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INTRODUCTION

The mszin gim of this thesis is to mgke a quantitative
gnglysis of photoproduction of charged pions from nuclei
and use it ss a probe for studying the production mecha-
nisn, as well as the structure of nuclel.

Hitherto, charged pion photoproduction has been
studied only in the framework of the independent particle

1'23. We present here g detgiled study of charged

model
pion photoproduction from nuclel based on a model of direct
intergction between the incident photon and the individual
nucleons, coupled with the impulse approximation, The
nuclear transition operagtor is expressed in temms of the
free single nucleon photoproduction gmplitudes, We re_al:lze
that the ¥ photoproduction process is similar to the muon
capture process since the same initial snd final nuclear
states gre involved in both the pmcesaaé‘f} Bgsed on this
realization, for the first time, we use the configuration
mixing particle-hole models besides the simple independent
particle model in our studies of photoproduction of charged
pions from certain closed-shell nuclei,

In order to provide g background to the work presented

here, we now describe briefly some of the important experi-

mental and theoreticasl studies on photoproduction of charged
Pions conducted so far.

1) E.W.Laing aznd R.G.Moorhouse, Froc.Phys.Soc.)70,629 (1957).
2) V.Devenathen gnd G.Ramachandrsn, Nuel,.Phys,38,654 (1962),
ibid. 42, 25 (1963); ibid 66, 595 (1965).
(+)Fur

.' rlay a sig

rther, it 1s well known that nuclear structure effects
n1ificant role in the muon capture process.
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Earlier experimentzl investigatinn53!4) on photo-
production of charged pions from Complex nuclei have been
devoted to the measurement of the total eross section,
mostly accompanied by nucleon emi ssion, based on an obser.
vation of the emitted pions rather than of the product
nuclei, These experiments have shown that the sum of the
' end v~ cross sections exhibits very accurstely =n ﬂya
dependence, where A is the mass number of the target
nuecleus, This nya dependence has been resdily explained
by measns of a surface production model proposed by iﬂlnonﬁ)
and Butlerﬁ). Surface production implies that the produc-
tion is predominantly from the *surface nucleons' due to a
suppression of pion production from the interior of the
nucleusy 'surface nucleons' being defined as those nucleons
which the photon catches outside the main core of the nuecleus,
or, in other words, nucleons with radial coordinates greater
then the nuclear radius, which are subject to weaker nuclear
interaction. Calculations of Butler, based on the surface
production mechanism, not only explain the correect Ag’,‘?’
dependence for the sum of the #* and #+~ eross sections but
3) J.8teinberger and A.Bighop, Phys.Rev,78,494 (1960),

R.F.Mozler,Phys.Rev.ﬁg, 4831 {iEED};W. «Hogg and
D.8ineclair, Phil.Mag.,series Béslj 466 (1956); R.M,Littauer

and D.Welker,Phys.Rev.83,206(1961); ibid 86,838(1952).

4) E,H,Bellam y Prog, in Nuel,Phys. ?_ 237 (1960), References
to original ‘studies can be found TA this review article,
8) H.R.lﬂlsnn, Phys.Rev, 86, 126 (19562).

6) S.T;Butler, Phys,Rev. 87, 1117 (1952),
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also yleld the ™ / a' eross section ratios which have the
semeé trend as a function of A as the observed ratios.

From a theoretical point of view, the study of photo-
production of pions from nuclei is simplified if experi-
mentglists distinguish the reactions in which the plon is the
only particle emitted from the other reactions in whieh the
pion 1s accompenied by the emission of one or more nucleons,
Regctions of the fomer type, A( 'r’,rt )B, may readily be
eéxperimentally investigated, if the residual nucleus, B, can
be identified by some characteristiec activity, such as p or

Y decay. The first measurement of this type has been made
by Hughes and March?) in 1958, They studied the resction
11p( 'r,w-'}llﬂ where the final nucleus was identified by obser-
ving its positron activity. Subsequently, during the 1ast
decade, there has been g continuing program of the study of
Photopion production reactions, of the type A( 'Y,rt)B, espe=
clglly by Hummel and his coworkers at Illinois, U.8.A. They
have rapnrtada:', so far, cross sections for the following
reactions: -113{ % ,-r')llﬂ , HB( v ,-r+)1lBa, 180( v ,1-+)1EH and
2?1!1( Y,w"'}mﬂg, while Nydhal snd Fnrlmang) have reported the
cross sections for the reazections 37151{ ¥ ,-;"')wﬁg, 51?( ¥ ‘f‘l.JElﬁ_
and 501'!1{ Y ,r'}_EuCu. Since these experimentali st519) measure
the radioactivities of the product nuclei, they report totsl

7) I.S8.Hughes and P.V.March, Proe.Phys.Soc, 22, 259 (1958).

8) P.Dyal end J.P.Hummel, Phys,.Rev, 127, 2217 (1962) R.A.Meyer,

W.B,Wzlters gnd J.P,Hummel, Phys,Rev, s Bl4zl dﬁﬁ&];
W.B,Welters and J.P.Hummel, Phum.&w.ﬁ, 823 (1966),

9) G.Nydhal and B.Forkmzn, Nuel.Phys, B7, 97 (1968),



iv
cross sections which are the sums of "partizl" cross sec-
tions due to photon induced transitions to specific states
of the finagl nucleus which are stasble against nucleon
emissions

Laing and Honmuuaal)

studied charged pion photoproduc-
tion on the basis of a simple independent particle model,
They calculated the cross sections, for the process “1B( vy ,r'JuC,
for pion photoproduection occurring throughout the entire
volume of the nucleus, as well as for pion production being
restricted to the nuclear surface. PBaséd on a caiparison with
preliminary experimental results?:' they conclude that surface
production slone cannot account for the observed data,
However, after making a detailed comparison between theory and
experiment, Hughes and Harchﬂ report that the cross sections
for the reaction “1B( v ,11-')110 are in good agreement with
thanmtieal. values, for surface production, predicted by Laing
and Honrhnusa”. Further, without making a detasiled calculation,
Meyer et. al.g) state that their results are in qualitative
agreement with those expected from the theory outlined by Laing
and Moorhousel) 1n tha surface production fomalism, for the
resctions 11B( v 5*) 1Be ana 16p( v ywH)I5K, with the added
assumption thgt, "the transition probabilities depend more on
the total number of states avsilable than on the specific
details of the states involved,"

More recently, expressions for the eross sections for

Photoproduction of charged pions from nuclel, were derived by
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Devegnathan and Ramachmdranz}. They have studied the reasction
Egsi('f,r')ggP for which experimentsl results are not availsble
and they have digressed into a discussion of the dependence
of the cross section on free znd bound nucleon magnetic moments.
Thelr esleulation is also based on the independent particle model.
In the present study of charged pion photoproduction from
nuclei, we assume the validity of the impulse appmmatiun+
according to which the traznsition operstor for a bound nueleon
is identiecgl to that of a free nucleon znd we use the free
single pucleon photoproduction smplitudes of Chew, Goldberger,
Low and Hamtrnm}. The emphasis placed on the energy dependence
of the totasl cross section is due to the nature of the avallable
experimentsl results, The processes of photoproduction of
nautral' and charged pions from the deuteron and charged plons
from 160, 12¢ 1l 275 Sly ung 0ng gre studied theoretically
and the results are compared with the avallable experimentgl
data. Of the above mentioned nuclei, 169 ana 12!’:, being closed-
shell nuclei, offer the following speclal features:

2o

Being a doubly closed "magic" nucleus, this 1s onghf the
few nuclel which has been extensively studied snd good wave
functions for its ground state and exelted states are available.
Photoproduction of w' trom 360 leads to the final nucleus 16y
which has only four experimentszlly observed bound states. These

+ See Appendix B.

10) G.F.Chew, M.L.Goldberger, F,E.Low and Y.Nambu, Phys.Rev,
106, 1345 (1957).
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final nuclear states are well established to be the T=1 iso-
baric anzlogs of states in 16g and this engbles us to tske

the wave functions of 16N bound states from those of 160 under
the v :11d assumption of good isobariec spin.

12{!;

Though this 1s not a "magic" nucleus, 1ike 16p, reasonably
good wave funetions are available for the excited states of
12¢, Photoproduction of y* frem 12¢ 1eads to the final nueleus
12B which has only five experimentally observed bound states
and four of these five states havs been identified to be the
T=1 isobarie englogs of states in IEU. This identification
enables us to take the wave functions of 12§ ppop those of 12¢
under the assumption of good isobaric spin. But, more inte-
resting 1s the case of v~ photoproduction from 12¢c, since this
leads to the final nucleus 12§ whose ground stgte alone is
stable against nucleon emission and which 1s & positron emitter,
This process 120( T,r')laﬂ is, thus, perhaps the idesl process
for sn analysis of the production mechanism from an experimental
point of view, Thererore, we predict the cross sections for A
as well as 5 photoproduction from 12¢ in the hope that experi -
mentsl data will shortly be forthcaming,

This thesis consists of nine chapters, three of which
are based on published Papers and the available reprints are
mclaaed{fj For the sgke of convenience, it has been divided into
three parts dealing with Photoproduction of plons from nucleons

and the deuteron, from certain closed-shell nuclei snd from
\*) Dlease see back cover.
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certain non-closed-shell nuclei, We will now present the main
results of the study:

Part I consists of two chapters, In Chapter,1, we give
the explicit expressions of the Chew, Goldberger, Low and
Nambul®) empldtudes, used in all our studies of photopion
producticon from nuclel, mainly to establish certain facts,
conventions gnd notations to be used later., We show that these
emplitudes yield differential and total cross sections, for
neutral as well as charged pion photoproduction, which are in
reasonably good agreement with experimental results in the
energy region of interest to us, viz. threshold to 400 Mev
incident photon energy.

In Chapter,2, we study the sensitivity of the di fferential
and total cross sections for neutrsl and charged plon photo-
production from the deuteron to the chofce of the deuteron wave
function which has a D-state admixture and a harde.core radius.
We have used the functional forms of Hulthen and Sugatraran)
and the numerical wave funetions of Raidlﬂ) in our present stud.?.la)
We find that the neutrsl pion photoproduction eross section is
extremely sensitive to the cholce of the deuteron wave function
and the deuteron wave functions obtained by B.e:ldlz) whose nucleon-
nucleon hard-core snd soft-core potentials ¥ield the deuteron
_p_rapertiea - viz, the binding energy, the electric quadrupole

11) L.Hulthen and M.Sugawsra, Handbuch der Physik 28, 1 (1287).
12) R.V.Reid,Jr., mnn. Phys. 50, 411 (1968).
13) K.manthanarsyesnan end K,8rinivaga Rao, Muo,Cimento 44, 31(1966);

K.Srinivasa Reo, R.Parthasarathy and V. Devenathan, to be
publi shed,
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moment, the D-state probability and the asymptotic D to & wave
ratio - accurately, lead to a better agreement with experimentsal
datas On the other hand, the charged pion photoproduction eross
sections are shown to be not very sensitive to the choice of
the deuteron wave functions,

Part IT consists of five chapters. The first four chapters
(Chapters 3,4,5 «nd 6) deal exclusively with photoproduction of
positive pions from 160, which has been fairly extensively studied,
while the fifth Chapter (Chapter 7) degl with pl;ntnpruductim of
positive snd negative pions from 12¢, 1In three of the four
Chapters (Chapters 3,4 and 5) on photoproduction of positive
plons from 180, we are concerned only with photon induced transi-
tions. to the four low-lying bound states of 15H, while in
Chapter.6 we consider photon induced transitions to glant multi.
pole resonsnce states in 16w,

In Chapter.3, the configuration mixing particle-hole wave
functions of Elliott and Flowersl4) and the G11let-Vinh Maul®)
wave funetions obtained in both the Tamm-Dancoff Approximation
(TDA) end the Random Phase Approximgtion (RPA) are used for the
low-lying bound states of ml‘f. Of these, the RPA wave funeticns
of Gillet snd Winh Mau inelude long-range correlations in the
ground state of 160 in n approximate way, We find that the
IDA end RPA results do not differ appreelably from eagch other.
The particle-hole wave funetions yield eross sections which are
smaller than those obtained with the independent particle model,

14) J,P,Elliott and B.H.Flowers, Proc.Roy.Soc.A242, 57 (1857).
15) V.Gillet snd N,Vinh Mau, Nucl.Phys. 54, 321 (1964).



ix

but they are still larger, by aslmost a factor of two, than the
experimentsl results of Meyer, Walters and Hmmel?), The
phenomenologicel Migdsl theory wave functions for 16N, which
were successtull®) in accounting for the experimental muon
capture rates and inelastic electron scattering cross sections,
also yield eross sections for 160( v ,»*)1®N which are 1arger
than the experimentsl results, We show that this discrepsncy
ean be accounted for by invoking the phenomenclogical surface
production mechani snl?).

In Chepter.4, we take into account, explid tly, the two-
particle-two-hole (2p-gh) correlations in the ground state of
lﬁu, in the study of photoproduction of positive piong from 16q,
Thisg is in contrast to our study in Chapter,3, where the ground
state correlations were taken into aeccount by the RPA, For the
bound states of 16N we use, in addition to the wave fumetions of
Elliott znd Flowers and Gillet and Vinh Mau, the wave functions
of Kuol8) calculated wlith matrix elements derived from the reg-
listic Hamadg-Johnsén potential which ineclude cora-polarization
("screening”) corrections. Wibhout invoking the rhenomenologi cal
surface production mechanism, we find that a better agreement
between theory and experiment e¢an be obtsined when we use the
Kuo wave functions with "sereening" for 16H states, together with
the ground state wave function of 260 which explicitly includes
16) M.Rho, Phys.Rev, Letts,18, 671 (1967); Phys.Rev,161,965 (1967).

17) V.Devanathan, M.Rho, K.Srinivesa Rao and S.C.K.Nair, Nuel.Phys,
B2, 329 (1967).

18) Private communication of Xuo quoted by A.M.Green and M,Rho,
fMuel.Phys. A130, 112 (1969).
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In Chepter.5, we study the effeect of nucleon-nucleon
short-range correlations in the nuclear wave functions on
photoproduction of positive pions from 150, with an essentially
phenomenological correlation funetion. In the preliminary
results, which we report here, we use only the independent
particle model description for 16y states and we find thgat
there is no gprrecishle change in the chareseter of the szngulsr

distributions due to the inclusion of short-rsnge correlations.
' So, we are of the view that nucleon-nuclson short-renge corre-
lations can be ignored in the case of photoproduction of pions
from nuclel near the first pion-nucleon résonsnce region.

In Chgpter.6, we are concerned with photoproduction of
positive pions from 16p leading to giant multipole resongance
states in 16N, wWe find that the cross sections due to transi.
tions to these higher excited states are considerably larger
than the contributions from the low-lying bound states of IGN.
We glso ohsarra(*‘thnt the total cross sections near the threshold
for photopion production are dominated by the dipole resonances
but that near the first Plon-nucleon resonsnce region the
quadrupole resonances are domingnt, mgking 1t, thereby, possible
to experimentally identify these two types of resonances,
Hence, 1t would be of vglue to measure these experimentglly,

In Chapter.7, we study the case of Photoproduetion of

positive end negative pions from 126. We 1:|1'4E:ci.’u‘:1:ﬂ:'lj the energy

19) K.8rinivesa Rao and V. Devanathan, to appear in Phys.Letts,

20) K.Srinivasa Rao, V.Devanathan and G.N.8.Prasad, submitted to
Nuel,.Phys.

() K.Srinivasa Rao, to be published.
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dependence of the cross sections using the independent particle
medel and the configuration mixing particle-hole model wave
functions of Gillet and Vinh Mgu for the final nuclear states,
in both the volume gnd surface production mechanisms, Of the
two processes 12¢( v ;x*)12B and 12¢( v ,#")'%N, the latter is
ideglly suited for an experimentszl study since only the ground
state of 12N 1g stable against nucleon emission,
Part III consists of two Chapters. In these chapters
we azre concemed with photoproduction of cherged plong from
113, mﬂl, °ly ana Eolﬁ., for which experimentgl results are
avallable, Being non-closed-shell nuclei, we are constrsined
to study these processes in terms of single particle transitions
from occupied to unoccupied shells, in the absence of detasiled
infomgation about the excited state wave functions for these nuclei.
In Chgpter.8, we study the reactions 11B( v ,-r+)11£e and
HB( v ,v=)11c, o0f these, the fomer is better sulted for s
theoretical study since there are only two low-lying bound states
of 11Be which are stable against nuecleon emission, while there
are many possible bound states of 11C which have not yet been
correctly enumerated. We obtain a good agreanantﬂ) with the
7)

experimentgl results for 113( ¥ ,r"'JllBa when we assume surface

production of plons. Due to the uncartainty sbout the number of
finel states, end their spin-parities, which would have contri-
buted to the experimentsl cross sections, we are ungble to draw

any definite conclusion in the case of 11B( v ,r')uc, except that

2l) V.Devendthen, K.Srinivasa Rao and R.8ridhar,Phys.Letts.258,
456 (1967).
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a reasonably good agreement with experiment czn be obtgined when
we eonsider the cross sections in the surface production mecha-
nism to arise from the single particle transitions: lpafﬂv—"‘lpax‘a!

1py /s and 1dg/p only,Z)

In Chepter.9, we study the reactions Z/p1(v ,»*)7ug,

Sly(y ,o*)51m ang €Oma( v 7™)%%Cu using the independent particle
model and the volume aznd surface production of pions. Ae in the
case of 11B( ¥ ,T'Jllc, digeussed above, we are hendicapped in
the study of these reactions due to lack of sdegquate znd coneclu-
sive infomation about the number ond ngture of the fingl states
involved, Only in the case of 27A1( v ,r"')z?Hg, we obtain g
reasonably good agreamentaa) with exparimmt'?) when we congider
the eross sectione in the volume or surface production mechani em
to arise from the single particle transition: lds/g —= 251/2.

We now project the szlient features which we reglize gs
a congequence of our study of photoproduction of Plons from
nucleis

(a) The differentiazl ond totsl éross sections for neutral
Plon photoproduction from the deuteron are vexry sensitive to the
choice of the deuteron wave function.

(b) The ground state correlations tiken into account by
the Random Phase fpproximation under-sstimste the actual particle-
hole correlations in the ground state of 1ﬁl}h.

(e) Reglistic nueleon-nucleon potentlals lead to wave
functions which give rise to theoretiesl cross sections which are

22) V.Devangthen, G.N.S,.Prasad snd K.Brinivesa Rgo, submitted %o
Ruel.Fhys.
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in good agreement with experiment in the case of 180( v ,1*')151‘1.
Hence, perhaps, there is no need to resort to wave functions
obtgined from purely phenomenologicsl theories like (for
example) the Migdsl theory.

(d) A detailed description of the fingl nuclear states
involved in more important than a mere knowledge of their
totel number, This conclusion is contrary to the expectation
of Meyer et.gl. that the cross sections "depend more on the
totsl number of states available than on the specific details
of the states involved".

(e) In the absence of detsiled infommation about the
initial end fingl state nuclear wave functions, it is possible
to obtaln better agreement between theory and experiment for
reactions of the type A( 7 ,r"-'-}B by using the surface produc-
tion mechanism than by using the volume production mechani sm,

One feature which has not been considered in our
studies of photopion production from nuclei is the effect of
final state interactions (of the outgoing pion with the

resldusl nucleus). However, in Chapter.4, we shall discuss

this aspect to some extent,






CHAPTER 1

THE CGLN AMPLITUDES AND PHOTOPRODUCTION OF
PIONS FROM NUCLEQNS

1. Photoproduction of single pions from nuecleons is
one of the fundsmentsl reactions encountered in the
study of pion phencmenon znd hence it is considered to
be a very useful tool to investigste the properties of
pion-nucleon intergction. The first measurements of
the differentizl cross section for photoproduction of
positive plons from hydrogen were those of Steinberger

+

%
and Bishop ). Eince then ¥ o

and gy~ photoproduction
reactionss
Tk P e RN s (Tada1)
TGPl —1 Ditaw s CL1:2)

have been extensively studied both theoreticszlly and
experimentally. At present copious results gre aVEilahIGEJ
for pion photoproduction from threshold upto an incident
photon energy of 1.5 Bev, Chew, Goldberger, Low and
Hamhus} (hereinafter referred to as CGLN), were the first

1) J.Bteinberger eznd A.S.Bishop, Phys.Rev. 86, 171 (1962).

2) See, for exgmple, J.T.Beale, S.D.Ecklund gnd R.,L.Wglker,
Report CTSL.42, alifomip Institute of Technology;
F.A.Berends, A.Donngchie and D.L.Weaver, Nucl.Phys.

B4, 1 (1967);

&) G.F.Chew, M.L.Goldberger, F.E.Low and Y.Ngmbu, Phys.Rev.
106, 1345 (1957). i 4



to treat the photoproduction rescticn around the first
prion-nucleon resonsnce by megns of fixed t dispersion
relations, They formulated the genersgl dispersion
relaticons for photoplon production gnd evaluated the
dispersion integrals in the stgtiec limit. Several

£4-10)

0
attempts were made to improve the work of CGLN.

Gourdin gnd Ealin“} introduced additionsl terms by
taking into sccount explicitly the higher resonences
of the r-N channel (¢, w, ete,) while Balls) and

6<9)

others took the meson resonsnces of the NN channel

into acecount., But it tums out that the deviations due
to these theoretical refinements zre not larger thgn the

discrepancies between the results from different lsbo-
11)

9
the present experimental accuracy does not sgllow gz relia-

ratorles, Thus, as pointed out by Hohler and Schmidt

ble test of the asdditional terms included in the theore-
tical expressions for the production amplitude znd hence

the work of CGLN survives almost unchanged from a practi-
cal point of view.

4) M.Gourdin end Ph.Salin, Nuovo Cim. 27, 193 (1963);
ibid.28, 1294 (1963).

5) J.8.Ball, Phys.Rev. 124, 2014 (1961).

6) J.McKinley, Technical Report No,38 (1962), University of
Illinuiﬁa

7) M.Gourdin, D.lurie and A.Martin, Nuovo Cim,18, 933 (1960),
8) B.De Tollis and A.Veganelekis, Nuovo Cim.22, 403 (1961),

9) C.S.Robinson, Ph.M.Baum, L.Crigee and J.McKinley,
Phys.Rev.Letts. 9, 249 (1962).

10) S.L,sdler, Ann,Phys.50, 18¢ (1968)., A detalled, unified
tregitment of single pion photo-,electro- and wegk-produc-
tion is given in this paper.

11) G.Hohler snd W.Schmidt, Amnn.Phys. 28, 34 (1964),



In this Chgpter, we give the complete foms of the
CGLN amplitudes gnd we aglso give the explicit expressions
for certain combinagtions of these amplitudes which oeccur
in the study of photoproduction of pions from nuclei., We
show that the gngular distributions as well as energy
distributions of the cross sections for (1.1.1) and (1.1.2),
calculated using the CGLN gmplitudes, are in good quali-
tative ggreement with the experimentsl rasultsz).

2. We now discuss the case of photoproduction of pions
from a single nucleon using the Chew, Goldberger, Low and
Nambu (CGLN) amplitudes for the basic photoproduction
processess:

TP = P g

Y4+n — n+oq

T+ p — n+y¢g ’

Y"'n —_— P+I- - (1-2.1)

The CGLN gmplitudes can be written for these processes asg

t(V4p —> pts®) = £(#) 4 glO) (1.2.2).
t( Y4 — n#®) = o{H) _ gl0) (1.2.3)
t( Y+p —n+yt) = ﬁ(r"’ + g(0)) - (1.2.4)
t yin — prr™) = - yE(£l=) L g(0)) (1.2.5)

where £(*) (=) .ng £(0) _pe given*) by

(*)ye use throughout the natursl system of units, in which
H = ¢ = plon mass = 1.
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is the Pauli spin operstor for the nucleon,

is the mass of the nucleon,

2 =

end 7, are the momentum znd energy of the photon,

=

end W, are the momentum snd energy of the pion,

lm

is the photon polarizaticn vector,

o

is the electromsgnetic coupling eonstant,

iy

is the unrationalized, renormzlized pion-nucleon
ecoupling constent,

Ly and [y are the znamolous mggnetic moments of the
proton znd neutron,

+4 18 : : '
=2 (& “inSu+ 4 ett5, Sim+ 4655005, + 49"53%:,71535 )s

(1.2.6)

(1.2.7)

(1.2.8)

(1.29



0

; - 13 3 .5
h A e s SR N S

(1.2.10)
L} (€505, - 20 384105, — 26383 4in 5 + €022 4im S
3 (1.2.11)

=i
I
I

6119 06131 O 8nd Oz ere respectively the (1/2,1/2),

(1/2, &/2), (3/2, 1/2) =nd (3/2, 3/2) pion-nucleon P-wave
scattering phase shifts, k= 72 - [t 3 is the momentum

transfer to the nucleon,

_ FBe - Hn
}\ - —4;{;5— 9 (1¢2¢12}

and = Peat (1.2.13)
2M e

The single nucleon photoproduction amplitude has the
genergl structure

g_"-; + L (112114)

where K and L are respectively the spin.dependent and spin-
independent parts of the tranéitinn amplitude, Explieitly,

K and L in the case of neutral pion photoproduction are given
by:

K = i%[hh*'gx{uxé} Fofpie + px(vxe)} +
'E}" e
+i—tw_nf* te iy (1.2.15)



and
2rmef s
' 2 = Ke(LXE)AR 74 (1.2.16)

where the upper and lower signs in Eq.(1.2.15) refer respec-

2]

tively to v  photoproduction from the proton sznd neutron,

Hp =1 for ¢° production from the proton and HP =0 for
#° production from the nentron., In the ease of charged

plon photoproduction K =nd L are explicitly given by:

1 i Ve
K = i 24Zned 6 + A€} 4 Ap-mux(uxE)+
R e S R e
4 L.6)p
2 4+ ux(uxe) ~ (K H.
= s s (1.2.17)
and

£ = Llﬂf—iﬁ Mo (2xe)ART,

(1.2.18)

where the upper and lower signs in Eq.(1.2.17) refer respec-
tively to »* and v~ photoproduction, H_ = 1 for 7~ produc-

tion and H_= O for 5@ production.

We mgke the Justifiable assumption that the recoil
nucleon receives only momentum but no apprecigble energy.
Under this assumption, we have for the differential cross

sectlon for photoproduction of pions from a single nucleon,
after summing over fingl spins:

*

do
do

= {'}.Jrrj*1

Wpo ( KeK® + LL®), (1.2.19)



where the quentities E.K_* and LL* can be easily calculated
ffom the above given expressions for K and L. For this,
we choose a frame of reference with the direction of the
ineident photon as z-axis end the plsne in which the
momentum vectors U and | Iie gs Y-Z plane. The angle
whiech the pion makes with the Z-axis is represented by 6 .
In this frame of reference,

M

*
Y = vk and B = ptcuseﬁ-l- YV sin@ J

A

end i eand J are respectively unit vectors along the Z
and ¥ axis,

After averaging over photon polarizations, we obtain

for the case of neutrsl pion prdtoproduction:
108 G v 4r'etst { (%—'ﬁ%)z(“ cusle}%[,ﬁnﬂau+ 4 A Byz + A Bxg +
+ 4 pinBss + 2 At 8442 Ain'Bys + AintBay — 2 Ain* 833) +
+ 4 BirtBys (Ain® 8y — AN’ E53) — 4 Ain® 851 Ain” 833 +
+' Ain 284y ( Ain 2845+ % i 2Bzy — Aln 2832 ) +
"4 24in 2843 (4 4in 2831~ 4in 2853) - Ain 285y Ain2855]+
+ q;il: B2 (15 =2 pucese) + ]-'L;—UL( L + Ces?8) ] +

2
UA gol 7 2 Mo 1 (i AT D82
b — 1+ Cos™€)—- Cos 8 ] 5 (An 204y +2 AN =0jzt
+ = {. P’( s } —P.f os jg_( 4

L it 2
).'ama'
Ain 28z4 —2 Ain 2.6 HP' —E-'*'E'Dfrn )
+ ~inl0zy — 240 55)-;,- P Tha (HJ'F% “)}

(1.2.20)



where the upper sign is for the process ¥+p —> ptr°
while the lower sign is for 74n —> n¥x° end Hy =

for Y4p —> ph® while H =0 for 7Yin —> n#r_, and

% _ 4n’e*s* 2 :
LL" = _f.;.g_ll:._ (;—J&l) éi [Al':nzﬁ.ii + 16( Aim? 81z + Alm By + Ain” 833 )#

+ 2 Ain 2844 (An 2843 + Ain 2834 + sin 2833) +

+ 8 An 2843 (An 2851 + Aim 2823 )+ B Ain28zy Aln 2832+
+ = »3.!‘_1'12511 ( ;&Eﬂtsia = m. -5i.'l‘i'.l1531+ él".ﬂ:" 853) e

y - o | PR e | "
+ 3240 85 (A1’ Bz g+ 8" 853 )+ 32 bin” Bx1 4in’ 853 | ATO-
53] (1.2.21)

Similarly, after averaging over photon polarizations, we
obtain for the case of charged pion photoproduction:

e -ﬁ_ 4}1-‘22le 9 Q,H.,J_H-'ﬂa
li E T e Vs i{i_q_p.c 2 [i {hﬂ ]

UA
(3“ ) [Avn &g + 4 Ain? §1z + 4 Aintdzy + Ain® 535]1—
~25 -15 .-!‘26.' «. o ,25 .
— 2 Ain" 841 (2L AIMT 43 + 2 4in" 834 — A" 833 ) — 4 Al 834 Ain b33+

— Ain 2511(4-5!'.7? 2 513+A£¥1 1531-— % Ain 1653) -

+ 2 Ain 28;x( Ain 285 — %-Ai'n 2 833 )~Am 2854 bin 2823 (14 Cos'8) +

+ P [2p8 (He-2puCesB) + A" (44 cod)] +

( contd: on wext page)



4. wA A ‘ ;
+ (1 = %F} T [‘i An2844 —Ain 284z — Ain28=x4 + -é_ Ain 255533-;

B )

- 1 4 PE5in0 3 ,
+ m[(i_'_%‘?_){ AT {ﬁl‘PuJ“Fd'{Ha—PUCoﬁEJ}“i'

2 L . :
3 2 v { ﬁ- (4+ Cns-lEJ — 2o (es g}(.é.g,iﬂgaii—-émi‘ﬁig,—ém 25,51+%Am 2555)_]1-
3 T

CHURE An'8 2P An 1
[ ME g (1+K2) Mo (e RZ4 4 ) +

(1.2.22)

where the upper sign is for Y+p — n+-|r+ and the lower

sign is for 7T4n—p + T ’ H‘_ =1 for Y+p—> p + '_"

and H_ =0 for 7T+ p —>n+12" , and

D20 2
L zﬂ'if (;};) [ Ain'8yq + Airt Bas + A 8z + 4 At 833 4

4 0 A8y (Ain'8ys + Ain Ezq— 2 Ain" Bxz) +
. 2 i v Sxx ) — 4 Al B34 Ain” Saz +
4+ 2 Am 513 (Ain* 84 — Aln" 8535 ) — 4 Al 034 S’ 033
+ Ain 2311(%!‘51'1&5531 + %_'Tehl.’.n 0813 — Ain 2833) +
+ Ain 2843 (S Ain 2834~ Ain2855) - Ain 2851 82835 ] gin 6. s

In the case of chgrged pion photoproduction from
nuclei, we would require the expression for (R.K) (k.lf)
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in addition to the expressions given above for K.K*=znd

LL* , which ve give heres
‘L

* 4utelst T O .2 .2 o
(R-K)(k-K*) = Mo P' Al { (Eﬂ [Ain By +4 AT Eqz+4.801 x4 + Alni Eay +
- 2 Ain"8yy (2 BinS4z +2 Am* Szt — Al Bz ) +
+ 4 Mjgaia({l él‘nlzaﬁi_ fﬂl‘:‘ﬂ? 553;]-- 4 -‘51:-711'(551 &1‘1?_533 -}

— Ain _‘1511 {::-51:‘?1'2513 +Ainodzy - _i" Ain 2633) F

~ 2Ain2813(An2854 - ﬁfsm 2833 ) ~ AN 2054 A1 2833 |+

1 2 p pwr.“asej
+[(1+Lls)( kaICERTE I

(W—p2Cos6)
M Lg =

( R: 4 ):w(ﬁ1~P§)+H;

o)

Z
e ‘1*_*’; (-?1;- Am2814—AN 281z —An 28z4 + -55- Aln 1553):&3
Sl 1.2.24)
where, as in the case of Eq.(1.2.22) the upper sign is
for Y+p—> nty’  and the lowver sign is for 7¥+4n — piy",

H_ =1 for Y4n —>phr™ and H_=0 for Y4p —>niy*

3. Numerical calculetions, in the centre of mass (c.m.)
frame of reference, have been made for the differentizl
egnd total cross sections for photoproduction of pions from
single nucleons using the expressicns (l.2.2C) and
(1.2.21) or, (1.2.22) and (1.2.23), in Eq.(1.2.19).
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In Fig.l, the c.m. differential cross section for
process (l.1l.1) has been plotted as a function of the
cesm, plon zngle for incident photon energies of 280 Mev
end 350 Mev. The experimental results are those of
Lazzrus at.al.la‘}, Tollestrup at.al.lm, Walker Gtral.l4j
and Schwillelﬁ}. Fig,.,2 shows the energy dependence
of the totsl cross secltinn for Y+ p— n + 'r+- The
experimentzl results shown are those of Tollestrup et.alla}

Walkﬂr et-al-l4} md Kﬂﬂpp et-altlﬁ)t

¥

In Fig.3, the c.m, differentizl cross sections for
process (1.1.2) i1s plotted as a function of the c.m, pion
angle for incident photon energies of 260 Mev znd 320 Mev.

