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magnetic pressure (due to a fountainlike current
feature with a vortex at the anode tip) could produce
the observed cathode-directed motion of the plasma.
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A full discussion is given of the microwave-spectroscopy resonance method of measuring
the hyperfine-structure interval Av of-the ground state of muonium, including the theoretical
value for Av, the transition frequencies, and the resonance line shape. A complete descrip-
tion is also given of our experimental method of measuring Av at strong magnetic field. The
initial experimental results gave Ay =4461.3 +2, 0 MHz, in good agreement with the theoreti-
cal value Ay =4463.282+ 0,062 MHz. The first observations of muonium chemistry are de-

scribed.

1. INTRODUCTION

The discovery''? that muonium is formed when
muons are stopped in argon gas and the rough mea-
surement of its ground-state hyperfine-structure
interval Av with the use of a static magnetic field?®
indicated that Av could be measured in a precision

microwave resonance experiment. The principles
of the experiment are to form polarized muonium
by stopping polarized muons in a gas, to induce
with microwave power a resonance transition be-
tween two unequally populated hfs magnetic sub-
states which will result in a change in muon spin
direction, and to observe this transition through
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the resulting change in the decay positron angular
distribution. The ultimate precision which can be
attained in a measurement of Ay can be expected
to be a small fraction of the natural linewidth of
the resonance line; since the natural linewidth
will be y/7=0.14 MHz, where vy is the muon decay
rate, and since Ay is approximately 4500 MHz, a
precision of 1 ppm or better for Ay isa conceivable
goal.

The principal interest in a precise measurement
of Ay is to provide a critical test of the electro-
magnetic properties of the muon, and, in particular,
of the muon-electron interaction. Under the as-
sumption that the muon is a Dirac particle with a
mass 207 times the electron mass and with the
standard coupling to the electromagnetic field, the
theoretical value for Ay can be calculated with
high accuracy from the quantum-electrodynamic
bound -state two-body equation.* Any breakdown
of this basic assumption, such as the existence of
an unknown coupling to the muon or electron fields, *
would alter the theoretical value of Ay.

The present paper, Muonium II, is the second
paper of a series on muonium and deals with the
measurement of the hfs interval Av of muonium.
Section II of this paper gives a detailed discussion
of the theory of the experiment, including the
theoretical value for Av, the transition frequencies,
and the theoretical resonance line shape. Section
IIT discusses the experimental method and appara-
tus, Sec. IV gives the data and data analysis, and
Sec. V gives the results on the initial observation
of a resonance transition at strong magnetic field.
A brief report of a portion of the research has
been published.®’

The third paper of this series will give a detailed
discussion of our precision measurement of Ay at
strong magnetic field.® Recently an additional pre-
cision measurement of Ay at strong magnetic field
has been reported.® The precision measurement
of Ay at weak magnetic field!®!! will also be dis-
cussed in the fourth paper of this series.

II. THEORY OF EXPERIMENT
A. Theoretical Value for &v

Under the assumption that both the muon and the
electron are Dirac particles with the conventional
coupling to the electromagnetic field, the hfs in-
terval Av of the ground state of muonium can be
calculated with modern quantum-electrodynamic
theory from the Bethe-Salpeter equation. **'2 The

result is expressed!® as a series expansion in the
small parameters o and m,/m,

AVthgor = [%QQZCR”(IJ' u/u%)] [1 + (me/m u)]-\'i
x(1+§-a2+ac+€1+<2+(3—6“), 2.1)

in which
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a,=5- =0.3285 5 +(0.55+ ?) 5 »
2 s 8a°

€, =a*(In2-3%), €2=-—3w—1na(lna—ln4+i%%),

3

<3=°‘7 (18.4+5), 6“=7mlnﬁf’
where a is the fine structure constant, c is the
velocity of light, R, is the Rydberg constant, pu, is
the muon magnetic moment, p% is the electron
Bohr magneton =e#/2m,c, m,’is the electron mass,
and m, is the muon mass.

The first bracketed factor is the Fermi value'*
for Ay, and the second bracketed factor is a reduced
mass correction, ' The third bracketed factor in-
cludes relativistic, radiative, and recoil contribu-
tions that are of higher order in the parameters a
and m,/m,. The term 3a® is a relativistic correc-
tion to the Fermi value.'® The term g, is the anom-
alous magnetic moment of the electron. ’=% The
terms €,, €, and €; are radiative correction
terms, 3'3-2 and the term ¢, has only been calcu-
lated approximately. 3 The term 6, is a relativis-
tic recoil correction. ?*#® No higher-order terms
in @ or m,/m, have been calculated.

The term p , in the Fermi factor could alterna-
tively have been written as?

p,=ps[l+(a/2m)+0.76578 (a?/7°)

+(21.4£1.1)(a®/7%) +(6.5+0.5)x10%®], (2.2)

where p% is the muon Bohr magneton = ef/2m ,c.
All the terms in the bracket are of pure quantum-
electrodynamic origin except for the term 6.5
%108 which is the hadron contribution to the muon
magnetic moment. If the muon mass were known
from direct measurement with sufficient accuracy,
then p, could be replaced in Eq. (2.1) by Eq. (2.2);
however, m, is not known® as well as 41, and
hence it is more useful to express Ay as in Eq.
(2.1).

