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ABSTRACT 

14 10 
The photon spectra in the capture of stopped pions on' Nand B were 

measured in the 50-150 MeV region with c; high- resolution pair spectrometer. 

The total radiative capture branching ratios are 2.13:i: 0.21% and 2.27 ± 0.22%, re-

specti vely. The spectrum corresponding to the first 13 MeV excitation in each of the 

residual nuclei, 14C and 10Be , is dominated by the transition to the analog 

of a giant M 1 state of the target nucleus. The ground state transitions in 

both nuclei are resolved experim.entally. The measured branching ratio for 

the extrem.ely weak 14C (g. s.) transition is (3:i: 2) X 10- 5. There is evidence 

for selective excitation of the analogs of the giant dipole spin-isospin states . -
14 - 10 

of N, of which the 3 component appears to be the strongest. In B the 

transition strength to the giant resonance region isrnore fragm.ented. An 
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analysis is presented that employs an impulse-approximation Hamiltonian with 

amplitudes taken directly from the fundamental process on the nucleon, 

'IT - + P -+ n + '(, and shell-model wave functions obtained using realistic in­

teractions in the is, 1p, and 2s-1d shells. Also, a calculation for the 

14C (g. s.) transition from is capture using the "elementary-particle soft-

pion" ansatz is presented. 

" 
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I. INTRODUCTION 

Within the last several years the ('IT- ,y) re~ction with stopped pions was 

found to be a good probe of nuclear structure. Among the measurements 

which demonstrated this were those on targets of 3He (Ref. 1), 4He (Ref. 2), 

6 Li (Ref. 3). 12C (Ref. 4), 160 (Ref. 5), and 209 Bi (Ref.6)inwhichthephoton 

spectrum between 50 and 150 MeV was measured with a pair spectrometer of 

2-MeV resolution. These data and their interpretations have established the 

general features of this reaction,which can be summarized briefly as follows: 

(1) The total radiative branching ratio for the direct transitions producing 

high:"energy photons on nuclei with A >4 ranges from 10/0 (209Bi ) to 4.40/0 (6 Li ), 

with most measured values near ?f1/o. 

(2) The largest fraction (70-900/0) of the photons are associated with quasi-

free capture on a proton, i.e., 'IT + A- (A-i) + n + y, which produces a con-

tinuum spectrum with a maximum between 110 and 120 MeV, falling off 

sharply at the high-energy end, near 135 MeV, and extending down below 

50 MeV. 

(3) Strong and selective excitations of unbound states in the energy region 

of the giant dipole resonance (GDR) built on the target nucleus were observed 

in 12C. Since the ('IT-,y) transition operator contains the nucleon spin, these 

excitations have generally been interpreted 
7 

as spin-isospin dipole vibrations 

'IT - - -characterized by L = 1, S = 1, J = 0 , 1 , 2 , T = 1, and T z = + 1 in the 

SU(4) classification8 of giant resonances. These spin-isospin vibrations are 

distinct from the isospin modes (L = 1, S = 0, T = 1) excited in E1 photoex­

citation which involve no spin change. In 12C both 1- and 2 states were 

strongly excited in ('IT -, y) (Ref. 4). The identification of the 1- component as 

a spin-isospin vibration mode is not without ambiguity , however, since its 

energy coincides with the energy of the 1- states observed in E1 photoexcita-
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tion. 
16 

In other nuclei, e. g. 0, no narrow resonance-like peaks were ob-

served in the GDR region, whereas they clearly exist in photoexcitation re-

actions. 

(4) Transition strengths to the particle stable states and low-continuurn. 

states (below the GDR) on targets of 3 He , 6 Li , 12C , and 160 exhibit one 

strong, dorn.inating transition. The transitions 6 Li (11'- ,y}6 He (g. s.)3 and 

3 - 3 1 . 
He(11' ,y) H(g.s.} have served as test cases in the theoretical analyses. 

For the heavier targets the level density in the residual nuclei, 12B and 16N , 

is so large corn.pared to the 2-MeV experirn.ental resolution that the strong 

transition could not be as signed to a single state. Theoretical arguments 

favored the identificationS of rn.uch of the strength with the 1+ and 2- ground 

state s, res pe cti vel y. 

(5) The general utility of the (11'- ,y) reaction for structure studies on nuclei 

with A> 16 has not been firrn.ly established. In the 24Mg and 40Ca data 5 

sharp lines were not observed. However, the recently corn.pleted study on 

209 Bi (11'- ,y}209pb (Ref. 6) shows some evidence for excitation of a sharp line. 

Theoretical interpretations of these data have proceeded along two lines. 

PCAC and soft-pibn theorern.s have been applied9 to calculate transitions in 

3 He and 6 L i. In the soft-pion lim.it, the (11'- ,y) reaction is governed by the 

rn.atrix elern.Emt of the weak axial-vector current, and thus it can be related 

to Garn.ow- Teller l3-decay and the axial-vector rn.atrix elern.ents of f.l.- capture. 

By introducing assurn.ptions about the dependence of the forrn. factors on rn.o­

rn.enturn. transfer, several authors 9 predicted (11' - ,y) rates frorn. the experi­

rn.ental weak-interaction rn.atrix elern.ents. Such calculations for 3He and 

6 Li and compare 1 , 3 reasonably well with the data. A limitation of this 

approach is that it holds only for is-capture. For nuclei with 4 $.A < 40, 

p- state capture accounts for more than 50% of 11' - absorption. 
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The second approach, which has a wider applicability to nuclear structure 

studies, makes use of an impulse approximation (IA) Hamiltonian detennined 

directly from the fundamental photo-pion production process, 'IT + p:: n + y. 

This is applied without adjustment of parameters to calculate the ('IT - ,y) rates 

in complex nuclei described by shell-model wave functions. In 6 Li this has 

led to excellent agreement
3 

with the most recent data. 

To make further advances in: ('IT - y) nuclear structure studies, several 

factors seemed important. First, there was need for measurements on 

several additional transitions where a single nuclear state was isolated ex­

perimentally. 10B and 14N are the only nuclei where this is possible with a 

resolution of 2 MeV. The first excited state of the residual nucleus 14C is 

at 6.1 MeV; in 10Be the first and second excited states are at 3.4 and 6.0 MeV. 

10 'IT + Furthermore, since the target B has J = 3 , whereas all other light nuclei 

studied had J'IT = 0, 1/2+, or 1+, the dependence on angular momentum could 

be further investigated. 

Second, the further clarification of the role of giant M1 states in ('IT- , y) 

reactions was of interest. In 1963 Kurath 
1 ° suggested that in light nuclei 

there exists a concentration of magnetic dipole transition strength between 

T = ° ground states and excited T = 1 states similar to the well known con-

centration of E1 strength in the GDR. The most direct observation of such 

10 
giant M 1 states was expected to be in 1800 electron scattering, and indeed 

prominent Ml transitions have been observed11 in 6 Li , 10B, 12C , 14N , 2~e, 

24M 28S ' 'd th I' I t M kh dh 12 d th t g, 1 an 0 er nuc el. n recen years u opa yay suggeste a 

jJ.- capture from atomic 1s orbits exhibits concentration of transition strength 

to the giant M 1 states because the dominant part of the transition operator 

resembles the Gamow-Teller (GT) interaction. Experimental verification in 

jJ.- capture has been limited and must necessarily be indirect, e. g., through 
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observation of secondary and tertiary y and (3 rays, since the neutrino emitted 

in the primary transition cannot be detected. Radiative pion capture, however, 

provides an excellent method for further exploring these giant M1 states. 

since radiative 'IT'-capture transitions from £ = ° atoITlic orbits are essentially 

governed by the same GT matrix elements J aT + that appear in fJ.- capture 

and (3-decay. A complication arises in 'IT' - capture, not existing in fJ.- capture, 

in that 'IT'1 s are captured predominantly from p orbits in light nuclei (- 900/0 

for 14N ). In this case the <i-dependent terms of the interaction make large 

contributions 13 to the radiative capture rate. However, this effect does not 

significantly change the above results because, when the pion momentum 

operator q = - iv operates on the 2p pion wave function, it yields both a mono-

pole (essentially the GT operator) and a quadrupole term. The contribution 

of the quadrupole term is negligible 13 (precisely f~-r the same reasons that 

the momentum-dependent terms are negligible for is absorption). As a re-

sult, the role of the GT operator is much greater than expected from the 

10-200/0 is state capture probabilities. Thus the ('IT'- ,y) reaction appeared to 

be a promising means for observing the analogs of the well-known 11 giant 

M 1 states in 10B at 7.48 MeV and in 14N at 9.2 and 10.4 MeV. 

