
um

50

PHYSICAL REVIEW C MARCH 1996VOLUME 53, NUMBER 3

055
Triton and alpha-particle production in neutron-induced reactions on carbon
at En542.5, 62.7, and 72.8 MeV
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Double-differential cross sections for fast neutron-induced triton and alpha-particle production on carbon are
reported at three incident neutron energies: 42.5, 62.7, and 72.8 MeV, complementing our previous results for
proton and deuteron emissions. Angular distributions were measured at laboratory angles between 20° and
160° in steps of 10°. Procedures for data taking and data reduction are described. Results for double-
differential, energy-differential, and total cross sections are presented. The measurements are compared to
existing data and to nuclear model calculations which include preequilibrium and equilibrium decay mecha-
nisms.

PACS number~s!: 25.40.Hs, 24.60.Gv, 28.20.2v
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I. INTRODUCTION

Experimental measurements of charged-particle prod
tion for neutron-induced reactions on carbon in the incid
energy range 30–80 MeV are rather scarce@2#. Subramanian
et al. at UC Davis measured emission spectra of hydro
and helium isotopes at 27, 40, and 61 MeV@3#. In a recent
paper our results for proton and deuteron emission at i
dent neutron energies of 42.5, 62.7, and 72.8 MeV, res
tively, were given@1#. In the present paper we report me
surements of double-differential triton anda-particle
production cross sections from carbon at these same inc
neutron energies.

Neutron reactions on carbon in the above energy range
of interest in both basic and applied physics. Experime
measurements enable nuclear reaction theories and mod
be tested and developed for light nuclei, which presen
particular challenge due to their wide-spaced low-ly
nuclear levels and their nonstatistical properties. An accu
understanding of charged-particle production cross sect
from carbon is also important for determining energy de
sition from neutrons in radiotherapy, and in intermedia
energy accelerators that are currently being considered
applications such as the transmutation of long-lived nuc
waste into shorter-lived products@4#. These cross section
are also needed for determining the response of neutron
tectors@5#.

In Sec. II the experimental setup and data reduction p
cedures are briefly presented. Experimental results are sh
in Sec. III. In Sec. IV we describe nuclear model calculatio
which include direct, preequilibrium, and equilibrium rea
tion mechanisms, and in Sec. V we compare our meas
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ments with both our model predictions of double-differentia
and angle-integrated emission spectra and the UC Davis e
perimental results@3#. We also compare our results with the
model calculations of Brenner and Prael@6#. Conclusions are
given in Sec. VI.

II. EXPERIMENTAL METHODS

The present paper reports experimental data for triton a
a-particle production in fast neutron-induced reactions o
carbon and follows on from our previous publication con
cerning proton and deuteron production@1#. Since the experi-
mental setup and data reduction procedures are the same
those in our previous work, only essential details are give
here. For further information the reader is referred to Ref.@1#
and the references therein.

The accelerated proton beam of the Louvain-la-Neuv
Cyclotron CYCLONE fast neutron beam facility@7–9#, fo-
cused on a 3 mmthick natural lithium target, was used to
produce a quasimonoenergetic neutron beam at 0° laborat
angle @1,10#. With a 1025 A proton beam, about 106

neutrons/s are available at the location of our reaction cha
ber. The neutron energy spectrum at 0° consists of a we
defined peak~with full width at half maximum of 2 MeV!
containing about 50% of the neutrons, plus a flat continuu
of low-energy neutrons@1#.

The evacuated reaction chamber~406 mm in diameter!
was coupled to the exit of the neutron collimator, and labo
ratory angles from 20° to 160° in steps of 10° were availab
for measurements.

Four charged-particle detector telescopes were used
multaneously. Each of them consisted of aDE detector
~NE102 plastic scintillator, 0.1 mm thick, 4 cm in diameter!
viewed by an XP2020 photomultiplier via a Lucite light
guide, and of anE detector@Csl~Tl! crystal, 22 mm thick,
38.1 mm in diameter#, viewed by an XP2262B photomulti-
plier. TheE detector can stop 80 MeV protons. A coinci-
dence was required betweenDE andE detectors in order to
suppress an important part of the background present in su
types of experiment.

