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Abstract

A successful many body approach to evaluate inclusive photonuclear
cross sections is reviewed. The lectures begin with an exposition of the
state of the art in the elementary reactions YV — 7N and YN — 7N,
which are the basic building blocks for the many body theory. Through
the skilful use of Field Theoretical Technigues one can disentangle the
different reaction channels in the total photonuclear cross section. The
method makes use of genuine reaction probabilities, defined as one step
processes and calculated microscopically. and a Monte ('arlo simulation
procedure by means of which one generates all possible multistep pro-
cesses which occur 1n the actual physical reactions. This allows one
to compare directly the theoretical results with the experimental cross
sections like (v, 7). (7. V). (1..V N). (7. N =) etc. in nuclei.

Index

. Introduction.

. Elementary YN — 7N amplitude.

. Elementary YN — ar VN amplitude.

_ Photouuclear cross section. Many body approach.

St W N

. Inclusive (7, 7) reaction.
6. Inclusive (v, V), (7. 2V)... reactions.
. Conclusions.

=1

FTUV/94-53
“TF1C/94-48

CERN LIBRARIES, GENEVA

T

SCAN-9410310

e SHeY



1 Introduction.

Because of the relative small strength of the electromagnetic interaction and its
adequate knowledge from the theoretical point of view, electrons and photons
have been taditionally excellent probes of nuclear structure and continue to
be so. With increasing experimental hability to perform high resolution as
well as coincidence experiments, the wealth of experimental information has
reached a point which allows oue to learn about details of nuclear structure
as well as to dig into the complicated or subtle excitation mechanisins of the
nucleus. One theoretical approach which has proved particularly rewarding to
put in a unified framework all the different photonuclear reactions is the one
based on a many body approach to the general problem using Quantum Field
Theoretical Techniques. which allows the separation of all the reaction channels
in the (e, ') or y-nucleus interaction and which we will expose here. For this
purpose we shall begin with the study of the YN — 7N and YN — 7w N
reactions. Then they serve as the starting point in a many body theory which
generates two and three nucleon mechanisms for the 7y nuclear interaction.
A skilful classification of the diagrams allows the separation of genuine one
step mechanisms, where all meson correlating two nucleons are off shell, from
those diagrams where sume intermediate meson is mostly on shell and which
can be better dealt with by associating the mechanism to a two step process.
These two step and multistep processes are considered by means of a Monte
Caro simulation procedure on which one has a certain control and which
requires as input only the probabilities associated to the genuine one step
procecess (involving one or many nucleons). With this procedure one can
evaluate cross sections for all the channels of the inclusive ¥ — A reaction,
(1. 7), (1 N (7, 2N ). (7. N7) ete.

A general good agreement with experiment in all the channels is reached.
The method allows the investigation of channels so far unmeasured which
contain very much information on magnitudes like the pion absorption prob-
abilities or the nucleon mean free path in the nucleus.

2 The YN — N reaction.

From the very heginning we will disregard processes involving vV — N
which are of order e in the amplitude and hence we shall start from the
photoproduction amplitude vV — 7N, and associated amplitudes, which are
of order ¢ in the amplitude.

We shall illustrate the model of ref. [1] which follows closely the one intro-
duced in [2]. The model contains the nueleon and delta pole terms, plus their
crossed terms. the pion pole and the Kroll Ruderman ters, as shown in fig.
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Fig. 1: Feynman diagrams considered for the vN — 7N process. (a)
Nucleon pole. (b) Crossed nucleon pole. (c) Pion pole. (d) Delta pole. (e)
Crossed delta pole. (f) Kroil Ruderman term.

The amplitudes for these diagrams can e easily obtained from standard
Fevnman rules using the hasic vertices which we detail below

N N . X
? - —iBH.,NN=-ie<y“+i§-:; cr“"k,)e,“
k€ ¥
N N'
a —461-'!,,,‘,.,=;£o'~q1‘
S qhd H
q-k

g .
= f}l"’"‘ -isH,,,= Fie (2g—K)"e, = xje2qeE,
K, €

—i6H s = -f(s'x k) - eTT+he.,

K,
———
e . st
e =i s =T (ST @) T P he,

The Kroll Ruderman term is generated from the pseudovector TVN La-

grangian,
OLowy = —f‘—[%mr‘ww (1)

by minimal coupling, d, — d,+1ed,. However, it is customary to separate the



nucleon propagator into the positive and negative energy state contributions,
as done in eq. (2) and include the contribution of the nucleon direct and
crossed terms with negative energy states in the Kroll Ruderman term.