A third area of interest was the ('IT'-,y) excitation of collective states in 

the CDR region. The comparison of the distribution of ('IT' - , y) transition 

strength with that of photo excitation anq electron scattering might elucidate­

the spin-isospin structure of the GDR. The spin-isospin 'modes of 10B have 

'IT' - - - -- - "14 'IT' - --- - -J = 1 , 2 , 3 , 4 , and 5 and In N have J = ° , 1 , 2 , and 3 " We 

hoped to obtain evidence for some of these higher spin components which cannot 

be easily observed in other reactions. Our study presents some evidence for 

h "t" " 14N suc eXCI atlons In . 
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II. EXPERIMENT 

The experiment was performed in the stopped-TT'- channel of the Lawrence 

Berkeley Laboratory 184in. cyclotron (Fig. 1). An-beamof 180 MeV/c, extracted 

from an internal Be production target by the cyclotron fringe field, is brought to a 

focus 10 m from production by a quadrupole-dipole-quadrupole magnet system. 

Maximum achieved beam intensity was 2X 106n - /sec with a circular spot size 

of - 8 cm diameter and .6.p/p::::: 13% (full width). The n were brought to rest 

in targets of liquid nitrogen (15.2 cm diam.eter, 5.1 cm long cylindrical flask) 

and 91.40/o-enriched 10 B power (11.3X13.9X5.1 cm3 parallelepiped, 941 g 

mass). Typical stopping rates were (2- 3) X 10 5 /sec. The photons were de-

tected in a 180° pair- spectrO'Ineter (Fig. 1, also Refs. 3 and 5) employing a 

3% radiation length gold foil (0.22 g/cm2) converter. The momenta of the 

+ e -e pair were determined by measuring their trajectories in a magnetic 

field (B ::::: 8.3 kG) with three wire spark chambers. Each chamber con-
rnax 

sisted of four wire planes with seven rnagnetostricti ve-wire delay-line read-

outs. The wire spacing was 0.1 crn and the wire angles with the horizontal 

rnidplane of the rnagnet were +12, -12, -12, and 0°. A PDP-15 co'mputer was 

used on-line to record the data onto magnetic tape and to rnonitor the per-

formance of the spark chambers. The acceptance (conversion X.6.n /4n X de-

tection efficiency) of the spectrorneter as a function of photon energy (Fig. 2a) 

was deterrnined with a Monte Carlo calculation which includes the experimental 

geometry, a field rnap, pair-production cross sections, energy loss due to 
\ 

radiation and ionization, and rnultiple scattering in the converter and chambers. 

Nurnerous runs with a liquid hydrogen target were taken during the course 

of the experirnent to check the perforrnance of the spectrometer. A spectrum 

is shown in Fig. 2b. The 129.41-MeV photon of the n- + p - n + y reaction 

gives the instrurnental line shape, and it is seen that 2-MeV resolution (fwhm) 

was achieved. The peak of the line shape is shifted downward by - 2 MeV 
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+ from the photon energy due to energy loss of the e -e pair in the converter 

and spark chambers. The charge-exchange capture, 1T + P -. n + 'ITo; 1T O -.2y, 

provides; via thePanofsky ratio, a check on the relative acceptance in the 

region 54.9< E < 83.0 MeV o The modification of the rectangular 1T O spectrum 
y 

by the acceptance curve can be observed. 

The 5 - 100/0 good events of the total triggers were selected with an off-

line pattern recognition program; the different classes of background events 

are described in Ref. 5. The efficiency for finding good events was determined 

by examining 50,000 triggers by eye in a di rect display of the spark chamber 

coordinates. The program detection efficiency was 53 ± 30/0 at 130 MeV with a 

small additional bias against lower-energy events. The spectrometer accept-

ance at 130 MeV is T'I(130) = (conversion X~n/41T) X (detection efficiency) 

= (4.1 5 X 10- 5) (0.532) = (2.21 ± 0 .1 2) X 10- 5. 

The number of pions stopping in each target was obtained in two ways. 

First, the fraction of incident 'lT1 s stopping in the target was determined from 

target in/out measurements. In this way 1T1 s stopping in the target walls as 

well as geometric and electronic inefficiencies are taken into account; also, 

this method was checked with equivalent-geometry CH
2 

targets and measured 

CH2 range curves. Second, the stopping fraction was calculated from the 

equivalent CH
2 

stopping power of the targets and measured CH
2 

range curves. 

The two methods were generally in agreement to within 60/0. 

The radiative branching ratio for a single peak or the entire spectrum 

(total radiative branching ratio) is determined by use of the expression 

R = 
Y 

N (1 -.e) • t . el-1x 
y 
1T. • E • (1 - 6) • T'I(130) 

In 

N is the number counts in the spectrum after eliminating, through target 
y 

cuts, events originating outside the target; .e represents the small fraction 

of counts resulting from radiative in-q.ight transitions; t is the unfolding 
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factor which multiplies N (1 - 1.) to give the number of photons expected with 
y 

a uniform spectrometer acceptance at the value ,,(E = 130 MeV). For a 
y 

single peak, t = ,,(130)/,,(E). For R (total) it is determined by folding the y y 

pole-model distribution functlon (Sec. IIIA) with the spectrometer acceptance 

and line shape (Fig. 1) and comparing the result with the spectrum. The 

fraction of the photons with energies below 50 MeV, and thus not observed in 

the pair spectrometer, is 3- r:P/o as given by the pole model. efl.x corrects for 

the attenuation of photons in the target, scintillation counter, and spark 

chamber between the converter foil and origin. 'IT. . E • (1 - 0) is the number 
In 

of pionic atoms formed as determined from the particles passing through the 

three upstream counters of the telescope ('IT il1.t , the 'IT- stopping fraction E, and 

the small corrections for nonradiative in-flight interactions (estimated - 1%). 

III. EXPERIMENTAL RESULTS 

A. 'General 

- 14 10 
In-flight subtraction. The photon spectra for 'IT capture on Nand B 

are displayed in Figs. 3 and 4. From the raw data, Figs. 3a and 4a, one sees 

that there are a few counts at energies above the kinematically allowed region 

for stopped-'IT reactions. The trajectory reconstructions indicate that these 

photons emanate from the target, and we identify them with in-flight radiative 

capture (REX), 'IT - + A -+- A 1 + Y and in-flight charge exchange (CEX), 
z z-

'IT + A -+- A 1 + 'ITo, 'ITO -+- 2y. From the range curve data we can see that 'IT's 
z z-

with kinetic energies up to - 35 MeV were entering both the 14N and 10B 

targets. For T = 35 MeV, REX photons up to - 173 MeV can be produced. 'IT 

CEX photons from the decay of a 35-MeV 'ITO range from 32 to 140 MeV. 

The in-flight spectrum (Fig. 3b) at 90" to the beam was measured with 

the 14N target at T = 44 ± 7 MeV (the lowest energy consistent with not having 'IT 

'IT'S stop in the target). It is rather featureles s, in agreement with the 
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expected dominance of the CEX reaction as discussed below. By normalizing 

this in-flight spectrum to the stopped-rr .spectra between 140 and 150 MeV, we 

find a 10 ± 3% and 6 ± ?!'fa subtraction necessary for 14N and 10 B , respectively. 

The resulting spectra are shown in Figs. 3c and 4b. 

The cross sections for in-flight processes on nuclei at these low beam 

energies have not been measured. 

proton cross section}. These are 

and for REX16 0' (14N) = 7 X 1 mb. 
y 

14 . . . 
Clearly they do not exceed ZX(free 

15 14 
for CEX 0'0 ( N} = 7 X 5.25 = 36.8 mb 

Herewe have used nucleon cross sections 

at T = rr 15 MeV, which we estimate to be the average energy for rr' s interCl.cting 

in flight in the 14N target. To calculate from these cross sections the expected 

in- flight contributions to the total spectrum, we as sumed that the CEX photon 

distribution was rectangular and that the REX spectrum. was similar to the 

stopped-rr spectrum. To check the shape of the CEX spectrum, a calculation
17 

was perfor:r:ned for the in-flight photon spectrum. at 90° to the beam using rrO 

angular distributions of 1 ± cos e. These produced shapes very close to 

rectangular. Little is known about the shape of the in-flight REX spectrum. 

However, since we calculate that its contr,ibution is sma1l, our assumption 

should not lead to a significant error in the estim.ate of the total in-flight con-

tribution. With these assumptions, we estimate upper limits for the in-flight 

contributions to the stepped-rr spectrum of 13% for CEX and 4.3% for REX. 

