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A complete quantitative discussion is given of the experiments in which muonium was dis-
covered through studies of the depolarization of muons in gases and of the Larmor precession
of muonium in argon in a static magnetic field. Also described are the observation of the hfs
interval ~v of muonium in its ground state and the determination of ~p to an accuracy of about
50% through the use of a static magnetic field. A theoretical discussion is given of muonium
formation in gases, including polarization effects. The experimental results on the I armor
precession of muonium prove that close to 100% of the muons stopping in pure argon gas form
muonium. The experimental results on muon depolarization in other gases, together with the
theoretical considerations, suggest that abundant muonium formation should occur when muons
are stopped in most gases; the case of SF6 appears anomalous in that, at most, only small
formation of muonium is indicated. A discussion of the energy levels and decay characteris-
tics of muonium is given. This is the first in a series of papers on the muonium atom and
on its interactions in gases.

1. INTRODUCTION

Muonium (p+e ) is the atom consisting of a pos-
itive muon and an electron. It is the simplest sys-
tem involving the muon and the electron; hence
its study can yield precise information about the
interaction of the muon and the electron. Such in-
formation is of particular interest because of the
mysterious nature of the muon, which appears to
be a heavy electron and occupies an anomalous
role in the spectrum of the elementaryparticles. '~'

The electromagnetic interaction of the muon and
the electron can be studied through measurements
of the energy levels of muonium. Weak interac-
tions involving the muon and the electron, such as
a coupling of muonium to antimuonium (p e+),
can be studied through observations of the decay of
the muon from muonium. Muonium can be regard-
ed as a light isotope of hydrogen, and its collisions
with other atoms and molecules, including chemi-
cal reactions, can also be studied.

With the discovery of parity nonconservation in
the production and decay of the muon, 3~4 it became
evident that the essential tool' for the study of
muonium was available. The decay of a positive
pion at rest (r+-p++ p&) produces a positive muon
with its spin in the direction opposite to its linear
momentum. Further, the decay of a positive muon
(p+ e++ ve+ v ) occurs with an angular asymmet-
ry favoring positron emission in the direction of
the. muon spin. Polarized muonium can be formed
with polarized muons, and the effects of magnetic
resonance transitions or collisions in changing

muonium-state populations can be observed
through the accompanying change in muon polariza-
tion, and hence in the angular distribution of the
decay positrons.

This is the first in a series of papers on muoni-
um. The initial problem, to which this first paper
is devoted, was the formation of polarized muoni-
um in an environment suitable for the study of the
properties of muonium. Relatively high- energy
polarized positive muons from the decay of posi-
tive pions produced with the Columbia University
Nevis Synchrocyclotron were stopped in a gas tar-
get. First, measurements of the depolarization
of muons in various gases were made in order to
determine a suitable gas. Then, using pure ar-
gon, the formation of polarized muonium in its
1 S j /2 ground state was established through the
observation of the Larmor precession character-
istic of muonium. Finally, a rough measurement
of the hfs splitting ~v of muonium in its ground
state was obtained with the use of a static exter-
nal magnetic field. Brief reports of the research
reported here have been published. '

In its electromagnetic interactions the muon be-
haves as a Dirac particle with a mass about 207
times that of the electron, according to all pres-
ent evidence. '~' ~" Hence the energy levels of mu-
onium should be calculable from the modern quan-
tum electrodynamic theory" ~" of the electron,
muon, and photon fields with the Bethe-Salpeter
equation. The hfs interval of the ground state of
muonium ~v has been measured with high pre-
cision in a series of experiments in which magnet-
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ic resonance transitions were measured at both
strong and weak magnetic fields. '~'~ " The ex-
perimental value for &v agrees with the theoret-
ical value; indeed, the experimental value can
be used to determine the fine-structure constant
n which characterizes the strength of all electro-
magnetic interactions. Three subsequent papers
will discuss in detail the experimental determina-
tion of ~ v as follows: "Muonium. II. Observation
of the Muonium Hyperfine Structure Interval, "
"Muonium. III. Precision Measurement of the
Muonium Hyperfine Structure Interval at Strong
Magnetic Field, " and "Muonium. IV. Precision
Measurement of the Muonium Hyperfine Structure
Interval at Weak Magnetic Field. "

The interactions of muonium with other atoms
and molecules are similar but not identical to the
corresponding interactions of hydrogen. Several
different methods have been developed for study-
ing these interactions of muonium. Electron spin-
exchange collisions with paramagnetic molecules
and chemical reactions involving the formation of
muonium-containing molecules have been observed,
and their cross sections have been deter-
mined. '~" " This research will be discussed in
"Muonium. V. Interactions of Muonium with
Atoms and Molecules. "

A limit has been determined for the strength of
a weak interaction coupling muonium to antimuoni-
um, '~' and this research will be completely re-
ported in "Muonium. VI. Search for Muonium-
Antimuonium Conversion. "

Since the original discovery of muonium' through
the studies of muons in gases, which are reported
in detail in the present paper, the formation of
muonium in some solids and liquids has been ob-
served and the behavior of muonium in condensed
matter has been studied by workers in the
VSSR»-»

2. ENERGY EIGENSTATES; DECAY

The energy levels of muonium given by the non-
relativistic Schrodinger equation are the same as
those of hydrogen" except for the different re-
duced mass factor. The ratio'~" of the muon
mass m& to the electron mass me is m&/~
= (206. 761 + 0. 005); hence the Rydberg constant for
muonium, RM, is RM = 109 209. 12 + 0. 02 cm
whereas the Rydberg constant for hydrogen, "
RH is RH =109 677. 58+0.01 cm '. The discrete
Schrodinger energy levels of muonium are given
by Ez ——-R~/n', where n is the principal quantum
number. Thus the binding energy of the 1'Sz/Q

ground state of muonium is 13.539 eV. The fine-
structure splittings of order n'RM are the same
as for hydrogen" except for the different Rydberg
constant.

The ground state of muonium has a hfs interval
which is given in first approximation by the Fermi

formula" ~

»= &W/k =~n' cR p/p, =4524 Mc/sec,

(2. 1)

in which Avis the hfs interval in a frequency unit;
AWis the hfs interval in an energy unit; z is the
fine-structure constant; c is the velocity of light;
R is the Rydberg constant for infinite mass; p,

is the muon magnetic moment, and pg is the
electron Bohr magneton (eh/2mec). Higher-
order corrections to this Fermi formula are given
in paper II.

The part of the Hamiltonian for muonium which
is relevant to our experiments on the ground state
$s

H=al ~ J+p g J ~ H+p g I ~ H, (2 2)8 p. p,

in which a is the hfs coupling constant; I& is the
muon spin operator; J is the electron angular mo-
mentum operator; g~ is the electron gyromagnetic
ratio in muonium (= +2); g& is the muon gyromag-
netic ratio in muonium (= —2); H is the external
static magnetic field; x = (gJ pR g& pR )H—/6 W;

p i" is the muon magneton (ek/2m& C).
The solution for hfs energy levels based on

this Hamiltonian is given by the well-known Breit-
Rabi formula" ~"

y —j~z ~ — —4gg+p, g M H

+ p b W(1 + 2 M x+ x') +' ' (2. &)

(II)=n n,1p1 8 p,

yl 0(H) =cn p +sp n
1, 0 e p, e p,

XI (&I)=P P„

y0 0(H) =cp n —sn pep, e p.

(2. 4)

in which n&, p& are the normalized spin eigenfunc-

in which I' is the total angular momentum quantum
number and My is the associated magnetic quantum
number. Figure 1 shows the energy-level dia-
gram. The weak-field quantum numbers (MJ, M&)
and the strong-field quantum numbers (MJ, M&)
are indicated for the four states labeled ].-4.

The spin eigenfunctions gy M&(H) can be ex-
pressed in terms of the strong-field spin eigenfunc-
tions n&, P& and ne, Pe:
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curacy upon neglect of terms for radiative correc-
tions and of terms involving me/m& by the equa-
tion

N(y, 6 ) =4y'13(l —y)+2p(~ y —1)

CI 0

(-I/2, -I/2)
(-I/2, I /2 )

FIG. 1. Energy-level diagram for muonium in its
1 S~~2 ground state in a magnetic field, as given by Eq.
(2.3). At zero magnetic field the energy difference be-
tween the F= 1 and F= 0 states is the hfs splitting
DS'= b'av.

—P([1 —y + 25(~3 y —1)]cos6 ) (2. 8)

for positive muons with average polarization P, in
which y is the momentum of positron in unit of
& m&c; 8 is the angle between the muon spin direc-
tion and the positron momentum; p is the spectrum
shape parameter (Michel parameter) (= 4); ( is the
asymmetry parameter (= —1); 5 is the energy de-
pendence of asymmetry parameter (=-', ). The posi-
tron spectrum extends up to a maximum total ener-
gy of 52. 8 MeV. The positron asymmetry spec-
trum or angular distribution, N(6), is obtained by
integrating N(y, 6) from y = 0 to 1:

N(6 ) CC 1 ——', 2 cos 6 (2. 8)
-/

tions of p+; ~& corresponds to spin orientation
along the positive z direction (M& ——+ 2 ), P& to the
opposite spin direction (M& = ——, ); o.e, P are simi-
larly defined spin eigenfunctions of the electron.
The quantities s(H) and c(H) are given by

in which A = P$
Radiative decay is the only other mode of decay

of the positive muon that has been observed:

+ +
p, e +v +v +ye p,

s —(g2)-»2 [1 x/(1 +x2)+~A]+~&2

c = (/2) '"[1+x/(1.+x')+' '] ' '

with s'+ c' =1.

