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ABSTRALCT
From the energy spectra of light particles produced
. in. light heavy ion induced reactions, lével densities of the

final nuclei as well as the critical angular momenta for fusion

may be obtained.

. . The !"N, '¢:1%p + 12C reactions were investigated
in the energy range 30 MeV < ELAB < 60 MeV, Detailed angular
distributions of the light particles (p,d,t,u) emitted in the
process were obtained.

Fits of the magnitude and shape of the spectra, by
means of statistical medel calculations were used to extract
final nuclei level densities. The shape of the spectra and the
ratio ¢(a)/a(p) are shown to be sensitive to the fusion critical
angular momentum (JCr), offering an alternative method for the

total fusion cross=-section determination.

+Supported by FAPESP

I. INTRCDUCTION

The study of the emission of liéht particles in
heavy ion reacﬁions is currently of great interest and. provides
a powerful tool for the understanding of wvarious features of the
reaction mechanismsl—4). In particular, information on the
fusion cross—seétion limitation, the tine evolutién of heavy ion
collisions and the mechanism of energy and ahéular momentum

dissipation mav be obtained.

-Evaporation and non equilibrium products have been
identified in a very wide energy region spanning the' Coulomb
barrier up to relativistic energiesl_s). Systematics on particle
energy distributions, nuclear temperatures (level dens;tles) and
effective fusion barrlers, as well as detalled angular dlstri—
butions leadlng to information on the nuclear arigilar momenta are

becoming available.

The interpretation of these experiments dependé upecn
the assumed reaction mechaﬁism.énd'in the compound nucleus case,
the degree with which the light particles are emitted from-

statistically eguilibrated camposite systemss).

For light heavy ion collisionsg A < 40, at energies just
above the Coulomb barrier, the formation of an eguilibrated
compound aucleus is the most probablé pxoéess and statistical
theories are suited for the description of the formatlon and

subseguent sequentlal decay of the compound nucleus.




The probability for the formation of specific
residues (final nuclei) depends on the competition between the
different possible emitted particles, i.e. the number of open
exit channels. This probability is'very cloeely related to the
angular momentum distribution of the compound nucleus which is
determined mainly by the critical angular momentum for fusion

{Jcr) and the final nuclei level densities.

At present littkre: information is available on s-~d
nuclei level densities and most of it is obtained via neutron
scattering experiments and low-energy light particle induced

reactions?’S}.

The. critical angular momenﬁa for fusion of s-4
nuclei,'obtained-mainly.by.the,;eeidues detections techniqueg),
reflect in this ﬁess.regibn;.tbe uncettainties due to the
difficulties in associating tpe #eeidues-with_e specific¢ reaction

mechanism.

In this paper, we propose the use of'heavy ion

compound reactions to extract, on the basis of statistical theories.

level densities of s-d nuclel as well .as the fusion cross sectlon,
from the observatlon of the llght charged partlcles emitted in

the process.

The absolute double dlfferent1a1 cross- sections

d?q/4QdE* reflect directiy the _crltlcal Value. This is

manifested through the dependen'" of the magnltude on the ex-

citation energy E* of the IESldual nucleus, the: level dens;ty
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.were investigated detecting light particles (p,d,t,%He,n,

X : . .10
and alse in the anisoetropy of the angular distribution }.

If the comppsite system reaches the statistical
equilibrium before the emission of the light partieles, this
emission may be described in terms of statistical winddwell)
in the angular momentuﬁ space. Within this framework, it is
clear that the lightest particles are emitted preferencially
from the low angular momentum components of the compound nueleus.
On the other hand, the heaviest particles, sensitive to the
highest f-partial waves, will be consequently sensitive to the

limiting angular momentum Jcr for the compound nucleus formation.

The ratiocs of the emission cross sections g of heavy
to 11ght particles e.g. a(a)/cn) or ola)/cip} are therefore

determlned by the J or value. On the other hand, the dependence

. of these ratios on the entrance channel and decay width (i.e.

the denominator of the Hauser-Feshbach expressioﬁlgh will be

strongly attenuated when compared to their effect on the

magnitude of the cross section (g}.