It is we1l known 14 that ZX(free proton cross section) overestimate 

the nuclear cros s sections, since no account is made of pion attenuation and 

binding energy effects. 
, 12. 18 

In a m.easurement at 70 MeV on C, Hllscher et al. 

found a reduction factor of 48% on ZX(free proton cross section) for the CEX 

t · 12C reac lon on . This factor is consistent with the cross sections deduced 

from our in-flight data at T = 44 MeV, to within the uncertainty (up to factor 
1T 

of 2) resulting from our lack of knowledge on the 1T 0 energy distribution. Thus 

. 
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we conclude that our in-flight subtraction is in reasonable agreement with the 

expected in-flight contribution. 

Quasi-free capture. In nuclei ranging from 3He to 209 Bi, the quasi-free 

component [TT- + A- (A - 1) + n + y] is well described phenomenologically by 

the pole model. 19 The one-pole diagram and the calculated y- spectrum are 

shown in Figs. 3c and 4b. Details of the model and the expression for the 

spectrum are given in Ref. 20. The normalization and the average excitation 

. i.<. 
energy (E = 6. :... 6. . ; 6. . = MA 1+m - M

A
) of the recoil nucleus are·not mIn mln - n 

specified in this model, so our procedure has been to determine them by 

fitting to the data between 70 and 110 MeV. This region should be free of 

nuclear resonances. 14 * For N (6. . = 8.5 MeV), values E = 4.5 - 5.5 MeV mln 

and for 10B (6. . = 7.9 MeV) values E* = 5.1 - 6.1 MeV give good descriptions 
mIn 

of the data. 

In the spectrum of 14N one can see a resonance-like peak at ..... 20 MeV in 

14C , which is the region of the GDR. A similar resonance cannot be clearly 

10 discerned in the spectrum of B. To extract a value for the branching ratio 

to the GDR region in the 14N spectrum, a Breit-Wigner (BW) form super-

imposed on the pole-model continuum was fit to the data. Clearly the extracted 

transition fractions (Table I) in such an analysis are model dependent, since the 

separation between the pole model and resonance excitation is not well defined. 

A shell-model analysis and more discussion of the giant resonance region in 

14C is presented in Section IVD. 

14 
B. Results on N 

The total and partial radiative branching ratios determined for 14N are 

given in Table 1. The quasi-free fraction of the total radiative branching 

ratio R = 2.13 ± 0.210/0, as given by the pole model (~ = 13.5, Fig. 3d), is 
. y 

83 ± 2fJ/o. An additional 100/0 of the strength is attributed to CDR excitation as 
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described by the BW, leaving only 7% for the particle- stable and low- continuUlTI 

states. 

E = 0-13 MeV. The data on the first 13-MeV excitation of 14C , after 
x 

subtraction of the pole-model and BW contributions as shown in Fig. 3d, are 

shown on an expanded scale in Fig. 5. From previous work
21 

it is known that 

at least 15 levels occur in this region. Of these, it is possible to identify two 

with little ambiguity in the (1T -, y) reaction. The ground state is separated by 

6.09 MeV from the first excited state; the measured branching ratio is 

A strong transition is observed at E = 131 MeV, and a single­
y 

line fit yields E = 7.0 ± 0.3 MeV, which agrees closely with the 7.01 ± 0.01 
x 

MeV measured
21 

previously for the 2t state. 

To analyze the remaining transition strength we must be guided by pre­

vious experiments and theory. Previous (1T- ,y) studies on 6 Li (Ref. 3) and 

12C (Ref. 4), together with the present work, show that the strongest transi-

tions are to states whose analogs in the target nucleus have the largest M 1 

matrix ele'ments with the ground state. Specifically, in the earlier studies 

6 + 12 + the dominating transitions were to He(g. s., 0 ) and B(g. s. ,1 ), which 

are the T z = + 1 analogs of the 3.56-MeV state in 6Li and 15.1-MeV state in 

12C. Both states are observed strongly in 180 0 electron scattering and have 

14 . 22 
large measured M1 matrix elements. In N(e, e'), the largest observed 

M 1 rates are to 2+ states at 9.17 and 10.43 MeV. The analogs in 14C occur 

at 7.0 and 8.3 MeV, respectively. Our data are consistent with population of 

both of these states with the 7.0-MeV state strongest (Fig. 5). 

Additional transition strength is seen at 10-13 MeV excitation. Unfortun­

ately, the 14N (e, e') studies were not extended to this excitation region. Pre­

liminary results 11 on 14C (e,e') indicate that a 1+ state at 11.3 MeV has con-

14 1T 
siderable M1 strength to the C ground state. These data establish the J , 
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but do not guarantee a large M1 matrix element for the analog state in 14N , 

since different ground states are involved. A 1+, T ::: 1 state in 14N was 

identified23 at 13.72 MeV in the 15N (3 He , Q)
14

N reaction, and perhaps this is 

the analog of the state observed in 14C (e , e l ). 

Taking into account these various results, we fit the data on the first 

14-MeV excitation in 14C with four lines at 0.0, 7.0, 8.3, and 11.3 MeV. The 

results are displayed in Fig. 5 and the corresponding branching ratios given 

in Table I. 

GDR region. The GDR built on the 14N ground state has been studied 

through photoexcitation
24 

and radiative proton capture 13C (p, 'Y) 14N (Ref. 25). 

The total photoabsorption cross section shows a rather smooth energy dependence 

com.pared to other 1p shell nuclei, 26 e. g., 12C and 160 , with a peak near 22 

MeV and a considerable tail at higher energies. The 13C (p, 'Y) 14N excitation 

function shows a broad structure in the region 18 $ Ex $ 24 MeV, with prom.i-

nent peaks at E = 22.5 and 23.0 MeV. x 
14 

The analogs in C are expected at 

E ::: 20.1 and 20.6 MeV. These energies are close to the 20 ± 1 MeV for the 
x 

position of the BW peak determined in this experiment. 

13 14 
In the C(p''YO) N study, 

25 
the 'YO angular distribution was thought to 

be consistent with JTT = 2- for most of the observed giant electric dipole 

strength. The results of our shell-model calculations (Section IV) indicate 

that the strongest transitions in the 14N (TT- ''Y)14C reaction are to 3- states, 

with some strength also to 2- states. If indeed the giant 3- states are seen 

in the present experiment, some major 2- and 3 - components of the GDR are 

nearly degenerate , since the rrleasured excitation energies in the two experi­

ments are so close. This differs from 12C, where the major 1 - and 2- com-

d b b 3 d ld b d · h 1 2 -ponents are separate ya out .5 MeV an cou e resolve lnt e C(TT ''Y) 

. t 4 experlmen . 
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C. 10 
Results on B 

The total and partial radiative branching ratios determined for 10 B are 

gi ven in Table II. The quasi-free fraction of the total radiative branching 

ratio R = 2.27 ± 0 .22!'/0. as given by the pole-model. is 87 ± 40/0, 
Y . 

E = 0-13 MeV. The data on the first 13-MeV excitation of 10Be • after 
x 

subtraction of the pole-model contribution as shown in Fig. 4c. are displayed 

on an expanded scale in Fig. 6. Previous ~xperiments 27 established that the 

10 . 'IT + + + first three states 'of Be have J =0 • 2
1

, and 22 and the energies are 0, 

3.37. and 5.96 MeV, respectively; the analogs in 10 B are at 1.74.5.11. and 

7.477 MeV. The three additional particle stable states 27 (1-, 0+, 2-) of 10Be 

are within 0.3 MeV of the 2~ state. With our resolution of 2 MeV the ground 

state can be resolved, and evidence for its population is clearly seen in the 

spectrum. The strongest transition occurs at E ::::: 132 MeV. and a single line 
Y 

fit yields E .= 6.0 ± 0.3 MeV, which agrees closely with the previous value for 
x 

the 2~ state. The analog of this state is strongly excited in 10B (e,e'), 28 and 

its M1 strength is by far the largest measured in 10 B . The calculations by 

12 
Mukhopadhyay for fJ.-capture, using the Cohen-Kurath wave functions, in-

dicate that this 2+ state receives 62!'/0 of the transition strength to states with 

(p1/2, p 3/2)6 configuration. Thus it seems reasonable to assume that the 

peak at - 132 MeV is mostly due to the 2~ state, and that the other three states 

maketnuch smaller contributions. The data .also show population of the 2~ 

state, since only it can account for the observed filling in of counts between 

the ground state and the 2~ state. A fit of three lines with energies fixed at 

the first three fOB states gives a good description to the data. The three 

extracted branching ratios (Table II) are expected to be quite free of un-

certainties due to background and level population ambiguities, and thus they 

should provide good test cases for theoretical calculations. 
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Additional transition strength is observed to states between 8 and 12 MeV. 

