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Photon spectra from radiative capture of stopped 

negative pions captured by 13Cand 1 % nuclei have been 

measured with a high resolution pair spectrometer. In the 

bound region transitions have been observed to 13B(g.s.), 

13 19 19 19 B(3.5 MeV), O(g.s.), 0(4.9 MeV), and 0(6.3 MeV). 

In addition, strong transitions to narrow states above the 

neutron separation threshold were observed in both cases. 

The results for 13C are in agreement with detailed shell 

model calculations of this process. Major strength is 

observed for states formed by coupling extra nucleons or 

holes to the spin-quadrupole dS/2 and d 3/ 2 , JW = 2-

states in 160 . The 13C(w- y) 13B branching ra,tio is , g. s. 

shown to be consistent with beta decay and electro-excitation 

data, through a combined phenomenological analysis. 



The observed transition strengths are accounted for by matrix 

elements of the spin-density operators [axYO]lt+ and 

[axY l]2t+. 
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I. INTRODUCTION 

Within the lp and 2s-ld shell, radiative pion capture spectra have 

been successfully analysed to extract information on strong magnetic 

transitions with large spin density matrix elements. l - 3 Such transi

tions are of MI to M3 type, and have been observed for nuclides from 

lOB to 28Si. The sensitivity to such transitions arises from the 

nature of the (lI'-,Y) transition operator. As long as pion absorption 

is restricted to the lower pionic orbits, the operator is dominated by 

Gamow-Teller ([axYO] It+) and spin-dipole ([axYd
2t+) pieces, and 

therefore connects states with strong matrix elements of these opera

torso. This peculiarity of the (11':--, Y) reaction is experimentally well 

established and supported by detailed shell model calculations. 

The mos-t studied examples are the nuclides 12(: (Ref. 4) and 160 

(Refs. 5,6), where prominent M2(spin-dipole) excitatio~s (6.111'';''2-) 

dominate the spect.ra. 180 data 6 have further shown that adding two 

neutrons produces a core polarization,7 evidenced bya shift of 3.4 MeV 

in the spectrum, but otherwise no drastic change. However, in l4N the 

magnet ic quadrupole resonances are less pronounced, 8, 9 showing that 

the coupling of the extra proton to the excitations of the core smears 

the strength considerably. The purpose of the present experimental 

investigation was to select two further cases near the end of the lp 

shell or the beginning of the 2s-ld shell to test these findings. 
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For 13C the extra neutron is expected 10 to couple only weakly to 

the dominant 12C transitions, and to produce only a narrow splitting of 

the 2- levels into 5/2+ and 3/2+ doublets. For 19F we expect similar 

behavior, although no detailed calculations are available. These 

expectations are indeed supported by our data, which provides in both 

cases the first clues to the structure of the high-lying 6T=1 isovector 

states ~n A=13 and 19. 

A second goal of our experiment was to investigate quantitatively 

the 13C + 13B(g.s.) giant Ml transition. Here a phenomenological 

analysis can be applied, which links the ('11'-, y) branching ratio to bet.a 

decay, inelastic electron scatte·ring, and gamma decay through the 

different isospin components of the [oxYo]1ti operator. This tech

nique has previously been u~ed (e.g., in 20Ne (Ref. 11), to explore a 

large contribution from the orbital magnetization to an M1 transition. 

For 13C we extend the technique for the first time to spin-flip-E2 

matrix elements. 

This article is organized as follows. In section II, a brief 

account of the experimental apparatus and method is given. Section III 

is devoted to the phenomenological analysis of bound state transition. 

In section IV we discuss the high excitation region for 13C('II'-,Y) and 

19F('II'-,Y). The 13C data are compared with shell model calculations of 

the Dubna group.10 The magnetic quadrupole transitions and their trend 

from A=13 to A=20 are discussed. In section V, we conclude with a 

short summary. 
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II. EXPERIMENTAL ASPECTS 

A. Apparatus 

The experiments were performed at the Low Energy Pion Channel of 

the Clinton P. Anderson Meson Physics Facility, Los Alamos Scientific 

Laboratory. A scheme of the experimental apparatus is shown in Fig. 

1. The beam of up to6 times 106 '11'~ per second was stopped in the 

targets to be studied by passing it through a polyethylene degrader 

stack. The degrader thickness was optimized for each target bymeasur

ing the fraction of pions stopping in the target with a three element 

beam telescope, a.t reduced beam. fluxes·. A I iquid hydrogen target was 

used for e'fficiency, lineshape, and calibration measurements, which 

were interspersed with the d'a.ta runs. 

During data taking,the incident pion flux was monitored by a two 

element telescope, not pictured, which 'counted particles backscattered 

from the ups,tream side of the degrader stack. This monitor was 

calibrated against the three element beam telescope at reduced beam 

flux. 

The pair spectrometer consisted of a twin-C magnet with common 

pole tip,S two large Multiwire Proportional Chambers (MWPC) , a set of 

trigger counters, the photon converter foils, and the associated elec

tronics. Briefly stated, the spectrometer worked as follows. Photons 

from the target passed through the collimating aperture, and through a 

thin plastic scintillator which was used to discriminate against 

charged particles. After further passing through a pair of trigger 

counters, a small fraction of the photons were converted into e+e

pairs in the gold converter foils. The pairs were separated and bent 
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through about 180 degrees in the magnetic field. Upon entry and exit 

from the field region, the pairs passed through the MWPC's, where their 

coordinates were measured. Upon exit from the magnetic field region, 

the electron and positron passed through two non-adjacent trigger 

counters. This signature combined with fast MWPC signals and the 

absence of a charged particle veto pulse defined an "event." In this 

case the triggering electronics were gated off, the MWPC information 

encoded and read'out, and all the data collected in a computer memory 

buffer destined to be written on tape when filled. 

A more detailed description of the parts of the spectrometer will 

now be given. 

The magnet provided a nominal field of 0.8 T over a rectangular 

volume 33 cm high, 218 cm long, and 41 em deep. LAMPF technical s·taff 

measure the three spatial components of the field on a 2.54 cm 3 grid 

throughout this volume to an accuracy of 10-'+ tesla. The complete map 

was used in the analysis procedure described in section II.B. The 

magnet excitation was monitored by a water cooled shunt and a Hall 

Probe, and was constant to within ± 0.25% during the data taking 

discussed here. The field volume was filled by a helium bag with 25 

micron mylar walls, to reduce multiple scattering of the e+e- pairs. 

Two MWPC were suspended between the target and the magnet. The 

chambers and their readout system were designed and built at LBL.12 

Each chamber had an active area of 25 x 200 cm, with three signal 

planes. These wires ran vertically and at ± 30 degrees from the 

vertical, with 0.2 cm between wires. This arrangement identifies even 

~. 
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rather closely spaced crossing points without ambiguity, and has nearly 

equal spatial resolution in the horizontal and vertical directions. 

