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We have observed atoms consisting of a pion and a muon produced in the decay Ez,
{&p)g g p lT1 v. This represents the first observations of an atom composed of two unsta-

ble particles and of an atomic decay of an elementary particle.

We report herewith the detection of hydrogen-
like atoms consisting of a negative (or positive)
pion and a positive (or negative) muon in a Cou-
lomb bound state. These pion-muon atoms are
formed when the z and p, from the decay E~ —pp, v

have sufficiently small relative momentum to
bind. We have observed these atoms, produced
at relativistic velocities, in the course of an ex-
perimental program at the Brookhaven National
Laboratory alternating-gradient synchrotron.

The basic properties of these atoms are calcu-
lable by the formalism used to describe the hy-
drogen atom. The reduced mass of the system is
60.2 MeV/c', its Bohr radius is 4.5 x10 " cm,
and the binding energy of the 1S», state is 1.6
keV. To our knowledge, the first calculation of
the branching ratio R= [X~'- (my), ~ + v] /(E~'
—all) was carried out by Nemenov, ' who found
that A -10 ', with the precise value depending
upon the form factors of A~' decay. We will pre-
sent our results on& in a subsequent paper; only
the evidence related to the detection of these at-
oms is discussed herein.

The prime motivations for the experiment are
twofold. Firstly, the value 8 is proportional to
the square of the z-p. wave function at very small
distances and so an anomaly in its value may be
indicative of an anomaly in the g-p interaction.
Secondly, by passage of the atoms through a mag-
netic field at high velocity (y-10) the 2S states
should be depopulated through Stark mixing with
the 2P states and consequent decay to the 1S
states. The extent of this depopulation will be
highly dependent upon the vacuum polarization
shift (Lamb shift) of the 28 states relative to the
2P states and may, if measured with some ac-
curacy, lead to a determination of the pion charge
radius.

The E~' particles which give rise to our "atom-
ic beam" are produced by a 30-GeV proton beam
striking a 10-cm beryllium target (see Fig. 1).
A large vacuum tank and a connecting evacuated
beam channel lead out to the detection equipment.
A 4-ft steel collimator prevents any direct line
of sight from the detector system to the target.
This is to prevent background particles, in par-
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ticular K~ 's, from approaching the neighborhood
of our detectors.

Those K~"s which decay within the shaded area
in the vacuum tank give rise to decay products
which may, if properly oriented in their direction
of motion, travel down the channel. In order to
remove charged particles, we have interposed
two magnets along this channel. The first of
these, labeled the "sweeping magnet, " bends hor-
izontally and has an integrated field strength of
8 kG m. The second magnet (originally intended
to induce transitions between the 2S and 1S states
of these atoms) is called the "transition magnet"
and bends vertically with an integrated field
strength of 36 kG m. Those charged particles
which survive have very high momenta or are
given a significant deflection before entering the
detector region.

We have then a beam consisting largely of y
rays (resulting from tT"s which are in turn the
products of kaon decays), highly energetic pions
and muons, and occasional atoms. The momen-
tum spectrum of the atoms coming down the chan-
nel has no apprecia, ble contribution above about 5

GeV/c.
To dissociate the atoms and make their detec-

tion possible, we interpose a thin aluminum foil
just before the end of tbe vacuum channel (see
Fig. 2). Ionization of an atom takes place through
a series of sequential transitions through the
states having highest angular momentum for any
given principal quantum number. VVe have calcu-
lated the thickness of foil required to break up a
1S atom to be 0.010 in. of aluminum. In the
course of the experiment data was taken with foil
thicknesses of 0.030 and 0.250 in. of aluminum.

The pion and the muon, nom uncoupled, exit
from the foil at the same velocity (with momenta
in the ratio of their rest masses) and in almost
perfect spatial coincidence. The opening angle
between them at a typical atomic momentum of 3

GeV/c, neglecting the multiple scattering in the

FIG. 2. Detection apparatus.

foil, should be less than 0.5 mrad. The projected
multiple scattering of each particle in a 0.030-in.
aluminum foil is about (1.3 GeV/c)/p mrad. Thus
the angle between pion and muon upon emerging
from a 0.030-in. foil should be about 2 mrad. The
angle between them in the case of a 0.250-in. alu-
minum foil is about 5 mrad.

