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ABSTRACT. Total and differential cross sections for reactions induced by "N on '°B have been
measured at a '*N bombarding energy of 248 MeV (~ 18 MeV/A) for products from Z = 3 to
11. The study of saturation effects on the angular momentum and the identification of the non
fusion cross sections constitute the aim of the present work. Energy, angular and Z distributions
are presented and compared to Hauser-Feshbach calculations for the fusion components and a sum
rule model for the non-fusion components. The extracted critical angular momentum is 21 + 2h
and is the same as at lower energies. The experimental total reaction cross section is in agreement
with an optical model calculation.

RESUMEN. Se midieron secciones totales y diferenciales de reacciones inducidas por N sobre
1B a 248 MeV (~ 18 MeV/A), registrando productos desde Z = 3 hasta 11. El propésito de
este trabajo es estudiar los efectos de saturacién del momento angular asi como identificar las
secciones diferentes a la fusion. Se presentan distribuciones de energia, angulares y de carga (Z) y
se comparan con calculos Hauser-Feshbach para las componentes de fusién y con un modelo de regla
de suma para las demds. El momento angular critico extraido es de 21 & 2k, que es el mismo valor
que a menores energias. La seccién total de reaccién concuerda con los cilculos de modelo 6ptico.

PACS: 25.70.-z; 25.70.Jj; 25.70.Gh

1. INTRODUCTION

It is well established that in heavy ion reactions of light systems (Ar + Ap < 40) at
energies below 10 MeV /A fusion is the dominant mechanism. Complete fusion reactions
consistent with an equilibrated compound nucleus have been measured for many systems
in this energy region [1-8]. A review [9] has been published, based on the Glas-Mosel
parameterization, indicating the importance of the behavior of op at high energies in
connection to the nucleus-nucleus potential. Nevertheless, at around or slightly above
10 MeV /A strong competition with incomplete fusion reactions appears [10], which could
be responsible for the decreases in the fusion cross sections at high energies. In previous
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publications [5,11,12] the proportionality of of to 1/E.y, has been interpreted as a satu-
ration of the maximum angular momentum (e.g., the liquid drop limit) and with this idea
in mind higher energy measurements for the *N 4 1°B were made in order to understand
the behavior of o as well as the non fusion channels.

A pronounced difference in the behavior of the 1*N+!°B and '2C+'2C systems for lower
energies has been discussed in a previous work [12]. Compound nucleus limitations [13,14]
on J. do not seem to be the limiting factor for *N 4 1°B but could be for the 12C 4 2C
system, which apparently reaches the rotating liquid drop limit (RLD) [15].

In this work we have measured the evaporation-residue cross sections at a high energy
to assure that we are in the region of saturation of J. The expected fusion cross section
for a Jo value of 21 h, is ~ 500 mb but the increase of the total reaction cross section op
with bombarding energy makes the non-fusion component very important in this energy
region (70% of og). Due to the high excitation energy deposited in the compound nucleus
(~ 132 MeV) the extraction of the fusion cross section by measuring the evaporation
residues (ER) is difficult because they have nuclear charges (Z) lower than those of
the target and/or projectile. However by a detailed study of the energy spectra it is
possible to identify components other than complete fusion, which may be interpreted as
contributions from incomplete fusion or direct reactions.

After describing the experiment in Sect. 2, we present the data in Sect. 3. Sect. 4
discusses experiment and calculations and Sect. 5 gives the conclusions.

2. EXPERIMENT

Measurements were performed at the Lawrence Berkeley Laboratory using a '*N beam
extracted from the 88-inch Cyclotron to bombard a self-supported enriched (99%) '°B
target of 128 pg/cm? thickness.

