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 ABSTRACT

The photon spectra in the capture of stopped pions on’ 14N and 10B were
measured in the 50-150 MeV region with a high-res’olution pair spectrometer.
The total radiative éapture branching ratibs are 2.13+0.21% and 2.27 £ 0.22%, re-

spectively. The spectrum correéponding to the first 13 MeV excitationineach of the

0

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

of a giant M1 state of the target nucleus. The ground state transitions in

both nuclei are resolved experimentally. The measured branching ratio for
-5

the extremely weak 14C(g. s.) transition is (3% 2) X 10 There is evidence

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

10
n

of 1L4N, of which the 3° component appears to be the strongest. I B the

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

amplitudes taken directly from the fundamental proceés on the nucleon,

T +p->n+y, and shell-model wave functions obtained using realistic in-
teractions in the 1s, 1p, and 2s-1d shells. Also, a calculation for the
14

C(g.s.) transition from 1s capture using the '""elementary-particle soft-

pion'' ansatz is presented.



I. INTRODUCTION

' Within the last several years the (T ,y)reéction with stopped pions was
found to be a good probe of nuclear structure. Among the measurements
which demo'nst_:rate'd this were those on targets of 3He (Re.f. 1), 4He (Ref. 2),

165 (Ref. 5), and 299Bi (Ref. 6) in which the photon

®Li (Ref.3). 12C (Ref. 4),
spectrum between 50 and 150 MeV was measured with a pair spectrometer of
2-MéV resolution. Thesé data and their interpretations have established the
general features of this reaction,which can be summarized briefly as follows:
| (1') The total radia_.tiv.e branching ratio for the direcf transitions producing

20985y to 4.49, (°Li),

high-energy photons on nuclei with A =4 ranges from 1% (
with most rriea'sui_’ed values near 2%. |

(2) The largest fraction (70-90%) of the photons are associated with quasi;
free capture on a proton, i.e., T+ A- (A-1) + n + y, which produces a cén-
tinuum spectrum with a maximum between 110 and 120 MeV, falling off
sharply at the high-energy end, near 135 MeV, and extending dowh below
50 MeV. |

(3) Strong and selective excitations of uﬁbound states in the energy region
of the giant dipole resonance (GDR) built on the target nucleus were observed
in 1’ZC. Since the (TT-,Y) transition operator contains the nucleon spin, these
excitations have gene_raliy been interpreted7 as spin-isospin dipole vibratioﬁs
characterized by L =1, S=1, J =07,17, 27, T = 1, and.Tz = + 1 in the
SU(4) classiﬁvca’cio.n8 of giant're'sonances. These spin-isospin vibrations are
distinct from the isosf)in modes (L. =1, S=0, T .= 1) excited in E1 photoex-
citation which iﬁvolve no spin cha'nge.. In 12C both 17 and 2~ _s.ta.tes were
strongly excited in (m7,y) (Ref.4). The identification of the 1~ component as
a spin-isospin vil;ra{tion'mode is not without-ambiguity, howeve_r, since its
energy coincides with the energy of the 1 states observed in E1 photoe.x‘cita-

/
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tion. In other nuclei, e.g. 16O, no narrow resonance-like pe’ak.s were ob-
served in the GDR region, whereas the& clearly exist in photoexcitation re-
actions.

(4) Transition strengths to the particle stable states‘ and low-continuum

states (below t‘hé GDR) on targets of 3He, 6Li; 12C,

and 16O exhibit one
strong, dominating transition. The transitions 6Li(1r_ ,.y)6He(g. s. )3 and
3He(1r',y)3H(g., s .)1 have served as tes‘t cases in the theoretical analyses.'
-'For the heavier targets the level density in the residual nuclei, 12B and 16N,
is so 1érge compared to the Z;MeV experimental resélution that the strong
transition coul_d nét be assigned to a sihgle state. Théoretical arguments ‘
fa{rored the identi_fication5 of much of the strength with the 1% and 2° ground
states, respectively.

(5) The general utility of the (7~ ,y) reaction for structure studies on nuclei
with A>16 has not been firmly established. In the 24Mg and 40Ca_. datas-
sharp lines were not observed. J However, the recently completed study on

209 209Pb (Ref.6) shows some evidence for excitation of a sharp line.

Bi(m ,vy)
Theoretical interpretations of these data have proceeded along two lines.
"PCAC and soft-pion theorems have been app’lied.9 to calculate transitions in
3He and 6Li. In the soft-pion limit, the (w~,y) reaction is governed by the
matrix eler_nént of the weak axial-vector current, and fhus it can be related
to Gamow-Telléf B-decay and the axial-veétor matiix elements.vof n-capture.
By i‘ntroduci.ng assumptions about the dependénce of the form factors on mo-
mentum transfer, several a_uthors9 predicted (v ,y) rates from the experi-
mental weak-interaction matri# elements. Such calculations for 3He and
6Li and comparei’ 3 reasonably well with the data. A limitation o.f this

approach is that it holds only for 1s-capture. For nuclei with 4 <A < 40,

p-state capture accounts for more than 50% of m-absorption.



The second approach, which has a wider applicability to nuclear structure
studies, makes use of .an impulse approximation (IA) Ha.rniltoniam determined
directly from fhe fundamental photo-pion production process, ™ + p< n + Y-
This is a’pplied without adjustment of parameters to calculate the (r ,y) rates
in complex nuclei described by shell-model wave functions. In 6Li this has
led to excellent agreement3 with the fnost recent data.

To make further advances in (r"y) nuclear structure studies, several
factors seemed important. First, there was need for measurements on
s:e\}eral additional transitions where a single nuclear st"afe was isolated ex-

10

perimehtally. B 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.

Furthermore, since the target 10B has J" = 37

» whereas all other light nuclei
studied had J" = 0, 1/Z+, or 1+, the dependence on angular momentum could
be further investigated.

Second, the further cla’r’ificé.ti‘on of the role of giant M1 states in (v ,vy)
- reactions was of interest. In 1963 Kurath10 suggested that in 1ight nuclei
there exists a concentration of magnetic dipole transition strength between
T = 0 ground states _and excited T = 1 states similar to the well known con-
centration of E1 étrengt_h in the GDR. "I_‘he most direct observation of such
gie_m_t M1 states was exp‘ected10 to be in 180° electron .scatteri'ng, and indeed
prominent M1 transitions have been observed11 in 6Li, '10B, 12C, ’1‘4N, 20Ne,
24Mg, 2881 and other nuclei. In recent years Mukhopadhyay12 suggested that
u-capture from atomic 1s orbits exhibits concentration of transition strength
.to the giant M1 states bec.ause the dominant part of the._transi.tion operator

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

p-capture has been limited and must necessarily be indirect, e.g., through
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observation of éecondary and tertiary y and réys, since the neutrino emitted
in the primary transition cannot b_e detected.. Radiative pion capture, howeve_r,
provides an excellent method for further exploring these giant M1 states.

since radiative m-capture transitions from £ = 0 atomic orbits are essentially |
gov;erned by the same GT matrix elements j(_)"'r+ that appear in p-capture

and B-decay. A complication arises in T-capture, not existing in p-capture,

in that m's are captured predominantly from p orbits in light nuclei (~ 90%

for 14N). I'n.this case the q-dependent terms of the interaction make large
contributions_13 to the radiative capture rate. However, this effect does not
significantly éhange the above resultvs because, when the pion momentum
operator c_f = - 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 negligible13 (precisely for the 'saine reasons that

the momentum-dependent terms are negligible for 1s absorption). As a re-
sult, the role of the GT operator is much greater than expected from the
"10-20% 1s state capture probabilities. Thus the (1™ ,y) reaction appeared to

be a promising means for observing the analogs of the well-known11 giant

M1 states in 1O'B at 7.48 MeV and in 14N at 9.2 and 10.4 MeV.