rtM =_L(Zr“(P,')ﬁ(P.’)*Z,v(-p.r)ﬁ(-p.r))
p~M+ie E(p)\ p’—E(p)+ie T pP+E(p)-ie '

(2)

Then only the positive energy intermediate states are considered in the
nucleon pole term and the Kroll Ruderman term becomes

"Tn=?l Clalo - ¢,
m
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in agreement up to O(k/M) terms with the results obtained from current al-
gebra and PCAC [4]

In the vertices of the Fevnman rules M is the nucleon mass. p the pion
mass, f = 1, f, = 0.12 . & the nucleon spin, (TI: the pion and photon
momenta and ¢# the photon polanzation vector. We work usually in the
Coulomb gauge. ¥ = 0. sk=o.

In the vertex yVN . \, is the proton anomalous magnetic moment. For
the coupling of the photon to the neutron the v* term does not appear and
\p is replaced by \,, the neutron anomalous magnetic moment. E(p), wlq)
are the relativistic energies of the nucleon and the pion and s in eqgs. (4) the
N Mandelstam variable.

The operators S, T appearing in the 7 VA and y VA vertices are the spin
and isospin transition operators from 1/2 to 3/2.

The model exposed is not exactly unitary aud different prescriptions are
taken to unitarize it and force it to satisty Watson's theorem. The practical
changes are small. In [1] the method of Olson [4] is used to implement unitarity

in the model by multiplying the delta pole term by a small phase such that
the v — 7.V amplitude has the same phase as the 7.V — 7N scattering
amplitude in every partial wave and isospiu channel (Watson's theorem). The
agreement of the model with experiment is generally goud as can be seen in
fig. (1] where we show two examples of cross sections ubtained with this model
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g, 2 Cross sections for the 4p — 7¥n and ~n — ®7p reactions as a

function of the photon energy. Experiment from {5].

3 The YN — 77 reaction.

Much experimental information is piling up on this reaction. Tu the old data in
the late 60’s [6, 7] one is adding new data from Mainz with an improved precis-
sion [8. 9]. The theoretical work has followed a similar trend. There is an early
model which reproduces qualitatively the basic features of the reaction {10]. but
recently the model has been enlarged to include extra terins which prove to be
important [3. 11]. The most complete model is the one of ret. [11] whick con-
taius 67 Feviman diagrams and accounts for V. A(1232)..V=(1440). .V~ (1520)
barvon intermediate states plus terms in which the two tinal pions couple
strongly to the p-meson. Schematically the diagrams are classitied according

to the scheme of fig. 3.
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Fig. 3. Classification of the Feynman diagrams for yN — == N into one
point, two point and three point diagrams.

The reader is addressed to ref. [L1] for details but here I would like to
stress one of the most interesting findings of the model. The dominant term
in the vp — m¥r~p reaction is the one shown in fig. 4a, which involves the
yNAx Kroll Ruderman term and the decay of the A into N«
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fig. 4 a) Dominant term in the yp — x+7p reaction. b) term involving
the N*(1520) resonance and its decay into the Aw system, which interferes
with a) producing the peak of the cross section.

The term in fig. 1b involves the intermediate N=(1520}) resonance, decaying
into Ax plus the A decaying into #¥. This term 1s essential to reproduce the
peak of the cross section which we see in fig 5.

A REARERSRSRRRARS LRSS LIULLE RN RELEE ILRLE A

100 - —
L B

80 — —
L Y T <4

- 4

g 60 — —
. F 4
- B

40 - ypepn —

L 5 ABBHHM Collaboration 1968 g

20 —
3 E

o —
T T P DU PRI R UTY DN T PUETE DU

400 500 600 700 1000 1100 1200

800 900
E, (MeV)

fig. 5: Total yp — 717 p cross section. Dashed line: the model of [11]
omitting the N*(1520) terms: continuous line: complete model.