(2. 5) and it occurs with a relatively small probability
corresponding to a branching ratio of order
o.[ln(m&/me)]'. Another possible mode of disap-
pearance of muonium is the reaction

The magnetic moments of the four states are
given by the equations

P F~M

W

~H

=+1/2x/(1+x') (g p, g p )
, 1/2 e p,

1 2+1 2, 0 B p, B

+
p, +e -v +v

p,
(2. 11)

Formation of Ground-State Muonium

which is the decay reaction of Eq. (2. 7) in which the
muonium electron partakes. The probability of
this reaction" relative to the dominant mode of
muon decay [Eq. (2. 7)] is about 10-".

3. THEORY OF MUONIUM FORMATION

(2. 8)

+ +
p, e +v +v

e p,
(2. 7)

Hence, the disappearance of muonium is accom-
panied by the emission of an energetic positron,
two neutrinos, and a low-energy electron. The
momentum and asymmetry spectrum or decay
probability for the positrons is given with high ac-

Muonium is an unstable atom because of the de-
cay of the muon. '~" Due to the weak interaction,
the positive muon decays with a mean life'~"
7 =(2. 1983+0.0008}x10 ' sec into a positron and
two neutrinos:

Since a principal aim of our experiments on mu-
onium is a, precise measurement of the hfs interval
of the isolated muonium atom and since it is known
that the presence of neighboring atoms perturbs
the hfs splitting of an atom, "~"muonium has been
formed and studied in a gas at as low a pressure as
possible. In order to avoid chemical reactions and
other depolarizing reactions of muonium, which as
an isotope of hydrogen and a paramagnetic atom is
highly reactive, it was decided to use a pure inert
gas (usually argon). For the explicit study of the
reactions of muonium with other atoms and mole-
cules (discussed in paper V), these molecules were
introduced in small fractional amounts with the ar-
gon gas.

Muonium (M) can be formed directly in its ground
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state by the capture of an electron from an atom
(e. g. , argon) by a positive muon:

its c.m. coordinate system must be greater than
the threshold value

+ +
p, +Ar-M+Ar (3. 1) E = E (He) —E (M) (3.2)

The positive muon enters the gas with an energy up
to several MeV and loses energy primarily by ion-
ization and excitation of the gas atoms. Capture
and loss of electrons by the muon also occurs and
becomes relatively more important at energies be-
low about 15 KeV; indeed some one hundred cap-
ture-and-loss reactions occur as the muon is
slowed down in the gas. '4 If muonium is stably
formed, it will ultimately be thermalized by elas-
tic or inelastic collisions with the gas atoms. It is
essential, of course, for the success of experi-
ments on muonium that polarized muonium be sta-
bly formed.

Clearly, the history of a muon stopping in a gas
is a mostcomplexprocess, involving many types of
atomic collisions for the positive muon and for mu-
onium. No detailed theoretical treatment of the
over-all problem has been attempted, primarily
because of the lack of quantitative knowledge about
many of the cross sections involved. However, we
present below some theoretical and experimental
information on charge-capture and loss cross sec-
tions and then further discussion of the over-all
problem.

An energy-level diagram which is useful for a
discussion of muonium formation is shown in Fig.
2. With reference to helium the zero-energy lev-
el for an electron is taken to be that of an electron
bound in the ground state of helium. The ioniza-
tion energy of helium Ef(He) is 24.58 eV and
that of muonium Ef(M) is 13.54 eV. Hence, in
order that a muon can capture an electron from a
helium atom to form muonium in its ground state,
the kinetic energy of the muon-helium system in

which equals 11.04 eV. In the laboratory coordi-
nate system with the helium atom initia. lly at rest,
the kinetic energy of the muon required for muoni-
um formation is given by

E (Lab) =E m /mt p,
(3. 3)

in which m~=m&mHe/(m& +mHe), where mHe is
the mass of ahelium atom. Hence the threshold ki-
netic energy of the muon is Et(Lab) =11.35 eV. If
the muon-helium system has a, kinetic energy less
than 11.04 eV, it is in energy region IV below the
muonium formation threshold. If the muon-helium
system is in energy region III with kinetic energy
between 11.0 and 19.8 eV, no other inelastic colli-
sion process than muonium formation is energeti-
cally possible. In energy region II, above the first
excited state of He, excitation of discrete states
of He by the muon is energetically possible. In en-
ergy region I, ionization of He can occur. Forma-
tion of muonium in its excited n = 2 state by a
charge-capture reaction will require a kinetic ener-
gy for the muon-helium system of 21. 2 eV.

Figure 2 also shows the corresponding energy-level
diagram for argon, where the threshold energy for
muonium formation is Et =2. 2 eV. The values of
Et for the rare gas atoms and for some molecules
are given in Table I. For Xe and several mole-
cules, the electron-capture reaction is endother-
mic.

The theory of the charge-capture reaction as an
example of a rearrangement collision" has re-
ceived much attention since the early days of the

24.6 eV

( Ionization)

19.8 e V

(F irst excited state)

XII 13.5 eV

I I.O e V

(Threshol d for muonium forma t ion )

15.8 e V
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11.5 e V

(F irst exc ited state)

FIG. 2. Energy-level diagram
relevant to muonium formation
in helium and argon.

13.5 eV
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0 eV
(Ground state)
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the reaction" "
+

H +Ar H

0
I.O—

ENERGY (keV)
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The measurements yield the total cross section
for producing neutral H, including its excited
states, and do not determine the final charge state
of the argon ion. Direct capture into the ground
state probably accounts for about 0. 9 of the total
cross section. From our theoretical understand-
ing of the charge-capture reaction we know that
the cross-section curve for the corresponding mu-
on charge-capture reaction will be similar in form
to Fig. 4, and the cross-section values will be ap-
proximately equal when the velocity of the muon
equals the velocity of the proton.

Muonium in its ground state is only one of sever-
al atomic or molecular species in which the muon
can occur before it decays. Firstly, the muon
could remain unattached as a positive muon in the
gas. Secondly, it could attach to a gas atom to
form a positive molecular ion such as p+Ar. "~"
Thirdly, various muonium- containing molecules
could be formed. The relative probabilities for
these different species depend on the cross sec-
tions of all the reactions involved in the relevant
energy range extending from severalMeV, atwhich
the muon enters the gas, down to thermal energy;
many of these cross sections are not known even
to within 1 or 2 orders of magnitude. "

Information relevant to the question of what frac-
tion of the muons stopping in a gas will form mu-
onium is provided by measurements of the equilib-
rium charge states of protons passing through a
gas. Figure 5 shows experimental data on the equi-
librium fractions of the beam in the charge states
H+, H, and H- (8+1,E0, and E 1, respectively)
as a function of beam kinetic energy for protons in
argon. '~ "~ "The ratio of the fraction of the beam
in the charge state +1 to that in 0, Fl/E0, at a giv-
en energy is approximately equal to the ratio of the
cross sections for ionization and charge capture,
o»/o». The measurements determine only the
charge state of the proton; therefore for the neu-
tral form H do not establish directly that H is in
its ground state; however, in view of the shortness
of the lifetime of most excited states and the rela-
tively small cross sections for electron capture
into excited states, the neutral form is very prob-
ably almost entirely in the ground state. It is seen
that at a kinetic energy of 5 keV a fraction of the
beam greater than 0. 9 is in the neutral state H.
Hence we can expect that for protons stopped in
argon close to 100% will exist as H.

Although experimental data for muons in argon
corresponding to those for protons in argon shown
in Figs. 4 and 5 are not known, it can be expected,
as mentioned above, that the muon and muonium
cross sections will be about the same as the H+ and
H cross sections at the same velocities. Hence,

~ 0.7
0

0.6
O

0.5
O
i- 0.4
O

& 0.3 —------
U

0.2 ~ F
)

(x IO)

0. 7
0 0.4 0.8 l.2 I.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8(x IO )

VELOCITY (cm/sec)

FIG. 5. Measured equilibrium fractions of. the hydro-

gen charge states H, H, and H (E+&, EO, and E ~) in

argon as a function of hydrogen velocity or kinetic en-

ergy.

m
1

E (thermal)
(3.&)

E (initial)
IU, M

Taking o =10 "cm', n =1.4x 10"Ar atoms/cm',
EM(initial) =1 keV, and EM(thermal) =0.04 eV, we
obtain t, = 3.1 && 10 ' sec. We note that t, « t, and
that the total slowing-down time t, + t, is small
compared to the muon mean lifetime of 2. 2 p.sec.

It is perhaps useful to make a few remarks about
the comparison of positronium and muonium forma-
tion. Since the masses of the muon and proton are
both much greater than the mass of the electron or

essentially 100% of the muons stopping in argon
gas will be in the ground state of muonium. Indeed
this same conclusion, that there is a very high
probability for muons stopped in a gas to form
muonium, will apply to all the rare gases, and
probably to most other gases where muonium
containing molecules are not formed.

