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ABSTRACT. -

The bidimensional spectra of the reaction 7 Li+d _2 a +n with 
three bodies in the final state are analyzed by a method that takes into 
account in a definite appcoximation the finite resolving power of the 
detecting system. Some experimental results on this reaction are t hen 
analyzed in the system of the relative coordinates, that seems the most 
suitable to treat t h e effects of sequential decays. 

1. - INTRODUCTION. -

The reactions with three bodies in the final state have received 
much attention in the last few years(l-78) also because of their impor
tance in the heavy ion reactions(l). The mechanisms that seem involved 
in the transitions to the continuum of three or more particles are: 

i) the sequential decay at low energies of the incident part icles(l-74); 
ii) the direct knowk-out or the stripping to the continuum, at higher in 

cident energies(!;-78). However the sequential decay proces s seems
to be present also at these higher energies and to compete with the 
direct processes(l , 6, 7). 

(x) - This '!Iork was s upported in part by INFN, CRRN and CSFN & SM. 
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These reactions have been studied up to now by measuring 
the energy spectra of one particle, the bidi mensional spectra and the 
angular correlations of two particles . It is however clear that tbe techni 
que of the bidimensional spectra taken at various angles is t h e most 
suitable for a complete analysis of the reactions. 

Up to now the results of a reaction with three bodies in t h e fi 
nal state have been compared with theory in the laboratory system 
(LS)(2,8-;.1O). In this case, the identity of two or more particles in the 
fi nal state complicates somewhat the problem of the theoretical expl~ 
nation of the data and the singularities in t he density of the final states 
in the LS C8USes other complications. 

In view of these facts it seems simpler to compare th e data 
with theory in the system of the relative coordi nat es (RCS)(ll). As is 
shown in sect. 3.2, when sequential processes are important, that i s 
when the intermediate states can be treated as resonant states(l2, 13) 
the RCS data show direc tly the characteristic s of these states , allo'N 
an easy treatment of the identity of the particles and can allow the s",
paration of the contributions of the di fferenl intermedi at.e states to ~h e 
reac tion. The transformation of the data to the acs is possible whene
ver the bidi.mensional spectra of the reaction are available in t he LS. 

However, before performing t.he t.ransfo"mation to th e RCS 
it is nec essary to devise some method to avoid the singuladties in the 
Jacobians 'md to correct for the fact that in the plane of t. he coj.l1cid enl 
pulses the finite angular resolving power of the detecto:-s results in 
a loss of the energetic resolving power. 

Sect . 3.1 of this paper is devoted to show a method .. suitable 
for this purpose, that allows an easy codification for a computer machine . 

In Sect. 3.2 the results of the application of this method tu some 
bidimensional spectra of the 7Li+d -->-2 a +n reaction at Ed = 1. ° MeV are 
shown, and the spectra in the RCS are reported. taking into account 
the identity of the two a-particles in t he final state. 

The extensive analysis of this experiment will be done in the 
next paper. 

2. - COLLECTION OF THE EXPERIMENTAL DATA. -

We studied the 7 Li+d - 2 a +n reac tion. bombarding a target 
of natural Li with deuterons of Ed " O. 8, 1. ° and 1. 2 MeV. The target 
thickness was 50 kev at 1. ° MeV. Only some results at Ed'" 1. ° MeV 
are shown in this paper. The deuterons were acc elerated by the Van 
de Graaf electrostatic generator of the CSFN & SM l.aborato:-ies in Catania. 

:373 
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ThE! a -particles were detected by surface barrier detectors 
supplied by ORTEC. With the polar axis fixed in the direction of the 
incident deuterons, one of the detec tors (labelled 1) was plac ed at a 
fixed polar angle Q 1 ; 88,4 0 and azimuth ~ I ; 0 0 and the other one (labelled 
2) was allowed to rotate between Q2; BOO and Q2; 1500 at the azimuth 
~2= 180 0 • The distances of the target from t.he detectors were respec
tively d = 14 cm and d.,= 12 cm. The diameters of the detectors were 
~1 = ~2= J. 6 mm. The pulses of these two detectors were sent through 
two ORTEC amplification chains to a system of fast-slow coincidence 
('t" = 30 ns) supplied by COSMIC and to a LABEN 4096 channel analyzer 
in bidimensional operation mode, controlled by t h e output pulses of the 
coincidence system. The output pulses of the detector 1, acting also as 
a monitor, were cOllnted by a scaler. The whole system was controlled 
by a device that stopped the runs at a fixed number of pulses counted 
by the detector 1. The measurements were done varing Q2 in steps of 
20 between 30 0 and 11 00 . 

