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* iVi i tro d'Ktudes Nm-h-.iires de Sarl . iv/9l iqn Ci f -s . i r -Ywt l o , FRANC F 

In f i s . I tin- tliroc-hody runfJKiir.it inn A-m-A qu.il i t.it i vi ' lv explains how m (or -x) ran 
hi- vmiLtt'il far below tlic two-body Coulomb repulsion m + teal* (or i + 2 S p * ) . Thus, .mv en-
h.nu-.TriL-nL in the inclusive a spectrum t.ih^n .it aero degrees is a way to evidence the most 
pri'hahlc shape involved. Thin argument, real ly va l id for ne^ l ie ih lc cm ve loc i t i es , was used 
as .-i signature ot the quasi-aligned configuration UC - a - C (V - V ) . 
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Three-body range 

Fie- I • l u . i l i t . i l i vo représentât ion M the co l 
l i s ion process which v ic ld* • nar t i r les in the 
ranci" of 1(,w cm ve loc i t i es . The i p . i r t i t los are 
expected at 'zero depress wit! ' P • P . 

. 2 shows a typical in f lus ive -i spectrum obtained with the O'.Wfr of Sac lav, set at 
r.-t-s. It is quite cU-ar th.it a peak dors i-nprjii1 at P - ? : .in exci tat ion f i inr-
such events has been published 

In th is work ye would rather pay at tent ion to the or ig in of such i parti.- les and rnm-
p.in- thi' ro l r nT sequential decays (or two-body f ina l state interactions) as well as the 
M I I - of thne-bndy Coulomb distors ions. This discussion is also based on experimental re
sults which rvft ' f to exclusive measurements due to a well-known method in three-bodv reac
t ions. This method consists of considering mfor t ) as a missing mass in the detection of 
tin- associate fragments in coincidence. Contrary tn inclusive measurements, th is is a 
pi'wcrful mems to study the dissociat ion, par t icu lar ly for the i emission at J ITD deprees, 
since no counter has to be set in the beam path. 

http://th.it
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Fig. 2 : Inclusive i spectrum recorded .it zero 
degrees with the 0I1IW of Sarlrtv. Each point or 
the sport rum in nhtJiru-d with a specif ic Br va-
l-ie and nnrm.il ised hy a parasi t ic Rutherford 
scatter ing on Au. 

Kij;. J shiiw.i a typical coincidence pint re la t ive to the detection of the ~C nuclf 
.ind the relevanL i ve loc i t ies which arc easi ly deduced from kinematics. 

The main features of the experimental data are : 
i ) an accumulation of events in région (a) (Y = Y 1, as already observed in i n r l u -

measurcments at 0". The observation selcr ts here the transverse ve loc i t ies in th is rc -
(Kymmetric detection)-

http://nnrm.il
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12 12,. Kîft. 1 : C - C c i n . j'drnce data r.-corded at 
Kt l f tO> - 4"i,S Mi'V. Tin- .inities . in- chosen lit -suri, n 
w.iy that the . emission ran hi- ..|.«.n-.U in tin- v i c i 
n i t y nf Y ( - V . Tl..' exclusive measurement allows 
tn observe tin- i emission in thr unlv region defined 
hy tin- i-imtmir in the rapid i ty p in t . 

i i ) .in .u-eumuljt ion of events in reR ;on fh) tli.it :o défini- as follows : tin- mo ~("s 

.i .symmetric recoi l .md edure the n par t i c le .it zero degrees (see the rap id i ty p l o t ) . 

i energy is about 3 MeV (perhaps fo r tu i tous ly the n ve loc i ty is comparable to the p ro j r r -

• ve loc i t y ) . 

i i i ) .in crcpty zone nut of zero degrees, along Che kincmat ical l y allowed rancour- Mi.it 

i.-i p.irt i i u l . i r l y observed, is the sequential derav due to the formation of 0*f-t - ~C) 

'**>•«*< '~t: - ~C). Conccrnin h the formation -if ' 0*{4* ; 10.3 MeV), our experimental resul ts 

inconsistent with Che occurence of such a ewo-bndv f i na l s ta te , observed in other condi-

,» of 4 , „ , ™ 2 - 3>. 
• «em-rally, in th is ran^e of incident energies, and for tlie specif ic nbserv.it inns uc 

;e (small , ve loc i t i es ) , the we l l - known mechanisms nf three-bod" réact ions, surh as sr-

) l i n l or s t a t i s t i ca l decays, an- not able to account for the date. Fig, U Rives an i l l u s 

i o n ot such an inadequacy. 

