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1.  INTRODUCTION

The central question to be addressed in this;article is:' whet can be
learned about nuclear structure by stopping negatively chatged‘pions.in
targets‘ef nuclei from‘?arioUs regions of the periodic table and exemining
.the emitted photon spectra between 50 and 150 MeV with a resolution of < <2 MeV?
The two processes Wthh account for nearly all photons in this energy

_ interval are radiative capture,

o +A +Af , o (laa)

(A-l)f+n+y- 7 (1.1b)
> (A2 +n+n+y N G I 1S)

and charge exchange

o+ A > AT D (1.2),
. i f

L, 2 .

The latter has. been observed only.with hydrogen and SHe targetst Measure-
ments of the photon spectra from hydrogenvend deuterium targets in the early
1950's helped detefmine basic propefties of the pion, such as'its mass, odd
intrinsic parity, and the w-N coupling constant. In recent years targets
ranging'up‘to A= 209vhave been studied and much of the interest has turned‘
" to the use of radiative pion capture as a probe of nuclear structure |

The study in 1965 by Davies, et al. al. (DMW 66) w1th a large Nal crystal



demonstrated that the branchlng ratlos for reactlons (1 1) for plons 1nv
bound atomic orbits of- 11ght and medium mass nuclei is. 2- 3° A single
measurement_for-heavy nuclei was‘performed by Petrukhln and Prokoshkin
(PPGS) who used a total.absorption Cerenkov counter to’detect "hard' Y-rays
in;cOincidence‘with stopped bions.in a target of natural lead. A branching
ratio of 2.1*0.5% was measured The observation of hlgh energy photons. from
reactlons (1. 1) was strongly suggestlve of a d1rect 1nteract10n of the T
~with a,proton in the nucleus (rather than through formation of a compound
nuelear state), with the fundamental process being m + p > n+ y . Since
photo production of pions on ndcleons had been quite well studied, one had
a reasonably geod idea (BSW 51) about what transition operator to use in
calculating transition rates in nuclei. Observing that‘the dominant

term of'the'photo production operator near threshold, A(3{€)1+ , contains
the nucleon spin, several authors (DE66, AE66, Mur+67) usingvthe”impulse
'approximation predicted strong.and.eelective excitation of the spin-isospin‘
_components of the giant dipole resonance (GDR). For T =0 targets,'sueh: B
excitations'ere'characterized by L=1, Sél,fJn=0', 1?, 27, T=1'and'TZ=O,tII
in the SU(4)vclassification of'giant resonances (Wai.66). This.prediction .
followed closely upon an early study of u-capture by Foldy and Walecka (Fw
64)_who euggested'that the excitation of spin-isospin states:via,the axial
vector operator was necessary to account for total u-cepture rates. Partic-

12 160, since electron:-

"uiarly promising targets for both reactions were ~“C and,
scattering data and photo nuclear reaction studieshindicated the presence
of collective 1 and 2  states which could be interpreted as members of the
Su(4) multiplet. Motivated by these predietiens'the group at Berkeley set v-vﬂ
' up a high—resolUtion electron-positron pair spectrometer.at the 184" cyclo-
~tron of the Lawrence Berkeley Laboratory and were able to observe (Bis + 70b)

the predicted sharp lines in the 12C(n',y)12B reaction (Fig. 1).
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In the six years following, the field progressed considerably. 'Erper-
1menta11y, high resolutlon photon spectra have been measured for nuclei -
ranging over the entlre perlodlc table. These have revealed that there is
selectivity to a second type of collective nuclear excitation—the giant -
magnetic dipole (M1) states which now have been clearly identified'(Bae_+ -

1975) with sharp 1ines in the (7 ,Y) photon'spectrum of four 1p shell nuclei.
The pionic X-ray data which play‘a.crucial role in the comparison of theQ¥
‘ retical transition rates to measured branching ratios have improved,
‘especially for the test case of 6Li. Theoreticaily, the importance of in-
cluding momentum dependent terms in the effective interactions for p-state
capture.has been clarified. More realistic shell model wave functions are
now being used. Also the validity of the impulse approximation and possible
renormalizations of the elementary T p ~ ny amplitude have been studied
(DEF 75). These efforts, as will.be seen, have shown radiative m capture
to be a quantitative probe of nuclear structure.

In addition to nuclear structure investigations, the experimental ™
captnre matrix elements are of interest in evaluating the theory which
treats'nuclei as elementary particleS»and low-energy pion_reactiona in the
seft-pion limit (m.TT > O)f In this‘approach the impulse approximation is
not made. Instead, one expresses various semi-leptonic and electromagnetic
processes such as u-capture, B-decay, elect1on and neutrino scattering, and
radlatlve and charge exchange m-capture in terms of invariant form factors

of the vector and ax1al-vectoriweak hadronic currents of the nucleus taken as
a single entity. By making use of the conserved vector cnrrent (CVC) and
partlally conserved axial vector current (PCAC) hypothe51s, together with
the soft pion limit, one can derive relationships (Sec. 4.3) between the

rates for the various processes. For example, it is proved that radiative
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m-capture from the 1ls orbital is'gbverhed by the axial-vector form factor,
also appearing in yu-capture and in allowed Gamow-Teller B-decay at lower
momentum transfers. This typé of study was initiatéd by Kim and Primokbff
(KP 65) and has been advocated recently by numerous_authors'(a review 1s

6

given by'(ER,72))._-At present only three transitions'SHe + 3H, 6Li + "He,

and 14N - 14C have been studied in fhis mamner and these wiil’be'discussed
(Secé. 4, 6). TWo facts have limited greater application of this_approach‘
 to m-capture. In the interesting 1p shell nuclei, iﬁ éppears that = 50%
'(A=5) to = 90% (A=16) of the captures occur from atomic p states.'vFor‘these
orbits the soft pion reSults do not obtain. Thus measﬁred branching‘ratidé
cannot be. compared directly fo thé theoretical 1s rates. Also, to predict
‘accurate 1s rates, one needs good data on the other reactions involving

the same states (or .analogs) at similar momentum transfers (= 130 MeV/c).
Only in a few cases have these been adequate.

- Within the.very récent‘past, both experimental (Deu + 74) and theoré:
tical (e.g., KD 73, RE 73, SDU 74, Can +.74) studies of the inverse process—
photo prodﬁction of pions on nuclei with isolation of individual nucleaf |
states-were initiated. The first ex@erimental results were.cross sections
- for thetGLi(Y,n+)6He(g.s.) reaction at 0.3 to 2 MeV‘above threshold.:_From
these'data and the lively theoretical interests (e.g., CLW 74, MPU 75), one
can already appreciate the value of havihg data on the‘inverse reaction.
Since radiative capture is from bound ™ atomic orbits aﬁd photoproduction .
results in anvunbohnd w, an improved treatment of the strong interaétion '
distortion bf the pion wave function may result. Also, fof thel(y,ﬂ) cross', 
sections just above threshold the soft-pion results may apply direétly.”.
Alfhough the data are still sparse, from the initial results of 6Li, discussed

~in Sec. 6.3, it seems clear that in the future photoproduction will play an



important complementary role to radiative pion caoture. One hopes that
the two reactions taken together will provide an unuaually‘precise evalua;
tion of the. theory on both points of nuclear structure and on the elementary-
partlcle soft-pion- treatment of low- energy mT-nucleus 1nteract10ns

The organlzation of this article is as follows In Sec 2 we dlSCUSS
the experlmental methods for measurlng the photon spectra, pr1mar11y w1th
pair spectrometers, and the determination of the radiative branchlng ratlo.
~ The relationship between the measured branching ratios and theoretical
absorption rates and the role of the pionic x-tay data is discussed in
Sec.b3. In Sec. 4 we review the theory of the prober Since calculations
of transitions'rates in complex nuclei are generally'baaed on the nucleonic
process N > yN, the determination of the amplltudes of the latter from the
data 1s dlscussed and a numerlcal evaluatlon of the photoproduction mu1t1-
vpoles near threshold is given. Such a discussion does not .exist in the lit-
erature, and, in our view; is relevant to future;'quantitatiVe nuclear struc-
tnre'etudies. In Sec. 5 the experimental results and interpretationsrfor'
the hydrogen and helium isotopes. are given. The nuclear structure aspects
of this reaction are most clearly seen in the results on lp shell nuclei
which are reviewed in Sec. 6. In Sec. 7 we state the few results available
_on heavy nuclei and discuss the evidence for an interesting new collective
~excitation in 209Bi. We conclude in Sec. 8 with a look towards new and ex-
citing p0551b111t1es for the (m",y) reaction at the meson phy51cs fac111tles

‘Just coming into operatlon



2. EXPERIMENTAL METHOS
The most direct 1nvest1gat10n of radiatlve p10n capture reactions is
through detectlon of the primary photons Tran51tions induced by pions,at o
rest and produc1ng two- body final states of a Y- ray and recoil nucleus g1ve.
va sharp 11ne in the Y- spectrum with an energy (Ey) uniquely related to the.
excitation energy (E ) of the recoil nucleus, | |
_'Ey=Q(i-%) o .-'(2..1')]'
where'Q =M - (M + E ) Mf 1s the ground state mass of the final state
: nucleus and M M tm - B is the 1n1t1al state mass con51st1ng of the
target nucleus mass,(Mi) and. the pion mass (mﬂ), less the pion atomic bind-
ing energy (B.). Thus a precise measurement of the'y—ray energy identifies
~ the final state of the recoil nucleus through its excitation energy..-The
spectroscopy of the outgoing photon has indeed been the most successful
and informative exoerimental approach to date, although‘itnis not easyﬂto'
overcome the conflicting demands of high resolution and large acceptance
required of the photon deteCtor.
Other'methods-make_use of nuclear transitions following T-capture:
B- and y-decay and‘neutronuenission. In one case, “He(w ,y)H,d,n, recoil
vnuCleuS»spectroscopy was emplOYed (Zaiv+ 65). These methods have been
_reviewed previously.(Tru 71).  Since the quantitative information coming ‘
from such experiments which bears directly on radiative n-capture»transition.
has been quite limited, they will not be discussed here. We mention only’
that there’exists a large discrepancy in the radiative branching ratio for .
.‘6Li andleC ground state transitions. Measurements of the induced B4activity

differ by factors of 3.3 (Deu + 68) and 6.3 (Hil + 70), respectively, from
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those. done with a.pair spectrometer (Sec. 6). Although this discrepancy
has not been fully explained (see, e.g., discussion by Deutsch inb(BC‘73)),
it is known that_ﬂ—iﬁduced activation measurements are plagued by neutrons
produced in the target‘of in the material used to degrade the incoming pion
beam which can produce largé backgrbunds of the same activity via (n,p) |
feactions: » v |
The deféction of the high energy.photon has been accomplished with

" Nal crystals,'lead—glass Eerenkov counters,iand eléctron-poSitron pair spec-
-trometers.  Since the energy reéolution of total absdrption‘éerenkov counters
is typically.SS% (FWHM) at'130 MeV, they are not suitable for detailed
.Y;spectruh studieé; but because of the large acCepténée have been used in
Y-n;coincidéhce,studies (Lam + 74). Nal crystals were used. in measufements
of the total radiative branching ratios by Davies et al. (DMW 66) and more
‘recently by Bayer et al. (Bay + 75).in‘pion~chargeleXChange experiments on
the proton. Fig. 2b shows the phbton spectrum.for the 129.4 MeV line of
the n;b + ny reaction as measured (Bay + 75) with a 27 cm diameter X 33 cm
" deep Nal crystal.' The resolution is 6.3 MéV (FWHM) and its efficiency is
100%. This resolution is not adequate to resolve nuclear states in general,
but quite satisfactory for study of the elementary intefactions Tp-TnNn, yn
for pions at rest or in flight. Other possible applicatioﬁs of Nal detectors
ihclude measur¢ment of the very weak 14N(ﬂ_,y)l4C(g.s.).tfansition (Bae + 75)
which is separated by 6 MeV from the nearesﬁ line, and in cOincidence m§dsureb
ments iﬁ which the Js-capture contribution is separated from the.total.cap-
ture réte by.requiring a coincidence with the 2p + 15 pionic x-ray,

. Pair-spectrometers have been employed in radiative captureWbrksinCe the
first observation of photons from the ﬁ'p -+ ny reaction by Panofskyugg_gl;.

(PAH 51). Fig, 2a displays the,reéolution of this first spectrometef and-
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that of thebimproved version of Phillips.and.Crome (PC 54). The latter was
'i used to determlne the plon mass and had a resolutlon of 2.3 MeV (FWHM) |
This is nearly the same as the Z.MeV of the Lawrence-Berkeley Laboratory
(LBL)‘instrument (Bis + 72, Bae + 73) used in,the'last.sixvyears for_nuclear
structure studies. Thebreason for this is not that 2 MeVrrepresents‘an_ |
inherent lower 1imit on the resolntion but iS‘in general a'conseqUence of
a compromlse between mmproving resolutlon and reducing the already small
"acceptance In fact, the spectrometer of Nlcholsonxﬂ:al (Nic+ 68) reached |
0.6 MeV (FWHM) at 129.4 MeV (Flg 1c) but with an acceptance an order of

magnitude lower than the LBL spectrometer.

- Pair Spectrometers. Most of the pair spectrometers employed in nuclear

physics studies use'a‘sufficiently high magnetic field (B) to bend the
e'-e” pair through 180°. For a homogeneous field the separation distance
(d) between the e+-e- trajectory is directly proportional to the photon energy

E, (MeV) = 0.3 B (kG) %Co‘sléc’ggs ;

" (2;2)

where 6 and ¢ are the horizontallandIVertical entrance angles with respect

to the normal to the converter plane. Thus the 180° spectrometer is self-
focUsing in first order. The energy resolution depends on the.spatial'reso;.
lution of the e'-e” detection and on the ability to measure the,entrance_.
angles. The first requirement is easily met, e.g., B=38 kG, d = 108 cm

(EY = 130_MeV), andbAd = 1 cm gives AEY/EY =p1%. The second requirement

has in the past been met by limiting_the entrance angles and.thUS.greatly
sacrificing solid angle. In this mode, the uncertaintiestnlthe angledetermin-

ation are due to the multiple scattering in the converter foil. If the magnetic
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;vfield is non-oniform, theydependence on. the enﬁranco éngles is much.more.
critical. Energy loss due to ionization and radiation in fhe-coﬁyertér is
the other large contribution to the resolution; It ipcreases, of course,
~ with increasing converter thickness as does multiple‘gcattering. One is

liﬁited ﬁo converter foils of about 1-3%'radiation_1engths if a resolution
142 MeV is desired. This limits the conVersion probobility to 0.7-2.3%..

- The properties of tho LBL'Spectrometer and.the SIN spectrometer pres-
' ently under conétruction'(Tru + 71) are summarized in Table I. The LBL
‘spectrometef and Set-up at the 184" cyclotron are shown in Fig. 3. The
spectrometer magnet consists of two .46 x 91 cm® C-magnets combined with
é gommon.p01e tip,ﬁo give an analyzing volume of 218 cm ihvlength; 60 cm
wide, with a 33 om gap. The nominal field was 8 kG méésufed to an accuracy
of + .2%. The y-rays were cooverted in a 3% radiation length fold foil
(.010 cm) mounted .on é;étyrofoam b;cking. The conversion probability 1is
‘2.3% and e’ /e momenta up to 110 MeV/c are bent through 180°. The field
was chosen to yieldymaximum>efficiency at E = 120 MoV. ‘The directions of
eiectron—positron'pairs at entry and exit of the spectrometer were measured
~ with two sets of detectors. In the first series of experiments, siX~arrays
of four gap.optical épark-chambers were used.  For the second‘éeries, three
.magnétosfrictive readout wire spark chamberslwith four planes eaoh were |
- used, The wire spacing Was 0.1 cm, and the wire anglos relative to the»hor?
izontal ﬁidplane‘of'the magnet were +12,'-12, -12 and 0°. The 12° sterco
'view was employed to keep the magnetostrictivé readout wires out ofithe
high field regioh; “This deoreased the spatial resolution in the critical
horizontal coordinate to* 0.3 cm. A signal from two nonadjacent pairs of
scintillation countefg in coincidence with a stopped pion conétitpted'the

trigger. A typical percentage of good, analy;able.pairs per trigger was 10-205%.



‘- .' _10_

f . . .
The majority of bad triggers were'due to photon conversionfinuthe lead‘wall
with only one high energy electron or positron track V1s1ble in the chamber
(Bis + 72)

The acceptance and resolution of the ‘spectrometer were calculated w1th
a Monte Carlo code which 1ncorporates the geometry of the spectrometer in-
cluding the measured field map, calculates the pair-production cross-section,
multiple scattering‘and'energy loss in the converter and the-wire'chambers;
and finally generates spark’chamber wire addresses. The latter are processed
through the eame‘analyeis'codes as the real events; first through a‘pattern
recOgnition program,:then through the momentum determination routine based 2
on a-leaSt;SQuare interactive tracking method. The spectrometer acceptanCe
(NY) as”a_functiOn of photon energy and a hydrogen‘spectrum are shown in
Fig; 4. For all of the LBL data runs, a liquid hydrogen target mounted on
rails was used for checking the performance of the spectrometer. 'The
en’p'+bny line gives the resolution function employed in all the folding
integralS'for.comparison of theory with experiment. The charge'exchange
reaction m p > T, W > ZY prOV1des a check on the acceptance between 55

and 83 via the Panofsky ratio.

Radiative Branching Ratic. This quantity represents the absolute norma1~

ization in a radiative capture experiment with stopped pions and requ1res |
a determlnation of the number of high energy photons produced per pion
.absorbed into the nucleus. The latter is equivalent to the number of pions
coming to rest in the target, since in general nuclear absorption lifetimes
(zjloﬁlzsec) are much shorter than the free pion mean lifetime (2,8x10’85ec).
The branching ratio can be defined for a single peak or the entire spectrum

(total radiative branching ratio), and is related to the measured quantities



by the expression

Noo (1-2)+t-e"™ o
R, = . | (2.3)

Y ma, e - 8) - n(130)

'NYvis the number of couhtslin the'spectrum_originating from captures in

the térget; (In measurements with the LBL speétrometef; the phofbn

~ direction wa§ reéonstructed frbm the e -e” tréjectories; fhereby permitting
a.cut of events originating outside the target.); ¢ fepresénts the small

| fféctién_df counts resulfing.from radiative in-flight transitions; t is

the unfolding factor which multiplieS'NY(ln- 2) to give the number of

- photons'éxpected with a uniform spectrometer acceptance at the value

h(EY =_130vMeV).. For a singl¢ peag, t-=‘n(130)/n(E+)f For RY,(total) it
is determined by folding the pole-model distribution function (Sec. 6.2)
with the spectrometer acéeptance and line shape (Fig. 4) and comparing the
-result with the spectrum. ‘The fraction of the photons with energies below
SOYMeV, and thus not observed in the pair spectrometer, 1s 3-5% as given
by fhe pole model;'reux correctslfor the attenuation of photons

in the target, scintillatibh counter, and spark éhanber between the conver-
ter foil and origin. m - € (i - 6) 1is the number of pionic atomé
forméd as determined from.the-telescope (ﬂin), the ﬂ—stopping fraction €,
~and the small correction § for nonradiative in-flight intéractibns in the
target (estimated ~ 1%). The fraction € of incident 7's Stopping in the
target is determined from target in/out measurements. In this way 7's
stopping in the target walls as well as geometric and electronic ineffi-

~ Clencies are takeh into actoumt. As a check, € éan be ca1¢u1atéd from the_

equivalent CHz-stopping powér of the targets and measured CH2 range curves,
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agreement to * 10% with the in/out determination of € was generally achieved.,

CbuntingrRates.f Typical counting rates for the LBL spectrometer

~and ﬁ' channel were: NY %v(Nn/sec) x (hy) X (RY) = (105)(2x10f')(2x10-2) 
= 144 events/hr.. . Targets of 2§Svg/c_m2 were uséd to.achieve a.n?stopbing
rafes of 10°/sec. Total branching ratioé'aré typically 2% (Chap. 3).
Significant increasesrin'the singles counting rates and coincidence detec~
~tion of x-rays and neutrons are ekpected in the néar future at the meson
fattories. Some typical rates are given in Table II. From theée one;sees
thét some interesting coincidence experiments will be posSible, e.g., the
separatidﬁ of the 1s and 2p étate capture contributions in 6Li. AlSO" |
feasible will be the measurement of high resolution singles photon spéctra

