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ABSTRACT 

The photon spectra following capture of stopped pions in 

4H 12c 16o 24M d 4oc h b d f h. e, , , g, an · a ave een 1neasure or p oton 

energies between 50 and 160 MeV. A pair spectrometer was 
\ 

used and a resolution of 2.0 MeV FWHM was achievec. On the 

basis of several thousand events for each spectrunl., we obsc1·ve 

4 collective excitation in the residual nucleus for capture on He, 

12c d 160 , an . Such excitation is predicted theoretically, and 

in some cases the detailed comparison with the data is good. For 

24M d. 40 c · ·f· t t t · g an . a, no s1gn1 1can s rue ure 1s seen. In addition, 

the transition rates to particle-stable states in 16o and 
12

c 

have been me;asured. A continuum background consistent vvith 

a direct reaction mechanism is also observed for all the el-

'4 
e1nents studied except for He. kesults for the pion capture 

rates in CH2 and H
2

0 are given. 
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I. INTRODUCTION 

Using a pair spectrometer we have measured the photon energy 

spectrum between 50 and 160 MeV, arising from the radiative capture 

d . 4He, 12c, 160 ., 24Mg, d 40 of stoppe pions in various nuclei: an Ca. 

4 12 1 2 
Although data from He and C have already been published, ' we 

present them with the new data for completeness. Discussion of 

these two elements will be confined mainly to new information. 

In this section we discuss the theoretical and experimental back-

,ground to the radiative capture process. In Section II we describe the 

experimental technique; and in Section Ill we discuss our results for 

each element, together with earlier experimental work for that el

ement and relevant theoretica'l predictions. 

The process under study, expressed generally, is 

··-
1T- + N(A, Z) -+ N'''(A, Z-1) + y. ( 1) 

4 
For the lightest nuclei, e.g, He, the pion will be captured mainly 

from a is Bohr orbit; as the mass of the nucleus increases, capture 

from 2p and higher orbits predominates (for example, about 80% of 

pions are captured from 2p orbits in 12
c). Radiative capture is typ

ically .., 2% of the total capture rate. Much of the interest in this pro-

cess derives from its close similarity with negative muon capture, 

··-
.fJ.- + N (A, Z)-+ N"'(A, Z - 1) + v , 

' fJ. 
(2} 

in which the capture is always from is orbits and accounts for essen-

tially the whole rate. The analogy has been extensively discussed in 

theoretical terms in the recent literature; only the 1nore pr01nincnt 

features of it will be mentioned her~. 

The most obvjous analogy between reactions (1) and (2) arises 
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from the closeness of the masses of the participating particles, so 

. 2 
that the momentum transfers are of the same order- -0.92 m for 

- 'TT 

2 
(1) and 0.52 m for (2). A n1ore subtle and far-reaching analogy 

'IT 

comes fron1 the fact that the matrix element for pion capt:ure, reac-

tion (1), leading to a particular final state can be expressed in terms 

of the same axial vector and pseudoscalar nuclear form~factors (fA 

and f ) as appear· in the muon capture matrix element to the same 
p ' . ' 

final state: rnuon capture has addition~! vector terms. This equality 

has been derived using both the impulse approximation and PCAC. 
3 

However, the impulse approximation has been con1pared with the 

PCAC approach for 
6

Li, 
4 

and significant model-dependent corrections 

to the latter approach are required. Given that the vector terms in 

rnuon capture can be derived from inelastic electron scattering data 
i 

(using CVC). the rates for ( 1) and (2) can be related. It should be em-

phasized that this is only true for capture from is orbits. Since with 

present experimental techniques one cannot isolate the contributions 

to the capture rates from different orbits, this means that the com-

parison has been made only for the lightest' nuclei, and even then sig--

nificant corrections are required for p- state capture. There has been 

considerable theoretical discussion on 
3

He, 5 4
He, 

6 
and 6Li. 4 

He-

scattering corrections to the pion capture rate are also of i1nportance 

and bec01ne more so the heavier the nucleus (e. g. a 40% correction 

. 16 7 
is required for 0). 

An experi1nental test of the above analogy has been performed 

·6 a for Li by Deutsch et al. Using activation techniques, they meas-. 

ured the branching ratio to the ground state in the residual nucleus 

for 1nuor1 capture and radiative pion capture; the observed agreemC' nt 

.. .. 

• 
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between the two branching ratios may be taken as being consistent 

with the above analogy. 

Perhaps of greater interest than the reaction mechanism itself 

is the possibjlity, in reaction (1), of observing. excited states in the 

residual nucleus that are inaccessible by other :rr:eans. 9 Specif

ically, collective nuclear excitations are expected as final states of 

both reactions ( 1) and, (2), but are only observable. directly in ( 1). 

These states are the r3 = -1 components of the collective states ob-

served in photoexcitation or inelastic electron scatteripg on the par-

ent nucleus. 

In -order to explain the total n1uon capture rate in 
16

0, it was 

originally proposed that collective states were excited in process 

(2). 1° Further experi1nental evidence for such excitation has been 

meager and necessarily indirect. The experimental problem for this 

reaction is that only the de cay products of the residual nucleus can 

be detected. These have been either the secondary neutrons from 

the decay of the collective states (their energy spectrum has been 

derived fro1n recoil proton spectra), 
11

• 
12 

or the tertiary low-energy 

gamma rays fron1 the decay of :the products of the collective state de

cay; ·Kaplan et al. 
13 

have, for instance, studied the spe ctrUln of 

low-energy gamma rays arising from the 

16 >!< 1 5 ~:' . 1 5 :\< 15 
N -• N + n, N ~ N(g. s. ). 

- 16 1h * sequence: f.l + 0->- '"N + v , 
f.l 

Both methods have yielded data 

which can be interpreted as evidence for collective state excitation . 

Radiative pion capture offers two experimental advantages. For 

neutron spectroscopy, a tinle-of-fljght "st3.rt 11 signal is provjded by 

the prmnptly captured pions. The photo!1 energy spcctrun1 may be 

measured, using a pair spedror11ctcr, '".rith svfficicnt resolution to· 
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resolve resonant peaks in the residual spectrum, as will be demon-

strated by our results. This photon spectrum is the most direCt way 

of observing the collective states; the neutron spectrum yields addi· 

tional information on their decay properties. Neutron spectra have 

14 15 
been measured by two groups. ' Although these measurement~ 

show evidence of structure' the data are in general lacking in statis-

tics. Specific examples are referred to in Section III. Davies 

i6 h h . f d . . et al. have n1easured t e p oton spectrum rom ra iahve p1on 

capture on several elements using a sodium iodide crystal. There 

was insufficient resolution to allow resonances to be observed, but 

the data allowed the total branching ratio (typically about 2%) to be 

established. 

It has been pointed out 
17

' 
18 

that it may be pos siblc to exploit 

the differences between 1-1- capture and radiative pion capture. First, 

since radiative pion capture occurs from higher Bohr orbits than the 

1s for all but the lightest elements, this opens up the possibility of 

18 
exciting collective quadrupole states. Murphy et al. have shown, 

for instance, that for 2p capture in 
16o, transitions to quadru~ole 

states are the d01ninant ones. It would appear t.herefore that racli-

ative pion capture may allow the observation of these hitherto un-

observed si.ates. Second, since the radiative pion capture matrix 

element contains only the axial vector tern!, it will lead to fewer 

states than muon capture; thus it is a preferable mechanism for the 

initial exploration of the spectrum of collective states. 

. ... 

• 
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II. EXPERIMENT 

A. Apparatus 

The experiment was carried out at the Berkeley 184-in. cyclo-

tron with ~he setup shown in Fig. 1. A beam of 80- MeV negative pions 

was extracted from an internal target. After passing through a quad-

rupole doublet, a bending magnet, and another doublet, the beam was 

focussed onto various targets.;, Before the target, the pions were de

graded to optimize the stopping rate in the target (3 to 5X10
5 

pions/ 

,-1 
sec ). A pion brought to rest in the targe't was identified by a coin-

cidence signal from counters 'IT
1

, 'IT
2

, and 'IT
3 

in front of the J:arget in 

anticoincidence with any of the counters 'ITS. behind the target (between 
' 1 

1 and 4 in number depending on the target). Two time-of-flight coun-

ters, one upstrea1n in front of the bending magnet and one down-

stream in front of the degrader, were employed to measure the elec-
' 

tron and the muon contamination of the beam. These amounted to 

10.7o/o electrons and 1.7?/o muons without degrader, and 14.6% and 

5.6% with degrader. 

