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Energy spectrédouble-differential cross sectionfr proton, deuteron, triton, and-particle production in
fast neutron induced reactions on uranium are reported for several incident neutron energies between 25 and 65
MeV. The spectra were obtained at nine laboratory angles between 20° and 160° and extrapolated and inter-
polated to other ten angles suitably covering the laboratory angular domain of 0° to 180°. The experimental
setup and procedures for data reduction including corrections and normalization are presented and discussed.
Based on the obtained double-differential cross sections, energy-differential and total cross sections are de-
duced as well. Theoretical calculations are basednxsH and TALYS nuclear reaction codes which integrate
the optical model, direct, preequilibrium, fission, and statistical nuclear reaction models in one calculation
scheme.
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I. INTRODUCTION Il. EXPERIMENTAL METHODS AND DATA ANALYSIS

. The general layout of the fast neutron beam facility at the
Results of measurements on light charged particleP) | \\ain-ja-Neuve CyclotroriFig. 1) has been described in

production for fast neutron induced reactions in the incidenyygtail in Refs[1-3]. The 65 MeV accelerated proton beam
energy range of 20 to 80 MeV are rather scarce in the literajs focused on a water-cooled 3 mm thick natural lithium
ture due to specific experimental difficulties. The present pagarget which produces a secondary beam of neutrons. With a
per reports measurements of inclusive light charged particigroton beam current of I0A, about 18 neutrons/crfy's are
emission spectra from natural uranium, at several incidendyailable on the target situated in a first reaction chamber at
neutron energies in the range of 25 to 65 MeV. The experi3 28 m downstream from the lithium target. The neutron en-
ment was performed at the fast neutron facility of theergy spectrum at 0° consists of a well-defined peak located
Louvain-la-Neuve Cyclotron CYCLONE. The results on fastat 62.7 MeV of 2 MeV full width at half maximum
neutron induced light charged particle production on ura{FWHM), which contains about 50% of all neutrons, fol-
nium shown here are the first reported in the literature in thdowed by an approximately flat continuum of lower energy
25 to 65 MeV incident neutron energy range. neutrond 3]. In the main peak there are about 10 times more

In addition to the basic nuclear physics interest, the neuneutrons/MeV than in the neutron lower energy continuum.
tron induced reactions above 20 MeV are very important for The first reaction chamb&b03 mm in diameterhas nine
the Accelerator Driven Systentmainly transmutation of ra- different ports to accommodate the holding system of the
dioactive waste and alternative energy produdtitirat are  telescopes. Six charged particle telescopes were used simul-
under development. taneously during the experiment. Each of them consis(s of

Inclusive energy spectra and their angular distributionsa AE-type detecto(NE102 plastic scintillator, 0.1-mm thick,
(double-differential cross sectionfor light charged particle 4 cm in diameterviewed by a XP2020 photomultiplier via a
(proton, deuteron, triton, and-particle emission from fast lucite light guide, andii) an E-type detectdiCsI(TI) crystal,
neutron reactions induced on uranium are reported at th22-mm thick, 38.1 mm in diametgr connected to a
following incident energies: 2551.5, 28.5:1.5, 31.5 XP2262B photomultiplier. The E detector stops the protons
+1.5, 34515, 37.5:15, 41.0:2.0, 45.0:2.0, 49.0 with energy up to 80 MeV. A time-coincidence condition
+2.0, 53.5-2.5, and 62.72.0 MeV. The measurements imposed between thAE and E detectors leads to the sup-
were done at nine laboratory angles: 20° to 70° in steps opression of an important part of the otherwise high counting
10° and at 110°, 140°, and 160°. rate background produced in the experiment.