An elemental carbon target~535 cm2 surface and 1 mm
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1310 53SLYPEN, CORCALCIUC, MEULDERS, AND CHADWICK
thick! was used. The angle of the target with the beam w
chosen to minimize the thickness of the target material t
versed by the charged-particle ejectiles towards the te
scopes.

Bringing a direct charged-particle beam to the reacti
chamber is not easy in the present neutron facility. Therefo
for the energy calibration, the protons and deuterons rec
ing from a polypropylene~1 or 0.5 mm thick! and a 0.6 mm
thick deuterated polypropylene target, respectively, we
used. They were recorded at laboratory angles from 20°
70° in steps of 10°, at each of the three incident neutr
energies, for each of the four telescopes used. These m
surements provided a reliable energy calibration for proto
and deuterons. Previous experimental work on the light
sponse of CsI crystals to the detection of a large variety
charged particles related the crystal light response to the
ergy of the detected charged particle by a simple thre
parameter analytical formula@11,12#. Using this formula in a
simultaneous fit to the proton~about seven points! and deu-
teron ~about seven points! energy calibration points and a
supplementarya-source point~at about 5.5 MeV!, the three
parameters were determined. Figure 1 gives an example
the resulting energy calibration. Evidently the errors on t
three free parameters induce errors in the energy calibrat
Therefore, the energy spectra for triton anda-particle pro-
duction are reported here as histograms in steps of 3 MeV
the outgoing particle energies. Moreover, as the measu
cross sections are rather small, this choice of the energy s
improves the statistics in the reported spectra.

Charged-particle discrimination spectra were obtained
two ways: by using the energy information fromDE andE
detectors, and by charge integration of the CsI light outp
pulse @13–15#. A combined use of these two separatio
methods allows a good separation of the reaction produ

FIG. 1. Energy calibration curves for protons and deutero
~continuous lines!, tritons~dashed line!, anda particles~dashed-dot
line! as result of a fit with a three-parameter formula of Ref.@11#.
The experimental points result from H(n,p) and D(n,d) scattering
on, respectively, a polypropylene and a deuterated polypropyl
target. Ana-source point~about 5.5 MeV! is also shown.
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over their entire energy range as well as an efficient elim
nation of most of the background@1,14,15#.

The beam monitoring system was realized in two wa
The incident proton beam is magnetically deflected, af
passing the lithium target, into a water-cooled Faraday c
and then integrated@8,9#. Downstream of our reaction cham
ber, and coupled to it, is a second evacuated chambe
which a charged-particle telescope detects the H(n,p) scat-
tered protons at 45°@1#. The agreement between these tw
monitoring systems was very good during the data taking

For each charged-particle event in the telescopes, the
of flight ~TOF! between a capacitive beam pickoff, locate
upstream of the neutron producing target, and theDE detec-
tor is registered and subsequently used to select only th
events associated with neutrons in the main neutron p
@1,14,15#.

Data were archived on workstation disks and on Exab
tapes for an off-line analysis.

By complementary use ofDE-E and slow vs fast compo-
nents in the particle discrimination spectra, a reliable sel
tion of the desired events was obtained@1,14,15#. Subse-
quently, using TOF information and knowing the fligh
distances and energies of the particles~from the energy cali-
bration!, a further selection was made for only those eve
induced by neutrons from the monoenergetic peak@14,15#.

The statistics in our spectra correspond to an acquisit
time of 24 h for forward and 48 h for backward angles, wi
about 1231026 A mean proton beam on a 3 mm thick
lithium target.

Absolute cross sections were obtained by normalization
our measured H(n,p) scattering cross sections. Angular di
tributions for then-p elastic scattering were measured at s
laboratory angles between 20° and 70° at each incident n
tron energy and for each telescope. Solid angles and th
target corrections were calculated with a Monte Carlo sim
lation program of the experiment@16#. The average angula
opening of the collimating system for the detection
charged particle products was 2°–3° and the neutron be
energy width, for the main peak, was about 2 MeV.

In this way, for each of the telescopes, six normalizati
points were available covering a large energy range, and
normalization factor was obtained from their mean valu
Generally the spread of these values around the mean
less than 3%. Normalization factors of the order of 231024

for forward and 1024 for backward angles were obtained.
The rather thick carbon target, the 0.1 mm thickDE de-

tector used, and the energy threshold of theE detector~about
1.5 MeV! limit the registration of the low-energy charged
particle products to only fractions of the entire target thic
ness, and therefore the spectra should be corrected acc
ingly. These effects are taken into account by using
above-mentioned simulation program@1,16#.