For evaluation of Ay, from Eq. (2.1) it is use-
ful to express the quantity p,/u% as

Hu/#% =(#u/“p)(ﬂp/#a)(1+ae) ’ (2-3)
where u, and u, are the proton and electron mag-
netic moments, respectively. The most accurate
value for pu/u, is obtained from the measurement
of the ratio of the precession frequency of positive
muons stopped in water f, to the NMR frequency
of protons in the water sample f,. This measured
ratio is?®30

f./ f,=3.183 362+ 0. 000 030

[9.4 ppm, as 1 standard deviation]. (2.4)

If the magnetic field seen by the muons in the water
is the same as the magnetic field seen by the pro-
tons in the water, then u,/p, will equal f,/f,.
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However, the magnetic shielding that the muons
experience in water depends on the chemistry of
muons in water during the short period of the muon
mean life. This subject is not well enough under-
stood” for us to be sure that the magnetic shielding
for a muon equals that for a proton. Indeed a
plausible model for muon chemistry in water pre-
dicts® that the magnetic shielding for a muon in
water is less than that for a proton by about 16 ppm,
so that

o/ py=(f./f)(1 —16x10%)=3.183311.  (2.5)

Because of the uncertainty about magnetic shielding,
we choose the value

i,/1,=3.183337+0.000041 (13 ppm).  (2.6)

This value is the mean of the values given in Egs.
(2.4)-(2.5), and the error is obtained by com-
bining in quadrature the error of 9.4 ppm given in
Eq. (2.4) and the value 8 ppm which is 3 of the
magnetic shielding difference for muons and pro-
tons predicted in the model mentioned above.

The other fundamental constants appearing in
Egs. (2.1) and (2. 3) are taken to have the following
values?®23;

c=(2.9979250+ 0. 000001 0)x10'° cm/sec

(0.3 ppm),
R.=(1.09737312+ 0. 00000011)x10° cm™

(0' 1 ppm),
Kp/1e=0.00151927083+ 0. 000 000 00046 (0.3 ppm),
a'=137.03608+0.00026 (1.9 ppm),

2.7
m,/my=206.7688x0,.0027 (13 ppm). @7

The value for o™ is based principally on the mea-
surement of e/k by the ac Josephson effect. 3*—3¢
The value for m,/m, is obtained from the relation

mu/m,=(N,/#u)(ﬂ/#p),gu/gel ’ (2.8)

in which g, and g, are the electron and muon g
values, respectively. In addition to the values for
©,./u,and u,/p, given in Egs. (2.6) and (2.7), the
following experimental values for g,37 and g,%® are
used:

g .=—2(1.001166 16 + 0. 00000031) (0. 31 ppm),

(2.9)
g, =2(1.001 159644+ 0. 000 000007) (0. 03 ppm).

Using Eq. (2.1) and the values for the constants
given in Egs. (2.6) and (2.7), we obtain

AVypgr = 02(1, /11,)(2.632 944X 10" + 2 ppm)MHz,
(2.10a)

AV ygor = 4463.282 £ 0, 062 MHz (14 ppm). (2. 10b)
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The uncertainty in Ap g, is due almost entirely
to the uncertainty in p,/p,.

Various speculations have been made about un-
known interactions which could alter the theoretical
value for Ay given in Eq. (2.10) which is based on
conventional modern quantum electrodynamics.
Since the theoretical formula for Ay includes the
values of the electron and muon magnetic moments
or g values, any breakdown in the theories of these
g values will alter the theoretical value of Av.
Possible causes of a breakdown have been discussed
extensively either in terms of a modification of
lepton or photon propagators or of vertex functions,
or in terms of new field and couplings, 5:2%:39-16
These new couplings include couplings to a “heavy
photon, ” to the intermediate vector boson W, to
neutral hadronic bosons, and to “heavy electrons. ”
In addition, the muon-electron coupling, 337 and
hence the value of Ay, would be changed by a
change in the photon propagator such as that due
to a heavy photon, * by a scalar coupling, * or by
the existence of a neutral lepton current such as
that associated with a direct coupling of muonium
to antimuonium®'* (u*e"~ u-e*). Furthermore,
the theoretical value of Ay involves the relativistic
quantum-electrodynamic bound-state equation, and
any modification of this equation or of its use,
such as the approximation of a many-time formal-
ism by a single-time treatment, will alter Ay, %%

B. Transition Frequencies

The relevant part of the Hamiltonian for the
ground state of muonium in an external static mag-
netic field, and the associated energy eigenvalues
and eigenfunctions have been discussed. ?* The
Hamiltonian is

w=al, T+ usg,J-H+ pnig.l,-H (2.11)
The energy eigenvalues are
Wear2at/2,u = = sAW+ upg M gH
iAW +2M e+ A2, (2.12)

in which a= AW is the hfs coupling constant, I, is
the muon spin operator, T is the electron angular
momentum operator, g, is electron gyromagnetic
ratio in muonium, g/ is the muon gyromagnetic
ratio in muonium, H is the external static mag-
netic field, x=(g,n%-g,Luh) H/AW, F is the total
angular momentum quantum number, and My is

the associated magnetic quantum number. The
quantities g, and g/, are related to the free-electron
and muon g values g, and g, by the equations®?%

gr=g41-%a%=2(1.001141873
0. 000 000007) (0. 03 ppm) ,

gn=g,(1 - $a?) = -2(1.001 148 39
+0. 00000031) (0.31 ppm).

(2.13)
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MMy It is useful to give expressions for the partial
3 Armssssmm (2.27 derivatives with respect to magnetic field H of the
2| | 2t transition frequencies of Eqs. (2.14),
u
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FIG. 1. Energy-level diagram for muonium in its

1251,2 ground state in a magnetic field, as given by Eq.
(2.12). At zero magnetic field, the energy difference
between the F=1 and F=0 states is the hfs interval
AW=hAv, The states are labeled 1-4 for convenience.
The strong-field quantum numbers M; (magnetic quantum
number for z component of electronic angular momentum)
and M, (magnetic quantum number for z component of
muon spin) are shown for the levels. The transition in-
dicated between states 1 and 2 is the one studied in this
paper.