In Sec. Il, the experimental setup and the data reduction A natural uranium target of €6 cn? surface and 0.18
procedures, including normalization and corrections to thenm thick was used for the measurements. The angle of the
measured spectra, are discussed. Basic ingredients for th&rget surface relative to the beam direction was chosen in
theoretical calculations are presented in Sec. Ill. The experierder to minimize the path of the produced light particles in
mental results and comparison with theoretical calculationsheir travel to the detectors.
are shown in Sec. IV. Conclusions are given in Sec. V. The protons and deuterons recoiling from respectively
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Proton calibration for tritons andy-particles as well.
Beam For charged particle discrimination, a twofold separation
L procedure was appliedi) by using the energy information
Li target \ _ from AE-E telescopes an@i) by two different charge inte-
Il Beam pick-off gration of the Csl signdl3,5,6]. In the latter case, the signal

\ was integrated during a fast gat®00 ns wide and a slow
) | _ gate(2700 ns wide A combined use of the two procedures
Bending | [3] allows a reliable low energy background elmination and a
i [z] good separation of the reaction products over their entire
energy range. Figure 2 presents a particle separation spec-

¢ trum in slow vs fast component representation, taken at 20°,
|
|
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F before(a) and after(b) the elimination of the background.
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Iron Two beam monitoring systentsig. 1) were used. Behind
the lithium target, the incident proton beam was deflected by
‘\ a magnetic dipole and integrated into a water cooled Faraday
! cup. Downstream from the first reaction chamber and

! coupled to it, there is a second reaction chan{bég. 1) in

! _ 328 m which a 1.0 mm thick polypropylene target was placed. A

! ' charged particle telescop2 mm thick NE102 scintillator as

‘ @ AE detector and a C@ll) crystal as E detectpregistered
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_ ton peak served as beam monitors during the measurement
[3]. The two monitoring systems were in very good agree-
ment(less than 2% differencgsluring the experiment.

A total time of flight (TOF) between a capacitive beam
pick-off located upstream from the neutron producing target
(Fig. 1) and theAE detector is measured for each charged
particle event in a telescope. Knowing the energy of the
charged particléfrom the energy calibrationand its flight

path (distance from the target to th&E detectoy, one cal-
Telescope AE-E Ve T culates the time of flight for each charged particle event
NG which, when subtracted from TOF, gives the neutron time of
\ Q 60 0.98 m flight, hence the energy of the corresponding incident neu-
' tron [3,7-9. In this way, the incident neutron energy spec-
i trum corresponding to each particle type is reconstructed at

Second reaction

each detection angle. In Fig. 3 the inset presents an incident
chamber

neutron energy spectrum reconstructed from all the proton
events recorded at 20° laboratory with the uranium target.
(CHy)y, target Based on the time resolution in the experimem8 n9, a
selection of only those charged particles induced by a spe-
cific incident neutron energy bin is performed. As an ex-
ample, Fig. 3 illustrates the selection of the proton events
FIG. 1. General layout of the fast neutron facility at the induced by respectively the neutrons of the main peak
Louvain-la-Neuve Cyclotroitnot at scalg (hatched areaand the neutrons of 41#2.0 MeV energy
(double hatched argdTlhe statistics in the experiment corre-
1.0 mm thick polypropylene and 0.6 mm thick deuteratedsponds to a total acquisition time of about 97 h for the for-
polypropylene targets were used for energy calibration. Theward angles and 185 h for the backward angles, with about
were recorded at laboratory angles from 20° to 70° in step42x 10 ® A mean proton beam on the lithium target.
of 10°, for each of the six telescopes. Thénkbh) scattering The absolute normalization of the measured spectra is
is registered with good statistics, for a precise determinationlone relative to Ih,p) scattering cross sectiof40]. With
of differential cross sections to be subsequently used as @ach of the six telescopes, angular distributions forrthe
reference. An extra calibration point was obtained with a 5.5cattering were measured during the experiment at six labo-
MeV a-source. The set of calibration points thus obtainedratory angles between 20° and 70°. Therefore, for each tele-
was used together with a three-parameter formd#eb] ina  scope, six normalization points are determined, and the nor-
simultaneous fit to provide the calibration curves for all fourmalization factor is taken as their mean value. Generally, the
types of light charged particles measured in the experimenspread of these values around the mean was less than 2%.
This formula relates the Csl light response to the energy oNormalization factors of the order 28102 mb/MeV/sr
each type of detected particle, allowing a reliable energyare obtained for charged particle events induced by neutrons