http://tli.it
http://Mi.it
http://nbserv.it


r 
20 

16 

12 

20 

16 

12 

20 

16 

12 

1 * 37°3 
,IM<V 

16 20 

Et"0)=«5.5MeV 

• Ib) :*•--... 
•' En t (Mev) 

' i l ' ' 

12 16 20 

16 r t 12^ 12„ 16 r t « 0+ C—-C + 0* 

L*-a + C 
Obsrrved in othtr 
condition! bf : 
. R . WiclondfL o) 2 ) 
- K. Funjno t t ol 3 ) 

Fît:, à : Injuloquacv of the sequent ia l process 
(strnÎKht l i n e s ) , invnlviiic, th*1 4* s t a t e 
(10.3 HcVJ af lf-(J, to oxpl.ih. elio t v p i r a ! 
acriiriiulnt ions in reginns (a) and ( h ) , A same 
npgaiivc* conclusion could bi- nbtained wjch 
a " M * s t a t e . 
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' ÎK. *i : n iTf i rente between tin- coincidence plots 
>bt.iined at 65 and 49 MeV. The relevant dhK.-rv.it inn 
n till.- !).->'it* ,il<>t is slu'i-p on the r i g h t . We are 
ihle to dist inguish two d i f ferent mi'chnnisms which 
;i've r ise to the same emission .it rest in (a) . Thi-
spqucnti.il decay is c lear ly ebsorved at 65 MeV. 

Tu c i vi' more contrast tn th is new kind of i «mi ssion, characterized hv an .icrumiil.it inn 
.i l. ' i i j ; iIn- b isectr ix of the p lo t , f i g . 5 shows two opposite results obtained at ft*) and 
49 Mi'V. In th is oxperioK'nt, the conditions were exactlv the s a no (only the angles were 
j . l i * h t l v corrected m unserve Y - "Y . I t i s quite clear that the two-bodv f i na l state 

12 If. • c f f l 

inior. i i-t i t in i - C =• 0(4 J is observed at 65 MeV whereas i t is not at 49 HeV. Tn both 
la-i.s then- is emission at rest of the n par t i c le (region (a)) hut the processes are d i f -
U-rt'iit. Qua l i ta t ive ly , negl ig ib le i ve loc i t ies could he explained at fi5 HeV by an n omis
sion which balances the recoi l ing veloc i ty of 0 (4 ) ; the emission is thus apparently ai 
rest . Uii the i-t'iitracy, at 49 MeV, the fl emission seems to he due to a d i re r t decav which 
actual ly le.-ives Che a par t ic le at rest . 

http://dhK.-rv.it
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Lis .lilfL-ri.-n.-o ot i emission ts worth discussin 
h.-iMUfio th.su states are commonlv doscriheil in 

4-6) . . . 
x) ii hinary represen ta t ion , in which one o 
in cne of i t s i n t r i ns i c states. The example sin 

. tlic unbound i s t J t f . 
' -8 ) , 

i tin- I ramework of quasi-mol ecu la 

!:e two interact ing incident i-oroi 
i here vould ho an exci tat ion of 

12, 12,. i ) a tern.try ropresentution '~° 'o f the typo A - n - A (here " i : - r 
H.J. Wiohiiko, at this conference, Rives a theorot ical approach to the descript ion or such 
raoU-cular states. I t is uorth noting that stretched configurations should favour 

16 0 + l2 c _l2 c + a + 1 2 c 
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FiR. 6 : Coincidence events at two different incident 
energies and angles such that Y^ 4 V c m . S...J.J L a energies 
are selected by the deteetinn at 6$ MeV (and an accumula
tion of events is observed in (b)) ; larger n énergies 
are selected at 49 MeV where the sequential decay seems 
to be present. 

http://lilfL-ri.-n.-o
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m - A l»r i - C) interactions ; »n the rontr . i rv, in the t r iangular cases, the removal nf 

m (<) from alignment should permit the A - A ( C - "O fins.' state interact ien. »ur resuit 

which refer to l h 0 * ('i - l 2 C) i.r to smnll i ve loc i t i es , are, in both i-ases, rather related 

In stretched configurat ions. Triangular conf igurat ions, which are expected at lower incident 

energies , should he searched for >i par t ic les of long range (and more probably in the two-

body decay n • 2 4 M R * ) . 

Thus, these two kinds of molecular structures seem tu be c lear ly signed in the resul ts 

given F IR. 5. At 65 MeV, the sequential decay signature could be assigned to an i n i t i a l two-

body i-nnfigur.it ion, when at &9 MeV, the three-hody structure would be more probably eviden

ced in the or ig ina l accumulation in regions (a) and ( M . 

