projected length, the position x1 at 

the mid-plane is defined by the hodoscope so that the momen t um bite~ 
p 

i s defined. In Fig. 6 .8 is plotted the centroid position of the pion 

distr ibut ion, measured at the channel end usi ng the spa rk chambers, 

versus the% change in the magnet current (the hysteresis has been 

measured to be negligible at the exc itation level used). The central 

ray is defined by t he midd le hodoscope e lement (for which x1 = 0), so 

that 

where 
~ = tiB 
p - B 

The s lope of the x2 versus dB 
8 curve 

II of Fig. 6.8 gives the value of R16 

wh ich is equiva lent to the d i spersion of the second half of the channe l 

(Region II) . This va l ue i s I. 15 ± 0.02 cm pe r %. 
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~ 8/8 (%) 

Fig. 6.8 Centroid pos i tion of the pion distribution x2 , 

measured at the channel end, versus the % change 

in the field of the second bending magnet ~B/8. 
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The accuracy of this method depends on the accuracy with which 

the cent ro id of the pion distribution can be dete rmined. The uncer tainty 

wi th which t his centroid can be determined is given by 

(6 . 4.5 ) 

which, on us ing the values determined previously (Section 6 . 4.3), give 

= IIR ~ + 0 5 X2 16 - • cm. p 

At 100 MeV, the max imum value for x2 as indicated by t he FWHM of the 

pion distribution was 2.53 cm , which sets t he expected error in measur!ng 

t he dispersion as± 0.09 cm using the calculated value of DIM= 2. 2 cm 

per%. 

Method (b) In th i s method, carried out at 50 MeV central energy, the 

pos it ion of the cross (the two finger counters B3 and B4 at right angles 

to each other) and the total energy counter across the beam and the 

corresponding position of the pion peak in the total energy counter were 

measured for eac h hodoscope counter. These quantities are also related 

by equation (6.4 . 4). The spark chambers were not used for this case. 

For method (b) the total energy counter was first calibrated 

by plotting the pion peak channel number for each hodoscope element 

against percentage change in momentum (% ~B/B). The s lope for each 

curve was calculated and the average was 0.46% per channel with a stan­

dard devi a tion of± 0.03% per channe l . 
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The experimental results for method (b) are shown in Fig. 6.9 

in which the pion peak position (channe l number) i s plotted as a function 

of t he position of the cross counters (and ·the TEC) in cent imete rs for 

each hodoscope element. The curves a re disp l ayed in two groups for 

c lar ity. These curves also prov ide data for the calcu lat ion of the 

magnification discussed in Section 6. 4.8. The average of the slopes 

of these curves was 0. 55 cm per channel with a standard deviation of 

± 0 .04 cm per channe l . Using the calibration factor of 0. 46% per 

channel, the dispersion coefficient is 1. 20 ± 0.05 cm per%. 

Thus, the resu l ts for the d i spers ion values may be summar i zed 

as fo ll ows: 

Method (a): D = 1. 15 ± 0.09 cm per% ; 

Method (b): D = 1.20 ± 0.06 cm per%; 

TRANSPORT Calculation: D = 1.29 cm per%. 
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6.4.7 D/M Ratio 

The ratio of the dispersion to the magnification was measured 

us ing two d i fferent methods, using the total energy counter . 

Method (a) The ratio 0/M was determined directly from a plot of the 

pos i tion of hodoscope elements x1 against the shift in energy spectrum 

of t he p ion peak as given by the TEC for a given f ixed posit ion of the 

cross counters and the TEC (that is fo r x2 = 0, as the system is achro­

matic). This can be seen by letting x2 = 0 i n the relat ion (6 .4.4) 

whi ch gives 

IIR , D 16 Xl 
--- = - = 
IIR 

11 M ~p/p 

~p/p was determined from the pion peak shift due t o the various hodoscope 

elements. Fig . 6 . 10 shows the results for this method. The slope of the 

c urve gives the rat io 0/M after us ing the ca l ibration coefficient 0 . 46 ± 

. 03 channel per % for the TEC. This ratio is 2 . 33 ± 0.03 cm per%. 

Method (b) In this method, the position of the hodoscope elements x1 

was plotted agains t the shift in pion peak channe l for each of f ive 

values of ~8/8 . Fig. 6. 11 shows these curves, whose slopes give t he 

0/M values as can be seen from the relation (6.4.4). The average value 

of the slopes was 1.09 ± 0.16 cm/channel. Using the ca l ibration co­

efficient 0.46 ± 0.03 channel per %, the 0/M ratio is 2. 37 ± 0. 16 cm 

per %. 
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The l a rge uncertainty in th is last figure fo r D/M is due 

t o t he rather crude method used in movi~g the TEC and cross counte rs 

and measur ing this motion. Thus the 0/M values form the two 

met hods are: 

Method (a): 2,33 ± 0 .03 cm per %, 

Method (b): 2.37 ± 0. 16 cm per %, 

Calcu lated : 2.23 cm per %. 

6.4.8 Magnification of Region II 

The magn i fication M = I I R11 was measu red di rect l y using t he 

previous results indicated i n Fig. 6.9. The intercept of a curve for 

any of the hodoscope elements on the line (shown dashed) which passes 

through the intersection of A7 and the axis (for which x2 = 0) is a 

measure of the size of the disp lacement at the TEC, name l y xz . The 

d istance between this particu lar e lement and A7 is a measure of the 

d isplacement at the mid- plane x1. The magnification is, therefore , 

obta i ned by dividing the first by the latter. This can be seen c lear l y 

by letting 6p/p = 0 in the relation (6 .4.4) . The experimenta l resu l ts 

give 9 va l ues of M which has a mean value of 0.48 with a standard 

deviation of± 0.06 , compared to 0.58 from TRANSPORT calculation and 

0.5 derived from measured D/M and D. 
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6.4.9 Resolution 

Writing the relation (6.4 .4) in the equivalent form 

where Mand D refer to the magnification and dispersion for Region II, 

then the momentum resolution is 

~2 i s the full width at half the pion peak maximum (FWHM); x1 i s the 

width of a hodos cope element. ' 

An esti mate of the uncertainty expected in determ i ning the 

reso lu t ion can be made by est imat ing the uncertainties in the various 

terms. Thus 
X 

2 

D 

(6.4. 6) 

The uncertainties in x2 and x1 are± 0.4 cm and± 0.6 cm respectively. 

If the experimental results are used , then the uncertaint ies in Mand D 

are± 0.06 and± 0.05 cm per % respectively. Substituting in the above 

expression one obtains 

0 . 73% 

fo r the uncertainty expected in determining the resolution. 
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The experimental results usi ng A7, Bl , B2 and the spark 

chamber in coincidence gave 

FWHM = 2.3 ± 0.35 cm at 100 MeV and 

FWHM = 3.9 ± 0.35 cm at 50 MeV. 

Using these values and the average measured va l ues for Mand D, the 

reso l ution was calculated to be 

.£.e. = 1.52 
Po 

± 0.36% Po at 100 MeV and 

-= 2.83 ± 0. 36% po at 50 MeV. 

Al though the finite size of the hodoscope element (which is the pion 

sou rce as far as the experiment'er is concerned) was considered in ob­

taining these results, multip le scattering was not taken into account. 

This explains the difference in resolution at the two operating energies . 

The ca l culated ratio of mu l tip l e scattering at 100 MeV to that at 50 MeV 

was 0.55; the ratio of the measured values above is 0.54 in very good 

ag reement. 

The multip l e scattering effects due to Region II were calcu­

l ated to be± 1.16 cm at 50 MeV, which is equiva lent to a resolution of 

± 1.0% p0 • If this is subtracted out, in quadrature, f rom the reso l u­

tion at 50 MeV obtained above, then the channel resolution is 2.0% p
0 

or ± 1 . 0% p . 
0 
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6.4. 10 Other Effects 

Apar t from the measurements d i scussed in the previous sections 

some observations were made concern ing the channel characteristics. 

These included the fo l lowing. 

Resolution fo r Various Hodoscope Elements, as measur ed by t he FWHM for 

pion peaks, is plotted in Fig. 6. 12 for each of three settings of the 

last quadrupo l e QS. A slight tendency for the FWHM to show a minimum 

near the centre element A7 can be seen. However, this is within the 

e r ror in dete rmining the FWHM. Th i s curve a l so i ndicates that the FWHM 
' 

is independent of the QS setting to within error . 

The Poss i ble Dependence of Resolution on 6p/p was examined and, as seen 

i n Fi g. 6. 13, where the FWHM is plotted against 6B/B (= 6p/p) for each 

hodoscope e l ement; no such dependence exists to within the experimental 

error s in measur i~g the FWHM for the pion peaks. 
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6. 4. 11 Second Order Effects 

An upper limit on some of the second order effects can be 

obta ined. 

Chromatic aberrations were est imated from data obtained from the spark 

chamber which, as explained in Section 6.4.3, provide two pion dist r i ­

butions, one projected from the left and the second from the ri ght hand 

side of the spark chamber . The two distributions would normally coin­

c ide if the channe l were set up correctly. If chromatic aberrat ions 

were significant, a split of the two distributions would have been ob­

served for the different hodoscope elements. As it is, experimental 

resu l ts show a split we ll within the experimental error . The conclusion 

is that chromatic aberrations are zero to within± 2 wires or± 0.46 cm 

corresponding to a momentum spread of± 0.4% p. This compares with a 
0 

ca l culated va l ue of± 0 . 6 cm. 

Geometric aberrations were estimated by placing a software hole in the 

spark chamber separating the two halves; i.e., pions passing through 

the centre were vetoed by an anti-coincidence arrangement. The hole 

was± 7 wi res around the centre wire. Th i s arrangement gives more weight 

to pions away from the axis which results in an exaggeration of any 

spherical aberrations which are present. The experimental results, 

using five hodoscope elements including the two extreme elements on 

either side , indicated no separation to within± 3 wires or± 0.7 cm 

of the pion peaks . This corresponds to a momentum spread of ± 0. 6% 

p , which compares with a calculated value of± 0. I cm. 
0 



- 207 -

6.4. 12 Comparison of Calculated and Measured Pion Flux 

For the same target used in estimating the pion flux in 

Section 6,3,2, the total measured flux was 5, 1 x 103 ~+/sec. The 

measurement was carried out with the scintillation counters Bl and 

B2 in coincidence. B2 time delay with respect to Bl was set to dis­

criminate against electrons and muons. The energy spectrum, shown in 

Fig. 6. 14, was obtained with the total energy counter and a 256 channel 

pulse height ana l yzer. 

are • 

Comparison of the calculated and measured pion fluxes, which 

calculated using NPFLUX 

calculated using MBEND 

measur ed 

4.5 X 10 3 , 

5,6 X 103, 

5, l X 103 , 

indicates that the ca l culated and measured values differ by about 10%. 

However, because of the uncertainty in the value of the proton current 

(assumed 25 nA for the purpose of the ca lculation), this rather good 

agreement must be cons idered fortuitous. 
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PION ENERGY ( MeV) 

Ftg. 6. 14 Expe r tmenta l pion energy spectrum for the 

Berke I ey Channe I using 6" Be target. 

56 
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CHAPTER 7 

MISCELLANEOUS TOPICS 

7.1 Comparison with Other Channels 

The dual purpose character of the TRIUMF channel, being 

designed specifically to provide both pions and muons, makes it difficult 

to compare with the other high intensity muon channels, namely the 

proposed SIN and LAMPF channels. Although this channel appears similar 

to the LAMPF channel, it is different in at least two respects. First, 

the pion collection section is ,also a stopped pion channel and is 

designed as such. Secondly, pion extraction is made at a backward angle 

of 135° (compared to LAMPF forward angle of 60°) in order to minimize 

high energy neutrons and protons. It is a lower cost channel compared 

to LAMPF since it is simpler and employs fewer quadrupoles and magnets. 

