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ABSTRACT -

Energy and angular distributions for d. particles in the 20Ne 
(n, o( ) 17 0 reaction have been obtained at E = 14.2 MeV, by using a fast
-cycle cloud chamber. 

Departures from the typical evaporation distribution are obser
ved in the low and high energy parts of the d particles spectrum; the low 
energy part, however, is not especially significant owing to the distorsion 
introduced by the (n, n 0( )reaction. For the high energy 0\ particles the effect 
can be traced back to a direct interaction. In fact the angular distribution 
shows a distinct backward asymmetry (in the c. m. system) which becomes 
more pronunced for the more energetic <>( particles. This peculiar feature, 
which is analogous with the reported results for the 12C{n,0.. ) 9Be and 16 0 
(n,o( ) 13 C reactions, suggests that heavy particle stripping plays an impor 
tant role also in the 2 0Ne (n,O( ) 17 0 reaction. -

1. INTRODUCTION -

In the study of nuclear reactions considerable effort is curren-
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tly being devoted to the separation of the so-called direct effect from the 
compound nucleus interactions. 

The main source of experimental information for this purpose 
is given by angular distri!:JUtions of the reaction products, which are expec 
ted to be symmetric around 900 in the c. m. system for a purely statistic.;] 
mechanism, while they show more or less pronounced asymmetry for direct 
interactions. 

Very few experimental investigations, however, have been dev~ 
ted to angular distributions in (n, ,,( ) reactions. Nevertheless some recent 
r e sults show that there may be a special interest in this type of reaction, 
because there is some evidence, in the case 12C and 16 0, that the distribu
tion is peaked backwards(1, 2). To account for il, a new type of direct reac 
tion,namely heavy particle stripping, has been suggested. 

It has been thought worthwile, therefore, to investigate the 20Ne 
(n,o!) 17 0 reaction with 14.2 MeV neutrons by means of a cloud chamber. 
In fact, quite apart from the intrinsic phenomenological interest, 2 0Ne sug
gests itself as a nucleus, after 12C and 16 0, which might be described in 
terms of 0\ particles clusters and might possibly supply further evidence 
for heavy particle stripping. 

2. EXPERIMENTAL TECHNIQUE -

Neutrons were produced by a pulsed beam of deuterons which 
were accelerated to 360 KeV by a Cockcroft-Walton generator and made to 
impinge on a 3H - Ti target. 

The recompression type cloud chamber was 20 cm in diam. and 
7 cm in height; its centre was at 120 cm from the neutron source in a direc 
tion at 90 0 to the deuteron beam. The energy of the neutrons was therefor; 
about 14.2 MeV. 

The chamber was filled with pure Ne (99.1 9%) at 2 Atm. pressu
re; condensation was assured by water vapour only. Therefore, besides Ne, 
the only element present that could possibly give rise to spurious reactions 
was O. 

Cloud chamber pictures were taken simultaneoulsy with three 
cameras, which were placed at the vertices of an aequilateral triangle, to 
allow easier stereoscopic reconstruction and check. Two distinct series w~ 
re taken. In the first one, (1600 photograms), all visible events were me~ 
sur ed, irrespective of the length of the tracks; an event was characterized 
by the typical fork of the emitted particle and recoil nucleus. For the second 
series, (1000 photograms), the scanning was speeded up by excluding the 
events for which none of the three simultaneous views showed 0( tracks Ion 
ger than 1 cm. This speedier procedure was adopted in order to enrich sub-
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stantially the statistics for the lower lying levels of the residual nucleus 
and supplied, in any case, an unbiased statistics up to 8 MeV excitation 
energy of the residual nucleus. 

As a whole over 10.000 events hav e been analyzed. The num
ber of spurious events originated by diffused neutrons has been evaluated 
to be less than 6% of the total, by means of a third series of photograms 
which was taken for this purpose, after the cloud chamber, in the same 
position, had been suitably shielded form direct neutrons. Whenever pos
sible and significant, the kinematic check on the two main series confir
med the above figure. 

Spatial reconstruction of the tracks was carried out by means 
of IBM 650 computer, which also supplied the basic data, namely energy 
and angle of the particle in the c. m. system, the excitation energy of the 
residual nucleus and the weight to be assigned to the event in the statistics, 
to take the geometrical factors in due account (see later). 

For events in which the residual excitation energy was less than 
4,55 MeV the kinematic control was made; in this case the events were ten
tatively cheked also for kinematic compatibility with other possible reactions, 
namely 22Ne (n,vI} 190, 20Ne (n,p} 20F , 16 0 (n, .>( } 13C. Above 4,55 MeV this 
control is no more significant owing to the fact that 17 0 can deexcite by ne.!:!. 
tron emission. 

