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Systems studiedSystems studied
ReactionReaction EEBEAMBEAM

MeV/uMeV/u
EECMCM

MeVMeV
E*E*CNCN

MeVMeV
vvBEAMBEAM

cm/nscm/ns
vvCNCN

cm/nscm/ns

6464Ni+Ni+6868ZnZn 4.74.7 155155 100100 3.013.01 1.461.46

6464Ni+Ni+6868ZnZn 6.36.3 206206 151151 3.483.48 1.691.69

6464Ni+Ni+6868ZnZn 7.87.8 258258 203203 3.893.89 1.881.88

1616O+O+116116SnSn

(130 (130 МэВМэВ))

8.18.1 114114 100100 3.963.96 0.480.48

1616O+O+116116SnSn

(250 (250 МэВМэВ))

15.615.6 220220 206206 5.495.49 0.670.67



α, 16O+116Sn, EO=250 MeV(start)







Motivation
Our recent work, based on the results from the GARFIELD + HECTOR experiment at LNL, Legnaro and related to the α-
particles emission in the 250 and 130 MeV 16O+116Sn reactions, brought to the conclusion that a pronounced production of α
- particle have been observed which can be ascribed to α clustering in the projectile nucleus. These are linked to the 
production of secondary alpha particles during non-equilibrium stage of fusion nuclear reaction 

250 MeV 250 MeV

130 MeV 130 MeV

16O+116Sn



IIllustrationllustration
E(16O)=250 MeV 1616O+O+116116SnSn



IIllustrationllustration 1616O+O+116116SnSn



n p

α

Pr
Tar

A0
(E*,J’)

A1
(E,J)

A3
(E,J)

Aer
(E,J)

••EEkinetickinetic energy of escaping particlesenergy of escaping particles;;

••JJangularangular momentum of particlesmomentum of particles..

•• θθparticleparticle escaping angelsescaping angels, , 

code PACEcode PACE

ВероятостиВероятости всехвсех процессовпроцессов ((величинвеличин) ) определяютсяопределяются вв
рамкахрамках подходаподхода HauserHauser--Feshbach Feshbach 



Ak(E,J)

n,p,α,γ.

Ak-1(E',J')

τκ(E,J)

Ak-2(E",J")

τκ−1(E',J')

n,p,α,γ,fis.

Ti=τκ(E,J)+
τκ−1(E',J')

Ak(E,J)

n,p,α,γ.

Ak-1(E',J')

<τκ>=Σkτk(E,j)Xσk(E,j)

                        Σkσk(E,j)

Ak-2(E",J")

τκ−1(E',J')

n,p,α,γ,fis.

T(E',J')=Σκ<τκ> + 

           τfinish(E',J')
Assumption:

τk(E,J)<<τk-1(E,J)

СтандартноеСтандартное выражениевыражение длядля временивремени жизнижизни
ττkk(E,J(E,J) ) возбужденноговозбужденного промежуточногопромежуточного ядраядра, , 
обозначенногообозначенного индексоминдексом kk, , сс энергиейэнергией EE ии
моментоммоментом J J естьесть::

ττkk(E,J(E,J) =) = //ΓΓkk(E,J(E,J), ), (1)(1)

TTii = = ∑∑kk ττkk(E,J(E,J).). (2)(2)
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«Четно-нечетные» эффекты временных характеристик [Staggering effect]
12C+28Si → 40Ca (E (12C) = 45, 54, 66, 84 MeV) {Vandana Nanal et al., Phys. Rev. C 51, 

2439, (1995). The registration angle of evaporated residues is 200 in l.s.}
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СреднееСреднее времявремя <T> (a)<T> (a),,

среднеесреднее смещениесмещение <S<S⊥⊥> (b) > (b) 

вв зависимостизависимости отот видавида
регистрируемыхрегистрируемых частицчастиц ..
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Experimental results and theoretical estimations 
for <dχ> (fig. a) and <T> (fig b) 

of compound nuclei formed in the
12C+28Si → 40Ca
fusion reaction.

