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INTRODUCTION

.

Our.séudy,of photonuclear réacticns at intermediate
energies [[1-47) has heretofore-been concerned mainly with spallat-
~fon and frugmentat1on f15810n processes oceurring in 1ight and
- medium- wewght nuclei.

Processes such as»(y, n) and. (y p) do contribute, how-
'ever, to a large extent to the y huc1eus total interaction c¢ross
section. Besides, -the study of (y,n), (v,p) and (y,%) reactions
can g{ve valuable information about some scarcely known aspects
of photon interaction and nuclear structure. All these réactions,.
in fact, seem to have characteristics quite different fﬁom Spa15~
‘ation and fission, on one side, and.fragméntationb on the other
side, and are accredited as predominantly direct.

Above the threshold of w=mesen photoproduction, we defi-
ne as taue dineet processesd thOSé ori ginatxng from the 1nteract1on
between an incoming photon and a single huclean 1n51de the target
nucleus and leading to the production of a real pion and a recoil
nucleon, at ]eést one df which suceeeds in éscépingb an overall
energy being transferred to the rest hucleus well below the mini-‘
mum amount required to evaporate other pavrticles. Starting from
30-40 MeV up to energies of a few hundred MeV, true direct pro-
cesses may as well orig%hate from the photodisintegration of small
clusters of particles, mostly neutron=proton paivs, §if the res%dual
nucleus s left in a truly de-excited state after the eséape of
some or a!l these particles.

From this standpoint, only veactions of the type

Qx(v.n)A‘;x )
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where éx denotes a targef nucleus ‘of atomic number Z and mass
number A, must be considered, to which the following primary

interactions will.contribute

EEEEEES o
Yy + n > p + m | . (8)
yrprpa (9)
Y+t p>n+t 'n+ o (10)
v+ () > on o+ pS (1)

in this very peculiar sense that reaction (1) originates from

(7) and (8), (2) from (9) and (10), (3-5) from (7-10), and (6)
from (11). We wish further to point out that any contribution

to reactions (1) and (2) from the'inﬁeraction between the incident
photon and a neutron-proton pair (e.g. through the so-called

"quasi-deuteron" mechanism of interaction) cannot be taken into

account due to kinematical restrictions [ 6 ].

5

A more recent and rigorous model ES] treats this interaction in terms
of exchange of a virtual meson between correlated neutron-proton pairs.
We shall not discuss, however, interaction (11) thoroughly, since from
both models contributions either negligible or null at all are deduced
for the reactions which we are dealt with (sce also Ref. [6:[ ).



Up to the present time, a few papers ha.e been pub11shed
almlng to 1nterpret the mass-yield distribution of reactions (1-5)
in complex nuclei at intermediate energies [[7-127] , and we believe
that a careful analysis of the experimenta1 cross section data
for theﬁe reaction§ and an estimate of their yields by means of
‘a Monte Carlo calculation may result in a better understanding
of the 1ntermed1ate- and high-energy y- nucleus interaction.

As far as (y,n) and- (y,p) reactions are concerned, the
interaction model proposed in Refs. [7, 8:] was essentially deve10~
' ped for 1light nuclei, and a very'hgavy contribution from the
quasi-deuteron mechanism was dssumed as being effective, still
at energies above about 100 MeV. On-the other hand, analyses
made in Refs. [9,107] suffered some lTimitations, either being only
of a semiemp{rica] character [:5:] or affected by simplifications
and approximations introduced in order to maké easier the calcu-
lation of the cascade step [10_] ; moreover, both were merely
devoted to (y,n) reaction. Also, in the casé of (y,xn) (x > 1)
reactions [137] , the treatment did not distinguish between the
"non-dinect part of the interaction and a possibie quaéi—dinacz-
contribution (i.e. cascade events not "contaminated" from evaporat-
ion contribution). '

Experimeﬁta1 data on (Y,n)+~and'(y,p$ [8,14-20"} react-
'1ons in complex nuclei at energies from the pion photoproduct1ow
threshold up to 1 GeV are relatively poor, those for {y,n) being
approximately three times more numerous and, what is even more

important,, physically more re1iab1e§ than for (y,p) reaction.

+A complete list of references regarding (y,n) cross section measurcments is
"given in Refs. [S IQJ , which the reader is referred to.

§Thls is perhaps due to difficulties in the measurements of some (Y,P) cross
sections,




The present paper will be dealt with the study of the’

true direct contribution to the yields of (y,n) and (y,p) proce-

sses. For the sake of completeness, target nuclei will be consider-

ed up to the heavy mass region (7 < A < 238). A future paper will

be entirely devoted to a deeper discussion about y-pion reactions.

’

-

"ANALYSIS OF THE MEASURED (y,p) YIELDS

- The yield of a photonuclear reaction for augiven tar-
get as a function of the ‘incident energy is often very difficult

to measure. The absence of monochromatic photon sources in the

',eﬁefgy range under consideration makes bremsstrahlung the uni-

que‘tool capable of giving photon beams of sufficiently high,

,1ntenswty Unfortunately, a bremsstrahlung beam is constituted

by photons w1th energies k rang1ng from zero up to the so- ca]]ed
bremsstrahlung end-point energy, Eo’ w1th an approx1mate energy
distribution of the type 1/k. This 1mp11es a toilsome transform-

ation [217] .from bremsstrahlung yields (in genera] expressed

“as cross sections per equivalent quantum, oQ) to photon  yields

(absolute Cross sections'or cross sections per photon, Oh)'
Very.frequently; the trend of the GQ‘Va]UQS vs the energy EO
does not permit to obtain.any structure for o and then it turns
out more preferable to calculate the mean cross section o, within

the E range explored. In this sftuation, the approximation of

"the square shape -of the bremsstrah]ung spectra can suffice. Some-

times the measured oQ values appear so spread, when plotted
against EO, that no more than quite rough estimates of the order

or magnitude of Ek may be achieved..



v Cross section measurements of (y,p) reactions have
been repérted,for the following nuclei: ]18 [167] , ]60 [1s],
8 a7, 30sis,97, *Pcaisy, ®Bzn e, '8sn 7,207,
and 1307¢ [197] . For 3051, 687n, 1181, and 1307 the induced
radiocactivity method was employed to determine the cross sections
per equivalent quantum. For the others, different physicai methods
were necessary.

