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ABSTRACT 

The first observation of muonium produced in a vacuum is 

reported. A special very low momentum muon channel is described. 
* 

The muon production technique yields a 100# polarized beam. 

The muons were stopped in a .001" metal foil. When the foil is 

heated, muonium is produced by muons diffusing to the foil surface 

and evaporating into an evacuated chamber. Production rates for 

the metals Pt, W, Mo, and Ta were measured. Approximately 10% 

of the stopping beam can be made to form muonium by this method. 

The application of this technique to search for muonium-antirauonium 

conversion is discussed. By taking advantage of the similarity 

between muons and hydrogen in solids this technique may be used 

as a probe for studying gas-solid chemistry on a microsecond time 

scale. 
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CHAPTER 1 

INTRODUCTION 

The absence of expected electromagnetic reactions of the type 

P+ •* e+ + y » 

y+ e+ + e~ + e+ , 

V+ + Ag Ag + e+ , 

imply that the muon cannot be considered as just an excited state 

of the electron. This leads one to speculate that there is some 

internal difference between y and e possibly manifested in their 

mutual weak interactions. 

An examination of the weak interactions reveals the intrinsic 

involvement of the neutrino in any comprehensive description of 

the relation between these leptons. For instance, the presence 

of the reactions-*-'̂  

vp + n p" + p , 

ve + n -»• e" + p , 

3 along with the absence of 

vw + n - y + p , 

ve + n -> y~ + p , 

1 

f 



2 

imply that the neutrino is an active member of the lepton group 

and further suggest that there exists some underlying conservation 

laws that govern the possible reactions between leptons. 

Several classification schemes have been suggested that 

attempt to meet all of the known properties of leptons. They can 

be placed into two categories depending on how they treat the neutrino. 

A very brief discussion of some of their salient features is given 

below. An excellent and much more comprehensive treatment can be 

li 
found in Theory of Weak Interactions in Particle Physics-. 

The first category (A) may be depicted by a system in which 

are taken as particles and assigned a lepton number £ = -1 while 

, e+, vVL, , 

are taken to be antiparticles with I = -1. The subscripts L and R 

stand for the helicity assignment of the neutrino (L for H = -l). 

These assignments are listed in Table I. The requirement of over

all conservation of lepton number along with the helicity assign

ments is all that is required to explain the known allowed and 

forbidden reactions. Hence, the subscript |i, e labeling the neutrino 

becomes redundant since the neutrino can be completely described by 

a single four-component field in which the left-handed neutrino 

(A = +1, H = -l) has been experimentally determined to be associated 

with the negative electron.-' 



TABLE I LEPTON ASSIGNMENTS FOR CATEGORY A 

Particle (Antiparticle) Lepton Number Helicity 

Symbol I H 

e" (e*) 1 (-1) 

v+ (y~) 1 (-1) 

veL freR> 1 (-1) -1 (1) 

v (v ) 
MR yL 

1 (-1) 1 (-1) 

Others 0 

TABLE II LEPTON ASSIGNMENTS FOR CATEGORY B 

Particle (Antiparticle) Lepton Number Muon Number Helicity 

Symbol I H 

e" (e+) 1 (-1) 0 

v~ (y+) 1 (-1) 1 (-1) 

eL ̂ veR̂  1 (-1) 0 -1 (1) 

Vl (<W 1 (-1) 1 (-1) -1 (1) 

Others 0 0 



k 

The second category (B) selects the particles (SL = +l) 

to be 

y-, e-, VML, veL , 

and the neutrino fields v , v are taken to "be two component spinors y e 

associated with the muon and the electron respectively. In this 

scheme a muon electron difference is assumed which can "be represented 

"by an additional quantum number that distinguishes between muon 

and electron like leptons. A possible assignment scheme is shown 

in Table II. 

Various assumptions regarding the transformation properties 

of the fields involved lead to different conservation laws governing 

this quantum number. Gauge invariant theories lead to an additive 

law in which the total number of muon-like leptons are conserved. 

Reflection or permutation symmetries lead to a parity-like or 

multiplicative law in which the product (-l)**̂  is conserved. 

The detection of a reaction that implies the existence of 

a multiplicative lepton conservation law would be decisive in choosing 

between A and B and go a long way toward pinning down the underlying 

nature of leptons. It is this possibility that is the motivation 

for this experiment. 

Experimental Situation 

A possible reaction that would be allowed by certain lepton 

classification schemes of the multiplicative variety while disallowed 



by additive theories is 

4> M «• ̂  
Vi e -> y e . 

This process is referred to as muonium-antimuonium conversion. For 

this reaction to occur there must exist some weak interaction 

Hamiltonian, H ,̂ that takes the state |M> to the state |m>, i.e. , 

<m|Hw|M> * 0 , 

where we have defined |M> as |y+e~>. A possible Hamiltonian that 

is of the universal V-A form has been proposed by Feinberg and 

Weinberĝ *7 to be 

K. = * Vuyll*Y >* * YA(l+Y )* + H.C. 
w MM y'x sejj 5e 

The number of |M> expected from an initial beam of |M> at 

time t, as given by this Hamiltonian, is calculated in Appendix A 

and found to be 

Hjj(t) = Hm(0) • 2.5 x 10-5(G^/Gv)2 • l/2(t/Ty)2e~t/TM , 

where is the MM coupling constant of Reaction (l), G is the 

weak vector coupling constant and is the muon lifetime. The 

time dependent factor 

l/2(t/Ty)2e_t/TP , 

has a maximum value of ̂ .27 at time t = 2t̂ . However, in any experi

mental situation the average value of this factor is diminished. 



Computer calculations "by the author for a particular situation 

have yielded a value of approximately 0.1 for this factor. 

The average value of Nrr(t) relative to N (0) depends on 
M M 

the geometry of a particular experiment but a conceivable situation 

assuming = Gy could yield 

H-(t) = K (0) • (2.5 x lCT5) • (0.1) , 
M M 

= H (0) • 2.5 x 10~6 . 
M 

Thus one would expect one conversion for every 1*00,000 muoniums 

produced if one attempts to detect the conversion by sampling the 

muonium at some time, t, after production. This might be done 

by detecting the characteristic K-shell x-ray from the capture of 

a negative muon in some material placed downstream in a muonium 

beam. 