In the present paper the ("N, 1%7180) 4 !2¢C yeactions
12))

4n order to determxne level dens;tles in the final nuclei and

obtaln gross section for complete fusion. Fits of the double

_dlfferentlal cross- sections to statistical model prediction are:

used-to Justify the reaction mechanism.

-




Ii. THE EXPERIMENT

Beamé;of'l“N{E:AB = 46 MeV), 15O(ELAB? 48.8 MeV

and 54;2nMeV}‘and.1@O{ELAB = 41.3 MeV) were provided by the
University:.of S3érPaulo Pelletron tandem accelerator. Angular
distributions. of light particles were measured, using self
support;ng'natural carbon targets of ~ 30 ﬁgcm_2 thick, in the
angular internal of 5° % eLAB % 90° in 48 = 5° steps. Two solid
state detector telescopes,.were used to identify the light
particles:r the AE deétectors were about 20 pm and 40 um thick

and" the E detectors 1000 um and 2000 um thick. Nickel absorber
foils of l3.8-mg/cm2 were used in front of the telescgpes to
stop- the ehnﬂjﬁaxmnscaﬁxgedf particles as well as fusion residues
this ,reducing the déad time at forward angles. & typical energy
resolutioﬁ of ~ 100 keV was achieved,  and was due mainly to the
target thickness and kinematical broadening. Normalization of
the absolute cross. sections was performed by using a monitor
detector at BLAB = 159 and neasuring an angular distribution of
the elastic scattering at a sub Coulomb'energy (E{1%C) = 18 MeV).

Beam current integration at the scattering chamber Faraday cup

wag also done.

The AE and E energy signals were recorded in the
event mode and replayed in the (AE) x (ET = E + AEF)} matrix. It is
important to note that the energy resclution is highly improved

when the projection is performed onto the E + AE axis {see

fig. l.a,b). The enérgy é&libration was.found linear using thé
discrete states populatéd'éeleétively in the 12C('f0,q)2%Mg
reaction (see fig. 2) as well as:the{H(lSO;ﬁalso_r and
H(lso,ao)}aN_ reactions. Corrections due to energy loss of
ﬁhe light particles in the Ni absorber folls were taken into

account.

Double differential crosslsectibns d2c/dRdE* were
obtained for all emitted particles;as,a'funCtion of'angle.for
excitation energy intervals dE* = l;O~MeVerom our sbéctxa
linearized in excitation energy. The angular distributions for
the continuum are shown in fig. 3 and were calculated for
energies E* > 9 MeV. These values give an- estimate of the

region of overlap of the final nuclei levels defined by the

o 1
P (E*)

level spacing and T({E*) = 14.6exp(—4.69YR/EX)

relation D (E*) ~ T({E*) where D(E*) is the average energy

represents the
5 e #13)

average width of levels at an excitation energy E*.”'.

Experimental angle integrated cross sections

2 .
do/dE* ‘= %§§E7d9 were calculated by fitting the angular dis-

2.
tributions with a sum of Legendre Polynomidls %ﬁ%ﬁ;(ﬁ) = EAEPZ(cos 6)
A

and equating'gg* to deO {see fig. 3).

Experimental uncertainties of the oirder of 10% to
15% are-attributed mainly to the determination and .uniformity of
of the target thickness and, in the case of the unfavoured decay

channels, to the counting statistics.

The total cross section for a given exit channel {(b)

within an excitation energy interval AE* = Eﬁax - Eg can be




estimated

In order to compare the experimental results with
statistical model calculation in which a single decay is described,
the energy limits E; and E;7+ AE* must be correctly estimated to
be able to extract reliable level denéity parameters as well as

critical angular momenta.

ITI. COMPARISON OF THE SPECTRA AND ANGULAR DISTRIBUTIONs WITH

STATISTICAL MODEL EREDICTIQNS

iIn the energy region investigated in the present work,
the compound nucleus: emission is expected to be the dominant
process, and therefeore. the comparison of the data with statistical
model predictions shonld be adequate. This expectation is confirmed

by the anisotropy of the angular distributions.