We next introduce these two coincident particles
into a horizontal field which serves to separate
them vertically. We terminate the vacuum chan-
nel with a thin Mylar window where the separa-
tion between the pion and muon is about a centi-
meter for a typical atom. Just beyond the window
we place a multiwire proportional chamber made
of two planes (planes 1 and 2) to allow the recon-
struction of the vertical (x) and horizontal (y) co-
ordinate of each of the particles. Each of these
planes is constructed of a set of wires inclined at
60' to the vertical. At the point where the pion
and the muon traverse these planes they are di-
rectly above one another and separated by a ver-
tiea, l distance 6 which is closely correlated to the
sum of their momenta.

After leaving the analyzing magnet, the pion
and the muon continue through a series of three
further pairs of proportional chambers, each
constructed of wires at +60' to the vertical. In
each of these planes the x and y coordinates of
each track can be localized to about + 1 mm. Fol-
lowing the last of these chambers, we have, in
sequence, a bank of 11 counters (S bank), a sheet
of l-in. -thick lead to induce showering of elec-
trons, a bank of 15 counters (A bank), a lead and
steel wall embodying 1.9 mean free paths of ab-
sorber, another bank of 19 counters (B bank), a
mall comprising 1.3 free paths of absorber, and
a final bank of 23 counters (C bank). Tbe absorb-
er removes muons below a momentum of 0.9
GeV/c and about 90% of the pions. The first crude
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indication that an event of interest has passed
through the detector comes when we obtain a trig-
ger indicating simultaneous counts in two S coun-
ters, two nonadjacent A counters, one or more B
counters, and one or more Q counters. We next
examine planes 1 and 2 to determine rapidly
whether two tracks passed directly above one an-
other within the experimental resolution and with
6 lying between 0.8 and 3.5 cm. We then remove,
through the use of our on-line computer, all
events in which more than four tracks passed
through the first plane. The residual events are
logged for further study. The information record-
ed includes the timing of all counters, the pulse
height on each of the A counters, and the posi-
tions of the tracks as they pass through the eight
planes.

We carry forth the analysis of the data by sub-
jecting each event to a sequence of tests, each of
which must be passed before it can be considered
a valid candidate for a z-p, atom. The geometri-
cal characteristics of these tests have been de-
termined through a study of the e+ -e pairs which
are created by y rays impinging on the foil and
the muons which come down the vacuum channel
when the sweeping and transition magnets are
turned off. The tests are as follows:

(1) All counters involved in a trigger must be
time coincident within+ 2 nsec after correction
for flight times of the various particles.

(2) The four counters which define the muon
track must lie on a straight line within the limits
of Coulomb scattering in the absorber. Only one
tra, ck may penetrate to the p bank.

(3) The pulse height on each of the A counters
must be less than 2.5 times that produced by a
minimum ionizing particle.

(4) Each of the tracks must have a momentum
not less than 0.9 GeV/c.

(5) After the two tracks are reconstructed back
through the magnet, we can determine the x and

y projections of their apparent separation and the
apparent angle between them as they left the foil.
The cuts are as follows: (a) The vertical separa-
tion at the foil must be less than 0.45 in. (b) The
horizontal separation at the foil must be less than
0.20 in. (c) The measured vertical angle between
the two tracks as they leave the foil must be less
than 0.025 rad. (d) The measured horizontal an-
gle between the two tracks as they leave the foil
must be less than 0.004 rad.

(6) Our study of the e'-e pairs indicates that
the vertical spacing, 6, between the two tracks
in planes 1 and 2 is predictable to a wire spacing
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FIG. 3. A plot of the parameter o. indicating the de-
tection of &-p atoms.

given the momenta of the two particles. We re-
ject all candidates which do not conform to this
constra, int within + 2 wire spacings.

