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The negative muonium ion, Mu =p+e e, has been produced by double electron pickup as a
beam of positive muons passes through thin foils of various materials. The Mu ions were detected
by electrostatically accelerating and analyzing the ions in a magnetic time-of-Aight spectrometer.
Yields of Mu, Mu and p+ as well are reported when p+ with kinetic energies from 380 to 800 keV
impinge on thin Be, Al, and Au foils. A Monte Carlo simulation provides good agreement with the
experimental results.

I. INTRODUCTION

Many experimental and theoretical studies have been
done on charge-changing processes. ' Naturally, the
most extensively studied species have been the ions of hy-
drogen. In contrast, little experimental data are available

concerning charge capture by muons from solids.
The muonium ions (Mu+ —=p+, Mu=—p+e, and

Mu =p+e e ) can be thought of as light isotopes of
the hydrogen ions. They are of special interest, because
they are purely leptonic and can be used for sensitive
tests of quantum electrodynamics (QED). The neutral
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muonium atom was recently produced in vacuum by a
beam-foil method. Since then great effort has been de-
voted to measuring the Lamb shift of the muonium atom
in the n =2 state. ' With the discovery of the nega-
tive muonium ion Mu, another simple three-body sys-
tem, besides H and the negative positronium ion Ps, is
available for spectroscopy and collision studies. ' ' "
Since all these experiments require an intense source of
muonium in a vacuum environment, it is important to
study the production process itself.

The interaction of charged particles with matter is also
of fundamental interest. At the velocity region at and
below the maximum of the stopping power, the charge-
exchanging processes become important. They contrib-
ute to the phenomena of energy loss and multiple scatter-
ing. However, the processes are not weil understood.
Careful experimental studies are very valuable for better
understanding of the process. In this paper we expand on
our earlier report about the formation of the negative
muonium ion, and present our measurements of the
yields of all muonium ions together with Monte Carlo
simulations when positive muon beams of 380—800 keV
kinetic energy (momenta of about 9—13 MeV/c) passed
through thin metal foils.

II. CHARGE- TRANSFER PROCESSES

It has long been recognized that charge-transfer pro-
cesses, which have been studied by many experimentalists
and theorists, ' play an important role in atomic col-
lisions and processes in complex atomic systems. In par-
ticular, a great deal of work has been done on hydrogen
passing through gaseous targets. A proton traveling
through a gas undergoes electron-capture and -loss pro-
cesses. After a certain distance of travel, equilibrium is
reached. For a three-component system, such as H, H,
and H+, there are six charge-changing processes. The
equilibrium charge fraction can then be computed using
the cross sections for the six processes.

The electron-capture processes of a proton in solids is
much more complicated. The three charge states for hy-
drogen ions from solids were first studied experimentally
by Phillips. ' The experiment was repeated with a deu-
terium beam. ' The general observations of the charge-
capture processes are that the fraction of a charge state is
(i) strongly dependent on the velocity of the projectile, (ii)
weakly dependent on the target material, and (iii) in-
dependent of the mass of the projectile. Therefore, a ve-
locity scaling rule can be applied, i.e., the charge fraction
for a muon is the same as that for a proton at the same
velocity. This scaling rule has been verified down to 4
keV/amu in both transmission experiments' ' and back-
scattering experiments' ' in which the charge fractions
of reflected particles were measured.

Based on the proton data, ' the fractions of the charge
state for muonium ions emerging from a solid foil can be
plotted as a function of the energy, as shown in Fig. 1.
Most of the neutral muonium atoms have less than 20
keV kinetic energy, while the fraction of the negative
muonium ions becomes significant only for kinetic ener-
gies below 5 keV. The integrated rate of production of
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FIG. 1. Charge fractions of emerging muonium ions as a
function of kinetic energy of emerging ions for p+ incident on a
foil. Data are obtained by velocity scaling the proton data.

the negative muonium ions is about 2 orders of magni-
tude lower than that of the neutral muonium atoms.

It appears that the conventional description of the
charge-state equilibrium of particles at higher velocities
( & Z Uo, where uo is the Bohr velocity of 2. 2 X 10
cm/sec) in gases can be adapted to solids. At these veloc-
ities, the capture and loss processes are due to the in-
teraction with the inner shells of the target atom. A par-
ticle experiences electron-capture and -loss processes as it
travels through a solid. The equilibrium of the charge
state is reached after some number of collisions. The
charge-state fractions can then be obtained by using cross
sections computed for gaseous targets. This picture has
been successfully used to describe the neutral fraction
emerging from solid carbon with an incident proton
beam. ' Since the fraction of the negative ions is negligi-
ble at these velocities, a two-component system, i.e., posi-
tive and neutral charge states, is assumed.

The concept of capture and loss inside the solid may be
meaningless for velocities below the Fermi velocity of the
electrons in a solid. (A typical Fermi velocity in a metal
is about the same as the Bohr velocity uo. ) Because of the
collective screening by the target electrons in the metal
and collision-broadening effects, there is no bound state
in a metal. ' Therefore interactions at the surface, where
screening is less effective and processes such as Auger
neutralization, resonance neutralization, resonance ion-
ization, and recombination can take place, become impor-
tant. ' '' However, due to the complexity of the process-
es, there is no single theory that can explain all the exper-
imental data.

At low velocities ( ~ vo ) double-charge capture be-
comes significant. The fraction of negative ions increases
monotonically with decreasing energy down to 4
keV/amu. ' ' In fact, it was found that the fractions of
H and H depend exponentially on energy in the region
from 30 to 340 keV. The processes were also studied in
a backscattering experiment for energies below 4
keV/amu. ' As the energy decreases, double-charge cap-
ture reaches a maximum at about 3 kev/amu for most of
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the metallic surfaces. A strong correlation between the
work function of the target material and the formation of
negative ions was observed. As the work function de-
creases, the maximum of the charged fraction moves to-
wards lower energy and the amplitude of the maximum
increases. The theories for the formation of negative ions
at a surface were developed for alkali-covered surfaces.
The general description is that a H+ is first neutralized
near the surface, then captures another electron at some
distance from the surface. It may then lose an electron
by resonance neutralization. However, this picture
cannot be applied directly to other metal surfaces, ' and
at present there is no reliable theory for the formation of
negative ions in beam-foil experiments.