The energy determination of th e particles was Ina de, in the hy
pothesis they were 0( particles by means of the table of ranges given by Wh~ 
ling(3}. 

The error in the energy measurement has been evaluated to 
150 KeV on the basis of an uncertainty in the range equal to the average 
thickness of the track and taking also into account the errors in the press.!:!. 
re and the temperature of the gas in the cloud chamber. 

The error in the measurement of the angles is a function of the 
length of the tracks and has been evaluated with reference to the ratio 
of .the average thickness to the length of each track; it rarely exceeds 
2 0 for the <X. particles; for the recoil nucleus, however, the error is much 
larger and this produces sometimes a big uncertainty in the kinematical 
check. 

The dimensions of the cloud chamber are of the same order of 
the most energetic particles emitted in the reactions; therefore, the distri 
butions obtained directly from the observed tracks need corrections to ta
ke into account the probability of observing each individual eventja mi
nor correction needs to be applied also to take into account the different pr~ 
bability of observing an event in the various points, owing to the different 
distance from the neutron source. 

To evaluate this geometrical correction, first of all the useful 
zone of the chamber was determined, by noting the density of the start and 
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end points of th e observed tracks; this density has been found distinctly 
different from zero in a cilindrical zone 6 cm in height and 19 cm in di~ 
meter, while dropping fairly abruptly to zero outside. To make sure events 
were analyzed only if they was contained within a smaller internal region 
(5 cm height and 18 cm in diameter). 

To these events a weight has been assigned, which is inverse
ly proportional to the probability of production and observation. The pro
bability of observation PI depends only on the range R of the particle and 
on the angle Q between the directions of the emitted particle and of the in 
coming neutron. 

Let us call s (= 5 cm) and B (= 9 cm) the height and the radius 
of th e us eful volume of the chamber; th en if R sen Q :;:> s, PI is given by 

( 1 ) 

1 
PI = - (arctg 'TO 

(4 arctg 

while for R sen Q <. s the first term within brack ets is to replaced by 

(2) 
Rsen Q '"If - =C:-"'-'-_ 

s 

The production probability P 2 on the other hand, is inversely 
proportional to the square of L, the dista nce of the production point from 
the n eutron source. In our case (L » B) a simple and sufficiently accura
te expression for P 2 is: 

(3 ) 
4Dl D2 

P 2 = --:-----':---'''-------
2 2 

4D + R - 4DR cos Q 

where D 1, D2 and D are respectively th e dis tanc es from th e neutron sour
ce of th e farthest, the nearest and the central point of the chamber (see A£ 
pendix). 
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3. DISCUSSION OF POSSIBLE CONTAMINATIONS -

The on~ possible target nuclei in our chamber are 20Ne, 
21Ne, 22Ne , and 1 0 (present in the water vapour); possible reactions 
with charged particle products are (n,o(), (n,o( n), (n, no(), (n, p), (n, pn), 

(n,np) and, possibly, though with a probably small cross section, (n, d). 
Reactions of the (n,o( n), (n, pn) tipe, as long as they can be considered 
two steps reactions (that is the neutron is emitted at a later time) need 
not to be separated from the (n,o( ) and (n, p) reactions in energy and ~ 
gular distributions; (n, n d. ) reactions give 0( particles of low energy which 
can be eliminated by suitably cutting the energy distribution. Hence the o£ 
served events belong necessarily to (n,o( ) or (n, p) t yp e on the above spec~ 
fied nuclei. Proton recoils from elastic scattering on Hydrogen are obvio!;!. 
sly excluded because in no case they can simulate the characteristic fork. 

Simple visual inspection did not allow, in the operating condi
tions of our chamber, to distinguish with certainty in every case protons 
from alphas; nor was it always possible to separate (n, p) from (n,o( ) re~ 
ctions by kinematics; fortunately, however, it can be shown that the pro
tons contribute at most 9% of the observed charged products. It was deci
ded, therefore, to includ e in the energy and angular di stributions all the 
events, evaluating them as if they were all (n,o< )reactions. 