Beam monitor
telescope AE-E
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in the main peak for the forward anglésnd about half this get corrections. The program includes energy losses in the
value for the backward anglesConsidering ten counts in an target material and in thAE detector, threshold of the E
ejectile energy bin of 2 MeV, this corresponds to aboutdetector(about 1.5 MeYV, reaction kinematics, neutron beam
10~ 2 mb/MeV/sr indicating an inferior detection limit of the energy width, neutron beam profile, target-detector geometry,
measurement, with an associated 33% statistical uncertaintsind the geometry of the collimation system of the detectors.
For data obtained at incident neutron energies from the flaThe collimation of each charged particle telescope corre-
continuum of the incident neutron energy spectrum, this limitsponds to an angular opening of 2°—3°. The calculated thick
becomes about ten times higher, due to the fact that there atarget correction factors for each of the charged particle
about 10 times less neutrons in a low incident neutron energgroducts are mean values over the energy spread introduced
bin than in the main peak. by the target material and th&E detector.

The thickness of the target and of th& detector and the The detection energy thresholds in the experiment were
threshold of the E detector limit the detection of the low mainly given by the thickness of th®E detector and corre-
energy charged particles. Only fractions of the entire targespond to about 6 MeV for hydrogenlike ejectiles and 12
thickness towards the detector produce particles with enougkleV for a-particles. The respective values of the Coulomb
energy to be detected. A Monte Carlo simulation program obarriers are about 15 and 28 MeV for the uranium nucleus.
the experimenf11] calculates the solid angles and thick tar-  The reported cross sections for theparticle include the
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The inset shows the incident neutron energy spec-

trum reconstructed from all proton events at 20°.
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3He events that could not be separated from dhparticle ~ vide the necessary reaction cross sections and transmission
events (Fig. 2. Nevertheless, their contribution is much coefficients for the statistical model calculations. The
smaller than that of the:-particles, being within the experi- ground-state rotational band states-82*—4™", were in-
mental errors. This conclusion is also supported by the thecluded as collective coupled channels. More extensive
oretical calculations. A detailed description and discussiortoupling-schemeéncluding various vibrational baniiexist
about the procedures used for data reduction is given in Refgor uranium, but these are not expected to be of importance
[3,7-11. for the smooth high-energy continuum spectra that we ana-
lyze here. Collective transitions to the continuum were taken
Ill. THEORETICAL BASIS into account by contributions from the giant quadrupole and
the low-energy and high-energy octupole resonances, whose

It has become customary to compare experimental data afeformation parameters were determined from the respective
the type presented in this paper to intranuclear cascade modnergy weighted sum rules. This effect, however, only shows
els or to calculations based on exciton models. In this latteup in the neutron channel and has a minor eff@atly in
case, taking into account the complexity and number of theerms of reducing the overall fluxn the charged-particle
open channels, a computational scheme is invoked whicbhhannels. For the outgoing proton channel, the proton global
consists of direct plus preequilibrium reaction calculationoptical model parameters were ug@®d]. For complex par-
followed by the subsequent compound nucleus decay of aticles, the optical potentials were directly derived from the
possible residual nuclides by means of the Hauser-Feshbaclucleon potentials using Watanabe’s folding appro&d.
statistical model. Basically the intranuclear cascade models Since the Coulomb barrier strongly inhibits compound
are supposed to work at higher incident energies than theucleus evaporation, differences in transmission coefficients
ones this paper is concerned with. In the comparison of tharising from different optical models have almost no effect
present experimental data, theoretical results obtained witfor the reactions studied here. The only optical model related
two nuclear reaction codesNAsH [12] andTALYs [13] were  difference might come from the inverse reaction cross sec-
used. WhileGNAsSH was widely applied in the last years, tions that enter the expression for the ejectile cross section in
TALYS is a new code under development. Both codes intethe exciton model and the neutron reaction cross section at
grate the optical model, direct, preequilibrium, fission andthe incident energy, which acts as an overall scaling factor in
statistical nuclear reaction models in one calculation schemthe particle-hole state density.
and thereby give a prediction for all the open reaction chan- Preequilibrium emission takes place after the first stage of
nels. The purpose is to simulate nuclear reactions that inthe reaction but long before statistical equilibrium of the
volve neutrons, photons, protons, deuterons, tritotide,  compound nucleus is attained. It is imagined that the incident
and a-particles in the 1 KeV—-200 MeV energy range. Pre-particle step-by-step creates more complex states in the com-
dicted quantities include integrated, single-, and doublepound system and gradually loses its memory of the initial
differential cross sections, for the continuum and discreteenergy and direction. In the exciton modeR,23, at any
states, residual production and fission cross sectipiigy ~ moment during the reaction, the nuclear state is characterized
production cross sections, etc. In this work, total, single- andy the total energy and the total number of particles above
double-differential cross sections are of interest. and holes below the Fermi surface. Partigf@sand holegh)