III. APPARATUS AND PROCEDURE

Accelerator earn Stop

Plastic
Scintillator
Bending Magnet
Pole Tips

ctor For
m Detection

The experiment described here employed the beam-foil
method and used a separated subsurface beam of positive
muons. The stopped muon channel (SMC) at the Clinton
P. Anderson Meson Physics Facility at Los Alamos Na-
tional Laboratory (LAMPF) was tuned to a low-
momentum subsurface p+ beam, such that the peak of
the stopping profile was centered near the downstream
surface of the production foil. The experimental ap-
paratus is shown in Fig. 2. The muon beam passed
through a thin scintillator and a 0.2-mg/cm aluminum
protection foil which prevented sparking at high voltage.
The production foil was mounted on the high-voltage end
of an electrostatic accelerator column capable of opera-
tion up to +25 kV, while a highly transparent copper
mesh (90% transmission) held at ground potential main-
tained a uniform accelerating field. Three different foils
were used as charge-exchange media. The particles were
selected for charge state and momentum by a wedge-
shaped 60 bending magnet with double-focusing proper-
ties symmetric about the central trajectory of the parti-
cles. A solenoid of 130 cm length transported the ions
away from the direct beam into a background-reduced re-

gion. As a result of its fringe fields, this solenoid focused
the beam onto a microchannel plate (MCP) detector. The
decay positrons from muons were observed in either of
two pairs of scintillator telescopes installed above and
below the MCP. The characteristic Michel energy spec-
trum of the positrons from p decay was measured with
a NaI(T1) detector. Neutral muonium atoms were also
collected downstream in the straight direction on a
Teflon plate which subtended a solid angle of about 10
msr at the production foil. The decay positrons from
muons incident on the beam stop were observed with
another NaI(T1) detector. Time-of-flight spectra were
taken with the muon counter (plastic scintillator), micro-
channel plate, and scintillator telescopes. The data were
read into a Digital Equipment Corporation PDP-11/34
computer via a CAMAC interface. For this exploratory
experiment, the design of the apparatus was a comprom-
ise of optimization of the signal rate for Mu and availa-
bility of components for the spectrometer.

A. Subsurface beam of positive muons

The subsurface p+ beam is highly polarized and has a
duty factor of 6%%uo, characteristic of the primary proton
beam in the linear accelerator. An (EXB) separator was
used to reduce e+ contamination of the p+ beam. Since
the diffusion of radioactive gases in the channel created
high background rates in the scintillator and MCP detec-
tor, a gas barrier of 1.5 pm Mylar was inserted in the
beam line. The effect of the gas barrier was the following:
It left the vacuum upstream at about 5X10 Torr, thus
retarding the diffusion of the radioactive gases ( He, ' N)
in the 30-m-long channel such that most decayed before
reaching the barrier. The downstream vacuum was about
3 X 10 Torr. The 1.5-pm gas barrier itself could
effectively prevent nitrogen from diffusing through. The
beam-spot size of the downstream end of the channe1 was
calculated to be about 5 cm full width at half maximum
(FWHM) using the computer code TRANSPORT. ' The
beam was collimated with 7-cm-thick Pb blocks, which
had a circular opening of 7.6 cm in diameter, before it en-
tered the apparatus.

The incident muon beam was monitored by a 2-
mg/cm plastic scintillator, which served both as a de-
grader and as a muon counter. This thin plastic scintilla-
tor from Nuclear Enterprises (NE102A) is essentially
identical to that used in an experiment on formation of
muonium in the 2S state and observation of the Lamb-
shift transition. ' The detection efticiency of the muon
counter was estimated to be (97+1)% for muons. An
average flux of 140 X 10 p+/sec was obtained.

CP Detector

II t I
Accelerator

t

2,5 c

FICs. 2. Schematic diagram of the experimental apparatus for
observation of the charge states of the outgoing beams from
positive muons passing through a thin foil.

B. Production foils

As indicated in the proton experiments, the neutral
and the negative fractions are almost independent of the
foil material. ' Since the atomic electrons in the foil have
a typical velocity of Uo, it is most probable for muons of
similar velocity, i.e., a few keV of kinetic energy, to cap-
ture electrons in the foil. In order to maximize the num-
ber of muonium atoms and negative muonium ions pro-
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duced, it is necessary to have as little material as possible
in the beam, thus allowing the use of a low-momentum
beam of small range straggling and high stopping density.

Since energy loss and multiple scattering ' are
strongly Z dependent, it is interesting to investigate these
effects with foils of different atomic numbers. The foils
used were beryllium (Z =4), aluminum (Z =13), and
gold (Z =79). Their properties and thicknesses are listed
in Table I. The momentum of the p+ beam was tuned to
accommodate the different thicknesses of the foils. By
tuning the beam momentum in steps of 0.25 MeV/c, the
muonium rate in the straight channel was optimized for
the Al foi1. For the Be and Au foils, the beam momenta
were chosen on the basis of range and energy-loss calcula-
tions such that the centroids of the energy distributions
of the outgoing muons would be close to that for the Al
foil.

C. Magnetic spectrometer

The design of the transport system for low-energy posi-
tive muons or negative muonium ions is based on calcula-
tions using the computer code TRANSPORT. The beam
envelope is computed, assuming a phase space of
0 o „=o o =4 cm X 200 mrad and a momentum
spread of +5% at 2 MeV/c central momentum after the
accelerator stage. The bending magnet, shown in Fig. 2,
served as both a charge and a momentum selector. Parti-
cles with the appropriate sign of charge and momentum
were deflected by 60'. Since the beam intensity of the
negative muonium ions is very low, it is desirable to use a
wedge magnet with double-focusing effect. ' TRANS-
PORT calculations show that a wedge magnet of
"effective" 28' will give the best focusing effect in both
the horizontal and the vertical planes. Therefore, an H-
frame magnet with pole pieces forming a 28 wedge was
used. A Monte Carlo calculation shows that the magnet
has a momentum acceptance of about 30% (FWHM).
The bending radius is 22.7 cm. Because of limitation in
space, the optimum double-focusing condition was not
used. However, the system results in a symmetric beam
envelope in the horizontal and the vertical planes accord-
ing to TRANSPORT calculations.