The "magic" gas was used (argon, isobutane, methylal, Freon) '. The 

chambers were shielded from beam and room background by a 20 cm thick 

lead wall, with a collimating aperture viewing the pion capture target. 

The aperture was completely covered by a 0.3 cm thick plastic scin-

tillator ('If-C) which was used to veto possible event triggers from the 

copious flux of scattered cha,rged particles entering the aperture. 

Two converter foils we're used: a "thick" 0.01 cm x 7 cm x 20 cm 

gold' foil, followed by a 0.3 cm thick plastic scintillator and another, 

"thin'" 0.005 cm x 6.5 em x 19 cm: gold foil. Photons converting in the 

thick foil were· d'is·tinguished by the- presence of a pulse in the 

scintillator. This arrangement allowed the simultaneous' acquisition of 

two data samples., The events from the thin converter have very good 

energy resolution, and the thick converter events have more modest 

resolution but are twice as numerous. This arrangement was require·d 

for an in-flight capture test experiment, pe,rformed later in the data-

taking period. Only thin converter data are presented here, because of 

their superior energy resolution. 

Eight pairs of 4 mm thick trigger counters were mounted across the 

target side of the MWPC' s., Counter pairs 1, 2, 7, 8 were 30 cm x 30 cm 

and pairs 3, 4, 5, 6 were 15 cm x 30 cm. Any coinc idences (AI x BI) x 

(AJ x BJ) with 2 < I I - J I < 7 defined a "gamma" (y). An event trigger 

was defined by (y) x ('If-C) x () 3 planes of MWPC firing) x ('If stop). 

The beam telescope signature "'If stop" was included only during reduced 

rate measurements for normalization. 
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The branching ratios were obtained by comparison with the 

precisely known n- + proton + neutron + y branching ratio of 0.393 ± 

0.001 (Ref. 13). The fraction of pions stopping in the target was 

measured with the beam telescope. The dependence of the acceptance 

upon energy (relative to the hydrogen line) was obtained by comparing 

12C spectr.lDD mea'sured in the present experiment to previous work It and 

from the shape of the n- + proton + neutron + n° continuum. 

The BC target used was 0.53 g/cui2 of 99% isotopically pure 

graphite powder. lit The powder was packed into pouches made of 

12C-containing mylar. A 15% background from the pouches was measured 

with identical empty pouches and subtracted from the data later. 

Two fluorine containing targets were used; LiF and teflon 

(CF2 ). The 19F spectrum was found from a fit to the LiF and CF 2 

spectra lS using the known 7Li( 6Li) and 12C spectra. 9 The capture 

probability on 19p was found to be 89.4 ± 0.7% for CF 2, and 82.2 ± 1.4% 

for LiF. 

B. Data analysis 

After the experiment, a computer program scanned the MWPC 

information on tape for patterns of crossing points characteristic of 

+ -an e e pair. Twenty-two per cent of the event triggers were accepted 

by this scan. 

Multiparametric polynomial fits to the entrance angles and momenta 

as functions of the MWPC crossing points were obtained from computer 

simulated events. 16, 17 This method is very economical of computer 

time, eliminating the need to iteratively fit each data event to be 
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analyzed. The particle vector momentum 1S obtained from an analytic 

formula, with accuracy at least as good as obtained by iterative 

fitting, and using less than one fourth the computing time. 

Using the angles so obtained, the pairs were extrapolated back to 

the converter foils and the pion capture targets. Cuts were applied to 

+ . the separation of the e and e at the converter f011, and to the 

origin in the target plane. These cuts eliminated photons not coming 

from the target, those which converted before the gold foils and yet 

were not vetoed by 'If':""C, and electrons which suffered unusually large 

multiple scatterings in the converter. The FWHM ener,gy resolution 

(for- the thick converter d'ata) and the "tails" of the lineshape (for 

both, thick and thin converters) were significant ly improved by the 

cuts. The cut,s removed 10% of the thin converter events and 30% of 

the thick converter events, resulting in final FWHMenergy resolutions 

of 850 keV and 1150 keV, respectively, for the monochromatic photons of 

'If + proton + neutr-on + y (129 .4 MeV) , as evidenced by the upper line 

in the 13C spectrum (Fig. 2). 

C. Results 

In Figs. 2 and 3 we present the experimental spectra, and the fits 

which gave the partial and total branching ratios summarized in Tables 

I and II. Partial branching ratios to individual final states were 

obtained by fitting the spectrum to a sum of sharp lines (for bound or 

slightly unbound levels) and a smooth background 1 , 18 due to the 

radiative capture into the breakup channel. The individual contribu-

tions were folded with the measured lineshape and include the accept-

ance correction. 
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In order of decreasing photon energy the peaks in Fig. 2 can be 

associated with: the 13B ground state (Ey = 125.0 MeV); an unresolved 

doublet of a 3/2+ and a 5/2+ state near 3.5 MeV excitation (Ey = 121.5 

MeV); another doublet of sharp states at 6.5 and 7.6 MeV excitation 

(these lie above the breakup threshold of 4.9 MeV); and a broad level 

or group of. overlapping levels near 10.2 MeV. We will return to a 

det.ailed diseussion of these levels in Sec. III. At this point we only 

stress the close correspondence of these experimental results with the 

12C case, as shown by Fig. 4. In 12C, transition to the 12B JTr = 1+ 

ground state was observed with a branching ratio of {6.2 ± 0.4.) .. 10- 4• 

At 1.67 MeV and 2.62 MeV in 12B, a 2- and a C state were found with 

branching ratios of (0.5 ± 0.2) _10- 4 and (1.1 ± 0.2) -10- 4 respec-

tively.4,9 The sum of the branching ratios to the 6.5 and 7.6 MeV 

doublet in 13C(l8. 8 ± 2.8) -10- 4 , compares favorably with the (18.3 ± 

0.6)-'10-4 seen in 12B for the largest peak at 4.5 MeV excitation (Ref. 

9). This state was the original spin-isospin excitation discovered 

with the (Tr-,y) reaction. In both cases the quasifree background 1S 

well fitted by the pole-model ansatz,I,18 which is mainly used to 

obtain the total branching ratio. The recoiling 12B is taken to be 1n 

its ground state here. The total branching ratios for 12c and 13C are 

also quite similar, being 1.84 ± 0.08-10- 2 (Ref. 9), 1.92 ± 0.19-10- 2 

(Ref. 4) for 12C, and 1.66 ± 0.25-10-2 for 13C (present work). In 

Table I the information available on these levels from other reactions 

is also summarized. 