However, a more sensitive method would be to look for 

fast negative electrons from muon decay as suggested by Feinberg 

and Weinberg.̂  For example, this could be done by placing multi-

wire chambers in a magnetic field and measuring the curvature of 

the electrons emanating from the production area. This has the 

effect of integrating over the time distribution. The number of 

|M> expected would then be given by 

= V°> • 2.5 X 10-5(GM5/Gv)2l/2o/Tt/l11)2e-t/Tl'at/T1, , 

= »M(0) • 2.5 X lO-Ŝ /Oy)2 . 



Therefore one might expect one conversion for every U6f600 muoniums 

produced which is an order of magnitude better. 

The choice between these two methods depends in large part 

on the overall event detection efficiency allowed by the geometry 

of the production technique and the background problems related to 

the different detection criteria. The detection of the gamma ray 

has the virtue that the signature of the event is more characteristic 

of the presence of a negative muon. 

Several experiments®>9>10 have teen conducted in search of 

reactions that would indicate the presence of a multiplicative 

quantum number, i.e., a lepton scheme other than one implied by a 

Q _ 
gauge invariant theory. Amato et al. have looked for M-M conversion 

in argon and were only able to set an upper limit of 5800 Gy on 

the M-M coupling constant. Barber et al.̂  looked for the reaction 

e~ + e~ -*• y~ + y~ , 

which is related to M-M by crossing symmetry. They were able to 

set an upper limit on of 6l0 Gy. 

Another possibility allowed by a multiplicative law is the 

decay of the muon by the process 

"+ - e+ + 7eR + vvL • (2) 

as opposed to the normal decay mode 

•* e+ + veL + Vt ' <3) 



Reaction (2), sometimes referred to as "exotic muon decay", 

has been looked for by Chang"̂  in the reaction 

VVL * AZ * AZ + y+ + 6" + VeL ' 

where the v11T are produced from the decay of ir+ or K+. His estimate 
Mi* 

gives 

G < lM G„ , 
ex ~ V 

where Gex is the coupling constant for Reaction (2). 

A direct search for exotic decay of the muon has been pro

posed̂  in which the presence of is detected through a nuclear 

interaction in water. It is hoped that this experiment will be 

sensitive enough to detect events in the region Ggx = .2Ĝ . 

Reactions (l) and (2) are complimentary since in the conven

tional theory they test for the existence of different kinds of 

currents. Exotic muon decay could occur without implying the 

existence of an antimuonium conversion process, because the latter 

requires, in the conventional formulation, the presence of a weak, 

neutral current component, as yet unobserved. 

A significant reduction of the experimental upper limit on 

the conversion process is needed before it can be said that a 

sensitive search for the conversion reaction has been made. A 

novel experimental technique with this end in mind has been proposed 

and subjected to experimental evaluation and is the subject of 

this paper. 



CHAPTER 2 

MUONIUM PRODUCTION TECHNIQUES 

The conventional method of producing muonium is to bring 

a muon beam to rest in argon gas.-̂  The muons must be of sufficiently 

low energy (<10KeV) such that the probability of electron pickup 

is nonnegligible. Due to the equivalence of the chemistry of muonium 

with hydrogen this probability can be deduced from the data for 

slow protons.-1-? This probability in argon is close to one for 

energies below 2 KeV. The gas serves the dual purpose of acting 

as a stopping mechanism and providing the electron in the pickup 

reaction. 

For the purposes of an M-M conversion experiment the presence 

of a gas is a big disadvantage. This is because the dissimilar 

electromagnetic interaction of M and M breaks the degeneracy of 

this two state system, hence slowing the conversion rate by a factor 

• 7 
inversely proportional to the collision rate • Thus, for a gas at 

one atmosphere of pressure this amounts to a slowing factor of 

10s. (See Appendix A.) 

The most efficient way of stopping a large fraction of a 

particle beam in a relatively confined volume is with the aid of 

an absorbing medium. However, this has its drawbacks. If slow 

muons are produced merely by placing an absorber in a conventional 



muon beam (̂ 75 MeV/c), one finds the pickup probability per muon is 

only about 5 x 10"̂  for muons straggling out the downstream side 

of the absorber-.̂  

In order to take advantage of the high stopping efficiency of 

a solid absorbing medium and the M-M reaction rate advantage of the 

vacuum it was suggested by T. Bowen that the muons be brought to rest 

on a thin hot foil inside a vacuum chamber where they will diffuse to 

the surface and evaporate into the surrounding vacuum as muonium, the 

electron being supplied by the foil surface. Muonium formed in this 

manner could be detected by looking for decay electrons from muon decay 

coming from the vacuum downstream from the foil. Since the stopping 

thickness over which there is appreciable diffusion to the surface is 

of the order of 1 micron, this method puts a premium on stopping a 

large fraction of a muon beam in a very thin absorber. 

In order to stop a large fraction of the beam in a thin absorber 

one must use the lowest momentum beam attainable. (For details of this 

argument see Appendix B.) The slowest muon that can be produced comes 

from stopped pion decay and has a momentum of 30 MeV/c. To take advan

tage of this monoenergetic source of low momentum muons it was 

suggested by T. Bowen that the surface layer of the pion production 

target be used as a source of positive muons from stopped pion decay. 

This has the advantage that it uses the highest density of stopped 

pions attainable since each surface element receives contributions 

from pions produced over a large solid angle (M. STER). This is 

superior to the usual scheme where only pions accepted by the beam 

(*.1 STER) can be used. The muons produced in either case must fall 



vithin the team acceptance. The experimental yield spectrum of our 

beam shown in Figure 1 clearly confirms the existence of this produc

tion mechanism. This production method yields a beam that is nearly 

100/6 polarized. It might be noted that this mechanism only works for 

U+ because the ir~ is captured by the nucleus as it stops. 