The time interval between the entrance of a high-
energy muon of several MeV kinetic energy into the
gas and the formation and thermalization of a mu-
onium atom is of some importance to our experi-
ments. The slowing-down time t, from the entrance
of the muon to the formation of muonium with a ki-
netic energy of about 1 keV is of the order of 10—
50 nsec for an argon gas pressure of 50 atm, where
the muon travels about 10 cm. The thermalization
of the muonium atom occurs principally through
elastic collisions with argon atoms. If we assume
that the elastic scattering cross section" o is in-
dependent of the kinetic energy of the muonium
atom and is principally s-wave scattering and that
the fractional muonium kinetic energy loss per
collision is 2 m&/mAr then the thermalization
time t, is given by the equation
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positron, the Born-Oppenheimer approximation for
the treatment of collision processes will apply al-
most equally well for the muon and the proton, but
not for the positron. Hence the behaviors of muoni-
um and of hydrogen are very similar, whereas that
of muonium and of positronium are not. Thus the
substantial information known ' " about the forma-
tion and behavior of positronium in gases ha, s only
limited applicability to muonium problems.

Formation of Polarized Muonium

Since the incident muons are polarized because
of their origin from pion decay, muonium atoms
are formed with a net polarization. Indeed it is
essential for all our experiments on muonium that
the muonium atoms be polarized, as will be made
clear later in this paper and in subsequent papers.
A simplified description of the polarization phenom-
ena is the following: In the frame of reference of
a z+ meson at rest, the decay p. + has its spin direc-
tion opposite to the direction of its linear momen-
tum. The beam transport system selects muons
which deca, y in the laboratory frame of reference
jn the direction of the pion beam; hence, in the
laboratory frame, the muons are highly polarized
jn the direction opposite to their momentum. The
glowing down of the muons in matter does not alte r
their polarization direction. Furthermore, since
the charge-capture reaction by which muonium is
formed is predominantly caused by the Coulomb
|nteraction, the polarization of the muons is not
changed in the process of muonium formation.
Once muonium is formed, however, the magnetic
jnteraction between the muon spin magnetic mo-
ment and the electron spin magnetic moment can
alter the muon spin direction and thus leads to a
partial depolarization of the muons.

For a more detailed quantitative discussion of
the polarization phenomena we note first that for
the m decay

where primed quantities refer to the m rest frame
and unprimed quantities refer to the laboratory
frame; P„ is the normalized velocity vz/c of the
pion; 8'is the polar angle of emission of the muon
in the pion rest frame (z' axis is parallel to z axis).
The quantities P' and E& (total muon energy) have
the values P& =2S.8 MeV/c and E& -m&c'+4. 12
=109.78 MeV. The muon spin direction is defined
only in the muon rest frame. " If we choose the z"
axis of the muon rest frame (designated by double
primed quantities) opposite to the polar direction
8' of muon emission with respect to the pion rest
frame, then the muon spin will be in the positive
z" direction in the muon rest frame or in the polar
direction m —8'.

The muon spin direction is known to be substan-
tially unaffected when a relatively high-energy muon
is slowed down in matter, 56~ » because principally
the Coulomb interaction is involved and the mag-
netic forces are small. Hence the muon polariza-
tion will depend on the characteristics of the beam
transport system which will determine the range
of muon momenta p& and muon decay angles 8'
present in the muon beam. In practice for our ex-
perimental arrangement (see Sec. 4) the polariza-
tion P

« the slow muon beam is greater than +0.8.
Polarized muonium will be formed when a polar-

ized muon captures an atomic electron from an un-
polarized atom. The distribution of muonium atoms
in the four hfs magnetic substates depends on the
initial polarization of the muons and on the magnet-
ic field H. If P = + 1 and 0 is in the z direction,
then the probabilities pz of forming the hfs sub-
states are given by

(3.8)

the muon helicity in the m rest frame is expected
theoretically" to be —1, and several experiments
have confirmed" "this expectation to an accuracy
of about 30%.

If the 71+ meson has a, momentum p~ in the labo-
ratory frame (whose z axis is taken opposite to the
direction of P~), the p.

+ momentum p& in the labor-
atory frame is given by the expression

in which the state designations i are those given
in Fig. 1 and the quantities s and c are givenin Eq.
(2. 5). The formation of muonium can lead to a
partial depolarization of the incident muons, and
from (3.11) it follows that the resulting polarization
P of the muons forming muonium is given by

&p = (1 —p ') ' (cp' cos8'+p E' ),p.z m'
p, ~ p,

I
px px

I

pg p$

(3.S)

inwhichx is defined for Eq. (2. 2). A discussion of
the derivation of Eqs. (3. 11) and (3.12) is given in
Appendix B.

In slowing down in a gas, a muon may partake in
many charge capture-and-loss reactions. If the
lifetime of the muonium state is much longer than
1/b, v, then in each muonium formation the muon
polarization will be reduced by the factor P of Eq.
(3.12). This process has been considered in con-



602 HUGHES, McCOI M, ZIOCK, AND PREPOST

nection with the observations of the depolarization
of muons in solids. "~"

+ +
7r

Beam

4. DEPOLARIZATION OF MUONS IN GASES

The search for muonium formation in gases first
involved a study of the depolarization of muons
stopped in various gases '&" in an experiment simi-
lar to the original experiment in which muon pre-
cession in a magnetic field was observed. " The
motivation for this study was the following: The
magnetic moment of a free muon is p& and its
Larmor precession frequency in a magnetic field H
is"

f& = 2p H/0 = 13.5Hkc/sec (H in gauss).
Lp, p.

Target

tz

e
P

e
P2 = —xP,

(4. 1)
The magnetic moment of muonium depends on the
hfs magnetic substate and on H [see Eq. (2. 6)j;
under weak-field conditions, where the magnetic
interaction with the external magnetic field is
small compared to the hfs interaction or x&+1, the
magnetic moments p.; become approximately

0 6 I2
I II ' ~l I

Sca I e in Inc hes

P I a st ic Scint ill ator

Carbon Absorber

Lead 8 Brass
Shielding

FIG. 6. Schematic diagram of the experimental ar-
rangement used for the study of the depolarization of

muons in gases and of the LarInor precession of
muonium.

e
P, 3

—+ )L(,B
8

iU.
4

= + xp,

(4 2)

The Larmor precession frequency for muonium

in the states l and 3 in a weak magnetic field is
approximately

f = p, H/kF = p, H/h = 1.40H Mc/sec
LM

6. Kith the coordinate axes as shown, the initial
muon polarization is in the positive z direction,
the applied static magnetic field is in the x direc-
tion, and the positron counter telescope (counters
4 and 5) is located in the y direction. With refer-
ence to Eq. (2. 9) the positron angular distribution
from muon decay is given by

(4. 3) N(8) ~1 + a cos8 (4. 4)

since the triplet state has I = 1. The induced

magnetic moments of states 2 and 4 are about
—,
'

p, & at the magnetic fields H used in this experi-
ment. If muons remain free in the gas, then muon

precession at the free-muon precession frequency

fI should be observed in the experiment. On the
other hand, if the muons form muonium, then the
characteristic muonium precession frequency
f&M, which is about 100 times larger than fI &,
should be observed. Hence the absence of an ob-
served free-muon precession is a necessary con-
dition for the abundant formation of muonium.

Experimental Method and Apparatus

The method of the experiment" was to measure
the effective asymmetry parameter of the decay
positron angular distribution by the technique of

observing the positron counting rate with a fixed-
counter telescope as a function of time when a
magnetic field is applied. A schematic diagram
of the experimental arrangement is showr) in Fig.

a = —', P(1 D)— (4. 5)

Muon Beam, Detectors, and Magnetic Field

The muon beam was produced from the 380-MeV
proton beam of the Columbia University Nevis

in which 8 is the angle between the direction of the
positron momentum and that of the muon spin, a
is the asymmetry parameter, P is the initial polar-
ization of the muons in the incident beam, and D
is the depolarization factor by which the initial
muon polarization is reduced by moderation in the
absorber and the gas. In the magnetic field H the
muon spin will precess with the Larmor frequency
fI, &

of Eq. (4.1); hence the positron angular distri-
bution will rotate with this frequency. Measure-
ments are made of the positron counts during time
intervals which correspond to sampling the maxi-
mum (peak) and minimum (valley) of the distribu-
tion.
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Qynchrocyclotron. The beam from an internal tar-
get was momentum selected in the range of 190
MeV/c + 10%%uq by the fringing field of the synchro-
cyclotron magnet and by an external dipole magnet.
(During a portion of the experiment a quadrupole
lens was used upstream from the dipole magnet. )
The composition of this beam was about 10/o muons
and 90%%uo pions. A brass collimator with a 3 &&3-in.

opening was placed between scintillation counters
1 and 2, and enough carbon absorber was inserted
in the opening so that pions stopped before counter
2 and muons stopped in the target between counters
2 and 3. Range curves indicated that the composi-
tion of the beam stopping in the target was about
80'%%uo muons and 20%%uo pions, and the width of the
stopped muon beam was equivalent to about 3. 8
g/cm' of carbon.

