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Light charged particle production in neutron-induced reactions on aluminum atE,=62.7 MeV
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Double-differential cross sections for 62.1.0 MeV neutron-induced light charged particfg €, t, and«)
production on aluminum are reported. Angular distributions were measured at laboratory angles between 20°
and 160° in steps of 10°. Procedures for data taking and data reduction are described. Results for double-
differential, energy-differential, and total production cross sections are presented. The measurements are com-
pared to existing proton-induced data and to nuclear model calculations which include preequilibrium and
equilibrium decay mechanisms. Agreement with the model calculations is good for all ejectile types except for
deuterons, where pickup processes are overestimated. The neutron-induced data presented are shown to be in
good agreement with experimental proton-induced data for charge-symmetric reaction channels. For the proton
emission channel the approximate factor of two between the two emission spectrum measurements is ex-
plained.[S0556-28188)00309-4

PACS numbd(s): 25.40.Hs, 28.26-v

[. INTRODUCTION production of discrete gamma rays in various residual nuclei
[4]. These data probe particularly the angular-momentum af-
Experimental measurements of emission spectra fofects in the nuclear reaction, and indirectly depend on the
charged particle production in fast neutron-induced reactionemission cross sections in the reaction. They are, therefore,
above 14 MeV are rather scarce. The present paper reportemplementary to the measurements we report here, and to-
the first measurements of proton, deuteron, triton, andyether these measurements provide a comprehensive descrip-
a-particle inclusive emission spectra induced by 62.7 MeVtion of nucleon-induced reactions on aluminum.
neutrons on aluminum. Experimental data were obtained at The charged particle emission spectra are analyzed using
the fast neutron facility at the Louvain-la Neuve cyclotrontwo different preequilibrium reaction theories: the quantum-
CYCLONE. Previous results for neutron induced light mechanical Feshbach-Kerman-Koori#KK) theory[5] and
charged particle production on carbon in the energy intervalhe semiclassical exciton model. TBRASH nuclear reaction
40-75 MeV were reported by our gro(ip,2]. model code[6] predicts emission spectra for all the four
Neutron-induced reactions on aluminum are of interest foejectiles using the exciton model for preequilibrium emission
a number of reasons. Aluminum is sufficiently heavy forand Hauser-Feshbach theory for sequential equilibrium de-
many of the statistical assumptions used in nuclear reactiooay. Direct inelastic scattering contributions are also in-
models to hold(they frequently rely on a high density of cluded in theGNASH calculations, thus the code provides a
excited states in their derivatipnyet not so heavy as to comprehensive description of all important reaction chan-
result in a strong suppression of charged particle emissionels, albeit in a semiclassical framework for preequilibrium
due to the Coulomb barrier. Therefore nuclear reaction moddecay. On the other hand, the FKK theory is grounded in a
els for equilibrium and preequilibrium decay, including the more fundamental theoretical derivation but at present can
emission of cluster particles, can be tested. only be used for nucleon emission. Nevertheless, since quan-
Results concerning light charged particle production intum refraction and diffraction effects are incorporated within
proton induced reactions on aluminum at a comparable erits distorted-wave formalism, the FKK theory can predict the
ergy, 61 MeV, were previously reportd@]. Our data, to- angular distributions of the emitted nucleons.
gether with those of Ref3], provide comprehensive infor- The present aluminum data enable the test of a recent
mation of all important light particle decay channels. Thistheoretical formulation of multistep direct reactidng. This
allows a comparison of the influence of the projectile isospirtheory uses the FKK approximations that result in a convo-
on the relative magnitudes of charged particle yields andution structure for second- and higher-order scattering pro-
facilitates a more stringent test of nuclear models. Addition-cesses, and explicitly follows the excitation of nucleons
ally, experimental measurements 6fAl(n,xy) reactions within the preequilibrium cascade. Experimental data for
from 3 to 400 MeV have recently been presented, for theboth emitted protons and neutrofisferred by symmetry
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from (p,xp) data of Ref[3]) enables this theory to be tested. Proton Beam
The incident neutron energy of 62.7 MeV has the advantage +
that the first-particle multistep direct reaction mechanism is Beam pick-off .II
dominant, the energy being too high for multistep compound Litarget —___ .
processes and too low for significant multiple preequilibrium o
emission[8] to become important. Brﬁgggjegt\ 1
In addition to basic physics interest, neutron-induced re-
actions above 20 MeV on aluminum are important in a num- Faraday cup =]
ber of emerging accelerator-driven technologies which uti- Iron collimator
lize spallation neutrons, including the transmutation of 7
radioactive waste. An accurate understanding of these cross
sections is important for radiation transport calculations of
shielding requirements, heating, activation and radiation 3.28m
Sweep-out
damage. magnet
In Sec. Il the experimental setup and data reduction pro-
cedures are briefly presented. Experimental results are shown Paraffin and__
in Sec. lll. In Sec. IV we describe nuclear model calculations
of direct, preequilibrium, and equilibrium reaction mecha-
nisms including the FKK theory. Comparisons of our mea- Telescope aE T
surements and those of R¢R] with the theoretical predic-
tions are shown in Sec. V. Conclusions are given in Sec. VI. ] ) X
First reaction
chamber
Il. EXPERIMENTAL METHODS 0.8 m
The present paper reports experimental data for proton, ,
deuteron, triton, and-particle production by 6271 MeV S ramoer —
neutron-induced reactions on aluminum. Since the experi- /
mental setup and data reduction procedures are very similar beam monior (CH2)p target
to those in our previous works, only essential details are telescope AE-E
given here. For further information the reader is referred to
Refs.[1,2] and the references therein. FIG. 1. General layout of the fast neutron facility at the

