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SystemsSystems studiedstudied
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 8.18.1 114114 100100 3.963.96 0.480.48

1616O+O+116116SnSn 12.012.0 169169 155155 4.824.82 0.580.58

1616O+O+116116SnSn 15.615.6 220220 206206 5.495.49 0.670.67



Part 1. Evaporative emission (Past)Part 1. Evaporative emission (Past)





ResultsResults
ReactionReaction LCPLCP M M 

(EXP)(EXP)
MM

(PACE4)  (PACE4)  (PACE2 (PACE2 –– OF)OF)

8.1 MeV/u8.1 MeV/u
1616O+O+116116SnSn

pp 0.98 0.98 ±± 0.090.09 1.43  1.43  1.281.28

8.1 MeV/u8.1 MeV/u
1616O+O+116116SnSn

αα 0.29 0.29 ±± 0.020.02 0.71  0.71  0.770.77

15.6 MeV/u15.6 MeV/u
1616O+O+116116SnSn

pp 1.08 1.08 ±± 0.090.09 2.982.98

15.6 MeV/u15.6 MeV/u
1616O+O+116116SnSn

αα 0.39 0.39 ±± 0.030.03 2.032.03

4.7 MeV/u4.7 MeV/u
6464Ni+Ni+6868ZnZn

pp 0.22 0.22 ±± 0.020.02 1.271.27

4.7 MeV/u4.7 MeV/u
6464Ni+Ni+6868ZnZn

αα 0.23 0.23 ±± 0.020.02 0.870.87

6.3 MeV/u6.3 MeV/u
6464Ni+Ni+6868ZnZn

pp 0.48 0.48 ±± 0.050.05 1.981.98

6.3 MeV/u6.3 MeV/u
6464Ni+Ni+6868ZnZn

αα 0.47 0.47 ±± 0.050.05 1.661.66

7.8 MeV/u7.8 MeV/u
6464Ni+Ni+6868ZnZn

pp 0.47 0.47 ±± 0.050.05 2.632.63

7.8 MeV/u7.8 MeV/u
6464Ni+Ni+6868ZnZn

αα 0.48 0.48 ±± 0.050.05 2.322.32

Inadequacy of the statistical model = E. Vardaci et al., Inadequacy of the statistical model = E. Vardaci et al., 
Eur. Phys. J. 43(2010)127Eur. Phys. J. 43(2010)127
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Abstract 

We propose to measure the level density of nuclei of medium-light mass region, for excitation energies up to ~ 25 MeV, using as a 
probe the light particles emitted in fusion evaporation reactions. The main objective is twofold: i) to collect high quality experimental 
data on level density in the whole proposed range of excitation energy, data which are missing in the literature. This will allow to test 

the current models and to extract a more precise level density parameterization. ii) to study the behavior of the level density when 
going gradually away from the stability line, this work being important for future experiments with SPES facility We intend to perform 
experiments at LNL with Tandem beams, using GARFIELD, 8πLP, and RIPEN experimental set-ups in order to measure high precision 
evaporative light particle energy spectra and angular distributions. Following a well established method, the level density of specific 

nuclei can be measured as a function of the excitation energy, from the high energy side of the particle energy spectra, which is 
expected to arise mainly from the first step emission. At the same time, the whole energy spectrum, which includes the contribution 

from all the steps of the evaporative chain, is expected to be astringent test for the level density models. 



Part 2. PrePart 2. Pre--equilibrium emission (Past)equilibrium emission (Past)









ResultsResults

14 - J. Cabrera et al, Phys. Rev. C 68, (2003) 034613
11 – M. P. Kelly et al, Phys. Rev. C 56, (1997) 3201

9 – D. Prindle et al, Phys. Rev. C 48, (1993) 291 
4 – K.A. Griffoen et al, Phys. Rev. C 37, (1988) 2502