>-10

with 10 6 events, comparéd'to the typical 5x103 events of the Berkeley

measurements.
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3.  THE RADIATIVE BRANCHING RATIO AND RELATED PIONIC ATOM PHYSICS
The total radiative branching ratios for the currently measuréd nuclei

are listed in Table III. One sees that for A > 3, they are quite independent
of nuclear mass and charge, varying from 1% (209Bi) to 3.4% (6Li). Charge
'ekchange wifh stoppéd pions has been observed only in 1H and 3Hé;'the oniy
stéble nuclei‘with T, < O_and_thus the only poSsibilities for obServing
pure iSQSpiﬁ flip in-fhé (" ,i°) reaction. In heavier nuclei
:(A > 27), the charge exthange reaction is generally Q-value élloWed_ |
(1Q] < 4,6vMeV); but is greatly suppressed (Table.III). The‘dominant capture
orbitals are also given in the Table, and from these one caﬁvsee thatvthé |
a?erage distanée bétwéeh the pion and proton when the interaction occurs ddes
not vary greatly'through the periodic'table. For example, the Bohr radii
(rB = 200 nz/Z F) and nuclear ‘radii: (rN = 1.3 Al/SAF) are, réspegtively:

for “He(1s), 100 and 2 F; for *Oca(3d), 90 and 4 F; for 20°

Bi(4f), 60 and 8 F.
To relate the experimentai branching ratios to theoretical rédiative
transition rateé.requires detailed knowledge of the pionic atom physics as
deduced froh the x-ray déta. .We discuss here only those aspects necessary
" to the quantitative comparison of measured branching ratios with theoretical
(7 ,v) transitioﬁ rates. HA comprehensive review of the field of pibni¢ atom
bhysics wés giveh by Backenstoss (Bac 70) in which most of‘the'currently
existing daté is tabulatéd and resulfs of an optical model analysis of .
level widths ahdvshifts afe given. Discussions of the general features of
pionic and'muonic atoms may also be found ianefS. (Kim 71;‘AJ 74, DD 69);
Descriptions of the initial formation andﬂcascade are given by Leon and Seki
(LS 74, LS 75). Molecular structure effects in the capture of pions in chemi-
cal compounds are reviewed by Gershtéin and Ponomarev (GP 75). 'I‘hese effects wili

be important in future m-capture studies with enriched isotopes where the
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 use ef chemical compqunds igvreéuired; work'diécussed‘here was performed with
target$'0f a single'element. |
The measured radlatlve branching ratlo arises from a sum on the‘partlal
branchlng ratlos over ‘the active capture orbltals A |
D rnsz) R : o
R =T XD ) ' (3.1)
Y onto ,(02) o S ,
‘TheeqUantitiese;A#(nQ) [Aa(ng)j are the rad1at1ve [total] absorptlon tran-
- sition rateé for'capture‘from.atomlc,orbltals ne. The w(nﬂ) are the prob-
abilitprer T-atom fefmed for'abserption‘from orbitals n¢. In generalithey |
v afe restricted by the condition [ w(n®) =1 ~which expresses the'facti N
thatnuclearabsorptlon llfetlmesngre much shorter than the free p10n 11fet1me ¥
The dominant capcure probability can be deduced dlrectly from the systematlcs
(Bac 7b)lof pionic x-ray yields and widths; hewever, detailed cascade calcala-
tions (e;g., EK 61, LS 72) are required to get the complete.w(nﬂ) distribu-
tions. In such calculations the populations .P(n&) for levels n® (per m-atom
,fofmed) are obtained, and these are related to the capture probabilifies by -

_Aa(nR)

: w(nﬂ) = P(ny ‘ ' - B (3.2).
Ag@2) + A% me) + %, () .

where A (n2) [A,(n2)] are the x-ray [Augerlvtransitienvrates for depopulating
level . A complete specification of w(n?) constitutes. a capture schedule.

| Capture schedules are not.yet available for,many'nuclei; hewever, from -
those of OLi and 1% (Table IV) the general trends‘for.the light nuclei up
to A ~ 20 can be seen. For these only s- andvp- orbits contribute.signifi-
cantly, with 1S'and 2p domihating. - For heavier nuciei, it'seems,reaaonabie
to expect'aveimilar‘capture pattern of‘twc_Q-values, each with several n.

The hydrogen isotopes (Table IV) are unique in capture:studies (LB 62).

Decay of the m during the cascade in 11qu1d He has been. observed (1.21¢
0.8%, (BKS 65)) and is taken into account in the cascade calculatlons of (Bac * 74)
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The w-H atom 1is neutral and so can pass freely through neighboring atoms
' where it experiences the strong electric field oﬁiprotons. ‘These perturb
- the pion cascade through Stark'transitiqns ameng the'n2 states of a given n,
forcing the nf into s -ofbits with high n, from which capture then takes
place The spec1f1c capture schedule depends on the density of the target,
which determines the average time between colllslons In Table 1V, the
capture schedules for a llqu1dvhydrogen target.are given. Similar capture
’ schedules are expected (Lee 75) for iiquid deuterium and tritium targets
although the specific'values of w(nsj will differ somewhat due to the effect
that differenf strong absorption rateslka(ns) have on the_bfanches in the
cascade. - | |
‘In addition tovthevm(nk), the total absorption widths Aa(nf) must be ex-
tracted from the x-ray data to use Eq. (3;1)'tq fest theoretical rediative
rates. With present7mea$premen§ techniques, at most two xa(ng) can be ob-
tained on any.nucleus. One width cen be measured difectly with Ge and.Si
.deteetors.from fhe broadening of the x;ray lines which teiminate the cascade.
The broadenlng of the 2p -+ 1s line (K ) is due entlrely to the 1s strong
' absorptlon w1dth “ |

I(zp » 1s) = hA, (15) 6.58x107 1% (1s)  (eV, sec™!) (3.3)

For increasing Z, the K series yield decreaSes,;beceming undetectable at
Z~11. The L series (nd ~ ij then terminates the cascade, and the directly
measured (12 <Z < 30) broadening gives.Aa(Zp). The electromagnetic contri-
bution hA*™(2p + 1s) to the width of L series lines (0-1'10 eV) is

negligibly small compared to the capture width (O-Z-ZORGV)aDifect level
‘width measurements have been made on M lines (4f + 3d) for nuclei wiih

39 <72 <59, and on‘Na lines (5g + 4f) fer nuclei with.73 < Z <_94 (Bac 70).

The second capture width that can be obtained is that of the initial
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level in the caséade-tenminating~Ka,La..., transition.  Thése are compar-

able to the electromagnetic widthé and-thereforévare t6§ small to bé.meas- |

~ ured directly. Theyvcan be determined by én indirect.methoq'(Béc 70) whiéh_

.religs:on g cascade gaiculatioh'for the initial level popﬁiation and on bne

ﬁeasured x-ray yield. jFor‘example; in é light.nucleus fhése are related by
_)\'em(z.p > 1s)

Y(p ~1s) = P(2p) ——— — 6
| o x@p) + AT(2p > 1s) + X, (2p)

~ Since electromagnetic rates can be calculated quite accurately, Eq. (3.4)
can be used to,obtainlka(Zp)

- P(2p) - Y(ZP > 1s)

. Xé(Zp) = Ae’“(zp + 1s)- (3.5)

Y(2p » 1s)

_(The Augér rate'AA-is much smaller than Aemvfor the active capture orbita1§
~and therefore has been dropped‘in Eq. (3.5).) The calculated P(n?) .can be
vchécked_in a,few'casés with direct measurements of yieids for all.x~rays_ |
feeding_level‘n&} In general, hqwever, a cascade calculation is.required :
vtogether with the measured Y(Zp + 1s). At present, the lafter are still
.quite uncertain, with some 1arge discreﬁancies between'thé Varidus'groups
(see, e.g}, Sap + 72). Thus Xa(Zp), as well as the_Aa(Sd), Aé(4f), and Aa(Sg);
when they'are déduced from inténsity measurements, generally are not precisely
_knbwﬁ. In many cases, opticai potential values (e.g., KE 69, Bac 70, Sap 72),
where the potential parameters have been determined by fits to large data |
sets of directly measured level widths, would appear to give more reliable
values for use in Eq. (3.11). |

Assuming that for a typical nucleus nearly all captures occur from

“orbits of two 2*values, Eq.‘(3.l) reduces to’
| A (ne) X, (n,0+1)

= Y + Y Cos : .'
Ry = g X, () w(n?) g EMCRZ8] w(n,? ;) (3.6)
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Since»at most two Aa(nﬂ) Can_be_measured; and several w(n?) for_each -é ére'
Significantly greafer than_zero_(Table 1V}, Eq. (3.6) can still not be used
in a direé;’comparison with experiment. The crucial assumption,made at this
_point is that Ay(nQ)/Aa(nQ) is independent of n for fixed %. Most
authors employ this approximation although littlé‘published work exists to
demonstrate its validity, and some authors (RW 71) have questioned'it for
p-orbits.  Its validity requires that the variations in shape inside the
:nucleus of the strongly distorted plon wave functions ¢ i for the dlfferent'
n 1nvolved 1n the captures are negligibly small. It would appear (Leo 75)‘
that this approximation 1s,qu1t¢ good, since the variations in pion binding
| eﬁergy With n(lO's of keV) are small compared tb the real well depth of the
plon potentlal (10's of MeV (KE 69)). The magnitudes.of 0 through thé
nuclear volume do vary#* w1th n, of course, . but this scale factor drops out
v1n,the ratio. Thus each of the sums in Eq. (3.6) reduces to one term. For

~light nuclei, the quantity to be compared with experiment is

A (]q) A (Zp) _ '
R o e I SN
‘where w Z (ns) and Wy =7 (mp) = 1 - W HaV1ng made these necessary and
n

perhaps reasonably well justified approx1mat10ns, interest fOCUSGS on the

ratlo

W 1 - w
e+ 1 .
= .u)' = . m L - (3.8)
L e

*1f the variations.of b With. n follow hydrogenit wavé functions, one has
(LB 62) for s-orbits [¢ns(0)|2 = |¢1S(0)|2/n3, giving -xa‘(.ns) = A, (1s)/n® ,

: 2
~and for p-orbits |§¢ (O)I2 = |§¢2p(0)|2, giving A, (np) ‘——g— A (Zp)

The Aa here can be any part1al capture rate, or the total absorptlon rate.
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to represent the capture'SChedule for any nucleus. Accurate determinations of
r as a functlon of (Z,A) are 1mportant to all g-capture experl-

ments where quantltatlve compaxlsons between experlment and theory are sought.
(Equat1on (3.7) applles to any capture-ehannel simply by replacing the

AY(nQ) with the corresponding partiai capture‘rates)f'_From Table IV, one

gets for the p/s ratio r('H) = 0, r(“He)/= 0.19, r(°Li) = 1.5¢0.4, and’r(rzC)
il 5% 4.5. "'The pionic x—ray data for light nuClei_4 <!A.<§16 needed for
'use of ‘Eq. (3. 7) are g1ven in Table V
Also glven in Table V are values for the distortion factors C and Cp ,
whlch relate A (ls) and A (2p) calculated with hydrogenlc wave furictions to‘ o
those calculated with strong interaction dlstortlonsvlncluded Studies with
optiealvpotentials (e.g. KE 69) show that ¢1s and ¢2p'deviate con51derab1y :
~ from hydrogenic wave functions. For example (KE 69), in 160,'|¢1s(0)|2,
is:reduCed to 0.3 of the hydrooenic value (due'to the dominance of‘the repul -
sive 7N s-wave interaction in s atomic orbits); for “°Ca, I¢2p12, deyelops a
small ripple at ~4 F, and its-magnitude is larger than the hydrogenic wave
f unctlon throughout the nucleus (due to the dominance of the dttrdctlve TN p -wave in-
teraction in p atomic orbits). Although in pr1nc1p1e the distorted wave leCthl’lS can
be used directly in the radial integrals of XY, the more frequently employed

procedure is to take distortions into account by simple multiplicative factors

defined relative to hydrogenic wave functions. Noting that for the latter

» ' ' _ _ L )
|r ¢n2|2 is slowly varying through the nuclear volume, and that in some
cases the same is true of the distorted wave functions, the multiplicative .

factor ) | _
|[<N'L'| 1 "¢, (optical pot.)|NL>|?
Cngy = 3 - — (3.9)
- [<N'L'| r ¢ (hydrogenic) INL>12

is calculated.(e.g{; Del 70, SW 74) and used to scale the transition rates;’
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viz., A# (optical pot.) = C(nQ)AY (hydrogenic)., In. general, C(mR) dgpend not
only on the pion orbit n?, but on the initial (NL) and final (N'L') nucleon
states. The apprqximatiéhs_leading'to Eq. (}.9) are best met when NL = N'L',

- and déubtful_when:broad regions of nuclear excitations (e.g., giant dipole res-
onance) are invélved_(Ver 75). For a limited range of excitation energy, and
when N'L' = NL, the use of a single value of C(ls) éndFC(Zp) for all transi;
tions may be justified (SW 74; Ver 75). The VaiUés of Téble V are for 1p
'Shell nﬁcleons-in hérmonié osCiliator orbits andeith ¢n2 calculated with
_opficél potentiélsisimilér.to those of Krell and Ericson (KE’69). Values

“of C(5g) and C(4f) needed for 2°°Bi may be found in Ref. (Bae+ 74).
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4.‘ THEORY OF.PHOTOPRODUCTION OF PIONS NEAR THRESHOLD
- AND CALCULATION OF (m ,y) TRANSITION RATES
Two methods have been used in the theoretical treatment 6f nuélear

- radiative pion.capture and its'inVefse,‘nuclear’photoproduction of pions
o+ A(ZN) = Af(z-l;N) iy o “.1
The first method applie§ the impulse approximation (IA),'uSing an effective'
- Hamiltonian cohstrUcted from the on-shell nucleonic ampiitude. The nuclear
matrix elements fof’this Hémiltonian‘are Obtained.by a sumhation over all .
nuéleons in the nucleﬁs with a pion wave>functionvdistorted By fhe strong ';’
interaction. - The second method, referred to in the 1iférature as the eléf_
mentary parti¢1e (EP)itreafment, applies current algebra techniqués td’réiaté
_the nuélear matrix eiements to the matrix elements_of the nuclear w¢ak axial
current, appearing in processes like-u—captufe and BvdecaYL For pion four-
mohenta equal to zero (soft pion limit) and with the hypothesis of partially
cdnéerved axial—véctor.currenf (PCAC), the radiative captufe'maﬁrix elements
‘are seen to be proportional to the weak interaction axial vector form factor.
in the‘ﬁse of the (7 ,Yy) reaction as a geheral tool for nuclear struc-
ture studies, the IA must be émployed to obtain a coﬁplete analyéis of fhé :
experimental branching ratio. First, this is true since captures occur frdh.

209Bi,' the only pure s-state capture

p,d,f,...orbits for nuclei from 3He'to
nuclei being the.hydrogenvisotopes. .Fof orbits with £ > 0, the soft pion
'resuité do not apply. ASecoﬁd, the initial and final'nutlear state_wave |
functions are most generally'expressed in a shell model basis. The use of
these together with the IA in calculations of the ﬁ-capture matrix elements
ties‘this new proééss‘to-fhe many other reactions, and the infernal excitation

spectrum of the nucleus, for which the shell model haS'provided the basic

' framéwork for analyses. In the EP treatment, the invariant form factors contain
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both the nuclear structure and transition operator. Numerical values of the.
form factors can be obtained oﬁly if the necessary data on other reactions

is available, and to date there are only a few cases where these are adequate.

4.1 IMPULSE APPROXIMATIONILN%ILTONIAN'_
The radiative capture rate for transitions from pionic orbits with
quaﬁtum‘numbers'n,ﬁ and_initial (final) nuclear states of}angulaf momenta

JiMi(Jfo) may be wriﬁten (e.g., MW 73) as -

K 1

A (nQ ; 1—7‘f) = e - v . . . Idk Z |<J . |H |J'M.‘>|2 (4.2)
Y My (? R §_) @ D@D N Pl Mere M”17
' N 3 v

X is the momentum of the emitted photon, m_ the pion mass, and M, the

target nucleus mass. The effective IA Hamiltonian is given'by

A 5H” A -ik T . . m >, *

nfj=1 A=t1l J

where ¢n? is the pion-wave function and T is the isospin ladder operator

: m ‘
+ . . ™ . . .
T |p>=|n>. The factor (1 + ﬁm), where m, is the nucleon mass,- results from
v \ o

the transformation of the pion-nucleon to the pion-nucleus center-of—mass
system (c.m.). The elementary amplitude ij for the nucleonic process m pny

(Sec. 4.2) is
. .—>" O > > N >
ij = A(oj'ex) + B(oj'ex)(q-k)-+ c(oj-k)(exoq)
- iDey (@K ¢ EGDE ) 0 (4
where a. is the pion momentum in the Tp C.m. system, gj the Pauli spin

operator for the jth nucleon,_and.€A = —};-(—A,-i,o) the photon helicity.
In’wfiting,Héff as in Eq. (4.3) it has been assumed that, (1) the kinematical

' complitétions'due:to the differences between nuclear and nucleon c.m. systems
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' caﬁ be néglected;.(Z)'thé modification.ofvthe-nutleonicvamplitude due to
the preseﬁcé of the other nucleon-can be neglected, (3) the nucleoni; amf
plitude -ij- contains only'$~ and p-wave terms (higher 2-wéﬁes contribute
additional terms to Eq. (4.4)). Included in (l)kis the'negleét.bf Férmi_

" motion of nucleons and_the‘use.of the.operator -iv ¢n9 for a¢n9'(MW 73)."
Delorme et al. (DFK 75) have‘inciuded terms in.ij_up‘to d-waves and cqntri-‘
. butions (DEP”7S) erm‘ithherénf scatterings of the pions before the absorp- -
tion, as well aS'meson‘exchaﬁge between neighboring nuCIeonS..-Bofh effects
' produce a fenormaliiation of the nucleonic amplitude; which,_hbwévér, ié |

estimated to be negligibiy small for light nuclei. i

4.2 RADIATIVE CAPTURE ON PROTONS
. 4.2.1 'GENERAL SCATTERING AMPLITUDE -
The process m p*ny 1is the inverse of the photoproduction of pibns;
yn>1 p, for which a well established theory exists: ,Using'the'notatiohuof'
Pilkuhn (Pil 67), the most generél Lorentz-invariant matrix -element for.

photoproduction may be Writtén‘in the c.m. system in the form
TRy %,8) = 8mvs Xp () Fog () (4.5a)

 F = F(3°8) - iF2(3+9) (3+(KXE)) + F3(0+k) (4-8) + Fu(0+Q) (§°8)

. . 5b)
Here g = (w,a), k = (k,ﬁ), p1'= (El,-f), and p2 = (ﬁz,-a).dgnote the piqn-,
photon-, neutron-, and proton-four-momenta; ¥S is the total enérgyvin the
c.m.vsystems; € the polarization vector for a photon of helicity TAY(il)’. :
and o the nucleqn spin matrices; An.kp are the initial and fihal

nucleon helicities; x. and X, are the two component Pauli-spinors, cos 6 =

p
1 '(q.k) is the c.m. scattering angle (h=c=1). The'decomposition ofAthe‘
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amplitudes F; into multlpole amplltudes may" be found in the pioneering work
of Chew Goldberger Low, and Nambu (Che+ 57). Keeplng only s- and p-wave

terms, one flnds

Fi = EO+‘+ E,- +_’3(M1+ + E14) cos O

: FZ = 2M1+'."‘ Ml_
Fy = 3(Ejs = M)
Fp =3, - N )

where E,. (h&i stands for the electrlc (magnetlc) multipole amplltude of

- multipole order 2 Q 1

(2 ) 1ead1ng to a final state with J Qi% and parity
(-l)Q[-(-l)Q]. Since the electromagnetlc_current has an 1sos¢alar»and iso-
Vectofvcompoﬁent, the mﬁltipole amplitudes are furthef‘characterize& ih iso-
épin aécOfding to transitions 4 - % for.the isoscalar amplitﬁaé, and % +F%,‘,

5> 3 for the isbvéctor'amplitudes. -Thevparticular—isospin combination for
n"prbduction is v { | |

. v , Mgn‘) i Mgo)v+ %(Mgi) —'M(S))

- where NB = Egi or M4, andkthe indices fa) = (O),(l),(S) 1abel amplitﬁdes
1eadihg to states with total isospin 4, %, and 3, espectlvely In the treat- -

ment of nuclear radlatlve - capture it has become conventional (DE 66) to

reorder the pion photoproduction matrix elements into a form similar to

Eq. (4 4).

- AG e) FBE @R ¢ @R @) + D@ kXe) +EG @8 4.7)

with
A é Eo* + EZ'
B= (Mpy - M + 3E1+)(qk)'1
C = (Myy + My + 3B ()]
D= -(2Mp, + M) (k) |
0
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Knowledge of the toeffitients A through E is, of course, eéSentialffor the

application of the results for the capture on nucleons to the nﬁclear case.