A third area of interest Was the (w7, y) ekcitation of collective states in
the GDR region. _The comparison of the distribution of (m7,y) transition
strength with that of pho’coexcitation and electron scattering might elucidate' _
the spin-isospin structure of the GDR. The spin-isospin modes of 10B have
=47, 2,3, 4, and 5 and in "*N have J" = 07, 17, 27, and 37. We
hoped to obtain evidence for some of these higher spin co.mpone'nts whic.h cannot

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

such excitations in 14:N.
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II. EXPERIMENT

The experiment was performed in the stopped-w~channel of the Lawrence
Berkeley Laboratory 184 in. cyclotron(Fig.1). Aw~ I?eam_ of 180 MeV/c, extracted
from aninternal Be productioh targetby the cyclotron fringe field, is brought to a
focus 10m from production by a quadrupole-dipble-quadrupole magnet system. |
Maximum achieved beam intensity was 2X 1061r_/sec with a circular spot size
of ¥ 8 cm diameter and- Ap/p = 13% (full width). The m~ were brought to rest
in.'targets of liquid nitrogen (15.2 cm diameter, 5.1 cm long cylindrical flask)
and 91.4%-enriched OB power (11.3X13.9X5.4 cm> parallelepiped, 941 g
mass). Typical stopping rates were (2-3) X '105/sec. The photons were de-
tected in a 180° pair-spectro'meter (Fig. 1, also Refs. 3 and 5) employing a
3% radiation length gold foil (0.22 g/cmz) converter. The momenta of the
e+-e_ pair were determined by measuring their trajectories in a magnetic
fie.ld (Bmaxz 8.3 kG) with three wire spark chambers'.. Each chamber con-
sisted of four wire planes with seven magnetostrictive-wire delay-line read-
‘outs. ‘The wi‘re‘ s‘pécing was 0.1 cm and the wire :angle‘s with the horizontal
midplane of the magnet were‘+12, -12, -12, and 0°. A PDP-15 computer was
used on-line to record the data onto magnetic tape and to monitor the Vper-
formance of the spark chamberé. ‘The acceptance (coﬁvérsiqn XAQ /4r X de-
tection efficiency) of Ithe spectrometer as é function of photon energy (Fig. 2a)
was determined with a Monte Carlo calculation which includes the experimental
'geometry, a field map, pair-production cross sections, energy loss due to
radiation and ié‘nization, and multiple s'catteri_ng 1;1 the cénverter and chémbers.

Numerous runs with a liquid hydrogen target were taken during the course |
of_the experiment to chéck the performancé of thé spectrometer. A s‘pectrum
is .shown in Fig. Zb The 129.41-MeV photon of the m” + p - n + y reaction
gives the instrumental line shape, and it is seen that 2-MeV resolution {fwhm)

- was achieved. The peak of the line shape is shiffed downward by ~ 2 MeV
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from the photori energy due to energy loss of the et-e” pair in the converter

and spark chambers. The ‘charge-exchange capture, ™ +p->mn+7°; W -2y,
provides,; via the Panofsky ratio, a check on the relative acceptance in the

region 54.9< EY < 83.0 MeV. The modification of the rectangular w° spectrum -

by the acceptance curve can be observed.

«

The 5 - 10% 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 direct dispiay of the spark chamber
coordinates. The program detection efficiency was 53 + ;73% at 1.30 MeV with a
small additional bias against lower-energy events. The si)ectrometer accept-
ance at 130 MeV is MN(130) = (conversion XAQ/41T) X (detection efficiency)
= (4.15X 10_5) (0.5>32) =(2.2120.12)X 10'5.

The number of pions stopping in each target was obtained in two ways.
First, the fraction of incident w's stopping in the target was determined from
target in/out measurements. In this way T's stopping in the target walls as
well as geometric and electronic inefficiencies are taken into account; also,
this method was checked with equivalent—ge‘ometry CHZ' targets and measured
CH2 range curves. - Secend, the stopping fraction was calculated from the
‘equivalent C.Hé stopping power of the targets and measured CH2 range curves.
The two methods were generally;' in agreement to within 6%. |

The radiative branching ratio‘ for a single pe‘ak or the entire spectrum
(total radiative branching ratio) is -dete‘rmined by use of the expression
| Ny~ (1-2) - t. e

R =
Y T '€ -(1-56) . n(130)

N is the number counts in the spectrum after eliminating, through target
cuts, events originating- outside the target; £ represents the small fraction

of counts resulting from radiative in-flight transitions; t is the unfolding
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factor which multiplies Ny“ - 1) to give the nﬁmber of photons expected with
a uniform spectrometer acce-ptance‘at the valué 1'](EY = 130 MeV). Fof a
single peak, t = n(130)/1(E,). For R_ (total) it is determined by folding the
pole-model distribution function (Sec.IIIA) with the spectrometer acceptanée
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 3-5% as given by the pole model. e”® corrects for
‘the attenuation of photons in the target, ‘sciﬁtillation counfer, and spark
chamber between f:hé converter foil and origin. T €. (1 -9)is the number
of pionic atoms formed as determined from the particles passing through the
three upstream counters of _the telescope (Trin)i, the m-stopping fraction €, and
the small corrections for nonradiative in-flight interactions (estimated ~ 1%).
IOI. EXPERIMENTAL RESULTS
A. -'General

In-flight subtraction. The photon spectra for ™ capture on 14N and 10B

are displayéd in Figs. 3 and 4. From the raw data, Figs.3a and 43, one sees
- that there are a féw counts at energies alxbove the kinematically a_llbwed region
for stopped-m reactions. The trajectory réconstruc.tionsv'indicate that these
photons emanate from the target, and we identify them with in-flight radiative
capture (REX), "Tr- tA A Lty and in-flight charge exchénge (CEX),
T+ A > A 4 e, - 2y. From the range‘.curve data we can see that m's
with kinetic enér'g‘iés 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.v
CEX photons from the decay of a 35-MeV w° range'fx;om 32 to 140 MeV.

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

the 1,4N target at Tﬁ = 44 £ 7 MeV (the lowest energy consistent with not having

w's stop in'the target). It is rather featureless, in agreement with the
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e’xpected dominance of the CEX reaction 'as-discussed below. By normalizing
this in-flight spectrum to the stopped-m spectra between 140 and 150 MeV, we
find a 10 £ 3% and 6 % 2% subtraction necessary foi' 14N and 10B, respectively.
The resulting spectra are shown in Figs. 3c and 4b. ‘
The cross sections for in-flight processes on nucleiuat these low beam

energies have. not been measured. Clearly14 they do not exceed ZX(free

15

" proton cross section). These are for CEX 0'0(14N) = 7X5.25 = 36.8 mb

and for REX16 0\{(14N) = 7X 1 mb. Herewe have used nucleon cross sections
at T“_ = 15 MeV, which we estimate to be the average enerlgy for m's intergcting :
in flight in the 14N target. To calculate from these cross sections the expected
in-flight contributions to the total spectrum, we assumed that the CEX photon
distribution was rectangular and that the REX spectrﬁm was similar to the
stopped-w spectrum. To check the shape of the CEX spectrum, a ca.lcula.tion17
was performed for the in-flight photon spectrum at 90° td the beam using w°
angular distributio_n.s of 1+ cos 6. These produced shapes very close to
rectangular.. Little is known about the shape of the in-flight REXvspectrum.
Hdwever, since we calculatbe that its cont'rlibution is srhall, our assurhption
should not lead to a significant error 1n the éstiméte Qf the total in-flighf con-
tribution. Wifh these assumptions, we estimate upper limits for the in-flight
contributions to the stcpped_—ﬁ spectrum of 13% for CEX and 4.3% for REX.