For the detection of the y rays a large solid angle pair spec-

trometer was constructed. It was located at 90 deg to the direction 

of the incoming 'IT-~ The spectrometer consisted of two 46 em X 91 

em C-magnets c01nbined with a c01nmon pole tip to give an analyzing 

area 218 ern in length with a 33-cm gap. The 1naximum possible 

field in this configuration was 10 kG, the nonnal field during the ex-

pcrin:-.ent being 8 kG. It v/aS measured in 2.5-cm steps to an accu-, 

racy of o.zr;J tl1roughout the volun1e using a •:rapid 1napper••. The Y 

rays were converted into electron-positron -pairs in a 3C:c, radiation 

length of gold foil (0.011 em) mounted on a thin styrofoam backing 
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and placed at 109 em from the target. The conversion probability 

for our photon energies was 2.3%. The field chosen was sufficient 

for a 180-deg bend of the electrons and positrons up to momenta of 

110 MeV/c, and yielded maximum efficiency for photon energies 

' around 120 MeV. The directions of electron-positron pairs at entry 

and exit of the spectrometer were measured using six arrays of four-

gap spark charnbers (shown in Fig. 1) arranged in two rows parallel 

to the m.agnet, with the converter foil in between. To minimize mul-

tiple scattering and energy loss of the partiCles, the spark cham.bers 

were constructed of low-mass material (20 m.g per gap). The gaps 

were made of 0.0012-cin aluminum foil on a fluorine-free styrofoam 

b 1 . 19 ac nng. The inside of the spectrometer rnagnet was filled with a 

·helium bag to reduce multiple scattering. 

The tracks were recorded optically. 1'v1irrors on top of the chc..m-

hers within the gap of the magnet coils and on the sides allowed a two-

dimensional view ·with a camera mounted on a stand ,approximately 4m 

above the two spectrometer magnets. 

A lead shielding wall between the beam line and the spark cham-

hers, red\].ced the background in the spectrometer. To eliminate 

charged particles entering the magnet, an aperture (29 em X 14 em) 

in the wall \vas covered with a counter in anticoincidence with the 

beam trigger.·· Six pairs of counbrs covered the full length of the 

spark chambers; a coincidence signal from any two of them that \Ve:te 

nonadjacent but only from two was regarded as a good electron-positron 

pair leaving the rnagnet, and was co1nbined with beam-signal to 

trigger the svark chambers. blspection of the pictures showed that 

only 20o/o of all trigger were due to a genuine pair. The main source 

-... 
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of background events was y rays converting in the side of the collimating 

aperture, in the lead shielding wall, and in other material besides 

the converter foil. These events in general showed only one electron 

or positron trajectory, or showed a pair with tracks not originating 

in the converter. They could easily be separated from the real 

events which have a very distinct signature. The total number of 

events collected was 680 X 10
3 

(of which 120 X 10
3 

were good pairs} 

, for the following targets: oxygen 110(20), magnesium 57(10), 

water 12(2}, lithium 21(3), calcium 54(10}, carbon 100(20}, 

CH
2 

49( 1 0), hydrogen 14 7(30}, and helium 130( 16) (all in 1 o3
). 

B. Analysis. 

The spark chamber pictures were scanned by hand with a semi-

automatic coordinate recorder (TRAMP}. For each event, the center 

and the angle of inclination of the six tracks in top and side views 

and five fiducial marks were measured. For the first five events of 

each roll of 500 events, the total of 19 fiducial marks were measured. 

The accuracy of reconstruction achieved by this method was ±0 .3 em. 

In the 'analysis, an iterative tracking procedure was used to obtain 

the best-fit 1nomenta to the coordinate and angles of the electron 

and positron. The sum of the two momenta directly gives the y 

energy, apart from energy-loss corrections. 

In order to check the resolution and efficiency of the spectrometer, 

we performed a calibration experiment using a liquid hydrogen 

target The reaction 1T-p ·_.. n'Y with pions at rest gjves a monochro-

m.atic 'Y ray of 129.4 MeV. This provides a 1neasurement of the 
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resolution as well as a calibration of the energy scale independent of 

the field measurement. The spectrum of'{ rays produced in the 

- 0 charge-exchange reaction ('TT' p- mr - n'{'{) serves as a check on the 

low-energy end of the efficiency curve. The energy spectrum from 

mesonic capture is flat between 55 and 83 MeV. The measured spec

trum is shown in Fig. 2. The resolution (b.. E) for the 129.4-MeV 

photon is 2.0 MeV FWHM, with the usual long low-energy tail. There 

are several contributions to this resolution (all evaluated at 130 MeV). 

a) Energy straggling in the converter and the spark chambers; 

.6. E = 0. 8 MeV. 

b) Uncertainties in the magnetic field map between different posi-

tions of 0.2o/o: .6.E ::: 0.3 MeV. 

c) Multiple scattering in the converter and the spark charrtber, re-

suiting in an angle uncertainty of 2 deg: .6.E = 0.1 MeV •. 

d) Spatial resolution of 0.3 em: D.E = 1.6 MeV. 

e) Uncertainty in the 'absolute field value between different runs 

0.25%: .6.E = 0.4 MeV. 

The major contribution arises from reconstruction' errors, which are 

introduced in the scanning process. 

In order to calculate the efficiency of the spectrometer and to 

estimate the different contributions to the resolution, an extensive 

Monte Carlo calculation was performed. This simulation.included, 

be sides the exact geometry, the measured magnetic field, theoretical 

expressions for the pair-production probability, energy loss and mul-

tiple scattcrjng of the electron-positron pair in the converter and tlw 

·subsequent n1aterial transversed, and additional uncertainty in track 

·location due to inaccuracief> in the n1.casuring procedures. 
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Events generated in this fashion were subjected to the same anal-

ysis program as the measured events. The efficiency of the spectrom-

eter as a function of the energy is also given in Fig. 3. This effj ciency 

T)'Y (E'Y) contains the solid angle, the., conversion and detection efficiency, 

and a factor 1/41T. The decrease in efficiency towards lower energies 

is due to the following factors: 

1. Electrons or positrons, below 1S.MeV that curl up in the 

spectrometer and do not trigger the exit counters. 

2. The requirement that two nonadjacent counters must report, 

which was necessary in order to reduce the rate of bad 

triggers. 

A comparison of the observed and the calculated electron and positron 

energy distribution indicated an apparent drop in efficiency of the 

spark cham.ber for energies below 25 MeV. When this effect was in-

eluded in the Monte Carlo calculation, the Panofsky ratio (the intensity 

ratio between photons from mesonic and radiative capture) determined 

I 

from the hydrogen spectrum was 1.44 ± 0.16, in agreement with the 

presently accepted value of 1.53±0.02. 
20 

The absolute efficiency can be checked when the yield of photons 

from radiative capture per stopped 1T is calculated. The theoretical 

value is (39. 5 ± 0.03)%, in compl~te agreement with the experimental 

value of (41. 9 ± 3.3)o/o. . The latter was obtained in the following way 

N (129.4 MeV) 
f ::: ::: 

- - 0 a( TT p-+ ny) + a( TT p ~ n rr ) 

Here 11 ::: (2.18±0.11) X 10- 5 and N is the number of)' rays in the 
'Y - - y -

spectrum, which has to be corrected for the conversion and absorp-

tion of the photons in the target, the target walls, and the counters in 
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front ofthe converter. Inthecaseofhydrogen,whereweuseda120liter 

liquid-hydrogen dewar as a target, these corrections amount to 11.6 o/o. 

A further correction arises from pions being captured in the target 

walls. This effect, which was ahnost negligibie, was measured with 

an empty target and subtracted from the raw spectrum. The number 

·of pions stopped in the target (N 11') is determined in two ways: First, 

by subtra~ting the number of stopped pions for full and empty targets, 

normalizing both to the same number of i11;coming 11'; this accounts not 

only for those pions stopping in the walls of the target but also for those 

that do not stop in the target but yet do not register in the anticounter 
' 

behind the target as _a_result of geometric or electron1c inefficiencies. 