Contrary to simple intuition, the experimental peak of fig. 5 is not associ-
ated with the A excitation in the dominant term of fig. 4a. The reason is that
there is no particular v energy which places the A on shell since the =~ already

takes away some of the photon energy and its energy 1s distributed according
to phase space. (lonsequently, the model, omitting the N*(1520) terms has a
monotonous growth with energy, as seen in fig. 5. and the qualitative features
of the cross section are missed. The term of fig. 4b happens to have the same
spin structure as the term in fig. 4a, and then there is a constructive interfer-
ence before the on shell energy of the ¥*(1520) is reached in the intermediate
state and a destructive interference after. In this way the peak of the solid
line shown in fig. 5 is reached as an interference phenomenou. The strength
of the N* — Ar coupling is taken from experiment. The sign is taken so as to
have the best agreement with experiment in fig. 5 (the opposite sign produces
unacceptable results) and it agrees (also the strength) with results for that
coupling obtained in the constituent quark model for baryons [12].

The model of [11] also reproduces quite well mass distributions for the
(p7 ) (prt) and (777) systems. The discrepancies of the model with ex-
periment from £, = 1000 MeV on should be expected since at those energies
tnany more resonances than those considered in [11] would play a role in the
reaction. Work on the vther isospin channels is in progress along the lines of
model [11] and experiments are also coming [3. 9]

4 Photonuclear cross section. The many body
approach.

The many body approach followed in [1] begins by looking at the behaviour
of a photon in infinite nuclear matter. Through the interaction of the photon
with the matter it acquires a selfenergy II(k). or equivalently the photon of
montentum & feels an optical potential Vopel k) defined in terms of (k) as
2V, el k) = II(K). Now let us take the wave function of the photon which will
have its tinie dependence moditied by the effect of the extra potential.

Hence we have

U, ~ t—iktr—:l',),,.z L~ e—ulml;,,,.t .

(|~ ettt = T (5)

where the latest result is obtained because the other terms with ¢ dependence
have modulus one. Hence we ubserve that the presence of the optical potential
induces a depletion of the photon wave through the medium such that

- —%{l‘—}}/‘ = ——i% =T =—2ImV, = —%Imﬂ(k,p) (6)
where we have written [ explicitly as a function of k and p, the densit
medium. Thus. —fmI1/k is the probability of photon reaction per unit length.
Multiplying this probability by df and ds we obtain a contribution to a cross
section. Next. in order to obtain o4 in a finite nucleus one makes use of the

y of the



local density approximation. by substituting p — p(F) and by integrating over
the whole nuclear volumne one obtains the formula

Ty = _./([’r-}l:hnﬂ(k‘ﬂ(ﬂ) (7)

There is always an approximation involved in the use of the local density
approximation. However, in the present case because the contribution to o4
is a volume contribution, the local density approximating is an excellent tool
and the results one obtains with eq. (7) are the same that one obtains if one
convolutes the density with a certain range of the interaction {1}.

This appreciacion results in an economical and accurate tool to evaluate
photonuclear cross sections. since calculations in nuclear matter are much sim-
pler than the equivalent ones in finite nuclei.

The next step consists in the evaluation of the photon selfenergy and we
proceed in parts. By starting from the model for 4N — =N, folding the
diagramns with their complex conjugates and sunmuming over the occupied states
we obtain the set of 36 Feynman diagrams represented in fig. 6

Fig. 6 Photon selfenergy diagram obtained by folding the YN — N

amplitude. The circle indicates any of the terms of this amplitude from fig. L.

The evaluation of TI(k) for the diagramas of fig. 6 is easy. Assume for sim-

plicity only one term, the Kroll Ruderman tern, in the yp — nrt amplitude.
We obtain then

_ diq - . f = 2M
— i, k) = / ———(277)4 (k= q)lD"((I)(e;\/E——'_)A[ +. - )2 (8)

where (7, ,, is the Lindhard function for ph excitation of fig. 6 of the (p.u) type
and Dy(q¢) the pion propagator. ImIl(k) can be easily obtained using Cutkosky
rules [13]. The imaginary part of 1 is ubtained when in the intermediate
integrations the states cut by the dotted line in fig. 6 are placed on shell. In
practical terins this is carried out by using the following useful rules (Cutkosky
rules): Substitute

1 — 20mll
'{q)— 216(¢" Y Il (q) (9)
Dolq) — 28(g°)ImDylq)
By making this substitution and sunining over the 6 terms of the yp — rtn

amplitude we obtain

1
2wlq)
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By summing now also over the {p.p) (1. p).{n.n) excitations oue would
obtain the whole photon selfenergy. It is instructive to see what has been
accomplished with this step. For this purpose recall the limit when p, — 0