4.2.2 BORN APPROXIMATIFQN FOR MULTIPOLES AT ﬂ{RESHdLD

Néarzthreshold the main Contribution to.the_muitipole,émplitudeS'stehsv‘
~from thé'thfee gaugefihvariant first order.Born-diagréms (Fig. 5), the oné-pion /
, exchange in the t-channel;'and the nucleon poles in theAdifect and the crossed |
Channel. Ih.geherél Watson's theorem (Wat 54) assﬁrés thafvas long'as the
: inelasticity‘¢f~the"pioﬁthCleon system is small, the phases-of tﬁe_muiti5:
polé amplitﬁdes aré identiéal to the pion-nucleon phaée—shifts for éhannels
with equalaspin'and isospin. Thus, near:threshold where.ﬂN phase Shifts
approach'zefo:'the.yN multipoles become essentially réal. The explicit form-_

ulae for EBORN BORN

(M;7) can be found, e.g., in the paper by Donnachle and
" Shaw (DS 66).» The leadlng terms near threshold (q/mn+0)~are‘of order q R
so'that'thé amplitudes A-E approach in this limit a constant valuéi In

. particular one finds for the Born approximation atvq=0'

. 1] + 1] ‘ . . .
H Mn -3 -1 : o
vEO+ = -Y{l A+ l/za —T_'—"T} ." '32 1 X 10 m . (4.9)
4 _ Yy 1 +aqa - -3 3 - .
- - -3 .
(qk)1M1+-—gr1+a(1+2u)a+ +amﬂ2=10.1x10 m>
1+ 5 1+ | |
1 .
L, _ Y 4 1+a e 3(“p+”n) Fa -2 =3 -3
(qk) Ml_—--ﬁ{4l+q- 2+ - 3w - Syt oM™ =-8.1 x 107"m,
2 : 2
. Uy 31 . 1 : -3 -3
(q?) 1E2- =»—%{a§ @ + 2(1 + o) - Tﬁaz(llup + 1)} m = -973 x 10 m.
; _ 5 | :
ef 1 : oM el 1 '
with vy = /— o = =, ﬁ- m , f = -081

AF (1 +a)? T

uﬁ 2 79 and u = -1,91.
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Using the results of Eq. (4.9) we can form the'appropriate linear- combina-

tions for the momentum dependent terms and obtain

A= -32.1x 10757

B= 2.6 x107°n° |

C = -33.8 i 10-3m;r3 : (Born approximatioﬁ) a .3- . (4.10)
D = -12.1 x 107 %m

E= 28.0x 107%n 7

Whileithe'C,E, and'D terms are of ordef A/m; énd A/Sm;,.the BOrn'resdlt
for the B-term is of the order m"/mn times smaller. Since the Born contri-
Butions dbminate near threshold, we'expect relatively large corrections only :
for the B-term when other contrlbutlons are con51dered as. discussed below
Except for the factor (1 + 21) , ‘the leadlng electric dlpole amplltude
A= E6+ in the Born-approximation 25 equal to the Kroll-Rudermann (KR 54)
threshold value and agrees very well with experimental findings (Sec. 4.2.4).
The soft—pidn-PCAC value for A (Sec. 4.3), exﬁressed in terms of the pion-

decay constant fTT = .932'mTr and'the.fatio of the axial-vector to vector weak

coupling constant g,/g, = 1.24 is

g .
_e A 1 _ : -3 -1
' A= Fg— En_. = 31.3 x 10 mﬂ_ (4.11)
4.2.3. INFLUENCE OF TTEZPSS—RESONANCE ANDVDISPERSION RELATION CALCULATIONS
For increasing values of q/mTT the P;z-Tesonance (E ~ 1232 MeV,
q/mTT = 1.6S, 110 McV), whlch dominates the magnet1c dlpole M( ) and

(3)

electric quadrupole E1+ amplitudes, influences the coeff1c1ents B, C and D
- The impéct of this resonance and higher ™N resonances is generally taken into
account in the theoretical description of photoproduction by writing a dispersion

relation of the form
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. | . . ImM.(a)(wV) .
ReM(™ (i) = MEORN(@) () y 1 p [ i R
] , 3 T w-w
. [s) -
. fl(@i’s) ') IMP) qy B L (4.12)
C k- o JK . J : - C
5 , _ | _ .
.(w f /s - m)
'(QB)_ are: known non-singular functlons whlch couple a glven '

The kernels Kjk
multipole with all the others. The solutlon of this system of coupled 1n--
tegral equations can be traced from the or1g1na1 work of Chew,'Goldberger,

Low and Nambu (Che+ 57) . and a series of subsequent papere (Jur 72) with increas-
1ng sophlstlcatlon, to the most recent work of Berends, Donnachie and Weaver' =
(BDW 67). We g1ve thelr results for the coerficients. A - D as a function of

q together with the Born results in Fig. 6. As can be seen, significant
dev;atlons from the Born approxamat1on appear as expected at q'= 0 invthe
B?term, end with,increasing-q for all momentuh dependent terms. The deviatione_

reflect the influence of the P —resonance.

33
4.2.4 NUMERICAL EVALUATIONS‘OF THE AuB C,D, AND E COEFFICIENTS
Almost all prev1ous calculations for nuclear radiative plon -capture

use the- BDW multipole tables as a starting point to determlne the coeff1c1ents, .

however, w1th sometimes different results (KOS 68 MY 73, Table VI). To ex-

amlne this procedure and to determine a set of recommended values for thesevj
coefficients, we compare the BDW results with fmodel—lndependent” multi-
pole analyses end with the expefimental results |

Near threshold the yn»>n"p data are usually obtained from the relatlve-

w* and T y1e1ds from a deuterlum target irradiated w1th a photon beam, viz,

o(rd > o) otp > mm) (4.13)

o(yn » n°p). =
: o(yd » n*nn)
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'.where.o(yp + n'n) is independently determinéd with a proton target. The
strong final state interactions are preéumed‘to cancel in’the-ratio, whereaé
Coulomb-corrections and other, smaller deuterium,correétions are taken into-
account with fhéoreticalfestimates. The only other source of daté ié.ihe |

~ Panofsky ratio for pions at rest,

o - o(rp~>1n) _ ' o | R
Pl_ NG EEDEE 1.533 ¢ 0.021.’ _ (4.14).

(Coc+61). Since the pions are captured from an s-state, we may relaté Plvto-
the s-wave singlet and triplet pion-nucleon scatteringvlengths, as determined

" in charge-exchange experiments (BCC 73) at someWhat'higher energies,

' 2
| 1 9 (@) - 3g)
R 3 (4.15)
. IE(” )IZ
oo+
Using a; - ag = (.262 + .004)1 (BCC 73) we find |Eq+" | = (32.9 £0.6)*10°3 I ,
. . ) _ o : My

which is close to the Born value (RW 75).

-‘Using theif own m°p + ny data (Ada+68) and various combingd data for
the 7~ /m*-ratio (Ada+66, Ben+So, San+54), Adamévich_gg_gl, (Ada+69) deduce
tHresBold falues for ESI_).givén in Fig. 6 and Table VI. Thfough a fit of
| the'n-/n+-rétio-data‘with a power-seriesAin cqs 0, angular distfibutions
(Ada+69) aé well as total cross-sections (Ada+69) for yn - w*p are calculated

(q/még_.S). 'Since the ratio of forward to backward cross-sections is given by

Loy o - |
dn - A +'B(gk)” : : (4.16)
» v } . 2 ’ X ) . :
d—O(180°) A B(C{k)
dQ

the cnergy-dependence of A and B near threshold was also obtained. The results

are shown in Fig. 6. The accuracy of the data doesn't allow extraction of the
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C,D, and'E‘coefficients' |
Pfe11 and Schwela (PS 73) have performed a multlpole analysis for

higher energles (q/m >.58) in wh1ch the real parts of E o+? E1+, M1+, and
Ml' .were .taken-as free»parameters. The imaginary parts wereAObtained by
use of Watson's theorem and expetimental pion-nucleon phase shifts (AL72). Bofn-
_approximatiompvalues»werelgsedfor,ail multipoies_with 2. At the lowest
A‘energies (q/mT.r =‘.59,.82) the M, . multipole is fufther restricted to its
Borh value. Their results are shown io Fig. 6. |

| We have detenmlned threshold values for the coeff1c1ents B, C and D by
f1tt1ng a curve ‘of the form (a + bqk) to the five values w1th q<1. 19 m .
For the B-term a slmllar f1t was made to the Adamovich data. The results
areISUmmarised in Table VIvahd the curves given‘in Fig. 6. »The two analyses:
can ohly’be.compared at one energy?(q/m“:= .59), where a 10% descrepancy
appears fot the E + -value.. The statistical errors are givem as about 1%.
Since the BDW-calculation as mell as the pure Born-result agree with the
| Pfe11 + Schwela result at this energy and reproduce the AdamOV1ch values
at threshold we dlsregarded this discrepancy in- the evaluatlon of the errors -
glven for our "recommended" values in Table VI. We can also fit a smooth |

‘curve'glven by Eg+ =a+b (qk m“—4 +c (q k) m -8

through‘the threshold
and the Pfeil and Schwela values. For the B-term the Adamovich et al. and

Pfeil and Schwela result overlap at q = :59'mﬂ, but the threshold extrapoia-

tion yields different values outside their respective error bars. We feel

that the Pfeil and Schwela result, which relies more heavily on the higher

accuracv Bonn 7 /7*-ratio measurements (Hol + 72) for q>.1.06 mn,should be
preferred but the'error bars should be increased to encompass the Adamovich
result. In light of the preceding.discussion it is clear that new data on

n"p -+ ny at low energies are in urgent demand.



The radiative pion-capture llamiltonian, Eqs. (4.3) and (4.4), is ob-
‘tained by time—feversal'of.the pion photoproduction matrix elemenfs. Maguire
and Werntz have shown that'this is the Hermitian conjugate of Eq. (4.7),
apart from a‘eign change of the non—épin flip D—tenn This sign change was
ioverlooked in earlier work (DE66, RP73 KOS 68). The elementary cross sectlons,
of course contaln no interference terms between D and the others, and remain

unchanged

4.3 CALCULATION OF 1s-RADIATIVE PION CAPTURE IN THE ”ELEMENTARY PARTICLE
- SOFT-PION" ANSATZ '

In the elementary particle treatment (KP 65) of nuclei one attempts to
, establlsh relatlons between weak and electromagnetic reactions 1nVOIV1ng the
same nuclear states. The nuclear matrix elements are replaced.by a set of.
nuclear model independent form factors analogous to the'nucleonvcase.' The
link between radiative pion capture from a ls-stéte_and weak processes, such
as p-cépture and B-decay, is based on the hypothesis of partiai coneervation
.of axial vector current (PCAC). It states that the divergence of the axial.
current (au) is‘equal to the pien field (o) o
m (4.17)
where f; is the pion decay constant (f; = .932 m;).  Several theoretical
articles (PFE 67, Ef 67) are concerned withlits éppiication.toradiative pion
capture and the subject has been recently. reviewed by Ericson and Rho
(ER 72). We give here only the general idea, omitting all the details of
the derivation. |

For the nucleon case, m"p - ny, the transition amplitude is Written,

“apart from normalization factors, as
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where j = (o +m 2) ¢, descrlbes the p10n source. .-The PCAC hypothe51s

(Eq (4 17)) has to be mod1f1ed for the presence of the electromagnetlc

field (Au) to read .

M ieA") a = £ mPo. T aie
| ( - ieA ) a, Vf“ m_ ?" - - ‘(4.19)
Inserted into the amplitude (Eq. (4.18)), this leads to
£ m;: »

T T < nyljlp > = iq” < nYla |p > - dex nYlAP up>

m? - q* | o | (4.20)
Since'we‘deal with pion capture at rest (aio);the seft‘pion 1imit (q»0) is
obtained by settihg m_~> 0. In this limit (the exact prescription is givenh

in (ER 72)), the amplitude reduces to

. 'e
q»0: <mvliglp > = -y <nlcalp >
= -je gﬁ 1 ﬁ' e“Y Y T - h (4.21)
g Ry G

where e’ is the photon polarlzatlon 4- -vector. The connectlon to = capture»

is obvious now recalling that the axial vector part of the p+nvu> matrix

element is obtained by replac1ng -%— H by the leptonic current /E— (u.y (1+y5)u ).
. ' ™

Replacing the,Spihors ﬁ%hand u, (Eq. (4.21)) by two-component Paull-splnors,
the'nen-relativistic limit of the amplitude is ohtained
e PA L *am X o wa
| v fn Xn P B »
This isvcompletely'equivalent te the dominant term in:the impuise approxima-
tion Hamiltonian. |
The nuclear m-capture case is obtained by replacing the |p> and |n> .

by nuclear states. The physical amplitude differs Slightly for nuclear
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transitions from the soft-pion amplitude. It includes corrections due to
nuclear intermediate states, incoherent rescattering (i.e., the pions re-
scatter before absorption, exciting the nucleus in the intermediate state)

and vector meson intermediate states. The modified -amplitude is (ER 72)

' ' iegy L . L -
M= -'f'" <f]€ a |1> - .22 —f;—g; <fl § o'j-.g: T 5(rj)|1> , (4.23)

Ifﬁgxchange effects are neglected in the axial current matrix élemeht, the
above two tenms may be combined. Ihtroducing the axial.vectdrvform faétor
FA(qZ)'for the'nuqlear transition’ |i> -~ |£>, Eq. -(4.23) becomes
M=-2€1.22 Fp o) | (4.24)
fﬂ |
‘Collectlng all the normallzatlon factors above, the 1s- radlatlve m-capture

transition rate is given (Del?O)_by

c @ am,a - —K 3 55,0 FA(qZ) (4.25)

AY(IS) = (1. 22) m,rT ‘ I +M

Zﬂ
ﬂ

‘Here Cg is the diéfortiohifactor of the pionic wave—fuhction (Sec. 3) and
S(Ji,Jf)vis a 'spin. dependent factor. .
Numerical examples for the evaluation of‘x (1s) can be found for
He(GK 63, FE, PF 70),°Li(GK, FE, Del70), and “*N (Bac+75). These were all
obtained u51n& B-decay to determine PA(q =() -and then extrapolatlng to the

relevant q by use of

.FA(qz) _ Fy(a)
F (0)  Fy(0)

(4.26)

where Fh(qz) is the electromagnetic,form'factorvof the M1 transition
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connecting the target nucleusrgr0und state with the excited state analogvof_'.
the (m-,y) final state. Taking the 6Li(l*,T--—_O)—6He'(0f*,T=1',g.S.)_transition

as an éxample, EA(qZ) is determined as follows (Del70):

(1) B-decay ft-value: . GHelf_sLi +'e'+_5é
v 3 o ' a . '
CR(0) = L IR2 : .27
T > G'm S _
) 2

(i1) 1inelastic electron scattering: SLi(e, e')°® Li(0%, T?I;Ex?3.56 MeV), beam
energy Ee o ' o B ’ I |

. : 2  ' 2E | -1 -2 1 .2 A L |
. '(l' + o osin? ) AL B [ Fo(a®) o (4.28)
dQ 12Eé' A 2 2sin® 40 m_ - o |

(iii) y-decay lifetime: °Li(0", T=1;E =3.56 MeV)~*Li+y

o E ¥ - S
er("Li +Li+vy) = v2a ".‘n(iﬁ‘) F&-(O) o (4.29)
Reactions (i) to (iii) may then be used ih Eq..(4.26) to detefmine>FA(q2).
The use of Eq._(4.24) is generally justified by the good agfeemeﬁt of
the calculéted u—captufe rate with éxperiment, where FA(qz) is.determihed in‘a.
similar way'ahdlthe vector form-factors are obtained direétly‘ffom’the electro-
magnetic ones via CVC, |
' Table VII lists the results_fér *He, °Li and,‘“N}iwhich‘afe compared

to the impulse approximation results and the experiments in Secs. 4 and 5.
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5 RESULTS ON LIGHT NUCLEI, ISOTOPES OF HYDROGEN AND HELIUM

Radlatlve capture on these nuclei has played an important role in
| the study_. of _t_hreshold mN, y-N, and 7-N-N interactions, the search for
resonances in. the'A =3 and A = 4 nucieon systenls, and the study of

n-absorption mechanisms in nuclei. A synopsis is given in Table VIII.

: 5.1 HYDROGEN

Study of radlatlve capture on protons is'a necessary prerogative both
from the experlmental and theoretical p01nt of V1ew for the application of
the (w ,y) reactlon to nuclear structure phy51cs It prov1des a con- ,
Venlent calibration of the detectors (Sec. 2) and the basis for the the-
| oretical analysis (Sec. 4). Historically it was one of‘the nrime reactions
in determ1n1ng propertles of pions; e. g » one of the most accurate early
mass determlnatlons con51sted of measurlng the absolute energy of the
i p > ny photon (cp 54) The Panofsky ratio llnks s-wave w-nucleon scat-
terlng to p10n photo productlon at threshold. As such, it is an 1mportant
experlmental quantity in the charn of low-energy pion reactions used to
test the symnetries of charge independence and time reversal invariance.
Starting with 7-N elastic and charge exchange scattering, the hypothesis
_ oftcharge.independence, together with extrapolation to zero energy, yield
values of the isospin singlet (al) and triplet (a3)'scattering,lengths which
appear in the Panofsky ratio (Eq.4.15). Using the Panofs'k}' r-atio'for hydrogen and
thcimpulseapproximation(IA)ikn*thcradiativecaptureratefordeuterium
AY(wd-+znw),oneobtainsamﬁrectionrelationbetweenthenwasureddeuterhﬂn
branching ratio An(n-de*nn)/AY (n"> nny) and the cross section o(n_d->nn).The

latter is related by charge symmetry to o(n d -+ pp) which ismeasured directly,
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or by'the time rerersed:reaction a(pp+ dn+)t:This’consistency testpis.disjv
cussed ih-various text‘bodks‘(Kai'64;‘CT:74) andvarticles‘tRya‘63,'Roé 67,

SM 76)'end will not be treated here..The’experimental resultspfor hydrogen.'
and some keys to’their interpretation are given in Table VIII. The»spectrum

-

is shown in Fig. 7a.

fsz DEUTERIUM o |

As early as 1951 it was suggested (WS 51) that a . thersiuglet neu-i
tron-neutron scatterlng 1ength could be determlned from.the final state
1nteract10n of the two neutrons in the radlatlve absorptlon in p10n1cl
deuterium. W1th the exceptlon of the u- capture process 1n deuterlum,
which is qu1te dlfflcult to measure, radiative pion capture prov1des the
only reaction where the two neutrons are not accompanled by another strongly
1nteract1ng partlcle Furthenmore, the photon spectrum (Fig. 7b) peaks
sharply towards higher energles or Low relative momenta for the neutrons,'.
which is a favorable 51tuat10n for studying n-n 1nteract10ns Theoretlcal
treatments. (Ban 64, McV 61, GGS 75a) are generally in the framework of the

IA, which leads to tran51t10n amplltudes proportlonal to_

| _ R o .
3 _ 2 . -
- /.dr 6, () 04(2r) o ¢ oy (P527) BRCEY
- where .¢in is the singlet'final state of two neutrons with relative momentum
'p and separation 2r, ¢d(2r) is the initial deuteron state and ¢" is
_ _ v .

the initial pion wave function. In the simplest ansatz, only the So;

neutron-neutron scattering state is retained, with

¢nn < COoS Gojo(pr) f sin.ao no(pr) ' | - - (5.2)



Whére“jo~and n, are spherical-BesselF and Neumann- functions, respectively.
The scattering length enters via

1 2 '

B -whcre rnn is the effectlve range (a = 16.4 F, T = 2.6 F, e.g. (Sa1+ 72)).

N =

p cot &, (p) = -

_The tran51t10n matrix element for small p then reduces to approx1mately the
fom Do _
v ‘ _ | : ) _— |
: sin §_(p) © _ : . .
Me . |__T___£l__* | = _ 1 - (5.4)

p pza +1

The klnematlc relatlon between photon energy k and relatlve neutron momen-

_.)

tun for small values of p (p pz) is

k = Upax -.%- : , : : (5.5)

(qmax =’131.5eMeV/c), indicéting that only in the last 0.5 to.1 MeV is.there
a 'strong dependence of the spectrum shape ona .. The early detefminations.'
of anh from the measufement»of the +y-spectrum (PC 54; Rya 63, Nic+ 68)
consequently yield ierge errors. A more'pfecise.determination of a ., can
vbe thainedbin a kinematically‘complete,experiment where both the heutrons
and_the_phbton are detected and h-n(e) and n-y(6) angular- and energy - cor-
relations are measured. Such an experiment (Had+‘65,'Sal+ 72) yielded;
anﬁ = 16.4 + 1.6 F. The error'containS-an uncerteinty of + 1 F from the-
theoretical analysis (Ban 64). The sign is giVen by the photon spectrum.
A more recent theoretical analysis (GGS 75a) shoWslthat'thiS contribution can
' be reduced considerably, so that in a new experiment of -similar ﬁype an
accuracy of 0.3 F eould be achieved. |

The absolute rate for radiative caﬁture is only weakly model dependent

and can be calculated to an accuracy of * 10% with the IA. Using the
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= ‘theorletical Value cited 1n '}»(Bis+ 76) aud the experMenta‘l‘ b'ranching. retio., a
total width for the pionic ie 1evei_of'1i02‘i O.ll ev is calculated
_(Table IX). Such a small width cennot be measured directly. Its indirectp
tennination_through radiative_pieﬁ captufe is quite usefui, since this_
number serves aé a test for pion two-nucleon abSorptieﬁ models used in

calculatiens-fdf:heavier nuclei (KR 66, PR 73).