The similarity in chemistry between protons and muons allows 

one to use hydrogen diffusion data to predict how far a muon can diffuse 

in a muon lifetime. This is a random walk problem in a three dimen

sional lattice and hence the diffusion length is given by 

L = <L2
z>1/2 = (2TuDH(Mp/Mvi)^^ , (1») 

Dh = D0e"Q/RT , 

where-M̂ /M̂  is the ratio of the proton mass to the lighter muon mass, 

is the muon lifetime, z is taken as the beam direction, and is 

the diffusion constant for hydrogen in the material. Table III shows 

the values of L for various materials calculated at what is considered 

to be the maximum temperature obtainable consistent with the require

ment that a negligible fraction (.1!? per hour) of the absorber be 

evaporated away during the course of the experiment. Diffusion con

stants are also listed, Q being called the "Activation Energy" which is 

the energy barrier between jumps. A Monte Carlo calculation̂  was done 

to determine the probability D(T) of stopping particles diffusing to 

the surface before decay. Representative values of ..D(T) for the various 

materials studies are shown in Table III assuming the momentum of the 

incident beam is such that one-half of the muons are stopped by the 
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TABLE III DIFFUSION PROPERTIES OF VARIOUS METALS 

Material Dp(cm2/sec) Q(kcal/mole) Temp °C Q/RT 

Fe l.ltxlO-3 3.2 951 1.31 

Ni 5.5xlO"3 8.92 1017 3.U7 

Mo 5.7xl0"2 1U.7 1703 3.7*+ 

Pd U.9̂ *10-3 5.75 989 2.29 

W 8.1xl0"2 19.8 2287 fc.3l* 

Pt 6.0x10"3 5.9 lltlU 1.76 

Ta 6.1x10"̂  3.5 21U7 0.72 

DH(cm2/sec) <Lz2>1̂ 2(cm) D(T) 

3.78xlO-lf 

1.71x10"14 

l̂ .lxlO"1* 

5.0xlO_lt 

10.5xl0-lt 

10.3xl0_lt 

2.78x10""̂  

0.70xl0"u 

O.UTxlO"1* 

1.35x10"** .089 

0.81X10"11 

1.17X10"1* .081 

1.16x10"* .089 

0.63x10" ** .OUU 
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material thereby placing the peak of the stopping distribution at the 

back surface of the foil. The probability of reaching the surface is 

of the order of 10% for our beam characteristics (Tables IV, p. 21, and 

V, p. 2*0. If the probability of evaporation off the surface, o, is 

high, then as much as 10% of the stopping beam might become muonium. 

This amount could be doubled by placing a second hot foil downstream 

so that muonium is evaporated off its upstream side. Figure 2 is a 

plot of the stopping distribution in tungsten expected for a y+ beam 

with the properties of our design. Figure 3 shows the calculated decay 

distribution for the muonium cloud evaporating from the downstream side 

of a foil at 1900°C. 

The ..probability of a muon diffusing to the surface and eva

porating also depends upon the chemistry of hydrogen in the material 

and on the surface kinetics. The chemistry can be crudely estimated 

from a plot of solubility versus temperature. Such curves can be 

fitted by 

S = S e+EH2/RT , 
o 

where Eĵ  is the heat of the solution (ev per atom) for an H2 molecule 

and S is the solubility of hydrogen in the material. The energy 

required to free atomic hydrogen from the material is then given by 

*"H0 EH2 + dH • 

where djj is the disassociation energy (2.2 ev per atom) for a hydrogen 

molecule. Materials in which Eĵ  <0 are called endothermic while 

those with Eg >0 are exothermic. Hence for our purpose, it is desirable 
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it 

to have Eg large and negative to minimize Eu . Energy level diagrams 
2 o 

for various materials are shown in Figure Atomic hydrogen is 

known to desorb from metal surfaces at elevated temperatures"̂  

although the mechanism for desorption is not entirely clear. We 

expect the evaporation rate should be a function of E„ which is 
"o 

a measure of the energy that must be overcome. 

The requirements of high diffusion constants and high tempera

ture along with high density for stopping purposes seem to limit the 

candidates to metals such as V and Pt. 
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CHAPTER 3 

BEAM LAYOUT AMD DESIGN 

A large acceptance, low momentum muon beam was constructed 

using the external proton "beam at the l8U inch cyclotron at the 

Lawrence Berkeley Laboratory, University of California, Berkeley, 

California. The beam as shown in Figure 5 consists of alternating 

quadrupole singlets with wide gap 60° sector magnets. This produces 

a double focused system in which the quadrupoles supply the vertical 

focusing and the sector magnets give the horizontal focusing and 

a bend angle of 60°. The system is periodic and could be extended 

by the addition of further elements. The entire beam line was 

enclosed in a vacuum. The beam geometry was determined by a beam 

design program TRACTUS;̂  The beam geometry is given in Table IV 

and a sketch of the beam optics is given in Figure 6. The sector 

magnet pole faces were shimmed to provide optimum focusing by 

requiring that the value of the line integral of the field along 

any particle trajectory in the median plane be a linear function 

of distance from the optical axis. This was done experimentally by 

constructing a long coil in the shape of a mean particle trajectory 

and measuring the charge induced in this coil as a function of 

position during a traversal in the median plane. 

The production target was a block of tungsten (V x 3" x 1") 

placed such that the proton beam entered the 3" x l" face and the 

19 



QUETZALCOATL 

W-PRODUCTION 
TARGET 

DIFFUSION-

1 iyj > 

(/> 
3 
(/> 
>-
Z o 
o 

HERMES 
VACUUM 
JACKET STOPPING 

FOIL 
HUITZILOPOCHTI 

TEZCATLIPOCA 

MOMENTUM SLIT 

XIPE TOLTEC 

GUARD COUNTER 

COUNTER TELESCOPE 
BEAM 
COUNTERS 

Figure 5« Arizona Muon Channel 

ro 
o 



21 

TABLE IV BEAM GEOMETRY DATA 

DESCRIPTION SIZE 

Target size V horizontal x 3" vertical 

Final spot size V horizontal x H" vertical 

Total beam length 12.3' 

Spacing "between beam eliments 37 • 3" 

Target distance from center 
of first quadrupole 31.8" 

Distance from center of last 
quadrupole to second focus 37.3" 

12" quadrupoles 
Bore 12" 
Effective length 20" 

60° sector magnets 
Bend angle 60° 
Effective length 2h" 
Gap 12" 
Maximum field 7KG 
Maximum momentum 90MeV/c 
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muons were extracted at 90° from the U" x 3" face. The target was 

placed in the gap of a rectangular bending magnet in order to improve 

the acceptance and allow extraction at 90°. The magnification of 

the beam is 1:1 in both directions. A momentum slit consisting of 

a k" x 3" brass aperture was placed in the vacuum box at the central 

focus. Two counters placed after the central focus served the 

dual purpose of providing a beam monitor and a degrader for mass 

separation. The counters consisted of two 0.005" scintillators 

(NE102) placed in a 1/b mil aluminized mylar light box which was 

surrounded by a light tight container with 1 mil Be windows for 

passage of the beam. At our momentum (22 MeV/c) the muon is ten 

times minimum ionizing and can be seen efficiently (93$) by these 

ultra-thin counters. Protons and remaining pions stop in these 

counters and only 15 MeV/c muons and 22 MeV/c electrons remain. 