(7) By studying the e'-e pairs we have ascer-
tained that we can project our tracks back to the
vicinity of the eollimator with a horizontal spatial
resolution of +1.0 in. We insist then that all of
our tracks of interest point back to a g-in. -wide
fiducial region near the collimator, missing both
the collimator itself and the walls of the vacuum
channel.

(8) Finally, we insist that the sum of the pion
and muon momenta be no more than 5 GeV/c.

Having subjected all of the recorded data to
these tests, we arrive at a residue of 33 events.
For each of these events we plot (in Fig. 3) the
parameter o. = (P, P„)/(P„+P„),—where P„ is the
pion momentum and P„ is the muon momentum.
A study of this parameter through an examination
of e'-e pairs indicates that the acceptance of
our apparatus, modified by the above-mentioned
tests, is flat within 30/g from a= —0.4 to a=+ 0.4.
None of our acceptance tests bias us toward one
or another sign of cv. Hence, any bump in this
plot would indicate a strong correlation between
pion and muon momenta; in particular, the atoms
should be characterized by a value of a= (m„
—m„)/(m„+ m„) = 0.14 The data show a clear peak
at the predicted point containing a total of 21
events with an estimated background of three
events. The width of the peak is consistent with
that expected from measurement errors.

We conclude that we have observed Coulomb
bound states of pions and muons.
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We have observed thirty events of the process vP —vP with a background expectation of
seven events. The neutral-current to charged-current ratio 0(vp- vp)/~(vn —p p) is
measured to be 0.17+0.05 for 0.3&@ ~ 0.9 (GeV/c) where -q is the square of the four-
momentum transfer to the proton.

Because of its simplicity, one of the most in-
teresting weak neutral-current reactions is the
elastic scattering of neutrinos by protons. Pre-
vious searches' for this reaction have been ham-
pered by high neutron background, poor pion-
proton separation, and/or low statistics. The
addition of shielding does not necessarily elim-
inate, the neutron-background problem because of
the presence of v-induced neutrons in equilibri-
um with neutrinos. In this experiment the prob-
lem is significantly alleviated by using a detector
of such large size that v-induced neutrons can be
absorbed or detected through their interactions
in the outer regions of the detector.

The experiment was performed at Brookhaven
National Laboratory in a "wide-band" horn-fo-
cused neutrino beam. The target-detector [Fig.
1(a)] consists of twelve calorimeter modules con-
taining a total of 33 tons of liquid seintillator.
Each module [Fig. l(b)] is segmented into sixteen
cells which are viewed at each end by phototubes.
For an energy deposition greater than 3 MeV in
a given cell, precise timing and the energy depo-
sitions are recorded for each tube. This infor-
mation determines the position of the source of
the energy deposition along the cylinder to +10
cm and its timing to +0.5 nsec.

The front half of the detector utilizes a close-
packed geometry to be fully sensitive to neutrons
and charged particles entering from the sides,
top, and bottom. For example, a neutron passing
through the detector would signal itself by col-
liding with protons in several, separated cells.
The last half of the detector has four large drift
chambers3 interspersed among the calorimeters.
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FIG. 1. (a) Side view of the apparatus showing a typi-
cal recoil proton event. (b) Diagram of a single calo-
rimeter module.

Each chamber contains two @planes and two y
planes so that the angle as well as position of any
tracks exiting from a module may be determined.
We have measured a single-gap efficiency of 98'Fo

for particles with angles of up to 60' relative to
the beam direction. The entire apparatus is
housed in a blockhouse of 1.5-m-thick heavy con-
crete to shield against neutrons. A 2.4-m&& 3.5-
m liquid scintillation counter upstream of the
first calorimeter is used to veto charged parti-
cles.

The calorimeters and drift chambers are con-
tinuously calibrated by accepting beam-associat-
ed muons along with neutrino-induced triggers;
in addition, vertical cosmic-ray events, record-
ed between machine bursts, monitor the pulse
height and timing of each phototube in the sys-
tem.

To estimate the cosmic-ray background, the
detector is activated between beam bursts for a
period of time equal to the duration of the beam


