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SEZIONE II
(Fisica, chimica, geologia, paleontologia e mineralogia)

Fisica. — Photoneutron emission from  Li, Be, V, Mn, Co, Ni, 
Pb and Bi. Nota (,) di R affaello G arfagnini ('y G uido  P ira- 
gino (**) e A lba  Z a n in i  (*#), presentata dal Socio G. W a tagh in .

R ia s s u n t o . — Vengono confrontati i dati, ottenuti m isurando lo spettro energetico 
dei fotoneutroni per 0.8 <  E n <  u M e V  prodotti dal 7Li, 9Be, 51V, 55Mn, 59Co, Ni, Pb e 209Bi, 
a 1350 da un fascio di raggi y di brem sstrahlung di E Ymax =  85 MeV, con i dati ottenuti da 
altri autori [1] per E n >  ioM eV  con fasci di raggi y di brem sstrahlung di 55 ed 85 MeV. 
D all’analisi dei risultati si nota che la formazione di un nucleo composto per assorbimento 
di [raggi] y con successiva evaporazione di un neutrone è molto im probabile. Q ualitativam ente 
il modello a nucleo « precomposto » di Griffin (23, 25) meglio si adatta  ai risultati sperim entali 
per i fotoneutroni emessi nella regione della risonanza gigante. Ad energie di raggi y superiori 
alla risonanza gigante (quando la lunghezza d ’onda ridotta dei fotoni è circa uguale ai raggi 
nucleari) il modello a quasi-deutone per la  fotodisintegrazione dei nuclei, come recentemente 
calcolato da Gabriel ed A lsm iller (26), sem bra spiegare l ’emissione dei fotoneutroni veloci 
(E» >  8 MeV) dai nuclei.

Recently the energy spectra of fast photoneutrons at 67.5° from different 
elements were m easured by K aushal et al. [1] at brem sstrahlung energies 
55 and 85 MeV. The neutron difference spectra effectively due to photons 
between 55 and 85 MeV were obtained for neutron energies greater than  
10 MeV. These experim ental data  were compared to the predictions of the 
quasi-deuteron model as recently modified by Levinger [2] and the authors 
found good agreem ent as regards absolute cross sections for fast neutron 
emission as well as a dependence of the cross-sections and neutron energy 
shape. . '

We have m easured the energy distribution at 1350 of the photoneutrons, 
produced by a brem sstrahlung y -ray  beam  of 85 MeV for neutron energy E n 
higher than  0 .8 MeV, for 7Li [3], 9Be [4], 51V, 55Mn, 59Co, Ni [5] Pb and 
209Bi [6]. In  the case of 7Li and 9Be the measurem ents were perform ed also 
at 9O0 [7]. The targets were irradiated with the y -ray  beam  of the T urin  
synchrotron and the photoneutrons were detected with a diffusion cloud 
cham ber filled with helium. The details of the m ethod have been previously 
described [8]. In  this paper we com pare our results for neutron energy E„ 
between 0.8 and 12 MeV with those of Kaushal et al. [1] to search at which 
energy the quasi-deuteron model predictions begin to agree with the experi-
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m ental data. The energy spectra were- normalized to the same dose incident 
on the targets and to the same solid angle of acceptance of the neutron detector. 
So the total num ber of photoneutrons of each spectrum  is proportional to 
the proper (y , n) yield. The num ber of photoneutrons with E n>  i2M eV  
results negligible in our m easurem ents for statistical reasons. We have divided 
the spectra in four energy regions: the first 0.8 <  E w<  2M eV and the
second 2 < E w< 4 M e V , because the m axim um  of the spectra for all the 
elements falls in the interval ( 1 .5 -2 .$ )MeV and the photoneutrons in these 
energy regions are strongly connected with the gigant resonance (g.r.); the

Z -------- -
Fig. I .  -  Percentage of the photoneutrons emitted a t 1350, in the respective energy 
interval as a function of Z, by a y -ray  brem sstrahlung beam with Eymax =
1= 85 MeV. The open circles represent the values obtained a t 900 for 7Li and 9Be.

