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Experimental search for nonfusion yield in the heavy residues emitted
in the "B+ ' C reaction

J. F. Mateja
Physics Department, Tennessee Technolog&eal University, Cookeville, Tennessee 38505

A. D. Frawley, R. A. Parker, and K. Sartor
I'hysies Department, Florida-State University, Tallahassee, Florida 32306

(Received 3 June 1985; revised manuscript received 17 January 1986)

The mechanism responsible for fusion cross section limitations in light heavy-ion systems has

been the focus of numerous experimental and theoretical studies. Many of the experimental investi-

gations have involved a study of the heavy residues emitted following the interaction of light heavy

ions. One difficulty encountered in such studies is separating events from competing reaction mech-

anisms, such as direct transfer and incomplete fusion, from fusion-evaporation events. In the

present work, direct and reverse reaction kinematics are exploited in an effort to determine the mag-

nitude of the nonfusion strength in the heavy residue spectra for the interaction of "8and ' C. It is

particularly important that the "8+' C fusion strength be properly identified, as it is the measured

fusion strength in this entrance channel which in earlier studies clearly ruled out a fusion cross sec-

tion limitation based upon having reached a critical density of compound nuclear states. In agree-

ment with the earlier investigations, the present study reveals no significant nonfusion component in

the heavy residue spectra for the "8+'2C reaction.

I. INTRODUCTION

Over the past ten years considerable experimental and
theoretical work has been directed toward understanding
the cause of fusion cross section limitations for reactions
which involve nuclei in the 2s-1p shell. ' " Early investi-

gations suggested that at some energy above the Coulomb
barrier a limitation was brought about because a critical
density of compound nucleus states, the compound nu-

cleus yxast or "statistical" yrast line, had been reached.
Recent studies of the 33Na compound nucleus, however,

suggest that long before a compound nucleus related limi-

tation occurs, a limitation arises which results from the
competition between fusion and other entrance channel
dependent reaction processes. 9 " This conclusion was
based on a study of the fusion cross sections for four en-
trance channels which form the Na compound nucleus,
118+12C 108+13C 71 1+16O and 98e+14N 11 gfter ex
tracting the critical angular momenta from the experi-
mentally measured fusion cross sections in the above sys-
tems, a corn arison of the critical angular momenta as a
function of Na excitation enerp reveals that three of
the entrance channels (' 8+' C, Li+ ' 0, and Be+ ' N)
appear to approach a common limitation as shown in Fig.
1. Such a result has been interpreted in studies like those
in Refs. 5—7 as a signature that a critical density of states
has bxn reached in the compound nucleus. However, the
critical angular momentum line for the fourth entrance
channel, the "8+' C, does not approach the same line as
the others. It is implied that "8+' C fusion cross sec-
tions are not as severely limited as are the fusion cross
sections for the other three entrance channels. It is the
"8+' C entrance channel which brings in the highest an-
gular momentum at the loamiest compound nucleus energy
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FIG. 1. A comparison of the critical angular momenta for
the "B+'2C, ' B+' C, 9Be+' N, and Li+'60 entrance chan-

nels as a function of compound nucleus excitation energy.
These results were taken from Ref. 11.

and which should, therefore, be the entrance channel
which is most severely limited by a mechanism involving
a critical density of compound nuclear states. There are
two possible explanations: (1) yield in the heavy residue
exit channels of "8+'3C which was attributed to fusion
actually arises from some other reaction mechanism, pro-
ducing erroneously large "8+' C fusion cross sections,
or (2) the limitation in this energy region is not brought
about because a critical density of states has been reached
in the compound nucleus.

The purpose of the present work was to subject the
heavy residues which result from the "8+'3C interaction
to a specific experimental test to determine whether or not
the residues do indeed result from fusion evaporation
through the 3Na compound nucleus, as assumed in the
earlier investigations. " Of particular concern is the
possible presence of direct transfer and incomplete fusion
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strength. The test which is employed in the present work
exploits the fact that in a nearly symmetric system such
as "8+' C, the laboratory energy of the fusion products
is essentially independent of which entrance channel nu-

cleus is used as the target and which is used as the projec-
tile, while the energy of direct transfer and incomplete
fusion products depends strongly on which nucleus is the
target or projectile. A careful, mass-by-mass comparison
of the heavy residue energy spectra has been made for the
two reactions 'zC("B,X) and "8('zC,X). If there is any
significant direct transfer or incomplete fusion strength, it
will appear at substantially different energies in the energy
spectra of the above two reactions.