In 19F the fit is much less unambiguous. Only the unresolved 

doublet 190 (g.s.), 190 (0.1 MeV) at 133.6 MeV; and two levels at 4.9 
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and 6.3 MeV excitation 028.6 and 127.2 MeV photon energy) can be 

clearly identified. The breakup threshold is at 4.6 MeV excitation. 

Even for the two latter levels, the fit is not too good. The high 

excitation energy region is reasonably well fitted by the pole-model 

ansatz, if the excitation energy of the 180 recoil is taken to be 

5.0 MeV, close to the first J11'=2- level in 180 (5.5 MeV). This 

finding is quite similar to 160 and 180 , where the recoiling nuclides 

a·re not in their ground states. 6 The two levels found near 8.0 and 8.8 

MeV are not well established in position or strength. The difficulties' 

in representing the continuum preclude firmer conclusions. For the 

s'ame reason we have· not attempted to associate a bra~ching ratio with 

the step in the spect,rum seen near 120 MeV photon energy. We will 

however deal with this structure· qualitatively in section III. 

III. THE 13C(11'-,y)13 B(g.s.) TRANSITION: PHENOMENOLOGICAL ANALYSIS 

A. Theoretical background of the phenomenological analysis 

For J=O targets in the I-p shell, the well known strong Ml transi-

tions and their B decay analogs have long been compared in order to 

separate the spin and orbital parts of the Ml operator. 19,20 When no 

~ decay is available, use of the (11'-,y) branching ratio has been shown 

11 h ' . 11 2 7 11 to a ow t 1S separat10n as we . ' , The radiative pion capture 

reaction in this respect nicely supplements other charge exchange 

probes like the (p,n) reaction. 21 
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For J * 0 targets, E2 contributions are allowed in AJ = 1 ~n = 1 

transit.ions, increasing the number of matrix elements to be determined 

from the available experiments. The different experiments can be 

combined to give values for the individual matrix elements for compari-

son w,ith theory, or to check certain assumptions, e.g., isospin 

invariance. 

13 (- 13 ) We show below that for the transition C n ,r) B(g.s. , the 

observed branching ratio is almost completely due to the Gamow-Teller 

1 13 ([axyo] t-) matrix element, measured in B beta decay. The contri-

butions from other matrix element's are shown to be small. An upper 

limit on the spin-flip E2 matrix element ([axY2]2) is derived from the 

n-capture, beta decay, and electroexcitation data. 

The relevant formulas connecting expe·rimental data to many-body 

22 nuclear matrix elements are, in the notation of Ohtsubo and others 

(see Appendix): 

For beta decay; 

ft 1/2 = 

For M1 electromagnetic decay; 

= 1 
2J.+1 

1. 

(1) 

2 

(2) 
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Double-barred matrix elements are reduced with respect to angular 

momentum but not isospin. The units for ft1/2' ro and, Efi are 

sec-1 , eV and MeV, respectively. We use t+1 p> = In> and note that the 

+ -irreducible tensor operator t has components (t ,t- ,1/12 to)' The 

notation <TfTf31ml Ti Ti 3>y, a (re·f. 19) refers to the isospin 

Clebsch-Gordon coefficient appropriate for the electromagnetic or beta 

decay, respectively. 

Simplifying Eq. (2) one obtains 

Ml r o = 1 
2J.+1 

1 

2 

We introduce here the shorthand notations' 

RtJ =. <J f II [ (JXY I.] J t -II J i> 

L~U = <J£II [LXY I.]Jt-11 J i > and 

YI. = <J f II [Y I.] J t -II J i> 

Similarly, the E2 decay width can be written: 

1 
0.138 2J.+l 

1 

<TfTilOITiTi>y 

<TfT~l±ll Ti Ti> B 

(3) 

Simplifying this expression under the assumption that the radial wave 

function of all active nucleons is that of the lp harmonic oscillator 

level, one obtains (with Efi in MeV and ro in fm); 



2 • 54 .10 - 6 e V 1 
2J.+1 
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(4) 

In these formulas isospin invariance is assumed, e.g., the only 

difference between the Gamow-Teller beta decay matrix element 

[axyo]lt± and the spin part of the M1 amplitude [axYO]ltO is the 

isospin Clebsch-Gordan coefficients ~ppearing in Eqns. (3) and (4). 

For the radiative pion capture branching ratio one has the 

foll~wing expressions: 9,22 

fRo 
R r = rR; y 

R. 'II' 

'II' 16'11'2 

'II' 
m; c 2 

'II' 

• 
(1+m,/~)2 

( l+k/m
A

) (5) 

• 2 {1<JfIIMa(J,L,R.'II';rn)IIJi>12 + I<Jfll~(J,L,R.'II';rn)IIJi>12} 
J,L 

with the operators given by Refs. 9, 22. The operators Ma and Mt> 

differ in parity and so may not give rise to interference terms. 

For AJ=l+ transitions from 0+ to 1+ states, the following three 

operators contribute (notation is given in the Appendix): 

M (1,1,0) 
a = KIa A(-.Jf i [oxy Ft+ + --.! i [oxy Ft+) 

.fG 00 {!22 

N. (J, 2,1) =.~ l(Ari 1 +k(B+C) i 0) foxy it+ - 312 [r~ (i 3 + i!) 



-13-

For 6J'II'=1+ transitions from 1/2- to 3/2- states, four additional 

operators having rank J=2 contribute: 

M(2,2,l) 
a 

Mj, (2.,2.,0) 

= K,2p 1({!Dkj [Y J2t+ + [A,; (2j -3j ) + Bj 11_ [axy J2t+~ 
{4; 2 2 3 I d/2 2 ~ 

= K
2
.p .[2- (-Arj +kBj ) [axY

2
J\+ +.J,f kDj2 [Y2J2.t~]· . 

.f4i ,ffQ I 2 

=' 
-K Is, 

ffi 
(AJ2( axY 2 J2t+) 

M., (2 3 1) -. K2pl fa (Ar j + kBj ) [axy ,J2 t + -, ,m kDJ· [Y ]2t) 
b' , I4i \j·5 3 2 2 . 'is 2 2 ~ 

(6) 

These expressionsa.llow the beta decay ft value, Ml and E2 decay 

width, and ('II'-,y) branching ratio between analogous levels, t'o be 

calculated in terms of matrix elements of just four operators. These 

are; ROI, the Gamow-Teller operator (analog of the spin part of Ml); 

R21 , analog of the high momentum transfer spin-flip Ml operator; R22, 

analog of the spin-flip E2 operator; and Y2, analog of the charge-type 

E2 operator. 