From Egs. (2.7), (2.10), and (2.13) we find
x=H/1585. The energy-level diagram correspond-
ing to Eq. (2.12) is shown in Fig. 1 with the states
labeled for convenience.

The four transition frequencies vy;, vy, Va4,
and vy, are of particular interest, as will be dis-
cussed in Sec. IIC; these frequencies are given
below and are plotted in Fig. 2.

Vig= Win=Wio_ —gﬁ“—+ 3av[(1+x) - (1+2%)12],

h
v 7
Vig= P A Wo.o “B‘i“H +38v[(1+ )+ 1+ A)E]
W W (2.14)
vau= TR0 - a1+ )
w7
V3= LAE! T Wouo . uﬂf“H +38u[(1 —=x) + 1+ 2A)1E] .

In the limit of strong magnetic field (x> 1) the
transition frequencies of Eq. (2.14) are given ap-
proximately by the.expressions

I3 ’H e
vz= oy + EERT Vu=§AV+£$J—H’
h ko (2.15)
e H [T I IH
Vzﬁig%g_ﬁn_f_ﬁly v“zém,_“_&%&_ i

In the limit of weak magnetic field (x <<1) the
transition frequencies of Eqs. (2.14) are given ap-
proximately by the expressions

gsusH  guupH

_84H%  gurpH
2n | 2k

Viz= 2% 2n , Vig=Av+

C. Theory of Resonance Line Shape

Transitions are induced between the hfs mag-
netic substates of muonium by application of a
microwave magnetic field. The associated time-

H(kG)
O | 2 3 4 5 6 7 8 9 10 1112 1314 1516
T T T T T T 1 T T T T T T 1
S
< Via
s
2 5t
c
3
s 4r
< V2
N 3l
2 (a)
A
1 1 L L L 1 I L i
o 1 2 3 4 5 6 7 8 9 10

3
q
s
2
g
k]
£
N
1 1 1 1 | 1 1 1 1 —
o 1 2 3 4 5 6 1 8 9 10
X
FIG. 2. (a) Plot of resonance frequencies vy, and vy,

in units of Ay versus x or H, as given in Eqs. (2.14).
Plot of resonance frequencies vy; and vy, in units of Av
versus x or H, as given in Eqs. (2.14).

©)
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dependent Hamiltonian term is given by
5= (g ns T+ gLu,‘;fu) - H, coswt

= 3¢5 coswt , (2.18)

in which ﬁ, is the vector amplitude of the applied
microwave field and w is its angular frequency.

In the present treatment we shall make the fol-
lowing simplifying assumptions:

(a) Only two of the four muonium states need to
be considered (designate them 1 and 2), since we
are dealing with a resonance phenomenon and only
the angular frequency difference w,, will be approxi-
mately equal to the applied angular frequency w.

In the fourth paper of this series we will treat a
more general three-state case.

(b) Time-dependent terms for the state ampli-
tudes involving the nonresonant factors e*!(“12*w)t
are omitted. These terms produce a small modi-
fication to the resonance line shape®* given in Eq.
(2. 28), and this modification is discussed in the
third paper of this series.

(c) Muon decay into a positron and two neutrinos
is treated phenomenologically in Egs. (2.19) for
the state amplitudes by the terms 3ay, in which a
is a state amplitude and y is the muon decay rate
[¥=4.5490(17) x10° sec™']. ** The justification for
this type of phenomenological treatment of a de-
caying state has been discussed for the case in
which the decay occurs due to the electromagnetic
interaction, *6-%

The time-dependent equations for the state am-
plitudes are then given by®!

= : +ilw ~w)t _ L
a, = —iagbhe™ " “12 -za,7, (2. 19)
a,= —ia b*e” U127 — jayy
in which the following notation has been used: The
state function ¥(¢) is expressed as

‘Il(t)=¢(;)[a1(t)xl e‘iwlt/n+a2(t)X2€-{wzt/h] ,

where ¢(T) is the spatial part of the wave function,
and x, and x, are spin eigenfunctions.? The sub-
scripts 1 and 2 designate any two of the four hfs
magnetic substates with corresponding energies
W, and W,, with W, > W,. Furthermore,

wip= (Wy = Wo)/B, b=(x¥|3cs|x2)/(2h) . (2.19)
It is assumed that the diagonal matrix elements of
3¢y in states 1 and 2 are zero.

Solution of Egs. (2.19) yields

al(t)={a1(0) [cos(%l"t)-i(-“"”‘") sin(%l"t)]

T
i2b
+a,(0) [— T sin(3I'?) :t ‘

x exp{- gyt + [3i(wiz = w)] t},
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at) - [al(o) (- e sin(grtb

+a,(0) (cos(%l"th li@lar—-i)sin(él"t)ﬂ

xexp{-3vt+[3i(wiz ~ w)]t} (2. 20)

in which I'=[(w — wi2)%+41b1%]'/2, The quantities
a,(0) and a,(0) are the initial-state amplitudes at
time £=0.

A case of particular interest is that in which the
initial conditions are

a1(0)= 1, a2(0)=0.
Hence
2
|ay(8)|%= [cosz(él“th <9)12;w) smz(értﬁ e
(2.21)
2
| ay(t) |2= 4 Ir{)z sin? (3 Tt)e™™ .

The quantity |a,(¢)|? attains its maximum value for
t=1/y of 1/e at resonance (w=w,,) when |b|¢= 37.
The matrix element b determines the selection

rules and probabilities for transitions between
states. Table I gives the value of b for all the
pairs of states. The selection rules are the usual
ones for a magnetic dipole transition:

AF=0, £1

)

AMg=0 forH,=H} (2.22)

AMgp=+x1 forHI:sz?+H,f.

