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OBSERVATION OF RADIATIVE CAPTURE OF NEGATIVE MUONS IN IRON
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The interest of an experimental investigation
of the radiative muon capture

+N =¹+p+y

was first pointed out by Huang, Yang, and Lee. '
The process has been further considered on the-
oretical ground by various authors, ' but it has
not been observed as yet, ' though it is expected
to occur in medium nuclei with a branching ratio
R of about 10 relative to ordinary muon cap-
ture. 4 Its observation is made difficult, in prac-
tice, by the fact that decay electrons from p,

which have escaped nuclear capture (-10 per
radiative capture in Fe), can simulate reaction
(1) via bremsstrahlung and pair-production proc-
esses.

First aim of an experimental program on the
subject is merely the detection of this hitherto
unobserved process and a measurement of the
rate at which it occurs under given experimen-
tal conditions. Such a measurement is indeed of
practical importance to estimate the feasibility
of the more difficult experiments (both capable
of yielding relevant information on the coupling
constants') on the circular polarization and/or
on the asymmetry of y-ray emission from radi-
ative capture of polarized muons by spinless nu-
clei. ' The present experiment, carried out with
this in mind, gives evidence for the occurrence
of process (1) in Fe with a branching ratio R of
about 10

The experiment was carried out at the CERN
synchrocyclotron. The machine was operated
with an internal vibrating target at a duty cycle
of -30$o. Negative muons from the muon channel
of -SO-MeV kinetic energy were transported by
four additional quadrupoless onto the apparatus
shown in Fig. 1. After crossing counters 1, 2,
3, and the "Cu moderator, " the muons stopped
(at a rate of about 6300 per second) in the five
steel plates, 1.5 mm thick, of spark chamber SC1.
The first three and the last plates of this cham-
ber were thin Al foils 0.025 mm thick. If a p,

stop (anticoincidence 1234) was followed by radi-
ative capture and the y ray converted into an elec-
tron pair in the 2-mm thick "W converter, " both
electrons reached, in general, counter 6(sensitive
area 20x20 cm') after crossing spark chamber
SC2 which contained seven Al foils 0.025 mm thick.
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At least one of the two electrons had to reach
counter 6 and the large Naf(T1) proportional
counter to produce the final coincidence pulse
used to trigger both spark chambers. To reduce
to a reasonably small value the rate of these
"triggering events" (see also insert in Fig. 1),
the final coincidences were actually formed only
if: (a) the pulse height of counter 6 was nearly
twice or more that corresponding to a minimum
ionizing particle crossing the counter normally;
(b) the pulse height of the Naf counter exceeded
a given threshold t. During the main run, t cor-

FIG. 1. Layout of experimental setup with, superim-
posed, the view of one event possibly due to process (1).
In this event the p stops in the third of the five steel
plates of spark chamber SC1 {other plates are thin Al
foils). An electron pair originated in the W converter
is clearly seen in the thin Al foil spark chamber SC2,
though two gaps are missing in one of the two electron
tracks.
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responded to an energy release of -37 MeV in the
NaI crystal. Since 6.7 MeV is the energy that an
electron, formed at the center of the %' plate,
loses by ionization before reaching the NaI count-
er, the minimum y-ray energy corresponding to
the chosen threshold was about 50 MeV. Calibra-
tion of the NaI system was made using y rays of
well-known energies.

Pulses from counters 1, 5, and NaI (the latter
through an artificial delay of 100 nsec with respect
to 5) were displayed on the sweep of an oscillo-
scope (sweep speed 100 nsec/cm) triggered also
by the "triggering events. " The necessary infor-
mation concerning the time relationship among
these pulses and the height of the NaI pulse was
obtained through inspection of the oscilloscope
pictures. 90' stereo-pictures of both spark
chambers were taken on another film. Oscillo-
scope and spark chamber film advancement sys-
tems were both operated by the "triggering events. "

In -20 hours of effective measurements N (=4.54
x 10') p mesons were stopped in the five steel
plates of SC1and 2299 spark chamber and oscillo-
scope pictures were taken. These were analyzed
and retained as possibly representing radiative
capture events if: (a) two tracks were present
in SC2 with lines meeting inside the% plate con-
verter; (b) pulse due to counter 1 on the oscillo-
scope pattern was followed by pulse of counter 5
and, with a further fix del. ay of -100 nsec, by the
Nai pulse. As a result of this analysis (estimated
scanning efficiency -100%), 33 events were re-
tained of which 24 showed a p, stop (category I)
and 9 had no visible track (category II) in the SC1
picture. One of the events of category I is repro-
duced in Fig. 1.

The energy distributions of the events for both
categories are given in Fig. 2, taking into account
the energy resolution of our apparatus and the er-
ror in the measurement (+6.5@) of the NaI pulse
height at the oscilloscope. Some of the events
of category I come from the random superposi-
tion of a p, stop with an event of category II. In
order to subtract these random events from cat-
egory I, we need to use the normalizing ratio

anticoincidences 1234 with p, stop in SC1
anticoincidences 1234 with no track in SC1

which is directly known (with negligible statistical
error) from our measurements. Subtracting the
normalized distribution II of Fig. 2 from histogram
I we obtain the correct distribution reported in the
same figure (histogram III).
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Some of the low-energy events in histogram III
are originated by decay electrons which have ir-
radiated an energetic y ray in the steel plate
where the p. stop occurred or in the next one. '
The energy distribution of this "spurious" con-
tribution can be calculated starting from the en-
ergy spectrum of decay electrons from p. mesons
stopped in Fe, recently determined' using the
same NaI spectrometer employed in the present
experiment. The results of this calculation (per-
formed taking into account, of course, the effect

