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An experiment to measure the muon capture rate in liquid hydrogen was carried out using scintillation
counter techniques. The experiment tests muon-electron universality in the weak interaction with a proton
at a momentum transfer of 100 MeV/c. The use of ultrapure liquid hydrogen, a purified muon beam, and
neutron-gamma ray discriminating detectors made possible the detection of the 5.2-MeV neutron from the
relatively improbable capture reaction Q +p —& I+v). Observation of the well-known pion capture reac-
tion (s- +p ~ n+p) served as a check on many aspects of the experimental arrangement as well as on
the neutron detector efficiency calculation. Several internal checks confirm that impurity captures were
negligible. The muon capture rate in the (ppp)+ ortho molecular state was obtained. The muon molecular
formation rate was measured in an independent experiment, but the present result is relatively insensitive
to it. The stability of the ortho state against transition to the para ground state for times comparable to the
free muon lifetime is confirmed. The experimental result of 464&42 sec ' is to be compared with 562 sec ',
the rate expected on the basis of muon-electron universality, the conserved vector current theory, the
calculated value of the induced pseudoscalar coupling, and the axial vector and vector coupling constants
as determined in the P-decay interaction.

I. INTRODUCTION

A. Status of the Universal Fermi Interaction

HE concept of a universal Fermi interaction (UFJ)
governing all weak processes was placed on a

quantitative foundation by the discovery that the rate
of 0'4 beta decay could be used to predict the muon
decay rate rather accurately. ' lt is of great interest
to test this hypothesis in the case of the muon-proton
weak interaction.

The muon-proton interaction at low energies is availa-
ble for study in nuclear muon capture. This capture can
take place because negative muons stopping in matter
will eventually cascade to the lowest Bohr orbit of a
muonic atom, ' a structure that is more tightly bound
than a normal atom because of the large muon mass
(ns„=207 m, ). The atomic wave-function overlap is

sufficiently large to make the muon capture interaction
competitive with the free muon decay. Most muon
capture experiments carried out with complex nuclei
have as a prerequisite detailed knowledge of the nuclear
wavefunctions, if accurate inferences about the muon-
proton coupling constants are to be made. ' Experiments
were initiated to study muon capture in hydrogen, a
system free of nuclear complications, to provide a test
of the universality of the V-A weak interaction coupling
theory.
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Fxo. 1.The history of a muon after coming to rest in pure liquid
hydrogen. Xo is the free muon decay rate, 'A ~ is the muon capture
rate in the pp atom, X' ~ is the molecular capture rate. X» is the
molecular ion formation rate. When a small amount of deuterium
is present (concentration c) then the process indicated by a dashed
line can occur.

4 R. H. Hildebrand, Phys. Rev. Letters 8, 34 (1962).
~ E. Bleser, L. Lederman, J. Rosen, J. Rothberg, and E. Zavat-

tini, Phys. Rev. Letters 8, 288 (1962).' H. Primakoff, Revs. Mod. Phys. 31, 802 (1959).

Previous experiments on muon capture in hydrogen
have established the presence of a strong vector con-
tribution and its sign relative to the axial vector
coupling. 4 '

B. Experimental Problems in Muon
Capture in Hydrogen

I. Specification of the Initial State

A muon-proton coupling scheme of the form vector
minus axial vector (V-A) results in a strong spin de-
pendence of the muon capture reaction'

p, +p~ n+p. (1)
The possibility of a spin-dependent reaction rate

makes accurate speci6cation of the initial muon-proton
state vital to an interpretation of experimental results.
The history of a negative muon' after considerable re-
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duction of velocity in liquid hydrogen (density=0. 07
g/cc) proceeds as follows (see Fig. 1). At a low velocity
the muon is captured by a proton and cascades to the
1s state in less than 10 s sec, this neutral (pP) atomic
system is formed in a statistical mixture of triplet and
singlet states. It is able to wander through the hydrogen,
the muon being exchanged from proton to proton. The
result of these exchanges is a 100%%uq population of the
energetically lower singlet state and total depolariza-
tion of the muons. If even small amounts of deuterium
or other atoms are present, then an irreversible transfer
to the deuteron (or heavier atom) is likely. The reduced
mass effect makes the (pd) system more tightly bound

by 130 eV. In pure liquid hydrogen the singlet (pP)
system will eventually (in about 0.5 @sec) become part
of a (ppp)+ molecular ion' s if the muon has not de-
cayed first (with lifetime 2.2 @sec).

It is from the stable molecular ion that the muon is
most likely to be captured or to decay. In this experi-
ment the time of each capture event is measured, and
thus the con6guration from which capture takes place
is also known. Only capture events which have origi-
nated in a (ppp) system have been included in the
analysis. There are two questions concerning the nature
of the molecular ion which must be considered and
which have been answered by detailed calculations:
(1) What is the angular momentum character of the
molecular ion and, hence, what is the composition in
terms of singlet and triplet (pp) t (2) What is the wave
function overlap of the muon and protons

The (ppp)+ molecular ion is almost invariably formed
in the ortho state" (para formation is &10 ' smaller)
and it has been shown with a high degree of confidence
that only states with total spin=-,' are present"; it
then follows that the capture rate from the molecular
ion is given by 2ys(~4, +~) &), where 'A refers to the
capture rate in the triplet and singlet atoms, and 2yo is a
wave-function overlap factor (times ~a„')for the ortho
molecule. Although the para state is the molecular ion
ground state, it can be shown that transitions to it are
extremely unlikely during the muon lifetime. ' The
capture rate in this state is expected to be lower, how-
ever, being given by 2&„(~rX,+4s)«), and any appreciable
amount of conversion to it could be detected by the
experiment.

Z. Detection of Capture Events

On the basis of the V-2 interaction with certain
correction terms included, the rate of Reaction (1) when
the muon is bound in the molecular ion is predicted'
to be about 560 sec '. The decay of the muon,

p -+e +v+9, (2)
' E. Bieser, L. Lederman, J. Rosen, J. Rothberg, and E. Zavat-

tini, Phys. Rev. Letters 8, 128 (1962);E. Bieser, E.W. Anderson,
L. M. Lederman, S. L. Meyer, J. L. Rosen, J. E. Rothberg, and
I-T. Wang, Phys. Rev. 132, 2679 (1963).

G. Conforto, S. Focardi, C. Rubbia, and E. Zavattini, Phys.
Rev. Letters 9, 432 (1962).' S. Weinberg, Phys. Rev. Letters 4, 575 (1960).

"A. Haipern and N. Kro11 (private communication).

which is not appreciably affected by the muon being
bound in a hydrogen orbit (binding energy=2. 5 keV)
takes place at the rate" 0.455)&10' sec ', so capture is
only 1/1000 as likely as decay.

The only signature of a muon capture event is the
detection of the 5.2-MeV neutron in Reaction (1).The
experimental arrangement for measuring the muon
capture rate must be able to distinguish this neutron
from all background and must detect it with known

efficiency relative to the number of available muons.
Because of the possibility of transfer of a muon to
deuterium or other impurities in the hydrogen the ex-
periment must be carried out under ultra-pure condi-
tions. The bremsstrahlung of decay electrons /Reaction
(2)$ constituted an intense source of neutral background
which could not be eliminated by shielding. The neu-
tron detectors were capable of distinguishing between
neutrons and gamma rays, thus eliminating much of
the background.

The known rate of the pion capture reaction
s. +P —+n+y (3)

emitting an 8.9-MeV neutron made it possible to per-
form a control experiment ie site.