The discussion of the experimental details is presented
in Sec. II of this paper. A comparison of the residues
which result from the ' C("B,X) and "8(' C,X) reactions
is made in Sec. III. Our conclusions are presented in Sec.
IV.
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II. EXPERIMENTAL PROCEDURE

The ' C and "8beams for the experiment were provid-
ed by the Florida State University super-FN tandem Van
de Graaff accelerator. So that the same comllund nu-
cleus excitation energy would be reached, the C("B,X)
and "8('iC,X) reactions were studied at the s;une center-
of-mass energy, E, =25 MeV. Laboratory bombarding
ener

dies
of 48 and 52.36 MeV were required for the "8

and iC projectiles, respectively.
For the two reactions, self-supporting ' C and "8 tar-

gets were used. While no significant contamination of the
C target was observed, ' 0 was present on the "8 target.

To allow aproper contaminant subtraction, the residues
from the ' 0(' C,X) reaction were measured at 52.36
MeV for all of the angles studied in the "8(' C,X) experi-
ment. A contaminant subtraction was then made on a
mass-by-mass basis.

The heavy reaction products, studied over an angular
range from 5' to 25', were mass identified by measuring
flight times along a 2.7 m flight path. The system is
comprised of a microchannel plate start detector and a sil-
icon stop detector. Additional details related to this ex-
perimental setup can be found in Ref. 10. A typical two-
dimensional mass versus energy spectrum is shown in Fig.
2.

The absolute cross sections for the present studies were
determined by comparing the elastic scattering cross sec-
tions for "8+' C scattering with the predictions of opti-
cal model calculations. The optical model parameters
used in the present analysis were taken from our earHer
investigations of "8+' C elastic scattering in this energy
region. ' The calculated angular distributions and those
measured in the present experiment are displayed in Fig. 3
(forward angles). The agreement is quite good. The un-

certainty in the absolute cross section is estimated to be
approximately 10%. This uncertainty takes into account
counting statistics, angle setting uncertainties, extrapola-
tion of the data to zero degrees and beyond 25; and errors
in measuring the absolute target thickness.

The relative cross section normalization of the two re-
actions could be checked because of a peculiar feature of
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the "8+' C reaction. A proton exchange between the
target and projectile occurs which gives rise to a large,
back-angle, transfer cross section in the elastic scattering
channel. ' The relative normalization between the two re-
actions could, therefore, be checked by comparing the
proton pickup cross section in the ' C("8,'2C) reaction
with the proton stripping cross section in the "8('zC,"8)
reaction. This comparison, made at the back angles, is
shown in Fig. 3. As can be seen in Fig. 3, there is excel-
lent agraanent between the two sets of data.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Of primary interest in attempting to identify nonfusion
yield in this study are the shapes of the residue energy
spectra for the two "8+' C entrance channel configura-
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FIG. 3. Elastic scattering angular distributions for the
"8+' C entrance channel. The solid curve results from an op-
tical model calculation using "8+'2C optical model parameters
taken from Ref. 10. The increase in the back-angle elastic
scattering yield results from a proton exchange between the tar-
get and the projectile.
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FIG. 2. A representative mass versus energy contour map for
the "8+'2C system.
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tions. The observed energy of direct transfer and incom-
plete fusion products depends strongly on the entrance
channel configuration, while the energy of the fusion-
evaporation events does not. From simple classical con-
siderations, it can be shown that the centroid energy for
fusion-evaporation products is given by:
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where M„, M~, and M~ are the residue, projectile, and
compound nucleus masses, respectively; E~ is the labora-
tory energy of the projectile; and ei,b is the laboratory an-

gle of the detected residue. As there is only a slight
difference in projectile mass and bombarding energy be-
tween the two "8+' C entrance channel configurations,
only a small shift in the energy distribution ( =20%) and
little, if any, change in the shape of the fusion-evaporation
energy spectrum would be expected. The energy of direct
transfer or incomplete fusion products, on the other hand,
will differ significantly depending on whether the major
portion of the residue mass comes from the target or from
the projectile.