The experimental results are those of Fischer at.al.l?),

18) 19)

McDongld et.al.

y Dakely et gl, end Miller et.al.m)-

12) ﬂ-JrLSZamﬁ, W-K-H.Pﬂﬂﬂf!‘sk]? aﬂ.d F.R.Tangherlini,
Phys.Rev,113, 1330 (1959).

13) AeVa.Tollestrup, J.C.Keck snd R.M.Worlock, Ph]rs.Rev.gg,
220 (1955),

14) H.L.Walkﬂl‘ J-G-T‘Eﬂsdale, F.Z.Pﬂtersm Elnd J-I-F‘Et‘tﬂ',
Phys.Rev.99, 210 (19555,

15) Wed sBchwille, Fh.D.Thesis, University of Bonn. See
D.Freytag, W.d.Bechwille, znd Red . Wedemeyer,
Z.Physik 186, 1 (19€5).

=50,

16) E.A.Knapp, R.W.Kenney snd V.Ferez-Mendez, Phys.Rev.
114, 605 (1959), -

17) G.Fischer, H.Fischer, G,Von Holtey, H.Kampen G.Knop,
P.Schutz, H.Wessels, W.Brounschweig, H.Genzel and
R.Wedemeyer, Nucl.Phys, Bl6, 93 {19'}(1}.

18) W.8.MeDongald V.Z.Peterson, =nd D,B.Corson,Phys,Rev,
07, 577 (1957).

19) D,C,0gkely s=nd R.L.Walker, Phys,Rev,97, 1282 (1955),

20) D.B.Miller and E.H.Bellgmy, Proc.Phys.Soc.(London)
81, 243 (1963).
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Fig.4 shows the energy dependence of the totzl cross section

for Y+p— p+s® and 7Y+n —s-nﬁ:u « The experimental

results are those of Berkelmgn at.al.alj and Vasil'kov ek,

al.EE) for Y+p —> p+r°. In g1l these four graphs,

the solid line curves have been obtained with the dominant
== phase shift only while the dashed line curves have

been obtained with gll the p-wave phase shifts, The phase

shifts used in the present calculstion are given in

Appendix A.

From the figures, we note that the theory of CGLN
qualitatively describes the experimentsl photoproducticn
results throughout the energy region from threshold to
about 400 Mev. Quantitatively, the total cross sections
for ¥Y+p —> p+r® are in better agreement with experimental
resultsZlsZ2) (Fig.4), than those for Y+p—> nty' (Fig.2).

22)

However, as Alvarez points out, we shduld note that the

13-16)

results of most experimental meazsurements of the

absolute cross section for the process  Y+p —> néy’
begin to diverge and this discrepancy is known to be parti-
cularly large near 300 Mev, especislly st large gngles,

Having found that the CGLN amplitudes give a fairly
good fit with experimental results, from threshold upto
400 Mev, we assure ourselves about the reliability of using
these as the single nucleon amplitudes in our further
studies of photoproduction of pions from nueclei.

21) K.Berkelmsn gnd J.A.Weggoner,Phys.Rev.117, 1364 (1960).

22) R.G.Vasil'kov, B.B.Govorkov and V.I,Gol"danski ,JETF
10, 7 (1960).

238) R.A.Alvarez, Phys.Rev.l42, 957 (1966).

-
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PION M D g*t

1. Most of the studies on phencmenologieal nucleone
nucleon potentigls are used to fit the properties of the
deuteron. TFor this reason, it is interesting to obtain
theoreticel infomation gbout the deuteron wave funetion
frem, for exgmple, s study of photoproducticn of pilens
from deuterons, Here, we use the deuteron wave functions
of Hulthen and Sugswars 1) and B.-uﬂ} in our study of the
following reactions:

T4D — D+y° | (2.1.1)
T4D —= n4n+y (2.1.2)
PRy = p*”"f- . {2-1'3)

The hard.core gnd soft.core potentiasls of Reld yield the
properties of the deuteron, in particular, the binding energy,
the electrie quedrupole moment, the D-state probsbility end
the esymptotic D to & wgve ratio, securately.

The process of photoproduction of neutrgl snd chprged

piuns from deuterium hgas hm studied by l.nr nthnna), based

"¢ K. m.nth-n-mann end K.6rinivase Rao,Nuo.Cimento 44, 21(1666)

+4 K.Briu.tr 8 R.Flﬂhlllﬂt end T. Devenathan, to be
bmitted !n Wud.Cimento. hy ’

1 L.Hulthm gnd M, ra, Hand Iraeh du- Physik 1 (19867).
ReVeRe1d 3 5ey Do PRYS. 5%5’ s
..BI". m {1“1]‘

e

2 E'E'm'uagdrﬂa:i o r’:’: Re do (1962)
«LaxX sh o '8 g. I'- Ve
tcgpp‘ .;r: Pﬂlh,!" - m' ﬁh ‘i“‘ﬂ .thi.z'lﬂauﬂﬂh
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on the impulse approximgstion (Appendix,.B) using : phencmeno-
logiecsl epproach, sssuming the single nucleon photoproduce
tion trensition operator to be of the fom ( g E+L), where
E ond L represent the spin.dependent gnd spin.independent
parts of the smplitude. In these csleulations, the explieit
foms of K and L were not considered, since thess caleula-
tions were perfomed before the gdvent of the COLN ampli.
tudes. More recently, expressions for the differentiel
cross section were derived for photoproduction of nmtnl‘}
) pions, using the impulse approximstion end

the CGLN gmplitudes. Ericson snd Schaerf®) studied the
process of photoproduction of neutrszl pions frem deutercns
et gn incident photon energy of 500 Mev snd found that a
Degtate admixture of

and ehuudﬁ

Pp= (7.6 £ 0,6) £

had to be gssumed to fit their experimentel detg. Here,

we gnglyse the differentisl snd totsl cross sections for
neutral and charged pion photoproduction frem the deutercn,
for lower incident photon energies for which the effects of
the second plon-nucleon resonance cgn be more reasongbly
neglected, in the impulse approximestion using the CGLN
smplitudes gnd deuteron rgdial wave rnnutimr“*m whi ch

4) Mlsdl Remgkrishnan, V,Devengthen snd G.Remechandran,
Nuel.Phys, 24, 163 {1961),

6a) V.Devanathan snd G.Ramachandrsn, Nuel.Phys.23, 312(1961).
6b) V.Devenathen end K,/menthenarsyasnsn,Nuo,Cimento 32,723(1964).
ﬂ) EB. «Erieson and ﬂ-ﬂ:hllrf, Ph,lqa.".hﬂttl. n‘ £4328 (1“’}.



19

depend upon the D-state sdmixture (YD), the hard-core radius
(re) and the triplet effective range (¢ ).

2. The existence of a2 smell but finite quedrupole
moment for the deuteron shown by Rabi and :n-wnltir:?} snd
the devigtion of the deuteron magnetie¢ moment from the
simple sum of the proton gnd nautron mggnetie moments can be
asccounted for by sseuming thgt the foree between the neutron
end proton is partly central and partly due to a non.central,
tengor, force. The very existence of a non.centrsl force
implies that the ground state of the deuteron esn mo longer
be regarded as a pure S-state (L=0, 6=1, J=1) gnd thet there
is & D-state (L=g, 6=1, J=1) gdmixture in the ground state of
the deuteron, It should be noted thst parity conservation
does not allow the gdmixture of even and odd orbital angular
momentum states @snd hence we have to choose s linear eombing.
tion of 8§ and D states for the ground state of the deuteron.
The Generplized Paull prineiple requires the gnti.
symmetry of the oversll wgve function with respect to the
interchenge of nucleons, Therefore, the ground state wave

fanetion of the deuteron csn be written ass

W{T:.‘”

-2 A
v = G0 M) [ Ve () 2y (42 +

(2.2.1)

+ ﬁ. a(d24; M, M-M',M)Y:;"M.f;'lEZM,fisIJJ,

?’J.H-B.I.uﬂ_"’ I.I.Rebl H-!‘-MIII Jr., and ;-H-ZI“I-H.I',
Phys.Rev. §6, 218 (1989); ibid §7, 677 (1940).



20

where 1, denotes the triplet spin eigon fumetions, Y. (%)
denotes the nomalized sphericel hamonie which is the
erbital engular momentum eigen funetion with + = = YAk ’
M.(1,8) = .}—_i; [P(1l)n(2) -p(2)n(l)] denotes the isosinglet
part, snd u(r) gsnd w(r) are, respectively, the S-gnd Destate

radlal wasve functions with the nomglization eonditions

ofl
frum +v¥mJar =1, (2.2.2)

Phenomenological deuteron wsve funetions have been
constructed by Hulthen gnd m:nnn, assuning suitable
funetional forms containing seversl parsmeters snd adjusting
thege s0 gs to fit the existing empiricgl information on
the neutron-pipoton system, The empirical facts which can be
used for this purpose are the deuteron binding energy E, the
@edrupole moment Q, the D.state probability Pp and, in
eddition, the deuteron effective m;-“, P(=E,«E)s The
deuteron binding energy is used to detemine the correct
asymptotic behaviour. They assume the following empiriesl
values of the deuteron constantss

E = 2,226 Mev, (2.2.3)
Q= 2,738 x 10" m?, (2.2.4)
Pp = 3%, 4%, 6% , (2.2.5)
end the following two values of ((-E, <E):
¢(=E, «E) = 1,704 fm, end 1,734 fm, (2.2.6)

=

8) HeA.Bethe, Phys.Rev. 76, 41 (1949).
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This 15 gll the empiricsl infomgation which can be extracted
from the low energy dats. With regard to the high energy
data they allow the possibility for s herd core radius to
be introduced, which they fix gs

x¥e =0, 0,10, 0.13,

(2.2.7)

!E = D, 0-431! ﬂl, ﬂ-Bﬂl fn

vhere, for the sgke of convenience, x = ar is introduced gs
s undt of length with o '= 0,4316 fm being the deutercn
rgdius for E = 2,226 Mev,

As a simple, but reasonsble example, Hulthenm and

Sugevara assume the following functional forms for the
redisl wave funetions:

- K =
Ul =" Nesles pre RN
W®) = NSin€g [1-g7 *%)qe™,

s id+ 2 (4-e") + 5 (4-T* P} for =z =ar3g,,

ity = wiix) = p for = S S (2 - a)
-

where €; 1s the mixing parmmeter in the deuteron ground state
end the nomgalization factor N is given bys

.

1 - ﬂ-?{-‘,-‘, a-m ﬁl‘ F‘l‘?“ ﬂ;

(2.2.9)

In table.l sre given the velues of the parsmeters g ¢ 7 &nd



Tgble,l
The parsmeters in the deuteron radial wave func-
tions, Eq.(2.2.8), fitted to all the triplet low energy

dete’ end e hard core radius ro , are given below:

re ? FD ﬁ 14 gin €
(m.) (fm.) (%) ¢
3 4,860 2,494 0,03232
1.704 4 4,751 2.922 0.02028
& 4,647 3.276 0.02754
0.0 L
3 4,741 2.506 0.03182
1.734 ) 4,637 2.936 0.02801
5 4,638 3,289 0.02720
3 8.237 2.156 C.02842
1.704 4 7.861 3.768 0,02666
6 7.689 4,246 0.02514
U.dﬂlﬁr
3 7.933 2.176 0.02801
1,754 4 7.875 3.814 0.02634
5 7.431 4,364 0.02487
8 10.2823 J.413 C.02872
1.704 4 9.814 4,144 0.02611
5 9.433 4,771 0.02471
0,661 e
3 0.774 3.436 C.02832
1.734 4 9.207 4,170 0.02677
5 H.M "im utnmm

*Numericsl esleulation of L.T.Hedin end P,H.L.Conde®’,
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ein ¢, , obtained from s mmerical calculgtion by Hedin

end Conde®’ for various velues of x,, Fpy end ¢ o It hes
been observed by Hulthen gnd su;.wu.n that smong the

three quantities ¢ , Pp end X,y the gmbiguity arising from
is a minor one, while the lptter two give rise to big uncer-
tainties in the deuteron wave functions, especially at smasller
distances. Further, there 1s a certaln arbitratiness in the
Particuler functionel foms chosen for u(x) end w(x),
Eqe(2.2.8), by Hulthen and Sugawars.

Beld wgve functions:-

Recently, Re1d®’ has used loeal and static phenomeno-
logieal nucleon-nucleon (NN) hard (infinitely hard) snd soft
(Yukewa) core potentials to fit Ysle gnd Livemmore phase
parsmeéters ond lov energy data. Using a better approgch than
that of Hamedal®), - who employed the integration method to
solve the wnll-hnnml’“} ecoupled equstions for € gnd D redisl
weve functions of the deuteron - Reid has calculated the
properties of the deuteron - in particular, the guadrupole
moment, D.stgte probability snd the asymptotic D to § wave
ratio - with his NN potentisls. These are summari zed in
teble.2 slong with the predicted binding energy of the
deuteron, effective renge snd seattering lengths for his
fﬂtlntiali. A compsrison of his results with the well.

9) L.T.Hedin end P.,H.L., Gmﬂl, Reference {1}‘ ‘p-gﬂ.
J.D) T-Hﬂldl' Pﬂﬂ-ﬁlﬂt.?h}aiﬁ, 126 {1““).
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Table,2

Triplet effective-range parsmeters gnd deuteron properties

—

Deuteron properties ot
o e, o S s AmB)  Pp(?)  aplag

——— e

Reid(HC) 5,397 1,724 2.22464 0,27700 6.4970 0,025900
Reid(sC) 6.200 1,720 £.22460 0,27984 6.4606 0,026222

m;.ﬂ:— Etm 1-?“ EDEE“E U.m 4-“-?.n ﬂ-ﬂﬂ
mentgl

- .
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estgblished experimentgl results (also shown in table,2)
elearly reveals that his hard-core (He) gnd sof-core(Se)
potentigle yield the deuteron properties within the gecuraey
to which they pre known, Reid's hgrd-core gnd soft-core
deuteron weve functions gre given in table.3.

The matrix element of the transition smplitude for
the photoproduction of neutrsl pions from deuterons in the
impulse approximaticn c¢sn be written ss followss

CE|lTIE> = KF1 5 tjexpiRor) i,
J=1,2

{2..3..124"h
where k= 2. L 45 the momentum trensfer, 1 being the
meméntum of the incident photon snd | that of the outgoing
pion, Ty 1s the position vector of the j -th nueleon, end

|1> end |, the initial and finsl states of the deuteron, sre
given by

14> = ¥ (2.8.2)
| £> = ¥y ,exp(1).R) (2.8.2)

where 'qu is given by (2.,2.2) and B = % {n + ‘:E)' The
gingle nucleon gmplitude ty for the neutral pion photo-
production ean be written in the iso-spin space asg

b e e

* We apologize for using 1 1in two different senses in this
expressions 1 1s used to denote both the initial state, [1>,
and to demote the velue 41 in exp(ikerye



Table.3

+
Deuteron wgve functions of Reid

Hard Core foft Core

T S

x u(x) w(x) x u(x) wix)
3.83830 -1 0.0 0.0 1.000 -2 0.0 0.0
4.46330 -1 1,267 -1 65,8692 -2 |4,126 -2 3,3878 <5 1.0&&0_:
6.08830 .1 _2:35 sl 1,0804 -} |[7.250 <2 2.3001 -4 8.4073 -5
;71330 =l 23,2001 -1 1.4200 <1 |1,350 -1 2,7621 -3 1,0269
6.33830 -1 13,8566 -1 1.6616 <1 |1.976 -1 1.2737 -2 4.9642
7.88820 -1 4.,6726 .1 1,8846 -1 | 2,600 -1 a.mz_:_a 1.4446
Emm <l 65,0777 -1 :ma -l | 8.226 -1 7,5350 8.0796
1.00888 0 65,2478 -1 1.8663 -1 | 3,850 -1 1,2847 5.2167
1,18388 0  5.2827 -1 1.7706 -1 | 4.4756 -1 1.8993 789965
-:l_.'.;-aaa 0O 5.2876 .1 1,66756 -1 |5.100 -1 2,5349 1.0625
1.28383 0 5.1441 -1 1.5207 -1 | 5,726 <1 3,1290 1,2033
1.62383 0  4.8801 -1 11,2123 .1 |6,350 -1 3.6770 1.4068
1,88383 0  4.6719 -1 1,1102 .1 6,975 -1 4.1317 1.6529
238382 0 S3.8436 .1 7.9259 .2 |7.600 -1 4.4992 1.7645
;.aa:asa 0  3.3672 -1 5.7106 .2 [8.860 -1 4.9963 1.8710
2,38882 0  2.8636 -1 4,1749 -2 |1.010 0 56,2406 -1 1.8654
;.asaia 0 2.4810 -1 32,1002 -2 |1.136 0 5,.8166 1.7046

(continued on next page)
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Zable.S(continued)
Hard Core Soft Core
X u(x) w(x) x u(x) wix)
4,38303 02,0620 -1 2.2306 -2 |1.200 0. 5.3064 1 1.6910 =
4.88283 0  1,7484 -1 1,786 <& |1.385 0 56,1926 -1 1.5742 <l
6.38383 0 1.4821 11,3002 -2 1,610 0 5.0621 -1 1,4562 -1
5.88283 0 1.2663 -1 1.0783 -2 | 1.760 0 4.7506 -1 1.2314 w1
S0 L0tm o s.ecrs 3 [ 2.010 0 44800 2 1.087 1
7038383 0  7.6489 -2 5.4035 -3 | 2,810 0 3.7864 -1 7.2859 -2
8.38283 0 65,4943 -2 35,6156 -3 | 3.010 0 5.2249 -1 5.5293 -2
9438383 0 3,8466 -2 2.8277 -3 | 8.510 0 2,7309 -1 8.9077 -2
i LY 4.010 0 2,3861 -1 2.0115 -2
Tk 4.510 0 1,9719 -1 2,2016 -2
16,010 0 1.6718 -1 1.6871 <2
: 5.510 0 1,4172 -1 1,207 -2
6.010 0 1,2012 -1 1.0248 -2
). 7.010 08,6280 -2 6,412 -2
i 8.010 0 6,188 -2 4,1575 -0
¥ 8.010 0 4.4523 -2 2,7963 -9

*Fach entry is followed by its ixpm-nt to the base 10,
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14T _T
t o= (52 - te(A2)

(2.2.4)
= :é-: (tp+tn) 4 %('l‘;p- tn) Tz »

vhere tp and t, ere the smplitudes for the process
Y+p— p+e and Y+n —n+4° respectively.

Using the gntisymmetry of |1> end |£ for the

simultsneous interchenge of the nucleon indices in sl11 the

spin, isospin and configurstion spaces, we cgn write (2.8.1) as
crI!Ii:h-z(rltgup(ih._:a}!i} (2.8.5)

Noting the venishing of the matrix element of T, between
ststes of zero isospin, we have

<f]T|1>=c<el(tp(2)ty(2)) exp(ik.zo)l & > (2.3.6)

Uedng the expression (2.8.2) and (2.3.3) for [4> and |D end
the following Rayleigh expansion:

it ] +L . = £ A ! A= ¥
k) = amf E et (g

we have for the matrix element (2,3.6):
e o e TR

i

G | (tp@) + tn@)expi B (- R)) |5, S

1]
|z

W 1 (tp @ + ta@) exp(-L kox) | T, S
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Mr A H:
= Fs tm = Fsp }n: C(4243m2,M-M25M) Y o (R) tm +

2 A,
+ Fop 2 CCA243ma,MEMma,M) Yo (R) L+

My
i s %ﬁC*(ui;mn,u-ma,mctiﬂi;mz,M'—mz-”'J t:;mﬂ?
(2.8.8)
whe re o=ty — To s
w [
Fss = f Uy Jn{%h'ﬁ} dr, (2.3.9)
Tuss i
Fap = | U wr)l (5 kr)dT,
sD ) = (2.3.10)
2 P (L
FITJ‘.‘I = GS: "LL'I':C-»(-} Jniihr} dT, (213-111
MF
byl S LB Rt @+ tn (22) 132y D s (2.3.12)

A
end k =k / |kl. Here, we have dmitted the tems proportionsl
to the negligible elements _E ve(r) 3, ( %kr)dr for . =2
gnd L =4,

The integrals Fgg, Fsp end Fpp were evelusted nume-
rieally tsking for the radial wave functions u(r) snd w(r)
the expressions given in (2.2.6), for various values of the
paremeters x,,Pp and ¢ .,
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In Tgble.4 we give the values of F.., Fgp and Fp,

for g set of vglues of k., From Tgble,2 it is elear that,
for both the Hulthen-Sugawara and Reid wave funetions Fgp
end Fpp are small when compared with Fy., so that the error

involved in neglecting the tems containing Fg), and Fpp will

be very small. Thus the effect of the D.stgte gdmixture is

of the S.stgte wove function., In Fig.l, we hsve plotted the
Hulthen-Sugevara and Reld(HC) S.state radisl wave functions
slong with j (Lkr) for k = 2fm™, We notice that while
there is complete overlsp between Hulthen.Sugawaras wave
funetion and j.(v) , the Reid wave function has a lesser
overlsp with Ji.(v) . This accounts for Fgg being mueh smasller
in the case of the Reid wave functicn zs can be seen from
table.4.

Therefore, neglecting the terms containing Fgp and

an, in (E-E-S}' we have
CENT 1€> = < %%y | (tp@ + tn(2) 132M> Feg - (2.2.13)

u.’-ﬂl the CGLN ﬂpl‘ltﬂdli (1.2-2} and (1-2-3} we can write

tp(2) + tp(2) =1 c K+ L, (2.8.14)
where
. 4ATES t- (RE)R
K = m [H.ﬂ{"'i)iﬁ:_)?\h + R ]9 (£.2,15)
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Igble,q

The nuclear form factors for deuteron o5 a funec.
tion of the momentum transfer k, in the centre-of-momentum
system sre given here, The Hulthen and Sugewars wave
functions correspond to the set of paremeters P, = 3f ,

fe=0snd p = 1,704 fu,

k
, (fm-1) Fss Fsp )
Hﬂtm- :1 = e ——
Bugawars 0.181 0.9482 0,.,2994 x 10" 0,2084 x 10
wave 1.037 0.8891 -0,3256 x 10°¢ 0,2079 x 10~4

funetions 1.454 0.4012 .0,2767 x 10°2 0,149 x 10~
£.048 0.2706 .0,2016 x 102 0,837 x 105

k Eoft. Hard-core
(m=1) core ———
. Pss Fgs Fep Pop
2R 0.1976 0.62092 0.62851 0,9083 x 16° 0.4501x10
S Atias 1.0388 0.37674 0.38004 0.1693 x 10~ 0.3608x10<

1.6825 0.20097 0,21471 0.2506 x 10% 0,2636x10 ")
2.0492 0,14580 0.15034 0.2766 x 10~ 0,2114x10-)
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end

Y

Te;y ++
L"= a‘(ﬂxi}hh . - -'!
Pt 28 (2.3.16)

A1 the symbols which oeccur in (2,8.18) end (2.3,16) have
been explained in section 2. of Chapter.l. We tgke the
small phase shifts J,; and Oi5( = 543) elso into secount,

Squaring, summing over final states end sveraging
over the initigl spin states and the inecldent photon polari-
zations we obtain

%=t o8 5 bl <l TRLESH
M]MI,E

1GTF1925-1[ ',L'Lj'n.l'l.ﬁli (L+cos’®) |h+-|2+.
Mo Pa
4+ 2 *siﬂnﬂ'
+ %Eiﬂlﬁ [ %ﬁp—:;,,] ]F55|2.
(2.8.17)

If we mgke the Justifisble assumption thst the reeoil
deuteron receives only momentum but no appreeigble energy,
the differential cross section egn be written ass

%_U_'L = (z"rrj‘lpp.,!{gﬁ (2.2.18)

Though Fgp end rm are neglected, the De.state probability
exhibits itself through Fgg.
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As the recoil energy is less in the centre-ofmomentum
system, the static model celculstim for dT/da 1s dome
in the centre-ofmomentum system and then the cross section
is trensformed to the lgborstory system using the well.known

tranlfonntimu)l
de- L +v"r Yoos 82 [de
(dﬂ )Lu,b = : Ty &5; ) (J"ﬁ. ¢ vn- (2.3.19)

where O is the centre-of-momentum scattering angle end
¥ =%,/ M. The scattering sngle ©, ., in the laboratory
system is releted to 6 ,, by the following relstions

S Bayn
T4+ Cos BE_.,.,,

b:m 5%, = {E-S-E'ﬂ'}

Numerical calculations have been msde for the diffe-
rential cross section for neutrgl pion photoproduction from
deuteron for various incident photon energies using the
Hhlthen-Sugewaras and Reld wave functions., Some of the results
for the differential crose sections for the resction (2.1,1)
at the photon energy of 280 Mev, using (2£.3.18), obtained
with the Hulthen-Sugawars wave functions, are presented in
Figs.2, 3 end 4 along with the experimental results of Davis

and Corsonl?) gnd Rosengren and !nmn), while the results

11) L.I.Schiff, "Quantum mechanies", MeGraw-Aill Book Company,
Ine.(1955), p.929,

12] H,L.,Davis and D.B-Curlm, ths.'ﬂll’.ﬁ £738 {lﬁﬁﬁ}:

13) J.W.Rosengren gnd N.Baron, Phys.Hev, s 410 (1966).
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obtained with Reid wave functions ore plotted in Figs.5,6 ond
T

In Fig.2, (do/dn),,, 18 plotted ageinst 5, for
Pp = 0%, 3%, 47 and 6%, x_ = 0(r, = 0) and 0 = 1,704 M,
We notice that the differential cross sectiocn is in better
sgreement with experimentzl results for P, = 5 than for
Py = 0%, 3% and 4%,

In Fige8, (do/dn) .. 18 plotted ageinst ©_, for
Pp = 8%, x, = 0, 0.1 and 0,13 (r, = 0, 0,4126 f», and
0.661 M) end Y= 1,704 fm, We observe thut the differential
erogs section is in better agreement with experimentsl results
for r, = 0,661 fm, then for r, = 0 or 0,4316 fm,

In Fig.4, (do/dn),_, 18 plotted sgeinst ©., for
Pp= 6%, x, = 0,13 ( r, = 0,661 fm) and ¢ = 1,704 fm end
1,794 fm. We find that the cross section i1z in better
agreement with experimentsl results for ¢= 1,784 fm, then
fer 0= 1,704 fm, For the szke of comparison the ecross
section for Pp = Yo =0 znd P= 1,784 fm, is alse plotted in
thisg figure,

From Figs.2,3 and 4 we conclude that while the
Hulthen-Sugawere wave funetion for the deuteren, which
ineludes D-state sdmixture gnd hard-core radius, de€reases

the cross section at &ll angles, the agreement with experi-
mentel results is better st backward ghgles,



Mb/sr
27.0

240

o i DAVIS AND CORSON

§ ROSENGREN AND BARON

180

150~

120

9.0

6.0

30—

0 | | ] | |
0° 30° 60° 90° 120° 150° 180°

B 1ab

I _2- 2o (n] Iuh_
FG\ (dﬂ i For T+D —= D+ T At Ey  =280mMeV

; =1
with P =1.704 ;1»:‘11‘.‘..‘1;al emy . Ko =0




ubjar

24.0

; DAVIS AND CORSON
210+

i ROSENGREN AND BARON

18-0F

15-:0

12:0-

9-0OF

6.0

| | | I |

BLaB
) FOR Y+ D —=D+JT° AT ET:LAB_-.zaqmev
LAB i %
wiTH P = 1704 x107" % cm
=34 (1) Xpe=0 (2) Xc=010
(3) X.= oi3

FIG.3. sdo
df2

o° 30° 60° 90° 120° I150° 180°

i



IPWSF

27.0
24.0
S0 i DAVIS AND CORSON
§ ROSENGREN AND BARON
18.0F
15.0+
12.CH
9.0L
6.0~
3.0F
o | | | | | L
0° 30° 60° 90° 120° 150° 180
8 |ab
o lab
F‘G""(S% - For ¥ +D—= D+7" at E, - 28C meV
{13 PD= 5%s 4 Ae =013, Jp = 1,?D4x10'13cm
(2] PD:E"“M xc = AR, _{" = 1_?343'1[_‘,"_13 &I
(3) Py 20%%, A =0, f =70 x16 > em

38



39

In Fig.5, (do/dn), . 9 obtgzined with the Reid hard.
core gnd soft.core wave functions for the deuteron, is plotted
against O, for an incident photon energy of 280 Hev,
glong with the experimentgl results of Davisg and Cunmlm,
Rosengren and n.rmlaj, end Jolfe et, 1147, The eross
sections obtalned with Hulthen-Cugawara wave functions for
Pp= 0Ff snd 5f, r, = 0,661 fm, end ¢ = 1,784 fm are also

plotted for the sgke of comparison, It is interesting to
note that there 1s a large difference (of 2lmost a factor of 2)
between our theoreticegl reésults obtgined with Hulthen-Sugsware
wgve function snd Reid weva functions for the deuteron, BPBut
there i1s no sppreeiable difference between the cross sections
obtgined with the Reid hard core and soft core deuteron wave
functions. It is interesting to note that the Reld wave
functions, derived ffom realistic nucleon.nuelecn potentials,
legd to results which gre in much better ggreement with
experiment, both at forwerd and beckwerd gngles, thsn the
resulte obtained with the phenomeéncloglical wave functions -
the choice of whose functional forms has a certain arbitrari-
ness - of the deuteron constrcted by Hultken snd Sugawars.