We do not observe the muonium-state populations
directly. Rather the quantity observed as the res-
onance signal is the number of decay positrons
emitted in a particular direction, which is one
aspect of the angular distribution of the decay posi-
trons. The decay of the muon in muonium is not
significantly influenced by the electron in muonium,
except insofar as the electron influences the spin
state of the muon. Hence if we observe the num-
ber of positrons emitted in the z direction, the
only relevant quantity which depends on the mu-
onium state is the 2z component of the muon spin
(1,.). For the two-state case discussed, the z
component of the muon polarization P, is given by

P(t)=P (et =(¥*|21,,| %)
= lay [Pt ] 20, x0) + [az |2 | 20,  x2)
+afay(xf |21, | xa) e 12t
+azgay(xz |20,/ xy) eferzt .

(2.23)

The probability of emission of a decay positron
with momentum y in the direction 8 per unit time
is given by!:%59:60
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TABLE 1. Matrix elements of b for ﬁizH i +H,f +H,k. The quantity b is defined by Eqgs. (2.18) and (2.19’). The

X'

spin functions for the four states defined in Fig. 1 are given in Eq. (2.4) of Ref. 2. The quantities s and ¢ are defined
by s=sin(} arccot x) and c=cos ( arccot x). The quantity x is defined in Eq. (2.11). The quantities B, and By are

defined by B, = (g #8/%) and Br=i(gLub/h).

Final \ Initial

state \state 1 2 3 4
1 (B, +Bp)H, (s By +cBy) (H,— iHy) 0 (¢By—sBy)(H,—iH,)
2 (sBy +cBy) (Hy +iH,) (c*-s%(B;— BpH, (cBy +sBy) (Hy— iH,) —2sc(B;— BpH,
3 0 (cBy +sBy) (H, +iH,) - (By + Bp)H, (- sBy +cBy) (H, +iH,)
4 (cBy — sBy) (H, +iH,) - 2sc(By - BpH, (- sBy +cBy) (H, - iH,) (s®~c)(B;— BpH,

N(y, 6, t)dy dQ2 = (211)'1';/312 [(3-2y)

+(2y =1)P,(t) cosfle " dydQ, (2.24)

in which y is measured in the unit of 3m,c and 6

is the polar angle with respect to the z axis.
Usually decay positrons of essentially all momenta
are observed, so we consider

NG, 1) dg2= [ N(y, 6, 1) dy dS2
= (4m) ™y [1 + 3P o(t) cosfle "t dQ . (2. 25)

It is also approximately true that the observation
of decay positrons occurs for all times 0< <,
Hence we calculate

N(8) = fo" N(8, #) dt
using Eqs. (2.23) and (2. 25):

d L]
N(0)=~Z% <1+ %vcose[(xfl%.lxl)l {ay|2at

+(xz [ 21| x2) fo laalzdt]> : (2. 26)
We have assumed that the muon decay rate y is very
small compared to the resonance frequency w;
which will be true for the transitions to be studied,
and hence the small contribution from the cross-
product terms in Eq. (2.23) which involve afa,
and afa, are neglected in Eq. (2. 26).

The special case given in Eq. (2.21) is of par-
ticular interest, and for this case Eq. (2.26) be-
comes

0 21b 2
N(6)=4_1r %1+§cos6 [(XNZIM‘X‘) (1'1“ +')’)

(2.27)

+ (xﬂzh.]xz)(?z"’lgl?zfﬂ}

The signal AN(6) in our resonance experiment
is the difference between the number of positrons
observed with the microwave magnetic field on
and with the microwave magnetic field off, and when
normalized for a single muon it is given by

a [
ANE)= =52 (- (cF 2L [x)

2162
+(x;]21ul,x2)]m? .

(2. 28)

This line shape of Eq. (2.28) is a Lorentzian
line shape with regard to variation of the applied
frequency w, and it has its maximum value when
w=w;y3. The full width between the half-intensity
points is given by

Bwyp=2mA S 5=2(4|b|2+77)' 2. (2. 29)

In the limit of zero microwave power (|b1%=0),
we would obtain the natural linewidth

Afl/z = 7/7" =0. 145 MHz. (Zo 30)

A nonzero value of 1512 contributes power broaden-
ing of the line. At resonance, the signal intensity
AN(8) ., is proportional to

AN(O) may < |b]2/(4|5|2+97). (2.31)
III. EXPERIMENTAL METHOD AND APPARATUS
A. Introduction

The transition studied in the present paper and
in the third paper of this series is that between
states 1 and 2 at strong magnetic field H (see Fig.
1), whose frequency v,, is given in Egs. (2.14)
and plotted in Fig. 2. This choice of transition
was based on the following considerations:

(a) A transition between two states at strong
magnetic field produces a larger signal than a
transition at weak magnetic field because of the
larger change in the polarization of the muons.

It is necessary, of course, to choose an allowed
transition for which AM =1, and hence either
transition 1 2 or 3 — 4 was needed, and indeed
either could have been used. (See below for a
further discussion of signal intensity.) It is ap-
parent from Egs. (2.15) that transition 2—4 is
not useful since its frequency v;4 in the strong
field case does not depend on Ay, which is the
quantity to be measured.

(b) At strong static magnetic field, depolariza-
tion of the muons (in the absence of the microwave
field) is expected to be small due to the strong
coupling of the muon magnetic moment to the static
magnetic field.

(c) The actual magnetic field value used of about
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6000G (x ~ 3. 8) was the maximum field attainable
with the available magnets and power supplies.