Figure 1 shows the general laydqubt at scalgof the fast ~ Louvain-la-Neuve Cyclotron CYCLONE.
neutron beam facility at the Louvain-la-Neuve Cyclotron
CYCLONE [9-11]. The 65 MeV proton beam is focused on  For the energy calibration, the protons and deuterons re-
a 3 mm thick natural lithium target. With a 18 A proton  coiling from respectively a polypropylen@ mm thick and
beam, about 10n/s are available at the location of our reac- a deuterated polypropylene tardgét6 mm thick were used.
tion chamber. The neutron energy spectrum at 0° consists dfhey were recorded at laboratory angles from 20° to 70° in
a well-defined peakwith full width at half maximum of 2  steps of 10°, for each of the four telescopes used. These
MeV) containing about 50% of the neutrons, plus a flat con-measurements provided a reliable energy calibration for pro-
tinuum of low-energy neutrond,11]. tons and deuterons. Together with ansource point(at
The collimated neutron beam strikes the target placed in about 5.5 MeV, this gives about 13 calibration points. A
first evacuated reaction chambét06 mm in diameter simple three-parameter analytical formula relates the Csl

coupled to the exit of the neutron collimat@fig. 1). Labo-  light output response to the energy of the detected charged
ratory angles from 20° to 160° in steps of 10° were availableparticle [14,15. A simultaneous fit, to all the calibration
for measurementsl2,13. points, determines the three parameters and therefore the en-

Four charged particle detector telescopes were used sergy calibration for the four ejectiles. Specially for alpha-
multaneously. Each of them consisted(df a AE detector particles, the errors on the three free parameters induce errors
(NE102 plastic scintillator, 0.1 mm thick, 4 cm in diameter in the energy calibration. Therefore, the energy spectra for
viewed by a XP2020 photomultiplier via a lucite light guide triton and a-particle production are reported here as histo-
and(ii) anE detectof Csl(Tl) crystal, 22 mm thick, 38.1 mm grams in steps of 3 MeV. In addition, as the measured cross
in diametet, viewed by a XP2262B photomultiplier. THe  sections for these two ejectiles are rather small, this choice of
detector can stop 80 MeV protons. A coincidence was rethe energy step improves the statistics in the reported spec-
quired betweerAE andE detectors in order to suppress an tra.
important part of the background present in such types of Charged particle discrimination spectra were obtained in
experiment[1,11,13. The average angular opening of the two ways:(i) by using the energy information frohE and
collimating system for the detection of charged particle prodE detectors andii) by charge integration of the Csl light
ucts was 2°-3°. output pulsg1,16]. A combined use of these two separation

An aluminum target (X5 cn? surface and 1 mm thigk methods allows a good separation of the reaction products
was used. The angle of the target with the beam was choseawver their entire energy range as well as an efficient suppres-
to minimize the thickness of the target material traversed byion of the backgrounfil,2,11,13. Nevertheless, due to the
the charged particle ejectiles towards the telescopes. poor separation of théHe ejectiles in the particle discrimi-
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range, and the normalization factor was obtained from their
mean value. Generally the spread of these values around the
mean was about 5%. Normalization factors of the order of
3—4x10 % mb/MeV sr were obtained, indicative of the de-
tection sensibility of the experiment.