As is well known, the fringe field of a solenoid can pro-
vide focusing for a charged-particle beam. Unlike a
quadrupole magnet, a solenoid has no defocusing effect.
It is therefore preferable to use a solenoid as a focusing
element for a low-energy beam. The coils of the solenoid
are made of 2.54-cm-wide and 50.8-pm-thick Al strips.
They have an inner diameter of 28.7 cm and an outer di-
ameter of 39.1 cm and they are 128.9 cm long. Cooling

water flows through two sets of copper tubing between
the vacuum pipe and the coils. The entire solenoid was
covered with a cylindrical tube of 0.95-cm-thick iron and
the two ends were covered with 0.95-cm-thick plates of
iron which provided a return path for the magnetic field.
The field along the axis was mapped and found to be in
good agreement with a POISSON ' calculation. The
effective length was measured to be 135 cm. In the exper-
iment the solenoid was set at 713+5 G, which was the
largest field obtainable without overheating the magnet.

A computer simulation of the momentum acceptance
of the solenoid is shown in Fig. 3. The momentum accep-
tance at p =2 MeV/c with a detector of 75 mm diameter
is about 8.5% (FWHM), which is much smaller than the
acceptance of the bending magnet. The peaks at 2 and
3.2 MeV/c are relevant to our experiment. As will be
shown later, in the experiment we observed the peak at 2
MeV/c and part of the peak at 3.2 MeV/c in the time-of-
flight measurements. The transport efficiency of the
whole system including the accelerator is about 10%%uo, de-
pending on the distribution of the particles, as calculated
from the Monte Carlo code.

D. Energy spectra of decay positrons

With a maximum obtainable field of 1.1 kG in the
bending magnet, to sweep out charged particles, the rate
of neutral muonium atoms was measured at the Teflon
beam stop at the end of the straight channel. The Michel
energy spectrum of positrons from muon decay was mea-
sured with the NaI crystal scintillator. The positrons
have energies from 0 to 53 MeV with a maximim range of
about 5 cm in the NaI. The NaI(Tl) crystal is a cylinder
25 cm in diameter and 25 cm high. The scintillator light
was viewed by seven 5 cm-diam photomultiplier tubes
with the gains adjusted to be equal.

A block diagram of the logic for measuring the Michel
spectrum is shown in Fig. 4. A scintillator telescope con-

1400

1200

~ 1000

000

600

400

Foil

Be
Al
Au

4
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79

9.01
26.98

196.97

Density
(g/cm )

1.848
2.70

19.32

Thickness
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24.9
0.8
2.0

TABLE I ~ Properties and thicknesses of foils used as charge-
capture media in the experiment.
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FIG. 3. Momentum acceptance of the solenoid based on
Monte Carlo simulation. A point source located 40 cm
upstream of the solenoid is assumed. The MCP detector of 7.5
cm diameter is located 25 cm downstream of the solenoid. The
magnetic field is 712.5 G.
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straight direction in Fig. 2 for energy calibration of the NaI
detector.

sisting of two circular plastic scintillators, T1 and T2, of
0.5 cm thickness and 6 cm radius, was placed between the
beam stop and the NaI crystal. The telescope subtended
a fractional solid angle of 2.9% at the center of the beam
stop in the straight channel. An anticoincidence counter
A (30X30XO.S cm ) located above the beam stop was
used to veto signals from cosmic rays. The NaI was also
surrounded by a veto shield consisting of four plastic
scintillators, A 1, A2, A 3, and A4, each of them bent to
form a quarter of a cylinder. Lead bricks surrounded this
anticoincidence shield, which had an efficiency of about
95%.

The Michel spectrum of decay positrons from muons
was measured with the NaI detector located downstream
in the straight channel by turning off the bending magnet
and thus bringing positive muons into the detector. A
typical spectrum is shown in Fig. 5. The energy calibra-

tion consists of fitting the pulse-height distribution to the
Michel spectrum, taking into account the detector resolu-
tion and geometry. The energy resolution was found to
be 22%/E' (FWHM), where E is in MeV. The beam-
related background, as, for example, from beam posi-
trons, dominates the region of the spectrum be1ow 20
MeV. With maximum field strength in the bending mag-
net, positive muons were swept out, leaving only neutral
muonium atoms entering the channel downstream of the
bending magnet. The radius of curvature of a charged
particle of 10 MeV jc momentum is about 30 cm in this
field. The number of decay positrons detected by the NaI
scintillator is determined by setting a window in the spec-
tra of the amplitude-to-digital converter (ADC) from
channel 160 to channel 360, which corresponds to 66%%uo

of the full Michel spectrum. A flat background rate
based on the data from channel 500 to channel 800 in the
ADC spectrum was subtracted from the data in the win-
dow. The rate of muonium atoms incident at the beam
stop was calculated from the number of decay positrons
observed.

E. Time-of-flight measurements

The time of Bight (TOF) of the charged particles was
measured with the muon counter (plastic scintillator) and
the MCP detector. The latter served as both a beam stop
and a detector for p+ and Mu transported through the
60' channel. The MCP is a pair of microchannel plates in
which the channel axes of the two plates are tilted by 16
with respect to one another in order to eliminate spurious
noise caused by positive-ion feedback. It is a Chevron
channel electron multiplier array (Model No. 3075)
manufactured by Galileo Electro-Optics Corp. with an
active diameter of 75 mm. A grounded mesh (95% trans-
parent) was mounted in front of the MCP. The MCP was
operated at 815 V per plate with no interplate bias volt-
age. This mode of operation helped to discriminate
muons from positrons which we found produce consider-
ably smaller pulses than do muons. The detection
efficiency of a MCP has been studied ' with H, He+,
and 0+ in the energy region of several keV. An
efficiency of (65+10)% is expected for muons, although
no direct measurement is available.

Two pairs of scinti11ators, C1,C2, and C3,C4, were
mounted, respectively, above and below the MCP to
detect the decay positrons from muons or negative
muonium ions stopped in the MCP. These scintillators
are essentially identical to the scintillator 3 described
above. They subtended a fractional solid angle of 16.2%%uo

at the MCP. The logic diagram for the scintillator tele-
scopes is shown in Fig. 6. The signature of a muon or of
a negative muonium ion incident on the MCP was
defined as a delayed coincidence of the signal from the
MCP and a 4.2-@sec gate, (C12+C34).BEAM, shown in Fig.
6. Decay positrons from muons stopped in the MCP
detector were observed in the time interval from 0 to 3.3
psec. This coincidence signal is denoted as the START to
the time-to-digital converters (TDC s) shown in Fig. 7.
One of the TDC's measured the muon lifetime and the
other the time of flight of muons or negative muonium
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FIG. 6. Logic diagram of the scintillator telescopes for
detecting decay positrons in the 60 channel.
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ions from the muon counter to the MCP. The delayed
and beam-gated (C12+C34} signal served as a STOP in the
measurement of the muon lifetime. For this we used a
LRS model no. 2228A TDC, modified to have about a 5-
psec range, with a channel width of 2. 5267+0.0008 nsec.