Fig. 1 shows some bidimensional spectra as presented at the 
oscilloscope of the analyzer. As it can be noted, the experimental points 
lie inside a strip of the E1 E2 plane, where El and E2 are the energies 
respectively measured by the detectors 1 and 2. The distribution of the 
points is not uniform, showing some peaks at positions depending on the 
angles . 

3. - ANALYSIS OF THE EXPERIMENTAL DATA.-

3.1.- Laboratory system.-

3.1.1. - Kinematic relations. -

and A3 
vely. 

Let us consider the 
are nuclear particles 

reaction P+T=A
1

+A 2+A3 where P, T, AI' A2 
of masses m p ' mt, mI' m2 and m3 respec~ 

Let E , El and E2 be the kinetic energies of the particles P, 
Al and A2 in Pthe laboratory system. The conservation laws give in 

the non-relativistic case: 

(1 ) 
1 /2 1/2 1 /2 1/2 

a E +a E +2c E E -2c E -2c E - b = 0 
1 1 2 2 12 1 2 1 1 2 2 

where 

( .1/2 
a =m

1
+m

3
; a?=m

2
+m ; c = m mE) cosQ' 

1" • 3 IIp P l' 



4. 

Q ,Q ,9 and 9 being the polar and azi.muthal angles of Al and A in 
tJe fabo~atory ~ystem and Q the relative (polar) angle between Al 

12 
a nd A

2
. 

.. 1/2 1/2 . 
Eq. (1) represents an elllpse In the E E plane a nd Its ph,)' 

sical points are found in the first quadrant (fh fact Ei/ 2 and E~/2 are 

proportional to the magnitudes of the momenta). In the plane E1 E2 a 
quartic is generally obtained; it is given by: 

(2 ) If 2 2/ 2 E. = (a .. + l a .. +a. b.) a. 
1 IJ - IJ 1 J 1 

where 
1/2 

b.= b+2c. E. -a,E. 
J J J J J 

Figs. 2 and 3 show some kinematic curves for the studied rea~ 
tion, On can see that: a) the ellipses have always one positive int erse~ 
tion with each axis; b) the physical quartics are open curves which sta rt 
and stop at the tangent points to the axes, These points correspond to 
those where the ellipses intersect the axes; c) there are two points (in
version points) in which the tangents are parallel to the axes, 

3. 1.2. - Bidimensional spectra. -

From that said in sects. 2 and 3,1.1., the particles Al and A2 
are those respectively detected by the detectors 1 and 2. The particle 
A3 is the undetected particle. 

The coincident pulses whic hAl and A2 give rise to in the 
detectors cannot lie on a curve of the E1E2 plane, but on a narrow strip 
around the kinematic curve belonging to the given angles of the two de
tectors and the given energy of the incident particle, 

The half-width of this strip d e pends on the angular spread of 
the particles and t h e energy resolution of the detecting and analyzing 
system. To evaluate this widt h L1 we have used t he expr ession 

(3) 

;)80 



a) 

b) 

c) 

FIG. 1 - Bidimensional spectra of the 7Li(d, 2a) reaction 

at Ed = 1.0 MeV, Q 1 = 88.4°, ~2 - ¢1 = 180°; 

a) Q2 = 60°; b) Q2 = 70° ; c) Q2 = 74°. 
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(5 ) 

where p' .. is 
Jl 

then it belongs 

s 
N. LI s. = 2:.N. P' .. LIS . 

1 1 J J Jl J 

now the probability that, if a count 
to the interval L1 s i a r ound si ' 

We assumed 

k. 
P' = J if 0 .. f:r 

Jl 02.+ r 2/4 Jl 

(6 ) Jl 

p' .. = 0 if o . .>r 2:.P' .. = 
Jl Jl 1 Jl 

found in 

1 

where kj 
. . 2 s2 s2 

are the.nonnalizatlOn constants and <5 .. = (E
l 

.-E .) + (E
2

· -E
2

. ) . 
Jl J 11 J 1 

The use of this method results in smoothing somewh at the exp~ 
rimental data. 