In fact, the size of our useful volume does not allow to record 
protons with more than 2.8 MeV energy; on the other hand protons with 1!2. 
wer energy than 2.8 MeV are at most 25% of the total number of protons, 
as can be inferred from known proton spectra with (n, p) reactions in nei
ghbouring nuclei(4), while the whole (n, p) cross section is only about 1/3 
of the corresponding (n, d. ) cross section. This comes . out from the calc!;!. 
lations of Gardner(5) which gives a' (n, p) z 100 mb for 20Ne(n, p) 20F rea 
ction and the inferred(6) value of".. (n,o( ) = 300 mb for 20Ne(n,o<. ) 170 -
reaction. 

The total proton contribution to the observed distribution of 
charged particles does not exceed, therefore, 9%. For the angular distri 
bution we point out that in any case the low energy proton distribution is 
isotropic and cannot therefore be responsible for the observed anisotro
py. 

Finally we want to show that the observed energy and angular 
distributions as a whole can be legitimately assumed to represent essen
tially the 20Ne (n,"\ ) 17 0 reaction. In fact the total Oxigen mass in the 
chamber is about 2%; its cross section for the (n,o( ) reaction at En = 14 
MeV is 300 mb, according to(7) while the (n,p) reaction has e' = 90 mb(8). 
Since the reaction 20Ne (n,o., ) 17 0 has also <5' = 300 mb, as can be indu
ced by the data of(6), the oxigen contribution in our results comes out a
bout 2%. The amount of 21Ne (and 17 0 and 180) is negligible; 22Ne, how~ 
ver, has a 8.8% abundance and no data are available on its cross sections; 
assuming, as a fair guess, a,.,.- (n, '" ) for 22Ne about half that of 20Ne, 
the events contributed by 22Ne would amount to less than 5%. 
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In conclusion it can be safely assumed our distributions are 
due at least 85% to the 20Ne (n,o( ) 170 reactions, the next most likely 
contaminations coming, in order, from 20Ne (n, p), 22Ne (n,o( ) 190, 
and 160 (n, D( ) 12C. 

4. ENERGY DISTRIBUTION -

The energy distribution, in the centre of mass system, of 
all the particles observed in the first series of photograms is shown in 
fig.!. The maximum energy of 10,4 MeV nicely agree with the expected 
value ofo< particles from the reaction 20Ne (n,o<, ) 170 (whos e Q is - 0,608 
MeV). The maximum intensity in the distribution falls ad 4,5 MeV, a rea 
sonable value as compared to neighbour nuclei as 23Ne and 27A1(9) in v~w 
of the smaller Coulomb barrier of 20Ne. In the higher energy region the 
distribution shows a distinct departure from the maxwellian distribution, 
which would be expected from evaporative theory; of course, it is not suE. 
prising to find direct effects in this region and, in fact, we shall see that 
also the angular distribution l eads to the same conclusion. 

1500 

1000 

500 

o 2 4 6 8 10 12 
EO( eM 

Fig. 1 - Energy distribution of the 0< particles in the c. m. s. 
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The energy spectrum of the emitted particles (,,\ particles 
in our case) in the evaporative theory, is expressed by the classical for 
mula(10) (Blatt and Weisskopf) -

(4) N(E 0\. ) dE 0\. = cost Eo<. 6' c (EO( ) f (Er ) dEo< 

where Eo<. is the energy of the particle, 6' c (E 0\. ) is the cross section 
for the compound nucleus formation (in the inverse reaction) and f (E r ) 
is the density of levels in the residual nucleus at the excitation energy 
E r . 

If we plot, as usual, In N(E cA ) I Eo<. 0 c (E d.. ) as a function 
of Eo< (instead of E r ), by using for !5' c (E 0<.) the values which can be 
obtained by extrapolation from Blatt and Weisskopf's tables(10) we get 
the diagram of fig. 2. 
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Fig. 2 - Plot of In LN(Eo( )/Ed, 0c(Eo( ))jversus Eo< 
a) T = 1,24 MeV 
b) T = 0,34 MeV 
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Three distinct parts are visibl e; for the purpose of deducing 
the "nuclear temperature" according to the well known formula 

(5) 

the high energy region has to be discard e d owing to the presence of direct 
effects, as stated; th e intermediate energy region Eo( = 3 to 8 MeV gives 
a temperature of 1,24 MeV, while th e low en e rgy r egion would give a te!!l 
p eratur e of 0,34 MeV; this, h owever, is not surprising is view of the pr~ 
s ence of (n, no( ) r eactions, to which this part can r easonably be ascribed. 

5. ANGULAR DISTRIBUTION -

Th e angular distribution in the c. m . system for all 0( parti
cle s in th e energy range 3.94 to 10.4 MeV is shown in fig . 3 (excitation 
en e r gy of the residual nucleus from 0 to 8 MeV). 