In Fig.6, we have shown the gngulsr distributiom
of the differentiel cross secticns for the resction (2.1.1)
obtazined nﬂn: Feid hard core wnﬂ nmetum for nﬂmn

o P ——

14) B.wulr- A.Silvermgn and J w.n-uu, Phyn.an._ﬁ,mum).
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incident photon energies. We notice that the differential
cross sections increase rapidly with incregsing incident
photon energy in the forward gngles only.

In Fig.7 we show the energy dependence of the total
eross section for the reaction (2,1.1) obtained using Hulthen
(Eq.(2.4,18)), Reid (HC) and Reid (8C) wave functions, We
find that while the curves obtained with Reid's hard and soft
core deuteron wave functions are almost alike, they lie signi-
fiesntly below the curve obtgzined Hulthen wave function which
has Pp = ro = 0, Further, as in the single nucleon case, the
total cross section exhibits, a prominant pesking around 320 Mev.

Thus, the differential eross section for the reaction
(2.1.1) is wegkly dependent on the D-state component itself,
since Fgp and Fpp are negligible, and in the specific model
chosen here, the cross section, being directly proportional
to IFEEIE y 1s found to be sensitive to the choice of the
deuteron wave functions, especially at forward angles, We
therefore feel that measurements of the differentisl cross
section for neutrasl pion photoproduction from deuterons at

forward angles will provide interesting infomation sbout the

deuteron radial wave funetion,

4, CHARGED PION PHOTOPRODUCTION FROM DEUTERONS,

The reactions (2,1,2) snd (2,1.3) are necessarily
inelastic since there are no bound states of a di-neutron
or a di.proton system, The matrix element Q is tsken

between the initial and finsl nuclear states of the operators
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T = t-j._—l'tir

-LJ = 1: g_'j-':j_ =+ L-‘:' Tj:F E.):FI F:T-_.F_*' Ij] v {2."!1)

where, for K end L, we choose the CGLN gmplitudes defined in

Chapter.1, a7y TJEF end 7. are the spin, isobaric spin

L
and position vector of the J*P nucleon, respectively, Purther,
(b is defined in the conventional way ass

e 2 e E R st
R R (2.4.8)

T being the 1sobaric spin operator for y* photoproduction,
while ©t 1s the operator for v~ ease.

From our study of elastiec photoproduction of nentral
pions from deuteron, we found that the effect of D.state
admixture shows up only through the nomgslizstion and the
scale of the S.stste weve fmetion., 8o, we tgke the deuteron
initlal state to be given by:

11> = (a2m)y /2 'ng - P el T (2.4.8)

The finsl nuclear state consists of two neutrons (in the ¢
Photoproducti'n ecase) or two protons (in the = case) with
reletive mementum k ond Peuli principle requires sepsrate
consideration of two final states, one theot is symmetric end
one that is gntisymmetriec in space:

Ifey = GM™ g, (ker) 4, 1, ew(ik-R), (2,4.4)
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EKP(;’E‘E } ]

= -3fz k. . 4
155 = @m™™ u, (kex)2g v (2.4.6)

where U, (k.z) and U, (k.r) are the symmetric (even) and
entisymmetrie (odd) radial wave funetions of the two mucleons,
B= Z(z1+*xJ is the centre-of.mass coordinatey X=rjy - X,
the relative coordinate; = X, 41s the triplet spin fumetion,

m being the z camponent of the totel sping and ”*1;1 is the

isobarie triplet function, which is explieitly;

n?, = p(1) p(2) for v~ photoproducticn case, end

"2:1 = n(1)n(2) for » photoproduction cese.

The integration over R lsads to the requirement of conservae-
ticn of momentum, The matrix elements for the symmetrie and
entisymmetriec cese bscomey respectively,

i
Qe = &5 <Malloy - g,). K |38, £ (2.4.5)
Qo = = <P lis 40,0 K 24> 0, (2.4.6)

where

*
S _I u&,e {5-1‘)&5(%}3;1) ULy dy

e

(2.4.7)

- * ¥ X (% Y.
O = S u&,a (E.H)Slﬂ(%,&—)t%j d-r. ‘EQ‘.H)
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Squaring, summing over fingl states, averaging over
initial spin ststes and gveraging over photon polarizetions,
we obtain:

¥

= 1-!'* IIQula,
HRi™ =2 Eel (2.4.9)
where
1Qel* = £ £ & 1< 2el(gy-g,) K 1%ad> E*
m
= i ES
=, &2 |k,
Q. 1* = 44 ooy 1P | (G + ) K |22m > O
= 22 (21K1"+ 31L) |of}
2
with I|K|"= % ( Iﬁl;m + \E‘I";‘EV} and L)'= ‘g_i.( ‘LJE,_+ ;Lf;:_a_}i

the subseripts €, snd €y correspond to the photon poleri.
gatiens,

Devansthen snd Remschandrsn®®) have obtained explieit
expréssions for the meson spectrum in tems of rion-nucleon
phease shifts end the overlsp integrals of Lsx end huhhuhu).
M11edi Remgkrishnen et. a1.2®) nave shown thet caleulstions
become very much simplified if the binding energy cof the
deuteron 1s neglected and the "closure" approximation 1s used

for the integration of the fingl relstive momentum of the

Xwo-nueleon a;mtm“}. The uu_l;}_ting "eclosure"” matrix element

16)Lox M. end Feshbach H., Phys.Rev, 88, 509 (19629,
16)/11edl Remgkrishnan, V.Devenathen end K.Venkatesan, Nuecl,Phys.
20, 680 (1962).

(+)In the elosure gpproximstion JIEIE dk, = {1+ I) and

§1012 dk, = £(1I) where k .=k / 2 and the integral T
is given by (E-‘w“)a




given hyu 1160,

* k 2 :
1@ = 4 [adqkis iury — 215 ; 2l 1] (2.4.12)
whers
Z
I = 0§l o Chory [ SO Ry (2.4.13)

hee ¢ first term exaectly In pgreement with the ecorresponding
free mucleon matrix element while the second "two-particle"
temm contains the interference integral I, The dlfferentisl

crose section cen be written asg

» L L + + 2
92 - ewt M (gt z T4 1), (2a4a19)
vhere
+ L 1
AR NS ST VIR (244.15)

z* corresponds to -r+ production snd Z corregsponds to ¢
production, The explieit expressions for 2";- end II.IE sre
given below:s

9 2 z '26
Pas. T es 2 4 2) St
Z . Mo Ve { (1+ Fﬁ’m}a I: | L+ 4)* 1+

( comtinued.)
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[_43iA ( MY Sin 6

1+ Pogy SH R*4 4 )+

v T
+ 4o {pvcese - Pk 4 -“15;%5— Vi) 5

YA

5#")1 [ (A*+B)(L+Ces@) + (C+T)sime] +

+ o %%A [ 2Mo Cos® — pv(4+Cos 6]+

+ o [ i+ CosPe) + 2pd (pE- 2pvcose)]+

4 24T

4 He — [ & (M= L
L 1, Mo . L g W= pcese) <4 1y
whside oo Mol .
! Vel Mo S8 | }

(2.4.16)

where the upper sign is for w production snd the lower sign
1s for v~ production, H_ = 0 for y* production snd H_ = 1
for v~ production,

A = CosbyySin &y — Cos &iz SinSqz — Cos 834 SinnExyq + Cos 83z Sinzz,

E =
C =
D =

"5;'-;11511 - ‘Siﬁ.laiz = 'Ef.ﬂla_gi g 5&?:1553 s
Sin® 844 + 2Siw 813 — SN Sx4 — 2 Sin* sz,

DiEet e el Nl e - Y
2M e T 4MsR
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b B TP S
U e 1(”1ch+31j5m9
3P

TR (2.4.17)

The expressions (2.4.16) gnd (2.4.17) are differsent from those
obtsined by Devenathan end Ananthansraysnan®®’ in that we
heve tgken into account gll the p.wave plon-nucleon phase=
shifts (viz. &),y &1z , 524 snd 5:x ) instesd of taking into
account only the domingnt ©-: phase shift, Devensthan =nd
menthanarsy mmﬁh) have calculated the éross sections for
charged pions photoproduction from deuterons pssuming the
deuteron wgve function to be represented by the Hulthen
function

if2 = —
U - o ﬁ.‘f‘_ E’
Geie=gin e 17 (e et )

(2.4.18)

with u= ﬂnw"l' P = 2,068 and b= 1,231, Using (2.*-“)
they obtaln the following enalyticsl expression for the
interference integral I

_[m]{ t&ﬂ ('_:l'*t ﬂ (2ﬁ)‘it&ﬂi(“+ﬁ)] ‘E-‘.l’)

In the present study we use instead of the Hulthen
fom (2.4.18) for the deuteron wove funmetion, the Reid wave
functions discussed in szecticon.2 of this Chapter, =nd numeri.
eally integrate the interference intezrsl I,




00

Numerieal caleulstions for various inecident photon
energies have been mede using expression (2.4.14) for the
differential eross section of the positive snd negative
pion photoproduction from deuteron in the centre-of-momentum
system gnd then the cross gection is transformed to the
lgborgtory system with the help of (£2.2.,19). Some of the
results obtained with the Hulthen weve funetion (2,.4.18)
end the Reid hard core (HC) wave functions sre presented
in Figures 8, ® agnd 10,

In Fig.8, (do/da) _, for the regetion (2.1.2)
is plotted sgesinst S for ineldent photen energles of
200 gnd 280 Mev glong with the experimental results of
Beneventsno et.al,17),

In Fig.®, (dv/d0), .. for the reaction (2.1.3) is
plotted against ©lap for incident photon energies of 200
end 230 Mev glong with the experimentsl results of Beneventano
et.el17),

In Fig.10 the totsl cross sections for ¢' end ¢~
photoproduction obtained using Aulthen gnd Reid wave funce
tions gre plotted as a function of the incident photen energy.

From figures 8 znd ® we observe that the 4ifferentipl
eross sections for the photoproduction of y* snd »* are slmost
the sgme gt low sngles but differ widely at large sngles in
secordgnce with the observations of Beneventano lt.gl.rn.

17) M.Beneventzno, G.Bemardini, G.Stoppini end L.Ten,
Nuo. Cimento 10, 1109 (1958).
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Fig.8. Differentigsl eross sectlons for 1D —> nny' at incident photon
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Flg.8, Differentizl cross sections for ¥d — ppr~ at ineident photen

energies of 200 Mev znd 230 Mev obt ed usin
By me gin using Hulthen gnd Roid (HC)
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We glso find that the sgreement between our theory snd experi-
ment 1s much better for 5" photoproduction than for ¢~ photo-
production from the deuteron. Further, since the integrsl
multiplies only the two.particle term in (2.4,14) - inntagd
of the whole expression for do/in as in the case of v photo-
producticn - the effect of D-state sdmixture, or, rather the
effect of the choice of the deutsron weve function, on the
differential, as well as totsl eross sections for yo photo-
production is not very significant as in the case of »° photo-
production from deuteron,

In table.§, the differemtiasl cross sections for »~ and
¥ photoproduction from deuterons and their ratics, obtained
wvith the Reld (HC) and Hulthen weve functions sre given along
with the experimentyl rotios of Beneventano nt.nl.n}. The
theoretical ratioc obtained with the Reid (HC) snd Hulthen wave
functions gre slmost the sgme. The experimentel retios incresse
with inereasing gngle and we notice thst this is reproduced by
our theory snd there is a reasonszbly good agreement between ocur
theory snd the experimentsl results of Beneventsno et. el.

In Table.6, the totsl cross seetions for v~ snd y' photo-
production from deuterons gnd their ratios sre given for both the
Hulthen snd Reid (HC) wgve functions for verious ineldent photon

energles, Experimentsl data of Baldin8), svellzble in the
photon energy renge 156 Mev to 181 Mev, gre slso given. %We find

that there is a good ggreement between our theory snd the
experimental results of Bgsldin,
18) A Beldin, Wuo,Cimento §, 567 (1858, i
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Iable S
Totel cross scetions (in ub) for the photoproduction of negae

tive gnd positive pions from deutercns gnd their rgtios obtained
with Hulthen and Reid wave functions are given below.

;neiﬁmt Refd(iC) wave function Hulthen wave function
photon ——
I_ﬂ! rzy( !:"} e=) o) clxVolst) 0'{:1 olw') c'(r')fﬁ(r‘*i
165 80,84 66,60 1,886 84,67 6l1.08 1,388
180 121.07 85,47 ) 1,.41.'? 113,73 80.08 1.420 -
2001 161.488 10¢.23 1.457 143.58 Bﬂ.ﬂ_._ 1.460
280 188.43 138,20 :.ﬂi 180,08 126.80 1.408
i 260 Tﬁﬁ.;a 173.06 1,498 260,08 165,76 1-5&9_-
£90 331.94 228.83 1,488 321.46 214,19 1.5801 :
320 ;7:.18 243,82 l.5g3 360,68 224,92 1,636
_—HD 262.17 206,85 1,708 43.64 199,64 I-TIE“
80 b 239,44 160,11 2.119 333.03 166.47 2.141

Experimental Data of Beldinl®) for the total cross section of
the v~ photoproduction reaction from deuteren srag

R i

e

energy(Mev) 1

olw=}npb ¢ 46 + 6 64+8 90+ 10 110 & 17
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CHAPTER

PHOTOPRODICTION OF POSITIVE PIONS FRoM 160,

CONFI N _MIXI FRODOCTION MECH

1. In this chapter, we tgke up the study of photo-
production of positive pions from Oxygen, which 1s a
doubly closed "magic® nucleus, snd attempt to remove the
ambiguity in nuclear structure, as much as possible, %o
gain gn ingight into the mechani=m of photoproduction of
plons from nuclel. We study the reaction 1ﬁn('r,v*)1ﬁﬂ,
for which experimentgl results of Meyer, Welters and
Hummallj are gvegllsble. We do not discuss the case of
negative pion photoproduetion from Oxygen, viz. 16D(*f,r')1BF,
since, in this case, the fingl nuclear state camot be
easily identified and further even the ground state of “°F
is not stgble against nucleon emisaiunz}.

Explicitly, the reaction which we study is:
Y + 18 g = 0*, 1=0) — " + n(aP=0",17,27,37;1=1) (3.1.1)

in which the fingl nuclear states are the four bound states
of 15H, observed experimentally., To elimingte the nuclear

structure uncertainty, as much .3 possible, we note that

+ V.,Devansthsn, M,Rho, K,Srinivasa Rao and 8.C.K.Nagir, Nucl.
Phys. Bz, 320 (1967). '

llﬁigéggyer, W.B.Walters gnd J.P.Hummel, Phys.Rev.138, Blagl

2)F.Ajzenberg-Selove and T.Lauritzen, Nucl.Phys.ll, 1 (1969).



58

the process (2.1.1) or equivalently its inverse reaction -
viz, radiative pion cepture by %0 which has been studi ed
theoreticglly by Anderson and El.senhargm is expected to

have similer matrix almmta‘g‘) as the muon ecgpture processs

u™ + 18P = o*y1=0) —> v, + O(aP=0",27,27,8%1=1) (3.1.2)
since the initlal and final nuclear states are the same
in both the regetions (3.1.1) and (3.1.2).

We assume the ground state of 18y {0 be spheﬂcal{+}
znd for the low lying, bound, odd-parity states of 16y we
use wave functions obtazined from the following nuclear models:

(i) the independent particle model,

(1i) the particle-hole models and

(iii) the quasi.particls model of HigdalE}.
Of these, the quasi.pariicle model of Migdal 1s known to
yialdﬁ} reasonzbly aceurate matrix elements for the process
(3.1.2).

In our study, we use the impulse approximation for
the tregnsition emplitude. This gmounts to neglecting off-the-
energy shell produetion of plons and, although a serious
limitation, 1t will not affect our results to sny great extent

3) D.K.inderson and J.M.Eisenberg, Phys.Letts.22, 164 (1966),

4) J.Delrome snd T.E.C.Bricsom, Phys.Letts.Z2l, 98 (1966).

+) In this Chapter ground state eorrelastions are taken into
account only in an approximate way.

65) A.B.Miglal, Proceedings of the Intemational School of
Physles "hnrd co Fermi® K Course 36, edited by C.Bloch,
Academic Press, New York (1966),

6) M,Rho, Phys,Rev,Letts. 18, 671 (1967); Phys.Rev.161,955(1967).



since we confine our considerastion teo the low-lying states
of the fingl nueleus, Further, near the threshold of pion
production, st which the neglecting of the off-the-energy
shell effects is most serious, the gauge tem (ic.c) slone
gives the dominant contribution and since this tem is
independent of the kinematics, one may apply the correct
kinematics of the problem by taeking into account the exel-
tation energy of the final nnelmsa}-

On compering our theoreticzl totzl ecross sections
with evellsble experimentsl resultsl) we find that though
the =mooth varlation of the cross seetion as a functicn of
photon energy i1s reproduced, there is still s definite
digerepancy (sbout a2 factor of two) between theory and
experiment. This discrepsney ean be zttributed to the
following soureces of uncertainty: (s) the production
mechanism snd/or (b) the impulse approximation. To elimingte
the discrepsney betwsen theory and experiment we invoke
Butlar‘n?] mechgnism of surface production of pions and we
find that we can bring the theoreticsl results in sgreement

(both in magnitude snd in shape) with experimentsl results.

2e The comparatively high energy which is required in
closed-shell nuclel %o rgise a particle to the next unoccu-
pied shell led mlkinaunsj, in 1966, to suggest that the

59

?) E.T.Butllr, Ph.?l.Hil'.ﬁI_ 1117 {1“2]-

8) l?ﬂ.g.ﬁ%:;fm, Physica 23, 1022 (1966), Phys.Rev,Letts.3,



odd-parity states of 150 cgn be désceribed in terms of inde-

pendent particle-hole excitations. This was followed by the
pioneering work of Elliott and Flowers®) who introduced,
with great success, the effect of the residual interzection
between the psrticle-hole configurations and restricted the
diagonalization of the residugl two-body forece to the sub-
space of configurations with one particle-hole peir of
energy lfw, This approximation i1s referred to as the
Tamm-Dznecoff Approximation or TDA. The particle.hole model
of nuclesr excitations was then extended by Glllet and Vimk-
nglu} to include in s simple wey excitations of more than
one particle-hole pair, at the cost of violsting somewhat
the Pauli exelusion prineiple. This spproximastion is refer-
red to as the Random Phgse Approximation or RPA, Duckll),
Erickson, Sens snd Rood 2, snd Gillet and Jenkins3) have
used the pgrtiecle-hole wave functions in their studies of
the muon capture process (3.1.2) and find that the partial
muon capture rates obtagined with these wave functions are
not in good sgreement with the experimental values for the

szme, thﬁ} applied the guasl.particle model of Higdalli)

60

9) J.P.Elliott end B.H.Flowers, Proc.Roy.Soc.A242, §7(195%).
10) V.Gillet @nd N,Vinh-Mau, Nucl.Phys. 54, 321 (1964),

11) I.Duck, Nucl.Phys., 35, 27 (1962).

12) T.Ericnnn J.C.Sens and H.P.C.Rood, Nuo,Cim % 52 (1964).
13) V.Gillet snd D.A.Jenkins, Phys.Rev. ;gg, B3Z (1965).

14) A:B.Migdal, Nucl.Phys. 62, 26 (1966)



to the study of partiszl muon zagpture rates in 16

0, in the
frame-work of the particle-hole configurations., Using the
effective coupling constants for the tn';asi-partiula ampli -
tudes which give the magnetic moments, the P -decay rates
and other nuclear properties correctly, Hhuﬁj obtained
the partial muon capture rates in 169 within experimental
accuracy. In this section, we briefly discuss some agspects
of the nuclear wavefunctions which we have used in our
study of the process (3.1.1).

The cross section for the reaction (3.1.,1) has

1)

been measured by Meyer et.al.”’ for the incident photen

energy upto sbout 290 Mev, Thelr experiment selects the
trensitions to the lowest 27, 07, 3™ and 1~ states of

16y with 1sobaric spin 1, which ultimstely decay by p -
emission, whereas the other higher excited states of ]'GN
decay by nucleon emisaiun.m The experimenters” measured
the 6,14 Mev 7 rays in 159. Figure 1 shows the photon

induced transitions 28o(c*) —v-lGN(E', 07y 8%, 17) and their

subseayent decays.
The Independent particle Model (IPM) envisages a
pure configurgtion for the excited states of the nucleus
while the particle-hole models allow configurstion mixing,
The particle<hole wave function, in the TDA, in the j-j
coupling scheme, is of the famlu'lajt
| M T M > = 2

P h
Mps MpsTpsTh

T d+m S
Ko (™" CIpJnTe 5 mpmintg) (-1)

O

+
 COETs ) Qhny, B, 4,7,

61

Yo+,

N

(3.2:1)
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where h (hole) is used to denote a typical occupied state
characterized by the set of quentum numbers (ng, L p,dy),
p(particle) is used to denote = typlcal unoceupied state
characterized by the set of quantum numbers (ny, I,,3,),
the ket |0> 1s the Hartree-Fock ground state end the X,
are the configurstion mixing coefficients assoclated with
the particle-hole configurgtions with the nomglization:

z (xd o = (3.2.2)

In Eq.(8.2.,1), the C's gre the Clebsch-Gordon Eoefﬂcimtu“}
and a'(a) denote the creation (annihilation) operators spe-
cified by the lgbels on them., Further,

+
o> 0. Se2.3
=T |ﬂ} = Bp l = ( )

For, the state h being slready occupied in |0>, ay [0> vio-
lates the exclusion principle and hence it is zeroj while
the state p being absent from |0>, cannot be snnihilated
by ap and hence apll.‘.i} is zero, The Fermion nature of the

nucleons is guzrznteed by the following standerd gnticommu-
tation relations.

¥ ek
{8x 9 a;t ={a, 4 833} =0,

and {a,, 8] = Sup * (3.2.4)

In the TDA, as mentioned esrlier, the diagonallza-
tion of the residusl intergetion is in the subspace of the

(+)We follow the notation of M.E.Rose for the sngulapfomentun
coefficients: M.E.Rose, "Elementary Theory of Mngular
momentum", John Wiley and Sons, New York, 1857.
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lfiw particle<hole excitations. Wave functions in this
approximgtion hsve been derived from two different poten-
tigls by Elliott and Flnwerng gnd by Gillet gnd Vimh

Maul®),

The potentizl used by the former wgs the Rosenfeld
mixture, while the potential parameter used by the latter
wgs found from a leagst squares search carried over nine
well-ldentified energy levels of 150. The nuclear potential

used was of the form:
V(r) = Hﬁ} VIW+BE. —HE, + MRER.) (3.2.5)

where T and TF. are the spin and isobaric-spin exchange
operators, 5{5} is a redial fom factor, V is the
potentizl depth, p 1s the range of the force end W,B,H and
M are the four possible types of exchenge potentials. In
terms of the parsmeters: o0 = MW and 7 = M4W.B.H with
M+WHB+H = 1, the different characteristics of the potentials

used by Elliott and Flnr.\w.aral:*sBJ and Gilletls} are as glven below:

Mithox(s) v b /b H e n
(Mev) (fm.)

Elliott 9)

and Flowers®’ -40 1.8 0.9 -0.26 1.06 0.6

Gi11et1S) A ALTS 3.0 0.4 0 0.4

Both potentigls were found to yield overall good fits for
the energies but they were found to agffect the small

15) ii".ﬁill.-;rl:.ﬂ Proceedings of the Intemgationgl School of
Physics " Enrico Fermi ", Course 36, edited by C.Bloch,
Academic Press, New York (1966).



components of the nuclear wave functions sppreciably.

In the Rendom Phase Approximation, Gillet and
?1nh-nglD) hszve taken into account the probebility ampli-
tude for exciting the nuclear state by gnnihilation of a
particle<hole pair in the ground state. While in the TDA
there can be only one pgrtiecle-hole pgir at @ given time,
gny odd number of particle-hole palrs may exist gt az given
time in the RPA., The particle-hole wgve function of the
excited stste, in the RPA, in the J.J coupling scheme,
is given by:

64

'.I jh+m ] .
| Mg TMe > = g_h { X 43" C(IpnTas mpmy,Mg) s
ijmh,"q},Th
4
»(-1)° T C(ETiRTM) Ay te, Oy 4,7,

Tj .’:p+'ﬂ'.' ¥ i
% YF‘,h ('ij ¥ C{JHJPTJ.= My mMpMe) »

24T

v64)t TR AT T ML) Qlm, s Qp-mph, -5} 10D

(3.2,6)

where xgi and 'Y;i may be interpreted as probability
gmplitudes for reaching the excited state when ereating or
annihilgting a particle<hole (ph) psir in the ground state

with the nomglizations

Foh

If the ket |0> in Eq.(3.2.5) were a striet closed-shell
state, then sy a, [0> tem should be zero by virtue of

L (xS ST £2.2.7)



Eqe(3.2.3)s But, if the exact ground state departs from
the ideal closed-shell state, then a a, |0> temm will be
non-vgnishing., Thus, the RPA introduces some of the ground
state correlations, Gillet and ?inh-ﬂaum) have computed
the particle-hole wave functions, in both the TDA gnd RFA
approximgtions, for 15::.

Gillet znd Jankinsl‘?') studied the partial muon
capture rates between the u"' ground state of 160 snd the
2", D', 1 and 2 low-1ying T=1 bound states of mH as a
function of EF, the induced pseudc-sealzr coupling constant
of wesk interactions, with the particle-hole wgve functions
obtained by Elliott and Flowers®’ snd by Gillet snd Vinhe
Haum}. They found the muon capture rates to be Very sensi-
tive to the gdmixture of states. The theoretieglly calcu-
lated D+—a- 2" transition rate went through a minimum value
of 1.2 x 104 sec™t as Cp was incregsed. and this value is
higher thgn the experimentzlly messured valuelﬁ) of
(0.63 + 0.07) x 1{}'IIIt see™, RhoS) showed fhat this discre-
pancy between theory aﬁd experiment can be successfully
eliminated by the quasi-psrticle model of Migdal®), In the
theory for finite Fermi systems developed by Higdalﬁ']'?),
multi-particle collislons - which sre normally neglected in
the shell model- sre (properly) taken into asccount by consi-
dering the collision of enly two quasl ~particles at a time.

155"‘11._cnnegé B.Devons sna A.Konaris “Phys.Rev.Letts.ll,

134 (1963); Nuci.Phys.57, 256 (1964).
17) J’L.H.lﬂgdal: Hucl.Phw}'E.gz 29 (1964),
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For this purpose, the single particle transition operator,
as well as the quasi-particle interaction are renommalized.
For the T=1 states, the residual interaction between quasi-
particles ig given, in the momentum representation, by the

empli tudall y12) t

| Pk
T(PisP2) = Vo(zy-25) %H,;' + 39,2 )R (——;22). (2.2.8)
E

where V, = 2€c/2¢ , € is the Ferml energy, pp is the

By P
Fermi momentum, ¢ 1s the nucleasr matter density, B (=57°)

is the Legendre polymomial, £ send %, are dimensicnless
coupling constents for spin-independent gznd spin-dependent
‘T=] gmplitudes determined from megnetic moments, slectric
quadrupole mcments, @ -decay ft velues, total muon capiure
rates, isotope shifts, etec., of various nuclel. Assuming
that higher hamonics decrease sufficiently fast, one may
restrict the velues of k to 0 end 1, The expression (3.2.8)
for T (py, Py) is the most fundamental gnsgiz in the

quasi -particle interaction theory for finite Femmi systems.
hpgrt from the renomgaligation of the single particle transi-
fion overator gnd the method of detemining the effective
force T' (py, p;) , the method of Migdal seems Yo be in the
same spirit as the IDA or RPA when only particle<hcle
configurations are considered. The four nuclear coupling
constants fj, g;, f_-:_ and gi are determmined from experiments.
For the strength normalizaticn Migdal et. al. take:
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~ 3
Vo = 47 % 35 Mey $m°. (2.2.9)

This velue hgs been used by Bunztyan'®) in his study of the

totsl muon cepture rates in 180 and “°Ca. The comparisen

19)

with maggnetic moments ylelds:

g; = 0,50, (3.2.10)
which vaglue 1s found to be consistent with the Gamow.Teller

Bmegbrix elements in p -dnewEDJ gad the aidgl-vector matrix

elements in total muon captuu ratum}. The comparison with

17)

electrie guadrupole unmanta ! yields:

0,36  £3 < 0,40, (2.2.11)

The womentum dependent Migdal emplitudes f{ and g; were not

found to effect the mpon enpture rates snd Rho'E') deduceg them

to be negstive, qualitatively. To take into sccount the
rencrmall zation due to complicated quasi-particle eonfigurations,
Migdsl defines an éffective charge e(t) for zn operator t.

From magnetie mnnmtnm) Higdel deduces for the operator o ’
which occurs in Eq.(2.2.8),

(T ) = 0.9 for AT = 1 transitions. (3.2.12)
This means thet for T=1, one should replacc the operstor g bys

g — i'(g:) o = 0.9 (3-2.13}
For the operator p, the effective charge i1z pssumed ta be,

13} E.u.bunat ui, Govliet Jous.duel.Phys.(English Trm..l.)
619 ( 1966 in g? €13(1966); V. Fovikov end M,G.U
1bid 3, 0% (156

19) p.B.Migdel, Wucl,Phys.75, 441 (1966); surut Phys.J ETP
(Bmglish Transl.) 18, 1136 (1964),

20) A.B.Migdgl snd V,A.Khodel, soﬂat.aour.ﬂucl.rnya.tHnguah
Irgnsl,) 2, (1966).
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e(p) ~ 1. On this basis the operator g .p has the effective
charge e( g .p) = e( o) = 0.9. Using the above mentioned
values of the constants EhnE) camputed the normali zed wave
functions for the 0, 1%, 2~ and 37, T=1 states of 0,

For example, for the 27, T=1l state he has:

. -1 -1
|27,7=1 > = 0.932 |1dg/p 1py /o> + 0.34|1dg ), 1Py, > +

-1 -1
i + 0. " A | > +
+ 0.099 Ildafa lp?/ﬂ > + 0.047|1 /2 1P /0

=1
0.057|2s 1 >
i | ve Py
which 1s to be compared with the particle-hole wave function
of Gillet and ‘l;'inh-ﬁaum) in the TDA, given below:

(8.2.14)

- -1 = |
85,01 > = ﬂ.BBEIldE/E 1p /o > * 0.1'?4|1d5X2 1p3/2> +

+0,025]|14 :|.'1 > + 0,007|14 1'1>+
. 3/2 pya . P

32 "1/2
-1
>
¥e
On comparison, we notice that Eq.(3.2.14) has the ssme sign as,

+ U.OE&lEsI/E 1p (3.2.15)

but more mixing than Eq.(3.2.15). The greater mixing in the
first two configurations of Eq.(3.2.14) glong with the effec-
tive charge for the operators, correctly aucnunjts for the
discrepgney which existed earlier between theory snd experiment
for the 0* —> 2~ muon capture rate in 2%0. This is &
remagrkable success for the quasi-particle theory of Migdal.