5.3 TRITIUM

AStudy'of-radiative captufe in’tritium, 7t +”nnny,‘affords au"
attractlve p0551b111ty for study of the 3- neutron exc1tat10n spectrum -vt:'
with the hope of revealing eV1dence for T = 3/2 resonances or even a “
bound n system should these ex1st. The latter wpuld glve an unambiguous
signature;.pfoducing a.sharp 1ine'(EY > 127 Mer_éepareteq_ |
~1in energy from the breakup continuum. The avdilable.data oh'the existence
of T =.3/2 resenances'and a'possible 3n state ere scarce, inceuc1ueive,-'
and sometimee conflicting, and these have pfoﬁoted'equally conflicting
theoret1cal 1nterpretat10ns (e g., (Pa1 72), (FH 75)). All reactions
studied, except that of radiative plon capture are plagued by the fact
that although a (3p) or (3n) system is produced, there is at least one '
additional strongly interacting particle in the fiualbstate. The cap-.
ture reectiOn'has only an extre photou‘in:the finél state;'Furthermcre,‘
ufrom study of the 7 d ~ nny end n3He - dny and pnny reactions it.is
known that radiative capture of'stopped pions ptoduces'finalvstates in Which
nucleons are preferentially found with'low relati&e mqmente, a favorable

- situation for_the,search of resonant states.



" The photon spectrum was recently measured (Bis+ 76) using a 23 an’

liquid ‘tritium target andvthe Berkeley pair spectrometer in the extended
10w-energy pionvchannel (LEP) at Los Alamos (LAMPF) . fhe small target size
and the short beam time limited the fotél number of'tritiumfevente to-
about ‘1000 - (Fig. 7c). An additional. 1000 events appeared in-the.raw
spectrum (Bis+ 76) originating from the 1% 1H.ahd 2.8% ZH contamination‘in‘
~ the térget,‘theistainless steel target cell end vacuun jacket, and the
.beam‘defiﬁing countef in frent of the target. The shape of»eacthf.these
'tomponent$IWas quite_well determined either by direct measurement in the |
experimentlor:frdm previoue work. The abselute normalization Wae besed-oh
hydrogen runs which were interspersed_with the tritium:runs.

The measured branchihg_ratio'of 4.5 1‘0.8% is considerably less than
for hydrogen and,deuterium, aﬁd neaily the same as that.for'the>radiative
breakup of 3He (Table IX). Examination of the'seectrum (Fig. 7c¢) shows
that there is no evidenCe for a bound,sn state and.aﬁ upper limit of 0.3%
is‘meésured fof“the bfanehing ratio. Also, there is no evidence for a
relatiVely narrow T = 3/2 resonance in fhe'(snj excitation spectrum. Thus.
the suggestion of such a state by Sperinde gg;gl.‘(Spe+ 70) on the basis
of the doubie-CHarge.exchange reaction 3He(n-,ﬁ+)3n isbnOt sepperted by
therradiative T captﬁreiresults, The calculation of Phillips and Roig
(PR 75), which:pufs in no‘resonances, describee thé”data rethef well
(Fig. 7c)._These authors treat the interaction of theleutgoing neutrons
in the Amado model (Ama 63) and calculate the transition rate with the IA.
The Caleulated radiative rate is AY(ﬁ-t,+ nnny) = 7x1013 sec-1 and the
non4radiative rate, calculated with a peir—absorption model (PRl73), is
-1

An(n't +nmn) = (1.0 t10.3)1015 sec . These give a branching ratio of
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6.5 *+ 2.0% which is in.reasonable agreement withithe defa. By using the
eXpefimenfaivbranehing raeio and the theoretical AY a total width of |
1.02 + 0.18 eV is obtaihed for the tritium 1s pionic level width..This

is approximately equel to that offhydfdgen and;deuteriﬁm (Table IX),

but much less than thev3~67“ergiven by the phenemenological extrapolétion

(CE 74) ofedata on heavier nuclei.

5.4 HELIUM 3

A stralghtforward impulse approx1mat10n calculatlon allows one to relate

the Panofsky ratlo 1n 3He to the equ1va1ent quantlty in hydrogen (Tru+ 74)

Qs Ky mgmwgs mpm kg IMOL
=P Qnq. Mp*m -k, m Lo
3 o1 M3tmyKg 01 |m)

3 (5.6)

where m3.= mass of 3He; m = mass of.lH; (wo,q) ='no four momentUm; and k
_is the photon momentum. The matrix element for radiative capture [Mlz’is
related to the Gamow-Teller matrix element M.. <f%{| 3G|,3He>

and the axial fonn factors of the mass-3 system and the nucleon by (e;g.

. ‘ 2\ 2 2 2 2 _
o [Fu@®) £, F,(a%) -
lMlz - %lMchz ( éA@> (fA(q2)> ) 2<—%4m7>x 09 (5..7»)
| | A L

where the depehdence on qz of the axial-form factor is assumed (Sec. 4.3) to

Tru+ 74)

follow the measured behavior of the electromagnetic form factor. The charge-
- exchange matrix element [MO|2 is related to the vector-form factors and Fenni

matrix element by

(q )> ( v(0) ) |
v N
=|M 2{ 1x0.97 .~ (5.8
= M| F,00) \; (q) , | (5.8)

'Ihserting into Eq. (5.6)-the values E (q )/ (0) = 0 776 + 0.016 as deter-

mined by use of 3He_and_SHelectron scattering data (MCC 70), and the
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experimental value P, = 1.533 #.0.021 (Coc+'61), one obtains

1 _
Py (=P x 2.73 |Ml2/|M|2) = 2.49, in satisfactory agreement with the
experimental value 2.68 + 0;13. The radiative transition rate calculated

e » Hy) = 3.6*10-155ec-l. Since P, appears

by use of Eq. (5.7) is AY(nf
ih the defermihationxof the experimental value of P3 (Tfu+'74) as well

as in the theOreticél expreSsiqn,zthe comparison is independent of the

~ particular valué'of:Pl'chbsen and can therefore be considered a difect
test-of the IA in”s—Wéve pion-nucleus interactions.

The agreement betWéen the ekberimental P3 and recent theoretical
values- obtained by the current-algebra methods (Sec. 4) is not quite as-
satisfacfory; Ericson and Figufeal(EF67,EF69) obtainvaluesbetwéenl.Qzuﬁ
2.1,,depending on whether the charge-eXéhange cross section is_Calculafed
in the IA oh the soft-pion technique. In Caiculating the radiative trans-

| itionzrate the inclusion Qf corrections'for 5—méson eXchangé, incoherent
_rescattering, and nuclearbintermediate states has the.éffect of in-

creasing the radiative rates (4.43><1015 sec_lb(EF 69), 4.1x10%° sec™t
(EF 72), 3.86x10"> sec™! (Sec..4.3)) and thereby reducing P..

appéar therefore that some of the corrections are smaller than have been

It would

estimated. .

Phillips and Roig (PR 74) calculated P3'with the IA using more
sophisticated thfeé nucleon bound state wave functions, which are |
identical in form to ones obtained solving the Fadeev equation with
sepérable N-N‘potentials.fWave“functions with Varyihg percentages of
S' and D state contributions are tried. Best agreeméht with experiment is
obtained with P(S') = 1.6% and P(D) = 5% which give X = 3.33 101° sec™!
and P3 = 2.79. The small difference with the experhnental.vaiue is of

. the same magnitude and direction as is expected from the meson exchange
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correctlons to the IA calculatlon of the tritium 8- decay..
| The experlmental spectrum (Flg 8a) contalns in add1t1on to the tY -
f1na1 state (135 8 MeV) and the tn® final state (53 1 —.85 7 MeV) the
"~ two rad1at1ve breakup channels dny (129.8 MeV endp01nt) and pnny (127 7
MeV endp01nt) In F1g 9 th1s part of the spectrum is shown enlarged
and w1th the tY l1ne subtracted out, and is compared to the calculat1ons
"_of Ph1111ps and R01g (PR 74) . The total calculated rate for 1s capture
into these two channels is 3.06><101S sec 1, of which 74.8% goes 1nto_the
dny -state and 25;2% into'the pnny‘ state. The_interactiOn'among the final
state nucleons'ls.calculated in the Amado model (Ama 63)..If it 1s neg-
lected, the total rate‘increases by abfactor of 1.6. This calculationvre-f
quires no resonances in the A =3 system;'and as 1is apparent from Fig.'Q;
~and Table X, it fits_the data rathervnicely‘in shape as well as»iﬁ‘mag-
nitude.- | |
3He is the only nucleus where all pionic absorption_channels are:_ o
measured_and a calculation exists for each'of them. We compare the results
in Table X. If the theoretical radiative rates for ls-capture’are scaled
by the-eXperimentaljbranching ratios, a total width ry (ls) = 37 eV is
obtained.fThis is in good agreement with the 36 eV (CE 74) obtained by
extrapolation from heavier nuclei, and not too far from the measured 45 eV
for 4He (Bac+ 74).'The'individual non-radiative channels arevnot.discussed
here, but again,'they provide a crucial test case for the two-nucleon

absorption model and some calculations are referred to in the Table.



5.5 HELIUM-4
The 4He spectrum,(Fig. 8b) - appears struCtureless. However, its shape
is mbre sharply peaked than what is given by the pole-model for quasifree

3

capture with a H + n + v final ‘state (Bis+ 70a). One also observes a

sharp drop in the radiative capture rate from ;15%-£dr 3He to 1.5% for
4He The shape and.magnitude of the spectrum could be well described'by'
an eratrlx calculatlon assuming the excitation of threebroad T =v¥1

resonances in 4H. J7 =2 'at 3.4 MéV above the 3

H+n threshold 17 at
5.1 MeV; and 1° ét 7.4 MeV (B;s+'70a). The locatlon%of these resonances
was kﬁOwn fromQ4-hucIeon phase-shift analyses. The curve shown in Fig. 8b
is baéedion-thé Simple cohfiguratioﬁS"]27> =] P

117, a> = - 0.782 | P > + 0. 625| P > |1 ,B> = - 0.625| p >+ 0. 782] P > .

The mlxlng between the two 1- states is ndt:uhiquely determined by the
spectrhm analYSes. Whereas 6riginaily”ohiy 1s¥céthre was considered, a
later calculation (RW 71) inciudéd 2p=capture,'giving |

15 10 U51ng the latest

A, (Is) = 1.3x10 ec’! and A, (2p) = 1.8x10
i'x ray data on. He (Table V) one gets a branchlng ratlo of 1.850. 16°'

- of which 866,15 from the s-state. An 1pterest1ng further resqlt of this

" work was to'dembnétrate that the n-y(e)-co}relatioﬁ depen&s strongly on
the ahéular momentum bfvthe absorbed»pion; wﬁich'maf_ﬁroﬁe»USeful in fufute

work for.separating contributions from different atomic. orbits.
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6. RESULTS ON 1p-SHELL NUCLEI
6.1 OVERVIEW OF GENERAL FEATURES

. The sensitivity of ~the 1 ,y) tranéitions' to the strljcmre of in-
dividl.ral- hut:lear states is most clearly seen 1n the photoh zspectra of Ip
shell nucle1 (F1g 10) Exammatlon of these spectra reveals three general

f eatures

Contmuum The largest fractlon (70- 909) of the photons form a con-
tlnuum spectrum with a maximum. energy between 110 and 120 MeV fa111ng off
sharply at the h1gh energy end near 125 MeV ‘and extendmg down below. 50
MeV. This contlnuum is assomated w1th the 3 -body final state of qua51— |
free _(QF). capture on a proton in the nucleusi.e., 7 + A+ (A-1) + n + y.
The spectmm is much more sharply p'eaked than' 3-bc5dy phase space (Fig. 10a)
but broader than some Ferml -gas model calculations (DMW 65, Bis+ 70c) '

It is well fitted in most cases by the pole-model dlscussed below

GDR excitations. Superimposed on the QF continuum one sees the suggestion .

of resonance-1like enhancements. Peaks stand out ciearly in the 120 and 14
data. From the precisely me'as‘ured " energies in these two cases, one can
assoc1ate the peaks with tran51t10ns to analogs of known states in the

12C these are 1 and 2~ components, in

GDR region of the target nuclei. In
'14N they appear to be 2~ and 3._‘ components. The observatlon of these peaks

was a primary motivation for the first high-resolution ‘experiments and their
presence in the 12C.data (Bis+ 70b) gave nice confirmation to theoretical ex-

_ pectati‘ons (DE 66, AE 66, Mur+ 67) . Unfertunately the excitation energies of the

GDR (.- 20MeV in the target nucleus) is such .that the peaks occur near the maxin'mm of
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the QF contlnuum , making amblguous the extractlon of absolute branchlng ratios. .
As a pract1ca1 procedure the pole model plus-one or more Brlet Wigner (BW) forms

were fi 1t_ to the data and the area under the BWhas been assoc1_ated with resonance capture .

Bound states. At the h1gh energy end of the spectrum, correspondlng to

transitions to partlcle -stable and 1ow contlnuum states, one sees for each
’-nucleus one strong domlnatlng transition. The exper1menta1 branchlng ratlos
for these peaks are nearly free from uncertalntles in background subtractlon

n 811, 10p,- 12

C, and 14N the . strong tran51t10ns can be assoc1ated w1th the
: TZ‘= +1 analogs of glant Ml states built on the ground state of the

terget nucleus The correspondlng states in the target (T =0, T =1),

of which have-been 1dent1f1ed in 180° electron scatterlng, have the 1argest
| ML matrix elements w1,th>_t_he ground state (Fag 75). More .detalled analyses

show- that there,' ‘iszsom_ei fragmentation of the Mi strength' in 1OB van'd 14

(Sec..6.4).. Since 19

0 is dorlb'ly magic, it has no giant:Ml svtdt'es. Nevertheless,
there is a sharp peak in the spectrum (Fig. 10e) whjch spans the region

of the four lowest ener'gy states in 16N, The 2° vgroun’d state is a known
coliective M2 state"of 180 which dominates (DW 72) electron vscattering at

~ momentum transfers q ~ 150 MeV/c end,has the largest transition rate in
u¥capture (CDK) In' 7 'captxur—er,- . 85% of the observed strength has been
attrlbuted (SW 74) to the 2~ 'state Thus there appears to be a sen51t1V1ty

16O )

in m- capture to collectlve M2 states, 'so far observed only in
In addltlon to the above strong tran51t10ns, ‘the spectra show weaker
populatlon of states in the 0-10 MéV region of exci tation of the final state

nucleus. W1th present data the specific nuclear stdtes cannot be identified;

however, since the transition strength is appreciable, it is clear that a
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a whole spectroScopyeof nuclear levels excited by (n+,yj trensitioﬁsvis

there fof‘future'highQresolution;‘befter statistics sfudies, |
_Table XI gives ;he CUrreptly measﬁred’radiative brénching raties_for

_the 1p Shell nuclei which cahfbe assotiated‘with'excitatidh of specific

'states. For states in the GDR reglon, the branchlng ratios are subject

" to the uncerta1nt1es of subtractlng the QF continuum. The values glven _

- are obtalned-from the pole model + BW f1ts dlscussed in the or1g1na1

papers. To 1nd1cate the magnltude of ‘the uncertainties, values are g1ven

for 12 16

“Cand 70 wh1ch assume zero background under the peaks
6.2 POLE MODEL FOR QUASI-FREE CAPTURE
A reasonably good descrlptlon of the photon contlnuum for nuclei

09B1 is given by the pole-model of Dakhnovand>

ranging from 3He to.
Prokoshkin.(DP 68) . This model'and higher order'reécattering diagrams
érevd15cussed by Shapiro (Sha 63) in'the context of diSpersion'theory for
direct:nuclear interactions. The matrix element corresponding to the Qne- .
pole graph (Fig. il) is |
At = B o 6.
. R t-m”
where m islthe proton mass, t = (pY tp, - pﬂ)2 is the 4-momentum-trans-
fervsquared,'and py"pn’ aﬁd»pn are the four momenta of the photon,
neutron, and T, Tespectively; the nucleonic-amplitude g, and_G-the am-
| plitude for the virtual proton decay of the target, are taken as con-
stants. The'Q—velue'at the nucleon vertex is treated esva free parameter
sincefheexcitationenergyoftherecoilnucleesisnotknown;ThiSpafameterie

A E'M + m. + E - My where M, and My are the initial and final

A-1 A-1
. * ’ ‘e ) -
state nuclear masses, E,_q is the average excitationenergy of the recoil"
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nucleus, and m is the neutron mass. The photon energy spectrum is given

by

WNE) g g BR o By

~—dE——-— = const. X (Gg) - X EY ] d(COSB) 37 2 ! — (6'2)
Y . : L v, 'l ) (t-m ) P (MA+mﬂ_‘EY)+an’Y]§'nCOSe

" where E and EA 1 are the total energles of the neutron and recoil nu-:
.”_cleus, respectlvely “The curves shown with the ‘data (Fig. 10) were com-
puted with Eq. (6.2).151nce the normalization and excitation energy

Zvl aré.nof spécified by’the model, best values were determined by fits
to the data. For nuclei with 6 s.A s.40 EA i ranges’ between 0 and 5 MeV;
for 209B1 EA 1 =11 MeV glves a reasonable f1t (Nix+ 72). In each case
the pole model curve was fit to a portion of the vy-spectrum thought tb
be free of resbnéﬁcé éxéi%atibns; Vﬁz.;;orreSponding,toﬁhutiear‘eXcita~
’fi&h'ehergies°wéii'abqvé the GDR;region. Neutron energy spectra and neu-
tron-y(é)ﬁébrrelatibns calculated (DP 68) with this model show the neu-
“tron'and Yy-Tay to be emitted preferentially at 180° and fhe heutfbﬁ
":épecfrum fd'ﬁéak at é‘kinétic-energy.neafvlofMeV;zThese general trends

have been verified by Lam et al. (Lam+ 74) in studies of -%C, 1°0, and

#0¢4 in which the n-y “correlation was measured:for neutron energies between
| and 28 MeV. |

 The pole model is'clearly ‘a first apprbkimation.'it-ignores the
motion of therroton”in the nucleus éndithe‘final‘state interaction between
the 6Utgoing neutron and recoil nucleus which are known to modify con-

siderably the~photon spectra of 2

H and 4He,'Nevertheless, one obtains
a remarkably good description of the y-spectrum in ncarly all other cases

studied.
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Effect of.final'state interactions in the 14N(n;,yn)13C feéctioh,
wére investigated with neutron optiéal potentials (LV 74) . The strong |
distbrtioh'of the neutron waQé'Causes considerable reductibn'in'the totél

capture rétes and pushes'the spectrum shépe towardé the-higﬁvénefgy

_end; This péaking ié more prohounced for djane than.p-wave neutrons
(the domihant‘tﬁq_ z-values)'ﬁhich céﬁld’lead to structure in the con--
‘:tihhum. In.geﬁeral, howevér, one expects a distribution 6f states with

N diffefént Q-valuesvto contribute, which would smooth ouf such'structurél

Bothzthe pole-model and the above study do n6tAc1ear1yvdistinguishi '

QF and fésonanée éapture} Ultimateiy,_one hopesCfor'é'unified theofetical o

treatment which treats explicitly the coupling of these Channéls.

6.3 n + °Li » ®He(g.s) + Y AS TEST CASE OF THE THEORY
The data on this multiplet of states (Fig. 12) is unusually complete:
B-decay, p-capture, m-capture, and (y,m ) cross sections are measured

6 6He_(g.s.) transitions; the magnetic dipolevmoment and

6

bfor the "Li i

electric quadrupole m6ment,of’6Li(g.s,), and the "Li (3.56 MeV) lifetime
are meaéured;'inéléstic electron scattering to thevlafter state has been -
studied by severai groups, and the -transition form factor.is.well mea;
sured at 40 < 21< 400 MeV/c. Theoretically; the states in question are

: :expected.to'bevwell descfibed as shell model states having two 1lp-shell
vaience n@cleOns outside an inert q—particle—like core, since lhw = 20
MeV for is > lp and 1p ~» (Zéldj excitationS.(Ver 74) . Thus core ex-

- citation'admixture to pz'wave functions may be small. For these reasoﬁs
the 6Li(n-,y)6He(g.s.) trénsition is a.good tesﬁ case for determinihg

the 1eve1 df accuracy that‘can'be‘achieved in the description (y,r) and

(y,m) reactions on complex nuclei. .



