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Measurement of the Reaction p-+C" ~ 3"+v*t
E. J. MAIER, f, R. M. EDELSTEIN, AND R. T. SIEGELj'l

Carnegie Institute of Technology, Pittsburgh, Pennsylvania

(Received 28 August 1963)

A measurement of the rates of negative muon absorption to particle-stable states of boron-12 has been
performed with scintillation counters. In order to obtain the absorption rate to the ground state alone, a
measurement was first performed of the absorption rate to all bound states of B".Separation of the con-
tribution from absorption to B' excited bound states was then e8ected by observation of coincidences be-
tween nuclear de-excitation gamma rays and the B'» ion recoiling after muon absorption. The measured
rate for muon absorption to the ground state of B'» is (6750+7~~0) sec ', in good agreement with prediction
of the universal Fermi interaction.

I. INTRODUCTION

A MONG the three "classical" or strangeness-con-
serving weak interactions, negative muon absorp-

tion has been subject to the least quantitative experi-
mental investigation. As a consequence, the coupling
constants for muon absorption are at present known
much less accurately than those in P decay and muon
decay. The reasons for this comparative lack of informa-
tion are not difBcult to ascertain. Not only are muon
sources weak, characteristically yielding stopping in-
tensities of 5)&10' to 5)&10 per sec, but the absorption
phenomenon for p, inmesic atoms of A(12 is rare, 10 '
to 10 ' compared to decay. For heavier nuclei, absorp-
tion does indeed compete with decay, and most experi-
ments on p, capture have been performed on complex
nuclei. ' But attempts to obtain coupling constants by
scanning the periodic table and applying closure results
have encountered theoretical obstacles, not yet clearly
overcome. ' Experiments on absorption in liquid hydro-
gen' have not yet yielded results free of uncertainty in
initial molecular state configurations. However, one
expects that the most accurate coupling constants will
proceed from measurements in light nuclei, particularly
H) D) aIld He .
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B

The experiment reported here is a measurement of
the transition probability for the reaction

~
—+C12 ~ Jlls+ p (1)

The rate for this process, involving a transition between
an initial 0+ nucleus and a final 1+ nucleus, is deter-
mined by the egecti se coupling constants rz&, G~l", and
Gg&, where'

(r~&)'= (G~~)'+-'sL(Gr )'—2G~G~j,
G~"=g~"—(gv"+g~")(~/2ji-f), (2)
GJ gr s ——g„s g—&& g—jr~)(—~/2M)

g&", gz", g~&, and g&& represent the axial vector, pseudo-
scalar, weak magnetism, and vector coupling constants
of muon absorption, respectively. Here v is the neutrino
momentum, and M the nucleon mass, so that
v/2M =0.05.

We see that the effects on F~~ of the virtual pion
terms represented by gp& and g~& are of the order of
30% much larger than the corresponding effects in
nuclear P decay. Accurate measurement of the rate of
reaction (1) may thus serve to measure the virtual pion
eGects, if we assume gz& to be already known from x—e
decay. 4 Unfortunately, the uncertainties in the nuclear
matrix element which also enters into (1) mates it
dificult to predict the rate more accurately than about
10%.This matter will be discussed in greater detail in
Sec. IV.

The experimental determinations of the rate of reac-
tion (1) have a long history, as muon physics goes. The
first measurement, by Godfrey, ' gave early evidence of
the universal strength of weak interactions. Since then
there have been 6ve similar experiments, ~"which have

'A. Strelzoft, L. Pondrom, R. Garland, and E. Dicapua,
Bull. Am. Phys. Soc. 8, 481 {1963);H. L. Anderson, T. Fujii,
R. H. Miller, and L. Tau, Phys. Rev. 119, 2050 (1960).' T. N. K. Godfrey, thesis, Princeton University, 1954
(unpublished).

6 J.O. Burgman, J.Fischer, B.Leontic, A. Lundby, R. Meuhler,
J. P. Stroot, and J. D. Teja, Phys. Rev. Letters 1, 469 (1958);
J. D. Teja, Arch. Sci. (Geneva) 12, 131 (1959).

7 B.L Bloch, thesis, Carnegie Institute of Technology, Report
NYO-9280, 1960 (unpublished).

8 H. V. Argo, F. B.Harrison, H. W. Kruse, and A. J. McGuire,
Phys. Rev. 114, 626 (1959).

9 J. G. Fetkovich, T. H. Fields, and R. L. McIlwain, Phys. Rev.
118, 319 (1960).

'0 G. T. Reynolds, D. B. Scarl, R. A. Swanson, J. R. Waters,
and R. A. Zdanis, Phys. Rev. 129, 1790 (1963).
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varied in their results far beyond the quoted errors. The
Los Alamos group' used cosmic-ray muons, while the
others have used cyclotron produced particles. It was
our purpose to improve upon an earlier experiment
performed at this laboratory~ in order to resolve the dis-
crepancies among reported results. "

It is interesting that only reaction (1) has been
studied experimentally among all possible pure Gamow-
Teller muon-capture reactions to a final nucleus ground
state. The reasons for this are both theoretical and ex-
perimental. On the theoretical side, other reactions to a
ground state such as tt +Li' —+ He'+ v have been found
to have rates which depend very sensitively on nuclear
properties, " so that this measurement would yield
more information about nuclear physics than about
muon physics.

From the experimental point of view, 3" is almost
uniquely suited for detection by means of the energetic
(13.5-Mev end point) beta rays emitted in the radio-
active decay back to C". The short mean-life (29.3
msec) for this decay is an order of magnitude smaller
than that of any other muon-absorption end product.
This minimizes the time during which a search is made
for delayed activities, and thus minimizes random
background. It is this fact which has made the reaction
(1) readily accessible to detection via the delayed ac-
tivity. Reactions with lighter nuclei are detectable by
direct observation of the recoil nucleus, as is the case
in hydrogen and helium-3 (see Sec. III in this
connection).

There is an experimental difficulty with regard to
reaction (1), which is associated with the existence of
bound excited states of 8".Muon absorption directly
to these excited states will produce 8" in its ground
state following electromagnetic de-excitation, and 8"
nuclei formed in this way will form a contribution to the
delayed activity measured. That is,

In Sec. II we describe in detail the detection of all
8"nuclei formed by p, in carbon, i.e., the sum of reac-
tion rates for (1) and (1a). In Sec. III the experiment
to measure excited state contributions is described, and
in Sec. IV the results are discussed.

