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Nucleon-induced reactions at intermediate energies: New data at 96 MeV and theoretical status
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Double-differential cross sections for light charged particle productign to A=4) were measured in
96 MeV neutron-induced reactions, at the TSL Laboratory Cyclotron in UpgSaladen. Measurements for
three targets, Fe, Pb, and U, were performed using two independent devices, SCANDAL and MEDLEY. The
data were recorded with low-energy thresholds and for a wide angular (a6§e-1609. The normalization
procedure used to extract the cross sections is based op#lastic scattering reaction that we measured and
for which we present experimental results. A good control of the systematic uncertainties affecting the results
is achieved. Calculations using the exciton model are reported. Two different theoretical approaches proposed
to improve its predictive power regarding the complex particle emission are tested. The capabilities of each
approach is illustrated by comparison with the 96 MeV data that we measured, and with other experimental
results available in the literature.
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I. INTRODUCTION probability versus angle and energy, which has been ob-

served experimentally. This preequilibrium process is sup-

Thel deepfundﬁrsftangmgdof nlucleon-mdfucedl reactions 'Sgosed to occur at an intermediate stage and to consist of
crucial step for the further development of nuclear reactiong, iinje nucleon-nucleon interactions that take place inside

#_h?(cj)r_y in gentlaral. Ind agcimon,lcomplete mforrpatlo? in _th'Sthe target nucleus. During that process, particle emission oc-
leld Is strongly needed for a large amount of applicationsy, ;. 4fier completion of the one-step interaction phase, i.e.,

Zu.Ch as the |n1r[13esratlon of nuhclear waste;] with aci,eliratorﬂqe direct process phase, but a long time before the statistical
fiven systems{_ ), cancer t erapy, or the control of ra- equilibrium of the compound nucleus has been reached.
diation effects induced by terrestrial cosmic rays in micro-

I cs. For thi h bl f I ind During the last 40 years, several approaches attempted to
electronics. For this reason, the problem of nucleon-inducegy o 5 theoretical description of this preequilibrium process.
reactions has gained renewed interest in the last few year

This i has b di b . 'ome of them have shown all along a good predictive power
IS Interest has been expressed in part Dy extensive expegl;; 5 \yide set of experimental energy distributions of nucle-
mental campaigns, such as those carried out by several lab

ios in E L the f K of the HINDAS Bhs emitted in nucleon-nucleus reactions. However, those
[‘E‘O”es In Europe In the framework of the Program models were unable to reproduce the experimental distribu-

.P icularl | induced . . h tions of complex particles, for which they systematically un-

5 grtlcu arly, ~nucieon-in huce ; rea}ctlons 'E t ﬁderestimate the production rates. Among them, the exciton
0-200 MeV energy range have for a long time been the,qe| of Griffin [2] is a very good example. Originally in-

subject of intensive theoretical studies. For this range, th¢.,4,ced in 1966, this model has been quickly adopted by the

first major step for the improvement of nuclear reaction mOd.'community because of its adaptability and simplicity. In an

lgLs_conssted of"t_?E_ |ntroduct|ohn ofbthe so-called d"Pre %qu"attempt to increase its capability in reproducing the complex
IOrium process. IS process has been proposed In order g, icle rates, two main approaches have been developed.
explain the smooth dependence of the particle emissio

he first one, proposed in 1973], introduces a cluster for-
mation probability during the nucleon-nucleon interactions
inside the nucleus. The second one formulated by Kalbach in

*Electronic address: blideanu@Ipccaen.in2p3.fr 1977 [4] is a completely different approach that takes into
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account the possible contributions of direct pick-up and The TSL Neutron Beam Facility
knock-out mechanisms. Marble Hall Blue Hall
Nowadays, the exciton model modified according to these | ruum rRrapisTION CLEARING
theories is the only one available to calculate energy spectri  TARGET FOSITION — MAGNET
of both nucleons and complex particles emitted in nucleon-
induced reactions at intermediate energies. In the past, bot™
approaches have been tested against data, and they bo
show satisfactory agreement with experimental distributions
[4,5]. The comparisons were made using the data available a 7R\
that moment and that concern a limited number of reaction = MAGNETS
configurations and incident energies, lower than 63 MeV.
Despite this success, several questions are still open to dis
cussion. An extended study of the influence of the entrance

MEDLEY IRRADIATION
SETUP POSITIONS
_
»
°
v

SCANDAL
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channel parameters is necessary, i.e, the dependence ont ° ' 2 3 v
incident particle type and on the incident energy has to be
investigated.

The measurements presented in this work are part of the FIG. 1. TSL neutron beam facility and the location of the detec-
HINDAS program and they concern double-differential dis-tion systems used in the experiment.
tributions of light charged particles, up #=4, emitted in

96 MeV neutron-induced reactions on three targets: irongyction target, and the other is a low-energy tail that contains
lead and uranium. Calculations for those reactions are pegphout 50% of the total number of produced neutrons, and
GNAsH code[6], and with both independent approaches pro-gata analysis, events associated with low-energy neutrons
posed respectively by Ribansky and OblozingBy and by  myst be rejected. The method employed for this rejection
Kalbach[4]. The robustness of those approaches are als@jij| pe described in the forthcoming sections. After selec-
ergies and with other targets for which experimental resultgf the order of 16 n/cn? sec. The neutron beam is colli-
view of the predictive power of each model. 10 m from the lithium target has a diameter of 8 @fig. 2.

The experimental setup used for data taking is briefly preThese characteristics impose the use of an adequate detection
sented in Sec. Il. In Sec. lll, details concerning the procesetup in order to obtain a satisfactory counting rate, keeping,
dures used to obtain the energy spectra and the cross sectigithe same time, the energy and angular resolutions within
normalization are given. The results are presented in Sec. IYeasonable limits. Two independent detection systems,
Section V is dedicated to the description of the theoretica\JEDLEY and SCANDAL, were used in our experiments.

calculations related to the particle emission in nucleon-They were placed one after the other on the beam line as
induced reactions at intermediate energies, and the predighown in Fig. 1.

tions of the models are compared to experimental data. The

conclusions of this work are given in Sec. VI.
A. MEDLEY setup

Il. EXPERIMENTAL PROCEDURE Thg first setup dovynstrgam th(_a beam was the MEDLEY
detection array, described in detail in RE]. Composed of

The experiments were performed using the neutron beamight Si-Si-Csl telescopes, this system is used to detect light
available at the TSL Laboratory in Uppsatweden, whose  charged particles up t&=4, with a low-energy threshold
facility is presented in Fig. 1. Neutrons were produced byand over an angular domain ranging from 20° to 160°, in
"Li(p,n)"Be reactions using a 100 MeV proton beam im-steps of 20°. The telescopes were placed inside a vacuum
pinging on a lithium target. The beam monitoring was pro-reaction chamber of 100 cm diameter. The arrangement of
vided by a Faraday cup where the proton beam was dumpatie eight telescopes inside the chamber is given in Fig. 3. For
and by a fission detector composed of thin-film breakdowrthe MEDLEY setup, the reaction target was placed at the
counterg[7] placed in the experimental hall. The stability of center of the chamber and was tilted 45° with respect to the
the beam was checked regularly during the data taking. Theeam direction, in order to minimize the energy loss of the
deviations found between the indications of both monitorsproduced particles inside the target. Typically, & thick
did not exceed 2%. targets were used for all experiments. This allows small cor-

Difficulties encountered when working with neutron rections for the energy loss of the emitted patrticles inside the
beams are related to their characteristics. The neutrons of tharget, but it also results in a low particle production rate.
beam are not strictly mono energetic. This is illustrated inDue to the thin targets used and to the small solid angles of
Fig. 2 where a typical neutron spectrum is shown. It presentthe telescopes, the statistics accumulated using the
two components: one is a peak centered at an energy slighimMEDLEY setup is relatively poor. The angular resolution
lower than the incident proton beam energfQ  was defined by the target active area and by the opening
=-1.6 MeV), diminished of the energy loss inside the pro- angle subtended by each telescope. It has been estimated
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FIG. 2. Neutron energy spectra resulting from a 100 MeV proton beam on a 4 mm thick lithium{efgetScatter plot showing the
profile of the neutron beam at about 10 m from the lithium tafgght).