Consider, for example, a process which leads to a mass
15 residue. From Eq. (1) the energy centroid of the mass
15 residue created through the fusion evaporation of a 48
MeV "8 projectile with a '2C target at 10' is 14.5 MeV.
When the entrance channel configuration is inverted and a
52.36 MeV ' C nucleus impinges on a "8 target nucleus,
the energy centroid at 10' shifts by 2.8 MeV to 17.3 MeV.
For a process like triton transfer to '~N, however, very
different "N energies will be observed in the reaction de-

Iiending upon whether the mechanism is triton stripping,
C("8, Be)' N, or triton pickup, "8(' C, ' N)sBe. In the

stripping case, the 'sN will have a recoil energy of approx-
imately 2 MeV at 10' for a residual excitation energy of 5

to 10 MeV. In the pickup case, the 'sN energy at 10' will
be around 46 MeV for a residual excitation energy of 5 to
10 MeV. Because of this drastic change in residue energy,
the shape of the mass 15 energy spectra would change sig-
nificantly, depending upon which particle was the projec-
tile. It should also be kept in mind that a fairly substan-
tial cross section reduction (ap roximately 26% or 270
mb of the previously measured '8+'~C fusion cross sec-
tion) is required to bring the "8+' C critical angular
momentum line into agreement with those from the other
three entrance channels at the energy being con-
sidered. " One is looking, therefore, for substantial
shape differences in at least some of the energy spectra.

There is a complication which must be considered when
evaluating the individual energy spectra. Consider again
the triton transfer reaction discussed above. In actuality
the ' C("8, Be}' N reaction can produce both high and
low energy ' N particles. A low energy ' N particle re-
sults from the triton stripping reaction discussed above;
the high energy ' N residues are produced in the al ha
pickup reaction ' C("8,' N) Be. These high energy N
particles which arise by alpha pickup would then fall in
the same region of the energy spectrum as the high energy
' N residues which are produced in the triton pickup reac-
tion, "8('2C,'5N) Be. Therefore, if the alpha pickup and
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FIG. 4. A comparison of the mass 13 energy spectra for 48
MeV stB on izC (top) and 52.36 MeV 12C on 11B (bottom). The
solid curves are the results of Hauser-Feshbach evaporation cal-
culations. The arrows depict the centroid energies calculated us-

ing Eq. (1).
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FIG. S. A comparison of the mass 14 energy spectra for 48
MeV "8 on ' C (top) and 52.36 MeV ' C on "8 (bottom). See
Fig. 4 for additional figure descriptions.

triton transfer cross sections were similar enough in mag-
nitude, the ' N energy spectra from the ' C("8,' N) and
"8(' C, ' N) reactions could look very similar, despite
large direct transfer cross sections. However, to produce
cross sections of the same magnitude and thereby produce
similarly shaped energy spectra, the '~C alpha particle
spectroscopic factor would have to be similar to that of
the triton spectroscopic factor in "B. We will return to
this point later.

The residue energy spectra for the two entrance channel
configurations are compared for masses 13—22 in Figs.
4—13, respectively. No comparison of the mass 11 and 12
energy spectra has been made because a strong inelastic
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FIG. 8. A comparison of the mass 17 energy spectra for 48
MeV "8 on '~C (top) and 52.36 MeV ' C on "8 (bottom). See
Fig. 4 for additional figure descriptions.

component completely masks the areas of interest in these
mass groups (the mass 11 group was obscured in the "B
induced reaction while the mass 12 group was obscured in
the ' C induced reaction). Also included in Figs. 4—13
are the locations of the fusion-evaporation energy cen-
troids calculated using Eq. (1) (arrows) and the results of a
Hauser-Feshbach calculation of the fusion-evaporation
energy spectra (sohd curves). For the Hauser-Feshbach
calculation, the computer code uLITA has been used. '

The most striking feature of the experimental energy
spectra shown in Figs. 4—13 is the strong similarity in the
shapes of the energy spectra for a particular residue mass
for the two entrance channel configurations. The fact
that there are no large differences in the shapes of the ex-

perimental energy spectra suggests that no large direct
transfer or incomplete fusion strength exists in these resi-
due yields. As mass groups 13—22 contain essentially all
of the previously reported fusion-evaporation yield, no
change in the earlier total fusion cross section and, there-
fore, no change in the extracted critical angular momenta
is required. This, of course, supports the contention that
a critical density of compound nuclear states is not re-
sponsible for the fusion cross section limitations observed
in the entrance channels which form the i3Na compound
nucleus.

While no large differences in the above energy spectra
are apparent, there are slight differences in the residue en-
ergy spectra between the two entrance channel configura-
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FIG. 7. A comparison of the mass 16 energy spectra for 48
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FIG. 9. A comparison of the mass 18 energy spectra for 48
MeV "8 on '~C (top) and 52.36 MeV '2C on "8 (bottom). See
Fig. 4 for additional figure descriptions.
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FIG. 12. A comparison of the mass 21 energy spectra for 48
MeV "8 on '~C (top) and 52.36 MeV ' C on "B (bottom). See
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tions for masses 15 and 13. In the mass 15 energy spec-
tra, a slightly larger high energy yield exists in the
"8(' C,"X) reaction. This increased yield is most prom-
inent at forward angles. By 12' the difference between the
' C("8,' X) and "8(' C, '5X) mass 15 energy spectra
disappears. The difference in the two energy spectra and
the fact that the difference is most prominent at forward
angles is, of course, an indication that there is a direct
transfer component present in the mass 15 residue. The
strength of the additional yield integrated over angle is
found to be 5 mb. Such a small cross section has negligi-
ble effect on the total fusion cross section and, therefore,
would make little difference in the extracted critical angu-
lar momentum.