These experimental data were obtained using the 
blocking of both

evaporation residues
and low-energy α particles.
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code PACEcode PACE

1) Составное ядро
либо
Неравновесные
процессы

2) Если неравновесные
процессы, то n, p, α

3) E, J, θ

GriffinGriffin’’s exciton models exciton model



КраткоеКраткое описаниеописание моделеймоделей
In the Griffin’s exciton model of nuclear reactions, relaxation of the compound to equilibrium 
is described by the master equation:

The generalized 
master equation 
takes form :

The initial condition for this equation is
(where H  is the Heavyside function)

dσ/dΩ is the free differential nucleon-
nucleon scattering cross section

метод B

метод A



Illustration β=1.



β parameter What affect this value? (Case B)

Vertical lines is the range of GARFILD angles

β parameter  is a strong parameter !!



Case A  (angular dependency by optic. model)



Сечение выхода p в лс (в относительных единицах)
(метод A)



Result  for α



Result  for p



Possible α clustering configurations in 16O nucleus 

B.Buck, C.B.Dover,J.P.Vary, Phys.Rev.C, 11, 1803 (1975)
B.Buck, A.C.Merchant, S.M.Perez, Phys.Rev.C, 45, 2247 (1992)
Yu.A.Berezhnoy, V.P.Mikhailyuk.Phys.Elem.Part and Nucl., 39, 437, (2008)



Start conditions

Possible α clustering configurations in 16O nucleus

nO=16p+0(1)h

100-N%

N%

nα=4p+0(1)h nC=12p+0(1)h

If  EnO=250MeV,  then Enα+ EnC=(250-Bα- EClas)MeV

but Enα  − ? and EnC − ?



Blann  model (2000)

e – clusters energy, and x – random number



Preliminary  Result  for α



Preliminary  Result  for p



α, 
16O+65Cu→81Rb, EO=240 MeV (15 MeV/u); E*=196,0MeV
19F+62Ni →81Rb, EF=285 MeV (15 MeV/u); E*=225,4MeV

( in lab)



α, 
16O+65Cu→81Rb, EO=240 MeV (15 MeV/u); E*=196,0MeV
19F+62Ni →81Rb, EF=247 MeV (13 MeV/u); E*=196,3MeV

( in lab)

a



Спасибо за
внимание



Experimental setupExperimental setup
REACTIONS REACTIONS 

15 MeV/u (240 MeV) 15 MeV/u (240 MeV) 1616O+O+6565CuCu-->>8181Rb* E*=Rb* E*=196.0 MeV196.0 MeV
13 MeV/u (247 MeV) 13 MeV/u (247 MeV) 1919F+F+6262NiNi-->>8181Rb*   E*=Rb*   E*=196.3 MeV196.3 MeV

OROR
15 MeV/u15 MeV/u (240 MeV) (240 MeV) 1616O+O+6565CuCu-->>8181Rb* E*=196.0 MeVRb* E*=196.0 MeV
15 MeV/u15 MeV/u (285 MeV) (285 MeV) 1919F+F+6262NiNi-->>8181Rb*  E*=225.4 MeVRb*  E*=225.4 MeV

BEAMSBEAMS
Pulsed 1pnA Pulsed 1pnA 1616O and O and 1919F beamsF beams

Estimated time: 3 days for each reaction + 1 day for calibrationEstimated time: 3 days for each reaction + 1 day for calibration

SETUPSETUP
GARFIELD Camera Forward (for LCP evap+preGARFIELD Camera Forward (for LCP evap+pre--eq)eq)

++
[GARFIELD Camera Backward (for LCP evap)][GARFIELD Camera Backward (for LCP evap)]

+ + 
RING or PHOS or PPAC (for ER)RING or PHOS or PPAC (for ER)

IMPORTANT!IMPORTANT!
Discrimination between CF and ICF (TOF) Discrimination between CF and ICF (TOF) 
is absolutely necessary for this experimentis absolutely necessary for this experiment



IIllustrationllustration
E=15 MeV/u

1616O+O+6565CuCu
1919F+F+6262NiNi



GARFIELD - 4π complex multidetector apparatus for particle detection

-Double stage ΔE-E (CsI(Tl)-MSGC) telescopes

-In the experiment the angular coverage is 29°- 151° in θ and 4π in φ

-Charge resolution from Z=1 to Z=28

-Typical energy resolution for CsI(Tl) crystal is 3.0% for 5.5 MeV α

-Identification threshold is 0.9 MeV/u

Scheme of a drift 
sector in Garfield
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