It is well k_nOWn14 that ZX(free proton cross section) overe.stiﬁlate
the nuclear <':1_'oss sections,‘ since no account is made of pion attenuation and

12

binding energy effects. In a measurement at 70 MeV on ~~C, Hilscher et ::11.18

found a reduction factor of 48% on ZX(free proton cross section) for the CEX"
reaction on 12C. This factor is consistent with the cross sections deduced
from our in-flight data at 'I‘n_ = 44 MeV, to within the uncertainty (up to factor

of 2) resulting from our lack of knowledge on the m° energy distribution. Thus
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we conclude that our in-flight subtraction is in reasonable agreement with the
expected in-flight contribution.

209Bi, ‘the quasi-free

Quasi-free capture. In nuclei ranging from 3He to

component [T” + A~ (A - 1) + n + y] is well described phenomenologically by
9

the pole model.1 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

. b4 .
energy (E =A - Amin’ Amiri = MA-1+mn

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

- MA) of the recoil nucleus are not.

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

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

in
1

and for OB (Amin = 7.9 MéeV) values E =5. - 6.4 MeV give good descriptions

of the data.

In the spectrﬁr’n 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 (IBW) form super-
imposed on the pole-model continuum was fit to the data. Clearly the extfacted
transitioﬁ fractions (Table I) in such an analysis aremodeldependent, since the
separatioh betWeen the bpole model and resonance excitation is not well defined.
A shell-model analysis and moré discussion of the giant resonance region in

14C is presented in Secfion IVD.

B. Results on 14N

The total and partial radiative branching ratios determined for 1‘4—N are
given in Table I. The quasi-free fraction of the total radiative b_i'anching
ratio RY = 2.43+0.21%, as given by the pole model (A = 13.5, Fig. 3d), is

83 + 2% . An additional 10% of the strength is attributed to GDR excitation as
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described by the BW, leaving only 7% for the particle-stable and low-continuum

states.

'Ex = 0-13 MeV. The data on the first 13-Mé&V excitation of 14C, after

subtraction of the pole-model and BW contributions as shown in Fig. 3d, are
shown on an expanded scale in Fig. 5. From previous WorkZ{t it is known that
at least 15 levels occur in this region. Of these, it ié possible to identify two
with little ambiguity in the (r,y) reaction. The ground state is separated by
6.09 MeV from the first excited state; the measured branching ratio is |

(3£ 2)X10"°.

A strong transition is observed at EY = 134 MeV, and a single—
line fit yields EX =7.0+0.3 MeV, which agrees closely with the 7.01 £ 0.01
MeV mea.suredz"1 previously for the 2: state.

To analyze the remaining transition strength we must bg guided by pre-
vious experiments and theory. Previous (ﬁ_,y) studies- on 6Li (Ref.3) and
1-2C "(Ref. 4), together with the present work, show that the strongest transi-
tions are to sté.tes whose analogs in the target nucleus have the‘largest M1
matrix elements with the ground state. Specifically, in the earlier studies
the dominating transitions were to 6He(g. s., '0+)' and 12B(g. S., 1+), which
are the TZ = + 1 analogs of the 3.56-M¢€V state in 6Li and 15.1-MeV state in

1»ZC. Both states are observed strongly in 180° electron scattering and have

large measured M1 matrix elements. In 14N(e,e'), the largest observed2

M1 rates are to 2 states at 9.47 and 10.43 MeV. The analégs in 14C occur

at 7.0 and 8.3 MeV, respectively. Our data are consis:te'nt with population of

Bo'th of these states with the 7.0-MeV state strongest (Fig. 5).

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

ately, the 14N (e, e') studies w-ere not extended to this excitation ré_gion. Pre-
11 14

liminary results on ~ "C(e,e') indicate that a 1+ state at 11.3 MéeV has con-

siderable M1 strength to the 1‘?[Cground 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
identifiedZ3 at 13.72 MeV in the 15N(3He, a)14N reaction, and perhaps this is
the analog of the sfate observed in '14C(e,e') .

Taking into. account these various results, we fit the data on the first
14-MeV excitatioh_ 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 N ground state has been studied .

through photoexcitation24 and radiative proton capture C (p;y) N (Ref. 25).
The total photoabsprption cross section shows a rather smooth energy dependence
- compared to othervip shell nuclei, 26 e.g., 12C an 16O with a peak near 22
MeV and a considerable tail at higher e‘nergies. The 3C(p,\() N excitation
fu‘nctior_l shows a broad strﬁcture i.n the region 18 < Ex < 24 MeV, with promi-
nent peaks at va = 22.5 and 23.0 MeV. The analogs in 14C are expected at

Ex = 20.1 and 20.6 MeV. These energies are close to the 20 + 1 MeV for the
position of the BW peak determined in this experiment. |

In the 13(_3(p Y 14N study, the Yo angular distribution was 1:hought25 to

Yg)
be consistent with J" = 27 for most of the observed giant electric dipole
strength. the results of our shéil-model éélcula_tions (Section IV) ihdicate
that the strongest transitions in the 14N(‘rr—.,y)MtC reaction are to 3 states,
with some strength also to 2™ states. If indeed the giant 3~ states are seen
in the present experiment, sorrie major 2; and 3 components of the GDR are
nearly degenerate, since 'thé meésured excitation energies in the two experi-
meﬁts are so close. This differs from 12C', where the major 1~ and 2~ cdm-

ponents are separated 'by about 3.5 MeV and could be resolved in the 12C(1r- ' Y)

experiment.
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C. Results on 10B

The total and partial radiative branching ratios determined for 10B are
given in Table II. The quasi-free fraction of the total radiative branching
ratio RY = 2.27T+£0.22%, as given by the pole-model, is 87 + 4%.

-EX = 0-13 MeV. The data on the first 13-MeV excitation of 10Be, after

subtraction of the pole-model contribution as shown in Fig. 4c, are displayed
on an expanded scale in Fig. 6. Previous éxperimentsZY established that the
fifst' three stétes‘of 1OBe have J"=O+, 2:, and 2; and the energies are 0,
3.37,_ and 5.96 MeV, respectively; the analogs in 10B are at 1.74, 5.11, and
7.477 MeV. The three additional particle stable states? (17, ot, 27) of 105
“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 EY = 132 MeV, and a single line
fit yields Ex = 6.0 :I:‘O.‘3 MeV, which agrees closely with the previous value for
28

the 2; state. The an_alog of this state is strongly excited in 1OB (e, e"), and

its M1 strength is by far the largest measured in 10B. ._Th'e calculations by
Mukhopadhyay?z'f'or u-capture, using the Cohen-Kurath wave functions, in-
dicate that this 2+_ state receives 62% of the transition strength to states with
(p1/2, p3/2)6 cdnfigufation. Thus it seems reasonable to assume that the |
peak at ~ 132 MéeV 'is mostly due t(:) the_ZZ state, anci ‘that the other three states
make much smallei’ co'ntributio:ns. The data also show population of the 2:
state, si-ncé cj:nly 1t can accognt for the observed filling in of counts between
the ground state and fhe 2; state. A fit of three lines with energies fixed at
the first three 10B states gives a good description to the data. The three
extracted branching ratios (Table II) kar.'e expectéd 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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‘Adtliitionalb 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 yu-capture predict relatively strong excitation (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 w-cap-
ture predicts that the strongest excitations to this region are a 2+ state and a

¥ state. Other states are predicted to be much weaker in both yu- and w-cap-

4
ture.‘ Noting these results, we fit two lines to the remaining transition strength,
allowing both the energies and intensities to vary (Table II).