In the next section, Eq. (5) is evaluated for the 13C('II'-,y)I3B(g.s.) 

transition, to show which matrix elements contribute most to the ('II'-,y) 

branching ratio, and to find out what new information can be gained. 
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B. The 13C(w-,y)13B(g.s.) Transition 

The reduction of Eq. (5) is made here, with the following assump-

tions; a) the radial wave function of the active nucleons is that of a 

1-p harmonic oscillator with ro = 1.881 ± 0.053 Dn. 23 b) The pionic 

wave function distortion due to the strong interaction may be treated 

by the approximation method of distortion factors given in Ref. 1. 

c) The (w,y) interaction coefficients A-D have the values and errors 

given as the "best fit" set in Ref. 1. d) The Is and 2p pionic widths 

d f · . b . 1 1 24 an capture ract10ns are g1ven y recent exper1menta resu ts. 

The radiative capture branching ratio is then given as 

= 

- (0.033 ± 0.016) Re(R R* ) + (0.107 ± 0.014) IR21 12 01 21 

+ (0.448 ± 0.027) IR2212 + (0.014 ±. 0.004.) ly 21
2 

- (0.097 ± 0.015) Re(Y R* )} (7) 
2 22 

This equation show,s that the branching ratio is most sensitive to 

the Gamow-Te11er matrix element IRoll, somewhat less sensitive to the 

spin-flip E2 matrix element IR2212, and practically insensitive' to the 

other terms. 

Inserting the value of IRol12 = 0.121 ± 0.006, found through 

Eq. (1) from the 13B B decay ft va1ue,25 into Eq. (7), one predicts 

Ry = (6.51 ± 1.12)-10-4 • This is in agreement with the present 

experimental result Ro = (6.1 ± 1.2)-10-4
• 

The contribution of the IY212 term can be computed using Eq. (4) 

and the (e,e') data on the analog 13C(g.s.) + 13C(15.11 MeV, 

" 
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JW T = 3/2-, 3/2) transition. 26 One obtains IY 212 = 0.14 ± 0.03, 

which gives a negligible contribution to ~ in Eq. (7). 

The value of IR2112 cannot be extracted from the published 

13C(l5.11 MeV;. JW,T = 3/2-, 3/2) electroexcitation data because of 

the limited momentum-transfer range, and the difficulty of separating 

high momentum-transfer Ml from E2 contributions. However, the square 

of the single-particle matrix element for P3/2 + PI/2 via the R21 

operator is only 0.053 (see Appendix). ·Thus the contribution of R21 to 

Ry inEq. (7) may also be neglected. 

An upper limit on the value of the spin-flip E2 mat.rix element 

IR2212 can be obtained from Eq. (7) and the pres'ent experimental 

result. The one-standard-deviat ion limit is I R2212 < 0 •. 05.. This is 

only about one-tenth of the single-particle value for P3/2 +. P1/2. 

The spin-flip E2. strength in this transition thus appea·rs to be 

s·trongly suppressed with respect to the Gamo~Teller strength, since 

I 2 
ROll amounts to 0 •. 29 of its single-part.icle value in this transition. 

The phenomenolog.ical analysis presented above shows that the 

Gamow-Teller matrix element measured in B decay accounts for essen-

tia.lly the full (w-, y) rate. The contribution of the many other 

possible terms of the mixed MI/E2 transition were thereby shown to be 

less than 10%. 

Several other cases of strong isovector magnetic transitions in 

p-shell nuclei have been analyzed in this way. The (n-,Y) rates are 

in all cases found to be accounted for by the lowest allowed multi-

polarity of [axYt]J matrix elements. These results are summarized 

in Table Ill. The identity of (n-,y) strength with Gamow-Teller 
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strength has been exploited in A = 20, to separate the giant Ml 

transition there into spin and orbital parts, which was not otherwise 

'b1 d h b f h 1 Q d ,,11 POSS1 e ue to tea sence 0 t e ana og p ecay trans1t10n. 

IV. DISCUSSION OF HIGH EXCITATION REGION 

Prominent peaks above the breakup threshold have been observed in 

9 (11'-,y) spectra throughout the Ip shell. In the present work, peaks 

are seen at 6.5, 7.6 and 10.2 MeV excitation in 13B (the analogs would 

occur at 2l.6, 22.7 and 25.3 MeV excitation in l3C). These peaks have 

been attributed to a AL=I, AS=I, AT=l spin-isospin giant dipole 

resonance of the target nuc1id'e (13C in the present work). The idea 

that a spin-isospin giant resonance component of AJ11' = 2- character 

should exist near the El photoresonance energy,27,28 in fact mo.ti-

d l ' h' h l' , , h (- ) 1 '+ 8 vate the ear .1est 19 reso ut10n experLments WLt 11', Y • ' , 

Enough experiments and theoretical work now exist to show beyond 

reasonable doubt that the 1arge·st peaks seen in (11'-, y) are due to 

this resonance. Furthermore, the observed strengths are of the order 

of full single-part ic 1e units. These spin-isospin exc itations are 11'1.00 

transitions involving spin-flip, relative to the target ground state. 

They are associated with large spin-dipole matrix elements [CJxY1l 2. 

The situation is similar to that of the El photoresonance, which in 

light nuclei still shows structure in the spectrum. The structure 

corresponds to the underlying Ihoo states strongly excited by 

photoabsorption, and does not form a &Mooth resonance peak as 1n 

heavier nuclei. 
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To demonstrate the existence, character and strength of the spin-

isospin states, three arguments are advanced below. First, the 

strength of the observed peaks in 13B is compared with single particle 

estimates based on Eq. (5). Next, the A=13 spectrum is shown to agree 

with detailed shell model calculations in which the spin-dipole transi

tions induced by [axYd 2 dominat.e. Finally, the pattern of resonance 

splitting and energy shifts observed from A = 13 to A = 20 is discussed 

in terms of coupling of extra particles and boles to the underlying 

spin-dipole excitations of 12Cor 160 c.ores. 

A. Single Particle Estimates 

A quantit'ative feeling· for the strength of the p~aks observed in 

the high excitation region can De gained by using' Eq. (5) to compute 

the· branching ratio expected for a. single particle transition between 

pure configurations (P3/ 2 to dS/2 in this case, see section III. D) 

connected by the operator [axy 1] 2t +'. The strengths so obtained may be 

compared to single-particle strengths for the El photoresonance, found 

by comparing El widths from photoneutron data29 to the Weisskopf unit 

values. The t.J'If=2- transition strengths in 13C and 19F are shown 

below. to be of the order of a single-particle unit, and in fact 40% 

as strong as the T=3/2 part of the T=3/2, El photoresonance. This 

supports the interpretation of the ('If,y) spectrum in terms of excita-

tion of relatively pure l-particle l-hole spin-dipole states (spin-

isospin giant dipole resonance). 