B(¢" ) Iml . q) = —Tppdlq” = 7i2M) (L)

By means of this and the standard formulas for the cross section in teris
of |T|% and using eq. (7) we obtain

4= / ool VAT + 7 / pulPIr

= 00pZ + TN (12)

with o.p, 05, the cross section for vp — 7N and yn — 7N respectively. This
result is the impulse approximation. Eq. (11 neglects the effect of Pauli
blocking and Fermi motion of the Lindhard function. It is thus ciear that the
use of eq. (10) improves over the impulse approximation precisely ou these
two points. However, it only takes into account the YN — 7N channel of the
photonuclear reactions. The absorption chanunels are still missing.

Thie absorption channels can be easily obtained by allowing the pion i fig.
6 to excite a ph as shown in fig. 7. Then, when in the intermediate integrations
the states cut by the dotted line in fig. 7 are placed on shell, this will give a
contribution to ImIl which is tied to the photon disappearing and producing

a 2p2h excitation.




fig. 7. Photon selfenergy corresponding to photou absorption by a pair of
nucleons.

The evaluation of the absorption diagrams is similar to the one we sketched
for the (v,7) channel, aud now two Lindhard functions are involved in the
evaluation of II. There are many technical details which must be skipped here
but can be followed from ref. [1], but we would like to mention that there are
extra diagrams evaluated where the crossed circle happens in the second ph
excitation, there are some symunetric terms which carry a symiumetry factor 1,
and long range as well as short range correlation corrections are implemented
into the scheme.

Around the region of excitation of the A resonance, the dominant contri-
bution comes from the diagram of fig. 3

fig. 8. Ah excitation contribution to the photon selfenergy. The crossed
circle indicates the A selfenergy insertion.

One tinds there that

4=, 1 .

Ma{k) = ('——)ﬁka\, e p (13)
# : ,/.\‘A—;‘]/_\‘*'_[——SA(IJ)

where T(k) is the free A width corrected by Pauli blocking and Salk) 1s

the A selfenergy. The model for the A selfenergy is taken from ref. [14]

and lLas both a real and an imaginary part. The latter part accounts for

AN — NN or ANN — NN channels, which wheu implemented in eq. (13)

lead to mechanisms of direct photon absorption by two or three nucleons. The

important thing to keep in mind is the fact that

F(A—f)-—ImSA(k)=FT—)”>F—(.)kl (L4)

where (k) is the free A width. Hence. when we are close to the A pole.
V5 = Ma — ReSa(k) = 0, the Ah propagator in eq. (13) behaves as 2/il. ¢
and are find that

1 1
[ImIla] ~ =— < = (15)
F,// r
and consequently the photonuclear cross section per nucleon with the renor-
malized A becomes sialler than the free ¥V cross section.
This feature is clearly visible in the experimental and theoretical cross

sections which we show in figs. 9 and 10.
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fig. 9. ./ for (" and 0. The experimental data are from [15] and [16]

respectively.
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fig. 10 o,/ for *¥Pb. The dashed line shows the impulse approxia-
tion (Zo, + Now,)/ 4. The dotted line shows the results for direct photon
absorption . The experimental data are from: full circles [17], open circles

[15).

In figs. 9 and 10 we also show the cross section corresponding to direct
v absorption. As we described betore, the method we use traces back the
v cross section to the imaginary part of the v selfenergy, and by looking at
the different sources of imaginary part we can assotiate them to particular
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fig. 7. Photon selfenergy corresponding to photon absorption by a pair of
nucleons.

The evaluation of the absorption diagrams is similar to the one we sketched
for the (v, ) chaunel. and now two Lindhard fuuctions are involved in the
evaluation of II. There are many technical details which must be skipped here
but can be followed from ref. [1], but we would like to mention that there are
extra diagrams evaluated where the crossed circle happens in the second ph
excitation, there are some symuetric terms which carry a symumetry factor %,
and long range as well as short range correlation corrections are implemented
into the scheme.

Around the region of excitation of the A resonance, the dominant contri-
bution comes from the diagram of fig. 3

tig. 8. Ak excitation contribution to the photon selfenergy. The crossed
circle indicates the A selfenergy insertion.