In order to extract accurate walues for level density
parameters for the final nuclel, it is important to guarantee that’

only the first chance decay is considered and no relevant contri-

bution of sequential decay is present in the portion of the spectrum

to be comﬁared to the theoretical caleunlations.

_Initially, the experimental spectra were gqualitatively

compared to the predictions of the Monte=Carlo Hauser-Feshbach code

143

LILITA in which standard parameters were used (see fig. 4). To

facilitate this comparisen, calculated spectra of ene particle decay
mode, evaluated by the code STATISlS), were also obtained in order to
determine the energy region in which sequential decay is

negligible. These results are - supported by binding'energy

considerations and particle emission thresholds.

After the estahlishment of thé-E* and E* + AE* energies
within which only one particle decay is ‘Present, the experlmental
cross sections are compared@ to the Hauser-Feshbach calculations
(performed with the code STATIS) in which the level density para-

meters and critical angular momenta are adjustable Parameters,

o
The formalism of the statistical model can be foﬁnd

elsewere, e.9.,ref.16-18. To simplify the discussion, hdwever, some .

of the most important expressions used'are-listed-below.

The angle integrated Cross section for the excitation
of an indivigd i i i
ndividual state with spin IB at.exc;tatlon energy EE in the

reaction Afa,b)E is

or

U(E*II } = % a
Brpt = 2

_ - cr
N(J)G(EELIB)/QCJ) = Jga_cJ(EE'Ib) /(l)

where the compound nucleus formation Eross_section

_ 2 2T +
oon () = 1] 1 T, (E) (2)

3D X
(21A+1)(21a+1} 5; L, _ : - ’




The partial and total decay widths of the compound nucleus

are given respectively by

G(EX,I_,J) = & 2 T (B%) (3a)
BB s 1, LB

5

' 5 Y -
s =X 2 X 5 T (BRI 0 (BE . Ty, VAR,

' LI s) 1%
B
(3n)

(all the symbols are defined in ref, 10).

The evaluation of the total decay width g(J), as well
as the emitted particle spectrum, fequires the-knewleﬁge of the
energies, spins and parities of all final states and channels {b'}
into which the compound nucleus may decay. Since usually only a
few low-lying levels are known, a level density eéxpression is
employed for higher excitation energies.. The Fermi-gas

expressionT’B'lg)

is expected to describe correctly the level
density at higher excitation energies and has been used in the

present work:

p(EX,I) = (2I+1)exp(-I(1+1/2)%/20%)p (E¥) : (4a)
where
1/2 R
o (E*) = exp (2(aU) ) - (4b)

i2a' /% uet) 4 (2q2) /2

and the nuclear temperature t is related to the intrinsic excitation

enérgy U = Ef - A corrected for tﬁe pairing energy A and lewvel

density parameter a by:
U=at? - ¢

The spin-cutoff parameter dﬂdepends,dh;bpth,excitatiqn enexrgy

. ‘5
and moment of inertia, @ = 2/5 maAR? =.i%fﬁ£§A /3, through -the
relation: )
af = 8t/n’ S . S (4e

A cutoff is imposed on the level density by the ¥rast

line in the residual nuclei estimated from

2 - o
EYrast(I) — g [T (T+1)=k2] . R ¢

The expressions for the differential cross sectidns are

given by the relation'>=18)

Kz
4a 1 X Ty
T0(0EE I, = 2 L -pSeTSi
4(21A+1)(21 +1} LiLoL
2T
SrSa
g
: TLlTLZ - - -
x P, {cos 8) = % Z{LyJL;J|S1L) B (LoJL,J [8o0) 6
g

The double differential cross section for an energy




bin 4E* at an excitation energy E* is then evaluated hy the re-

lation
IYrast Jcr

da
29 o) = 20 2 e Er 0 E*, Iy (7
1,.=0

dQdge* J=0 dQ

and the angle integrated cross section is then given by

I, . J 3
“Yrast- -cr ] cr

dg _ S . -S> .