A schematic diagram of the experimental ar-
rangement® is shown in Fig. 3. Incident polarized
muons produced by the Columbia University Nevis
synchrocyclotron are stopped in a high-pressure
pure-argon-gas target, which contains a microwave
cavity. As discussed in a previous paper, 2 close
to 100% of the stopped muons form muonium, and
in the strong magnetic field H of 6000G, the mu-
onium-state populations formed will be approxi-
mately p;=3, p2=0, ps=0, and p,= 3 [see Eq.
(3.11), Ref. 2]. Decay positrons are counted by
the telescope of counters 3 and 4. In the absence
of microwave power, muons decay from the ini-
tially formed muonium-state populations and the
decay positrons are emitted preferentially towards
counter 2 [see Egs. (2.9) of Ref. 2]. In the pres-
ence of microwave power at the resonance frequency
V12, the probability that muonium isin state 2is in-
creased and the probability that it isin state 1 is
decreased [see Eq. (2.21)], and hence positron
emission towards counter 3 is increased. This
increase in positron counts in counters 3 and 4 due
to the microwave power is the signal of an induced
transition and it is given in Eq. (2.28). The sig-
nal is measured as a function of magnetic field H,
with fixed microwave frequency and power.

B. Magnet

The magnet was the solenoidal type magnet con-
sisiing of a set of two thick coils surrounded by an
iron sheath, which has been described in Ref. 2.
A 300-kW motor-generator set supplied the exciting
current of 600 A, and its output voltage was reg-
ulated to 0. 1%.

The magnetic field H used was 5800 G, which
was close to the maximum field achievable. The
average magnetic field over the volume of the
microwave cavity, which was 24.2 cm in length
and 19. 48 cm in diameter and was placed at the
center of the magnet, was 12 G higher than the
central field. The standard deviation of H over
this volume was 15 G, which is a fractional homo-
geneity of 0. 25%.

The magnetic field was calibrated and monitored
to an accuracy of 0.05% with an NMR probe using
H,O with 0.1 N LiCl. During the data taking, the
field was monitored at a point just outside the gas
target where the field differed from the central
field by 11 G.

C. Gas Target

The gas target shown in Fig. 4 consisted of a
cylindrical pressure vessel made of 304 stainless
steel inside of which an aluminum microwave cavity
was mounted. The front window of the pressure
vessel through which the muons enter had a thick-
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ness of 0.178 cm. Three ports were placed in the
midsection; one was used for a microwave power

input connector and the other two for gas inlet and
outlet ports.

The target was filled with argon at a pressure
of 800 1b/in.% The gas handling and gas purifica-
tion systems were the same as described in Ref.
2, and the heated titanium spongesz over which the
argon was continuously recirculated was operated
at a temperature of 750 °C, where the gettering
rate was high. This temperature was chosen on
the basis of studies of the gettering rate of air by
the titanium as a function of its temperature.
Mass spectroscopic analyses indicated that these
procedures resulted in argon gas in the target
with impurities of other than noble gases of less
than 10 ppm.

D. Microwave System

The requirement on the microwave system was
to provide a magnetic field E coswt of the proper
frequency, amplitude, and polarization to induce
the transition between muonium states 1 and 2.
At the static magnetic field H of 5800 G, the res-
onant frequency v, is approximately 1850 MHz,
as given by Eqs. (2.14) and in Fig. 2. The re-
quired amplitude H; can be determined from Eq.
(2.21) and Table I. The transition probability
willbe maximum (| a,12=1/e) for t=1/y if H;=1.3 G.
Since this initial experiment had as its goal the

Microwave
Power
Input
l Magnet Coils

Microwave
Cavity

Stainless Steel
Pressure Tank

(o} ! 2
@ Carbon Absorber

Lead 8 Brass Shield
- Plastic Scintillator

Scale in Feet

FIG. 3. Schematic diagram of the experimental ar-
rangement, indicating the high-pressure gas target con-
taining the microwave cavity, the scintillation detectors
(numbered 0—4), and the magnet. Scintillation counters
0, 1, and 4 were 8-in.~-diam circular counters and
counters 2 and 3 were square counters 3 in., X3 in. X %in.
and 10 in. x10 in. X3 in., respectively.
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first observation of an induced resonance tran-
sition in muonium, it was decided to use a higher
microwave field (H;~8.5 G was attainable with
our microwave system) which would yield a very
broad resonance line which would be easy to ob-
serve. The direction of ﬁl must be perpendicular
to H= Hk in order to induce the transition 1 — 2
for which AM=zx1,

A block diagram of the microwave system is
shown in Fig. 5. The microwave cavity operated
in the TM,;, mode, which had the following favor -
able characteristics: (a) A cavity resonant fre-
quency of 1850 MHz is obtained with a convenient
diameter of 19. 48 cm for the cylindrical cavity.

(b) The field H, in the cavity does not depend on
the axial coordinate z and has no z component.
Furthermore it has a simple dependence on the
cylindrical coordinates rand 6. (c) The TMy;,
mode is a low-order mode and is well separated
from other modes. The cavity was 24.2 cm in
length and its unloaded @ was about 26 000. The
temperature dependence of its resonant frequency
was approximately 20 ppm/°C. The microwave
power was fed into the cavity through a high-pres-
sure microwave connector which was terminated
with a loop of about 0.8-cm? area. The size and
orientation of the loop were adjusted to give a volt-
age standing-wave ratio (VSWR) of less than 1.1,
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The source of microwave power was a 1-kW cw
klystron amplifier (Varian C model No. 802B) as
part of an oscillator circuit including the microwave
cavity. The resonant frequency of the cavity deter-
mined the oscillation frequency. The feedback sig-
nal was obtained from a microwave pickup probe
in the slotted line and was fed to the input of the
klystron amplifier through a line stretcher which
provided phase adjustment. The oscillator fre-
quency drifts due to thermal changes of the cavity
were negligible for the accuracy of the initial ex-
periment reported in this paper. The microwave
frequency was measured to an accuracy of about
10 ppm by coupling out a small signal from the
feedback loop and using a transfer oscillator®® and
a superheterodyne frequency counter.® The short-
term stability of the oscillator was better than 10
ppm.