using Monte Carlo simulations and typical values derived aref the nuclear reactions on the target plane could be deter-

of the order of 5°. mined with a backtracking procedure. Since the SCANDAL
targets were larger than the neutron beam, it was crucial to
B. SCANDAL setup determine the active target area with good precision.
. . L . The SCANDAL setup had the particularity to operate with
A detailed description of SCANDAL is given in Ref]. multitarget systerdMTGT) [10], which allows an increase

It consists of two identical systems located on e{;\ch side Of¢ e counting rate without impairing the energy resolution.
the neutron beam and which covered a detection angulaf, expanded view of the system is given in Fig. 6. Up to
range of 1.0 —1401Fig. 4). Since partlcles_ travel In air be- seven targets, inserted between multiwire proportional
fore entering the setup, only protons with energies IargeEounters(MWPC’s}, can be mounted simultaneously. The
than d30EMe;1/ and a small numbedr O]fc deut;rons CE.UIE ble d.el’nformation given by MWPC'’s allows us to determine the
tected. Each arm was composed of two 2 mm thick p aSt":target from which the particle has been emitted, and to apply
scmpllators u;ed as triggers, two drift chambers used for .th%orrections to the particle energy by taking into account the
particle tracking, ar_1d an array of 12 .CSI detector_s e_:nablm nergy losses inside the subsequent targets. In addition, by
us to measure particle residual energies. The emission anglg, ting simultaneously targets of different elements, sev-
of each particle was determined from its trajectory throughy, o 1y\clear reactions can be studied at the same time. Dur-
the drn‘t.chambers. With this method, the angular reso_lut|.o.r]ng our experiments, we operated with seven targets: five
was e§t|mated to be of the orotljer Of; ’ Wht;Ch. wzs a.sk"gng"targets were made of the same material and dedicated to the
cant improvement compared to that obtained with thee,ctions under studgiron, lead, or uranium another one
M.EDLEY setup._ An example O_f an angular distribution Ob'_was a pure carbon target, and the last one was atéiget.
tained with particles detected in one of the Csl detectors igy hase means, events associated with the reactions under
e e e s e and vent coresponding o ) lasic scater

e : . Ing were recorded at the same time. As will be explained in
strate the validity of the tracking method used and the quality 9 P
of the drift chambers. Using the trajectories, the coordinates (1).(2) Ne102 plastic scintillators
(3),(4) drift chambers
(56) 12 Csl(Na) detectors

beam

scattering
chamber
T S|
0 25 50 cem
FIG. 3. MEDLEY detection array. FIG. 4. Schematic view of SCANDAL setup.
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FIG. 7. (a) Two-dimensional scatter plot containing events re-
500 L corded in the 10°—11° angular range using a,@kfget.(b) Con-
tamination in the recorded proton spectra due to reactions in the
multitarget box.

0 5 10 15 20 25 an emission angle are associated with each recorded event.
O (degrees) The particle identification was made by the well known
AE-E technique, using signals from the plastic scintillators
FIG. 5. Experimental distribution for emission angles of par-and the Csl detectors. An example of such an indentification
ticles detected in a Csl detect@oty compared with the simulation matrix is given in Fig. 7a). It was obtained for the 10°-11°
results(histogram. angular range, with a CHtarget. The small contribution of
the deuterons that reached the Csl detectors, and a part of the
Sec. Il C, those events enabled us to apply an unambiguod¥ckground, were rejected by applying two-dimensional con-

normalization procedure for the extraction of the experimen-tours_ around th? proton band. Another source of background
; r{hat is present in the proton band was due to protons from

nuclear reactions that occurred inside other multitarget box
elements, different from the targets of interest. Mainly, they
were protons arising fromp scattering reactions in the cath-
[ll. DATA REDUCTION ode foils. That additional pollution had to be rejected with
. . another technique that consisted of recording “blank-target”
The data recorded using bo.th.detec'uon systems Were angyqns with the MTGT emptied of targets. Subtraction of the
lyzed on a event-by-event basis in order to extract the energyorresponding spectra to those recorded during “physics”
spectra of the emitted particles. The procedures used for eagins was performed after normalization to the same neutron
setup are described in the next two subsections. The |a%ency and to the same data acquisition dead time. Ex-
subsection is dedicated to the cross section normalizatioamp|es Of proton Spectra associated to b|ank-target runs and
method. physics runs are shown in Fig(j.
With the CH, target, the energy calibration of the Csl
A. Event sorting for SCANDAL setup detectors was done using protons produced (n,H) reac-
egons, for which the emission energies could be accurately
Calculated. In order to reject the contibution frddC(n, p)

efficiencies, acquisition dead time, or beam intensity.

The first step in the data analysis was to identify the targ

where the emission occurred inside the MTGT system. It wa ) .
reactions, a pure carbon target was mounted together with

derived from the signals given by the multiwire proportional L
counters located between the targets. Then the trajectoriége Ch target inside the MTGT. Data on both targets were
ecorded simultaneously, so that, after normalization to the

calculated with the drift chambers enable us to determine th& . .
ame number of carbon nuclei as in the Q#Hrget, events

emission angle of each particle. In this way, both a target angd . . .
g P Y g associated with?C(n, p) reactions could be subtracted from

the spectrum obtained with the GHarget. Examples of
spectra obtained with both targets are shown in Fig. 8, to-
gether with the proton spectrum resulting from the subtrac-
tion. The latter presents a peak and a talil, reflecting the inci-
dent neutron spectrum presented in Fig. 2. Both features
correspond to Ih,p) events induced, respectively, by
96 MeV projectiles and by neutrons of lower energies con-
tained in the beam tail. The proton energy spectra were ob-
tained after calibration of the Csl detectors and corrections
for energy losses inside the setup. These corrections were
determined by Monte Carlo simulations for which attention
has been paid to reproduce accurately the experimental con-
ditions. The proton energy threshold equals 30 MeV. This
large value is related to the long fligtetbout 84 cmpthrough

FIG. 6. Exploded view of the multitarget box. of air and detector materials of the system.
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FIG. 8. Contribution of protons from th¥C(n,p) reaction in
the CH, spectraleft parf). On the right, the spectra of protons from
the H(n,p) elastic scattering obtained after subtraction are shown.
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B. Low-energy neutron rejection r
200 -

counts

In order to select only events induced by 96 MeV neu- L
trons, the contribution of low energy neutrons had to be re- 150 -
jected. This has been done using a technique based on time i
of-flight (TOF). The TOF values measured were the sum of 100 N
the neutron TOF and the produced proton TOF. From the 5 L
proton energy, the corresponding TOF can be calculated an L . . L o
subtracted from the total TOF measured. The result is the 0 20 40 60 80 100
TOF of the neutrons that induced the reaction. In Fig. 9 are E, (MeV)
presented total time of flight, proton TOF, and neutron TOF
spectra. The events associated with 96 MeV projectiles FIG. 10. Energy spectra of protons emitted in the angular range
populate the peak centered at 78 nsec in the neutron TOH°—11° from neutron-induced reactions on a lead tatged and
spectrum. This time corresponds to the experimental path dfom the elastic scattering reactioribottom) at 96 MeV
1062.8 cm. A selection of that peak could then be easilyncident energy.

ap;l)lleﬁ_. f f . induced b nigues. Examples of two-dimensional plots obtained after
n this way, spectra of protons from reactions induced byg a0y cajibration of each detector, for each particle type, are

96 MeV neutrons were constructed. In Fig. 10 two example?)resented in Fi : ;
) . g. 11. The top figure represents particles
of such spectra obtained for @#hXp) and Hn, p) reactions stopped inside the second silicon detector, while the lower

recorded simultaneously with the MTGT system are preqng shows particles which reached the Csl scintillator.