An EGAG model no. TD104 TDC was used for the
time-of-flight measurements. The signal from the muon
counter, which came from a three-out-of-four coin-
cidence of the phototubes coupled to the scintillator,
p3/4 was delayed by about 1 psec. The time-of-flight was
measured in reversed timing, since the instantaneous
counting rate of the MCP was less than 200 sec ', which
was significantly lower than the instantaneous rate of the
muon counter of 2.3X10 sec '. The logic, shown in
Fig. 7, was set up in a cascading fashion to allow three
stop signals, STOP1, STOP2, and STOP3, corresponding to
three hits in the muon counter for each MCP signal ~

This TDC was also modified so that it had about 1 psec
full range. Typical TOF spectra of the muons are shown
in Fig. 8. The TDC gain (0.999+0.001 nsec/channel)
was calibrated with a frequency synthesizer. The relation
between the time-of-flight and the channel number in the

TOF( nsec ) TDC—

IV. OBSERVATIONS AND RESULTS

The formation of neutral muonium atoms was ob-
served with the NaI detector in the straight channel. As
pointed out in Sec. II, the electron-capture probability is
very sensitive to the velocity of the incident muon. In or-
der to maximize the capture probability, the momentum
of the incident muon beam was tuned by varying the set-
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where tTO„ is the time-of-flight of a particle from the
muon counter to the MCP and n TDc is the channel num-
ber in the TDC. The 20-nsec uncertainty is due to the
absolute time calibration.

The field of the bending magnet was first tuned to max-
imum transmission for positive muons. The voltage of
the accelerator stage was varied to accelerate low-energy
positive muons in accordance with the momentum tune
of the channel. Negative muonium ions were studied by
reversing the polarities of the accelerating voltage and
the field in the bending magnet. The data were sent to a
PDP-11/34 computer and written to magnetic tape. The
data analysis was done on a VAX/VMS computer.

GG D STOP3 257 769 1025

3.6pcs

FIG. 7. Logic diagram of electronic setup for muon-lifetime
and time-of-Aight measurements.

Time (channel)
FIG. 8. TDC spectra of the time-of-Aight of positive muons

taken with Al foil and accelerator voltage set to 0.0 kV.
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tings of the SMC magnets. After optimizing the momen-
tum of the incident beam, we studied the characteristics
of the low-energy positive muons and the negative
muonium ions emerging from the foil. The times of flight
of both the positive muons and the negative muonium
ions through the 60' channel were measured. From the
resulting spectra one can compute the masses of the par-
ticles. The fact that the negatively charged particles con-
tain muons was verified by measuring both the lifetime of
the particles and the characteristic Michel spectrum of
the decay positrons from positive muons. In this section
the experimental data and results will be presented.

B. Positive muons

The TDC spectra shown in Fig. 8 for positive muons
are distorted due to the high counting rate in the muon
counter. However, the spectrum for correlated events
can be obtained by using the following iterative expres-
sion:

1 Uf,.
i —1

S(t, )= M, (t, )e ' NU—+U g S(t, )bt
1 —Uht

t =jAt, j =0, 1,2, . . . (4)

A. Muonium atoms

The initial stage of the experiment was a search for
neutral muonium atoms with the Al production foil in
place. The momentum of the incident p+ beam was
tuned in order to optimize the rates. The rates in the NaI
and projected rates of rnuonium atoms at the beam stop
are listed in Table II. The number of incident muons p;+„,
(also in Table II) is given by

(P3/4)gated ungated (P3/4)ungated gated
Pine

Ungated gated
(2)

where t is the experimental running time and the sub-
scripts gated and ungated denote beam-gated and not-
beam-gated counts, respectively. The observed muonium
rates at the beam stop are plotted as solid circles with er-
ror bars in Fig. 9(a) against the momentum of the in-
cident muon beam. The maximum rate is at about 9.75
MeV/c. A similar measurement was also done with a Au
foil; for this foil, the incident muon beam was tuned to
10.67 MeV/c momentum at which the average rate of in-
cident muons was 140X10 sec '. The result is also
given in Table II. The momenta of the incident muon
beams were calibrated using the time-of-flight technique
in an auxiliary experiment and the uncertainty of the
beam momentum is expected to be +5%. The systematic
error in computing the projected rates of the muonium
atoms at the beam stop is about +10% with comparable
contributions from the uncertainties in the detection
efficiency of the scintillator telescope and the solid angle.

where M, (t) is the first TDC spectrum sTQP1, N is the to-
tal number of measurements, i.e., number of START's, U is
the instantaneous counting rate of the muon counter, and
At is the time interval of one channel of the TDC, which
is about 1 nsec. The detailed derivation of Eq. (3) is given
in the Appendix. Figure 10 shows the spectrum S(t) by
solid circles with error bars. Another method for obtain-
ing the undistorted distribution is to require no more
than one count in some time window. One such spec-
trum is also shown in Fig. 10 as a histogram, normalized
to the same peak height as that of S(t). In a case like
ours, where most events fall into a peak region, the win-
dow approach is fully adequate, but the method outlined
above is applicable more generally. In Fig. 10, the main
peak at channel 444 corresponds to about 2 MeV/c in
momentum and the small peak at channel 630, which is
also due to the focusing effect of the solenoid, corre-
sponds to 3.2 MeV/c.

From the undistorted time-of-flight spectra of Eq. (3),
the number of muons stopped by the MCP detector can
be computed. The spectra are divided into two regions.
The number of counts was computed by integrating the
spectra over time from channel 339 to channel 538. A
flat background computed by integrating the spectra over
time from channel 141 to channel 338 was subtracted
from each spectrum.