The compound nucleus decay using Hauser-Feshbach stare indiscriminately referred to as excitons. Furthermore, it is
tistical approach requires the determination of the transmisassumed that all possible ways of sharing the excitation en-
sion coefficients for particle emissions, from zero to theergy between different particle-hole configurations with the
maximum of the emitted particle energy. The calculationssame exciton number=np+h have equah priori probabil-
begin with the extension of the optical potentials in order toity. To keep track of the evolution of the scattering process,
describe the scattering of the various particles involrezi-  one merely traces the temporal development of the exciton
trons and the four types of charged particles studied)herenumber, which changes in time as a result of intranuclear
over a large energy range. two-body collisions. The basic starting point of the exciton

For theGNASH calculations, data on total and differential model is a time-dependent master equation, which describes
elastic, nonelastic, and total cross sections were compiled fadhe probability of transitions to more and less complex
heavy nucle{14]. These data were compared to the opticalparticle-hole states as well as transitions to the continuum
model calculations performed with the spherical optical(emission. Upon integration over time, the energy-averaged
model codescat2[15]. For protons and neutrons, the optical emission spectrum is obtained. These assumptions make the
model parameters for ledd6] were modified by adjustment exciton model amenable for practical calculations. The price
to the uranium experimental data. The transmission coeffito be paid, however, is the introduction of a free parameter,
cients were obtained from the potential of Bojowatal. = namely, the average matrix element of the residual two-body
[17] for deuterons, from the potential of Becchetti-Greenlessnteraction, occurring in the transition rates between two ex-
[18] for tritons, and from the potential of McFaddgt®] for  citon states.
the a-patrticles. The exciton model that is used for tligucleon, nucleon

For theTALYys calcultions, dedicated optical model poten- reactions differs betweerANSH and TALYS codes. The
tials were developed for both neutrons and protons up to 20thodel implemented IrGNASH is a one-component exciton
MeV. The used parameters were mainly derived from themodel developed by KalbadR4], with a parametrization for
global optical model parametef20]. These potentials pro- the energy dependence of the squared internal transition ma-
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trix element M, that has been validated at relatively low
incident energiegbelow 40 Me\j. There are indications that
at higher incident energies, this energy dependence is no
longer appropriate. This is indeed confirmed by tiaeys
calculations, for which an Klvalue is used which, for 63
MeV incident energy, is twice that of theNAsH calculation,
resulting in a somewhat softer spectrum at the highest inci-
dent energies, see Fig. 4. This result is not surprising—so far,
matrix element parametrizations have been used that depend
on energy through B2 or E~3 [24,25, which is basically
equivalent to stating that at high incident energies there is no
intranuclear scattering to more complex stages. It is more
likely that matrix element will flatten, and maybe tend to a
constant value, as a function of enef@p]. The exact form
for this energy dependence is however still unknown. The
numerical value of M is not the only difference between the
used methods. The default preequilibrium modetafrs is
the two-component exciton model of Kalbag®5]. In the
two-component model, the neutron and proton type of the
created particles and holes is explicitly followed throughout
the reaction.

Following Ref.[25], the exciton model cross section is

given as
dGEM N
d—Ek:(TCF 20 Eowk(pﬂ'1hw1pvihV’Ek)

Pz=P; P,=P,

Xspre(pw-hvawhv)1 (1)

wherep..(p,) is the proton(neutron particle number and
h.(h,) the proton(neutron hole number. The initial proton
and neutron particle numbers g&=2Z, andp%=N,, with

Z,(Np) the proton(neutron number of the projectile. Gen-
erally, h,=p,—p° andh,=p,—p? so that the initial hole
numbers are zero, i.eh®=h%=0 for primary preequilib-

(dashed linesand TaLys (continuous lines code calculations are rium emission. We adopp$®=p®%=6 , implying that the

shown.