Not much is known experimentally about levels in this region. The calculations 

by Mukhopadhyay12 for fl- capture predict relatively strong exci tation (21%) of 

a 3+ state at 8.9 MeV and weaker (4.1%) excitation of a 4+ state at 10.8 MeV 

(energies are theoretical estimates). Our calculation (Section IV) for 'TT'-cap­

ture predicts that the strongest excitations to this region are a 2+ state and a 

4+ state. Other states are predicted to be much weaker in both fl- and 'TT' - cap-

ture. Noting these results, we fit two lines to the remaining transition strength, 

allowing both the energies and intensities to vary (Table II). 

GDR region. The GDR region of tOB has been investigated by photo ex­

citation 29 and radiative proton capture 9Be (p,y)10 B ,30 but not in (e,er). The 

photo-absorption29 cross sections show two peaks at 20.1 ± 0.1 MeV and 

23.1 ± 0.1 MeV. The analogs in 10 Be are expected at - 18.7 MeV and 21. 7 MeV. 

Regarding the spin-parity structure, little is known, except that since 10B 

has a 3+ ground state, states seen strongly in E1 photo-absorption must have 

'TT' - - - 10 J = 2 , 3 • or 4 . The B('TT', y) data show little resolved structure in the 

GDR. and no clear separation between quasi-free and resonance capture can 

be ascertained. Since other 1p shell nuclei clearly show strong ('TT'- .y) transi­

tions to the GDR region, it seems probable that this also occurs in 10 B , but 

that there is greater fragmentation of the strength. 

IV. SHELL-MODEL STUDIES 

A. General 

Calculation of the radiative 'TT'- capture transition probabilities requires 

essentially three ingredients: the effective interaCtion responsible for the 

transition, speclfication of the bound pion wave function, and appropriate nu-

clear wave functions. To deduce branching ratios from the transition rates. 

one also needs pionic capture schedules and strong absorption level widths. 
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Each of these subjects is discussed below. 

1. The (1T- ,y) interaction 

Using the CGLN31 photo-pion production aInplitude, DelorIne and 

Ericson32 write the effective HaIniltonian with the pion in the <I>~(r) atoInic 

orbit as 

JCef£ = (it :::" ~ t 
p ) . >-J, 

e 

where 

(1) 

( 2) 

in the notation of Ref. 13. The first terIn in H>,. (j) accounts for nearly all the 

transition strength in s - state capture; for p- state capture the terms linear in 

q Inake large contributions. 13 The E-terIn, quadratic in q, is not expected to 

Inake significant contributions to s - and p- state capture. 

The effective coupling constants A, B, C, D, and E are linear cOInbina-

tions of the electric and Inagnetic Inultipole aInplitudes contributing to the 

y + n- 1T + P cross section at low energies. Threshold values have been 

given by nUInerous authors. 33 Although the Inost recent solutions (1972- 73) 

are all based on the tables of Berends et al. 34 (1967), there are still some 

discrepancies in B, C, D, and E. Our calculations were performed with the 

values of Maguire and Werntz, including the sign change in the D-terIn. 35 The 

effect of using other values was investigated for several transitions and was 
r 

found to be sInall. 

2. The pionic orbits 

A great advantage of the (1T - ,y) reaction with stopped pions is that the 1T' s 

initial state is a bound atoInic orbit which can be studied through the pionic 

x-ray spectra. The pionic wave functions can be obtained by solving
36 

the 
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Klein-Gordon equation in the potential generated by the nucleus. Such solu-

tions show that the hydrogenic wave functions are distorted by the strong inter-

action of the 1T- with the nucleus and the finite nuclear size. However, since 

both the hydrogenic and the distorted s- and p-wave functions vary relatively 

slowly inside the nucleus, one can use hydrogenic wave functions and an appro-

priate scale factor C I.' A (nl., optical potential) = C ~A (ni., hydrogenic). n '( nx. '( 

The Cni. can be determined frolTI 

Cnl. = 
(NL I <j>1T (opt. pot.) I NL) 2 

2 ' (NL I <j>1T (hydrogenic) I NL) 
(3) 

where NL are the shell-lTIodel single-particle states. Values of Cis = 0.5 

1014 
and C

2 
= 1.4 were used for both Band N. These values were deterlTIined 

p . 

by Maguire and Werntz35 for 12C by cOlTIparing pion wave functions based on 

the opticallTIodel of Krell and Ericson36 with hydrogenic wave functions. 

3. Nuclear wave functions 

The nuclear wave functions were calculated with standard shell-rrlodel 

techniques (c. f. p. and Racah algebra) using harlTIonic oscillator wave functions 

with -nw = 14 MeV. The (1T - ,'() rates are known 13,35 to be sensitive to the value 

of -nw adopted. The present value, derived frolTI considerations of the energy 

ex-spectrum of the nuclei around 160 , is consistent with electron scattering 

perilTIents which yield <r2) 1/2 = 2.58 F (1'lw = 13.7 MeV) for the 1p-shell 

harlTIonic-oscillator length paralTIeter . The single- particle energies 3 7 were 

taken frolTI experirrlent. Positive parity states were calculated in a 

(1P3/2 1P1/2)n space with n = - 2 for 14N and n = 6 for 10B . Higher shell 

adlTIixtures play an ilTIportant role for SOlTIe states (e. g., 2~ in 14N) as will 

be discussed. For negative parity states (calculated only for 14N ), one particle 
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was pro:moted fro:m the is to 1p shell or fro:m the 1p to 2s -1d shells. Pic­

torially, the :model space for 14N is 

2s-id x 2s-id 

00 1p o + 000 1p 

is o is 

+ parity - parity 

10 . 14 It is expected that if the ground states of Band N are well described by 

(1 P3
/

2
' 1P1

/
2

}n, :more co:mplex excitations will not affect the total1T- capture 

rate to either positive or negative parity states, but :may affect the distribution 

of strength a:mong the different states. 

The basic states were allowed to :mix with a realistic two-body interaction 

obtained fro:m the bare G-:matrix ele:ments of Kuo and Lee, 38 a so:mewhat 

:modified version of the earlier :matrix ele:ments of Kuo and Brown. 39 The 

bare interaction, .however, requires fairly large Hilbert spaces. Therefore 

so:me calculations were also performed with the effective interaction of Cohen 

and Kurath 40 with their set of single-particle energies, and so:me co:mparisons 

are given below. 

4. Branching ratios 

The transition probabilities are given by 

A (ni; J. - J f ) = 
Y 1 

k 
1T 

L 
:m's 

1 1 
2J.t1 Uti Si_f' 

1 

2 
I (J f M f I JC eff I J i M i ) I 

(4a) 

(4b) 

The branching ratio R , i.e., the nu:mber of photons per stopped pion, is re­
y 

lated to A (ni) as follows: 
. y 

. i 
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]I.. (nl) 
Y w (nil 

]I.. (nl) 
a 

( 5) 

where ]I.. (n.t) are the total absorption rates and w(nl) are the probabilities for 
a 

absorption from orbit n.l. The latter are restricted by the condition 2: 
n,l 

w (nl) = 1 which expresses the fact that the nuclear absorption lifetimes are 

much shorter than the free-pion lifetimes (10- 12 < < 2.8 X 10 - 8 sec). It is 

generally assumed
35 

that the ratio A (nl)/A (ni) depends only on 1, not n. In y a _ 

light nuclei, capture occurs only from 1 = 0 and 1 = 1 orbits, thus the quantity 

A (is) 

R= R + R . = A \ 1 s ) Y sPa 
w + 

s 

]I.. (2p) 
Y w 

p 

is compared to experiment. The quantities w s = 2: w(ns) and w = 2: w(np) 
n p n 

(6 ) 

have not been obtained for 10B or 14N , but extrapolating from 41 6 Li , 9Be , 

12 16. 10 
C, and 0, It appears that w = 0.20 ± 0.05 for Band w = 0.10 ± 0.03 for 

s s 
14 ' . 

N are reasonable and these were used (w = 1 - w ). The total absorption 
p s 

rates were taken42 to be: for 14N , >.. (1s)=4.48±0.30keV/li=(6.82±0.46)1018sec-1 
a 

>.. (2p) = 2.1 ± 0.3 eV/Ii = (3.19 ± 0.46) 10 15 sec- 1; for 10 B , >.. (is) = 1.68 ± 0.12keV/1i 
a a 

18 -1 rl 15 -1 
=(2.55±0.18)10 sec and >"a(2p)=0.32±0.06eVff1=(0.487±0.091)10 sec. 

