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The degree of polarization of positive muons in the 0.2-1.55 BeV range has been measured 
at sea level. The degree of polarization increases over the indicated energy range by a fac
tor of 1.50 ± 0.19, which corresponds to an increase in the slope of the pion energy spectrum 
over a range of the order of several BeV. A value K+ /rr+ = 0.22 ± 0.18 has been obtained for 
the ratio of K+ to rr+ mesons produced in the atmosphere by estimating the possible contri
bution of the K~2 decay to muon production. 

1. INTRODUCTION 

THE study of polarization of cosmic ray muons 
at sea level [1• 2•3] yields information concerning 
their production mechanism in the upper layers 
of the atmosphere. By comparing, e.g., the change 
of the degree of polarization in the muon flux with 
the theoretical calculation [4] for the muon produc
tion in the rr-~ decay, we can obtain information 
on the contribution of the K~2 decay to the produc
tion of cosmic ray muons. On the other hand, the 
study of the polarization of muons in the low-energy 
range provides a direct method for determining the 
shape of the pion production energy spectrum, 
since the contribution of the K~2 decay should be 
small in that energy range. 

Measurements of the degree of polarization of 
the muon flux in a relatively low-energy range 
(0.2-1.55 BeV) are described below. 

2. EXPERIMENT 

For the determination of the degree of polari
zation of the muon flux, we have measured the 
asymmetry in the angular distribution of decay 
positrons emitted by ~+ mesons which stopped 
in an absorber. 

The experimental arrangement (Fig. 1) con
sists of an absorber A with dimensions 700 mm 
x 1400 mm x 20 mm surrounded by several layers 
of gas-discharge counters. Copper was chosen 
for the material of the absorber. This enabled us 
to detect the decay of positive muons only, which 
conserve the direction of polarization after having 
stopped. Negative muons captured by copper nu-

clei have a very short life, of the order of ..... 10-7 

sec, and decay before being detected. 
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FIG. 1. Experimental arrangement 

The moment of stopping of a muon in the ab
sorber is fixed by the trigger trays of Geiger 
counters T 1, T 2, T3 (anticoincidence T 1, T2, T3 ). 

All remaining counters ( H1-H5 ) are operated 
with pulsed high voltage [ 5] and are connected to 
the hodoscope. The trays H1, H2, and H3 consti
tute the muon detector; a muon stopping in the ab
sorber is accompanied by a discharge of the neon 
lamps of the corresponding counters in the trays 
H1 and H2• Tray H3 serves for a check and sym
metrizes the array with respect to the absorber A. 

The hodoscope counter groups H4 and H5 con
sist of five trays each and constitute the positron 
detectors. The high tension ( HT), and the delay 
and duration of the HT supply pulses of the trays 
H1-H5, were selected so that the trays H1, H2, 

and H3 detect only muons (and do not record the 
decay positrons), and the trays of H4 and H5 de
tect only the decay positrons. [sJ 

Two types of counters were used in the array: 
1) glass counters SI-6G ( 30 mm diameter and 
60 mm length) were employed in the trays T 1, 
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T2, T3 and H4, H5; 2) copper counters ( 18 mm 
diameter, 650 mm length) in the trays H1, H2, H3• 

A block diagram of the electronic circuitry _is 
shown in Fig. 2. An event of the type T1, T 2, T3 
triggers the pulsed HT supply of the muon detec
tors and then the HT pulse generator of the posi
tron detectors, which produces high-voltage pulses 
of 5 JJ.Sec duration delayed by 0.8 J.Lsec with respect 
to the J.L meson stopping. During the pulse dura
tion (within 0.8-5.8 J.LSec after the meson has 
stopped), the positron is detected and the time of 
the decay is recorded by a time analyzer. The mo
ment of the positron emission is fixed by the coin
cidence (1, 2, 3, 4) of the four trays of the detector 
H4(H5 ) close to the absorber A. An event (1, 2, 3, 4) 
causes a pulsed voltage supply to be fed to the neon 
lamps and operates the recording camera. 

A typical photograph of a J.L+ - e+ decay is 
shown in Fig. 3. 