II. ABSORPTION TO ALL BOUND STATES

A. Beam and Counter Geometry

We dedne X~""', the absorption rate to all bound
states of 8" via reactions (1) and (1a). The measure-
ment of X&"' ' is performed by determining the number
Sg of 3"nuclei associated with the decay of a known
number of S„of muons in a plastic (CH) scintillant.
(More than 99% of stopped muons form carbon mesic
atoms. )The rate Xtt""'is given by) s""'——) e„,rXXtt/E„,
where Xd„,~ is the decay rate of a muon in the 1Sorbit
of the carbon mesonic atom. )z~,~ differs by less
than re% from the free muon decay rate, " so that
)e,„=1/2.20X10' sec '."

The muon beam was the 48-MeV "pure" muon beam
of the Carnegie cyclotron. It was produced by the decay
in Aight of 115-MeV pions emerging from the shielding
wall, the muons being emitted at 180' to the pion direc-
tion in the c.m. system. In this "backward" beam, the
muons are thus polarized oppositely to those in the
usual "forward" muon beams. This was confirmed by
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Analysis indicates' that 10-20% of all absorptions
should proceed via the excited states, but the computa-
tions are approximate. The Los Alamos group found
that about 10% of their 8" events were associated
with prompt signals, apparently from the p rays of
reaction (1a). It has therefore become customary to
make a 10% correction for the excited states after
measuring the total 8"activity produced by muons in
carbon. As a second part of the present experiment, we
undertook to detect the reaction (1a), and report the
results in Sec. III.

"The results of the total 812 production part of the present
experiment (cf. Sec. II) frere given in E. J. Maier, B. L. Bloch,
R. M. Edelstein, and R. T. Siegel, Phys. Rev. Letters 6, 417
(1961);cf., E. J. Maier, thesis, Carnegie Institute of Technology
Report NYO-9287, 1962 (unpublished).

"H. Oberall, Carnegie Institute of Technology Repair) NYQ-
2236, 1959 (unpublished).
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FIG. 1. Experimental geometry for measurement of muon
absorption to all 312 bound states —horizontal section.

"H. Uberall, Phys. Rev. 119, 365 (1960); D. Yovanovitch,
ibid. 117, 1580 (1960).

'4R. A. Lundy, Phys. Rev. 125, 1686 (1962); M. Eckhause,
Carnegie Institute of Technology Report NYQ-9268, February
1962 (unpublished); see also F. J. M. Farley, ProceeChttgs of the
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decay asymmetry measurement. Studies with a star
counter established the pion contamination of the pure
negative muon beam as -',%."

Figure 1 shows the counter geometry. All counters
were of Pilot B scintillating plastic. The muons passed
into the apparatus through a 4-in. square hole in a
4-ft-thick steel and lead blockhouse wall, and were
brought to rest in counter No. 5 by the copper and iron
absorber. In order to stop the beam in the center of
No. 5, the 0.375-in.-thick iron box was removed, a
range curve taken with copper absorber, and the iron
box then put in place with a reduced amount of copper.

The aperture in the lead window following counter
No. 2 was varied from 4-in. &(4-in. to a 3-in.-diam
circle or a 2-in. -diam. circle at different stages of the
experiment. This variation in beam area made possible
a check of the corrections applied to the observed B"
rate, as will be discussed below.

The 0.375-in. Fe shield box prevented B' decay
electrons emitted from counter No. 5 from activating
the anticoincidence counters No. 3 and No. 4, and vice
versa. Calculation indicates that fewer than 0.3% of
all such electrons traversed this box via an e—y —e

bremsstrahlung reconversion mechanism.
Counter Nos. 1 and 2 were 5 in. X5A in. X1/16 in. ,

and were viewed by 6810A photomultipliers, as were
No. 3 and No. 4. The latter two counters were con-
structed of ~-in. plastic sheet and were shaped to sur-
round counter No. 5 as completely as possible. Figure 1
is a horizontal section through the apparatus, and above
this array counter Nos. 3 and 4 were closed to form an
anticoincidence roof to protect against cosmic rays.
Thus, the combination 5 34 showed a (cyclotron off)
rate of 2jmin, more than an order of magnitude
reduction below the rate in No. 5 alone. The counter
Nos. 3 and 4 were optically independent, so that No. 4
could also be used in the beam monitoring telescope
1254.

The counter No. 5 was 4-in. &(4-in. X2-in. thick,
and was viewed through a 1~~-in. &(2-in. &&4-in. Vycor
(Si02) light pipe by two 6292 photomultipliers. Ex-
tensive tests were made with collimated x-ray sources
to insure optimal resolution, and uniformity of pulse
height to within 10% over the entire volume of this
counter. The Vycor light pipe was necessary to achieve
this end. Tests with reduced beam area confirmed that
muon-decay electrons from the oxygen in the Uycor
produced no contamination in the geometry used.

Two signals were taken from counter No. 5. First,
the anodes of the two P.M. tubes were joined and
loaded with 1000 to obtain a fast output pulse. The last
dynodes were also joined, loaded with a high (250 kQ)
resistor, and fed to a cathode follower. This slow output
was used in establishing pulse-height discrimination.

"F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(&959).
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FIG. 3. Block diagram of B'2 decay time analyzer.

B. Electronics

The detection circuitry consisted of three sections:
the beam monitoring circuit, the muon-decay time
analyzer, and the B"decay time analyzer. Block dia-
grams are shown in Figs. 2 and 3. The monitor coinci-
dence circuit (Fig. 2A) was of Garwin type and was
operated with a resolving time of 15 nsec, the discrimi-
nator threshold on No. 5 being set at less than 0.5 MeV.

The muon-decay electron time distribution was meas-
ured relative to the stopping signal 1234 by means of
a commercial (Eldorado) time-to-pulse height con-
verter (TTPHC). The TTPHC was started by a de-
layed event in counter No. 5, and stopped by a pulse
derived from the trailing edge of the 7-ysec gate (see
Fig. 28), thus producing a rising exponential time
spectrum to be stored in the PHA.

For the B"decay part of the experiment, the cyclo-
tron operation was altered from its usual rate of 205 FM
pulses per sec. This was done in order to allow the 8"
rate to (a) build up during a period comparable to its
mean life, and (b) decay during a period greater than
three mean lives during which the cyclotron was o8,
so that background was minimized. The cyclotron tim-
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FIG. 4. Timing sequence of cylotron pulses for measurement
to all B'~ bound states.

ing sequence is shown below in Fig. 4. In this sequence,
the muons produced B"during each of the eight beam
bursts, which were not necessarily of equal intensity.
This inequality required monitoring of the number of
stopping signals 1234 in each of the eight beam bursts,
thus permitting calculation of an eRective source
strength at time i~, the beginning of the B"detection
interval.