III. EXPERIMENTAL RESULTS

Using the procedures outlined above, double-differen
cross sections for triton anda-particle production were ob-
tained for three incident neutron energies corresponding
the main neutron peaks, 42.5, 62.7, and 72.8 MeV, result
respectively, from 45, 65, and 75 MeV incident protons
the lithium target. Figures 2–7 show, in three-dimension
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FIG. 2. Angular distributions of measured
double-differential cross sections~histograms in
steps of 3 MeV! for triton production at 42.5
MeV incident neutron energy.
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~3D! representations, the measured energy spectra of trit
anda particles and their angular distributions, for the abov
mentioned incident neutron energies. The energy spectra
represented as histograms in steps of 3 MeV. The horizon
scale gives the energy of the charged particles produced
the reaction. Low-energy cuts are about 12 MeV for bo
tritons anda particles. The high values of the low-energ
cuts in the triton spectra are due to the rather poor separa
of the low-energy tritons in the particle identification spectr
In spite of our long acquisition runs, no significant statistic
could be accumulated at some laboratory angles in the ba
ward hemisphere, for both tritons anda particles. Therefore
only upper limits for the cross sections can be inferred
these angles.
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The angular distributions in Figs. 2–7 show a stron
peaking at forward laboratory angles for both tritons anda
particles, indicative of the presence of preequilibrium pro
cesses. The 72.8 MeV data are similar, in both shape a
magnitude, to those at 62.7 MeV.

The overall relative errors of the points in the energ
spectra are about 7%, given by the accumulated statisti
except for lower energies, where they can be larger as
result of the procedure adopted for the thick target correctio
@1,16#. The uncertainty in the cross-section absolute scale
less than 10%, given by errors in the measured referen
(n,p) cross sections~5%!, beam monitoring~2%!, statistics
in the H(n,p) recoil proton peak~2%!, and solid angle cor-
rections~1%!.
FIG. 3. Same as in Fig. 2 for the case ofa
particles.
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FIG. 4. Angular distributions of measured
double-differential cross sections~histograms in
steps of 3 MeV! for triton production at 62.7
MeV incident neutron energy.
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IV. THEORETICAL MODEL

An accurate modeling of the interactions of fast neutro
with light nuclei presents a particular challenge for mo
nuclear reaction theories, since their derivations usua
make use of statistical assumptions which are not valid wh
the density of nuclear states is low. With this cautiona
ns
st
lly
en
ry

comment, however, there are some reasons to suggest
the nuclear theories we use may provide a reasonable
scription of the measured spectra. First, as we discuss bel
our calculations do include the low-lying~i.e., nonstatistical!
energy levels of the nuclei involved in the reactions. Se
ondly, once the nuclear excitation energy exceeds appro
mately 10–15 MeV the density of states becomes relative
FIG. 5. Same as in Fig. 4 for the case ofa
particles.
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FIG. 6. Angular distributions of measured
double-differential cross sections~histograms in
steps of 3 MeV! for triton production at 72.8
MeV incident neutron energy.
-
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large even for light nuclei, and statistical assumptions co
cerning the random phases of transition matrix elemen
would be expected to become valid. Finally, the measur
angle-integrated emission spectra themselves generally sh
a reasonably smooth variation with emission energy exce
at the highest emission energies. In the present paper mo
calculations were performed with theFKK-GNASH code@17#,
n-
ts
ed
ow
pt
del

which includes equilibrium, preequilibrium, and direct reac
tion mechanisms. The nuclear theories used to determ
these emission cross sections are described below. Althou
we concentrate on the analysis of triton anda emission here,
it is important also to accurately model the emission of neu
trons, protons, deuterons, andg rays, since these particles are
emitted in competition and their cross sections influenc
FIG. 7. Same as in Fig. 6 for the case ofa
particles.
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1314 53SLYPEN, CORCALCIUC, MEULDERS, AND CHADWICK
those for triton anda emission. Our calculations describe th
breakup processes in terms of two-body sequential deca
Thus, for example, the important12C~n,n83a! breakup chan-
nel is modeled as a sequence of two-body decays such as
12C~n,n8!12C*→a18Be*→2a process.