sented. As it can be seen, fo(itp) elastic scattering reac- o calibration purposes, the points where each particle
tions, after selection, only the peak at high energy remains i pe start to punch through the silicon detectors were used.
the spectrum, compared to that of Fig. 8, while the contribu-the corresponding energies were calculated with the detector
tion originating from low-energy neutrons has been com+pickness given by the manufacturer and the stopping power
pletely removed. This is a confidence check of the time-of,¢4 from Ref[11]. In addition, for the thin silicon detectors,
flight method used for the event selection. The statistic$pe calibration was checked using 5.48 Me\particles that
accumulated in both _sp(_actrq presented in Fig. 10 correspong&,pped inside these detectors and that were emitted by a
to about 2 h of acquisition time. 241Am source. The energy deposited in the (@8l detectors
has been further calculated for each particle type using the
energy losses inside the silicon detectors. Supplementary
For the MEDLEY setup, the particle identification has calibration points in the case of protons were provided by the
been done using the well knowAE-AE and AE-E tech-  H(n,p) reactions on a CHtarget. These points provide a
cross-check of the corectness of the assumed silicon detector
thicknesses. Even a very small error in the thickness would
make the two sources of information, i.e., the energies cal-
culated from the peaks and from the energy loss inAke
and AE, detectors incompatible. The method and the differ-
ent parameterizations used are presented in detail in[&ef.
Finally, the total energy of each emitted particle is de-
PPRPIP /AR AL EEFRRRRPRNY WA N (V. & B duced by adding the different energies deposited inside the
75 100 1 5 75 100 three individual detectors of each telescope. Figure 12 shows
TV(nsec)=TV,+ TV, TV,(nsec) TV (nsec) energy spectra g, d, t and « particles obtained from a lead
target with the telescope placed at 40°. The arrows show the
FIG. 9. Experimental determination of incident neutron time of overlapping region between the second silicon and the Csl
flight. detector contributions.

C. Event sorting for MEDLEY setup

(arb. units)
T
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. FIG. 13. Energy dependence of the Csl detection efficiency for
15 F , : protons. Simulation resulicontinuous ling is compared with the
0 t d experimental values from Ref9].
5 the particle energy loss inside the emission target. Those cor-
o B rections were calculated using Monte Carlo simulations, with
o 60 505 " \T\?O targets of about 5@&m thickness. The maximum correction
N 'e/,

value estimated is less than 4 MeV, for low-enemgypar-
FIG. 11. Two-dimensional plots showing particles stopping in iCI€S- This shows that the corrections to be applied remain

the second silicon detectéop) and in the Csl detectabottom of ~ Within reasonable limits. _ _

the telescope placed at 40° using a.Qirget. The rejection of events associated with low-energy neu-

trons was done with the same procedure as for SCANDAL

The detection thresholds are given by the thickness of th sec. Il B). The background. IS dc')m|.nated by protons arising
rom neutron-induced reactions inside the beam tube, at the

first silicon detector. It is about 2-3 MeV for the hydrogen entrance of the vacuum chamber. That contribution is sub-

isotopes and about 9 MeV for the helium isotopes, as it can

be seen in Fig. 11. The spectra had to be further corrected f&acted by using the specira accumulated during blank-target

runs, applying a normalization to the same neutron fluency
as for target-in runs, and taking into account corrections for

g 120 F proton g 12 : douteron the data acquisition dead time differences. o
2 100 ZosE For the_ MEDLEY and SCANDAL setups, the Csl scintil-
S e 5 30 F lator efficiency depends on the energy and type of the de-
E 25 & tected particle. Small corrections for the loss of light in the
€0 20 & Csl detectors have then also to be applied. This effect is due
40 ¢ :2 3 to nuclear reactions that charged particles can undergo while
20 5 E slowing down inside the Csl. Corrections for this effect have
0 Sebeloli b cthon) 0 0 T e beer_1 estimat_ed for_ all chargeql particles, using reaction cross
E (MeV) E (Mev) sections ayaﬂaple in theeaNT library from.CERNLIB[lz].
Those estimations enable us to determine the Csl detector
2o2s | T wE . efficiency as presented in Fig. 13 for protofntinuous
5 20 F triton 1 5 E He line). The loss of light inside the Csl detector is rather im-
£ ”1'2 3 £ sE portant for high energy protons and it is less pronounced for
T e b Tk heavier particles. The detection efficiency at 100 MeV
10 E 15 £ equals 91% for protons, 93% for deuterons, 95% for tritons,
75 F 0 E and 99% fora particles and it increases as the energy de-
2_2 3 5 E creases. As shown in the figure, simulation results are in very
o EL L1 i o E good agreement with the experimental values from [RGif.
0 20 40 60 80 100 0 20 40 ©0 80 100
E (MeV) E (MeV)

. D. Cross section normalization
FIG. 12. Energy spectra for particles detected by the telescope

placed at 40° with all neutrons from the beam incident Due to the difficulty encountered when monitoring a neu-
on a lead target. tron beam intensity, the absolute cross section normalization

014607-6



NUCLEON-INDUCED REACTIONS AT INTERMEDIATE.. PHYSICAL REVIEW C 70, 014607(2004)

— C < E = =
S s L gy 3 35 R 3 35k
} E o present work OO 5 3B = 3 F

[ R E
c - o 5 25 F 5 25 F
= 125 N o J. Rahm et al. [13] o é 3 . é
R ¥ T R i T N ORI
3 [ o g 15 F . g 15 F *%é

L o E

R o 5 0 E N \,

= o S os | |7 asE %
v st e oY) T AN IV I S ) TN T I B

r o 0 20 40 60 80 100 0 20 40 60 80 100

)
(;30000”0 E (MeV) E (MeV)
5 - o
OOQOOOOOOOOOC"OO . . . .
[ . FIG. 15. Left panel: F,Xp) double-differential cross sections
25 F measured with MEDLEY setup &= 20° (full circles), compared to
the SCANDAL resultgopen circles Right panel: same data com-
Y P P B B B pared to those from Refl5] (open trianglep

M
80 100 120 140 160 180

Ocm (degrees) For the SCANDAL setup, the MTGT system was used to
measure at the same time protons emitted from the target
under study(iron, lead, or uraniumand in Hn,p) reaction
§rom the CH target. The normalization procedure could then
be applied without precise knowledge of the neutron flux.

in neutron-induced reactions is a notorious problem. In par!:Or the MEDLEY setup, all data have been normalized using

ticular for our experiments, the uncertainty affecting thetk][ezgll(ynap)_scattenngtpeak rec%r]ded kgth? telescope placed
value given by the fission monitor equals 10%, which in-2 uring separate runs with a Gtrget.

duces large uncertainties for the values of the measured cro I,:Aol\rlD,tAhf p(;olf/longg;ssmgn, data _re;orgedll using lthe
sections. Therefore, the cross sections are measured relati) an SElUps were Individually normal-

to another one, considered as a reference. The referen&eedf allowing two independent dgterminations of the Cross
cross section m(’)st often used is thékh) cross section, for sections for all targets studied. With this procedure, the esti-

: . : {nated systematical uncertainties of the experimental cross
which a recent measurement claims an absolute uncertame/ : X
ections are not greater than 5.1%. To calculate this value,

0 . X
of 2% [13]. We have used the values given in that reference e took into account the contributions from the number of

to calculate the absolute cross sections. Nevertheless, in Oér et nuclei2%), the solid angles calculated by simulations
der to be able to apply the normalization procedure, we hav§ 9 Vs 9 y

FIG. 14. Differentialnp scattering cross section at 96 MeV. The
results obtained in the present work using the SCANDAL setup ar
compared to the data from R¢1L3].

to measure in the same experimental conditions the numb P'75%' the beam m°”'t9_r stability during the data t_akmg
2%), the number of recoiling protons from timp reaction

of protons emitted in Ih, p) reactions because that number . _ 0 ;
intervenes in the normalization factor. When measuring thaﬁgj@’ ?g]d the referencep cross sectiong2%) according

number, we took the opportunity to remeasure the angulaﬁ0 Ref.[
distribution of the Hn,p) cross section.