Rhna) finds that besides predieting the partisl mmon eapture
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rates in lﬁt} within experimental accuraey, Migdal theory
also yields a satisfactory fit of the transverse form factor
for the inelastic electron scgttering process:
e~ + %(0*) —> o=+ 027" .

For the process lﬁﬂ( gl ,-r+}1ﬁﬂ only the T=1 states
of the fingl nueleus will eontribute, The wave functions
for the four low-lylng, T=1l, bound states of 16y are taken
from the wafe functions for the gnalogous levels in mn
(see Fig.l) under the gssumption of good isobarie spin,
The wave function gmplitudes X gnd ¥ which occur in Egs.(3,2.1)
end (8,2,6) for the low-lying ststes of 16y as given by the

various particle-hole models discussed gbove are given in
Tﬂh]-Eill

3. The transition operastor for photoproduction of charged
pions from g bound nucleon is given by:

t = $(7 HN—>Wys) = ( T .K+L) Jexp(ik.z) } ©F (3.3.1)

where T¥ 1is the isobarle spin operator, X and L are the
spin.dependent and spin-independent parts of the agmplitude
given by Eqs.(1.2.17) and (1.2.18) of Chapter.l, k = 2 -

1s the momentum transfer to the nucleon, ¥ =nd KX being the
incident phott_m and outgoing pion momenta gsnd r is the position
vector of the nucleon. In order to engble us to write the
transition opersgtor in sphericsl tensor notation, we use the

unit operator o; (=I) in spin-space and redefine X gnd L as
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E(MeV)
= e -13.26
flae g "’;— 131 Ti=:,
e —12.97 | MT=0.
= ~-12.79
E(MeV)
0.392
5 0.295
== — 012
B8.88
| 6.14

*

ig.1l. Level scheme for the reaction 150{"( 7¥)16N gna subseguent decays.
Solid errows indicate the g -decays with the branching ratios and
wigly arrows the v de-excitgtions, The photon induced transitions

[ 160(0*) - 16N(J") are shown on the left. The experiment in ref.l.
megsures the 6.14 Mev vy rays in 160, The isobaric snalogue
t levels in 160 agre slso shown. :
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El end KU. Using the Rayleigh expansion for exp(ik.r) given

by Eq.(2.3.7) we have for the transition operator:

a0 +-Ev il A [
t o= F 5 @hokmany 3T 0™ vt k) b, ten)
n=0,4 I=0 wm==£

L]

B K.-_n n .k o G A A
T E Péii’[;ij T KTy 4:;% %1 1) Y, (1) Y. (R) Jy(Rr).
Separating the angular and radisl parts snd fomming the
tensor products of the operators in pairsﬂj, we obtaing

b = eFan & oM it kn

T, ps £y
» T Clnas pmom) (Y xem)? .
Ay s, M
= 5 clena=py-meml ) (v (k) x K“}h;';'
}‘I,m}{ Sanle ®
Substituting p+m =m, 2ond using the symmetry property of
the Clebsch-Gordon coefficlent: .

_nal
C(LNA 3 —py-my-m, ) = {~—1)E+n 7“ C(dnas pmm, )

wehote that we cen perform the summation over the projection
quentum numbers pand m which ylelds due to the orthogo-
ngality property for the Clebsch.Gordon coefficients:

1 Pan—=>n

IR S ) T 4™ J; (kv) «

H,L ?Hm?\
£ A * £ Ny
» (Y ()X o™y (YE(R) XK S

S (3.3.2)

2l) V.Devanathan and G.Ramachgndren, Nucl,Phys,38, 664 (1962),
Ibid.42, 25 (1963); Ibid 66, 595 (1965).
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with

il

A oL P4n—2 m.,
t’_’m;.,| 41?& L% (=1) (1) 1y (Rr) »

ytdyxan) (YRR x KM
(3.3.3)
Using the impulse agpproximgtion, the trgnsition operator
between any two nuclegr states can be written gs a super-
position of single nucleon transition operators (3.3.2). Thus,
the nuclear transition operator ie given by:

=)

A
J = x tn = i (3.3.4)

n=d n

[T et I -

N
t
i ( 1?“"3 .
where A is the mgss number of the nueleus, The nuclear transi-
tion operator, Eq.(3.3.3), becomes in the occupation number

representation;

o T B i St [ (3.3.5)
I'J.'.,{5 VLTS L v

where o znd £ are the single particle states, a'(a) 1s the

creation (snnihilgtion) operator for a nucleon.

4, We now proceed to evgluate the transition matrix
element of the operator ¥ given by Eq.(3.3.5) between an
initial closed shell state and a fingl T=1 particle-hole state
given, in the TDA, by Eq.(3.2.1).
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@ = < TZMediMp [T 10>
i J 3
= ch 5 { 1}h+mh c{JthI}:mthmﬂ'—} E" JI+Mq"
mp,m,h;ﬁp,'rh
» C(3 515 TpThM W Z Ll T b ©F IR

ATy,

»<0 | uh,«mh%,ﬂh apmpérﬂp O ELFJ |op -
In the evaluation of the matrix element < O | a; 8y az ag | 0>,
repeated use is made of Eq.(ﬂ.E.é) to take ag and a: to the
extreme right and finglly the result Eq.(3.2.3) is applied to

omit the terms in which ap Or a; occurs next to the ket |0>.
Using this technique we get:

.1_4,_15,'

+m e
0 3 cthJhbemthM{r} {_1)3 "

T 3
Q) o= 4 Xipsit=4)
P, h
My Wy 3 Tos T

. C(EL515%% M) CPmps | thy ©F Ihemne-T)-
For the case of positive pion (x*) photoproduction, the
isobarie spin operator is 7~ and in spherical tensor notations

= i 1
R U i
T i

Separsting the spin gnd isobaric-spin parts of the matrix

element, we have:

o= z :? e i]"' " e lipy T3 3 MpmuMe) CBmp | £ 5, | by
P,h;mmmh
TpaThy Wy MMy
f-i}!+ hcfa'a:i TpTh My) < iTF' I T’ .| 57Th )

'z
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Applying the Wigner-Eckart thenram(+) we haves:

Q= I Xph RItMRY T 0" Clbn T memy M) »

Pyt ,m, WMip, M,

i
- cum-.-mhmmmm%iéilrir%>t§.§,~i}=*“cfaaurFThMT)cféiaa-m-mJ*

Ueing now the symmetry properties of the Clebseh-Gordon
coefficients, their orthogonality property and

1zt uds = 3,

we finally get:

Cdpd
=5 8 e ik
Q Fox Sy St T Xl g <PUETIRD . (3.401)

1/2
where we use the notation [ J7] for (2J+1)" . This expression

reduces to one temm in the independent pgrticle model (IFM)
T
for wnich X5 = 1. Eq.(3.4.1) can be written in an
explicit fomm by using Eq.(3.8.3) for the transition operator,as:

i f4n-T5 e .
Q = 4m F i -4y ¢ Ll x%E (4™ Clgkr) )
P,h,n,ﬂ- [:__5_] 3 h ,h

» (AR x KHJ—:E} CPICYYHyx o) 1D s
(8.4.2)
where < j, (kr) >p,h is the radial integrsl involving the

spherical Bessel function jttkr) between the partiele snd hole
states:

(+) We follow the statement of this theorem as given by M,E.Rose,
‘Elmentar{ Theory of in af ;{Idrmt:m“, John Wiley and sons,

New Yoz¥ (1967). Viz. < j'm* Op, | dm> = e(Jnj gmm, m?)

< 3" 0™ 3 > where <j||0*[|3> 1is the reduced matrix element.
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B B :
<Jp T)>F,h = <J£th}>ﬂpﬂp;nh-ﬂh
(RS 0 kR 2

= «gmnpf_gﬂ JL{RT} n,;f;{ﬂ LA (3.4.3)
where rP.M(r} is the harmonic oseillator wave function used to
describe the radigl wave functions of the single particle

16

states. In the present study of the regction 160( “r,r"'} N,
only the configurstions (11:}'1{1&} and {1;:)'1{23) oecur, and

the radial integrals for these cases can be evgluated analy-
ticglly (see Appendix.c) to give the results:

ey, = 2) Kb (10-RD exp KB/4)s  (3,4,0)

SHC PP (%)ﬂi%ﬁ' exp(- K*E/4) » (8.4.5)
and <iiiﬁfl>im,5 - % (K'b'-4) exp(- K'E/4) - (3.4.6)

The reduced matrix element in Eq.(3.4.2) is evaluatad'” by
making use of standard relations as:

P Iy ) x o) | hy

1

ok Tpll (YL O™ |14 5 3>

: bn £ Ip
[ Lp1L4/2]0JnIC T ] {iﬁz n 1}&} .

Jn T dp

« CRpll YR U B) < hom id S

(3.4,7)



7
where
A [4,1C L]
<ol YECR) N &p> = === C (808 3.000) , 3.4.9)
pll Y*(r) 0l £p a7 6] bl ) (
end {Elle™ 14> = Ind . (8.4.9)
The square of the transition matrix ulmant+ is given by:
\Q|1 2 Y '<T§M§i:‘i|3iﬂ>i2
Mg
Ciplldpd %, ;. o»
= 16m? — X X »
phobon [ T1* n (Reny)
— g+n=tln' . : *
-1 (k) Jgr (RY) 2
A2 gt ey, e eng,
{3 (YHR)X K“}I; [(YY(R) X K“')_‘;-’;f 1"}
Mg s
<P (YEE) XM F iy <P (YH () x o) H Y.
(2.4.10)
The quantity within the flower bracket of Eg.(3.4.10) can be
simplified ' to give:
. T Jt': . I :]—5 ¥
E (Y'Ef‘l"} x K" }_:1* Ely>cr) %k }-Mﬁ" =
¥
L-1'% T,
iet) g ! 2 e N ¥,
- E2 o [400IEF § g C('Ns000)
e W(tdnn's TEN) (Y”{Q.‘i - (K" x I{*”JJ") -
(3.4.11)

+ Note that the averaging over photon Enlarizatinns is taken
care of elsewhere-while evealuating the expressions LL", K.K",
ete. in Chapter.l.

*+ A phase error in Eq.(7) of G.Ramachgndran and V,Devansthen's
. baper in Nuel.Phys. 66, 696 (1965) has been corrected by
V.Devenathan, Nuel.Phys. 87, 397 (1967).



Due to the two reduced matrix elements in Eq.(3.4.10), we
have the two parity Clebsch-Gordon coefficients, C( 4l £p 4C00)
and C( Ly ¢ & 4 000), which will be non-zero if and

only if

Lo + 04+ 4 end 0 +4 + 4 are even,

In other words, (+(¢ must be even, if the product of the
above mentioned parity Clebsch-Gordon coefficients is to

be non-zero, Further, the parity Clebsch-Gordon coefficient
C( » & n 3 000) in Eq.(3.,4,11) will be non-zero only if:

L+ & + N 1s even.

Therefore, it follows that N, the summation index in
Eqe(3.4.,11) must be even, Furthermore, in the scalar product
(!H(];J.(En X K*n‘)ﬂ'} y Since n and n' can each tgke only

two values 0 and/or 1, it follows that:

N=0,2 end n=n'.

The values of the aéalar products are evalusted and the
results are given in Table.Z.

In the case of the Rgndom Phase Appmxil}atian, the
transition matrix element of the operator ¥ given by
Eq.(3.3.5) between an initisl closed shell state gnd a
final T=1 particle-hole state given by Eq.(3.2.6)%s:

= LJp]
Q = Ogpn Smgmy Syt = X EU%:I PIE™ IIhY +

b T3] <hllt™ lip>
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. (3.4.12)



Zgble.2
A n 0 N
The scalar products (¥'(k).(K® x k*%)"), for pemitted

values of n and N, are given in the table below.

Y
N G : &

0 (4r) V2 1t v )" % "

2 o ;,iji,’i[fh H}{E k") (k- H“)]

The expressions for I_.';.f - LL* &nd (koK) (kK ),
for the case of charged pion photoproduction are given
explicitly by Bgs.(1l.2.22), (1.2.28) snd (1.2.24) of
Chapter.l.
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Squering and summing over My, we obtain:

lQ* - fem

[%1* HEEe

. : T T
{ Lip] EJPr] xpfh [xp-ih' J* Mi;i h
+ CdpdLigd X3, (YiEg)" Mot
: : x
+ Dond00pd Yol (X3F)" Moy +

+ LindCipl Y':.}h {Ygfhr " Mﬂ.,i} 2

L R
r KT gt 't(—ijgm n{%

A cF A ' »
h’gfij K“J"'if Ly {h)xk“)jfi] }s
M, &m, ¢

&

(5.4.13)

where

Mg = <PICYADxa™Z Iy <UL xa™ ™ e

RA IR WIR (3.4.14)
u M2 = <P ICYEEIXEME [y Cal IR x o) P75
L ~ {Jp {Rﬂ}‘;’jh <jﬂr(h~rj>"l:upr ; (3.4,15)
Mo = <hil (YRIXa™® 1p> < (YR Ra™ Y% 115
* Ldgreyy, L (RS (28.4.16)
Moz = ChILCYEE) k™) UMby LH I (xE DX o)™ 1P,

P IgRey g (RS (8.4.17)




The differentligl cross section for photoproduction

of plons from nuclei is:

d-i = =2 HEe 1'5“1
dﬂ e (l‘l } P {3-4.18)
where [{}IE is given by Eq.(3.4.10) in the case of the
particle-hole model with Tgmm-Dgneoff Approximation znd by
Eq.(3.4.17) in the case of the particle<hole model with

Rgndom Phase Approximation.

5. In the early expur:lmentsl) on photoproduction of

charged pions from nuclel, one of the gross features

which was observed was that the sum of the ' and #~ cross
sections exhibited an almost exact nya dependence. In
order to account for this ﬁE/E dependence, Butler?} invoked
the mechanism of surfasce production of pions from nuclei,
According to Butler's model, all the nucleons in the nucleus
do not take part in the production process, but only those
which are outside the central core of constant density, i.e.
nucleons whose radiagl coordinates are greater than the
constant density nuclear radius 'r ', teke part in the
production process. Wlth this model, Ehﬂ:ltar?:l Was not only
able to reproduce the desired AE"’E dependence but aglso
account for large fractions ( ~ 60 - 70%) of the observed
cross sections, as well as the correct v~ to r+ cross section

ratios. This idea has been extended by Laing and MoorehouseZ2’

22) E,W.Lging and R.G.Moorehouse, Proc.Phys.Soc.A70, 629(1957),
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to the shell model treatment of the problem, wherein the
nucleus mgkes a specific transition from an initigl to a
fingl state,

Physically, the surface production model amounts to
assuming that all or most of the pions produced in the
interior of the nucleus are directly,resbsorbed. &ince
a quantitative calculation of the reabsorption effect is
somevhat difficult, we invoke the surface production
mechgnlsm to account for the sgme,

Stated naively, the difference between the volume
and surface production models lies in the limits of integ-
ration of the radigl integral given by Eq.(3.4.83). In the
volume production model, the integrgl has the limits 0
and ® , whereas in the surfzce production model, the limits
are " gnd « , Explieitly,

i m ¥
CIglrryy, = § Rug ) GtkDIRy, (1) "I (3,5,1)

where QO = 0 correspends to the volume production model, and
L > % corresponds to the surface production model.

It should be noted that the radizl integrsls, < Jitkr] }p,h!
cannot be evaluated gnalyticglly in the case of the surface

production model, since the lower limit of the integration is
"o 3 the radius of the nucleus. In this case, the radial

integrzls hgve to be evalugted nmaﬁ."eally. Unfortunately, -,

is not a well defined quantity because of the diffuse surface



o

of the nucleus snd furthemmore the radial integrels are
sensitive to the lower limit of the integration +, .

6. Before discussing in detzil the results of the caleu-
lations, we can gain an insight by exemining the radial

integrals < jp_(kr} >P In Fig.2, the relevant radial
¥

h L]

integrals < j;(kr) > < 33(1!1‘) >lp end < Jlfkr} >1p,zs

1p,14d * ,1d

are plotted as a function of pion angle for two different
harmonie oselllator length parameter veolues b = 1.5 fm. =nd
2,0 fm, These radigl integrgls are for the volume produc-

tion model, i.e. a =0, In Fig,3, the same radial integrals
are plotted for the surface production model with .= 2,686 fm,
From these flgures, we notice that in genergl, for forward
angles there is little difference between b=l.5 fm, and

b=2p fm, curves, but this difference becomes appreciable for
larger angles, In Fig.4, the same radial integrals are plotted
for four different values of the cut.off parsmeter,

viz., " = 0.0, 1.6, 1.2 znd 2.2 units of pion Compton wave-
length. These three figures clearly reveal that the cross
sections for the transitions to the 07 and 1™ states are
expected to be smgller than those to the 27 and 37 states,

For the 07 gnd 1™ states, the most important integral is

< Jltkﬂlp,as' which has a large cancellation when integrated

over plon angles, On the other hand, the radial integrals
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< chkr)lp,ld and < jE(kr} >1p,1d which play a domingnt role

for 27 gnd 3~ states have a large forward pegking and have
negligible or no cancellsgtion by small backward negative
components when integrated over the pion angle.

Let us now turn to a discussion of the cross sections.
Table.3 gives the cross sections for the reaction ~00( v ,r"')lﬁﬂ
using the volume production model for gn ineident photon
energy of 260 Mev, The effect of the oseillator length
parameter 'b' on the cross section has also been studied,
and in general found to be none-too-serious, except for the
27 fingl state., A careful consideration of the partial transi-
tions snd a reference to figures, 3 and 4 will reveal the
cause for this, Of the partiazl trgnsitions that we have
considered, the transition to the 27 state is the only one
which inecludes an interference between two different ¢ terms
and this interference tem involving the product of the
radiegl integrals < Jjj(kr) >1p,ld and < Jo(kr) >1p,1d is very

sengitive to the value of the size pargmeter b,

Table.4 summarizes the results obtained for the cross
section with  treated as a free parsmeter and asn ineident
photon energy of 260 Mev, Notice the sensitive dependence of
the cross section on v, , Tables 6 and 6 pive the cross
sections in the volume production ( v, = 0) and surfgee

production ( % > 0) models for various incident photon

energles.




Table, 3.

16 +,16
Cross sections for the reaction " 0( Y,w ) N in the volume

production model, for an incident photon emergy of 260 Mev,

as a function of the harmonie oscillator size parsmeter b,

The nuclear wavefunctions used correspond te the following

models for the 18y states: IPM, EF, GV(TDA) and GV(RPA),

88

iEH b Cross section i;f-ph. -
SSRLY S EARL) IPM EF ___ GV(TDA) GV(RPA)
1.50 0.384 0,475 0,314 0.202
0 1.76 0.423 0.454 0,406 0,389
2.00 0.475 0,486 0.475 0,456
1.50 3.278 3.223 2,853 2,923
3= 1.76 3,971 4,129 3.717 3.786
2.00 3.868 3,946 3.622 3.689
—
1,50 21.501 14.304 14.210 13.983
2" 1.76 13,233 8,947 8.817 8.685
2.00 8.979 6.083 5,974 5,863
1.50 15.114 13.445 14,142 13.314
3" 1.76 14,704 12,862 18.742 12,942
2,00 12,252 10.631 11,831 10,862
th
E‘bog‘e e 1!?6 BEIEB]-— E‘E-SEE 261582 EEQWE
four 2,00 25,664 21.146 21.602 20.870
states




Tgble,4

Cross sections for the reaction 150( T,r"'}lﬁﬂ for gn incident
photon energy of 260 Mev and b=1.76 fm, as a function of the
cut-off parsmeter +v,, T = 0 corresponds to the volume
production model and ™, > 0 corresponds to surface production
model, The nuclear wavefunctions used correspond to the
following models for the 18N states; IPM, EF, GV(TDA),GV(RPA)

gnd MIGDAL,

89

1‘6H (in ﬁi:t:lon Cross section in ub.
state Em]}tﬁﬂ —
wevelength) IFM EF  GV(TDA) GV(RPA) MIGDAL
0 0.423 0.454 0,406 0,338 0,227
1.6 0.282 0,461 0,304 0,277 0.231
n' 1-? - - - - 01223
1.9 0.282 0,320 0.2356 0.216 0.18C
2.2 0.145 0,166 0,123 0.114 -
0 L 3,971 4,129  3.717 3.786 3,092
1.6 2,521 1,947 1,71 1.782 1,444
: P 339 » . - “ 1,415
1.9 1.924 1.621 1,433 1.486 1,205
2.2 1.086 0,915  0.811 0.839 3
0 13.2385 8.947  §.817 8.655 3.769
1.6 6.502 3,935 3,949 3.960 1.635
2" 127 - - - - 1,342
1.9 3,511 2.039 2,069 2,090 0.847
2.2 1.478 0,840  0.855 0.868 =
0 14,704 12,862 13.742  12.942 8,591
. 1.6 10.026 8.692 9,364 8.820 5.882
3 7 - - - - 5.041
1.9 5.602 4,800 5,228 4,926 3.304
242 2,191 1.849 2,043 1,925 =
e m 32,831 26,392 26.682 25,771 15.779
11 the 16 19.481 15,035 15.327  14.839 9.192
above 1:7 - - - - 8.021
four 1.9 11,390 8,780  8.965 8.717 5.537
FERREE a8 4,900 3,770 3,832  3.744 .
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Tgble,S
16 +,16
Cross sections for the regction ~ 0(v ,» ) N in the volume
production ( .=0) and surface producticn ( ¥, >0) models,
with b=1,76 fm for various incident photon energies. The
nuclesr wgvefunctions used ceorrespond to the following models

for the 16N states: IPM, EF, GV(TDA) and GV(RPA),

Ined dent Cross section in pb.(Sum of G_,I*,E-,Ehﬂateanf%
Fhoton (in picn S —
o, A N EF GV(TDA)  GV(RPA)
0 21,849 21,010 21,006 -
165 1,6 24.048 16,268 16,3384 -
1,9 15,024 11.108 10.508 -
2.2 6.911 5,354 4,262 -
0 26,702 26,628 24,826 24,3563
180 1.6 26.140 19,135 17.823 17.604
1.9 15,673 12.007 11,008 10.872
Ce2 6,937 5,581 5,042 4,970
o 34,807 e6.221 24,615 24,004
200 1.6 23,786 17.914 16,857 16,541
1.9 13.990 10,884 10,287 10,038
242 6.125 5,002 4,636 4,538
0 32,594 27.093 26.419 26,5646
230 1.6 21.053 16.682 16,168 15.682
1.9 12,441 10,013 2.682 2.413
2.2 5,58580 4,480 4,334 4,228

(continued on next page)
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Tgble,5 (continued)

e

Cross section in pb.(Sum of 07,17,27,37 states of )

Incldent e
pimton (in pion

ener compton
(Hev wavelength) IPM EF GV(TDA) GV(RPA)
0 32.331 26,382 26,682 e5,771
260 1.6 19,431 15.035 15,327 14,839
1.9 11,380 8,780 8.9656 8,717
2.2 4,200 3770 S.882 3.746
o 33.007 25,818 27.757 26 .845
290 1.6 19,360 14,124 15,216 14,846
1.9 11.116 8.084 8,735 8.512
2.2 4,679 3,424 3.672 3.594
0 £3.680 24,716 28.011 27.153
320 1.6 19.689 13.735 15,3887 14,9564
1.9 11,302 7.9862 8,791 8,987
2.2 4,297 3,514 S.822 3.746
0 28,0338 20,856 23,6587 22.974
360 1.6 17.353 12.117 15.278 12,924
1.9 10,136 7216 7.749 7.582
2.2 4,528 23.303 3,486 3.422
0 21,830 15.970 17.377 16,889
380 1.6 13.3%0 9,626 1C.048 9,802
1.9 7.962 &,841 5,982 5,869

2.2 3.608 2.700 24726 2.679
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Tgble,S
Cross sectioms for the resction Mﬂ{ 'f,ir"'}ml in the volule
production ( 7; =0) and surface production ( . > 0) models,
for b=1,7 fm gnd varicus ineident photon energies. The
nuclear wegve function used corresponds to the MIGDAL theory

model.

Inecident T

rhoten (1n ‘pion Cross seetion in pb for 105 states
ene compton

(Mev vavelength) — o SRS - bum of sil
0 1 2 3 the four
Yoed ststes
o 1.969x10° o0.681 2.866 0.902 9.699
166 1.6  4,508x10™° 1,345 1.700 0.264 3.909
-

1,7  4,456x10 1,813 1,446 0,248 3,007
1.8  2.673x10~° 1,008 0,962 0.206 2,256

=

o 0.011 0.880 6,827 1,720 9,447

180 1.6 0.085 2,604 3,726 1,461 7.806
1.7 0.034 2,602 3,112 1,854 7.002

1.8 0.027 2,116 1,966 1.083 6,181

0 0.028 0.947 7.066 35.910 11.951

200 1.6 0,006 2,308 3,467 23,174 9,048
1.7 0.091 2.280 2,817 2.882 8.040

1.9 0,070 1.802 1,678 ¢2£.21€ 5,766

0 0,182 2,101 5,167 6,973 14.3863

ed0 1.6 0.1672 1.662 3,286 5,163 9,188
1.7 ©.180 1.611 1,789 4,646 8,096

1.9 ©€.117 1.348 1.07¢ 2.179 5,715

S

(continued on next page)



Tgble.6 (econtinued
Incident T Cross section in Kb for 16N states
photon  (in pion Sum of all the
teost :‘:ﬁmm 0" 15 2" 8~ four states
0 0.327 3.092 3,769 8.591 15,779
1.6 0.231 1.444 1,635 6,882 9,192
il 1.7 0.223 1.416 1,342 6,041 8,021
1,9 0.180 1,206 0.847 3,304 5,536
0 0.663 3.910 3,088 9,991 17.552
1,6 0,832 1.427 1.473 6,388 9,620
% 1.7 0.322 1.389 1,233 5,368 8,322
1.9 0.266 1.188 0.796 3,389 5,638
0 0.668 4,198 3,049 10,2355 18,271
1.6 0.400 1.511 1,588 6.342 9.841
£’ 1.7 0.388 1.480 1,333 5,204 8.495
1.9 0,822 1,251 0.854 3.338 5,765
0 0.617 3.430 3,023 8.224 15.194
1.6 0.389 1.8086 1.610 4.960 8,314
F 1,7 0.830 1.376 1.346 4,154 7,206
1.9 0.276 1,163 0.869 2,668 4,966
b 0 0.298 2.814 2,679 5,374 10.665
L 1.6 0.222 1.181 1.417 3,263 6.033
1.7 =~ 0.216 1.107 1,188 2,755 5,261
1.9 0.183 0.987 0.756 1.808  3.684

93
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In Fig.5, the theoretical partial volume production cross

sections for the reaction 1°0( "f,n+Jlaﬁ calculated in the

four models - IFM, EF, GV(RPA) and MIGDAL - are plotted as a

funetion of the ineident photon energy. Only the ones corres-

ponding to the MIGDAL model are expected to be free of the
uncertainty due to nuclear structure, since Migdal theory
has been found to give satisfactory results both for muon
capture and inelastie electron scatteringlgi. It is inte-
resting to compsre the results of IFM with MIGDAL for the
dominant trensitions to the 2~ and 3~ states of 25N, Take,
es an example, the case where the incident photon energy is
260 Mev, Just as in the muon capture process where a correct
account of nuclear correlations reduces the capture rate to
the 27 state by a factor of about 4 from the IPM value, a
reéduction of the same order is obtgined elso in the pion

photoproduction case. A less drastic reduction is found for

the 3™ state: i.e., ( Trpy = FHIGDI&L’ / orpy ~ 0+42 but

this is consistent with that observed in the muon capture
process, vize (A;o. = Ayron,) / DAypy = 0.46. There are

however some nigniﬂcant differences between the muon captufe
process and the pion photoproduction prodess. In the fommer,
the transitlon to the 3" state is highly forbidden, but in
the latter, the matrix element becomes large because of the

large momentum transfer involved. This secounts for the faet
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40 —.—-— GV(RPA)
---------- MIGDAL

o] ERSEET

I | | | dl |
170 200 230 260 290 320 350 380

INCIDENT PHOTON ENERGY (MEV)

Fig.6., Partiul cross sectlions for the reaction mﬂ(f ,1-"')161! for
the fingl nuclear states 1=,2" snd 3" obtained assumin

volume production of pions with b=1.76 fu for the IPH,%,
GV(RPA) snd MIGDAL models.,
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that the ﬂ+-4r-3' partiagl cross section contributes almost
50% to the totsl cross section in the case of the pion
photoproduction process. One can see from Fig.5 that the

estimate given above would glso hold for other photon energies.

Further, from Fig.5 it 1s clear that of the four finsl states
of 1EH we have taken into aecount, the greater part of the
cross section comes from 2  and 37 states which have the
domingnt particle<hole configuration (1p1/2}"1 {1d5/2} while
the contribution from the 1~ state is smgll and that for the
0" state 1s negligible and hence not shown in the figure,
Thus, our results indieate the relative importance of the
fingl states of the nucleus as agasinst the expectation of
Meyer et.al.al that the cross section would depend more on
the number of ststes avellable rather thar on the specifiec
deteils of the states involved.

In Figures 6,7,8 snd 9, the volume and surface produce
tion cross sections for the reaction 1Eut'v,r+}lﬂn are
plotted as & function of the incident photon energy, with
the fingl nucleus in sny one of the four low-lying bound
states of 1N whose wave functions are given by the IPM,EF,
GV (TDA gnd EPA) gnd MIGDAL models, respectively. From
Fig.8, we find that the TDA egnd RPA results do not differ
very much from each other gnd further that the RPA croess
sections gre slightly lesser than the TDA eross sections.