Time analysis of the B"pulses and scaling of the stop
pulses 1254 in each FM pulse were accomplished by
modifying the RCL-256 channel analyzer used previ-
ously for the muon-decay measurement. The memory
control circuit was changed so that the memory address
could be incremented by external command, and could
also be reset to address 1 by external command. Then
the instrument became a time analyzer in that it added
to the number in channel "e" the number of pulses
arriving at its input while it was at address e. Figure 3
shows the circuitry which advanced the memory address
to perform the dual functions required. From to to tI

the memory address was advanced from channels 2
through 9, remaining at each address 5 msec during
which one acceleration cycle was completed in the
cyclotron. Addresses 2 through 9 registered the number
of stopping particles occurring during FM pulses 1
through 8, respectively. The analyzer remained at
address 9 until time t~. At time t~ the same gate used for
the B" time condition turned on a 1-Mc oscillator
which produced via a sequence of frequency dividers a
100 msec long train of pulses spaced accurately at —',

msec intervals. These advanced the memory through
address 10 to 210 during time interval t~ to t3, remaining
at each address (~

—y) msec, where 7 is the deadtime

required for the advance operation. At time t3 a pulse
derived from the trailing edge of the 100-msec B"coinci-
dence gate reset the memory address to 1, where it
remained until the start of the next complete cycle.
Thus, each of channels 10 through 210 counted the
number of B"decays occurring during a ~-msec-wide
interval at a fixed time relative to the time of the last
of the 8 cyclotron FM pulses. The contents of the
analyzer memory were printed out after counting
intervals of the order of an hour.

C. Analysis of B"Decay Data

The delayed activities produced in counter No. 5
were studied under the ten different conditions listed

Ji
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Tmx, E I. Conditions under which 8'~ data were recorded during
measurement of absorption to all bound states.
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Fxo. 5. Sample of 8"decay data (Run No. 217). Solid dots are
experimental points. Curve is result of least-squares Gt, which
yielded for this run C=761.4 exp{—t/29. 3)+30.6.
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2
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4
4
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3
7
7
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16
16
16
16
16
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Maximum
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Maximum
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1

a Maximum: deflecting magnet o&: ~-in. Pb absorber on beam line to
absorb charged particles.

in Table I. The B" data consisted of the 6rst eight
groups of data, the last two conditions giving back-
ground only. For each of the 6rst eight groups a least-
squares analysis was made of the time spectra which ap-
peared in the PHA channels 10—210.The best fit of each
group to the theoretical curve xe ""+y was obtained,
where e is the channel number and X= 1/29.3 msec '
is the currently accepted decay rate of B"."A sample of
such data with the 6tted curve is shown in Fig. 5, where
the points each contain the data from 10 channels.
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Analyses were performed for each group of data using
the counts obtained in intervals ] to t3, where t was
varied from (Is+0.5 msec) to (ts+40.5 msec) in steps
of 5 msec. This changed the included time from a
maximum of 100 msec to a minimum of 60 msec. The
amplitude x of the exponential starting at I, was then
corrected upward to give an amplitude at time (4+0.5
msec). These values could then be compared to detect
any short-lived activity which might be present at early
times. A sample of the results of this procedure is shown
in Fig. 6, and indicates that such short-lived activity
was indeed present. The "correct" amplitude for the
B~ activity in each of the eight data groups was chosen
as that amplitude computed with t equal to 5 msec
plus the time at which the amplitude versus 3 curve
was judged to have reached its asymptotic value.

There are several reasons to attribute this apparent
time dependence of the amplitude ("amplitude effect")

90—
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O
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I6 SQ. IN. AREA

78—
I I

0 5
I I I I I I

IO l5 20 25 30 35 t (MSEC)

FIG. 6. Sample of "amplitude effect" in 3" (see text).

to a short-lived component, rather than to a systematic
error which might effect all the data in some unknown
fashion. First, a 5 msec component was clearly observed
in preliminary cyclotron runs using only a single FM
burst before each B" counting interval. Such effects
have also been observed at other laboratories. ' Second,
reducing the beam area made our "amplitude effect"
worse, so that the apparent amplitude change persisted
as long as 40 msec in the case of the smallest (2-in. -diam)
beam used. This clearly indicates an eGect associated
with the general cyclotron level, and not with the inci-
dent muon beam. Third, the amplitude eGect was dis-
covered by noting that when all B"time data were used
in the least-squares analysis, the background amplitude
y consistently appeared to be less than the cosmic-ray
and radioactive background ( 2/min) in counter No.

T'ai.z II. Results (f) of 6tting 8" decay data obtained
under the 6rst eight conditions of Table I.

Condition f X1+
0.8376
0.8703
1.0076
1.0269
1.0138
1.0275
1.006
0.9686

~flf. (%)
6.04
6.44
2.10
2.26
2.16
1,97
3.96
2.77

' Errors are from statistics of 8» amplitude only.

5, measured before and during each cyclotron run. This
anomaly disappeared when the asymptotic amplitude
was obtained as described above, and we found that
the machine-off background then came into excellent
agreement with the measured y.

It is worth noting that a lifetime search of the data
did rot serve to detect the short-lived component. For
this lifetime study all eight data groups were combined
in order to obtain reasonable statistics. The result was
that the mean life increased from 28.8+0.6 msec to
30.25~1.6 msec as the 6rst 10 msec or 6rst 30 msec
were excluded from the fitting program. Either value is
in good agreement with the 29.3 msec accepted, "so that
it was not possible to detect a short-lived component
by this method. In addition, the observed values of y'
were all such as to be acceptable, giving no clear indica-
tion of a short-lived component. Finally, the insensi-
tivity of the computed amplitude x to the assumed life;
time was so slight as to make errors in assumed B"
lifetime or time scale of small importance. In fact, a
study of a typical data group (3-in. collimator, 2.3
MeV=E;„) showed that a 10% change in assumed
B"lifetime produced a 1.3 jz change in amplitude x.

We thus obtained for each group of data the best
value for x, the number of 8"decays per ~~-msec interval
beginning at (ts+0.5 sec). From this we found by
straightforward procedure f, the probability per unit
monitor (1234) for production of a single B" nucleus

by particles stopping at (ts+0.5 sec).
Table II lists the values of f for the first eight

conditions in Table I. The errors listed are those from
the statistics of the fitted amplitudes only.

Corrections were straightforward to calculate for the
portion of the B" P spectrum which escaped counter
No. 5 without being detected. The observed insensi-
tivity of the final B"production rates to the magnitude
of these corrections, which ranged from 1.02 to 1.15,
indicated that they were accurately obtained by
calculation.

Data taken in the 9th and 10th conditions listed in
Table I permitted evaluation of the 3"production from
fast neutrons via Cis(l, p) B".The upper limits for these
two conditions for neutron-produced B",with E;„=1.5
MeV and E;„=2.3 MeV, were (0.6+1.0)% and
(1.2+0.8)% with respect to B" produced by muons,
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It was dificult to ascertain whether the second value
was the result of a short-Eved activity or not, and in
any event this source of background is negligible.