The greater sophistication of the LAMPF channel and analyzing 

system is rewarded by a muon beam of high purity. But this has been 

achieved at a large cost. The ma in characteristics of the TRIUMF and 

other channels are summarized in Table 7,1 for comparison. Since 

the proton current available to the LAMPF channel is 1 mA compared to 

the 100 µA for TRIUMF, yields should be compared at the same current. 

Therefore , the TRIUMF channel performance, as far as fluxes are con­

cerned , is comparable to that of LAMPF, 2.1 x 104 µ-(1 µA• sec•MeV/c)-l 

for TRIUMF , and 0.7 x 104 µ-( 1 µA· sec• MeV/c)-l for LAMPF. 



TRIUMF 

LAMPF 

SIN 
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Table 7.1 

Compar ison of the TR IUMF, LAMPF, and SIN Channels 

E 
p Ip 

MeV mA 

500 0. 1 

800 I. 0 

590 o. 1 

Angle of 

extraction 

135° 

60° 

plT 

MeV/c 

160 

100 

180 

90 

200 

£\p 
1T 

Po 

fu 11 

0.55 

0 .30 

o.45 

0. 15 

0.27 

µ- Fl ux at Exit 

of Straight Section 

106 (sec 

forwa rd 

1.4 

21 

MeV/c) - l 

backward 

2.1 

7.0 

1. 0 

2 1 
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These values are for backward muons from pions having central momenta 

of 160 and 180 MeV/c respectively. Furthermore, since the LAMPF beam 

peaks at 112 MeV/c and the TRIUMF beam at 82 MeV/c, the stopping rate 

for TRIUMF is 30% better. However, for forward muons, the LAMPF 

analyzing system is superior to that of TRIUMF . 

The SIN channel has the advantage of a large solid angle of 

acceptance (75 msr for SIN vs. 26 msr for TRIUMF) made possible by 

extracting pions at 0° with the channel entrance only· 30 cm from the 

production target. The other factor is the large capture fraction of 

the solenoid. Different calcu.lation procedures may account for some 

of the differences between the three machines . 

7.2 Possible Use of the Pion Collection System for Scattering Experiments 

The use of the first section of the channel for scattering was 

not considered as a design criteria. However, interest in this mode of 

operation led to an investigation (Reeve, 1972) of the possible use of 

the channel for scattering experiments. It was shown by Reeve that an 

improvement in resolution is obtained if a focus is obtained and slits 

are placed downstream from Q3 (see Fig. 4.5). On the other hand, in the 

pion mode of operation discussed in Section 4. 1. 1, a focus is obtained 

and slits are placed upstream from Q3. This is because placing the focus 

downstream reduces the solid angle of acceptance, as calculated by NPFLUX, 

from 28 to 19 msr. For pion scattering experiments, this reduction is 

not serious. 
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Whether the slits are placed upstream or downstream from Q3 

does not affect the operation of the channel for stopped muons, since 

the slits are kept fully open in this case . It should be noted, 

though, that the improvement in resolution, obtained by placing the 

slits downstream, is not very large. The re-optimized channel, as 

reported by Reeve, has a first order resolution of± 1.7% p for a 
0 

projected source size of± 3.5 cm, compared to± 2.5% p for the 
0 

reference channel described in Section 4,3 and 3.0% for the channel 

with slits upstream of Q3 described in Section 4.4.1 for the same source 

size. 

7.3 Beam Switching 

The method adopted (Al-Qazzaz and Pearce, 1971) for switching 

the beam between two users is illustrated in Fig. 7, 1 where the 

quadrupole triplet after the analyzing magnet is mounted on a platform 

that can be turned through a small angle . To switch between the ma in 

user and the parasite experiment, the current of the bending magnet is 

changed slightly to reduce the angle of bend, and the platform carrying 

the triplet is rotated accordingly. Thus, the switch ing should take 

only a few minutes. 
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Parasite 

Main User 

Analyzing Section 

Fig. 7. 1 Schemattc diagram showing the arrangement for 

beam switchtng between two users. 
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7.4 Vacuum, He or Air 

The question of whether to use vacuum, helium-filled bags, 

or air in the channel has been investigated (Pearce, 1968). As 

far as beam loss caused by multiple scattering by air or helium, it 

was concluded that air should be excluded because it caused an rms 

displacement four times larger than helium, resulting in an unacceptable 

beam loss . 

The choice between helium or vacuum was based on cost con­

sideration and it was concluded by Pearce that vacuum is probably 

cheaper. Also, when the channel is operated at a momentum of 100 MeV/c 

or lower, multiple scattering losses caused by helium become significant. 

Therefore, vacuum is recommended for the channel described in this work. 
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7,5 Some Comments on the Engineering Aspects of the Channe l 

7,5 . 1 Magnet Spacing 

The actual dimensions of the quadrupoles and the bending magnets 

a re not known yet except for the first rad iation- hardened quadrupoles. 

Therefore , magnet spacing was based on estimates of the overal l dimensions . 

Thus , the quadrupoles Ql and Q2 (see Fig. 5.5) should be as close to each 

other as possible. Also, Q2 should be as c lose as possible to the first 

bending magnet Ml. This is also true of the dis t ance between Q4 and Q5 . 

On the other hand, the d i stance between the second bending magnet M2 and 

Q4 was chosen to allow the und~flected neutral particles to pass through 

to t he neutron trap without hitting the quadrupole. A narrow-type quad­

rupo l e for Ql will be advantageous, but this was rejected for cost 

reasons. 

Fo r the A.G. section, as mentioned in Section 5. 2.2, the 

separation between individua l quadrupoles should be as smal l as possib l e . 

The ana lyzing magnet should be placed as c lose as poss i bl e to Ql7. 

Simi lar ly Ql8, wh ich should preferably be narrow- type , is p laced as 

c lose as possib l e to the magnet. The last t hree quadrupo les a l so should 

have minimum spacings. 
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7,5.2 Magnet Length 

Except for Ql, all the other quadrupoles are chosen to have 

1211 pole pieces. For the 1211 aperture quadrupoles this corresponds to 

an effective l ength of 18" (46 cm). This is adequate for the calcu­

lations, which assume a hard-edge model (see Appendix B) of the field 

distributi on, to be meaningful. Shorter quadrupoles are desirable for 

the pion collection system but the calculations, using the commonly 

available beam optics computer codes, will not be representative of 

the actual behaviour of the channel. For the 10" aperture quadrupoles 

of the A.G. section, shorter quadrupoles may be chosen. However, the 

choice of these lenses should be based, principally, on cost consider­

ation. The Chicago-type thin l ~nses (Cu lli gan et aZ. , 1964) should be 

considered for this purpose. 

For the bending magnets Ml and M2, 2011 long pole pieces are 

chosen because of the relatively large gaps used. With the 1011 gaps, 

shorter magnets will resu lt in a field distribution dominated by the 

fringe fields which makes the calculations based on the hard-edge 

model not very meaningful. Computer codes employing ray tracing techniques 

through any form of field configuration without the use of hard-edge 

models a re available. But they are inefficient and not suitable for 

optimization because of the excessive computing time required. 
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7.5.3 Special Arrangement for Pion Experiments 

In order to use the pion collection section for experiments 

requiring high pion fluxes and low muon content, the first three or 

four quadrupoles of the A.G . straight section (starting with Q6) have 

to be removed to make room for experimental equipment . Therefore, 

these lenses should be mounted ~ogether on a single table wnich may be 

removed and rep laced quickly with the overhead crane. 
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CHAPTER 8 

CONCLUSIONS 

The channel design described in Chapters 4 and 5 satisfies the 

design criteria, and was selected after consider ing alternate concepts 

wi th due regard to costs . 

In Phase One of the design (the pion col l ection system) the 

emphasis was on maximizing the number of stopped pions since this section 

of the channel was intended to serve as a stopped pion channe l . The op­

t imization of Phase Two was carried out to maximize the number of muons, 

particu lar l y muons from the backward decay of pions. Although the em­

phasis was on negative particles, the channel is capab le of providing 

particles of both polar i ty. The yields for pos i tive partic les are about 

three times higher than those for negative particles. 

The operating energy of the channel is variable and expected 

yie l ds for the Phase One design were calculated for severa l values of 

the central momentum between 60 MeV/c and 180 MeV/c and are given in 

Table 4.4 . The calculations indicated that the optimum value for the 

maximum operating momentum is 160 MeV/c. Thus, the yields for the 

various modes of operation were calculated for this momentum as well 

as the design momentum of 100 MeV/c . Should the maximum channel momen­

tum be restricted to 140 MeV/c because of lack of funds, the yields for 

140 can readily be obtained by interpolating in Table 4.4. 
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In Tabl e 8.1 some examples of the number of stops in targets 

I g/cm2 and 50 mg/cm2 and the appropriate degrader are given, together 

with the total flux available for severa l modes of operation and the 

target thickness required to stop at least 80% of the given flux. 

It is seen t hat the best mode of operation, as far as the number of 

stops is concerned, i s that when an absorber is used to stop the pions 

and degrade the muon beam simultaneously. The va lues given for this 

case take account of losses due to mu lt ip l e scattering. The only 

disadvantage is the background of particles produced in the absorber . 

However, the analyz i ng magnet may be used to reduce this background. 

Thi s mode of operation should be examined experimental ly when the 

Phase One channel is comp leted. 

The accuracy of the calculated values quoted was est imated by 

comparing measured and calculated values at an experiment being 

performed at Berkeley. As far as the opt ics is concerned, the 

discrepancy is approximate l y equa l to the experimental error as discussed 

in Chapter 6. Although the measured and calcu lated pion flux differ by 

on l y 10%, the agreement is probably fortuitous in view of the uncer­

tainty in the value of the proton current. 

The performance of the channe l described in this work compares 

reasonably we l l with proposed channels in other facil i t ies. Normalized 

to the same current, the LAMPF and the TRIUMF channels y ie ld approxi ­

mately the same flux of backward muons . The SIN channel provides a 

larger flux, as seen in Table 7. l , which is due to the high capture 



Table 8. 1 

Some Examples of Calculatedµ- Stops In Carbon Targets for Various Modes of Operation 

Stops in 25 cm x 25 cm Stops In 10 cm x 10 cm 

target target 

for for 
total 80% total 80% p flux 1 g / cm2 50 m51/cm2 flux 1 g / cm2 50 mg/cm2 

of of Mode of Operation {peak) 10 7 10 6 deg'r 10 5 deg'r 107 106 deg'r 105 deg'r beam beam 
MeV/c sec- 1 

g/cm2 sec-1 g/cm2 sec-J g/cm2 sec- 1 
g/cm2 sec-1 g/cm2 sec- 1 g/cm2 

N 
Two Bend Ststem of Fig. 4. 5 : N 

0 

§4.4 . 2 (a) backward p =100 
0 

40 0. 20 3,0 1.2 0.25 1.3 0.4 0.04 1. 4 0.4 1. 4 0. 7 o.4 

p =160 
0 

90 0.71 13.0 1.0 5,3 0.5 5,9 0.25 12.0 0,35 7,2 0.2 7,4 

§4.4.2 (b) halot forward 100 1.0 13,5 5,4 9.0 o.8 10.0 

backward 45 0. 14 2.0 1. 2 0.25 1.0 0 . 5 

§4.4.2 (c) after absorber 45 2.9 6.0 7.4 0.25 3,7 1.0 

§4.4.3 (a) backward p =160 85 1.0 9,4 
0 

3.8 5.0 1. 1 5.25 

p =JOO 
0 

45 0. 1 1. 7 0.7 0 0.7 0.6 

Plus Straight Section: 
§5.4.2 backward p =160 81 I . 3 

0 
9,7 3.6 4.0 2.0 4.5 

Ststem of Fig. 5.5: 
§5. 4.3 backward p

0
=160 

Pion Channel: 
81 o.4 5,6 2.4 4.0 1.6 4.4 O. 1 5.6 0.7 4. 0 0. 4 4.4 

§4.4.J 1r- (slits open) 100 31. O 5,6 120 J.9 57 4.4 
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rate of the solenoid . However, different calculation procedures may 

account for some of the differences in yie l ds . 