GDR région; The GDR region of 10B has been investigated by photo ex-

citation29 and radiative proton capture 9Be(p,y)ioB,30 but not in (e,e'). The

photo-abéorption?g cross sections show two peaks at 20.1+0.1 MeV and

23‘.1 + 0.1 MeV. The anaiogs in 1v0Be are expected at ~ 18.7 MeV and 21.7 MeV.
Re_gar_ding-the spin-parity structure, little is known, except that since 10B

has a 3+ ground state, states seen strongly in E1 photo—abéorption must have

e 1'OB(ﬂ',\() data show little resolvéd structure in the

J"=27,3,0r4". Th
GDR; and no cie'ar- -separation between quasi-free and resonance capture can
'be ascertained. Since other 1p shell nuclei clearly show s_trong. (r",y) transi-
tions fo the GDR region, it seems probable that this also occurs in 10B, but
that there is greater fragmentation of the stvre'ngth.v
| IV. SHELL-MODEL STUDIES

A. General |

Calculation éf the radiative m-capture transition probabilities requires
éssentially three ihgred_ients: the'effective interacétion responsible for the
transition, specification of the bound pion wave function, ana appropriate nu-
clear wave functions. To deduce branching ratios. from the transition rates,

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

1. The (m ,y) interaction
31

Using the CGLN™ " photo-pion production amplitude, Delorme and
Ericson32 write the effective Hamiltonian with the pion in the 45?(?) atomic

orbit as

A LT =
‘ -ik-r, n - -
>Z eV HG) §@IFET), (1)

-om
Zceff: 1+ m
P FR

where

Hy() = 2rit (1) [47;-2, + BG; 8@ + €G- PG4y
+iDJ-(RX &) + E@,-3) @ - &y] o (2)

in the notation 6f Ref. 13. The first term in H)\(j) accéunt’s for nearly all the
transition strength in s-state capture; for p-state capture the terms linear in
d make large contributions. 13 The E-term, quadratic in g, is not expected to
make significant contributions to s- and p-state capture.

The effective coupling constants A, B, C, D, and E are linear combina-
tions of the electric and magnetic multipole amplitudes contributing to the
y+n—>m +p cross section at l_ow energies. Threshold vé.lues have been
given by numerous‘ authors. 33 Although the most -rec-ént solutions (1972-73)
are all based on the tébles _of Berends et al. 34 (1967), there are still some
discrepancies in B, C, D, andrE. Our calculations were performed with the

35 The

values of Maguire and Werntz, including the sign change in the D-term.
effect of using other values was investigated for several transitions and was

found to be small.

2. The pionic orbits

A great advantage of the (T ,y) reaction with stopped pions is that the n's
initial state is a bound atomic orbit which can be studied through the pionic

x-ray spectra. The pionic wave functions can be obtained by solving™  the
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Klein-Gordon eqﬁaﬁon 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 ‘rr_- with the nucleus and the finite nuclear size. However, since
both the hydrogénic and the distorted s- and p-wavé functions vary relatively
slowly inside thev nucleus, one can use hydrogenic Wa;re functions and. an appro-
priate scale factor_Cnl s Ay(nﬁ , optical potential) = CnlAY(nl , hydrogenic).
The Cnl can be determined from |

_ _(NL | ¢" (opt.pot.) | NL)

c 5
(NL | ¢" (hydrogenic) |NL)

(3)

ni

where NL are the shell-model single-particle states. Values of C1s = 0.5

and C, 108 ana 1*
P

by Maguire and Werntz35 for

= 1.4 were used fox_' both

N. These values were determined
12 '

C by comparing pion wave functions based on
the optical model of Krell and Ericson36 with hydrogenic wave functions.

3. Nuclear wave functions

The nuclear wave functions were calculated with standard shell-model
techniques (c.f.p. and Racah algebra) using harmonic oscillator wave functions

13,35 to be sensitive to the value

with_ fw = 14 MeV. The (7 ,y) rates are known
9f fiw adopted. The presént value, derived from considerations of the energy
spectrum‘of the nuclei aro;md 16O, ié consisfent with electron scattering ex-
pevriments which yield (r2>1/2 = 2v.,58 F (hw = 13.7 MeV) for the 1p-shell
harmonic-oscillator 1ehgth parameter. The single-particle energies3'7 were
‘tal.(en fx.'vom experiment. Positive parity states were calculated in a

(1p3/2 1p1/2)'n spéce wifh n=-2 for 14N and n = 6 for 1O.B. Higher shell

: v +

admixtures play an important role for some states (e.g., 21 in 14N) as will

be discussed. For négative parity states (calculated only for 14N) , one particle
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was promoted from the 1s to 1p shell or from the 1p to 2s-1d shells. Pic-

torially, the model space for 14N is

2s-1d . —_—— . —>— 2s-1d
—e6— 1p —6— -+ eee— 1p

| 1s —— —_— 1s
+ parity | - parity .

10B and 14N are well described by

It is expected that if the ground states of
(1p3 /2, 1p1/2)n, rﬁore compiex ex'citations will not affect the total ¥~ capture
rate to either positive or negative parity states, but may affect the distribution
of strength among the different states.

The basic states were allowed to mix with a realistic two-body interacfion
obtained from the bare G-matrix elements of Kuo and Lee,?’8 a somewhat

39

modified versid_n of the earlier matrix elements of Kuo and Brown. The
bare interaction, .however, requires fairly large Hilbert spaces. Therefore

some calculations were also performed with the effective interaction of Cohen

and Kurath40 with their set of single-particle energies, and some comparisons,

are given below.

4.  Branching ratios

The tra'_nsitioh probabilities are given by’

k11 o
AYW’Ji"Jf)' w o 2T 41 2+ S g ; (4a)

l*f[ _ZHJMMCHIJM)I. | . (4b)

The branching ratio RY, i.e., the number of photons per stopped pion, is re-

lated to AY('nE) as bfol‘lows:‘
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— A (nf) | | '
RY:L _._Y..__Aa(n“ w(nl). . | (5)

n,

where Aa(nl) are the total absorption rates and w(n{) are the probabilities for

absorption from orbit nf. The latter are restricted by the condition Z
w(nf) = 1 which expresses the fact that the nuclear absorption lifetimes are

12.¢28 X 1078 sec). 1Itis

much shorter than the free-pi_oﬁ lifetimes (10~
generally assuméd35 that the ratio AY(nl)/Aa(n-f) depends only on £, not n. In

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

A (1s) A_(2p)

R.=R +R_= —Y——— © +

y Ts’ p K (Is) s K _(2p) “b (6)

is compared to experiment. The quantities w_ o= Zw(ns) and wp: Z_' w(np)

n n
have not been obtained for 10B or 14N, but extrapolating from41 '6Li, 9Be,
*2¢, and *®0, it appears that@_ = 0.20 +0.05 for *°B and @_ = 0.10 +0.03 for

14N are reasonable and these were used (wp =1 - w's). The total absorptionv

: : 18 -1
rates were taken42 to be: for 14N, )\a(1s) =4.48 + 0.30 keV/h =(6.82 £ 0.46)10 " sec
N (2p) = 2.1+ 0.3 6V/h = (3.19 4 0.46) 10*%sec ! for 198, A (15)= 1.68 + 0.12keV/n

-(2.55+0.18) 10 % sec’ * and N (2p)=0.3240.06 €V/f = (0.487 + 0.091)101% sec 2.