T .. . f 13C t 5/2+ f 13B b . d rans1t10ns rom g.s. 0 states 0 may e exc1te 

by operators of multipolarities 2-, or 3-. Four such operators 
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contribute to radiative pion capture; [axYd 2t+, [axY3]2t+, [Y3]3t +, 

and[axY3]3t+. The first two are spin flip M2 and the last two are of 

E3 character. Vector coupling arguments show that [axYl]2t+ should 

dominate for the transitions in question, if the final states are 

well-described within the Ip and 2s-ld shells 10). So let us consider 

only [axYl]2 t + terms in Eq. (5), in computing single-particle estimates 

for the spin-dipole transitions. 

The general form of Ma(J,L,1w) and Mb(J,L,1w) has been 

given by Ohtsuka;22 we have reduced the expressions relevant to the 

case Ji = 1/2- + Jf = 5/2+. These are given in the Appendix. 

Using these formulas in Eq. (5), the present data imply a matrix 

element 1<5/2+, T = 3/211[axYd2t+111-~2, T = 1/2>12 = 0.40 to produce 

the sum of the three peaks' branching ratios. This may be compared 

with the value 0.67 obt.ained from Clebsh-Gordan algebra alone for a 

pure transition P3/2 + dS/2. The energy integrated transition 

strength is thus 0.6 times this "single particle" value. For the E1 

photoresonance, the energy-integrated cross section to the T = 3/2 GDR 

is about 100 mb MeV,29 or only 1.5 Weisskopf units. One sees that the 

pion capture resonances have 40% as much strength 1n single-particle 

units, as does the T = 3/2 photoresonance. 

13 (- )13 () .. d· d 1· E For the C w,y B g.s. trans1t10n 1scusse ear 1er, q. (1) 

gives I<Jfl I [axYo]l t +1 IJ i>12 = 0.12 from the 13B-beta decay ft 

value. 2S The "single particle" value for a pure P3/2 + Pl/2 transi-

tion is 0.42, giving 0.29 "single particle units" for this transition. 

In Weisskopf units, the analogous M1 electroexcitation transition 

(13 C g.s. + 13C 15.1 MeV) has 0.35 W.U., nearly exhausting Kurath's M1 

J 
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sum rule).30 Part of the difference comes from the contribution of 

I<Jfll [LxYo]lt+II J i>1 to the Ml transition density. 

The 19F transitions to the doublet at 12.5, 13.9 MeV in I1P may 

also be compared to such a single particle estimate, although the large 

J values involved permit many contributions other than [axy d2• The 

observed strength is 0.25 times that computed for a single particle 

P1/2 • dS/2 transition (see sec. IV.D for the choice of reference 

transition). 

B. Comparison with Shell Model Calculations 

In Section n.c, the similarity of the 12C and 13C spectra was 

discussed. The reasons for this similarity are clearly shown by the 

detailed shell model calculations available for both nuc1ei. From the 

12C case, where a full continuum shell model (CSM) calculations 

eXists,22 two facts relevant to the discussion of 13C may be 

extracted. First, the contributions from the continuum to the 

prominent 6J'I1'=2- resonance at 4.5 MeV in 12B(I9.6 MeV in 12C) are 

small. Therefore the harmonic oscillator shell model (HOSM) calcula

tions of the Dubna groupl0,31 should be reliable, and 1n fact do 

agree well with the CSM for 12C. Secondly, the dominant configuration 

of this state is dS/2P-1 3/2 mixing constructively with sI/2P-
1
3/2' 

The first observation is important, since for 13C only the HOSM 

calculations are available, and these reproduce the data rather well. 

The second observation provides the clue to the structure of the doublet 

of levels at 6.5 and 7.6 MeV in 13B, which should have analogs at 21.6 

and 22.7 MeV in 13C. Coupling the extra neutron 9f 13C weakly to the 
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basic lU'II'=2- core exc itation produces a 3/2+ and 5/2+ doublet, in 

addition to a core polarization evidenced by a upward centroid shift of 

the doublet by 2.5 MeV. Both the splitting of the strength and the 

shift are predicted by the HOSM calculations and observed in our data. 

The impulse-approximation calculations by Kissener and co-workers 

included initial and final state correlations generated by single-

particle matrix elements similar to the Cohen-Kurath 2MBE set (for even 

parities) and a Gillet type residual interaction (for odd parities). 

The full Ohw and 1hw basis was included. 

Differing from the simplified treatment used above, the pionic 

atom wave functions used were explicitly evaluated by solving the 

Klein-Gordon equation numerically for a nuclear potential fitted to a 

large body of pionic atom data. The Is and 2p capture probabilities 

used were 8 and 9·2% respectively. The pionic total widths of the Is 

and 2p states were taken to be the same as for 12C, 2.96 keV and 

1.02 eV, respectively. These values do not differ significantly from 

13 . 
the experimental values found for C, rl s = 2.45 ± 0.10 keV and 

r2p = 0.97 ± 0.10 eV, which have recently become available. 24 

In Fig. 5, the calculated curve from Ref. 10 is superimposed on 

13 the measured C spectrum. With the theoretical strength normalized to 

fit the 13B ground state data, reasonable agreement in relative 

strengths and peak positions is obtained. Since the prediction for 

13C('II'-,y)13 B(g.s.) is 12.8-10-4 while the observed branching ratio 

is only (6.1 ± 1.2)-10-4 , all theoretical rates exceed the experimental 

ones by at least a factor 2 (see Table I). 
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The predicted spectrum falls below the data at lower photon 

energies. This is to be expected since the HOSM calculation considered 

only final states reached by Ohw and lhw transitions. In the case of 

160 , the contribution of 2hw and higher configurations has been shown 

to fill up this part of the spectrum with a smooth shape, due to the 

enormous number of states involved. 31,32 Direct processes will 

contribute here as well. 

The calculated transitions are mainly driven by the [axY1 J2 part 

of the (11'-,y) transition operator, leading to J11'=3/2'+,5/2+ for the 

excited states. This piece of the operator is also responsible for the 

2- . . . 12 ( _. ) 11 h f d . . s.trong trans'1t10ns 1n C 11" , y, as we. as t e preerre exc1tat10n' 

of ana,logs of M2 states, throughout the 1p shell. 6, 10 

The (11'-"y.) branching ratios are quite sensitive to the configura-

tion mixing. For example" the first predicted doublet results· from the 

destructive int'erference of the two configurations mentioned above 

(dS/2P-
13/2 and Sl/2P-

13/2). These same configurations are 

predicted to interfere constructively in forming the upper doublet, 

which is predicted to be much stronger than observed in the experiment. 