The rather thick aluminum target, the 0.1 mm thitE
detector, and the energy threshold of the E dete@bout
1.5 MeV), limit the registration of the low-energy charged

: particle products to only fractions of the entire target thick-
: ness, and therefore the spectra should be corrected accord-
ingly. These effects are taken into account by using the
abovementioned simulation progrdm18].

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

L

30 40 50
Deuteron Energy {MeV)

FIG. 2. Selection of deuteron events induced by neutrons in the
main peak(hatched arealn the inset the neutron spectrum recon- Il EXPERIMENTAL RESULTS
structed from the totality of deuteron events is shown. The spectra sing the procedures outlined above, double-differential
are at 20° lab and the indicated deuteron energy is after the target;qss sections for proton, deuteron, triton, angarticle pro-

nation spectra, in what follows all the presented experimentdfction were obtained for 62.7 MeV incident neutron en-
« spectra contain as well th#He contribution. ergy, corresppnc_ilng to the main neu_trqn peak that_ results

The beam monitoring system was realized in two Ways_from 65 Me\( incident protons on the lithium target. Figures
(i) After the lithium target, the incident proton beam is mag-3—6 Show, in three-dimensiond8D) representations, the
netically deflected into a water cooled Faraday cup and the[f'€asured energy spectra and their angular distributions for
integrated. (i) Downstream of our reaction chamber and the four e_zjectlles. The energy spectra are represented as his-
coupled to it, there is a second evacuated chartfigr 1), tograms in steps of 2 Me\/ for protons :?md deuterons gnd 3
in which a charged particle telescope detects tha, piY MeV for tritons anda part|cles.. The honzonta[ scale gives
scattered protons at 45° froa 1 mmthick polypropylene the energy of the charged particles produced in the reaction.
target. The agreement between these two monitoring systerk@W-€Nergy cuts are about 6 MeV for protons and deuterons
was very good during the data takifi,13). a_nd about 12 MeV for tritons ane .part|cles_. The rather

The time-of-flight(TOF) was deduced from the time dif- high values of the Iow-e_nergy cuts in the triton ;pectra are
ference between a capacitive beam pickoff, located upstreafiH€ 0 the poor separation of the low energy tritons in the
of the neutron producing targéfig. 1) and theAE detector. particle |dent|f|c§t|on spectra while for the-particle spectra _

It was registered for each charged particle event in the teldh€Y are determined by thick target effects. The angular dis-
scopes and subsequently used to select only those everfiPutions in Figs. 3-6 show a strong peaking at forward

associated with neutrons in the main neutron peailaboratory angles fo_r_ aI_I the four ejectiles, indicative of the

[1,2,11,13. presence of preequilibrium processes. _

By complementary use ciE—E and slow vs fast com- Given by the_ accgmulated statistics, the overall relative
ponent information for the particle discrimination spectra, a€0rs of the points in the energy spectra are about 5% for
reliable selection of the desired events was obtaine®Otons, 9% for deuterons, 17% for tritons, and 28% dor
[1,2,11,13. Subsequently, using TOF information and know- particles. For lower ejectile energies they are larger as a re-
ing the flight distances and energies of the particesn the sult of the.thlck target eﬁectﬁl_,lS]. The uncertainty in the _
energy calibratiop a further selection was made for only Cr0SS section absolute scale is about 6%, given by errors in
those events induced by neutrons from the monoenergeti® measured referencen,p) cross sectiong5%), beam
peak. Figure 2 shows, for the case of therAl{x) reaction, monitoring (2%), statistics in t'he Ht,p) recoil proton peak
the selection of the deuteron events induced by neutrons 2% and solid angle correctior(d%).
the main peak. The rest of the deuterdgnenhatched arg¢a
are induced by neutrons in the low-energy continuum of the
incident neutron energy spectrum.