For that purpose, we used the SCANDAL setup. We de-
termined the number of recoiling protons after subtraction of
the 12C(n, p) reaction component and the background contri- The double-differential cross sections of light charged
bution, following the procedure presented in Sec. Il A. Theparticles were measured for three targets, Fe, Pb, U, with
angular range being limited in our measurements tmatural isotopic compositions, over an angular range of
80°—-160° for neutrons in the center of mass system, w&0°—-160°. For the MEDLEY setup, the low energy thresh-
extracted values for the other angles by fitting our data withold was 4 MeV for hydrogen isotopes, 12 MeV fiie, and
a fourth-order Legendre polynomial. Then, considering otheB8 MeV for « particles. For the SCANDAL setup, it was
channels negligible at 96 MeV, we normalized the value of35 MeV for protons. Due to the detector energy resolution
the deduced totalp cross section to that given in R¢f.4]. and the available accumulated statistics, a 4 MeV bin size
Finally, we obtained the angular distribution, which is pre-has been choosen for the energy spectra.
sented in Fig. 14 together with the experimental results of In the left part of Fig. 15, proton double-differential cross
Ref.[13]. We observe a very good agreement between bottsections measured independently with the MEDLEY setup
However, the uncertainties of the cross sections from Reffull circles) and with the SCANDAL setupopen circlesare
[13] are significantly smaller than those in our experimentcompared. The spectra correspond to the Fe target and a 20°
(2%). Indeed, for our data, the statistical errors are typicallyemission angle. Over the energy range covered by both de-
in the range 1.5—2.8 %, and the total uncertainty is estimatetection devices, we observe a very good agreement. This
of the order of 4.1%, including the 1% contribution from the shows that the systematical uncertainties induced by the
total np cross sectioril4]. The systematical errors affecting cross section normalization are small. We obtained similar
our results arise from the subtraction of reactions on carborresults for the other targei®b and U and over the full
from the integration over thep peak, and from the rejection angular range. In addition, it shows that the limited angular
of events induced by low-energy neutrons. resolution of MEDLEY does not distort the distributions that

IV. EXPERIMENTAL RESULTS
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are comparable to that obtained with SCANDAL, for which Despite the long data acquisition time, no corresponding
the angular resolution is much better. The right part of Fig.events were recorded for the other targets. This is related to
15 gives a comparison of the @eXp) cross section mea- the very low ®*He emission probability for heavy targets,
sured at 20° with MEDLEY, with the data from Rél5] that ~ Which has been already observed in R&f], where the'He
were obtained using the magnetic spectrometer LISA. Verproduction rate in 63 MeV proton-induced reactions’&#b
good agreement is found also between these two measurt-about 10 times smaller than that for tritons. o
ments. This shows the quality of our measurements and of FOr & more detailed analysis of the particle emission

the data analysis procedures employed. We observed a si Techani_sms_, a separate inspection of angular _an(_JI energy-
lar agreement for the Py, Xp) cross sections ifferential distributions is needed. The angular distributions

In Eio. 16 are presented experimental double-differential €€ obtained from double-differential cross sections by in-
9. - P P . egration over the full energy range. For the energy distribu-
cross sections fop, d, t (top, middle, bottom lines, respec-

el duced in 96 MeV/ induced ; tions, we used the Kalbach systematjit3] in order to ex-
tively) produced in eV neutron-induced reactions 0Ny, n.|ate the experimentally available angular range over the

Fe, Pb, and U targetdeft, middle, and right rows, respec- gntire space. This can be done very accurately since the sys-
tively) and measured with the MEDLEY setup. In Fig. 17, tematics described in Ref17] has been established using
for the same reactions, we report the complementary produgtata measured in the same angular domain as in our experi-
tion cross sections ofHe anda particles(top and bottom ments. Finally, the total production cross sections were de-
figures, respectively The errors shown are purely statistical. rived for each particle type by integrating the corresponding
The general trend observed is a decreasing emission proenergy-differential cross sections over the experimental en-
ability with increasing angle, over the full energy range. Theergy range.
angular distributions are slightly forward peaked at low en- The energy-differential cross sections are presented in
ergies, and at backward angles the emission probabilities aigig. 18 for the iron and lead targets. The results obtained
very low for energetic particles. In the case of the iron targetwith the uranium target are very similar to those extracted for
a quasi-isotropic component is observed at very low energyhe lead one. By analyzing the spectra, we distinguish two
(0—10 Me\). This contribution is not present for heavier regions. For energies greater than about 20 MeV, proton and
targets, for which Coulomb effects are much larger. For theleuteron spectra are very similar in shape, the emission prob-
rest of the energy range, the distributions obtained with thebility decreasing slowly with energy for both targets. In the
three targets are very similar in shape. Féte particles, case of the iron target, the triton afide spectra also show a
distributions have been measured only for the iron targetsimilar behavior. Fore particles, the spectra decrease very
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rapidly with energy. For a given patrticle, the shapes of theemission. For low emission energiés<20 MeV), a domi-

iron and lead distributions are very similar. In this energynant contribution is observed for all particles in the case of
region, the emission probability distributions have steepethe iron target. The shape of the distributions in Fig. 18,
slopes for heavy particles than for light ones. Another impor-correlated to the slow variation of the amplitude with the
tant aspect to be noticed is the decreasing emission probabgmission angle observed in Figs. 16 and 17, suggests that
ity with the nucleon number of the emitted particle. How- these low energy particles are emitted mainly during the
ever, an exception is observed ferparticles for which the
production cross sections in the low-energy part of the connot present in the spectra obtained with the lead and uranium
tinuum region(20 MeV<E< 35 MeV) are larger than those targets because, for heavy targets, the emission of low-
for tritons, suggesting a more complex mechanism for theienergy particles is strongly inhibited by Coulomb effects.
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evaporation process of an excited nucleus. This component is

This explains the low cross sections found in this energy
range for both lead and uranium targets.

Figure 19 shows the angular distributions obtained by in-
tegrating double-differential distributions. Due to the detec-
tion thresholds, the integration domains range over
4-96 MeV for hydrogen isotopes, 12—96 MeV fite, and
8—-96 MeV fora particles. For all particles, the distributions
are strongly forward peaked, suggesting that nonequilibrium
processes are dominant for the reactions under study. An
exception can be noticed farparticles in Fén, X) reactions,
where the distribution is almost flat for angles larger than
50°. This suggests that the emission @fparticles in the
backward hemisphere could result mainly from evaporation
processes. For a given particle, the angular distributions are
more forward peaked for the heavier nuclei, suggesting that
the nonequilibrium component increases with the nucleon
number of the target.

This can also be observed from Table I, where integrated
total cross sectiongecond columnand integrated nonequi-
librium cross sectionghird column are presented as a func-
tion of the target mass, for all particles. Depending on the
system considered, the nonequilibrium cross sections were

FIG. 18. Energy distributions for light charged particles pro- €xtracted with different methods. For the(ReXicp) reac-
duced in the 96 MeV neutron-induced reaction on iron and leadions (Icp refers to light charged particlgsthe low-energy
targets(left and right panels, respectivgly

contribution in the energy-differential cross sectioifsg.
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targets(left and right panels, respectively FIG. 20. Energy-differential cross sections calculated using the

GNAsH code for the®®Fe(n, Xlcp) reaction at 96 MeMhistogramy

. . . . o compared with the present experimental res(gtsnts).
18) was fitted with an exponential function and its integral P P P spints

was then subtracted from the total cross section for each . . .
particle. For lead and uranium targets, we made the assumf2 P€ pointed out, because, with such a production rate, the

tion that all particles were emitted during nonequilibrium contribution of these particles should not be neglected.
processes, i.e., in a first approximation, the rather small con-
tribution of evaporated particles expected at low energy is
neglected.