D. Analysis of Muon-Decay Data

The muon-decay curves were obtained from the
TTPHC and a least-squares analysis performed. The
assumed form of the data was again (x=e "'+y),
where x is the best fit of p.-dechy events corresponding
to the first channel considered in a particular group of
data. The various effects on this form produced by back-
ground rates and the nature of the TTPHC measure-
ment" were negligible ((1%) here. In analogy with
the 8"decay measurement, we define g as the number
of muons per unit monitor (1254) which emit decay
electrons,

A total of seven muon-decay runs of data was ob-
tained with the three different collimator sizes. These
runs were analyzed separately, and after observing their
interval consistency, those within each collimator size
group were combined to give three diferent values for
g. The data were checked for contamination by elimi-
nating early time channels in the manner described for
the 8"time data, but no amplitude eAect was observed
here. The values obtained for g are listed in Table III.

The errors listed are statistical only. In addition, there
are errors assigned to the parameters used to calculate
the values of g, as listed in Table IV. Compounding
these, we find a net systematic error in g of 2.12%.

As in the case of the 8"data, a lifetime search of the
muon time data was performed. If the data from the
6rst 0.36 @sec following the stopping event were ex-
cluded, the mean life obtained for muons in carbon was
(2.01&0.04) psec. Excluding the 6rst 1.07 iisec yielded
a value (2.09&0.06) ysec. Either result agrees well with
the accepted value of (2.043&0.003) sec."

E. Result

Using the values for f and g in Tables II and III, we
evaluate the ratio f/g under each of the eight experi-
mental conditions. These values are shown in Fig. 7,
and all are observed to be in good agreement with each
other. Each value has an error which was compounded
from (a) statistical errors; (b) estimates of systematic
errors in the II12 evaluation, which averaged 4%,
with the largest (3%) contribution from the surface
escape correction; and (c) the systematic error in muon
rate evaluation, about 2.1%.

The final value of the ratio 8= f/g was obtained by
mixing the eight independent measurements with their
statistical and spectrum escape errors only, then com-
pounding in the final result the systematic errors
which applied to all measurements. Ke obtain
8= (1.55+0.06)X10 '.

"R. A. Reiter, U. S. Atomic Energy Commission Report
NY0-9279, 1960 (unpiiblishedl.

Tax,z III. Results of 6tting muon-decay data for the three
categories of muon-decay data. Errors indicated are statistical
only.

Run

3-in. collimator:
235
236
237
128

4-in. collimator:
126
127

2-in. collimator:
129

0.6714
0.6882
0.6704
0.6626

0.6163
0.6288

0.5991

g-weighted
mean

0.6746a0.0060
(0 89'Po)

0,6226&0.0081
(1 30%)

0.5991a0.0090
(1.66'Fo)

The error evaluated from the variance of the eight
measurements is 0.028' 10, indicating a conservative
assignment of error in the value above.

-+ 8"*+N (5)

This process of muon absorption to unbound 8"
states is about two orders of magnitude more intense
than reaction (1a).

I.80—

CI

I.OO—

AREA OF BEAM

(IN )

8 THRESHOLD
(MEV)

I6 IS I8 l6 7 7 3 3

29 23 2B I.5 2.3 I.5 2.3 I.5

BEAM INTENSITY 25 5O I O Igj I O lg) 4Q g)
(ARB, UNITS) p

Fio. 7. Results for production of B'2 in all bound states, meas-
ured under eight diferent experimental conditions.

III. ABSORPTION TO EXCITED STATES OF B"
A portion of the 8" formed by muon absorption in

carbon is formed in excited bound states, via reaction
(1a). Four such bound states are known (see Fig. 8),
and y rays have been observed from the 0.95- and 1.67-
MeV states. The p rays are emitted promptly upon the
muon absorption, and thus should exhibit a time spec-
trum relative to the stopping muon with 2.04-@sec
mean life.

There is another source of y rays with such a time
distribution, namely,

~
—+Cll ~ Il124+ p
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The detection of process (1a) was accomplished by
observing each one of the following sequence of events.

Event
(e1)—= 1254

(e2) —&-+Cia ~ C12++&

(s3) —11124~ 1111+~

(s4) ——21 sls ~ (12+a—+~

Energy spectrum
&0.3 MeV in No. 5

8"*recoil energy
=3/S keV

7-ray energy =0.95,
1.67, 2.62, or
2.T2 MeV

8'~ P spectrum

Time spectrum
relative to pre-

ceding event
Fast (10 ' sec)

colnc.
~=2.04 p,sec.

Fast (2X10 '
sec coinc).

v =29.3 msec.

The detection of the stopping event (e1) was made
with the same apparatus as in experiment I. Detection
of event (e2) made the experiment feasible, and was ac-
complished by making use of a liquid scintillant in
counter No. 5, and detecting the recoil 8"ion from the
absorption event (cf., IIIB). Event (e3) occurred in
rapid succession after event (e2) and the y ray emitted
was observed in a 6-in.-diam. X3-in.-thick NaI(T1)
crystal. A fast coincidence (20 nsec) between events
(e2) and (e3) suppressed all backgrounds except that
from reaction (5). Finally, the requirement of a delayed
B"P ray helped to suppress reaction (5). If the various

TABLE IV. Errors involved in evaluation of muon-decay data.

Parameter

Zero-time determination
Scale factor (h.)
Other corrections

Error

0.7%

0.2'

energies were as predicted, if the time spectrum of
(e2 —e3) coincidences would be that of muon disap-
pearance in carbon, and if a subsequent P decay was
observed, we could be reasonably sure that an event
from reaction (1a) was being detected.

A. Beam and Counter Geometry

The beam was identical to that used in experiment I,
except that it was "stretched" by means of a rotating
target inside the cyclotron. This improved the duty
factor by a factor of 10, producing FM bursts about one
msec in length rather than the 100 p,sec bursts obtained
previously.

Figure 9 shows a vertical section through the counter
arrangement, which was similar to that used in experi-
ment I, with two differences. First, the shield counter
Nos. 3 and 4 assembly was mounted horizontally to
allow detection of p rays emerging downwards, the
iron shield having been provided with an opening at the
bottom. Second, a 6-in. -diamX3-in. -thick NaI(T1)
crystal was mounted beneath the counter No. 5, to
detect the deexcitation p rays. This counter No. 6 was
a Harshaw assembly viewed by three 6363 phototubes,

il

Sii +
3,365
2.72
2,62
l.67
0.95

0,0

l, 2"
(3+

l+

p+)
l ) IO. I

9.63

0+
7.656

l MEV

-4,433

0+
0.0

clR

Fj:G. 8. 3' excited states and decay scheme. (From Ref. 15.)