When examining'the experimental data, we arrived at the
conclusion that for but six targét nuclei t_he~oQ measureménts
furnished values suitable to be fitted as to give mean cross
ITB’-180, 305?, 682n, ]]85n, and 130

sections per photon: Te.

Furthermore, the spreading of GQ‘é-vs EO andvthe error affectfﬁg
eacﬁ measurement were So large that we preferred, for eacﬁ reaction,
to fit two stéaight Tines through the experimental points, the

first having the maximum slope and the second the minimum slope,
thus obtaining "ranges, of uncertainty of" instead of "single
'valued" mean cross sections per'photon. It should be noted, at this
point, that our fits for (y,p) reactions did not take into consider-
ation any subtraction of tai]s'arisfng.fromiinteractions typica] of
loWer energy regions kSee Introduction). For the sake of compari-
son (see next section); the cross §ections were averaged over the
energy range 0.2 GeV-1 GeV. THe averaging procedure was made in

the following manner: if the measures arrived at £ = 0.8 GeV, it

was valid up to 1 CeV;

was assumed that the same trend of 9g VS EO

]80(Y,p)17N reaction the measures stopped at about

in the case of
0.4 GeV, and we assumed that above 0.4 GeV the trend of o, vs k
was the same we calculated (séé next section), thus we used a norm-

alization factor to calculate Ek in the energy region 0.2GeV-1GeV.



.

Once obtained these cross sections, we plotted them in a log-log
graph against the atomic number Z of the target nucleus, as one

can see in Fig. 1. A least-squares analysis gave the following

dependence of Eh on Z: Eh = (115 ¢ 15)2(0'50i0‘05), Eh being

30

expressed in pb. From the fit, the point relative to Si  was

,‘rejected.'Table 1 reports the mean cross sections Eh obtained

as deécribed above for (y,p) reactions.

THE MONTE CARLO CALCULATION

The essent1als of the Monte Carlo calculation have alrea-

dy been descr1bed in [10:] We sha]] indicate here some 1mportant

modifications we made in order to improve the calculation itself
and, at the same time; to account for more severe physical res- .
trictions. |

. The target nucleus is described in terms of degenefate
Fermi gases of Z protons and N neutrons confined within a spheri-

cally symmetric nuclear potential of radius R = &OA]/3.

Different
values of 1, were assumed accofding to thé.A-dependence of the
form 2 = 1.12 + 2.35472/3 _ 2.07A*4/3, where x  is expressed
in fm [227] . | |

‘ Diffehent cutoff energies-were chosen for neﬁtron and
proton, as functions of the nuclear parameters which characterize
the target nucleus, thus.introducing in the calculatjon ﬁome
1nf0rmatibn on the nuclear structure.

To be sure that the res1dua1 nuc]eus be truly ”co]d"‘

after the cascade step (i.e. no evaporat1on occured at all),



residual excitation energy of 2 MeV has been imposed as an upper
Yimit. This perhaps is the most inportant change with réspect to
the old ca]cuiafion [107] . The choice of 2 MeV was not a casual
one, but this point will be discussed later.

"In the development of cascades, the Pauli exclusion
princiﬁ]e'was always accounted for whenever the allowance of a
particle-particle col]isjbnvhad to be.verified. |

The mechanismé'of primary interaction of the photon
were considered to. be the'phdtomesbnic and the quasi-deuteron
ones. The points of interaction\of the incoming photons have been
assumed as uniformly distributedfwithiq the nucleus, so'%reating
a phéé&i this interaction within the framewérk of a “nucigar volu-
me" model [:Zq:j. In the case of the quasi-deuteron interaction
-the dependence of the Levinger's factor L or the mass number A
has been taken as L = 2.1 £&n (1.3A), since it g%ves values of L
which agree quite well with.thoge expefimenta]]y detgrmined. Due
to .the smallness of the deuteron photodisintegration cross settibn
~we cut off the. contribution -of quasi-deuteron interaction at
0.6 GeV. | ' | |
 We considered all the possible interactions of the in-
toming photon via the photomesonic .model. As the photoproduction
of more thah a single ﬁion implies a very large energy trénsfer
to the nucleus, we based.fhe calculation simply on one-pioh pro-
duction,- but, aboVe 0.4 GeV, the number of cascade events was norm-
alized by mu]fip]ying it by the ratio (00 - 0ﬂ>])/°0 , where 9,
is the total inelastic photon-nucleon (proton) crbsé section and
.51 the st of the cross secfions of all those contributions
- [e.g. baryon.resonadces) leading to the creation of more than

one pion.
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A total number of 10" to 4 x 10" cascades (according to

. the likelihood of the process under study) was followed for each

energy of the incideﬂt photon. The probability ¢L(A’h) that a
particular reaction < occurred during the cascade step was then
calculated as the ratio of the effective number of cascades which
led to reaction 4 to the total number of cascades. Consequently,

its cross section is given by

op i = ¢L(A,k)E\od(k) v L ’-‘%Z- oD(fz)] . (12)

where oy is the cross section of deuteron photodisintegration
(data on o, and o; have been taken froT 2477 and [C257] , res-
pectively). '

RESULTS OF THE CALCULATION

A total of 23'nuc1ei, from 7Li up to 238

U, and 20 diffe-
rent photon energies, from 0.15 GeV up to 1 GeV, have been cons{der-
ed in the course of thé calculation. For some reprgsentative nuclei
and for a redﬁced number of photon enérgies,.different maximum
excitafion energies E* of the residua] posf-caséade nucleus ‘have
also been tested (from 2 MeV up to 40 MeV), in order to examinég

the influence of this parameter. on the calculated cross sections.