Experiments on muon capture using hydrogen bubble
chamber techniques suffer from uncertainty as to the
initial muon state, as well as from an inability to achieve
the ultimate in hydrogen purity. On the other hand, the
knowledge of kinematics of each event results in better
neutron energy resolution than is possible in the present
experiment. Scintillation counter techniques are capable
of providing data of high statistical accuracy. The
experiment to be described here is an extension and
refinement of a previous experiment performed at this
laboratory. 5

II. EXPERIMENT

A. Target

Because of the possibility that a muon in the ground
state of a pp atom may be transferred to an impurity
of higher atomic number, it is essential to carry out the
muon capture experiment in ultra-pure hydrogen. The
transfer rate to impurities, such as nitrogen, is 5)&10"
sec ' (several times that to deuterium); therefore, a con-
centration of one part per million would result in 2.5%
of the muons ending up bound to the impurity atom.
Since the muon capture rates are much larger in impuri-
ties than in hydrogen, the effect would be serious. It is
clear that extraordinary precautions with the purity of
the hydrogen must be taken, such that impurities should
constitute less than one part in 10' of the hydrogen. The
presence of deuterium cannot be tolerated at concentra-
tions greater than a few parts per million. Isotopically
pure hydrogen" was puri6ed at the entrance to the
hydrogen target by passing it into a heated palladium

» S. L. Meyer, E. W. Anderson, E. Bleser, L. M. Lederman,
J. Rosen, J. Rothberg, and I-T. Wang, Phys. Rev. 132, 2693
(~963).

"Purchased from L'Air Liquide, Paris.
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coil. Only hydrogen forms the appropriate chemical
bond with palladium which allows it to diffuse through
the walls; other gases do not penetrate the coil and are
eliminated. Further puri6cation is obtained by passage
of the 61tered gas through a cold trap at 30'K. This
puri6cation system was subjected to a series of stringent
tests. In a test for nitrogen transmission the system
following the palladium puri6er was evacuated; nitro-
gen under pressure was admitted to the input end of the
palladium coil and the output pressure was watched.
No change in pressure was detected, implying a maxi-
mum leak through the palladium of 1 part nitrogen to
10 parts hydrogen under equal pressure conditions.

IXote added in proof. A recent measurement PJ. R.
Young, Rev. Sci. Instr. 34,891 (1963)]finds an impurity
content of a few parts in 10" for hydrogen permeat-
ing Pd. I

The low temperature of the liquid hydrogen (20.4'K)
chosen as the target material strongly inhibits the out-
gassing of foreign materials from the walls of its con-
tainer. The gas phase was purified and then liquefied
within the target itself; this was accomplished by keep-
ing the target region closed and in thermal contact with
a reservoir of normal liquid hydrogen. At a very slight
pressure above atmospheric, the gas entering from the
purification system was liquefied in the previously
evacuated target volume (see Fig. 2). The filling pro-
cedure took approximately 20 hours during which time
the normal liquid hydrogen, absorbing the heat of
condensation, was frequently replenished. Once the
target was full, heat losses were quite small. The target
remained full for several weeks with no deterioration
in purity, and required no maintenance except for
re6lling of the liquid-hydrogen and liquid-nitrogen
reservoirs.

Before filling, the "pure system" was evacuated to a
pressure of 10 ' Torr and baked for several days to re-
lease materials adsorbed on the walls. An ion pump
backed by a cryogenic adsorption pump was used to
evacuate the system. An oil diffusion pump was not
used because of the possibility that carbon and carbon
compounds might contaminate the target volume.

The ultimate purity of the hydrogen is determined by
the residual gas in the target after it has been evacuated
to 8&10 ~ Torr, the impurities introduced through the
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palladium, degassing from the walls during the several
weeks of running, and leaks in the system. The 6rst
consideration gives an impurity concentration of less
than 10 " as does the second. The observed leak-up
rate at room temperature of 10 4 Torr per day projects
to an impurity concentration of 10 ' in 10 days. If this
leak-up rate is due principally to wall degassing, it
becomes quite negligible at liquid-hydrogen tempera-
tures. No leak-up rate could be observed for the target
at liquid-hydrogen temperatures, since its vacuum was
better than that of the pumping manifold. A further
check is provided by the neutron yield which showed no
detectable increase during the course of the run (see
Table II). This establishes an upper limit on the effect
of any possible leak-induced impurities of the order of
one-half the final error quoted. "

Aside from structural consideration, the primary re-
quirements in the target design were that it be con-
structed exclusively of elements with high atomic num-
ber to minimize the effect of muons which might stop
in the target walls. In the case of iron, for example,
the muon lifetime in the atomic ground state is 0.2
psec, as compared to 2.2 p,sec in hydrogen, so that one
has only to delay event acceptance for about 1.0 psec
after which time the entire effect of wall captures has
disappeared. The inner hydrogen target was constructed
of stainless steel for mechanical strength and was lined
with silver to provide a very high Z barrier for muons
headed toward the walls. A silver thermal radiation
shield held at liquid-nitrogen temperature was sus-
pended inside the vacuum jacket whose outer wall was
fabricated of zirconium. Figure 3 shows the thickness
and location of the target walls and window. The target
window through which the muon beam enters was made
as thin as safety permitted in order to decrease the
number of muons stopping in it and, more important,
to minimize multiple scattering of the beam which
would increase the likelihood of wall captures in the
vicinity of the neutron detectors.

' An increase in neutron yield was observed during an inde-
pendent run in which deuterium eras being added to the target
system. This was traced to a leak in the exhaust valve.
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B. Measurement of Molecular Constants

Using the same hydrogen target and beam conditions,
an experiment was performed to measure several molec-
ular constants as well as (pd) fusion parameters. s

The measurement of X», the (pp) to (ppp) conversion
rate, was of greatest interest to the present experiment.

C. Muon Beam and Geometrical Arrangement

For the purpose of this experiment a muon beam with

pion and electron contamination was considered un-
satisfactory. First, pions stopping in the vicinity of the
hydrogen target would produce neutron background;
second, electrons in the beam would enter the target
with the muons and might make an accurate determina-
tion of the number of muons stopping in the hydrogen
dificult; they would also increase the number of ac-
cidental delayed "muon"-neutron coincidences.

Since the source of muons is more diffuse than that of
pions and electrons it is possible, by suitable adjustment
of the bending magnet current outside the shielding

wall, to focus magnetically off the meson target and
reduce greatly the transmission of the unwanted par-
ticles while decreasing the number of muons in the beam

by less than a factor of 2. Searches for the optimum
conditions for this purified beam were undertaken, using
a time-of-flight system. 4 Two scintillation counters
(No. 0 and No. 2) employing 56AVP photomultipliers
were placed about 6 m apart (see Fig. 4); the out-
put pulses from these were used as the start and stop
pulses in a ~4 nsec resolution time-to-height converter

' The time-to-height converter as well as the logic modules used
in the experiment were designed for general laboratory use by
W. LeCroy.

whose output was displayed in a 100-channel pulse
analyzer. At the particle momenta of interest (about
120 MeV/c) the pions and muons could be easily re-
solved. The mass spectrum that was obtained in this

way was checked from time to time by measuring the
differential stopping rate of the beam as a function of
moderator thickness. The working conditions that were
finally chosen involved an increase in bending magnet
current to select muons of 128 MeV/c. This momentum
is about 15% higher than the momentum of the major-
ity of the pions which are normally transmitted through
the shielding wall. Under these conditions less than 2%
of the beam particles were pions and electrons. Figure
5 shows the mass spectrum of the beam consisting
of pions, muon, and e/ectrons as the purification is
improved.

A 128-MeV/c muon beam was bent through 41' by a
wedge-shaped dipole magnet. The beam then passed
through a pair of quadrupole magnets which were set
to focus the beam within the hydrogen target (see Fig.
4)

A beryllium moderator was used to reduce the muon

energy from the initial 60 MeV to an energy which

would allow muons to stop between the neutron detec-
tors at the center of the target (see Figs. 3 and 4).
Beryllium was chosen in order to reduce multiple scat-
tering of the beam. Muons with a mean energy of 26
MeV impinged on the window of the target and entered
the hydrogen with 24.5 MeV.

Two different beam collimator arrangements were
used during two successive weeks of data taking. The
principal difference was in the aperture diameter. The
two geometrical arrangements will be referred to as the
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likely be due to a muon stopping in the beryllium moder-
ator coincident with a noise pulse in No. 3b, and
mould be electronically indistinguishable from a hydro-
gen stopping.