The statistics in our spectra correspond to an acquisition
time of about 32 h for forward and 60 h for backward angles,
with a mean proton beam intensity of about<lP0"®A ona  a recent, two-component, extensipfl of the multistep di-

3 mm thick lithium target. rect (MSD) model of Feshbach-Kerman-Koonjs]. It en-

Absolute cross sections were obtained by normalization teaomprises a combination of distorted-wave Born approxima-
our measured H{,p) scattering cross sections. Angular dis- tion (DWBA) matrix elements and a statistical description of
tributions for then-p elastic scattering were measured at 6the excited states that tends to account for experimental
laboratory angles between 20° and 70°, for each telescopgngle-integrated emission spectra with an accuracy compa-
[17]. Solid angles and thick target corrections were calcufable to that found in the semiclassical models, and with a
lated with a Monte Carlo simulation program of the experi-higher accuracy for angular distributions. When a reaction
ment[18]. In this way, for each of the telescopes, six nor-proceeds by the MSD mechanism, it is supposed that at least
malization points were available covering a large energyne particle is in the continuum throughout the process and

IV. THEORETICAL MODELS
A. Quantum multistep direct calculations

A quantum-mechanical analysis has been performed with
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A B
P III

FIG. 5. Angular distributions
of measured double-differential
cross sectionghistograms in steps
of 3 MeV) for Z’Al(n,tx) reac-
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'(E;QHEO!QO)
dQdE
m

j(—l

)

hole

(Is ABW/aW) TBPIP/O P

Uyl
1

hole pair is created. After one or a few collisions, the con-type of the incident and outgoing nucleon, respectively.

tinuum particle is emitted in a direction that still has retained The continuum one-step direct cross section is given by
some coupling to the initial direction and is therefore for-the weighted sum over squared DWBA matrix elements that

ward peaked. The main difference with conventional direcdescribe transitions to particle-hole statgs In a two-

reaction theories is the high density of final and intermediat&€omponent form, it is given by

that at each subsequent step of the reaction a new particleshereE,,Qq,i andE,(},j are the energy, solid angle, and
states, which necessitates statistical postulates in the direct, 1

reaction formalism so that the analysis of these processé?s‘f

remains tractable. In Ref7] we presented a formalism for
calculating MSD cross sections in a fully two-component

theory where all possible neutron and proton particle

v Ex)

h

h’?T’pV’

(P,

>

7

excitations are explicitly followed, for all orders of scatter-
ing. The best test cases for this model are those where both
experimental neutron and proton emission spectra are avail-

)

I
A~
S
~
;s
hv:

B
Q

S
h’

S
pv.
T o«
2 =
= "o
S <

o
[
,(XJH
~ =
X X

able, which is always important since these processes repre-
sent competing decay channels. Given thak) emission

nucleon interactio’ manifests itself inV, .,

wherek andk, are the final and initial momentum arkf,

nucleon

(p,xp) data at the same incident energy provide a stringenSchralinger equation with an optical potential. The effective

for emission energies above the Coulomb barrier, the mea=E;—E+ Q is the excitation energy witk) the reactiorQ
test of the theory.

sured 6,xp) data presented in this paper together with thevalue. The distorted wavegy are eigenfunctions of the

spectra for aluminum, as measured by Bertrand and Peelle
[3], are expected to be similar to,xn) spectra at 63 MeV

,» components. The sum over repre-

=V,.), andV

VWV (

A full exposition of the theory is given in Ref7]. Here
we only give the key formulas that were used in the analysissents a sum over all accessible isospin-dependent particle-

The double-differential MSD cross section to the continuumpgle

pairs andA)# should be regarded as a probability distri-

n around each particle-hole state, its width being a
measure for the magnitude of the residual interaction within

©

>

is an incoherent sum of a one-step term and multistep termgtio

the nucleus. We assume that this distribution can be repre-

d?o (V) (E,Q—Eq,00)

dzo'jgi(E,QHEo,Qo)

sented by a Gaussian, and we take a spreading width equal to

4 MeV.

4.0

dQdE

1

n=

dQdE
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FIG. 6. Same as in Fig. 5 for

the case ofx-particles.

(s ABN/AW) BP3P/O,P

In general, then-step direct cross section can be com-tions. For all these states DWBA matrix elements are calcu-

pletely expressed in terms of the two-component MSD cros$ated with the nuclear reaction cogeisos[19]. The bound

section of the previous stage

state wave functions are computed with a Woods-Saxon po-
tential with a reduced radius of 1.2 fm and a diffuseness of
0.6 fm. We only consider the real, central term of the effec-
tive nucleon-nucleon interactiol; , for which we take a
Yukawa potential with range,=1 fm and strengthv;; .