The counting rates of the scintillator telescopes with
the Al foil at various accelerating voltages are listed in
Table III, together with the projected rates at the focal
plane where the MCP detector was located. The project-
ed rates were computed by taking into account the detec-

TABLE II. Average rates of p;+„,, rates in NaI, and projected rates of muonium atoms at the beam
stop. Errors, given in parentheses, are statistical only.

Foil

Al

Au

Pj
(MeV/c)

9.02
9.49
9.75

10.00
10.25

10.67

p;+„, rate
(10' sec ')

80
106
122
99

117

140

Rate in NaI
( 10 /p, „,. )

2.75(28)
8.88(37)

10.24(41)
9.92(38)
8.20(40)

3.18(18)

Projected rate at beam stop
(10 '/p;+„, )

1.44(15)
4.64(19)
5 ~ 35(21)
5.18(20)
4.29(21)

1.66(9)



6116 Y. KUANG et al. 39

6
xlO"

0
1

0.9
0.8
0.7

0.5
0.4
0.3
0.2
0.1

(a) Al foil
g Experiment—Monte Carlo

(at beam stop)

(b) Al foil—Monte Carlo
(at. foil)

1000
M

900

800

u 700

600

500

400
0

300

g 200

100

I
'

I
'

I
'

I
'

I
'

I
'

I
'

I
'

I

—100 I i I i I i I i I i I & I I I s

150 200 250 300 350 400 450 500 550 600 650

Time (channel)

FIG. 10. Time-of-flight spectrum of the correlated events
corresponding to the spectra in Fig. 8. Data points with statisti-
cal errors are evaluated according to the method described in
the Appendix. The histogram corresponds to data derived ac-
cording to the window method.
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FIG. 9. Muonium rates (a) at the beam stop and (b) at the
production foil ~ The solid circles with error bars are the experi-
mental data as given in Table II. The histograms represent
Monte Carlo simulations. The production foil is 0.8-pm-thick
Al. Errors are statistical only.

+20%, where the largest contribution comes from the
uncertainty in the detection efficiency of the MCP detec-
tor.

The results of the measurements on the low-energy
muons performed with the Be foil and the Au foil are list-
ed in Tables IV and V, respectively. The Be data were
taken with a 12.63-MeV/c incident muon beam, while a
10.67-MeV/e muon beam was used for the Au foil.

C. Negative muonium ions

tion efficiency of the scintillator telescope (90%), the time
window of the telescope (3.3 @sec corresponding to
77.9%), the fractional solid angle subtended by the tele-
scope (16.2%), and the detection efficiency of the MCP
detector (65%). The central momentum of the incident
muon beam for the Al foil was 9.75 MeV/c. The sys-
tematic errors in computing the projected rates are about

The data taken with negative muonium ions were ana-
lyzed using the same method as for positive muons.
Table VI lists the rates of the negative muonium ions at
various accelerating voltages with the Al foil. An in-
cident muon beam of 9.75 MeV/c momentum was used
for these measurements. Here the same consideration
with respect to the systematic errors applies as in Sec.
IV B.

TABLE III. Average rates of p;+„„ telescope rates, and projected rates of low-energy positive muons
at the focal plane taken with the Al foil at various accelerating voltages. The momentum of the in-

cident muon beam was 9.75 MeV/c. Errors, given in parentheses, are statistical only.

Accelerating
voltage (kV)

21.0
20.0
19.0
18.0
15.0
12.0
6.0
0.0

—24.2

p;+„, rate
(10 sec ')

132
104
132
133
129
132
121
121
114

Telescope rate
(10 '/p;„, )

0.8(3)
3.2(3)
4.7(3)
7.9(3)

10.0(4)
11.0(5)
12.8(9)
1 1.2(2)
13.0(6)

Rate at focal plane
(10 /p;+„, )

10.8{40)
43.5(39)
63.5(36)

106.9(37)
134.7{56)
148 ~ 5{62)
164.1(123)
151.6(29)
175.4(74)
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TABLE IV. Average rates of p;+„„ telescope rates, and projected rates of low-energy positive muons
at the focal plane taken with the Be foil at various accelerating voltages. The momentum of the in-
cident muon beam was 12.63 MeV/c. Errors, given in parentheses, are statistical only.

Accelerating
voltage (kV)

21.0
20.0
19.0
17.0
15.0
10.0
6.0
0.0

p;+„, rate
(10' sec ')

125
127
125
110
125
130
128
130

Telescope rate
(10 /p;+„, )

0.6(1)
1.2(1)
1.6(2)
4.0(2)
5.7(3)
6.2(3)
6.4(4)
6.6(3)

Rate at focal plane
(10 /p;+„, )

7.4(18)
15.8(19)
21.3(24)
53.9(29)
77.2(37)
83.4(45)
86.6(55)
89.1(47)

The results on negative muonium ions measured with
the Be and Au foils are listed in Tables VII and VIII, re-
spectively. The incident-muon-beam momenta are 12.63
MeV/c for the Be foil and 10.67 MeV/c for the Au foil.

The observation of the negative muonium ion was
verified by measuring the time and energy spectra of the
decay positrons from muons and by measuring the mass
of the ion using a time-of-flight technique. With a mass
of 106.7 MeV/c for the negative muonium ion, the es-
timated centroid of the energy distribution has a relative-
ly large error due to the 20-nsec uncertainty in the time
calibration [see Eq. (1)]. However, the TDC gain was
calibrated very precisely. We also took time-of-flight
spectra of the negative muonium ions with a different
tune of the spectrometer by scaling down the settings.
From the differences of the time of flight at low channel
settings and at high channel settings, the ambiguity in the
time calibration can be eliminated from the estimate of
the centroid. A more precise value compared to that re-
ported before for the centroid of the Mu energy distri-
bution of 0.2(l) keV is obtained, which is consistent with
values obtained for negative hydrogen ions.

V. DISCUSSION AND SUMMARY

Because of the complicated nature of the transport sys-
tem employed in the experiment, it is desirable to have a
Monte Carlo simulation for the system. A Monte Carlo
computer code was therefore developed. The program
simulates the processes of energy loss and straggling of
positive muons, and charge capture by positive muons
based on the data from hydrogen, and of multiple scatter-
ing. It can also be used as a ray-tracing program for the
transport system. We have successfully used this pro-
gram to simulate our experimental results.