' - 1
B. Positive Parity States of 4N
| Although the eigenstates were originally obtained in the j-j coupling
scherhe, it is more instructive to examine the positive parity states in the LS

representation. The states of interest are:

14N(g.s.): 117, T:o) = 0.1636 | L=0 S=1)+ 0;9564IL:2_S=1>+ 0.242611,:1 S=0)
14C('g.s.): Io+_,*:'1"71) = 0.7980 | L=0 s=b>+ O..6027I4L:1 S=1) |

5.4 MeV : I'z’;, T=1) = 0.9068 | L=2 S=0) - 0.4216|L=1 S=1)

7.4 Mev ¢ 1%, T=1) = | L-1 5=1)
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12.2 Mev: }0%, T=1)= - 0.6027] L=0 $=0)+ 0.7980) L=1 S=1)

12.8 MeV: !2*;, T=1) = 0.4216]- L=2 S=o>+ 0.906811L=1 S=1).

We note tha't the Kuo-Lee interaétion breaks the Wiéﬁgr supermultiplet
symmetry and s;eléction rules. The Wigner supermultiplet predicts pure
L = 2 for the 14N ground state,L = O for the 07 T = 1 state, and L = 2 for the

14C - 14N pB-decay and the

10,40

2-; state, which would explain the hindrance of the

fact that the 2: ‘'state exhausts all the M1 sum rule. Our wave functions
predict log ft = 5.5, which is greater than the typical Gamow-Teller value
(log ft ~ 3) but smaller than the experimentally observedz‘1 log ft = 9.01'. This
is not catastrophic, since corrections to the transition operatdr (exchange
currents, second-order forbiddenness, relativistic effects) and expansion of
the Hilbert space [e.g. (sd)2 admixtures], Which are normally small,k become
crucial in the .ca.se of the present hindered transition.

The calculated ground state magnetic dipole and electric quadrupole mo-
ments are 0.34 nm and 13 mb, respectively; ’the experirnental21 values are
0.40361 nm and 16 + 7 mb. Cohen and Ku.rath40 obtaih p=0.331 nm We also
calculated BM1 an(i BEZ rates which are presented in Table IV together with
the experi‘fnental results. The calculated BM1{ rates to the 2-; and '2; states |
are 4.877 and 0.041 '(e’ﬁ/ch)Z respectively", while the experimental rates are
'1.44 and 1.53 reépectively. Thé then-Kurath calculation predicts 4.846
(eﬁ/Zrnc)2 for the tran.sition' to theb' 2: state. These discrepancies with experi-
ment can be aécounted for in terms of sa-shell‘exc‘itations (see belo'w).

The calculated radiative m-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 quantitaltive 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 ih this state. We note that the (™ ,y) rate to the 1; state does
not exhibit a close correlation with 1‘]tN M1 rates: for example, the the'oretif:al
ratios Ry“:)/Ry(ZI) = 0.2 ig much larger thankthe corresponding
BMi(i'I)/BMi(ZI) =‘ 0.016. This feature is expected for some states since the
(r=,vy) operatoi'-is more complex than the M1 operator; ’ Regarding the ground
state trans‘ivtion, it is not surp‘rising that the theoretical value (1.02 % 0.2)X 10-4
" is larger than the meas}ured‘ value (0.3 £ 0.2)X 10_4, since the ft value.was also
overestimated. Again, one must bear in mind that srﬁall 'components in the
wave function can have lé.rge effects on highly hindered (m” ,Y) transitions.
The overestimate of transition strength to the 2: state can be explained
in terms of (sd)2 excitations. Such admixtures to stateé in 14tN were recently
calculatéd43 in a .weak—coupli'ng scheme involving the low-lying eigenstates of
the p—z, p_4, and (sd)2 mpdel spaces dié.gonalized separately in the‘_SU(B)
basis. This calculation explains the properties of most of the states b>elow
13 MeV in 14N.A It predicts that the 17F ground state., OI T =1 and 11- T=1
states contain very srnall(s’d)2 admixtures, i.ke. “y, 4%, and 19 respectively.
This explains why there is no essential discrepancy between theory and ex-
periment (see Table I) for these states. However, #he 2:, 2; and 0; states
contain large (sd)_z_admixtures, i.e. 49%, 56%, and 98%. Since the (T ,vy)
transition operator is in the iméﬁlse approximation a 1-body operator, and

2

the 14N ground state is 96% p °, the _(svd)2 admixtures will merely spread the

strengths appearing in Table IA‘t'o more states. Thus, the total strength to the

ZI sfate,RY = 0.96 (24.3)X 10_4, will be divided mainly into two fi‘agments.

Taking the above admixtures, this means 51% will go to the 2: state giving
RY = 11.9X 10‘4,, and 44% will go to the 2J2r state giving RY - 10.3x10" %,

These results are much closer to the measured distribution of strength
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: : L + : -4
between these two states, i.e., Ry(zi) = (7.7+£0.9) X 10 "~ and
4. The summed strength 22X 10" % is stinl higher than
4

+ _ -
R (2;) = (4.0£0.6) X 10

the experimental sum (11.7% 1.1)X10"~

In the p-capture reaction 1‘]rN(M_ ,AVM)14C, similar discrepancies exist

44,45

between p"2 calculations and the ‘rneasured46 transition rate to the ZI

state. Using Cohen and Kurath wave functions, Mukhopadyay44 obtains a

4 -1

value ~ 2X10 “'sec” " for the s-state p-capture rate, which is about twice the

44,45

experimental va.lue46 (1 +£0.3)X 104 sec™ 1, Thus, by assuming ~50%

v(sd)‘2 in the 2‘; state and ~ 4% (sd)2 in<the 14N ground state, one removes the
discrepancy with experiment on the 21. state in both p- anci Tr-éapture. Also,
we note that in -capture the 14C(g. s.) and 2; states are predicted to have
negligibly weak transition strength and thaf the 1-; state has ~ 7 of the 2-; state
strength. This distribution of strength in a p'2 space correlates closely with

our calculations for the (v ,y) reaction.

C. Positive Parity States in 105

The positive parity states which could produce stron‘g (r”,y) transitions
are those with M1 transitions to the 3t ground state of 10B (i.e., 3+ T =0,
2t 74,3 =41, 4" T=-1)2and 0" T =1and 17 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 scheme, it is more instructive
to present the wave functions m the SU(3) scheme, which he;re éoin;ides wifh

the Wigner supermultiplet scheme:
137 T=0) = 0.868|[42] 2,1)1 + 0_.285_|[42] 2',1)2 - 0.327[[42]3,1) + 0.001|[42]4,1)
+0.150([411]3,0) -0.041 | [33]3,0) +0.143|[321]1,2) |

- 0.103|[324]2,2) +0.050|[321]2,1) +0.047|[222]0,3)
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zj T=1) = - 0.019] [42] 2,0)1 +0.822|[42]2,0), - 0.272|[411] 1, 1)
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),

4

(
[

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

+ 6.034( 321] 2,0) + 0.009][222] 0.3)

.909|[42] 3,0) - 0.284|[411] 3,1) + 0.205] [33] 3,1) - 0.041.1 [321]11,2)

o

BENE ST

(@]

+ .0051 [321]-2,2) + 0.084] [321] 2,1)1 + 0.207][ 321] 2,1),

(4.+ T=1)= - 0.617|[4214,0) + 0.619|[411] 3,1) - 0.345|[ 33] 3,1)+'o.248| [321] 2,2)

o

|‘o+ T=1) = 0.846 | [42] »o,o>+ o.oos}\[ 411] 1,1)+ 0.500|[ 33} 1,1) + 0.0331[321] 1,1),

o

+ 0.170] [321] 1,1)2 - 0.060|[321] 1,1)+ 0.0014|[ 222]0,0).