ReactionReaction LCPLCP NN22/N/N11 MMPEPE

8.1 MeV/u8.1 MeV/u
1616O+O+116116SnSn

αα 0.210.21 0.05 0.05 ±±
0.010.01

15.6 15.6 
MeV/uMeV/u

1616O+O+116116SnSn

pp 0.300.30 0.25 0.25 ±±
0.030.03

15.6 15.6 
MeV/uMeV/u

1616O+O+116116SnSn

αα 1.301.30 0.22 0.22 ±±
0.020.02

7.8 MeV/u7.8 MeV/u
6464Ni+Ni+6868ZnZn

αα ≤≤0.100.10 ≤≤0.040.04

EEBEAMBEAM
MeV/uMeV/u

ReactionReaction E*    E*    
MeVMeV

EELOSSLOSS
PE  PE  

%%

7.87.8 6464Ni+Ni+6868ZnZn 203203 3.6 3.6 ±±
2.02.0

8.18.1 1616O+O+116116SnSn 100100 5.6 5.6 ±±
2.92.9

11.111.1 1818O+O+100100MoMo 174174 21.4 21.4 ±±
2.62.6

13.013.0 2020Ne+Ne+169169TmTm 197197 12.7 12.7 ±±
1.51.5

13.013.0 2020Ne+Ne+159159TbTb 201201 13.9 13.9 ±±
1.51.5

15.615.6 1616O+O+116116SnSn 206206 19.9 19.9 ±±
3.43.4

16.016.0 2020Ne+Ne+169169TmTm 251251 15.9 15.9 ±±
2.42.4

16.016.0 2020Ne+Ne+159159TbTb 254254 18.5 18.5 ±±
2.42.4

EEBEAMBEAM
MeV/uMeV/u

ReactionReaction MMLOSSLOSS
PEPE ZZLOSSLOSS

PEPE

7.87.8 6464Ni+Ni+6868ZnZn 0.39 0.39 ±±
0.150.15

0.08 0.08 ±±
0.010.01

8.18.1 1616O+O+116116SnSn 0.43 0.43 ±±
0.160.16

0.10 0.10 ±±
0.020.02

15.615.6 1616O+O+116116SnSn 2.08 2.08 ±±
0.260.26

0.69 0.69 ±±
0.050.05 Memory of the entrance channel !Memory of the entrance channel !



PrePre--equilibrium emission equilibrium emission ::

The method of analysis of heavyThe method of analysis of heavy--ion reactions is based on the statistical theory of nuclear reacion reactions is based on the statistical theory of nuclear reactions using Montetions using Monte--
Carlo simulation of a number of characteristics of nucleus disinCarlo simulation of a number of characteristics of nucleus disintegration (modified PACE2 code): tegration (modified PACE2 code): 

•• decay channel (n, p, alpha, gamma or fission); decay channel (n, p, alpha, gamma or fission); 
•• kinetic energy of escaping particles;kinetic energy of escaping particles;
•• particle escaping angels, and (or) angular momentum of emitting particle escaping angels, and (or) angular momentum of emitting particles. particles. 
Probabilities of all process were estimated within HauserProbabilities of all process were estimated within Hauser--FeshbachFeshbach model model 

To describe the relaxation processes in the nuclear system produTo describe the relaxation processes in the nuclear system produced in the investigated fusion reaction ced in the investigated fusion reaction 
Hybrid Hybrid excitonexciton modelmodel based on Griffin based on Griffin excitonexciton model was used {J.J. Griffin,   Phys. Rev. model was used {J.J. Griffin,   Phys. Rev. LettLett., ., 478478, p , p 
478 (1966)}.478 (1966)}.
In the Hybrid In the Hybrid excitonexciton model, the state of the nuclear system produced by collision ofmodel, the state of the nuclear system produced by collision of bombarding bombarding 
particle and target nucleus is determined by the exciton number particle and target nucleus is determined by the exciton number n = p + hn = p + h, where , where pp is a number of is a number of 
particles located above the Fermi energy and particles located above the Fermi energy and h h is a number of holes located under the Fermi energy, is a number of holes located under the Fermi energy, 
and by excitation energy and by excitation energy E*E*. . 
More detailed description of using method was done in More detailed description of using method was done in D.O.EremenkoD.O.Eremenko, O.V. , O.V. FotinaFotina, et al.  Phys. of , et al.  Phys. of 
Atomic Nuclei, Vol. 65, No 1, 2002, pp 18Atomic Nuclei, Vol. 65, No 1, 2002, pp 18--37 37 
We regard as free parameter next values We regard as free parameter next values n,n, k, g.k, g.