One finds there that
1
Vo = Ma+ HH - Ta (k)

where [(k) is the free A width corrected by Pauli blocking and Calk) is
the A selfenergy. The model for the A selfenergy is taken from ref. [14]
and has both a real and an imaginary part. The latter part accounts tor
AN — NN or ANN — NN channels, which when implemented in eq. (13)
lead to mechanisis of direct photon absorption by two or three nucleons. The
important thing to keep in mind is the fact that

RO VS
Ha(k) = (7)25"{‘"

P (13)

>
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where T(k) is the free A width. Hence. when we are close to the A pole.
V3 — Ma — ReSa(k) = 0, the Ah propagator in eq. (13) behaves as 2/il. sy
and are find that
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1 1
Il ~ — < = (15)
Ly T
and consequently the photonuclear cross section per nucleon with the renor-
mnalized .\ becomes smaller than the free NV cross section.
This feature is clearly visible in the experimental and theoretical cross

sections which we show in figs. 9 and 10.
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tig. 10 o,/ for 2¥Pb. The dashed line shows the impulse approxima-
tion (Zoyp + Now,)/A. The dotted line shows the results for direct photon
absorption . The experimental data are from: full circles [17], open circles
(15).

In figs. 9 and 10 we also show the cross section corresponding to direct
4 absorption. As we described before. the method we use traces back the
4 cross section to the imaginary part of the v selfenergy, and by looking at
the different sources of imaginary part we can associate them to particular
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channels like (v,7) or v absorption (see figs. 6 and 7). But we must be
cautious in the interpretation. Eq. (7) gives a contribution to o4 from each
element of volume 3r, and in each of these elements of volume we made the
classification into (7, 7) vr 7 absorption. We are not saying anything about
the fate of the particles emitted. nucleons or pions, in their may out of the
nucleus, but are making a semiclassical assumption and this is that the final
state interaction of these particles will not change the cross sectiou, it will
only redistribute its strength in different chaunels. This means that in some
events that originally were of the (-y, 7} type, the pion will be absorbed in its
way out and show up as v absorption. in the sense that only nucleons and no
pious will be detected. We shall. thus, make a difference between this way of
absorbing photons. which we call indirect photon absorption, aud the direct
one where originally no real pions were produced and the photon was directly
absorbed.

The agreement with the data in figs. 9 and 10 is quite good. It is quite
remarkable to see that even the small differences between o4/A for (" and
W8 Pp that one obtains in the calculation have found experimental support in
recent, very precise, measurements [18].

The assumption of the cross section not being modified by final state in-
teraction is accurate for relatively energetic pions or nucleons (100 MeV' or
50 MeV Kinetic energies respectively). For low energy pions is should be less
accurate, but then, for phase space reasons, the contribution to o4 is small
since the cross section is dominated by v absorption. Thus, for photous with
wy 2 100 MeV on, the assumption leads to accurate total cross sections.

It is also interesting to note that although o4/A is nearly constant for
nuclei. up to the small differences apreciated in [18], the direct v absorption
per nucleon is not so constant for different nuclei, as comparison of the results
for 12¢" and *®Pb in figs. Y and 10 shows.

It is also interesting to note that for v energies below w, = 150 MeV | the
absorption cross section is dominated by the Kroll Ruderman and pion pole
terms (see fig. 1). These terms are ounly relevant for charged pions and this
implies v absorption by pn pairs, something corroborated experimentally and
which has been the foundation of the quasideuteron model for v absorption
[19]. Here we find a microscopical picture for v absorption which supports
some of the features of the quasideuteron (empirical) model and extends it to
higher energies where the presence of the A allows for v absorption or pp, pn
or un pairs.

We should also note that by starting from the yN — 77V amplitude.
taking the dominant Kroll Ruderman A term and folding the amplitude like
in the case of the N — 7.V amplitude, we find terms contributing to the v
selfenergy like those depicted in fig. 11 and which contribute about 20% to
the ~ total cross section at energies around 450 MeV.

fig. 11: Chaunels tied to the vV — 77NV amplitude. a) corresponds to
2phlx excitation: b) corresponds to 3ph excitation.