A. Muonium atoms

For the given amount of material in the beam with the
Al production foil, the formation fraction of muonium
atoms peaks at an incident momentum of about 9.75
MeV/c, as shown in Fig. 9(a). This is in very good agree-
ment with the Monte Carlo simulations, presented in Fig.
9(a) as a histogram. The Monte Carlo simulations also
give predicted muonium rates at the Al foil, as shown in

TABLE V. Average rates of p;+„„telescope rates, and projected rates of low-energy positive muons at
the focal plane taken with the Au foil at various accelerating voltages. The momentum of the incident
muon beam was 10.67 MeV/c. Errors, given in parentheses, are statistical only.

Accelerating
voltage (kV)

22.5

20.0
19.0
17.5
15.0
10.0
0.0

p;+„, rate
(10' sec ')

147
145
147
146
145
141
145

Telescope rate
(10 /p;+„, )

0.2(1)
0.9(1)
2.0(2)
3.5(2)
3.2(2)
1.7(2)
1.4(2)

Rate at focal plane
(10 /p;+„, )

1.9(9)
12.7(18)
27.5(27)
47.4(34)
43.4(28)
23.6(23)
19.5(20)
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TABLE VI. Average rates of p;+„„ telescope rates, and projected rates of negative muonium ions at
the focal plane taken with the Al foil at various accelerating voltages. The momentum of the incident

muon beam was 9.75 MeV/c. Errors, given in parentheses, are statistical only.

Accelerating
voltage (kV)

—14.00
—15.50
—17.00
—17.50
—17.75
—18.50
—20.00

p,+„,. rate
(10 sec ')

137
126
129
114
105
136
133

Telescope rate
(10-'/~, „,)

3.24(78)
6.42(99)

10.40(41)
9.74(97)
8.90(65)
9.48(102)
4.13(89)

Rate at focal plane
(10 /p;+„, )

4.38(106)
8.67(134)

14.04(55)
13.14(130)
12.02(88)
12.80(138)
5.58(121)

Fig. 9(b). Figure 9(b) shows that the muonium-formation
probability is slightly less than 1%. At the optimum
momentum (9.75 MeV/c), our computer simulation
shows that half of the incident muons are stopped in the
material, indicating that the stopping distribution is cen-
tered at the exit surface of the production foil.

A similar simulation was performed for the Au foil. It
gives a muonium rate of 1.33X10 /p;+„, at the beam
stop and a muonium-formation probability of 1.8% at the
foil. The fact that the rate at the beam stop for Au is
lower than that for Al, while the formation fraction for
Au foil is higher than that for Al, is due to a wider angu-
lar distribution of the muonium atoms from the Au foil.
We will discuss this eA'ect in more detail later.

B. Positive muons

We also simulated the results of the low-energy muons
corresponding to our experimental data listed in Tables
III—V taken at the end of the 60' channel. These are
shown in Fig. 11. The solid circles with error bars
represent the experimental data in Tables III—V. The
simulations were performed in steps of 1 kV in the ac-
celerating voltage and are plotted as histograms. They
agree with the experimental data within a factor of 2.

The momentum and angular distributions of the posi-
tive muons exiting the production foils are also obtained
by Monte Carlo simulations. The simulations are based
on the experimental running conditions in which the cen-
tral momenta of the incident muon beams are 9.75

MeV/c for the Al foil, 12.63 MeV/c for the Be foil, and
10.67 MeV/c for the Au foil. Results are shown in Figs.
12 and 13. It is evident in Fig. 13 that, as expected, the
angular distribution widens with decreasing energy.

Figure 11 can be explained qualitatively as follows.
The energy distribution of muons for the Be foil is peaked
at higher energy than those for AI and Au foils (see Fig.
12). The muons from the Be foil are predominantly for-
wardly directed. However, because of a finite angular
distribution, the transport efficiency of the spectrometer
will decrease as the initial energy increases, i.e., as the ac-
celerating voltage decreases. Therefore, the rate of
detected muons does not increase as fast as the energy
distribution of the muons at the foil. In fact, the rates
saturate at about 10 kV accelerating voltage. On the oth-
er hand, there are more low-energy muons exiting from
the Au foil than from the Al and Be foils. However, due
to the much wider angular distribution (see Fig. 13), the
number of rnuons transported to the MCP detector is re-
duced as reasoned above. The muons with very low ener-
gies are less affected by this reduction, since they are ac-
celerated under higher voltage, and thus are more likely
to be accepted by our apparatus. The net effect for Au is
that we observed a maximum rate of muons transported
to the detector at about 16—17 kV.

C. Negative muonium ions

The process of producing negative muonium ions can
also be simulated with the Monte Carlo code. Again, an

TABLE VII. Average rates of p;„,, telescope rates, and projected rates of negative muonium ions at
the focal plane taken with the Be foil at various accelerating voltages. The momentum of the incident
muon beam was 12.63 MeV/c. Errors, given in parentheses, are statistical only.

Accelerating
voltage (kV)

—16.00
—17.50
—18.50
—19.00

p;„„. rate
(10' sec ')

136
145
128
139

Telescope rate
(10 '/p„„-)

4.12(77)
4.21(80)
5.49(86)
4.84(80)

Rate at focal plane
( 10 /p;+„,. )

5.57(104)
5.69(108)
7.41(116)
6.54(108)
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TABLE VIII. Average rate of p;+„„ telescope rate, and projected rate of negative muonium ions at
the focal plane taken with the Au foil. The accelerator voltage was at —17.5 kV. The momentum of
the incident muon beam was 10.67 MeV/c. Errors, given in parentheses, are statistical only.

Accelerating
voltage (kV)

—17.i0

p;„, rate
(10' sec ')

146

Telescope rate
(1o '/p;„, )

10.83(94)

Rate at focal plane
( 10 /p;+„,.)

14.6(13)

incident muon beam of 9.75 MeV/c momentum was used
for the Al foil. The results of the simulations are shown
in Fig. 14 as a histogram. The solid circles with error
bars in the figure represent the data in Table VI. The fact
that the width of the distribution (4.5 kV FWHM) is
comparable to the acceptance of the channel suggests
that the energy distribution of the negative muonium ions
is narrow compared to 4.5 keV.

The results of the simulations for the Be foil and for
the Au foil with acceleration voltage set to —17.5 keV
are given in Table IX, where the momenta of the incident

muon beams were 12.63 MeV/c for the Be foil and 10.67
MeV/c for the Au foil. Based on these simulations, the
projected formation fractions of negative muonium ions
at the production foils can be obtained. They are listed in
Table IX, together with some of the relevant experimen-
tal data.