The second way is by differentiating~ range curve for the incoming 

pions for a total mass equivalent to the hydrogen in the target at the 

corresponding range. Both m.ethods agree within 2o/o. A further sn1all 

correction has to be applied for the number ofrnuons and electrons 

stopping. From the comparison of the hydrogen rates, we are con£~,.. 

dent that our absolute rates for all targets can be determined to about 

15% using the same procedure. An exception is oxygen. 

We now discuss each target in turn. The ingredients for the cal-

culation of the experimental capture rates are given in Table I. 

1. Helium 

The energy spectrum of photons from radiative pion capture in 

4 He is shovvn iil. Fig. 4. Here we have used a 120 liter liquid-helium can·-

tainer as a target. Radiative pion capture in the wall materials and 

the targe:t were equally probable. ·Therefore the target-out rate was 

30% of the target-,in rate. ·Figure 4(b) shows the resulting spectrum. 
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2. Carbon 

The carbon target used in determining pion capture in 12c 

(Fig. 5) was a 2.5-cm slice of graphite placed at 45 deg to the beam. 

Due to the thickness of the target, the experimental spectrum also had 

to be corrected for interactions occurring for pions in flight. We 

have measured the y spectrwn for (38± 6) MeV pions to assure our·-

selves that no structure is seen for higher pion energies. In fact, the 

11 
experimental spectrum can be fitted with a pure B+n+y phase-

space curve. We have normalized the in-flight spectrum to events 

with photon energies greater than 130 MeV and subtracted it from the 

raw spectrum. This correction amounts to 20o/o for carbon; in the 

hydrogen case, it can be neglected. Subtracted spectrum is shown in 

Fig. 5b. 

3. Oxygen 

In the oxygen case (Fig. 6), a 34-cm diameter liquid-,oxygen 

container was used as a target. In order to assure that the majority 

of the pions stopped near the center of the tar get and not in the thick 

steel walls of the container, the undegraded beam was allowed to hit 

the target. This leads to the complication that a large nwnber of 

events due to capture occurring in flight had to be accepted. This 

problem wa~ overcome by reconstructing from the spark-chamber 

tracks the origin of·the y ray in the target along the beam direction, 

and eliminating those events which originated in regions with an av-

erage range of les_s than 80o/o of the range corresponding to the central 

momentum of the beam. The raw and the subtracted spectra are dis-

played in Figs. 6(a) and 6(c) respectively. With the uncertainty in 
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reconstructing the origin of the y ray(± 1.8 em) and the large error in 

evaluating the corresponding number of stopped pions, our absolute 

normalization error is 20o/o in this case. The total rate measured 

agrees very well with the one obtained from a sn+aller sample of data 

taken with a water target, in which the correction for in-flight capture 

is less important and the number of stopped pions can be evaluated 

with greater confidence (see Appendix)~ 

4. Magnesium 

To obtain the spectrum for 
24

Mg we used as a target natural 

magnesium powder {4.1 g/cm 2) in a thin aluminum container placed at 

33 deg to the beam direction. 

5. Calcium -----
For the 

40
ca spectrum {Fig. 8), 7.3 g/cm2 of natural calcium-

metal was used as a target. For calcium as well as magnesium the in-

flight background was not measured, so we used the in-flight spectrum. 

from oxygen for this correction. This is justified, since the identity 

of the in-flight spectra from carbon ahd oxygen suggests that the shape 

is independent of the target nucleus. 

To evaluate the total radiative capture rate, including the parts 

of the spectrum withy energies below 50 MeV, an assumption concern-

ing the shape of the spectrum at lower energies is needed. Since the 

low-energy spectr'um is com.pletely due to the direct mechanism with 

emission of a nE"utron, and since the pole 1nodel (see below) de scribes 

the slope for energies between 50 and 90 MeV very well, we can com-

pute the a1nount of the missing spectrum. For lo~er photon energies, 

the pole model a11d pure phase space become very similar. Typically, 

' ' '· ., 
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the missing part of the spectrum amounts to less than 15% of the total 

specti·um. 

Ill. DISCUSSION 

In this section we discuss our results for· each element in turn; 

however, there are some general comments that are relevant to all on 

several elements. First, the spectra of all elements display a "con-

tinuum" component, although in the case of helium the whole spectrum 

can be accounted for by broad- resonance contributions. There are 

three models, all rather naive, which may be used to attempt to fit 

this continuum. 

In the Ferm.i gas model, one assumes the fundamental radiative 

interaction of a pion with a proton in the nucleus ('IT- p .- n-y) in which the 

proton energy distribution is that of a Fenni gas; no final- state inter

action is assu.m'ed. In the earlier work by Davies et al. 16 using a so-

dium iodide crystal (which gives relc.tively poor energy resolution), 

the Fermi gas model was shown to pro\ride a reasonable description 

of the observed spectra. However, with the better resolution of our 

instrument we have shown that the model gives much too sharp a 

. h . . h 1 f h . 2 1, peak, w1t no contr1butlon to t e ow-energy part o t e spectrum. 

At the other extreme, a phase-space calculation assumes that 

the rest energy of the pion is shared among the photon, one neutron, 

and the residual nucleus in its ground state. Again, the predicted pho-

ton energy spectrum gives poor agreement for all elen1ents (see for in

stance 
12c in Ref. 21), in this case because it is too flat. 

The third model is the pole model suggested by Dakhno and 

Prokoshkin, 
22 

in which one assumes the exchange of a single proton. 

/ 
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The Q-value at the nucleus vertex is a free par am-

eter, and we have assumed the residual nucleus to be in its ground 

state. Varying the Q-value ,produces an overall shift in the energy 

scale of the final spectrum (see Ref:. 22). As for the previous models, 

~ 12 
normalization is arbitrary. For C the pole model fits the continuum 

shape well, while for the heavier elements the. fit become less good 

(see below). It is clear that this model is over- simplified in that both 

the initial state of the proton and the final-state interactions (as well 

as other possible exchanges} are ignored. However, since it fits the 

continuun1 better than other available TTIOdels, we have applied it 

where necessary. 

Our second general comment concerns the question of proh-

ability of capture from particular initial pion orbits. This is relevant 

to 
12c and 

16o, for which predictions have been made regarding the 

capture rates from particular orbits- -namely, from the 1s and 2p or-

bits. In general, these dominate_ the total capture rate. 

The quantity we measure is the branching ratio (R} of radiative 

to total capture for all orbits, either for the whole spe-ctrum or for 

some part of it, e. g. the resonant peak. We wish to relate the meas-

ured quantity to those predicted. We have 

R = (1\. rad I 1\. tot\ w + (.1\. rad I 1\. tot) w 
1s 1s } is 2p · 2p 2p 

where the quantities 1\.~:d and .1\.~;d are the theoretically predicted 

widths for radiative capture, and w
1 

and w
2 

are relative probabii-s p . . . ' 

ities for capture from is and Zp orbits, respectively. The total cap-

ture rates and capture probabilities for 1s and 2p are derived from 

pionic X-ray data as follO\\·'S (the treatment ofhigher orbits is neglected) 

.. 
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Atot = 11 rtot = 11 r (measured), 
is 1s 2p- 1s 

taking the width of the 2p -+ is pionic line as being entirely due to the 

15 level width . 

A tot = 11 rtot = 
2p 2p 

I 

Ae.m. 
2p-+is 

P(2p)- Y (2p- is) 
Y(2p - is) ' 

h . Ae. m. 
w ere 2 i p- s 

is the calculated electromagnetic rate for the 2p- 1s 

transition P(2p) is the calculated population of the 2p level, and 

Y( 2p-+ is) is the measured 2p-+ is yield. 
23 

The capture probabilities 

_ Y(2p-'"1s) d _ P(2p)-Y(2p-+1s) 
wis and w2 p are given by w1s - P(Zp) an w2p- P(Zp) 

Here we assume that both the total and radiative absorption probabil-

itics frorn s and p orbits with higher principal quantum nmnbers arc 

the same as for 2p-+ 1s. Some authors
24 

have disputed this assump-

tion. Clearly only detailed cas,cade calculations can resolve the ques-

tion . .[However, we point out that our assumption is approximately 

valid for 6Li, for which Stapp25 has presented a capture schedule.] 