Thus, we find that the ground state correlations tzken into
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IPM (V)

CROSS SECTION (ub)
()
o
|

3

10

ima

I | | | | |
170 200 230 260 290 320 350 380
INCIDENT PHOTOM ENERGY (MEV)

g.6, Totsl cross section for the reactien 160(v ,»*) N obtainea
assuming the IFM model curves 1,2,3 and 4 correspond to

Y, =0.,0, 2,262 fm, 2,686 fm gnd 3,111 fm, respectively,
b=1,76 fm, The experimental results are from ref.l.
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40

————— [PM (V)
EF

0 | | I i 8 | |
170 200 230 260 290 320 350 380

INCIDENT PHOTON ENERGY (MEV)

Fig.7. Total cross section for the regctiocn ESq( ,r"')loﬂ obtained
assuming the EF model. Curves 1,2,3 gnd 4 correspond to
¥, = 0.0, 2,262 M, 2.686 fm gnd 3,111 fm, respectively,
b=1.76 fm. The experimentgl results are from ref.l.
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GV (TDA)

e === RN (HEA)
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D1?D 200 230 260. 290 320 350 380

INCIDENT RHOTON ENERGY (MEV)

HE.E. Totgl cross section for the reaction 160(Y,5*)18N obtatnea
assuming the GV(TDA) and GV(RPA) models. bn:nru 1,2,8

end 4 correspond to ¥, =0,0, 2,262 fm, 2,686 fm snd 3,111 fm,

H;P;Gﬂﬂlh b=1,76 ‘fm, The experimentsl results are from'

ref.l.
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40
-——==|PM (V)
MIGDAL
/fﬁ\\
/ ‘*\
"\.\ -
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- N
b
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30 \
\
\
\

CROSS SECTION (pb)

2] | | L 1 i
E';1?[::: 200 230 260 290 320 350 380

INCIDENT PHOTON ENERGY (MEV)

Fig.9. Totzl cross section for ths reaction 16g(~ #¥)1%N obtained
assyming the MIGDAL model. Curves 1,2,3 m& 4 corr-espond

to Y, =0.0, 2,262 fm, 2.404 fm gnd 2,686 fm, respectively.

b=1.76 fm. The -m;ﬂntntal results are from ref.l,
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account by the RPA do not affect the eross sections signi-
ficgntly. In the next chapter, we will tgke up the study
of the effect of two-psrticle-two-hole correlations in the
ground state of -0 on the reaction (8.1.1). We notice
that in Figs.6,7 and B, the cross section curves obtained
with v, =2.,2 in units of pion Compton wave length
( % =3,1108 fm.) lie below the experimentsl results, It
is interesting to note that the cross section curves cbtained
with Gillet.Vinh Mau wgve functions in the Tamm-Dancoff(TDA)
and Rgndom Phase (RPA) Approximsations for T=1,9 in units
of pion Compton wavelength ( = =2,686 fm) gre in very good
sgreement with the experimentsl results of Meyer et.:ﬂu
(see Mg.8)., But, in Fig.9, the cross section curve obtained
with = 1.9 in units of pion Compton wavelength lies below
the experimentsl results, while that obtained with v =1,7 in
uhits of pion Compton wave length (7.=2,4038 fm.) is in very
good agreement with the experimentsl results.

If we were to tgke the Butler surface production
maehanisn?) seriously, we should choose .= 2,686 fm.
which ceorresponds to the root-mesmn-square radius of 1’59
congl stent with the charge distribution m&asumentga}. We
should also tazke the value of the oseillatoT parsmeter
fitted to the Stanford electron scattering dataa‘”, viz.

23) L.R._B-.Eltnn "Nuclear Sizes™, Oxford University Press,
London (1961).

24) R.Hofstadter and R.Hemman, "High Energy Electron Seattering",
Stanford University Press (1960).
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b=1,76 fm, Thus, we find that the RPA wave functions of
Gillet-Vinh Mau, in the surface production model with <

and b determined by electron scattering data reproduce the
experimentzl cross sections of Meyer, Walters and Hummell).
As noted earlier, this value of v, yields a theoretical
curve, for MIGDAL wavefunctions, which is now too low
compared with the experimental results. However, as shown
in Fig.9, a suitable adjustment of + ( = 2.40 fm. or 1,7 in
units of plon Compton wave length) brings the theoretical
results to a good sgreement with the experimental results
both in magnitude and shapej but, this is only of qualitative
value because of other effects neglected here.

In Fig.1l0, a comparison 1s made of the totel cross
secticns for 150('f,r+)J£F obtained with the IPN,RPA and
MIGDAL wgve functions for the low-lying bound states of
1EN. The solid line curves gnd dashed line curves correspond
respectively to the results obtained using volume (V) and
surface (S) production of pions, While curves IPM(S) and
RPA(S) are obtained with Y>=2,686 fm., MIGDAL(S) has been
obtained with v =2,403 fm,

The totsl eross sections given in Figs.6,7,8,9 and 10
are glmost constsnt in the energy range 180320 Mev, although
the cross sections to diserete fingl states are energy-

dependent gs shown in Fig.5. It is, however, found that the
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total cross section decreases beyond the (3,3) resonance
region gnd slso near the threshold for pion photoproduction.
In conclusion, we see that the conflguration mixing
models (EF, GV and MIGDAL) play a large role but they fail
to eliminate the discrepancy between theory and experiment
in the case of 1%0( 'f,r+}1$H. Here, we have shown that
this diserepancy csn be eliminated successfully, if we
sttribute it entirely tc the production mechanism, More
definite infomation can be ocbtgined if the partisl cross
sacticns to the low-lying bound states of 15H, snglogous
to pertigzl muon capture rate maasumnantsaﬁ!m)

, 8Te zlso
megsured expevimentally.

aeg A.Astbury et.al., Nuovo Cimento 33, 1020 (1964).
20) R.Cohen, &,Devons gnd A.Kenaris, Phys.Rev,Letts,
134 (1983) and Wucl.Pays.57, 256 (1964)., s
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CEOPTERZ4

PHOTOPRODUCTION OF POSITIVE PIONS FROM 100.

+
(1) EFFECT OF GROUND STATE CORRELATIONS

1. Two series of positive parity levels in -

0 which
obey rotationgl band systematics were observed, in 1964,

by Carter et, al.l}. Brown and ursunﬂ} proposed gz model

in which these two bands are considered as mixtures of
"deformed" two-particle, two-hole (2p-2h) and four-particle,
four-hole (4p-4h) states with the ususl spherical shell

2,3,4)

model ground state. Several theoreticgl studies have

been made to estimste the amount of deformed components
in the ground state wave function ui‘ 160 « Recently,
Purser at.al.ﬁ) made a direct measurement of the Zp-gh
admixtures in the ground stzte wave function of 150 by
investigating the plck-up resctions 1ﬁn(d,t)wn and
150(:1,311&)15N et g deuteron energy of 20 Mev. Their
results confim the exlistence of such pair exeitations
with intensities comparable to those predicted by Brown

and Grnanz). Assuming an 16q ground cstate containing

* K.Srinivasa Rao gnd V.Devanathan , to appear in Phys.Letts,

1)E.B.Carter, G,E,Mitchell znd R,H,Datis Fhys.Rev,133, Bl4agl
and Bl434 (1964). i 22,

2)G.E.Brown gnd A.M.Green, Nuel.Phys.76, 401 (1966)3 ibid
85, 87 (1966).

3)T.E.Mnglend, Nucl.Phys.72, 68 (1965),
4]#.F.ﬁl¢kﬂr, B.Buck and J.B.McGrory, Phys.Rev.Letts.2l,39(1968),

5)E.H,Purser W.F.Alford, D,Cline, H.W.Fulbright, H.E.Gove
and M,8.Krick, Nuel.Phys. p132,’75 (1969).
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2p-2h components, walkarﬁ) gnd Green and Rho?) have shown
that severazl theoreticsl-experimental discrepancies, for
muon cagpture and photo-disintegration on 150, can be
resolved.

In Chapter.3, we have made a detailed study of the
reaction 155('1,1*}16H assuming the 18, ground state to be
a closed shell state, as well gs one which contgins long-
rgnge correlations introduced vig the RFA., On comparing
our results with the avallable experimental date, we found
that there still remgined a factor of two diserepsney
which we gttributed to the production mechgnism. Our
intention here is to uscertain whether some of the phenc-
menology resorted to therein (viz., the surfgce production
mechanism gnd the phenomenology brought in through Migdal
theory) can be eliminated by explicitly tgking into account
the 2p-zh admixture to the ground state wave function of 160,

2. As discussed above, the ground state wave function

of lﬁu contains in addition to the op-oh component, 2p-2h,

4p-4h, etc. components., We shgll assume in the present study

6) G.E,Walker, Phys.Rev, 174, 1290 (1968).

7) AM.Green gnd M,Rho, Nucl.Phys.A130, 112 (1969) and
.M.Green, T.K,Dghlblom, A.Kalllo and M.Rho, Phys.Letts.
3lB, 189 (1970).
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that it can be approximsted by:

0%, d.5> = w [op-oh® + B | {ici?mr:n;:i (£Pigg Jo,a >+

2 B (4,2.1)
=2ty 1{95:&1)9,1 (ipifi)a,i> ’

where configurations with particles and holes separately
coupled to (J,T) other than J=0, T=1 are neglected, based
on the observation by Zamick®) that they lie much higher
in energy and hence their coupling to the |op-oh > state
is much wegker., In table.l are listed the values of the
parameters o, £ and 7Y detemined by Purser et.al.ﬁ}
from an experimentagl study of the picksup reactions
160(q,t)1% ana 180(a,31e)*°N.

TEhlEll
160 model o0 B Y
I (Ps) 1.00 0.00 0:00
16 15
II (Expt.~ 0(d,t)0)  0.87 0.26 0.27
111 (Expt. ®0(d,%me)18N) o0.32 0.54 0.20

Here, (PS) denotes pure shell model wave function popular
before the days of nuclear coexistence, It should alo be
mentioned here that most calculations to date have been

done with o« =1, p= v =0, the exceptionsl ones being

8) L.Zemick, Phys. Letts., 15, 580 (1965).




108

those of Walker®) and Green and Rho'’.

In genergl, the ground state and low.lying T=1
states of 16N can be considered to be a ecombination of
the usugl particle-hole (lp-lh) states with three-particle,
three-hole (3p-3h) configurgtion sdmixtures, to be consis-
tent with the cholce of the ground state (4.2.1). Halkerﬁ)
claims, using a method of generating the 1%N states from
a deformed ground state, that the 3p-3h mixing can be as
large as the 2p-2h mixing of the ground state, On the
other hand, Green znd Rhc;?) have argued, on both theore-
tical and empirical grounds, that the 2p.2h configurations
are insignificant in the 18y quartet states. Therefore, we
tzke the ground stste =nd low lying T=1 states of 16W to
be described simply by lp-lh combingtions., The 16y vave
functions used in the present study are shown in table.:.
Three of the five model wave functions, shown in table.2,
viz. Independent Particle Model (IPM) wave function, Elliott
snd Flowers®) wave function (EF) snd Gillet.Vinh Mani®’
wave function(GV), have been discussed already in section.2
of Chapter.3. The Kuo wave functions, shown in this table,
have been calculated with matrix elements derived from the
reglistic Hamada-Johnston potentigl without and with

©) J.P.Elliott and B.H.Flowers, Proc.Roy.Soc.A242, 57 (1957).
10) V.Gillet end N,Vinh Mgu, Nucl.Phys.54, 321 (1964).
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screening cnmctims(*) - we denote these by KUQ and KUO(S),
respectively - and these have been tgken from tagble.Z2 of
ref.7.

Se The 2p-2h state is given byEJ|

| Ao T
12p-2h, (Meji)p pry(Mabelay D=2 5 2 3 3 5 i)

i ¥ ’ 1 ¥
‘miﬁmi "hlmﬂ. Tz,Tz T’r;.ci T‘l;cﬂ

X C(31de05mymi 0) ¢ (Uz o035~y -mb 0) (x4 TuT Te )x
L BT
xC (34502 T )M T 0) O O e, X
_ : Jimy 5Ty -i!l_miit

X ﬂjsz%.:z G’szfzs’ifzf o> , (4,38,1)
where the ket 1 0> is the (Hartree-Fock) closed shell state,
(ny 4 1112 denotes the two-particle (occupied) state

end (ng ¢, jal'z denotes the two-hole (uncccupied) states,

C's are the Clebsch-Gordon coefficients znd a+(a) the
creation (annihilation) operators defined in section.2 of
Chapter.3. Using the property of the Clebsch-Gordon coefficient;

t,_‘i"..f*i’!‘l

C(jjosmmo) = 5m’,~m SFfe (4.3.2)

we have for (4,3.1): i
jip 2h.{“ ! J }1 {h f‘lj j-'l > i (_'ij‘]j""JE Z { i mzumi_‘_i
3 x S TR S -
e R 23 [i1Ci] ™4,y }
+ +
e O : : :
tf‘q'iwz,ﬁg €3 UL AATICE EECT DTok I

x Qimtt, Ejmder [0
(4.38.3)
(+) Core polarization corrections to particle-hole matrix elements
are referred to as "screening" corrections.
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The fingl particle-hole nuclear state, in the Tamm-Dancoff
Approximgtion, in the j-j coupling scheme is given by

(8.2.1). The nuclear transition operator, for photoproduc=-
tien of pions, in the occupation number representstion is
given by (3.3.6). In Chapter.3, we have derived the

expression for the mgtrix element:

Q (op-0h) = <TyMe A M. | | Ob-0h . (2.4.1)

We will now derive azn expression for the matrix element:

Q(2p-2h) = {(THEM A ML |Y |2P-2h, fﬂifiji}ii(”zfzjﬂ:l;j Vs (4.8.4)

where M, = -1 for T=1 states of 1N, Using (4.3.3), (8.2.1)
and (3.35) we have:

i"+3§' j m LT
p-2h) = A L) 5 e AT i o
s 203 [J1]0iz3 P;’}h Ko C417 0T "C UG s memMy) &
mp,mh;tp,'ﬁl

X CEELRTM) T (1) 5 C(hAmein) .

n
1,Ma Ty 3 'tﬂr. sta sTﬂl.

x C(HLTYT) S (al th, TR #

a3
+ + + +
A0 . : :
N H-Jh;mh%:-—-ﬁ-.ajl’ml"%q' Y O Limuge, Viom dcg Vim 2, Vg, 10>

(4.3.6)

In the evgluation of the matrix element

+ + +

<Ol oy Gy @y Qp Ay Xy Az0,10> (4,3.6)

*Note that o and B whieh occur in ex
pressions (4.3.5 d (4.3.
are the single particle states of the transition op:}rrﬁnrf rsfgiv

Eq.(3.3.5), in the occupation number re
presentation. In all
other expressions, in this Ch ter

parapeters which oeeur in Eq.fﬁ.z.il ¢ sl Tevadaunting
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repeated use 1s made of (3.2.4) to take ay and g}, to the

extreme right znd finaglly the result (3.2.8) is applied

to omit the terms in which 8y or a; occurs next to the

ket | 0 > . This procedure gives rise to the following

four non-vgnishing temms:

_Encshrmzira RsJama g 61’%%*%51;*";%*4 éhrmh&:—fhaizﬂa%ﬂ 2 (4.3.6a)

= ‘Sri 5aMadi Ty 6?‘;]1,‘ iy T Spmn%tp'zjimi%ti 6“:‘“‘&%*'Thijim2%'r; ’ (4.3,60)
. - . (4l3-E¢J

55 ﬁi'sizm;%'tz érﬁaaiﬂmi—fz 5P“’pé-’-‘pi T ah,-mhé,-'q,; oymda ,

O lamttd Spidimbn Fomogeimd, Shom g jomis, - (404

Substituting (4.3.6a) for the matrix element (4.316) in

' (4.8.5) we find that we hgve to evaluagte the termg
Lottt g S W
o § pr BB £ 0= Mg+

= " - AN = —i

203 L[4 ]00] le 2 4 G

[}
Ty, Tay T4, T2, T2

4 1
~T:
(-1) 72 &
my My

x CladaTzs-mypmeM)CEALTUTRIC (34 4inuT YO (B4 Tl ,-1) «

x {JpymMadi-Tal ton T | dsmikTy B(r4) E(hy2),

where the Kronecker delta product &(p,1) &(h,2) is zero
unless the two particles (holes) of the 2p-2h initial

state component have the same (nlj) quantum numbers as the

particle (hole) of the 1lp.lh final state. Separating the
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spin and isospin parts:
{Jasmy £5-Ta| L 1"c_l ji’mi‘iiti>‘-' <y | t?n'll 31*‘”1}%{ 2| T4 15T

end using the Wigner-Eckart theorem, we have:
Ji 'I'Jz
=) S bl S
= - $3
L= 35 thamd M -

Jijz g, mg

My -y H}j A

4___[
X C(hlhimimlrmj(hﬂthkh> i

iz Pz fiJ

sz 21 Ti Tzl"ijx
=4 Tluri ;fz 3l

x C(3ha-1n) (i disnnT) (b0 R )KEITIE) S8 1) 8(hs)

From the Clebsch-Gordon coefficients for isospin, we

find - due to the additive property of their projections
- that we must hgve:

Ty= T, =1/2 and T= Tz = -1/2 and hence T, = O.
Now using the values:

Clid1:541) = c(350-%
C(iiss 4,40 = A(i445-4%0)
<~§nrln-é—> 2w

= (= i)ji“mi [.151

C (Jadads 5 mimg g ) = Cliyigln ; My, ~Ms=mg)
2-

and the orthogonsglity prnpart:.r of Clebsch-Gordon coefficients,
we get,

. el
s ol O R el Gy )
I= 5 | fﬁ“’"t g > &3, » Owym, 26 CIEaT i, B2
I i+ T
1) e T (4.3.7)
iF Ty Du SHIET .86, 8G,2)
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since {23E+1} is slweys even. Following a similar proce-
dure it csn be easily shown that the three other temms
(4.3.6b), (4.3.6¢) and (4.8.6d) lead to exactly the same
result (4.2,7). Therefore, the sum of the four non=-

vanishing tems yield the result:

Q( el o 7
2p-2) = A& 5 Gl 4T iy 8R0S
5 Ln )‘{Jijl <Al 3¢y 8(p L) 8(hy2)

j +j2+§
4 )= e o 1 i e
V3 [pllT] xim S 12
(4.23.8)

From (4.2.1) it is clear that we consider only two possible
9 - = -t
gp-2h states, viz. 1&_5{-2 12;2 and “si?'fg 11’1,::2 « Hence, the

matrix element for 1r+ photoproducticn isg

Q = <f#l §(t3‘ﬂljh 7 | 0% g-5:>

o (L (6b-0h) + P G (4dgs 1B,T) + ¥ Q (244, 4P )

Lel 3 T
= & T | £ llh
P:ih %] }(F’h {PHEZ IR +
ey x5 APy I £7 I Adss >+
2 A E AR :
T+
i 3 2z

(4.3.9)
Notice that when we put o =1, @B= 7 = 0 in (4.3.9) we
get back to our result of Chapter.3, Eq.(3.4.1). Let us
now exsmine how the 2p-2h terms enter into the partigl
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eross sections in the case of the Independent Particle

Model (IPM).

In the IPM, for Ji = 07 and 17, we know thet the

1

domingnt component is for Esyg p]'j;E as shown in Tgable.Z.

So, for these states we have:

T;=ﬁ; i 3
Qs “E‘*"ﬂ (2 A ¥ Ipapy + L 1[1:&] <Ay 1E%90283, o 103

From Eqs.(2.4.7), (3.4.8) snd (3.4.9) we hzve, in general,

(for the case of photoproduction of pions) for the reduced

mgtrix elements
b YA x o) F Y = hpkip | (YRR x o) | 05 n >

1 2, L 2p
L [ 003, ICEICRITTIC (% L0p5000) 4k ui} (£.3.11)
B Jn T dp
= oA T { Bp £ L
ChIECY S traxa™) " gy = ET[ﬂ,,][ugjtjpllf:aj[n]m;]m:z,,,uh-,ma)hﬁp %’ﬁ }

n

£, £ 2p
= [ﬁp][i&][.ip][ﬂ[ﬂj[:f;]{ 1) thif C(£, L Lp3000) (-1)” {3{2%%}
Jh JP

i L+4 f;f.l—p
£ i [ 4
L AT (0 ottt aua]{ Ep}

(4.3.12)
where in (4,.,3.12) we have used the symmetry properiies of
the Clebsch-Gordon coefficlent gnd the 9 .j symbol. The
following relationship exists between < pl| % l h> gnéd
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< h | £% | p > mptrix elements:

. j 144 A
¢h IIEY’E("” xﬂ'”)]}llpj) i EJJESJ 1) +* el {Yﬂ[v}xo*n):rfllh)':m 8%}

where s=£p+1/2+:jp+ £, + 1f2+jn+2+n+'.‘]'f. For

the particular case which occurs in (4.3.10) we have:

2 L+71 0
Abi IE 1284 > = %j—% S R T VA I BTN
(4.28.14)
Te+1
= AT 2B 16T 1 4Pup >

since 2 L+2 is always even, . being en integer. Therefore,
(4,3.,10) becomes:

=01 ¥ n+ G +1 TL+dy ¢ 5
- 4 L (= = = {2841 £ 1 4P
{o TVl + = (-1) (-1) }[3&]@ 1pll = 14Ps2p

IFTM
(4.3.15)

_ (-1)" ¥ \ [l %
= (@ + {284 || 7 I14Pyp >
W |t
where n can tzke the two values 0 and/or 1. The expres-
sion for the reduced matrix element in (4.3.15) is given
by (4.8.11). We notice that for the Esvg lpl"}g case,

the parity Clebsch-Gordon coefficient is: C(1£ 0;000) and

hence the index can tzke only one value: L= 1. Using
this fact, when we look at the 9-J symbol %]1*.«"'2 ; 1{92 we
1/2 Jf 1/2

gather that (1) for Jj = 07, n can teke only the value one
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and (ii) for .ﬂ; = 17,n can tzke both the values 0 znd 1.
$imilgzrly, for Jp = 27 end 37, we know that the

domingnt component in IFM is 1:15;2 1p{}2 « Arguing on

the same lines as Tor JE =0 gnd 1" states, we get:

J';Pz 2,3

A (4" B\ 4] ¢4y (£ 11 4Py D
D oty Bl h T T e

(2.3.16)

In this case, the parity Clebsch-Gordon coefficient in the
reduced matrix element, C(1 £ 2;000), reveals that £ can
tske two values: 1 snd 3. In the corresponding 9-j symbol,
(i n Jf) will satisfy the triangular econditions (i) in

the case of Jp = 2~ only with n=1 and (ii) with n=0 and 1

in the case of .‘a'; I

The differentiasl cross section we agre interested in
is given by:

do (¢t>7F) - -2 < gt
dTD' —= Jg (Q]TJ HHU%‘; ’ Q F s (4‘3'17)

where {i is the momentum of the outgoing pion ( | =|jk|)
and |, is its energy. The sum in Eg.(4.8.17) 1s over the
fingl spins and the bar over the sum denotes the average
over photon polarizatioms,

In the IPM, the "partial" cross sections for 0° and

2" stgtes are given by:
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g(o™) = o> fo‘)(oﬂ—%ﬁf. (4.3.18)

o) = ¢"@) (-5

i

(4.2,19)

where we have denoted the "partial" cross sectlons for

'D+ —m J‘:, jn the absence of 2p-2Zh correlations in the
16p ground state by g*PS(J";J. Since the index n in

Eq5|{413|15] end {4-3-15) can tﬂke both the 7311195 0 mﬂ

Yy Tor J";_ = 1= end 3 and since n occurs also in the

9.j *symbol, we cannot write expliclt expressions for
"partigl" cross sections to those states, like Egs.
(4,3.18) and (4.2.19). We have already seen in Chapter.3,
that the 07 —» 2 transition gives rise to a dominant
contribution to the total cross section. Hence, it is
interesting to note that the factor (a_%f 7~ 0,63 when
® = 0,82 end (= 0,64 gs in table,1. Furthemmore,
this is the same reduction factor which occurs in the
| expression for the M partlal muon capture rat-?).
Thus, in the IPM, there is a clear eut reduction of the
D+——:- 2~ photopion production cross secticn as well as

the muon capturs rate by almest a facter of two, when we

teke the 2p-2h correlstions in the 164 ground state into

gecount.,
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4, Numerieal caleulations have been made for the
cross section for w+ photoproduction from the ot defor-
med ground stste of 260 to the lowest 27, 07, 37 end 17
bound states of 16y 4n the impulse approximation using
the CGLN amplitudes (described in Chepter,l1). We have
used the harmonic oscillator form for the redial weve

functions with hnsc = 1.76 fm - consistent with the

Stanford elgstiec electron scattering ﬂata.ll}

In table.2 gre shown the cross sections to the

16

individual 07, 17, 27, and 3" states of "N znd their

sum f'or sn incident photon energy of 260 Mev. We

16

notice that among the models used for ~ N, the KUO(S)

model gives the maximum smount of reduction in the
cross section and zmong the three models for 150, the
model III ( %= 0,82, P= 0.54 and Y= 0.20) gives the

magimum amount of reduction in the eross section.

In table.4 gre shown the sum of the "partial"®
cross sections to the 07, 17, 27 and 3" states of 18y

16

for the five nuclear models for = I gnd the three ground

state wave functions of 15{}. for various incident photon

energies.
The results of the cgleculaticn are shown in

Figs.l to 4. The experimental results are those of Meyer,

ll) R.Hofstadter and R.Hemgsn, "High Energr Electron
Scattering”, Stanford Hnivarsity Press (1960).
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Tsble.2. Cross sections for tke reaction 15!‘&{ Y ,1r+316H

for azn incident photon energy of 260 Mev znd b = 1,76 fm,
The nucleagr wave functions for 16y states correspond to
IPM, EF, GV, KUO gnd KUO(S) given in tgble.2 and the ground
state wevefunctions for 1°0 are those in tgble,l.

R s e

Ground state Mpdel Cross section in ub, for 16y states
of 160 for 16y S

four states

IFM 0,443 4,030 13,246 15.133 22.852

I EF 0.478 4,170 8.978 13.128 26,7564
(x= 1, GV 0.424 3.882 8.828 14,135 27.268
ﬁ“ ¥ = u) KUo0 U|4EE 4-019 74992 1u.737 23117ﬂ
KUO(&8) 0.421 3.857 7.039  8.957 20.374

IPM 0,280 2,751 9,016 11,067 23.113
o5 EF 0.306 2.869 5,825 9,565 18.575
(o= 0,87, Gv 0,265 2.643 5.706 10,313 18.927
b= 0,27, KUO 0,266 ©2.769 5.093 7.765 15.882

T= 0.26) KUo(g) 0.263 2,711 4,383 6.436 13.803

IPM 0.257 2.480 7.059 8.510 19.316

III EF 0.281 2,693 4.262 8.188 15.324
(o= 0.82, GV 0.245 2.393 4,181 8.841 15.630
e’ = 0.54,

= 0.20) KUo 0.244 2,494 3.624 6,599 12,961
KUO(S) 0.243 2.462 3.023 5.432 11.150
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16
Table,4. Cross sections for the reaction 150( T,1+) N

for b = 1,76 fm, and various incident photon energies,

16

The nuclear wavefunctions used for = N correspond to IPH,

EF, GV, KUO and KUO(S) given in table.Z2 gnd the ground

state wavefunctions of 150 are given in table.l
Incident 190 g.s. Cross seetion in pb, for models of 6
photon wave func-. — =
energy(Mev)tion model IpyM EF av KUO KU0(8)
1 31,831 20,9298 20.996 18,192 14,982
165 II 21,610 13,413 13.382 11,326 8,963
III 17.116 1lo.002 9,962 8,177 6.119
I 36,626 26,459 26,112 21,991 18,400
180 I1 24,789 16,626 16.229 13.945 11,288
I1I 19.776 12.428 12,142 10,172 7.871
I 35,628 26,643 25,887 22.861 19,421
200 II 24,198 17.666 16,870 14,761 1l2.221
III 19,266 138.445 12,897 10.992 8.803
I 33,242 26.848 26,218 22,997 19,897
230 11 22,883 18,132 17,618 15,257 12,966
ITI 18,566 14,306 13.913 11.774 9.890
I 32,862 26,754 27.269 23.170 20,374
260 I1 25.1123 18,6576 18.927 15.882 13.803
III 18,316 15.324 15.630 12.861 11.150

eontinued on next page.
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Tzble.4 continued.

Incident E{J EeS, Cross section in b, for models of 16N

photon wave funce~ — — =
energy(Mev) tion model 1py EF GV XU KU0(8)
1 94,561 £6.773 20.298 £2.728 21.177
290 1 25,012 19,166 21.028 16.872 14,962

III 21,540 16,374 18.023 14.344 12,661

I 34,661 25,301 20,032 22,838 20,528
320 II 25,507 18.455 21.284 16.594 14,847
III £2.262 16,004 18.527 14.360 12,797

I 28.8290 20,699 23,669 18.684 16,709
350 II 21.158 15.029 17.275 138.508% 12,019
111 18.328 12.902 14.803 11.5852 10.231

I 2l.686 15.818 17.354 14,088 12,437
330 IT 16.624 11,211 12.370 9,910 8,674
G 13.209 9.412 10.642 8,263 7,144

I 18.627 11,727 12,345 10.308 9,013
420 II 11,070 8,146 8,606 7,083 6.117
" 9.284 6.709 7.114 5,772 4.927
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IPM

GV '
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Kuo
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0 1 | | 1 1 | |
170 200 230 260 290 320 350 380 410
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Totzl cross section for the resction 166(+ ,+*)48N obtained ueing
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N states eres IPH,EF, GV, )e expe sl Tesults
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40

IPM(PS)

KUO (S)
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170 200 230 260 280 320 350 380 410
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ge2. Totsl cross section for the resetion 180(v,»*)16N obt
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for gtates are: IPH,EF,GV,KU0 ond KUO(S), The curve IPM(PS)

-llli gshown for the sake of =
® from ref,12.' comparison. fThe experimentsl results
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Walters and Hunmelm). The curves sre for the totzl ecross

section, which is a sum of the "partisl" cross sections

to the lowest 07, 17, 2~ and 3~ bound states of 16§, which
are stgble ggainst nucleon emisgsion, While Fig.l shows

the cross section curves obtgined in the case of a pure shell
model wave function of 160, Figs.2 and 3 show the curves

for the two deformed ground state wave functions of 15& given
by II and III of table.l, respectively. Fig.4 prejects the
results obtalned with the "screened" wave function for 16K
states gnd for the three possibilities for the ground state
wave function of 15{:, enumergted in table.l,

We draw the following conclusion from our results:

Without invoking the phenomenological surface production
mechgznism, we find that a better agreement between theory

gnd experiment for the photoproduction of y' fram 150(0"‘,5.5.)
leading to the four bound states of 1°N(J% : 07, 17, 2 ana

3%) can be obtgined using the Kuo wagve function with "screening"
for 16N states together with the deformed ground state wave
function of 160 obtained by Purser et.al.b) from mn analysis

of the 180(a,%1e)5N experiment,

We would now like to mention two possible effects which
| might modify the conclusion drawn sbove, One is the possible
i effect of short-ragnge correlgtions which we analyse in detail
[ . in the next chapter. The other is the effect of final state

12) R.A.Meyer, W.B.Walters and J.P.Hummel, Fhys.Rev.l
Bl42l (1985). i :
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interactions, that is, the interaction of the outgoing pion
with the residual nucleus. A way to treat this effect would
be to use an optical model potentisl for the outgoing pion
and use the solutions of the Schrodinger equation instead
of the plene wave for the pion, as done in sll the studies
described in this thesis, We intend investigating this
problem in the near future, In this connection, we would like
to quote the results of an earlier study of Em:.ndarsm). He
finds that sround 250 Mev inecident photon energy, the fingal
state intergction is much more significant for neutrsl pion
photoproduction than for charged pion photoproduction, In
one particuler case of charged pion 'phntnprnduction, viz.,

885r(r, ")™Y, he shows the effect to be of some importance
only in the forward angles ( < 30°) =nd there too the reduc-

tion in the differentisl cross section is at most of the order
uf Eﬂ-ﬂﬁ ﬁ '

13) L.H.Ba‘[‘mdﬂrﬂ, m' 293 (1%&}-
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CHAPTER 5
PHOTOPRODUCTION OF POSITIVE PIONS FroM 16p.