Unfortunately, the capture of 11'- at rest occurs at fixed momentum 

transfer. Therefore the real experimental proof of the spin and parity 

of these states must come from other reactions. Electron scattering 

data are limited,33 but show a rise in the backward cross-section near 

22.5 MeV in 13C, which could be ascribed to M2 transition strength. 

Other charge exchange probes like (p,n) have recently added support to 

. 21 our ass1gnments. 
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C. Spin-quadrupole strength from A=13 to A=20 

Figure 5, which shows the radiative pion capture spectra from A=13 

to A=20 (not including A=14), will serve as the basis for a qualitative 

discussion of the distribution of 6Jn=2- strength near 160 . The data 

on the oxygen isotopes are from Ref. 6; the 20Ne data were taken by us 

during the same period as the 13C and 19F data. 11 

In 160 , four of the five possible I-particle l-holecombinati~ns 34 

which can form a 6Jn=2- (M2) transition, carryall the isovector 

spin-quadrupole strength. 31 ,32,35 The configurations and approxi

mate excitation energies relative to 160 ground state are given in 

Table IV. The re·sidua1 interaction mixes only the third and the 

fourth, because they are most nearly degenerate. Otherwise the 

configura'tions of the observed states remain rather pure, although 3-p 

3-h admixtures do occur. The observed (n-,y) spectrum shows the 

21-(16N g.s.) and 24-(16N 7.4 MeV) levels. The latter has the 

configuration;3S 

=. 

Especially the configuratioris with a dS/2 particle are connected to 

the ground state by large sing1e- particle M2 matrix elements. The 

configuration is nearly orthogonal 

= 0. 79 1 2s / lp-/l > -
1 2 3 2 

to the 2 _1 state 31 ,3S 
4 

_1 
0.541ld / lp / > 

5 2 3 2 

The minus sign between the contributions results in cancellations, 

reducing the calculated transition strength. Nevertheless all four 2-

states are experimentally observed, 9 and the relative strengths are 

correctly predicted. 

• 
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Qualitatively, the observed distribution of transition strength in 

12 13 160 ' 1 80 1 9 d 2 ON' . . h k 1 . f ' C, , , F, an e 1S cons1stent W·1t wea coup 1ng 0 

extra particles to l1J11'=2- excitations of a 160 core. Starting with 

the oxygen isotopes, two added neutrons in 180 hardly change the 

spectrum shape. The response is merely shifted upwards by amounts 

ranging from 2.8 MeV (24-) to 3.2 MeV (2 1-L This agrees with the 

core polarization model calculations by Knupfer and Huber 7,36 in 

which the neutrons are weakly coupled to 2- states of the 160 core. 

In 12C only P3/2 hole states can be formed; the dominant peak 

-1 
expected to be ma,inly ld S/ 2 1P3/2 It is observed at nearly 

is 

the same energy relative to 12C( ) g'. s·.- a·s' it was in. 160 (19.5 vs. 20.4 

Me-V), showing little effect due to the additional quar.tet of Pl/2 

nucleons in 160 . The' addition of an unpaired neutron to 12C (forming 

13C) again shifts the whole response upward (by 2.5 MeV), and splits 

the main peak into a narrow doublet. 

Adding a quartet of nucleons to 160 (forming 20Ne) also leaves the 

dominant core excitations unchanged but shifts the response to lower 

energies by about 4 MeV. We identify the main peaks in the 20Ne 

spectrum at (11.6, 12.1) MeV and near 16.4 MeV, with the st.ructures at 

13 and 20 MeV in 160 respectively. For the lower structure in 20Ne the 

level assignment is known; the upper one is made on the basis of 

d
.. 36 pre1ct10ns. However, the detailed configurations have not been 

published. 

From ~he systematics of these shifts, the corresponding states in 

19F should lie around 12 to 13 MeV and 20 MeV, and should further be 

split into several levels (J=l/2 to 7/2 are possible). This is indeed 
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the case, if the two 190 levels at 4.9 and 6.3 MeV (12.5 and 13.9 MeV in 

19F) are tentatively associated with the 21- state, and the sharp step 

in transition strength near 12 MeV (20 MeV in 19F) is associated with 

overlapping levels built on the 21+- structure in 160 • The spin-parity 

assignments for known levels of 190 in this region of excitation (3/2-, 

1/2- at 4.6 and 5.1 MeV; 7/2- and 1/2- at 6.3 and 6.2 MeV) lend support 

to these interpretations. 

Table V summarizes the experimental branching ratios and the 

results of several calculations for the (n-,~) transitions leading to 

M2 st.ates built on 2-1+ (d 5/2 p-1 3/ 2) and 2- 1 Cd 5/ 2 P-
1
l/ 2) . 

Experimentally, the 2- 1+ configuration remains pure, carrying about the 

same st.rength for all the nuc !ides. The 2-1 configuration becomes 

weaker as nuc leons are added to 160 . The calculations of Knup£.er 37 for 

16,180 and 20Ne , and of Kissener et a1. 10 for the carbon isotopes, 

reproduce the observed pattern. The' calculated branching ratios are 

always about a factor two larger than experiment. Most of the quenching 

is due to 2-particle 2-hole admixtures in the "closed shell" ground 

state of 160 . Including these admixtures in the calculations 31 ,32 

reduces the predicted branching ratios by a factor of 0.6 for 160 .38 

39 Speth et ale have recently connected the missing experimental 

strength for BM2 values of the large 2-:"'states in 160 to the presence 

of p meson exchange in the effective nucleon-nucleon potential. 

Although we cannot quantitatively compare with the present data, the 

same spin density matrix elements are involved here, with a similar 

reduction of experimental transition strength with respect to theory. 

• 
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The selectivity of the reaction, as demonstrated in considerable 

existing data, show that the present (w-,y) results may be used as a 

guide to the location of strong spin-flip excitations in, for example, 

electron-scattering or (p,n) experiments. Such a procedure has proven 

useful already for 180 • itO 

The behavior of the spin-isospin dipole resonance may be compared 

with that of the El photoresonance (isospin mode). The main features 

of the El photoresonance in a shell model picture are accounted for by 

the' schematic model of Brown and Bosterli. 1t1 If only the single 

particle shell model potential is considered,a number of transitions 

of a' given multipolarity may be available to valence nucleons. If 

these' transitions are degenerate in energy or nearly so, even a weak 

residual interaction among the nucleons may profoundly change the 

distribution of transition strength by st.rongly mixing the single 

particle st'ates involved. 

Es·pecially in light nuclei, the degeneracy of the a = 1, 6S = 0 

single particle states may be broken by pairing forces, deviation from 

spherical symmetry as in distorted nuclei, etc. In these cases the 

photoresonance may appear broadened split, or disrupted entirely. 

. . b . . . 1 h . h h d f . 1t2 Th1S ehaV10r 1S n1ce y s ,own 1n t e p otoneutron ata 0 Veys1ere, 

compar ing for ex amp 1 e, 16, 1 80 and 1 9F• 

In the case of M2 type transitions, the single particle states are 

split into two groups by the spin-orbit coupling. Though in odd A 

nuclei like 19F the single particle spectrum can be so spread out that 

no distinct resonance is formed, the strong spin-orbit splitting leaves 
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the two broadened components of the isovector M2 strength still 

visible, in many cases (e.g., 160). 