As mentioned above, the yields and populations are derived 

from X-ray data. Unfortunately, for the lighter elements and includ-

. i2 16 
1ng C and 0, there are some differences between the yields me as-

ured by different groups, although the relevant populations calculated 

by these groups in fact agree. This discrepancy is particularly dis-

turbing since in our treatment the observed branching ratio is propor-

tional to the disputed yield: 

R =ft(A rad ; 11 r ) + (A rad /A e. m. )'l X -~~:J?_p-+ 1s) l\ 1s 2p-1s '\ 2p · 2p~1s ~ P(2p) 
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Since we are not in a position to resolve these differences, we have 
. . . 16 12 

arbitrarily chosen the data of the CERN group for 0; and for C 

we have taken the mean of the CERN, Virginia, and Berkeley data, 

which are in agreement. We list in Table II the paraln.eters used in · 

the subsequent calculations. In Table Ill, the total and partial capture 

rates for experiment a;'-'ld theory are compared. 

A. Helium 

There has been no previous experimental work on either muon

or radiative pion~capture in 
4

He. The residual nucleus in this case is 

4
H. From both phase- shift analysis of 3N(N, ~3N interactions

26 
and 

from shell-model calcula.tionB for excited states i~ the four-nucleon 

system. These states are in general wide and overlapping. In our 

earlier paper we showed that our data are not consistent with phase 

space or with the pole model, but can be entirely accounted for by as

suming excitation of only three of the above states. of the 
4

H system: 

i.e., 2-(3.4 MeV) ~hove the 3H+n threshold), 1-(5.1 MeV), and 

1""(7.4 MeV). Indeed, an R-matrix calculation 1 reproduced both the. 
I 

spectral shape and the absolute rate observed in the experiment (see 

Fig. ~(b)]. Note, however, that this comparison assumed capture· 

entirely from the 1s orbit, although 2p capture has recently been 

27 
measured to be about 50o/o of the total cayture rate. In a more de-

tailed study of radiative capture of pions in 4Hc, Raiche and Werntz 6 
I 

have discussed the effect of including 2p capture. However, the 2p 

contributjon to the total radiative rate of (2.1±0.7)% is only O.Zo/0. 

The spectral shape is essentially unchanged although the low-energy 

tail of the 2p capture spectrum falls off faster than for 1s capture. 

• 
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Within the large errors, the predicted total rate is in agreement with 

the experimental value. The authors have pointed out that the angu-

lar correlation between the photo~). and the neutron are very dissimilar 

for 1s and 2p capture, allowing the possibility of measuring the respec-

tive radiative-capture rates by means of an ny angular distribution. 

I 
B. Carbon 

.. 17 
Assuming only giant resonance excitation, Kelly and Uberall 

have made theoretical prediction for the photon and the neutron energy 

spectrum following radiative pion captu~e in 12c (from both 1s and 2p 

orbits): all spectra show several distinct peaks. These predictions 

have been made using two different models for the giant resonances: 

that of Lewis and Walecka (positions and amplitudes only)
28 

and of 

Kamin~ura et al. (positions, am.plitudes, and widths). 29 

1. Previous Experiments 

The neutron energy spectrum following muon capture has been 

12 
measured by Plett and Sobotka. After subtracting an ''evaporation 

continuum", they observed a broad peak between 4.0 and 7.0 MeV. 

This structure is fitted quite well by the theoretical predictions based 

on the Arima model, 29 if the energy s.cale of the latter is shifted up-

wards by 1.5 MeV. However, the predicted rate to collective- state 

excitations is about 1.6 times the measured rate. 

Davies et aL, 16 using a sodium iodide crystal, first estab-

lished for this element a radiative pion capture branching ratio of 

1.6± 1%. The neutron spectrum associated with radiative pion cap-

15 ture has been measured by Gotow et al., and although the statistical 

accuracy is poor, a peak, interpretable as being due to giant-resoi1ance 
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excitation, is evident. Hilscher et al. 
24 

have studied 
12

B(g. s.) ac

tivity from both muon capture and radiative pion capture in 
12c. They 

have derived absolute rates and branching ratios f~r 12
B(g. s.) forma

tion in each case. A discrepancy between these data and our own 

will be discussed later. 

2. Discussion of Data 

Our measured spectrum is shown in Fig. S(b). Peaks above a 

continuum are observed at 117, 120, and 125 MeV (for precise cor

rected energies see Table Ill). The peak at 125 MeV can be asso

ciated with production of the 12 B ground state; however, a differ

erence of 0.4 MeV exists between the expected and the observed peak 

position for this state. The CH2 data indicate that this difference can

not fully be accounted for by uncertainties in the energy scale (Table 

Ill). We cannot therefore exclude the possibility of an unresolved 

transition to the 0.95-MeV state. 

For the interpretation of the other two peaks, we need to dis

cuss the continuum. As mentioned previously in this section, the pole 

mode1
22 

fits the continuum well in those regions where there is no 

structure (SO to 90 MeV). It has therefore been normalized in this 

region and is taken to represent the background under the peaks at the 

higher end of the spectrum. Since in this region the continuwn is a 

rapidly varying function of the photon energy, uncertainties in the am-

plitudes and in the b.?,.. and 120-MeV peak positions arise from this. 

assumption. Note particularly that a change in Q-value at the nucleus 

vertex in the pole model shifts the endpoint of the continuum. This 

uncertainty is not included in the quoted errors (see Table III). In 

order to dt~te rmine the parameters of the peaks, we have fitted to the 
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observed spectrum a function consisting of the pole model together 

with three independent Breit-Wigner resonances, with the experimen-

tal resolution folded in. Figure S(c) shows the spectrum with the pole 

model subtracted. The dotted curve in this figure shows the predic-

. .. 17 
tions of Kelly and Uberall using the Arima model; here the 1s and 2p 

theoretical spectra have been appropriately weighted and summed and 

the experimental resolution has been folded in. Note that the model 

does hot attempt to describe 12 B (g. s.) production nor does, it include 

quadrupole state~ .. The model requires a shift of about 2 
- I 

MeV downwards to fit the data; this shift is in close agreement with 

that deduced from the neutron spc ctrum from radiative capture exper

iments of Gotow et al. 
15 

and from the neutron spectrum from muon 

capture experiments of Plett and Sobotka. 
12 

The seconq model of 

Lewis and Wale cka predicts resonance amplitudes and positions only; 

these predictions are compared with the observed parameters in Table 

II. Agreement is-reasonable.· We also have a slight ~xcess of events 

above the continuum around 105 MeV, where the mode.~ predicts a 1 

state. 

In the same table we give our values for the branching ratio to 

12 . 
the B(g. s. ), (0.092 ± 0.009)% and the total radiative branching ratio, 

( 1.92 ±0.19)o/o. The latter is in fair agreement with that of Davies 

et al., 16 (1.60 ±0.1)o/o, and with the two theoretical predictions: by 

Delorme and Ericson
3 

and Anderson and Eisenberg. 9 It is with re

gard to the branching ratio to the 12 B(g. s) that we are in disagreement 

with the c>~pe rime ntal value of (0. 58± 0. L3)o/o obtained in the activation 

studies of Hilscher et al. 
24 

Several points should be note d. 

-J' 
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(a) The activation measurment yielded the total rate for production 

12 ;:< ·. 
of B particle- stable states that end up in the ground state; for ex_. 

ample, the 0.95, 1.67, and 2.62 MeV levels would be included if they 

were excited. However, examination of our spectrum allows us to 

reject this as an explanation of the discrepancy. The rate to the 0.95-

MeV state would essentially be included in our "ground state" peak . 

.The other two levels, if they were excited with sufficient strength t<? 

explain the discrepancy (i.e., with rates about four times that of the 

ground state). would more than completely fill in the dip observed at 

122-MeV photon energy. The particle:.unstable states at 117 and 120 

MeV dearly cannot decay into the ground state. 