In rough approximation this smoothing extends to a circle of 
radius r with weights that decrease going away from t he c entre . It is 
clear that there would be no smoothing if P ij and Pij were unitary m~ 
trices. This would be possible only if the data lay in a very small ne i 
ghbouhood of the kinematic curve and interested a strip of only one 
file of channels, being in this case P ij diagonal. 

In this hypothesis the projection would have been unnecessary 
and the transformation to the RCS could have been performed channel 
by channel . 

The strip width r was chosen at the various angles equal to 
t he first multiple of O. 15 MeV greater than LI (see sect . 3.1. 2). The 
value of O. 15 MeV corresponds about to the half width of a channel. 
This choice was tested for various angles counting the number of the 
pulses selected by the computer around the kinematic . curve for va
rious values of r in steps of 0.15 MeV. The chosen values resulted 
those for which a further increase in r of O. 15 MeV introduced only a 
fraction .oS 2% of new pulses . Fig. 5 shows the significant strip of 
the El E2 plane selected by the computer at G2 = 740

• The value of r 
was 0.6 MeV (see Fig. 4). 

3.1. 3b) Chance coincidences. -

It was possible to extract the average number of chance coin 
cidences per channel from th e parts of the bidimensional spectra o ut -

~8G 

•• 
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side the significant strip populated by the true coincidences. 

We observed that the actual number of counts in a large re
gion outside the strip had a Poisson distribution, and computed the 
average value N . 

c 

5 

a 5 

(,(MeV) 

FIG. 5 - The strip in the 
energy plane selected by 
the method underlined in the 
text at Q

2 
= 74 0 . r= LI is the 

width of the strip. 

The number of these chance coincidences was in most spec
tra of the order of Nc = 2+ 3 and this contribution was subtracted from 
the counts inside the significant strip after weighing with the us e of 
the spectrum of the particles detected by a single counter!2) 

3.1. 3c) R.esults. -

Fig. 6 shows the N(s) density vs. the curvilinear abscissa s 
in the laboratory system at Q2 = 60 0 , 700 , 74 0 • The origins of the curv~ 
linear abscissas are placed at the points where the kinematic curves 
are tangent to the EI axis. The curves are run in counterclockwise se~ 
se. The errors are only statistical. The energy resolution coincides 
with r. 

3.1. 3d) Intrinsical errors of the method. -

One of the most important sources of errors in the projection 
method outilined in sect. 3.1. 3a) seems to be the uncertainty in choo 
sing the kinematic curve over which to project. The choice of this cuE. 
ve is somewhat arbitrary and in fact is a matter of simplicity. So it 
is useful to see which are the variations in the density N(s) (see sec
tion 3. 1. 3a) when we choose other kinematic curves inside the strip. 

;)8 7 
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3
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the kinematic curve. The curves labelled j=l and j=2 r..:. 
spectively give Ej_k vs. s for k=3. The full parts of these 
last curves refer to the used values of Ej_k in the tran
sformation to the RCS. The values of Q2 are given onthe 
drawings. 

We varied the Q2 angle of the kinematic curve of LlQ2 =:: 10 
obtaining new sets of N(s) points. The difference between the various 
sets were rather less than the statistical errors, so we concluded that 
the method did not introduce appreciable errors. 

3.2.-Relative coordinates system (RCS).-

We define the relative coordinates by the well known relations 
used in ref. (11) 

.. ~ C 0 
<l Uu 

, 
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(7) 

(7' ) r .k=t-(m .;.+mkrk)/(m . +m
k

) 
i-J 1 J J J 

(7" ) 

for ifj'lk; i,j,k=1,2,3 and M=m +m +m. The values 1,2 and 3 
of the indices correspond respecti~ely 2to th~ particles AI' A2 and A3 
(see sect. 3.1 .. 1. and 3,1."2 .. 1. There are, of course, as re1s. (7), (7') 
and (7") show, several ways of choosing the ReS. The most convenient 
system is to be suggested by the actual reaction one is studying. In 
this respect, ret (7') is the most important to fix the sequential pro
cess that is selected by the transformation. The particles labelled j 
and k are in fact those involved in the second stage of the selected d~ 
cay. So, in the case of the 7Li + d -+2a+ n, if 2 and 3 refer respective
ly to an alpha and a neutron, the selected process is that involving the 
5He states. 