k k is parameters, connected with transition matrix element is parameters, connected with transition matrix element <|M|<|M|22>> and determined of the transition rate of and determined of the transition rate of 
emission particle into continuum with energy emission particle into continuum with energy εεbb. This parameter was varied in wide region from 200 to 800 MeV. This parameter was varied in wide region from 200 to 800 MeV33..
The single particle level density The single particle level density gg is connected with the level density parameter in the Fermiis connected with the level density parameter in the Fermi--gas model by relation gas model by relation 

g = 6a/ g = 6a/ ππ22.  For variation of  values.  For variation of  values gg we used Fermiwe used Fermi--gas model and levelgas model and level--density phenomenological model {A.V. density phenomenological model {A.V. 
IgnatyukIgnatyuk, K.K. , K.K. IstekovIstekov,  and G.N. ,  and G.N. SmirenkinSmirenkin,   [,   [YadYad. . FizFiz.,  .,  2929, 875 (1979)]  , 875 (1979)]  SovSov. J. . J. NuclNucl. Phys. . Phys. 2929, 450, 1979, 450, 1979
And And n n is mentioned above exciton number. The initial exciton configurais mentioned above exciton number. The initial exciton configuration tion (p(p00,h,h00) ) from which the equilibration from which the equilibration 
process starts is the free parameter of the model. In our calculprocess starts is the free parameter of the model. In our calculations we used next  of the initial exciton ations we used next  of the initial exciton 
configurations: configurations: nn00 = (16p,0h) ( = (16p,0h) ( 1616O+O+116116Sn); nSn); n00=(64p,1h) (=(64p,1h) (6464Ni+Ni+6868Zn)Zn)..

Evaporative (statistical) emissionEvaporative (statistical) emission::

αα--particle spectroscopic amplitudes within the SU(3) modelparticle spectroscopic amplitudes within the SU(3) model

Probability of Probability of αα--particle preparticle pre--formation in projectile nucleus:formation in projectile nucleus:

THEORYTHEORY
Model calculation (Unified Code, O.V. Fotina, Moscow State UniveModel calculation (Unified Code, O.V. Fotina, Moscow State University)rsity)



Model calculations (preliminary)Model calculations (preliminary)
130 MeV 130 MeV 1616O+O+116116SnSn
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Part 3. Alpha clustering in nucleiPart 3. Alpha clustering in nuclei



PossiblePossible α α clustering configurations in clustering configurations in 1616O nucleusO nucleus
simplified casesimplified case

N. N. FurutachiFurutachi, M. Kimura, A. Dote , M. Kimura, A. Dote et.alet.al., ., ProgProg. . TheorTheor. Phys. V.119, N.3, 403 (2008). Phys. V.119, N.3, 403 (2008)
W.vonW.von OertzenOertzen, , M.FreerM.Freer, , Y.KanadaY.Kanada--EnEn’’yoyo, Phys. Rep. 432, 43, Phys. Rep. 432, 43--113(2006) and ref. therein 113(2006) and ref. therein 
B. Buck, A.C. Merchant, S.M. Perez, Phys. Rev. C, 45, 2247 (1992B. Buck, A.C. Merchant, S.M. Perez, Phys. Rev. C, 45, 2247 (1992))
M. M. IchimuraIchimura, A. , A. ArimaArima, , NuclNucl. Phys. A204, 225,(1973). Phys. A204, 225,(1973)
Yu.AYu.A. . BerezhnoyBerezhnoy, V.P. , V.P. MikhailyukMikhailyuk, Phys. Elem. Part and , Phys. Elem. Part and NuclNucl., 39, 437, (2008)., 39, 437, (2008)



Alpha clustering study using preAlpha clustering study using pre--equilibrium equilibrium 
emission as a probe (Future)emission as a probe (Future)

Tandem-Alpi proposal: ACLUST-GARFIELD 
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ABSTRACT 

We propose to investigate the alpha-particle emission from hot 81Rb nucleus, formed in the reactions with alpha-
cluster 16O projectile on 65Cu target and with non alpha-cluster 19F projectile on 62Ni target, using the GARFIELD 

and RCo detector arrays. The main goal of the proposal is to measure the pre-equilibrium alpha-particle emission for 
the two systems indicated above in order to extract information about the influence of alpha-clustering in the 16O 
projectile on productions of alpha particles during the non-equilibrium stage of the nuclear reactions. Experimental 
study of the effect is a perspective way for investigation of alpha clusterization in exotic neutron rich nucleus. We 

propose to study two cases. In the first one the projectile energy per nucleon will be the same: 16 MeV/u for the 16O 
and 19F beams. In the second case the composite system formed in the same two reactions will have the same 

excitation energy of 209 MeV. The total request of beam time is 10 days (not including tuning of ALPI). 1 pnA pulsed 
beams with a resolution of 1 ns and a repetition time of 400 ns (or 800ns depending on the accelerator performances) 

is required. Targets, 65Cu and 62Ni, will be 0.5 mg/cm2 thick each.