5 Inclusive (v, 7) cross section.

[u the former section we calculated a4 and separated from it the cross section
corresponding to direct photon absorption. The difference between o4 and o
of direct absorption corresponds to events which originally were (y,7), this
is. where a real pion was produced in the first step. However, this pion 1s
produced at a point 7 and before it goes out and can be detected it has to sort
out many obstacles. Indeed, the pion can scatter with nucleous in its way out
of the nucieus changing direction and energy; it can also be absorbed by pairs
or trios of nucleons and then it will not be detected. instead. some nucleons
will be ejected from the nucleus and the event will correspond to ¥ absorption
of the indirect type as we discussed.

In order to be able to get cross sections for {5.7) which can be compared to
experiment it is imperative to follow the evolution of the pions in the nucleus
once they are produced. This is done in ref. [20] and we outline the procedure
here.

Iu ref. [21] a thorough study of all the inclusive pionic reactions was done:
quasielastic. single charge exchange. double charge exchauge and absorption.
The procedure used there was the following: through a many body theory
siilar to the one described here for photons. one evaluated the piou reac-
tion probabilities per unit length for the different reaction chanunels. Then
all this information was used in a Monte Carlo simulation procedure which,
according to the calculated probabilities, decides the different steps that the
pion follows in its attempt to leave the nucleus. The procedure proves to be
very accurate and effective to calculate all the pion reaction channels for pions
above £, = 100 MeV [21]. One could even prove there that the results for the
total reaction cruss section calculated with the Monte C'arlo procedure were
in very good agreement (~ 5% ditferences) with the full quantum mechanical
caleulation of this channel. This latter calculation was done by solving the
Klein Gordon equation for the pion with the pion nucleus optical potential

13



calculated microscopically, evaluating then the total cross section from the
forward scattering amplitude using the optical theorem. and subtracting the
integrated elastic cross section.

The same procedure used in [21] was followed in ref. [20] to follow the
fate of the pion produced in a (7,7) step. Some of the pions are absorbed
and then we get indirect photon absorption. Others scatter quasielastically
with nucleons and eventually change their charge. The simulation then tells
us in which direction, and with which charge and energy the pions come out,
allowing direct comparison with experiment.

The agreement of the results of [20} with experiment is rather good in
all charge pion channels. double differential cross sections, angular or energy
distributions and for different nuclei. We show in fig. 12 results for (v, %)
for different nuclei. where one observes that. ouce the proper cuts considered
in the experiment are taken into the account, the agreement of theory and
experiment is rather good.

fig. 12. Integrated cross sections for (7, 7¥) for several nuclei as a function
of the photon energy. Continuous line: integrated cross section: dashed line:
calculation omitting the pions with Ty < 40 MeV to compare with experiment.
Experimental data from ref. {22]. Dotted line: theoretical contribution from
(v, 7% ) aud (7,77), both of them without pion threshold.

Since the (7,7) cross sections come out fine from our calculations and
so do the total cross sections. then we are also making accurate predictions
for the total absorption cross section. However, our calculatious allow us to
distinguish between direct and indirect photon absorption. Iu fig. 13 we show
the direct absorption, total absorption and total cross sections per nucleon for
photons interacting with (" and W08 ph,

It is very interesting to note that the amount of indirect photon absorption
per nucleon in *¥Pb is about three times larger than in '(". The result
is intuitive because in a heavy nucleus the pions have less chances to leave
the nucleus without being absorbed. However. one should not overlook this
finding which shows that the amount of v indirect absorption in nuclei provides
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more information on pion absorption than the experiments of pion absorption
with real pions. The reason is that for pions close to the resonance the pion
absorption probability per unit length is so big that all pions which come into
the geometrical cross section of the nucleus get absorbed and the cross section
goes roughly as 7 R? (R. nuclear radius). In this case this cross section is rather
{usensitive to the intrinsic absorption probability per unit length. Indeed, if
we increase this probability in a calculation, the pions are absorbed sooner but
are absorbed anyway. In simple words, a black disk can not become blacker.
On the other hand the probability that a pion created in a point leaves the

nucleus is proportional to
¢ J Passdi (16)

and this expouential is very sensitive to P..,. The discussion above can be
sumumarized in simple words by saving that the maguitude of indirect photon
absorption in nuclei can provide more information about pion absorption prob-
abilities than the pion absorption cross sections ubtained from the scattering
of real pions on nuclei. In view of this finding it lovks quite useful to invest ef-
forts into the experimental separation of the two sources of photon absorption
throughout the periodic table. The techniques to be used would ressemble
those used in the separation of genuine three nucleon pion absorption from
quasielastic steps followed by two body absorption [23).
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hg. 13. a) Photonuclear cross section for 7. Upper curve: total photonu-
clear cross section; middle curve: total absorbtion: lower curve: direct photou
absorption. b) Same for #*Pb.