D. Electron and Neutron Detectors

~ o ~

~r ~ e

~ ~ ~~ ~ ~

~ ~
~ ~

~ r
Oe

r ~ ~ ~ooo oo ~ ~ o
'~ ~ coo

Lataee ~~ooeeoso: ~ ooo or oooo oo eo ee ~ eseooo oo eSALlt4

~ ~

~ ~ ~
~ o ~ ~

~ ~

~ e
~ ~~ ~~ ~

o ceo ~ ~oo e~Hsssto' oo e eeeeeoe 0o e ooooe ~ e\oQeoe ~ ~ ~ eoeeoe ~ eee4 o ~ oe ~ I ~ eoooeoee

e

FIG. 5. Pulse-height distribution of time-to-height converter
output. Seam particles traverse a 6-m Bight path. Lowest curve
shows the unpurified beam with electrons on the left, muons, then
pions. Upper curve represents the puri6ed muon beam used in
the experiment.

"4-in." and the "3-in." conditions, respectively. Aloe

though the latter reduced the number of muons entering
the target, a somewhat improved ratio of wall stopping
muons to hydrogen stopping muons was observed.
The data from these two independent runs were an-
alyzed separately and showed no significant diGerence.
This is strong confirmation that correct account was
made of phenomena relating to wall stoppings and wall
penetration. Figure 4 shows the location of the beam
detectors with respect to the shielding arrangement.
When the purified muon beam is used, the pions are of
lower momentum than the muons which are accepted by
the collimator system. They are, therefore, bent through
a larger angle and most of them strike the shielding
blocks or the sides of collimator walls. The location of
counter No. 1 was chosen so as to detect those pions
which were likely to give rise to a detected neutron.
These events were discarded, reducing the accidental
neutron rate substantially.

Counters No. 3u and No. 3b were located adjacent to
one another downstream of the moderator. The second
of the two was made extremely thin (0.020 in.) in order
to reduce the number of muons stopping in plastic to
a tolerable level. The two counters were placed in
coincidence with one another so as to reduce the acci-
dental counting rate in the beam telescope. Without
No. 3a an accidental coincidence in this case would very

The hydrogen target was surrounded by four 11-,'-
X14-X-,-in. plastic scintillation counters; behind each
of these was mounted a neutron detector surrounded by
at least 2 in. of lead on Gve of its sides. The thin counters
were labeled A~, A2, A3, and A4, and the respective
neutron counters were called X~, X2, X3, X4. The anti-
coincidence counters were placed so as to form four
sides of a box around the target; they subtended ap-
proximately 70%%u~ of the solid angle available to decay
electrons from stopping muons. On the side facing the
target each counter was covered only with 0.00075 in.
of aluminum foil and 0.001-in. black Mylar. These
precautions were taken lest muons stop in low atomic
number materials and be captured there. The
counters were used in four ways in the experimental
logic (see Fig. 6): (1) as a prompt anticoincidence at
muon arrival time to warn of a muon having left the
target and having penetrated the scintillator; (2) in
coincidence with the neutron detectors to define elec-
trons; (3) in prompt anticoincidence with a pulse in the
neutron detector to exclude electrons from considera-
tion as events; and (4) as a 10-@sec anticoincidence (on
film) to reduce accidental background.

The neutron detectors consisted of 1.8 liters of liquid
scintillator NE213 which was purified, deoxygenated,
and sealed in specially constructed glass vessels 6 in. )&5
in. &&4 in. An EMI 9530B photomultiplier directly
viewed a 5-&(6-in. face of the rectangular volume.
Magnesium oxide was used as a rejective packing.

The largest single source of counts in the neutron
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MUON CAPTURE I N H 2669

counters was gamma rays due to bremsstrahlung of the
muon decay electrons in their passage through the high-Z
target walls. In order to distinguish between neutron
and gamma-ray induced recoils in the detector, pulse
shape analysis of the form developed by Brooks" was
employed. The light produced by a charged particle
in a scintillator is composed of a long-lived ( 300
nsec) component superposed on a 10-nsec initial pulse.
The size of the slower component is always proportional
to energy loss, while the fast pulse is linear only for
minimum ionizing particles and saturates for particles
with a high rate of energy loss dE/dx such as 1—5-MeV
protons. Thus, one can distinguish proton recoils from
el.ectrons by the ratio of the two components of the
light pulse.

The same properties of the scintillation material
which enable neutron-gamma ray discrimination are
responsible for a nonlinearity in the energy response
to proton recoils. This nonlinearity was measured in an
independent experiment using the Nevis neutron ve-
locity selector as a source of neutrons of known energy. "
Figure 7 shows the pulse-height response to protons
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FIG.8.Photograph of oscilloscope display of neutron and gamma-
ray pulse height versus slow component residue. Horizontal axis
is energy, increasing toward the right. The neutron residue is
displayed on the vertical axis increasing downward. Upper photo-
graph shows gamma ray and neutron "bands" due to a Pu-Be
source. Lower picture is "band" due to a pure gamma-ray source
(Cs'"—0.67 MeV).
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Fxe. 7. The pulse-height response of scintillator NE 213 to
protons. Experimental points were obtained using the Nevis
neutron velocity selector, arid one point was obtained from pion
capture measurements. The solid curves are those of Brooks and
Batchelor. The dashed curve was the one used in the analysis.

"F.D. Brooks, Progr. in Nucl. Phys. 5, 252 (1956); F. D.
Brooks, Nucl. Instr. Methods 4, 151 (1959); J. B. Birks, Phys.
Rev. 94, 364 (1951); R. Batchelor, W. B. Gilboy, J. B. Parker,
and J. H. Towle, Nuci. Instruments and Methods 13, 70 (1961).

'6 This measurement is described-in the Appendix. For further
details see J. E. Rothberg, Nevis Report No. 116 (1963).

compared with pulse-height response to Compton elec-
trons. Knowledge of the distortion of the proton recoil
spectrum due to the nonlinearity is vital if the spectrum
is observed with a nonzero energy threshold and if the
absolute number of detected neutrons is to be deter-
mined (see Appendix).

A circuit was designed which derived from the
scintillator pulse shape a new pulse whose amplitude
was a measure of the excess slow component, i.e., excess
relative to the case of an electron pulse. This pulse along
with the fast component pulse was recorded for each
event. During the experiment the performance of the
counters was monitored. In this monitor system, the
slow component excess pulse and the fast pulse were
stretched and applied to the x and y deflection plates
of an oscilloscope. By unblanking the oscilloscope beam
at the proper time, a spot was formed whose position
signified whether a Compton electron from a p ray or a
proton recoil was detected (see Fig. 8). The response of
the neutron detectors was periodically checked with a
series of gamma-ray sources whose energy was in the
region of interest: Cs"'—0.67 MeV, Co"—1.25 MeV
(the detectors are not able to resolve the two closely
spaced lines) Na'4 —1.38 MeV and 2.76 MeV. The neu-
tron-garruna ray discrimination quality was checked
every few hours using a plutonium-beryllium source
which emits neutrons of energy up to about 6 MeV and
gamma rays of 4.4 MeV.
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E. Data Recording

A set of scalers with automatic printout was used to
record the following information (see Fig. 6):
elapsed time, coincidence between first two beam coun-

ters= (12),
muon beam= (123a3b),
muons not leaving target = (123u3b) (ZA;) =p,
ungated decay electrons =e„=(ZE~) (ZA;},
neutral particles converting in the neutron detector

= (ZE;)e,
neutrons (slow component residue is sufEciently large)

muon gated electrons= e„,e„
muon gated neutrons= n„,m, .
The subscripts r, a, stand for "real" and "accidental";
e„and e serve as oscilloscope triggers. The notation
(ZA, ) or (Z1V,) refers to the mixture of the four de-
tector outputs. In addition to the requirements noted
above, each "p" signal had to pass the "beam gate";
that is, it was used only if it occurred during the 8
msec when the meson beam was being ejected with
good duty cycle. The requirement, e1, discarding events
which are in coincidence with an incoming pion, was
omitted from the logic but was enforced when the
oscilloscope photographs were analyzed.