The values from Table | show that for all targets studied, At this moment, the exciton mod¢®] is the most com-
more than 30% of the total light-charged-particle productionmonly used to calculate the preequilibrium emission in
are particles heavier than protons. This is an important aspeaucleon-induced reactions at intermediate energies. This

model assumes that the excitation process takes place by

TABLE |. Total light-charged-particle integral cross sections SUccessive nucleon-nucleon interactions inside the nucleus.
and estimated contributions from the nonequilibrium emission inEach interaction produces another exciton, leading the sys-
neutron-induced reactions at 96 MeV. tem to the final state of statistical equilibrium through more
complex states. Occasionally a particle can receive enough
Total cross section Non-equilibrium cross section ~ €nergy to leave the system and subsequently be emitted. The

V. THEORETICAL CALCULATIONS

Reaction (mb) (mb) resulting preequilibrium spectrum is the sum of the contribu-
tion from each state. Particles emitted in the early stages
Fe(n,Xp) 584+29.2 326 have more energy than those emitted in the later ones. In the
Ph(n,Xp) 485+24.3 485 framework of this model, only energy distributions of emit-
U(n,Xp) 589+29.5 589 ted particles can be calculated.
Fe(n, Xd) 131+6.5 926 The GNASH code[6] is one example that uses the exciton
Phn, Xd) 137+6.9 137 model to calculate the preequilibrium component. It'is able
U(n. Xd) 170485 170 tol calculate spect'r_a for nucleqns 'anq complex partlg:les. In
Fen, X1) 21411 15 this code, the equilibrium _contrlbutlon is calgulated using the
’ Hauser-Feshbach formalisfd8]. Cross sections that were
Pl(n, Xt) 53+2.7 53 evaluated withsNASH are at present implemented MTNPX,
U(n, Xt 54+2.8 54 a code widely used for specific applications such as medical
Fe(n,X3He) 10+0.5 7 or engineering studies. In Figs. 20 and 21, we compare, re-
Fe(n, X*He) 167+8.3 31 spectively, the >6Fen,Xlcp) and 2%PK(n,XIcp) energy-
Ph(n, X*He) 45+2.2 45 differential cross sections of the present w¢pkints to the
U(n, X*He) 52426 52 GNASH predictions(histogram$ obtained withmMCNPX. The

maximum value in thev-particle spectrum for the iron target
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= T4 2 Al distributions of complex particles, which was then modified
Z 12 protons Z 35 p deuterons first by Ribansky and OblozinskiB]. The modification con-
E 0 E 3B sists of the introduction in the particle production rate ex-
w W oos B pression of a multiplicative term containing the cluster for-
B 8 s L . mation probability y; where 8 is the type of the emitted
6 . particle. The physical meaning of this parameter has been
1.5 . . .
4 ‘. given in Ref.[19] in the framework of the coalescence
TE . model. This approach assumes that complex particles are
2 05 F formed during the preequilibrium stage from excited nucle-
0 50 50 00 0 0T o010 5080 00 ons that share the same volume in the momentum space. In
£ (MeV) E (MeV) this way, for example, an excited proton and an excited neu-
_ 3 tron can coalesce into a deuteron if the transverse momentum
T 0 it 3 : . between both is small. The drawback of this approach is its
S LE ritens S25F He limited predictive power since the parametgs has to be
E co £ S E ¢ adjusted in order to reproduce as well as possible the ampli-
ﬁ 15 0 § : . tude of the experimental energy-differential distribution un-
3 8 . 315 * der study. Nevertheless, it is always interesting to compare
1Ee o B the tuned results of a model with experimental data.
- P The formation probabilityy,; of a complex particles is
05 ¢ . 05 | given as a function of the radius of the coalescence spPgre
o b o r’f\m el in the momentum space by the formula:
0 20 40 60 80 100 0 20 40 60 80 100 _ |4 3|pg-1
E (MeV) E (Mev) Y= |37T(P0/mc) [P, (1)

wherepg is the number of nucleons of the emitted particle.
Of course,yz=1 in the case of the emission of a nucleon.

) o ) According to Eq(1), vz and thusP, are the free parameters
has been set to 1 mb/MeV for better visualization. While thegf the model.

proton emission is relatively well described, we observe that The following expression for the cluster formation prob-
the production of complex particles is strongly underesti—ab”ity has been proposed in R¢R0]:
mated.

This comparison suggests that significant improvements Y= (Pp) (gl AP, 2

are needed in the original exciton model in order to increas§pereA is the mass of the target nucleus. This approach is
its prediction level concerning the cluster emission. Toimplemented in the latest version of the cosBaNT [21],
modify it according to this request, a first approach was proyyich js intensively used for simulations among the physics
posed in 1973 by Ribansky and ObloZingi. It introduces  community. However, calculations from R&R0] strongly

the probability of a cluster formation during the nucleon- oyerestimates deuteron, triton afbe distributions, while
nucleon interactions inside the target. In 1977, Kalbach foryhe production rates fow particles are underestimated. This
mulated a second approapH], which includes contributions  spows that the calculation of the cluster formation probabil-
from direct pick-up and kno_ck-out mechan_lsms. Both apPity according to Eq.(2) is not very appropriate. For this
proaches have been tested in the past against data and th@yson, calculations in this work have been done with the
lead to a satisfactory agreement with the experimental reSU"i§REEQprogram[22], keeping the cluster formation probabil-
[4,5], despite their completely different basic assumptionsiy, a5 a free parameter. A complete explanation about the
Nevertheless, conclusions about their global predictivejifferent parameters of the model and the method we applied
power were limited, mainly because a restricted number of -alculate them can be found in R&5]. In the forthcom-
experimental results were available at that moment. In ordqhg discussion, we will focus onto the cluster formation

to get a wider view on their predictive capabilities, we per-pronability y, because of its particular importance for the
formed calculations with both approaches for themodel predictions.

*Fe(n,Xlcp), *°%Phn,Xlcp), **U(n,Xlcp) reactions  at In the first step of our investigation, we performed calcu-
96 MeV, but also for other projectiles, at different incident |ations with PREEQ for the 96 MeV neutron-induced reac-
energies and for other targets, for which experimental datgons presented in this work. We determined two sets of val-
are available in the literature. In the following, we will give es for they; parameter by normalizing individually the
a bgsic description of b(_)th app_roaches and discuss the comg|culated energy distributions to the(Fex) and Plin, X)
parisons of the calculations with a set of data that cover ayperimental data. For those reactiorsgeQresults(histo-
wide domain of reaction entrance-channel parameters. gramg and datapoints are presented in Fig. 22 f8fFe and
208pp targets. We have to remind readers that the model cal-
culates only the preequilibrium component of the emission
spectra, so that in our comparison, we should not consider
Difficulties were encountered in the original exciton either the low-energy region populated with particles evapo-
model proposed by Griffin to reproduce the experimentakated by excited nuclei or the high-energy region where di-

FIG. 21. Same as in Fig. 20 for ti&8%h(n, Xlcp) reaction.

A. Cluster formation probability in nucleon-nucleus reactions
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rect reactions are supposed to be dominant. Consideringrimary preequilibrium contribution is calculated by this
those restrictions, we observe that the shapes of the calcgode. The good agreement found for protons suggests that
lated distributions are in good agreement with the experithe second-chance preequilibrium component is very small,
mental results. As expected, the model fails in reproducingn agreement with the calculations from RE23]. For com-
the very-low-energy component of the iron spectra. For alplex particles, no conclusion about the predictive capabilities
particles in the?®®Ph(n, X) reactions, except particles, the of PREEQcan be drawn at the moment, the amplitude of the
calculated preequilibrium contribution accounts for almostdistributions being obtained by adjusting thgparameter in
the entire energy range, showing that almost all particles arerder to get good agreement with the experimental data.
emitted during the preequilibrium stage. Feparticles, the ~Therefore, the next step in our analysis was to check the
preequilibrium processes are still underestimatedckygeq  stability of this parameter while changing the entrance chan-
in the low-energy region of the continuum. By comparisonnel, i.e., the incident energy and the projectile, for a target
with the GNASH predictions presented in Figs. 20 and 21, wenucleus in the mass regiok=208. For that aim, using the
clearly see that this approach improves dramatically thevalues of the cluster formation probabilities previously ob-
original exciton model, for all particles. tained for the 96 Me\V?%Ph(n,X) reactions, we calculated
For protons, for which the/; parameter equals 1 and does the energy-differential cross sections for 39 M&Bi(p, X)
not need to be adjusted, the amplitudes of the distributionand 63 MeV2%PK(p,X) reactions. In Fig. 23, the resulting
are very well described by the model in the energy range®REEQ calculations(histogram$ are compared with the ex-
where it is applicable. It must be pointed out that only theperimental datgpointy measured at 39 MeV with &°%Bi

o 30 ¢ = 4 N = 2
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£ oL g F 24 E s b compared with the experimental
W E o 25 F w12 E o 12 E results from Refs. [24,19
T 15 | I 2 F N N ;
° 2 S 2 S 3 B 3 (points).
hs} = ° 15 F © 08 - 08 F
10 & DB 06 E 0.6 £
s b 2 04 F] 04 E
¥ 05 F 02 EJ 02 F
9 Yo 0 50 %
E (MeV) E (MeV) E (MeV)