CTR ¹I CTR ¹~2 PB

—CTR ¹3~ CTR

CTR¹5

CTR

K's
Nal (Tl)

CTR ¹6
R, r

CTR "7

Fro. 9. Experimental geometry for measurement of muon
absorption in carbon t;o for~ excited states of 8",

and showed a 9% resolution (FWHM) with Cs"' 7
rays. The crystal face was one inch below the counter
No. 5.

Counter No. 1' was an anticoincidence guard for the
NaI(T1) crystal. It was a right cylinder 20 in. in diam-
eter and 24 in. high, with an S-in.-diam well 12 in. deep
to contain counter No. 6. This large plastic scintillant
was viewed by nine 6364 phototubes distributed on its
top and bottom surfaces. It served to suppress Compton
events in No. 6, background in No. 6 from high-energy
()2.7 MeV) y rays, and also charged particle
background.

The entire apparatus was shielded by an 18-in.

paragon layer, supplemented by a 1-in. layer of boric
acid in an attempt to reduce neutron capture p rays.
The usual steel and concrete blockhouse was also
present.



8670 MAI F R, EDELSTEI N, AN D SI EGEL

eQ
47T

0.03—

0.02—

0.0)—

l I I I

lg 2g) 3f) 4.0
g- RAY ENERGY (MeV)

5,0

FIG. 10. Experimental and calculated (normalized) values for
the product of photopeak efBciency and solid angle for a
6-in. X3-in. NaI(Te) counter viewing a 4-in. X4-in. X2-in. dis-
tributed source in the geometry of Fig. 9.

B. Detection of B"*Recoil and
De-Excitation y Rays

The energy of the recoil in reaction (1a) is about 375
keV, virtually the same as that of the ground state B"
nucleus recoiling from reaction (1). Its detection in an
organic (CH) scintillator was made dificult by two
factors. First, the intense speci6c ionization of such an
ion saturates the luminescent centers along the path,
and greatly reduces the scintillation light output com-
pared to that of an electron of the same energy. Second,
the large light pulse from the stopping muon must have
disappeared before the absorption event occurs, and the
electronic system must also have recovered.

The task of estimating the scintillation pulse height
produced by the recoil ion was complicated by a lack
of experimental information on the behavior of such
ions. By using the data of Wright" and Zimmerman"
and the stopping-power data of Powers and Whaling, "
we concluded that the B"ion should yield a scintillation
pulse equivalent to that of a 5-7-keV electron. The most
optimistic assumptions indicate that 3.5 keV might be
obtained, . Thus, the recoil detection system must be
capable of seeing a 5-keV electron one microsecond after
a stopping muon leaves 20 MeV in the target counter.
Since Harrison" measured a slow component amplitude
in the microsecond region equal to several percent of the

total light emission for plastic scintillants, but observed
(0.1/~ of such component for liquids, we chose a toluene
based liquid scintillant for the counter No. 5 during
experiment II. The liquid was contained in a stainless
steel 4-in. &4-in. X2-in. cell, and viewed by two photo-
multipliers. The acceleration voltages were adjusted on
the last few dynodes so that the saturated anode output
corresponded to a 300-keV energy loss; but the tube
operation was linear in the region below 50 keV in
which the recoil ion peak was expected to occur.

The recoil detection counte& No. 5 was placed in
fast coincid. ence with the NaI(T1j counter No. 6. (The
circuitry is described in greater detail in the next sec-
tion. ) Tests were then made with the aid of radioactive
test sources to ascertain the performance of this part
of the counting system. Three sources were used to
simulate the recoil —y phenomenon which was to be
studied. Their characteristics are summarized in
Table V.

Calibrated (10% accuracy) sources were obtained in
the form of water solutions and also in the form of
organic liquids containing soluble salts of the active
isotopes. The water solutions were placed in the volume
of counter No. 5 normally occupied by liquid scintillant,
in order to measure the product of solid angle and
photopeak efficiency of counter No. 6 for the nuclear
y rays listed in Table V. The values obtained for Zn"
and Y"p rays are shown in Pig. 10.The smooth curve
is the result of a theoretical calculation of the eKciency
of counter No. 6, averaged over the geometry of the
source in No. 5, and corrected by a factor. of 0.5 to
account for absorption in the counter No. 5 and inter-
vening layers of material between Nos. 5 and 6. This
absorption factor is dif5cult to estimate. However, the
relative efficiencies for No. 6 which were measured
experimentally are in agreement with the shape of the
theoretical curve, which was then used to obtain the
efficiencies at the energies of 0.95, 1.67, and 2.7 MeV for
the B"*p rays.

The organic source solutions of Zn" and Y" were
dissolved in the scintillant of counter No. 5 for the 6nal
tests of the system. The pulse-height spectra in No. 5
obtained for the 8- and 16-keV x rays are shown in Fig.
11, curves A and. B. Curves C and D are the Poisson
distributions which best fit these measured curves and
curve E is the expected spectrum for 5-keVrecoil energy.
Including the result of a coincidence circuit eKciency
measurement with a recoil-y resolving time of 25 nsec,

TmLE V. Properties of radioactive sources used in calibration
of apparatus for excited 8'~ state measurement.

Parent Nuclear y-ray energy E x-ray energy

'7 G. T. Wright, Phys. Rev. 91,. 1282 (1953).' E. J. Zimmerman, Phys. Rev. 99, 1199 (1955)."R.D. Powers and W. Whaling, Bull. Am. Phys. Soc. 6, 519
(1961).

ss F, B. Harrison, Nucleonics 12, No. 3, 24 (1952).

Zns'
+88

Ce'"

1.11 MeV
0',91
1.84
0.166 32
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we obtain a recoil detection efficiency of (0.75+0.25)
for any recoil energy equivalent between 5 and 50 keV.

C. Electronics

The monitor telescope was basically the same as in
experiment I.Figure 12 is a block diagram of this portion
of the electronics, which generated a signal for each
particle stopped in counter No. 5 or the iron shield
downstream from it. Those stopping events which
occurred within the stretched portion of the beam were
selected by a 1.5-msec-wide gate (coincidence circuit D),
and designated as "stretched muons. "Each stretched
muon generated a delayed gate, the "muon gate, "
which defined the time limits for acceptance of a recoil
coincidence. The trailing edge of the muon gate was
used to generate the "TIM stop" signal, serving to close
the time interval meter gate if a recoil-y coincidence
had opened it.