To permit careful time and energy measurements as
well as to check neutron-gamma ray discrimination and
anticoincidence operation, several detector pulses dis-

played on the Tektronix oscilloscopes 517 and 555 were
photographed. A mirror system permitted the use of a
single camera. Both the oscilloscopes and the film
advance mechanism were triggered on the arrival of
either an e„orm„.signal; that is, a muon gated neutron
that occurred during a 5 psec interval beginning either
—,
' psec after a muon pulse of 15 p,sec thereafter. The fast
pulse and the slow residue pulse from the neutron de-
tector, the pulse from beam counter No. 1, a muon
pulse, the pulse from the 2 counters, and a neutron
counter number identification were recorded on film.

Simultaneously with data being taken on film, a.

"digitron" system received pulses representing the
muon and electron, and stored the time interval distri-
bution in a 400-channel RIDL pulse-height analyzer,
making possible lifetime measurements of very high
statistical accuracy. "

For each individual neutron detector, for the data
accumulated during each day of running, a plot was
made of the size of the fast pulse in the neutron de-
tector against the size of the slow residue. This plot is
analogous to the type of oscilloscope display that was
available during the run. An example is given in Fig. 9.
With these plots all events which fell in the region of
gamma rays could be eliminated and for each detector
the lowest energy that would permit reliable neutron-
gamma ray discrimination could be determined.

Muon-neutron time distributions were plotted from
these events. These are shown for the two geometries in
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I'LG. 9. Plots of pulse height versus residue for neutron and
gamma ray radioactive sources. Increasing energy is downward;
neutron residue increases toward the right. The plots were
generated from data taken from measurements of oscilloscope
traces photographed during the experimental run. The numbers in
the plot refer to the number of events in each "bin."

Fig. 10. They are characterized by an approximately
2.2-@sec lifetime component, as is expected from muon
capture in hydrogen, and a 0.2-@sec component from
captures in iron.

where E is number of detected neutrons, S~ represents
neutrons due to sources other than hydrogen capture, E
is detector efliciency, 0„is the detector solid angle, andS„is the number of muons stopping in hydrogen. T
is the time gating factor.

IIL ANALYSIS

A. Calculation of Cayture Rate

The experimental value of the muon capture rate is
given by

Rate= )p)
EQ„T X„
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TABLE I. Determination of muon stoppings.

Geometry e(10') T' ~g L &p(1o')

3 in. 8.62 0.774 0.185 0.9 67.0
4 in. 11.40 0.732 0.185 0.9 93.6

Uncertainty 0 &1.0% &1.8% +5.0% &5.5%
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l. 3fuons Stopping in Hydrogen

On can arrive at the number of muons stopping in
hydrogen in two ways; from the number of (123a3b)A
counts, or the number of (e„—e,) decay electrons.
Several corrections must be made to the raw number of
beam counts to obtain a muon stopping number. These
are due to muons stopping in the front wall of the target
etc. Experimental runs with a simulated target were
carried out in order to measure the muon stopping
distribution and to determine the percentage of "p,"
counts which are muons entering the target region.
It was found that only about three-fourths of the
(123a3b)ci triggers represent muons which leave the
last collimator, the rest having trajectories which
failed to enter the target.

The second method of determining the muon stop-
ping number is more reliable. The important advantages
are: (i) Except for a small and known number of
accidentals, a (p)e delayed coincidence can only be a
decay electron; (ii) electrons are required to pass the same
time gate as neutrons; (iii) electrons are detected with
the same neutron detectors (and hence almost the same
solid angle) as are neutrons; (iv) since the time gate is

sufficiently delayed, only decay electrons from muons
stopping in hydrogen are counted. The number of
muons stopping in hydrogen is given by

E„=(e„—e,)jTQ, L,
where T is the time gate factor, 0, is the solid angle for
electron detection, and L is a loss factor for electrons
due to target side walls.

In Table I the determination of the muon stopping
number (1V„)is outlined; (e„—e ) has been set equal to

IO I I I I I

0 I 2 5 4 5 6

FIG. 10. Time distribution of neutrons from p, +p —+e+s.
Time interval measurements were obtained from scanning of film;
accidental events have been subtracted but iron capture neutrons
are in evidence at early times. The best fit for the lifetime is
2.10~0.12 psec. A similar set of data taken with the 3-in. geometry
shows a lifetime of 2.13+0.15 psec.

e. In the negative beam e,/e„ is 1.5% and 2.1%, re-
spectively, for the 3- and 4-in. geometries. The time
factor was deduced from the lifetime plot (Fig. 10)
assuming a decay lifetime of 2.2 psec, noting that the
same muon-generated univibrator output gates both
electrons and neutrons. The solid angle for detection
of an electron assuming the known muon stopping dis-
tribution in hydrogen was calculated, using the same
Monte Carlo code as was used for the neutron detector
eKciency calculation. A small correction was applied
to account for edge effects in the neutron detector.

The electron loss factor, L, consists of several effects
of which the largest and most dificult to calculate was
radiation in the high Z target walls. This effect (5%)
was directly measured with the dummy target and
simulated target walls. Another 5% of the electrons
were lost due to counter walls and energy threshold.
Thus, a loss factor of (10+5)% is used to correct the
observed number of electrons.

Z. Time Gate Factor

From the neutron time distribution plot a time in-
terval was chosen which excluded most of the iron
capture events; only the data within this new time in-
terval was analyzed to extract the muon capture rate.
Events occurring at earlier times were isolated and used
to provide an energy spectrum of neutrons from muon
capture in iron.

3. Solid Angle and Defector Egciency

The total solid angle subtended by the four neutron
detectors was calculated to be 19.6%given the measured
muon stopping distribution.

A complete calculation of neutron detector efficiency
was carried out. This Monte Carlo code included the
following complications: (i) the neutron detectors were
surrounded by lead and other materials which might
"reflect" neutrons; (ii) the path length in the detector
is direction-dependent; (iii) neutron cross sections are
energy-dependent; (iv) the detectors are thick enough to
permit multiple recoils; (v) scattering and energy loss
in the hydrogen target; (vi) the response of the detectors
is nonlinear (see Fig. l) for protons of the relevant
energies ((5.2 MeV); (vii) the detector contains carbon
as well as hydrogen.

The calculation gives the final expected yield as a
function of detector energy threshold. Although it is
not completely meaningful to decouple the several
sects, since the electron yield depends on the solid
angle also (which essentially "cancels out" in the final
capture rate), it is interesting to list the extent to which
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each effect determines the 6nal neutron yield. The
numbers are approximate and are not needed in the
analysis.

Froctv'ort of rteulrorts observed dtte to effect of:
Solid angle 0.20
Hydrogen target degradation 0.90
Detector mean free path 0.50
Energy threshold (1 MeV) 0.36

Figure 11 shows the corrected neutron pulse-height
distributions together with the calculated pulse-height
spectrum for each of the detectors and each geometrical
arrangement.

4. Corrected Number of Detected Neutrorts

Several corrections were applied to the number of
neutron events.

(i) Acciderttals. Random background events were
accumulated by triggering on neutrons occurring dur-
ing a gate which was delayed 15 @sec. For the 3- and
4-in. geometries the accidental events rate was 0.39
and 0.49 counts per psec per million muon stoppings,
respectively. The accidental rate in the real gating
interval was reduced by the requirement that no anti-
coincidence counter pulse (A pulse) appear on the
trace. The effect of this requirement was measured by
considering the time distribution of A pulses relative
to neutron pulses and also with respect to muon pulses.
The fraction of the A pulses which were correlated in
time with neutron pulses represent XA failures. Those
that appear after a muon but are uncorrelated with a
neutron represent muon decays which are detected with
the large solid angle of the A counters. Exclusion of
these events results in decreased accidental background.
The number of random A pulses was determined by
scanning for pulses which preceded the muon stopping.
The normalized energy spectrum of accidentals was
subtracted from that of the real neutron events.