FUTURE PERSPECTIVES:FUTURE PERSPECTIVES:

FLOWERS, RINGS AND MANY MORE TOWARDS FLOWERS, RINGS AND MANY MORE TOWARDS 
RADIOACTIVE BEAM FACILITIESRADIOACTIVE BEAM FACILITIES



GARFIELDGARFIELD--RCo ExperimentalRCo Experimental SetupSetup

GARFIELD+RCo Setup
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8 large BaF2 crystals from the HECTOR array were used for
the detection of high energy γ-rays

-The BaF2 crystals are particullary suited to detect the high 
energy γ-rays (5-30 MeV)

-Every crystal was shaped as cylinder with 14.6 cm of 
diameter and 17.5 cm of height

GARFIELD - 4π complex multidetector apparatus for particle detection

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

-In the experiment the angular coverage was 30°- 90° in θ and 2π 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

Two couples of PSPPAC’s were used for the Evaporation Residues
detection covering the angular range 4°-12°.

-Time resolution is 800 ps

-Detection efficiency is around 100% for Z>10

-The active area is 20X20 cm2 

ExperimentalExperimental setupsetup



ExperimentalExperimental setset--upup

HECTOR: 8 large
BaF2 crystals
used for the 
detection of high 
energy γ-rays

GARFIELD: Double stage ΔE-E 
(CsI(Tl)-MSGC) telescopes
In the experiment the angular coverage
was 30°- 90° in θ and 2π 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

~160 cm

~80 cm

Target

~40 cm

Phoswich detector from FiascoGARFIELD detectorHECTOR detector

γ-ray
detection

LCP and IMF

Frontal wall

Lateral box

LCP and FF

ER, LCP and 
FF

Picture not in scale PHOSWICH: Triple stage
(Plastic-Plastic-CsI(Tl)) 
telescopes
Angular coverage from ~6°
up to ~12° in θ (near π in φ) 
for the frontal wall) and ~13°
up to ~20° in θ (lateral box)
Charge resolution from Z=1
to Z=12. p,d,t separation in 
CsI(Tl)



ExperimentalExperimental setset--upup

Scheme of a drift sector in Garfield

The GARFIELD detector:

Phoswich wall Garfield

Hector



ExperimentalExperimental setset--upup
The Ring Counter (RCo) 

detector:

RCo: A high resolution IC-Si-CsI(Tl) ΔE-E 
telescopes.
The angular coverage is 3.5°- 17.5° in θ
corresponding to a solid angle ≈0.27 sr.
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.



MovingMoving sourcesource analysisanalysis

11) ) EvaporativeEvaporative ((statisticalstatistical equilibriumequilibrium) ) 
contributioncontribution

2) 2) PrePre--equilibriumequilibrium contributioncontribution

NN11, T, T11, V, Vc1c1 –– yieldyield, temperature, Coulomb , temperature, Coulomb energyenergy
parameterparameter forfor the the preequilibriumpreequilibrium particlesparticles

NN22, T, T22, V, Vc2c2 –– yieldyield, temperature, Coulomb , temperature, Coulomb energyenergy
parameterparameter forfor the the evaporativeevaporative particlesparticles
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The Light Particle emission mechanisms were studied for the heavThe Light Particle emission mechanisms were studied for the heavyy--ion ion 
reactions in the beam energy range 5reactions in the beam energy range 5--20 20 MeV/uMeV/u with different masswith different mass--
asymmetries at the entrance channel for:asymmetries at the entrance channel for:
a) the same compound systems and E*,a) the same compound systems and E*,
b) the same projectile energy.b) the same projectile energy.

A strong dependence of the preA strong dependence of the pre--equilibrium emission on the projectile equilibrium emission on the projectile 
energy is confirmed.energy is confirmed.

Evidences of the dependence of the preEvidences of the dependence of the pre--equilibrium emission on the equilibrium emission on the 
reaction entrance channel massreaction entrance channel mass--asymmetries were found.asymmetries were found.

Experimentally obtained preExperimentally obtained pre--equilibrium particle multiplicities and CN equilibrium particle multiplicities and CN 
energy losses follow a energy losses follow a systematicssystematics of  J. Cabrera of  J. Cabrera et alet al, Phys. Rev. C , Phys. Rev. C 68 68 
(2003) 034613.    (2003) 034613.    

This work stimulated development of the unified model for a simuThis work stimulated development of the unified model for a simultaneous ltaneous 
description of the evaporative statistical and fast predescription of the evaporative statistical and fast pre--equilibrium particle equilibrium particle 
emission mechanisms.emission mechanisms.