Reaction products were detected with a solid state Si counter telescope consisting of
two AFE detectors with thicknesses of 10 and 75 pm and one E of 2000 pm. The solid
angle of the telescope was 2.4 msr. Angular distributions were measured from 4 to 38
degrees. Two solid state detectors were mounted symmetrically above and below the
reaction plane to provide additional monitoring and relative normalization. For purposes
of absolute normalization a second experiment was carried out using two position sensitive
AE — E telescopes and a 175 ug/cm? '°B enriched target. The thickness of this target
was determined by measuring the energy loss of a-particles from a **Cf source and by
Rutherford scattering of protons at 700 keV. The total percentage of all contaminants
did not exceed 6%. One of the telescopes was used as a monitor at 25 degrees and the
other one (2 = 0.3 mrs) covered an angular range from 5 to 27 degrees. The estimated
uncertainties of the cross sections were +10%.

3. EXPERIMENTAL RESULTS

Energy spectra (d*0/d0dE) and energy-integrated angular distributions for the produc-
tion of a fragment with a given nuclear charge Z, (do/d?), were obtained. Experimental
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FIGURE 1. Energy spectra for Z = 8 (a), 6 (b) and 5 (c) at E(*4N) = 248 MeV at 5°. The solid
line histograms are the sum of the Monte-Carlo calculations for fusion (dotted histograms) and
non-fusion components discussed in the text.

results of the energy spectra, taken at 5° for fragments of Z = 5,6 and 8 are shown in
Fig. 1 by the dots. The solid histograms shown in this figure are the results of calculations
of the total reaction cross sections and the dotted histograms correspond to the calculated
evaporation residue spectra. Spectra for boron isotopes obtained for angles of 8 and 27
degrees are displayed in Fig. 2, where the histograms have the same meaning as in Fig. 1.
The measured spectrum (dots) of carbon isotopes at 22 degrees is shown in Fig. 3 where
also the calculations are given by the histograms. The main conclusion to be drawn from
all these spectra is that the components higher in energy than the fusion one due to direct
reaction and incomplete fusion, are very large and therefore a suitable deconvolution was
carried out at every angle, thus permitting the separation of the fusion part.
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FIGURE 2. Energy spectra for boron ions at 8° (a) and 27° (b) taken at 248 MeV bombarding
energy. These histograms have the same meaning as in Fig. 1.
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FIGURE 3. Energy spectrum of carbon at 22° and E('*N) = 248 MeV. The histograms have the
same meaning as in Fig. 1.

The deconvolution of the energy spectra into direct (high energies) and compound
(lower energies) components was done simulating the shape of the ER spectra using the
code LILITA [16] with a critical angular momentum of 21% which is the value obtained
at lower energies. The shape of the calculated ER spectra depends very little on the J,,
value.

Angular distributions of the total integrated spectra of O, C and B are plotted in
Fig. 4. They are strongly forward peaked consistent with more direct reaction components.
Contributions of the low energy recoiling partners are assumed to be negligible for angles
smaller than 30°. The solid histograms are the sum of the LILITA calculations for the
fusion cross sections plus the non-fusion cross sections calculated as described in Sect. 4.
The total cross sections are obtained by integrating the angular distributions like those
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FIGURE 4. Angular distributions of the total FIGURE 5. Total reaction cross sections in mb
cross section for oxygen, carbon and boron iso-  plotted against Z. The solid bars represent the
topes at 248 MeV. The solid histograms repre-  experimental measurements and the histogram
sent the Monte-Carlo calculations for the total  is the sum of the Monte-Carlo calculations of

reaction cross section as discussed in the text. the fusion and non-fusion components.
TABLE 1. Experimental total reaction cross sections (0r"), fusion (¢P). The theoretical non-

fusion cross sections (o4'.) was obtained by the Wilczynski sum-rule model plus the inelastic
NF I

channel. The calculated total reaction cross section (oth) is the sum of op” and off for each

residue (Z = 2-9) in the '*N + '°B system. All cross sections are given in mb. The errors for the
experimental quantities are + 10%.

z 2 3+4 5 6 7 8 9 or
OB x 191 178 394 302 93 13 1171
aZ? * 66 72 145 119 24 1 427
i 328 106 83 196 166 35 2 920"