The present design is f lexible, as can be seen from several 

possible modes of operation discussed in Chapters 4 and 5, The p ion 

coll ection system alone can be used for providing muons as well as 

pions . The addition of a straight section can be made in stages over 

a period of time. 
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rate of the solenoid. However, different calculation procedures may 

account for some of the differences in yields. 

The present design is flex ible, as can be seen from several 

possible modes of operation discussed in Chapters 4 and S. The pion 

coll ection system alone can be used for providing muons as well as 

pions. The addition of a straight section can be made in stages over 

a period of time. 
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Appendix A 

FUNOEMENTAL PROPERTIES OF PIONS AND MUONS 

Some fundamental properties of the pions and the muons are 

1 is ted be I ow: 

Charge states 

Mass 

Intrinsic spin 

Magnetic moment 

Parity 

Helicity 

Lepton number 

Mean Life (sec) 

Pions 

+, -, 0 

± 139, 576±0.011 1T 

lTo 13Li,972±0 .012 

0 

- 1 

0 

1r± (2.6024±0.0024)xl0-8 

lTO (0.84 ± 0. JO) X JO-JG 

the muonic Bohr magneton. 

Muons 

+, -

105.6594±0.0004 

1/2 

1.00116616 µ* 
±.0000003 1 0 

+1 

µ +I 

+ - 1 µ 

:µ +l 

+ -1 }l 

(2 . 1994±0.0006)xl0-6 
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Appendix B 

BASIC CONCEPTS OF BEAM TRANSPORT SYSTEMS 

B.1 Definitions and Notation 

In a beam transport system, a beam of particles is focussed 

and its direction controlled by a series of magnetic devices wh i ch are 

separated by field-free spaces called drift spaces. These devices and 

drift spaces are referred to as beam transport elements. 

A charged partic le in a magnetic field is subject to the 

Lorentz force 

- - -F = ev x B 

where e is the charge on the particle, v its velocity, and B the 

magnetic field. The Lorentz force acts in a plane orthogonal to 

the direction of mot ion and therefore causes the particle to be 

displaced from its initial path. 

( B. 1 ) 

The path followed by the particle under the influence of the 

appl led fields is cal led the particle "trajectory". The "optical axis" 

or central trajectory is defined for a given initial posit ion and 

direction. Trajectory coordinates for particles with other initial 

conditions are referred to this central trajectory. 

If, as is the case for many beams, the angular deviations 

from the optical axis, 0, are small, then the approximation sin 8 = 8 

is valid. This is referred to as the paraxial approximation. 
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In developing the equations of motion, sufficient accuracy 

is often obtained if only the linear terms in the displacement and 

angle are retained. This will be referred to as the linear approxi­

mation and the resu l ting equations as the linearised equations of 

motion. The symmetry properties of the quadrupoles and magnets chosen 

as beam transport e lements permit the assumption of independent equa­

tions for the x- and y-mot ions. 

B.2 Beam Handling Devices 

The most commonly used beam handling elements are the quadru­

poles and bending magnets. Quadrupoles are used as 11 lenses11 for con­

taining the beam of partic l es transported between the source and the 

experimental area. A quadrupole magnet consists of four symmetrically 

placed iron pole pieces mounted on a common yoke and excited by current 

carrying co i ls. An ideal quadrupole would have a symmetric field as 

shown in Fig. B. 1. 

The components of the quadrupole field are (Banford, 1966) 

B = gy' X 

B = gx, y 
(B.2) 

and B = 0, z 

where 
aB aB 

X -1.. = g = --= constant. 
ay ax 
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X 

Fi g. B. 1 The Idea l Quadrupole Fie ld 

g (z ) 

z 

Fi g . 8. 2 The Hard -Edge ~ode l 
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g is known as the magnetic field gradient of the quadrupole. Then 

the components of the Lorentz force are 

F ~ +evB = +evgx 
X y 

F ~ -evB = -evgy 
y X 

by using (B . 2). 

Therefore F = -F 
X y 

i.e., if the force has a focussing effect in the xz- plane, it will 

have a defocussing effect in the yz- plane. This action can be re­

versed by rotating the quadrupole through 90° so that the north and 

south poles are interchanged. A net focussing effect in both planes 

can be obtained by using two quadrupoles, one of each type. 

The first order equat ions of motion of a charged partic l e 

travel l ing through a quadrupole, assuming paraxial condit ions, are 

obtained (Banford, 1966) from equations (B.1), (B.2), and (B.3); 

thus, from (B.1) 

F = e(v B - v B) = - ev B 
X y Z Z y Z y 

d2x 
so m -- = -ev gx 

dt 2 z 

from equation (B.3). 

With the approximation 

d2x mv 2 - - = -evgx. 
dz 2 

(B.3) 
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e 
= - - gx 

p 

Similarly for they-plane. 

The equations of motion are 

d 2x a -+--- x =O 
dz2 (Bp) 

in the focussing plane, and 

fr _ _g_ y=O 
dx2 (Bp) 

(B.4) 

in the defocussing p 1 ane, where (Bp) is known as the "magnetic rigidity" 

and is related to the particle momentum by 

(Bp) 

m being the relativistic mass of the particle and v its instantaneous 

velocity. 

For a practical quadrupole, the field gradient g varies along 

the z-axis as shown by the solid line of Fig. B.2. For purposes of 

computatiQn, a "hard-edge mode l" (Steffen, 1964) is used, as shown by the 

dashed line of Fig. B.2. Consequently one defines an "effective length" 

L such that 
+ co 

I g(z)dz 
-co 

L = ------ (B.5) 
g 

where g(z) is the measured fie ld gradient along the z-axis of the real 

quadrupole and g is the value of the gradient well inside the magnet. 
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This defini tion of L ensures that the actual fie ld and the hard-edge 

model field are equivalent to first order of approximation insofa r as 

their focussing (or defocussing) action on a charged partic le is the 

same. The error introduced by assuming a hard-edge mode l ranges from 

a few percent for long, small-aper ture quadrupoles to about 20% for 

short, large-aperture quadrupoles (Alexander and Reeve , 1971). 

Bendi ng magnets a re used to def lect t he optical axis of a 

beam of part ic les in the desired d irection. A hard-edge mode l is also 

used here for the homogeneous or constant fie ld magnet and the 

effect i ve length is defined by 
I +oo () B z dz 

-o:, 

L =------ (B.6) 
B 

where B(z) is the measured fie ld and Bis the field wel l within the magnet. 

The var ious parameters which describe a bending magnet a re 

indi cated in Fig. B.3. The magnetic field is related to the radius 

of curvature, ro, and the magnetic rigidity (Bp) by 

(B . 7) 

The ang le of bend 8 is related to r 0 by 

(B.8) 

If the po le faces of the bending magnet are norma l to the beam axis, 

the entrance angle ¢J and the exit angle ¢2 wi ll each have a value 

of ze ro. 
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fi g.B .3 Bending Magnet, A Plan View 

Showing Magnet Parameters. 

As shown, e and ~1 are posit ive 

and $2 is negative . 
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The fi rst order equat ions of moti on of a charged pa r tic l e in 

the f ie ld of a norma l bending magnet , assuming paraxial conditions, are 

(Hansf ord, 1965) 

in t he plane of bend, and 

d2x 1-n --+---
d z2 r o 2 r o 

E.:l. + _ n_ =O 
dz 2 r 0

2 

~= 0 
p 

in the non-bending plane , where n is the fiel d index g iven by 

n = - .!:.2.· 
B 

cB 
er 

and i s zero for homogeneous (constant field) bending magnets. The 

third term represent s t he effect of beam· momentum spread. 

A wedge magnet (~1 = ~2 = 0) focusses in the horizontal 

p lane. A bending magnet with rotated pole faces has add i tiona l 

focuss i ng proper ties on the edges which may strengthen or weaken 

the focussing effect of the normal magnet; it can be cons i dered as 

(B.9) 

a normal magnet and each of the pole face rotations can be represented 

by a thin lens or, as it is often called, a focuss ing (or defocussi ng) 

edge. Whether the thin lens is a focussing or a defocussing edge de­

pends on the sign of the angles ~l and ~2 . The convention used here 

(Penner, 1961) is that if t he effect of the rotated pole face i s to 

produce focussing in the vertical plane , the ang l e concerned is con­

sidered pos iti ve. 
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For the focussing effect of pole face rotations, we have 

d2x tan 4> 0 --+ • X = 
dz 2 Lr o 

and 

~- tan 4> . y = 0 
dz2 Lro 

f or the bendi ng and non- bending planes respect ively. ¢ represents 

either an entrance or an exit angle. Thi s crude thin lens approxi ­

mation for pole face rotations can be improved by replacing the 

ang le¢ by (¢ - w) where w is given by (Brown, 1967) 

(B . 10) 

where h is the magnet gap and a is evaluated for the fringing fie lds. 

Typical values of a for actual magnet may range f rom 0.3 to 1.0, de­

pending on the geometry of the magnet . For the purpose of computation 

a value of 0.5 or 0.6 may be taken. 

8. 3 Particle Trajectories 

The equations of motion through the various elements of a 

beam transport system can a l l be represented by a single trajectory 

equation 

d2u 
- + k(z)u - d = 0 
dz 2 

u = x or y 

where k(z) takes the follow ing forms for the various elements g iven 

by equations (B.4), (B.9), and (8 . 10): 

(B.11) 



l 
IT 

tan p 
Lr o 

1-n 

and d has the form 

Ae. 
p 
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fo r a thin lens 

for a quadrupole 

for a focussing or defocussing edge 

for a bending magnet in the plane of bend 

for bending magnet in the non-bending plane 

in the plane of bend for a beam of particles 

with momentum spread. 

The solutions to t he linearised equation (B. 11) are given 

in terms of the trigonometric sine and cosine funct ions when the 

element is focussing , k(z) > 0, and in terms of the hyperbolic 

functions when defocussing, k(z) < 0. 

In matrix notation (Penner, 1961), the so l utions can be 

represented by 

u 

Ae. 
p 

0 0 

uo 

I uo 

Ae. 
p 

where u = x or y and the zero subscript refers to inftial values of 

the displacement u , the slope u 1 =~~and the momentum deviation~ 

which is constant . The matrix elements R .. are functions of the tri -
lJ 

gonometric circular or hyperbolic sine and cosine functions. 

(B . 12) 
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When uo = 1 , u0 = Q and ~= 0, u is cal led a sine- 1 ike trajectory. 

When 0, ' and~= Uo = uo = p 0, u is ca 11 ed a cosine- like t rajectory. 

When Uo = ub = 0 and ~= 
p 1 • u is ca 11 ed a d i spersion trajectory. 

The above three trajectories are called " pr inc iple trajectories"; all 

ot her t rajectories can be expressed in terms of these principa l trajec­

tories. If t he displacement and slope of the output trajectories after 

the final element are independent of the beam omentum, the system is 

ca ll ed 11d ispers ion less11 or 11achromat ic 11
• For such a system , the R13 

and R23 components of the tran~fer matrix are zero . If R12 = 0, a 

focus is said to be obtai ned in which case R11 wi l l represent t he 

magnificat ion of the system. 

B. 4 Phase Space and Ellipse Representation 

Phase space is the six-dimensional space (x, y, z, Px• Py • p
2

) 

where x, y and z are the position coordinates in three dimensiona l 

Cartesian space, and Px• p and p are the three correspond ing momentum y z 

coordinates for a point in this space. The motion of a partic le in 

t ime in the three- dimensional pos i tion space is rep resented by the 

motion of a point in phase space; and a beam of particles is represented 

by a group of points in phase space, each point corresponding to one 

particle in the beam. The group of points will then f i ll a certain 

volume in phase space; the surface of this volume defines the bounda r ies 

of the beam . 
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On t ransformation of the phase space volume in time, the 

par t ic l e density in phase space obeys Liouville's Theorem. Th i s 

theorem states that for motion in an external f ield, for which Hami l­

ton ian equations can be written, the partic le density in phase space 

remains constant . Thus the phase space volume contai ni ng a group of 

part icles remains constant although the shape may change. A derivation 

of th i s theorem is given in Steffen (1964). If the particle motion 

a long the three coordinates of real space is mutua l ly independent, the 

t heorem applies to the motion in each plane separately and the areas 

in the three hyper- planes (x, px), (y, py)' and (z , p
2

) remain constant. 