For the higher excited 2t states we get

2’;:_ E_=4.7MeV C.:0.857, 0.089, -0.109, -0.398, 0.175, -0.126, -0.099,
| o 0.053, 0.124, 0.065, 0.082, -0.030, -0.021, -0.036

t‘qv
3}

7.0 MeV Ci: -0.422, 0.126, -0.263, -0.671, -0.098, -0.240, -0.317,
0.191¢, -0.179, 0.150, 0.114, 0.041, -0.085, -0.071

where the Ci are the coefficient of each basis vector in the same order as for
the ZI state. The basis étates are indicated in the standard notation i [f]L,s),
where [f] = permutation symmetry of.the spatial wave function. {In SU(3)
notation” ' [42] = (2,2), [411]= (3,0), [33] =(0,3),[321] = (1,1), [222] = (0,0).}
The above eigenstates do not have a simple structure in the Wigner super-
‘multiplet scheme, partly becaﬁse the additional quantum number required to
‘distinguish the two [42] L = 2 stateé_ does not have physical meaning. The

M1, E2, and (7 ,y) rates obtained from the above wave functions are given in
Tables III and IV.

| The magnetic and quadrupole moments of the 37 T=0 ground state are

1.9 nm and 0.056, respectively. The experimental values are 1.8 nm and
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0.086. Thus we éxpect the 10B 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 stfength going to three states (2;, 2;, 3:)

In the SU(3) basis, it is not easy to see why the 2; state exhausts most of the

out of a possible 25.

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,
‘and 0.244 (eh /2mc)” for the 25, 25, 37, and 47 states, respectively

The comparison with experimental (v~ ,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 thvrbee states, 0-;, 2:,
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 v1.4 to 1.9. The overall theoretical normalization is affected by the choice
pf fw (radial p-éhell, wave function), distortion factoré Cs and Cp, 'and the 1s
and 2p strong-absorption level widths which are used to obtain branching ratios
from tran‘sitioh rates. The cumﬁla#ive error from uncertainties in these
quantities could ac;count for discrebahcies of the size obtained.

The p-capture reaction 10B(M‘,VM)“)Be was studied witﬁ the Cohen-Kurath
modelz by Mukhopadyhavy. 12 Unfortunately the u-capture measurementé have
not been performed. Comparing the pfedicted distribution -of H—‘caf)ture

.‘strength with fhé RY of Table IV, one sees fhat the 2; stafe dominates
both reactions. A significant difference is obtained fér 'ch'.e 3I (T=1) state,

estimated to be between 7 and 9 MeV in 10

Be. It is the second strohgest state
in y-capture with 34% of the 2; state s’;rength, but weakly excited in (7 ,vy)

. + ‘
with 9% of the 2, state branching ratio.
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. 4
D. Negative Parity States in ! N

Within the chosen model space there are 20, 50, 56, 43, and 24 shell-

model components in the 07, 17, 27, 37, and 4° T=1 subspaces, respectively;48
The calculated wave functions for the 07, 17, and 2 states have already been
checked in a sl:udy3—7 of the 13C(p,y)ié]tN reaction. The experimental E1 spec-

trum is described fairly well. The main concentration of strength is predicted

in 27 states at 21.3 MeV and 1~ states at 21.5 MeV in 14NA. In the 13'C(p,yo)u}N

14

reaction25 the pea’i(s are seen at 22.5 and 23.0 MeV in N, and much of the
strength was associated with 2~ states. The calculations also predict 27, 17,
and 0 strength at higher energies.

In comparing photonuclear and (r ,y) transitions to negative parity states
. inthe GDR region, one must bear in mind that the E1 operator of photoexcita-
tion does not explicitly depend on the spin and has strong ''non-spin-flip"
matrix elements (e.g., p3/2— d5/2 etc.). However, the (T ,y) operator
depends on the nucleon spin (except for the very weak D-term) and has strong
"spin-flip'' matrix elements (e.g., 1p3/2 - 1d3/2). Thus one expects the
collective state observed in photoexcitation to contain predominantly ""non-
spin-flip" excitations, while the collective states observed in (7~ ,Y) reaction
must contain ﬁr‘edO'minant ""spin-flip" excitations.. For a J" o= 1+ target such
as 1‘4N, the (v ,y) reaction can have strong transitions to 37 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
genervally nqt well known. For the simpler case of 16O,.we célculated the
exci_tation energieé using thé Kuo-Brown interaction, with the result:

Exz 23.0 MéV for the ordinary GDR_-(isospin wave), Ex = .27.0 MeV for the 1~
T;i spin-isospin GDR, and Ex ~ 21.0 MéeV for the 2° T=1 spin-isospin reso-

. . .14 . -
nance. The situation in ! N is more complex because the above three
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_vibrations are mixed by recouplings arising from the Pauli principle.
The calculated branching ratios for 14‘N are presented graphicélly in
Fig. 7. The sfrongesf: states arev: JTT(RY in %)'EX in MeV = 37(0.06)14.7,
27(0.10) 16.0,.3"_‘(0‘.06) 16.7, 37 (0.42) 17.0, 3~ (0.25) 17.5,. 17 (0.07)-18.1,
27 (0.05) 18.8, 27 (0.12) 19.7, and 2" (0.06) 23.9. We éee that the strongest
transitions due to 1~, 27, and .3_ final states are pfediéted 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 stateé is 1.95%, with 0.06%
to 0 states, -0'.42%. to 1~ states, 0.66% to. 2~ states, 0.73% to 3 states, and
0.07% to 4-,states‘., | |
A more complete comparison of the calculated distribution of negative
parity excitations with the (7 ,y) data is given in Fig. 7b. To obtain the
curves on this figure we (a) assigned each theoretical level a BW shape with -
fwhm = 1 MeV, (b) shifted all Ex up by 2.5 MeV to conform approximately

to the photoexcitation study, 37

(c) folded the theoretical spv.ectrum (Rs + Rp vs E\()

with the instrurﬁental line shape and detection efficiency (Fig. 2), and (d) normalized

: t_l"_ie fheoretiéal spectrum to the number of stopped pions. The resulting spectrufn_was

multipli'ed by 0.4 toapproximately fitthe data in the GDR region. Thus the figure

corresponds to RY =0.4X1.95=0.78% fér the calcplated negativ.e parify states.
Thé factor o_f 0.4 is somewhat arbitrary. Clearly a factor < 1 is needed

since the c_aléulafed bra_nching ratio of 1.95% to 1hw excitations ivs almost

ie.q_u.,al to _fhglmeasu'r_ed 2.13+0.21% for all transitions. One expects appreci-

able strength t_o' other excitétions, e.*g; , Ohw, 2hw, and quasi-free (QF). If

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

the data with the pole-model + BW (RY = 0.21+£0.02%), a reduction factor of

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 orthdéonal to the wave
functions of the same Jﬁ ‘obtained by coupling the (A-1) nuclear wave functions
withthose of an unbound neutrdn moving in an optical potential. Therefore, our -
computed rates include a certain amount of QFv cross séction. However,v it
* is difficult to se.e .how these amounts can be large, since when one expands

the dist‘oArte_d optiéal-potential wave functions for an unbound neutron in aﬁ
harmonic oséiliator basis, it is seen that the 1ﬁw"c.0'mponent3 are small. 49

Other unc'e'rt_:ainties in the calculations result from the. use of pionic orbit
distortion' factdrs (Sec. IVA) derived from the bound-state célcu‘lations in-
volving only p-shell nucleons, and from the use of harmonic oscillato.r wave
funétions for uhbou;id nucleons. It seems reasonable that errors here could
:‘ lead to factors of 2 in the total 1hw rates, but factors of 10 seem improbablé.