4 424 172 155 341 285 59 3 1443*

*No measurements are available for Z = 2. See text for discussion of this yield.

shown in Fig. 4. Listed in the first row of Table I are the resulting experimental cross
sections as a function of Z. The 2nd row of Table I contains the experimental fusion
cross section determined by the deconvolution procedure previously described and the
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third row shows the theoretical predictions of the total reaction cross sections for each
Z. Fig. 5 shows the op(Z) distribution where the solid bars represent the experimental
cross sections and the histogram the theoretical calculations for the sum of fusion and
non-fusion components. To determine the total reaction cross section integrated over Z
it is necessary to estimate the amount that produces residues down to Z = 2, since no
experimental data is available for alpha particles in this experiment. The predicted alpha
particle yield is 424 mb and is also plotted in Fig. 5, which added to the experimental
values of op given in the first row of Table I produces a total reaction cross section
of 1595 mb. The calculation also predicts a 96 mb yield of residues of Z = 2, which
added to the experimental op values given in the second row of Table I produces a
value of 523 mb. Using the sharp cut off approximation to op, the extracted value of .J,,
is 21h.

To determine the total reaction cross section, the elastic scattering of N + 1°B was
measured and the results plotted in Fig. 6 (dots). An optical model fit to these data was
done and is shown by the solid line on the same figure. The parameters used in this fit are
consistent with the behavior of the absorptive potential as a function of energy observed
for this system at lower energies [12] with the same geometry and real potential. The
resulting total reaction cross section is 1443 mb which compares favorably with the value
of 1595 mb extracted experimentally.

4. CALCULATIONS AND DISCUSSION

In order to model the non-fusion cross section, which is almost 70% of the total reaction
cross section, we start with a primary two-body collision followed by an in-flight evapo-
ration of the excited fragments. We used the sum-rule model proposed by Wilczynski et
al. [17] in an attempt to fix the characteristics of two-body stage, and then, to simulate
the decay of the excited primary fragments, the two-body version of code LILITA [16,18]
was used. Also an inelastic scattering channel that is not included in the Wilczynski’s
model was incorporated empirically. In addition the evaporation residues were simulated
using a Jer of 21h as mentioned previously.

Wilczynski’s sum-rule model accounts for all possible transfers going from projectile to
target and vice versa. Thus it encompasses deep inelastic collisions (few nucleon transfer)
and incomplete fusion (massive transfer); these processes have been invoked before to
analyze similar systems in this energy region [19-21].

In the case of nearly symmetric systems the transfer of nucleons in both directions is
comparable, and the excitation energies associated with each partition should be shared
somehow between the target and the projectile-like fragments. The way this sharing should
be done is not clear up to now [17,22,23,24]. For this light system we feel that the most
reasonable assumption is that the excited fragment is the one that receives the transfered
nucleons, no matter which partner it is, this may introduce some difficulties for symmetric
channels but is obviously correct for massive transfers.

The sum-rule model contains three free parameters, the effective Coulomb interaction
radius R, the effective temperature T and the diffuseness of the transmission coefficient
distribution A. They were fixed by fitting the measured fusion cross sections at six different
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FIGURE 6. Elastic scattering angular distribu-  FIGURE 7. Energy spectra for oxygen (a), ni-
tion for 1*N+1°B system at F('*N) = 248 MeV.  trogen (b) and carbon (c) isotopes at 180 MeV
The solid curve represents the optical model fit  and 12.2°. The meaning for the histograms are
calculated with the following parameters for the  the same as in Fig. 1.

real potential: V' = 23.614 MeV, 7o = 1.25 fm,

and ag = 0.52 fm; and for the imaginary part

W = 24.23 MeV, v = 1.22 fm, and a9 =

0.54 fm. The Coulomb radius ry = 1.3 fm.

energies from E = 86 up to 248 MeV with a fixed set of values (r = 1.5 fm, T' = 4.8 MeV
and A = 1.5). To set this fit, it was necessary to use a different expression for the half
density radii C than that given by Wilczynski [25]. The expression that we used was
C = 1.18 A3,