The incoming beam and the decay positrons from
positive muons were detected with plastic scintil-
lation counters viewed by 6810A photomultiplier
tubes, which were magnetically shielded by con-
centric layers of Mumetal, Netic-Co-Netic" metal,
and soft iron. A coincident 12 and anticoincident
3 count, designated 123, indicated a particle stop-
ping in the target (or in counter 2) or being scat-
tered out of the beam. A subsequent coincident
45 count but anticoincident 2 count, (452), indicated
a decay positron. The 123 pulse was used to gen-
erate a gate pulse delayed by 0. 4 p, sec and having
a width of 1.4 p,sec, and a so-called event pulse
was generated when a 452 pulse was coincident
with a gate pulse. Standard pulse electronics cir-
cuitry 3 " employing principally 6922 and 6688
vacuum tubes was used and provided a coincidence
resolution time of about 10 nsec. %ith the gas
target to be described, typical counting rates for
123 counts were 100 sec-' and for events were
2 sec

The magnetic field for precession of the muon
magnetic momentwas providedby a pair of 30-in. -
diam coils lying in horizontal planes spaced by 15
in. (Helmholtz coils). The current was supplied
by a full wave bridge rectifier filtered by storage
batteries. A field of +17 G (up) or —17 G (down)
was used, and with this magnitude of field the free-
muon spin precesses through 90 in 1.1 p, sec, the
midtime of the gate. The magnetic field was homo-
geneous over the gas target to within about 2% total
variation. Data were taken in 20-min runs alter-
nately with fields of +17 6 and —17 6 in order to
measure the peak and valley of the positron angular
distribution.

Gas Target

The target vessel was made from two stainless-
steel (type 302) hemispheres of 9 in. diam with
a thickness of 0. 065 in. and a straight cylindrical
section of 0.070-in. thickness (0.7 g/cm'), so that
the over-all length was 12 in. It was assembled by

TABLE II. Stopping gases and their purities.

02
N2

SF6
N20

Ar (Linde, Inc. )

Ar (eontinously

purified)

Purity

& 99.8%%uo

& 98%%up

&98/g, with air as major
impurity
Total impurity concentration
(except for noble gases) & 20
ppm, with &7 ppm N2, &4

ppm 0~, and & 6 ppm H20
See Sec. 5

aAs specified by m»ufacturer.

heliarc welding and tested to 1500 psi. The actual
pressures used ranged 180-900 psi. The vessel
had two connectors for gas handling and could be
evacuated with a mechanical and an oil diffusion
pump to a pressure of 10-' Torr before filling
with gas.

The gases used and their purities are indicated
in Table II. The last entry refers to argon gas that
is continuously purified during the experiment, as
will be discussed in Sec. 5, where it was vitally
jmportant for the direct observation of muonium.

I

Since about one-half of the muons stopped in the
walls of the target vessel and hence provided back-
g'round events, it was necessary to make measure-
ments with a dummy target in order to obtain the
jnformation needed to correct for wall background
events and hence to determine the asymmetry pa-
rameter a for the gas alone. It was not possible to
correct for wall background simply by taking data
with the target vessel evacuated, because the pres-
ence of the gas affects importantly the number and
spatial distribution of muons stopping in the walls.

The dummy target is shown in Fig. 7. It con-
sisted of a stainless-steel vessel similar to the gas-
target vessel which could be disassembled. An
assembly consisting of 18 aluminum sheets, each
0.020 in. thick, uniformly spaced and held together
with Styrofoam spacers, could be inserted in the
dummy vessel. The over-all thickness of the alu-
minum plates was 2.4 g/cm'. Aluminum was chosen
because its atomic number g is 13 and hence close
to that of argon (Z = 18), which was the gas we were
particularly interested in studying.

Kith this dummy target it was possible to deter-
Inine the asymmetry coefficient a for the gas alone
by making peak and valley measurements for the
following conditions: (1) Gas target, f''lied with
gas to a stopping power equal to that of 2. 4 g/cm'
of Al. (2) Dummy target, completely assembled.
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A I urninum
Sheets

Styrofoam

H = 0; N are the events counts from the walls
alone with H = 0; N, are the events counts from
counter 2 alone with H = 0; a is the asymmetry
parameter; S = sin 68/68, in which 268 is the
effective total angle in the yz precession plane
subtended at the target by the 45 counter telescope;
2~6=0. 8 rad. The quantity S can be considered
as a correction factor associated with the angular
acceptance of the 45 counter telescope. We have

IQ

Side View

9 n

End View

+t
G = J e cos(2 m- &ut)dt

D G t/s-
t

D G-t ddt

FIG. 7. Dummy target used for the study of the de-
polarization of muons in gases. Only the internal as-
sembly consisting of aluminum and styrofoam is shown.

(3) Assembly of Al sheets only. Two 0.070-in.
stainless-steel plates, one upstream of counter 2

and the other between counters 4 and 5. (4) No

target.

Data and Data Analysis

For each of the gases listed in Table II, peak
and valley events were measured for conditions
(1)-(4), as indicated above. The total number of
counts of peak and valley events amounted to about
1000 for conditions (1)-(3), and about 50 for con-
dition (4). These figures corresponded to stopping
about 50000 muons for each gas studied.

In addition, in order to be able to obtain the gas
asymmetry parameter relative to that of carbon
(graphite) as a standard, measurements of peak
and valley events were made for aluminum and for
carbon using 3 x 3 x 1-in. -thick targets, which
provided a very good geometry.

The analysis of the data to obtain the gas asym-
metry parameter is based on the following equa-
tions: For the condition (1) with the gas target,

N' =N (1+SGa )+N (1+SGa )+N (1+SGa 2),
g g gg N

(4. 6a)

N'=N (1 —SGa )+N (1 —SGa )+N2(1 —SGa2) ~

g g QJ ZV

inwhich N' arethe events counts (452 counts during+
delayed l. 4- p, sec gate time) with magnetic field H
in the up direction. N' are the events counts with
H down. The incident-beam intensity was moni-
tored by the coincident 01 counts, designated by
N„and the N+ and N events counts were ob-
served for the same number of N, monitor counts.
Indeed all the observed events counts given in Eqs.
(4. 6a) are normalized to the same N, value. N&
are the events counts from the gas alone with

where 7, the muon mean life, =2. 2 p. sec; tD, the
gate delay time, =0.4 p, sec; tG, the gate width
= 1.4 p, sec; co, the muon angular precession fre-
quency, =1.4 x10' rad sec-' for H=+ 176. For
H=+176, G=0. 84. The quantity G can be re-
garded as a correction factor associated with the
finite width of the gate pulse. For the condition
(2) with the dummy target, we obtain

N =N (1+SGa )+N (1+SGa )Al Al u K

+N2(1 +SGa ), (4. 6b)

N'=N (1+SGa )+N (1+SGa ).
Al (4. 6c)

For the condition (4) with no target,

N' = N2(1 + S Ga2). (4. 6d)

It is implicit in these formulas that N has the
same value in conditions (1) and (2), and that S and
G are the same values throughout.

Using Eqs. (4. 6) an expression can be derived
for ag/aAl in terms of measured quantities

a (¹N) (N' —N2—) + -(N' —V') —(N' —N )

(N' -N')+ (N' -N' ) + (N' -N' ) +(N' -N')

(N~-N4) + (N —N4 )
+ +

(N' —N') —(N' —N')
(4. 7)

From the measured quantities we can also deter-

in which NAl are the events counts from the alumi-
num alone with H= 0. For the condition (3) with the
Al assembly alone, we obtain
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a /a = 0.96+ 0. 05, (4. 8)

in which the error is 1 standard deviation and is
due to counting statistics and background correc-
tions. After taking into account calculated values
of S and G and background corrections, we ob-
tained

mine that N&-0. pN and N2 —-0. 1N .
Analysis of the measurements to compare alum-

inum and carbon, which involved measurements
analogous to those of Eqs. (4. 6a) and (4. Gb),

yielded for the ratio of the asymmetry parameters
the result

TABLE III. Asymmetry parameters for gases rel-
ative to that for carbon (graphite).

02
Ng

SF0
N20
Ar (Linde, Inc. )

Ar (continuously

purified)

0.44+ 0,21
0.13 +0.22

0.75 + 0.21
0.10 + 0.20

0.22 + 0.20

0.08 + 0.15

aPurities of the gases are given in Table II. The

errors indicated are 1 standard deviation and due prin-
cipally to counting statistics.

a = 0. 31 + 0.02. (4. 9)

This value is consistent with P = 0.9 and D = 0 in
Eq. (4. 5). The carbon absorber between counters
4 and 5 provided a low-energy cutoff for positrons
in the 45 counter telescope of about 10 MeV; this
cutoff changes the theoretically predicted numeri-
cal asymmetry factor in Eq. (2. 9) from 0. 333 to
0. 335, which is only a small change. This
measured value for aC is consistent with other
experimental results. ""

The principal error involved in determining

ag/aA from Eq. (4. 7) is the statistical counting
error or the many measured quantities. How-

ever, several sources of systematic errors were
investigated and some of these were appreciable.
One important systematic error arose from mul-
tiple scattering. Differences in multiple sca.tter-
ing from the gas and from the Al sheets made the
wall background subtraction with the dummy target
inaccurate, principally because different numbers
of muons were scattered into the side walls for
the gas target [condition (1)] and for the dummy

target [condition (2)]. Also for condition (3) par-
ticularly, muons can be scattered and stop in
counter 4. Calculations of multiple scattering
based on formulas for mean scattering angle as a
function of range68~69 indicate that about (10+3)%
of the muons scatter into the side walls for con-
ditions (1) and (2) and out of the Al assembly for
condition (3). This result implies that an error
of about 10% is made in the determination of

N~/N and hence an error of about 5% in a&/aAI ~

The effect of multiple scattering on S is negligibly
small. Errors associated with accidental counts
and instabilities in the electronics were negligible.

