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been measured for the first time by a beam-foil-Th L b shift in muonium hase am
techni ue. The value obtaine iss ectroscopy radio-frequency technique.

nt theoretical value of 1047.03 MHz.
spec r

f 2 MHz compared with the presen eotematic uncertainty o

PACS numbers: 36.10.Dr, 12.20..Fv 13.10.+q

The measurement of the Lam b shift in hydrogen
ification of quan-rovided the first experimental veri. icat'

turn electrodynamics
theor . How-f the most rigorous tests of the theory. ow-one o e

ever, recent measurements of the Lam b shift in hy-
drogen show a possi e'ble discrepancy with theory at

f 40 m, ' which may be explained yb
the difficulty in estimating proton structure e e
The Lamb shift has been calculated4 to the few
parts per mil ion eve'1'

1 el for the hydrogenlike muoni-
( + e ) atom, where finite nuclear size e ec sum ~p, e ao

b nt while similar quantum e fee.fects are in-are a sen, w

h corn arablevolved. A muonium experiment wit„p
precision cou usld thus test QED without the ambigui-
t present or y rof h d gen. We report here the irs

( f) measurement of the muoniumradio-frequency &r mea
b shift. This measurement, with precision aLam s i

ex lore the feasi-h rcent level, is intended to exp
bilit of a QED test. Such a test would comp

'
m liment

nts of energy level differ-the present measuremen s o
hi h-Zositronium, 5 hydrogen, and hig-ences in posi r

1 dia ram isatoms. eTh muonium energy level
'

g
shown in Fig. 1.

t TRIUMF and LAMPF have es-Experiments at
elocit distri-tablished the flux and estimated the ve oci y is

Ref. 7) and 2S (Ref. 8) muoniumbution of 1S (Ref. 7 an
from oi s omf l b mbarded with muons. The rac i

m arablein the 2S muonium state is compemerging in e
n e of c/50f r h drogen' in the velocity range oto that or y ro

in the presentto c/200. These rates are confirmed m e p
the resonant deexcitation of

the 2S state provided a distinctive signature o
muonium.
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FIG. 1. Schematic of the muonium ene gyner levels.

15.4-MeV/c positive muon beambeam with 7%
ntum acceptance (full width at half max-

line into ethe evacuated apparatus s own in Fig.
m lasticthroug a -p,h 50- m Mylar window. A 63-iu, m p
nt onascintillator (X) detected particles incident
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FIG. 2. A schematic of the apparatus, showing a good
event in which a Lyman o. photon is detected in micro-
channel plate (MCP1) from deexcitation of p, +e (2S) in

the quench region,

0.75-p, m aluminum foil. Muons and muonium
emerging from the foil passed through an rf
transmission line into a static electric quench field
( —300 V/cm) and were detected by a rectangular
(92&& 75 mm) microchannel plate (MCPB). Transi-
tions from 2S to 2P states induced in the 3.4-cm-
long rf transmission line region depopulate the
n = 2 state. At resonance with 12.5 W of rf power,
approximately one-third of the 2S muonium mov-
ing at c/70 would survive the rf region. The life-
time of the surviving 2S muonium in the quench
region was reduced to about 8 ns due to Stark mix-
ing. The resulting Lyman n radiation was detected
by two (40-mm-diam) CsI- coated microchannel
plates (MCP1 and MCP2). Positrons in the beam
or from muon decay were detected, with an effi-
ciency of about 98%, by a rectangular box of thick
plastic scintillators (BOX). Quartz halogen light
bulbs were mounted near the MCP's but outside
the beam path to facilitate baking of the MCP's and
testing of their photon efficiency and pulse-height
response.

After adjusting beam parameters for optimum
flux of particles with velocity near c/70 between X
and MCPB, data were accumulated in runs of ap-
proximately eight hours over an eight day period.
The rf power was maintained at either 2, 12.5, or 25
W during a run and, to average over possible slow
drifts in beam conditions and detection efficiency,
the frequency was changed every few minutes. An
event was defined by a count in either MCP1 or
MCP2 as well as in MCPB within 450 ns of detec-
tion of an incident muon in the X scintillator.
Events were veteod for which any MCP fired in fast
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coincidence with a BOX scintillator.
The apparatus was tested in a similar configura-

tion with the beam line tuned to produce an op-
timum flux of c/70 protons between X and MCPB.
This allowed estimation of the efficiencies of MCP1
and MCP2 for Lyman o. detection, using measured
neutral fractions for hydrogen'o and assuming 10'/o

were in the 2S state. An efficiency of about 11%
was obtained, in reasonable agreement with a quot-
ed value of 14'/o for similar detectors. '2

FREQUENCY {MHZ j

FIG. 3. The intensity of the muonium 2P-1S signal is
plotted (triangles) for the measured rf frequencies and
powers. The circles, representing the background inten-
sities (before imposing timing criteria), give an indepen-
dent test of the normalization (error bars are smaller
than the circles). The smooth curve is the fit with three
free parameters: signal amplitude, background ampli-
tude, and the Lamb shift (see Table I, fit III). The two
resonances correspond to the transitions 2S~~z(F
=1) 2Pt~q(F= I) at 1140 MHz and 2St~2(F= I)

2Pt g(F = 0) at 1327 MHz. The dashed curve is a fit
with two free parameters: signal amplitude and back-
ground amplitude. The dotted curve is a fit with four
free parameters: signal amplitude, background ampli-
tude, peak width, and peak position.
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Off-line .analysis started by requiring the follow-
ing criteria for the time relationship between X,
MCP1 or MCP2, and MCPB:

(1) The time of flight between Sand MCPB cor-
responded to a velocity betweeen c/55 and c/200.