TABLE |. Experimental and theoretical total production cross sections of this work for the four LCP
types. The theoretical values féHe production are given in parentheses in thearticle column.

(= o(n,px) o(n,dx) o(n,tx) o(n,ax)

(MeV) (mby) (mb) (mb) (mb)
Exp. TALYS Exp. TALYS Exp. TALYS Exp. TALYS

62.72.0 36727 346.9 9211 66.2 416 29.3 72-16 33.7(2.5
53.5+2.5 329+-68 270.8 10537 48.5 4417 23.6 5429 25.1(1.7)
49.0+2.0 27156 243.8 7&¢25 42.2 45-19 21.3 3720 22.1(0.7)
45.0+2.0 246-48 219.9 67-22 36.5 3311 19.1 36-18 19.4(0.4)
41.0:2.0 214+ 43 195.7 5817 31.0 3211 17.1 2815 17.4(0.2
37.5+1.5 189-43 168.1 5116 26.2 26-14 16.0(0.1
345+1.5 159+ 36 143.2 3&11 22.7 2413 17.4(0.1
31.5+1.5 136:31 115.8 3610 19.1
28.5+1.5 11126 87.4 299 15.5
255+1.5 87+23 60.1
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FIG. 5. Same as Fig. 4 for the deuteron emission at nine inciderf€actions at 20° laboratory angle, for the indicated five incident
neutron energies. neutron energiesfilled dots, in bins of 3 MeV. GNAsSH (dashed

lines) andTAaLys (continuous linescode calculations are shown.

preequilibrium part is calculated by E(fl), whereas the re-
mainder of the reaction flux is distributed through themore flexibility in parameter adjustment. A proton-neutron
Hausser-Feshbach model. The emission rate for the ej&ctileratio of 1.0 for the squared internal transition matrix ele-

is given by ments was adopted to give the best overall agreement with
experiment, i.e., Ml_=M?2 =M?2 =2.31x10 ¢ MeV?, for
2s,+1 the first 2p1h configuration, where and v stand for proton
oK(Pr NPy B = 273 i ind Bi) and neutron, respectively. Partial level density parameters
0,=Z/15 andg, = N/15 were used in the equidistant spacing
y o(Pr—2Z¢,h,,p,—Ng,h, Ey) model for the partial level densities.

’ At incident energies above several tens of MeV, the re-
sidual nuclides formed after binary emission may contain so
(2 much excitation energy that the presence of further fast par-
ticles inside the nucleus becomes possible. The latter can be
whereay in(Ey) is the inverse reaction cross section as calimagined as strongly excited particle-hole pairs resulting
culated from the optical model and the two component from the first binary interaction with the projectile. The re-
particle-hole state density. For the expressiorwoénd the  sidual system is then clearly nonequilibrated and the excited
time-integrated strength,Q, which determines how long the particle that is high in the continuum may, in addition to the
system remains in a certain exciton configuration, see Refirst emitted particle, also be emitted on a short time scale.
[25]. The expression for 3 contains the adjustable transi- This so-called multiple preequilibrium emission forms an al-
tion matrix element M for each possible transition between ternative theoretical picture of the intranuclear cascade pro-
neutron-proton exciton configurations. A two-componentcess, whereby this time not the exact location and momen-
model, apart from being more physically sensible, allowstum of the particles is followed but instead the total energy

o(p,.,h,.p,.h, ,E®)
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preequilibrium emission is followed up to arbitrary order,
though for the incident energies considered in this experi- 5
ment, only secondary preequilibrium emission is significant. &

=
=2

For preequilibrium reactions involving deuterons, tritons, «°
helium-3 anda-particles, a contribution from the exciton

b

P
N
[ B B R

LI L L I B B

Feo—

mb sr

160°

b
o
)