(b) Our 12 B(g. s.) amplit~de determination. is essentially free of un-

certainties due to the pole -mode 1 background substraction. The pre-

dieted continuwr1 lies only beneath the particle -unstable states. 

(c) The two facts, that our total branching ratio agrees with pre-

vious experimental work (as well as with theoretical predictions) and 

that the hydrogen calibration was satisfactory, essentially exclude the 
. ' 

pos-sibility of a normalization error in our work. 

{d) A further independent measurement of the branching ratio to the 

12 
B ground state can be obtained through analysis of the 'SpectrUm. 

from -a CH2 target (see Appendix). The 129.4-MeV hydrogen line and 

the 125-MeV carbon structure are _both appearing simultaneously, so 

only the relative probability (f) for capturing pions in hydrogen versus 

carbon in polyethylene has to be known, in order to determine the de-

sired carbon yield. Since the energies involved are only 4 MeV apart, 

all other factors such as efficiency, loss due to conversion of photons 

in the target, etc. cancel. If we fit the part of the CH
2 

spectrum 
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above 122 MeV with two lines folded with our resolution, we obtain a 

value for the 
12

B (g. s.) branching ratio of 0.135 ±0.036)%. This 

value is close to our quoted value, and still is a factor of 4 away 

from the value obtained by Hilscher et al. In this calculation we use 

the average value of the five previous measure1nents of f (see Appen-

dix), not including our own value. The polyethylene spectrum also re

suits in an independent test of the transition energy; we find the hydro-

gen line at 12 9.4 MeV and the carbon line at 124.45 MeV. 

{e) It should be mentioned that the total branching ratio for muon 

capture to 
12 

B(g. s.) obtained by Hilscher et al. is in good agreement 

with the earlier experimental result. 
30 

This leaves the possibility of 

nonradiative backgrounds from 12C(n, p) 
12

B(g. s.) reacti~~~ of sec-

ondary neutrons emitted after pion capture. Estimates using meas-

ured cross sections indicate, that this process could in fact account 

for the difference. This possibility was "independently suggested by 

Maguire and Werntz. 31 Their calculation of the capture rate to 12 B 

(g. s.) yielded a value of (0.062 ±0.018)%. If transitions to the 2+ state 

at 0.85 MeV and the 2- state at 1,.67 MeV are included, which we can-

not separate experimentally,, a value of (0.097 ±0.030)o/o is obtained, 

in excellent agreement with our data. In this calculation the X-ray 

data of the CERN and Berkeley groups were used, similar to our 

ch01ce. If the X-ray data by Stapp are used, the rate becom~s 

(0 .041 ± 0 .o 12)o/o. The capture rate is obtained using matrix elements 

from inelastic electron scattering, ~decay, a,nd photo-absorption, and 

is independent of the use of a specific nuclear model. The large error 

is pr<'dominantly due to the inaccurate X-ray data; the precision of 

the theorebcal rates is 14% for is and 9% fof Zp. 
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C. Oxygen 

18 For oxygen, Murphy et al. have evaluated photon and neu-

tron spectra following radiative pion capture, using a generalized 

Goldhaber-Teller model of the giant resonances. This calculation·in-

eludes quadrupole states; and though there may be some uncertainty 

in their position, they are pred:lcted to be the most prominent states 

excited by 2p orbit capture (which in 16o is the most favored orbit for 

capture). 

1. Previous Experiments 

11 12 
Evseyev and Plett and Sobotka have both obtained the neu-

tron energy spectrum following m~on capture in 160. Although there 

are some differences in the two sets of data, peaks ar-e observed in 

.• ·17 
qualitative agreem.ent with calculations by Kelly and Uberall- even 

though, as in 
12c, the theoretical predictions are too high by about a 

factor 2. Of course, since capture is entirely 1s in this case, no 

significant quadrupole excitation is expected. 

13 Kaplan et al. have observed low-energy gamma-ray spectra 

(following inuon capture in 16o) which are interpreted as due to 15 N~~ 

decay, and are consistent with giant-resonance excitation in the pri- . 

mary process. 

Neutron spectra from radiative pion capture have been meas-

. 32 15 14 ured by Holland et al., Gotow et al., and Alder et al. In all 

cases the statistical accuracy prevents very definite conclusions fron1 

being dr a\v n. The data are consistent with giant - resonance excitation, but 

only Alder ct al. quote a pe-ak position; they ob~crye a peak ·corr('-:-

16 
spending to 7.6 MeV excitation energy in N \>..'hen a correlated photon 

'' ! ; ; 
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with energy about 110 1v1e V is required. 

2. Discussion of Data 

In Fig. 6(c), we show our spectrum for 16o. It is similar to 

the one from carbon, but it shows only two pronounced peaks (at 

127.5 and 120.5 MeV). These peaks correspond to excitation energies 

in 16N of 0.6 and 7.6 MeV. When the data are corrected for the energy 

loss in the spectrometer (0.6 MeV), we can associate the first peak 

16 1T - . 
with the transition to the N ground state (J = 2 , I= 1), which is sep-

16 arated by 10.4 MeV from the 0 ground state. This state is the iso-

1T -spin analogue of the J = 2 , I= 1 state around 13 MeV seen in inelastic 

electron scattering on 16o. 33 
We can identify the other state at 2004 

MeV; it also is seen in inelastic electron scattering. It is interesting 

to note that we do not see any structure corres-ponding to the strong 

peak at 18.7 MeV seen in the experiment of ~ef. 33. 

If we again subtract th~ nonresonant background by means of a 

pole model, 
22 

as in the 
12c case, we obtain the spectra in Figs. 6(d) 

and 6(e). A Q-value is used in the model corresponding to ·1-MeV 

above the 15N + n final state and chosen to give agreement with the data 

between 123 and 125 MeV. The pole-model spectrum was normalized 

between 60 and 90 MeV where no giant-resonance contributions, are ex-

pe cted. Contrary to the carbon case, the normalization depends some-

what on the energy region chosen; the integral over the spectrum after 

subtraction can vary as much as 25o/o depending on whether we normal-

ize, for example, between 60 and 80 MeV or between 80. and 100 MeV. 

This indicates that the pole model is not a very good description, and 

that the giani- resonance structure possibly extends toward lower 
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18 energies' than anticipated by the model of Murphy et al. 

However, with no alternative description available for the. non-

resonant background under the peaks, we rely upon the pole model for 

the subfraction before comparison with the theoreti:::al predictions for 

the giant-resonance region. In Fig~ 6 (e) these predictions, folded with 

the experimental resolution and efficiency, are displayed. The theo-

retical curve is divided by 4 and is shifted towards lo.werenergies by 

1 MeV to match the position of the 2 state and that of the .reak and 

obse.rved in the data .. In addition to this dipole state, the theoretical 

- ' ' u + 
spectrum contains transitions to quadrupole states: J = 1 at 111 MeV, 

1T + 1T + J =2 at112MeV, andJ =3 at119.5MeV. Itisthecontribution 

from these· which causes the poor agreement with the data, which we 

will now show. 

The total radiative branching ratio was measurE?d to be 

(2.24 ±0.48)%. It was determined by calculating from range curves 

with thinner targets the fraction of pions stopping in the region consid-

ered in the cut spectrum. We obtain the same result from a smaller 

sample of data taken with a water target. The partial branching ratios. 

are (1.84 ±0.38)o/o for the pole-term contribution and (0.15 ±0.03)o/o for 

the ground-state transition, leaving (0.25 ±0.06)o/o for the giant-r~s-

onance absorption. J'he theoretical predictions for the rate. s to giant-

. . ' r ad 17 - 1 r ad ' 14 
resonant trans1hons are A is = 5.1X iO sec and A

2
p = 1.i X 10 

-1 
sec Using these quantities and the total nuclear absorption rates 

(appropriately weighted, as discussed earlier), we obtain for the frac-

tion of pions which undergo radiative capture to giant-resonance states 

0.38 o/o for the is and 1.40% for the 2p state, or total 1. 78 o/o. This 

value is to be compared with the 0.32 o/o observed. This discrepancy is 
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striking, even considE:ring the possible large errors 'in the subtraction 

of the nonresonant background. If we fit all the events between 112 

and 122 MeV to one Breit- Wigner resonance (see Table III), we obtain 

a partial experimental branching ratio of 0.22o/o (in agreement with the 

value of Alder et al. 
14 

of 0.2o/~. while the theoretical value obtained by 

Murphy et al. 18 for the branching ratio to the 2 is 0 .43o/o. In this cal-

culation the rescattering terms were neglected. If one includes these, 

a reduction of the partial capture rate of as much as 40o/o can be ex

pected, 
7 

which would bring theory and experiment into agreement. 