We used a coupled-channel optical model to describe
rect inelastic and elastic neutron emission to low-lying sta
in carbon, with an externally input rotation-vibration form
factor in theECIS79 code @18#. This optical potential, with
couplings between the 01, 21 ~4.4 MeV!, 41 ~14.1 MeV!,
and 32 ~9.6 MeV! states, is based on the Ohio Universit
potential developed by Meigooniet al. @19#. As shown in
Ref. @20#, it provides an excellent representation of tota
nonelastic, and elastic cross sections, and elastic and inela
angular distributions. In addition to neutron scattering, op
cal potentials for the other ejectiles are needed to gene
transmission coefficients for the Hauser-Feshbach equi
rium emission calculations, and distorted wave functions
the preequilibrium nucleon emission calculations. For t
proton optical potential we use the above neutron potent
with a Coulomb correction to the real central potential
0.4Z/A1/3 ~sinceN5Z for carbon, no isospin transformation
is needed!. This potential gives a good description of proto
elastic and inelastic angular distributions@19,21#. Potentials
for deuterons,a particles and tritons were obtained using th
method of Watanabe, as implemented by Madland@22#.

The quantum mechanical Feshback-Kerman-Koon
~FKK! theory @23# is applied to describe preequilibrium
nucleon emission. This theory pictures the nuclear react
as passing through a series of preequilibrium particle-h
states towards equilibrium, as nucleon-nucleon collisio
share the projectile’s energy among the target nucleons. T
types of preequilibrium processes are distinguished: mu
step direct~where at least one particle remains in the co
tinuum, resulting in forward-peaked angular distributions!,
and multistep compound~where the excited particles remain
bound, resulting in angular distributions symmetric abo
90° in the center of mass!. At the energies of interest in this
work the multistep direct mechanism dominates, and the
processes are determined by extending one-step distor
wave Born approximation~DWBA! into the continuum, with
multistep processes being obtained from a convolution
one-step scatterings. Full details of the formulas we used
the calculational procedures employed~including the cou-
pling of multistep direct and compound preequilibrium
chains! are given in Ref.@24#.

While some progress has been made in formulati
cluster-particle preequilibrium emission within the FKK
theory @25#, these calculations are still at an early stage
development. Therefore Kalbach’s cluster exciton model w
used to describe preequilibriuma, deuteron, and triton emis-
sion @26#. Modeling preequilibrium emission of composit
particles is notoriously difficult, since quantities such as t
extent of clustering in the target nucleus, the probabilities
nucleons forming a cluster during the preequilibrium ca
cade, and the interaction between clusters and nucleons
fluence the emission cross sections. As we shall show in
next section, thea spectra predicted by the exciton mode
agree fairly well with the measurements, though the agr
ment with the triton spectra is poorer.

Above about 50 MeV incident energy, multiple preequ
e
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librium emission~where more than one fast preequilibrium
particle is emitted prior to equilibration! becomes important,
and we include these processes according to the theory
Ref. @27#. Since the emission of two fast nucleons prohibi
subsequent 3a decay, we found that including multiple pre-
equilibrium emission is important for accurately predictin
a-particle production as well as inclusive nucleon emissio
spectra.

After preequilibrium particle emission has occurred, th
equilibrated residual nuclei decay by particle org-ray emis-
sion. The Hauser-Feshbach theory was used to calcu
these processes, including full angular momentum and pa
conservation. We explicitly calculate the decay of carbon is
topes from13C to 9C, boron isotopes from12B to 8B, beryl-
lium isotopes from11Be to 7Be, lithium isotopes from8Li to
5Li, and helium isotopes from7He to 5He. Transmission co-
efficients for particle emission are obtained from the abo
optical potentials, and forg-ray emission from the general-
ized Lorentzian model of Kopecky and Uhl@28# ~which
modifies the Brink-Axel hypothesis to include an energy
dependent giant resonance width from Fermi-liquid theor!
for E1, E2, andM1 radiation. The inverse cross section fo
photoabsorption was taken from the measurement of Ahre
et al. @29#.