0| (E,Q —Ep, Q)

dQdE

which is in good agreement

This strength is taken as the only adjustable parameter. The
with the systematical expression found in Réf],

extracted value for the strength of the effective interaction is

V,,=V,,=V,,=21.1 MeV,

fdQn—lf dEn—lEn—l

m
4772ﬁ2tn712:w,v
dzo-J(];—)tnil( ErQ(— En,]_ !‘Q’nfl)

4.4

MeV,

|

E

0.20
31.8

where E is the incident energy. We include multiple-

dQdE

X

V,,=31.8ex

i(En-1,Qn-1E0,Qo)

(n—1)
th—1l

d?c

preequilibrium emission in the calculations, using the model

of Chadwicket al.[8].

4.3

dQ,dE,

where E;,Q); are the intermediate energy and solid angle,
respectively. The extra summation ougr ; indicates both

B. Semiclassical exciton model and
Hauser-Feshbach calculations

intermediate

types of nucleons that are involved in the

stages.

As discussed above, the FKK theory is able to predict

we do

Equations(4.2), (4.3) are calculated exactly, i.e.
not make use of explicit formulas for the particle-hole stateangular distributions as well as emission energy spectra for

densities but instead directly calculate DWBA cross sectionsiucleon ejectiles. However, its predictive capability for the

He, anda

3
1

emission of cluster ejectile@euterons, tritons

for all possible particle-hole excitatiorfagain including an

exact book keeping of the neutron/proton type of the particlgarticles is limited. A few researchers have begun extending

and hole at all stages of the reactiotetermined from a

the multsitep theory to describe such reactions, but the

simple Nilsson model. Single-particle states for both protongheory is still in a developmental stag@0]. There exist

and neutrons were generated, resulting in particle-hole quarsemiclassical theories, though, which have been developed to
tum numbers for four types of nucleon-nucleon combina-describe preequilibrium cluster emission within the exciton
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model. For this reason, we also perform calculations that use

the exciton model to describe preequilibrium reactions, and P

Hauser-Feshbach theory to describe the subsequent com- 10 R oo 15 MeV (x104)
pound nucleus decay. TleASH nuclear model code is used R N - eutece

for this purpose. The preequilibrium emission of nucleons is 2 g

calculated by solving a coupled set of master equations to § P S

describe the creation and annihilation of particle-hole excita- €

tions as the system moves towards equilibrium. Preequilib- & 1¢*' 35 MeV (x102)
rium cluster particle emission is calculated using the model @ R S
of Kalbach[21], which includes pickup and knockout emis- [ 10%° -
sion mechanisms, making extensive use of phase space and © »

detailed balance considerations to determine the preequilib- 10 F W e e
rium emission rates. In addition to primary preequilibrium o =

emission, multiple preequilibrium emission of a second fast 1976 20 40 60 80 100 120 140 160
nucleon was included in the calculatiof8]. Subsequent Lab. Angle (deg)

compound nucleus decay is calculated in an open-ended se-

guence of sequential decays, until there is insufficient energ

for further particle decay, and the residual nuclei attain thei

groﬁggssetffessxlt?;—éﬁycglrg lljslzii%nn.s requi - fti_nuous and dotted lines show respectively thieasH code and
quire transmission coef f:KK model calculations of the present work

cients for particle emission, for energies spanning from zero '

to the maximum emission energy. The aluminum optical po-

tential of Petleret al. [22], fitted to measured elastic scatter- as continuous lines. Both model calculations account for the
: ' y experimental data rather well, including the increased for-
ing and total cross section data, was used for neutrons. F

; " S- "Qard peaking with emission energy. At the lower emission
protons, the Petler neutron potential was modified using b g gy

. ; ) o .%nergies the contribution from multistep scattering reactions,
Lane isospin transformation. Deuteron transmission coeffi-

. . as opposed to one step direct reactions, increases, which
cients were obtained from the Perey and Perey global pote PP P

. ) L - . rb’ives a flatter angular distribution.
tc';arle[ezn?’l]é;gtog;{ggﬁ;‘éiﬁon ;sgmz';gtiiggm ttrgﬁsﬁgg?oer:tl_ Figures 8—11 show measured double-differential emission