In paraxia l beam optics one can assume in the l inear approximation that 

t he axial momentum p
2 

is constant; thus 

dx dx 
Px = m dt = m dz 

dz 
- = P x'. dt z 

Since x~px, the area in phase plane (x, x ' ) which is occupied by a 

beam of particle trajector ies is also a constant of the motion. 

Similar ly the area in the phase plane (y , p) can be represented by 
y 

an area in the plane (y, y') and its size remains constant. 

The area of phase space divided by the constant n containing 

the trajectories of a beam of particles is called the emittance of the 

beam. The area in phase space enclosed by all particle trajectories 

transmitted by a beam hand! ing device is referred to as the acceptance 

of the device. 
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The most common phase space contour of beam encountered in 

practice is a polygon. But this can be well approximated by an ellipse 

which contains a given fraction of the particle trajectories (e.g. 90% 

of them). The ellipse representation offers certain advantages; it can 

be described by three parameters only, it can conveniently be handled 

mathematically, and more important, it retains its elliptical shape on 

transforming through a linear beam transport system. 

, 
The equation of the phase space ellipse in the (u, u') 

space is (Steffen , 1964) 

yu2 +, 2aUU 1 + 8u ' 2 = E 

with the normalizing condition 

/3y - a2 = 

where u = x or y. 

13 is called the amplitude function; it is a function of z and it 

depends on the initial ellipse parameters 130, ao, and E. Fig.B.4 

shows the phase space ellipse of area F and its relation to the 

parameters a, 13 , y, and E. 

The maximum displacement of the trajectories within the 

ellipse U is given, in terms of the ellipse parameters, by 
max 

The maximum slope, or angular deviation, is given by 

(B. 13) 
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The trajectories U and U' do not correspond to any single particle max max 

but represent, at any point along the beam axis, the maximum displace-

ment and slope respectively. U (z) is cilled the beam envelope; it max 

Is useful to determine the apertures required to transmit a beam of a 

given emittance through a transport system. 

B.5 Extension to Second Order 

The trajectory equations in Section B.3 were obtained by re­

taining the first order terms only in the Taylor expansion of the solu­

tions to the equations of motion. If the expansion is terminated with 

the second order terms, the sofution may be written (Brown, 1967) , in 

terms of the initial values of the coordinates, as 

6 
R .. x. (0) + L 

I J J • 1 J= 
(B. 14) 

wjere xi, i=l to 6 are the elements of a column vector which stand for 

the coordinates x, x ' , y, y ', i, and ~p/p respectively. R .. are first 
I J 

order and T. 'k are second order matrix elements calculated by TRANSPORT 
IJ 

(Brown and Howry, 1970). i is the path length difference between an 

arbitrary ray and the central trajectory. Obviously, the 3 x 3 matrix 

representation, given in Section B.3, is not adequate in this case and 

a more general 6 x 6 matrix has been adopted where both the x-plane and 

y-plane first order solutions are represented (see Appendix K) . 
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The first term of equation (B. 14) is the first order solution 

discussed in Section B.3. The second order matrix elements of interest 

are the T11G, T12G, and T166 representing chromatic aberrations, and 

T122 representing geometric aberrations generated in dipole magnets. A 

comprehensi ve treatment of first and second order theory is given in the 

report SLAC-75 (Brown, 1967). 
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Appendix C 

,r-µ KINEMAT ICS 

The dominant decay mode of the pion is 

Ene rgy and momentum conservation in the res t frame of the pion leads 

to, with the usual notation, 

* *-m = E + E 
1T J.J \) 

and 

wi th the stars_ indicating that the energy and momentum are evaluated 

in the rest frame of the pion. For the massless neutrino 

* * P = E 
\) \) 

Therefore, 

* * m = E + p 
1T J.J J.J 

C.2 Momentum Range of the Decay Muon 

( C. 1 ) 

(C. 2) 

(C . 3) 

(c.4) 

(C . 5) 

The energy of the decay muon in the laboratory frame is 

related to its energy in the pion f rame by the Lorentz transformation 

of the energy- momentum fou r-vector and can readily be shown to be 
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where a and y have thei r usual meaning in relativity. 

The muon energy has a maximum value in the forward decay, 

when its decay angle e = 0 wi th respect to the direction of motion 

of the parent pion, and a minimum value in the backward decay, when 

e = 180°. Thus, the upper and l ower limits on the muon energy are 

given by 

It can readily be shown, by a simp le application of the 

Lorentz transformation to a particle in its own rest frame, that 

E = ym and p = SE 

where mis the rest mass of the particle. Therefore, the fol l owing 

re lat ions are obtained: 

* * * * * 
p . 

1T E = yµ m Pµ = !\ \1 m ' and y1T =--µ µ µ e m 
1T 1T 

Using these relations (C.9) in equation (C. 7) , one obtains, after 

simplifying, 
* 

=~ 
yµmµ ... 

Pµ ( 1 ± e e") p 1T en m 1T µ 
1T 

From equation (C.5), using the relations (C.9), one gets 

* ·}: * 
m = yµmµ + B a m 

1T µ µ µ 

/m (1 
.c 

= + e) µ µ 

(C . 6) 

(c. 7) 

(C . 8) 

(C. 9) 

(C. 10) 

( C. 11 ) 
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or * y m 1 
~ = --

m '11" t+s* 
JJ 

(C. 12) 

Subs t ituting (C.12) in (C. 10) gives 

(C. 13) 

The re lativistic addition of ve loci t ies (e.g. Landau and Lifshitz , 1962) 

yie lds for the laboratory velocity of the muon 

131.J 

* 13 ±13 
= 'If JJ 

Fina l ly, substituting (C.14) in (C. 13) gives the extreme values of 

the momentum of the decay muon, name ly 

• p 
1T 

(C . 14) 

(C. 15) 

The maximum and minimum momenta of t he decay muon, together with t he 

maximum decay angle d i scussed below, are given in Table C. l for severa l 

pion momenta. 
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C.3 Maximum Decay Angle of the Muon 

The Lorentz transformation of the energy- momentum four-vector 

yie lds the following relations 

* * p sine = p si ne 

Di viding (C.16) by (C . 17) one gets 

* cose ) 

* sine tan e = ---,---,----,-
Y (sE* /p~'"+cose'") 

... 
by using (C.8) and putt i ng g = Si s". Equat ion (C. 19) describes the 

transformation of angles from the pion rest frame to the laboratory 

frame . 

(c . 16) 

(C. 17) 

(c. 19) 

For the pion decay in fl ight, no particle goes backwards in 

the laboratory, except for pions with extremely low momentum. There­

fore, the re wi ll generally be a maximum decay angle emax This maximum 

* ang le is obtained by differentiating equation (C. 19) with respect toe , 

then sett ing de/d e* equal to zero which g ives cose* = -1 /g. Thus, us ing 

this in equation (C . 19) with e replaced by e , one gets max 

1 
8 = arctan[(J- s2 )/(g2- J)]~ max (C . 20) 

The maximum decay angle of the muon is tabulated in Table C. I. 
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Table C.1 

n-µ Decay Kinematics 

PTI p (min) 
µ 

p (max) 
\.l 

cr (max) 

MeV/c MeV/c MeV/c degrees 

40 0.46 62.5 79,8 
45 4. 08 66.7 61.0 
50 7,67 71.0 51.9 
55 11. 2 75.3 45.7 
60 14.8 79,6 41.0 
65 18. 3 84.o 37.3 
70 21.7 88.4 34.2 
75 25 .2 92.8 31. 7 
80 28.6 97.3 29.5 
85 32.0 102 .7 27.6 
90 35.3 106.2 25.9 
95 38 .7 110.8 24.5 

100 42.0 115. 3 23.2 
105 45,3 119. 9 22.0 
110 48.6 124.6 21. 0 
11 5 51.8 129. 1 20.0 
120 55, 1 133,7 19.2 
125 58,3 138.3 18.4 
130 61. 5 143.0 17 .6 
135 64.7 147.6 17.0 
140 67,9 152.3 16.3 
145 71. 1 157.0 15.8 
150 74.2 • 161. 7 15.2 
155 77 .4 166.4 14,7 
160 80.5 171 . 2 14.2 
165 83.6 175,9 13 .8 
170 86.8 180. 7 . 13. 4 
175 89.9 185.4 13.0 
180 93.0 190.2 12.6 
185 96.0 195.0 12. 3 
190 99. 1 200 .0 12.0 
195 102.2 204.6 11.7 
200 .105.2 209.4 11. 4 
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C.4 Angu lar Distribution of the Decay Muons 

Because of the isotropic decay in the pion frame, it can be 

assumed that the number of muons per unit solid angle is cons t ant and 

is g iven by: 

(c .21) 

, The angu l ar distribut ion of the decay muons in the laboratory frame is 

dn dN 
de= - * 

dn 

The ~lement of solid angle dn is g iven by 

* dQ . 
~ 

dQ 
d0 (C.22) 

dn = 2~ sin e de (C.23) 

* and a sim i lar expression is obtained for dn . Consequently, using 

(C.2 1), (C.22) and (C.23), one gets 

* dN 1 . * de 
de= 2 s ,ne de 

It can readily be shown, using (C. 19), that 

Substituting (C.25) in (C . 24) gives, for the angular distribution 

dN 
d6 = 

sine 
2y 

* y 2 (g+cose*) + sin2e* 
(G + cose ,·,) 

(C.24) 

(C.25) 

(C.26) 
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C.5 Useful Tables 

The pion and muon kinematics are tabulated in Table C.2 and 

Table C.3 respectively, where for a given momentum, the energy, 8 , y, 

the magnetic rigidity in Tesla-meters, the decay length in meters, and 

the surviving fractions in % Tabulated. 

In Table C.4 and Table C.5, the range R in g/cm2 and dp/dR 

in MeV/c per g/cm2 are tabulatedl°for the given momenta. The momentum 

interval chosen is not uniform. A small interval is used when Rand 

dp/dR are sensitive to small changes in momentum. 

t Data obtained from the report UCRL-2426 Vol . IV . 
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Tab le C.2 

Pi on Ki nema t i cs 

Surviving 
p1T T Rigidity Decay fraction 

1T 
B1T 

(Bp) length at 8 m y1T 
MeV/c MeV T • m m % 

40 5.62 0.276 1. 04 0. 133 2.24 2.68 
45 7.08 0. 307 1.05 o. 150 2. 52 4.00 
50 8.69 0.337 1.06 0. l 67 2.80 5.52 
55 1 0. 5 0.367 1.08 o. 184 3. 08 7. 19 
60 12 . 4 0.395 1.09 0.200 3,36 8.95 
65 14. 4 o.422 I. 10 0. 217 3.64 10.8 
70 16. 7 0.448 1. I 2 0. 234 3.92 12.6 
75 18.9 o.473 1. 14 0.250 4.20 14.5 
80 21. 3 o.497 1. 15 0.267 4.47 16. 4 
85 23.9 0. 520 I. 17 0.284 4,75 18.2 
90 26.5 0.542 1. 19 0.300 5,03 20 .0 
95 29 .3 0.563 l. 21 0. 317 5.3 1 21. 8 