The'phdtéh spectrum\for'6Li is shown in Fig. 10a. Althdugh the g.s.
peak stands out clearly, the analysis (Bae+ 73) on the wiath of this peﬁk
indicated that there is some population of the 2' state at 1.8 McV. The
uncertainty that the presence of the 2" state introduces in the extraction
ofthegroundstatepeakaféﬁisémallsinCetheinsfnmkmtallinéshaﬁeofthe
spéCtrometerFis weil‘détéimined and a'single liné can be nomalized to
“the 6Li spectrum at ﬁhe high eneréfHSidéwof the g.s. peak where contri-
butions ‘from other channélsbafe smali:’Thé:reéulting branching ratio
(Table XII) is R = 0.306 0.035%. The earlier activation me;asUferheﬁt .
(Deur 68) yielded R = 1.0 0.3 (for a discussion of this discrepancy
see Sec. 2). ) :

~ Experiment andftheofy areicompéred in Table XII: The accuracies with .
which the radiative ’ifansition rates A, (15) and )\Y(Zf)) can be calculated
differ sigﬁifiéantly since the contributions of the q;dependént terms of
the full TA Hamiltonian (Eq. 4.4), with the 1érger'uncertéinties-in the -
B and C cbefficients,'are much larger in XY(ij (VB 72). The D-temm does

‘not contribute to a 17 + 0" trénsition, independent of the capture orbit.
(Since the‘D-term does not contain 3, only natural parity states are
excited (Vér 75); e.g.;'for Ji‘(Jf)'= 0, must have ninf.=(f1)L,'where
L= Jf(Ji).)‘ The E-term contribution to AY(Zp) is small since q = - iv
operating_twice'dn ¢2p(r)~ir results in a negligibly small nuclear

matrix element.

A_(1s). Variations in this quantity among authors using the elemen-
—-l_—— . . . ' .
‘tary particle approach arise from different values of the axial-vector

form factor FA(qZ), treatment of the 1s w-orbit distortion, and other
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“small correctlons e.g. the p exchange contrlbutlon The most deta11ed

5

study is Delorme‘s (Del 72) who obtalned (2 3+0. S)XlO 1. This re-

sult makes use of EA(o) 2.615 taken from . B-decay and

EM(q )/F, (o)| 0.54%0.1 taken from the F§ measurement of Hutcheon

et al. (Hut+ 68). Delorme used the factor 1.35 fer the corrections to the
soft-pion amplitude (Eq. 4.24). Recent studies (ER 72) use'1.22, whichwould
‘ reducetjuéabove value to (1 88+0 41)><10155ec-1 (Table VIII).

2 shell ‘model wave v

~Five groups calculated A (ls) with the IA and p
functions. An 1mportant p01nt demonstrated by these studies is that for
diffuse nuc1e1 such as 6L1 and - 6He care must be taken in spec1fy1ng the
nuclear size parameter, appearlng, e.g., in some treatments as the Ml
tran51t10n rad1us for the 6L1(e e') L1(3 56 MeV) transition. Perhaps. the
_most complete study of A (ls) in thlS regard is that of Bergstrom
(Ber 75), discussed below, who obtains 1.23><1015 c‘l. In the same study
the'discrepancyfwith tecently measured- (Deut+ 74) photoproduction cross |
sections is ‘nearly resolved, and all other data are satlsfactorlly
descrlbed |

.lf(Zp). Variations in the calculated values (4.1-5 9)x1010- c'l

are due to dlfferences in the amplltudes of the p2 nuclear wave funct1on,
the p- ~shell harmonic’ oscillator parameter b, values of the A,B,C,
coeff1c1ents, and distortion factors. The results are»sen51t1ve tp'b

| with latger b's reducing A (Zp) | | |

Trom the entrles in Table XII, one sees that the photon contrlbutlons ,.
R and Rp are nearly equal The theoretical values most cons1stent w1th

Aall-the data on these states are RS-=70,16610.039% (Ber 75) and



Rp = 0.138£0.053% (MW 73), giving RY = 0,304%0,058%, in”gOpd agréement
.with the measuremenf:0.30610.035%-(Bae+“73j; IR ' '

The above C31Culation'of AY(ls) makes use'df the unified ahalysis
of weak aﬁd_electrdmagngtic_processes in nuclei advocated by Walecka
(Wal75jaﬁd_others~(e.g.;.DW72,]NV73),an approach that has ‘been pushed
the farthést'fdr’the 615 - 6Heastates.under-discussion.fCehtral to this

" approach is.to_uée’elethon écattering data t@ldeteﬁminéltﬁe sQ—called
one-body‘hucleaf>densities,-inc1uding their spatial-diétribufién;_and
théntx)evaluate'the“matrik elemeénts of_an;$one—body Gperator.in'tefms of
theseldenSitiesJ’The_one%body operators are constructed frbm the appro-
priate free nucleon aﬁplitudes. It is further éssumed that the states of

6Li can be described in terms of two p-shell valence nucléons moving

6L (g.s.)

around an- inert *He-1ike core. With these restrictions, the"
configuration amplitudes are determined by the -experimental quadrupole
.and magneticfdipole‘moments; and' the 6Li(3.56) amplitudes by the measured
Ml transition form factor. The measured momentum dependence in this form
factof;determines~thebspatial éxyent‘of the.transition'matrix elehent
f'Rf(r)'Ri(r) jz(qr) rzdf where Rf(r) and Ri(rj are the g = 1 radial
nucleon wave functions of the excited and ground states, respectively,
and jz ié a spherical_Béésel‘function. With the wave functions thusvde;
termined from the electromagnetic data, predictions-can be méde for other
processes; The results of»tWovsuch_analyseS are compared with the data in
Table XIIT. One sees that the_prcdictions for B-decay and p-capture are.
in good agreement With the data but that for (r ,Y) and (y,n+)vreéctions
”théfe_areFSOmé significant differences. The DW wave fﬁnCtiohs give |

A (1) = 1.67x10%° sec™! (ver 74) and a1/, = 0.12 (KD 74) for the ratio -



-50- .

-of L1 to proton photoproductlon cross sectlons ‘Bergstrom (Ber 75)
’obtalns 1 23x1015 ec."1 and 0.09, reepectlvely, both in better agreement
}'w1th the data. Bergstrom finds{that the Ml_transition’form’factor in the -
‘regiOn'40_< q <>400 MeV/c is not described well with a harmonic oscilla-
thvbasis.'Using a generaiized model for the % ¥-1 radial trapsition,
density, he finds an ms transttlon radlus of 3.3 to 3.4 F which is larger .
* than the 3.1 F used by DW. Th1s larger spatial extent has the effect of
| reducing Ay(ls) and o(y,n )w‘ | | | |

- The good-quaﬁtitative agreement,with the large cless of déta given
intTable XIII, establlshes a pred1ct1ve power for this phenomenolog1ca1
approach-whlch is relatlvely rare in nuclear phy51cs It shows that the IA
~ for radlatlve pion capture from the 1s orblt using the effectlve -

Hamiltonian A(o e) lk T

¢ (r) w1th A detenmlned on.the free nucleon
process and ¢" conslstent with the pionic atom data, Can.be relied upon
in makingve predictionvof'AY(is) to an accuracy of 10% or better. To
achieve this level of accuracy, the radial extent of the initial and
ffinal nuclear state must be‘adequately' determined through other reactigﬁs
atdmomentum transfers spanning q = m“; ._ |
The above phenomenological approach has been criticized_byvvergados

(Ver 74) on the»grounds that the structure of the.nuclear states as de-
termined by the strong interactions between the six nucleons comprising
these states is never dealt with. For example, he found that the ®Li (3.56)
wave function as determined by use of Kuo-Lee»th-body-metrix elements
“differs Significantly‘with'the DW wave functions in the amount of the
3P component. This discrepancydis in large part removed by Bergstrom,;

| who uses the DW approach but finds wave functlons 51mllar to those of

‘Vergados These results emph351ze the 1mportance of ach1ev1ng con51stency
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- not only on: the matrix elements of one-body operators, but also on the

strong interactionrtwo?body operators which enter in calculations of both

structure and the cross sections for scattering nucleon projectiles.

6.4  ANALOGS OF GIANTVMl STATES

In 1963-Kurath‘suggeéted that in_self-conjugaté light 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

concentration of El strength in the GDR. The most direct observatiqn'of

such M1 states was expected to be in 180° electron scattering since‘(e,ef)

- cross sections at backward angles are dominated by the transverse magnetic |

transitions;_Iﬂdéed much concentration of isovector Ml sﬁrength has now
been obServed»in 1ight’huc1ei (Fig: 13). The tehdency to concentrate the
transition-strength'reflects,'of course, the basic correlations in the
hﬁclear wave functions. Further study of these spin‘and isdspin correlatiohs

iﬁ,the neighboring Tz = Tz(target)’+ 1 nuclei is afforded by m- and

" u-capture reactions.

_In the limit of zero momentum transfer and 1s-state capture, both
m- and  p;tabturé ére completely governe& by the Gamow-Teller (GD) operator
31 . For q - m Mukhopadhyay (Muk 73) has shown for y-capture that terms

other than GT matrix’ elements are small in the strong allowed transitions

of a (1p)n‘shéll model vector space."Specificaily,”the 1s capture rates

Al A+Avﬁ) calculated with Cohen-Kurath (CK 65) intermediate coupling

wave functions, show a(single{state dominating u-capture in'6Li, 10B,
C, and 4y, Experimental verification of these predictions is limited and
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_muét necessarily'be indirect, e.g., through observation of secondary‘andv_
tertiary B- and  y-rays since the neutrino emitted_in the‘primary inter—
action cannot be.detected. | o

Radiative plon ‘capture prov1des an excellent new probe for study of -
the analogs of Ml states s1nce a prec1se measurement of the v- ray energy

.1dent1f1es the nuclear state. Oneymlght_expect a compl1cat10n in that ='s

" are captured predoninantly.from L > O orbits. In thla.case q-dependent
terms make large contributions (VB 72) to the’capture rate which couldo-:a

mitigate the dominance of g T+ matrix elements. However, when the-pion_f

momentum operator q=-1iv operates on ¢2p(r), which has a nearlyfllnear
dependence on r through the nucleus, the B- and C- term matrixgelements'are
ddminated.by P T+_much the same aé the A-tetm (MW 72, Ver 75). The‘D?term

does not contain g, so it can_excite only natural parity states. The E-

term matrix elements are negligibly small for s- and p- state capture.

Thus in light nuclei the m- capture transition rates should reflect qu1te

closely the M1 correlat1ons of the target nucleus.

Experlmental conf1rmat10n.of these expectatlons‘is given by the Spectra--

10, 12 14,

6 B, “°C, and N The p shell capture probabllltles range from

of "Li,

~ 60% to . 90% in these nucle1 Nonetheless IneachcasethestrongesttransitiOns'

in the exc1tat10n region from the ground state up to the GDR are to. the

12C, the 17 state at 15.1 MeV, in

; N the

analogs of the well known M1 states: i

6 10

Li the 0+ state at 3.56 MeV; in ~ B the'2+.state’at 7.48 MeV; in

2t states at 9.17 and 10.43 MeV. For 6Li and 12C shell model'calculations
are in excellent agreement with both the measured Ml rates and form factors
and the (7 ,y) branching ratio; good qualitative agreement is obtained on

10 14

B and ~°N, discussed in more detail below. Comparisons are given in



Table XI and the systematlc trends are dlsplayed in Fig,13.

‘ Several transitions were isolated experlmentally in the recent study

10 14, 10

(Bae+ 75) of "B and 'N. ~“B has a- 3" g.S.; therefore, isovector Ml trans-’

“itions connect to'2' '* and 47 T'= 1 states of which there are 25 w1th |
p6 conflguratlons The electron scatterlng results (Fag 75) show the ML

strength'to be 1arge1y contalned 1n'a'31ngle state, the‘Z state at 7.48

10

2

. MeV in 'B." The (n ,y) reactlon preserves much of this concentratlon of

tran51t10n strength (Flg 14) . Furthermore, the first two exc1ted states
of 10Be at 3.4 and 6. 0 MeV can be resolved in’ the data, and: branchlng
ratios extracted wh1ch are quite free of background subtraction uncer-
_tainties.'The measured values are”(2;5i0.4)10’ , (4l410:7)' , and’
(10.5¢1.3)10™" for the 0%, 2}; and 2} states, respectively. Shell model
caiculations by Vergados'(Bae+'75)fin a p6 Vector space and.using Kuo-Lee
Z—body‘interactions'yield hranChing ratios (3.610;7)10'4, (8.5£1:7)10f4,
and C16.912r7)10'4, respectirely‘(the.uncertainties are due to the x-rayv-

*+ data). ThuS"thelrelative'strengths'are'quite well accounted for, although
the'absolute’values_are high by . 1.7. The data show additional'strength
to higher'l}ing states in‘1 Be (7-12 MeV] but because of the h1gh level
den51ty thls cannot be associated uniquely with specific states.

14,0

-The_Ml strength in “"N is concentrated (90%) nearly equally between

two statés, 2] at 9.2 MeV and 2, at 10.4 MeV. The “N(x”,y)'%C data (Fig.19)
show that the’ greatest strength does indeed go to the analogs of- these

states, w1th measured branch1ng ratios (7. 7+0. 9)10 and (4. 0+0 6)10" 4

respectively. Shell model calculatlons (Bae+ 75) with p "2 configurations |

-4

‘give (24.3t2.7)10 and (1.2%0. 2)10 , respectively, in poor agreement

with the data. This discrepancy can be explained in terms of the.(sd)2
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admixtures of Lie (Lie"72), Whose wave functions for 14N give a

| .-good descrlptlon of nearly all data on states below 13 MeV, A weak- coupllng

14

scheme is used 1nvolv1ng the low- lylng e1genstates of P K and p (sd)
model spaces d1agonallzed separately in the SU(3) basis: Results are that
N (g.s.) contalns iny 4% (sd) | but that the 21 and 2 states contain
49% and 56% respeCtively.of (sd) These admlxtures merely cause a redls-
: trihutioniof the (ﬁ_,y)'transition strength lying in the p -2 part of the :
wave functlon (the one body opelator of (1r »Y) tran51t10ns ca.nnot connect
'the nearly pure p Z_g;s. with the (sd) components of the 2" states). The
total strength of the 2;. | |
into two fragments. Taking Lie's admixturesb this means 51% goes to the

state, RY' = 0.96 (24.3)10;4 is distributed mainly

21 state giving RY' = 11. 9x10-4, and 44% goes to the 22 state g1v1ng

RY"= 10.3x10 4,much closer to the measured values This spreading of the

)14

Ml strength to two states is also consistent w1th the N(u ,v C re-

sults as dlscussed by Mukhopadhyay Muk 73).

14

"~ Additional tran51t10n~strength to higher states in C has tentatlvely ‘

- been 1dent1f1ed with a 1 staté. at 11. 3 MeV (Fig. 14) which appears

14

(Fag 75) to have the largest Ml matrix elementin ~ C. In view of

the relatively large measured (m ,Y) branching ratio of (5.1%0.7)10 -4 for

this state, one might.expect it to be a strong ML state in»l4

N. However,
if this state is indeed riearly pure p'2 (Lie 72), the Ml matrix element |
o} 14N(g.s.) is quite small (Bae+ 75). Also, preliminary results |

(Ens+ 75) on 1%

N(e,e") shoﬁ'no concentration of Ml strength in the
E, = 14 MeV region of 14N, Clearly, higher resolution (g ,y) data would be

of interest.



In Fig. 14 one sees that the transition 14N(Tr_,y)MC_(g_.s.) is Vefy
weak, as was anticipated by the -~ 106 hindrance of the B—decay between
the same two States‘énd'by the small Ml transition dehsity.to‘the 2.313

MeV 0° state in 14N (Ens+ 74). Shell model calculations_overestimatebboth
tﬁé (w ,y) and  B-rates although small Valueé are predicted (Bae+ 75,
Tabié'Xij..The'PCAC and soft-pion taléqlation.fbr’théfls\radiative captﬁre
yields the negligible small branching ratio of R. = 1.9x10" (Table VII).

)

Thus the observed branching ratio of (3%+2)10 °, if not equal to zero, is

likely to be due to p-state capture.

6;5_‘ANALOGS'OF THE GIANT-DIPOLE RESONANCE

Early interest in nuclear structure physics with the'(nf,y) reaction
was not with Ml‘state; but centered on the expected dominant rolée of the
spin-isospin’ (si) components: of the GDR (DMW 66, DE;66 AE 66). In the
Su(4) c1a551f1cat10n (e g. Wal '66) these states have L =1, S =1, J" =07,
_1', 2" T =1, and T =0, =1 relatlve to a JTT = 0 target nucleus. In
this representation the si modes are dlstlnct from the isospin i modes
' L=1,38= 0, T = 1) which givé'risé to thé 1argexE1 photoabsorbtion
_Cross séctions;.Approximate,Validity of SU(4) symmetry fof the GDR (based
6n an aSSuﬁéd weak spin depehdence.in the residual 2-body interaction) was -
proposed by Foldy and Walecka (FW 64) to accoﬁht for total u-capture rates.
Both the S = 0 and S =-1’5tates>are excited in .p—captufe through the Fermi
and GT operators, respectivel&.‘In inelastic:eleétron‘scattering both modes
are also seen and cOnsidefable éffoft has goné intonihterpreting CToss -
- sections on 1lp- and sd-shell nuclei within, invthis framework (e.g. DW 70).

12

Perhaps:thé clearest example ofigi modes of the GDR is ~“C where the (e,e')
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data show stfong excitationfbf 17 and 2 states at lé.llahd_ ~23 MeV
(Don+ 68). The 0" component has not been found definitely, The identifica-
tion of the 1~ and 2“ states as si vibrations, however, is not without

12C (or other nuclei) since the energies of the 1 states

,amBiguity in
c01nc1de closely w1th 1~ states populated in photoexc1tat10n ‘Since the
latter proceeds through the El operator T, it cannot induce =0->(=1)
tran51t10ns. If the states seen in (e, ef) and photoabsorptlon are the séme,
considerable mixing of S = 0 and S = 1 states is indicated.

| Siﬁcefradiative .ULCathre is dominated by the . ot 6b§ratof, and has
_experiméntal édvahtégés over y-capture, it-held_promise'fqr selectivelyi.
investigatihg the'éhalog si Cdmponehts.of thé GDR. This expectation was
suﬁpbrted with the first high resolution (r ,v) Spectrum on }ZC. The 2~
and»l_.states.stand out clearly (Fig.'l) above the QF continuum and are

12,

identified with states in ““C at 19.9 MeV and 23.7 MeV respect1vely The

1 peak is probably a doublet as discussed below, correspondlng to the 1
states;lnvlzc at 22.6 and 25.4 MeV. The dashed curve of Fig. 1c shows the
spectrum calculated by Kelly and ﬁberall (KU 68) usihg 12C wave functions
(KIA 67) tailored to describe the observed splitting of the E1 GDR into
two 1° components. When used to compute (v ,y) rates, they give a‘quali—'
tative description of the data. ' |

In the above calculation and in most subsequent_ones; the distinction
between gg'and i modes is not explicitly maintained. Large Shell model |
wave functith»are used and here the distlnctiohs occur in the elementary
hucleoﬁ matrix elements. The (n ,y) operator has large spin-flip matrix

'elements (e. g p 3/2 » 1d 3/2), and the El1 operator has large non sp1n-

fllp matrix elements (e.g. p 3/2 +d 5/2) (Ver 75b) . However, the



o charaéterization of the total nuclear wave function in terms of si and-

-1 components is not made. An exception is the calculation for 16O discussed
below;r
The 12C data first showed up the problan'ofvseparating the QF con-

tinuum from the resonance. In fact 12

C has turned out to be a favorable
'caSe; with the peaké standiﬁg out mbre clearly than in other 1p shell
- nuclei (Fig. 10)..The&d$ta defines the resonance peak position quite
ptécisely and the areas are only subject to ;.30% uncertainty from the
.continuum subtréction. Howevér; for 6Li, 1OB'and 160,jthe data do not de-
fine'the résonanceé very well, with both positions and areas'being quite
unéertain. In 14N a peak;stands out cérrespdnding'to'14é (20 MeV), but its
area is n6t well definéd. Notwithstanding this basic ambiguity in defining
"'resonance' capture, some semi*quankitative features on GDR-excifations

of 1p shell nuclei have been learned. The results for 14

N illustrate per-
haps most completely the general features. A brief discussion of each case
follows.