We outline here the most interesting results obtained

for {(y,n) and (y,p) reactions:

i) as we might expect, no contribution from the quasi-deuteron .

mechanism of interaction (neither direct nor even from cascade)
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was found irrespective of the E?* values chosen. It can be conclud-
ed that, above 0.15 GeV, (ysn) and (y.p)~events‘briginate from

photomesonic effects. ¢

ii) (v,n) events arise from the fo]loWing primary interactions:
Y+h +anwd and y+n » p+u , only a few casés deriving from y-proton
- photomesonic primary interaction and hence from a fast cascade
process. For 27p1 and for E* < 2 MeV, the contribution of both
interactions (7) and (8) represents 90% of the total at k = 0.2GeV,
and about 100% at k = 1 GeV. The séme_trend is encountered for

(Y,p) reactions, for which interactions (9) and (10) p1ay the
role of. (7) and (8). | ‘

iii) (¥,n) direct events arising from (7) and (8) are parted as
follows: approximately 40% from (7) and 60% from (8), more or Tless
1ndépendent]y from h,A,E*. For (vy,p), similarly, 45% from (9) and

55% from (10), still without any significant dependence on k,AE®.

iv) the general trend of ¢(A,k) as a function of k shows tWo.bumps
- centred at apout 0.3 GeV (the region of the.A—]236 resonance) and
0.7 GeV, this latter quite large in Qidth. For light nuclei (say,
ub to A = 30) ¢'decreases stowly with increasing k for k > 0.3GeV,
while it remains nearly constant fqr.mediuﬁ~weight and heavy

nuclei and increases with k for 238

Uu. A sharp increase of ¢ with
increasing k is always found from 0.2 GeV up to 0.3 GeV. Also,
the trend of ¢ turns out to be more flattened for (y,p) than

for (y,n) direct processes.

v) the mean values of o, in the energy range 0.2-1 GeV of (y,n)
reactions are higher than the corresponding values of (vy,p) reaét-

ions. The ratio Eh(Y n)/gh(y p)* even being constantly higher than,



...] ]'..

is however very close to the nuclear parameter N/Z, which sugg- -
ests that the influence df cutoff energies, though different for
proton and néutron, is almost cdmp]ete]y levelled off by the

'mechanisms of primary interactions'(this point will be discussed

further).

vi) the total number.of (ysn) and (Y,p) reactions leading to a
residual nucleus, either "cold" or "hot", is clearly-constant

(for a given target nucleus and 5ncident energy). What varies

with the excitation energy is the ratio of "cold" to "hot plus
cold" (total) events. Whatever E*, this ratio i§ very small up
“to k = 0.2 GeV, but becomés larger as the photonvenergy increases,:
and th1s is a]so due to the fact that "hot event;" from the ‘

quasi-deuteron 1nteract1on become smaller.

Tables 2 and 3 report values of ¢ for 15 representative
nuclei at 17 incident photon energiés.‘ln Figs. 2 and 3 the mean
cross sections per photon are plotted as a function of the mass
number of the target nuc]eué. In theée figures,‘Ek values have
been reported which were obtained with the fol]owﬁng assumptions:
subtraction of.two-pion photoproduction (upper va]uesj, hence-
forth abridged'as Appr. I; subtraqtion of two-pion plus three-
-pion contributions (medium values), Appr. II, fo]]owiﬁg Refs.
26,27 7], and subtraction of'the contribution of all interaction
and baryon resonances deéa&ing into more than one meson '(1ower
values), Appr III, The trend of Uk (Appr. 1) of (y,n) vs A of
Ref [107] ( Al 86) has been reported for the sake of comparison.
The errors 1nd1cated in the figures or in the formulae are stat-

1st1ca] only.

In the‘next.sectipn we shall discuss in detail a11 these

results,
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DISCUSSION AND CONCLUSIONS

A lTeast-squares analysis made with the Monte Carlo
results gave the A-dependence for the mean cross sections of
(ysn) and (y,p) reactions, in the energy range 0.2 GeV - 1 GeV,

of the general type

| Ek(Y,;) = anb | (13)

(v stands for 1-nucleon, neutron or proton), with the following

values of the parameters a and b

(78 + 7)ub , b = 0.67

a = * *# 0.01 (Appr. 1)
a= (75 % 7)ub , b = 0.67 + 0.01 (Appr. II)  (13a)
@ = (67 + 6)ub , b = 0.66 *

0.01 (Appr. III)

for (y,n) reactions, and

a = (93 + 9)ub , b = 0.565  0.008 (Appr. I)
a = (95 % 9)ub , b = 0.560 * 0.008 . (Appr. II) (13b)
a = + 8)ub , b = 0.544 + 0.008 (Appr.III)

(81

A

for (y,p) reactions.

In the graphs of Figs. 2 and 3 only the least-squares
straight lines relative to Appr. I1II have been drawn to make fi-
gures more clear. If one compares eqﬁ (13a) (Appr. I) wfth thé
equation | |

i k63 . 6)4(0.86020.012)

2;.l?.(y,n) (14)

given in [107] , two interesting considerations has to make. First,
the “two coefficients (78+7)ub and (63+6)ub (eqn (14)) are practic-

ally alike, if the statistical uncertainties are properly taken

-
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into account, thus indicating that the primary interactions which
dominate the entire process still remain the same (see aiso Ref.
[107] ). Second, a remarkable diffe}ence is found between the
exponents (0.67 * 0.07) and (0.860 * 0.012) (eqn (14), Ref.[ 10 ]).
From both a numerical and a bhysical point of view, the difference
is not so astonishing. More restriétive physical input in%ormation
wéu]d clearly lead to an A-dependence less than 0.86. On the |
other hand, the ratio F of the mean cross sections from eqn (14)

to the mean cross sections from eqn (13a), Appr. I, is |

70-19

"F = 0.8 , : (15)

that is, mean cross sections of (y,ﬁ) reactions are rqproﬁuéed
with a satisfactoriTy good agreement by both eqns (13a) and
(14) in the mass region up to 20. The agreement becomes 1less
satisfactory as A increases, but the ratio F never exceeds 1;9,
this latter value being‘reacﬁed pf A = 238. A still better
agreement is.achieved with ,Eh(y,n) = 0.194A0'8]

in [977.