ER 0-8 MeV 

1500 

1000 

500 

o 30 60 90 120 150 180 
9 eM 

Fig. 3 - Angular distribution of the« particles in th e energy range from 
3,94 to 10,4 MeV in the c . m. s. 
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For Q = 00 and Q = 1800 the 0( particle and the residual nu
cleus give tracks on the same line; the characteristic fork is not easily 
recognized in this case during the scanning: it is therefore possible that 
for the two extreme angular intervals 00 - 150 and 1650 - 1800 there has 
been some loss of real events, while the errors shown also for these clas 
ses are only the statistical ones. 

Bearing this in mind the forward backward asymmetry was 
evaluated by taking the number of events nf in which"" particles are emil 
ted in the 150 - 900 interval and the number of events nb in the 900 - 1650 

interval; we then define an asymmetry parameter s = {2(nf - nbi!/(nf+nb) 
and we get s = -22% ± 3; this backward asymmetry would be enchanced if 
the small, but unknown, isotropic contribution from protons could be sub 
tracted. 

The effect becomes even more pronounced if we take the ang.':!. 
lar distributions of the more energetic",- particles: the separate angular 
distributions for energy groups of the residual nucleus 0 to 3 MeV; 3 to 5 
MeV; 5 to 7 MeV and 7 to 8 MeV are shown in fig. 4. 

It is apparent that backward emission is strongly favoured in 
the 0-3 MeV (s = -38% ± 17) and 3-5 MeV (s = -47% ± 9) groups while for 
the interval 7-8 MeV the distribution appears to be symmetric with respect 
to 900 and more nearly isotropic. 

We consider the effect in the interval 3 to 5 MeV as especially 
significant, because there is no reasonable doubt, in this interval, of po~ 
sible contamination from other reactions. 

This experimental picture is easily interpreted, at least quaIl 
tatively, if we consider it as an example of heavy particle stripping which 
seems, to date, the only mechanism capable to account for a prevailingly 
backward emission. 

This mechanisr(l, suggested by Owen and Madansky( 11) has 
been already invoked to account for similar angular distributions in the 
case of l2C (n,,,,- ) 9Be and 16 0 (n,O< ) 13C reactions. Our results, by suE. 
plying the new case of 20Ne (n,o{ ) 17 0, give further evidence that this m~ 
chanism may be present at least in light nuclei. On the other hand, on a 
strictly experimental basis, we cannot completely exclude that the obser
ved effect might have resulted from fluctuations of the Ericson type, the 
energy spread of the neutrons being only 0,2 MeV, that is of the same o!:. 
der of the expected correlation width for a light nucleus such as 20Ne. 

The similarity of behaviour observed for 12 C, 16 0 and 20Ne 
seems however to favour the heavy particle stripping interpretation. 

Further and more abundant data may be required to settle 
the question beyond any doubt. 
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Fig. 4 - Angular distribution of the 01 particles in the 0-3, 3-5, 5-7 
and 7-8 MeV range of excitation energy of the residual nu

cleus 17 0. 
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APPENDIX -

Formula (1) can be derived as follows. The first factor in the 
right hand expression is equal to hall" the average fraction of total solid a!!. 
gle subtended by two parallel planes, s cm apart, from a point P between 
the plane·s, under the conditions that the intercept by the planes of every 
straight line trough P forming an angle g with the direction of the incoming 
neutrons, has a distance from P bigger than R. This is with the notations 
of fig. 5. 

z 

c = Rsen (} 

Fig. 5 - Cloud chamber views for the range of the", particles calculation. 

s l!CJ 1 +(<-'2
dZ 

s 2iT 
o 

being c = R sen g 

s 

1 f s - Z = -- (arcsen --2/),s c 
a 

Z 1 s 
+ arcsen~) dz =n(arctg -:-~=== 

V c 2 - s2 
+ 

The second factor in formula (1) is the ratio of the surface, across the chatp 
bel', from which tracks with range R and angle g can still originate and be 
observed (ending in the chamber) and the total surface of the chamber. 

Particles with angle of emission g and range R are obviously 
visible if their tracks originate in the field C, defined as the common sur 
face of two circles with radius B, the centres of which are R cm apart. 
This common area is 

2 
2B arctg 

R 
2 

) 5' .J • 
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This has t o be multiplied by 2, to take into account the two 
symmetric directions, which wer e not included in the solid angle in (1). 

Finally in the formula (3) for the probability ?2 the denomi
nator is simply 4 times the square distance from the neutron source to 
the centre of the area C. 
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