110°

o
O

model is automatically calculated both withnASH and 0101~

TALYS code using the phenomenology developed by Kalbach -

[27]. It is, however, well known that for nuclear reactions .05

involving projectiles and ejectiles with different particle | J/H\MLM

numbers, mechanisms such as stripping, pick-up, and knock- ool Al } oS N T R A L
0 10 20 30 40 0 10 20 30 40

out play an important role and these directlike reactions are
not entirely covered by the exciton model. Therefore, Kal-

bach [28] developed a phenomenological contribution for  FiG. 9. Measured double-differential cross sectiéiied dots
these mechanisms, which is includedriys. It is shown in  in bins of 2 Me\) at four laboratory angles fain,dX reactions at
the present worksee Table)l that this method gives a con- 49.0 MeV incident neutron energgnasH (dashed linesandTaLys

siderable improvement relative ®NASH calculations. The (continuous linescode calculations are shown.

Deuteron energy (MeV)
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FIG. 10. Measured double-differential cross sectiditied dots = H L “ L
in bins of 3 MeV) at four laboratory angles famn,tx) reactions at 0'0: T
62.7 MeV incident neutron energgnNAsH (dashed lingsandTALys C *
(continuous linescode calculations are shown. 1=
more justified but also to a quality of fit which is, at least for e
a-emission, comparable to the one obtained here. S
To account for the evaporation peaks in the charged- o
particle spectrgwhich are present, though smalmultiple 104
compound emission was treated with the Hauser-Feshbach Outgoing particle energy (MeV)

model. In this scheme, all reaction chains are followed until _ _ _ _
all emission channels are closed. The compound nucleus cal- FIG. 12. Energy-differential cross sectionso{dE) (in 2 MeV

culations require low-lying and continuum nuclear level in-Pins for proton and deuteron and 3 MeV for triton ameparticle
production at 62.7 MeV showing contributions of primary preequi-

librium (dotted line$, multiple preequilibrium(dash-dotted lings
+*“ 20° 50° and compound reactioridashed lines At high energy in the deu-

teron spectrum a small pea#tots represents direct pick-up contri-
bution.

.

formation for all the nuclear species that can be produced in

T: the reaction chain. At low excitation energies, experimental
= - nuclear level informatiorienergies, spin, parities, andray
Ty Al P | + PN decay branching ratipsare used19]. For bothGNASH and
g 10 ‘*““‘”0 7‘“""‘“”M‘”“””“”‘”“1‘6‘0‘0‘ TALYS calculations, Ignatyuk’s modg¢B0] was adopted for
St L the total level density to account for the damping of shell
N% B E effects at high excitation energies.
c LT r It is known that semiclassical models, such as the exciton
a3 3 model, have always had some problems to describe angular
r r distributions(essentially because it is based on a compound-
0’ L = like concept instead of a direct onéherefore, in both the
F F GNASH and TALYS codes the calculated energy spectra were
B AP IPPRTT NN | A\ PSR ATV VPRI Sy PR IPPTY folded with Kalbach’s systematid81] for the angular dis-
0 10 20

30 40 50 60 700 10 20 30 40 50 60 70 tributions. Moreover the results given by the two codes are
a—particle energy (MeV) . . -
obtained in the center-of-mass system of the recoiling

FIG. 11. Measured double-differential cross sectiited dots ~ Nucleus plus outgoing particle. Assuming two-body kinemat-
in bins of 3 Me\) at four laboratory angles fom(ax) reactions at  iCs, the output data as function of channel energy were trans-
62.7 MeV incident neutron energgNasH (dashed linesandTaLys  ferred to data as function of laboratory outgoing particle
(continuous linescode calculations are shown. energy.
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FIG. 13. Energy-differential cross sectionss{dE) (in bins of 2

MeV) for (n,pX reactions(filled dots. GNAsH (dashed lingsand FIG. 14. Same as Fig. 13 for the deuteron case.
TALYS (continuous linescode calculations are shown.