However, the rescattering has been considered for 1s capture only. 

In the sarn.e calculation 
7

, the ratio ()f the 1s capture rates to the 

ground state an,d to the 2 state is approximately 2 to 1, fairly close to 

that observed in our experiment for the combination of .Zp and 1s cap-

ture. 

We conclude that our data indicate that quadrupole states are 

not excited in 160, when absolute rates are considered. From the 

structure of the spe ctrurn alone, we cannot fully exclude their exis,.. 

tence. (Sec results of a two- Breit- Wigner fit to the giant-resonance 

region of the data, summarized in Table III and Fig. 6d.) 

We conform our findings from 4He and 12c, in that the simple 

form of the 1T- capture matrix element combined with collective dipole 

excitations gives a good picture ?f the radiative pion capture process. 

For the ground- state transition, no predictions exist; this is unfortu-

nate since it would be another prime candidate for the determination 

of the axial vector form factors, if the 2p capture could be handled 

properly. 
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D. Magnesium and Calcium 

Muon capture in 
40

ca has been studied by Igo-Kemenes et a1.
34 

·' 

in a similar manner to the 160 studies of Kaplan et al., 13 that is by 

measuring the low-energy gamma-ray spectrum of the products of the 

capture process. As with 16o, these are quite similar to the spectra 

observed after photoexcitation and are consistent 'with some giant-

resonance excitation. 
. 11 

Evseyev et al. have measured the neutron 

spectrum following muon capture in 
40

ca, but no strong conclusions 

regarding resonance excitation can be drawn . 

. Our experimental spectra for magnesium and calcium are pre-

sented in Figs. 7 and 8, respectively. No dominant structure is ob-

served in either. The pole-model predictions are also shown; but 

they do not seem to represent the data well, possibly indicating that 

with increasing mass nwnber the question of the initial state of the 

nucleon inside the nucleus, which is neglected in the peripheral model, 

becomes more in'lportant. No detailed theoretical predictions exist 

for either element, although for 
40

ca it was shown
35 

that the distri

bution of spin-isospin strength among levels of given JTT is rather 

badly fragmented. For 2p absorption and the 1- states i,n 
4

°K, the 

following transition strengths are obtained {in percent) for levels at 

the indicated energies (relative to the 
40

ca ground state): 14.9 MeV 

(17%), 12.8 MeV (27%), 8.7 MeV (7o/o), 7~3 MeV (5%), 6.1 MeV (13%), 

4.8 MeV (5%), 4.0 MeV (9o/o), and 2.5 MeV (17%). The levels should 

be observed at 'I energies of 124.0, 126.1, 126.1, 130.2, 131.6, 132.8, 

134.1, 134.9, and 136.4 MeV. None of these levels can be identified 

with the rninor structures seen at 115, 119,- and 128 MeV. The states 

above 130 1\.1eV are possibly excited since there are events above the 

.. 
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39 . . 
K + n threshold; but they are too close to be resolved with our ap-

paratus. The total fraction of pions undergoing radiative capture is 

. (2.1.5±0.20}o/? for magnesium and (1..94±0.18% for calcium. 
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APPENDIX: PION CAPTURE IN HYDROGENOUS COMPOUNDS 

The relative probability for capturing pions in bound hydrogen 

in hydrogenous compounds has already been measured in several ear-

lier experiments. All experiment used the same technique. Since the 

charge-exchange reaction for pions at rest is energetically prohibited 

in most nuclei, one can ,from the known yield for the charge -exchange 

reaction on hydrogen directly determine·the desired relative capture 

probability (f) bymeasuring the 1r
0 yield fr,om (for example) a CH

2 
tar

get. This technique has one difficulty, ·arising from the unknown con-

tributions from char'ge-exchange reactions occurring in-flight. The 

experimental values have therefore fluctuated som.ewhat over the var-

ious experiments; In light of this fact, and the fact that a theory for 

the capture probability
36 

has recently become available wh-ich explains 

. . . 37 
the deviations from the older Fermi-Teller Z-law {f- 1/Z), we have 

remeasured f with a different method. With our energy resplution, 

the f29.4...;M~V hydrogen line appears as a sharp .peak in the photon 

spectrum from radiative pioncapt~re from,any HnZm target (see Fig. 

9). With the known spectra and the yields for the individual com-

pounds, the HnZm sp~ctrum can be fitted with a linear combination 

of individual1 spectra. We have tried our method on CH
2 

and H20 

targets, and have obtained results in excellent agreement with the av~ 

e rage values from all previous experiments (Table IV). Our accuracy 

was limited due to statistics since this investigation was n,ot the pri-

mary goal of our exper:iment. The agreement demonstrates the useful-

ness of our method, especially for higher Z where the in-flight cor-

rections become severe for the charge-exchange method(- 25o/o for 

Ca). 
38 

In Fig. 10 we have compared our results and the previous 
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measurements with the theoreti_cal predictions of the model of Pono-

36 
marev. This model assumes that the pion in the slowing-down 

process is captured into orbits common to the whole molecule. 

From this stage, the relative probabilities for the formation of a 

proton-me sic or a nucleus -me sic atom can be calculated. The rel-

ative probability for capture on hydrogen (f) follows the law 

(m/ n + 1/ z) X f = aL/Z 
3

, w~th aL being an empirical constant; and 

is found to be 1 .28 for L = 2. 38 The agreement between this theory 

and the experimental values is satisfactory. 
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introduced. 



1' 

~· . 

Table I. Contributions to the experimental capture rates. 

Target Number of photons in the soectrum Number of pions stopp<'d · Radiative pion 
Element mass.. a b c a T e f 8 g . h 0 i capture rate 
~ -=:.t_. ~ N3 ~ l NO (X10) pi (Xt010) Pz (Xt01 ) PO (xto 10) (~;,) 

4
He 5. 7 6955 4238 5051 5890 2. 71 3.6Z Z.OO t.8t t.SO ~O.l9 

~ 84 ~ 98 ~1.17 ~13.9 ±0.15 ±0.30 ±0.28 

12
c 5.6 6590 5432 7167 7590 3.49 2.32 t.92 1.112 1.92 ~O.t9 

± 8t ±341 ±450 ±475 :o.z8 :0.10 ±a.to 

16o 39.tj 9614 4303 3122 4042 5940 2. n z.szj t.38 1.2z· z.z4 ± 0.48 
(12.8) z 98 :i: 66 z 69 ±262 ±386 :!:0.22 zO.Z6 :tO.Z4 

24Mg 4.1 5065 4313 5670 6Z40 2.87 t.79 L43 t.38 2.08~0.21 
z 71 zt73 :!:232 zZS6 :tO. 19 zo.os zo.h 

40
ca 7.3 7070 6208 7730 9450 4.35 2. 79 2.50 2.~9 1.82 ~ 0.15 

z 84 z 87 z109 ±133 :t0.22 :tO. t4 :tO. t5 

12
cH2 5.0 1785 i297 1711 i798 0.83 0.57 0.516 0.503 1.64 ~O.zt 

(
12

C) z 59 zt44 ~190 ±ZOO zO.tO :t0.024 :tO.OZ.S 

16oH2 12.7 H 15 710 916 1050 0.482 0.256 0.248 0.248 2.20 z0.31 
1 

(
16

o) :z: 33 ± 87 ±1.13 zt30 :t0.064 :t0.016 :t0.019 ~ 
Hz 3.2 948k 948 1100 0.501 41.4 :t 3.Zk 

1 

(ny) :1: 31 * 31 :1: 36 z0.030 o.Ot84 0.0121 o.o1zt 

Hz. 3.2 8901 136t 1581 o.n8 zo.ooo6 zo.ooo6 60.o ~8.2 1 

(mr0
) ± 30 :1:{58 ±184 :t0.09i 

Panofsky Ratio 1.44 

a. 
b. 
c. 

d. 

e; 

f. 
g. 
h. 

i. 
j. 
k. 
l. 