(111) EFFECT OF SHORT-RANGE CORRELATIONS"

1, In this Chaspter, we present gsn investigation made to
find the effect of the short-range correlstions between
nucleons upon the differentisl cross section for photo-
production of ° from 150, leading to any one of the four
final T=1 states (JP = 0, 1%, 2= and 37) of 6N, It is
ususlly accepted that the nueleon-nucleon interaction
contains a hard-core, that is, the intergcticn becomes
strongly rapuléive at short distsnces in the relative
coordinate of two nuclear particles. But the short-range
correlations induced by such a hard-core are neglected in
most shell model calculations even though the correlation
corrections are expected to become incregsingly important
as one considers nuclear phenomens at high momentum trans-
fers. Dg Providencia and shak:lnl) have shown, following
ﬂllarsa), how short-range correlations can be introduced
into the nuclear wave function using a unitary model operator

eﬁ', where 5 is a hemitien two-body operator. If we

+ V.Devanathan, "Symposia in Theocretical Physies and Mgthe-
maties", Plenum Press, Vol.(2969).
K.Srinivasa Reo and V.Devanathan (to be published).

1) J.Da Providencia end C.M.8hekin, inn.Phys.30, 96 (1964),

2) F'..‘ii'illalz-:;..l "Proceedings of the Ihtemationzl School of
Physies",'Enrico Fermi' - Course.23, 1961", Aecademic

Press, New York, (1963); F.Coester snd H.Kummel, Nuel.
Phys.17, 477 (1960).
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denote the usual shell model wave function by & , then the
wave function which contzins shofrt-range correlations induced

by the unitary operator Els ¢gn be written as:

(6.1.1)

Da Provideneia and Shakinl’

find the corrections to the

matrix elements of the dipole transition operastor for particle-
hole states to be small., They have also sha:ﬂ:n.lna:l that the
presence of short-range correlations cause a significant

modi fication of electron scattering fomm factors at high

momentum transfer ( 9= 3 fm'l). There are many stuﬁias”

of
the influence of short-range dynamicgl nucleon-nucleon corree
lations on elastic electron gnd nuchkeon scattering cross
sections and these provide a strong evidence for the existence
of correlations, Another important step in elarifying the
correlation structmre of nucleli is the study of the ground
state energy. This has been done directly using the Jantmﬁ}
method by Dahrnwskiﬁ) to get the binding energy of 16¢ nucleus,
In the preliminary results which we have obtained in the study
of the e ffect of short-range correlations in 130( ’r,r+J16H,

we have made use of the formm of the correlstion function

3) J-Da Pl‘ﬂﬂﬂﬂnﬂa mﬂ c.H-Shakin, Hucl-Fh}TB-EE, 54 {1%5).

4) For example, C,Clofi Degli Atti, ISE 68/24, Instituto
Superiore al Sanita, Laboratorl di Fisica, contains a list
of references.

5) R.Jastrow, Phys.Rev.28, 1479 (19556); F.Iwamoto snd
H.Yamada, Frog.Theor.Phys. 17, 543 {195?).

6) J.Dabrowski, Proc.Phys.Soc. 71, 658 (1968); ibid 72,
499 (1958). .
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chosen by Dgbrowski.

2. The model operster which introduces short-range
correlgtions is written as Eis o« If we mgke the important
assumption that the short-range correlations are the same

in the ground state snd the excited states of the system,
then we need only a single model operator to correlate the
sheil model wave functions, On the basis of this assumptlon
it becomes possible to calculate the physicsl quantities
using uncorrelated shell model states if one uses a set of
transformed operators, 0 , relsted to the standard operator,

0, by:

D =e18 g l° (6.2.%)

where 0 4is the trsnsition operator for single nucleon posi-
tive photoplon productien, wviz:
g = (2 kK + L)exp(iR )i T
(6.2.2)

= 3;1l (0h* kn )T €xp(ik-X)

where 03 = ¢ ,mn=0,1,0;=1, Ky =K 1s the spin.flip
part of the CGLN zmplitude, K, = L is the spin-non-flip part,
k=72 L 1s the momentum transfer to the nucleon with 2

and p being the momenta of the photon #nd pion, respectively,
and T 4s the isobaric spin operator. The transfom of a
one<body operator contgins a cne-body pert, a two-body part,
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etc.,
SIT= ¢ oS Bt (5.2.3)
where
3@ f&a 0, <a l0lp> Oy 5 (5.2.4)
end

0% = L5 no 0 [Kae e T orr 000 veS
2 d!PIT}E & %‘ (5 § (5-2-5)

ST <E¢{E’ I (Uﬁ +05) fT'5‘>jﬂ-aG-'|'v
where a+{a] are the creation (annihilation) operators for
femions, defined in section.2 of Chapter,3. Here, we are
interested in caleulating the megnitude of the corrections

due to the presence of the correlation correction operstor,

0 (8) | The caleulation of the one-body part of the

opergtor 0 g Viz, 0 (1) , between the pure shell model
ground state of 150 and the particle-hole state of 16N has
already been carried out explicitly in Chapter.2 snd the
result is given by Eq.(8.4.2). Here, we will denote this
one=body matrix element by Mq.

Before defining the behaviour of the model operstor
el® in the space spanned by the two-particle wave functions,
we recell the tronsfomgation which takes us from motion of

two particles about a common center to a description of the
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relatlve gnd center-of-mass motion of the two particles.
This transformation egn be written in the notastion of
Moshinsky?’ ass

= L, N2, LMD
Mg Laanadas LM > = F  [mLNR, L |00 ,mt,LE [ nd, NE,
; e, N (5-2-3}

where (nl) are the gusntum numbers of the relative motion
gnd (N £ ) are the quentum numbers associated with the
center-of-mass motion. The operator elS 3¢ assumed to have

a simple representation in the relgtive and center-of.mass

systems

g @

Cer a0 =y | NL, N¥, LM, 25, , T T2 P < NE, N2, LM, 85,7 T
ni, N, LM 5.2.7)
SEZ,TTz

15(2)
The operstor [ e "] is the two-body part of the model

operator elf

end we restriet ourselves to matrix elements
of the model operator between two-particle states. Further,
the simplifying assumption that the correlstions are the same
in singlet snd triplet spin and isobaric spin states is made
in Eqe(5.2.7).

The bra end ket in Eq.(5.2.7) are identieal in g11
quantum numbers except (nt ). While (n £) corresponds to a
state of relative motion governed by a wave functicn of the

harmonic¢ oscilletor fomm, the state (n L) thet replaces (nt)

?} H.HDBﬁinﬂky m'ﬂ. T-.ﬁqnmd}' "Tableg Gf Trmsrﬂmﬂtiﬂn
brackets", Monografias del Instituto de Fisica, Mexico,(1960), |
We use Hoshinsky's notation for the radisl quantum number
throughout this Chapter.
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via the unitary trensfomation has short-range correlations.
Since ¢'° 1s a unitary operator, we must insure thast the
correlated radigl wave functions, which we denote by ﬁm ;
have the same completeness and orthonomal properties as the
hermonic oscillator radigl wave functions R,; . This is

guaranteed 1f we assume (for L = 0):

&ﬂu {Tj = ‘F(Tj ﬁﬂQ{T} (5.2-8)
‘J Nmo

where f(r) is the correlagtion functlon and

oo
2 2 2
Mg = ‘i Fo0r) Roa(r)yidr (5.2.9)

is the fgetor which nomglizes the correlation function. We
have assumed, in writihg (5.2.8), the existence of short-range
correlations only in S-states ( [=0), for the sake of simplicity.
For the correlation function, f(r), we choose the fomm employed

by Dabrowski®) in his variational caleulation on the binding
energy of 1°0; viz,

f(r) = 0 for r< e,
£(r) = leexp {=fr (L) -11} forr> e (5.2.10)
where p and ¢ are two parameters. For e = 0.2 fm and p =0,75,
Dabrowski obtains for the binding energy, E, a value of =199 Mev
and for 7, , a value of 0,86 fmy while for ¢ = 0,6 fm gnd
p =2.,0, he obteins E = 64,7 Mev and = 1,4 fm, The expeii.
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mentagl values of E and ~v; are -127.56 Mev gnd 1.2 fm,
respectively,

We now retumn to the evaluation of the matrix element
of the two-body part of the model operator, Eq.(5.2.8),
between the pure shell model ground state of 16¢ gnd the
particle-hole state of 16N, defined by Eq.(3.2.1), without

configurstion mixing, We consider the Moshinsky transior-
mgtions:

4
'J__.i tIL-Iz) » -‘3 = 'J'i_ﬁ {Ii"‘rq_}' (E-E-ll]

This definition of r has en advantage over the more usual
one in that the harmonie osecillator weve functions have the
same form in both the coordinste systems, In these naw

coordinates, the two-body cperstor constructed from two one-

body operators becomes:

Oi—l' 02

I

T 1 (0 Kn) T explik-Ta)+
N=o0,4 k]
3 + (g Kn) T @xp(iR-Ty)}

Mo+ Mg+ M
n gty g (-4) x

. ] .E i k de & A & 1 A A
J,L,. (ETJJJR {_ﬁﬂj Yo (72 Y_m{hj‘(mi{ﬁ} t{fﬁn(hjk—l“

L@E 2 + o'l ]

(5.2.12)
where we hgve used the Rayleigh expansion given by Eq.(2.2.7),
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Now, mgking use of

(1) B S R A CA-TCLRD
Y‘m'r( ]Y_mﬂ(h} = l%ﬂ} W fftv—ﬂn?\;"mn‘mn-‘m‘a}a

» Cllelensooo) yA (k)

with CL] = 2L+1

(11)
.£'|- A, ‘IR A ! I‘r s -’-ﬂ A 1'
 { {T)Y (") = 2 EII%IRE; MeMp Mol ) (Y T(NDXY fﬂ)) 2
M Mg A, mi m, ?
and the orthogonzlity property for Clebseh-Gurdon coefficients,
we get after simplificstions;

O+ 05 = g2 5 £‘!++hi*-i]irhunqhﬂ_‘ﬁf.,ijmﬂ
ﬂ;r!T,‘ER :
A

[A-]T4r] | [
A et ST o R k »
T LAd ( dr Rl,DUo)Jirsz}Jggilﬁ}

Iy A ~ & 7
< (Y R)x Kk )—mn { DO x v RA x T:th S

Ly A R
(=407 [ ( Y‘“fr}w‘“fﬂl}"xﬁflﬁ T |
% (5.2.13)

If we denote by M, the twoebody matrix element,

< 353, M my | 602 | o*, g5 >, then
M, = 3 C(Jpdn T 5 mp,~mp M) (= 4y (“i)%-“q, CLEET; 5~ThM
m;'smhr -'E.P!TF‘I i 2 S TJ'
Ny La ;e

~C<pel {e*® (0,4+0.5e™® _ (04+02) } [heS+
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where the sum over (n, £, J,) refers to a sum over the

oceupied orbits of 160 core - 151/2, 1];:3/2 and 1py /o and

Pyh end ¢ in the bra and ket states stand for the complete

set of quantum numbers of the respective nucleons, The

isobaric spin part is evaluated first, Now, to evaluate

the gngular momentum part, we find it adventageous to go

over to the combined space of the two-particle total angulgr

momentum - i.e, we couple J, snd . to T, and b gnd
Jo to Jg - @nd then go over to the L.8 coupling scheme by

megns of the LS-jj] transfomation:

oy : _ L4 %3,
Ll M = L:EE R e i [Eigé%}lLSJM}-{E.E_]_E)

Further, using standard relations, we get for the reduced

matrix elementsy
<dpde T N LY D x YR B x oy 37 3, e T > =

Si - . - ! 2
g 3 2 (- 1) CIpICILde 32 L IESi2* [L, 17 L5515
Ly, S Nk, NiE;

beaSy Myl Nty

o $3p) (4 % 0y tLinL
s [ 1In] W% nSs s 5i4) {lc ﬁjt}{h%J:}{Siﬂ Si},.
Y SOl llisis) (57

T
P Ml Ny e, Ly Iy amete, LS (<2) et T,
v (Mgl Nedty, Ly i“biil:“t:,lc_.l—_.;.') .

v Ll X Lg POV R iR (ROD> ) g Li>s (6.2.16)
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end

Sledoby MOYYE O xYREN i 2 > —

= .&.i]’f[:Li][?‘]“i][ﬂd[?ij[ﬂR]{}{ﬁ'irﬁﬁﬂcc}C(E-l’{ﬂg:g_;gm_),
£y ﬂw‘f;
' {Li R % (6.2.17)

Using these expressions for the reduced matrix elements, it is
now straight forward to evgluate Eq.(5.2.14) and we get the

following final result for the correlated two-body matrix
element ﬁg:

o P :
l Mg = AT > 2 R 22 1k E-i}ﬂﬂrfmﬂ'f
Rl 2 v, A T3 Aode LinSi mili Noe;
LSy Mpdy, Nty

P4 = e M =
ke S e e R e

S 50 0 2 o o - K P
x [Lpd TS E 302 0 I 10 [ he 12[4h]Cn] e (L Iars000) »

n G {-E-L‘ET'EE:'DC‘G) C{EELE_RI:F :Qﬂﬂ_} W(35 -IF-‘I Jhg J:J} w(: g_:;ng SLE}‘

Lp %a Jp Ay Fadny (Lix Ly (4 & 4
-{&%Jf} {J{;’ak‘}i sf} {af iu:f}
Le Sp Tp Bty :!‘-:r:r_; Le » Lg

v g Ly Ly ’ﬂhﬁhsnciE:Li> {me &g, Ny Ly, lg IMp Loyt Loy bg s

de+ 4p +3;

N E s =) {i__l_(._i}ir-F-S{—S-;j]x

S M oA T ¥
) (v ) x k™S {J;R(—%RDH; <JI,,(4*i Vit it (8+2:18)

fi’-:
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where

i ey ) )
<o (BRI, = ECQN@{R} Ip (BR) Ry (R R, (6+2.19)

£y, N

ot

oo
< 'jf*r {%T—} Z?}:ﬁi - ‘S. L [Pn;iff""} ‘.]j,r{ .%""} [:Q"n{,e_'ﬁf"i’“} —=

[ L
< {.Qrg;éﬂ'} Ity ‘:%TJ fgniff[fﬂ e (6.2.20)

In Eq.(5.2.18), the only temm that depends on magnetic quantum
number, M, is

)M (Y 2Ry x KT (5.2.21)

In the expression for the differential cross section, the
products of matrix elements MyMi , MMZ , ;2 and M} §f, oceur
and they contain the tem (5.2.21) bilinearly with a summation
over M., Explieclitly this tem ig of the form:

o ip i T ?\' A, m! o #*
2 (ORI O e oR RO [ S
and the result for this summation is given by Eq.(3.4.11) of
Chapter, S.

The differential cross section, we are interected in,
is given by

Ao -y o TMMS 4 My S - MEBL B,
5 @m) "~ Mo CMygM,; + My M), +MiM, + MM (5.2:23)
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3. The rgther large number of guantum numbers which are
to be summed over in the expression (5,2.18) for ﬁa, magkes
the numerical caleulation tedious, in the absence of any
restrictions on the quantum numbers, One restriction which
we have introduced is to consider S-wave correlstions only,
This implies that the quantum numbers £; and {; can take

the wvalues:
,E{ = ,{; o i{:ﬂ,,ﬂ;#—_g Enﬂ «E-;_ =0y .E_f:ﬂ.

B8ince the core-particle ( vc{ ) can beleng to either a (s or
a2 Op-shell only and since we consider the odd-parity states of
16y to be assigned to a configuration which has a proton-hole -
( "n 4, ) in the Op-shell and s neutron-particle ( v fp ) in
the 0d or 1s-shell, we find, by looking up the tables for
Moshinsky transfomstion brukatsﬂ that:

fior % eean take values < 3 when ny or np is 0,
and lior /; can teke values < 1 when ng or n, is 1,
These conditions together with the restriction to S-wave corre-
lagtions reduces the number of integrals of the type (5.2.20),
which have to be numerically integrated, to 11 only.

Based on the observation that integrals of the type
(6.2.19) become smaller snd smaller in magnitude, for a given
pelr of harmonic oscillator wave functions, with increasing
order of the spherical Bessel funection J:gR [%—F) y We restrict

the quantum number [z to Lz< 8., This restriction reduces the
number of radial integrals of the type (6.2.19), which have to

L



be anglytically integrated, to 20, These are the only two
justifigble restrictions which we mgke in our present study,
Before looking at the cross sections, we deem it fit
to discuss about the radiagl wave functions Eﬂnm for n=0
end 1. In tgble 1 the ususl nomgalized harmonie oscillator

wave functions ®.o(v) and ®R,.(v)are given together with the

nommelized correlated wave functions (R, and R0 for
the two sets of values of the parameters f and ¢ which
occur in the expression (6.2.10) for the correlation function
f(r), for various values of the radial coordinate r. Fig.l
1s the corresponding plot of the zbove mentioned four wave
functions for p =2,0, ¢ = 0,6 fm gnd b = 1,76 fm., From the
figure it is clear that R..(v and &, ) differ somewhat
from ﬁm{'v) and ﬁmi“?‘ only near the origin due to the
eéxistence of the hard.core radius parameter ¢ = 0.6 fm.

In Fig.2 the momentum transfer (k = 2 - By in ﬂn'l) is
plotted as & function of the center-of-mass pion angle for
various incident photon energies. We notice that larger
momentum transfers occur only at the backward angles. We
choose the energy of the incident photon to be 260 Mev in our
preliminary study.

Even a fast Computer like CDC 3600, took as much as 50
minutes time to compute "partizl" differential cross sections
at 260 Mev incident photon energy with the 16N states described
by the simiple Independent Particle Model (IPM) configurations -

141
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(npva)‘ltlsyz) for J¥ = 0" gnd 1° states and {Dpl/gi'ltﬂdﬁ/gl
for JP = 27 znd 3” states. In table.2 we give the theoretical
di fferentigl eross sections obtained with the correlation
function parameters § =2.0, ¢=0.6 fm gnd the harmonic oscilla-
tor size parsmeter b=1,76 fm, Fig.3 shows these cross sections.-
solid gnd dashed line curves have been obtained without and
with short-range correlstions,

The megdmum momentum trsnsfer involved is 1.9 ™' for
an incident photon energy of 260 Mev (see Fig.2), snd we find
from Fig.3 that the correlation corrections are not as yet
the domingnt fegture in our study of »' photapmduu'tiun from
160, This is in confomity with the finding of Providencia
and Shekin®) that the short-renge correlation studied via the
process of inelastic electron scattering, csuse a significant
modificatl on of the electron scattering fomm factor only for
q~ 3 ﬂn"l. We conjecture that for larger incident photon
energies (say, around 200 Mev) these w rrelstion corrections
may become more importent. In any casd, a definite conclusion
about the effect of short-renge correlations on photopion
production cross sections can be drawn only when experimentsl
angular distributions of the cross sections are svailable.
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l. Correlated and uncorrelated harmonie oselillator radial wave
tions with b=1,76 fm are shown here, lgg dotted curve is obtained
. the correlstion function of Dabrowski®/ with g =2.0 snd C=0.6 fm,
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Hg.2. The momentum trgnefer (n-"") is plotted here as a function of

the com. of pion engle for various incident photon energies,
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7 fm, Correlation function persmeters £=2,0 snd (¢=0.6 fm,
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iout short-range correlations for sn incident photon energy of 260 Mev,
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CHAPTER 6

R e e —

PHOTOPRODUCTION OF POSITIVE PIONS FROM S0,

v 0GE8 OF RecoN ancrs't)

1. o far, in Chegpters 2,4 and 6, we were concerned
with some gspects of the process of photoproduction of #'
from *€0(0*, g.e.) leading to the four low-lying bound
states, with JP = 07, 17, 27, 37, of 16N, Here we present
a study of the cross sections to the higher excited states
of 16y which decay by nucleon emission, in order to mske

a rough estimpte of thelr relagtive strength,

Origineglly, giznt resonances hgve besen seen in
rhotonmclear ruactiunsn and these were explsined by
Goldhgber snd Teller?) as collective AT = 1 dipole vibrae
tions of protons vs., neutrons, These are now referred to as
isospin (1) resonsnces and additional collective modes,
raferred to as spin-isospin (si) and spin(s) resonsnces,
hagve since been intmﬂuceda). The isospin giant guadmpole
resonznce wgs first mentioned by Dﬂsch!14} and by Ligensa
et.al.EJ and there ig some experimental evidence for their

existence.b) The spin-1sospin rescnances (8=1) give rise to

149

(+) K.Srinivasa Rao, to be published,

1) D.H.Wilkinson, Ann.Rev. of Nuel.S¢1.9, 1 (1952)., References

to origingl papers can be found in s review grticle,
2; M.Gol¢ngber and E.Teller, Phys.Rev, 1046 21948).
3 W.'Irﬂ.ld, Bﬂt.!&kaﬂ.‘iﬂsa.ﬂa‘th.-ﬂat.ﬂ. . a7l

H.Uberzll Fh?S-Rﬂ-_m B502 {1“5}4
4) D.Dreschel, Nucl.Phys.78, 465 (1966).

1956); see also

§) R.Ligensa, W.Reiner end M, Dsnos, Ph:ra.Rw.Letts.g,milﬂﬂﬂi.
6) H‘...‘I.J.stewart’ R.C.Morrison gnd D,E.Frederick, Phys.Rev.Lett.

23, 323 (1969
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states with J¥ = 07, 17, 2 in the dipole (L=1") case and

to states with JP = 1+, E+, 3" in the quadrupole (L=E+) case.
In T=0 nuclei (e.g. 160 and 12C) these gisnt multipole
resongnces form a T=1 super multiplet whose T, =% 1
components exist in neighbouring nuclei. These, T, = il
enalogs of the glant resonances are execited in reactions

containing t*, such as:

H“.'Dn Ca,ptul‘a, EsE» P'- + lﬁﬂ' —— 16H u}-l., (E-l-l)

+
E«.TEE,

Rgdiative Pion Capture, e.g.: v~ + 16‘-'-' '_*mmg.res."' LA

(6.1.2)

Pion photoproduction, e.g.: ’r’+ E'Hg res.t r .
(6.1.3)

Kelly, McDonald and Uberall”’ argue that, since the momentum

transfer in pion photoproduction can be varied by varying the
angle at which the pion is observed, unlike in capture reac-
tions in which the momentum transfer is fixed, photopion
production is perhaps a superior tool for the study of analog
glant resongnces compared to muon or radiative plon eapture.
They show that, in the case of the reaction (6.1.3), spin-
isospin dipole resonances can be produced predominantly at
forward pion sngles, whereas the gquadrupole resonances appear
strongly at large angles, thereby making it possible to
experimentally identify these two types of si resonances.

7) F.J.Kelly, L.J.McDonald and H.Uberall, Nuecl,Phys,.A139
329 (1969). : :
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They have made use of (i) a generalized Goldhaber-Teller
model which is a collective model; (ii) only the dominant
part of the CGLN trsnsition smplitude®’; and (111) the
surface production mechanism to simulate the effects of
final-state intergetions, In this Chapter, we mgke a

study of the energy dependence of the totzl eross sections
due to transitions to the above mentioned gignt multipole
resonance states by making use of (i) the Independent-Particle
shell model, (i11) the complete CGLN transition smplitudes
which include a certain-amount of isospin strength and

(111) the two-particle-two-hole (2p-2h) correlations in the
ground state of 160 which we found, in Chepter.4, brought
theory into better agreement with experiment so far as transi-

tions to the low-lylng bound states of 16y were concerned.

2e Goldhgber and Teller have noted that the electric
dipole coupling of a nucleus wibth radistion is glmost
entirely accounted for by a collective osecillation of the
nucleus, the so-called "giant dipole resonance", They
presented an intuitive and simple pieture of this resonance
in tems of protons and neutrons surging in the opposite
directions back and forth through the nucleus. While this
hydrodyhamical model has been further developed by several
anthorsm, Wi 1kinsonl®) has attempted to account for the

8) G.F.Chew, M.L,Goldberger, F,E.Low and Y.Nambu, Phys.Rev.
106, 1345 (1957). ’ : ;

8) H.Steinwedel and J,H,D.Jensen, Z.Naturforsch Sa, 413 (1950);
J.Fujita, Prog,.Theor,Phys.16, 112 (1956)
E-GBJ-J-ME and U.L-Businal‘ﬂ,_ﬁubucm. 3 iﬂﬂﬁ {1%5).

10) D.H.Wilkinson, Physica 22, 1039 (1956 § Mn,Rev.of Huel.Sei,
2, 1 (19259).
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photonuclear effect entirely on the bgsis of single particle
excitations, Brinkll) has pointed out that the collective
end Independent Particle Models (IPM) are actually not so
far apart and that the wave fuhction for the state of the
nucleus which is excited by the dipole radiation is the
same in both models. It consists of a coherent sum of many
single-particle excitations thereby acquiring collective
properties. ;
A great number of nuclear levels actusglly contribute
to the photon-agbsorption but they all eluster sround the
first excited state of the idealized glant resonance state.
Hence, we sum over all ststes of a given Jp in our indepen-
dent~particle mode (IPM) study. Even though some of these
higher excited states are the collective states with a large
admixture of configurations, we have used the simple IPM for
calculation in order to make a rough estimate of their
relative importance. In table.,l we give the IPM ecafigura-
tions which we expect would have contributed to an individual
glant resonence state. The calculational detalls are the
samé as those given in Chgpter.3. We take the ground state
Wave function of 150 to contain two-particle-two-hole
components in addition to the op-oh component, as discussed
in Chapter.4, Explicitly, the ground state wave function

of 150 can be approximated by:

11) D-H-Brink, Hucl-FhI’ﬂ.ﬁ, 2105 {195?}1
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Tgble,l

IPM configurations which would have contributed to
individugl gisnt resonance (g.res.) states.

1

6I:t§;:ea. IPM configurations

5P

0" (1pa,2}'1(1a&,2)

§n upw:-'1(1awzi,upw)'1<1a5,23,(1p&,2>'1(zswn,
(1pg/5) “(1dy/5).

i -2 < 23

2 (1P /5) "(1d, 0) 4 (1Pg/0) ™ (1d5/0) ,(1Pg/p) ™ (25 /),
(1pg/p) '1{1da,2} .

1+ a 5 | 2 o1
£1/2) {281/2),{131/2) (1d3,2),(1p1f23 (Epa,g),
(1py /2) 2Dy /), (1pg/0) (1255, (1pg/5) " (2p4/5),
(1pg,0) ke 2Py /o)«

ot a Y -1 o
51/2} (115/2},(151/21 udafzj'(lpl/ﬂj (11'?,21,

(181/2) (29500, (10 /) 187 5, (1B 5) 11, 1),
. (1pg/p) (2py/5)4 (195 ) (20, /).

(Ley /2) ™ 18, 5, Ipy ) 28, 00, (1py M ),

)-1

(1pg/9) (185 /5), (Ap, ) (1L /o), (195 /5) HEpy ).
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Lo*, 84> = o |op-oh> + p lfid%;g);&ﬂﬂ:ifipg;l Yok

+ 7 | (2480, (452 2, > (6.2.1)

where the values of o, g and ¥ have been experimentally
detemined by Purser et.al.m] from an analysis of the
reactions mn(d,tjlﬁn and 1'50(:1,%)1511. These values have
been given in Tagble,l of Chapter.4. Bince, the final IPM
nuclear states of 16N, for the individusl gisnt multipole
states considered in the present Chapter, do not contsin
(lpvg) "1[1:15/2} or {1p1/21'1(251/31 eonfigurations - which
give rige to the low-lying quartet states of 16N vigz, 2%,37,
0% and 17 - we find that the partisl ecross sections (in the
IPM) for these states gre given by:

o (3) = & 0™y (6.2.2)

where we heve denoted the partisl cross section for 0'—>J ”
in the absence of Z2p-2h correlations in the ground state of
160 by oP5(Jg")s =1 corresponds to the assumption of g
Pure Shell model (PS) ground stste of 150. The two values of

o found by Purser erl:.stl..:l"'?':"I are 0,87 and 0,82 from their
study of the 2%0(d,t)'%0 ana 160(a,31e) %, respectively.
Therefore, it is clear that the cross sections to individual
glant multipole resonances will be reduced by a factor of

o” (0.7569 for = 0.87 or 0.6724 for = 0.82) due to the

12) K.H,Purser, W.P.Alford, D,Cline, H,W.Fulbright, H.E.Gove
end K.8.Krick, Wucl.Phys.p132, 75 (1969).




inclusion of 2p-2h correlsztions in the ground state wave

function of 160,

3. In tgble.2 are given the cross sections for the
reaction 150{ 'f,1-+}1sl¢ when the finsl state is any of the
excited states, whose wave functions are described in the
simple IPM(see table,l), for an inecident photon energy of
260 Mev, These states of 16N can decey by nudson emission
génd hence these would not have contributed to the experi-

mentgl crogs sections of Meyer, Walters and Hmnmullm.

We
notice that these cross sections are very much larger than
those obtsined in Chapter.3 for the low-lying bound states
of 16!1.

In tagble.3 we give the cross secticns to individugl
glant multipole states of 16!!, summed o¥er all sfat.es of a
given J*, for various incident photon energies, from 180
to 420 Mev,

Fig.l shows the pion angular distribution for exi-
tation of the individuagl giant multipole states at an
incident photon energy of 200 Mev. We gotice that for

6 > 60° y the 1+, 2+ and 3+ quadrupole state cross
sections exceed the 1”7 end 27 dipele cross sections, so
that varying o sgllows one to differentiate between the
glant multipole resonances. This conclusion has slready

13) _E;;.n.Herar W.B,Welters gnd J.P.Humel, Phys.Rev,138
1421 (1085) ’ ;

R
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Zable,2

Cross sections for the regction 60( 7,{")1614 when the fingal
state 15 one of the excited states which deegy by nucleon
emission. The inecident photon energy is 260 Mev,

1‘11 state Configuration Cross section in b,
s of 16N state P

in IPM 2%=1.0 020,87 o =0,82
0" (1py ) H1a, ) s.6: 2.673 2,374
_Elpl/g} 1a,,)  8.508 6,440 5.721
1 (1py,) (1ey ) 16,316 11,592 10.298
(pg/5) H2s, ) 8.192 2,416 2,146
(1P, /0) (14, 0) 11,007 8,331 7.401
(1py o) H(1dg/g)  7.756 5,870 5.214
2" (1p3,21'1(1:15,2) 19.560 7.993 7.101
(1pgsg) '1-:231/2) 5.758 4,354 3.868
(1pgse) M1dz/e) 4,608 5,489 3,099
(18) /)28y 1) 16,477 11,715 10.407

(1sy/5) H1dgse)  4.201 3.702 3.289

(1pVE) '1{ 2pgre)  5.472 4,142 3.679

1+ (1py ) M2py ) 24020 1,529 1,358

(1pg/p) (12, 0)  7.922 5,996 5,827

(1pg/p) "(2pg/p)  6.515 4.931 4.381

(1pa/e) “(2py/5)  5.472 4.142 3.679

(continued on next page)
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16y state Configuration

Cross section in pb.