6 Inclusive (v, N), (v, NN), (v,mN). .. reactions.

The detailed work on these channels has been done in ref. [24]. The work is
a natural continuation of the study in the (v, 7) chaunnel in ref. [20]. Here, in
addition to the final state interaction of the pious, one also pays attention to
the final state interaction of the nucleons. The nucleons coming from (v, )
, 4 absorption or pion absorption can collide with other nucleons changing
energy, direction and charge. A calculation which attempts to compare with
experiment necessarily has to address this problem.

The key ingredient in the final state interaction of the nucleons is the
nucleon mean free path through matter, which is known to be larger than
the semiclassical estimate. A= oyne [25]. A more suited magnitude than
the mean free path is the imaginary part of the N-nucleus optical potential.
The analysis of (23] uses a semiplienomenological model, developed in (26].
which reproduces fairly well the microscopic results of ref. [27] obtained with
a substantially larger computational time.

The sources of nucleons in photonuclear reactions are varied:

i) direct v absorption
i) (7, ) knock out
iii) (7. 7") knock-out
iv) = absorption

v) NN collisions

In [24] once again a Monte (‘arlo computer simulation was perforimed to
account for final state interaction of pions and nucleons. It was also proved
in [24] that the reaction cross sections for V-nucleus scattering calculated
with the simulation or quantum mechanically were also very similar. with
about § — 8% differences for Jdifferent nuclei and nucleons with Kinetic energy
bigger than 40 Mel. This observation gives one confidence in the Monte
Carlo simulation to investigate the different reaction channels, which would
be technically forbidden otherwise.

Less ambitious studies of V.V emission., with the consideration of direct
photon absorption as the only source, have been carried out elsewhere (28. 29].

The results of [24] for the {7, V) chanuel agree only semiquantitatively
with experiment. The agreement 1s good in some nuclei while in other nuclei
and certain energies there can be a disagreawent of about a factor of two.

In the (v, NN) and (v, 7N) channels there is much work going ou exper-
imentally [30] and comparisons are being made with the predictions of ref.
[24]. Waork is still in progress but we expect to be able to extract much in-
formation about the dynamics of basic processes like plon absorption. photon
direct absorption. nucleon mean free path in nuclei. isospin dependence of

basic mechanisms, etc.
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7 Conclusions.

From the discussions abuve one can draw the following couclusions, which 1
classify nto some pertaining to the theoretical side and others to the experi-
mental side.

A) Theoretical side:

i) A microscopic many body picture for the photonuclear processs is pos-
sible combining elements of pion physics with photonuclear dynamics.

i) All inclusive channels ('y.7r),('7,1V),(7,2;V),('7,71'N). etc., can be ad-
dressed simultaneously.

iii) The 7 absorption cross section depends strougly on A and has two
SOUrces:

a) Direct absorption.

b) Indirect absorption {(5.7) followed by 7 absorption).

In heavy nuclei the indirect absorption dominates the absorption cross
section. The indirect absorption cross section goes roughly as A® with a > |
(in 7 absorption a = 2/3). The study of indirect photon absorption will teach
us much about pion absorption in nuclei.

B) Experimental side:

1) Work advisable to separate (7. pp)- (s 1) (0 nn) as a function of the
energy to pin down the basic dynamics.

ii) Work necessary to disentangle direct from indirect photon absorption
to avoid misleading messages about absorption.

iii) Information from pion physics is essential to interprete correctly the
results.

iv) The amount of experimental inforiation in coincidence experimnents
is so large that real efforts are needed to classify it into a practical and use-
ful way, which allows one to learn about the basic dynamics of the physical
processes. In view of the fairly large amount of chanuels present in these
reactions, the extraction of the basic dynamics is not easy without a strong
theoretical guidance. It is most available that the experimental analysis goes
side by side with theoretical calculations, as complete as possible. in order
to establish solid facts about the basic dynamies of the processes by learning
both from the agreement aud disagreament of the predictions with the data.
The fact that many experimental groups liave reached this conclusion [30] is
an encouraging sign that much progress is ahead.
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