(2) MCP1 or MCP2 fired after the particle en-
tered the quench region, but more than 5 ns prior
to striking MCPB.

(3) The interval between entry into the quench
region and detection of a Lyman o. photon was less
than 20 ns.

(4) No muon arrived in X before the preceding
muon had reached MCPB.

These requirements removed 99.98'/0 of the
recorded events. Restrictions on the MCP pulse
heights removed less than 20% of the remaining
events. The time distribution of the remaining
events displayed a signal with a quench lifetime of
about 8 ns, plus a background consistent with the
random coincidence rates.

The remaining number of events was normalized
by the X MCPB coincidences at each frequency
and power. To check for the effect of stray rf fields
on the efficiencies of MCP1 and MCP2 and to
check the normalization of the data, the total (i.e. ,
before imposing time requirements) number of
events at each frequency and power was normalized
in the same way. The data are shown in Fig. 3.
Also shown are fits consisting of a power-in-
dependent flat background plus the resonance curve
determined from the 2S muonium velocity distribu-
tion and the total transition rate to the 2P states.

The total transition rate at each frequency and
power was the sum of the individual transition rates
between the 25 and 2P hyperfine levels. The indi-
vidual rates are functions of the Lamb shift because
they depend upon the energy differences between
the initial and final levels. '3 Since the transition
rate is proportional to the rf power, the data at all

three power levels were fitted simultaneously with
that requirement. The frequencies for this mea-
surernent were chosen to optimize our sensitivity to
the position and amplitude of the known double
peaked line shape, in the data collection time avail-
able. The velocity distribution of 2Smuonium was
taken to be the product of the observed velocity
distribution between X and MCPB and the fraction
of the beam in the 2S state as calculated from hy-

drogen data. '0 The Lamb shift obtained from the
fit was found to be quite insensitive to the exact
velocity distribution. Consistent values were ob-
tained when the data for MCP1 and MCP2 were
analyzed separately. The results of the fitting pro-
cess under a variety of conditions are summarized
in Table I. The contribution to X2 from the data at
different power levels is given separately as only the
12.5- and 25-W data contain significant frequency
information. The 2Pt~2 level splitting and mean life
converge to reasonable values when freed in the fit.
Our final results are based on fit III.

In order to study the sensitivity of the data to the
line shape, the sum of the 12.5- and 25-W data was
fitted. The fit to this data with a single resonance is
shown in Fig. 3 along with the fit using the theoreti-

TABLE I. Results of fits to the data.

Signal
ampl i tude

Backg round
ampli tude

Lamb
shift
(mz)

Hyperfine
splitting

pL /2
level
(Mhz)

1/2
Mean
life
(ns)

Total X

contribution
2W 12W 25M

Degrees of
freedom

Fixed 0 51.1+ l. 7 5 ~ 8 6 ~ 3 20. 0 17

40-7+8. 1

43.3+8.3

19.8+6 ~ 0

17.2+ 6.3

1047.0

1069.8
+ 13 ~ 3

187

187

1.6

1.6

4. 5

4.4

2 ' 3

1 ~ 3

3-0

2-7

16

15

43.7+8. 3 17.2+ 6.3 1068.0
+13.6

205
+35

1 ~ 6 4.4 1.2 1.6

41 ~ 2+ 11 ~ 6 19.4+10.1 1069.6
+13.6

203
+36

1.8
+0.8

4.5 1.4 13

'Theoretical Lamb shift of rnuonium.
Theoretical hyperfine splitting of the 2P~/2 level.

'Theoretical 2P~/2 mean life.
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Source of sy"tematic uncertainty

Resulting
uncertainty

(MHz)

25% uncertainty in rf power
1% rf power variations per 100 MHz

for data at same nominal power
5 uncertainty in alignment of rf

cavity with beam direction
Uncertainty in velocity distribution
1 G uncertainty in magnetic field
2% nonlinearity in normalization

1.4

0.3

1.3
0.1

0.1

1.0

TABLE II. Estimated magnitudes of effects caused by
systematic uncertainties.

could in principle be reduced, for instance, by a
larger angular acceptance from the foil; however, it
appears that such improvements result in larger sys-
tematic uncertainties.

We would like to thank T. Oka and F. M. Pipkin
for their help in the initial design of the rf transmis-
sion line. The assistance of G. A. Ludgate and
G. Morris was very much appreciated. This work
was supported in part by the Natural Sciences and
Engineering Research Council of Canada.

cal line shape. The X' per degree of freedom is 5.5
and 1.0, respectively, for these two fits, showing
that the theoretical line shape is strongly preferred.

The sensitivity of the measurement to systematic
effects is shown in Table II. These are believed to
be uncorrelated and so are added in quadrature giv-
ing a total systematic error of 2 MHz.

It is useful to estimate the yield of 2S muonium
from the aluminum foil in order to aid in the design
of future experiments. However, the detection ef-
ficiency of MCPB for muonium is unknown and ex-
trapolation from electron and ion data'2 is difficult.
Assuming an average efficiency of 25% we find that
about 31 2S muonium emerge from the foil for an
incident p,

+ flux of 4&&10 per second, in agree-
ment with the 1S data of Bolton er al. 7 (after
correcting for our reduced stopping rate at the sur-
face of the foil and assuming one-tenth of the neu-
trals were in 2S state), and slightly less than Oram
e~ al. '

In conclusion, we have measured the Lamb shift
of the 2S state of muonium to be 1070+» + 2 MHz,
within two standard deviations of the calculation by
Owen6 of 1047.03 MHz. The main limitation in
this type of experiment is the low stopping density
of available muon beams. Using present beams,
the statistical uncertainty in future experiments

~'~ Present address: Physik-Institut de Universitat
Zurich, Schonberggasse 9, CH-8001 Zurich, Switzerland.
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