(ii) Neutron evertts irt the positive hearst. In order to
evaluate possible spurious events due to the high Qux of
decay electrons entering the neutron detectors, it was
desirable to count decay electrons in the absence of
muon capture neutrons. This situation is realized by
stopping positive muons in the hydrogen target. It was
found that a nonnegligible rate of neutron events per-
sisted under positive beam running conditions. These
events were found to have the time distribution of
decay electrons and are explained as being due to
photonuclear processes produced by the electron brems-
strahlung. The effect has been considered and the ob-
served neutron rate was found to be consistent with
that expected on the basis of Cts(y, P) and Crs(y, N)

reactions occurring in the neutron detectors.
That the positive beam neutron events are electron

associated is conhrmed by the 2.2-@sec exponential time
distribution of these events. The possibility of stopping
positive muons in the hydrogen, where the physical
situation is identical except for the absence of capture
neutrons, allows an accurate correction to the data
independent of knowledge of the source of events.
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Fzo. 11. Pulse-height distribution of corrected neutron events
from p +p —+ n+v. Each neutron detector and each geometrical
arrangement was plotted individually. The horizontal scale is in
MeV as calibrated with gamma-ray sources. The data in Fig. 7 is
used to convert to neutron energy. The results of a Monte Carlo
calculation of detector response are shown as a solid curve. It was
fitted by normalization. The upper curve is data taken with de-
tector E& in 4-in. geometry; the lower one is X2 in 3-in. geometry.
The x' values ot the ht are 11.0 (7 channels) and 10.1 (10channels),
respectively.

(iii) Wall capture evertts The ne.utron time distribu-
tion reveals a contribution from muon capture in iron.
It will be shown later that there is no reason to expect a
substantial contribution from any material other than
iron. The energy spectrum of neutrons from muon
capture in iron was determined in two ways. In a pre-
liminary measurement a study was made of the neutron
yields and spectra from muon capture in various
materials, including carbon, iron, silver, zirconium, and
lead. An additional determination of the iron spectrum
was obtained by considering only the early time seg-
ment of the actual data (see Fig. 10) and subtracting
from this the appropriate number of accidentals and
of events with 2.2-psec lifetime.

The neutron yield from iron was normalized to the
number obtained from the time distribution and the
gating interval location and was subtracted from the
neutron events spectrum. The gating interval was
chosen so as to keep the subtraction small.

(iv) Scanrtirtg artd statistical correctiorts. The maxi-
mum 61m advance rate in the oscilloscope photography
system was one frame per second. The number of
neutron events was corrected for the number of events
lost because of confusing overlap of pulses on the trace
and because of superimposed traces. The total correc-
tion was 13.0%+0.6%, and 21.3%&0.6% for the 3-in.
and 4-in. cases, respectively. This correction contrib-
utes only a negligible error to the final result by virtue
of a complete tabulation and record of lost events. There
was no scanning eKciency correction since each film
frame was accounted for on an IBM card, and event
rejection took place during analysis of the cards.

The neutron pulse-height spectrum was plotted for
each detector in each geometrical arrangement. De-
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TABLE II. Calculation of capture rate.

Counter

Energy interval (MeV)
Neutrons
Accidentals
Positive beam events
Iron captures
Corrected events
Percentage error

(eR) X (104)
effX~
1V„'X(10 ')
(eg) (0) (N„')(10 ')
Rate '(itt„/a)
Rate (sec ')

0.8 to 2.8
547.0+26.2
39.0&6.9

116.1~13.5
24.8+4.2

377.1&30.4
g 05%%uo

rms error
320.9(+5.0%)

75.5 (w5.4%)
43.2 (~5 6%)

326.0
865
527&59

Wt. av

4-in. geometry

1.0 to 2.8
441.5~23.2

27.2&4.6
140.7m 25.0

9.9&3.5
273.9&28.1
10.3%

4 l%%uo

274.6
74.1
43.2

320.0
1171
388%50.4

1.4 to 2.8
264.4~27.7

9.0&3.3
65.2 &10.0
5.7~2.6

284.6&20.9
11.4%

181.2
46.0
43.2

198.5
1072
425~59

469~42

1.2 to 2.8
288.2&28.2
39.6&6.7
62.0&8.6
8.0~3.0

178.6&22.5
12.0%

227.8
51.5
32.6

167.8
940
485+70

3-in. geometry
Ng

1.0 to 2.8
340.1&29.5

19.2&4.6
48.8%7.6
8.2&3.0

264.0&22.8
8.3'%%uo

274.6.
73.3
32.6

238.0
903
505~57.5

1.2 to 2.8
227.2~16.3

22.5w3.4
29.0&5.9
5.8~2.4

180.9m 27.9
9 9'%%uo

227.8
59.5
32.6

194.0
1072
425+54

a In the above Table "eff" is detector efFiciency; "0" is percentage solid angle for each detector determined from electrons; "N "' is pr ) X(gate fac-
tor). The six values for the capture rate considered as a distribution about their mean have a x o 7.4. The final error of the mean includes contributions
from the six independent errors as well as the errors in muon stopping rate and in detector efFiciency which are the same for all six cases. The average cap-
ture rates in the 4-in, and 3-in. situations are 464.0 and 475.0, respectively.

tector lVB was eliminated from detailed consideration
since the quality of neutron-gamma ray discrimination
was doubtful for a large fraction of the data. The cal-
culated detector response was 6tted to each energy
spectrum by equalizing the areas above some chosen
energy (on the gamma-ray energy scale); no scale
change or other adjustment was needed beyond the
original conversion of arbitrary pulse height units to
energy (MeV) using radioactive source data. Figure 11
shows sample plots along with the x' calculated after
the expected curve was Q.tted.

The data were grouped into two energy blocks, one
beginning at a low energy depending on the detector
and ending at 2.8 MeV (corresponds to S.S-MeV proton
recoils) and the other entirely above the expected neu-
tron energy from 3.2 to 4.2 MeV (gamma scale). The
data in the first block were used to obtain the capture
rate as in Table II, while the second block in Table III
demonstrates the cancellation of events above the ex-
pected energy providing additional confirmation that
background has been subtracted properly. Muon cap-
ture in materials other than hydrogen has been ob-
served to yield neutrons whose energy spectrum extends
above 5.2 MeV. Thus an additional con6rmation of the
hydrogen purity is obtained.

5. Small Corrections to the Capture Rate

(a) The presence of deuterium in the hydrogen. The
fraction of muons transferred to the deuterium branch
of the diagram in Fig. 1 is

P= c),/(),„+),+c).,);
the concentration of deuterium in the target was less
than one part per million. Using the measured values
for the constants

X0=0.455&(10' sec '
)„„=1.9)(10' sec ',

~,=1,4)&10"sec '

we obtain
F=0.007.

Neutron
counter

4-in. geometry
NI N2 N4

3-in. geometry
Ng N2 N4

Neutrons
Accidentals
PosItIve beam

events
Iron captures
Corrected

events
Average

17.0&4.6 12.2 27.0
2.9&2.7 1.2 2.2

23.8+6.0 5.9 18.5
1.0 0.6 0.8

18.1 15.9 13.6
2.8 0.9 0.0

14.6 8.2 14.8
1.0 0.7 1.0

—20.7&7.8 4.4 —4.5 —0.3 6.2 —2.2—2.2&3.0

Actually, not all the muons which transfer to deuterium
fail to give a measured neutron. In any case the eITect
of deuterium is negligible.

(b) Otherimpuritiesin the hydrogen Assum. ea transfer
rate to higher atomic number impurities 5&(10"sec ',
the concentration of these impurities is 10 ~, cer-
tainly less than 10 '. In the latter case F=2.5X10 '.
Even though the capture rate is higher than that in
hydrogen by 200, the fraction of neutrons from cap-
ture in these impurities is 0.005 at most, again negligible.