Values of the exponents in eqn (13), which are as

ub as given

an average 0.67 for (vy>n) reaction and 0.56 for (y,p) reaction,
need However for a deeper discussion; An A0'67~dependence of
Ek(y,n) would seem to suggest a II'su1.*face mode]"_of intéraction
[237] which predicts an A2/3-dependence. But one must remember
that the calculation was carried out with the very explicit
assumption of a "volume" (A]) intéraction. The fact then that

the dependences found for (vysn) and (y,p) reactions at inter-

medigte energies turn out as A'\'O‘G7 and Am0'56, respectivel&,
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should be ascribed to a strong T-meson reabsorption and/or
nucleon-nucleon interaction in the bulk of the nucleus (strong
"hindrance factor"), as well as to cutoff parameters+. These
conclusions were a?ready suggested in [23:] and experimentally
proved, although for m ~photoproduction at energies somewhat
higher, as reported in [287] . We can go a little further. The
hindrance factor for (y,V) reactions is greatly influenced by

the cutoff parameters (cﬁtoff energies and upper 1imit ofvexcit—
ation energies). Ye anticipate hére that for w-meson photoproduct~
ion, where no cutoff energies have been considered and the excit-

ation energy was the sole cutoff barameter, an A>O‘8

~deﬁendence

is found for the cross sections relative to these proceéses, -
Somg words must be spent here about the upper limit

of 2 MeV taken as the excitation energy E* which guarantees that

particle evaporation does not occur -for the post-cascade nucleus.

Although this parameter revealed itself-as not extremely important

(for 2 MeV < E¥ < 40 MeV) for (#,n) and (y,p) reactions, while

playing a fundamental role -in (y,m) reactions, it shows however

some weight, for the number of events favourable slightly decreases

It would be very tedious and time consuming to discuss here in full detail

how suppression of cold (y,n) and (Y,P) events is governed by particle re-
absorption and cutoff energies. We shall confine ourselves to a brief des~-
cription of some effects which seem apparently in conflict with each other.

If we assume the (y,n) reaction as an example, we note (sce previous section)
that, being the primary interaction (8) a factor = 1.5 more effective than (7),
the Coulomb barrier will influence (Y,”n) to an extent which ought to be more
large than for (y,p), so far as nucleon escaping is concerned. Ot the other
hand, the ratio N/Z for medium-weight and heavy nuclei obviously makes (Y,i)
more likely than (y,)p). Finally, for the primary interactions (7) and (9),

onc must consider that m®-mesons can be reabsorbed by nn, pp and Mp pairs,
wvhile for (8) and (10), w™= and wt-mesons only by np and pp or 1P and nn

pairs, respectively. All these facts, taken topether, cause ¢( n? to be in
general higher than ¢(Y,P) (at lcast at the lower cnergies) and’ both to de-
crease with increasing A°
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with £¥. To evaporate a neutron, a mihimﬁm amount of energy of
about 7 MeV is: necessary. So, excitation energies in excess of

7 MeV cannot be taken into consideration. In Fig. 4, also in

this case anticipating'results‘that will be published in a |
complete form in a further paper, we report some eye-fitted cur-
ves which represent, at each E*; the percentage of the "cold"
yields of (y,m) events (sum of m°, n" . and m ) with respect to the
sum of "cold plus hot" yfelds, as a function of the éhdton incid-
ent energy, in the.cése of a ?7Ai target nuc1¢us. The curves.
marked 40 and 10 (i.e. E* = 40 MeV and E¥ = 10 MeV) are evidently
without any significance. They were reported for the'meré scope
"of comparison. The curves marked 5 and 3 are also somewhé; irreal,
for it is very-hard to accept s§ high yieids of cold (y,m) re-
actions at.energies befween 0.15 and 0.20 GeV, while the experTment~
al data for such reactions furnish yields of tﬁe~order of a few
microbarns. CdnseqUent]y, we were forced  to keep E* < 2 MeV, as
the curve which best fitted the experimental response.

Other important results of the ca]culétjons regafd, as
said, the numbers of (y;n) events arising froﬁ neutron target and
(v,p) from proton target. These events represent almost the total
(vysn) and (y,p) events. This is a reason more to consider the‘
(vy,¥) processes as esseqtia]]y direct. Taking into considératipn
the o values obtained wfih Appr. IIl, and by subtracting the
non-direct part, we obtain the cross section of those proéesses:
we defined as taue dinect; With this in mind, we thought more
convenient to search for a relation between o ~and N, and
__ e bly,n) 2N
ok(Y,P) and Z . The straight lines of Figs. 5 and 6 are least-

~squares fits giving the N-‘and Z-dependences of Eh(y,n

and ©
' ) ’k(Y:p)
respectively, whose equations are '
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'Ok(y,n)true direct =

1+

(120 + 11)n(0-6020.01) (16)

(124

"

o, = (0.5340.01)
C’k('f,p)true direct = 12)7 ub . (17)

In a1l fits (eqns (13), (16)'and (17)) the points relative to the
1igh£er nuclei (Li, Be, B, and perhaps C) lie always off the
least-squares lines. This may be explained in a very simple manner.
We considered the nuc]egs essehtia]]y as a degenerate Fermi gas

of protons and neutrons, but such an assumption may fail for
ensembles of 3 to 6 nuclebns. Also, for these nuclei the cutoff
energies can exert an exéggerated‘Weight. As a matter of fact,
though, the deviations are quite sma}], and eqns (16) and (17) must
be considered valid for the whole maés range studied. Other small
deviations from'the Straight lines may be imputed 1in paft to some

shell effects which have indirectly been accounted for in the

12 ]60_18 40 118 130

choice of the cutoff energies (e.g. C, 0, Ca, Sn- Te)
The levelling off suffered by the cutoff energies (due
to different contributions of interactions (7-10)) (see Introduct-
ion) becomes qdfte clear when searching to unfold the numerical.
vatues of the exbonents in eqns (16,17) in terms of these cutoff
energies, taking in due account the wéight Sf each primary inter-
action. With a sufficient degree of approximation, the unfolding
procedure was made with the simple aésumption that the mass number
A—i of the residual nucleus be the unique independent variable.