12C. The shell model analysis of (v ,y), (u , vp), and E1 matrix

elementS»by,Skupsky (Sku 71) shows that three states dominate these pro-

12C and

cesses:-tWo 1~ levels calculated to be_at 22.4 and 25.9 MeV in
one 2—'ieve1 at 20.6 MeV. The two 1 .states are largely responsible for the
observed_splitting of the dipole strength in photoexcitation;‘The 2" level,
not seen in photéabsdyption,,dominates u-capture where its Strength results
entirely ffom the axial vector interactiqn. In n—capture'a;lvthree trans-

itions are strong. The calculated radiative branching ratio (Table XI) are

RY(l') = (0.19% and Ry(Z_) = 0.28%; measured values are 0.159:0.016% and
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0. 18520 .019%, fespectively;‘lf'nO'lee model subtraction' is ‘made for the
| 2~ state, one obtains d 30% (Table'XI)’n much closer to the theOfetical
value Generally speaklng, Skupsky‘s calculatlon accounts qu1te well for
_the main features of the C(n ,y) data, as well as that of u- capture,
electron scattering and photoeXC1tat10n.

}EQ; The (7 ,Y) spectrum’shows no sihgle peak_in the GDR region,
although.enhaucement'can be seen (Fig. 10) above the pole-model coﬁtiuuum;
A fit to the data with the pole mode + 1 BW yields a peak-posifion cor-
responding to E,_("°0) = 20.7 MeV and R, =0.22% (Table XI). In 10
.(e, ef), a peak is’ seen (Sic+ 69)vat E 20.4 MeV with much of the strength
‘attributed to a JTT = 2 state Thls state was 1dent1f1ed (Bis+ 72) as |

16

- the analog of the above (m ,y) state. The ~ 0O photoabsorption data

(Ber 73, BF 75) show no peak at this energy,

~ One of the motivations for performing the 16

O (n~ ,y) experlment was
the suggestion’by Murphy gtﬁal. (Mur+ 67) that sp1n-1sosp1n quadrupole\
.states (L =2, S'= 1, T= 1) should dominate the capture‘rates from 2p
orbit. Since ~ 90% of.the captures are from p orbits, it was hoped that
evidence for these.not—too—well-established collective modes could be found.
Murphy et_gl, calculated 1;65% for the total strength of dipole and quad-
Tupole states, which exceeds considerably the 0.22% attributed‘(Bis+ 72)ﬁ

to resonance capture. Although there are ambiguities in subtracting the QF:
continuum, the 160(n—,y) data lend little support to the proposed selective
excitation of si quadrupole resonances. | |

Vergados extended the study of 16 0~ ,y) using large lhw and  Zhy

shell model vector spaces and residual Kuo- Lee interactions. He flnds that
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for this doubly closed shell nucleus the distinction between i and si d1- i
- pole modes can be maintained since the matrlx elements -of the El operator
T are large for different 1 states than those of the [1Yl® o] J=1 opera-
tor characterlzing 5} dipole modes. Furthermore, the capture rates
AY(ls) and-x'(Zp) are-large when the si matrix .elements are 1arge_for
0, -, and 2 states. The strongest (w ,Y) state is 2  at —-21 MeV in
'»160 supporting the 1dent1f1cat10n given by Bistirlich et al.
(Ta_ble XI). The second strongest (-Tr »Y) state is predicted to be the 27 at
13.0 MeV’in 160 This too is in agreement with thebdata although the cal-
culated branching ratio 0. 38% 1is much larger than the measured value of
0.15%0.03%. The giant quadrupole states are predicted to be strongly ex-
'_cited (RY = 0.88% for the six strongest 1" s 2+, 3+ states) and widely
distributed in excitation energy.(Sb-SO MeV). The latter result is cer-
tainly con51stent with the data o |
' Szydlik and Werntz (SW 74) calculated the branching ratios for
‘_16O(n ,Y)14N using semi- phenomenological matrix elements calculated with
(1p) (sd) wave functions (Dw-72) and scaled to give agreement with
(e, e") cross}sections and u capture rates; they obtain good agreement;'
with the data (Table XI). A | |

EEE_ The (7 ,Y) data:erhibits little resolved structure in the GDR B
region andvno clear separation between QF and resonance capture can be
ascertained. The 0B photo-absorption cross sections (HS 73) show:two
peaks at 20.1 and 23.1 MeV. The analogs in 10Be are expected at .18.7 and

. 21.7 MeV. Since 10

B has a 3° ground state, these states must have
J" =2 , 3, 4 . Spin-isospin dipole states can have J" =17 to 5.

With this large span on;vait is perhaps not Surprising to observe
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' considerable fragmentation of the (w ,y) transition strength.

/i The GDR in the mass-6 system is not well concentrated,

showing up.as a very broad enhancement in the‘photo-absorption data
(BS 75). The‘6Li (nf,y)'éﬂe'spectrum»is also broad' It is one of the

few cases where the pole model does not flt well; 3 -body phase space

v (Flg 10) descrlbes that data poorly. There is the suggestlon of reso-

'nances at hlgher excitation energy, so the data.was analyzed w1th--

three BW forms supefimposed‘on the pole model;'yielding (Bae+ 73):

RY-(15.6 MeV) = _0.'14%, R, (23.7 MeV) = 0.28%, and 13\((29.7 MeV) = 0.34%
(Ex_in §He). Supporting evidence for a resonance at - 23 MeV can beffeund in- |
the mifrer’nucleus 6Be (Verf:74) and. in 6Li at -~ 26 MeV (VCM 71)..These etudies
identified this state with the *F @ =3, T=1,5 = 1) predicted by Thomson

- and Tang (TT 69) at ~ 27 MeV in 6

6,

Li. The L1 (v ,Y) data glves the first
evidence for thls state in °He. The calculatlons of Vergados (Ver 74) show

51zeab1e strength to 27 and 3 states in thls excitation reglon, w1th

RY (27, 24 MeV) = 0.2% RY (3 , 20 MeV) = 0.2%, and RY (37, 36 MeV)

o\

= 0.35%. 7
| _Vergados (Ver 75b) suggested that the strong excitation of states
With Je = Ji + 2 may be a general feature of thev(ﬂ—,y) reaction. He finds
that major contributions to the transition strength arise from the spherical
tensor operator Characterized'0n372,Ver75b) by J = 2; L = i, S =1,
precisely what is needed to excite si dipole statee with the higheet al-:
lowed J (2° in 12¢ and 160, 37 in 19N and 6Li)._The‘statistical factor
(ZJf+1)/(2Ji+1j aléo-favors the highest Jf. If the pfeferred excitation

of statesgwith Je = J; + 2 is indeed characteristic of the (r ,y) reac-

- tion, this property will be Very useful in mapping out the spin-isospin’
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structure of the GDR since Jf = Ji+A2'states_cannot belexcited in E1
photoexcitation. The latter reaction has been the main source of data oh
the GDR. -

ffg_ The data_show a peak standing out above the continuum at

EY = 118 MeV cbrrésppnding to EX(14N) = 22.2 MeV. The fit assuming the polékl
model + one BW gives a branching ratio of 0.205:+ 0.020% for thejresonancé
4(Tab1e XI)f The»lSC(p,Y)14N excitation_function (ROP 71) sths.a broad‘
sfructure betWéen 18 and 24 MeV, with prominent peaks at 22.1 and 22.6
MeV. Much of the 6Bserved (p,¥gy) strength is assoCiated-(ROP 71) with 2
statés.» - | | o | |
| Vergados (Ver 75a) calculated shéll model wave functions for 14N-
in é model space.of.the lhy gxcitgtions (1p » sd, is-»lp).‘Within this
space there are 20, 50, 56, 43, and 24 shell model components in the
Of, 1, 2,3 ,and 4 T =1 subspaces, respectively. The 07,1, and
2" wave funCtioné.couldAbé tested in the comparison (Ver 75a) withvthe
- 13C(p;y)14N data. The'expérimental El spectrum is fairly'well desCribed,
althéugh'small shifts (1-2 MeV) iﬁ excitation energies'afe réquiréd.‘
| The calculated (ﬂ-;y) branching ratios for ¥4N are presented
graphically in Fig. 15. As‘in photoexcitation, the‘calculatedvenergies
are lower by seﬁefal MeV than the peaks in the spectra (Fig. 15a). The
total radiative branching ratio fo all negative parity states ié 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 compafiéon is given'in
. Fig. 15b. The curves.in this figure were obtained by: (a) assignmentlto‘
each theoreti;alvlevel a BW shape with FWHM = 1 MeV, (b) shifting all Ex

up by Z;S'MeVA(approximately the amount suggested by the ﬁhotoexcitation
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study), (c) folding the‘theoretical spectrum (Rs * Rp.vsiEY)with.the inf.
‘strumental line shape and deteotion efficiency, and (d) hormalizing the'
theoretieal spectrum tobthe number of stoppedpions.lhe resulting spectrum
. was multiplied'by 0.4 to approximately.fit the data"in’the GDR region. Thus
the figure corresponds to R =f0.4(1;95)= 0.78% for the calculated negativev
parity states. The choice of the_factor 0.4 is arbitrary;_Clearly a factor
. < 1 is needed since. the oaleulated brapchingratio‘of l.95% to lhw 'ex—
citations ls‘almost eoual‘touthe.measured:Z;lStO.Zl%'for the:total'branching-
ratio.‘If the lh@ states are associated with the BW contribution obtainedd‘v
in the fi‘t to- thevldata. with the lee-model + BW, a reduction factor of 0.1 |
is needed | | | | .‘ |
~ Although the normallzatlon cannot be settled unt1l the central
:quest1on of how to separate QF and resonance capture is settled, the qua11-
tative features of Fig. 15b are qu1te 1nterest1ng (1) the 3 ‘states appear
to be respon51ble for the observed peak at C(20 MeV). These states cannot
be reached by El1 transitions with 4N(g.s.)»and thus are difficult to ob-
serve in other reactionsr The 0  states are weakvin‘both'(p,y) and (1 ,Y)
reaetions.‘The 4 states, also not observed in El photoexcitation, are weak
in (7 ,Y) capture;_(Z) The localization of th transition strength to
EXV=‘2018 MeV .is nicely’emphaslied in the figure. At lower Ex therohw
positive parity states aecount for.most of the observed transition'strength.
At higher Ex’ 2hw positive parity excitations and QF“capture account for
much of the observed transition strength. With these features qualitatively
understood, one hopes that the theoretical calculations will Soon progress
to where each of these components are separately described and a composite'

curve produced which will fit the entire experimental spectrum.
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7. RESULTS ON MEDIUM MASS AND HEAVY NUCLEI

| At present»thpre exist’few ihvestigations of radiative g-capture
in the.broad reign of the periodic. table from A = 17 fo A = 238. None-
theless; é'few basic facts are established. (1) The total radiative |
branching ratios, 1-3% (Table III), aie nearly thé same as for light
nuclei. Thué 1argé'rédgcti0ns in éounting rates Will not be encounteréd
'in the-futufé.-This'Verifiés the eariy theoretical estimatebof Brueckner,

| Serber; ahd‘Watson'(BSW 51) and more recent estimates (GE 70, Guy 72) for
400, 1o 2085, ' ‘

nuclei from._ Ca to (2) QF capture stilliconstitutes a major

~ fraction (70-95%) of the total capture rate as can be seen in the spectra

of 2y, 40 4 209

Ca an Bi<(Figs. 16, 17). The pole-model with. the Q-vaiue -
at.the nucleus vertex treated as a free parameter describes.this component
qﬁite well. Thié“together with‘the éood description of the déta from 3He

to 160 shows the pole modei‘to be a rather useful parametiizatioh of QF ,
.;apture. (3) For ‘the s-dﬁsheli nuclei 24Mg and 4OCa, there is appreciable
tfansition strength'(R{ ~ 0.3%)bto the pafticle Stable.and low continuum |

2OgBi, thié'strength has nearly disappeared, with'RY< 5x10°4.

statés.'For
Point (3) above provides a basis for anticipating that ﬁhe (n-,y)
capture”reaction can be used to study structure of 1ow-1y1ng states (e.g.,
Mi and M2 states) in-mediﬁm-mass nuclei. Since the transition strength'isv
appreciable and the 1eVelsbare nafrow, the observed strength must be due
to'éharp-iinéé, poorly resolved. The data of Fig. 16 (Bisf 72) were recorded
with targets of natural abundances, which in the case of Mg [24Mg(79%),
ZSMg(lo%), 26Mg(ll%)] might have obscured structure in the spectrum. 24Mg'”’
is the only example thus far measured of a perﬁaneﬁtly deformed nucleus with

a'well-developed g.s. rotational band (EV 73), but this has ndt-yet been

reléted to the (m ,y) rates.
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Study of the doubly closed shell nucleus 40Cé WOuld seem to.be basic

to establishing the usefulness of the (w ,Y) reaction as a general tool of -
nuclear structure Unfortunately, there is much fragmentation of the trans-'

~ition strength. The suggestion of a peak can-be_seen_at Ex( K) =7.4 MeV;

40

the analog in Ca'is'at E L 15 MeV- The photoabsorption data (ACK 66,

40

BS'64) on Ca have a peak 19.5 MeV (GDR) and negligibly small cross sec-

avtions at 15 MeV, thereby demonstrating little relation of the GDR to the

40,

7.4 MeV state. The _ Ca(e e') studies of the 15 MeV region are inconclusive

(see e.g., survey given in Ref. (Ube 71) ) although this would appear.to be

40

the most prOmising reaction for observing this state in "°Ca and relating

it to the (n",Y) state. In'regard to the distribution of (" ,y) strength
Guy and Eisenberg (GE 70) show that 51mp1e 1p-1h wave functions predict con-

51derable'fragmentation, although 44% of the 1 strength goes to two states
40Ca, which perhaps is related to the peak in

40Ca and 24Mg are not possible |

at 14.9 MeV and 12.8 MeV in
the spectrum. More detailed discussions of
at present. In view of the tentative structure observed in the 40Ca(n_,y)
spectrum, and since 40'Ca is particular 1mportant to shelllmodel studies,

-taking-additional, higher resolution,‘data would seem_to be worthwhile. »

7.1 209 Bl(w )209Pb AND OBSERVATION OF A NEW COLLECTIVE STATE

209

.’ !

Examination of the photon spectrum for Bi (Fig. 17) shows ‘that

there is 1itt1e transition,strength to the pure single-partitle states of
209Pb at h = 0-4 MeV. Considerable strengthdis‘observed‘at 120-130 MeV
(6-16 MeV excitation in Zong) and there is a peak at EY ~ 129.MeV. The
curvea shown in_Figt 17b and the RY given in Table XIV correspond to the

- fit using the pole-model with A = 16 MeV, a fixediline width (Fl) of zero ;

for the peak at . 129 MeV,'and a BW form of variable width (Fz) and position
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te describe the»data between the endpoint of,the.peie—model continuum‘_-
~and the line'at E = 7. 9+0 4 MeV. The latter serves pr1mar11y to extract
- a branchlng ratio for the total strength to this reglon and to deflne a
background under the line, and cannot be regarded_as ev1dence for a single
"resonance" excitation in this‘region By‘making reasonable_variationsvon
A, it is found that the range of BW parameters E = 11-15 MeV and

r, = 1-4 MeV are con51stent w1th the data. o

To relate the extracted branching ratios to calculated transition

rates, the x—ray.data must be examined directly since capture schedules
'ihave not‘been published for heav& nuclei. The measured'hroadening of |
1.7£0.5 keV (Sch+ 68) for the'ég > 4f x-ray line and the yie1d Y (5g + 4f)

= 0.420.05 (Kun 69) establlsh that a 51zeab1e fract1on of the captures

occur from the 4f orbit. The addltlonal 1nformat10n

lé;sec'l/S.QSXIols sec’!

9.7

5.76x10

T (5g 4£)/A,(5g)

(4f - 3d)/x (4£) 1;77x1017/(2.6:o.8)1018 = 0.07:0.02

_(Bae+'74) shows that 4f captures domlnate over 5g and 3d captures If the
above ratios hold for orblts of higher n with same 2 (Sec. 3) most of the

' captures must occur from'nf orbits. It is,exhected that éome capture

takes place from £=0, 1, and 2 orbits following the assumption,(EK 61)

of a statistiCal (22 + 1) population as the initial condition:in thevpiqnic
cascade; however, this fraction is small under the usual assumptions for

an initial n(n =-14 (EK 61) ). Thus the radiative.branching ratios shouid

be giVen quite accurately by summing over f orbits. By taking XY(nf)/Aé(nf)

to be independent of n, the comparison of experiment and theory-for:
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zqui ean'be made‘by uSihg R = A (4f)/A (4f) with the exper1menta1

2, (46) = (2.620,8) 10'° se

(Sch+ 68)

The calculated values of AY g1ven in Table XIV for the 51ngle partlcle
transitions were computed with hydrogenic wave functlons._Comparlng ‘such
waﬁelfunctions with]optical-model,waveAfunctions Lucas and Werntz (LW 74)
:deduced the-distortion‘eotrection factors C(Sg) 1. 38+0 20 and C(4f) |

= 1.14#0. 15 The latter was applled to compute the Values of RY in the
table The theoret1cal branchlng ratio (0. 300. 09)10 - for the summed |
, strength to seven 51ngle partlcle transitions is in good agreement w1th
the measured value (0.36£0.18)10"%, | IR

State at 7 9 MeV. The two classes of shell-model conflguratlons ex-
209

cited in Bi(n ,y) are 111ustrated in Fig. 18: (i) those obtained by |

promotlng the 1h9/2 proton to an unoccupled neutron orbital. These are the

209Pb for which trans-

single-particle transitions going up to 4. 25 MeV in
ition rates are glven in Table XIV' (ii) transitions in which the_lhg/2
_protoh remains intactvbut one of the protons in the closed shells

jz(N;i4) is promoted into a nehtron shell jl(N_26) resulting in configuraj
tions |

Ilji(n)jz‘}(p)] Jy5 1hg,,(P); J:>,

Where Ji

in the anguiar momentum of.the created p-h pair and J the total
vangular momentum of the state (doorway state). Such states are stfohgly _
mixed in the residuallnucleus, possibly giving coilectiVe modes.AIt is
not yet clear which type of collectivity is favered inv(n-,y)-on a heavy
nucieus. In an effort to_explain the peak at Ex,=‘7.910.4 MeV, ohe might .

209

consider: (a) collective states built on the Pb ground state such as
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the GDR, isoscaler quadrupole states GQR (LB+ 72), and Ml states; and

209Bi-groundstate,suchasisove‘ctor

quadrupole states, whose T_ components would then be observed in ZOQPB;

(b), ‘isovector collective modes built on the

The evidence for these various collective modes was recently reviewed by
Satchler (Sat 75) and theoretical treatments are given by Bohr and
Mottelson (BM 75). Isovector and isoscaler quadrupole states

. are SpeCifiCally treated by Bes, Broglia, and Nilsson (BBN 75). A level

209

dlagram 1llustrat1ng the relevant states in B'-ZOQPb is shown in Fig. 19.

The Ml states bu1lt on Pb(g S.) have the form

|2gg,,(m) ® 13; J") , I = 7/2*, o/2*, 11/2",
. 208 |

whefe l; is the Ml state in

Pb (illustrated'in Fig. 18)given approxi-
mately by (Ver 71) |

|15) = -0.62 | by, (P) ht 11/2®) * 07814 ) i—113/2(“)> .

The proton component of this state contalns conflguratlons of type (ii).

The transition rates to all three states were calculated giving

A (4f) = 2.6x10%2 sec’l and AY(sg) = 1.11010 sec 1 (Bae+ 74). Since

these are less than the single-particle transitions in Table XIV, the
(17,Y) peak does not seem to be related to Ml states, and in particular

208

not to the 7.9 MeV state observed (Fag 75) in Pb(e;e').