It is clear .t-hat the excitation of continuum states needs a more precise
theo.re.tical t_rea.trheht. Nevertheless, from the above comparisons with the 14[N
data, it seems reasonable to conclude the 3™ states areindeed strongly excited. A
similar calcuiationso for the 6Li(1r_ ,y).bHe reéction also indicated that 3~
sté,tés would be strongest, and some evidence for a peak (Ex = 2-3'MeV) was

3,51 ‘These results, if corroborated by further investigations,

seen in the data.
demonstrate an attractive feature of the (m”,y) reaction, viz., that collective
spin;isospin dipole vibrations with Jf‘ = Ji + 2 are preferably excited. Such

s‘tate”s are difficult to observe in other reactions and cannot be formed in E1

photoexcitation.
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V. CALCULATION OF 1s-RADIATIVE CAPTURE
TRANSITION TO THE 14C(g.s.) IN THE _
'  "ELEMENTARY-PARTICLE . SOFT-PION' ANSATZ

The 14N(1.T_',Y) 14'C(gi s.) transition rate from 1s-state capture may be
calculated following the treatment of Delorme52 for the similar 6Li(1‘r-,y)
6He(g. S.) transition, which is_ also a 1+—> O+ transition. Delorme obtains the
expression |

bob o (1.22¢)% 3 T Te\ 1 2.2
Ay(is;i —>_O)=—-——-———Cs(Zam;r) k(i- )———Z—FA(q) (7)

6m 2f ¢ ™ ] 4m!
T i

with e% = 4ma, f = 0.932 ndﬂ_, k = éhoton momentum = 138.6 MeV,
q2 = (4-momentum transfer)'2 = 0.489 F-2 for the 14N - 14;C transition, -
m;T = reduced pion mass, m, = mass (14N), Z=7 Hf=c=1. The factor
1.22, which was 1.35 in Delo‘ri'ne's' original calculation, comes from the more
recent work of Ericson and R'h.o;9 it represents the corrections for p ex-
change, incoherent rescattering andvn_uvclear intermediate states. The dis-‘
torfion of the pion wave function due to the strong intefection irh the initial
state is taken ir;te aeeodnt rby the mu’-ltipl»i-ca-ti\‘re factor CS = 0.50 (Section IVA);
The axial-vector form factor fer the pure 1% &~ 0% GT transition is de-
termined by a.‘é,sur‘ning9 that its {rariation with q2 between 0 and 0.489 F2is
the same as th_at of the electromagnetic form-factor FM(qZ) of the M1 transition
14:N.(g.s.) - 14N (2.313 MeV), where the latter state is the analog of 14C(g. s.).
__17‘12%('0) is determined from the p-decay ft:.value53 1.052 X105 sec. Using the

expression given by Delorme

. 2 : .
F,(0) _ o3z S ®
4m. ° 3 G%m> it ' - -
i e 1/2
6

‘we obtain _Fi(O)/4m.12 = 1.978 X107°.
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Ensslin et_al. 54 measured the 14N(e,e') 14N(2.313 MeV) transition and

obtain the following parametrization of FM(qZ):55

| , |
| FM(qZ) - 0.01226 " 27027 (0,40 £ 0.06) + (0.823 £ 0.071)q%],  (9)

L -2 _
which gives vFM(489 F 5 /FM(O)]' = 1.38+0.12.

Taking this value for F ,(q% = 0.489 F™%)/F , (¢ = 0), we obtain

A (1s; 17~ 0%y = 1.34x101? sect.

The radiative capture branching ratio for 1s capture then is
A (1s; 1% > 0T
Y

R. = w =
]

1.31 X 10“ sec'1

Aa (1s) S 482 X 1018 sec”

, X 0.4=1.9X107",
This value is considerably smaller than the 2.9X 10—5 obtained in the shell-
model*calculatié’ﬁ (Sec.IVB). We note that the shell-model calculation yields

log ft 1/2 = 5.5 instead of the ‘ex'peri‘ndental value log ft 1/2 = 9. We see that
if‘the assumed variation of FA(q;) with q2 is cdrrect, the soft-pion prediction
gives an extremely small 1s-radiative capture branching ratio. Thus the

"5_, if différe_nt fror'n‘z.ei'o, must be explained

measured véiué, RY = (3’:!: 2)X10

in terms of p-stéte, capture; -
VL. CONCLUSIONS

Séme 6f the .c_onclusions that we can draw from this study of the (Tr',Y‘) :

1‘]’N and 10B.a.r,e:

reaction with stopped pions on
(1) The (77,y) reaction on‘p-shell nuclei selectively excites ‘the' analogs of

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

vious studies on 6Li and 12C,‘ élearly demonstrate that the,vstrongest (m=,v)

transitions correspond to such excitations. The successful measurement

and analyses of these transitions most clearly establish the (77, y) reaction

as a quantitative probe of nuclear structure.
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(2) The calculations of the (m ,Y) transition rates for 1s and 2p capture, in
terms of a'n I.A Hamiltonian and shell-rnodelwé(re functions obtained using
realistic interactions, yielded satisfactory agreement with our measure-
ments. In 14N there is good agreement on the strongest Itransitions (241' and
1-; states) if one 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 méasured 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 interest.ing transition 14N(ﬂ_’v) 14C(g..s. ) is very weak, as was

6

anticipated from the ~ 10~ hindrance of the f-decay between the same two
states. The shell-model calculations overestimate both the (v7,y) and B~
rates although small values are predicted. The PCAC and soft-pion calcu-
lation for the 1s radiative capture yields a negligibly small branching ratio.
Thus the observed 's’grength, RY=' (3%£2) X 1072, if not equal to zero, must arise
from p-state capture:. The small expefimental upper limit determines that
even the p-staté 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-

14

tions at 20+ 1 MeV in "~ 'C. The shell—mpdel caiculations suggest that the
predominant cont»rvibutions are from 2~ and 3~ states, with the‘ 37 states
strongest. This contrasts with E1 p_hot‘oexcitation\ where 17 and 2 states
dominate and 3~ states cannot be excited. ;I‘hus the (T~ ,y) reaction, by exciting

spin-isospin dipole vibrations with Jf = Ji + 2, provides complementary in-

formation in the study of continuum states in the GDR region.
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TABLE I. Enérgies and branching ratios for transitions in the 14N(1T_,y)
reaction with stopped pions. :

T .,c,d

E r e Mcr £ MNP 5 R (expt.) R_(theory)
Y x x Y 4 Y 4
(MeV) (MeV) (MeV) (MeV) - (107% (10~ %)
138 .1 0 0 231 o* 0.3+£0.2 1.0240.14
131.1 0 7.0£0.4  9.17 2t 7.7£0.9% 24.3 £2.7
129.8 0 8.32 10.43 2t 4.0 +0.6 1.2 £0.2
126.9 0 11.3 13.75 1t 5.440.7 4.9 0.7
118.241.0 2.4£0.5 20.0%1.0 22.2 37y 20.5+2.08 195 &22°
Pole (A = 13.5 MeV) 176 £ 18 » .
Total | » | 213 & 21 227+ 25

a'Energies from pr‘evious work,21except for 7.0 MeV state and BW at 20 MeV.
bEnergies for'analog states 1n 14N.
c . _ .

Obtained from RY = [CswsKY(is)/Xa(ig)] + [prpKY(Zp)/Ka(Zp)] with
w_=0.90%0.03, wg=1-w , C_=0.5, C_ = 1.4(text), M (1s)=4.48 £0.30

p p s p a

keV/f, and N_(2p) = 2.1 % 0. 3 eV/’ﬁ Ref.42); uncertainties indicated
are due to x-ray data only ‘
dAssumed (p 3/2, p1/2)“ configurations for pOS1t1ve parlty states. For some

states (sd)v. e_xcu;atlons are important (Sec.IVB).