We succeeded hence in obtaining

0.32 7]

—r

ub (18)

f

U('Y,n)tr'ue direct(A)N) 120NQXDEO.36(A"])

and

'IZQZexpEO.M(A-‘I)O'ZgTub (19)

—

1t

9(y,p)true direct(?s2)
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for (y,n) and (vy,p) reactions, respecfive]y. These two equations
reproduce the results of (16) and (17) within + 15% (10% for
the (y,n) reaction) and this is further proved by the fact that,
within £ 15%, the two factors 120exp[}0.36(A-])0'32:] and
‘124exp[50.44(A-1)0'29:]give‘épproximate]y the same values, only
being A-d§pendent, as one can immediately see in Table 4, where
© the ratio ¢ = (120expE0.36(A-])0'32:])/(120exp[:—0.44(A—])0'29 )
is reported for six target- masses covering the whole region
vinvestigated. - -
Some stress would we like to put on thé following. Given
a ta}get with mass number A, Q represents the ratio of the mean
(ysn) cross séction per neutron_fo the mean (y,p) cross section
per proton, as obtained from (18)'aﬁd (19). The fact then that
its values are practically constént and equal to unity, further
supports the idéa of a strong dependence of thg yields of true
direct reactions on the number of proper target nucleons (we:wish.
advertise that errors which affect Q are somewhat large; figures’
after the first decimal.are, in any case, without physical sié—
nificance and were written {n'the Table for the sole purpose-of~
making c]eérer what we attempted to say).
The numerical value of the exponents in egns (16) and

(17) are very near to those of eqhs.(]3), and hence a similar
interpretation for these dependehces,may be invoked.

| As regards the coefficients 120 pub and 124 pb, it s
readily seen that they are nearly equal to the weighted mean
of the cross sections of the elementary interactions y+tn - n+1rlo
and y+n + pin (for (y,n) reactions), and y+ﬁ > p+n® and
Y+p =+ ntnt (for (y.,p) réactions); whose value 1is 5bout 90 ub

(average value in the energy range 0.2 GeV-1 . GeV). This-may be
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assumed as a further evidence for the photomesonic nature of the
reactions undér study. ‘

‘An additional proof of the correctness of the calcul~
ation and, qonsequent]y, of our hypothesis regarding the mainly
direct chéracter of (y,¥) reactions, can be achicved from the
trend of the (y,np) reaction. If one assumes the quasi-déuteron
mechanism of interactfon_be valid at energies above 0.15 GeV,
the greatest part of the reaction (6) should arise from the
primary interaction (11), while tﬁe others should contribute to
a much less extent. Moreover, {t can be easily inferred that,
whatever the E” vé]ue uéeq as cut, the ratio between "cold" and
“hot" (y,ﬂp) events from (11) Shoﬁ1d remain nearly constant. Some
tests have been made on a few number of nuclei at different
‘energies and the results confirmed, without any doubt, the

27A1

assumptions made. Table 5 summarizes the results obtained for
at 0.3 GeV. In th%s Table the number of events relative to the
(y,n) and (y,p) reactiohs are reported for comparison.

After a discyssidn, as complete as possible and perhaps
tedious to some extent, of the results of our calculation, we can
start soon with a comparison between calculated and measured cross
sections for (y,n) and (y,p) reactions, also comparing both these
with the theoretical predictions mainly based on the yery inter-
esting treatment given'by Andersson et al. [ 7], which ub ndw
still remains as the mofe complete and useful theory about photo-
mesonic direct processes.

12,

In Fig. 7, the trend is reported of ¢ for
g e trend 3s rep k(y.n)
as a function of k. An overall good agreement is. obtained for
the three curves drawn in the graph. They represent the measured

trend [297] (full Tine), obtained trend from the present calcul-
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ation (Appr. III, dash-dotted line), and the resulting trend
from [77] (dashed line). The calculated curves and the experim-
ental one do agree with each bther in a satisfactory manner. The
largest discrepancy is met at about 0.3 GeV (a factor < 2) and
in the immediate vicinity of thfs resonance-]ike peak (from the
A-1236 baryon resonance). ﬁiscrepancies tend to disappear by
increasiné energy k . An égfeement quite good is also found bet-
ween both calculated curQes. For other (y,n) reactions, the rea-
der is kindly referred to-[9,10:}tb make a comparison, but taking
this in his mind that experimenta] data there reported are, almost
completely, mean croés se;tions pek phqton. '
In Figs. 8, 9, 10 and 11 we report déta on (y;p) re-
actions. In Fig. 8 the calculated trend (ﬁresent work) is shown
of o, as a function of k for 3051(y,p)29A]'reaction (full line).
The dashed straight line represents the mean value of these o,
over the (0.2-1) GeV range..A]sq reported in fhe figure are the
measured mean value from [197] {dash-dotted line) and four poiﬁts
calculated accordingly to the formalism reported in [7,87] . In
this case also, results'from bbth calculations seem to agree
quite well, while the same is clearly not true for the experimental
Ek reported. Another calculated Eh,va]ue for the same reaction [:E?:
has not been reported in the graph, since it is some 15% Higher
than that of [19:], 1n:fhe same energy range, and the éxherimenta1
oQ meaSurements are given not above about 0.6 GeV. |
Shown in Fig. 9vis a situation 4u1te opposite to that
illustrated in the previous figure. It easily seen, in fact, that
for 68Zn(y,p)67Cu, the full iiné representing the trend of op

(present work) and the mean cross section {dashed straight line)
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agree well with the measured o, value [197] (dash-dotted line).
Though, for this reaction, calculated points following t7,8:

show a rather bad ag}eement with the results of the present calcul-
ation and with experimental resu]ts. Difficulties will arise when

attempting to explain such discrepancies.

118 117Ing+m

The trends of o, for Sn(y,p) are given in

Fig. 10, where a number of data, either from calculations or exp-
eriment, are reported as well. The full curve up -to 1 GeV is the
result of the present cé]cu1ation; Full curve up to 0.5 GeV has
been experimentally deduced [17:]. The open circles represent
points talculated fo110w%ng [7,8:1, as reported in [177] . Plotted
in the %igure also are found some pqints (ma}ked with x), which
were calculated still following [7,8] , but with some heavy change
of the physical. parameters, aimihg to fit better the experimental
turve [20 ] . Points marked with crosses have been calculated in
E:17:] by using a Monte Carlo ca];u]ation based on very different
physical assumptions ,[éd] . The best agreement is found between
the poihts (e) 17 and the curve of the present calculation,
but reasonable agreement is as well found with the experimenta1 
tutrve.