ConclusionConclusion

CNR*09 Bordeaux 08.10.2009



New experimental data are needed in the case of massNew experimental data are needed in the case of mass--symmetric entrance symmetric entrance 
channel heavychannel heavy--ion reactions for the higher projectile energies (ion reactions for the higher projectile energies (~~15 15 MeV/uMeV/u), ), 
where prewhere pre--equilibrium contribution is significantly large. A good candidatequilibrium contribution is significantly large. A good candidate is e is 
15.6 15.6 MeV/uMeV/u 6464Ni+Ni+6868Zn Zn reactionreaction..

Measurement of the preMeasurement of the pre--equilibrium neutron spectra will provide a equilibrium neutron spectra will provide a 
significant contribution for the development of the theoretical significant contribution for the development of the theoretical models.models.

Study of the alphaStudy of the alpha--clustering structure could be performed by measuring clustering structure could be performed by measuring 
two systems with alphatwo systems with alpha--clustered (a good candidate is 17clustered (a good candidate is 17--18 18 MeV/uMeV/u 1616O)O)
and nonand non--alphaalpha--clustered (a good candidate is 17clustered (a good candidate is 17--18 18 MeV/uMeV/u 1919F) projectiles F) projectiles 
leading to the same Compound Nucleus with the same excitation enleading to the same Compound Nucleus with the same excitation energies.ergies.

Study of the Study of the isospinisospin effects in the heavyeffects in the heavy--ion reactions in the projectile ion reactions in the projectile 
energy range from 15 to 20 energy range from 15 to 20 MeV/uMeV/u. . 

Continue the work in the research line concerning the developmenContinue the work in the research line concerning the development of the t of the 
Griffin Griffin excitonexciton model in a convolution with an evaporative statistical codemodel in a convolution with an evaporative statistical code

OutlookOutlook

CNR*09 Bordeaux 08.10.2009
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ModelModel calculationcalculation

In the frame of Griffin model we estimate particles ejections prIn the frame of Griffin model we estimate particles ejections probabilities obabilities 
and the energy spectra of particles (n, p, and the energy spectra of particles (n, p, αα ).).

Then using MonteThen using Monte--Carlo simulations we obtain kind of Carlo simulations we obtain kind of prepre--equilibriumequilibrium
particle (n or p or particle (n or p or αα) with its energy ) with its energy 

Using optical model we determine the Using optical model we determine the angular momentum of the emitting angular momentum of the emitting 
particlesparticles

And (using calculations of associated Legendre functions) we selAnd (using calculations of associated Legendre functions) we select the ect the 
particles ejectionparticles ejection’’s angle.s angle.

MonteMonte--Carlo method is used to determine angular momentum Carlo method is used to determine angular momentum JJff (projectile (projectile 
+ target ) (ordinary PACE procedure) and then one obtains the an+ target ) (ordinary PACE procedure) and then one obtains the angular gular 
momentum of the equilibrium Compound Nucleus momentum of the equilibrium Compound Nucleus JJff+J+Jpp ≥≥JJcc ≥≥ ||JJff--JJpp||



ModelModel calculationcalculation
Master equation in the Griffin exciton model:

Generalized 
master 
equation :

Initial condition:
Free differential nucleon-nucleon scatteing 
cross-section:



Model calculationsModel calculations
130 MeV 130 MeV 1616O+O+116116SnSn

n, 53−67

0,0001

0,001

0,01

0,1

1

0 10 20 30 40

E,MeV

C
S Preeq.

Total

n, 67−82

0,0001

0,001

0,01

0,1

1

0 10 20 30 40

E,MeV

C
S Preeq.

Total

n, 41−53

0,0001

0,001

0,01

0,1

1

0 10 20 30 40

E,MeV

C
S Preeq.

Total

n, 29 − 41

0,0001

0,001

0,01

0,1

1

0 10 20 30 40

E,MeV

C
S Preeq.

Total

p spectrap spectra αα spectraspectra

n spectran spectra



ExperimentalExperimental setupsetup
REACTIONSREACTIONS

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

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

BEAMSBEAMS
PulsedPulsed 1pnA 1pnA 1616O and O and 1919F F beamsbeams

EstimatedEstimated timetime: 3 : 3 daysdays forfor eacheach reactionreaction + 1 + 1 dayday forfor calibrationcalibration

SETUPSETUP
GARFIELD Camera GARFIELD Camera ForwardForward ((forfor LCP evap+preLCP evap+pre--eq)eq)

++
[GARFIELD Camera [GARFIELD Camera BackwardBackward ((forfor LCP LCP evapevap)])]

+ + 
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
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