:tO.t7 

Raw number of events. 
Number of events alter cut in the distribution of or.igin of ~he photons in the target. . . · 
Number of events alter subtraction of the background due to pions captured in flight and' to background from the target 
container. 
Number o( events correctelffor e·vents with energies below 50 MeV and for the energy-dependent efficiency, normalized to 
Tt ,f.Ey = 130 MeV) = 1. . . 
NumBer of events corrected for loss of photons due to conversion in the target and in surrOUnding material other than the 
convcrte r. 
Number of photo,ns into full solid angle. 
Raw number of .beam particles stopped in the target. . 
Number of pions· inte.racting in the target after correction for contaminations, stops in.material other than the 'target itself, 
and electronic. and geometric ineffidencica in the detector setup·. 
Number of pions stopping in the target after corre-ction for pions interacting in flight. 
This number is fdr the full oxygen dewar, not only for the region considered for the cut s.pectrum. 
Radiative capture only; !-p- nd. 
Me sonic capture only: IT p -·niT • 

"'"" ~ ...... 

ti'-. 
~'=.-. 
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t· 
"""""~·~ 
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Table II. Parameters, taken fro~n picnic X-ray data, used in deriving the capture probabilities from Bohr orbtis .. 
Several values are available for the primary data; we have taken an average (shown underlined) excluding those 
value shown in parenthesis. · 

r 2 p _. 1 s A tot A e . m. , 
Element Measure'd 1s 2p-+ 1s 

(keV) (sec- 1) (sec- 1) 

12c 

b 
2. 9 6±0. 2 5 

c 
2. 60±0. 50 

d 3 . 2 5 ±0 . 15 

Yield(2p-+1s) 

0.076±0.009a 

0 . 0 7 5 ±0 . 0 2 b ' 

0 . 0 8 2 ±0 . 0 0 6 c 

Population 
(2p) 

[0 .0 35±0 .0 10e l [ 0.0 67*0 .04e] 

w = is 
Y( 2p-1s) 

p(2p) 

3.12±0.12 
(average) 

0.474±0.018x1o 19 2.14x10 14 o.oso..ro.oos' o.o62±0.o6b, o.129±0.015 
(average of 
first three) 

,.. tot 
H.2p . 

(sec-1) 

1.43±0 .19X10 
15 

------------------------------------------------------- ~- -·----------------- -·---
160 b 

7 . 5 6±0 . 60 
c ( 9. 0 ±2. 0 ) 

1.149±0.076X10 19 6.70X10 14 0.049±0.0.07° 0.57 ±0.06b 0.086±0.015 7 .12±1.2X10 15 

.. (0.020±0.005e) (0.57 ±0.04e) 
~ . . . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --- - - -- - - - - - - - - - - - - - - - - - --- - - - - - - - - - - - - - - -

a. M. · Camac. et al., Phys. Rev. 99, 897 (1955). 
b. Backenstoss, Ann. Rev. Nucl. Sci. 20, 467 (1970). 
G· A. C. Kunselman, Thesis, University of Calif~rnia, Berkeley, UCRL-18654 (1969), unpublished. 
d. R. J. Harris et al., Phys. Rev. Letters 20, 505 (1968). 
e. W~ .sapp •.. Thesis, College of William and Mary (1970), unpublished. 

""' ··~ . 
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Table III. Experimental and theoretical parameters of radiative capture spectra. Errors in experimental quantities are statts· 
tical only. The absolute uncertainty in the energy scale is 0.5 MeV. The absolute rates quoted contain all errors sum
mari:<·.'c! in a.hle . 

Element 

113.2 
H1.0 
108.5 

Experimental parameters of peaks 
and continuum 

Energy levcla de
rived from exper
mental E 

ry(MeV) Arad/ Atot('l'o) E(I3=-1) E(I3=0)k ,) i" 
(MeV) _1¥~ (~~V) 

. b 
3.4b 24.6 2-

< 5.1b) 26.8 1" 

Theoretical predictions 

E(I
3

=<i) k 

(MeV) 

A rad/ A tot 

( o/o) 

(7.4) 28.4 1-
i.50:i:0.009 2.1:1:0.7c 

_________ • _____________________ .lT.?!a)l_ ______________________________________ (_T_o!a_l)_ _______ . 

t2c 124.65±0.05 0.31±0.08 
{124.45:!:0.20)a (0.95:i:0.65)a 
120.25±0.05 0.45±0.12 
H6.90:i:O.H 1.09±0.13 

Particle -unstable states 

Pole contributio~h 

Total 

0.091.:1:0.009 
(0. i35±0.035a 
0.185:1:0.019 
o. 159±0.0 16 

0.344:1:0.034 

i-491:1:0.151 

t.9Z :i:0.199d 
{ t. 60 :1:0. tO) 

0.35 

4.75 
8.10 

15.45 

19.8.5 
23.20 

13.4 1+ 

e 
19.1 2-_e 
21.1 i_e 
23.3. i e 
22.3 2-

i5.1 

20.8 
23.3 
25.0 
24.0 

0.087±0.030n 

0.153:1:0.022e 
0.038±0.002e 
0 .139±0 .007e 0.224 
0.047±0.008e ±0.017 

Particle-unstable states 0 .. 500:1:0.045 

Total 

--------·--------------------------------------------------------------------------·----
t60 

1 

128. 10±0.051 0.11:1:0.02 0.15 :1:().03 0 13.0 10.4 z:i i3.0 
:1:0.06~ 120.40±0.05 1.44±0.HJn 0.22 :~:o.osl 7.70 20.7 f7.!; 2 i 20.1 0.43 

120. 70:1:0.05m 0.13±0.07 O.H :1:0.02m 8.00 21.0 17.5 2-. 20.1 0..13 :1:0.06~ 
117 .30±0.24m 2.94±0.71m 0.13 ±0.04m 10.40 23.4 22.0 -· 24.6 0.28 ±0.04 1 . -· 22.5 0 25.1 

Particle-unstable states 0.25 :1:0.06 Particle-unstable states 1. 78 :1:0.27i 

Pole contribution i.84 :1:0.39 Dipole states only 0.71 :I:Q;Oqi 
Total z.z~ :1:0.48 

a. These values arc derived from the CH
2 

spectrum. The energies therefore have an uncertainty of only 0.1 MeV. 
The partial captu~e rate is based on a r~lative pion capture probability of (i.19 ±0.06)o/o. 

b. Energy levels in Hare relative to the H+ n threshold. Only the position of the z"was determined from the ex-
periment; the positions of the two·1- states were left fixed their theoretical values. 

c. A. Raiche and K. Werntz, Ref. 6. 
d. H. Davies et al., Ref. 16. 
e. Energy levels and brancing ratios are those derived by F. D. Kelly and H. Uberall, from the model of F. H. 

Lewis, J. D. Walecka, Ref. 8. 
f. J. Delorme, T. E. 0. Ericson, Ref. 3 .. 
g. D. K. Andersen, J. M. Eisenberg, Ref. 9. 
h. The pole contributions have been corrected lor events below E = 50 MeV. 
i. J. D. Murphy et al., Ref . .;8. Y 
j. Excitation energy'in 4H, 1 B, or i6N measured from the 4He, i2c, or t6o ground state, respectively . 

. k. Excitation energy in the parent nucleus for the 13 = 0 analogous state {for comparison with ineladtic electron 
sc~.ttering data). . 

1. Results of two Breit- Wigner resonances fit. 
m. Results of three Breit- Wigner resonances fit. 
n. W·. Maguire and C. Werntz, Ref. 3t. 



Table IV. Relative pion capture probabilities in hydrogenous compounds. 