Note added in proof. The direct experimental checks
of this"statement are twofold. (i) The 4-in. geometry
run and the 3-in. geometry run were consecutive and
each lasted about eight calendar days. The results of
each run (Table II and footnote) with statistical error
only are 464& 13 and 475&16 sec '. The invariance to
time places a limit of 6 percent on the contribution
of any possible leak or outgassing induced impurity.
(ii) The absence of neutrons above 5.2 MeV (Table III),
using observed neutron spectra from carbon places a
limit 1 percent on the contribution of low Z captives
(from Hs impurity or counter stoppings) to the final
result.

TABLE III. Calculation of rate of events above muon capture
neutron energy. Energy interval=3. 2 —4.2 MeV (gamma-ray
scale).
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(c) Captures in carbon (outside the target). There are
only three possible sources of carbon capture; great
efforts having been made in the construction of the
target to eliminate all low-Z material. Plastic scintil-
lator was the only remaining potentially dangerous
material.

(i) Muons stopping in counter No. 3a:The accidental
rate of the (123a)3b coincidence was 10/min. These
accidentals might represent stoppings in the No. 3a
counter. Including the ratio of solid angles of this
detector to the hydrogen (0.06) and the ratio of capture
rates (100), the fractional yield due to this mechanism
is &0.0025. This is completely negligible

(ii) Muons stopping in counter No. 3b: The differ-
ential stopping distribution curve for muons indicates
that in the vicinity of counter No. 3b the stopping rate
is 500/g while in the peak of the distribution the rate
is 3000/g. The counter is 0.05 g thick so that the ratio
of muons stopping in the counter to those stopping in
hydrogen is 0.002. The ratio of solid angles is 0.07, the
extra length of hydrogen causes further attenuation of
the neutron yield by about a factor of 2. The percentage
neutron yield from this source is 0.7%.

(iii) Muons penetrating the anticoincidence de-
tectors: This case was an important one to investigate
carefully since the solid angle for detection of any neu-
trons produced in the anticoincidence detectors was
larger than that for hydrogen neutrons. It was possible
to obtain a sufBciently accurate estimate of this source
of background by considering the number of muons
stopping in the target walls. The latter number can be
obtained in several ways. The iron in the target wall
comprises 0.495 g while the higher Z components to-
gether comprise 2.69 g (with an average Z of 42).

Analysis of the neutron data taken on film gives the
following result for the ratio of muons stopping in
iron to those stopping in hydrogen: 4-in. geometry—
(0.78+0.11)% and 3-in. geometry —(0.55&0.08)%
The neutron time distributions as recorded on the
digitron clearly show both a high-Z component and an
iron component in the lifetime. From this data one can
obtain, independently of solid angle and eKciency, the
ratio of muon stoppings in high Z to the stoppings in
iron: 4-in. geometry —3.6&0.4 and 3-in. geometry—
6.1&0.6, while the ratio of densities is 5.45. One then
has for the percentage of muons stopping in the higher
Z component of the walls:

4-in.—(2.8%0.7)% 3-in.—(3.4%0.8)%.
An independent estimate of the number of muons

stopping in high-Z materials comes from a comparison
of the yield of decay electrons per muon in the positive
and negative beams. From this source one obtains:
4-in.—(5.5&2.2)% 3-in.—(3.5&1.4)% This is in
rough agreement with the previous estimate.

Thus the wall stopping rate for muons in the vicinity
of the target walls is 1.4% of the muons per gram of wall
material. Since muons were at the end of their range

having penetrated much hydrogen, etc., the rate of
stopping was surely decreasing with increasing thickness
and, therefore, is expected to be somewhat lower than
1.4% at the position of the anticoincidence detector.
Nevertheless, this number was used to obtain an upper
limit. A further check on the above estimate is the
observation that the electronic requirement (123a3b)A
reduces the counted number of muons by (1&0.3)%
below the (123a3b) rate. Since the anticoincidence de-
tector is 1 g thick the estimate of muons penetrating it
is confirmed.

Analysis of him taken of decay electron events shows
that one can easily measure pulses whose size is one-
fifth of the size of the pulse due to a minimum ionizing
particle passing through the detector. For the anti-
coincidence detectors of the thickness used, one-fifth
minimum ionizing corresponds to an energy loss of 0.5
MeV. A stopping muon which leaves 0.5 MeV in the
plastic comes to rest after 0.0035 g. The Mylar and
alurninurn coating on the counters are 0.007 g thick.
Assuming a total low-Z thickness of 0.011 g wherein a
stopping muon would go undetected, one has as a ratio
of carbon stopping muons to muons stopping in hydro-
gen, 1.5)(10 4. Including a solid angle enhancement
factor and a capture rate factor, we have as an upper
limit on the neutron yield ratio 1.8%. A more realistic
estimate is probably 1%. Although it is much smaller
than the quoted error, a correction factor of (—1+0.5)%
is included. See also paragraph 5 (b) above.

(d) The admixture of (up) atomic copture in the data.
The (up) atomic system converts to the (pt(p) molecular
ion with a rate X»= 1.9&(10' sec ' or a partial lifetime
of about 0.5 @sec.The data that were used in the analy-
sis were taken in a time interval beginning at 1.2 ysec
so that the admixture of (t(p) is quite small. Neverthe-
less, it is easy to calculate the exact effect on the capture
rate. Using the usual coupling constants, the capture
rate in the molecular state is expected to be 560 sec '
while the singlet atomic capture rate is about 640 sec '.
The rate for a mixture of the two which is observed
from t=to to inhnity is

&(mud)+ ( (~&) 7 (&.&))~
Xo+X„„

In the present experiment the effect is very small but
in a bubble chamber experiment (to ——0) the rate is
expected to be enhanced by about 4%

(e) Possible molecular ortho para conwrsion The-rate.
of transition of the ortho state to the para is expected
to be quite negligible on the scale of muon lifetimes. "
One can obtain an upper limit to the decay rate from
the neutron-muon time interval distribution curves
(Fig. 10) by noting that the capture rate in the para
state is expected to be about 220 sec ' as opposed to
560 sec ' in the ortho molecular state. The experimental
upper limit to the ortho-para conversion rate ),~ is
then 0.05X10' sec ' corresponding to a partial lifetime
of 20 @sec. In the unlikely circumstance that this were
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in fact the conversion rate, the expected capture rate
would be reduced to about 525 sec '.

o

——5 METERS~
6. Summary

The final estimate for the capture rate is 464&42
sec '. A small correction has been applied for the effects
mentioned in the last section. It can be seen from Table
II that the error is principally due to there sources: (a)
the various subtractions to the spectrum, (b) the num-
ber of muons stopping in the hydrogen, and (c) the
detector eKciency calculation. The statistical error in
the raw number of detected neutrons is rather small,
but the above three categories contribute roughly 4%,
5%, and 5%, respectively.

IV. PION CAPTURE: A CONFIRMINQ
MEASUREMENT

A. Introduction

It was desirable to apply the target, detector ge-
ometry, and efficiency calculation to a similar experi-
ment which was somewhat easier to carry out and whose
result was predictable. A natural choice for the check
experiment was pion capture. When a negative pion
comes to rest in hydrogen, it always interacts with a
proton. Recent measurements" show that the time
interval between a pion velocity of 0.006 c and nuclear
interaction is about 2.3&10 " sec in liquid hydrogen.
The interaction modes that occur are

(a) z. +p —& z'+I (0.41 MeV),
(b) z +p~y+n (8.9 MeV).

The Panofsky ratio which has been measured many
times is defined as the ratio of probabilities a/b= P. The
quantity measured in this experiment is R=1/(1+&)
=b/(a+b) =0.396, using the most recent value for P.is

B. Description of Experiment

The pion capture experiment can be performed with
no change in the experimental arrangement other than
that needed to stop a known number of pions in the
target. This was accomplished by reverting to the nor-
mal unpurified meson beam situation and installing the
time-of-Qight system. The output of the time-to-height
converter was sent to a pulse-height window which
selected pions in the beam; the signal from the window
output was then put in coincidence with the usual
"muon stopping" pulse, providing a trigger which was
free of muons and, more important, of electrons. Since
pion capture is a prompt process, the muon triggered
delayed gate was shortened in length and its delay was
decreased so as to be in prompt coincidence with the
pion stopping pulse (Fig. 12). Because of the relatively
high "events" rate it was possible to take data on a
pulse height analyzer as well as on film.