The recoil-y detection circuitry is shown in Fig. 13.
A fast gamma-ray pulse was obtained by zero-crossing
technique, and placed in coincidence with counter No. 5
anode output. This fast coincidence opened a linear gate
which allowed the linear pulse from No. 5 to pass into a
fast single-channel analyzer which was constructed of
two 10 Mc/sec discriminators. Pulses in No. 5 between
2.6 and 40 keV were accepted by this system, and
placed in anticoincidence with the output from counter
Nos. 3, 4, and 7, which suppressed background of
charged particles and some neutrals.

~HP 460A'

CTR "2
JHP 460AI

it4608i t46OA

SIGNAL

COIN "YES"
CKT

A
I INOI I

IO MC

DISC
1254

TO SCALER

FROM CTR 4 FAST DISC

COIN

CYCLOTRON "ON" PULSE
GENE

CKT
DELAYED GATE

D

IO MC

DI SC
STRETCHED P.S

SCALER

M

GATE M~ GATE"
GEN

P.SEC "TIM STOP

VARIABLE
DELAY

FIG. 12. Block diagram of monitor circuit for experiment to
measure absorption to excited states of B".

In addition to its role in the fast-coincidence circuit
K, the gamma-ray signal from No. 6 was ampli6ed for
pulse-height analysis. Circuit F gated the PHA for
analyzing the No. 6 linear signals, if it simultaneously
received (1) a signal from the linear ampli6er on No. 6
indicating a y ray in the energy region of interest, (2)
the muon gate signal, and (3) the gated recoil —y
coincidence output. The PHA gate signal was used to
open the ADC of an RCL-256 channel analyzer. The
ADC converted the linear y-ray pulse to a signal which
possessed a width proportional to the p-ray energy.
This width was measured by a 10 Mc/sec Hewlett-
Packard time interval meter (TIM), and the measure-
ment stored in the TIM scaling units. The "PHA gate"
signal started a second TIM which was stopped (as
mentioned above) by a pulse Axed in time relative to the
stopping of the muon. The two TIM's thus stored both
the time and pulse height of each recoil —y event, con-
stituting a two-dimensional analyzer. This data was
not recorded, however, unless a further condition in-
volving the event was satis6ed.

A-6I
LIN. AMP ADC

CTR 5
ANODE

CTR 6

SIGNAL LINEAR
GATE

y-RECOIL GATE
COIN

CKT
E

~FD

~FD
CTR 7
CTR

CTR 4

YES

ANTI-

MNOII COIN

CKT
NOM 8

I I NO II

OUT

IO 15 20 25 30
I

55

IN LINEAR PULSE HEIGHT SELECTOR OUTPUT

5.5 P.SEC ILL, GATE

OUTPUT

RECOIL ENERGY —KEY
ELECTRON EQUIVALENT ADC

ICOIN CKT FI

FIG. 11. Curves A and B:Observed x-ray energy spectra for 8-
and 15-keV x rays, respectively. The sources were in solution in
liquid scintillant (counter No. 5) and coincidence with a nuclear
p ray was required. Curves C and D:Best Qts of Poisson distribu-
tionI' (x) to curves A and B where' and the scale of x were the
6tted parameters.

"PHA GATES

"TIM START
'

SCALER

FIG. 13.Block diagram of circuitry for detection of gamma
rays from excited states of B".
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This last condition was the formation of a B"
nucleus, its ground state and its subsequent p decay.
Referring again to Fig. 4, we note certain changes in
the measurement of these P-decay electrons from the
technique used in experiment I. They were made to
optimize data-accumulation eKciency, and were:

(1) The cyclotron was operated for bursts of 4 FM
pulses so that (ti —Io) was approximately 15 msec.

(2) There was a 12-msec delay between the last beam
pulse and the start of the B"gate to allow disappear-
ance of machine associated background. Thus, (ti—ti)
was approximately 12 msec.

(3) The counting gate (tg —t2) was narrowed to ap-
proximately 33 msec.

(4) Since the time for this complete cycle is about
60 msec, the repetition rate was increased to approxi-
mately 15/sec.

The analysis of the time and energy for a recoil-p
event occupied about 130psec. These two measurements
were then displayed on two TIM scalers, and were

printed as a single event only if a command signal to the
printer was supplied. The command signal was generated

by the occurrence of a PHA gate signal and of a B"
decay signal during a single cycle consisting of 4 cyclo-
tron FM pulses and the following 33-msec B"counting
interval.

During the course of the experiment several different
categories of data were recorded. Type I was accumu-
lated for 58.35 h, and was as described above. That is,
the energy of the p ray and the time of the recoil —p
coincidence were printed; the useful p-ray energy in-

terval was 0.8-1.9 MeV. Type II (23.27 h) substituted
the energy of the recoil in No. 5 for the p-ray energy.
The time of the y-recoil coincidence was recorded as in

type I. The p-ray energy which was accepted was 0.9
to 1.0 MeV, so that only the first excited state (0.95
MeV) of Bi2 was involved. In type-III data (29 h) a
dual-beam oscilloscope was used to record recoil energy,
y-ray energy (0.8—3.0 MeV) and recoil —y time, pro-
viding three-dimensional analysis.

8=
F(E) iV eQ(E)/4rr c&grips

(6)

The factor g~g~ was measured as in experiment I, and
found to have a value (5.59&0.29) X 10 '.

We now discuss the evidence that the events. which
we attribute to excited state B"production via reaction
(la) in fact proceeded from this cause. In Fig. 14, curve
A represents the integral (.) time distribution of all
recoil —y coincidences of type I, II, and III. The meas-
ured mean life is 2.0 @sec, within error ( 7 jz) equal to
the carbon muon lifetime of 2.04 sec. Curve B is an
integral time spectrum of the events which have 0.95
MeV p energy and &26 keV recoil energy. The low

value of 1.8 p.sec is acceptable, in view of the poor
statistics. We are thus assured that the observed events

100-

50-

COI-
R

eQ(E)/4s =geometrical and photopeak eKciency for
observing p rays in counter No. 6.

e&= efEciency for detecting p-recoil coincidence
=0.75+0.25.

go=number of B" nuclei produced per stopping
particle.

p&=efFiciency for observing B" decays, taking into
account spectral loss, surface escape, etc.

E.=eKciency for detecting recoil in No. 5, which is
less than unity because of the 2.6 keV cuto6 on the
spectrum accepted.

Upon taking into account the e6ects of the cyclotron
program used in the excited-state measurement, it is
found that

D. Data Analysis

The fraction B~ of bound B" formed in each of the
excited states was evaluated as follows. Let:

N,b(E) =number of events of type I, II, or III as
observed in an energy band having the appropriate
instrumental width at the energy E.

S=number of stopping particles associated with

N.b(E).
F(E)=fraction of counts included in the FWHM of

a Gaussian distribution. For a single Gaussian peak,
F=0.76, and for the adjacent unresolvable peaks at
2.62 and 2.72 MeV, we obtained Ii =0.87.