The last half of the system is run at the lower muon momentum, 

the last bending magnet acting as a mass spectrometer. Performance 

characteristics of the beam are listed in Table V. The surface 

production cross-section listed was calculated̂ -® using low momentum 

19 pion production cross-sections-. 7 The calculated value was experi

mentally checked in a short parasitic experiment conducted at the 

Bevatron in the summer of 1970 and confirmed within a factor of 

two. The background intensity due to low energy neutrons in the 

experimental area with the tungsten target in place is approximately 

200 neutrons/cm2 • second as measured by the Lawrence Berkeley 

Laboratory neutron monitors. This high flux is a result of the 

compact size required for a beam of high acceptance and therefore 



TABLE V BEAM PERFORMANCE 

Momentum Range: 13-30 MeV/c, 90 MeV/c 

Momentum Dispersion: Ap/p = 15$ FWHM 

Estimated Acceptance: AO ̂  1»0 x 10~3 Steradians 

18U" external proton beam ̂  2 x 1011 protons/sec. 

Estimated intensity of muon production from the surface of W: 

 ̂•'••5 x 10~5vi+/(proton,gm/cm2|w*ster,sec) dRaft w 

Counting rate at first focus: 

dNj 
dt 

= 0.75 x loWsec in U-l/V' x U-l/V' counter 

21.5MeV/c 

Counting rate for pions at maximum momentum: 

dNu I = 7.5 x 105ir+/sec in V x V counter at second focus 
dt 

90MeV/c + 
20% y contamination) 

Beam intensities for counter geometry described in text: 

= 2̂ 2 y+/sec in U" x 3-1/2" counter at second focus dN; 
dt 

lS.'tMeV/c (counter intercepts ̂  k0% of beam) 

= 600 y+/sec full spot size 

Beam intensity related to new counter geometry installed since data 
was taken: 

dNo 
dt 

= 5̂ 00 y+/sec in 6" spot 15" upstream from second focus 
27.2MeV/c 



thin shielding capability. The neutron background can be lowered 

by choosing a target of low Z material such as carbon at the expense 

of muon flux. 

An approximate yield spectrum taken in the course of tuning 

is shown in Figure 1. We find that the position of maximum intensity 

(27.7 - l) falls below the kinematic limit (29-7 MeV/c). This is 

taken to be an indication of the importance of the low energy com

ponent of the pion production spectrum in contributing to the number 

of pions stopping near the surface. The yield falls off faster than 

usual at low momentum because of the presence of U mils of aluminum 

degrader in front of the final counter. The momentum dependence 

of the expected spectrum is discussed in Appendix C. 



CHAPTER U 

EXPERIMENTAL APPARATUS AND METHOD 

Originally, detection of muonium was to be accomplished by-

looking for electrons from muon decay originating from the vacuum 

region on the downstream side of the hot stopping foil. This was 

to be done with the aid of a ring telescope of high spatial resolution 

(3/U" FWHM) that viewed the vacuum region perpendicular to the beam 

axis and looked for an increase in counting rate when the foil is 

heated. This viewing geometry is sketched in Figure J. However, 

it was pointed out by A. Pifer that one could also detect the presence 

of the muonium formation by viewing the stopping foil and watching 

the counting rate decrease upon heating due to the escape of the 

muonium from the field of view. This effect was experimentally 

confirmed and it was decided to measure the difference between hot 

and cold counting rates over a range of telescope positions. 

Counter Geometry and Event Logic 

Figure 8 shows a cutaway side view of our stopping foil and 

counter geometry. The only material in view of our electron telescope 

was the cylindrical vacuum wall that consisted of 1/32" aluminum 

plus two layers of .001" molybdenum which were used as a heat shield. 

The amount of this material was minimized in order to reduce the 

background from decay electrons originating in the foil and being 

26 
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scattered into the field of view. The electron telescope consisted 

of three scintillators, E , E , E , shown in Figure 8. Also shown 
12 3 

are cylindrical counters, A , A , which were used as a fast anti-
1 2 

coincidence shield to help sharpen the field of view. The counter 

array has a 360° azimuthal acceptance and consists of 180° cylindrical 

sections viewed independently to give an overall up-down event 

discrimination. The innermost counter was kept thin (l/l6") to 

minimize coulomb scattering. Copper degrader 3/8" thick was placed 

between the last two counters to discriminate against low energy 

electrons which suffer the most coulomb scattering and therefore 

consist mostly of foil decays scattered into the field of view. The 

copper degrader also helped reduce the background from proton recoils 

originating from neutrons interacting in the scintillator. 

The beam logic required by an acceptable telescope event 

was determined by a signal which consisted of a two-fold coincidence 

from the beam monitor counters, B , B , upstream in delayed anti-
1 2 

coincidence with a guard counter, G, placed 18" upstream from the 

stopping foil. This guard counter, which consisted of a 10" diameter 

scintillator with a 5-1A" hole, also served as a monitor of the 

beam intensity. 

The time distribution of decay events allowed by the beam 

logic was entered in a pulse height analyzer (PHA). This was done 

with the aid of a time-to-amplitude converter (TAC). The TAC 

produced an output which was fed into the PHA for any telescope 

coincidence E *E «E *A *A that occurred within 7-5 usee after a 
1 2 3 12 

starting time determined by a logic pulse from B *B «G. The events 
1 2 



accepted for hot minus cold subtraction and recorded in scalers 

consisted of a 2.3 psec wide section of this time distribution 

covering the region between .2 and 2.5 usee. 

Beam Calibration for Stopping Condition 

The intensity of the beam was calibrated by replacing the 

stopping foil with a thin counter C of appropriate size (V x 3-1/2" 

x 0.030"). The coincidence rate in counter B #B *C was about 2/3 
1 2 

of the guard counter coincidence B *B *G. The momentum of the beam 
1 2 

was measured by the time of flight between B »B and C. This delay 
1 2 

was of the order of 75 nanoseconds so that the momentum and the 

momentum spread could be determined to the accuracy required (̂ 3%)• 

The momentum was set so that half of the muons passing through the 

foil would stop. This was determined from range energy relations and 

checked afterwards by noting the increase in the decay telescope 

counting rate when a double thickness of target foil, which is 

sufficient to stop all of the beam, was placed in the field of view. 