The internal symmetry of the apparatus was 
ensured 1) by the total symmetry of the array 
construction with respect to the absorber, 2) by 
a periodic (every two hours ) interchange of the 
positron detectors H4(H5 ), and 3) by connecting 
together the corresponding trays 1, 2, 3, 4 of the 

I 
muon 

A 

detectors H4 ( H5 ) and by using the same elec
tronic circuitry for recording the positrons in 
H4 and H5• 

For an experimental check of the internal 
symmetry of the apparatus, a special series of 
measurements was carried out with iron used 
as an absorber. Because of total depolarization 
of the muons in the strong magnetic fields of the 
domains, the distribution of the positrons of the 
J.L- e decay in iron should be isotropic. The re
sults of the measurements are given below. 

3. SOURCES AND MEASUREMENT OF BACK
GROUND 

Background events imitating the J.l. - e decay 
in the absorber can be divided into two categories: 

a) Chance coincidences of two events: a par
ticle stopping in the absorber and an independent 
passage of another particle through positron de
tectors during the time in which the latter are 
sensitive (0.8-5.8 J.LSec after the stopping). In 
addition, a coincidence in "space" is necessary, 
i.e., crossing of the muon and positron trajecto
ries at a point lying within the absorber. 

FIG. 3. Photograph of a p. + _. e + decay. 

positron 
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Table I 

Time of Number of 
Type of background events Expected Ratio of 

measure-
background 

a) 
b) 

ment, 
hours 

24 
212 

up 

3 
292 

I 

This type of background was measured as fol
lows: the high-voltage supply pulse of the positron 
detectors was delayed for 30 J-LSec. The results 
of the measurements are given in Table I. In view 
of its smallness (< 10- 2 ), the type a) background 
was subsequently neglected. 

b) Events "genetically" related to muon decays. 
To this category belong mainly the stopping and de
cay of muons in the glass walls of the counters of 
the trays T2 and T3• 

The background of type b) was measured with 
the array without the absorber. The results of 
the measurements are shown in Table I. It was 
assumed that the measurements without the ab
sorber should give a background twice that pro
duced during the measurements. This is due to 
the fact that, under operating conditions, muon 
decays are detected by the counter T 2 only when 
the positron is emitted upwards, and by the count
ers T3 only when emitted downwards (the remain
ing decay positrons are stopped in the absorber A). 
The value of the background of type b) is therefore 
decreased by a factor of two in Table I. 

4. RESULTS OF THE MEASUREMENTS 

During about 1500 hours of operation of the ex
perimental array, we have obtained more than 
3 x 104 photographs of the J-L+- e+ decay of muons 
stopping in copper and iron absorbers. The me as
urements were carried out for the muon energy 
range of 0.2-1.55 BeV at sea level. The muon 
energy was determined by the amount of matter 
above the experimental array. 

1. Temporal distribution of the decay positrons. 
For the construction of the temporal distribution 
of the decay positrons, we have measured first the 
detection efficiency of positrons as a function of 
time within the 5 J-LSec detection interval. 

number of background to 
down decays the effect 

o 1 686.4±1.2 1 (4±2.5)·10-3 
310 6063±10.4 (5±0.6)·10-2 

For this purpose, we have used particles ran
domly detected by the array during the time the 
positron detectors were sensitive. Since the dis
tribution of such particles in time is uniform, the 
measurement of their temporal distribution en
abled us to calibrate directly the efficiency of the 
time-analyzer channels. The temporal distribution 
of the decay electrons for the total set of data for 
iron and copper, constructed taking the detection 
efficiency into account, is shown in Fig. 4. The 
solid curve corresponds to the muon lifetime of 
2.22 J-Lsec. Reduction of the experimental data by 
the maximum likelihood method[7J gives 2.19 
± 0.04 J-LSec for the muon lifetime. 

