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Fisica. — The (e , e p) reaction in the Be9 nucleus(,). Nota di 
Ugo Am aldi Jr. (** (***)) , G lo r ia  Campos V e n u t i Giorgio C o rte l-  
le s s a  G a b rie le  F r o n te r o tta  Armando R e a le  ^  e P aolo  
S a lv a d o ri (**\ presentata (*") dal Corrisp. M. A geno.

In  recent years, the availability  of intense proton beams from high energy 
particle accelerators, has opened a new field of investigation of nuclear struc­
ture. Q uantum  m echanics predicts, for nucleons w ithin a nucleus, the exist­
ence of discrete energy states. N uclear models and, am ong others, essentially 
the shell model, allows us to classify these states in a w ay not very far from  the 
usual spectroscopic classification proved valid for atom ic electrons. Through 
these models, the nucleus is described as a potential well, w ith suitable depth 
and radius both variable w ith the m ass num ber A, in which nucleons m ove on 
orbits characterized by a set of quan tum  num bers. Energy levels corresponding 
to the same principal quan tum  num ber are split by a com paratively strong 
spin-orbit interaction. This nuclear model, known as “ independent particle 
m odel ” has been refined in recent years and is to date shortly  indicated as 
shell model. I t is not our purpose to discuss the principles underly ing this 
model, nor the successes achieved in describing nuclear properties. It is our 
aim  to stress the fact th a t the m ore im portan t prediction, m ainly  the existence 
of discrete energy states of nucleons w ithin the nucleus, has been directly  
verified only during the last seven years.

T he experim ent to see inner nucleon levels has been done through the 
(J> , 2 p) reaction in light nuclei [1-3]. Basically the experim ent is the following: 
m onoenergetiq protons on a targe t extract nuclear protons. T he two final p a r­
ticles are detected and their energy m easured. If  both initial beam  energy and 
final state particle energy are known, it is possible to com pute the difference:

(1) Eb ^ . E o —  (Ei +  E2)

and to plot, varying e.g. the sum E 1 + E 2 ’, the counting ra te  against this sum. 
I f  nuclear protons are bound in definite energy states, when then difference Eb 
corresponds to the binding energy of a level, the counting ra te goes th rough a 
m axim um . W ith experim ents of this type proton levels have been detected 
and m easured and the shell m odel of nuclei has acquired a m ore definite physic­
al ground. T he (J>> 2 p) reaction has a serious experim ental draw back, th a t is to

(*) This work is a part of a research program  within the framework of the activity of 
the “ Sottosezione Sanità ” of the Istituto Nazionale di Fisica Nucleare.

(**) Laboratori di Fisica dell’Istituto Superiore di Sanità, Roma.
(***) Nella seduta del io  aprile 1965.
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say, protons are strongly in teracting particles and nuclear absorption of each 
of the three protons involved in the reaction is heavy. Suggestions have been 
m ade by theoreticians to overcome this difficulty using electrons as bom bar­
ding particles. O ur group as thus tried to detect a (ey e p) reaction in nuclei, 
in spite of the difficulties arising from the fact th a t the electron-proton scatter­
ing cross section is small when com pared w ith the available beam  intensities 
of circular electron accelerators. L inear electron accelerators are out of question 
because of the too low du ty  cycle.

A fter having overcome the experim ental difficulties, we have been able to 
show th a t the (e , e p) reaction gives the same answer as the (p, 2 p) reaction 
on some nuclei, in addition we have seen very strongly bound protons in in ter­
m ediate nuclei, where the (p , 2 p) reaction cannot give a fruitful answer, 
owing to the already pointed out proton absorption [4].

It is highly probable th a t we m ay extend the knowledge of nuclear struc­
tu re  far beyond mass num ber A =  50 and specially on inner shell of nuclei. 
T he purpose of the present note is to show some results on Be9 th a t is in the 
dom ain of light nuclei, because we th ink  th a t also for light nuclei (e e p) 
reaction m ay be a source of valuable inform ation.