7P of 16§ state
in IFM o=].0 o =0,87 of =0,82
=1
(1:1;2) (1&5 XE) 10.578 8.006 7.113
(13 /) (15 )  11.218 8,487 7,640
ol
(11:1/2) (11-,? ;a) 8.4156 7.126 6.331
o* (1p, f,E)'ltapE/EJ 4,379 3,314 2,944
-l . :
a
al
(11:.3/2) (zpaﬂj 5.038 3.813 3.388
(lpyg)'l(ﬂpl/gi 4,379 3.314 2,944
(18)/5)(1ds/p) 13,679  10.278 9.131
=
{1p1/2) {1r7 /2) 12,176 9.216 8.187
4+ ik
ol
(1pg/p) (185 ) 313 2. 870 2,105




Tgble, 3,

Cross sections for the reaction lﬁﬂ( T,r+)1ﬁﬁ when the fingl

nuclear state is one of the giant resonance stgtes which decays

by nucleon emission., The nuclear wavefunctions used correspond

and

to the IPHhhzln?ﬁ fn,
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Cross section in ub, due to transition to
ﬁg:%g:nt ?:g?i.a_ g glgnt resongnce state
energy of 16¢ ) - - + +
(Mev (CL) 0 1 2 1 2 at
1 0.076 62.764 30,962 36.364 3l.718 26,153
165 0.87 0.057 39,230 23.435 27.624 24,008 19.038
c.82 0.050 35.472 20.819 24,451 21.327 16.913
4 0.706 58.623 32.872 652.406 43,162 37.862
180 0.87 0.524 44,372 24.881 39.664 36.447 28.650
0.82 0,474 ©29.418 22,103 35.236 32.377 25.462
(] 1.366 ©51.292 30.357 ©656.426 ©54.385 43.948
200 0.87 1.034 338.823 22,985 42,716 41,694 33,264
0.82 0.919 54.489 20.412 37.948 37.039 29.551
230 0.87 1.887 31.37% 21.446 39,882 46.411 35.727
0.82 1.632 27.876 19.080 25.386 41.230 31,738
1 3.681 38.022 28.676 47.770 69,800 48.5563
260 0.87 2.672 28,780 21,706 36.1656 ©62.908 36,750

O.82 2.874 25.566 19.282 32.121 47.001 32.647

(eontinued on next page)



Zable,3.(continued)

Incident fﬁ“dﬂl Cross section in Jb. due to transition to
E:ﬁnn :: fé;' a glant resonsnce st§§g+ -
(Mev (o) o= 1" B 1t 2 3

1 4,607 40.288 29,580 44.762 80,7456 48,238

280 0.87 3.487 30.494 22.390 33,880 61,116 26.512

0.82 3.088 27.000 19,880 30.098 54.208 232,435

1 4.717 41.762 27.954 39.927 81.107 42.188
320 0.87 3,571 21.604 21,168 30.220 61,390 31.932

0.82 3.172 28.076 18.796 26.847 54,537 28,368

1 3.494 34.619 22.663 21.660 63,071 22,059
350 0.87 2.644 26,118 17.147 23,963 47,720 24,266

2.068 25.732 16.961 23.559 42,668 32,849
1,567 19.477 12.866 17.832 32.296 17.2956
1.288 17.303 1l.422 15,841 28,690 15,364

1.260 17.812 12,824 17.868 28,353 17.393
0.946 13.488 ©.706 13.525 2£1.461 13,165
0.840 11.977 8.622 12.015 19.065 11,695

e .
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Flg.l. Photopion sngular distribution from 180 for 200 Mev photon energy,
with excitation of giant resonance states.
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Table. 4.

Total cross section (in ub) leading to individual giant
resongnee states for sn incident photon energy of 200 Mev.

EN E+TES, IPM ecaleulation Kelly at.al'a?)calculatinn"'
State X WL
JP @=1,0 ®=0,87 =0,82 a,=0 81=2.625 fm,
0" 1.4 1,06 0.94 2.8 ; 1%
1" 51,3  38.82 34,49 31.6 12,6
B 30,4 23.00 20.44 49.0 19,7
ir 56.4 42,68 37,92 13,0 7.9
2t 54,4 41,17 36,57 48.5 28.8
3 43,9 32.22 20,51  64.2 38.1
+

The cut-off parameter &;=0 for volume production and a1=2.626fm,

for surface production of pions,



been drawn by Kelly et.al.7)

on the basis of a generglized
Goldhgber-Teller model. In tsble.4, we compare our results
with those of Kelly at.al.?} for an inecident photon energy
of 200 Mev. It is interesting to note the large di fferences
which exist between the two different model dependent calcu-
lzations. We are ungble to draw any conclusions due to the
absence of experimental data but we notice that the 2p-2h
ground state correlatiohs reduce the cross sectiong only by
about 30% while the phenomenological surface production
mechanism reduces the cross sections by glmost g factor of
2, as 1s to be expected from our earlier gnalysis presented
in Chapters 3 and 4.

In Fig.2 we hgve plotted the energy dependence of
the cross sections due to exeitation of the multipole states,
It is interesting to note that the 2+ state has a large pegk
g% 320 Mev. It stands out from gll the other states, so that
varying the inecident photon energy asllows us to differentiate
it from the other multipole resonances.

In econclusion we wish to point out that since the
cross sections due teo excitations of the giant dipole and
guadrupole states of 16y in photoproduction of #* from Lsﬂ
areé very much larger than those due o exclitations to lcowe-
lying bound states of 16N, 1t will be of value to measure
these experimentally.

162
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CHAPTER 7

PHOTOPRODUCTION OF CHARGED PIONS FroM 12¢(*)

1. In Chapter.3, we showed that by using particle-hole
configuration mixing models in conjunction with the purely
phenomenological surface production mechanism, we can obtain
a regsonably good ggreement between theory and experiment
r+)1ﬁﬂ.

for the reaction 160( v, In this Chapter, we mske

a similar theoretical study of the reactions:

Y o+ iic (v'=0%T=0) —== T 4 41p(5P= 4t 0% 04037, 7= 1) (7.1.1)

and Y+ 42¢ (3P=0hm=0 — W+ N (3R 1L T=4), (7.1.2)

even though experimental results are not avellable, as yet,
for these reactions. Of these two reactions, the fommer,

(7.1.1), 1s similer to the muon capture process:

K+ 120(0*, 7=0) —> vu+ 12B(bound T=1 states),
(7.1.8)

as far gs the initial and finsl nuclear states are concerned,
But, in the case of the muon capture process (7.1.3), it has
become customary for the axparimentalistal) to quote the
Partlal muon cagpture rate for the D+-——+ 1+ transition from g
megsurement of the g .activity in IEB, after making a 10%

correction for capture leading to the bound exeited states.

(+) K.8rinivasa Rao, V.Devensthan snd G.N.S.Prasad, submitted to
Nuel,.Phys.

1) E.J.Mzier, R.M.Edelstein and R.T.Siegel Phys.Rev.
B663 (1964). A ARE,
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Here, our intention is to study the "partial™ photoproduction
eross sections from 123{0*, £.8.) leagding to the four hound
states 3P = 17,2%,27, 17, 3" in 12B, as well as v~ photo-
production cross section from 12{:{3"', £+.5.) leading to the
ground state (JP = 1*) or 12,

From the experimentsl point of view, reaction (7.1.1)
should turn out to be interesting since 12p 15 slmost uni quely
suited for detection by means of the energetic (13.5 Mev end
point) p -rays emitted in the radio-active decay back to 120.
The short megn life (29.3 m sec.) for this decay will minimize
the time during which g search is to be made for delsyed
activities snd thus minimize the random background. The
reaction (7.1.2), on the other hand, should turn out to be
interesting since only the ground state of 12!1 is stable
ageinst nucleon emission, PFurther, as pointed out by March
and Halkerm, the ( v,v") reaction can be studied much more
readily than the ( T,r+) reaction because the residual nucleus -
12§ in the case of reaction (7.1.2) - is 2 positron emitter
and advantage can be tgken of the annihilation quanta to use
coincldence counting gnd so elimingte much of the background

counting rate. Therefore, we hope thst experimentsl results

for reactions (7.1.1) znd (7.1.2) will soon be forthcoming.

2. We assume the ground state of 120 to be spheriecal. 1In
the asbsence of residual interaction, the two even-parity
states of 12B(JP = 172", 7=1) may be assigned to the

2) P.V.March and T.G.Walker, Proc.Phys.Soc. 77, 293 (le60).
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configurgtion where there is a proton-hole in 11:-3‘,2-5}1&11

and a neutron particle in the 1p;/p-shell, while the two
odd-parity ststes of 12g(5P = 27,17, T=1) may be assigned

to the particle-hole configuration {11:3,2)'1(231/2) gnd the
125(37=37) state to the configuration (1p,,,) " (1ds/p).
s$imilarly the ground state of *2N (JP = 1*,7=1) may be
assigned to the configuration where there is a neutron-hole
in the lpyg-ahall and a proton.particle in the lplje-ahall.
This scheme is called the Independent Particle Model (IPM)
here. In Chapter.3, we have discussed, in detail, the
particle-hole configuration mixing calculation of Gillet and
VinhMa®’ for 160, 4 mmilar esleulation has been performed
by them for 12¢ also, in the Tamm-Dancoff Approximation (TDA)
s well gs in the Random Phase Approximation (RPA). But since
we found in Chapter.3, that the TDA gnd RPA results do not
differ very much from each other in the case of 190( T,r+}lﬁﬂ,
we use only the wave functions of Gillet gnd Vinh Mau obtained
in the TDA in the present study. We denote this set of wave
funetions by GV here. As pointed out by Gillet and Vinh Mam,
it 1s difficult at present to give any justification for
deseribing 12:: in J-j-coupling scheme other than its simplicity,
the similarity of the results with those obtained in a

4)

deformed scheme™", and a posteriorb a reasonable asgreement

3) V.Gillet and N.Vinh Meu, Nucl.Phys. 54, 321 (1964).

4) 8.,G.,Nilsson, J.8awleki and N.K.Glendenning, Nucl.Phys.
33, 239 (1962).
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with experiment, 1f any. The wave function smplitudes ( Xj,
which occur in Eq.(3.2.1) of Chapter.3) for the low-lying
states of 12g are given in Tgble.l. Note that the 7t wave
function gmplitudes given here are applicable to the ground
state of 1EH also,

For the radisl wave functions, we take the harmonic
oscillator wgve functions with the oseillator strength
parzmeter

b =1,64 fm, (7.2.1)

which is in conformity with elastic and most of the inelastic
electron scattering dataﬁ). Since the RPA wave functions of
Gillet and Vinh Mau gave correct result sE] for the regction
160( v,#*)16N when the surface production cut-off parameter
Y. (defined in section.5 of Chapter.3) was chosen to corres-
pond to the root-mean-square (r.m.s) rsdius of mﬂ, conelstent
with the charge distribution measurements, we choose for 12¢

the I'sMyBe I'aditls
1/2
<r®>"  =p2,% fm (7.2.2)

as the value for v, , consistent with electron scattering datas)

3. Racentlr'? )

y Tour of the five low-lying bound states of
E2p which are stable ggainst nucleon emission have been identi .-
fied to be the T=1 isobaric multiplets of A=12 nuclei, This

identificgtion enables us to take the wave functions for these

5)H.Crennel, Phys.Rev.148, 1107 (1966).

6)V.Devanathan, M.Rho, K.Srinivasa Rao and S.C.K.Nair, Nucl.
Phys.B2, 329 (1967).

7)F.Ajzenberg-Selove and T.Lauritsen, Nuel.Phys.1l14, 1 (1968).
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four low-lying bound states of 128(3P = 1%, 2", 2= 17, m=1)
from the wave functions for the analogous levels in +2¢
under the assumption of good isobarie spin. The fifth
level has not, as yet, been assigned the correct spin.parity,
but it is axpectad?} to have JP < :3+. From a theoretical
point of view, even parity states, other than the lowest
lying 1t ana 2t states, ean occur only from configurations
with g proton-hole in the lpyz-ahell and a nnutrﬂn-partidle
in the 1f.2p shell. But these states will 1ie gbove the
negative parity states which arise from configurstions with
a proton-hole in the lpyﬂ-shall and a neutron-particle in
the 1d shell, since the former are 2 Hiw excitations while
the latter are 1 fiw excitations, Further, Gillet znd Vinh

Mau:a)

obtaln a 37 state (gt 18,5 Mev), which lies lower than
the seecond 2' state (at 28.1 Mev) or a second 1* state
(at 28.5 Mev) and which arises from the configuration

(lp&,EJ '1(1:15/2). Due to these eunsidnrgtiuna, we tagke the
fifth low-lying bound state of 2B to be a 3" state, in our
present csleulation. The photon induced transitions 12&'({1"'}

— 128(3P) and their subsequent decays are shown in Fig.l.

In table,2 are given the partial and totsl eross

sections for the reaction 12¢( 'r,r"'J'lzB in the case of volume,
as well gs surface production of plons, using the nuclear
models IPM and GV. In table.3 are given the eross sections
for the regetion 120( Y ,-.-']lall in the case of volume gnd



170

Ll

@) . E (MeV)
y/AREL L
2 3 é ? E . 15',11
1 é g 0 15.11

12g
103
9638

A
13.31 MeV 2653

."f
4.439
=l o* 0

g.1. Level scheme for the regetion 126(y ;)28 ena subsequent decays.
The photon induced transitions gre wn on the left while the
&-duays with the brasneching ratios are whown on the right,

gly arrows indicate v @e-excitations, Levels which are iden-
tifled to be T=1 multiplets are connected by dashed lines.
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Table,2.

Cross sections for the regetion 12¢( fr,r"')lgn. The vglue of

the cut-off parsmeter 7, =0 corresponds to the case of volume

production of pions. The nuclear models used are IPM and GV.

T
Cross sections to bound states JP of 12B( pb)

Incident .
photon  Nueclear 0 . o = =
ene Model (fm) 1 ot o 1 3 Totgl
(Mev
IPM(V) 0O 37.816 11.217 4.747 1,745 0,304 55.93
IPM(SE) 2.9 &5.620 4.824 8.447 2.096 0.209 22,196
180
GV(V) 0 84,150 11.572 0,623 1.641 0.304 48,20
GV(8) 2.%6 6,432 4,906 1,206 2,934 0,209 15,876
IEMLV) 0 30,257 15.439 3.687 1.490 0.899 50,281
IPM(S) 2.2 #.613 5.73¢4 6.535 £2.659 0,585 20.125
200 —
Gv(v) 0 27.166 15,699 1,675 1.306 0,899 45,439
GV(s) 2,36 5.037 5.775 1.060 2,404 0.585 14,861
IPM(V) 0 20.080 18.975 3.954 1.811 2,061 46,938
IPM(S) 2,3 3,567 5.662 4,538 2,273 1.213 17.8251
230 -
GV(V) © 18.021 19,109 3,663 1.579 2.0561 44,322
GV(8) 2.3 3,929 5,592 0.714 1,885 1.213 13.3383
TIPM(V) 0 14,059 21,109 5.464 2.994 4,411 48,037
IPM(8) 2.8 2,93 5,180 3.804 2,292 2.354 16,683
260
GV(V) 0 12.674 21,020 5,138 2,773 4.411 46.017
GV(8) 2.,26 3.220 4,991 0,573 1.830 2.354 12.967

(econtinued ¢n next page)
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Table n 8

Incident Cross sections to bound states JP of 123{ pb)
photon Hﬂgﬁear ( ;;1 ) e ¥ =

ene el - 1- +
(Hﬂﬁ? ¥ 2 e 3 Total

IPM(V) 0 12,994 22.896 ©6.746 4.834¢ 7.766 55,237
IPM(S) 2.2 2,235 §£,045 3,789 2.841 3,730 18,347

e GV(V) 0 11,881 22,558 5.847 4.627 7.766 62.680
GV(8) o.%6 3.197 65.015 0,569 2.050 3.730 14.560
e IPM(V) O 16,566 21.972 6.573 6.027 9.626 60,763
IPM(8) 2.9 3,594 4,854 4,016 3,020 4.191 19,666
™ GF{VTF 0 15.382 21.528 65.049 5.824 9,625 657,408
av(s) 2,26 3,968 4,813 0,612 2.179 4.191 15,762
IPM(V) ©0 18.878 16,879 5.181 5.124 7.662 653,663
IPM(S) 2.86 3,935 3,947 3.784 2.434 3,078 18,626
- Gv(V) 0 17.634 16.565 3.418 4.953 7.662 &0.222
Gv(s) 2.3 4,386 3,934 0.600 1,827 3.078 13.824
IFM(V) O 17.466 11.79; 3.878 3.535 4.758 41.429
IPM(8) 2.2 3.684 2,916 3.377 1.687 1.816 13.189
380 —
GV(V) 0 16.338 11.639 2,331 B8.413 4.758 38,479
GV(E) 2.2 4,008 2.928 0.513 1,346 1.816 10.611
IPM(V) 0 14.912 8.502 3.118 2.385 2.839 3l.721
IPM(B) 2.5 3.060 2.186 2.697 1.193 1.067 10,081
410 —

GV(V) 0 13.964 8,441 1.803 2,301 Z.839 20,338
GV(s) 2.5 3,414 £2.209 0.423 0.9926 1.067 8.088
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12
Cross sections for the reaction 12¢( Yywr ) N. The value of

the cut-off parameter,

, in the case of volume (V) and

surface (S8) production of pions is 0 and 8.36 fin., respecs-

tively. The nuclear models used are IFM and GV,

Incident Cross section in pub.

photon

(Mev IPM(V) IPM(S) GV(V) av(s)
180 50.829 7.309 45,701 7.862
200 40,314 5.945 86,972 6.500
230 26,888 4,697 23,519 5.174
260 18.122 3.934 16,250 4,275
290 15,932 3.720 14,491 4,025
320 19,181 4.232 17.723 4,648

- =}

350 21,894 4,498 19,900 4,985
380 19,724 4,088 18,276 4,555
410 16.848 35499 15.sz 3.809




surface production mechgnisms using the nuclear models IPM
and GV.

The method of calculation of the cross sections is
the sagme as that detgiled in Chapter.3. In Table.Z2 and
Tgble.3 the results for reactions (7.1.1) and (7.1.2)
respectively are given. Let us therefore discuss our
results strglightawsay.

In Fig.2 are given the theoreticgl partial cross
sections calculated in the two nuclear models, IPM and GV,
essuming volume production of pions for the reactionm (7.1.1).
Fig.3 shows the corresponding theoretical partigl cross
sectlions obtalned gssuming surface production of pions. From
Fig.2 we find that gmong the partiasl cross sections those
which arise from transitions to the 1* @na 2" states are
domingnt, But in the case of surface production, from
Fig.3, we find that all the four partial cross sections
become smaller snd comparsble in magnitude, unlike the muon
capture process where the o 1+ capture rate is 90% of
the total capture rate.

Fig.4 shows the tédtal cross sectlon, for 12{:{ -r,f")lan,
obtalned as a sum of the partisl cross sections, using the
IPM gnd GV models assuming volume and surface production of
plons. We find that though the partial cross sections are
energy dependent, as shown in Figs.2 and 3, the total cross
section, espeeiaglly that obtalned assuming surface production

of pions, refeals a smooth variation of the cross section .

174
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as a function of the inecident photon energy in the 200-350 Mev
region, similar to the case of 180( 7, )1N,

Fig.5, shows the cross sections, for the case of
negative plon photoproduction from 120, viz, reaction
(7.1.2), leading to the ground state of 12N which alone is
stable ggainst nucleon emission, obtgined with IPM and GV
models asssuming volume and surface production of pions. As
expected, the cross sections for this reaction turn out to
be almost similar to those obtained for the 0'—> 1"
transition in the case of the reaction 12¢( 1",1?"}1213.
Further, the cross section curves obtagined in the case of
surface production me€hanism refeal s smooth variation with
incident photon energy, unlike the corresponding ones in the
case of the volume production mechaniem,

In conclusion we wish to emphasize that the reaction
12 v ,1-1121' is most favourable for drawing definite
conclusions gbout the production mechanism, when the expe-
rimental results are available, since the only final nuclear
state, which is stable ugainst nucleon emissicn, is the
ground state of 12]5(.?;' = 1+).
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CHAAFPTER B

+
PHOTCFRODUCTION OF GED FIONS BORON

1. In Chepter.3, we have made a detsiled ntudyl} of

photoproduction of positive plons from Oxygen with a view
to obtsin infomstion on the pion production mechzniem,
eliminsting 22 much ss possible the uneertainty involved
in nuelepr structure. It was possible to cbtaln sggreement
between theory end experiment by using the surface produc.
tion mechenism of mnarm. fs glregdy explained, in -
section.6 of Chgpter.d, we use the phénomenclogical mndel
of BPutter meinly to simulate the effacts of Flnal-state
intergetione,.

In this Chapter, we study the resction ¢ross sectlons
for Y1p( v, s ) Be nd MB( v,#*)*3C in both the volume
tnd surface production models s=nd cadpare our theoreticeal
results with the experimentgl resuits of Hughes and Haﬂ:ha),

4)

gnd Dyel end Hummel The underlying theory has been

outlined in Chgpter,3 gnd we use the impulse approximation,

the CGLY single mucleon photopion production smplitudes and

the independent particle model wave functions, in the prezent
Et“d,}'.

+ V.Devangthen, KeSrinivase Reo end B8 ridhgr, FPhys.Letters.
25D, 456 (1987).

1}F.Devmathan M.Rho, K.6rinivasa Reo snd 8.C.K.Nplr, Nucl,
Phys. Bz, 320 (1967).

2)8. T.Butiar Phys.Rev, 87, 1117 (1€62).

3)I.8. Hughea gnd F,V.HMgreh, Proc.Fhys.Soc. _’{_f 269 (1e88).
4)P.Dy:l end J.P.Zummel, Phys.Rev.127, 2217 (1062).
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The nucleus 113 hgs five protons and six neutrons
snd hence cgn be considered to hgve g proton hole in the
lpyz shell. In the case of the regetions

11 11 +
Y $ EBG — 45.7 + g (Eal-i-)

11
each of the three protons in the IPa/g shell of the " B ground

stote mgy teke part in the transition to a neutron state in
the 1Py/Z or 283/z shell in the final state, lecving the
other two protons in the lpg/2 shell, This is in contrast
to the cgse of the reaction:

11 11 -
Y + &Bﬁ — Eca + ¥ {B.l-EJ

which essentially involves a single neutron transition (from
a elosed 1p./; neutron sub.shell), Murther, we reglize that

the process (8.1.1) is snslogous to the muen capture processs
wellp 5 g y (8+1.8)

since the same initigl snd fingl nuclesr ststes are involved,

This muon capture process (8.1.3) has been studied by Roods}
end we use his snslysis in this study, We pssume that the
Weve functions of the nucleons in the filled (sub) shells are
not changed in the transition.

We consider transitions to final nuclear ststes which
are bound snd subsequently decay by § -emission, There are
only two low-lying states ( 1/2* and 1/2” ) of lBe which
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decay by F-Maaimﬁ'ﬁ

) but there are magny possible bound
states of 11(:, which hagve not yet been correctly enumerated,
The possible bound states of *1C which are stable ageinst

nucleon emi uimﬂ

are, however, expected to result from the
single particle transitions lpagg — 1Pg/ps 1P1/2y HE/E*
Esvg and 1".'1.?./2'

2 In this section, we follow the analysis of Randm to

derive gn expression for the matrix element of & one-body
operator for the process (8.,1l.1). The effective part of the
initigl stste has three protons in the 1-p2/2 shell coupled
to a total spin Jgy = &/2,

1.e > =12y m>=1 ¢’zm> (8.2.1)

and the only wey to get a final stste angular momentum of
Jeo = 1/2 (with the protons in l'pa,-g shell gnd one neutron in

1Py/2 DrEBL"E shell) 1s to couple the two 3/2 angular momenta

to an intemediate sngular momentum zero, which is then coupled
to the sngular momentum 1/2 of the third neutron.

leee | > =1 3%0) 3/ 3, 4,5 = | (3%(0)(1/2)1/2 M, > (8.2.2)

Usging formula (26.10) of de-8halit and Taluiaj, we have

6) H,P.C.Rood, Nucl.Phys, 87, 367 (1966) gnd references therein,
6) I.Talmi end I,Unna, Phys.Rev.Letters, 4, 469 (2960).

7) E.W.Leing end A.G.floorhouse, Proc.Phys.Soc, 470, 629 (1967).
8) A.de-Shelit and I,Talmi, "Nuclear Shell Theory" (Academie

Press, New York) 1963, In the text above it is sbbrevisted ss 7.
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14y = = LEFE(B)EB(E)12] 1E @B Em)

Jq even
(8.2.3)

where

H%ﬁ:&){%}%m}: p3 C(%‘%Is.',mimzmj.
My,masMzaMy

. 3 N (8.2.4)
» Q0T F Z3MemaM )] Emed (2mz D1 Emads

l% m > being the one-particle harmeniec oscillator weve

function for the 1]:3,2 shell, Though J; in (8.2.8) cen

toke the ‘even' vglues 0 gnd 2, we do not need the J; = 2
term since the intemediate angular momentum in (8,2,2) is
zero, The coefficient of fraetional parentage with J; = 0
is given by |TET(26.11)a s

(3 @(3)313(3°21= & taals

The properly normglized, zntisymmetrized final state wave
furction is given by [[67(26.23) ]

15> = & L1(2)p@ (s 517 | (B (): 4 D+
4 (8.2.6)
+ (2@ (Rusme],

C(3303m-mo) C(OF% 5O MsMz)

=
M
Eh.-'
o~~~
g
i
paf-
d:.."
(&
=
L
~/
Il
=0

s Em> | Eo-my |5 Ms>
(8.2,7)

4
= — 7 e(ZEosm,-mo) {2mp | Fam) | 5 Mg~
Tt
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We now wish to evzlugte the matrix element:

A
= i = F1tle)
Q (E lizil:jhl‘* 3 {E TP i
The tem | [%j-‘;_i (@ (%)s £ Mg> 1n Bq.(8.2.6) for | alone

contributes to this matrix element, so that
Q = 3% (RN @R AMIL] (BPEM>.  (8.2,9)

Since in (8,2,3), J; = 0 we hgve obviously My = 0 gnd becsuse
of the orthonommality of the oscillator wsve functiocns, we haves

lll-na-m gnd m3=H1.

The contribution to (8,2,9) of the tem in | 1 > with Jy = 0 1s:

Q = ,% % 5 ¢(22oym,-mo)e(doymmmo) M|t | 2med
m
(8.2.,10)
. j—i CEMg | b | 2 M),

using the orthogonglity property of the Clebseh-Gorden coeffi-
ecients,

We thus get 2z 1/ [2 factor compared with the too
simple version of the Independent particle shell model which
allows only the odd proton to mgke the trgnsition, This
fzector existis only for . production process (8,1.,1) involving
the nuclesr transitions 118 —> MBe™ . This factor does
not exist for v~ production process (8.,1.2) involving the
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nuclear trensitions 1B —> ll¢™ y 8ince in this case
the effective part of the initigl state is a closed shell
state with four neutrons in the lpg/p shell coupled to

zero ghgular momentum,

3s The matrix element for the photoproduction of g
chgrged pion from & bound nucleon is given by:

Q = b (stkmiare t ERIAETMD, e g
vhere the orbital, spin ¢nd totsl engular moments of the
intizl and Tingl states are explicitly represented while
the radial paerts sre implicit, K and L gre the CGLN
amplitudes explicitly given for s’ snd y~ photoproduction
in section.2 of Chapter,l1, the momentum transfer to ihe
bound nucleon is teken into aceount by ke « k being

the difference between the momenta of the incident photon
(2) end outgoing pion (L), r is the position coordinate
of the bound nuclesn end T T is the 1sozpin operator for
» ¥ photoproduction, The differentipl cross section is
given by

=
-Gl

= @xJ> Q1> (- - R)E( e
i )%lli&)f#%}

i

which after integrastion over dk becomes:

dn = @@ Kk 2 A, (848.2)




with |, = v, , mgking the gssumption thgt the entire
energy of the photon 7. is given to the outgoing pion.
The square of the matrix element, after summing over the
fingl spin Itatﬂﬂ* is obtgined feollowing the procedure
described in detgil in section.3 of Chapter 3, as:

! 1
> ‘[Qll = f{gr=tE LI}T 5 Lﬂwﬂ' (_i]'n+£+‘n+z :

i

n

2 ey Lh} ﬂ*?“]
£?~:I {% (Yiryx K™ )5, LOY*(Rx k™)

Chetm pevEdyxom)P M4 5 TiD -

*

(s 57 | (Y¥ers x o™ ) ) & ERIC

Cdplred g < dy im>
net Ly f t’El-Jnf'Ei (B Iaia}

The expresgion for the square of the mstrix element can
be further simplified using Rgs.(3.4.7), (8.4.8), (3.4.9)
end (3.,4.11) to give:

v f - ! q T
T 1Q1* = (41)%‘ Lol C41 081" 5 A O OT e I TS
Mg 1, La 25N

A .E% t""iﬂ
¢ (4843 000)C (8 2L 3000) {%!z n%&]-{ }*
A% (3 x a1
~ Z = ¢ (N3 00e)W( Ltlnm s AN) (YN(R)- (K™ XK* ™)) »
N=0,2 EM]

Ry IO
(8.2.4)

+ Note that aversging over photon polarizations ig taken ggra
of elsevhers - while evslusting the expressions LL", K.K, etc.,
in Chgpter.l.
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e
where [ J1 = (2j+1) end
@
t . L
<J£{hﬂ‘>ﬂi.&9"f£5- . ;E_ R, () g (Rr) Ry g0

a = 0 for volume production gnd a = 7, for serface production,

In the numerical evzlustion we have tzken for the
harmonic oseillator size parsmeter b, the value determined

in the electron scatfering experimentsa'a}:

b= (1.55 + u’-lﬁ) fm, (8.3,8)
For the nuclear radius v, , we have used the vgluess

T. = 1,98 fm, 2,26 M and 2,66 fm, (8,3.8)

Note thet the factor i/4yZ which occurs in the case
of +* photoproduction (E.l.;}, as explained in section.Z2,
has been cmitted in Eq.(8.3.1).

Here, we would like tc mention the differences which
exist betwsen our study of 1B( ¥,r=)*C end that of
Laing and t&ooﬂhuuaa?]. Lging and Moorehouse mgke the

followire assumptions: (1) Kg = {Kf + Ig ) / 2, which
smounts tec tgking lql® sngular independent; (ii) the main

contribution to the totzl eross section arises from

S-Wgve mesons and they teke: K%L% = ¢/9F with c= lu'zaunf‘,

in ggreement with the mpgnitude of photoproduction et free
nucleonsy (iii) the vglues of b snd ', are tzken to be 2.0fm

©) U.Meyer-Berkhout, K.W.Ford and A.E.S,Green, Ann,Phys.
8, 119 (1959).
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end 3,16 fm; end (iv) they neglect the difference in the
free nucleon photoproduction gmplitude of 1"' ghd w".

On the other hand, we tgke the explieit forms of
CGLN for the single nucleon transition cperstor gnd use
the values of b gnd 7, consistent with electron scgtte-
ring deta end also tske into account the differences
between v¥ and # production smplitudes,

4 Numerical ealemlations for the differentizl and
totsl cross sections hsve been made using Eq,(8.2.4) in
Ege(8+3.2)s Table,l gives the cross secticns for the
process 1ip( T,w"’]u:ﬂa in the volume production ( 7. =0)
and surface production ("% = 1.98 fm., 2.26 fm. and

2.66 fm.) models, corresponding to three different size
pergueter values (viz. b = 1.4 fw., 1.66 fw, and 1.7 fm,)
consistent with electron secattering datam., for an
incident photon energy of 280 Mev, TFrom the tgble we
find:(1) the cross secticns for the sirgle mucleon trunsi-
tions lpg/z — 1py/g end 1po,; —> 28, /o ere of different
orders cof magnitude only in the vclume production model wnd
that the two cross sections becmme compzarsble in their
values for surfgee production models, end

(11) the dependence of the cross section on the size
parsmeter (b) vaiues 1s not so pronovunced a8 that on the

cut-off parumeter () values,
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Table,l.
11 +.11
Cross sections for the reaction B(Y yv ) "Be in the
volume production ( 7; = 0) and surface preduction ( % > 0)
models, for zn incident photon energy of 260 Mev, as o
function of the harmmoniec oscillator size parameter b,

A —Eingle Cross section in pb.
particle !