014607-12



NUCLEON-INDUCED REACTIONS AT INTERMEDIATE.. PHYSICAL REVIEW C 70, 014607(2004)

—~ 3 — — 9
2 Foe T 14 s s E
= o5 E+ deuterons = E tritons = E ¢ ‘He
SN B ~ 1.2 >~ 7 B ¢
el C K} C Eal E
E 2F £ 1k £ e
5 2 Y os L 5 5 E . FIG. 24. Energy-differential cross sections
g TOE g 06 E E 4 F . calculated using thereeQcode (histograms for
= TE 3E 12051(p, Xlcp) reaction at 62 MeV compared with
05 F 04 F 2 F . the experimental results from R¢R4] (points.
~F 02 F T E T
0L 0L o E :
0 50 0 0 50
E (MeV) E (MeV) E (MeV)

target[24] (top panely and to the data measured at 63 MeV  We observe that for a given particle, the formation prob-
with the 2%%Pb target[16] (bottom panels Over the energy ability and then the coalescence sphere radii are smaller for
domain where the model is applicable, we observe again heavier nuclei. Under the assumption of phase space rela-
good agreement between the calculations and the experimetiens, a smalleP, value means a larger volume inside the
tal results. In addition and especially at 39 MeV, we see thatucleus from which the particle is emitted. This volume is
the noncalculated direct process contribution is dominant. then larger for heavier nuclei. In addition, for a given target
From this study, we conclude that the free paramefer nucleus, the figure shows that the formation probability de-
depends neither on the projectile ty@meutron or protopnor  creases as the number of nucleons of the emitted particle
on the incident energy and that, once the cluster formatiofincreases. This could be explained by the fact that it is less
probability has been adjusted to the reaction system, therobable, for example, for three nucleons to coalesce in order
model has a good predictive power for reactions with thel© form a triton, than for two nucleons to form a deuteron.
same target. To go further, we have now to investigate itd he formation probability of.deuterons is much larger than
possible dependence with the target mass. Since we have jig@t for other complex particles, suggesting that the most
determined the formation probability, for two target nuclei probable mechanism is the pick-up of one nucleon by an-
with massesA=56 andA=208, we choose an intermediate Other. _ _ _
target with a mas&=120 for which experimental data were ~ The presently obtained values are in rather strong dis-
measured, i.e., th&2°Sr(p,Xicp) reaction at 62 MeV inci- ~agreement with those from Refl20]. Thus, for the
dent energy[24]. With the same method described previ- P(p, Xicp) reaction, they, probability calculated accord-
ously, we calculated the new set gf values associated to "9 to Eq.(2) is 0.077 for d_euterons, 0.0056 for tritons, and
the 1295 target. In Fig. 24, we compare the correspondin .00046 fora particles. As it can be observed, the_ valut_es fOI‘.
PREEQ calculations(histograms to the data(points. As for ydrogen isotopes are Iarger 'than tho;e obtained in this
the other targets, we observe the same global good reproduf©rk, leading to the overestimation found in Rg0] for the
tion of the data in the preequilibrium energy region. product|or_1 of these particles. On the other hand, the_ va_lues
In Table Il, we gather the values of the cluster formaﬂonfpr a particles are smaller than ours and. thus the distribu-
probabilities, as well as the relatd®) parameters, obtained tions _calculated in Ref[20] are systematically below the
for the three target nuclé&i=56, A=120, andA=208 and for ~ €Xperimental results. _ .
each complex particle type. The formation probability for Another interesting aspect to point out is that the pre-
each particle type is also represented as a function of theentedP, values obtained for nucleon-nucleus reactions are

target mass in Fig. 25. -

TABLE II. Cluster formation probability in nucleon-induced re- > e deuterons
actions on three targets and corresponding radii of the coalescence 3 " tritons
sphere in the momentum space. 2 oL s 'He

O F
Emitted Formation Po o
Target particle probability yg (MeV/c) S .
= .
56 d 0.0278 175 c ] ¢
t 0.0065 250 s 10k
3He 0.0060 246 - . . .
“He 0.0052 322 [ . .
12050 d 0.0230 164 I R
t 0.0050 238 3
L | L | L | L |
“He 0.0035 304 109 50 100 150 200
20%h d 0.0186 153 target nucleus (A)
t 0.0035 225
4He 0.0018 286 FIG. 25. Formation probability for each complex particle versus

target mass.

014607-13



V. BLIDEANU et al. PHYSICAL REVIEW C 70, 014607(2004)

in the same range as those extracted for reactions induced by
complex projectilegdeuteronsHe, anda particleg at in-
termediate energig®5] and for reactions induced by heavy
ions at high energief26,27. This suggests a weak depen-
dence of this parameter with the projectile mass and energy.
To conclude, compared to the original exciton model ex-
isting in theGNASH code, the approach proposed by Riban-
sky and Oblozinsky and implemented in theEEQcode im- i
proves greatly the predictions concerning complex particle P I Frock—out
production rates in preequilibrium processes, with the adjust-
ement of one free parameter depending only on the target [/ exciton
mass. ok

10 g

/ pick—up

do /dE (mb/MeV)

B. Exciton model and direct reactions o
0 20 40 60 80 100

E (MeV)

In order to modify the original exciton model concerning
the complex particle emission in nucleon-induced reactions,
a completely different approach has been proposed by Kal- g1, 26. Different mechanism contributions in the nonequilib-
bach[4]. Itis based on the fact that direct reactions such agjym q-particle spectrum calculated using theeco-2000code for
the nucleon pick-up process and the cluster knock-out proge 56Fe(n, X) reaction at 96 MeV.
cess are not included inside the exciton model. Therefore this
approach calculates their associated contributions separateljsagreement with the experimental distributions is rather
and adds them to the preequilibrium component calculatedtrong for both systems. For the iron case, the nonequilib-
with the original exciton model. Contrarly to theREEQpro-  rium complex particle production is overestimated while the
gram, this approach does not use any multiplication factor iproton emission is underestimated. For the lead target, com-
the particle production rate expression, and thus it has nposite ejectile rates are underestimated, as well as the proton
adjustable parameter. In other words, this approach proposeékstribution. In addition, for a given target, the disagreement
to replace the cluster formation probability introduced inseems to become more important as the mass of the emitted
Ref. [3] by the contribution of direct reactions. This modifi- particle increases. Even if the modelARECO-2000ccode pre-
cation is taken into account in the coBREC0-2000(28] that  dicts more particles in the preequilibrium region thamsH
calculates nucleon and complex particle nonequilibriumdoes, experimental shapes and amplitudes are not as well
spectra in nucleon-induced reactions usiiy the two-  reproduced as with thereeQcode. In the case of nucleon
component version of the exciton model giiglphenomeno-  ejectiles, the secondary preequilibrium emission can be con-
logical models for direct reaction processes. This code isidered in this code. However, this contribution was not in-
open to the community via the Data Bank Computer Pro<luded in the calculated spectra in order to get the same
gram Services of the NEA. The same approach has beetalculation conditions as in Sec. V A This can explain the

recently implemented in theaLys code[29], which is still  underestimation found for energies around 20 MeV in the
under development and therefore not yet available to th@roton spectra.
community. Despite its bad data reproduction observed at 96 MeV, we

