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COMPARISON OF THE f1 +AND f1- DECAY SPECTRA IN COPPER 

* Philip B. Beilin ( ') 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 13, 1967 

ABSTRACT 

The momentum spectrum of electrons from the decay of muons 

brought to rest in copper has been measured using an Elbek-type 

magnetic spectrometer with scintillation counters on the focal plane. 

For comparison, the spectrum from positive muons was also measured. 

Good agreement is obtained between the spectrum from unbound 

muons (fJ. +) and theoretical predictions. The experimental bound-muon 

decay spectrum shows less satisfactory agreement, the data favoring 

a faster fall-off with momentum at the upper end of the spectrum than 

is theoretically predicted • 

,< 
( ) Present address: Bettis Atomic Power Laboratory, Pittsburgh, 

Pennsylvania, U. S. A. 
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Michel has shown that the shape of the unpolarized positive 

d . . b (1) muon ecay spectrum 1s g1ven y 

where xis the electron momentum in units of the peak momentum, 

52.83 MeV /c, and pM is the Michel parameter whose magnitude is 

predicted to be 0. 75 by the two-component neutrino and universal (V, A) 

theories. This prediction has been verified by recent experiments (2 • 3). 

Internal radiative corrections (
4

) have been calculated for the free muon 

decay and modify the elementary spectrum shape, particularly at the 

upper end (see Fig. 1). 

There are two reasons why the shape of the bound-muon decay 

spectrum is expected to differ from the free decay spectrum. First, 

the muon momentum distribution causes a Doppler broadening of the 

decay-electron momentum spectrum as discussed by Porter and 

Primakoff (5). The second effect, discussed by Uberall (6 ), is due to 

the Coulomb attractive potential acting on the outgoing electron. 

Recently, R. Huff has made a comprehensive study of the bound-muon 

decay spectrum { 
7

); we compare the results of our experiment to his 

work. Several other experiments have used total absorption techniques 

to determine the bound muon decay spectra in medium or high-Z 

.. '1 (8-10) mater1a s . The results reported have not been compared to the 

theory quantitatively. 

2 
In this experiment a 2.83 g/cm copper plate was selected as 

the target in which to observe the bound and free decay spectra, i.e., 

in which to maximize the spectra differences while minimizing 
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energy-loss corrections and background contributions. The layout of 

the Elbek-type magnetic spectrometer (
11

) and scintillation counters 

may be seen in Fig. 2. The incident beam was monitored by counters 

1-1
1

1-1 2 T. Counter ~4 .in prompt anticoincidence with 1-1 11-1 2 T gave the 

stopping muon signal in the copper target. The entering beta telescope 

consisted of counters T, 13 A and any one of the four smaller 13 counters 

behind 13 A" Counters 1-11.f-1 2 and 1-1 4 were placed in anticoincidence with 

the entering beta telescope to eliminate prompt scatters from the tar-

get. If the decay electron entered the spectrometer within two mean 

decay lifetimes and crossed the focal plane, it was detected by each of 

the three rows of focal-plane counters and its position recorded. A 

simplified block diagram of the electronics is shown in Fig. 3. 

The theoretical spectra are modified by the effects of 

bremsstrahlung and ionization straggling. The relative importance of 

these two energy-loss processes may be seen in Fig. 1. For com-

parison, the theoretical negative bound spectrum in copper is dis-

played in Fig. 4. The energy resolution of the front 11 focal-plane 

counters was folded into the energy spectra, providing the relative 

number of events expected in each of these counters. A more complete 

account of the experimental and calculational details is given in the 

author's thesis ( 12). 

' 
·The main source of background originates from muon decays 

occurring in the 0.32 g/cm
2 

T counter immediately in front of the 

copper target. The background with the target removed is consistent 

with the positive and negative spectra predicted for muons decaying in 

low -Z material such as polystyrene. 

•• 
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The experimental spectrum for the positive decays, corrected 

for background (Fig. 5), shows fair agreement as indicated by the chi

square test. The negative.data, on the other hand, indicate ~orne lack 

of agreement. When pM is reduced from 0. 7 5 to 0. 70 for the negative 

spectrum, hopefully to compensate for the internal radiative corrections, 

the chi -square value changes from 32.0 to 26.7. There still appears to 

be a distinct tendency for the negative spectrum to fall off faster at the 

high energy end of the spectrum than theory would predict. Any large 

experimental correction applied to the negative spectrum must neces

sarily be applied likewise to the positive spectrum. The positive 

spectrum, however, does not allow any correction of the magnitude 

necessary to bring the negative spectrum into agreement. 

In conclusion, the general predictions of the theory regarding a 

downward energy shift in the bound spectrum are shown by the 

experimental data. The negative data is distinctly different from the 

positive and is shifted toward lower energies. The disagreement 

between the rate at which the experimental bound spectrum and the 

theoretical spectrum fall off with energy may be indicative of the need 

for larger internal radiative corrections in the presence of a heavy 

nucleus. 

Professor Kenneth M. Crowe suggested this experiment to the 

author. Dr. Tin Maung· undertook a large share of the actual running 

at the Berkeley 184-inch synchrocyclotron. The author is indebted to 

Dr. Robert L. Beck and Mr. Ned Dairiki for assistance during the 

running. The assistance given by Dr. Robert Riddell in improving the 

brems strahll;lng calculation is acknowledged with pleasure. The author 
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is also indebted to Dr. Loren Meissner, Miss Marjory Simmons, and 

Miss Elaine Hovorka for programming assistance. Finally, I would IJ 

like to gratefully acknowledge useful discussions with Dr. Robert Huff 

regarding. theoretical aspects of the bound-muon decay spectra. This 

work was done under the auspices of the U. S. Atomic Energy 

C.ommission. 

\) 
' 
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FIGURE LEGENDS 

Fig. 1. Positive spectrum curves. + Curve R 1 represents the elemen-

tary spectrum for unpolarized positive muon decay. + Curve R 2 

represents the spectrum when internal radiative corrections are 

included. + Curve R
3 

represents the spectrum when bremsstrahlung 

is included. Finally curve R~ shows the spectrum after both 

bremsstrahlung and ionization losses are included. 

Fig. 2. Layout of magnetic spectrometer and scintillation counters. 

Fig. 3. Block logic diagram of electronics. 

Fig. 4. The negative bound. decay spectra in iron, antimony, and lead. 

The dotted curve represents the interpolated copper spectrum. For 

comparison the free decay spectrum is also shown. 

Fig. 5. Combined results for the positive spectrum (pM = 0.75) and for 

the negative spectrum (pM = 0. 70). The relative normalization of 

the positive and negative spactra is arbitrary. 

( ~· y 
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or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
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mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