Level densities for excited states were obtained by matc

FIG. 8. Measured double-differential cross sections at seve
laboratory angles~open dots! for 12C(n,ax) reactions for 42.5 and
62.7 MeV incident neutron energies, respectively. Continuous li
histograms are theoretical calculations of the present work. Expe
mental results of Ref.@3# at 39.7 and 60.7 MeV are shown as ope
triangles. Calculations for 40 and 60 MeV neutron energies fro
Ref. @6# are shown as continuous lines.
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53 1315TRITON AND ALPHA-PARTICLE PRODUCTION IN NEUTRON- . . .
ing continuously the continuum statistical level densit
model of Ignatyuk, Smirenkin, and Tishin@30# ~which in-
cludes a washing out of shell effects with increasing excit
tion energy! onto the measured discrete low-lying levels a
lower excitation energies. Pairing energies were taken fro
the systematic of Cook with the Los Alamos extensions
light nuclei from Ref.@31#. For each residual nucleus that
can be produced, we plot the cumulative number of me
sured discrete low-lying levels, taken from the Ajzenberg
Selove@32# compilations, against excitation energy, to dete
mine the energy above which the statistical model can
used. Therefore, our calculations incorporate nonstatistic
features of nuclei by explicitly including their discrete leve
energies, spins, and parities, up to a certain excitation ene

FIG. 9. Measured double-differential cross sections at seve
laboratory angles~open dots! for 12C(n,ax) reactions at 72.8 MeV
incident neutron energy. Continuous line histograms are theoreti
calculations of the present work.

FIG. 10. Same as in Fig. 9 for the case of12C(n,tx) reactions.
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~typically of about 10 MeV!. Exact nuclear masses are use
to determine particle separation energies so that energy c
servation is fulfilled at each stage in the sequential decays

Angular distributions for continuum particle emission
were obtained by using the phenomenological systematics
Kalbach@33#, which use a symmetric-about-90° distribution
for equilibrium ejectiles, and a forward-peaked angular dis
tribution for the preequilibrium ejectiles. Recently a physica
basis for these systematics, which represent the multist
direct angular distributions in terms of an exponential i
cosu, has been presented@34#. The double-differential emis-
sion spectra are first obtained in the channel energy fram
~the center of mass of the ejectile and residual nucleus!, and
are subsequently transformed into the laboratory frame usi
two-body kinematics. For a target nucleus as light as carb
the effect of this transformation on the spectra is large, an
while our assumption of two-body kinematics breaks dow
at low emission energies, we expect that the errors intr
duced are small.

V. COMPARISON BETWEEN EXPERIMENT
AND THEORY

The cross sections in Figs. 2–7 can be compared with t
UC Davis data from Ref.@3# and the results from model
calculations. Figures 8–10 show double-differential cros
sections for12C(n,ax) and12C(n,tx), in 3 MeV energy bins,
at several laboratory angles and incident neutron energ
~note the change of scale from one angle to another!. The
experimental data of Ref.@3#, shown as open triangles, are
seen to be rather consistent with our measurements. Cal
lations using the theories in theFKK-GNASH code are shown

ral

cal FIG. 11. Measured double-differential cross sections at seve
laboratory angles~open dots! for the 12C(n,px) reactions at 62.7
MeV incident neutron energy@1#. Continuous line histograms are
theoretical calculations of the present work. Experimental results
Ref. @3# at 60.7 MeV are shown as open triangles. Calculations
60 MeV neutron energy from Ref.@6# are shown as continuous
lines.
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1316 53SLYPEN, CORCALCIUC, MEULDERS, AND CHADWICK
as solid histogram lines, and the calculations of Brenner a
Prael @6# using the intranuclear cascade codeINCA ~which
includesa clustering and particle pickup, followed by Ferm
breakup!, are shown as continuous lines. It is worth mention
ing that no supplementary normalization was used in Fig
8–10 between theory and our experimental cross section