The @Q-value distribution for each channel is introduced in the evaporation code as a
gaussian distribution centered at an excitation energy (E.) estimated as the difference
between Q,pt [17] and Qg with the cross section and optimum J predicted by Wilczynski’s
model and the J distribution function given in Ref. [16]. This model does not account for
the inelastic channel (no particle transfer). Therefore we simulate this channel using a
(Q-value exponential distribution and estimating its cross section by the integration of the
angular distribution obtained for nitrogen (E; = 18-70 MeV). A listing of all contributing
channels is shown in Table 1.

The original Wilczynski model is not adequate for the description of nearly symmetric
systems [17,22], however in the present work we have used the model with significant
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FIGURE 8. Energy spectrum for Z = 6 at 3.8° and E('*N) = 180 MeV. The histograms have the
same meaning as in Fig. 1.

modifications needed to describe our fusion and inelastic scattering data. The main fea-
tures of the calculations can be appreciated in Figs. 1 to 3 by the solid histograms; in
all of them the lower energy group corresponds to the fusion evaporation residues and
the higher energy group results from the modified Wilczynski model just described. It is
important to notice that the cross sections are absolute with no arbitrary normalization
factor. It can be seen from all these figures that the relative contributions from direct and
compound components are rather well reproduced, although notable discrepancies can be
seen in the shape of the spectra like for Z = 6 in Figs. 6 and 7.

Since data for the "N+ 9B system are available at lower energies [12], the calculations
were repeated at 86 and 180 MeV. As expected, the binary-reaction cross sections are
almost negligible at 86 MeV. The results at 180 MeV where the two-body reaction cross
sections start to be important are plotted for Z = 6,7 and 8 at 12° in Fig. 7. Fig. 8 shows
the carbon spectrum at 3.8° with the same convention for the histograms as before. As
can be seen it is encouraging that the description is better than at 248 MeV.

Although measurements of fusion-like cross sections at high energy above 10 MeV/A
are difficult, they are of fundamental importance in establishing basic properties of nu-
clear collisions like critical angular momentum, nuclear disassembly and nuclear matter
equation of state [26]. In particular the disappearance of the fusion-like residues [26] are
important measurements in the determination of the equation of state. The compilation
of all the '*N + 1B measurements is given in Fig. 9. The open circles correspond to the
measurements discussed in Ref. [12], except for the point at 18 MeV /nucleon which cor-
responds to the present work. The solid line is the result of a theoretical calculation using
the reaction parameters given by Wilcke et al. [27], but with a .J.. value of 214 consistent
with the experiment. The J.. value given in Ref. [27] for this system is 19h. As can be
seen from Fig. 9 the calculation reproduces the data at high energies, thus indicating that
up to 18 MeV /nucleon the limitation on the fusion cross section for "N +1°B is consistent
with critical angular momentum effects.



THE N 4 1B sysTEM... 551

1500 —————r 7 T

(mb)

fus

25

' Nya

FIGURE 9. Experimental fusion cross section (points) compared to a calculation (line) with J..
value of 21h.

5. CONCLUSIONS

We have measured complete energy spectra for all reaction products from Z = 3 to 11 at
several angles between 4 and 38 degrees. At this high bombarding energy (~ 18 MeV/A),
the separation between direct and compound components is not as evident as at lower
energies; however with the procedure used to describe the total reaction cross section,
this separation is still possible.

The application of the sum-rule model to the non-fusion component has to be considered
as a first approximation and the problem of taking into account mutual excitations of
both fragments must be solved for this kind of system. Nevertheless the model exhibits
encouraging features up to 18 MeV/A.

The set of data for this system at 103 MeV center-of-mass energy presented here pro-
vides a new indication of the saturation of J., ~ 21h. This supports the conclusions of
previous work [12]. The estimate of the non fusion cross section is based on our confidence
in the Monte-Carlo Hauser Feshbach calculations coupled to the modified Wilczynski
model.
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