(fm) transitions

b=l.4 f b=1,656 fm b=1,7 fm

1pg/p —> IPy/p 240428 20,672 17,452

C 1pa’(2 s 251/2 J.404 2,819 4,345
Sum 27,922 24,401 21,777

1.98 ip. o> 28y 5.328 4,483 4,508
% 426 1P o> B3, 24494 3,742 8.425
Bu 6.657 8.420 9,294

3'?:;{2 —— 1p1/2 i.121 2.155 3,201

Cum 2.915 4,609 6,042
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Fig.l gives the calculgted cross section for
photoproduction of ¥’ from g assuming volume produc-
tion of piong with b = 1,56 fm, Fig.Z ecorresponds
to the results obtained assuming surfasece production
of piong with b=1,66 fm, gnd v = 2,56 fm. In these
figures curve 1 gives the totsl cross section for the
trangitions to J./E"' end 1/2° and curves 2 and 2 give
respectively thelr separate contributions, The expe-
rimentgl results are those of Dyal end Hummei®) ana
we find that the sgreement is good for surface produc-
tion of plons.

Teble.2 gives the cross sections for the process
1p( v, +*)¢ in the volume producticn ( .=0) and
surface production (% = 1,98 fm,, 2,26 fm, ond 2.56 fm.)
models, corresponding to three different size parsmeter
velues (0 = 1.4 fm., 1.66 fm, and 1.7 fmn.) for gn incident
pholon energy cof 260 Mev., Tigs.% snd 4 give the results
for photoproducticn of %~ from 11c assuming volume gnd
surfgee production of piocns, respactively, with b=1.65 fm,
and Y, = 2,66 fm. Curva 1 is obtanined by sssuming that
the final bound states of 11C result from the single
perticle transitions lyo/z —> 1pga/o, 1p1/2, 1d5,,2,231/2
and 1&1&,2. Curves 2 and J eorresvend to siagle particle
trensitions 11’:4;‘2 - 11‘&2' 1;’1;2’ 1&5},2 and 2s,; ;o and

1]:3,2 - lp&,E, 1p3/2 and ME/E' respectively., The
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Table.2
Cross secticn for the reaction 11p( r,r‘}llc in volunme
producticn ( Yo =0) gnd surface production ( % > 0) models,
for un incddent photon energy of 260 Mev. g8 & function
of the haimoric oscillgtor eize purameter b,
i single G tion in b,
(fm) nartiele ERRG (REhas H —
SEgnaloion b=l.4 fm. b=1.56fm. b=1.7,
12570 — 1Py /g 68,761 55,747  46.200
03, £3.6 C.
11'3/2""" 1“5/3 108,774 3.681 80.304
lpam — > ldyg 31.76¢ 69,877 59,374
Sum 377.883 SL4.48¢ E77.722
1p3/2~—* lpl/E 17.864 22,3485 24.176
1pa{2'—4' Pe g 12.074 10,867 8.691
1.8 1p,,,—> a0 82.202 40. 269 43,415
Sum 147,888 171,307 177.086

continued on next page
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Table 2.(ctd.)

- rm —r

o~ Eﬁflg Cross section in ub,
[ Pa cle —
(fm) trsnsition b=1,4 fm, b=1,55Mn, b=1,71m.
1Py2 > 28y /p 8,551 0,149 8,407
2,26
1Pz — 14 /2 19,869 27.£0L 4l.957

S I 2,650 5,608 8,238
1Payo> £8y /0 4,429 64208 7.066
1]33/2*" lﬂﬁ/ﬁ 12,765 22,013 29,780
1]13/2—-" la 2/% 4,141 15,712 2l.214

Sum 24,678 H8,823 81,165
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experimentsl data are to se of Hughes and HsrnhEJ and
Dyal aﬂﬂ.ﬂummeléi. The dots correspond to the theore-
tical values calculated by Laing and Hnnrehaun&7) and
we are of the view that the good mgreement which they
obtain with the experlmental values is fortuitous in
the wagke of their assumption énumersted in seetion O
of this Chagpter. We find that our results cobtained in
the surfgce production model agssumlng the bhound states
of 1¢ to result from the single particle transitions
1Pase —= 193;2, 1p; /e end 1d5;g (sec ecvrve 2 of
Fig.4) sre in regsonably geod sgreement with the gxperi.

mental results,
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CHAPTER 9

4
PHOTOPRODUCTION OF FIONS FioM 27x1, 51y swp 6% ()

1. We have shown earlier, in Chapter 3 and 8, that a
reasonsble gsgreement between theory snd experiment. een
be obtgined, in the case of lﬁﬂ('r,w*}lﬁﬂ, 113(*?,1*}113a
and 11 "r,-,.-'Jnc, if we invoke the phencmenologicsl

surfsce production mechanism for photoproduction of pions
from nueclel, In this Chapter, we present a study of the
following photoproduction reactions:

27 27 +
13 14 jo B T ¥ 9 (
&1 51 +
Vit salano? oflog Bl (8.1.2)
60 (c] -

for which experimentgl results are a‘Failahlal'd}. The zim

of the present study 1s to gssess the usefulness of the
phenomenological. surface production mechanism. Further,
in the absence of detglled and conclusive evidence about
the number of finsl states along with their spin-parity
assignments, we show that a comparison of a theoreticgl
study of reactions of the type A( ¥ ,-rt]B, in the frame

(+) V.Devensthen, G.N.S.Prased «nd K.Srinivesa Reo, submitted
to Fucl.Phys.

1) W.B.Wglters and J,P.Hummel, Phys.Rev.143, 833 (1966). )
See glso ref.2)

2) G.Nydhal snd B,Forkman, Nucl.Phys.B7, 97 (1968).
3) P.V.March and 7.G.Walker, Proc.Phys.Soec. A77, 208 (1961).




work of the Independent Particle Model (IPM), with the
experimentgl results for the sgme reactions, enables us
to extract some infommgation regarding the low-lying bound
states of the final nucleus, B, which are stable against
nucleon emisgion. The underlying theory, based upon the
impulse approximation and the single nucleon photoproduc-
tion amplitudes of CGLN, used in the present study, has
been discussed in detail in the earlier Chapters.

In the case of the three reactions under study,
(92.1.1), (9.1.2) end (8.1.3), the allowed fingl nuclear
states are the low-lying bound states which are stable
agelnst nuclecn emlssion, Using the shell model deserip-
tion for the initial and final nuclei, we have cnumerated
in tgble.l, the possible single nucleon transitions
involved in these reactions and the corresponding final

states allowed by the Pauli execlusion principlegj.

2. THE REACTION 27p1( v 2*) i,

Interpreting the surfsce production mechanism
a' la Butler, we tgke for the cut-off parameter © ,
defined 4in seetion & of Chapter.3, & value of Z.0 in
units of pion Compton wsvelength ( o = £.828 fm,) and
for the oscillator lengih parsmeter b, a value of 1,816 fm,

The values of these paraueters are tgken from Carlson

139

4) f.de-Shalit end I.Tolmi, "Nuclear Shell Theory", Academic
Press, (1963), sec.24, p.245.
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and TalmiE") whbhave made eslculations on pairing effects
in Coulomb energies whieh have been related by them to
the determmingtion of nuclear radii.

In Fig,1, the cross sections for the reaction
2?4\\1( i ,w+JETHg have been plotted as a functlon of the
incident photon energy assuming volume production of pions.
Fig,2 correspends to the results obtained assuming surface
production of pions, Curves 1 gnd 2 represent the cross
sections corresponding to the eingle nucleon trensitions
ldg/p —> 283,95 end 1dg,, — 1ldg/p , Tespectively,
The sum of these twe cross secticns are represented by
curve 3. The experlmentzl results are those of Walters
and H‘u:umla:l‘:":l end Nydhesl gnd Fﬂrkmanm.

The cross sections for this reaction have been
megsured frem threshold upto 700 Mev by Hasaikaa)and by
Nydhal snd Faﬂr:mana} end from threshold upto 200 Mev by
Walters znd Hmell}. While Magsszike gives a cross
section with & pesk value of 120 ub at 260 Mev. Nydhal
and Forkman obtained a pesk value of 35 iib ot 225 Mev
and Walters and Hummel obtalned a pegk vglus of 13ub
ot 220 Mev. The shape of the cross section obtgined by
Nydhal snd Forkmen agrees with thgt cbtsined by Welters
and Hummel but the size of the fomer is 2.5 times greater

5) B.G.Carlson and 1.7lelmi, Phys.Rev.g6, 436 (1954).
6) A.Maselke, J.Phys.Soc.(Japun) 19, 427 (1964); A.Maseike,

Y.Yoshimurs, Y.#urste, d.Xusmmegl end K,Tekamatsu,
ibid 18, 1692 (1963).

201



902

80

27 per, % Mg

—=  WALTERS AND HUMMEL
OO NYDHAL AND FORKMAN

0 I | | | | |
170 200 230 260 290 320 350 380 410

INCIDENT PHOTON EMNERGY (MeV)
Flg.l. Cross section for the reacticn E7p1( ,-r"')aﬂg assuming volume

produ tion of plons, Experimentazl ;amlts ere those of Walters sng
Hummel3) gnd of Nydhel and Forkmen?),




40

WALTERS AND HUMMEL
coooco NYDHAL AND FORKMAN

27p1¢r, 27 Mg

30

10— 1

0] | [ | | | | |
170 200 230 260 290 320 350 380 410

INCIDENT PHOTON _ENERGY (Mgy)
Tig.2.Cross section for the regction Eghlf."r ,ws'}ﬁﬂa gssuning surface

duction of pions. E:paﬁnentgl4§nsn1ts sre those of Welters and
yme13) gnd of Nydhgl snd Forkman™/.

iy Al

ql\.

o



then that of the latter., Further, both these results are
in strong dissgreement with those of Massike. The experi-
mentalists thnmsalvaslia} gre pugzzled at the large diffe-
rences which exist between thelr results.

There is g very good sgreement between our theore-
tleal curve 1 snd the experimentsl results of Walters and
Hunmel, If the results of Walters and Hummel are correct,
then we may conclude that the low-lying bound states
of 27hg which gre stzble agsinst nucleon emission arlse
from the single nucleon transition ldg/g —= 28y /9 (see
table.l). Also, this ccnclusion is independent of the
productian mechanisn used, since for this particular transi-
tion there 1s no sppreciable difference in cross sections
obtgined from volume and surface preduction mechanisms,
This is essentially due to the overlap of the radial wave
functions of ld gnd 2s orbitals which cencel zway in the
region of nuclear size due to mearly sequal amount of
positive and negative contributions arising from the oceccur-
rence of nodal point In the 2s radlsl wave functien.

The experimentsl eross sections of Nydhal and Forkman
lie much gbove the theoreticsl curve obtained for the
trensition ldg/p — EEVE. So, we included the next
higher trznsitien ldﬁ/a-——v—ldya in order to ta%e into

account s larger number of fingl states of ETHE. In Fig.2,

we cbssrve s good sgrecment between the theoretical curve 3

204




end the experimental curve of Nydhal snd Forkmen in the
region of 280 Mev aznd at 400 Mev but there exists s large
diserepancy et other energies. Thus, 1f the results of
Nydhal snd Forkmgn are correct, then it follows that in
addition to g1l the fingl nuclear levels arising from the
single nucleon transition 165/3——3-231/2, being stable
ggainst nucleon emission, some (but not all) of the final
nuclear levels grising from the trensition 1&5‘/2 —4-1:1&,2
are also stable against nucleon emission gnd that these
levels should zlso have contributed to the totgl cross
seetion observed by them, Further, from our znslysis,

we can conclude that the experimental results of Masalke

exhibit a gross over estimate of the cross section,

3. THE REACTION Slv( v, +*)° mi.

8ince detglled infomgation zbout the nzture of the
level structure of Slpy 38 not available, we have computed
separately the cross sections for this reaction for the
single partiele transitions 1fg,o —>2pa/g, 1!5/2 end
2"1,(2 with a view to eliecit infommation regarding the
possible bound states of “*T4 which are stsble against
nucleon emission., We zssume for the cut-off parameter
a value of 2,6 in units of pion Compton wsvelength

(T =3.676 fm) end for the oscillator length parameter b,
a value of 2,314 fm, consistent with the electron scattering




rasultsﬂ.

In Fig.3, the cross sections for the reaction
51?( Y ,#)51'11 have been plotted as a function of the
ineident photon energy assuming volume production of
pions., Fig.4 corresponds to the results obtained with
the surface production mechanism, Curves 1,2 and 3
represent the cross sections due to the individuel

trensitions 1fy,; —= 2pg/5, 1f7/2-—-—a-1f5z2 and

11‘5/2—!-21:1/2 y respectively. Curve 4 represents the
sum of the contributions arising from the trznsitions
1fp/o —= EPg/p and 1f5/2, while eurve 5 represents
the sum of gll the three transitions. The experimental

results gre those of Nydhgl end Fnﬂmanz)

who hgve measured
the cross sections for this mm reaction from threshold
upto 760 Mev.

Since the curve 1 of Fig.4 lies below the experimentgl
results it follows that all the 14 states enumergted in
table.l, as states belonging to S1my which arise due to

the single particle transition 1f7f2*—-2pa’,2 s are stable
ageinst nucleon emission, But, the fact that the curve 4

lies far gbove the experimental results implies that in
addition to the levels which arise from the transition
11'7;2*21:3/2 s only a few of the 18 levels which arise

206

7) L.R.B. Elton, "Nuclear 8izes", Oxford University Press,
London (1961}, see table.2 on’ page.3l.
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from the transition 1r?/2—+1r5/2 should have contributed

to the cross section, while it is possible that the rest
of the levels of Slpy mgy lie gbove the threshold for
nucleon emission snd hence might not have contributed
to the experimental cross section of Nydhal and Forkman.

60

60
4, THE REACTION ~ Fi(Y ,»”) Cus

Since information regarding the detgiled nature of
the level structure of °OCu is not availeble, let us
assume that thla low-lying states of 60cy which are stable
agzinst nucleon emission result from the single particle
transitions Epyz-—:— Epya, 11'5/2 gnd 2Py /¢ We take for
the cut.off parameter <, , a value of 2.6 in units of
pion Compton wavelength ( . = 3.676 fm) gnd for the
oscillator length paremeter b, a value of 2.34 fm,

In Fig.5, the cross sections for this reaction are
p2otted as a function of the incident photon energy
assuming volume production of pions. Fig.6 corresponds
to the results obtained assuming surface production of
pions. In these fipures, curves 1, 2 snd 3 represent the

partial cross sections arising from the single particle

209

transitions 293{2 — zpyﬂ ’ zpa‘,a—;-lfszz and Epya-.-alzvg,

respectively gnd the curve 4 represents their sum. The
experiméntgl results are those of March and Walkara). It
is surprising to note from Fig.5 that the experimentsl
results lie much above the theoreticsl curve obtained in
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the volume production model, Further, the experimental
eross sectione seem to reveal a dip in the 200320 Mev
region which is in discord with the genergl trend of the
flattening out of the photopion production eross section
around 300 Mev after sn initial rapid rise from threshold
to some pegk vgine around 200 Mev., Thus, the experimental
results of March znd Wgzlker are in complete disagreement
with our theoreticsl calculation, In view of the success
of our theory with respect to other nuelei, espeecially
160( v ,+")%% ana 1B( v ;2*) 1 Be, we feel that we will
not be in a position tb draw any conclusions from our
study of Eﬂﬂi( T,r-)auﬂu until new results are avallable
for this reaction.

There is one interesting features which cames out
of our study of SUNi( 7,1')EQCu. In Figs.b and 6, curves
1l and 2 represent contributions due to transitions to four
final nuclear states, each, while curve 3 represents the
contribution due to trgnsitions tc only twe fingl nuclear
states, We observe that in the czse of volume production
(Fig.,5) curves 2 znd 3 are glmost slike in shape and
magnitude, while in the case of surface production (Fig.6)
curve @ lies gbove curve 2. Thus, the number of finel
nuclear states involved does not seem to be important.

This conclusion is contrary to the expectation of Meyer

212
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8
et. al. ) who gssume the cross sections to "depend much
more on the total number of states availsble than on
the specific detzils of the states involved",

8) R.A.Meyer, W.B.Walters and J,P,Hummel, Phys.Rev.
127, 2217°(1962), il
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Jppendix A,

The numerieal calculations have zl11 been carried out
in the pion-nucleon center-of-mass (ec.m,) system, since the
photoproduction amplitudes of CGLN gre valid only in that
system. Here we give the fomulge used in our ealculstions.

Let a v ray of energy E-fr' g in the lsboratory
system, be gbsorbed by a nuclecn snd emit z plon. Then, the

energy in the e.m. system is:

B¢ = (M2 + om) o (2.1)

where M is the mass of the nucleon'’), The enersy of the

photon in the e.m. system is:

¢ = ME, / EC (A.2)

The energy of the pion in the c.m. s:rstm“') is:

e . {EC)E -Hn‘l'l

5 - (4.3)
2k
The energy of the pion in the lgboratory system is:
2
L. (B%) eMB o1
E‘* 8 . {ﬂ-‘i)

2E®

The kinetic energy of the pion in the lgboratory systemis 3
W‘_ = E - 1l (-ﬁ-i'ﬁ)

The c.m. momentum of the pion ig:

) 1/2
PE = [:(E:J? N 5 [ (4.6)

(+) We use the natursl wnits H = c nﬂ' = 1.
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By mgking s comparison between photopion production
and pion-nucleon scattering, at the same energy in the ec.m.
system, it can be shown'’ that the threshold emergy for
photopion production iss

Eﬂ = m,(l"'m, /eM) (£.7)

whe re m_ ie the mgss of the pion., Thus, the threshold energy
for single nucleon photepion production is 160 Mev for charged
and 145 Mev neutral pions.

The energy-dependent plon-nucleon phase shifts upto

700 Mev have been given by Roper, Wright end Feldﬂl

The
vglues of the phase-shifts gt the required incident photon
energies have been caglculated using the Lagrsnge interpolation

romulaa) end these are given in Tgble.l heluw“‘)

Table.,l. PFPion-nucleon phase shifts

Inh:iﬂﬂﬂt W p-wave phase shifts (degrees)
ene Mey) (Mev)
rey(Mev Sa3 511 13 Sa1
N '
165 16.14 0%5' -0%a2" 0°38' 0°73
180 30.14 4’ atn’ -0°10' -0°19'
[+] v =] L] (¥ | o |
200 50,14 607 1°62 -0°20 -0°4a1
280 80.14 13°52" -2°14' -0°39" %22’
260 110,13 6’07  -1°47' -1°01" 209’

table continued on next psge.

1)H.A.Bethe and F.de Hoffmann,"Mesons end Fields",Vol.II, Row, 1
Feterson znd Company, p. 133.
ggL.D .Roper, R.H.wé-i%ht end B;T Feld, Phya.ﬂw.l:ﬁ},)ﬂlﬂﬂ(lﬂﬁﬁ) o Tetle X,
argen M. The Mathem
E ami% r?H' Bn%an Hus%ra&% cnmpan? Inef'&ﬁgﬂ,p.-& FA and
(+)Execept in éhgptnr end 2, the demingnt pimﬂnclam gﬁgttaﬂng

hase s one has’been taken into account in
galm:la 14:115. i =
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b a
inh:’ic:nt >, p-wave phase shifts (degrees)
energy(Hev) ¥xto ARy
& (Mev) Gag &1 018 Og1
[ L ] [ L | [} L] a
200 140,18 46 09 0 33 124 -3 00
L4
320 170,13 70 43 1°23’ .1°48 -3 53
o ] -] L] L] ] -] L ]
350 200.13 95 81 401 -2°18 APT
-] ] o v (] ] (] ]
580 280,13 115 19 7 21 -2 37 5 26
410 260,13 124°52"  11°%ag' 201" £5°19"

The values of some of the constgnts used in the caleulstions
are given below:

* = 3,14159265,

mgss of the plonm = 139.6 Mev,

mgss of the nucleon M = 938,879 Mev,

magnetic moment of the proton ,up = 2.79277,

magnetic mement of the neutron My = =1.812155,

the Compton wsve length of the pion = 1,414 fm,

the electromagnetic coupling constant eZ = 1/137, snd

the pion-nucleon coupling constsnt £2 = 0,08.
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Appendix,B,
The Impulse Approximgtion

Aecording to the impulse gpproximation, the transi=
tion amplitude for the photoproduction of pions from a
nucleus cgn be written as a linear superposition of the
individugzl free nucleon transition gmplitudes:

S
; =kt (B.1)

where N is the mgss number of the nucleus. The expression
(B.1) neglects the corrections due to multiple scattering,
off-the-energy shell matrix elements aznd the intemucleon
potentigl, The following are the gssumptions under which
the impulse approximation (B.l) is vglids

(1) The ineident particle interacts only with one
sihgle nucleon at a time,

(ii) The amplitude of the incident wave is not
appreclgbly diminished in erossing the nucleus,

(iii) The binding force has a negligible effect
during the intervgl of strong interaction.

Here we shall summarise the theory of the impulse
approximation which was first introduced by chevl}‘ and
developed by Chew and Wick2) and Chew end Goldberzer®.

1) G.F.Chew, Phys.Rev., 80, 196 (1850).
2) G.F.Chew and G.C.Wick, Phys.Rev., 85, 636 (1952).
8) G.F.Chew and M,L.Goldberger, Phys.Rev., 87, 778 (1952).
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We consider a particle incident on g nucleus, its interac-

tion with the individugl nuecleons of the nucleus being
represented by the potential Vi (for intergetion with the
k™ nucleon), If K 4is the total kinetic energy of the
system gnd U the inter-nucleon potential then the totsl

Hamiltonien for the system can be written as

H=K+U+Vs=H +V (B.2)
where

V= IV

= kk

The T-matrix for the process i1s given by the njquation

1
A, v VT
T u S Eﬂ. -+ 1‘1 — Hn

= V+ V i '}
Eﬂ_‘l‘iq-Ha—V

(B.3)
The first form for T 4in (B,3) is obtained from the

S-matrix expansion of Dyson by doing the spsce snd (time-
ordered) time integrations separately. The tem in  in the
denomingtor represents the outgoing wave boundary condition,
A limit of 10 is implied in (B.3).

We define the two.particle scattering matrix

T = Ve wy (Be4)

where

mh = 4 -+ : = Vh ‘ (Bia)



Now i1f B snd b are two operators defined by

T = £
Eo +iN-Ha=-V

et 4
Ei—l-t‘?-h—vk

where A is any operator, then

L
ot l'l]l- Hg—V

B = b+ : { LU, brd + (N=Vr)bg}- (B.6)

This result follows on using the operstor identity

doim Inid = RS SR
%=V T

We use (B.6) in (B,23) which we rewrite as

> 1
L hz=1{ Ve t Y B - eV V- (B.7)
From (B,6) and (B.5) we have
E.l-p—qu—:-l,,-v Vie =G =i
5 - { LU, ©rd + (V=Ve)(Wg -1}

Eq+if—He-V
(B.8)
Substituting (B,8) in (B.7) we finally obtain

> 1
TSR ke B ey R T ¢
i
+ (1 +V G TR ) (V= Vi X wi=1)}

(B.2)



which mgy be called the impulse series.

The first term in (B,2) represents the linear super-
position of the individugl free nucleon smplitudes and it
1s known, as stated earlier, as the impulse approximation,
while the second and third termms denote the correction due
to binding energy and the correction due to multiple
scattering, respectively. An adequate snd workgble approxi-
mation in mgny cases is obtalned by neglecting the second
and third tems of (B.?) and using the correct wave functions
for the initigl and fingl states in computing the matrix

elameﬁts,
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Appendix C

In this Appendix we indicgte the method of evaluating
the radial integrgls:

" o)
: i
i, (R = {®, (1) ] (Rr) Ry (O™,
<l >11i1i:ﬂ§1,i- S N (c.1)
where (R ,(r) is the properly nomalized single particle
hamonie oseillator radial wave function and i, (kr) is =
spherical Bessel function of order . . The properly nor-
mallzed harmonle oselllator radigl wave ﬂmntinns(]‘) are
defined by:
-l 2
Rgx) =H_ b ¥R p(r) 2t exp(- " ) (C.2)
where Hn .is a noMmalizstion cnnstant{+}
gtE+ 1 /2
an. = i ] p
rt2n+2£ «1)!1?

b is the osclllator length or size psrameter (ususlly deter-

mined from eleectron seattering experiments), and

P(I‘) =1 forn=1,
2
= B 0B gt forn = 2,
2 2
b
=X [ (2 £42)(2 L +5) (21 45) ° 1'4]:!'0: n=3,
2 4 s h3 e

1) v. ﬂillat and D,A.Jenkins, Phys.Rev,140, B3z (19865).
(+) (2N-1)t! = (EH-].)(EH-E)....{E)(EJIIJ Hl'lﬂn N is an integer, :
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In Tgble.l, we 1list some of the nomgalized hamonic

oselllgtor radlizl wave functions.

Zable.l
B Nomgalized harmonic osclllator radial wave functions
n ! &nl(r).exp(r%fﬂhai
1 0 (1s) (4/ (3 5) /2
1 1 (p) (8/(3 v 7NYZ w1
1 2 (1a) ( 16/¢15 b3 y7) /2 22
2 0 (2s) ( 8/¢3 v° y3) Y2 (/2 - 08
1 (1£) ( 32/(105 b3 57) Y2 188
2 1 (2p) ( 16/(15 v .7) )2 x(5/2 - 2v2)/p
1 4 (Qg) ( 64/(945 b° 7) )Y/2 At
2 2 (22 C 32/€106 v° y7) Y2 27/ - 12nB)n?
3 0 (3s) ( 16/018 v° y3) 12015745 BnnZert iy e
1 § (1n) ( 128/(10285 b° 7) )2 15,15
2 3 (2 ( 64/(945 v° 5) )2 353
3 1 (3p) ¢ 32/(105 245) )2 r(15/4-5:2b%rYb%)/ o0
1 6 (1) ( 266/(135135 b2 7) )/2 8,8

The spherical Bessel functim, J,(x), is related to
the Bessel function of first king, Jy (x), through

J,(x) =

r 1/2

(E:;_J ‘-'I}_ +1/E (x] ';E- 3) .




In Tgble,2, we list some of the spherical Bessel ﬁmcticn:m.

Tﬂble a2
Sphericgl Bessel functions

¢ J,(x)

0 8in x/x

1 Sin x/x2 - Cos x/X

2 (2/x°.1/x)Sin * - 2 Cos »/x%

3 {15{::4-6/121 8in x - (15/x° - 1/x) Cocs x

4 [105/:5-45;’13 + 1/x) 8in x - (105/14 - 10}::2) Cos x
5  (945/x° . 420/x% + 15/x%) sin x +

-{9-;5/3.5 - 105/x° + 1/::_] Cos x
6  (10395/x' - 4725/x° + 210/x° - 1/x) Sin x +

-(10285/x° - 1260/x% + 21/2%) Cos x

Evaluation of the radial integral (C.l) involves the
use of two basic integrelss

gl
ak j:fb a0 -v7/b

o
i in RrdT
T ke dr T ng = ’
§ Cos:Ry; ana

which we will denote as I, and Ipn4y, respectively. When
3)

n=0, we have

o _'?ﬁ
T = Sn‘e'rb Cos kr dr = BT exp(- Kb/4),

2 (C.4)

2)mdrev Gray e=nd G,B,Mathews, "A Tregtise on Dessel functions
end their agpplications to Pﬁyaics" Mgemillan end Company
Limited, (London) 1252, p.l7.

3) H.B. Du{ght{:"Tablas of ‘Integrals and other mathematical data",

ourth Edition Macmil Y.
EQs.861.50 soa’ger gyociillan Compeny(N.Y,)1961, p.236,
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z]

oy >
?rrew; S R buy exp(- KB/4).  (€.5)

S 4

Integrating I, and I,y by parts, we derive the following

recurgence relations forn 2> 1:

- o] Zia
I-z.’n = f 'T‘zn E’,-T/b Cos Ry drT
2 (c.6)
= % [{in—i)IQﬂ-i _hIQ“"iJ‘
o0 e g 2
Iontt = ‘E:; = Y76 Sin Rkr dr
1 (G.?J
= % [2n Iiﬂ"i == hIg_th

In table.3, we 1list the explicit expressions for some of
these integrals.

Table.3

N Iy & . exp( + kEbE/«n/,m:

0 b/2

1 kb4

o b¥1 - k%be/2)/8

3 kb (3 - k%b2/2)/8

4 2(3-a%% + ¥%a)/8

5 kb’ (15-5k%2 + x%/4)/16

6 b/ (15-45 k“pe/gt 151:%'97 - kﬁhE/BJﬂa
7 kb (106(1-k%%/2) + 21 k%4 x56%/8)/30

table.3 continued on next pagé
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Tgble ed).

N Iy 7 « exp(+ k%b2/4)

8 b(105(1-2%2b2) + 105k"vY/2 - 7EpS/2 + KBv8/16) /32
9 kbt (946(1-2k%b%/3)+189k%b?/2.-0kb8/24xBb8/16) /64
10 bl1(945(1-5k2b2/2)+1575k4h%/2-515k6b6/4+45k8b8 /16 -x10b10/32)/64

The radisl integral (C.l1) for various single particle

transitions can now be englytiecally computed using tgbles 1,2
and 3. Some of the rgdlgl integrals which occur in problems of
photoproduction of plons from nuclei gsre enumergted in tgble.4,

Tgble 4
Malyticsl expressions for radial integrals of the type (C,1)

ny Qg nplel < §,(k2) >p04 nepesexp(+kEpE/4)
1 & L 0 i

1 esiliag 3 xb/ |6

s ) [ e k2be/ |60

1 & '8is © k2pe/ o4

s ) (S 1 - k%n%/6

1 Pad niaag k2b2/6

1 palud 3 J2/5 kb(10-k%p2)/12
1 p1l1d a3 J2/6 x3b%/12

1 p 2 81 kb(kZb2-4)/12

s I g e 2y k2b2(7-k%b%/2)/(6 |35)

table continued on next page
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|

< 3 (k1) >p,1y nglgeexp(+ED7/4)

o
2
.4
is

-

x*p?/(12 v35)

J2/5 k2p2(10-k%0%)/24

/5 x%b2(x2b3.4)/24
1+k8p%(k%0%/20 - 1)/5

k&b2(7 k"v%/2)/30

x*v%/60

V275 k2n2(k%n2.3) /04

J7/18 xb(1-k%0%/5 + k%n?/140)

3 {277 ¥*¥(1%%b2/18)/20

J277 ®2v°/120

kb @220 - 1/3 - k%%120)
(k%28 - 1)/15

1 - %x20%2 + x%Y20 - x%%/840

k22 3(1-k%0%/7) + ¥4/8e)/10
x¥p4(11-x20%/2)/420

{2/7 ¥*p3(x"b2(13-x%0%/2) -56)/120

V277 ¥4 (xBr2.12) /240
1 - ¥2b2(1-k%%(11-k%%/2)/60)/2
£¥bE(9-2k%b% + k%¥/8)/30
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