Calculations have been done with theEco-2000code  testedPRECO-200again by changing the incident particle and
using the set of global parameters recommended by the agnergy of the entrance channel. Doing so, we found a better
thor for the contribution of direct processes. Details can bexgreement as it can be seen in Fig. 23, where the predictions
found in Ref.[28]. For the exciton model contribution, the of the PRECO-2000 code (dashed lines for the 39 MeV
same values for specific parameter as forrReeqcalcula-  2°Bi(p,XIcp) (top panely and the 63 MeV2%%Ph(p, Xicp)
tions have been used. In Fig. 26 an example ofrReco-  (bottom panelsreactions are compared to the experimental
2000results obtained for the-particle emission irt®Fe(n, X) results from the Ref424,1q (pointg. Even if a tremendous
reactions at 96 MeV is given. The three individual contribu-disagreement still exists at low incident energies, the model
tions in the nonequilibrium spectrum are displayed. We obredictions are sensibly improved with proton projectiles
serve that the very low contribution of the preequilibrium compared to those related to incident neutrons at 96 MeV.
processes predicted by the exciton mogklsh-dotted line  This suggest that thereco-2000predictions strongly depend
is compensated by the other two direct processes now iren the incident energy and the projectile type. That latter
cluded, i.e, the pick-up of three nucleodashed lingand  aspect can be studied in more detail since data with both
the knock-out ofx particles(dotted ling, which are assumed neutron and proton projectiles are available §Pb at the
to be preformed inside the nucleus. The total nonequilibriunsame incident energs3 MeV). In Fig. 27, are presented the
spectrum is obtained by summing all these contributions. experimental energy distributions of deuterons for both reac-

Following the same procedure as in the Sec. V A, calcution types(top left pane): (i) (p,xd) [16] (open circley and
lations have been performed first for the data that we meadi) (n,xd) [30] (full circles). The experimental results are
sured at 96 MeV. The results are presented in Fig. 22 for thgery similar in shape and in amplitude for both projectiles.
%%Fe(n, Xlcp) and2%%Ph(n, Xicp) reactiongdashed linegs The  The correspondingPRECO-2000calculated distributions are
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10%¢ —roident low-energy component of the experimental distributions sug-
8 p incident gest that the particle emission at equilibrium is rather impor-

: B tant.

1k [\ In this section, we propose to determine the contribution
Fd of the evaporation process. This component can be calcu-

3 e nincident
[ o pincident

©

da/dE (mb/MeV)
T
%,
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°,
dg/dE (mb/MeV)

o
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[w)
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4 lated separately assuming that it results from two different
=l Data 10—2; exciton + pick—up sources. The first source is the so-called “pure evaporation”
and concerns the evaporation from the compound nucleus
R Ty 10 e that has.rea}chejd a statistica! equilibrium. In Réf], its
E (Mev) E (Mev) contribution is given by a fractiofeo(E) =[1-fpg(E)] of the
total reaction cross section, whefg:(E) is the fraction of
— nincident the preequilibrium emission, consideringp, d, t, *He, and
p incident a particles, andE is the composite nucleus excitation energy.
[UEUE— - We determined this fraction using the preequilibrium spectra
s calculated with thePrREEQ code for all ejectile types. The
10 F 4 resulting value obtained for the 96 Me¥fFe(n, X) reactions
Eo is fpe(E)=0.993, in agreement with that estimated for
: ; 62 MeV >Fe(p,X) reactions in Ref[32]. That value very
P Y I B I P PR R R close to 1 shows that almost the entire reaction cross section
20 40 60 0 20 40 60 is available for the preequilibrium emission, and that the
E (Mev) E (Mev) evaporation process of a compound nucleus represents a very
FIG. 27. Deuteron emission in proton- and neutron-induced reSMall component with an associated valuefgf(E)=0.007.
actions on?°%Pb at 63 MeV. Experimental resulttop left panel | he second source of the equilibrium component, which can
are compared to the distributions calculated usirgco-2000code b€ considered is the evaporation from a residual nucleus left
(top right panel. Contributions from preequilibrium(exciton in an excited state jUSt after the preequilibrium emission has
mode) (left bottom panel and nucleon pick-up reactiofpottom  occurred. In order to estimate the excitation energy of such a
right panej are presented. nucleus and its formation probability after the preequilibrium
emission of each outgoing particle type, again, we used the

shown in the top right panel. As it can be seen, the theore€"€rgy diﬁerential distributions_pr_eviously ca_lcul_ated with
ical distributions are very different when changing the inci- PREEQ The residual nucleus excitation energy is given by the
dent nucleon typéneutron or protoy in a strong contradic- ormula U=E-B;-ep, where B, and e, are the binding
tion with the data. This disagreement does not originate fron¢"€rgy of the emitted particl@ and its emission energy,

the preequilibrium contributions calculated by the exciton©SPectively, and is the excitation energy of the compound

model because we checked that the corresponding distribflucleus. Having determined that quantity, the evaporation

tions are similar for neutron- and proton-induced reactionSPectra are further calculated using the Hauser-Feshbach for-
(bottom left panel On the other hand, the calculated contri- Malism[18]. Particles are emitted until the evaporation pro-
butions for the nucleon pick-up proceight bottom pangl ~ €SS is no Ionggr energetlcally possible and the nucleus re-
are very different from each other and, since this mechanisf'@ning energy is released in the form pfays.

is dominant, this difference generates the disagreement ob- 'N€ results obtained for the 96 Meﬁ?Fe(n,chp).reac-
served with the data. To conclude, the contribution of directions are given in Fig. 2&dotted lines, together with the
reactions as calculated fRRECO-2000strongly depends on the Preequilibrium component calculated witPREEQ as de-
incident particle type, contrary to the experimental data. Thi$cribed in Sec. V Adashed lines The total particle emis-

effect constitutes, of course, a shortcoming of the model. Sion spectrum determined by summing both mechanism con-
tributions (continuous ling is also presented and compared

to the experimental dat@ointy. The agreement found over
the full energy range is relatively good, except for helium
Compared t®RECO-2006imulations, the calculations per- isotopes around 20 MeV, where the calculated distributions
formed with the codePREEQ have shown that this last ap- are below the experimental results. The same effect has been
proach allows a better description of the particle emission irfound for the?°8h(n,X*He) reaction, showing that the pre-
the preequilibrium stage. For that reason, the results obtainegtuilibrium contribution for helium isotopes is underesti-
with this model will be used in the further discussion. mated in this energy region for both light and heavy targets.
As already discussed previously, the results presented iRor hydrogen isotopes the introduction of the evaporation
Figs. 22 and 23 suggest that for heavy targets, almost allontribution allows a good description of the particle emis-
particles are emitted during the preequilibrium phase of thejon over a wide energy range.
reaction. Except for low-energy particles, thePREEQ cal-
culated distributions allow a good description of the experi-
mental results over the full energy range, showing that the
contribution of the evaporation process should be small. On To complete our analysis about the models, we would like
the other hand, for light target nuclétigs. 22 and 2% the  to compare the experimental angular differential cross sec-

<
T

— nincident
p incident

do/dE (mb/MeV)
do/dE (mb/MeV)

exciton 10 L pick—up

(@)
T

O

C. Particle emission at equilibrium

D. Angular distributions
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E (MeV) E (MeV) FIG. 29. Double-differential distributions calculated using the
parameterization from Ref{17] (lines) for proton emission in
FIG. 28. Calculated preequilibrium and evaporation contribu-g6 MeV neutron-induced reactions 6fFe and2%®Pb compared
tions(dashed and dotted lines, respectiyetythe particle emission  \ith the experimental resul®ointsy. The continuous, dashed, and
spectra for the 96 MeV°Fe(n, XIcp) reaction, compared to the ex- dotted lines correspond to the 8-12 MeV, 40—44 MeV, and
perimental results of the present wafkll circles). The calculated gg8_72 MeV emission energy ranges, respectively. The contribution
total distributions(sum of preequilibrium and evaporation spec- gf the preequilibrium emission in the total cross sectigi facton)
trum) are presented as continuous lines. for each domain is also given near the corresponding distribution.