130Te( 129

149ne s the result of the present calculation. The mean cross

Finally, Fig. 11 shows data for Ysp) Sb. The full
section obtained from the curve is represented by a dashed line.
The shadowedzstr{p stands for the range of uncertainty of the
experimental mean cross section [197]. Points arc calculated [197]
Ffollowing the theoretical interaction model of [7,87] . Good

agreement is indeed found between the present calculation and the

points obtained by the other theory.
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We must advertise that the bresent calculated values or
trends, reported in these figures, are relative to Appr. III for
true direct rehétions. For eXperimental trends and related pro-
blems, the reader is réferred to Table 1.

- Before we caﬁ conclude this paper, we shall even discuss,
at this crucial point, about a number of very interesting inter-
pretations of (v,WN) mechaﬁisms, that, . at least in part, havé al-
ready been mentioned abdQe; for the sake of arriving to keep clear
some questions still open; | .

The theoretical model proposed by Andersson et al. [7,87],
which for many years has been the basis for caTcu]ationstof (y,@)'
and (y,p) yields, account for a>soméwhat larger number of_physica]
quantities we oﬁe to illustrate briefly. In the treatment, they

¢onsider a nuclear potential of the Woods-Saxon type

.U= . 0

1+ exp[z&—c)/%]

where Vo is the sum.of Fermi'energy at the botton of the potential

well plus the aﬁpropriate separation (not "biﬁding") energy for
nucleons. A potential of the type used in [7,87] contains two
parameters (c = noA]/3 and a) . which have often been varied with

a certain degree of arbitrariness in the course of further calcul-
ations to fit experimentéf'data (see, for example, the data reparted
in Fig. 10). Thg kinetic energy of the target nucleon has been in-
.troduced in the kinematics, but it was chosen as a constanf (30 MéV ‘
for light nqc]ei). what appears rather a crude approximation . Such
a value becomes so the crucial parameter in the calculation at

lower energies, since a 30-MeV nucleon has a moméntum of 239 MeV/c,
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that is, a value higher than that of the inpinging photon up to
k = 239 MeV. Our calculation, on the contrary, assumes a zero
kinetic energy for the target nucleon, as the most probable energy

arising from a gaussian-shaped momentum distribution. This is too

- @ rather crude estimate, but we must consider that our analysis

was not aimed to arrive at higher degrees of refinements.

According to Andersson et al. [7,8 ], the nucleus is
divided into three different zones with constant potentials (and,
consequently, denSities); and the probability densities of target
huc1eoﬁs are derived from an harmonic oscillator potential, only
a few nucleons in outer shells beihé thus available as true targets
(e.g. 4.prot0ns in the 1p shell for ?20). Other assumptions more
or 1e$s.arbitrary, which can however.affect heavily the calcul-
ation, concern pion éhd isobar (e.g. A~i236) potentials, assumed
ih the course b? the analysis, to be the same as the nuclear pot-
ential.

Apart from the;e many and remarkable differences, a .few
but ﬁmpdrtant'aSsumptibnﬁ are, however, the same either in [7,87]
or in the present calculation. To get an idea, the same '
hypothesis of an‘ihteract10n between the photon and single nucleon
that does not initially affect the residual-A—l system is at the

origin of the ctalculations. This is of the greatést importance

for the kinematics of the very primary interactions, moét]y at the

* Tower energies (where the Pauli exclusion principle would forbid

any ﬁhtéractibn, where it -not for interactfons via baryon resonan-
ctes). Both calculations thave been based on photomesonic models and, "
furthermore, ‘use ‘has been made 6f;re1ativistic kinematics [31:]‘.
and giassita] trajectoriés ‘[32] inside the nucleus. '

So far ‘as ‘the Monte Carlo calculations on brémsstrah]ung-
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zinduced reactions of Gabriel and Alsmiller [307] are concerncd,

fhvee distinct zones, éach having constant nucleon density, have

" béén considered in this ¢ase too. Such a refinement, as we already

§aid; is quite o6Ften in striking contradiction with the uncertain-

ties (étatisticai plus measurements) and scarceness of experimental
data. As @ matter of.fact,; then, these calculations do not seem
to reproduce (y;n) and (y,p) yields with sufficient reliability
and extend up to about O.A'GeV. For further details, the reader
is referred to the original paper .[307] . |

In.COhclusion we wish to underline the most prominent
features ﬁééuiting from the present work ané]ysis of (y,n) and
(y;p) reactions. These have shown characteristics of.essentia?ly,

true- direct interactions and seem clearly governed, in our very

'éimp1e model, by the kinematics of the initial v-nucleon interact-

jon; the N/Z ratio of the target nucleus, and by the so-called
cutoff parameters (cutoff energies and E¥). The true direct
¢haracter of the reactions under study seem to be more manifested

for (y;p); where the agreement between experimental and calculated

trends has to be considered excellent, in spite of the poorness

of the formers. For (y,n), Some discrepancy is met with experiment|,

Mmainly in the heavier region of masses [97] .
That this wou]d mean a contribution far froh negligible
from collective effects; it is éti11 an open question. Surely
energy cohside}ations would make such a contribution' larger for
(ysn) than for (y,p) reactions (Coulomb barrier should have its
proper influence in this evenience). Very peculiar kinematical
conditions” may well allow a recoil nucleon to enter a bgund state
and a n-meson to escapc the hucleus or even be absorbed in it

.

' ) . , , . . . . .
Our very hypothetical cohsiderations are looking in particular at
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the w°-meson photoproduction. Nuclear'evaporation of a single
neutron in competition with y-emission may then occur in the

slow step, and if one looks, once still, at the primary interact-
jons (7) and (9), one ﬁas to conclude that, with respect to
1-proton evaporation, 1eneutron'evaporation should dominate this
particular process. A1l this, however, is very hard, even'to

calculate.
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Table 1. Experimental data for (y,p) reaction (for details see
references quoted) )

Target Product Energy Ranget  Lower and Upper

Nucleus  Nucleus$ (GeV) Limits of o, (ub) Ref.
g 10g* 0.15 — 0.80 170 — 330 16
164 15y 0.10 ~0.80 - Not well defined 15
184 M7y 0.14 — 0.38 420 — 470 ,

< ' (300 — 330)7 14
30 2901 0.15 - 0.60 980 —1190 8
30 291 0.15 — 0.80 990 ~1100 © 19
40c, 39y 0.10-— 0.80  'Not well defined: ~ 18
68, 67¢y 0.15 — 0.80 960 —1050 19
Mgy M7pp0*m .15 — 0.80 900 ~100077 17,20
1307e 129, 0.15 —~ 0.80 . 500 — 600 19

$7he symbol * indicates an excited state of the product nucleus.