For mass 13, the direct transfer component is readily
identifiable at high energies. The strong discrete peaks la-
beled in Fig. 4 have been kinematically identified. It was

argued earlier that the high-energy, direct-transfer recoils
would be observed at low energies when the target and
projectile were interchanged. This is not the case in Fig. 4
for the mass 13 residues. The discrete states observed in
the "8(' C, '3C)' 8 reaction at high ejectile energies are
not observed in the mass 13 energy spectrum at low ejec-
tile energies when the target and projectile are inter-
changed. This is because the recoil energies of these mass
13 residues in the ' C("8,' 8)' C reaction are &2 MeV,
which puts them below our experimental detection thresh-
old. It should be mentioned that in our original work the
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yield to the discrete states in the mass 13 energy spectrum
was not included in our estimate of the total fusion cross
section.

We can now return to our consideration of the possibih-

ty that different direct transfer reactions might contribute
roughly equally to the energy spectrum of a given mass

group when the target «nd pmjectile are interchanged.
The example discussed earlier involved the 'sC("8,'sN)

alpha-particle pickup and "8('2C,"N) triton pickup reac-
tions. It can be argued that there are no large direct reac-
tion contributions to the mass spectra. The major argu-
ment is that all other entrance channels formin~ the Na
compound nucleus, i.e., ' 8+'3C, Be+ N, and
Li+ 'sO, '0" exhibit a high energy component in the en-

ergy spectrum of the mass 15 residue as shown in Fig. 14.
It is extremely unlikely that all four of these entrance
channels would contribute significant direct transfer or in-

complete fusion strength to this one exit channel. Also, as
will be discussed below, the Hauser-Feshbach calculations
for fusion evaporation are able to reproduce the shape of
the mass 15 energy distribution. While our discussion has
focused on the mass 15 residue, similar arguments apply
to the other mass groups.

As mentioned previously, Hauser-Feshbach calculations
using the computer code LILITA have been made (see Figs.
4—13). To facilitate a comparison of the shapes of the
predicted and experimental energy spectra, the calcula-
tions have been normalized to the data on a mass-by-mass
basis. It should be noted that the calculations were unable
to simultaneously reproduce, within a factor of 2, the
magnitudes of all the residue strengths. This occurred

'r( 'B 'x)
ei, b

= IO

E I,b =46. I Mev

despite substantial changes in the level density parameters
used in the calculation. The calculation was, nevertheless,
able to accurately predict the shapes of most of the energy
spectra. In particular, the calculation did a good job of
predicting the shapes of the energy spectra for masses 15
and 18, the residues whose experimental energy spectra
are each characterized by two broad structures. Such
structure has been observed and explained in earlier stud-
ies of fusion-evaporation reactions in terins of a double
solution to the residue velocity vector. '4 This type of
structure is particularly prevalent in channels which in-
volve alpha particle emission. In the present experiment,
the mass 18 residue most likely results from the emission
of an alpha particle and a single nucleon, while the mass
15 residue results from the emission of two alpha parti-
cles.

While the calculation was able to reproduce the shapes
of most of the residue energy spectra, it did a relatively
poor job of predicting the energy distributions of the mass
16 and 17 groups. While we have no good explanation for
why the calculation fails for these masses, it may be due,
in part, to the fact that a large number of light particles, 4
and 3, must be emitted to reach mass groups 16 and 17,
respectively (LILITA assumes only the emission of neu-
trons, protons, and alpha particles).

The integrated cross sections for the various residues
are presented in Table I for the two reactions. For masses
14—22, all of the residue yield in each of the mass groups
was used as there was either no evidence or only slight
evidence (namely the slight shape difference in the mass
15 energy spectra at forward angles) of any nonfusion
strength in the energy spectra of any of these masses. For
mass 13, the high energy component was attributed to
direct transfer and therefore was not included in the cal-
culation of the fusion-evaporation cross section for that
mass. In the ' C("B,X) and "8(' C,X) reactions, the
fusion cross sections for the mass 11 and 12 exit channels,

TABLE I. Integrated cross sections for the residues resulting
from the '2C("B,X) and "B(' C,X) reactions.