IV. EXPERIMENTAL RESULTS AND THEORETICAL a-particles(filled dots vs the incident neutron energy. The
' CALCULATIONS dashed lines show calculations with tB&asH code while

continuous lines show calculations with theLys code (a

Double-differential cross sections 4@/ dQQdE) were convention that is consistently respected throughout this ar-
measured at nine laboratory angles between 20° and 160° fticle). Both calculations give a fair description of the proton
proton (p), deuteron(d), triton (t), and a-particle (@) emis-  spectra. Nevertheless, at lower incident neutron energies the
sion, at the incident neutron energies listed above. The overaLys calculations describe better the absolute magnitude of
all relative uncertainties of the experimental points in thethe experimental cross sections.
spectra are about 7, 12, 20, and 22 % ford, t, and «, For increasingly complex ejectilédeuterons, tritons, and
respectively, for 62.7 MeV data. They are mainly given by a-particle3, GNASH underestimates strongly the experimen-
the statistics in the spectra. At lower ejectile energies, theal data whileTaLys calculations reproduce the order of mag-
thick target correction$11] contribute with supplementary nitude and the shape of the spectra except for the low ejectile
uncertainties. For all the other incident neutron energiegnergy partparticularly in thea-particle casg
(continuum these values are between 2 and 3 times higher Figures 8—11 give a sampling of the angular distribution
as a consequence of a lower incident neutron flux. of the energy spectra at four laboratory anglespg@ndd at

The uncertainty of the cross section absolute scale ig1 and 49 MeV, respectively, artdand a-particles at 62.7
about 7—-8 %, due to uncertainties in the measured referend#eV incident neutron energies. The angular distributions are
(n,p) cross sectiong%), beam monitoring2%), statistics in ~ strongly forward peaked. BotliNASH and TALYS calcula-
the H(n,p) recoil proton peak2-5%, solid angle correc- tions describe well the proton spectra. For complex ejectiles,
tions (1%), number of target nuclgil%), etc. GNASH results strongly underestimate the experimental cross

Figures 4-7 show the double-differential cross sectionsections.TALYS calculations reproduce better the order of
(energy spectpa at 20° laboratory forp, d, t, and magnitude and shape of the experimental spectra. Neverthe-
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FIG. 16. Same as Fig. 15 for the,(Xx) reactions.

FIG. 15. Same as Fig. 14 for tHa,tx) reactions but in energy

bins of 3 MeV for the outgoing particle. multiple preequilibrium contributior(43 mb, whereas the

compound contributiorf2 mb) is strongly inhibited by the
less, the angular distributions are not well reproduced reflecttoulomb barrier. The total experimental value is 367
ing the fact that Kalbach's systemati&l] does not include =27 mb (Table ). In the deuteron case the small peak at
this new experimental information, which was not availablehigh energies represents direct reaction contributjoick
when Kalbach’s systematics was done. up).

For each energy bin of the outgoing light charged particle A common feature of th&NASH and TALYS code is that
spectra, the experimental angular distribution was fitted by @harge exchange or pick-up reactions to individual states of
simple two parameter formulaexp(cosé). This allows the final nucleus are not treated individually within an ex-
one to extrapolate the double-differential cross sections glicit independent-particle approach. Rather, a smeared out
very forward (2.5° and 10°) and very backward (170° andcontribution to these states is estimated from a continuum
177.5°) angles, and to interpolate for the missing angles. Ipreequilibrium model, after which the strength is “col-
this way, a good covering of the laboratory angular range Oapsed” on the various discrete states. This explains the
to 180° is obtained. For each incident neutron energy, btructure at the high-energy end of the calculated spectra for
angle integration of the above mentioned angular distribusome ejectiles.
tions, the corresponding energy-differential cross sections Figures 13—16 show the energy-differential cross sections
(do/dE) are obtained. Figure 12 presents the energyfor the light charged particles at all incident neutron energies.
differential spectra fop, d, t, anda-particles at 62.7 MeV In the proton case, the two codes agree between themselves
incident neutron energy, compared to calculations fromand give a good description of the spectra. Nevertheless at
TALYS for different components from various reaction lower incident neutron energigsLys agrees better with the
mechanisms. Fad, t, anda-particles the multiple preequi- data thanGNASH calculation does. As observed above, for
librium contribution is negligible. In the proton case, the complex outgoing particlesALYyS code gives a better de-
primary preequilibrium contribution is the most importéat  scription of the order of magnitude of the cross sections. At
total of 301 mb. At this energy, there is a non-negligible low ejectile energies, especially in theparticle case the
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Fig. 17 together with the theoretical values calculated by
GNASH and TALYS code. For thea-particle case, th@aLys
theoretical values include théHe contribution(included as
well in the experimental valugsNevertheless, these contri-
butions are small and within the experimental uncertainties.
Compared taGNASH nuclear reaction code, thewLys code
shows a dramatic improvement especially for complex par-
Ly ticle emission. This is due to the improved model by Kalbach
[28] included in theTALys calculation compared to the older
approacH 27] of GNASH.