JEx T = . O3 (BReIp)0(BR Tp) = £ 95 (ER) ®)
=0 =0 ¥=0

ITI.1l. Determination of the Level Densities

When the Fermi-gas model is used, the level density

8)y

parameter a can be written as
a = [0.00917(S(Z) + S(N)) + bJA

where S(Z}) and S(N) are proton and neutron shell correcticons and
b is a constant which depends on the nuclear symmetry. If shell
corrections are unavailable, a very rough, uniform expression

7)

a = A/constant may be used. Pacchini et al. proposed a value

of a = A/8 for the uniform level density parameter.

In order to extract a uniform value for s—-d nuclei,

from the present work, the shape of the o,p,d, and t spectra from
the '*N, 18 180 + !2C reactions were fitted simultaneously using

a common level density. It is clear that the shape of the spectra
ag well as the partial decay widths for all decay channels.are
essentially governed by the final nucleus level density and

critical angular momentum. The total cross section

E; + AE
- do * 9
oy, (LE*) -I 5% 4B . )
E*
o
corresponding to the exit channel b, has also been fitted to the

data.

No satisfactory fité to the data were obtained using
a uniform level density parameter i.e. a = Afconstant. Figure
5 shows the results for the a,p,d exit channels of the '2C + 16Q
system. Consequently the level density parameters were treated
as independent free parameters for the different channels with
the condition that the same value for a has been used for a given

final nucleus regardless of how it has been populated.

Initially the reduced radius Ty associated with the
moment of inertia (eq.4c), has been adjusted by fitting the anisotr_opy of
the angular distribution {(see fig. 3). The parameters used in
the present calculations are listed iﬁ tables 1-3. The fits of the

angle integrated cross sections cb(AE*) for all the channels

- 11 =
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(£ig. 6) provided a first estimate of adeguate level density pa-
rameters. However a finite set of parameters that give equivalént
fit quality can be .cbtained. The‘individual and simultaneous

fit of the shape and magnitude of all exit channels observed in
all the reactions investigated removes this ambiguity {see fig.

7).

It is important to note that the o and P channels
determine essentially the magnitude of the Hauser-Feshbach
denominator g(J). The third important channel, the neutron
emission, has been investigated only in the I2c + l%g caselz),
and the results have been used only as guides for the cross-sectioen

normalization.

The d and t channel have very reduced effects on the
overall agreement of the fits determining only the shape of the

explicit channel.

The final results are listed in table 4 and are compared
to values found in the literature. The uncertainties guoted in
table 4 reflect the statistical uncertainties, the parameter
ambiguities, the nen explicit consideration of the neutron channel
and f£inally, small possible discrepancies when different sets of

optical model parameters are used.

III.2. Determination of the Critical Angular Momentum and Fusion

Cross—Section -

Complete fusion cross—secﬁions of light heavy ion
collisions and associated critical angular momenta are determined
essentially by the. measurement of the cross section for the
formation of evaporation residues. Tn this section we show how
the study of the spectra of particles emitted in the light heavy

ion reactions also allows the extraction of this information.

The analysis of the expressions 1 to 3 together with
the fact that, in heavy ion reactions, the graziﬁg angular
momentum of the emitted particle (gél is small compared tﬁ thé'
one in the entrance channel (i),indicates that the populatioﬁ of
high spin states (E*,I) in the final nuacleus is favoredﬁby-the high
angular momentum components (UJ) of the compound nucieuslu’ll).

The population probability of the Final states is consequently
determined essentially by "statistical windows“ll) in the angulaf

momentum space {see fig. 8).

The truncation of thé.partial croés'sectioh.sﬁﬁ'
(eg. 1) by the critical angular momentum Jcr sﬁbstantialiy affects

the high spin state cross sections whereas the low spin-states

remain unaffectedlo) {see £ig. 8). This fact has two major

consequences. First, the anisotropy of the angular distributions

of the continuum will be attenuwated as the ex¢itation energy increases

- 13 -




due to an increase of the "average spin of the continuum". Second,
the excitation energy dependehce of the anisotropy is directly
related to the shape of the spectra and therefore related to the

critical angular momentum.