60
Residue

mass
Integrated cross section (mb)

12C(11Bg) B(i' X)

"0( 'Lt, i'XI

ei,b= 9'
F,b

= 54MeV

(I III!!g.!I'!I.'-Ii(ill I I! Ililli4li O'Ii I III

IO 20
ENERGY (M eV)

FIG. 14. The mass 15 residue spectra for the reactions
' C(' B,' X) and ' 0( Li, '~X). While better statistics would be
desirable, the high energy component seen in the mass 15 spec-
trum for the ' C("8,' X) reaction in Fig. 6 is still readily ap-
parent in the energy spectra for both of the above entrance
channels. The arrows indicate the centroid energies calculated
using Eq. (I).

11
12
13
14
15
16
17
18
19
20
21
22

18
22

189
227
124
170
116

16
68
39

993
(sum of masses

12—22)

29
191
214
132
163
106

18
62
35

1026
(sum of masses

11,13—22)
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respectively, were obscured by a strong inelastic com-
ponent. No reliable fusion cross section could be extract-
ed for either of these exit channels.

For those masses a&here a comparison can be made, one
finds that the integrated cross section for a particular resi-
due formed in the ' C("B,X) reaction is essentially identi-
cal to the integrated cross section for that residue in the
"8(' C,X) reaction. Of course, this result would be ex-
pected whether or not there was a nonfusion component
in the residue energy spectra (assuming all yield was above
the low-energy threshold of the experimental detection
system}. The close agreement in the cross sections of the
mass 14—22 cross sections simply indicates that the two
reaction cross sections have been properly normalized us-

ing the previously discussed elastic scattering data. How-
ever, as no evidence was found for nonfusion yield from
the shapes of the energy spectra for these residues, we be-
lieve that these cross sections accurately reflect the fusion
strength in these residues. For mass 13, the similarity of
the two cross sections after removal of the nonfusion
component suggests that the fusion contribution has been
reasonably accurately extracted.

In our earlier 'iC("B,X) studies„" a total fusion
cross section of 1063 mb was found at 48 MeV when the
integrated cross sections for masses 12—22 were summed
(the fusion strength of the mass 11 group could not be
determined because of a strong inelastic component}. The
corresponding value in the present study is 993 mb, a
value which is well within the experimental uncertainty
associated with the two measurements. It should also be
kept in mind that the fusion yield to the mass 11 residue
has been omitted in the "8+' C experiment while no
such omissions were necessary in our studies of the other
three entrance channels. In the present study, the mass 11
fusion cross section for the "8+'2C entrance channel can
be obtained from the "8(' C,X) reaction. A 72 mb cross
section is found. This result is in good agreement with
the 60 mb mass 11 fusion strength measured in the
Be+' N and Li+' O studies. " The inclusion of this

yield brings the total fusion cross section for '2C("B,X)
from the present study up to 1065 mb. Thus the present
study, like the earlier one, leads to a critical angular
momentum for '2C("B,X) fusion reaction which is two
units of angular momentum higher than the values found
in the ' C(' B,X), ' 0( Li,X), and Be(' N,X) investiga-
tions.

IV. CONCLUSION

The extraction of critical angular momenta from
fusion-evaporation cross sections is meaningful only if the
fusion strength has been properly identified. Of primary
concern in such studies is the incorrect identification of
products due to such processes as direct transfer and in-
complete fusion, as fusion-evaporation events. This ques-
tion has ben of particular importance in our earlier study
of the four entrance channels which form the ~3Na com-
pound nucleus. In that work the critical angular momen-
ta extracted from the fusion cross sections for each of the
four entrance channels did not approach a common limi-
tation with incr~~ing bombarding energy. This ruled out
a limitation in the fusion cross section based upon having
reached a critical density of states in the compound nu-
cleus. This conclusion assumes that the fusion cross sec-
tion has been properly identified and that the critical an-
gular momenta are indeed correct. The present study
again looks at the "8+' C fusion cross section in an ef-
fort to verify that no nonfusion yield was included in the
fusion cross section for this channel in our earlier work.
We have exploited the fact that the energy of direct
transfer and incomplete fusion yield depends strongly on
the entrance channel configuration, i.e., ' C("B,X) or
"8(' C,X), and that the energy of fusion residues does
not. In our current search no evidence of a significant
nonfusion yield was found in any of the previously mea-
sured "8+'iC residue cross sections. As there is no
change in the fusion cross section and, therefore, no
change in the critical angular momenta, our earlier con-
clusion that a critical density of compound nuclear states
is not responsible for the observed fusion cross section
limitation remains unchanged.
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