®If assume a siﬁglé rlAi'ne at Ex = 7.3 MeV, 104RY = 10.3+1.7.

fDomina.nt hd value expected from'theory.(text). |

gf‘it with A = 13.5 MeV (Fig. 3d); separation of pole and BW not well defined;
other fits show variations of 30% aré possible. '

b - .

07,17, 2, 37, 47, states based on 1 H w excitations (text).

'Sum of strength to p_.z'and 1hw excitations (text).
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TABLE II. Energies and branching ratios for transitions in the 10B(1r‘, Y)
reaction with stopped pions. S '

' 10 —a " 10my\ P T ’ Lovc,d

EY EX( Be) Ex( B) J | | | Ry(ezpt.) RY(theory).
Mev)  (MeV) (MeV) F s B C T
137.4 0 174 ot 2.5+£0.4 3.6£0.7
134.1 3.37 5.11 2t 4.440.7 8.5+ 1.7
131.6 © 5.96 7.48 2* 10.5+1.3 16.9 £ 2.7
130.2 ' 7.55 8.89 2t 6.5 1.0
128.940.7  8.6+0.7 ~ 9.7 (afy ¥ 10.6+1.6f 2.740.4
127.4+0.7 10.4%0.7 ~11.5 (3% | 14202

Pole (A = 13.0 MéV) 198 + 23

Total . | 227 + 22

27

a'Energi(‘-:‘s and J" of lowest four states are from previous work.,
bEnergies on analog states in 10B.

c v : \ :

. = x .

Obtained from R, [C o, Y(is)/}\a(is)] + [prp)\Y(Zp)/)\a(Zp)] with
w =0.80+£0.05,w =1-w , C =05, C =1.4 (discussed in text),

P s p 8 p
)\a(is) = 1.68+0.12 keV /h (Ref. 42) and )\a(Zp) = 0.32+0.06 eV /h (Ref. 42);
uncertainties indicated are due to x-ray data only.
dAssuming (p3/2, _pi/Z)6 configurations.
®Dominant J" values expected from ‘theory {(Sec.IVC).

fV'alues for individual states cannot be determined reliably from our data;
values corresponding to curves of Fig. 5 are RY(8.6) = 0.049 £ 0.01%,
Ry(io.i) = 0.058+0.010%. ' '
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TABLE III. M1 and E2 transition rates - N[ T = 0(g.s)= J™ T = 1] and

-2 1

10B

>

10B[3+ T =0(g.s.)~ T = 1]. Configurations p = ( 4N) and p6 ( ) are
assumed. | ‘

141.\1 Theory Expt. a _ Theory

- E, T BMI BMI ‘ BEZ
J (MeV) (eh /2mc) (eh /2mc) % of sum elr4
o). 1.5 1 0.019 4 0.003 0.096 2

2’1’ 6.5 1.44 £0.47 4.877 93 0.919
y 8.5 0.077 1 2.679

0, 13.7 0.05 0.140 3

2! 14.2 1.53+0.19 0.041 1 0.356
10,

2; 3.0 0.10 0.065 1 0.026

23 4.7 2.702 47 0.013

2’; | 6.9 1.838 32 0.223

3) 7.4 0.697 12 0.287

33 11.0 0.144 3 0.447

33 12.9 0.065 1 0.190

a; 9.0 0.013 0 0.771

aRefe'rence 21 for.1,4N, Ref. 27 for

10

B.
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TABLE IV. Theoretical (w_,y) transition rates and branching ratios for 1é
and 2p capture in 14N and 10B. For 10B only the strong states are included.

14
‘ b
7T B ?g“s)-i %g(zp)_i B, o, By
(MevV) (10" "sec ) (10" "sec ") (10 ) (10 ) (10 )
0" 1 0.0 0.3963 0.1856 o..291’ 0.730 1.02
o} {122 o.621 04875  0.119  0.738 0.86
2f 1 5.0 7.5624 47509 5.561 18.707  24.33
2; 1 12.7 0.1811 0.2661 0.133 1.048 1.18
17 1 7.0 0.8281 1.0789  0.609 - 4.248  4.86
105
of 1 0.0 0.0707 0.1426  0.277 3.278 3.56
2y 2.6 . 0.1985 03351 o078 7706 8.4
2; 1 43 1.4949 10,4777 . 5.862 - 10.986 16.85
z; 1 6.5 0.4400" 0.2052 1725 4.7119 6.45
a1 8.6 o.71741‘ 0.0881 0.623 2.025 2.71
4;' 1 14.1"_‘  0.2906 -0.1397 i.14o 3212 4.35
st 70 " 'o.~114_8 '0!0431, " 0.450 . 0.992  1.44

®Theoretical value for energy in residual nucleus (140 and 10Be) relative to
ground state. The identification with experimental levels (Table I,II) is on
the basis of JTW. ‘ L

bResults are for p‘~2 and p6 configuratic_)ﬁs; the effects of (sd)2 excitations are
-important for some states, as discussed in text. -
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FIGURE CAPTIONS
1. Plan view of the experimental setup. The insert shows the et - e

pair 'spectro'meter and range-telescope geometry. The trigger for an

event is 71X w2 X 73 XTFEXT?EX(AXB)iX(AXB)k , iFk,k+1.

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

n = conversion probability X (AQ /4m) X detection efficiency. (b) Photon
spectrum of ﬁ-capture on hydrogen. The distortioh of the rectangular
shape of the TTO spectrum is due to the reduction in efficiency at the low-
energy end. |

3. Photon energy si)ectrum from m-capture on 14N° ‘(a) Raw data for

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

44 Mev used for in-flight background subfraction. ‘(c) Spectrum after

Fig.

in-flight subtraction. The solid line is the spe‘ctrurh éalculated from the
one-pole diagfam (insert) representing quasi-free capture. 19 E_vidence_:
for resonance excitation at EY % 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 14N at 9.17 MeV.

4. Photon spectrum from capture of stoppéd pions on 10B. (a) Raw
data. (b) Spectrum after sﬁall in-flight subtraction. The solid line is
the spectrum _c.alculated from the one-pole diagram (insert) representing

19

quasi-free capture. (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 22_ state, which is the analog of the giant M1

Fig.

state in 10B at 7.48 Mev.
5. Photon spectrum and level dia‘gram for (" ,y) 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° electron scattering are identified. The
M1 transition to 14N(i3.8-MeV) has not yet been looked for in 180° electron
scattering.

Fig. 6. Photon spectrum and level diagram for (w ,y) transitions to the
particle-stable and low-continuum states of 1'0Be. The spectrum is
after subtraction of the pole-model éohtribution (Fig. 4c). The first
three levels of '10Be are clearly resolved. Thé transition strength to
higher levels is not resolved, but two lines Were suff.icien't to fit the data.
The M1 transition to the 7.5-MeV state dominating 180° electron scattering
is indicated on the level diagram; the analog state is seen to dominate
the (v~ ,vy) s-pectrum.

Fig. 7. Results of the shell-model calculation for 1fw negative p‘arity ex-
citations in the reaction 14N(TT_ +Y) 14C are compared to the data.
(a) Branching ratios to the strongest s‘tates. The ciata are on an
arbitrary scale. (b) Theoretical transition strength (X 0.4) folded with
the instrumental resolution and efficiency. .A lev_ei width of 1 MeV (BW
shape) was assigned to each level. It is 'seen that the peak in the data
at Ex(14C) = 20 MeV is predicted to arise from strong excitat\ion of 37

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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