B. Positive Parity States of 1~ 

Although the eigenstates were originally obtained in the j - j coupling 

scheme, it is more instructive to examine the positive parity states in the LS 

representation. The states of interest are: 

14N (g.s.): 11+, T=O) = 0.1636 I L=O S=1)+ 0.9564IL=2 S=1)+ 0.2420IL=1 S=O) 

14C (g.s.): 10+,T=1) = 0.7980 I L=O S=O)+ 0.60271L=1 S=1) 
I 

5.1 MeV 12~, T=1) = 0.9068 I L=2 S=O) - 0.4216IL=1 S=1) 

7.1 MeV 11+, T=1) = I L=1 S=1) 
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12.2 MeV: JO~, T=1) = - 0.6027) L=O 5=0)+ 0.7980JL=1 5=1) 

12.8 MeV: 12~, T=1) = 0.4216J L=2 5=0)+ 0.9668IL=1 5=1). 

We note that the Kuo- Lee interaction breaks the Wigner superrn.ultiplet 

symrn.etry and selection rules. The Wigner superrn.ultiplet predicts pure 

L = 2 for the 14N ground state.L = 0 for the 0+ T = 1 state, and L = 2 for the 

2~ state, which would explain the hindrance of the 14C _ 14N l3-decay and the 

+ h 10,40 0 f' fact that the 21 state exhausts all t e M1 sum rule. ur wave unctions 

predict log ft = 5.5, which is greater than the typical Gamow- Teller value 

(log ft - 3) but smaller than the experimentally observed
21 

log ft = 9.01. This 

is not catastrophic, since corrections to the transition operator (exchange 

currents, second-order forbiddenness, relativistic effects) and expansion of 

the Hilbert space [e.g. (sd)2 admixtures], which are normally small, become 

crucial in the case of the present hindered transition. 

The calculated ground state magnetic dipole and electric quadrupolemo­

rn.ents are 0.34 nm and 13 rn.b, respectively; the experimenta1
21 

values are 

0.40361 nm and 16 ± 7 mb. Cohen and Kurath
40 

obtain f.I. = 0.331 nm. We also 

calculated BM1 and BE2 rates which are presented in Table IV together with 

the experimental results ~ + + The calculated BM1 rates to the 21 and 22 states 

are 4.877 and 0.041 (e1i/2'mc)
2 

respectively, while the experirn.ental rates are 

1.44 and 1.53 respectively. The Cohen- Kurath calculation predicts 4.846 

(e1i/2mc)2 for the transition to the 2; state. These discrepancies with experi­

rn.ent can be accounted for in terms of sd- shell excitations (see below). 

The calculated radiative IT-capture rate to the five positive parity states 

listed above are presented in Table IV. Comparing to the experimental 

- branching ratios (Table I), we see that the calculation describes qualitatively 

the main features of the spectrum: the weakness of the ground state transition, 

that the 2; state is strongest, and that the 1; state has appreciable strength. 
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The good quantitative agreement with experiment on the 1~ state is particularly 

significant, since the studies described below indicate that there is only a 1% 

(sd)2 component in this state. We note that the ('IT- ,y) rate to the 1~ state does 

not exhibit a close correlation with 14N M1 rates: for example, the theoretical 

ratios Ry(1~)/Ry(2~) = 0.2 is much larger than the corresponding 

BM1(11)/BM1(21) = 0.016. This feature is expected for some states since the 

('IT - ,y) operator is more complex than the M 1 operator. Regarding the ground 

state transition, it is not surprising that the theoretical value (1.02 ± 0 .2)X 10- 4 

is larger than the 'measured value (0.3 ± 0.2)X 10-
4

, since the ft value was also 

overestimated. Again, one must bear in mind that small components in the 

wave function can have large effects on highly hindered ('IT - ,y) transitions. 

The overestimate of transition strength to the 2~ state can be explained 

in terms of (sd)2 excitations. Such admixtures to states in 14N were recently 

calculated
43 

in a weak- coupling scheme involving the low-lying eigenstates of 

the p-2, p-4, and (sd)2 model spaces diagonalized separately in the SU(3) 

basis. This calculation explains the properties of most of the states below 

13 MeV in 14N . It predicts that the 1+ ground state, 0+ T = 1 and 1+ T = 1 
1 1 

states contain very small(sd)2 admixtures, i.e. 40/0, 40/0, and 1% respectively. 

This explains why there is no essential discrepancy between theory and ex-

periment (see Table I) forthes'e states. + + + However, the 2
1

, 22 and O
2 

states 

contain large (sd)2 admixtures, i. e. 49%, 56%, and 98%. Since the ('IT - ,y) 

transition operator is in the impulse approximation a i-body operator, and 

the 14N ground state is 96% p - 2, the (sd) 2 admixtures will merely spread the 

strengths appearing in Table I to more states. Thus, the total strength to the 

21 state,R
y 

= 0.96 (24.3)X10-
4
.will be divided mainly into two fragments. 

Taking the above admixtures, this means 51% will go to the 2~ state giving 

R = 11.9X10-
4

" and 440/0 will go to the 2~ state giving R ::: 10.3X10-
4

. 
y . y 

These results are much closer to the measured distribution of strength 
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between these two states, i. e. , + X -4 R y ( 21) = (7.7 ± 0 .9) 10 and 

+ -4 
R

y
(22) = (4.0 ± 0.6) X 10 . The sum.med strength22X 10-

4 
is still higher than 

the experimental sum. (11.7± 1.1)X10-
4

. 

. 14 - 14 
In the fl.-capture reactIon N(fl.,v) C, similar discrepancies exist 

fl. 
- 2 . . 44 45 46. . + 

between p calculahons ' and the measured translhon rate to the 21 

44 
state. Using Cohen and Kurath wave functions. Mukhopadyay obtains a 

X 4 -1 
value - 2 10 sec for the s-state fl.-capture rate, which is about twice the 

. 46 4 -1 44 45 
expertmental value (1 ± 0.3) X 10 sec . Thus. by assuming , -50% 

(sd)2 in the 2~ state and - 40/0 (sd)2 in 'the 14N ground state, one removes the 

discrepancy with experiment on the 2; state in both fl.- and 'IT-capture. Also, 

we note that in f,L- capture the 14C (g. s.) and 2; states are predicted to have 

negligibly weak transition strength and that the 1~ state has -7% of the 2~ state 

strength. -2 This distribution of strength in a p space correlates closely with 

our calculations for the ('IT - , y) reaction. 

C. Positive Parity States in 10B 

The positive parity states which could produce strong ('IT- ,y) transitions 

are those with M1 transitions to the 3+ ground state of 10B (i. e., 3+ T = 0, 

+ + + + + 2 T = 1. 3 T = 1, 4 T = 1) and 0 T = 1 and 1 T = 1 states. The number of 

p6 shell-model components are 10, 14, 7, 4, 7, and 9, respectively. Although 

the calculation was performed in the j - j coupling scheITle, it is more instructive 

to present the wave functions in the SU(3) scheme, which here coincides with 

the Wigner supermultiplet scheme: 

13+ T=O) = 0.8681[42] 2,1\ + 0.2851[42] 2,1)2 - 0.3271[42] 3,1) + 0.001 1[42]4,1) 

+ 0.1501[411]3,0) -0.0411 [33]3,0) + 0.1431[321]1,2) 

- 0.1031[321]2,2) +0.0501[321]2,1) +0.047 1[222]0,3) 

;,' 
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\ 2~ T=1) = - 0.019\ [42] 2,0)1 -f 0.822\ [42] 2,0)2 - 0.272\ [411] 1, i) 

+ 0.339\ [33] 1,1) + 0.032\ [411]3,1) - 0.297\ [33] 3,1) 

+ 0.037\ [321] 1,2)+ 0.006\ [321] 1,1)+ 0.112\ [321] 1,1)2 

+ 0.055\ [321] 2,2) - 0.041 \ [321] 2,1)+ 0.160\ [321] 2,1)2 

+ 0.034\ [321] 2,0)+ 0.009\ [222] 0.3) 

13+ T=1)= 0.909\[42] 3,0)- 0.284\[411] 3,1)+ 0.205\[33] 3,1)- 0.041\[321]1,2) 

+ 0.005\ [321] 2,2)+ 0.084\ [321] 2,1\ + 0.207\[ 321] 2,1)2 

\4+ T=1)= - 0.617\[42]4,0)+ 0.619\[411] 3,1)- 0.345\[33] 3,1)+ 0.248\[321] 2,2) 

\ 0+ T=1) = 0.846\ [42] 0,0)+ 0.005!'[411] 1,1)+ 0.500\[33]-1,1)+ 0.033\[321] 1,1)1 

+ 0.170\[321] 1,1)2 - 0.060\[321] 1,1)+ 0.001\[222]0,0). 