This was considered to be superior to merely placing a target foil 

in front of counter C and noting the decrease in rate because of 

losses due to muons stopping in counter C without sufficient energy 

to be detected. Under these conditions, 1/2 stopping, it was found 

that roughly 20# of the total beam in the 10" pipe stopped in the 

3-1/2" x It" foil amounting to approximately 150 stops per second 

for an incident momentum of 15 MeV/c. A mask was placed upstream from 

the foil to stop muons that would not stop in the active region 

of the foil assembly. 
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The number of stopping muons versus the number of B *B 
1 2 

coincidences was roughly 1/50 so that most of the muon flux at the 

first focus was lost in negotiating the second half of the system. 

These losses can be attributed to range straggling and multiple 

coulomb scattering in B *B . Particles that are off-momentum because 
1 2 

of range straggling would not have stopped in the correct region 

of the foil anyway and therefore would only increase the background 

rate. However, particles lost due to coulomb scattering represent 

real losses that might be minimized by moving the monitor counters 

up close to the hot target. A possible technique for accomplishing 

this has since been developed and in a subsequent experiment the 

total stopping rate has been increased a factor of five. 

Heating Apparatus 

The metal foils were heated electrically. The 3-1/2" x V x 

0.001" foil required i*60 amps at 12.k volts to achieve a temperature 

of 1900°C as measured by an optical pyrometer. The foils were 

mounted by pinching them in tantalum electrodes mounted on four 

1/U" tantalum or molybdenum rods which were fed through the vacuum 

wall. Teflon inserts provided the vacuum seal as well as the elec

trical insulation. The thin-walled aluminum vacuum jacket was 

water-cooled by wrapping it with several turns of 1/8" copper pipe. 

The cooling coils were kept out of the region viewed by the decay 

electron telescope. The thermal contact between the copper coils 

and the aluminum can was improved by wetting the surfaces with a heat 

sink compound used in cooling semiconductor devices. This compound, 



32 

although providing good thermal contact, made handling of the 

vacuum jacket rather messy, to put it mildly, and is not recommended 

as a standard practice. 



CHAPTER 5 

DATA ANALYSIS 

Muonium production rates were measured for the metals platinum, 

tungsten, tantalum, and molybdenum. Tungsten and platinum received 

the most attention because their large diffusion constants and 

low hydrogen solubility combined with their high density made 

them desirable candidates for maximum muonium production. Most of 

the data was taken by counting for equal amounts of beam monitor 

counts (B *B ) with the foil hot and with the foil cold. In cases 
1 2 

where this is not true, the hot runs are scaled to the value of the 

cold runs for subtraction purposes. An example of the numbers involved 

in a data run is shown in Table VI which is a reproduction of data 

taken for a platinum foil. The data consists of alternate hot and 

cold runs of approximately an hour. This was done in order to inte

grate out any drift effect due to the electronics or beam tune, and 

also to aid in the early detection of any malfunction that might 

arise. Data taken in this mode also gave us the ability for a rough 

on-line evaluation of the foil under study. 

Presentation of the Data 

Data taken for various positions of the decay electron 

telescope relative to the foil are shown in Figures 9, 10, 11, 

and 12 for the materials mentioned. The error bars are statistical. 
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TABLE VI 'EXAMPLE OF DATA TAKEN FOR .001" PLATINUM FOIL 1500°C 

Date Run Hot Pulsed 
CONDITIONS 
Polarity Position B1-B2 Time (sec) N̂ p 

EVENTS 
ndn ntotal M/NCJ? 

RATES 
R(Z) ceD(T)jS 

7-9-71 
ItxlO6 9 no -7/16" ItxlO6 508 20k 151 355 

2k yes no -1 -7/16" UxlO6 608 183 122 305 -llt.'l -1.82 25.7 
17 yes no +1 -7/16" UxlO6 681 161 150 311 -12. U -1.82 22.6 
5 no +11/16" UOxlO6 5717 156 293 I+U9 
k yes no -1 +11/16" l*0xl06 6292 15U 361 515 +1U.7 +0.72 10.6 

7-18-71 B1-B2' 
37 no +9/16" 20xl06 19̂ 5 162 120 282 
38 yes no -1 +9/16" 20x10s 2015 172 157 329 +16.7 +0.65 10.9 
39 yes yes -1 +9/16" 20x10® 1969 173 ll*l 31̂  +11. k +0.65 7.U 

7-2U-71 B1-B2" 
1.3 no -8/16" ItOxlO6 3199 789 635 lk2k 

k yes yes -1 -8/16" ItOxlO6 3501 667 520 1187 -16.6 -1.95 32.U 
2 yes yes +1 -8/16" UOxlO6 3308 673 607 1280 -10.1 -1.95 19-7 
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The data is normalized to the number of muons stopping in the foil. 

This normalization was determined by fitting the experimentally 

measured cold foil event rate at 'the peak with a telescope sensitivity 

function which was the total of the probability per stopping muon of 

the various contributions calculated as a function of position by 

the Monte Carlo program, MUONIUM.̂  The foil position was left 

stationary while the telescope was moved, thus avoiding any changes 

in foil position relative to the focus of the beam. The same data 

are displayed differently in Figures 13, 1̂ , 15» and 16. Here the 

differences between the hot and cold runs are plotted. Again the 

errors are statistical. The second set of points was calculated by 

MUONIUM. The calculated points are obtained by assuming all muons that 

diffuse to the surface of the foil evaporate off to form muonium. 

Hence they represent the maximum intensity expected from the calcula

tions. The normalization of the experimental data and the calculated 

points is made using the cold foil data only. The calculated nor

malization depends upon the stopping rate and the efficiency of the 

counters for electron detection and hence can be checked for consistency. 

The comparison between this calculated variation of the signal with 

telescope position and the measured difference lends credence to our 

interpretation of the data. 

The telescope traversal of the subtracted tungsten and 

platinum data, shown in Figures 13 and lU, exhibits the expected sign 

change in the signal. If the telescope is positioned such that the 

foil is in the center of the field of view, one sees a decrease in 
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the counting rate of the hot foil relative to the cold foil condition 

due to muons evaporating off the foil and moving downstream out of the 

field of view. Conversely, as one locates the telescope at a position 

downstream from the foil, one observes a corresponding increase in 

the signal due to the evaporated muons moving into the field of view. 