IThe energy range here indicated refers to that used in the present analysis
even i the ]ouer energy limits of the measurements are below 0.15 GeV.

k& Also indicated are the values obta1ned after norma11zat1on (see text), which
‘have been used in the analysis.

7 Sum of ‘the yields of the high- and low-spin states.



Table 2. The (y,n) reaction probabilities, ¢(k,A), as obtained by the present'Monte.Car1o calculation (true
' direct process, Appr. III)T

'Photcn _ Target Nucleus
§?223§ Mg T2, 16, 18, 27, 30 55, 68, 75, T8 127, 130;, 197, 209 238
0.20  0.086 0.072 0.055 0.065 0.030 0.026 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.22  0.124 0.101 0.087 0.098 0.070 0.065 0.042 0.035 0.033 0.026 - 0.017 0.019 0.004 0.004 0.003
0.25  0.151 0.130 0.112 0.128 0.09 0.094 0.072 0.066 0.066 0.055 0.050 0.052 0.042 0.033 0.038
0.28 0.149 0.13¢ 0.115 0.126 0.097 0.094 0.078 0.072 0.068 0.058 0.053 0.054 0.044 0.046 0.041
0.30  0.140 0.122 0.170 0.119 -0.095 0.08% 0.076 0.062 0.067 0.056 0.052 0.052 . 0.046 0.044 0.044
0.31  0.144 0.121 0.109 0.113 0.090 0.084 0.072 0.063 0.0617 0.048 0.052 0.053 0.045 0.0456 0.042
0.32  0.130 0.108° 0.102 0.100 ' 0.076 0.076 0.056 0.058 0.053 0.041 0.043 0.042 0.037 0.037 0.041
0.35° 0.120 0.106 0.092 0.095 0.072 0.065 0.053 0.052 0.048 .0.039 0.041 0.040 0.035 0.033 0.031
0.60  0.1718 0.107 0.087 0.093 0.072 0.066 -0.051 0.043 0.044 0.037 0.036 0.034 0.033 0.029 0.027
0.¢5 0.126 0.106 0.095 0.098 0.074 . 0.071 0.050 0.049 0.043 0.035 0.036 0.033 0.030 0.029 0.030
0.50  0.14 0.098 0.079 0.082 0.064 0.045-° 0.044 0.041 0.039  0.033 - 0.031 0.033 0.028 . 0.027 0.025
0.55  0.097 0.086 0.074 0.083 0.067 0.062 0.048 0.044 0.043 0.033 0.036 0.036 0.028 0.028 0.026
0.60  0.103 0.092 0.077 " 0.085 0.068 0.066 0.053 0.051 0.047 0.038 0.041 0.041 0.032 0.032° 0.031
0.70  -0.110 0.097 0.092 0.097 0.081 0.079 0.065 0.061 0.060 0.050 0.046 0.048 0.045 0.041 0.042
0.80  0.090 0.078 0.074 0.078 0.050 0.062 0.052 0.052 0.050 0.039 0.041 0.042 0.035 0.036 0.034
. 0.0 0.088 0.078 0.071 0.075 0.062 0.060 0.053 0.048 0.047 0.040 0.040 0©.040 0.036 0.034 0.034
1.00 0 0.090 0.082 0.088 0.070 0.069 0.059 0.057 0.055 0.046 0.046 0.049 0.040 0.042 0.033

. 101

T Errors (statistical only) associated with the probability values quoted in this Table range from a maximum of = 30%
(238 at k = 220 ¥MeV) to a minimum of = 6% (1 'B.at 280 MeV).

...62..
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Tabie 3. The (y,p) redction probabflfﬁfé§; 6(RsA), as obtained by the present Monte CarTe calculation (frue
d1ré¢t process Appr: ITIYT ‘ - .

Pnoton _ Targets NucTeus . :

g?ggg{ i, 1zc' 16, 184 gy "30es S5y, 68y - TS4 V18, 27, -V30;, 1975, 2095 238
0.20 - 0.0%4 0.054 0.043 0.032 0.022 0.017 0.000 - 0.000 - 01000 0.000 0.000 0.000 0.000 0.000 0.000 '
0.22 0.085 0.08% 0.073 0.057 0.051 0.045 0.025 0.021 0.018 0.011 0.010 0.008 0.0QS 0.005 0.006
0.25 0.102 0.108 " 0.094 0.078 0.079 0.071'. 0.049 0.039 0.038 0.027 0.023 0.025 0.020 0.018 0.0156°
0.28 0.115 0,114 0.103 0.087 0.071 .0.069 0.046 0.039 0.042 0.033 0.031 0.029 (.023 - 0.023 0.021
0.30 0.111  0.110 0.101 0.081 0.077 0.068 0.051 0;043 - 0.042 0.032 0.030 0.028 0.021 0.021 0.017
0.31  0.107 0.114 0.095 0.086 0.070 0.065 0.046 0.042 0.041 0.032 0.031 0.031 0025 0.023 0.018
0.32 0.106 0.111 0.097 0.078 0.063. 0.061 0.045 0.039  0.037 -0.027 b.027 0.024 . 0.023 0.019 0.017
0.35 0.098 0.105 0.087 0.071 0.067 0.059 0.038 0.036 0.032 0.026 0.025 0.023. 0.020 0.018 0.01s
-0.40 0.108 0.115 0.103 0.080 0.071 0.065 0.049 .0.040 0.039 0.034 0.028 0.029 0.024 0.022 0.021 .
0.45 0.109 0.112 0.09% 0.084 0.073 0.067 0.044 0.047 0.038 0.029 0.026 0.027 0.021 0.023 0.018
0.50 0.092 0.0%4 (0.086 0,068 0.065 0.056 0.042 0.056 0.033 0.027 0.026 0.023 0.019 0.0i8 0.018
0.55  0.089 0.094 0.083 0.070 0.062 0.057 0.042 °'0.039 0.036 0.026 0.027 0.026 0.023 0.019 0.019 °
0.60 0.089 0.091 0.078> 0.069 0.063 0.057 0.044 0.041 0.038 0.033 0.028 0.028 0.024 0.022 0.020
0.70 0.088 0.097 0.087 0.072 0.068 0.063 0.047 0.047 °'0.041 0.035 0.032 0.030 . Q.027 0.028 0.023
0.80 - 0.067 0.075 0.068 -0.056 0.050 0.052 ° 0:039 0.035 0.034 0.029 0.026 0.026 0.022 . 0.020 0.021
0.90 0.066 - 0.069 0.064 0.057 0.053 0.047 0.037 0.033 0.030 0.028 0.026 0.024  0.018 0.021 0.020
1.00 0.081 0.086 0.082 0.067 0.063 0.057 0O 0.031 0.031' 0.028 0.026 0.023 0.021