The GDR and GQR excitations built on the 209

Pb (g.s.)'(states g9/28’|h>
~ where |h> represents a collective p-h excitation of angnlar momentum L) have
T.# 45/2 and 1 = (~1) By examining the p0551b1e p -h conflguratlons in such
wave functlons one sees that the number of components of type (ii) 1s greatly

restrlcted by the condition that Jl must be 2g9/2. In view of the establ1shed

weakness of the single particle transitions, it is difficult to see how these
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collective states, built_on 20ng(g«s,),-could'produce strong transitions;-
"~ To fiﬁd Zogpb‘stafes that could lead’to‘considerable coherence in the |
transition amplitudes due to close parentage to.configuratibns (ii), one

must look at the T, collective states built on 2OgBi(g_.s.). The analog -
209 209

of a state at 7.9 MeV in Pb is at ~ 26.5 MeV in Bi (Coulomb displaceﬁent
energy = 18.8 MeV (SZB 72) ) - avrelatively unexplored region of‘the‘con-
‘tinuum.'The T,  éomponent of the GDR can be eliminated immediately, éince
‘this is virtually’nqn?éxistent in nuclei‘with large neutron excess. An
interesting:pOSSibility is the T>v component of an -isovector quadrupole ex-
citation;'which can_exist‘since it is formed by Zhw bexcitations, avail-
able-to both neutrons aﬁd protons. Theoretical estimates.(BBN 75, BM 75)
for the energiesvof isovector quadrupole states vary by Several MeV, with

1/3

135A° = 23 MeV being a typical value (BM 75). Thus, on the basis of ex-

citation energy it would'appear that the identification of the 7.9 MeV

‘state as the analog of a T, component of the GQR of'209

Bi is not un-
reasonable.. To éstimate-the possible (v ,Y) strength to such a state, the
AY (4fj rates to gll type (ii) doorway states (Fig. 18) with neUtron-_
particle, proton-holeZStates coupled to Jl = 1+,'2+, and 3" gnd

J”' = Jg @)1H9/2,= 3/2°, 'f"; 15/2" were calculated. Thg summed rate

»Z XY (4f) = 84 x 1013 éec-l, gives RY = (3.7:1.1)><10f4 (Baet 74)? where
- the indicated uncertainty is from the x-fay data and distortion factor.
The experimental value is (4.7&0.7)x10f4 assuming the background shown in
Fig. 17b. Notwithstanding the uncertainties in both the experimental and
theoretical numbers, the calculation does demonstrate that the strength

necessary to excite an isovector GQR can be obtained from the possible
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Supportlng ev1dence for the ex1stence of the above collectlve and
relatlvely narrow state is given by the recent (n P) reactlon studies of
"Klnd eg_gl,.(K1n+ 75). These studies have shewn the close correlatlon
existing in (n,p) and (7 ,Y) reacfions-in the types. of nuclear states ex-
cited. The levels that stand out in the (n,p)vreaetions at momentum transfers

12 d 1%N are the ones that stand out in

the (n7,Y) reaction.The first comparison for heavy nuclei is made here on 'ZogBi.

209 209

q = 50 to 400 MeV/c on 6Li, C, an

It is indeed remarkable that the Bi(n,p) Pb spectrum (Fig.. 20) shows

2Ong) = 8 1+0.5 MeV in close agreement w1th the

a peak at E (
7.9%0.4 MeV of the (w ,y) data. The peak in Fig. ZOb which remalns after
subtractlon of the QF component as given by‘3-body phase space
O8pp(g.s.) + 0+ p), has a width of 2.5 MeV(FWHM). This is approxi-
mately the'resolution in the_ekperiment; therefore, the level width is

< 2 MeV. This too is consistent with the 0-3 MeV of the'(n',y) data.
Data (Kin+ 75) at other angles show cofrect kinematic_trecking for this .
peak, thereby ruling out the.possibility that it comes from a low-mass
target impurity. The measured laboratory differential cross-section at

T, = 56 MeV and'}Qlab = 15.5 is 1.4%0.2 mb/sr, using the peak’aree shown
in Fig. 20b. The momentum transfer q = 89 MeV/c et this angle is not too |
different from the q = 129 MeV/c of the (n—,y) reaction. Measuremenf of the
complete anguidr distribution and comparison with DWBA calculations. may

give an indication of the multipolarity - a most welcOmevpieee.of additienal
information. The data of Fig. 20 also demonstrate:that the (n,p) transitionsb

209

to the single-particle states of Pb are weak. Thus, as with_(n-,y), it
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appears that>the obserVed peak must be due to a collective state most
probably th.e’_T> component of a state built on 209B1 and having an exc1- |
tation energy -of . 26 S MeVv. | v | |
This region of 209Bi was investigated by Snover et al. (Sno+ 74)
with the'ZOSPb(p y) capture reactlon in which deexc1tat10n ~y-rays for
Ep 17 5 - 25.0 MeV were measured The coeff1c1ents of the Legendre—'r-
- polynomial-fits to the y-ray angular dlstrlbutlons show resonances through
the GDR region as well as an additional resonance at E ~ 23. 7 MeV haV1ng
a width T . 3.5 MeV. The authors 1dent1fy the latter with a possible iso-
vector quadrupole resonance Electron scattering data systematlcs

208,
(

is premature to 1dent1fy the (p, ) ”resonances" as the parent analog of the :

Pb, (NT 73) ) were used to elnnlnate the M1 multlpolarlty Although it

(p n) and (7 ,y) state, the exc1tat10n energy difference of . 2 8 MeV is
probably not sufficient to rule out the correspondence since it depends to
~ some extent on assumed backgrounds in the data analyses and on:the use of a
-Coulomb energy measured for lower energy states. The isospin was not de-
termined in the (p,y) study, but if it is T<,'the correspondence is of
course ruled out.. | | |

209Bi is concentrated into a

If indeed some (GQR)T | strength in
relatlvely narrow exc1tat10n region near 26.5 MeV, it would not be sur-
prlslng to see it in charge exchange (r ,y) and (n,p) reactions based on
What is:known about these reactions. Clearly there is a significant ad-
vantage in‘studying such states in. ATZ'='+ 1 reactions, since only the
T>. components are populated. Also, one observes‘them in regions of lower

209

level densities and decay widths. In “"“Pb, the 7.9 MeV state is only 4

MeV above the neutron emission threshold (Fig.‘19); furthermore, its
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neutron-particle, proton-hole configuration, prohibits direct decay to

208Pb(g‘s.)'+ n, The fact that perhaps some T, components of isovector -

‘collective states may be quite narrow, as demonstrated here for

20931 - 2Ong, is of Coufse a surprising, interesting, and unexplained

result.
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8.  CONCLUSIONS AND OUTLOOK
If one views the early wofk on hydrogen ahd deuterium by Panoféky and 

collaborators at.fhe 184" cyclotron in Befkéley from the perspective of
“this article-the (r ,Y) feactién as a tool for quantiative nuclear'sfruc~
ture studies - then the major accomplishments of this first period were in
the great clafificatidn on the nature of the probe: its spin4isospin4
'parityvselection rﬁies and the s-wave T7-N coupling strengthf Thé nature

of:thé W % ﬁN.transifion‘bperator, parfiéulary that A(g-g) ddﬁinatés
- near threshbld, élsb émergéd in this period from the interpretation -
of the ﬂ4¢apture experimehts and the concurrent photoproductioﬁ
studies. | |

The second period, delayed by pearly‘15 years as many physicists

shifted interests fo higher energy reactions, began with the measuremehts
of Petrukhin and Prokoshkiﬁ at Dubna and Da?ies et al. aﬁ Liverpool which
showed that the.fadiativé Branghing ratio is 1-3%'throughout.the periodic
table. The publication in 1970 by Bistirlich et al. ofrthe‘lzC data showing
| fine structure in the photon sbeétrum near 120 MeV gaVeiclear-eVidence that
‘thé (r ,Y) reaction is seieﬁtive to nuclear structure. An electron-positron
pair spectromefer with optical spark chambers was anploYed to échieve a
resolution of 2 MéV (FWHWD_at.13O MeV. The continuing work in ﬁhevsix years
sinc¢.thén has considerably claborated on the pOssibilities for nuCIear;,.
strucfure'studies{ Seleétive excitation of M1,M2, and GDR spin-isospin statesv'
wasvdemonstrated. The péssibility of uncbvéring new facets of nuclear struc-

‘ture, as e.g., in the new collective state in 209

Bi, was realized. The
theoretical analysis of (7 ,Y) reactions on complex nuclei was initiated
invthis.period and brought to 1ts present'level'whére modern shell model
wave functions are.employed together with the full IA Hamiltonian as

'
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determined on the nucleonic process. The rather preciée'agreement between

exper iment and theory achieved for transitions in 3He 6Li,:10B, 12C, 14

N,
and. 16O ‘has establlshed a quantitative basls for thlS new probe com-
i parable to that of weak- and electromagnetlc interaction probes

The third phase, generated by the construction of meson factories
and new high intensity electron linacs, is just getting underway. A wel-
come new feature will be the avallablllty of data on the inverse reaction
(y,w), Wthh offers the p0551b111ty of momentum- transfer—varlatlon starting
near q = O,Ias well as selecting r's in all three charge states. The fixed-q
studies ofvvn—capture - which were necessary to first demonstrate that
in fact this reaction is useful for nuclear structure investigations -
will be greétly expanded with the anticipated.x (102 - 103) increase in.
T stopplng densities and the use of multiwire proportional chambers in
pair spectrometers (permlttlng event rates close in 100/sec.) Thus spectra

with 104 5

-10” events should be obtainable in running times of several hours,
and resolutions approaching 0.5 MeV are anticipated.'The combined improve-
ment in counting statistics and resolution shouid sharpen considerably

the spectroscbpY'of nuclear states in the low-excitation region and help
in distinguishing_resdnance from quasi-free capture in the 10 to 40 MeV

40

region. Clearly, some of the data taken in phase two, e.g., on Ca,end

'209Bi, should be repeated, and more data should be taken on all regions
of the periodic table. The region above A = 40 is Vlrtually unexplored.

In addition to the improved spectra, new types of data should be forth-
- coming. Ameng these are Ka-y'coincidence spettra. Such directvmeasure—
ments of 1s radiative branching ratios and photon spectra will reduce ther

uncertainties in comparisons with theory. Also possible will be'in the

measurements of particle-y correlations where the photons are detected
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with high resoiution. Differences in the neutron-y correlation fdr qUési-
free and resonance capfufe may give a means to distinguiéh these components, _
and thereby help solve this basic‘prbblem left from phase two. Acéompanying
‘the impfovement in the quality and tybes'of data, one would expect progress'
in theAtheoretical interpretation-perhapsvculminating in é'quahtitative
treatment of the compléte radiative absorption channel based on a microscopic

~-description of_the nuclear_structuré.
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TABLE I. Parameters of pair spectrometers used in radlatlve pion capture ,
studles of nuclear structure.

Berkeley ' ~ SIN
- Optical - Wire
~ Chambers Chambers MWPC

Magnet

gap ‘ . ' 33 _ 33 50 cm
length _ ’ 208 - 208 - 250 - cm
width . ' _ 41 o 41 - 60 cm.
max B ' : 10 0 - 12 kG
working B ' 8 8 -8 . kG
~ Acceptance (nY)a ' - 2x107° 4.5x10'5' 1.1x107*

Converter . - 0.011 Au 0.011 Au 0.011 Au cm
target-conv, dist. : 120 - 77.5 120 - cm

Measured pts. on trajectory 3 5 5

Wire angles with respect to =~ -
mid-plane - : +12°, 0° 90°, t60°

Spatial resolution of chambers  +0.3 - £0.3 £0.1 . cm

Resolution (FWHM at 130 MeV) 2P 1.8° 0.8 MV

Contributions to the resolution
energy straggllng
200 mg/cm?, converter 0.4 0.4 0.4 MeV
160 ' , opt. chb. : 0.4 : o MeV

80 ', wire chb. : 0.2 , . . MeV
40 ", MWPC : : R © 0.1 © MeV .

Angular + spatial resolutlon , ' Lo -
(multlple scatt. included) 0.6 - 1.6 0.6 : MeV
'Field map relative 0.4 0.4 0.1 MeV

a AN

n, =gy X (conversion probability)
measured
o

calculated
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' TABLE_II, Expected counting rates at meson factories for_selected
experiments in radiative pion capture studies.®

Reaction  Target - Other Particles Branching Detectof b Rate
: - Thickness Detected (energy) Ratio - (Acceptance-) 1
(g/cm®) : . (MeV) (%) ' (sec ™)
T p > ny .7 | 39.5 , 37
| 0.7 o neutron (8.9) 39.5  scintillator 4.4
: ' v (0.12)

SLi(n ,y)all 3.5 - 4.4 5.5
SHe (01) 3.5 | 0.3 | 0.5
‘He(0',1s) x-ray(2p~1s, .26) 0.15  siLi(s*107%)  107?
SHe (0", 1s) v x-Tay (2p+1s, . 26) 0.13  NaI(2*107%)  4*1073

RGO e 4

(giant reso.) 4.0 neutron (4-6) : 0.2 scintillator 3*10

: , -3 '
(10 )

2 Calculations assume'1.8*106/sec T entéring the target after the degradef,
which 1s the measured rate for the 200 MeV/c beam of the’SIN El channel
with an internal proton-current of 20 pA . The spot“size of'the degraded
beam is 36 cm?, the FWHM of the'stopping distribution is 2.5 g/cm® CH,.

The acceptance of the SIN-pair-spectrométer of 1.1x10"% (Table I) was used.

b Tﬂis is the acceptance (solid angle x efficiency) for the second parficle

detected in coincidence with the photon.
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TABLE III. Radiactive and charge exchange branching ratlos for stopped
‘ ‘ m-absorption on nuclei. :

Target Nucleus Radlatlve (R ) Charge Exchange (R_ ) Atomic‘Ca ture
: (%) _ (%) o Orbitals
W 39.5% 0.3 605 0.3 35, s
W a7z o0d .08 0.20° o 3s, ds
3 2.5+ 0.8F Q- forbidden o 3s, 45'
Se  14.3 ¢ 1,38 ©17.8 2.3 1s, 2p
e : 1,50+ 0,200 ~ Q-forbidden | 1s, 2p
oLi 3410250 <4t o 1s, 2p
L4 1.9+ 0.2] - <.003k 1s, 2p
0y om0t <.4t s
12 © 1.67 0.08™J  Q-forbidden 1s, 2p
Ly | 2.13¢ 0.211 <t o 1s,
6 2246 048"  Q-forbidden s,
26,24, st 0.4 | Q-forbidden - as), 2p (3d)
32g | 1.8 + 0.1 | 2p, 3d
0ca - 1.94¢ 0,35 <.5" 2,
Ti(nat) 1.5+ 0.1° <.004% . 2p, 3d
63 65Cu ~ s 0.1 <00k 2p,
Pb(nat) ~ 2.1.* 0.5° <.002k o af, 5
209; | 0.98 0.10P - <.5P . af, sg

2 If several measurements exist, a weightedvaverage is given.
(Bac 70) ; hydrogen isotopes given in Ref. (LB 02). (Coc 61); .d(Rya 63) ;
€(cs 55); (B15+ 78);  S(lru+ 74); (B15+ 70a), (Bae+ 73); J(DMW 66)
Koop 64y; L(Baer 75); M(Bis+ 70b); “(Bis+ 72); C(PP 65); P(Bae+ 74).
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TABLE IV. Pionic atom capture schedules for hydrogen, *He, °®Li, and 12¢,
' The probabilities w(n?) for m-absorption. 1nto the nucleus from

orbital n% as deduced from cascade calculations are given.

g2 “He? 5LiC 12¢C
L=0 2=0 %=1 % =0 g =1 2= 0 %=1
| . ‘
n=7 0.003[ ]
6 0.013
5 0.09 [0.70 0.006£0.004  0.005:0.005  G.0035:0.0015.  0.038:0.007
4 0.44 0.016:0.006  0.035:0.001  0.0025:0.0015  0.082£0.008
3 0.39 0.022¢0.007  0.130£0.006  0.0015:0.0008 0.145¢0.002
2 0.04 | | 0.019£0. 005 0.430:0.075  0.003 0.001 0.63 £0.05
1 0.4 0.335:0.065 1 0.06 *0.02
Wl 979 0.84 0.40 £0.09 0.08 £0.03
. 0 0.16 0.60 £0.09 0.92 £0.03
0y | y1x10'5. ' ot

(LB 62); entries are for liquid hydrogen; values for liquid deuterium and
tritium may be slightly different (Leo 75) since strong absorption rates
A (ns) are different; values for gaseous targets are different (Leo 71).

(Bac 74); values are for 11qu1d “He; 1. 21x0.8% (BKS 65) of w's decay in
in the cascade.

C(sap + 72)
=3, wv(nﬂ,)’
n
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TABLE V. . Pionic X-ray data on light nuclei needed to relate theoretical
' - radiative transition rates to the experimental branching ratios.

| AbSOrption'Widthé (hka)i o Capture'Probabiliﬁies DistortiOﬁ Factors
_Nucleus‘ Facls). : fa(zp) o ’.:. wg - w, - C$ .Cp
ke)  (eV) | SR
*He  0.045¢0.003% (7.2¢3.3)10% 0.84% 0.16 0.77°
SLi 0.195¢0.012° .0.015¥0;004q 0.40:0.09% 0.60t0{094 0.70°  1.2°
o i.est0.12f  0.032¢0.06F - 0.208 0.806 o.M 14h
¢ zazozf 260099 80:0.030 0,920,038 0515 1.41°
| ' | (1.951)» _ -
vy oaaase0.30f 203 0,108 0.908 0.5 140
| £ 83 n kK opggk

160 7.56t0.50F 4.68) . .086 .0159 0.914t0.0159  0.69

4 (Bac 7_4);; bw 71); S(Bac + 73); (sap + 72); S 73);

f(Bac‘70); referencés to original work and-comparisOns'of’vafious measurements
and optical potential calculations are given. .

gFromvextrapolatrion of éLi and 12¢ cépture schedules (Sap + 72).

hAssumed to be the same as for '2C (MW 73).

ioptical potential value used by (MY 73).

jAvefage value given by (Bis + 72).

Kesw 74).



TABLE VI. Theoretical and experimental values for the coefficients of the radiative m-capture matrix element.

v

(San + 54)

i)

A B o c D E
(1073/m) (073w 0md) a0 o m |
‘Kawaguchi et al. (KOS 68) a) -32 7.5 -37 S -14 - " Previously
Ericson, Delorme (DE 66) a),h) -34¢3 19 ‘17 -10 | " Used
Maguire, Werntz (MY 73) a)  -33.2 4.8 . -32.9 -11.7 30.4 . . Values
Roig, Pascual. (RP 73) a) -31.9 . 4.2 . =29.5 -10.9 20.7
Schwela b) -31.7¢.9  6.5:.2  -33t.9  -8.9t.6 ]
Phillips, Roig (PR 74) a) -31.8. -~ 59 _ -33.1 -13.1
Born (text) -32.1 2.6 -33.8 -12.1 ~ 28.0 ~ Theoretical
Berends et al. (BDW 67) <) -33.1 5.2 . - -31.4 -12.5 ‘Values
Adamovich et al.(Ada+69) d) -31.5¢1.0 . ' - - Experimental
Adamovich et al.(Ada+69) e) -32.5:.5  4.8:.3 . | . Values
Adamovich et al. (Ada+69) f) 32,757 | S
* Adamovich et al.(Ada+69) g) -33.45.4 7,452 o
Pfeil, Schwela (PS 73) g) -29.0+1.4 6.9+.3 -27.0x1.0 -13.7#1.7
~ Panofsky ratio ' -32.9.6
"recommended"” 1) -32.6¢.4 73 2754 -1422 282
a) These authors use the multlpole ‘tables of ref. (BDW 67) £) Using total cross-sections,. data of ref.
'b) Private communication, using ref. (PS 73). (Ben + 56) and (San + 54).
¢) Our evaluation, see g) 'g) Our evaluation: polynomial. fit in (qk)
d) Using data of ref. (Ada + 60) ' -~ as described in the text
e) - Using angular dlstrlbutlons data of ref. (Ben + 56) and h) Electric quadrupole neglected

~ A: weighted average of entries d,f and Panofsky ratio;

'
e) .
w &
1

&

B,C,D: Pfeil, Schwela with errors 1ncreased to include uncertainties of extrapolatlon
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TABLE VII. Radiative transition rates calculated with the
v “elementary-particle-soft-pion' ansatz.