Neutron-gamma ray discrimination was checked

"J.H. Doede, R. Hildebrand, M. H. Israel, and M. R. Pyka,
Phys. Rev. 129, 2808 (j.963)."J.Ryan, Phys. Rev. 130, 1554 (1963).
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FIG. 12. A simplided block diagram of the part of the electronic
logic peculiar to the pion capture experiment (see Fig. 6 for nota-
tion and rest of logic). The pulse-height analyzer (PHA) shown
was used to monitor pion beam purity. A second PHA was gated
on "events" and displayed the neutron pulse-height spectrum.

using the pion capture neutrons and gamma rays
themselves, in addition to the radioactive sources.
Energy calibration was possible using the 4.4-MeV
carbon gannna ray from a plutonium-beryllium source
(n+Be' —+ n+C"* C' *—+ C"+y) and the Na' source
for the lower end of the scale. A high-energy point was
fixed using the 6.14-MeV gamma ray from the following
reaction: is+0"—+ N"+p N" ~ e +0"*+v 0"*—+

0is+y(6. 14 MeV).
There is such an abundance of pion capture neutrons

that even if the detector energy response were unknown
it would be self-determining at the 8.9-MeV point. The
high-energy point obtained in this way helps to confirm
the earlier independent measurement of the scintillator
energy response.

C. Data and Results

To calculate the fraction of pions captured in the one
observable mode, it was necessary to obtain the actual
number of pions stopping in hydrogen. Since the
(123a3b) signal was gated on pions alone (time-of-
flight criterion) it was sufficient to apply the same factor
(the ratio of muons stopping in hydrogen to beam
counts) as was used in the muon experiment.

Only one correction to the neutron spectrum data
was needed; it is expected that the same number of
pions stop in wall materials as did muons in the principal
experiment. However, wall captures here are coincident
in time with pion arrival, as also are the captures in
hydrogen. Thus wall captures play a relatively larger
role in pion capture where the device of delayed count-
ing is not effective. A crude estimate of the number of
neutrons expected from wall interactions was made and
agrees with the actual correction which was performed
in a self-determining manner. In the neutron energy
spectrum plot a Qat low level of counts persisted be-
yond the clearly visible cutoff energy of hydrogen
events. The low background level was extrapolated
back toward zero with the appropriate rise. The total
subtraction in the energy region of interest amounted
to 12.8+3%.The neutron energy distribution obtained
from analysis of the film was plotted and fitted (by
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FIG. 13. Pulse-height distribution of neutron events from the
reaction m +p ~ n+y. Two independent runs are shown, each
Gtted with the results of a Monte Carlo calculation of detector
response. Energy scale is in MeV as calibrated with p-ray sources.

normalization only) with the calculated detector re-
sponse curve (Fig. 13). Only a change in one parameter
(the initial neutron energy) was needed to convert the
Monte Carlo code for detector response from the muon
capture to the pion capture situation. Table IV lists

TABLE IV. Calcuiation of pion capture branching fraction.

De-
tected
neu- Corrected

Run tron s neutrons
Pion stops

(106)

Actual
neutrons

(103)
Branching
fraction R

a 720 628 &40 (0.192 &0.011) 77.8 %6.4 0.405
b 1468 1280 +69 0.387 159.0 +11.7 0.411
c 685 597 &43 0.185 74.1 %6.6 0.401

Average
Expected

0.407 &0.035
0.396

the data and results of three independent runs of the
pion capture experiment.

The agreement between the measured value of the
branching fraction and the one expected on the basis
of more precise experiments indicates that in the muon
capture experiment, the muon stopping number, wall
e6'ect and the detector eKciency were assessed correctly.

V. RESUITS AND CONCLUSION

The present muon capture experiment yields a single
experimentally determined number; the capture rate
in the (pttp) molecule. The presence of iron capture
neutrons appearing at early times made it impossible to
extract a meaningful value for the (ttp) atomic capture
rate (singlet). The corrected experimental result for
the molecular capture rate is given in Table V, together
with other existing results. 5 '9 '

» R. H. Hildebrand, and J. H. Doede, Proceedings of the 196Z
Annual International Conference on High Energy Physics at
Geneva (CERN Scientitic Information Service, Geneva, Switzer-
land, 1962), p. 418.

E.Bertolini, A. Citron, G. Gianianella, S. Focardi, A. Mukhin,
C. Rubbia, and S. Saporetti, Proceedings of the 196Z Annual
Internateonal Conference on High Energy Phystcs at Geneva (CERN
Scienti6c Information Service, Geneva, Swizerland, 1962), p. 421.

See Ref. 5. b See Ref. 19. ' See Ref. 20.

There are several possible interpretations of a dis-
crepancy between the observed and predicted rates.

'(i) The present calculated value of the molecular
wave-function overlap could be in error by 10%.

(ii) The equality of the electron and muon axial
vector coupling constants is implied by the observation
of the ratio of the reactions sr -+ e+ v and sr —+ tt+ v. At
the momentum transfer of muon capture, the axial
vector coupling constant is modish. ed by a term of order
(m„'/M„')which has a negligible effect on g~. Anoma-
lous behavior of the momentum dependence is con-
sidered unlikely.

(iii) It is possible that time reversal invariance fails
in muon capture. If this is the case, then the vector
and axial vector coupling constants could have a rela-
tive phase factor and the capture rate in the singlet
state is reduced below what would be expected if
g~ ———g~. In the vicinity of 180' the phase factor is
quite insensitive to the measured capture rate since the
rate is at maximum there.

(iv) The conserved vector current theory identi6es
the momentum dependence of the vector coupling
constant with that of the nucleon form factor. This
identi6cation allows the coupling constant gy& to be
evaluated at the muon capture momentum transfer.
EQects of the conserved vector current have recently
been clearly observed in the beta decay of the 8"—N~
multiplet. "Experiments on the decay sr+ ~ z'+e++ v

are in progress and some have already measured a rate
in rough agreement with the prediction of the conserved
vector current theory. " In view of the success of this
hypothesis it is unlikely that either the vector coupling
constant or the so-called weak magnetism terms di8er
from the predicted values.

(v) The successs of the conserved vector current
theory allows the value of g&& to be obtained from the
measured value" of g~t' if suitable correction is made for
diGerences in momentum transfer. In beta decay the
ratio of g~~ to gv~ (—1.21) is obtained from comparison
of the free neutron decay reaction with 0'4 decay which
is a purely "vector" process. The present experiment
can be interpreted as providing a direct measurement of
g~jgv in the muon-proton interaction. The usual assign-

"C. S. Wu, Y. K. Lee, and L. Mo, Phys. Rev. Letters 10, 253
(1963).

~ P. Depommier, J.Heintze, A. Mukhin, C. Rubbia, V. Soergel,
and K. Winter, Phys. Letters 2, 23 (1962).

~' R. K. Bardin, C. A. Barnes, W. A. Fowler, and P. A. Seeger,
Phys. Rev. 127, 583 (1962).



MUON CAPTURE I N H 2677

22
& t I » I il I I I I I I I j

464+ 42

20—

18—

l6—

l4-

12—

10—
CD

CL
CD8—

I I I I I I I I I I I I I I I

—l.4 -l.3 —l. 2 —
I . I

—I.O —.9 —.8
gA/gp

I"

V

FIG. 14. Muon capture rates in the (ptzp) molecular ion with
the axial vector coupling constant and the induced pseudoscalar
coupling constant as independent variables. The point marked
with a capture rate of 560 sec ' corresponds to the usual choice of
coupling constants. The band indicates the region consistent with
the results of the present experiment.

ment of —1.21 to this ratio yields a molecular capture
rate of 560 sec '. The results of the present experiment
are consistent with a ratio gg/gv

———1.05+0.08.
(vi) The calculation" of the induced pseudoscalar

coupling g„could be in error. The usual result is
g„/go=8 but there are several indications that this is
in disagreement with observation. The large angular
asymmetry of neutrons observed in the capture of
polarized muons by spin zero nuclei is consistent with
a larger g„"/gg" ratio. s' The recent observation" of
muon capture in 0" also yields a larger ratio than
expected, but the interpretation depends on nuclear
wave functions.