In  the case of (e , e p) reaction, relation (1) transform s into:

(2) E b =  E o —  ( E , +  E .)

where E 0 is the incident electron energy, E* and are scattered electron 
and final proton energies. Rest energies cancel between initial and final 
state so th a t all energies are kinetic energies. T he counting ra te  is m easured, 
for technical reasons, changing E0 and not the sum offinal energies.

T he experim ental apparatus is shown in fig.' 1. T he incident electron 
beam  is the F rascati Synchrotron internal beam. Scattered electrons are 
focused by a m agnetic channel (two quadrupolar lenses plus a zero gradient 
bending m agnet) on a focal line where five counters define five m om entum  

1 channels. On the o ther side, a one steradiant aperture proton telescope is 
set to m easure protons w ith kinetic energy between 97 and 103 MeV. The 
energy spread depends on four indipendent sources of energy definition. 
F irst comes the energy spread of the incident beam, under suitable condition 
this m ay be reduced below 4 MeV reducing the radiation pulse lenghth to 
less than  1.5 ms. T he second source is the rad ia tive energy loss in the target 
of the incident beam. For this it is sufficient to use a th in  enough target (e.g. 
less th an  0.1 rad ia tion  lengths). U nder our experim ental condition the com b­
ined energy spread due to the electron beam  and the target was less th a t 6 
MeV total. T he th ird  cause is the energy acceptance of electron channels and 
the fourth  the same bu t for the proton channel. W e have choosen 6 MeV for 
each; of these energy channels, owing to the low counting rates th a t do not 
allow for a further reduction. Com bining all the causes we hoped for an energy 
resolution (full w idth at half height) of less than  10 MeV. Cheks on the reso­
lution have proved th a t actually  we have reached this limit.
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W ith this apparatus we have run  a curve w ith a beryllium  target. E xpe­
rim ental results are shown in figure 2. On the horizontal axis we have a double 
scale, the upper one is m achine energy, the lower binding energy. T he corre- 
spondance between the two scales is checked w ithin not m ore than  3 M eV

#10

with m agnetic m easurem ents on the m agnetic channel and range energy curves 
together w ith ;careful m easurem ent of proton absorber thicknesses. A n indi- 
pendent confirmation, th a t allows us to norm alize our m easurem ents w ithin 1 
MeV with other experim ents, comes from a m easurem ent of elastic scattering 
on hydrogen and (e , e p) reaction in carbon. Both gives as a zero of our 
energy scale 507 ± 0 , 5  MeV.
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T he experim ental points have been fitted w ith a statistical best fitting 
num erical com putation using two different hypothesis. Is is known, from  
shell model consideration, th a t protons in beryllium  shoud divide into two 
groups; th a t is 1 sy2 protons and 1 p3j2 protons. The spectrum  should show 
at least two peaks at the binding energy of 1 and 1 p  shell. T he (p , 2 p) 
experim entation has actually  shown three peaks, corresponding to binding 
energies of 16.4, 25.4, 32.3 MeV respectively. W e can see th a t the first two 
peaks have a distance of less than  our experim ental energy resolution and 
thus m ay  be hard ly  seen in our experim ent. From  (p> 2 p) experim ent it is 
possible to assign these peaks to 1 sy2 and 1 p /̂2 protons. No assignem.ent

has been given for the th ird  peak. M oreover only recent (j> , 2 p) experim ents 
have actually  shown this th ird  peak the presence o f which is very interesting. 
As a m atte r of fact, from  two proton group in the initial nucleus, three b inding 
energies are possible only if the final nucleus m ay  be form ed in a definite 
excited state.

S tarting  from  these considerations coming from (p , 2 p) reaction we 
have at first tried  to fit our experim ental points [5] w ith a sum  of two m ax- 
wellian distribution.

y
Q — ̂ p+^)2 

2 exp (* — ̂ o+q)2 l

(this shape has been choosen to sim ulate the so called “ rad ia tion  tail ”) plus 
a straigh t line to account for a small background of inelastic events different 
from  1:he (e , e' p) reaction th a t seem to be present specially at higher energies. 
T he best fit gives, at a substan tially  good confidence level (30 %) the p a ra ­
m eters collected in T able I.
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T a b l e  I.

h
(counting rate) a (MeV) x 0 (MeV)