FIG. 2. Energy distribution: {I)of the 24 events ful-
filling our selection criteria and showing {as in the event
reproduced in Fig. 1) a p stop in SCl; {II) of the 9 events
fulfi1. ling the selection criteria but with no track in SC2;
{III) of events of category I {24) after subtraction of the
contribution {-5.5 events) due to accidental superposi-
tion of a p stop with an event of category II. The over-
all resolution in the energy determination is included in
these hystograms, since each event was displayed as a
rectangle of constant area with the basis, centered at
the measured energy, equal to twice the standard devi-
ation. This standard deviation was evaluated as in ref-
erence 8.
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Table I. Results of calculations on the expected p-ray spectra from decay electrons [Fd(E)l and from process (1)
[Frc(E), for three different models (see text)]. All spectra are normalized to 1 p stop. The functions Frd(E) are
multiplied by R, assuming R =10

E (MeV) F (E) x106
d rc RxF '»(E)xlo'

IC
R xF (E) x10rc

30
35
40
45
50
55
60
65
70
75
80
85
90
95

100

8.70
7.45
5.90
4.25
1.76
0.48

&0.01

1.75
l.77
l.74
1.65
1.52
1.35
1.15
0.95
0.75
0,56
0.40
0.22
0.10
0.04

l.90
1.85
1.77
1.62
1.43
1.20
0.97
0.75
0.55
0.32
0.20
0.10
0.05
0, 02

1.97
1.90
1.80
1.60
1.40
1.15
0.90
0.65
0.42
0.25
0.10
0.05
0.02
0 F 01

of the "anticounter" 4 which rejects a y ray if ac-
companied by an electron reaching it) are given
in Table I, 2nd column. The calculated distribu-
tion [Fd(E)] is normalized to one p stop.

The spectra of y rays from radiative capture
[Frc(E)] have also been computed for three dif-
ferent models:

(1) adapting to process (1) the Morrison-Schiff
(M-S) formula, "which was derived a long time
ago for the allowed transitions following the atom-
ic K capture of an electron";

(2) using for the Fe nucleus a Fermi model with
an "effective mass"'~' M =M (nucleon mass) to
obtain the distribution of the nuclear excitation
energies, "and assuming that the M-S formula
can be applied to all transitions from the ground
state of the parent nucleus to the final states of
the product nucleus

(3) maintaining the assumptions of case (2) but
using M* =M/2.

For a comparison with the photon spectrum from
decay electrons [Fd(E)], the three spectra thus
calculated are also given in Table I, normalized
to one p. stop and multiplied by R, assuming R
=10 . It is seen from the table that Fd(E) be-
comes entirely negligible for E &F. =60 MeV.
Since Ed(E) was derived from the experimental
decay electron spectrum which includes the reso-
lution of the NaI spectrometer, "we conclude that
for 8 &F.* no appreciable contribution is given to
the events of histogram III (Fig. 2) by decay elec-
trons irradiating y rays in SC1.

The "good" events, i.e. , events to be interpreted

as due to process ('), are then n = 9.5 a 3.8 (12.5 of
category I from which 4.8x0.61 events of category
II must be subtracted), with the energy distribu-
tion shown by the thick line in histogram III.

If we want to use this result to get a value of R
for each of the three models assumed, we need
to know the average detecting efficiencies e of
our apparatus for the y rays of the three corre-
sponding spectra F d(E). If f=0.91 is the frac-
tion of p. undergoing nuclear capture in iron"
and u =0.69 is the fraction of events accepted by
our electronics, ' then

R =n/N fue = (3.3+ 1.3)10 ~/e. (2)

The efficiencies c have been computed by a
Monte Carlo calculation taking into account the
requirement of seeing two electrons in SC2, one
at least of which crossed counter 6, as well as
the actual distribution of p, stops over the Fe
plates of SC2 obtained in a special run. The Fe
plates have been subdivided into 30 equal squares
and for any chosen energy 2000 y rays have been
imagined to come out isotropically from the cen-
ters of these squares. The Monte Carlo calcula-
tion then takes into account also the possible di-
rections of y-ray emission from the point at which
the p, stops in the useful region of SC1, and, of
course, all processes which an electron, produced
at a given depth of the W converter, may undergo
in crossing the remaining thickness of the W plate.
Allowance has been made also for the possibility
that the y-ray conversion occurs in the Fe plates
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Table II. Average detection efficiencies of apparatus
and corresponding values of R for the three models {1),
(2), (3) considered in the text. Errors in the values of
R include also those of the Monte Carlo calculation.

Model

(4.48 +0.28) x10 4 (0.73 +0.34) x10 4

(2)

(3)

(3.29 ~0.21) ~10

(2.68 +0.17) x10~
(1.00 ~0.43) ~10

(1.23+0.54) x10

of SC1. The results of the calcul. ation are given
in Table II, together with the corresponding val-
ues of R deduced from Eq. (2). Consistent values
of R are obtained choosing 65 MeV rather than 60
MeV for F.*.

We conclude, therefore, that process (1) exists
and it occurs with a branching ratio,

R -1x10
in agreement with the theoretical predictions rel-
ative to the whole y-ray spectrum from radiative
capture in copper. ' A greater accuracy in the ex-
perimental and theoretical determinations of R
would be necessary, however, to infer from such
an agreement which, of the models adopted for
the capturing nucleus, has to be preferred.

We wish to thank Dr. C. Rubbia and Dr. M. Toi-
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of this experiment and Dr. T. Ericson for some
inter esting discussions.
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