The amplitude of the microwave magnetic field
at the center of the cavity was 8.5 G when the full
1-kW output from the klystron amplifier was used.
This field produced a resonance linewidth about
30 times the natural width of 4 G, or 120 G as the
full width at half-maximum (FWHM), when the res-
onance line is obtained with fixed microwave fre-
quency by varying the static magnetic field [see Eq.
(2.28) and Table I]. The microwave power level
was monitored with a 30-dB directional coupler and
a bolometer. %

Using the microwave switch® in the feedback
line, the microwave power was pulsed on and off
in alternate beam cycles as discussed in Sec. IIIE.
In order to reduce heating of the microwave cavity,
the power was pulsed on only during the time the
synchrocyclotron beam struck the internal target.

E. Particle Detectors and Electronics

The particle detectors indicated in Fig. 3 were
scintillation counters, each viewed by a magneti-
cally shielded 6810A photomultiplier tube through
a 2-ft light pipe. The electronic logic system is
indicated by a block diagram in Fig. 6. The com-
ponent circuits were similar to those described in

879

FIG. 5. Block diagram of the
microwave cavity.

Cavity
T™ 110

22 ft. Cable

Ref. 2. A muon stopped in the target was indicated
by a 123 coincidence and a decay positron by a 342
coincidence. The stopped muon pulse (123) opened
a 3. 2-usec gate after a 0. 1-usec delay, the gate
being formed by a shorted delay line and a Schmitt
trigger circuit. A positron pulse (342) occurring
during the gate was registered as an event. Event
pulses and ungated 342 pulses were switched al-
ternately to two sets of scalers in synchronism
with the microwave on-off switching pulses. Ac-
cidental counts were monitored by requiring a co-
incidence between the gate and a 342 pulse delayed
by 3.3 usec. Typical counting rates relative to
the 123 rate were as follows: ungated 342, 6%;
events, 3%; and accidentals, 0.1%.

The microwave power was switched on and off
during alternate beam cycles, each beam cycle
consisting of four bursts separated by 1/60 sec.
This procedure assured that the muon beam at the
target was the same with the microwaves on and
off, since the frequency modulation of the synchro-
cyclotron was obtained with a set of rotating con-
densers with four blades. The microwave switching
pulses were derived from the cyclotron marker
pulses.

1V. DATA AND DATA ANALYSIS
A. Experimental Procedure

The muon beam was similar to that described
in Ref. 2. For the present experiment the beam
momentum was 140 MeV/c, and a magnetic channel
provided magnetic shielding.® A muon-beam duty
cycle of 2% was used (although a much longer duty
cycle was available with a vibrating target®®) be-
cause of the high instantaneous microwave power
required. With the pressure vessel filled with
argon to a pressure of 50 atm, the target stopping
power was 6.2 g/cm? and approximately 450
stopped muons per second were obtained.

Pure argon gas at pressures between 35 and 50
atm was used in the target. The gas purifier was
operated for 2 days before data were taken, and
the purifier was operated continuously throughout
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FIG. 6. Block diagram of electronic logic system.

the data taking.

Data for a particular resonance curve were
taken as a function of the static magnetic field
with fixed microwave frequency and power. For
each point on a resonance curve, data were taken
for about 40 min which corresponded to about 10°
stopped muons. Values for the gas pressure,
magnetic field, microwave frequency, and micro-
wave power were recorded, in addition to the 125,
ungated 342, event and accidental counts for the
conditions of microwaves on and off. Data were
obtained for three resonance curves for three dif-
ferent conditions of argon pressure and micro-
wave power as indicated in Table II. For each
curve, between 40 and 70 points were taken.
About 200 h of data taking were obtained.

B. Data Analysis

The data for each curve were fit to a Lorentzian
line shape. For each data point the observed sig-
nal height y was computed as follows:

_(E'/N'-A'/N"Y-(E/N-A/N)
y= (E/N-A/N) ’

in which N, E, and A are the number of stopped
muons (123), events and accidental counts with the

(4.1)

microwave power off, respectively, and the primed
symbols are the same quantities with the micro-
wave power on. Then the set of points for mag-
netic field and signal, (H,, y,), were fit by a
least-squares procedure to the simple Lorentzian
line shape:

Sa=Ay/[A%+ (H, - Hp)?]. (4.2)

The amplitude A, the linewidth A, and the center
or resonance field Hj are all parameters to be
determined from the fit, and the quantities S, and
H, are the signal and corresponding magnetic field.
The justification for the representation of the
data by Eq. (4.2) is provided by Eq. (2.28). In
Eq. (4.2) the resonance term in the denominator
is (H, - Hy)? rather than (w — w;)? as in Eq. (2.28).
This substitution is an approximation as can be
seen from Egs. (2.14), and it is adequate for the
accuracy of the present paper since the linewidth
in magnetic field AH (FWHM) is a small fraction of
the center field H,. The theoretical line shape
given in Eq. (4. 2) neglects the following factors:
(a) variation of the static magnetic field over the
microwave cavity volume; (b) variation of the
amplitude of the microwave magnetic field over
the cavity volume; (c) variation of effective solid

TABLE II. Data and results of analysis for observed resonance lines.