9 . 0  ±  0 . 9 I 3 . 2 ± I .0 5 2 4 . 9  ±  0 . 7

4 . 3  ± 1 . 6 2 6 . 2  ±  2 . 7 539-4 ±  i -9

From  T able I we have a confirm ation of the existence of a first group of 
protons bound w ith approxim ately  18 MeV binding energy and of a second 
group w ith about 33 M eV binding energy. T he first group clearly corresponds 
to the sum of the contributions of the two 1 i*i/2 and 1 >̂2/3 levels not suffi­
ciently separated because of the inadequate resolution. The fit shows, how­
ever a system atic deviation of com puted versus experim ental points in the 
region of the first peak. A  second fit has been attem pted even if the to tal 
num ber of experim ental points is barely  sufficient to fit the points w ithin 
statistical m eaning. T he three peak best fit has a confidence level of a little 
m ore th an  5 % thus on the border of statistical significance. The three proton 
groups (Table II) have approxim ately  15, 20, 31 MeV binding energy.

T a b l e  II.

h
(counting rate) (7 (MeV) x 0 (MeV)

4 . 4  ±  i  . 0 11 . 0  ±  2 . 0 5 2 2 . 0  ± 1 . 2

5-3 ±  i - o 11 . 8  ±  1 . 9 5 2 7 . 0  ±  1 . 2

4 . 6  ± 0 . 5 2 6 . 4  ±  2 . 5 538 . 3  ±  1 . 7

T he tables give am plitude and w idth of the distributions. T he first peak 
of table 1 decomposes, according to table 2 in two peaks each of about half 
area.

This feature, if the in terpretation  of the two peaks is correct, corresponds 
to the existence of two 1 sy2 and two 1 p ^  protons in beryllium . This leaves 
the in terp re tation  of the th ird  peak com pletely open. I t m ay be added th a t the 
w idth of this peak m ay still be due to an underlying structure, however this 
seems not to be the case also from  (p , 2 p) reaction, looking to the fact that,
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in this energy region, the fit seems to be particu larly  good, as it m ay be seen 
from  the curve of fig. 2. This curve is the sum of the interpolation of two 
m axwellian distributions plus the straight line background.

T he conclusion th a t m ay be drawn from (e , e p) m easurem ent of berylli­
um  is further evidence of the existence of a proton group in the vicinity of 
32 MeV binding energy, togheter w ith a confirm ation of the 1 s\/2 1 p2js 
structure even if lack of resolution does not add new knowledge about these 
b inding energies.

This 32 MeV level, has still a com paratively narrow  energy distribution 
in (p , 2 p) experim ent, even if it m ay have a structure, and this feature 
points out to the fact th a t it is necessary fu rther investigation even in the field 
of proton binding energies of light nuclei, because this m ay disclose m ore im port­
ant inform ations about excited states of nuclei. It is for this reason tha t 
our group is not only investigating inner levels of heavier nuclei, bu t also plans 
to study higlhy excited states of light nuclei, using the (e , e p) reaction 
eventually  im proving energy resolution to study the structures th a t m ay lay 
in the high energy portion of the spectra.
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RIASSUNTO. — L a  reazione (e, e p ) per i l  nucleo d i berillio. Dal 1957 ad oggi si è aperto 
un nuovo campo di ricerche di fisica dei nuclei. Gli esperimenti in cui si studia la reazione 
(p, 2p) in nuclei hanno permesso di verificare direttam ente l ’esistenza dei livelli energetici 
dei protoni nello stato fondam entale dei nuclei stabili e di m isurare l ’energia di legame rela­
tiva a questi livelli. La tecnica fondata sulla reazione (p, 2p) incontra serie lim itazioni dovute 
alla forte interazione dei protoni entranti e uscenti con il nucleo stesso, queste lim itazioni 
portano alla pratica impossibilità di studiare i livelli interni di nuclei che abbiano num eri di 
m assa ancora non molto elevati. Questa difficoltà praticam ente non sussiste per la reazione 
( e , e p ). Discusse le caratteristiche di questo tipo di misura, si danno i risultati sperim entali 
per il nucleo di berillio e se ne discutono gli aspetti più interessanti.