100 32 . l 0.582 I. 23 0. 334 5.59 23 .5 
105 35. l 0.601 1.25 0.350 5,87 25.2 
110 38. l 0.619 I. 27 0.267 6. 15 26 .8 
11 5 41.3 0.636 1.30 0.384 6.43 28.4 
120 44 .5 0. 652 1.32 0. 400 6.71 29.9 
125 47.8 0.667 1. 34 0. 417 6,99 31. 4 
130 51. 2 0. 682 1.37 o.434 7.27 32.8 
135 54.6 0.695 1.39 0.450 7,55 34.2 
140 58. 1 0. 708 1. 42 o. 467 7,83 35.5 
145 61. 7 0. 720 I. 44 0.484 8. 11 36.8 
150 65 ,3 0.732 1.47 0. 500 8.39 38. 1 
155 69.0 0. 743 l. 49 0.517 8.67 39.3 
160 72 ,8 0,754 1. 52 0,534 8.95 40.5 
165 76 , 5 0.764 1.55 0.550 9.23 41. 6 
170 80 . 4 o. 773 1.58 0.567 9.51 42.7 
175 84.3 0. 782 1.60 0.584 9,79 43,7 
180 88 . 2 0,790 1.63 0.600 IO. 1 44.7 
185 92.2 0,798 1. 66 0. 617 10.4 45.7 
190 96, 2 0.806 I. 68 0.634 10.6 46.7 
195 l 00. 2 0.813 1. 72 0. 651 10.9 47.6 
200 104.3 0.820 1. 75 0.667 11. 2 48.s 
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Tab le C.3 

Muon Kinematics 

Surviving 
p7T T 

13'11' 
Rig idity Decay fraction 

'JI' y'JI' (Bp) length at 6.5 m 
MeV/c MeV T • m m % 

20 1.88 0. 186 1.02 0.067 126 95.05 

30 4. 18 o. 273 1.04 0. I 00 189 96.67 

40 7.32 0.354 1.07 o. 133 252 97.49 

50 11.2 0.428 1 • l 1 0. 167 315 97.99 

60 15.9 o.494 1. 15 0.200 378 98.32 

70 21. 1 0.552 l. 20 0.234 441 98.56 

80 26.9 0.604 l. 25 0.267 504 98 . 74 

90 33. 1 0.648 1.31 0.300 567 98.88 

100 39.8 0.687 l. 38 0.334 630 98 .99 

11 0 46.9 0. 721 1. 44 0.367 693 99.08 

120 54.2 0.751 l. 51 o.4oo 756 99. l 6 

130 61.9 0. 776 1.59 0.434 819 99.22 

140 67.7 0.798 1. 66 o. 467 882 99.28 

150 77.8 0.818 1. 74 0.500 945 99 . 32 

160 86. 1 0.835 1. 82 0.534 1008 99-37 
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Table C.4 

Range and dp/dR for Pions in Carbon 

p11' R dp/dR 

MeV/c g/cm2 (MeV/c)/(g/cm2 ) 

40 0.22 50.7 
42 0. 26 45.0 
44 0.32 40.5 
46 0.36 36.0 
48 0.42 32.5 
50 o.49 29 .3 
52 0.56 26 .7 
54 0.63 24.4 
56 0.71 22.5 
58 0.81 20.7 
60 0.92 19.0 
65 1. 18 15.9 
70 1.54 13.5 
75 1.96 11.7 
80 2.42 10.2 
85 2,95 9.00 
90 3.58 8.00 
95 4.25 7.20 

100 4.90 6.6 
105 5.50 6. 1 
110 6.33 5.62 
120 8. 25 4.88 
130 1 o. 4 4.34 
140 12.8 3.90 
160 18.5 3.30 
180 25.0 2. 92 
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Table C.5 

Range and dp/dR for Muons in Carbon 

p7r R dp/dR 

MeV/c g/cm2 (MeV/c)/(g/cm2 ) 

20 0.04 148 
22 0.05 117 
24 0. 07 93 .0 
26 0.09 76.0 
28 o. 12 63 . 0 
30 0. 16 52.5 
32 0.20 45.0 
34 0.24 38,7 
36 0.30 33,7 
38 0.36 29 .5 
40 0. 44 25.8 
42 0.52 23.2 
44 0.61 20.8 
46 0.70 18.8 
48 0.81 I 7 . 1 
50 0.95 I 5, 5 
52 1.08 I 4. 2 
54 1. 23 13.2 
56 t. 38 l 2 . 1 
58 I. 54 11. 2 
61 1. 85 I 0. 1 
64 2. 15 9. 35 
67 2. 50 8.52 
70 2.87 7,80 
74 3, 41 7.02 
78 4.06 6.38 
82 4, 75 5.84 
86 s.48 5. 37 
90 6.30 4,97 
94 7,20 4.65 
98 8. 10 4.36 

102 8, 75 4.20 
106 9.60 4.00 
l I 0 10 . 7 3.82 
120 l 3. 5 3.41 
130 16.7 3. 11 
140 20.0 2.89 
160 27.3 2.57 
180 35.5 2.37 
200 44.7 2.23 
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Appendix D 

STOPPED PION CHANNELS 

Some of the low energy pion channe l s wh i ch cou l d be used for 

stopped pion exper iments, as wel l as pion channels proposed or constructed 

spec i f ica l ly for stopped pion experiments , are reviewed in the fo ll ow i ng 

sect ions. 

D. 1 Proposed LAMPF Low Energy Pion Channel 

The criter ia fo r designing this channe l (Amato et aZ., 1970) 

were based on the requirements for low energy pion exper iments proposed 

for LAMPF. The channel was to provide both positive and negative pions, 

have good resolution (± O. 1% ~p/p or bette r) , be achromatic and iso-o 

chronous, have minimum contaminat ions , have a variable spot size between 

1 cm x 2 cm and 10 cm x 10 cm, and finally the channe l was to be short 

and costs were to be minimized. 

The proposed channel consists of four rectangu lar bending mag­

nets preceded and followed by quadrupole doublets. A schematic diagram 

of the channel is shown in Fig . D. 1. Each magnet bends the beam t hrough 

60° in the vertical plane with the channel exit at the same level as the 

entrance. It i s symmetric about a pl ane midway between the second and 

third magnets. 
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Fig . D. 1 The proposed LAMPF low energy general purpose pion channel. 

Reproduced from the LA$L report MP-7-10 (Amato et aZ., 1970). 
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The ca l cu lated performance of the channel indicated that the 

channe l i s ach romatic and essentially isochronous, transmitting a momen­

tum interval varying between± 0. 05 and± 5% llp/p. It has a solid angle 
0 

of acceptance of 17 msr for 1011 aperture quadrupoles and 611 gap magnets. 

It is 14 m l ong and is capab le of operat ing at high energy; 300 MeV was 

quoted although the maximum energy has not been decided. The beam size 

at t he exit can be var ied by changing the position and f ields of the two 

exit quadrupoles. Ca l culated pion flux and beam spot sizes, for three 

va l ues of llp/p
0

, are (Amato et al., 1970): 

lip/po(%) 0.05 1.0 5 . 0 

n (msr) 10 20 15 

x (cm) 1.5 1.5 1.5 

x' (mr) 125 125 115 

y (cm) O. 13 1.0 3.4 

y ' (mr) 40 40 45 

T (MeV) 
1T 

Fluxes 108 1/ /sec 

50 0.004 1.6 6.0 

100 0. 19 7.3 27.0 

200 0.33 13.0 50.0 

The quoted spot sizes were calculated to second order and contained at 

least 95% of the beam. The fluxes are quoted for a 3 cm carbon target 

and a pion production angle of 45°. A proton current of 1 mA (6 x 1015 

protons per sec) at 800 MeV was assumed. 
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Beam contamination with protons, neut rons, muons and e lectrons 

was cons idered. Based on data from the LASL pion production experiment 

+ (Nagle et al ., 1969), 5 protons per n at 50 MeV a re assumed to reach the 

end of the channel. It was proposed to e l iminate these protons by using 

a th i n CH2 abso rber placed after the momentum sel ecting sl i ts at the mid­

plane of the channel. The effect of the absorber on the p ion beam was 

shown to be negligible. 

Neut rons produced by the target and in the target cell were 

calcu lated to be about 1014 per sec enter ing the first quadrupo le of the 

channel . These are suff iciently attenuated by the four bend system. The 

remaining contamination of about 10- 4 neu t rons per pion is due mainly t o 

neutrons generated from pions and protons stopping in the channel. 

Muon contamination of about 9% fo r 50 MeV p ions was ca l culated 

from both pion decay and muons from the ta rget area. Elect ron contami ­

nation was estimated using the LASL p ion product ion experiment data . For 

50 MeV pions from carbon, the e lectron/pion ratio is 0.9 for the negative 

and 0. 2 for the positive pions. It i s suggested that these electrons are 

d i scriminated against by time of flight, except in certain experiments 

where an electron separator may become necessary. 

The cost of the proposed channel was estimated at $194 ,000 for 

a maxi mum energy of 300 MeV, a maximum acceptance solid angle of 17 msr , 

and a maxi mum momentum accept ance of± 10%. 
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* 0 .2 Nevis Low Energy Pion-muon Channel 

As part of the Nevis synchrocyclotron conversion program, a 

channel intended primar il y for stopped pion experiments has been pro­

posed (Ho ll and et aZ., 1971). The criter ia for the design were: the 

channel should provide both positive and negative pions, contaminat ion 

with unwanted particles is minimized, fl ux ls maximized, flexibility, 

cost minimization, var iable central momentum and momentum bite, spot 

s ize are adjustable between 111 x 111 and 2.511 x 2.511 , and sma ll diver­

gence (~ 10 mr) in at l east one plane. The channel should preferably 

by achromatic and capable of providing muons. 

Three designs were considered. The first consists of t wo 

equal but opposite 50° bends separated by 40" free space, as shown in 

Fig . D.2 channel A, with quadrupo l e doublets preceding and following 

the bend system ; total length is 6 .75 m and acceptance solid angle is 

38 msr; momentum bite of± 10% is obtainab l e when the s lit s are wide 

open giving a 111 x l.811 spot, and of± 1% when the s li ts are± 0.711 

wi de . The second design cons ists of two 40° bends in the same direction 

with a quadrupole sing let between them and a doublet before and one 

after the bends. The third design is a three bend system with doublets 

preceding and following the bends as shown in Fig. D.2, channel B. 

Although the system has not been optimized, two 40° bends and an 80° 

bend in the centre satisfy the criteria . 

* Nevis Cyclotron Laboratory, Columbia University, I rvington, New York 
10533. 
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The system is essentially achromatic with a slit system in­

si de the centre bend a llow ing variable momen tum bite between± 1% and 

± 10%. Total l ength is 8.2 m and acceptance solid angle is 34 msr. 

The ca lculated performance for the third design indicated that 

f o r operation with a large momentum bite,± 10%, the integrated pion f lux 

1 x 108 n+/sec or 2.5 x 107 n- /sec wi th 18% electron and 20% muon was 

contamination. For operation with a sma l l momentum bite,± 1%, 2.5 x 107 

+ -n and 0.7 x 107 n oer sec are obta i ned with the same e lectron but 

slight ly higher muon contam ination . These fluxes are quoted for oper­

ation with a central momentum of 100 MeV/c and a spot s i ze of 1.211 x • 

1.2" for a 3 cm Be target and 20 µA proton beam current . The contami­

nations quoted are those originating at the target. 

12" aperture Danby type quadrupoles with po le pieces 1811 in 

length were designed and completed. 30" long window frame magnets with 

9" gaps and 27" in width were designed. 
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Appendix E 

STOPPED PION/MUON CHANNELS 

Examp les of existing and proposed channels wh i ch are des igned 

t o be used for either stopped pions or stopped muons a re rev iewed in 

thi s Appendix. 

E.I * SREL Channel 

The SREL pi on/muon channe 1 (Funs ton , 1971) was designed to 

transport the interna l ly generated mesons from the NASA+ 600 MeV synchro­

cyclotron . The criteria were maximum flux of both pions and muons, 

va ri ab le momentum, and the capability of producing both positive and 

negative mesons . 

Four types of channels were considered: a conventiona l CERN­

type channe l , a Van der Meer coax ial 1 ine, a helica l quadrupole channel, 

and a superconducting solenoid. The conventional CERN- type quadrupole 

channel was chosen and const ructed. The channel cons ists of three main 

parts : an input sect ion (to match the main channe l to the emittance of 

mesons generated internally in the cyclotron) consist ing of two quadru­

poles of 1511 and 1211 aperture respectively, the main channel having 24 

square shaped l enses, and an output section consisting of a single H­

type bending magnet. The main channel lenses are al l 9.1911 long and 

l 0 . 811 i n aperture . The layout of the channel is shown i n Fig. E. I . 