T„=detection eKciency arising from finite gate
width.

IL
tip 20
Cl

a'

IO-

I

I.O
I
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I
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I

5.'0

TIME tP.SeC)

Pro. 14. Curve A: Time spectrum of all events, data types I,
II, III. Curve 8:Integral time spectrum of "good" events (0.95-
MeV y, recoil &26 keV).
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50-

Tmx,z VI. Summary of numbers of events observed for various
energy conditions on the recoil and gamma ray (see text).

20-
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l= =' l.6T MKY ENERGY L.KVKt.
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9.29
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Gamma-ray energy
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Data
group no

I 8z III 39.1
II 8t III 34
II Bt III 29
II R III 21

III 5
III 4
III 4
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III 3
III 1
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0.34+0.09
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0.44+0.29
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were associated with stopping muons in carbon. No
further use could be made of the time information for
each event, and in the following discussion the data
from all times within the muon gate are considered
together.

Figure 15 shows that portion of the p-energy spectrum
of all types I and III events between 0.8 and 1.9 MeV.
We ascribe a large portion of the events in the 0.95-MeV
region to de-excitation of the erst excited state in 8".
Note the limits indicated for the FWHM points for
0.95 and 1.67 MeV, as d.educed from measurements
with the calibration gamma rays of Na" and Y"with
energies indicated on the horizontal axis. Although the
0.95-MeV y ray is the only one of the excited states for
which positive evidence exists in the date of Fig. 15,
we admit the possibility of some contribution in the
1.67-MeV region, in view of the limited accuracy with
which background can be deduced from the few events
in the neighborhood of this region.

Further indication of the reality of the events in the
0.95-MeV region, as well as a measure of the background
at this energy, is provided by study of the recoil pulse
heights displayed in Fig. 16. Histogram A includes all

Thsx, z VII. Values of B*for the bound states of B'2.

Energy level
MeV

B* (%) for upper limit on
recoil energy of 18-keV

electron equivalent

types II and III data regardless of p-ray energy, while
histogram 8 includes only those events with gamma-ray
energy 0.95 MeV. Comparison shows that the 0.95
MeV events show a much larger fraction of recoils in
the low ((25 keV) region of the spectrum than do the
events as a whole. This is what we should expect of
excited state counts, as indicated by the curves of Fig.
11. One may ask, however, why the histogram A in
Fig. 16 shows a background of high energy ()20 keV)
recoils in number competitive with the lower energy
recoils. These higher energy recoils are attributed to
accidental coincidence between recoil —y events and
8"decay electron. The recoil —p coincidences could be
generated by B"*—& B"*+e—+ B"+n+my, where
m&1. Thus, the "recoil" in No. 5 was often a gamma
ray from the de-excitation of a 3"~nucleus produced via
muon absorption to unbound 8" states. We also ob-
served that the absolute rate of all recoil —y coinci-
dences (without B"P-decay condition) was comparable
to the total absorption rate of muons in carbon, which is
about what one would expect from the large number of
states in 8".

Thus, we use the histogram A of Fig. 16 to estimate
the background under the 0.95-MeV peak in Fig. 15,
by using a recoil energy cutoff of 26 keV. We conclude
that approximately half of all observed events with
y-ray energies of 0.95 MeV are real. The actual values
for the quantity R are given in Table VI. In sum we
observed 13&4 recoil —y coincidences from the decay
of the 0.95-MeV state of 8"formed by muon capture in
C". Taking into account the eKciencies from Fig. 10,
and measured values for the other quantities in Kq.
(6), we tabulate in Table VII the fraction of B"events

FIG. 16. Curve A: Spectrum of recoil pulse heights associated
with 0.95-MeV gamma rays, for data types II and III, summed
over. Curve B:Recoil pulse-height spectrum of type III, for all
gamma-ray energies, other tham 0.95 MeV, summed over time.

0.95
1.67
2.67

4.33&1.96
6.00+3.18
1.47&2.16
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per bound B"nucleus formed by muon capture in car-
bon. Because no peak was resolved for any of the levels
above 0.95 MeV, it is felt that the numerical values in
Table VIII for B*(1.67) and B*(2.67) should be re-
garded as upper limits. "The large statistical errors and
uncertainty (33%) in e& dominate the errors in Table
VII, which include an estimate of systematic errors.

Xn' s= BX„"-$1—Q B*j, (7)

where (P B*)is the sum of the partial capture fractions
to each of the excited states. Due to the large uncer-
tainties in B*(1.67) and B*(2.67), we prefer to consider
them as corrections to the lower deviation of kg+

Thus B*(0.95) is used alone in Eq. (7). The fLnal

result is:

&n"a= (1 55+0.06)X10 'X0.962&0.021)XX ""
(g)

(6 75+o»o.ao)X10 sec

where the lower deviation has been increased by
Xna' X(B*(1.67)+B*(2.67)j. All experimental results
other than the present one are 1.isted in Table VIII,
where the values include a 10% correction for capture
to excited states, but the errors quoted do rot include a
contribution from the uncertainty in the correction
factor.

Two possible small contributions to the observed B"
rate have not yet been discussed. They are associated
with the content of C" in any carbon sample, which

Tmr.z VIII. Results of earlier measurements of Xg~~.

Experiment

T. N. K. Godfrey (Ref. 5)
J.O. Bergman et nl (Ref. 6).
F. B.Harrison et al. (Ref. 8)
B.I.Bloch (Ref. 7)
J. G. Fetkovich et al. (Ref. 9)
G. T. Reynolds et al. (Ref. 10)

Xgg dXTO 'sec

5.9 ~i.5
9.18a0.5
9.05a0.95
5.8 ~T.3
68 ~T.1
6.7 &0.9

~'M. Ruel and J. G. Brennan { Phys. Rev. 129, 866 (3963)j
have performed shell model calculations of the muon capture
rates to bound excited states of B'2. Their results are in fair agree-
ment with this experiment, except for the 1.67-MeV state.