Z

(1.66 x 10759

Transition | T °Li - °He b TUN 7,1“C ¢
2 | 3 7 |
JTl‘,JTf‘,S(Ji-,Jf') 1/3, 1/3, 2 1*,0%,1/3 1",0%,1/3'
k (MeV) 135.8 134.0 138.6
q /% .947 922 977
ft, (sec) 1137 796.7 1.052 x 10°
E(0) 1.488 2.615 1978 x 10°°
{FM(qz)/FM(0)| 0.78£0.01 0.65+.03 1.38%.12
cs: | .97 654 .50
A (1s) (sec Yy 3.86 x 100° '1.88 x 101° 1.31 x 1011
Y (1.23 x 1014 |
A, (1) (e 5.62 x 101 2.97 x 1017 6.82 x 1018
Ay 6.86 x 1077 6.52 x 1073 1.9 x 1078
R 2.53x10°%, . 1L.9x107?

al.(ER 72); (Tru+ 74) and references cited therein.

b (Del 70); (ER 72)

< (Bae + 75) and references cited therein:

d (Ber 75)



TABLE VIII. Summary of experlmental values and some resulting 1nterpretat10ns for radiative capture
of stopped m on hydrogen and helium nuclei. _ ,

Ly 2t 3 SHe He
. . _ C .
Panofsky ratio P &  1.533£0.021° (324) 107> od 2.28:0.18%  2.68:0.13F
Radiative branching 39.5t 0.03° 24.7:0.78  4.5:0.81 t : 6.9:0.5 6.60.8 1.50£0.20"
ratlo, R (%) : ' ’ : dn :3.621.2 [-7.411.01'
pnn < '
tot: 14.0+1.0
Nucleon ejection 75.3%9.7 95.5%0.8" 73.745.9 68.3%2.6 98.520.3 _
only; R (%) 3Hn:19.4¢1.8’
Results T, ®° mass odd parity tri-neutron im gulse a§prox tested for T=1 (T _=+1)
of m-. search He) /P ({1H) structare of
link ©-N - determine (3n) ex- T=3/2,1/2 structure of é;tdiézfegbser-
scattering a citation A=3 system studied. vation 6f un-
(lal aé[) , spectrum soft p10n relatlons - bound states
to pior studied
photo- _~|F (@2)|2; 1link to
production u- capt re and’ B-decay
at threshold -
(m7)
(E%+
a by o . eev. d » - .
Ref. (Coct+ 61); ef.(CS 55); Change-exchange Q-forbidden; Ref.(Zai+ 67)

}\(TT +A. —VTT°+Af)
i )\ T +A. +Y +Af

P

fRef. (Tru+ 74):

gRef.(Rya 63);

'hRef.(Bis+ 76) ;

1pef.)Bis+ 72);

jRef.(B;o 63)

_‘SG_
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TABLE IX. Radiative plon capture branching ratios and ls-level w1dths
_tor the 1sotopes of hydrogen and he11um

Isotope ' Reaction Radiative Capture Radiative Captﬁre Total 1s LeveI_A
- - Branching Ratio 1s Width (Theory) Widthd
(%) ' (eV).
H Tp>ny 39.5 + 0.3 0.324 +.0.008 0.82 +.0.02
2 7 d +'nny a7 0% 0.251 * 0.02_5e ©1.02 £ 0.11
M wt-nmy - 45088 0.0468 1.02 * 0.18
e mHe » ty 6.6+ 0.8" 2.4t 37.0 % 4.5
‘He 1 %He spnnny - 1.5 £0.30 0.86° 57 £ 11 ,
. (45 ¢ 3)
%0btained from A_(ls) = A?(ls)/R§(€Xperiment); PRef. (Coc+61)

“Using |Eg;|-='(3.26”: 0.04) x 10 %/m; and |
L _ T 2 My _‘2 3
: FY(lS) = h8 |EO+I (k/m ) (1 + ﬁgﬂ (amv)
'dRef (Rya 63)

€Obtained from A(n d:*nnyj/x(n p >ny) = 0.775 * 0.078 (GGS 75b) and
hydrogen rate given above. ¥ .

fRef. (Bis+ 76); S8Ref. (PR 75);
K

]Ref. (Tru+ 74); ‘Ref. (PR 74); JRef. (Bis+ 72)

Ref. (RW 71); 2mea'sured,_Ref. (Bac+ 74).




TABLE X. Branching ratios and radiative tr sition

rates for absorption of stopped m in “He
V . . ' . . ‘ Theo'ry ' a
Reaction = Experimental Branching ratios A (15) R
(Tru+ 74) = (Zai+ 65) 1y O m
(%) , (%) o (10 secl) i
T ~ e | b .
T Herty 6.6 %0.8 6.9 0.5 3.3°,3.6° . 5.8, 6.3
sdy | 3.6 1.2 3> | 4.0
7 w10 | b
->pniy o - 0.8 1.4
0 17.8 2.3  15.8 0.8 9.6°,9.0° 16.8,15.8
+dn 1509223 o8 15.8
spnn  57.8 %5.4 32184 56.1
sdn+pnn 68.2 £2.6  73.7 %5.9 4149 71.9
PCHe) 2.68:0.13 2.28:0.18 2.9,° 2.8%, 2.5¢
All channels . | 57:9, 56 1

16 sec-l

AUsing r,(1s).= 5.7x10 xh = 37.5 eV and w_ = 1.

ORef. (PR 74); CRef. (Tru+ 74); IRef. (PR 73).

Panofsky ratlo corrected for pions capturing from 2Zp-state.
(Ref CE 74), based on extrapolation of higher Z data.
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“TABLE XI. Radlatlve m-capture branchlng ratios for lp-shell nuclei with
. exc1tat10n of 1nd1v1dual nuclear states. :

Experiment . Shell Model
Nuclei T m _— LT o=
uclei Ji Jf EX(I‘Z 1) EX(TZ 0) R RY
MeV) MeV) (%) (%)
6, 6,a ..+ ., + . |  b C.
OLivhe® 1t 0t 0.0 3.56  0.306:0.035  0.30,0.440.41
2 1.8 5.36 0.148%0.025 0.15%
10, 10 | - » |
B> 'Be® 3 0" 0.0 1.74  0.025%0.004 0.036°
2b 337 5.1 0.0440.007 0.085°
2 5.96 - 7.48 . 0.105:0.013 0.169°
120 12,6 4 .+ 4 - | o o
B 0tat,2h,2) 0.3 15.45 0.091£0.009 0.088¢
2 475  19.85 0.185+0.019(0.30)8 0.29M
1°  8.10  23.20  0.150+0.016(0.42)8 0.19%
Ly, dce o+ 0" 0.0 2.3 0.0030.002 0.01°
b 701 9.17 0.07720.009 0.12
2' 8.32  10.43  0.040:0.006 .10
17 11.3 13.75 0.051%0.007 0.049°
giant reso. 20.0 22.2 0.205%0.020
16,. 16 . |
%" 0*(27,07,37,10.0  13.0 0.15 £0.03 0.1850.38*
2° 7.70  20.7 0.22 %0.05(0.58)8 0.61%

Ref. (Bae+ 73); PRef.(Ber 75); Ref. (Ver 74) TRef. (MW 73); ©(Bae+ 75);

£
h

Ref. (Bis+ 72); gAssume pole-model Contrlbutlon to peak area = 0;
Ref. (Sku_71); 1nc1udes only 2” state at E = 5.1 MeV. 'Ref. (Sku 71),

includes 1 states at E 7.0,-7.5, and 10% ﬁ MeV JRef. (Bae+ 75), cor- -

rected for (sd)? admlxtﬁres of Llc(Lle 72); KRef. (SW 74), LRef. (Ver75b).

d
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" TABLE XII. Radlatlve transition rates and branchlng ratios for the
' Ll(n ,Y) HeLg s.) reactlon w1th stopped plons

Method Transition Rates® Bfanéhing Ratiosb Reference
; ' R R
A0 A @) R, b R
or? secly @010 sech () (%) %)
‘"elementary o : ' o
particle 1.65 : 0.220.05 (GK 68)
. + . . E
soft pion" _ ‘
ansatz 1.86+0.18 0.25%0.06 - (PF70)
+0.4 :
2.3 o5 o 0.310.09 ~ (FET0)
12.3$0.5 : . 0.31#0.10 0.31%0.05 0.62+0.11 (Del70).

IA+Shell 1.51£0.15 | 5.26%0.60 0.20+0.05 0.14#0.05 0.34%0.07 (MW73);
Model v b=2.05F

1.64v 5.86 0.22%#0.05 0.15¢0.06 O. 38+0 08 (Ver74),
: - ‘ ' b=1.95

1.67 5.46 - 0.22£0.05 0.14:0.05  0.37£0.07 (Ver 74)C

b=2.0

1.47¢0.22  4.12#0.62  0.20£0.05 0.11#0.04 0.310.07 (RP73),
. o | | b=1.98

1.23 B 0.17:0.04 ' 0.3010.06d(Ber75)

Experiment - 0.306%0.035
' _ (Bae+ 73)

1.0 0.1 (Deu+68)

The strong interaction distortion factors are included in the values given.
Typical values are C = 0.70, Cp = 1.2 (MW 73).
b

Obtained from R = R = [A (1s)/x,(1s)] + w DA (Zp)/xa(Zp)] with
w, = 0.60:0.09,w_ =51 B (Sap+ 12) Py .
A (1s) = (195.2¢12.5¢V)/mh "= 2.97(1+0.064)10'7 sec™ (Bac+ 73) and

xa(Zp)'= (0.015£0.004 eV)/n = 2.28(1:0. 27)10 (Sap+ 72)
S (continued)
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TABLE XII (cont.)

A (1s) and A_(2p) calculated usmg wave functions of Ref (DW 73) and
cY = 0.65, c Y=1.1.

, dObtalmed from Av(1s) = 1. 23><10
10l sec” ;2).

15 1 (Ber 75) and A (2) = (5.2610.60)




etic, and pion photoproduction interactions

TABLE XIII. Shell model analy51s of weak, electromagn i
He (0*), and PLi(0*, 3.56 MeV)

‘'with nuclear states 6Li(1Y),

Observable ' } Experimenta _ " : Theory
| Donnelly gg_gl,b Bergstrom”
Quadrupole moment °Li(1h) -0.80:0.08 mb 0.80 -0.80  (fiv)
Magnetic dipole moment 6Li(1+) +0 82201 n.m. +0.82 10.822 '
y-lifetime: °Li(0%) »6Li(1") . 16+0 19 eV | - 8.16
6Li(e,e)vand (e,e') transverse FMl(q) q< 200 MeV/c  q< 400 MeV/c
magnetic dipole form factor FMl(q) ' | parametrize
p-shall h.o. parameter o b =2.03 transition
____________________________ o ____demsityd
B—décay (AY): 6He +6Li(1+) 0.858+0.002 se’c_1 0.877+0.023 . 0.855x0.024 (theory)
w-capture’ (4 ): OLi +O4e 1.6+ 0.33)x107sec”! (1.39£0.04)x10°  (1.33£0.04)x10°
' ‘ , - 0.13 .
(n",¥) branching ratio (R) 0.306£0.035 % © 0.37:0.07% 0.304£0.0588
0.073%0.002h 0.12 0.090

+ )
(vy,m ) photoproduction, aLi/aproton

ARef. (ASL 74)
bRef (DW 73, KD 74); based on shell model wave functlons w( Li, 1" T 0)=0.810 (pS/Z)

0.084 (pl/z) and w( He o T= 1) = 0.80 (pS/Z) + 0.60 (pl )2

-0.581 (p3/2 pl/Z)
and ¢( e, 0 ) 0.843

“Ref. (Ber 75); based on w( Li, 1" = 0.924 sl +0.369 "Py + 0.102 “D,

35 - 0.537 *®,

0 .
' (continued)
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TABLE XIII (cont.)

dBest_fit to (1p)2 form factor,giges b = 2.16 F with x. = 3.4. This indicates that Ml form factor is
not adequately described in (1p)“ harmonic oscillator basis. ' B

CRef. (Baet+ 73)

fRef. (Ver 74); calculated using wave functions of Ref. (DW 73), Cg =:0.65, C=1.1, and m-atom data
of Table XII. ' E o '

€obtained from Ay = 1.23x10
data of Table XIL.

PRef. (Deu+ 74)

15 sec™l (Ber 75), A, () = (5.26:0.60)x10%0 sec™ (v 72) and m-atom

-Z0T-
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TABLE XIV Transition rates and branching ratios for radiative. capture of
- stopped 7w~ on 2098i. The 51ng1e-part1cle transitions w~ + lhg/z
(proton) = y + j (neutron) with =~ in 4f or S5g orbits are
compared with the. experimental Value for the sum of all transi-
~ tions up to 4 MeV excitation in 09pb., (Bae+ 74)

_ » _ -
Single- partécle EX(209Pb)a E, b A 34D _AY(Sg) R, (41)
State.in SEPb Toven (MeV) 10*3sec 1 4gl0gec-l 1074
2g 9/2 0 136.8 0.93 4.17  0.04120.012
1 11/2 0.78  136.0 1.17 311 0.052#0.015
15 15/2 1.43 135.5  3.69.  10.70  0.163:0.048
3d 5/2 o 1.57 135.2 0.31 1.51  0.014+0.004
4s 1/2 - 2.04 134.8 0.08 0.35  0.004£0.001
28 7/2 2.50 134.3 0.32 0.14  0.01420.004
3d 3/2 2.54  134.3 . 0.15 0.58 -~ 0.007%0.002
Theory Sum:  0.30 %0.09
Expt. R (0-4MeV) = 0.36 +0.18
Experiment 7.920.4% 128.9%0.4 (r;=0-3 MeV) RY=(4.7:O.7)1074e
13 22 128 £2 (T,1-4 MeV) R =(9.6+1.6)107"

R (total) =(9810.0)10~

IRef. (BM 69)

bAsaumlng 4f capture; photons from 5g capture w1ll appear at 0.59 MeV higher
energies due to smaller n binding energy..

Assumlng 4f capturc only, RY = Cehy (4f)/Ka(4f) with d1stort10n factor18 1'
C(4f) = 1.1420.15 (LW 74) and A (4£) = (177£0.5 keV)/n = (2. 6+0 8)10" “sec
(Sch+ 68).

Assuming 4f capture; E = 8.5:0.4 MeV if assume 5g capture.

°Fit with A= 16, Py = 0, T, =2.7¢0.8 MeV, E_= 7.9:0.4 MeV, and

E_= 11.720.2 MeV 2




Fig. 1.

Fig. 2.

Fig. 3
Fig. 4.
| Fig. 5.
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Figure Captions

Photon energy spectrum from m capture in 120 (Bis + 70b,Bis + 72).
(a) Spectfum with fitted functibn, using three Breit—Wigﬁer forms

plus the_pole'modelvfor the continuum. (b) Photon spéctrum for

. pions with a mean ehergy of 40 MeV uséd'for in-flight background

' subtraction;; () Spectrum'with'the pole model subtracted. The

solid curve is the best fit. The dashed curve is the prediction

of Kelly and Uberall (KU 68) using the Arima model for the giant

resonant states.

Line shapes for measuring the 129.4 MeV photon of the w p-ny
reaction with a Nal crystal (Bay +.7S)(b), and the pair spec-
tfometers of Panofsky et al.(PAH 51)(a), Phillips and Crowe (PC S4)(a),

and Nicholson et a1.(Nic+68) (c). The latter achieved a resOlution

of 0.6 MeV (FWHM).

Plan view of the experimental set up at the 184" cyclotfonlof the
LaWrehce Berkeley Labofatory used for investigations of radiative
pion capture.on nuclei. The inset shows the pair spectrometer

and range-telescope geometry. (Bis + 72, Bae + 73).

(a) Acceptance of the LBL pair spectrometer as a function of photon
cnergy (Bae + 73); ny.= (AR/4m) x (conversion probability) x (spark
chamber detection effiéiency). (b) Photon spectrum from w-capture
on hydrogen. | |

First order Born diagrams contribﬁting to the pion photo-

production reaction yn = T D.
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. ‘Figure Captions (Cont.)
Fig. 6. Real’parté of cogfficients of the-radiativé capture. matrix element,
(@) A= Bgevs. (a/m2); () Beak = Mpy - M, + 3E, ;
(¢) Ceqk = Mys o+ My + 3Eye 5 () Deak = -2Mp, - My o
o Adamovich et al.(Ada 69); x, Adamovich et al.(Ben + 56), (San + 54),
and (Ada + 69); & Panofsky ratio; o Adamovich et al.(Ada 69); -
» Pfeil and Schwela (PS 73). =— Polynomial fit to results of.(PS 73);
---- From (BDW‘67); ....Born approximatibn (text); =--.-.-- Polynomial
Fit tovthe_results of (Ada + 69). N |
‘“Fig. 7. Photon spectra.for the hydrogen isotopes. The curve shown with
the data for deuterium (Rya 63) is calculated for a n-n scattering
length anh = - 16.4 F. The curve shown with the data on fritium
(Bis+ 76) is from the calculation of Phillips and Roig (PR 75).
Thé interaction of the three outgoing néutrons are treated in-

/

the Amado model (Ama 63), with no resonances put in.

4He (Bis+ 70a).:The curve

Fig. 8. Photon spectra for SHe (Trus 74) and
in (a) is from a pole-model calculation with A = 6.8 MeV (S¢C.6).
The curve in (b) is the result of an R-matrix calculation
(Bis+ 705) assuming excitation of the three states indicated.

Fig. 9. Compérison'of the data on the radiative breakup reactions from
m .capture on He wifh theoretiéal spectra (PR 74) caiculated  N
usinglthe Amadq model. The spectrum shows no sign of a resonance.

Fig. 10.Photon spectra for 1lp shell nuclei. Solid curves are pole-model
caléulations. Three body phase space (curve ih (a)) does not

describe the continuum well.

Fig. 11.Pole graph for quasi-free radiative m-capture (DP 68).



Fig.12.

Fig.13.

Fig.14.

Fig.lS-

Fig.10.

‘and BW contributions (Fig. 10). In

- Photon spectra for natMg and

~-106-

.Isobar level diagfam for the levels of:A-= 6 nuclei.(ASL_74)

relevant to study of the Ll(n »Y) He(g s.) tran51t10n

Measured M1 tran51t10n strengths in 1p shell nuc1e1 (in Welsskopf

v un1ts VS. exc1tat10n energy, g=(2Jf+l)/(2Ji+1) (Fag 75)). Strong

(m-,y) transitions to the analog states in the TZ =_Tz(target)+1

nuclei have been observed in the nuclei identified by an X.
Photon spectra and level diagrams for (m-,y) transitions to the .

14

particle - stable and low - continuum state’ of Be and ~°C

(Bae+ 75). The spectra are after subtraction of the pole model
10Be the M1 transition to
the 7.5 MeV state dominates 180° electron scattering and is seen

14C, the analogs of the

to dominate the (m-,y) spectrum.. In
two strong Ml states at 9.2 and 10.4 MeV in 14N dominate the

(m-,Y) spectrum. The'14N(g.s.) state is seen to be extremely

weak as expected from the 106 hindered-Gaﬁow-Teller B-decay réte.
Results of fhe_shell model calculation (Ver 75a) for lhw ex-
citations in the reaction 14N(n—,y)14C are compared to the data
(Baet+ 75). (a) Branching ratios to the strongest states. The

data are on arbifrary scale. (b) Theoretical branching ratiqs

(x0.4) folded with the instrumentai resolution and acceptance.

The solid curve is the summed‘strength and'corresﬁonds to a branching
ratio of 0.78%.

40Ca (Bis+ 72). The curves are

pole-model calculations with A = 16 MeV and 13 MeV, respectively.

The data show appreciable’ transition strength to the particle-

stable and low-continuum states of the residual nuclei of Na

40

and K, respectively.



Fig.17.

Fig.18.

© Fig.19.

Fig.20.

of a state at 7 9 MeV in

‘itions (i) of the
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209

Photon spectrum for Bi (Bae+ 74) . The curve in (a) is a pole-

model célculation‘(A = 16 MeV) normalized to the data between
70-110 MeV; in (b) the curve is a fit to the full spectrum

(pole-model + BW'+.line). The data .show weak excitation of the

209

single—particle states in Pb (0-4 MeV) and strong excitation

20ng wh1ch was tentatlvely identified

(Bae+ 74) with the F component of an isovector quadrupole ex-

209

citation at ~26_.5 MeV in B1 (Fig. 19).

Shell-model levels in the 208Pb region. The single-article trans-
2OgBi(n_,y)zong reaction and the (ii) neu-

tron-particle proton—hole excitations discussed in the text are

illustrated. The relatlonshlp of the Ml exc1tat10ns to the

209B1(1T ,Y) reaction is also discussed in the text.

£ 209 209 Pb.

Level diagram for giant resonance states o Bi and

2OgBi(ﬁ'v,Y)

E = 7.9:0.4 MeV is tentatively identified as the exc1tat10n

209,

The peak in the Y-spectrum of the Pb reaction at

of the analog of the T>‘ component of an isovector quadrupole

state of 2OgBi at 26.5 MeV. The well-known GDR and possible

isoscaler quadrupole resonances (LB+ 72) are also shown.

209

Proton energy spectrum from the Bi(n,p)ZOQPb,reaction obtained

by King et al. (Kin+ 75). The data in (b) are what remain after
subtraction of the QF continuum as given by 3-body phase space.

209

The peak at EX( Pb) = 8.1%0.5 MeV is identified with the peak

at 7.9%0.4 MeV observed in the (m ,y) reaction (Fig. 17).
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disclosed, or represents that its use would not infringe privately
owned rights. ‘




- -
TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