The observation of this change in sign of the hot minus the cold data 

versus telescope positions rules out interpreting the data in terms of 

spurious effects such as moving of the foil during heating. Temperature 

expansion of the supporting electrodes or magnetic pressure due to the 

field produced by the current could cause foil movement. The elec

trodes were fed in from the downstream side so that both of these 

effects tend to move the foil upstream, hence obtaining a decrease in 

signal for both telescope conditions. Also the spatial resolution of 

the telescope (3A" FWHM) is large enough to smear out relatively 

small foil movements due to heating effects, thereby decreasing their 

contribution to the effect observed. 

Calculations and Data Reduction 

We may define a surface parameter, a, as the probability of a 

muon, after diffusing to the surface of the foil, will evaporate off 

before it decays. Values of a for the different materials studied 

can be obtained from our measurement of the muonium production rate. 

If we let N„ be defined as the counting rate in our telescope for 
n 

the hot foil condition and N the counting rate for the cold foil, 

then we have 
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KH « B-H •PgT'D(T)-a«H(Z) + - D(T)]«F(Z) + 

E,NIH,FST,D(T),[1 - a3'F(Z) + Et1 - PST]'NIN*B(Z) ' (5) TH ST 

Nc = E-Nik-Fst-[P(Z) + (1/Fst - l)-B(Z)] , (6)  

NH " Nc = E*NiN
,F

ST
,a,D(THH(Z) - F(Z)] , (7) 

where 

E = electron detection efficiency of telescope which includes 

the overall gating efficiency, 

D(T) = probability a stopped muon will diffuse to the foil 

surface before decay, 

PST = fraction of beam stopping in the foil, 

T = temperature, 

Z = position of the telescope, 

H(z) = probability of an electron from the decay of a muonium 

atom striking the telescope, 

F(Z) = probability of an electron from the decay of a muon in 

the foil striking the telescope, 

B(z) = probability of an electron from a muon stopped in the 

walls striking the telescope, 

= number of muons per second impinging on the foil. 

HJJ, NQ, E, NJJJ, and Fĝ  may be experimentally determined while 

D(T), H(Z), F(Z), and B(Z) may be determined with the aid of a 

Monte Carlo calculation, thus giving a value for a. B(Z) need not 

be known since it represents a temperature independent background. 



However, it was found useful in helping determine the fraction of 

the "beam stopping in the foil, Fĝ ,. F(Z) includes the effects of 

multiple coulomb scattering in the vacuum walls and the telescope 

material. H(Z) is sensitive to the velocity distribution of the 

muonium, and therefore is in principle temperature dependent. 

However, the calculations show it to be relatively insensitive to 

temperature over the range studied (800-2200°C). The functions 

H(Z), F(Z), and B(Z) are shown in Figure 17. The value of D(T) 

depends on the size of the diffusion constant, temperature, thickness 

and density of a particular stopping material, and on the stopping 

distribution determined by the momentum and momentum spread of the 

beam. From Figure 18, which is a plot of the calculated values of 

D(T) versus temperature for tungsten, one sees that the temperature 

dependence seems too slow for this to be a sensitive measure of 

diffusion constants. 

The amount of muonium produced per second, M, is related to 

NH and Nq by 

M
H-C E NH " NC = E,M*£H(Z> ~ » <8) 

where 

M = a.D(T)»NIN«FST . (9) 

Hence, one sees that each telescope position gives an independent 

measure of M providing the telescope acceptance functions H(Z) and 

F(Z) are adequately known. Table VII shows the results of our measure

ments for the quantities a and M along with the measured values of 
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TABLE VII SUMMARY OF RESULTS 

SURFACE 
MATERIAL MUONIUM EFFICIENCY 

.001" Foil ocD(T)/? Number/Sec o % 

Platinum 9«5±1.5 12.8±2.0 103±l6. 

Tungsten 9«1±1.7 11.9±2.1 121±22. 

Molybdenum 6.0±3.1 5.h±2.7 77*39. 

Tantalum 3.5±M U.0±5.5 83±112. 
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a*D(T). The product, a*D(T) is the fraction of the stopping beam 

that formed muonium. This product is the quantity that this experiment 

measures directly. Then the known diffusion constant of the material 

in conjunction with the beam stopping distribution can be used to 

calculate D(T) and hence separate out o. 

The measurement of the product, ct«D(T), can be done in a way 

such that it is independent of any normalization. The Monte Carlo 

calculation directly relates the measured percentage change between 

hot and cold with the fraction of muonium formed per stopping 

particle (Mgq,). From equations (6) and (8) we have 

MST = <X*D(T) = R(Z)'ANh_c/Nc , (10) 

where R(Z) is defined as 

R(Z) = [F(Z) + (l/FgT - l)-B(Z)] / [H(Z) - F(Z)] . (ll) 

As can be seen from the above equations the result depends 

only upon the ratios of measured and calculated quantities and is 

independent of any experimental quantities such as counter and 

gating efficiencies. This makes the effect depend only upon the 

shape of the foil distribution functions F(Z), B(Z), and H(Z). 

This dependence can be checked for F(Z) and B(Z) by direct comparison 

with the measured cold foil counting rate. Such a comparison is 

shown in Figure 19. FST> the fraction of the beam that stops in the 

foil, has been adjusted so that the tail of the distribution matches 

the measured tail. This gives a reasonable value of Fĝ . For 

example, Fĝ , used for Figure 19 is 1/2. From the plot of the 
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probabilities F(Z), B(Z), and H(Z) in Figure 17 > one sees that B(Z) 

and H(Z) are not as strongly dependent upon Z and are smaller in 

magnitude that F(Z), making the shape F(Z) the most important factor. 

Figure 19 demonstrates that the calculations closely fit the measured 

cold foil distribution. 

Figure 20 is a plot of the calculated R(Z) versus position 

and one sees that, except in the region where the effect changes 

sign, it is not strongly dependent upon Z. Hence, in the region of 

the peak, Figure 19, 

MgT z. Constant*A%_C/NC . 

The magnitude of R(Z) in the peak region depends almost exclusively 

on the ratio of H(Z)/F(Z), which can be seen when R(Z) is written 

in the form 

R(Z) = [i + (I/Fst - I)*B(Z)/F(Z)]/[H(Z)/F(Z) - 1] . 

Since B(Z)/F(Z) as seen in Figure 17 is of the order of .2 in this 

region and FgT = .5, we have roughly 

R(Z) = -1.1/[1 - H(Z)/F(Z)] . 

The magnitude of H(Z) depends upon the geometry of the tele

scope and the spatial distribution of the muonium cloud. The geometry 

of the telescope has been properly taken into account as attested to 

by the close fit, shown in Figure 19, of Equation (6) to the experi

mentally measured position dependence of the telescope counting rate. 