The fact that the "statistical windows" are centered
essentially at a J-value equivalent to the emitted particle plus

the channel spin (<J> = 23

+ Sb} clearly shows that.the windowa
for light emitted particle channels (i.e., n or p) will be centered
at a much lower value than the window associated to the heavier exit
channel (i.e. « or Li),for equivalent final excitation energies

(see fig. 8).

An important conseguence of:this fact is that the

~ cross sections fpr different_emitted particles will be affected
differently-by the JCr cutoff and therefore, the ratio oﬁ the
crOSs.sectiphs_of_a heavy particle channel_with respect to a
light one is very sensit;ye tg_the critical angular momentum for
compound gucleus formation;_ These arguments underlie the method

proposed in the present work for determining Jcr'

As has been shown previously, the: description of the
spectra. as: well as the integrated cross: sections are also strongly
dependenﬁ on the level densities not only fo: the channel under
consideratién bﬁt fbr all the possible decay channels included in

the Hauser-Feshbach denominator g(J)} as shown by the relationship

g (EngbIJ)

E*+AE*
g (AE*) =j o S g @
' B I g ()
[e] . .

p(Eg,Ib)dE* 190)

- 14 -

In order to by pass the strong dependence of the results
in the level density it can be seen from figure 9 that the relative
value of the cross sections for a heavy particle channel compared
to a lighter one i.e. R = QQCAE*L/GPQ&E*) is also highly sensitive
to the eritical angular momentum for fusion. Thus a £it of the
ratio R has the advantage that most of the dependence on the
level density is removed since the total decay width is the same

for both channels.

x2-fits to the experimental absolute cross sections
were performed using the sharp cutoff approximation. in eq. 2 and 3
along with a difuseness described by writing the compound nucleus

formation as:

- ‘
—_ 2
O = Th % (21+1)T, B, . | (11a)
where
1
P =
‘ Y
1 + exp Gcr
% {11lb)

represents- the probability with which the f-partial wave
contributes to the fusion after the parrier penetration. The xzwfits
summarized in figures 10 and 11 were calculated using the expression:

X =

exp : HE.

1 2; o (AET) - U(ﬁE;;Jcr) :
L ( ) (12a)
N-1 i £, )
AE;

w 15 w

wi




where Q(AE;)exp,U(AE;)HF and €,., represent respectively the

AE¥

experimental and Hauser-Feshbach cross sections for a bin of

excitation energy ﬂEi in the spectrum, and Erps the experimental
i :

uncertainty.

If the shape only of the spectrum is fitted the

relaticn

xy SXP o HE
2 1 Z‘ U(:_&E_:.t) - G(qu)U(AEi) .

N-1 i

{12h)
E
AE¥

Min

has to be minimized by varying the normalization factor S(Jcr).
The discrepancy and sensitivity of the fits shown in figure 10,
is very closely related to the exact knowledge of the level
densities.

On the other hand, the:fit of fhe-ratio of cross
sections R s'ﬁafﬁp_ shows rapid convargence: to a=Jcr‘value which
is in agreement ﬁith the.one obtained by means of evaporation
residue method (see fig. 11). Thg complete fusion cross-section
can be deduced usihg thg reiations lla,ﬁ where the.experimental
value of Lcr in considerediin?equation.llh. The comparison of
the results from the present work with the fusion cross-sections
obtained by means of evaporation residues gechniquegj is shown in

figure 12.

- 16 =

IV. CONCLUSION -

The study of charged particle emizsions.in. light heavy
ion reactions has been shown to be of capital importance in the

identification of the reaction mechanism. A careful analysis of

the continuum spectra as well as the double differential Crass

sections d4%¢/dARdE* reveals clearly the time evolution of the system

and allows the extraction of important inclusive guantities such

as the averaged level densities and critical angular momenta for

complete fusion.

The statistical analysis of the spectra produced by
the decay of an equilibrated compound nucleus has been used to
extract, in the case of the *N, 157183 4 120 peactions, level
densities of s-d nuclei populated fn at very high excitation
energies. ¥The use of a microscopic description for the level
densities calculated realistically in the context of the statiski~ .
cal model may be extended to investigate the dependence of the
level density parameters on the excitation energy well. as the
angular momentum distribution determined by the spin cutoff para-

meter.