Microwave Microwave Linewidth
Line Number of Argon power frequency Line center, H, (FWHM) Av
designation data points (W) (MHz) (G) (G) (MHz)
1 64 50 800 1850.083 5725 120 4461.21
2 70 50 240 1850.673 5742 44 4461.09
3 42 35 400 1859.595 5988 66 4461,78
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FIG. 7. Observed signal height as a function of static
magnetic field. The three curves were taken under the
following conditions of argon gas pressure and micro-
wave input power: (a) 50atm, 800 W; (b) 50atm, 240 W;
(c) 35atm, 400 W, The zero of the horizontal axis is the
expected line center, which is calculated under the as-
sumption that there is no hfs pressure shift. The solid
lines are least-squares fit Lorentzian functions calculated
as described in the text.

angle for positron detection over the cavity volume;
(d) effect of static magnetic field on decay posi-
tron trajectories, and hence on positron detection
efficiency, as a function of momentum and posi-
tion of origin in the cavity; (e) distribution of
stopping muons in the cavity; and (f) finite gate
time for observation of decay positrons. The ne-
glect of all of these effects constitutes approxima-
tions which are valid for the purposes of the pres-
ent paper; the third paper of this series will treat
these effects.

A least-squares fit of the data points for each
resonance curve to the Lorentzian function Eq.
(4. 2) was made and the x? value was computed:
n P 2
xt= 3, e Sal (4.3)

asl Oq

in which o, is the standard deviation of y, calcu-
lated from the statistical counting error. The pa-
rameters A, A% and H, were chosen to minimize

XZ

Table II gives data on the fits for the three res-
onance curves. The x® values indicated satisfactory
fits. In order to obtain the field value H,, the
weighted average field over the cavity, considering
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the solid angle factor subtended by the positron
detector at each point, was calculated.

The resonance curves are shown in Fig. 7. For
purposes of display, the many experimental points
are grouped together and statistical counting errors
are indicated. The solid curves are the fits to the
data given in Table II. The first resonance curve
[Fig. 7(a)] observed was that with an argon pres-
sure of 50 atm and a peak microwave input power
of 800 W. The FWHM value of the line is about
120 G. The natural linewidth given by Egs. (2.17)
and (2. 30) is only 4 G and the static magnetic
field inhomogeneity is about 15 G; the principal
cause of the linewidth is microwave power broad-
ening. The maximum signal intensity is 4% and
can be estimated as follows:

Smax=S1fof3 S5 s= (0. 8) (0. 8) (0. 4) (0. 5) (0. 5) (0. 8)

=0.05 , (4.9)

where f; is the fraction of muons in stopping beam,
~(.8; f,is the polarization of muon beam, = 0. 8;
f3 is the fraction of muons stopping in gas and
forming muonium incavity, =~ 0. 4; f, is the fraction
of muonium atoms in state 1, ~0.5; f; is the frac-
tional change in decay positron detection proba-
bility associated with microwave induced transition
causing a saturation mixing of states 1 and 2, ~ 0. 5;
and fg is the factor associated with finite solid
angle subtended by positron detector at gas target,
which reduces effective asymmetry of positron de-
cay from different muon spin states, = 0. 8.

The theoretical estimate of S, is in good agree-
ment with the observed maximum signal of 4%.

The second resonance curve [Fig. 7(b)] was
taken with a reduced microwave power of 240 W,
and its FWHM value is 40 G. The third resonance
curve [Fig. 7(c)] was taken with a lower gas pres-
sure of 35 atm, and has a somewhat lower signal
due to the smaller fraction of the muons stopping
in the gas relative to the walls and counter 2.

C. Effect of Gas Impurities and Microwave Electric Field:
Muonium Chemistry

After the data shown in Table II were obtained,
a brief study was made of the effect of gas impuri-
ties in the argon on the intensity of the resonance
signal. ® The procedure was to add small amounts
of air to argon at a pressure of 50 atm and then to
observe the maximum intensity of the resonance
signal. Addition of xenonto the argon was also
studied. The results are shown in Table III. It
is clear that air as an impurity reduces the res-
onance signal, and, in sufficient amount, elimi-
nates the signal entirely. The xenon, even in rela-
tively large amount, produced no effect on the res-
onance signal. These data constituted our first
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TABLE III, Effect of gas impurities on resonance

signal.
Target gas Signal intensity (%)
Tank argon (Linde) 6.10+0.60
90% tank argon +10% xenon 6.37+0.60
Tank argon +70-ppm air 2.12£0.60
Tank argon +200-ppm air 0.35+0.69

observations of muonium chemistry which was
later studied in some detail.™® The effect of air
in reducing the signal is believed to be due prin-
cipally to depolarization of muonium in spin ex-
change collisions with oxygen. Xenon is not ex-
pected to have an effect on the signal because mu-
onium formation in xenon should have a near unity
probability as it does for muons stopped in argon,
and muonium collisions with xenon should not de-
polarize muonium. It is worth noting that a good
resonance signal was observed with tank argon
without further purification. It is plausible that
the present high-field resonance experiment is
less sensitive to gas impurity than the low-field
muonium precession experiment,

For positronium, an electric field increases
the fraction of the positrons stopped in a gas that
form positronium, due tothe acceleration of slow
positrons.™ In order to determine whether or not
such an effect is important for muonium, the sig-
nal y of Eq. (4.1) was measured at an argon pres-
sure of 50 atm and at the maximum microwave
power, using an off-resonance static magnetic
field value of H=100 G. The signal y associated
with the microwave field was zero to within the
statistical error of 0. 01, thus indicating that the
microwave electric field does not appreciably in-
crease the formation of polarized muonium. In
view of the theory® that muonium is formed at en-
ergies well above the threshold energy and also
of the smallness of the parameter E/p (E is the
amplitude of microwave electric field and p is the
argon gas pressure), which characterizes the gain
in energy of the muon from the electric field, this
observed result was to be expected.