* Space Radiation Effects Laboratory, Newport News, Virgin ia 23606 

t National Aeronautic and Space Agency 
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The channel was installed and tested i n 1968. Tota l p ion and 

muon yields were measured using a range te lescope cons ist ing of three 

sci nt il lators in coincidence, a stopping counter, and a fourth sc int il la­

tor in anticoincidence . The double wedge Fe degrader was placed between 

t he second and third scintillators. The muon flux was 1.7 x 106 µ per 

sec in an area of 611 x 611 x 1/211 with a momentum spread equivalent to 

21 g/cm2 Fe (FWHM). The p ion tota l flux was about the same but had a 

nar rower peak; the momentum spread was 6 g/cm2 Fe (FWHM). The stopping 

ra t e per gram was 1. 5 x 103 . The range curves are reproduced in Fig . 

E.2. Elaborate beam profile and phase space measurements were made , 

but contamination was not considered. 

E.2 Saclay Channel 

Bui l t to provide stopped pions and muons, the Sac lay Channel 

(Duc los et al., 1970) cons ists of a set of 9 quadrupoles placed between 

two 60° bending magnets. Two quadrupoles after the second bending mag­

net focus the beam onto the experimental target. A layout sketch is 

shown in Fig . E.3. Two sets of slits are indicated; the set Fl defi nes 

the angular . acceptance and the set F2 def~nes the moment um acceptance. 

The bending magnets have 1211 wide pole pieces , 4.511 gaps , and 

2011 rad i us. A maximum field of 16 kGauss is obtainable. The 9 quadru­

poles have 811 bore radius, 811 long pole pieces, a maximum gradient of 

0.65 kGauss/cm and 6.2511 spacing. The two quadrupoles after the second 

magnet also have 811 bore radius but 10.2511 long po l e pieces. 
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Fig. E.2 Range curves obtained with the SREL Channel. Reproduced (Funston, 1971). 
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The max imum momentum acceptance is 5.5% when the s l i t s a re 

full y open. Results of measurements of then+ y ields are indi cated in 

Fi g. E. 4 for several values of the channel ·energy and for µA 420 MeV 

e l ectron beam on a 1 cm Cu target with the slit adjusted to g ive a 

~p/p = 3%. 
0 

For 75 MeV, then yield was a tenth of that of the + n . 

A pre l iminary measurement of the yield of 75 MeV/c muons pro­

duced by the backward in-flight decay of 150 MeV/c pions gave 2 . 5 x 104 

per sec when extrapolated to an electron beam current of 600 µA. How­

ever, the channel was not operating under optima l conditions for this 

measurement . 
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Fig . E.4 n+ yields for a ~A beam of 420 MeV electrons on a 1 cm 

Cu target . Sitts adjusted to give ip/p = 3% 
(Duclos et al., 1970). 
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Appendix F 

ALTERNATING GRADIENT PERIODIC SYSTEMS, A MATRIX TREATMENT 

The alternating gradient principle (Courant et al., 1952) im­

plies that a combination of two quadrupoles (or lenses, as they will be 

referred to henceforth) of opposite polarity give rise to a convergent 

action in both transverse planes. A periodic combination of equa l ly 

spaced lens~s of alternating polarity and equal strength can, therefore, 

be used to contain a beam of partic les over a long distance. The pro­

perties of such a system may be deduced by considering the transfer 

matr .ix of one period. It is convenient to start this period in the 

centre of a focussing quadrupole . Thus, a complete period consists of 

½F, d, D, d, ½F, where F and D denote focussing and defocussing lenses 

of equal strength and d is their separation. The transfer matrix of 

this per iod is obtained by multiplying together the matrices of the 

individual constituent elements. In the thin lens approximation, where 

the focussing action of the lens is assumed to take place at the trans­

verse plane passing through the centre of the lens, this matrix is 

(Banford, 1966) 

d (2 + dP) ) 

1 - d2 P2 /2 
(F . 1 ) 

where P is the lens strength and is equal to - k sin(ki) for a focussing, 

and +k sinh(ki ) for a defocussing lens. i is the effective length of 

the lens and k is defined by 
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k2 == G/Bp 

where G is the field gradient of the lens and Bp is the magnetic 

rigidity of the particles in the beam . 

It is convenient to define 

(F.2) 

n = dP • (F.3) 

and half the trace of the matrix (F. 1) by 

so that the matrix for one period becomes 

cos )J 

->.sinµ 

>.- 1 sinµ 

cos )J 

Where ' -- kP(2-n)½(2+n)-½. Th f "d d h • 1 h A , ere ore, prov, e tat µ 1s rea , t e 

overall action of the period is convergent. From equation (F.4), for 

µ to be real, n must 1 ie between -2 and +2. Therefore, the condition 

for stability is 

+ 1 > cos µ > - 1 

A thick lens treatment of the system yields a similar 

result, assuming zero separation of lenses, with 

and 

cos µ = cos ki cosh ki 

sin kl cosh ki sinh kl 
sin ki cosh ki + sinh ki 

(F.4) 

(F. 5) 

(F.6) 

(F. 7) 

(F.8) 
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In this case~ is real for kt< 1.87, but higher stability 

bands exist (Banford, 1966) , although not normally used. 
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Appendix G 

SOME EXAMPLES OF ALTERNATING GRAD IENT CHANNELS 

G. 1 The CERN Channel 

This was the first A.G . channel constructed (Citron et aZ., 

1963). It was designed to provide a pure muon beam at high energy. 

Muons with momenta up to 250 MeV/c were obtained from the backward de­

cay of pions. Beams of lower momenta were also obtainable. The initial 

momentum selection is provided by the magnetic field of the synchro­

cyclotron. The pion decay section consists of 24 quadrupoles 811 in 

diameter and having 8.611 long pole pieces. The final magnetic analyzer 

is an alterna ting gradient magnet consisting of three sections making 

78° total bending angle. The layout of the channel and the synchro­

cyclotron area are shown in Fig. G. 1 reproduced from the CERN report 

(Citron et a Z., 1963). Four quadrupoles fol low the bending magnet to 

focus the muon beam onto the target. 

The channel is stil l in operat ion, providing about 5 x 104 

muons per second. Pion and electron contaminations are about 3% each. 

Al though the channel was not designed specifically for stopped muon 

experiments, it is being used for this purpose using a degrader in 

front of t he target. A stopping rate of 7 x 103 muons per second was 

obtained in a recent experiment (Backe et aZ., 1971). The cyclotron 

improvement program (Michaeli s , 1970) being carried out presently is 

expected to increase the muon flux to about 5 x 105 muons/sec. 
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Because the cyclotron fringe fields served the function of a 

bend for initial momentum selection and only one bending magnet is used 

at the channel exit, one would expect considerable neutron contamination. 

This was not discussed in the report quoted above. Pion contaminat ion, 

however, was measured (Citron et al., 1962) and is 1%. 

G.2 The Chicago Channel 

Th i s channel (Culligan et al., 1964), now dismantled, was very 

similar to the CERN channel in design but different in design goals. 

Unlike the CERN channel, it was designed specifically to provide low 

energy muons for stopped muon experiments. Also, a large aperture 

matching lens was used to match the channel to the emittance of the 

mesons generated internally in the cyclotron. This lens has an aperture 

of 1511 wh i le the aperture of each of the 28 lenses forming the channel 

i s 811
• The unique features of these quadrupoles are their s imp l e design 

and low cost. The pole pieces are just over 611 long and cast rings form 

the cylindrical return yokes. The volume of copper was minimized to 

pack the l enses together with minimum drift spaces, although this re­

sulted in higher power consumption. A bending magnet is used at the 

end for separating the muons from backward decay of pions with a centra l 

momentum of 155 MeV/c. The layout is shown in Fig G.2. 

The average muon intensity obtained was approximately 2 x 10 5 

muons/sec into a 511 x 511 counter placed 60 cm from the edge of the bending 

magnet. Electron contamination was 23% while pions formed 35% of the beam. 
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2 x 104 µ stops per second were reported in a 10 cm diameter, 6 cm 

long cylinder of CH2 placed 1 m from the magnet edge. 

As in the case of the CERN channel, neutron contamination, 

although not reported, should be considerable because of inadequate 

attenuation provided by a straight channel. For a channel designed 

for low energy muons, the large number of quadrupoles used is perhaps 

excessive; a shorter channel would have given a similar performance. 

G.3 The Proposed LAMPF Channel 

Unlike the CERN and Chicago channels, which use the fringe . 

field of the cyclotron for momentum selecting the internally generated 

pions, the LAMPF channel (Hughes et al., 1970) uses a two bend system 

to collect the pions, generated from an external target, at an angle of 

60° with respect to the primary proton beam. 

The principle criteria for the proposed LAMPF channel (now 

under construction) are: maximum stopped muons per g/cm2 (both polarity), 

variable operating momentum, muon polarization, and muon beam purity. 

The proposed channel, shown in Fig. G.3, is composed of three sections: 

a pion collection and bending section consisting of two 30° rectangular 

bending magnets of the C-type with quadrupole doublet in between and 

another doublet preceding the first magnet, a pion decay section made 

up of 16 quadrupoles, and an elaborate analyzing system consisting of 

several magnets and quadrupoles. 
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Fi g. G.3 Experi menta l layout of the proposed muon channe l . Reproduced 

from the LAMP F report LA- 4474 (Hughes et al., 1971). 
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The quadrupoles QI to QB, Q21 and Q22 are of the wide-pole 

t ype which accepts an ellipt ical beam with a major axis of 212a where 

"a" i s the bore radius. The first two quadrupoles, Ql and Q2 , have 14" 

apertures and 2211 long pole pieces. The other quadrupoles have 1211 

ape rtures . The bending magnets Bl , B2 and B3 have 1111 gaps, and B4 , 

BS and B6 are 611 gap C- magnets with 3/811 septum. The sp l itting magnet 

B4 is made up of two such magnets to provide t wo beams simultaneously. 

A more sophisticated analyzing system, which uses two 45° bends instead 

of the s i ngle 90° bend (B3) and two extra quadrupoles between them, is 

proposed as an alternative design. 