With respect to the Mu formation probabilities, the
results can be explained qualitatively as follows. The
stopping density of the outgoing particles from the Be foil
is relatively low. Hence, the formation fraction of the
negative muonium ions is lower. In comparison, the en-
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FIG. 11. Low-energy muon rates for different foils at the fo-
cal plane with various accelerating voltage. The solid circles
with error bars represent projected rates based on time-of-flight
data. The histograms correspond to Monte Carlo simulations.

FIG. 12. Momentum distributions of outgoing positive
muons from (a) Al foil, (b) Be foil, and (c) Au foil as calculated
with the Monte Carlo code. The bin size is 20 keV/c. Upper tic
marks represents the kinetic energy scale.
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ergy distribution of the outgoing particles from the Au
foil is peaked at lower energy. Therefore, the formation
fraction of the negative muonium ions is higher. Another
interesting feature of the results in Table IX is that the
collection efficiency of the negative muonium ions,
defined as the ratio of the rate at the focal plane to the
formation fraction, is not the same for these foils. This is
in accordance with the general expectation of a wider an-
gular distribution of outgoing particles from a foil with
larger atomic number Z than that from a foil with sma11-
er atomic number, due to multiple scattering. This might
suggest the interesting possibility of achieving higher Mu
yield from a composite target such as an Al foil coated
with a thin layer of Au at the exit surface of the foil.

D. Summary

In conclusion, we have measured the yields of the
muonium ions produced in a beam-foil experiment in
which a subsurface positive muon beam of about 10
MeV/c momentum passed through a thin metal foil. The
formation of the muoniurn atoms was observed at various
energies of the incident muon beam. Positive muons of a

9 (deg)
FIG. 13. Angular distributions of outgoing positive muons

integrated over all energies from (a) Al foil, (b) Be foil, and (c)
P u foil calculated with the Monte Carlo code. The bin size is
1'; (d) —(P, same for outgoing positive muons with an energy
range of 15—20 keV and a bin size of 5 .
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FIG. 14. Rates of negative rnuonium ions at the focal plane
with Al foil. The solid circles with error bars represent project-
ed rates based on time-of-Bight data. The histogram corre-
sponds to Monte Carlo simulations.

few keV to 20 keV coming out of the foils were also stud-
ied. A rate of 1.55(3) X 10 /p, ,+„„or20 sec ', was ob-
served for them with a momentum acceptance of
b p /p =8.5% (FHWM).

The mass or the initial energy of the negative muonium
ion was obtained by a time-of-Bight technique. The mass
of the ion is found to be 104+8 MeV/c, in good agree-
ment with the expected value of 106.7 MeV/c for Mu
The initial kinetic energy of the ion is in the vicinity of
0.2(1) keV. This is consistent with proton data and the
velocity scaling rule. The lifetime of the ion is deter-
mined by the lifetime of the p+. The decay process was
also observed in the experiment by measuring the energy
and time spectra of the decay positrons. The observed
rate of the negative muonium ion at the spectrometer fo-
cal plane is about 10 /p;„, or 1.4 sec ' (average). Since
the production foils were placed in only moderately good
vacuum (3 X 10 Torr), and the last several atomic lay-
ers of the foils are believed to play an important role in
charge-capture processes, we cannot exclude effects from
surface contamination. The formation fraction of the
negative ions is expected to be the same for all foils. The
slight difference in rates for Al, Be, and Au foils is likely
caused by the different incident-beam conditions and the
range of the muons in the different foils.

A Monte Carlo computer code was developed for this
experiment. It can reproduce essentially all the experi-

TABLE IX. Projected formation fractions of negative muonium ions at the production foils. Errors, given in parentheses, are sta-

tistical only.

Foil
Thick. Diam. p„+

i 11C

+
Vino

Rate
Mu Rate at focal plane

(10 '/p;„,.)

Mu Format&on
prob. (10 /p;+„, )

Be
Al
Au

(mg/cm )

4.6
0.2
3.8

(cm}

7.6
7.6
6.4

(MeV/c)

12.63
9.75

10.67

( 103 —1)

145
129
146

Expt.

0.57(11)
1.40(6)
1.46(13)

Monte Carlo

0.87
2. 13
1.88

Monte Carlo

0.51
1.80
3 ~ 50
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mental data within a factor of 2. The simulations were of
substantial help in understanding the experimental data.
The formation probabilities for the Mu at the foils are
about 10 /p;+„, . The differences in Mu rates for
different foils are also demonstrated in the Monte Carlo
simulation. From a careful study of the energy and angu-
lar distributions of the particles leaving the foils, these
differences can be understood in terms of the different
stopping distributions of the muons for different foils.
Studies of the low-energy positive muons leaving the foils
indicate that the dE/dx is larger for high-Z material and
the angular distribution is also wider. This is in agree-
ment with general expectation.

The negative muonium ion itself is a very interesting
system. A beam of such ions is now available for spec-
troscopy and atomic collision studies. An interesting ex-
periment to measure the polarization of the ions is pro-
posed. Since the Mu is a charged particle, a beam of
neutral muonium atoms can be generated from a Mu
beam through the process of stripping. Recently, ad-
vances have been made on a more intense muonium
source in the thermal energy region. However, at
present, muonium produced with the beam-foil method
remains the only practical source of 2S-state muonium
for Lamb-shift measurements. Therefore, more careful
studies of a fast muonium source would be beneficial for
future Lamb-shift experiments.

In the past it was often assumed that the angular distri-
bution of the muonium atoms leaving a foil is isotropic
because of a lack of experimental information. The
Monte Carlo sim. ulations developed for this experiment
show that the angular distribution of the muonium atoms
is considerably wider than that of muons, since the
muonium atoms have lower energy than do the muons.
One can take advantage of the characteristics of the an-
gular distributions in Lamb-shift experiments by using
muonium atoms that are produced at an angle to the
beam axis. An investigation by us of the angular distri-
butions of the emerging muons and muonium atoms is in
progress.

Although the present beam intensity for Mu is small
( —1.4 sec ' average), increases up to a factor of 10 could
be achieved by optimizing the incident p+ channel and
the accelerator-spectrometer arrangement. It is well
known that the charge-capture cross sections are larger
for alkali-metal vapors and alkali-metal-coated targets.
One would expect a factor of 10 or more increase in the
formation of negative muonium ions using such targets.