tions to the theoretical ones. While the exciton model is (do/de)pe (dolde)pe
largely used to calculate angle integrated energy spectra, the foe= do/d = dord do/d ,
determination of angular distributions is out of its capabili- (dofde)  (do/de)pe + (dofde)eq

ties. In order to overcome this difficulty, several approache%here thePE andEQ symbols refer respectively to preequi-
involving modifications of the exciton model have been PrO-ibrium  and equilibrium emissions. Using the energy-

posed, as n Rej[.33]. Hoyvever, most of th.em contain eI differential cross sections for these two processes calculated
ous approximations or induce comp_utatlonal complexrglesin Secs. V A and V C, the double-differential cross sections
and they can be applied only for a limited set of reaction : :

configurations. For this reason, a phenomenological a| are calculated according to B(). In Fig. 29 are presented

; ) Pihe resulting angular distributiondines) obtained for the
proach proposed in Refl7] is often preferred to study the roton emisgsiongin56Fe(n X) and”(g‘ogpb)(n X) reactions at
continuum angular distributions. It is based on a systematic 6 MeV (right and left fi ,ures res ectivél oaether with
study of a wide variety of experimental data. The parameter: 9 g ’ P ytog

ization established for the double-differential cross section a; Sstrz)t(izing??ﬂ;abﬁfi}?gr?;nsgéggoﬁr?neerctr?arr}?s\:ﬁsathbaettfénltl;ib-
a function of the total energy-differential cross section is

given by the equation: ute to the pz_irtit_:le emission spectevaporation and preequi-
librium emission, when we constructed the angular
o 1 do distributions, we chose_ three different energy QOmains:
=——— [cosha cos 6) + fpe sinh(a cos 6)]. 8—12 MeV (continuous lines 40—44 MeV (dashed lines
dQide 4 desinh(a) and 68—72 MeMdotted lines. The contribution of the pre-
©) equilibrium emission in the total cross sectitipe factor)
for each domain is also given near the corresponding distri-
In this expressiong is the emission angle in the center of bution.
mass frame, and the teranis the slope parameter depending  We observe in general satisfactory agreement between the
on the incident particle type and energy, the target nucleutheoretical results and the experimental distributions. At low
and the exit channel. It can be calculated using the procedurenergies (8—12 Me\), particles are emitted from both
described in Ref[17]. The fpe parameter is the fraction of evaporation and preequilibrium processes whose respective
particle emission apart from equilibrium. It will be called contributions depend on the target nucleus mass. For the iron
further the fraction of preequilibrium emission and it is cal- case, we foundpg=0.12 and we observe a quasi-isotropic
culated using the formula distribution, both signals indicating that the evaporation pro-

(4)
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cess is dominant for light targets. For the lead tardgt, tions with thePREEQ[20] and PRECO-2000[28] codes. The
=0.80 and the angular distribution is slightly forward PREEQ results have shown that by taking into account the
peaked, showing that low-energy particles are mainly emitcluster formation probability in the preequilibrium stage of
ted during the preequilibrium stage. For more energetic parthe reaction, one can obtain a global agreement over a wide
ticles, fpe=1 for both targets, and we observe that they areset of configurations. The formation probability is a free pa-
mainly emitted at small angles, following the beam direction.fameter in theePREEQcode and we have adjusted it for each
From this, we deduce that those ejectiles are emitted befor@get nucleus. The evolution of the resulting values shows
an equilibrium has been reached. We found a similar agredhat, for a given outgoing particle, the probability decreases
ment when we built the complex particle distributions, show-With the target mass. In addition, for a given target, the for-

ing that the Kalbach parameterization is able to give a prope"rnation probability is. larger for I?gh'ter particlgs. This param-
description of the double differential cross sections, Whateve?ter depends very little on the incident particle type and en-

. . " : -ergy. Proposed as an alternative to this approach, the method
the target or the emlttt_ad particle. In addltlo_n, a physmal baSI%sed in thePRECO-2000code and implemented in the more
for this parameterization has been established in F3,

recent codgALys [29] to calculate complex particle produc-

allowing a more detailed t'hepret]cal gnderstand!ng of the‘tion cross sections considers contributions of direct reactions
properties of the angular distributions in the continuum eny, he outgoing spectra. In many cases, however, this ap-

ergy domain. proach does not lead to a good reproduction of the experi-
mental distributions. Despite the acceptable agreement found
VI. SUMMARY in some particular situations, it cannot be used for the mo-
ment in a global description of nucleon-induced reactions.
In this paper, we report a new set of experimental datarhis deficiency is due in part to the strong dependence of its
concerning light-charged-particle production in 96 MeV predictions on the projectile type. It is our hope that the work
neutron-induced reactions on natural iron, lead, and uraniurperformed at present in the development of thers code
targets. Double-differential cross sections of charged pamwill soon provide an improved version of this approach.
ticles have been measured over a wide angular range We have completed the description of the particle emis-
(20°-1609. With the MEDLEY setup, data were measured sion over the full energy range by adding the contribution of
for p, d, t, *He andea particles, with low-energy thresholds. the evaporation process to the preequilibrium emission cal-
The SCANDAL setup has been used to measure proton praulated using theeREEQ code. That calculation scheme has
duction cross sections in the same angular range, with goashown that for heavy targets, almost all particles are emitted
statistics and angular resolution, but with an energy thresholduring the preequilibrium stage of the reaction, while for
of about 30 MeV. For proton emission, very good agreemenlight targets, a strong component from the evaporation pro-
found between both sets of measurements obtained with bottess is present at low emission energy. In addition, the most
independent detection systems shows that we had a godehportant contribution in the equilibrium component origi-
control of the systematical uncertainties involved. This isnates from the decay of residual nuclei left in an excited state
due, in part, to the unambiguous cross section normalizatioafter the preequilibrium particle emission. Finally, we have
that has been applied using very accurate data omthe shown that a correct description of the energy-differential
scattering cross sectiofil3]. In our experiment, we also distributions and of the different mechanisms contributing to
measured this cross section and we obtained a good agretre total cross section allows us to calculate double-
ment with data from Ref[13]. The estimated systematical differential cross sections by including also the parameteriza-
uncertainties affecting the double-differential cross sectionsion from Ref.[17] for the angular distribution determina-
reported in this work are of the order of 5%. tion. The good reproduction of the shapes of the double-
Data presented in this paper allow the extension to highedifferential distributions that we obtained with this method
energies(up to 96 Me\j of the available experimental re- suggests that theoretical models must provide at least a good
sults on nucleon-induced reactions in the 20—200 MeV eneescription of the energy-differential cross sections. The pa-
ergy range, which were up to now limited to about 60 MeV rameterization established in Rgfl7] allows a more de-
incident energy. This new data set, together with the dat&iled study of the reaction with a rather satisfactory accu-
already existing in the literature, allows us to study in detailracy by allowing the prediction of the double-differential
both main theoretical approachg3 4] available nowadays distributions.
for the description of nucleon and complex particle emission The results presented in this work show that the under-
in nucleon-induced reactions at intermediate energies. Thestanding of nucleon-induced reactions at these energies is far
approaches have been proposed mainly to improve the exdirom complete. Two approaches are available in the frame-
ton model predictions concerning the production of clusterswork of the exciton model for the description of cluster
which was originally strongly underestimated by the model,emission in these specific reactions and among them, only
as shown with the calculations we have performed with thehat based on the coalescence model seems to have a satis-
GNASH code [6]. Since the cross sections evaluated withfactory predictive power. It is, however, based on a scale
GNASH are at present implemented in theeNPX code, we  factor associated with the formation probability of complex
would like to issue a warning that some important informa-particles, which has to be adjusted to experimental data.
tion needed in specific application as the power deposited iherefore, further theoretical progress must be done in this
a spallation target of an ADS could be underestimated. field in order to improve the existing theoretical approaches
In order to test both approaches, we performed calculaef the exciton model and to provide new models based on
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different considerations. An alternative has been recentl¥031), the GDR GEDEON(Research Group CEA-CNRS-
proposed in this direction, which uses the wavelet techniqu&EDF-FRAMATOME), Vattenfall AB, the Swedish Nuclear
to simulate the nuclear dynamics and whose results are vefyuel and Waste Management Company, the Swedish Nuclear

encouraging. They will constitute the subject of a future pub-Power Inspectorate, Barseback Power AB, Ringhals AB, the
lication [35]. Swedish Defence Research Agency, and the Swedish Re-
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