The 12C(n,ax) cross sections at 42.5 and 62.7 MeV ar
shown in Fig. 8, for laboratory angles of 20°, 40°, and 60
The overall agreement between the calculations and the
perimental data is seen to be rather good, for both the sha
and the magnitude of the cross sections. The Brenner a
Prael calculations@6# though, appear to underpredict the dat
at the higher emission energies, for the larger angles. At 72
MeV there are no other experimental or theoretical results
be compared with our data. In Fig. 9 our calculations aga
describe the 72.8 MeV measured12C(n,ax) spectra fairly
well. Figure 10 compares the experimental triton spectra
72.8 MeV with our theoretical cross sections. Agreement b
tween theory and measurement is poorer here, especially
20° and 60°. Nevertheless, these cross sections are v
small, and as discussed in Sec. IV it is difficult to accurate
model triton emission. The preequilibrium cluster emissio
model does account for the presence of high-energy trito
above the evaporation region but the details of the measu
spectra are not well reproduced.

Although proton emission is not the main subject of th
paper, Fig. 11 shows the calculated proton spectra at 63 M
compared with our previous results@1#, the UC Davis values

FIG. 12. Laboratory frame experimental energy-differentia
cross sections~open dots! for a production at the three incident
neutron energies. Full line histograms are the corresponding mo
calculations of the present work. The open triangles are experim
tal results of Ref.@3# at 39.7 and 60.7 MeV. The continuous lines
show the model calculations of Ref.@6# at 40 and 60 MeV incident
neutron energies.
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@3#, and Brenner and Prael’s calculations at 60 MeV. Sin
the calculated proton cross sections influence the results
a and triton emission, it is important that these calculatio
should account for the measurements. The present calc
tions describe the data fairly well except at 20° where th
underpredict the data~since the Kalbach angular distribution
systematics cannot account for such a large increase in
cross sections at very forward angles!. The Brenner and Prael
calculations describe the data well at this angle, but agr
ment is poorer at the other angles.

Energy-differential cross sections~in the lab frame! are
presented in Fig. 12 fora emission, and in Fig. 13 for triton
emission, for the three incident neutron energies. They
obtained by a solid angle integration of the data shown
Figs. 2–7. Figures 12 and 13 show for comparison the c
responding experimental values of Ref.@3# for 39.7 and 60.7
MeV, and theoretical predictions from theFKK-GNASH code
~histograms! and from Brenner and Prael~continuous lines!.

l

del
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FIG. 13. Same as in Fig. 12 for the case of12C(n,tx) reactions.

TABLE I. Total cross sections for triton anda-particle produc-
tion induced by neutrons of 42.5, 62.7, and 72.8 MeV on carbo
Uncertainties are discussed in the text. Theoretical values are
shown for comparison.

Neutron
energy
~MeV!

s(n,tx)
expt.
~mb!

s(n,tx)
theory
~mb!

s(n,ax)
expt.
~mb!

s(n,ax)
theory
~mb!

42.5 20.065.5 27.1 414.26129.5 426.8
62.7 20.764.5 22.0 301.06 87.2 300.4
72.8 24.465.6 26.9 266.96 75.6 269.5
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TABLE II. Integrated cross sections above the experimental threshold cutoff energy~Ethresh! for triton anda-particle production induced
by neutrons of 42.5, 62.7, and 72.8 MeV on carbon. Theoretical values are also shown for comparison.

Neutron
energy
~MeV!

Ethresh
~MeV!

s(n,tx).Ethresh
expt. ~mb!

s(n,tx).Ethresh
theory ~mb!

Ethresh
~MeV!

s(n,ax).Ethresh
expt. ~mb!

s(n,ax).Ethresh
theory ~mb!

42.5 9.0 3.060.2 10.2 12.0 25.961.3 38.7
62.7 9.0 8.160.4 9.4 15.0 19.261.0 18.6
72.8 9.0 9.260.5 11.6 9.0 43.462.2 51.5
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The model predictions ofa emission agree well with the
experimental data~some underprediction of the highest
energy particles by Brenner and Prael@6# is expected since
their calculations correspond to slightly lower incident ene
gies!. In the case of triton emission~Fig. 13! theFKK-GNASH
calculations describe the data reasonably well, though th
overpredict the measurements at 42.5 MeV, and show
steeper variation with emission energy compared to the m
surements at 72.8 MeV. The calculations of triton emissi
by Brenner and Prael significantly underpredict the cro
sections at higher emission energies.