FIG. 4. Temporal distribution 
of decay positrons, 
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2. Asymmetry of the angular distribution of 
positrons. As a measure of the asymmetry of the 
angular distribution of the decay positrons we have 
used the quantity R, the ratio of the number of pos
itrons detected by the upper and lower detectors. 
The values of the asymmetry parameter R for 
three values of muon energy for which the meas
urements were carried out in the copper and iron 
absorbers are given below: 

Energy, BeV 0.2 0.55 1,40 0,55 
R 1.13±0,025(Cu) 1.135±0.020(Cu) 1.195±0.030(Cu) 1.020±0.023 (Fe) 

The value of R given above for decays in the iron 
absorber is in good agreement with the expected 
value R = 1, and therefore confirms the internal 
symmetry of the apparatus. The dependence of 
the asymmetry parameter R on the time interval 

between the stopping of the muon and the positron 
emission is given in Fig. 5. Johnson[2J has ob
tained an indication that slow depolarization of the 
muon in the copper absorber occurs during this 
time in the absence of external magnetic fields 
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(the data of [2] are shown in the figure). It fol
lows from our data that the change in the param
eter R with time in the decay in copper, if it ex
ists, is very insignificant. This enables us to 
conclude the absence of any significant depolari
zation of muons after stopping in copper. 

The value of the asymmetry parameter R for 
decays in iron is independent of time, as should 
be expected, and undergoes statistical fluctuations 
about the value R = 1. 

5. DISCUSSION OF RESULTS 

1. Polarization of the muon flux. In order to 
calculate the degree of polarization from the ex
perimental values of the parameter R, we have 
carried out a calculation which took into account 
the geometry of the array, the angular and energy 
distributions of the decay positrons, and also the 
range-energy relation for positrons. For the 
range-energy relations, and for the straggling of 
the range, we have used in the calculation the ana
lytical expressions obtained by Wilson, [B] which 
take into account the ionization and radiation en
ergy losses and also the multiple scattering. 

Since the degree of asymmetry of the posi
trons with respect to the vertical, as measured 
in the experiment, determines the projection of 
longitudinal polarization of the muon flux on the 
vertical, 1lvert> the value of the longitudinal po
larization is given by the expression 

.ftmax 

~ '11 (<fr~'-)cos {1~'-f ('fr~'-) dQ 
.(}.min 

'llvert = 
fJ.max 

~ F ('fr~'-) dQ. 
.fJ.min 

where J.p. is the angle between the direction of 
motion of the muon and the vertical, and F( J.p.) 
is the corresponding angular distribution. If 11 
is independent of J.p., which is correct only for 

(1) 

Table II 

Polarization 
Muon energy at Number of 
sea level, BeV events 

I experiment theory 

o.~o 6663 I 0.24±0.045 

I 
0.23 

0.30 1415 0.29±0.08 0.25 
0~55 11066 (),25±0.035 0.28 
Lo5 1485 0.40±0.08 

I 
0,33 

1.40 5701 0~35±0,05 0.335 
1.55 4900 0,40±0.05 0.3:35 

Control experiment 

I J 
with iron absorber 

7848 0.04±0.045 0,00 
·-·-··-

muon energies Ep. ~ 0.2 BeV at sea level, [2] 

then 

(2) 

The calculation of cos .J.p. was carried out directly 
from the experimental angular distribution of the 
detected stopping muons. The obtained values of 
the degree of polarization with different muon en
ergies are shown in Table II. The same table also 
shows the data of our earlier experiments [3] with 
an analogous experimental setup. The last column 
of Table II shows the results of the theoretical cal
culation [4] which took into account the production 
of J1. mesons by 1r mesons only. It can easily be 
seen that the experimental results are in satisfac
tory agreement with the theory. 

2. Possible contribution of the Kp.2 decay. It is 
interesting to· estimate from the experimental data 
a possible contribution of Kp.2 decay in the produc
tion of muons detected at sea level. Such an esti
mate enables us to obtain information about the 
ratio between the intensities of K+ and 1r+ mesons 
produced in the atmosphere. We shall use experi
mental data on the polarization of muons at sea 
level with energy~ 1.5 BeV, lumping the data for 
energies 1.4 and 1.55 BeV and using the obtained 
value of 11 (Ep. ~ 1.5 BeV) = 0.375 ± 0.035. 