For the higher excited 2+ states we get 

C.: 0.857, 0.089, - 0 .109, - 0 .398, 0.1 7 5, - 0 .1 26, - 0 .099 , 
1 

0.053, 0.124, 0.065, 0.082, -0.030, -0.021, -0.036 

C.: -0.422, 0.126, -0.263, -0.671, -0.098, -0.240, -0.317", 
1 

0.191, -0.179,0.150,0.114,0.041, -0.085, -0.071 

where the C. are the coefficient of each basis vector in the sam.e order as fo·r 
1 

the 2; state. The basis states are indicated in the standard notation \ [f ]L, s), 

where [f] = perm.utation sym.m.etry of the spatial wave function. {In SU(3) 

notation
47 

(42] = (2,2), [411]= (3,0), [33] =(0,3),(321] = (1,1), (222] = (O,O).} 

The above eigenstates do not have a sim.ple structure in the Wigner super-

m.ultiplet schem.e, partly because the additional quantum. num.ber required to 

distinguish the two [42] L = 2 states does not have physical m.eaning. The 

MI, E2, and ('IT- ,-y) rates obtained from. the above wave functions are given in 

Tables III and IV. 

The m.agnetic and quadrupole moments of the 3+ T=O ground state are 

1.9 nm and 0.056, respectively. The experimental values are 1.8 nm and 
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0.086. 
10 

Thus we expect the B ground state wave function to be fairly reli-

able. 

We find that nearly all M1 strength is exhausted below 12 MeV (Table III) 

with 91% of the strength going to three states (2~, 2~, 3~) out of a possible 25. 

. + 
In the SU(3) basis, it is not easy to see why the 22 state exhausts m.ost of the 

M1 sum. rule (47%, Table III) while the 2~ state is weak (1%). Cohen and Kurath 

obtain 1.812 nm. for the ground state and BM1 values of 2.786, 0.665, 1.521, 

2 + + + + . and 0.244 (e1i /2mc) for the 22' 2
3

, 3 1 , and 41 states, respectively 

The comparison with experimental (1T - ,y) branching ratios (Table II) is 

most significant on the lowest three states in 10Be , since the experimental 

branching ratios should be quite accurate. + + For these three states, °1 , 2 1 , 

2~, the calculated relative distribution of strength 1/2.4/4.7 is in excellent 

agreement with the experimental relative branching ratios of 

1/1.8 ± 0.41/4.2 ± 0.8. The calculated absolute values are too high by factors 

of 1.4 to 1.9. The overall theoretical normalization is affected by the choice 

of 1iw (radial p- shell wave function), distortion factors C and C , and the is 
s p 

and 2p strong-absorption level widths which are used to obtain branching ratios 

from transition rates. The cumulative error from uncertainties in these 

quantities could account for discrepancies of the size obtained. 

10 - 10 
The IJ.-capture reaction B(IJ.' v) Be was studied with the Cohen-Kurath 

IJ. 
model by Mukhopadyhay. 12 Unfortunately the IJ.- capture measurements have 

not been performed. Comparing the predicted distribution of IJ.- capture 

strength with the Ry of Table IV, one sees that the 2~ state dom.inates 

both reactions. A significant difference is obtained for the 3 ~ (T= 1) state, 

estimated to be between 7 and 9 MeV in 10Be . It is the second strongest state 

in IJ.- capture with 340/0 of the 2~ state strength, but weakly excited in (1T - ,y) 

with 9% of the 2~ state branching ratio. 
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D. N . p . S . 14N egahve anty tates ln 

Within the chosen m.odel space there are 20, 50, 56, 43, and 24 shell­

rn.odel com.ponents in the 0-, 1-, 2-, 3-, and 4 T=1 subspaces, respectively.48 

The calculated wave functions for the 0-, 1-, and 2 states have already been 

checked in a study37 of the 13C (p, y) 14N reaction. The experim.ental E1 spec-

truro is described fairly well. The m.ain concentration of strength is predicted 

14 13 14 
in 2- states at 21.3 MeV and 1- states at 21.5 MeV in N. In the C(p, YO) N 

reaction25 the peaks are seen at 22.5 and 23.0 MeV in 14N , and '!'llUch of the 

strength was associated with 2 states. The calculations also predict 2-, 1-, 

and 0 strength at higher energies. 

In com.paring photonuclear and (1i - ,y) transitions to negative parity states 

in the GDR region, one m.ust bear in m.ind that the E1 operator of photoexcita-

tion does not explicitly depend on the spin and has strong" non- spin-flip" 

m.atrix elern.ents (e.g., p3/2- d5/2 etc.). However, the (1i- ,y) operator 

depends on the nucleon spin (except£or the very weak D-term) and has, strong 

"spin-flip" rn.atrix elern.ents (e.g., 1p3/2 - 1d3/2). Thus one expects the 

collective state observed in photoexcitation to contain predorn.inantly "non-

spin-flip" excitations, while the collE~cti ve states observed in (1i - ,y) reaction 

'must contain predominant" spin-flip" excitations. 
1i + 

For a J = 1 target such 

as 1:N , the (1i - ,y) reaction can have strong transitions to 3 states though the 

dipole operator, i. e., an operator with L = 1, S = 1, J = 2, and T = 1. Such 

states cannot be excited in photoabsorption via E1 transitions. 

The energy separations of isospin and spin-isospin dipole vibrations are 

generally not well known. For the simpler case of 160 , we calculated the 

excitation energies using the Kuo-Brown interaction, with the result: 

E ;::; 23 .0 MeV for the ordinary GDR(isospin wave), E ;::; 27.0 MeV for the 1 
x x 

T= 1 spin-isospin GDR, and E ;::; 21.0 MeV for the 2 T= 1 spin-isospin reso­
x 

nance. The situation in 14N is lTIore complex beccl.Use the above three 
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vibrations are Inixed by recouplings arising froIn the Pauli principle. 

The calculated branching ratios for 14N are presented graphically in 

Fig. 7. The strongest states are: J'!1' (R in 0/0) 'E in MeV = 3 - (0 .06)14.7, 
Y x 

2 - (0 . 1 0) 1 6 .0, 3"' (0 .0 6) 1 6 . 7, 3 - (0.1 2) 1 7 .0, 3 - (0. 25) 1 7 . 5, 1 - (0.0 7) 1 8 . 1 , 

2- (0.05) 18.8, 2- (0.12) 19.7, and 2- (0.06) 23.9. We see that the strongest 

transitions due to 1-, 2-, and 3- final states are predicted at 18.1, 19.7, 

and 17.5 MeV, respectively. As in photoexcitation, the calculated energies 

are lower by several MeV than the peaks in the spectra (Fig. 7a). The total 

radiative branching ratio to all negative parity states is 1.950/0 ,with 0.060/0 

to 0- states, 0.420/0 to 1 states, 0.660/0 to 2 states, 0.73% to 3 states, and 

0.070/0 to 4- states. 

A Inore cOInplete cOInparison of the calculated distribution of negative 

parity excitations with the ('!1' - ,y) data is given in Fig. 7b. To obtain the 

curves on this figure we (a) assigned each theoretical level a BW shape with 

fwhIn = 1 MeV, (b) shifted all E up by 2.5 MeV to conforIn approxiInately 
x 

to the photoexcitation study, 37 (c) folded the theoretical s pectruIn (R + R vs E ) 
spy 

with the instrumental line shape and detection efficiency (Fig. 2), and (d) norInalized 

the theoretical spectruIn to the nUInber of stopped pions. The resulting spectruInwas 

m.ultiplied by 0.4 to approximately fit the data in the GDR region. Thus the figure 

corresponds to Ry ::: OA4X 1.95 = 0.780/0 for the calculated negative parity states. 

The factor of 0.4 is somewhat arbitrary. Clearly a factor < 1 is needed 

since the calculated branching ratio of 1.95% to 1iiw excitations is almost 

equal to the measured 2.13 ± 0.21% for all transitions. One expects appreci-

able strength to other excitations, e.g., Oiiw, 21iw, and quasi-free (QF). If 

the 1iiw states are associated with the BW contribution obtained in the fit to 

the data with the pole-model + BW (R = 0.21 ± 0.020/0), a reduction factor of 
y 

0.1 is needed. 
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The central question is how to separate resonance and QF capture. Our 

wave functions for the negative parity states are not orthogonal to the wave 

functions of the same J1T obtained by coupling the (A-i) nuclear wave functions 

with,t hose of an unbound neutron moving in an optical potential. Therefore, our 

computed rates include a certain amount of QF cross section. However, it 

is difficult to see how these amounts can be large, since when one expands 

the distorted optical-potential wave functions for an unbound neutron in an 

harmonic oscillator basis , it is seen that the 11iw co'mponents are small. 49 

Other uncertainties in the calculations result from the use of pionic orbit 

distortion factors (Sec. IVA) derived from the bound- state calculations in-

volving only p- shell nucleons, and from the use of harmonic oscillator wave 

functions for unbound nucleons. It seems reasonable that errors here could 

lead to factors of 2 in the total 11iw rates, but factors of 10 see'm i'mprobable. 