IV. SUMMARY 

The ('I1'-,Y) energy spectra and branching ratios for 13C('I1'-,y) 

19 and F('I1'-,y) have been measured. A detailed comparison of 

13C('I1'-,y)13B(g.s.), 13B S decay and 13C(e,e,)13C 05.11 MeV, 

J'I1' = 3/2-T = 3/2) shows that the Gamow-Teller operator accounts 

for essentially the full ('11'-, y) rate. 

13 ('I1'-,y) transitions leading to excited states of B at 6.5, 7.6 

( 13 and 10.2 MeV analogs at 21.6, 22.7, and 25.3 MeV in C) have been 

compared to the 13C(y,n) cross section. It has been shown that the 

strength of the ('I1'-,Y) resonances, measured in appropriate single 

particle units, is 0.6 units in the squared amplitude, while that of 

the T = 3/2 part of the E1 photoresonance is about 1.5 Weisskopf units. 

This large strength is evidence for the identification of the ('11'-, y) 

resonances as analogs of the spin isospin component of the 13C giant 

dipole resonance. This interpretation is supported by shell model 

calculations, which point to the preferred excitation of analogs of M2 

states of the target nuclide. The excitations are driven primarily by 

the operator [axYl]2, with the d S/ 2 P3/2-
1 

configuration being a 

prominent feature of ('I1'-,y) spectra from A = 13 to A = 20. Coupling of 

extra nucleons to this underlying core excitation tends to shift and 

split levels, but leaves unchanged the summed branching ratio. This is 
_.1 

not the case for the other major structure based on dS/ 2 PI/2 
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which becomes weaker and increasingly fragmented, with more nucleons 1n 

the 2s-ld shell. 
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APPENDIX 

We use h = c = 1 except in expressions containing e 2/hc = 1/137. 

Certain notations used in Eqs. (1) - (4) are defined below. • 

1. The operator product of two irreducible tensor operators T 

(rank k) and Q (rank 1) is 

= 

The first quantity in the summation is a Clebsch-Gordan coefficient. 

2. The isospin Clebsch-Gordan coefficients <TfTf3lmITiTi3>y 

or S connect initial and final states in radiative (m = 0) or 

S+- (m = ±1) decays. These must appear explicitly if it is 

desired to always use the charge changing matrix elements R1J 

and L1J . 

3. The ma·trix elements R1J and L1J are many-body matrix elements 

between the initial and final nuclear states. In the impulse 

approximation, these are each a SlDD over all particles in the 

nucleus of the single part'icle operators given in their definitions. 

4. Efi is the excitation energy of a state (usually observed in 

electroexcitation) 

5. j1 is the spherical Bessel function of order 1 and argument qr, 

with q the momentum transfer in the reaction and r the radial 

coordinate of nucleons. 
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m = pion mass n 

= nuclear mass 

k = photon momentum 
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7. Subscripts 0 as in roMl indicate that extrapolation to q = Efi 

has been performed in the analysis of electroexcitation data. 

8. Radial matrix elements have been evaluated assuming 1p and/or Id 

harmonic oscillat.or wave functions (a rt exp(-r 2/ 2r o 2», with 

rO taken from electron scattering. For l3C, rO = 1.881 ± 0.053 

has been used (Ref. 23). 

9. ftn from Eq. 5' is the fraction of all pion captures occuring 

from the pionic orbital w,ith quantum numbers symbolized by tn. 

The> t.ot.al. w,idth of such an orbital Is denoted by r tn . 

10. In ~he equat ions afte·r Eq. (5'), the coefficients A, B, C, Dare 

pa;rt. of .the (Tr"() interaction. Hamiltonian. The numerical values 

used have been those' of the "re.commended" set from Ref. 1, with 

unce·r:tainties. 

11. The coefficients Knt appea.ring in the p10n capture t.ransition 

operators come from the pionic atom wave functions of the initial 

states. 

= 2 IC a:- 3l2 
18 n 

1 

2-16 

r::-- -5/2 
,e~ a 

2p n 

The distortion factors en't are discussed in Ref. 1, and the 

values used here for 13e and 1~ respectively were those for 12e 

and 160, given in Table V of that work. the symbol an is the 

Bohr radius of the ground state pionic at.om. 



-30-

12. The formula which we have used for evaluating "single particle" 

matrix elements ~f spin-multipole operators is given by Ohtsuka,22 

(p. 66) 

(-)j+J+j'lJ (j1/2JOlj'l/2)-(->t'+1/2-j'h+l(j-1/2J1Ir1/2) for J-=L+1, 

x (_)t'+1/2-j' I2J+T (j-l/2Jqr 1/2) for J=L, 

( ... ) j+J-j , {J+l( j 1/2JO! J' 1/2)-( -) t '+ 1/2-j '/.f(j-1/2Jl! j '1/2) for J=L-l. 

The operat.ors for 6J'" = 2- transitions from 0+ + 1/2- + 5/2+ 

are: 

for 2p pion capture 

M (2.,1,1) 
a 

M (2,3,1) 
a 

M (3,3,1) 
a 

= :::~ {tAr(jo + :~) + io kj1 (B - i c)] 
+ t [Arj2 - kj

3 (B + cl] t+[a><Y3J2} 

• 
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= ~{~ ~.s (-Arj +kj (2C - B») t+[axY ]2 
~ 211 

+ ~ [-Arj2 + 3kj3(~ + C)] t+[aXY/} 

~(3,4,1) = _K2P, Jf,{.~ (Arj + Bkj ) t+[axy p - 13 Dj t+ [Y p}. 
.f4-i . . '+ 3 3 3 3. 

and for Is capture 

{;~ ,2~ 2'}' '- -s Aj t+laxY] +, -S· Aj t+( axY ] 
, 1. 1 ' 3 3, 

In the above expressions" the a,rgwnents of the Bes,se,lfunctions 

a,re always kr. 
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Table I. Experimental branchiDl ratio. and 1 eve 18 

By (MeV) 

125.0 121.5 llS.S 

B ( UC)a (MeV) 15.1 lS.6 21.6 
x 

B (lls) (MeV) 0.0 3.5 6.5 
x 

R (10- It)b (MeV) 6.U1.0 1.0ta.s S'.3~1.S 

RIR (10- 2) 3.7 0.6 S.l. 
tot 

~it 70USO ll2tSI 96'7~,7 

ry (MeV) 

B (13B\)d 
x (MeV) 0 •. 0 3.53/3.68 6-.42 

B (13C)d (MeV) 
x 15 • .11 IS • .75 21..S'1 

B (l~,)e (MeV) 
x 0.0 3.5/3.9 5.5 

Rf (lO-It) U.S 7.9 n.4 

J". T'·' 3/2 J/2- 3/2,t .512:+h 3J2+h 

-Excitation energy of ... a,lol 1evela in 13C• 

blnclude. normalization uncer.tainty. 

cHuaber of event. frOia fit. to .pectrwa. 

in 13C d d" • ~n pre lCClon. 