3.2.1. - Relative energies and ,Jacobian of the transformation. -

The coniugate momenta are 

(8 ) a;;: i-jk or j-k 

~ 

where P,a and Va are the reduced mass and the relative velocity asso-
ciated with the relative coordinate ~ . The associate kinetic energies 
are 

(9 ) 

where E. k is the internal energy of the system j-k. 
J-
In terms of rels. (8) we have 

(10) 
p2 

2 2 
p. ·k P. k 

1-J J-
+ + 

2M 2p, . . k 2 p,. k 
1-J J-
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4. - DISCUSSIONS AND CONCLUSIONS. -

4.1. -Angular and energet ic resolving powers in th e RCS. 

4_1.1. - E nergy resolution.-

The energy resolution along the kinematic curve in the LS in
troduced by the method outlined above is LIs"" r. We cannot in fact di 
stinguish between the channels that contribute to two intervals of the ki 
nematic curve at sl and s2 if I s2 - s 11 sr. This is true when r is suff~ 
dently small. In this case indeed o ne can consider as a straight segment 
the part of the curve contained bet"een 8 1 and s2' In this approximation 
the energy resolution inthe RCS is given by 

(16 ) r. = 
J -k 

dE. k 
_--.J_- _ r 

ds 

From relations (9), (10) and (12) one ha s 

(16 f) r - M I E-
1/2

i j-k -m.+m
3 

1- Ci i 
J . 

clEo 
1 

ds 
r 

Fig. 8 reports as bases of the triangles the value of r . k' As one can 
see these values have the minima at t he minimum vall1eJ~f Ej_k' that 
correspond to the zeroS of clEo Ids, that is to the inversion points. 

1 

4.2.- Angular resolution. -

From eqs. (13) results that the angular resolution in lii-jk is 
the same than the in Ii. in the LS, that is '" 1 0 for the used geometry. 

1 
The angular resolution in Qi-'k does not differ appreciably from that in 
the Qi ' provided the total mo~entum is small with respect to the mome!:!. 
ta of the detected particles in the LS. That in LI Q. 'k:::::' 10 

I- J 

There is on the contrary an amplification of the angula r unce!: 
tainty in passing from the LS angles to the Qrel and lirel' As relations 
(13) and (l4) show, this amplification is proportional to (cos Qrel)-I. 
Fig. 8 reports as error bars the angular resolution in Qr el as a function 

of E. k' J-

4.3.- Distribution of pulses in the RCS and conclusions.-

As one can see 
3 

d a IdE. k dQ . 'k dQ 1 J- 1-J re 

from Fig. 8, the differential cross section 

shows apeak atE. k::10.8+0.05MeVandthe 
J-
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peak energy does not vary with angles. The peak is asymmetric and the 
half-width at half maximum in the sense of increasing energy is LlE1/2= 
= O. 6+0. 1 MeV as one measures in Fig. 8 for full curve peaks. This peak 
is th; characteristic resonant peak of the 5He ground state and its po
sition and width are in good agreement with those reported in ref'. (12) 
if one takes into account the energertic resolving power in the RCS for 
the present experiment. 

The height of the peak varies with angles denoting a non-isotr~ 
pic angular correlation between the t wo a - particles. The - form of the 
peak is however rather constant, for the full curves in Fig. 8. The dashed 
curves, on the contrary are not in agreement with the full curves, at 
least in the high energy tail of the peak. This is to be expected because 
of the identity interference term in the LS density N(s). 

It is not possible to say from so few spectra neither the detai 
led angular correlation nor wether there are other contributions from 
other states of 5He or from the 8Be formation. This will be possible 
only when the other s pectra in the LS will be examined. 

For this reason it was not performed in this paper the tran
sformation to the RCS which selects the neutron as the "first" emitted 
particle. This will be convenient when the contribution of the 5He ground 
state to the reaction will be completely extracte d from the data.. 
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