LiH CH CH2 H
2

0 Reference 
-

- a 
0.77±0.13 1. M:V. Terentev, Sov. Phys.,JETP 

Q. 890 (1963). 

3.3 ± 0.4 0.41 ±0.05 1.06 ±0.10 0.26 :!:0.04 2. A. F. Dunaitsev et al., Nuevo 

Cimento 34, 52_7 (1964). 

3.9 ±0.3 0.54 ±0.05 1.39 ±0.11 3. P. Depommier et al., Phys. Let~ 

te r s 2_, 61 ( 19 63). 

-

4.0 ±0.4 0.55 ±0.07 1.79±0.19 4. D. Bartlett et al., Phys. Rev. I 
v.> 

136B, 14 53 ( 1 9 64) • 0' 
I 

3.5 ±0.4 0.51 ±0.06 1.32±0.15 0.35 ±0.06 5. Z. V. Krumstein et al., Sov. Phys. 

JET P 2 7, 9 0 6 ( 1 9 6 8) . 

3.72±0.18 0 .487± 0.028 1.19 :!:0.06 0 .289:!: 0.033 Weighted average 

1.06 ±0.15 0.192±0.110 This experiment 

a. Corrected value quoted by A. F. Dunaitsev et al., Experiment 2 above. 

r - ----- -- -- ----~ --~-------~ 
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FIGURE CAPTIONS 

Fig. 1. Experimental layout. The mirror system for photog-

raphy of spark chambers and the details of the magnet coils 

are omitted for clarity. The trigger for an event was 

Fig. 2. Photon energy spectrum for 11' capture in hydrogen (1-MeV 

bins). The insert shows the events .from radiative capture in 

0.2-MeV bins, used as the experimental resolution function. 

Fig. 3. Efficiency of the pair- spectrometer as 9- function of the 

photon energy. 

Fig. 4. Energy spectrum of photons from radiative pion capture 

in 
4He. (a) Spectrum with the efficiency divided out. 39 

(b) Measured spectrum corrected for target-out and in-flight-

capture contributions. The solid line represents the theoretical 

curve of K. Werntz, as reported in Ref. 1, for is capture only. 

The dashed curve is from A. Raiche and K. Werntz, Ref. 6, 

where only their calculation for is-capture was used, since it 

accounts for 90o/o of the total capture rate; the normalization 
I 

faCtor is 0.8, well within the 30o/o error of the absolute rate. 

Fig. 5. P . t . 12c 1on cap ure }n . {a) Spectrum with the efficiency di.., 

vided out. (b) Measured spectrum; solid curve is the pole-model 

contribution. (c) Resonant contributions; i.e., after subtraction 

of the pole-model part. Solid curve is the three-Breit-Wigncr 

. resonance fit to the data. Dashed curve is the prediction by 
.. 

F. J. Kelly and H. Uberall, Ref. 17, folded with experin1.ental 
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resolution and efficiency, and normalized for the number of 

pions stopped in the target. The curve is shifted towards lower 

energies by 2 MeV. 

Fig. 6. Energy spectrum of photons from radiative pion capture in 

i6 o. 

' (a) Raw spectrum . 

. (b, c) Spectrum after cut in the distribution for the origin of the 

photons within the target and after subtraction of the background 

from pion capture occuring in flight. 

(b) With the energy-dependent effi~iency divided out. 39 

(c) Solid curve: pole-model contribution. 

{d, e) Resonant contributions, i.e., the spectrum after subtrac-

tl.on of the pole-model contribution. 

(d) Two and three Breit- Vvigner resonance fits to the data be-

tween 110 and 130 MeV. 

(e) Theoretical curves from Murphy et al.: 1s and 2p capture 

added with proper weights and folded with experimental resolution 

and efficiency. Curves are shifted by 1.5 MeV. Solid line: all 

states (theory divided by4); dashed line: J = 2-, I = 1 state only 

(divided by 2). 

Fig. 7 .. Energy spectrum of photons from radiative pion capture in 

magnesium. (a) Spectrum with efficiency divided out. 39 · (b) 

Measured spectrum with in:-flight background subtracted; solid 

line: pole-model predictions. 

Fig. 8. Energy spectrum of photons from radiative pion capture irt 

calcium. (a) Spectrum with efficiency divided out. 
39 

(b) 'Meas

ured spectrum with in-flight background subtracted; solid line': 

pole -model predictions. 

I 4 
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Fig. 9. Photon energy spectrum from 1r- capture in CH
2

. 

Fig. 10. Relative probability for the capture of pions on protons 

in hydrogenous compounds. Plotted is the reduced probability 

P = (m/n + .1/Z)X f, where. f is the measured probability, m 

and n the number of atoms •in the compound H Z . The solid n m 

line is the th~oretical prediction from the ".meso-molecule" 

assun1ption, Ref. 3.6. 

• This experiment. 
; 

e z. V. Krum.stein, Ref. 38. 
; 

World average, taken from Table IV. 
I 
I 



-40-

/. 

·I 

Common pof,e tip 
e e+ 

~.·~ 

XBL704- 2738 

Fig. 1 • 



• 

( ( ·' {j ~ ... · ',¥ 

80 

I 6 > 60 
- 2x ro- ~ c: 
o "N 
Q. 0 40 
• 
> 
Q) 

~ 

' ~ 2 1 x ro-6 

~ ~ v 

12.0 

60 

<1 
,·y i --~ ~~ ' ~i 

~!. I. ···"' ~) 

-41-

125 130 
E r ( MeV) 

80 

XBL7110-4483 

Fig. 2 



-

(.) ·---·W 

60 

. I 

-42-

80 100 120 

E
1 

( MeV ) 

Fig. 3 

140 160 

XBL7110- 4484 

'< 

• 
I' 

. .) 



-c: 
0 ·-c. 

• 
> 
Q) 

~ -~ 

' '' 

)-... 

z 

't 

• 

u i).) 0 i t 
~ ··~~. ? ~ a ~. 

I 4 j ~·.)! ?,J '•:.jf \, .. '>.ii ) \ 

-43-

-3 
I.OxiO (o) 

-3 
0.5 X I 0 

-8 
2.0x I 0 

. -8 
I.Ox I 0 

( b) 

,. 

80 90 100 

E y ( MeV ) 

Fig'. 4 

I \ 
\ 
\ 
\ 

' 

110 

' I 
\ 
I 

' \ \ 
~ 
~ 

XBL7110-4485 



....,.... 
c: 
0 

0.. 

• 
> 
(I) 

~ ........... 
....... 

;t 1.5x I o-

c: 
0 ·o.. 
• > -9 (I) · 5X 10 ~ 

I() 

0 
....... 

>-. 
z 

70 

110 

-44-

/ 

90 110 130 
Er (MeV) 

#' 

115 120 125 . ..) 

E .,. ( MeV) 

ICBL7110- 4486 

Fig. 5 



I ( ! d \,; I· 
,4 

.•. 

• 

c 
0 

·a. 

> 
Cll 

::2 

' .. 
z 

c 
0 
a. 

.. 
z 

c 
0 

a. 

> 
Cll 

::2 

L() 

0 

' ~ 
z 

! ' ''·~ 
"'I 

L} ·'.;,; ""'.! " u I ~;.; ,,;l &4 

-45-

(a) 

(e) 

Ey (MeV) 

XBL 7110- 4417 

Fig. 6 



-c: 
0 ·-Q. 

• 
~ 
~ -......... 

)... 

2 

I.Ox 10-s 

0.5xi0-8 

50 . 

-46-

(0) 

70 90 110 130 
Ey (MeV} 

XBL?II0-4488 

Fig. 7 



-47-

(a) 

-4 
4 xiO . 

2 x 1 o- 4 

,C: 
0 
Q. 

• 
> 
QJ 

~ -....... 
>-z 

I.OxiO 
-8 (b) 

. -8 
0.5xl0 

60 80 100 120 140 

Ey (MeV) 

" ......... 

XBL 7110- 44 89 

'• 
.,~, Fig. 8 



-48-

• 

Ey ( MeV) 

XBL7110-4490 

Fig. 9 



-49-

9 

NoH 
-11'0 

a.. 5 

3 

2 6 10 14 18 20 
z 

XBL7110 -4491 

Fig. 10 

. I 



. I 

I .: ,.) 0 .. ) 

r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 

·States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights . 
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