V. RESULTS AND CONCLUSIONS

Values for the hfs interval Ay were obtained
from the observed values of the microwave fre-
quency v = v, and corresponding center magnetic
field value Hy as given in Table II. An equation
for Av is obtained by solving Eqgs. (2.14),

Ap= (vie = (uhgl/ps g Hol [vip — (g,/8) Hol (5.1)
Vizg = [(g.l/gl’:) + (H‘Egﬁ/#%g;)]‘”o/z ’

in which gj is the g value of protons in water de-
fined in terms of the electron Bohr magneton u g,
and the static magnetic field H; is expressed as
the proton resonance frequency in water. We use

the measured values3®"

wor
—Eg—&ﬁilg, =3.183363+ 0. 000041 (13 ppm), (5.2)
»

5,! = - 658. 215909 0. 000044 (0. 07 ppm). (5. 3)
’
The value for phg./u%g, is obtained from Egs.

(2.6) and (2. 13), together with a measured value™
of 26.0%10® for the magnetic shielding of protons
in water. Hence, using Eq. (5.1), we obtain the
values of Ay given in Table II.

The error in each Ay value is due principally
to the inhomogeneity of the static magnetic field.
The rms standard deviation (AH),,, of H over the
cavity volume was 14.1 G, as discussed in Sec.
IIB. (This standard deviation was weighted by
the solid angle subtended by the positron detector. )
Using the expression for av,,/8H of Eqs. (2.17)
and (5.1), we obtain the error contribution due to
magnetic field inhomogeneity as

—aaAiIli |H-H0 (AH)NM= 1.4 MHz. (5_ 4)

The second important error source is the hfs
pressure shift. Since the experiment reported in
this paper was not sufficiently accurate to detect
a pressure shift, the value of the linear fractional
pressure shift for hydrogen in argon measured in
optical pumping experiments at relatively low pres-
sure’ is taken to represent the fractional pressure
shift for muonium in argon. Hence using

1 Ay -9 )

o (4.78x0.03)x10"°/Torr at 0°C, (5.5)
we find a shift of —0.81 MHz at 50 atm, which is
considered as an error.

The combined error from the two above sources
is obtained by adding the errors in quadrature to
give 1.6 MHz. The statistical counting error is
relatively small, and we take the over-all error
estimate to be 2. 0 MHz.

The final result for Ay is obtained by averaging
the three values given in Table II, weighted by the
number of individual data points for each resonance
curve. The value is

AVqr=4461.31 2, 0 MHz, (5.6)

in which the error is a 1 standard deviation error.
This experimental result agrees with the theo-
retical value

AVipgor=4463. 282+ 0, 062 MHz (14 ppm) (5.7)

given in Eq. (2.10) to within the experimental er-
ror of 1 part in 2200. This agreement provides a
confirmation of the theoretical formula for Ay [Eq.
(2.1)] to the term of order o°R..

A precision measurement of Ay by the method
of this paper will be described in the third paper
of this series.
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Precision measurements of the energy differences §4(4 25,y —4?P; ;) and AE,~ 8 ,(42P,,
-4’8y, in (He")* are reported. The experimental results, 84=1768+5 MHz and AE;~§,
=20179.7+1,2 MHz, agree with the values predicted by quantum electrodynamic theory, §,
=1768.34+0.51 MHz and AE;—- 8§,=20180.78+0.56 MHz. An electron gun excites the states
of interest in a section of waveguide containing helium gas. A magnetic field applied perpen-
dicular to the waveguide axis is used to scan a microwave resonance between suitable Zeeman
levels for a fixed frequency of oscillating electric field in the waveguide. Any induced elec-
tric dipole transitions 425;,,—~ 4 2P, or 425, ,,—~ 4P, , reduce the intensity of 1215- & radia-
tion which is emitted in the natural decay of 4S to 2P. This light is directed onto an ultra-
violet-detecting phototube whose output is measured by a lock-in detector for which the syn-
chronous signal is provided by square-wave amplitude modulation of the microwave field.
The resonances obtained by varying the magnetic field are fitted to a theoretical line-shape
formula by a computerized least-squares program. The resulting best-fit parameters in-
clude either §, or AE, -8, depending on the transition studied. Consideration is given to
the dependence of the resonance center on the gun current, helium pressure, and microwave

power level.

I. BASIS OF THE EXPERIMENT
A. Introduction

The fine structure of one-electron atoms has been
the subject for much experimental and theoretical
investigation since 1947, when Lamb and Rether-
ford' discovered that, contrary to the Dirac theory,
the states 2 25, ,, and 2 2P, ,, in hydrogen were non-
degenerate. In addition to the “Lamb shift” §, (in-
terval between n2S,/, and n %P, ,), another important
energy separation AE,=n?P;,, - n?P,,, can be de-
termined, which yields a value for the fine-struc-
ture constant @, the expansion parameter in quan-

tum-electrodynamic (QED) theory.??® In the case
of hydrogen, disagreements have existed among dif-
ferent experiments and between experiment and
theory on the value of §, as well as among various
experimental results for the value of AE,. The
present research was undertaken with the ultimate
hope that fine-structure measurements in the n=4
term of singly ionized helium would remove some
of the difficulties surrounding the value of §, in H
by limiting the coefficients of certain uncalculated
n- and Z-dependent QED terms, and perhaps,
through the value of AE,, provide another competi-
tive determination of @. This paper reports the