The investigation of the bombarding energy dependence
of the emigsion of heavy particles compared to the emission
probability of lighter ones (a{e,Li}/c(n,p)) can supply an
alternative method for the determination of the.critical angular

momentum of the compound nucleus and eonseguently the fusion

- 17 -




cross section. This alternative can be very useful in the
investigation of light-heavy ion fusion reactions in which

the evaporation of few particles leaves projectile like residues
which are easily confused with the products of quasi-elastic

processes.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Two~dimensional E-AE spectra for the systems I%N,
167180 + 12, From the upper plots we can note the
elimination of the slope in the discrete transitions,
and consequently én_improvement in the reéolution, when
we have.in thé x~-axis ET = (E + 4E) (upper right)
instead of E (upper left). The contours of constant %,

from top to bottom, correspond to the a-particles, “He,

‘He; t, 4 and p, respectively,

Spectrum of the 2¢(%0,q)2%My reaction, measured at
Epap = 54:2 MeV, 6y, = 8.5%. The high spin selectivity
of this reaction was explored for calibration. The
dotted line corresponds to a polinomial fit for the

continuum.

Experimental angular distributions for some excitation
energy intervals in the continuum reférring to exit
channels for the system 12C + lég (ELAB = 54.2 Mev).
The solid lines porrespond to the theofefical calcula-
tions performed with the code STATISls), in the region
vhere the sequential decay contribution is negligible.
The dashed curves correéponding'to the region that

includes the sequential decay, were normalized,




Figure 4. Comparison of some experimental spectra (dots) with the

Predictions of the Monte-Carlo code LILITA (histogram).

Figure 5. Total cross sections, Tjgar Tor the main exit channels

referring to the system 12¢ + l6p (Eppp = 54.2 MeV), as

a function of a/A. The dashed horizontal lines

correspond to the experimental values of o associated

AE*'
with their uncertainties. We can note by the observation
of the thin solid lines (calculations) that there no

values of a/A adjusting simultaneously o for all

AR*
channels.

Figure 6. Fits &f magniﬁﬁde'for Opps referring to the three

systems '2C '+ I*N, 16"I80, The dots are the experimental
values’andrﬁhé:vertical lines, the theoretical calculations.
The~1éVél_EEnsityEpafameters used in the calculations,

are  ligted in fables 1-3,

Figure 7. Shape. and magnitude simultanebus fits for the angle
integrated spectra, to all investigated reactions. " The
dots’ are. the experimental wvalues, the solid lines
correspond . to -the éalculations for region AE* (the
dashed lines correspond to the regions where the
sequential decay contribution is important., We clearly
note, in this region, the déviation from the experimental

spectra) .

Figure .8.

Figure 9.

Figure 10.

Figure 11.

Partial cross section GJ{E*LI) for the excitation of
final states with different spins, for the reactions
JZC(JGO,W)EEMg and %c(*%0,pi%7a1., g corresponds to
the angular momentum of the compound nucleus. The

dashed vertical line corresponds to the experimental
critical angulai momentum for this reac;ion. The

dashed curve corresponds to. the "statistical windows"

of the continuum {(AE* = 1 MeV) at the indicate excitation

energy.

Cross sections UAE* versus Jcr’ for +he systems
investigated in the present work. The solid lines are
the theoretical calculations. The triangles and the

dots correspond to the experimental values O pm* for the

a-particles and protons, respectively.

x®~fits of the absolute cross sections and the shape of
the spectra. The so0lid lines correspond to the. absolute
crogs section fits and the dotted-dashed lines, .to the

shape fits of the spectrum using eguation 12b.

Fits for the ratio R = ad{AE*l/qp(AE*l, uging the relation

o HE 2
52 = [Rex?(‘mk)' RAE*CJC-?_)

R
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values of J_ obtained from the x®-fits.

related to the fits of the ratio.

Figure 12. Fusion cross sections (UF) values calculated with the

The open circles correspond to

squeres correspond to the J,p value obtained from the
absolute cross sections for o~particles and protons

fits, respectively.

the experimental values of I from- Kovar et al.g).
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