200 —

-
\\\‘\\\\

100

50 V. CONCLUSIONS

In the present paper, a consistent experimental data set for
light charged particle emission induced by fast neutrons on
- natural uranium is reported, covering the incident neutron
5ol energy range 25 to 65 MeV. Experimental double-differential
L + + + cross sections €ad/dQdE), energy-differential (a/dE),

(=]
—
S
Lo
Lo

ot (mb)

and total production cross sections are obtained for the four
L / types of outgoing particles at several incident neutron ener-
gies. Unfortunately there are no similar data from the neu-
o~  mmmmmmmms tron or proton induced reactions to compare with.
Lo b b b b The comparison of experimental data to the theoretical
o calculations done with the two nuclear reaction codes
(GNAsSH andTALYS) show clearly that theaLys code gives a
+ better agreement with the experimental data especially for
complex ejectilgtritons anda-particle emission. The entire
difference between the predicted spectra by the two nuclear
reaction codes can be attributed to the treatment of the pre-
_______________ equilibrium reaction mechanism. This is due to Kalbach’s
Lo b b b L improved mode[28]. In the older approacf27], the acces-
2 30 40 50 60 sible state density for the final nucleus only contains a con-
Incident neutron energy (MeV) tribution from the particle-hole configuration that is directly
determined by the transfer reaction under consideration. In
(n,px), (n.dx), (n,tx), and {,ax) reactions on natural uranium the extended mode, configurations that result from excita-

vs incident neutron energy compared to values calculatesNbgH tions of up to three particle-hole pairs are also included.

andTALYS nuclear reaction code. For numbers please see Table I. |P/I0reover, _f'n'te WeII-dep_th and surface effects are included
the a-particle case, th@aLys theoretical curve includes théHe in the particle-hole densities of the transfer model. We used

contribution. this model without any adjustments, giving a description of
the data that is good up to 30—40%. One expects this pre-
calculated cross sections strongly underestimate the expeuictive power for complex particle emission to hold up to
mental values. about 80 MeV of incident energy. At higher energies, the
By integration of the energy-differential spectra, the totalmodel needs more validation and it is expected that forth-
production cross sections are obtained. These values ao®ming measurements will bring some clarification.
listed in Table I. The uncertainties associated to the experi- From the complex particle angular distributions, it is clear
mental total cross sections for triton andparticle emission that Kalbach’s phenomenological description of angular dis-
are rather high particularly for the neutron energies from thdributions needs to be revised. The description of the angle-
low energy continuum of the incident neutron energy specintegrated spectra is quite good, whereas there are some dif-
trum. For tritons this is due to cumulated effects(gfthe  ferences between the calculations and experiment for the
rather low cross sections to be measured, therefore the lodouble-differential spectra. This is not surprising, since the
statistics accumulated an(d) the low intensity of the neu- present work is part of a whole new class of recent
tron beam especially for energies from the low energy con{n,xLCP) measurements, which were not available when
tinuum. For thea-particles, the low statistics accumulated in Kalbach’s systematics was constructed. A remaining problem
the experiment is also due to the important stopping poweis the theoretical description of the low-energy part of the
of the target limiting the detection od-particles to only  a-spectrum.
fractions of the target thickness, even for higher energies.  Only an illustrative part of experimental results is shown
The dependence of the total production cross sections fdn this paper. Complete data can be obtained from one of the
the four ejectiles vs incident neutron energy is presented iauthors(E.R).

50

FIG. 17. Experimental total cross sectioffilled doty for
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