Results and Discussion

The results for the asymmetry parameters of
the gases relative to that of carbon (graphite)
~g/ag are shown in Table III. Except for the
case of SF, and possibly also of 0„ the values are
low and hence indicate that free polarized muons

do not exist in these gases. This result is a
necessary but not a sufficient condition that mu-
onium is formed in these gases with low values of
ag/ac. Particularly for SF, it appears that effec-
tively free polarized muons may exist in the gas.
In view of our discussion in Sec. 3 it might be ex-
pected that muonium would be formed in all gases;
hence this result for SF, is a bit surprising.

LARMOR PRECESSION OF MUONIUM

The absence of a free-muon Larmor precession
signal for muons stopped in a gas is a necessary
condition for abundant muonium formation in the
gas, but it does not constitute a proof that muo-
nium is formed, and even more so, it doesnot prove
that polarized muonium is formed. Although it is
reasonably well established that polarized muons
are not appreciably depolarized by the inelastic
collisions of ionization and excitation of gas atoms
by means of which the muons are slowed down
(Sec. 3), various possibilities can be considered
by which muon polarization can be lost when atomic
and molecular species involving the muon are
formed at relatively low kinetic energies. If po-
larized muonium is formed, it may become depo-
larized in collisions with other atoms or molecules;
in particular, - an electron spin-exchange collision
with a paramagnetic atom or molecule can lead to
a change in muon polarization through the muo-
nium hfs interaction. "&"~" The formation of a
molecular ion involving the muon may lead to de-
polarization of the muon through the spin-rotation
interaction in the molecule. ~'

After the experiment described in Sec. 4 on the
depolarization of muons in gases, the next exper-
iment undertaken" was a direct search for a
Zeeman transition in muonium induced by an rf
magnetic field. The transition looked for was
(F, MF) = (1, +1) (1,0) in a static magnetic field
of 4 G, with an rf frequency of about 5. 6 Mc/sec.
The gas used was N,O, because of the low value
observed for a&/ac for N, O (see Table III). The
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static magnetic field H, was opposite to the direc-
tion of the incident muon beam (positive z direc-
tion) and the rf field Hrf was perpendicular to H, .
Decaypositrons were observedalong the -z direc-
tion. If the muonium Zeeman transition were in-
duced by the rf field, the decay positron angular
distribution would be altered, and a change would
be observed in the number of decay positrons in
the -z direction due to thepresence of the rf field.
For this experiment the stainless-steel gas con-
tainer was replaced by a Fiberglas Epoxy container
in order that the rf field could be applied from out-
side the container. No change mas observed in the
number of decay positrons due to the rf field; hence
there was no indication of muonium formation. In

retrospect, it is not at all surprising that no muo-
nium mas observed in this experiment. It is prob-
able that polarized muonium was formed when the
muons stopped in N, O, but that the muonium atoms
then rapidly lost their polarization in collisions with
the paramagnetic N, O molecules. "

In view of the negative result in the search for
muonium in N, O and of our explanation that this
was due to depolarizing collisions of muonium with

N, O, we planned to search for muonium by stopping
muons in a nonreactive and pure rare gas —argon.
Furthermore, it was decided to look directly for
the Larmor precession frequency of muonium,

f&M [Eq. (4. 3)], in a static magnetic field rather
than to induce a Zeeman transitionwithanrf mag-
netic field.

Experimental Method and Apparatus

The yrinciyle of the experiment was similar to
the experiment on the depolarization of muons (Sec.
4) except that the muonium precession frequency

AM of Eq. (4. 3) rather than the free-muon pre
cession frequency ff &

of Eq. (4. 1) was sought. ' "
Figure 6 again shows the experimental arrangement.
With the initial muon polarization in the positive z
direction (direction of quantization) and with a weak
magnetic field H in the x direction, muonium will be
formed in states 1, 2, 3, and 4 (Fig. 1) with relative
populations ~, 4, 0, and 4, respectively [Eq. (3. 11)].
Only in the occupied state 1 does muonium have a
large magnetic moment [Eq. (4.2)]. This magnetic
moment will precess about H in the yz plane with the
Larmor frequency f1M. Hence the number of posi-
tron counts observed in the 45 counter telescope as
a function of time after the muons stop in the gas
should be modulated with the frequency f1M if po-
larized muonium is present. The experiment con-
sisted in measuring the time distribution of decay
positr ons with respect to stopped muons, and then
in analyzing the data for the frequency f~M char-
acteristic of muonium precession.

Muon Beam, Detectors, and Magnetic Field

The muon beam was discussed in Sec. 4. The
scintillation counters were the same as discussed

in Sec. 4.
The time interval between a stopped muon count

123 and the subsequent positron count 452 was mea-
sured" with a time-to-pulse height converter and
a 100-channel pulse-height analyzer. 4 The fast
coincidence circuits, modified from the circuit
used in the depolarization experiment of Sec. 4,
used IN34 germanium diodes to achieve a resolu-
tion time of a few nsec. " Following discriminators,
a gating circuit was used so that only 123 and 452
yulses were analyzed, for which the time delay be-
tween 123 and 452 mas between0. 2 and 2. 0 p, sec. Ac-
cidental counts were also measured by introducing
an artificial delay of 5 psec in the 123 start pulse.
Use of the lower limit of 0. 2 p, sec eliminated
some background associated with pions and avoided
the time interval region for which the measurement
has a large fractional inaccuracy. The upper limit
of 2. 0 p, sec was made equal to the muon mean
life since, for longer time intervals, the frac-
tional. number of accidental counts increased.
The time-to-pulse height converter was based on
the charging of a condenser with a constant current
for the time interval between the 123 start pulse
and the 342 stop pulse and utilized the 6922 tube
in the charging circuit. The linearity and stability
of the time measurement were tested using a
pulse generator as a source of start pulses and a
radioactive source to produce random stop pulses;
the system was also calibrated frequently during
data-taking with the use of a crystal controlled
time marker generator. These tests indicated
that the system was accurate to about 1%.

Magnetic fields of about 4 6 were used, which
mould result in 10 precession cycles during the
2- p, sec observation time. The magnetic field was
provided by the Helmholtz coils described in Sec.
4 and the field current was provided by a current-
regulated supply. " The magnetic field was mapped
with the use of an electron resonance spectrometer
using diphenyl- picryl-hydrazyl (DPH) free radi-
cals. " The total variation of the magnetic field
over the region of the gas target was less than
2% and was caused principally by the fringing
field of the synchrocyclotron magnet; this varia-
tion corresponds to a maximum phase difference
in ten cycles of about VO' or a spread about the
mean of +35'.

Gas Purification

The target vessel has been described in Sec. 4 .
Argon gas with the impurity contents indicated in
Table II mas used at a pressure of 700 ysi.

In order to purify" the Ar gas further and to
avoid any increase of impurities due to outgassing
from the target vessel, a gas recirculation and
purification system was used as indicated in Fig.
8. The recirculation system comprised a ceram-
ic lined inconel tube with about 150 g of titanium
heated in a furnace to 500 'C, a heat exchanger
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FIG. 8. (a) Schematic diagram of the gas recirculation
and purification system used for the observation of the

Larmor precession of muonium. (b) Detailed schematic

diagram of the gas recirculation pump. (c) Detailed

schematic diagram of the furnace.

and a pump. The homemade pump consisted of
an iron piston within a stainless-steel tube and

was operated by a solenoid at 1 cycle per 2 sec.
A test of the purification system was made by fill-
ing the system with air to a pressure of 1 Torr
and then observing the pressure decrease; after
about 20 min the pressure dropped to about 10 '
Torr, thus indicating that all but the Ar component
of the air had been taken up by the titanium.

Initially the target vessel and recirculation sys-
tern were evacuated and outgassed by heating the
titanium and flaming the target vessel until a
pressure of about 2x10 ' Torr was attained. Then
the system was filled with Ar to a pressure of 700
psi, and the purification system was operated for
at least 24 h before data were taken. The pump
was not operated during data-taking in order to
avoid its effect on the magnetic field at the gas
target.

N(t) = N'(t) +N'(t) +N'(t) +N'(t) (5. 1a)

Data and Data Analysis

Data were obtained in a period of about 200 h of
synchrocyclotron operation which corresponded to
about 5x10' 123 stopped muon counts. For a par-
ticular value of the magnetic field H, data were
accumulated of the 01 monitor counts, the 123
stopped muon counts, the 452 positron counts, the
gated 452 counts (events), pulse-height analyzer
(PHA) counts corresponding to the distribution of
time delays between events and 123 counts, and
finally accidental counts. The 123 rate was typ-
ically 70 counts per sec. The 452 rate was about one-
fifth of the 123 rate. The events rate was about 8
x10 ' times the 123 rate and hence some 4 x10' PHA
counts were accumulated. The accidental counting
rate was one-tenth of the events rate. Data were
obtained for values of II at 3.91, 4. 34, 4. 50, and
4. 96 G. A typical set of PHA data is shownin Fig.
9.

In addition, in order to yrovide a check of our
experiment, data were obtained with 4. 34 and 4. 50
G when pions rather than muons were stopped in
the gas target, which was achieved by removing
4 in. of carbon absorber before counter 2. Decay
muons from the stopped pions stopped in the gas
target, but these muons were unpolarized due to the
isotropic angular distribution of the muons from
pion decay; hence no muonium precession is ex-
pected in this situation. Also, data were obtained
when an aluminum target 3 x3 xl in. (the 1 in. thick-
ness is along the muon beam direction) replaced
the gas target and a field H of 94 G was applied.
With this condition the 1.2 Mc/sec precession
frequency of free polarized muons should be ob-
served.