It is clear that the excitation of continuum states needs a more precise 

theoretical treatment. Nevertheless, from the above comparisons with the 14N 

data, it seems reasonable to conclude the 3 - states are indeed strongly excited. A 

similar calculation 50 for the 6Li (1T - ''Y)6He reaction also indicated that 3 

states would be strongest, and some evidence for a peak (E ~ 23 MeV) was 
x 

seen in the data~ 3,51 . These results, if corroborated by further investigations, 

demonstrate an attractive feature of the (1T- ,'Y) reaction, viz., that collective 

spin-isospin dipole vibrations with J
f 

= J
i 

+ 2 are preferably excited. Such 
. 

states are diHicult to observe in other reactions and cannot be formed in E1 

photoexcitation. 
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V. CALCULATION OF 1 s -RADIA TIVE CAPTURE 
TRANSITION TO THE 14C(g. s.)IN THE 

"ELEMENTARY-PARTICLE, SOFT-PION' ANSATZ 

The 14N ('IT-,y) 14C (g. s.) transition rate frotn is-state capture tnay be 

calculated following the treattnent of Delor'me 52 for the sitnilar 6Li ('IT - ,y) 

6 He (g. s.) transition, which is also a 1+ -- 0+ transition. Delortne obtains the 

expression 

+ + A (is; 1 -- 0 ) 
y 

C (Z a tn' )3 k (1 _ tn'IT ) _.1_ F2 (q2) 
s 'IT ~ 4 2 A 

1 tn. 
1 

with e
2 = 4'ITa, f = 0.932 tn , k = photontnotnentutn = 138.6 MeV, w 'IT 

2 (4 f )2 0 489 F- 2 f h 14N 14C t ·t·' q = -tnotnentutn trans er = . or t e --' rans1 lon, 

tn' = reduced pion tnass, tn. = tnass (14N). Z = 7; fl =c = 1. The factor ,'IT 1 

(7) 

1.22, which was 1.35 in Delortne's original calculation, cotnes frotn the tnore 

recent work of Ericson and Rho; 9 it represents the corrections for p ex-

change. incoherent rescattering and nuclear intertnediate states. The dis-

tortion of the pion wave function due to the strong interaction in the initial 

state is taken. into account by the tnultiplicative factor C s = ,0.50 (Section IVA). 

The axial-vector form factor for the pure 1+ -- 0+ GT transition is de­

termined by assum.ing 9 that its variation with q2 between 0 and 0.489 F- 2 is 

the satne as that of the electrotnagnetic fortn-factor F M(q2) of the M1 transition 

14 14 . 14 
N(g.s.) -- N (2.313 MeV), where the latter state IS the analog of C(g.s.). 

2 53 5 F A (0) is detertnined frotn thep-decay ft value 1.052 X 10 sec. Using the 

expression given by Delortne 

= (8) 
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Ensslin et al. 54 Ineasured the 14N (e,e') 14N (2.313 MeV) transition and 

obtain the following paraInetrization of F M(q 2): 55 

2 -0.7627 q2 2 
F M(q ) = 0.01226 e [(0.40::1: 0.06) + (0.823:f: 0.071)q ] , (9) 

which gives 

Taking this value for F A(q2 = 0.489 F-
2
)/F A(q2 = 0), we obtain 

A (is; .1+ -+ Of) = 1.31X10 11 sec-i. y . 

The radiative capture branching ratio for is capture then is 

R 
s = 

+ + A (is; 1 -+ 0 ) 
y 

Aa (is) 
w 

s 

X 11 -1 
= 1.31 10 1;ec __ t X 0.1 = 1.9X10- 9 . 

6.82 X 10 sec 

This value is considerably sInaller than the 2.9X 10- 5 obtained in the shell-

Inodel calculation (Sec. IVB). We note that the shell-Inodel calculation yields 

log ft 1/2 = 5.5 instead of the experimental value log ft 1/2 = 9. We see that 

if the assuIned variation of FA (q2) with q2 is correct, the soft-pion prediction 

gives an extreInely small is-radiative capture branching ratio. Thus the 

Ineasured value, R. = (3 ± 2)X 10- 5 , if different froIn zero, Inust be explained 
y 

in terInS of p-state capture. 

VI. CONCLUSIONS 

Some of the conclusions that we can draw from this study of! the (n-, y) 

reaction with stopped pions on 14N and 10B are: 

(1) The (n-, y) reaction on p-shell nuclei selectively excites the analogs of 

giant M1 states of the target. The data on 14N and, 10B, and those of pre­

viousstudies on 6 Li and 12C , clearly demonstrate that the strongest (n-, y) 

transitions correspond to such excitations. The successful measurement 

and analyses of these transitions most clearly establish the (n-, y) reaction 

as a quantitative probe of nuclear structure. 
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(2) The calculations of the trr- ,y) transition rates for is and 2p capture, in 

terms of an IA Hamiltonian and shell-model wave functions obtained using 

realistic interactions, yielded satisfactory agreement with our measure­

ments. In 14N there is good agreement on the strongest transitions (21 and 

1 ~ state's) ifone includes the (sd)2 admixtures in excited states required by 

other data on the same states. In 10B , branching ratios for three states 

could be measured accurately due to the wide level separations. The shell­

model calculation in a p6 vector space predicts the relative branching ratios 

to these three states correctly, but overestimates the absolute values by - 1.7 

(3) The interesting transltion 14N ('IT-,y) 14C(g. s.) is very weak, as was 

anticipated from the -106 hindrance of the l3-decay between the same two 

states. The shell-model calculations overestimate both the ('IT-, y) and 13-

rates although small values are predicted. The PCAC and soft-pion calcu-
I 

lation for the is radiative capture yields a negligibly small branching ratio. 

Thus the observed strength, Ry= (3±2)X10- 5 , if not equal to zero, must arise 

from p- state capture. The small experimental upper limit determines that 

even the p- state radiative transition rate is small; perhaps this transition 

can be used in future studies extending soft-pion theorems to p-state capture. 

(4) The 14N data give evidence for excitations of spin-isospin dipole vibra­

tions at 20:1: 1 MeV in 14C. The shell-model calculations suggest that the 

predominant contributions are from 2- and 3 - states, with the 3 - states 

strongest. This contrasts with E1 photoexcitation where 1- and 2- states 

dom.inate and 3 - states cannot be excited. Thus the ('IT - ,y) reaction, by exciting 

spin-isospin dipole vibrations with J
f 

= J
i 

+ 2, provides complementary in­

formation in the study of continuum states in the GDR region. 
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14 -
TABLE 1. Energies and branching ratios for transitions in the N('lT, 'V) 
reaction with stopped pions. 

E E (14C)a E (14N )b J'lT R (expt.) 
c d r R (theory) , 

'V x x 
(\0- 4) 'V (10- 4 ) (MeV) (MeV) (MeV) (MeV) 

138.1 0 0 2.31 0+ 0.3 ±0.2 1.02±0.14 

7.0 ± 0.1 2+ e 24.3 ± 2.7 131.1 0 9.17 7.7±0.9 

129.8 0 8.32 10.43 2+ 4.0 ± 0.6 1.2 ± 0.2 

126.9 0 11.3 13.75 1+ 5.1±0.7 4.9 ± 0.7 

118.2 ± 1.0 . 2.4±0.5 20.0 ±1.0 22.2 (3 -)f 20.5 ± 2.0g 195 ± 22h 

Pole (6 = 13.5 MeV) 176 ± 18 

Total 213 ± 21 227 ± 25
i 

aEnergiesfrom. previous work;1except for 7.0 MeV state and BW at 20 MeV. 

bEnergies for analog states in 14N . 