th ird  4 <  E n<  8 MeV, where usually in the literature [9] one supposes the 
“ d ire c t” reaction becomes dom inant, and the fourth 8 <  E n<  12 MeV 
where all the photoneutrons should be only “ d ire c t” . In  fig. 1 we report 
the percentage of the photoneutrons in the respective energy intervals as 
a function of Z. In  the case of 7Li and 9Be are also reported the data  of spec
trum  m easurem ents [7] at 90°, but the behaviour of the energy distribution 
is practically the same. As we can see the low energy photoneutron emission 
for the heavy-weight nuclei is relatively higher but for the light elements 
the emission of fast photoneutrons is relatively richer. M ore interesting 
conclusions can be deduced from fig. 2. In  this figure are reported the num ber
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Z
Fig. 2. -  N um ber of photoneutrons emitted at 1350, normalized to the sum 
rule fjactor NZ/A, as a function of Z. In the upper part is reported the effec
tive èross section divided by NZ/A for photoproduction of fast neutrons 
by .55~85 MeV brem sstrahlung photons as deduced by Kaushal et al. [1].



36 Lincei -  Rend. Se. fis. mat. e nat. -  Vol. XLVII -  Ferie 1969 [4]

of photoneutrons em itted at 1350 in the same energy intervals of fig. 1, norm a
lized to the sum rule factor NZ/A, as a function of Z. In  the upper part of 
fig. 2 we have reported, as a function of Z, the effective cross section divided 
by NZ/A for photoproduction of neutrons with 10 <  E„ <  30 MeV and 