The time distribution data obtained from the
PHA were assumed to be represented by
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FIG. 9. A typical set of output PHA data, obtained
with H=4.96 G.

1 1 -(tt+t p)/7

x {1+A e ~ 0 sin[2'(t +tp)]} (5. 1b)
1 -(t +t )/7'

( ) C2 —(ti +tp)/v.
x{1+A'sin[2' (t. +t )]),Ip, i 0

C
3 (tt + tP)/7-

(5. 1c)

N4(t) =C~ (5. 1e)

The term N'(t) is associated with muonium in the
(F,~F) =(1,1) state. The quantities in Eq. (5. 1b)
have the following meanings: 7 is the muon mean
lifetime =2. 20 psec; C'=FM1N&dA/(4n7); N& is
the number of stopped muons (total number of 123
counts); FM1 is the fraction of stopped muons
forming muonium in state 1 (see Fig. 1); dA is the
solid angle subtended by the positron telescope 45
at the gas target; A'=SG'a&,- S is a correction
factor associated with the angular acceptance [Eq.
(4 6)l; G' =sin(2nfLMht)/(2wflMht), a correction
factor associated with the PHA channel width ~ t
(bt =0.02 p, sec); a& = ——,A =+ —,[Eq. (2.9)]; v' is
a line-broadening parameter to be discussed later.
The quantity f is the trial value for the precession
frequency of the magnetic moment of muonium; t
is the time interval between emission of yositron
and 123 count; t, is the time interval between the
time of 123 count and the time of a subsequent
positron emission which would register at the mid-

time of channel 5 of the PHA. ti is the time inter-
val between midtime of channel i and time t,. Hence
t=to+ti is the time interval between a 123 count
and the time of a subsequent yositron emission
which would register at the midtime of channel i.

The term N'(t) is associated with polarized
muons which have the Larmor precession frequency
fl, & [Eq. (4.1)]. C' "equals" F&N~dA/(4m'); F&
is the fraction of stopped muons which precess as
free polarized muons; A' "equals" SG "a@, G"
= sin(2m' ~ td)/(2' l,~ 4 t).

The term N'(t) is associated with unpolarized
muons. Muons in the muonium states (F,MF)
=(1,0) and (0, 0) are essentially unpolarized. Free
unpolarized muons or unpolarized muons bound in
any atomic or molecular configuration will also
contribute to N'(t). C' "equals" F,N&dA/(4m7');
F3 is the fr action of stopped muons whic h are un-

polarizedd.

The term N~(t) is associated with accidental
counts. N'(t) "equals" C', inwhich C' is a
constant.

A so-called line-broadening term e-t/'r has
been introduced in the time distribution function
N'(t) associated with muonium precession. Pos-
sible causes include depolarization and destruction
gf muonium in collisions, magnetic field inhomo-
geneities, and drifts in the electronics resulting,
for example, in changes in t, or ht. The correct
form for the line-broadening term differs for these
different causes. The term e-t/7' that has been
used is correct only when depolarization of mu-
oniurn in collisions is involved, where 7' is then
the mean time between depolarizing collisions.
However, our data are not sufficiently accurate
statistically to allow us to distinguish the relative
amounts of these various contributions to line
broadening; hence we have represented the line
broadening by the single term e t/'r with the sin-
gle parameter v'.

The time distribution function N(t) of Eq. (5. la')
which we fit to the observed data is considered to
have the seven adjustable parameters FM1, F
F3, C', tp, v', and f. The parameter v is taken
equal to the mean lifetime of the free muon
(2. 20 @sec); with the instantaneous muon stopping
rates in our experiment (-10'/sec) accidental
coincidences between the 1.8-p, sec delayed gate
pulse generated by one stopped muon pulse 123
and decay positrons from other stopped muons
were very infrequent and their effect on the appar-
ent muon lifetime was negligible. " Another effect
that is sufficiently small for us to neglect is as-
sociated with muonium depolarizing collisions
which actually convert muons from contributing to
N'(t) to contributing to N'(t); the associated time
dependence of the amplitudes of FM1 and F3 is
small and has been neglected. A clarification of
the meaning of FM1 is useful. If the stopped mu-
ons are completely polarized, then FM1 is indeed
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the fraction of the muons that form the muonium
state 1; however, if the muons are only partially
polarized, then E&1 should be interpreted as the
difference between the fractions of the muons that
form muonium in states 1 and 3.

A fit of the PHA data obtained at each magnetic
field point H was made to the assumed time dis-
tribution function N(f) of Eq. (5. la) by the max-
imum likelihood method which reduces to the least-
squares method, since the counts in the individual
channels are distributed according to the Poisson
distribution. "~" An IBM 650 computer was used
for these computations. The procedure involved
first fitting the data points xf (counts in PHA chan-
nel i) by the function

N(&) —N'(t) =N'(f)+N'(t)+ N4(f) -=n(t), (5.2)

which varies only slowly with t since it does not
contain the rapidly varying function N'(f). This
fit determines to a rather good approximation the
parameters t0, I"&,I'3, and C' since the contribu-
tion of the rapidly varying function N'(t) to the de-
termination of the other slowly varying terms is
small.

Using the function n(t) so determined we comput-
ed the quantities

+10

+ 5
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1 I

C

~ +10—47

07
CL

+10—

+ 5—

Qauss

H = 4.$4 gauss

V
H -" 4 .50 gauss

y. =x. ~(f +f.) .
z i 0 i (5. 2)

The yz should be due principally to the rapidly
oscillating term N'(t). Figure 10 shows a typical
set of yz values. A least-squares fit to the yi
was then made using the function

-10
4 6 7

f ( Mc /sec )

F(,),-(~(+ 0)/

I -(f;+f0)/~'x(C+A e ~ 0 sin[2mf(t. +t )]j, (5.4)
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FIG. 10. A typical set of values yz versus PHA
number, obtained with H=4.96 G.

in which C, A ', v', and f are the adjustable param-
eters. The term with the parameter C is intro-
duced to represent a possible small residual, slow-
ly varying background associated with the yz values.
The y' test was applied to the fits and some corre-
lated errors or off-diagonal elements in the error
matrix were calculated.

FIG. 11. Frequency analysis illustrating the pre«
cession of positive muons stopped in aluminum with
H= 94 G. The percent amplitude of a frequency com-
ponent, x, is plotted versus frequency.

Figure 11 shows the result of the analysis of
the data obtained when muons were stopped in an
aluminum target in a magnetic field H of 94 G.
For this case the term N'(f) in Eq. (5. la) can be
omitted and the frequency parameter f replaces
fl in the analysis. The ordinate is the ratio of
amplitudes, r =A'C'/(C'+C'+C'), expressed in
percent. It has its maximum value of 27% at f
=1.27 Mc/sec, which agrees with the expected
Larmor precession frequency of a free muon of
1.27 Mc/sec [Eq. (4. 1)]. The value R=0. 27 is
also close to the maximum value to be expected
for completely polarized free muons. The line-
width is due principally to the limited gate time
of 1.8 p, sec during which the precession is ob-
served. This result provides a check of our anal-
ysis procedure and of the operation of our equip-
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FIG. 12. Frequency analysis, illustrating the pre-
cession of muonium when polarized muons are stopped
in argon gas for several magnetic field values &. The
percent amplitude of a frequency component, &, is
plotted versus frequency.

Y (f)=C e

-f;/~' .x e ~ sin2vf~M(&. + &0)IM z
(5. 5)

in which Co is a normalization constant. Its cen-
tral maximum occurs at the muonium precession
frequency fr,M predicted from Eq. (4. 3) for the
measured value of H. The theoretical curve was
computed with the values of v' and t, determined

ment, particularly of the electronics system.
Figure 12 shows the results of the data anal-

ysis for the cases in which polarized muons were
stopped in the gas target with H=3. 91, 4.34,
4. 50, and 4. 96 G. The ratio r= O'A'/(C'+C'
+C'+C') is plotted as a function of f. The mean-
ing of r is the ratio of PHA counts associated with
the muonium precession term to the PHA counts
associated with all the other terms in Eq. (5. 1a).
The solid curves are obtained from the data anal-
ysis, and the error bar is a typical 1 standard
deviation error. Each dashed curve is a theo-
retical line shape computed from the distribution
function

-5
4

I i I

5 6
f (Mc/sec)

I I I I

7 8

FIG. 13. (a) Values of y versus frequency f for
various values of to, obtained from the least-squares fit
to the data with polarized muons and H=4.34 G (to in
psec). (b) Values of y and peak amplitude Ej/11 versus
the parameter v', obtained from the least-squares fit to
the data with polarized muons and H=4.34 G.

from the data analysis. The normalization con-
stant C' was chosen so that the peak amplitude of
the theoretical curve equals the peak amplitude of
the solid curve. The dashed curve is essentially
the Fourier spectrum of Y'(t). Its width is de-
termined by the gate interval of 1.8 p.sec and by
7'.

Resonances are clearly observed in all four
cases in Fig. 12 at the predicted frequencies, and
the amplitudes of the resonances are 4, 4, 5, and
4 standard deviations from zero, respectively.
The amplitudes of the resonances vary between 5
and 10%. Possible causes of variation include gas
impurities, magnetic field inhomogeneities, and
instabilities in the electronics. %e note that the
larger values of the amplitudes occur with the
smaller values of the line-broadening parameter
7 . Table IV provides data on theindividual fits, in-
cluding g

' values. Figure 13(a) gives information
on correlated errors involving the fitting param-
eters f, and f, and Fig. 13(b) shows plots of the

TABLE IV, Results of analysis of data on Larmor precession of muonium.