To the muon energy of 1.5 BeV at sea level 
corresponds an effective total energy at the mo
ment of production E ~ 4.0 BeV. [B] 

We shall assume that the energy spectrum of 
the K meson production is analogous, in a certain 
energy interval, to the corresponding pion spec
trum. It is then easy to calculate the polarization 
of muons produced by pions and K mesons, [10] 

and, from the known polarization of the mixture 
of muons of different origin, to determine a -the 
fraction of muons produced in the K decay. More
over, the ratio w of the intensities of K and 1r me
sons will then be given by the expression 
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·t: 
0,6w ~ e!tw(eK, E)dEdeK 

'I<: 
,+ 

n 

= ocj(l - oc), (3) 

~ e;Yw(e,, E)dEde" 

where E-y dE are the energy spectra of the rr and 
K mesons, w( E:, E) dE = dE/2p*Ev is the probabil
ity of production of a muon with energy between E 
and E +dE in the decay of a pion ( K meson) with 
an energy E, p* is the muon momentum in the sys
tem in which the pion ( K particle) is at rest, v is 
the velocity of the muon (in units of c), The fac
tor 0.6 takes into account the fact that K particles 
decay by the Kl-'2 decay in about 60% of all cases. 
The values of E+ and E- are the limiting values 
of the energy of particles producing a muon with 
an energy E; 

(4) 

The results of the calculation of a and w are 
as follows: 

Muon energy at sea level, BeV 
Muon energy at production, BeV 
Polarization 

Energy interval of the parent particles, BeV 

Fraction of muons produced by K+ particles, a 

Fraction of K particles, cu = K+ /77+ 

1.5 
4.0 
0.375 ± 0.035 

{ 17+ 4.0-7.0 
K+ 4.0-84.0 
0.07 ± 0.055 
0.22 ± 0.18 

It should be noted that the value of w obtained 
from experimental data is the ratio of the inten
sity of K+ mesons and pions at the same energy 
in a unit energy interval. Since the production 
spectra decrease strongly with energy, it is rea
sonable to refer the obtained value to the energy 
of K mesons and pions near the left-hand limit 
of the production interval (about 4-5 Be V). The 
value K+ /rr+ = 0.22 ± 0.18 does not contradict ex
perimental data obtained with cosmic rays and 
with accelerators. [11,12] 

The authors would like to thank Prof. A. I. 
Alikhanyan for constant interest in the work, and 
V. Berezinskil for helpful discussion. 

1G. Clark and J. Hersil, Phys. Rev. 108, 1538 
(1957); Fowler, Primakoff, and Sard, Nuovo ci
mento 9, 1027 (1958); Kocharyan, Kirakosyan, 
Sharoyan, and Pikalov, JETP 38, 18 (1960), Soviet 
Phys. JETP 11, 12 (1960); Barmin, Kanavets, and 
Morozov, JETP 39, 986 (1960); Alikhanyan, 
Asatiani, and Sharkhatunyan, Proceedings of the 
All Union Cosmic Rays Conference, 1961 (in press); 
Dolgoshein, Luchkov, and Ushakov, Sb. Nekotorye 
voprosy fiziki elementarnykh chastits i atomnogo 
yadra (Certain Problems of Elementary Particles 
and Nuclear Physics) Gosatomizdat, 1961. 

2K. Johnson, Proc. Cosmic Ray Conf. IUPAP, 
Moscow, 1959, vol. I, p. 322. 

3 Dolgoshein, Luchkov, and Ushakov, Sb. Neko
torye voprosy fiziki elementarnykh chastits i 
atomnogo yadra (Certain Problems of Elementary 
Particles and Nuclear Physics) Gosatomizdat 
1961, p. 93. ' 

4 V. Berezinskil and B. Dolgoshein, JETP 42, 
1084 (1962), this issue p. 749. 

5 V. Vishnyakov and A. Tyapkin, Atomnaya 
energiya 10, ~957; Dolgoshein, Luchkov, and 
Ushakov, PTE 1, 119 (1960). 

6 Dolgoshein, Luchkov, and Ushakov, PTE 1, 
85 (1962). 

~ R. Peierls, Proc. Roy. Soc. A149, 467 (1935). 
R. Wilson, Phys. Rev. 84, 100 (1951). 

9 M. Sands, Phys. Rev. 77, 180 (1950). 
10 I. Gol'dman, JETP 34, 1017 (1958), Soviet 

Phys. JETP 7, 702 (1958). 
11 G. Cocconi, Proc. of the 1960 Ann. Intern. 

Conf. on High Energy Physics at Rochester, Univ. 
of Rochester, 1960, p. 799. 

12 D. Perkins, Intern. Conf. on Theoretical As
pects of Very High-Energy Phenomena, CERN, 
1961, p. 99. 

Translated by H. Kasha 
156 