>  30MeV by 55 —  85 MeV brem sstrahlung photons as deduced by 
K aushal et al. [1]. As we can see, the photoneutron emission in the peak 
energy region of the spectra (0.8 <  E n <  4 MeV) is strongly connected to 
the y -ray  absorption in the g.r. for medium-weight nuclei. In  fact to the 
anom alous low y-absorption in the (y , n) channel for the 58Ni [10] (explai
ned [11] to be due to the strong shell effect in the g.r. region on the nuclear 
level density near N =  Z =  28 shells) corresponds the anom alous emission 
we see in fig. 2. This nuclear shell effect is still noticeable in the emission of 
photoneutrons in the energy interval 4 <  E n<  8 MeV where usually [9, 12] 
the neutrons are considered as “ direct ” but mostly produced by photons 
in the region of g.r., giving experim ental evidence th a t the g.r. can be a ttri
buted to single particle transition and to a collective type of photon absorp
tion [9]. In  the case of light nuclei several theoretical analyses of photo
absorption explain the noticeable structure found experim entally [14, 15, 
16, 17] in the gigant resonance, for 6Li, 7Li, 9Be, 12C (respectively refs. 18, 
19, 20, 21). These analyses, in fairly good agreem ent with the experim ental 
photoabsorption m easurem ents, deduce also a noticeable low energy photo
neutron emission in agreem ent with our spectrum  m easurem ents for Li and Be. 
Also in the case of medium -weight nuclei better agreem ent between theory 
and experim ent is obtained, near the threshold of the (y , n) reaction, treating 
explicity the dipole states in the particle-hole frame-work [13]. A t this point 
one can conclude th a t in the g.r. region the compound nucleus form ation 
with the evaporation of one neutron [22] is very improbable. A  mechanism  
of nuclear emission like th a t proposed by Griffin [23] m ay explain qualitatively 
the strong correlation between the behaviour of the emission spectra of photo
nucleons and the nuclear structure and m ay suggest tha t the photoemission 
is m ostly direct also at low neutron energy. This author assumes th a t the 
decay m ay occur into a state with the particle (direct or quasi-direct) in the 
continuum  and w ith the residual nucleus at an energy shared by rem aining 
“ excjtons ” (particles or holes) in the residual nucleus. Finally, an equilibrium  
distribution results am ong the various independent-particles states, which 
is considered to describe “ the average-com pound-nuclear state In  the 
case of light nuclei as 7Li and 9Be the g.r. is very large up to about 40 MeV 
[14, 15, 16], but it was pointed out [19, 20, 21, 7] as also for high photon 
energy (20 <  E y <  40 MeV) the resulting spectra of photoneutrons is soft. 
In  this energy interval the decays of the most intensive high dipole states 
proceed via the emission of neutrons into high lying states of the residual 
nucleus. The-higher excited states decay m ay also occur through the emission 
of m any different particles (for example 7Li — 3He +  3H -f- n  [19]), but 
there is no experim ental evidence [9] of noticeable m ultiple photoneutron 
emission. For the m edium  and heavy-weight nuclei the energy interval
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2 0 < E Y< 4 o M e V  corresponds to the tail of the g.r. where the m ultiple 
and single photoneutron emission cross-sections have about the same values 
[io]. Bergère at al. [24] pointed out that all photoneutrons from (y , 2 n) 
and (y , 3 n) reactions are to be classified as “ boiled ” off neutrons. Consequently 
the photoneutrons from these reactions are emitted with low energy E n giving 
a negligible contribution in our spectrum  measurem ents and their emission 
m ay be explained in the Griffin model [25] for tim e-dependent form ation 
of a com pound nucleus by the evaporation of the residual nucleus. As we 
can see in fig. 2 for 8 < 'E W<  3oM eV the emission of photoneutrons becomes 
practically independent of the nuclear structure. This fact shows tha t these 
photoneutrons are em itted by y -rays with energy above the g.r. The experi
m ental data of K aushal et al. [1] show for the light nuclei tha t the emission 
probability of photoneutrons with E „ > 3 o M e V  presents a peak (see fig. 2) 
for the 12c. This fact, in our opinion, m ay be explained by a strong direct 
emission of high energy photoneutrons from the lp shell [28] superposed 
on the spectrum  due to the quasi-deuteron nuclear photodisintegration. 
Recently Gabriel and Alsmiller [26] have calculated the photoproduction 
spectra using the quasi-deuteron model [27] and taking into account all 
secondary interactions. These authors show by com paring with the data 
of K aushal et al. [1] th a t their calculâtional model is capable of yielding 
reliable results over a large range of atomic mass num bers ( >  12). From  
our analysis of the experim ental data, one can conclude tha t high energy 
photoneutron tail (E ^ > 8 M e V ) of the spectra is due to the high energy 
y -rays above the g.r.; in the case of light nuclei for E y>  30 — 4 0 MeV and 
in the case of m edium  -  and heavy -  weight nuclei for E y>  20 — 30 MeV. 
These E y values correspond to photon reduced wave lengths about equal 
to average nuclear radius for A  <C 4°> and A 7> 40 respectively, and m ay 
be considered the lower limits of applicability of the quasi-deuteron nuclear 
photodisintegration model, in agreem ent with the results obtained by Gabriel 
and A lsm iller [26]. For the light nuclei the inner shell direct photoneutrons 
m ay give a noticeable contribution at high energies.

B i b l i o g r a p h y .

[1] N. N. Kaushal, E. J. W inhold, P. F. Yergin, H. A. Medicus and R. H. Augustson. 
« Phys.; Rev. », J75, 1330 (1968).

[2] J. S. Levinger, in Proceedings o f  International Conference on Low  and  Intermediate 
Energy Electromagnetic Interactions (Academy of Science USSR, D ubna, 1967) Voi. 3, 
p: 411.

[3] A. De Marco, R. Garfagnïni and G. P iragino, « Rendiconti dell’Accademia Nazionale 
dei Lincei^ Classe di Scienze Fis. M at. e Nat. », 42, 797 (1967).