CObtained from. R = [C w >.. (is)/>" (is)] + [C w X. (2p),A (2p)] with 
'V ss'v a PP'V a 

w = 0.90± 0.03, Ws = 1-w , C = 0.5, C = 1.4(text), X. (is) = 4.48 ± 0.30 P P spa 

keV /11, and >.. (2p) = 2.1 ± 0.3 eV /1'1 (Ref. 42); uncertainties indicated a . 
are due to x- ray data only. " 

dA s sum.ed (p 3/2, pi /2)- 2 configurations for positive parity ~tates.' For som.e 

states (sd)2 excitations are im.portant (Sec. rVB). 

eIf assum.e a single line at E = 7.3 MeV, 104R = 10.3 ± 1.7. 
x· 'V 

fDorn.inant J'lT value expected from. theory (text). 

gFit with 6 = 13.5 MeV (Fig. 3d); separation of pole and BWnot well defined; 

other fits show variations of 30% are possible. 

h - - - - -o , 1 , 2 • 3 • 4 • states based on 11'1 w excitations (text). 

i . -2 
Sum. of strength to p and 1 f1w excitations (text). 
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TABLE II. Energies and branching ratios for transitions in the 10B ('IT-, y) 
reaction with stopped pions. 

E E (10 Be)a E' (10B)b J'IT R (expt.) R (theory)C, d 
y x x y y 

(MeV) (MeV) (MeV) (10 - 4) 

137.4 0 1.74 0+ 2.5±0.4 

134.1 3.37 5.11 2+ 4.4± 0.7 

131.6 5.96 7.48 2+ 10.5±1.3 

130.2 7.55 8.89 2+ 

}-8.6 ± 0.7 - 9.7 (4+) f 
128.9 ± 0.7 10.6 ± 1.6 

127.4± 0.7 10.1±0.7 - 11.5 (3+) 

Pole (,6, = 13.0 MeV) 198 ± 23 

Total 227 ± 22 

aEnergies and J'IT of lowest four states are from previous work.
27 

bEnergies on analog states in 10B . 

(10- 4 ) , 

3.6 ± 0.7 

8.5±1.7 

16.9±2.7 

6.5 ± 1.0 

2.7±0.4 

1.4±0.2 

CObtained from R = (e W A (1s)/A (is)] '+ (e W A (2p)/A (2p)] with 
y ssy a ppy a' 

W =0.80±0.05,w =1-w, e =0.5, e = 1.4 (discussed in text), 
p s p s P 

A (is) = 1.68±0.12 keV/fl (Ref. 42) and A (2p) = 0.32±0.06 eV/fl (Ref. 42); 
a a 

uncertainties indicated are due to x- ray data only. 

dAssuming (p3/2, p1/2)6 configurations. 

e 'IT ' 
Dominant J value s expected from theory (Sec. IVe). 

fValues for individual states cannot be determined reliably from our data; 

values corresponding to curves of Fig. 5 are R (8.6) = 0.049 ± 0.01%, 
y 

R (10.1) = 0.058 ± 0.010%. 
y ,'" 
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TABLE III. M1 and E2 transition rates 14N [1+ T = O(g. s)- J1I' T = 1] and 

10 + 11' B[3 T = O(g.s.)- J T = 1]. .. -2(14) d6 10 Conflguratlons p N an p ( B) are 

assumed. 

14N Theory Expt. a Theory 

= Ex BM1 BMI 2 BE2 
J1I' 2 e 2F 4 (MeV) (efl/2mc) (efl /2mc) 0/0 of sum 

+ 
°1 . 1.5 0.O19±0.003 0.096 2 

2+ 
1 

6.5 1.44 ± 0.17 4.877 93 0.919 

1+ 
1 

8.5 0.077 1 2.679 

0+ 
2 13.7 0.05 0.140 3 

2+ 
2 

14.2 1.53±0.19 0.041 1 0.356 

10
B --

2+ 
1 

3.0 0.10 0.065 1 0.026 

2+ 
2 

4.7 2.702 47 0.013 

2+ 
3 6.9 1.838 32 0.223 

3+ 
1 

7.4 0.697 12 0.287 

+ 3
2 

11.0 0.144 3 0.447 

3+ 
3 

12.9 0.065 1 0.190 

4+ 
1 9.0 0.013 0 0.771 

a 14 Reference 21 for N, Ref. 27 for 10B . 
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T ABLE IV. Theoretical (1T - ,y) transition rates and branching ratios for is 
and 2p capture in 14N and 10B. For 10Bonly the strong states are included. 

J1T T E a 
x 

(MeV) 

0.0 

12.2 

5.0 

12.7 

7.0 

O~O 

2.6 

4.3 

6.5 

8.6 

14.1 

7.0 

1\y(1s) 
(10 16sec -1) 

0.3963 

0.1621 

7.5624 

0.1811 

0.8281 

0.0707 

0.1985 

1.4949 

0.4400 

0.1741 

0.2906 

0.1148 

0.1856 

0.1875 

4.7509 

0.2661 

1.0789 

0.1426 

0.3351 

0.4777 

0.2052 

0.0881 

0.1397 

0.0431 

0.291 0.730 1.02 

0.119 0.738 0.86 

5.561 18.707 24.33 

0.133 1.048 1.18 

0.609 4.248 4.86 

0.277 3.278 3.56 

0.778 7.706 8.48 

5.862 10.986 16.85 

1. 725 4.719 6.45 

0.623 2.025 2.71 

1.140 3.212 4.35 

0.450 0.992 1.44 

aTheoretical value for energy in residual nucleus (14C and 10Be ) relative to 
ground state. The identification with experimental levels (Table I,II) is on 
the basis 01 J1T. 

bResults are for p"": 2 and p6 configurations; the effects of (sd)2 excitations are 
important for some state s, as discus sed in text. 
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FIGURE CAPTIONS 

Fig. 1. Plan view of the experimental setup. The insert shows the e + - e 

pair spectrometer and range-telescope geometry. The trigger for an 

event is TT 1X TT2 X TT3 X .;s X rrc X (A X B)i X (A X B)k • irf k. k± 1. 

Fig. 2. (a) Efficiency of the pair spectrometer as a function of photon energy; 

'Y] = conversion probability X (Ml/4TT) X detection efficiency. (b) Photon 

spectrum of rr-capture on hydrogen. The distortion of the rectangular 

shape of the rrO spectrum is due to the reduction in efficiency at the low-

energy end. 

Fig. 3. 
. 14 

Photon energy spectrum from TT-capture on N. (a) Raw data for 

stopped-rr capture. (b) Photon spectrum for pions with mean energy of 

44 MeV used for in-flight background subtraction. (c) Spectrum after 

in-flight subtraction. The solid line is the spectrum calculated from the 

one-pole diagram (insert) representing quasi-free capture. 19 Evidence 

for resonance excitation at E ::::: 118 MeV can be seen. (d) Fit to the data 

" with pole-model + Breit-Wigner + 4 lines. The transition to 14C (g. s. ) 

is seen to be extremely weak. The strongest transition is to the analog 

of the giant M1 state of 1~ at 9.17 MeV. 

Fig. 4. 
10 

Photon spectrum from capture of stopped pions on B. (a) Raw 

data. (b) Spectrum after small in-flight subtraction. The solid line is 

the spectrum calculated from the one-pole diagram (insert) representing 

quasi-free capture. 19 (c) Fit to the data with pole-model + 5 lines. 

Dashed lines show the contributions of the first three states of 10Be . The 

strongest transition is to the 2~ state. which is the analog of the giant M1 

state in 10B at 7.48 MeV. 

Fig. 5. Photon spectrum and level diagram for (TT- .,,) transitions to the 

particle- stable and low- continuum states of 14C. The spectrum is after 

subtraction of the pole-model and BW contribution (Fig. 3d). The strong ., 
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M1 transitions observed in 180 0 electron scattering are i.dentified. The 

M1 transition to 14N (13.8 MeV) has not yet been looked for in 180 0 electron 

scattering. 

Fig. 6. Photon spectrum. and level diagram. for ('11' - , y) transitions to the 

particle- stable and low- continuutn states of 10Be . The spectrum is 

after subtraction of the pole-tnodel contribution (Fig. 4c). The first 

10 
three levels of Be are clearly resolved. The transition strength to 

higher levels is not resolved, but two lines were sufficient to fit the data. 

The M1 transition to the 7.S-MeV state dominating 180 0 electron scattering 

is indicated on the level diagratn; the analog state is seen to dom.inate 

the ('11'- ,y) spectrum.. 

Fig. 7. Results .of the shell-m.odel calculation for 1"11w negative parity ex­

citations in the reaction 14N ('I1' - , y) 14C are compared to the data. 

(a) Branching ratios to the strongest states. The data are on an 

arbitrary scale. (b) Theoretical transiti.on strength (X 0.4) folded with 

the instrum.ental resolution and efficiency. A level width of 1 MeV (BW 

shape) was assigned to each level. It is seen that the peak in the data 

at E (
14

C) = 20 MeV is predicted to arise from. strong excitation of 3 
x 

spin-isospin dipole states. 
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.... --------LEGAL NOTICE----------.. 

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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