The cross sections fora emission at the lower emission
energies are particularly high, and exceed the cross sect
for other charged-particle ejectiles. This is because the ti
binding of a particles results in a high probability of thei
production during the carbon fragmentation process. At t
lower incident energies, decay through one of the manya
reaction sequences is rather likely, resulting in a lar
a-particle production. At higher incident energies the 3a
cross section becomes smaller as other channels open up
the presence ofa particles in these other channels is sti
significant. Both of the model calculations account for the
large low-emission-energya-production cross sections, in
the present work using sequential Hauser-Feshbach the
and in Brenner and Prael’s calculations using Fermi break

Table I gives total cross sections for triton anda-particle
production, resulting from the integration of the energ
differential cross sections in Figs. 12 and 13. Below the e
perimental energy cutoffs, and for the energy spectra at la
ratory angles where no significant statistics we
accumulated in the measurement, the theoretical cross
tions of the present work are used to extrapolate the m
surements. We estimate the uncertainty on the theoretical
trapolations at low emission energies to be about 30
obtained by comparing differences between the present
culations and those of Brenner and Prael. The errors sho
in Table I for the deduced experimental total productio
cross sections include these uncertainties of the theoret
cross sections. Additionally, Table I shows our theoretic
values for the total production cross sections. It should
noted that because of the high values of the energy cutoff
the measurements, the theoretical corrections at low em
sion energies dominate the total cross sections~particularly
for a particles!, and hence good agreement between theo
and extrapolated experimental results is to be expected. Ta
II contains a similar comparison of experiment and theo
though only for the energy regions measured in this expe
ment, above the detector energy cutoffs. The theoretical
sults are seen to agree fairly well with the measuremen
-
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except for triton emission at 42.5 MeV where the theor
overpredicts the data.

VI. CONCLUSIONS

Triton and a-particle production energy spectra
(d2s/dV dE) resulting from the interaction of fast neutrons
on carbon, are reported at three incident energies between
and 75 MeV. Measurements were performed with good st
tistics at the fast-neutron facility of the Louvain-la-Neuve
Cyclotron, Belgium. Angular distributions were measured
laboratory angles between 20° and 160°~in steps of 10°! for
42.5, 62.7, and 72.8 MeV incident neutron energies. Ener
spectra are reported mainly for forward angles and, due
the low statistics accumulated, only upper limits could b
established for the double-differential cross sections at so
of the angles in the backward hemisphere. Energ
differential cross sections are deduced from our measur
double-differential cross sections. Overall, these data co
pare rather well with previously reported measurements fro
UC Davis @3#. However, our new results extend to a highe
incident energy than those measured at UC Davis, and co
the angular range more completely.

Our calculations using preequilibrium and equilibrium
emission theories generally describe the experimental d
fairly well. They account for the large cross sections of low
energya particles and the presence of high-energy particl
from preequilibrium processes. Triton emission is predicte
less accurately. Thea emission model calculations of Bren-
ner and Prael@6# describe the data with an accuracy compa
rable to that of the present calculations, though with poor
accuracy for triton emission since they largely underpredi
the high-energy tritons. At the incident energies studied
this work the experimental data, like the earlier UC Davi
data, generally do not show strong fluctuations with varyin
emission energy~when averaged over 3 MeV!, suggesting
the applicability of the statistical assumptions made in th
theories we use. We therefore conclude that for these in
dent energies~above 40 MeV! statistical models can be ap-
plied in the analysis of neutron reactions on carbon, partic
larly for reactions leaving residual nuclei with excitation
energies above about 10–15 MeV when the nuclear lev
density becomes sufficiently high.

A limitation of the present work is its application of the
Kalbach cluster preequilibrium model which, although abl
to account for many features of the measured high-energya
and triton spectra, is somewhat phenomenological in natu
A high priority for future research is the development of
theory for preequilibrium cluster emission which is grounde
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in a microscopic derivation. Some recent progress has b
made in this direction, including theories based on coa
cence models@35#, and phase space models@36#, but further
progress is still needed to yield a theory possessing a h
degree ofa priori predictability.

Only illustrative examples of detailed experimental resu
have been presented here. Complete measured do
differential production cross sections may be obtained in
merical form from Dr. I. Slypen. A comprehensive and d
tailed description of the experiment, data reducti
procedures, and experimental results has been reporte
Ref. @37#.
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