From Figure 17 one sees that the spatial distribution of H(Z) is 
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relatively "broad and therefore the calculations can be expected to 

yield at least an approximate value of H(Z) in the peak region. Hence 

ve can conclude with some degree of confidence that we can roughly 

determine the magnitude of R(Z) at the peak and hence the amount of 

muonium corresponding to a particular percentage change in the signal 

with temperature. This rough determination of the amount of muonium 

agrees reasonably with that calculated using the whole range of 

telescope positions. 

The spatial distribution of the muonium cloud shown in Figure 

3 was determined by a Boltzman velocity distribution characterized by 

the temperature of the foil. The muons were assumed to be emitted 

preferentially in the forward direction by weighting an isotropic 

distribution with the cosine of the angle between the direction of 

emission and the normal to the surface. This is in keeping with 

the Knudsen cosine law for diffuse emission. 

The relatively large value of a deduced from the measured 

value of the product cfD(T) and the calculated value of D(T) implies 

that the time spent on the surface of the different foils at these 

temperatures is not a large fraction of the muon lifetime (2.2 

microseconds). It also roughly confirms the mass dependence of 

the diffusion constant D(T) (Equation It), because the higher value 

of D(T), which is obtained when the diffusion constant of hydrogen 

is corrected for the lighter mass of the muon, is needed to explain 

the results. The time spent on the surface depends upon a number of 

conditions such as the density of "activated sites" from which the 



muon can evaporate and on the mobility of the muon on the surface. 

It is suggested that this technique, which depends heavily on the theory 

of gasses in metals, may be used as a unique probe giving information 

on gas surface interfaces on a microsecond time scale. 

Precession Effects 

During the course of the experiment it was found that the 

measurement of N„ was complicated by the presence of precession 
n 

effects in the decay signal due to the magnetic field produced by 

the heating current. This field was estimated to be 30G which gives 

rise to a period for the precession of a free muon of 2.5 microseconds. 

This effect can be observed in the time distribution of the decay 

events shown in Figure 21. It can also give a hot minus cold 

contribution in our telescope due to the exponential weighting of 

the time distribution and the difference in efficiency between the 

two halves of our ring electron detectors. In order to correct for 

this situation the data can be averaged for both precession directions 

by reversing the current heating the foil. This was done for most 

of the data. However, it was not done for the molybdenum data. 

An estimate of the size of this effect was made using some of the 

platinum data. A correction to a*D(T) of 3.6% is subtracted from 

unpaired data of positive polarity and added to unpaired data of 

negative polarity. 

Toward the end of the runs we were able to reduce current 

effects by pulsing the foil. The current was pulsed at 6k times a 

second in synchronization with the cyclotron beam such that it was 

off during the beam spill. This only reduced the magnitude of the 
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precession effects because the decay time of the residual magnetic 

field was appreciable (̂ 10~3 seconds) due to the aluminum walls of 

our vacuum enclosure giving a skin depth (.27 cm.) that is not 

large compared to their thickness (.15 cm.). Current pulsing was 

done for about one-half of the platinum data and one-half of the 

tungsten data only. 

We did not expect to see a large temperature effect in the 

tantalum data because of the smaller diffusion constant and what is 

thought to be unfavorable chemistry of the surface. However, data 

taken for tantalum can not be used to rule out an effect because of 

the poor statistics. We have one good statistics run with the 

telescope positioned on the peak which showed no effect. However, 

it was done with an unpulsed foil and with positive polarity only. 

When this long run is averaged with the shorter statistics runs 

at both polarities and various foil positions an overall positive, 

one standard deviation effect is obtained which would be consistent 

with a value for a of .5. The statistics are not sufficient to rule 

out or confirm the presence of an effect in tantalum. However, 

the apparent reduction in magnitude of the size of the effect with 

tantalum is in agreement with its smaller diffusion constant. 

Since this foil was run at a temperature exceeding both that of 

molybdenum and platinum, this smaller magnitude serves to put an 

upper limit on any instrumental effect due to the heating arrangement. 



CHAPTER 6 

SUMMARY 

We have observed the evaporation of muons off the surface 

of hot metal foils in an evacuated chamber and after consideration 

of the processes involved believe this to be evidence for the 

production of muonium in a vacuum. However, we realize that this 

detection method is indirect since it can not distinguish muons in 

a muonium system from some other possible state. We are currently 

in the process of doing a followup experiment to prove that the signal 

being detected is from muonium. We intend to do this by measuring 

the characteristic Larmor precession frequency of the muonium in a 

magnetic field by detecting the direction of the muon decay electron 

as a function of time. This is a well established method of detecting 

the presence of muonium̂  and is expected to provide conclusive 

proof of our contentions. 

It is suggested that this muonium production technique 

could be applied to the measurement of the properties of a light 

hydrogen-like atom in solids giving information on a microsecond 

time scale. With this method such phenomena as diffusion rates, 

surface trapping, and surface mobility could be studied as a function 

of temperature and impurity concentration. 

We can make an estimate of the feasibility of a muonium-

antimuonium conversion experiment using this technique. From 
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our measured production rates for muonium in a vacuum we see that we 

might expect 2.5 characteristic x-rays in our chamber per day and 

25 negative electrons per day from y~ decay for Ĝ  = Gy using a 

single foil. These numbers represent production rates and do not 

include detection efficiencies which can be probably made only as 

high as 10-20$ for the x-ray detection method. One concludes that 

a sensitive M-M experiment with this intensity is only marginally 

feasible. However, subsequent to this experiment we have improved 

the beam geometry to give us a factor of five increase in intensity 

which might result in a factor of at least three increase in production 

rate when the effects of a wider momentum bite are taken into account. 

Assuming that this event rate (75 U~ decays/day) represents the 

smallest signal detectable above the background, our present intensity 

could reduce the upper limit on the coupling constant Gj ĵ by a factor 

of 600. This corresponds to a rate increase in the detection of the 

M-M type process of 3 x 10̂  over the previous sensitivity. In other 

words we could set an upper limit on G — for the M-M reaction of 
MM 



APPENDIX A 

INTENSITY OF M 

Vacuum 

Define |y+e~> = |M> and |y~e+> = |M>• Assume some connection 

"between these states Ĥ , i.e., 

<M|HW|M> ± 0 . 