The positive muons of a few keV energy can also be
used for making Mu(2S). One of the effective ways to
produce H(2S) is the following process:

H++ Cs~H(2S)+ Cs

The cross section of this process is measured to be
10 ' —10 ' cm in the kinetic energy range from 5 to 10
keV for incident H+. With the current setup, a Mu(2S)
beam might be produced using the low-energy muons.
The intensity of this Mu(2S) beam would be about 0.02
s ', which is about an order of magnitude lower than
that in the previous measurements of the muonium Lamb
shift. A more intense source of low-energy positive

rnuons with small phase space is needed for a dramatic
increase in intensity of Mu(2S).
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APPENDIX: ANALYSIS
OF THE TIME-OF-FLIGHT SPECTRA

exp —f R (r)dr
0

Therefore, the probability that the first stop pulse occurs
at time t is the same as the probability that none occurs
in the time interval from 0 to t, i.e.,

P(0)=exp —f R(r)dr
0

Hence, the TDC spectrum would be

(A2)

Because of the high counting rate in the muon counter,
the TDC spectra are distorted. Clearly, the probability
of recording a stop signal increases with decreasing time
difference relative to the start signal. This effect can be
seen in Fig. 8. The effect has been carefully studied by
several authors. It is necessary to correct this rate
effect in order to obtain the undistorted time-of-flight dis-
tribution, i.e., the distribution for correlated events.

One method to correct for this effect is to accept only
those events for which there is no more than one stop sig-
na1 in some optimized time window. Since there will be
no second stop signal in this window, the rate effect will
be generally reduced. However, there will be a
compromise between the cleanness of the resultant spec-
trum and the overall efficiency of the time-of-flight spec-
trometer, since a wider window will result in a cleaner
spectrum but fewer correlated counts in the spectrum. A
time window, extending from channel 140 to channe1
650, was set up to obtain clean time-of-flight spectra. It
required having one and only one stop signal in this win-
dow. The spectrum for low-energy muons taken at a
high voltage of 0.0 kV is shown in Fig. 10 as a histogram.

Another way to analyze the data is to study the rela-
tion between a TDC spectrum and an undistorted distri-
bution. An undistorted distribution can be obtained if
one can derive an analytical expression for the undistort-
ed distribution based on the TDC spectrum, which is dis-
torted. In order to do so, we consider the counting rate
of a stop signal R (t), as a function of time. We suppose
that the counting process is purely Poisson-distributed.
The probability that k stop pulses occur in a time interval
from 0 to t is given by

kf R( )dr
P(k)=

k~
(Al)
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M(t) =NR (t)exp —f R (r)d~
0

(A3)

where N is the number of measurements, i.e., the number
of start pulses in the TDC.

Let us consider the spectrum of STOP1 in which the
first pulse of the stop counter is recorded. If a start signal
is given by a pulse which is uncorrelated to the stop
pulses (call it a type-I start), the probability density to
have a stop at time t is

Equation (A8) will be used to derive the undistorted dis-
tribution of the time-of-flight spectrum. In principle, any
one of the three TDC spectra can be used to extract the
undistorted time-of-flight spectrum. The derivation of
the expressions for STOP2 and STOP3 is given elsewhere.
However, in practice, the second and third spectra are
complicated by the dead time of the electronic circuitry.
We will therefore concentrate on the spectrum of STOP1.

The undistorted time-of-flight distribution is given by
NcC(t). Equation (A8) can be rearranged as

P (t)= Ue (A4)

P, '(t)=Ue '
1 —f C(~)dr

0
(A5)

while the probability density of having a correlated stop
with such a start is

using Eq. (A3), where U is the instantaneous counting
rate of the detector used for the stop signal.

If a start signal is given by a pulse which is correlated
with one of the pulses in the stop counter (call it a type-II
start), there are two types of possible stop pulses in the
sTopl spectrum. Let us assume that C(t) is the probabil-
ity distribution of the correlated events, which is what we
are mostly interested in. The probability density of hav-
ing an uncorrelated stop in STOP1 spectrum with such a
start is

This equation can be regarded as an integral equation for
NC'(t) One .method of solving the equation is to use an
iteration method. We replace the integration in the equa-
tion by a summation, i.e.,

NC'(r, )=M, (r, )e ' —NU+U g NC'(r, )br,
j=0

(Al 1)

where t =jb, t, j =0, 1,2, . . . . Equation (All) is a good
approximation of Eq. (A10) for very small b, t compared
to the range of the TDC. Therefore we have

NcC(t) =NC'(t)=M, (t)e ' NU—+ U f NC'(~)d~ .
0

(A10)

P, '(r)=C(r)e (A6) 1 Ut,.
i —1

S(t, )= M, (t, )e ' NU+U —g S(t )b, t
1 —Uht

+N C(t)e (A7)

This can also be written as
T

M~(t)=N Ue ' 1 —f C'( )drr+C'(t)e
0

Nc
with C'(t)= C(t) .

X (A8)

The equation for M, (t) satisfies the normalization condi-
tion

f M, (r)dr =N .
0

(A9)

M, (t) gives the sTopl distribution of our experiment.

If we assume N such measurements and that there is one
correlated pulse from the stop counter for each of the N&
measurements (type-II start), the TDC spectrum would
be given by

M, (t) = (N Nc)Ue — '+Nc Ue '
1 —f C(~)d~

(A12)

where we have written NC'(t, ) as S(t, ), M, (t) is the
TDC spectrum of STOP1, N is the total number of mea-
surements (i.e., the number of start pulses). U is the in-
stantaneous rate in the stop counter, which is on the or-
der of 2. 3 X 10 sec ', and ht is taken to be the time in-
terval of one channel of the TDC, which is about 1 nsec.

For each spectrum, N is based on all the counts in the
spectrum including overflow counts, and U is based on
the counts in the muon counter and on the beam-gated
running time recorded in the scalers for each spectrum.
The origin of time is taken to be at channel 130 of the
spectrum.

These are limitations for using Eq. (A12). First, the
counting process of the stop counter has to satisfy Pois-
son statistics, and secondly U has to be constant. Since
the errors are propagated, relatively large errors are in-
troduced for data points having few counts.
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