.047 0.039 0.040

?Errors (statistical on]y) associated with the probability values quoted in this Table range from a maximum of = 30%
(%%8y at & = 220 MeV) to a minimum of = 7% (V] B at 280 MeV).

A A
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Table 4. Values of the ratio Q as a function of A

A N Z Q
12 6 6 1.0(76) + 0.1
27 14 ’ 13 1.0(81) = 0.1
75 42 S 33 1.0(76) = 0.1
127 74 ‘ 53 1.0(66) = 0.1
209 126 ' 83 . 1.0(51) = 0.1
+ 0.1

. 238 146 92 1.0(45)
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Table 5. Number of events per io4 éaécades for (ysnp)s (ysn) and

(y,p) reactios at 0.3 Gev i 27Aj.

Type of Primary

Reaction State of Number of  Number of
Interaction the Residual  Eyents for  Event$ for NN
- Nucleus BT <2 Mev EY <10 Meve 172
R () . A D
Photomesonic (v )t Cold 963 1013 0.95
Photomesonic _(Y,p)+ | Cold” 827 854 0.97
Quasi-deuteron (v,np) . ¢oia 1151 1151 1.00
Quasi-deuteron (Y,1p) Hot’ iso . 15 .00
Photomesonic (Y ,np) Cold : 45 161 0.28
_Photomesonic (Y,np) ' Hot 560 - 444. 1.26
Photomesonic o | o L )
plus C (vshp) €oid 1196 i3i2 - - 0.9
Quasi-deuteron ’ - ' . )
Photomesonic ' .. _ . .
plus (vsnp) Hot 710 : 594 1.20 °

Quasi-deuteron

e direct plus cascade.
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FIGURE CAPTIONS

Fig. 1. Plot of availab1¢ gxpe(imehta1 data for (y,p) meaﬁ’crosé
sections per photon above the m-meson photoproduction
threshold vs the atomic number Z of the target nuc]eus.
Elongated areas show kangesiof uncertainties relative to

the measured yields, as explained in thé text. Only the
11 18

" following target nuclei have been considered: 58, 80,
30.. - 68 118 130 .
]431 (cros;), 30Zn, SOSn, andv 52Te (for experimental

details, references, and other related topics, see Table 1)
" The full straight Tine représents the result of a least-

-Squares treatment of experimental data (the 1.-s. analysis

’rejected the point relative to 3051)_ and gives

Sk(v.p)exp. =‘(115115)2(0'5Qi0’05)ub. The dashed line
results from a least-squares fite of data obtdined by

the Mon{e Carlo calculation for Lrue direct (y,p) reactions
and will be discussed in the text. Both straight lines
have been back-extrapolated down to Z ; 1 for reasons

. which will be clear forth.

Fig. 2. Plot of the Monte Cario mean cross section values of
(y,n)'reaction vs mass number A of the target nucleus.
Open-circles: Appr. I; crossés; Aﬁpr. IT; filled circles:
Appr. III (see text for further details). The full strai-
ght line represents the fésu1t of a least-squares treat-
ment Qf’the calculated values for Appr. 111 and the
shadowed region - shows the range of statistical uncerta}nty
as obtained from the fit (three points relative to 7Li,
IBe, and 1B were rejected). The t;endsvgiveﬁ in [107]-

{dashed line with shadowed area) and~ar{sing from an'A]—

-dependence (dashed line) are also shown for- comparison.
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Fig. 3. The same as Fig. 2 for (v,p) teaction. The data rejected

in the least-squares ana]ygis are those re]afive to ]ZC

16

and 0. No comparison with experiment is shown, for it

has already been made in Fig. 1.

Fig. 4. The f{gure shows the trend of the ratio R (exﬁreséed as
per cent) of the sum of cold (y,m'), (Y,n—), and (y,n?)
events to the total (hot plus cold) events of -the same
type Qs the incident photon energy, k. FiQe excitation

~ energies E*, from 2 MeV to 40 MeV, were considered. The
curves were calculated for the 27A1'targetﬂ Quite similar

trends, however, were found from other nuclei.

. Fig;'S} Ca]cu]éted points énd least-squares trend (full line) of
trhue dinect (vy,n) mean crossksection ber photon vs neu-
tron number N of the target nucleus. The points were
calculated following Appr. III. For.comparison, the trends
re1atiVe to a sunface pnédaction moded ‘and a volume pro-
&uction modef (without any hindrance factor) have been
273

shown and marked N and N]; respective]j.

Fig. 6. The same as Fig. 5, for (y,p) true direct reaction (Appr.
I1T1). The first two points were rejected in the fitting
procedure used to obtain the trend represented as a full

line (see also FiQ: 1 for comparison with experimental data).

12

Fig. 7. Cross sections of the (y,n) reaction in '°C. For details

see text. .

30

Fig. 8. The same as Fig. 7. (y,p) reaction in “°Si.

68

Fig. 9. The same as Fig. 7. (yv,p) reaction in In.
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Fig. 10. The same as Fig. 7. (y,p) reaction in ]]856.

Fig. 11. The‘same as Fig. 7. (y,p) reaction.in ]SOTe,
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