IV. RESULTS AND DISCUSSION

A. Exyerimental Resu1ts

The rate of reaction (1a) can now be obtained by
combining the results of Secs. II and III. Recall that B
is the partial muon capture rate for formation of bound
B", expressed as a fraction of the number of muons
which decay. The decay rate of muons bound in the
K orbit of a carbon nucleus is known to be the same
(within 0.2%) as that for free positive muons. "We can
therefore use the measured decay rate of positive muons
'A„"", to calculate )~g ~ according to the relation

gives rise to the reactions

y +C"—+Bt2+I+v

p
—+C13~ B13+p

(9)

(10)

We estimate that 7% of muons captured in C"
mesonic atoms will undergo reaction (9). Taking into
account the 1% abundance of C", the total production
rate of B"in counter No. 5 via reaction (9) is 7X10 '
per stopped muoe. When compared to the production
rate of B" via reaction (1) of 1.5X10 2 per stopped
muon, the contribution of reaction (9) to the B" rate
is concluded to be about 5%. This correction has Not

been made to the value given in (8) because of lack of
experimental information. Reaction (10) leads to the
beta decay of Bt3 (tz~z 35 msec, end-point energy
13.4 MeV)" which would be indistinguishable from that
of B".Assuming comparable rates for reactions (1) and
(10),the isotopic abundance of C" reduces the contribu-
tion from (10) to the 1% level, and it can be ignored.

We are in essential agreement with the Los Alamos
group' about the magnitude of the excited-state con-
tribution. They observed 21 events occurring within
a few @sec after the muon stop and associated with
delayed signals of approximately the B" lifetime. Our
events showed not only these characteristics, but also
possessed p-ray and recoil energies appropriate to the
known character of B"* and the muon capture
kinematics.

However, the discrepancies between the B"produc-
tion rates measured at both Los Alamos and CERN'
and the rates measured by all other experimenters are
deserving of comment. The Los Alamos result includes
an error involving only statistical contributions, so
that systematic sects might still be present. It has also
been suggested to us" that the Aux of cosmic-ray protons
is sufficient to produce enough N" through C"(P,e)Nt2
to seriously aGect the Los Alamos muon capture ex-
periment. If the (p,e) reaction cross section is of the
order of millibarns, the proton Qux is high enough to
cause an appreciable N" component in the B"decay
curve, and with only 512 decay events in all, the pres-
ence of the N" (16.5 msec=r) may not have been
detected.

With regard to the CERN experiment, it also seems
like]y that a short-lived component of activity was
present in the B"decay curve, which would result in an
apparently large B" amplitude. As we have detailed
above in Sec. II, such contamination is easy to overlook.
Finally, the pure muon beam used in the experiment
reported here produced a B" activity almost entirely
due to muons, without measurable contamination from
C"(n,P)Br2. Thus, we were able to avoid complicated
background extrapolation and subtraction techniques.
We may also remark that in the two experiments' "
which measured reaction (1) with visual techniques,
false activities are eliminated by geometrical identiGca-

~ J. Kennel iprivate communication).
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tion of a 8"decay with a stopping muon. Both experi-
ments yielded results compatible with those of the
present experiment.

B. Comyarison of Results with Theory

It was remarked in the Introduction that the rate for
reaction (1) is determined by the effective G-T coupling
constant (2), which itself involves the various muon
capture coupling constants which one would like to
determine. Thus, the measurement of one number, the
rate X~g", cannot determine all these coupling constants.
So the various theoretical calculations have all made
the standard assumptions which are outlined in the
Introduction, and then measured the effect of varying
the g values, e.g. , letting g~I'= —8g~&, leaving out the
weak magnetism g~&, etc. Among the theoretical papers,
those of Kolfenstein, "Morita and Fujii,"and Flamand
and Ford" are similar in that all three papers consider
the allowed, second-forbidden, and relativistic contri-
butions of the axial vector interactions, as well as the
second-forbidden contributions of gg and gy. Kolfen-
stein and Morita and Fujii used the j-j coupling shell
model, while Flamand and Ford used the intermediate
coupling model. In addition, the latter used the charge
distribution of C" from electron scattering, which alters
the muon 5-state wave function from that for a point
charge nucleus and thus results in a 6% reduction in
B"reaction rate. This correction should be made to the
results of Kolfenstein and of Morita and Fujii, in which
case the three calculations with the "canonical" as-
sumptions of Sec. I yield transition rates:

QB~~&=68/0~8] 7» 26

=6956+1600 "
=6693+1600.24

The errors in the last two values are based on an
estimate by Wolfenstein of the inaccuracies in the nuc-

"L.Wolfenstein, Nnovo Cimento 13, 319 (1939).
~ M. Morita and A. Fujii, Phys. Rev. 118, 606 (1960}.
~5 G. Flamand and K. W. Ford, Phys. Rev. 116, 1591 (1959}.
~'We have quoted here the second UFI value appearing in

Table II of Ref. 25, i.e., the transition rate calculated using the
theoretical vector matrix element. The first value in this table
is generally quoted, and is based on the "experimental" vector
matrix element. However, Flamand and Ford already pointed out,
in a note added in proof to Ref. 24, that the experimental data on
which this first rate was based had been superceded by later
results, which brought the "experimental" vector matrix element
down to the theoretical value. Thus the rate of 6810 sec ' quoted
here is to be preferred for good reason, aside from its better
agreement with our experiment.

lear wave functions. The error assigned by Flamand and.
Ford is the result of a study of the sources of theoretical
uncertainty made in Sec. V of their paper, and amounts
to &12%, where Wolfenstein has about 20%.

Flamand and Ford showed that the transition rate is
most sensitive to changes in g~&, with a 1% change in
this parameter causing 1.7% change in transition rate.
The sensitivity to changes in 8" nuclear radius was
about half as great as that to g~~, sensitivity to gy"
one-fifth as great, and. sensitivity to g~& one-twentieth
as great. The essence of their error studies is that one
cannot expect to determine the coupling constants well,
except for g~&, which is already deducible from x—e

decay. Thus, the excellent agreement between the theo-
retical results (11) and the experimental result (8) is
evidence in support of UFI but cannot serve to place
stringent limits on coupling constants.

We note, however, that if we (a) omit the weak
magnetism term g~s, still keeping gps ——+8gg", or (b)
let g~&= —8g~", keeping gsr&= 3."I gv&, or (c) let
gz"=+16gg", keeping gsr&=3. "/gv&, or (d) let g~"
=g~&=0, then the theoretical values become (a)
5300 sec ' (b) 9800 sec ', (c) 6300 sec ' and (d) 6200
sec ', all with 10-15% theoretical uncertainty. Only
the last two values fall within our experimental error.
We note that a negative value for g~"/g~& is much less
favored than a positive value. This is in agreement with
the results of neutron asymmetry measurements" and
a recent experiment on muon capture in O'.' H the
value of g~&/g~& is assumed to lie between 5 and 20,
which is consistent with these experiments, then our
result on the 8" rate favors the presence of the weak

magnetism term.
In summary, we observe that the experimental data

yields a transition rate of reaction (1) in good agreement
with the universal weak interaction theory, and with an
uncertainty considerably less than that in current theo-
retical calculations.

Ke are indebted to Professor L. Wolfenstein for his
comments and exposition of theoretical aspects of weak
interactions.
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