117.4 114.S 

22.7 25.3 

7.6 10.2 

9.0~1.6 17 .4~3.6 

5.5 10.5 

1039'~20S 2007~S6 

2.UO.S 

7.52/7.86 

25.5 

6.4 S.0-1.1.6 

24.1 37.9 

S12:+h 3/2+.S/2+h 

of Ref. 10 • 

Pole Total 

120.11 

20.01 

4.9g 

122.7:i:1S.S 166~2S 

74.6 100 

14200~359 19030~86 

dprom other experiaenta. See Tabl .. 13.1 and 13.4 of F. Ajzenberl - Se'love. Ruc. Phya. A 268, 
1 On6). 

eTheoretical enerlie •• Ref. 10. 

fPr.dicted' branchinl ratio. Ref. 10. 

'Endpoint eneraY. 6·, 18.8 MeV • ••• Ref. 1. 

hQuantl.a nl.aber a •• ilftllenu frOia .hell ~e·1 calculation •• Ref. 10. 
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Table II. Experimental branching ratios 19F(w-,y)190 . 

E 
y 

133.6 

128.6 

127.2 

125.6 

(MeV) 

d 7.5 

12.5 

13.9 

15.5 

124.8, 16.3 
r = 0.34 MeV 

E 190 
x 

(MeV) 

0.0 

4.9 

6.3 

8.0 

1.3 ± 0.3 

4·.5 ± 1. 2 

4.8 ± 1.2 

3.2 ±0.8 

c 
Nf · 1t 

166 ± 20 

562 ± 90 

584 ± 118 

401 ± 50 

a.8 2.7 ± 0~6 333 ~ 23 

(9.0)a 223 ± 46 27,300 ± 375 

Total 240 ± 48 29,350 ± 381 

R/Rtotal 

0.6 

1.9 

2.0 

1.4 

1.1 

93.0 

100.0 

oaEndpoint energy of fitted pole model (~=14. 3 MeV, see Ref. 1) 

bRadiative branching ratio, including normalization error 

CNumber of events. found in fit to spectrum 

dMo. Wiescher et aI., Nuc. Phys. A 349, 165 (I 980), Fig. 22. 
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Table III. Comparison of spin-density matrix elements obtained from 
othe~ exp~~imeYns, to values inf~rred from ('Ir-, y). Data 
for Li, C, B from Ref. 9; C from pres~nt work. 

", 

Multi-
Operator polarity Transition Other Expt. ( 'Ir-, y) 

~, 

[axy ]1 M1 6Li(g.s.) 
0 

6 
+ He(g.s.) 0.617 0.627±0.034 

(is capture) 

[axy ]1 6Li(g.s. ) 6 0.617 0.685±O.120 M1 + He(g.s.) 
0 (2p capture) 

[axy ] 1 12 12 0.282±0.002 0.28S±0.022 M1 C(g.s.) + B(g.s.) 
0 

[axy ]1 
0 

M1 13C( g. s.) + 13B( g. s.) 0.348±0.009 0.33S±0.010 

[axY ]3 M3 
10 

2 
B(g.s.) + 10Be(g.s.) 0.70±0.06 0.64±0 .04 

[axy P M3 
2 

10 ( B g.s.) + 10Be(3.37 MeV) 1.09±0.O6 1.0S±0.05 



Table IV~ 

State 

2-
1 

2-
2 

2-
It· 

2-
It 

2.-
5 

Dominant 
Configuration 

Id 
5/2 

1 -1 
P 1/2. 

(not seen) 

28 
1/2 

1 --1 
P 3/2 

Id 
5/2 

1 -1 
P312 

Id 
3/2 

I -1' 
P 3'/ 2 
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Exci~a;tt~n Energy 
1n 0 

13 MeV 

19; 

20 

23 



Table V. ~~ary of major M2 strengths observed and calculated, for (w-,y) transitions near the 
Oshell. 

R xl0-4 
y 

Configuration 12C l3C 160 180 1~ 20Ne 

expt. 18.3±.6a 18.8±2.8 15.I±1.6b l8.1±2.2b 15.3±2.0 

d -1 theory 34c 37d 37d 
5/2 P 3/2 

40d 

ratio 0.55 0.41 0.49 0.38 

expt. 14.5±1..6b 12.3±1.6b 9.3±1.5 4.3±1.7 

d -1 theory 25
d 20d 

5/2 P 1/2 
lld 

ratio 0.58 0.61 0.40 

aRef. 9 

b Re £. 6 

cRe£. 10 

dRef. 37 

"' 

I w 
'" I 
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Figure Captions 

FIG. 1. Schematic of the experimental apparatus. 

FIG. 2. a) Photon spectrum for 13C('II'~,y) obtained in the present 

work. The fitted curve giving the experimental branching 

ratios is shown superimposed in b). 

) . 19 (- ) b . d h FIG. 3. a Photon spectrum for F 'II',y 0 ta1ne 1n t e present 

work. b) the fitted curve giving the experimental branching 

ratios is shown superimposed on a). 

FIG. 4. Levels in boron isotopes excited by ('II'-,Y) on carbon isotopes. 

12 13 
The patterns in B andB are very similar, aside from minor 

shifts of the core-excited sta'tes and spLitting due to the extra 

neutron in 13B• Radia,t ive ca,pture branching ratios from Ref. 9 

( 12C) and the present work (13C) are given, as well as the 

excitation energy and spin-parity for the s,tates. 

FTG. 5. Spin-quad:rupole excita'tions in A?12 t'o A?20. Displayed a,re 

h h f d···· .) 12C (SIN) 9 t e p ot.on s,pec'tra rom r'a '1a,t:1ve p10n ca,pture 1n a .• .. , 

photon. energy is conve'rted into excitation energy relative t.o 

the target ground state. The arrow at higher excitation 

energies points to the (P3/2-
1 

d5/2) J'II' = 2- con.figuration 

or the corresponding mul t iple't of states (1 9F , L3 C). The arrow 

at lower energies points to the equivalent (Pl/ 2-.1 d 5/2) 

structure. The solid curve drawn into the 13C spectrum repre-

sents the calculations of Kissener et al.
10 

with the yield 

normalized to the 13B ground state (15.1 MeV). The vertical 

bars (right scale) show the results for the photon yield per 

pion stopped as calculated by Kniipfer 37 (160, 180 and 20Ne). 
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