Using the expression for the muon capture rate with

g„/g~ and g~/gv as independent variables the molecular
capture rate was computed. A band was plotted (see
Fig. 14) in the plane of these variables that includes
those points consistent with the results of the present

24 M. L. Goldberger and S. B. Treiman, Phys. Rev. 110, 1178
(1958); 111, 354 (1958); L. Wolfenstein, Nuovo Cimento 8, 882
(1958).

2' V. S. Kvseev, V. S. Roganov, V. A. Chernogovova, M. M.
Szymczak, and Chang Run-Hwa, I'roceedhrIgs of the 1P6Z Anelal
1nternationat Conference on High Energy Physics at Geneva (CERN
Scientiic Information Srevice, Geneva, Switzerland, 1962), p. 425."R.Cohen, S. Devons, and A. Kanaris, Bull. Am. Phys. Soc. 8,
26 (1963).

experiment. It can be seen that if the expected ratio
of V to A is used, then a ratio of g~/go= 15.5+3.5 is
required in order in order to 6t the data; whereas if
g„/g&——8 is assumed then g&/g& is required to be
—1.05&0.08.

Pote added izz proof R. ecent new bubble chamber
results were presented at the Weak Interaction Con-
ference, Brookhaven National Laboratories, Sept. 1963:

CERN" 450&50 sec '
Chicago" 410&85 sec '.
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APPENDIX: PROTON RESPONSE IN NE 213

A. Introduction

When particles for which dE/dsc is independent of
energy, traverse a scintillating material the light output
per centimeter, dS/dr, is constant. The generalization's
to nonrelativistic particles is

dS a(dE/dr)

dr 1+b (dE/dr)

with an extra "saturation" term in the denominator.
The more heavily ionizing the particle the more severely
quenched is the initial ( 2 nsec) light output from the
scintillating material. The slowly decaying component
( 300 nsec) of light remains proportional to energy
loss. Particle detection systems are sensitive primarily
to the fast nonlinear component of light output. There-
fore, the use of organic scintillators as energy spectrom-
eters for protons requires that the nonlinearity of
response of the scintillator be accurately known.

B. Description of Experiment

Experiments were carried out using the Nevis neutron
velocity selector to determine the response of the organic
liquid scintillator, NE 213, to neutron-induced proton
recoils in the range 2 to 6 MeV. In this energy range, in
a hydrogenous substance, ionization due to incident
neutrons is entirely from elastic hydrogen collisions
(at least at times short compared to thermalization
time). The mean free path for 4-MeV neutrons in
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NE 213 (density=0. 88 g/cc, composition=CH&. 2) is
roughly 4 in. In measuring the proton response function,
a thin detector, in which multiple collision events are
improbable, should be used. Otherwise, the observed
response function contains an implicit dependence on
detector geometry and initia1 neutron direction.

A g ass cylinder —, in. thick and 4 in. in diameter was
ulled with oxygen-free NE 213 and oriented coaxially
with the neutron beam direction; it was viewed by a
5-in. phototube (EMI 95308) in direct contact with the
4-in. face. The detector was placed at the end of a
helium pipe 100 m from the source of a pulsed neutron
beam. The beam is obtained by deQecting the cyclotron
proton beam into a target once every cyclotron cycle
(1/60 sec). The uncertainty in the neutron production
time is at the very worst four'proton rotation times, or
about 200 nsec. The use of "time-of-Qight" techniques
permits the convenient measurement of neutron energy
and the elimination of gamma-ray background. Pulses
obtained directly from the phototube were displayed on
an oscilloscope and photographed. The oscilloscope was
triggered by the beam deQection pulse; neutron time of
arrival was measured from the time of arrival of gamma
rays. The pulse-height output was calibrated using the
Compton recoils from gamma-ray sources of known
energy, and checked with cosmic rays traversing the
detector parallel to the cylinder axis (being minimum
ionizing they leave a calculable amount of energy in
the detector).

C. Data Taking

About 4000 photographs of the oscilloscope sweep
displaying a 6-psec interval after gamma-ray arrival
time comprised the data. Additional data of higher
statistical accuracy were taken using a 400-channel
RIDL pulse-height analyzer (PHA) which was triggered.
on selected neutron Qight times. Compton recoil pulses
from Co" (1.25 MeV) and Na" (1.38 and 2.76 MeU)
gamma-ray sources were photographed and displayed
on the PHA to set the energy scale. Pulses from cosmic-
ray particles traversing the detector within 10' of the
vertical were recorded and compared with radioactive
source data. The cosmic-ray pulses served as an abso-
lute calibration of pulse height. This was considered
preferable to complete dependence on Compton recoils
which are subject to detector edge e6ects and complica-
tions due to the Compton "edge."Space-charge satura-
tion in the photomultiplier was avoided by requiring
that the two "edges" of the Na'4 source retain their
proper pulse-height relationship as the photomultiplier
voltage was raised to at least 150 V above its normal
operating point of 1200 V.

The limitation in neutron-energy resolution was due
to jitter of the neutron starting time (0.2 ysec); the
time interval measurement on the film was considerably
more precise than this. The film yielded a Qight time
and pulse-height coordinate for each neutron event
measured. The time scale was divided into subintervals

and the pulse-height spectrum for each of these was
plotted.

A good approximation to the shape of the proton
response function below 6 MeV is R(E)=AE+BE',
where 8 is proton energy in MeV, and 3 and 8 are
parameters to be determined. The analogous response to
electrons is R, (E)=E. On the basis of the above ap-
proximate response curve the expected proton-recoil
pulse-height spectrum due to a single neutron collision
is

E(e)=(1/E )(A'+4Be) '

$(e)=0
«AEO+BEP
e)AEo+BEp'

I'igure 7 shows the response curve obtained in the
present experiment as well as the curves obtained by
other workers. Our measurement agrees rather well
with the curve used by Brooks."A fit to the data points
yields the following response function:

R= 0.28E+0.033E'

E=0.70E—1.33

E(6 MeV,

E&6 MeV.

In the muon capture experiment the energy threshold
that was used was above the steeply rising portion of
the spectrum. Neutron degradation in the hydrogen
target and subtraction of accidental events as well as
iron capture neutrons tended to increase the uncer-
tainty in the low-energy end of the pulse-height spectrum
decreasing sensitivity to the response curve. Neverthe-
less, verification of the muon-capture neutron energy
(expected to be 5.2 MeV) was gratifying and was essen-
tial to correct normalization of the pulse-height spec-
trum. The Monte Carlo detector eKciency calculation
summed the single-collision proton recoil responses to
provide the correct pulse-height response in the case of
multiple neutron collisions in the detector. As an
additional check one of the full-sized neutron detectors
used in the muon capture experiment was exposed to
the monoenergetic neutron beam and its pulse-height
response was compared to the predictions of a Monte
Carlo calculation carried out for that situation. Agree-
ment was found but only response data taken with thin
detectors was useful in the detailed analysis of the
experiment.

Eo is the initial neutron energy and e is the pulse height
as compared to a Compton recoil pulse.

If monoenergetic neutrons are available, there are
two ways to deduce A and 8 from the recoil spectrum.
One is to fit the spectrum shape. An equally accurate
but simple approach is to determine the end point of
the spectrum (e=AEO+BEO') for several values of ini-
tial neutron energy Eo. Since the proton recoil spectrum
is rather Qat at the upper energy end, especially for
high initial neutron energies, the end point can be easily
determined despite the finite pulse height resolution of
the detector system.

D. Conclusion