The expected performance of the channel was calculated for two 

values of the central momentum , 180 HeV/c and 90 MeV/c . The output 

characteristics at the end of the pion decay sect ion (output at Q20) are 

sunvnarized in Table G.l for the two cases. Fig. G.4 shows the spectrum 

after Q20 for p = 180 HeV/c, and Fig. G.5 for p = 90 HeV/c. These 
0 0 

resul ts are taken from the LAHPF report (Hughes et ai . ~ 197 1) . The fig-

ures are quoted for a I mA, 800 MeV proton beam striking a 3.6 cm thick 

Cu target. The pion production cross section for positive pions was 

assumed to be 41 µb (sr • MeV/c)- 1 at p = 180 MeV/c, and 23 µb (sr • 
0 

MeV/c) at p = 90 HeV/c. 
0 

The maximum yield at the end of the magnetic analyzer of posi ­

tive muons from the backward decay of 180 HeV/c pions is about 2.4 x 107 

(sec • MeV/c) - 1 . The forward decay muons from 90 HeV/c pions have a 

maximum flux of about ~-5 x 107 (sec· HeV/c) - 1 p ion- free positive muons 
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Table G. l 

Muon Beam Characteristics 

from the Pion Decay Portion of the LAMPF Channe l 

Maximum flux 

(sec . MeV/c)- 1 

Emittance 

(cm rad) 

Po 1 a r i za t ion 

p = 180 MeV/c 
0 

backward decay: 

2.7 X 107 + 
µ at 102 MeV/c 

X 107 -0.7 µ at 102 MeV/c 

1 - 2 

0.4 < IP I < 0.8 for range 
µ 

between 90 and 115 MeV/c 

p = 90 MeV/c 
0 

forward decay; 

1.8 X 107 + 
µ at 1 17 MeV/c 

107 -0.9 X µ at 117 MeV/c 

backward decay: 

0.2 X 107 µ 
+ at so MeV/c 

0. 1 X 107 µ at so MeV/c 

1 - 2 

IP I > 0.8 for range 
µ 

between 115 and 125 

IP I > 0.9 for 50 MeV/c 
µ 
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Fig. G.4 Normalized positive muon and pion spectra as a function of 

momentum at the output of the pion decay portion of Fig. G.3, 

when the pion collection and bending portion is tuned to 

180 MeV/c, and the AG channe l i s tuned to maximize backward 

decay muons. The normal i zation constant 

K = (8 x 107 ) -1 (sec-MeV/c) . 
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Fig. G.5 Norma li zed positive muon and pion spectra as a function of 

momentum at the output of the pion decay portion of Fig. G.3, 

when the pion collection and bending portion i s tuned to 

90 MeV/c, and the AG channel is tuned to maximize forward 

decay muons. The normalization constant 

K = (4 . 1 x l 07 )- 1 (sec-MeV/c). 
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when the more sophisticated ana l yzer, discussed earlier in t his section, 

is used. The estimated fractional f l ux of contaminating particles are: 

from including 
beam optics scattering 

'IT 0 0 .05 

p 0 0.01 fo r 
+ 

µ 

e 10-1+ 8 X 10-

10- s for 
+ 

µ 
n 

I 0- 6 for µ 

10-6 for 
+ 

µ 
y 

10-7 -for )J 

The stopping flux was calculated for specific examples of 

typica l targets. Thus, for a 2.7 mg/cm2 H2 gas target, 10 cm x 10 cm 

in cross section, 6 x 105 µ+/sec or 5 x 104 µ- /sec are stopped after 

a carbon degrader. For a I g/cm2 carbon target, 2 cm x 2 cm in cross 

section, 3 x 108 µ+/sec or 2.3 x 107 µ-/sec are stopped after degrading 

the 102 MeV/c muon beam. 

G.4 The Proposed Nevis Muon-Pion Channel 

Unlike the Nevis pion- muon channel discussed in Section D.2, 

the muon-pion channel (Holland et al., 1971) is intended primarily for 

stopped muons. Although this channel does not have a proper long A.G. 

pion dec3y sect ion , it is discussed here since it is a conventional 

channel consisting of quadrupoles and bending magne ts. 
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Fig. G.6 is a schematic layout diagram of the proposed channe l. The 

main design criteria were: continuously variable momentum between 0 

and 250 MeV/c, polarization~ 70%, low contamination and capability for 

capturing either forward or backward decay muons of either po larity as 

we ll as maximization of flux. 

Two designs were considered. The f i rst design is mirror- · 

symmetric about a triplet contained between two 30° bends with a doublet 

before the first and after the second bend. A section containing a 

third bend followed by a quadrupole doublet perm i ts momentum analysis. 

The second design, shown in Fig. G.6, consists of a l eading doublet and 

two opposite vertica l 35° bends which disp lace the pion beam downwards 

by 24 11 below proton beam level. This is followed by a five (or more) 

quadrupole decay section, an analyzing magnet and a quadrupole doublet. 

For a 20 µA, 550 MeV proton beam on a 3 cm long Be target, 

the fluxes at the entrance of the third bend, integrated over p ± 10% 
0 

p , were estimated for the two designs and are reproduced (Holland et al., 
0 

1971) in Table G.2. In the cases where a pion stopper is used, the pion 

beam is focussed, in princip le, to a small spot and the estimates are 

the contents of the muon halo. 
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Ta ble G. 2 

Calculated Fl uxes for the Nevis Muon Channel 

Fi rst design 

a) forward decay 

1. wi th pion stopper 100 100 3 15 

2. without pion stopper 100 100 6 2 0.26 - 69 

b.) backward decay 130 60 0.2 0.07 
+80 

Second design 

forward decay 

1. with pion stopper 100 11 0 6.6 2.2 1. 2 

2. without p ion stopper 100 11 O 14.7 4.9 0.2 -68 
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Appendix H 

SOME EXAMPLES OF SOLENOID CHANNELS 

H. 1 SIN Channel 

The cr i teria for the SIN channel are (Petitj ean , 1970): maximum 

contamination-free stopped muons (of either polarityP per gram of stopp ing 

t a rget material, variab l e energy and muon polarization of 80% o r more. To 

achieve these aims, the proposed channel consists of th ree par t s. An 

ini tial momentum selection system consis t s of a quad rupol e tr i plet and 

a 45° sector bending magnet having a 411 gap fol l owed by a doublet. The 

quadrupo les have 1211 apertures except for the first lens wh i ch has an 811 

ape r ture. The second part i s a 50 kGauss, 10 m long, 5,511 diameter super­

condutiong solenoid forming the pion decay section. Finally there is an 

ana l yzing section consisting of a 72° a l ternating gradient bending magnet 

with an 811 gap and a quadrupole quartet of 1011 aperture. A layout d iagram 

of the system is shown in Fig. H. 1 (Pet i tjean, 1971) which also indicates 

the 0° pion extraction ang le. 

The most recent calcu lations of the expected performance of the 

channe l, obta i ned from the November 197 1 report (Pet i tjean , 1971) are 

summarized in Table H. I which also includes values obtained (Pet i tjean 

and Vecsey , 197 1) for an a l ternative design that replaces the solenoid 

by a conventional A.G. quadrupole channel. The figures are quoted for 

a 100 µA, 590 MeV proton beam on a 10 cm long Be target and 0° pion 

extraction angle . The central momentum of the accepted pions is 200 

MeV/c and muons, at a central momentum of 110 MeV/c from the backward 



- 28 1 -

SIN MUON CHANNEL 
STATUS NOV. 1971 

0 2 3 ' "' 
~ IRON SHIELDING 

[Z2J HEAVY CONCRETE 

CJ CONCRETE 

l med,cal a....,I 

Fig. H. 1 layout of the SIN sol enoid channe l. 

Reproduced (Petitjean, 1971). 



- 282 -

Table H. l 

Expected Performance of the SIN Channel 

Solenoid Quadrupole 

1T production 

l09(sec ·sr·MeV/c) - l 
3,3 3,3 

LIQ (msr) 77 77 1T 

~ 
p FWHM (%) 11 

- ... 
Total 1T flux accepted 109 /sec 3.8 4. 6" 

µ - density in phase space 
5,3t 2.5 

106(MeV/c·cm2 ·rad2 ·sec) - 1 

* This is the value before the pion injection system length 

was changed from 3. 15 to 5,55 m. 

t This value was for an 8 m solenoid with a 50 kGauss field. 

The backward muons had a central momentum of 115 MeV/c. 
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decay of the injected pions, are extracted by the analyzing section. 

The figures for the quadrupole channel are for a 25 lens A.G. channe l 

having the same length as the solenoid, namely , 10 meters. The quadru­

poles have 1011 apertures. 

A useful muon flux of 4 x 106 µ- (sec • MeV/c)-l and an average 

stopping density of 2 x 105 per gram sec are expected . Fig. H.2 shows 

the pion and muon spectrum calculated for the solenoid and quadrupole 

channels at the entrance to the analyzing section. The spectra at the 

70 cm2 stopping target are shown in Fig. H.3 for the solenoid channe l 

and in Fig. H.4 for the quadrupole channel. These figures are reproduced 

from the report (Petitjean and Vecsey, 1971) quoted above. The overa ll 

capture efficiency for the solenoid channel is 19%. This high value is 

partly due to the fact that the pion transverse distribution is favour ­

ab le at this relatively high momentum . 

A special low momentum operation mode is proposed for bent 

crystal spectrometer experiments. In this mode, the muon beam emittance 

is very large and cannot be extracted efficiently. Therefore, the stopping 

target has to be placed inside the solenoid. Under these circumstances, 

a muon stopping density of approximately ten times the values quoted above 

may be achieved if a wedge absorber is placed at the entrance of the 

solenoid so that the injection momentum can be maintained at 200 HeV/c 

to minimize decay in the injection section. 
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Jl 

100 150 
p [MeV / c] 
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Fi g. H.2 Calcu l ated pion and muon momentum spectra at the entrace to the 

analyzing section. Yields quoted for a 100 µA beam of 590 MeV 

protons incident on a 10 cm Be target. Reproduced (Petitjean 

and Vecsey, 1971). 



- ~8-5 -

106 /sec /(MeV/c) Solenoid channel 

6 

5 

4 

3 

2 

1 

0 L-~~--'-------1----'----'-.......r.---'----'----i..:.:;..___._ _ __._ _ __.__.....__.at..r---{ 

100 150 200 

--e--► p [MeV/~ 

f ig. H.3 Calculated pion and muon momentum spectra at the stopping 

ta rget for the beam described in Fig. H.2 . Reproduced 

(Petitjean and Vecsey, 1971). 
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Fig . H. 4 Ca lculated pion and muon momentum spectra at the stopping 

targe t for the beam desc ribed in Fig. H.2 . Reproduced 

(Pe t itjean and Vecsey , 1971). 
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No estimates are made of contamination in the SIN reports. 

Although the initial 45° bend and the long straight section are probably 

sufficient to attenuate neutrons generated near the target, the back­

ground generated in the wedge absorber for the low momentum mode may be 

considerable. 

• H.2 Proposed Saclay Solenoid Channel 

In the proposed channel at Saclay, the so lenoid is preceded 

by a quadrupole doublet and one bending magnet to initial ly select low 

energy p ions in the momentum range 50 to 70 MeV/c (8.5 to 16.5 MeV energy). 

The superconducting solenoid has an interna l diameter of 811 and develops 

an axial field of 30 kGauss . Because of the high i ntensity of the low 

energy, photo-produced pions, the Saclay estimate for the number of stopped 

muons in a target of thickness 0.2 g/cm2 and of area 300 cm2 is 2 x 107/sec. 

The stopping density is about 108 muons per g/cm2 per sec, or about 3.5 x 

105 muons per gram per sec. These values are for the intensity at the end 

of the solenoid and just inside it; that is, the muon beam is not momentum 

analyzed. A 30% electron contamination is quoted, but these electrons 

have energies in the range 50 to 70 MeV, which is much higher than the 

muon energy. 
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Appendix I 

AN EXAMPLE OF A COAXIAL BEAM GUIDE 

A Van der Meer type beam guide (Van der Meer, 1962) has been 

constructed and is operational at the Carnegie Institute of Technology 

(Foss and Sutton, 1965) . A larger guide than the existing one was 

planned. The proposed new guide has an inner conductor with an outside 

diameter of 2/3" and an outer conductor with an inside diameter of 

10" . The inner conductor consists of a l/811 Cu rod with a copper spring 

wound a round it and the assembly is placed inside the 2/311 heavy wal led 

conductor tube. This de~ign provides a large surface area for heat 

transfer to the cooling water. For a current of 12 kA in the centre 

conductor, the phase space acceptance is 4 rad2 cm2 , With this current, 

7.5 kW of power is generated per foot of central conductor. The tota l 

l ength of 54 ft is made up of six sections with separate water cooling 

circuits. The last section is to be bent and passed through a bending 

magnet. 

It was not possible to obtain performance data, calcu lated 

or experimental, for the channe l except a figure of 11% fo r the muon 

capture efficiency. 
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Appendix J 

AN EXAMPLE OF A MUON CLOUD CHANNEL 

A muon cloud type channel was considered at LAMPF (Tanabe, 1970) 

as one of the alternative designs for their muon channel. A l ayout d ia­

gram, reproduced from Tanabe, is shown in Fig . J.1 for the suggested_ 

channel. A 1011 aperture quadrupole doublet is followed by two para l lel 

faced 45° magnets bend i ng in opposite direction and finally a second 

doublet simi la r to the first one. A pion stopper and vertica l asymmetric 

slits are placed between the two magnets . 