H=3.91 G H=4.34 G 0=.. 4.50 G H=4.96 G

0.335 + 0.010
0.3 to 1.6
1.5 + 1.0
0.6 +0.1
90 +40
5.82 +0.20 (+3.3 lo)

76 +13

to(@sec) 0.300 +0.07
DH(%) 1.0 to 1.6
v' (@sec) 0.5 +1,0
&p 0.6 +0.1
»M1(%)b 300 +100
f (Mc/sec) 5.25+0.16(+2.9%)
x' 86+13

The data for each field value H have 87 degrees of
freedom.

0.300 + 0.009
1.6
1.4 + 1.0
0.6 +0.1
100 +50
6.17+0.23 (+3.6 7o)

76 +13

1~3 =~M1-

0.273 + 0.011
2

0.3 + 1.0
~ ~ ~

6.96+0.28 (~4.0%)
80 +13
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values of FM1 and X,
' versus v', both for the case

with H =4.34 G. Agreement between the observed
data and the fitted function N(t) is satisfactory in
all cases. Agreement between the experimental
values of the resonant frequencies and the pre-
dicted values is within 4% as 1 standard deviation
in all cases. Analyses of the data were made using
functions other than e f& ~'r to represent line
broadening; however, the statistical quality of the
data was not sufficiently good to distinguish the
fits to the different functions.

Figure 14 shows the results of analysis of data
obtained when pions were stopped in the gas target.
The data for B=4. 50 6 were taken immediately
before the data for H=4. 50 6 shown in Fig. 12 and
those for H=4. 34 6 immediately after the data for
H = 4. 34 G shown in Fig. 12. No muonium resonances
are observed in Fig. 14, as expected.

Analysis of the data can be made to determine
a rough value for the fraction of the muons stopping
in the gas that form muonium in state 1. This de-
termination depends, of course, on the amplitude
of the resonance signal and on the fraction of the
muons stopping in the walls of the target. We have
noted that the amplitude of the resonance signal
varies between 5 and 10% for differentcases. From
the data of Sec. 4 we know that about one-half the
muons stop in the target walls. Only one-half the
muons with 100%polarization which form muonium
willdo soin state1, whose precession we observe.
Hence an amplitude of 8% for the resonance sig-
nal implies 100% muonium formation by the mu-
ons stopped in the gas.

larization is retained when polarized muons are
stopped in pure argon gas. ' The fraction of the
muons stopping in the gas that form muonium is
only roughly determined; it appears to be close
to 100% and is at least greater than 50%. This
large value for the muonium formation probability
is consistent with the discussion in Sec. 3.

The observation of a precession signal for po-
larized muonium at the characteristic Larmor
precession frequency given by Eq. (4. 8) also con-
stitutes a rigorous proof "~" that the spin of the
muon is & . Our precession experiment constitutes
a measurement of the magnetic moment of muo-
nium in state 1 at weak magnetic field [Eq. (2. 6)]
or equivalently of the g factor gF which char-
acterizes the Zeeman effect. The usual expression
for the gF value is

where

F(F+1)+J'(8+1)-I (I +1)
2F(F+1)

F(F+1)+I (I +1)—J'(J'+1) m

2F(F+1) (5. 6)
p.

Since we are concerned with the state for which
F=J+I& =I&+& and since the second term is
small, a useful approximate expression is

Results and Discussion ZF=g~/(2I +1) . (5. 6')

88

4,=.325

Our data indicate beyond any reasonable doubt
that polarized muonium is formed and that its po- The close agreement of the observed magnetic

moment with the value —,
' gJ p, & provides a proof

that I
&

= 2. This method of determination of the
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FIG. 14. Frequency analysis of data obtained when pions are stopped in argon gas for several magnetic field values
The percent amplitude of a frequency component, x, is plotted versus frequency.
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muon spin is essentia1ly the same as the method
of determining nuclear spins based on the mea-
surement of the atomic Zeeman effect. "~"

6. DETERMINATION OF hfs INTERVAL THROUGH A
STATIC MAGNETIC FIELD MEASUREMENT

N(8) cc 1 + e Pcos 8. (2.9)

Experimental Method and Apparatus

The experimental arrangement is shown in Fig.
15.e~'e The longitudinal magnetic field f in the

Beam

Gas
Target

H Field
Direction

~ P last ic Sc int i I I o ter

Brass

I Graphite Aoeorttete

0 6
i

Scale in
Inches

FIG. 15. Schematic diagram of the experimental
arrangement for measurement of 4v with the use of a
static magnetic field.

In view of the abundant formation of polarized
muonium in pure argon discussed in Sec. 5, an
experiment was undertaken to obtain a rough mea-
surement of ~v and to confirm further the ex-
pected behavior of muonium by observation of
the effect of a static magnetic field. '

The principle of the experiment can be under-
stood with reference to Eq. (3. 12), which gives
the polarization of the muons that form muonium
as a function of the static magnetic field H. The field
H is inthepositivez direction, which is also the
direction of polarization of the incident muons.
If I' is measured as a function of H and the quan-

tities g~itgs/h and g& pH&/It are given their known

values"t "[see Etl. (2. 2)], then the measured P(H)
can be used to determine a value for Av. Mea-
surement of the muon polarization relies on the

asymmetry of the decay positron angular dis-
tribution as given by Etl. (2. 9)
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FIG. 16. Schematic drawing of solenoid magnet.

positive z direction is provided by a solenoid mag-
net. Muons stopped in the argon gas target were
indicated by 123 coincident counts, and decay
positrons were observed in the negative a direc-
tion as 342 coincident counts in the time interval
from 0. 2-3. 2 p, sec after a stopped muon count.
Measurements were taken as a function of H. In
order to account for the effect of the magnetic
field II on positron trajectories and hence on the
probabilities for decay positrons to reach the pos-
itron telescope, measurements mere also made
with a dummy target.

The muon beam was the same as that discussed
in Secs. 4 and 5. The scintillation counters 0, 1,
2, and 3 were the same as those used in the ex-
periment discussed in Sec. 5. Scintillation counter
4 was an 8-in. -square plastic scintillator with its
Lucite light pipe lying along the s direction. Tests
showed that there was no change in any counter's
output voltage as H was varied 0-5800 G,
and the counter voltages mere well plateaued in
the magnetic field. The range curves were the
same with and mithout the magnetic field. The
electronics circuitry and logic were essentially
the same as for the muon depolarization experi-
ment (Sec. 4). A gate pulse having a width of
3.0 psec and delayedby 0. 2 p, secmas triggered by
a 123 coincidence or stopped muon pulse, and a
coincidence of a 342 positron pulse with the gate
produces a positron event pulse. Accidental counts
were obtained when the gate pulse was delayed by
an additional 4 psec. The beam intensity mas mon-
itored by the 01 counts,

The magnetic field H was provided by an air-
core solenoid with two lengths of windings, as in-
dicated in Fig. 16. The diameter of the air core
was 21 in. and the over-all length of the magnet
was 36 in. A 2-in. -thick iron shield extended the
total length of the magnet outside the coils except
for an opening at the middle of the magnet between
the two windings. The magnet was powered from
a 300-kW motor generator whose output was fil-
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tered so that the peak ripple in the output current
was less than 1%. The magnetic field was stabi-
lized by voltage feedback to the motor generator.
The current was monitored by the voltage reading
across a shunt and the magnetic field was mea-
sured with an NMR probe.

The gas target was the same one described in
Secs. 4 and 5, including the recirculation and
purification system. Pure argon at a pressure
of 55 atm was used. The dummy target described
in Sec. 4 was also used.

Data and Data Analysis

Data were obtained of 01, 123, 342, events and
accidental counts for each of the four conditions
discussed in Sec. 4 at each magnetic field H used.
Seven values of Bbetween 200 and 6000 6 were
used. Approximately 10 000 event pulses were
accumulated for each magnetic field value for both
the gas target and the dummy target.

Analysis of the data to obtain the polarization
P(H) of the muons that form muonium in a mag-
netic field H is based on the equations

N'(H) =N (H)(1 —ESP)/(1 —g S)

+N (H)+N (H)

N'(H) =N (H)+N (H)+N (H),
Al

N'(H) = N (H) + N (H)

N4(H) = N, (H)

(6. 1a)

(6. 1b)

(6. 1c)

(6. 1d)

in which N'(H), N'(H), N'(H), and N'(H) are the
events counts with a magnetic field B for a fixed
number N, of monitor counts [refer to definitions
of Eq. (4. 6)], corresponding to the four conditions
of Sec. 4. The quantities Nhl (H), N~(H), and
N, (H) are the events counts due to the aluminum,
the walls, and counter 2, respectively. The quan-

tity N (H)(1 —s SP)/(1 —3 S) is the events counts
due to the gas, where the factor (1 —3 Sp)/(1——,, S)

g'
1 1

accounts for the polarization of muons that form
muonium in the field H and for the associated
position decay asymmetry. [The quantity S is a
correction factor associated with angular accep-
tance which was defined for Eq. (4. 6). ] The above
equations apply, of course, when H=O.