In f.K-t, the experimental s i tuat ion is not so clear when other exclusive ceasurerrcnts are 

carr ied out in d i f fe rent conditions of detection (observation out of Y • Y ) . For instan

ce, f i g . ft gives a rather confusing and misleading resu l t , since an opposite conclusion to 

the previous one ( f i g . 5) can be drawn j now, the sequential der.iy seems to apprar c lear lv 

.it Û9 MiV ,ind an accu-Ru!"» i=n of a few events in (b) (previously defined) is observed at 

Interpretat ion of the results 

To siiiimnriza the experimental data, i t seems that a coexistence or a competition of 

two decays is observed according to the conditions of detect ions. To give a quan t i t a t i 

ve interpretat ion to such results we assume that the molecular configuration is dtcaving 

under the influence of the Coulomb f ie lds due to the d i s t r i bu t i on at charges involved 

(analogy with Cnulmb dis tors ion studies of pion emission in r e l a t i v i s t i c co l l i s ions 

or wi i l i ternary f i ss ion ) . The three Coulomb t ra jector ies can be computed when i n i t i a l con

d i t ions at scission are defined in the phase-space. The relevant equations we used, and 

one of the i n i t i a l conditions we considered in d e t a i l , are shown f i& . 7. 

The i n i t i a l conditions are defined as follows ; f i r s t , a coupling between two part ic les 

is assumed to have a specif ic angular momentum value ; for instance we mav consider 

12 — 
">. - m. ï m - A = B - c wi th the angular momentum L. . ; then, th i s angular momentum is 

—» ' ' 12 
eiiL<;>li'd to I, , the angular momentum of t l v th i rd par t i c le m. = A = C, to give the Final 
J value. The I . . . and L. values evolve with t ime, J is checked to be constant. The example 
which w i l l be discussed, refers to the fol lowing i n i t i a l values : J - 16 (spin of the mole
cular resonance observed1 in e last ic scat ter ing) , L. . (a - C) » 4 (analogy with the 4 s ta

in - 1J ' 
te of 0 ; in fac t , a sum over d i f fe rent L. . values could be p' rformed a lso) . 

http://i-nnfigur.it


? _ _ . *'1, Newton's second law F j ; m ; — ^ ; f j j ( r i j ) + f i k ( r i k ) = 18coupled differential 

equations of 1 ' order 

(conservation of momenta Lie; = 0 

sPhase space relation I c ; r c T - IV j | , ( r j | . ) ( c T = 9- +Q ) 
/ conservation of the total .—. — -.- r-r-
\angular momentum Li\«kirJftzi-lih 

Initial conditions : •— specific coupling of m,-mj 
j " with Lij 

| L,:h I = Irji A m i K ~ m i kl \= constant J I * mj +mj | 

Fif>. 7 : Eqii.it ions .iml i n i t i . i l cnnditi'nns used in 
clic c.i)tu1;it inn oF thi> Coulomb hroak-up of tlte 
three-body corf i j>urat ion. 

http://Eqii.it
http://initi.il
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lli.ii , t h i s choice allows to def ine the i n i t i a l cond i t ions in II»' phase - sp ice . Vic. 8 par 
t i c u l a r l y shown the c loses t luc.it ion of the i p a r t i c l e i r r e s p e d i v.- to the core it is cou
pled with. The example chnsen here is a p a r a l l e l coupling of I.!, anil I.'k ; an ant i -p.ir.il lei 
fimp I itig and intermediate conf igura t ions in spare give lens t i gh t conf igura t ions . Depending 
upon the d is tance of the th i rd c l u s t e r [ C(2)] , we obta in a mure or l ess deformed r i r e le ; 
the defnrn.ition i s r e a l l y e f f i c i e n t in tnp axia l region. S t a r t i n g with a d i s t r i b u t i n n of i 
locat ions and the relevant v e l o c i t i e s , the f inal asymptotic v e l n r i t i c s a re computed. The 
simplest way of represent ing the r e s u l t s i s to plot the asvmptntic C energ ies in the Da l i t z 
d i g r a m and compare with the experiment. Such *"C - C energy d i s t r i b u t i o n s a r e r a t h e r no re 
crctplex thiin the usual s t r a i g h t l i nes which cha rac t e r i ze the sequent ia l lecay ; however, the 
Coulomb lur i may qu i te well simulate the sequent ia l dec.iv in soire p a r t s , as shown in the Da
l i t * p l o t , a t r.. - 5.6 HeV [ 0*(4*U . This r e s u l t shows tha t an observat inn ins ide the l>a-
l i t z plut may d isentangle pure f inal s t a t e i n t e r a c t i o n s fri'm Coulomb e f f e c t s . Concerning our 
experiments, they are mainly probing the ax ia l repion of the i n i t i a l s t r u c t u r e and are very 
sensi t iv i - to such a Coulomb e f fec t ; t h i s i s shown bv the correspondance between the hcavv 
l ines in the s t r u c t u r e and the heavy pa r t s in the Dalit?, p lot where the small energ ies are 
due tu <|uasi-.il igned conf igura t ions ; the asvmmetry of the Coulomb locus i s due t o the asvn>-
mt-lry of the r e l a t i v e v e l o c i t i e s and Coulomb forces when the n p a r t i c l e is considered on one 
sidf »r the other of the in-plane conf igurat ion ax is ; of course , a f inal svmnetrv is a c h i e 
ved by consider ing J* and L . . in the opposi te d i r e c t i o n . The c a l c u l a t i o n s show that the Cou
lomb i-ffi-its a re -noKtly expected in s t r e tched conf igura t ions where the n p a r t i c l e i s s t r o n 
gly perturbed when emitted fro» the ax ia l reg ion . On the c o n t r a r v , well ins ide the Dal t tz 
p i n t , the ca l cu l a t i ons may not be v^ l id anyew re because nuc lea r d i s t ances muv be reached. 