The calcu lation was carried out for two cases; the initial drift 

length 4 = 0. 5 m for the first, and 1.0 m for the second case. For each 

case, th ree values of the misalignment angle o = 0°, 5° and 1011 were con­

sidered. A production angle cr = 90° was used. As indicated in Fig. J.2, 

which shows the pion-to-muon ratio at the entrance of the channel, mis­

align i ng the channel alone does not eliminate the pions. Even for 8 = 10° 

then/~ ratio is still about 4 at momenta between 60 to 80 MeV/c . For 

l arger angles of misalignment, the loss in muon intensity increases sub­

stantially. Thus, in addition to the misalignment, a specific setup and 

tuning of the channel is suggested. The first half of the system is tuned 

to focus 75 MeV/c pions into a spatial image, with positive x-coord i nate, 

which is blocked by one side of the asymmetric cl i t at the centre. How­

ever, some low energy pions are admitted because of the dispersed focus. 
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Fig . J. 1 Cloud Muon Channel. Repro~uced (Tanabe. 1970) . 
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Fi g. J . 2 Pi -mu ra t io a t t he channe l entrance 50 and 100 cm f rom 

t he p ion production target (Tanabe , 1970) . 
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To mi n im i ze the number of these pions, the second ha l f of the channel 

l s t uned to a central momentum of 82.5 HeV/c . A por tion of the muon 

di stribution wi ll not be blocked by the slits because the source points 

a r e distributed between the production target and the channel entrance . 

The calculated muon spectrum is shown in Fig. J.3 as a function 

of t he muon momentum for the setup and tuning described above when the 

in i tial drift length 4 i s 0 . 5 m. The integrated muon flux is 3,5 x 104 

µ- /sec for a 1 µA, 750 HeV proton beam on a 3,4 cm Cu target. The 

average polarization of the muon beam is about 40%. 

The flux quoted above is assumed to be free of pions. However 

this does not take account of the pions scattered from the walls of the 

second half of the channel which will also be a sourve of neutrons gen­

erated by pions stopped in the wa l ls . 
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Fig. J.3 Muon Spectrum at the output of the channel shown in fig. J.I. 

Yields quoted for a I ~A beam of 750 MeV protons on a 

3.6 cm Cu targe t (Tanabe , 1970}. 



- 294 -

Appendix K 

COMPUTER PROGRAMS 

K. 1 TRANSPORT 

Thi s program (Brown and Howry, 1970) is a general pur pose 

program for the design of beam transport systems in which the beam 

hand I ing devices gene rate static magnetic fields. The program calcu­

lates f i rst and second order matrices for the commonly used beam trans­

port elements includ ing sextupo les , solenoids and acce lera t or sections. 

It also has facilities for matching first order matrix elements and 

beam parameters, misa l ignment calcu lations and fring ing fie ld correct ions 

to the first order optics of bending magnets. It should be pointed out 

that, when using the matching facility, correct sol utions are obtained 

in some cases on l y if the initia l guess of the va l ues of the parameters 

are sufficiently close satisfying the constraints. 

In TRANSPORT, the coordinates of a given partic l e are rep resented 

by a co l umn vector with elements x., the in i tia l coordinates are denoted 
I 

by a simi lar vector x.(O) and the transformat ion by a 6 x 6 mat ri x R. 
J 

Thus, the first order solution for a given system may be written as the 

matrix equation 

R .. x.(O) 
IJ J 

(K.1) 

The behaviour of a beam of particles may be described by extending this 

matrix treatment to handle the ell i psoid representing the beam. A num-
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erical notation is used for the components x. and x.(O). Thus, the 
I J 

components x., where i = 1, 2, 3, 4, 5, 6 correspond to x, x', y, y', 
I 

1, and ~p/p respectively as defined in Appendix B. The coordinates 

x', y', and ~p/p are used here instead of cr , ~ and o used in TRANSPORT. 

The first order 6 x 6 matrix R appears in the TRANSPORT output 

in the form 

R11 R12 0 0 0 R16 

R21 R2 2 0 0 0 R26 

0 0 R33 R34 0 0 

0 0 R43 R44 0 0 

R51 Rs2 0 0 Rs6 

0 0 0 0 0 

The zero e l ements in the first four columns are a direct consequence of 

midp lane symmetry and the restriction to static magnetic fie lds. The 

zero elements in the fifth co l umn occur because the variables x, x', y, 

y', and ~p/p are independent of the path length difference i . The 

elements R51 and R52 are not normally used in beam transport design 

unless an isochronous system is being designed. The units for these 

matr ix elements are as shown in the corresponding matrix below. 

cm/cm cm/mr 0 0 0 cm/% 

mr/cm mr/mr 0 0 0 mr/% 

0 0 cm/cm cm/mr 0 0 

0 0 mr/cm mr/mr 0 0 

cm/cm cm/mr 0 0 cm/% 

0 0 0 0 0 
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The beam (or sigma) matrix is symmetric (Brown and Howry , 

1970) and on l y a triang le of elements is needed. The beam matrix 

sppears in the TRANSPORT printout, except for a column of zeros on 

the left which has no significance in the first order calculation, 

in the form 

lo ( 11 ) 

lo (22) 

lo(33) 

lo(44) 

lo(55) 

lo (66) 

cm 

mr 

cm 

mr 

cm 

PC 

r (2 1) 

r (3 1) 

r ( 41) 

r (51) 

r (6 l) 

r(32) 

r(42) 

r(52) 

r(62) 

r(43) 

r(53) 

r(63) 

r(54) 

r(64) r(65) 

The first column contains the maximum half values of the coordinates 

x, x', y, y ' , 1, and 6p/p in that order, with t he units indicated along 

side each coordinate. The coeffic ients r(ij) represent the correlation 

between a pair of coordinates . Thus, r(21) is the correlation between 

x and x' and is zero at a waist in the x - x' plane . The correlation 

r ( ij ) measures the tilt of the ellipse and its intersection with the 

coordinate axes. For an upright ellipse, all these coefficients have 

zero va lues. 

The second order solution is given by equation (B. 14) in 

Appendix B. A ma trix representation is g iven in SLAC-75 (Brown, 1967) 

where a 12 x 12 matrix is used. It is sufficient here , as an examp le, 

to give the expres sion for x in terms of the initial coordinates showing 

some of the important second order as wel l as the fi r st order e l ements 
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• obtained from the 12 x 12 matrix; thus 

x = R11 x + R1 2 x' + R16 6p/p + T111 (x ) 2 + T112 x x' 
0 0 . 0 0 0 

+ T11s x 6p/p + T122(x•)2 + T126 x' 6p/p + T155(6p/p)2 
0 0 0 

+ T13 3(y ) 2 + T134 Y Y1 + T144(y') 2 
0 0 0 0 

The units for the T .. k elements can readily be found from the units for 
I J 

the coordinates. Thus, T126 has the units cm per mr per% and the units 

for T122 are cm per mr per mr. 

For a more detailed description of TRANSPORT the report 

SLAC-91 (Brown and Howry, 1970) should be consulted. 
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K. 2 TRANS 

The program TRANS (Chan et al., 1972) uses the f i rst order 

approximation for beam optics calculation and incorpora t es the 6 x 6 

mat r ix representati on discussed in Section K. 1. It ca lculates first 

o rder transfer matrices for ind ividua l elements and comp lete systems, 

ray trajectories, trajectories of individual specified rays , properties 

of beams which can be represented by a phase space ellipsoid, and 

various tolerances for beam transport elements. It has facil i t ies for 

the optimization of a system to meet specified criteria. 

The program uses a similar coordinate system to that used by 

TRANSPORT but the units employed internally are the meter and radians 

instead of the mm and mr used in TRANSPORT. However, the numeri'cal 

val ues of the elements of the R-mat rix (similar to the mat r ix discussed 

in Section K. 1) are valid for the mm-mrad-% set of units and the cm­

centiradian-% set of units . The tolerance calculations (Lobb , 1972) 

inc l ude to lerances on currents, rotat ions and displacements a l ong the 

beam axis of quadrupoles and bend ing magnets . Also, the effects of 

higher ·harmonics are calcul ated for quadrupoles. For further details 

of these to l erance calculations, the recent paper (Lobb, 1972) should 

be consu l ted. 
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K.3 ACCEPTANCE 

The program ACCEPTANCE (Harrison .and Lobb, 1968) calculates 

the beam acceptance in initial phase space for a beam transport system 

consisting of drift lengths, quadrupoles and uniform field bending mag­

nets . The calculation is carried out to first order assuming that the 

motions in the horizontal and vertical planes are independent. However, 

the quadrupole second order chromatic aberrations are treated directly 

by calculating the quadrupole strength parameters appropriate to the 

particle momentum. 

For a given beam transport system, the program can find the 

limiting apertures, transform these 1 imits back to the initial phase 

space at the origin of the system, and indicates which element of 

elements along the beam I ine limits the beam accepted by the system. 

The apertures specified for each element of the system should be 

rectangular, a consequence of the assumption that the horizontal and 

vertical motions are independent. Plots of the phase space polygons, 

in both the horizontal and vertical planes, are provided in the printed 

output. 
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K.4 NPFLUX 

This program (Hutson, 1970) is a Monte Carlo simulation of a 

secondary beam, generated when a primary beam impinges on a given target, 

and transported through a specified beam transport system . From given 

primary beam dimensions and shape, and a specified target size, production 

angle, and momentum deviation (~p/p), the program chooses initial position 

and slope coordinates randomly for a l arge number of particles. Using the 

first and second order transformation matrices provided by TRANSPORT, the 

program ca lculates the new values of the displacement coordinates x and y 

and compares them with the specified apertures of the various e lements in 

the system. If the displacements are smaller than the aperture , the 

particle passes through to the next element; otherwise, it is considered 

lost and added to the beam spill at the part icular point along the beam 

l ine. 

At the end of the system, the density distribution of the 

particles, which passed through to the end, is indicated in the program 

output as a 2- dimensional array in the transverse plane. NPFLUX also 

calculates the solid angle of acceptance , for a given value of ~p/p, and 

provides horizontal and vertical distributions calculated from the 2-

dimensional array mentioned above. 

A slight modification was made to the program to obtain some 

of the distributions shown in Chapter 4. In the mod ified version, the 

momentum deviation ~p/p is also generated randomly so that the program 

will simulate a beam of particles with a finite momentum band. 
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Appendix L 

THE PROGRAM MBEND 

A program BEND was developed at Yale (Ohnuma, 1969) to calculate 

pion and muon momentum spectra and the muon total flux. MBEND is a fur­

ther development of this program adding the following capabilities: 

I ) tuning var ious parts of the channel to different momenta and 

calculating, in a single run, the fluxes for the total system; 

2) from tables of the energy loss dE/dR and the range R, incorporated in 

the program as data, the stopping densities dN/dR for the pions and 

the muons are calculated providing range spectra for the particles; 

3) calculation of the time of arrival of pions and muons at the end of 

the channel relative to the time of arrival of pions with momenta 

equal to the channel contra! momentum; 

4) print out of summary tables of pion and muon fluxes as function of 

momentum and of range in carbon; 

5) plots of the momentum and range spectra and of muon polarization 

versus momentum can be made using the separate, but complimentary, 

program PLOTS. 

For several discrete pion momenta , the program calculates the 

number of decay muons and surviving pions in each element or part of an 

element of the system . . It i s assumed that the number of pions (or muons) 
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I n a g iven 4- dimensional phase space is proportional to the product of 

a reas in the (x- x') and (y-y 1
) phase space. The p ions and muons are 

assumed to be uniformly distributed with in the phase space area. The 

two phase space areas (x-x') and (y- y 1
) are assumed completely indepen­

dent and are represented by convex polygons. The apertures of the various 

e l ements are represented by two paralle l Jines in each phase space at 

points a l ong the beam line. The phase space points for decay muons are 

obtained from those of the parent pions by a change in the values of x ' 

and y' by an amount proportional to the decay angle . 

The pion and muon fluxes are integrated over the momentum 

i nterva l used and summed to obtain the t otal fluxes. The average 

polarization of the muons is also calcu lated by this program . 
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