In order to obtain a useful result from these
equations we define the ratios

N2(H) Ng(H)
N (H) +N (H)

Al, w N'(0)-N'(0) N (0)+N (0)
'

Al m

(6. 2a,)

N, (H) N, (H)
N (H)[h(H)+1]+N (H)

g, ~ N'(0) —N'(0) N (0)[h(0) 1+]+N (0)
(6.2b)

1+&(0)g(0)
1+I (H)g(H)

g, m
(6. 2c)

in which h(H) —= (1 ——,
' SP)/(1 ——', S) —1; h (0) —= (1 -& S )/

(1-kS)-1; g(H)= NAl(H)/[NA-l(H)+N„(H)]. ln
the derivation of Eq. (6.2c) from Eqs. (6. 1) it is
assumed that NAl(H) =Ng(H)(the argon gas pressure
is chosen so that this condition should apply), and
thai the polarization of the muons stopped in the
aluminum and the walls has the polarization value
of the incoming muon beam (assumed to be 1.0)
independent of the value of H. The quantity g(H)
is the fraction of the muons that stop in the gas.
The quantity S has the value 0. 955. The quantity
R can be regarded as a ratio normalized to the
dummy target data and to zero value for the mag-
netic field II. Actually the lowest value of H used
was 2006, in order to assure that no deyolarization
of muonium occurred due to nonadiabatic transi-
tions associated with a near-zero magnetic field
condition or due to magnetic interactions in mu-
onium collisions. For H =200 G the value of P is
0. 508 and hence very close to the value P=0. 500
for H=O.

The experimental values for R~~, zo, Rg, ~,g,
and 8 are given in Table V. To obtain these val-

TABLE V. Experimental data from static magnetic field measurements.

Run (1)
200

1500
2600
6000

Run (2)
200

1170
2650
5520

8Al, se

1.000
1.012 +0.02
1.073 +0.02
1.234 + 0.02

1.000
1.014 +0.01
1.066 +0.01
1.214 + 0.01

1.000
1,015 + 0.02
1.021 + 0.02
1.129 +0.02

1.000
0.982 + 0.01
1.019+ 0.01
1.158+0.01

0.38 +0.01
0.38 + 0.01
0.35 + 0.01
0.35 + 0.01

0.42 + 0.02
0.42 + 0.02
0.44 + 0.02
0.42+ 0.02

1.00 +0.02
1.00 + 0.03
1.05 +0.03
1.09 +0.03

1.00 + 0.02
1.033 +0.02
1.047 + 0.02
1.049 +0.02
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FIG. 17. Experimental data
and theoretical curves for the
quantity R versus the static mag-
netic field II. The experimental
value for 8 is obtained from Eq.
(6.2c), and the theoretical value
is calculated from Eq. (3.12).
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ues the N values were corrected for about a 5%
accidental rate, and the indicated errors. are 1

standard deviation. The data were obtained in
two experimental runs.

Figure 17 shows the experimental values for
the ratio B as a function of magnetic field H.
All the data have been normalized to the value
g=0.4. Theoretical curves for R(H) are shown

for different assumed values of the hfs interval
~ v. These theoretical curves are obtained under
the assumption that all muons stopping in the ar-
gon gas form muonium.

Clearly, the best agreement is obtained with

the theoretical curve having 6 v=4500 Mc/sec.
Indeed a least-squares fit of the experimental data
to the theoretical curve gives:

A v = 5500 Mc/sec+2900 (5. 3)

where 1 standard deviation statistical errors are
indicated. The principal error in the determi-
nation of ~v in this experiment arises from the

statistical counting error; a relatively smaller
systematic error is present due to uncertainty in
the determination of the fraction of muons g that
stop in the gas (see Sec. 4).

The conclusion of this experiment with a static
magnetic field is that there is qualitative agree-
ment of the measured value of the hfs interval
with the theoretical value. The accuracy of the
measurement of & v is about 50%.

The simplest charge- capture reaction resulting
in ground-state muonium formation that is rele-

APPENDIX A: THEORETICAL CALCULATION OF MUONIUM
FORMATION BY CHARGE CAPTURE FROM HELIUM

vant to our experiment is the reaction

+He-M+He . (Al)

The charge-capture reaction involving H is simpler
because only a single electron is involved, but at
present it does not seem accessible to experi-
mental study and it contains the special feature
of a near-resonancecharge transfer which is not
generally involved for other atoms.

A summary of our theoretical calculations,
whose results are displayed in Fig. 3, is given
below. The calculations employ three different
approximations for three different kinetic-energy
regions of the incident muon: (1) the low-energy
region where the incident muon velocity z» is
small compared to ec, a characteristic electron
velocity in helium, (2) the intermediate-energy
region where v& —-nc, (3) the high-energy re-
gion where v~ » 2nc.

For the low-energy region the perturbed station-
ary state (PSS) method" was employed. The
formulation used by Massey and Smith to calcu-
late charge capture by 8+ from He at low energies
was followed. " Also the same simple wave func-
tions were employed except that a smoother varia-
tion of the initial-state wave function with their
parameter Z was taken. The integrations were
done using elliptic coordinates. Values for the
capture cross section were calculated for the muon
kinetic energy E& up to 50 eV. Although the
threshold energy is 11.0 eV, the capture cross
section is very small below the so-called "activa-
tion energy" at about 40 eV. Above this energy
the cross section rises rapidly. '

For the intermediate-energy range an impact-
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parameter method, in a two-state moving-atom
approximation, "was used. The formulation used
by Green, Stanley, and Chiang" was taken and
values for the capture cross section were calculated
for Ep between 50 eV and 9 keV.

For the high-energy range the Born approxima-
tion" was used. The calculation by Mapleton"
was modified for our case [Eq. (A1)], and values
were calculated for E& & 9 keV.

APPENDIX B: THEORETICAL CALCULATION
OF DISTRIBUTION IN FINAL hfs STATES IN

MUONIUM FORMATION

For a theoretical discussion of the distribution
of muonium in the four hfs states of the ground
state 1'S,i, resulting from muonium formation in
a charge-capture reaction, it is sufficient to take
the Hamiltonian

X=X +X
e m

in which Xe is a nonrelativistic Schrodinger
Hamiltonian including the kinetic-energy and
Coulomb interaction terms and Xm is the Hamil-
tonian term of Eq. (2. 2) which includes the mag-
netic interaction terms for muonium.

Two different viewpoints can be taken. In the
first, "we treat the charge-capture reaction as
a single process involving the entire Hamiltonian
X and take the final states of the charge-capture
reaction to be eigenstates of the total Hamiltonian

It is easiest to apply this viewpoint in the
Born approximation for the charge-capture reac-
tion. " The initial and final eigenstates 4i a,nd 4f
are given in the Pauli approximation as products
of spatial and spin eigenfunctions

i(f) i(f) i(f) '

in which r represents the spatial coordinates of
all the particles and y is a spin eigenfunction for
the muon and one electron, as given in Eq. (2.4).
The term in the Hamiltonian responsible for the
charge-capture reaction is the term Xe, and in
the Born approximation only a matrix element of
a portion of Xe between the initial and final states
is involved. In this matrix element, the projec-
tion of the initial spin state on the final spin state
appears, and hence the results given in Eq. (3. 11)
follow. The result of Eq. (3. 12) for the polariza-
tion of the muons forming muonium is then ob-
tained from Eq. (3.11)by taking the average of
the muon polarization over the four muonium
states, weighted according to their formation
probabilities.

Vfith other approximations for treating the
charge-capture reaction such as are discussed in
Appendix A for the reaction

+ +
p, +He-M +He

(S3)

Since the state X~ is aspin eigenstate of muonium,
1 [Eq. (2.4)], it is an appropriate spin

part of a final eigenstate of the total Hamiltonian
X, and the Hamiltonian term Xm leaves this spin
eigenfunction unchanged. On the other hand, the
spin function y & is not an eigenstate of X, and
hence y& is only the spin function at the time t=0
of muonium formation. The correct time-depen-
dent spin function 1g(t) is

( ) ( )
'LWy 0t/5

8 11,0

(a4)

in which C,'+ C,'= 1

is a normalization condition

cC, —sC2=0 (B6)

is a condition required to satisfy the initial condi-
tion

x~(o)=~ P
p, e

These equations imply

C =s and C2= c

where again a separability of the wave function
into a space part and a spin part is valid and the
term Xe is responsible for the reaction, the re-
sults of Eq. (3. 11) again apply.

In the second viewpoint" we consider the charge-
capture reaction as a two-step process; in the
first step we ignore the Hamiltonian term Xm, and
then in the second step we consider the effect of
Xm on the final eigenstates. This viewpoint is
useful because the electric charge-capture reaction
without any change in the spin directions of
particles takes place in a time very short com-
pared to the time required (-1/~v) for the magnet-
ic interaction term Xm to produce appreciable
reorientation of the spins.

From this viewpoint, if we consider that incident
muons are in the initial spin state ~& in a longi-
tudinal magnetic field H in the z direction and that
the atomic electrons have no net polarization,
then as a result of the electric charge-capture
reaction the following two muonium spin states
are formed, each with probability —,':
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P (t)=
ss/ca+ cs/sa —2+4 cos(&Wt/h )

B c'/s'+ s'/c'+ 2
(BS)

The quantities are defined in Eqs. (2. 1) through
(2. 5). Hence the muon polarization Pfl(t) in this
state is given by

The time average of Eq. (BS) gives the average
muon polarization in- muonium states 2 and 4.

Equations (3. 11), (3. 12), and (BS) were obtained
for the initial condition n„=1. These equations
are easily generalized to an arbitrary initial muon
polarization.
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