F i n a l l y , the effect of the inc ident energy can be ohsirv.-d in f i g . 9 when the same set 
of i n i t i a l condj[ ions(r , • I4fm, J • 14, I . . . (n - C) - U) is kept . It c m be seen that the 
C.uilomh locus ( r . , - I4fm) i s out of the experimental observat ion ; to reach the small n w-
t x i i t i e s we need to t i gh t the s t r u c t u r e wore ( r , . , • lOfm). The heavy l i n e s give the c o r r e s 
pondance between the i n i t i a l n loca t ions and the f inal e n e r g i e s . Hnre more the kinematic l o -
i . i t inns, duo to the Coulomb c f f e c t s . f i t the experimental accumulations of f i g . $ and f i g . b 
at n5 MeV ; namely, a s t r a i g h t p a r t , as expected with the twn-bodv f ina l s t a t e 

o - "<: » 0(4 ) , and an accumulation c lose to e - c . (region lb) observed in f i g . M . The 
12 asymmetrical conf igura t ions involve very small d i s t ances n - c , giving murh l e s s v a l i d i t y 

tn the ex is tence of a Coulomb locus ins ide the Dal i tz p l o t . Only the ax i a l region i s in the 
reasonable range of Coulomb e f f e c t s and i s connected with the experiment. 

http://luc.it
http://-p.ir.il
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E ( 1 6 0 ) =45.5MeV 

5.C.M. S. Lab-

Fig. 8 : Boctitn l i - f t , the i n i t i a l confiaur.it ions of the 
three c lusters when a para l le l coupling L.. * L is as-
Jtumed. The experimental data are Riven above with the 
relevant locus which is drawn in toe Da l i t * p lo t . F ina l 
l y , the foulctnb Incus, due *n the evolution of the three 
c lus ters , is represented hy the complex dotted and hi-.ivv 
curve ; the heavy parts are due to i n i t i a l axia l Inc-r inn 
of. the a par t i c le ; the dntted parts arr due to taore asvc 
metrical i n i c i a l configurations (dots in the conf igurat io 
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Fig. 9 : Calculation*; nf tho Coulomb fcre.ik-tip ac 
65 HeV. Tlu- J and I.;J v.ilut-s .ire chi* same .is in 
f i e . 8. Only r | j must be deercasi'd to vi i - ld the 
û pj r t .Vl i -s whith small ve loc i t ies (ennertoental 
observation). 
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In roni'l i ision i t seems that a coexistence of stretched configurations lias hoen probed 

bv tin' experiments, Classical calculât ions of the Coulomb hreah-up anil re la t i ve ly simple 
i n i t i a l assumptions show that the Coulomb effects are rea l ly sensit ive to such configura
tions ;Tliev also Rive a natur.it explanation of the experimental aciiimul.it ions which are 
found in the D a l i t ; p l o t . Accord inp to the i n i t i a l condit ions in the phase a pare, tlie t'nti-
]"rah signature can ei ther he c lear ly dtsttnKiiislied from a sequential decay or in kinrm.itic 
overlap with a two-body f i na l state interact ion which i« then stronc.lv enhanced compared to 
others. More generally such three-body puissions mav be of some interest : 

- in [he study of the complex d is t r ibu t ions of charges involved in a c o l l i s i o n s ince, 
contrary to binary processes, the Coulonh f ie lds are verv sensit ive to -hree-bodv conf icura-

- in the study of cent.wî co l l i s ions and l ipht par t i c le emission at zero decrees. The 
missing mass technique s u i t s very well the study of the ^mission near V - Y . , o r 
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