[4] A. De Marco, R. Garfagnïni and G. P iragino, « Nuovo Cimento », 42, 355 (1966).
[5] R- Garfagnïni and G. P iragino, « Nucl. Phys. », A  122 , 49 (1968).
[6] A. De Marco, R. G arfagn ïn i and G. Piragino, « N uovo Cimento», 44, 172 (1966).
[7] R- G arfagnïn i, G. P irag ino  and A. Zanini, «Nuovo Cimento», (1969) in corso di 

stam pa.



38 [6]Lincei -  Rend. Se. fis. m at. e nat. -  Vol. X LV II -  Ferie 1969

[8] A. De Marco, R. Garfagnini and G. PlRAGINO, «Atti Accad. Sci. Torino», 99, 445
(1964-65).

[9] M. E. Toms, Bibliography o f  Photo and  Electronuclear Disintegration, U. S. Naval Research
Laboratory, Washington, D. C., (1967).

[10] G. Baciu, G. C. Bonazzola, B. M in e tti, C. Molino, L. Pasqualin i and G. Piragino, 
« Nucl. Phys. », 67, 178 (1965); D. S. F ie ld er, K. Min and W. D. W hitehead, « Phys. 
Rev. », 168, 1312 (1968); K. Min and T. A. W hite, «Phys. Rev. Letters», 21, 1200 
(1968).

[11] R. Garfagnini, L. Pasqualini and G. P iragino, « N u o v o  Cimento», 42, 290 (1966).
[12] F. Ferrerò, L. Gonella, R. Mal vano, C. Tribuno and A. O. Hanson, «Nuovo 

Cimento », 5, 242 (1957); R. G. Baker and K. G. Mc Neil , «Can. J. Phys. », 39, 1158 
(1961).

[13] J. B. Seaborn, D. D rechsel, H. A renhövel and W. G reiner, «Phys. Letters», 
23, 576 (1966).

[14] S. Costa, F. F e rre rò , C. M an fred o tti, L. Pasqualin i and L. Roasio « Nuovo Cim. », 
42, 382 (1966).

[15] E. Hayward and T. Stovall, «Nucl. Phys.», 69, 241 (1965).
[16] S. Costa, L. Pasqualin i, G. P irag ino  and L. Roasio, «Nuovo Cimento», 42, 300 

(1966).
[17] B. C. Cook, J. E. E. Baglin, J. N. Bradfort and J. E. Griffin , « Phys. Rev. », 143, 

724 (1966).
[18] I. V. Kurdyumov, S. H. E l Samaran, Yu. F. Smirnov and K. V. Shitikova, « Isv. 

AN USSR. Serie fis. », 30, 292 (1966).
[19] S. H. E l Samaran, Yu. F. Smirnov and B. A. Yureb, « Isv. AN USSR. Serie fis. », 

32, 1709 (1968).
[20] L. M ajiling , V. I. K uku lin  and Yu. F. Smirnov, «Phys. Letters», 27, 487 (1968), 

and «Czech. J. Phys.», 18, 1660 (1968).
[21] N. G. Goncharova and N. P. Yudin, «Phys. Letters», 29, 272 (1969).
[22] J. M. BLATT and V. F. WEISSKOPF, Theoretical nuclear physics (John Wiley and Sons, 

New York, 1952).
[23] J - J .  G riffin , «Phys. Rev. Letters», 17, 478 (1966).
[24] R. B ergère, M. B eil and A. Veyssière, «Nucl. Phys.», A 121, 463 (1968).
[25] J- J. G riffin , «Phys. Letters», 24 B, 5 (1967).
[26] T. A. G abrie l and R. G. A lsm ille r jr., « Phys. Rev.», 182, 1035 (1969).
[27] Ji S. Levinger, «Phys. Rev.», 84, 43 (1951).
f28] G.! Manuzio, G. Ricco, M. Sanzone and L. F erre rò , « Phys. Rev. Letters», 21, 1266 

(1968); W. Buss, A. Evwaraye, H. M ille r  and J. A. Rawlins, SAL Report No. 12, 
p. 50 (1968).