Then using 

*(-t) = a(T) |M> + b(T) |M> = 

Schroedinger1s equation becomes 

3t <̂M|HW|M> e°/V7 

where H = H.+ H , 
0 W 

or 

f| = -(iE0/ir)a - , 

|£ = -(iE0/lr)b - i/TT<M|Ĥ |M>b • 

Using <M l%l M> = <M|HJM> = 6/2, and summing gives 

3(3tb) = -*/fr(E0+6/2)(a+b) , 
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or 

a+b = Ae-1/Wl»+</2>t • 

Likewise, subtracting gives 

a-b = • 

or finally 

a(t) =| + | e-M*o-6/2)t 

b(t) = A e-i/lr(Eo+6/2)t _ B e-i/lT(E0-6/2)t  ̂

Suppose now that at t=0 (0)=|M>, i.e.,a-l, "b=0. Then 

a(0)=l=(A+B.)/2, b(0)=0=(A-B)/2 gives A = B = 1. Assume also that 

M and M can decay Ee=E -iyir/2, Y=1/Tu. Define the energy scale 
1 v1 

such that E =0. Then we have 
1 

T(t) = ie"1ft/2e-5t/2iI[(l+eiSt/h)|M> + (l-ei5t/ir)|Ifr] . 

We want to know the intensity of M as a function of t. Let Njj(t) 

be the number of M existing at time t. Then 

N̂ (t) = |<M|f(ii)|M>|2Nm(0) , 

or 

N-(t) = ie-Y"t(i_cos6t/tr)NM(0) . 
M * M 

Then, for small 6 and St/fr «1, we have 

%(t) « j62TM2/b2(t/Ty)2e"t/T̂ NM(0) . 



Following Feinberg and Weinberg?, we can pick a particular form of 

to evaluate K̂ (t) 

»» " W5 ' V*(1+T5>*.VX(ln5),'e + H-C' 

This can "be evaluated to give? 

6/2 = <M|HjM> = 1.05 x 10~12(Gĵ /Gv)(ev) , 

where Gĵ  is the MM coupling constant and is the weak vector 

coupling constant in "beta decay. This gives 

fî /ai2 = (2.5 x IO-5)(Ĝ J/Gv)2 , 

or finally 

Njj(t)/NM(0) = (2.5 x 10-5)(cyj/Gv)2 • l/2(t/xv)2e"t/Ty . 

Presence of a Gas 

In the presence of a gas the expression for lt("t)/NM(0) M M 

is modified to?'̂  

N̂ (t)/NM(°) = (62x2/2ir2)[l/(l+a)MTvl)(l+a^Ty)] • l/2(t/T )̂2e~t/'Ty , 

where to,, is the inelastic collision rate for M and oirr is the inelastic 
M M 

collision rate for M. In argon gas at one atmosphere pressure and 

room temperature tô O and 0)̂ =1.2x1011/sec. Since all collisions 

will tend to be inelastic we can relate o)— to the total number of 
M 

collisions in a muon lifetime by 

M = VP • 



As a function of pressure we can write N=N̂ p/760 where N is the 

number of collisions at 1 atmosphere 

S = (I.2xl011)(2.2xl0~6) = 2.66x10s . 

Then we have 

yt)/NM(0)|̂  = N-(t)/NM(0)|vacl/(l+3.5xl02p) . 

The pressure must he "below 10-ltmmHg for collisions to "become negli

gible, since for p=l. OxlO~VmHg this becomes 

H-(t)/N (0)| = .96(M-(t)/N (0)| 
M M p M M vac 



APPENDIX B 

DEPENDENCE OF THE WIDTH OF THE 

STOPPING DISTRIBUTION ON MOMENTUM 

The width of the muon stopping distribution in a material 

is determined by range straggling and the momentum spread of the 

stopping beam. The range straggling at low momentum is roughly 

constant 

dRg/R « .0^5 . 

The component due to momentum spread of the beam can be gotten from 

range-momentum plotŝ , which can be represented as 

R a A • p3»5 . 

Therefore 

dRp = 3.5Ap2*5 • dp , 

= 3-5dp/p • R . 

For most beams dp/p = constant, which is determined by the beam 

design. Thus, we see the total width is given by 

1 
AR = [(.OU5)2 + (3.5Ap/p)2]2 • R , 

= constant • p3*5 . 

6U 



IUS, in order to greatly reduce the width of the stopping distribution 

low momentum source of muons is needed. 



APPENDIX C 

MOMENTUM DEPENDENCE AND STOPPING DENSITY OF THE 

MUONS FROM THE ARIZONA PRODUCTION MECHANISM 

Assume that the number of stopping pions giving a decay 

muon in the direction of our beam aperture per unit depth near 

the surface is roughly constant. Then the number of unions, dN, 

originating at a depth R to R + dR from the surface is given by 

dN = CydR, Cy = constant . 

Here R is taken to be in gm/cm2. 

The range of muons in tungsten is gotten from the L.B.L. 

PI Range-Momentum Plots and at low momentum can be represented by 

Rw = Awp3-5 , 

which implies 

dRjj = 3.5 • Aw • p2• 5dp . 

Therefore, the number of muons emerging from the target surface 

with momentum between p and p + dp is given by 

dNg = dN/dR • cLRw , 

= 3.5 * Cy • Â p2* 5dp . 
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The momentum acceptance of the beam is roughly constant 

Ap/p = B = constant , 

so that the number that can be transported for a beam of momentum, 

p, is given by 

Mt = dNg/dp • Ap , 

= 3.5 • Cw • B • Ĵ pS.5 , 

ANrp = constant • p3»5 . 

This relation should hold up to the kinematical limit and then drop 

suddenly if the assumption of pions stopping uniformly near the 

surface is valid. 

However, the number stopping per unit range is constant 

since the number produced per unit range was constant. This is 

easily seen since the number stopping per unit range in a thin foil 

is AN̂ /AR where AR is obtained from Appendix B. This gives 

ANT/AR = (3.5«Cw'B«Aw)p3'5/[(.0U5)2 + (3.5B)2]! , 

= 3.5'Cw«B.Aw/[(.0̂ 5)2 + (3.5B)2]2Af , 

= constant. 

For our beam 

Ap/p = B « .08 , 



and this reduces to 

ANT/AR « CW . Ay/Af . 

The number stopping per cm. is then 

<JNT/dZ = PfMf • (Cw • Ay) = constant • (pf/Af) , 

where is the density of the stopping foil and is the range 

of a 1 MeV/c muon in such a foil. 
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