. ) . spectra compared with calculations, for proton, deuteron, tri-
coefficients were obtained from the potential of Arthur and P P P

" ton, and a-particle ejectiles, respectively. Data at various
Young([25]. The Ignatyuk modell26] nuclear level densities emission angles are presented. As our two-component devel-

xﬁrr]einusre‘j’ i\gh'cg 'i?ctliu?]e tnher Waskrlldng-rou:noi ih%” ef:tai(r:]ts(_)pment to the FKK theory is currently capable only of pre-
creasing excriation energy, and are matched con udicting nucleon emission cross sections, such calculations
ously onto low-lying experimental discrete levels, obtained

A o are only included in Fig. 8.
primarily frqm the. complla_mon of E“O[t?ﬂ: . The GNASH model calculations shown as the continuous
The semiclassical exciton model, in its form as imple-

mented within _ the GNAsH code. bredicts onlv anale- line in Fig. 8 account for the general features exhibited by
P y 9 measurements, that is, the high-energy tail due to preequilib-

mtggrated emission spectra anq not angular Q|strlbutlon§,ium emission, the rise at low energies due to contributions
This is because the master equations follow particle and hole

excitation in energy, but not in momentum space. To obtain
double-differential emission spectra, the phenomenological
(experimental-data-base&albach angular distribution sys- 3.0
tematics[28] are applied. While these systematics are phe- i
nomenological, theoretical arguments have been presente.~
[29] to support the mathematical form of the systematics,% 100
which represent the angular distributions as exponentials in2

FIG. 7. Angular distributions of laboratory double-differential
ross sections for several proton ejectile energies for the
27Al(n,px) reactions at 62.7 MeV incident neutron energy. Con-

30° |, 70°

.vvn'.-.}..”h

the cosine of the scattering angle. g 0.0 st bt :
g i 90° i 130°
3 245 N
V. COMPARISON BETWEEN 5 !
EXPERIMENT AND THEORY e 1.6
T

The cross sections in Figs. 3—-6 can be compared with the ¢
corresponding experimental proton induced reactions on alu-
minum at 61 MeV incident energy by Bertrand and Peelle 0.0
[3] and the results from theoretical model calculations de- 0 10 20 30 40 50 0 10 20 30 40 50 60

. . . . . Proton Energy (MeV)
scribed in the previous section. Figure 7 shows measurea
angular distributions for inclusive proton emission for emis-  F|G. 8. Measured double-differential cross sections in steps of 2
sion energies of 15, 25, 35, 45, and 51 MeV. TheoreticaleV at several laboratory angléfilled dots for 27Al( n,px) reac-
prediction based on the quantum multsitep FKK theory areions for 62.7 MeV incident neutron energy. Continuous lines show
shown as dotted lines; exciton model predictions combinecheoretical calculations with excitofGNAsH) model. Theoretical
with the Kalbach angular distribution systematics are showpredictions of the FKK model are presented as dotted lines.
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FIG. 9. Measured double-differential cross sections in steps of 2 FIG. 11. Measured double-differential cross sections in steps of
MeV at several laboratory anglégiled dots for 27Al(n,dx) reac- 3 MeV at several laboratory angldéilled dotg for ?’Al(n,ax)
tions at 62.7 MeV incident neutron energy. Continuous lines argeactions at 62.7 MeV incident neutron energy. Continuous lines
theoretical calculations of the present work. Data of R8f.for ~ are theoretical calculations of the present work. Data of Reffor
ZIAl(p,dx) reactions at 61.0 MeV incident neutron energy are >’Al(p,ax) reactions at 61.0 MeV incident neutron energy are
shown as open triangles. shown as open triangles.

from sequential compound nucleus decay, and the forward Figures 9—11 show similar information for complex par-
peaking of the data. The slight forward peaking seen even iticle emission. Open symbols on the same figures show
the equilibrium-decay region at low energies is due to thecharge-symmetric data from the proton-induced measure-
fact that these data are in the laboratory frame, and thenents of Bertrand and Peell8]: our (n,xd), (n,xt), and
center-of-mass to laboratory kinematical transformation ign,xa) data are compared with respectively the,Xd),
significant for such a light target nucleus. However, an un{p,x3He), and p,x«) data. In general, remarkable consis-
derprediction of the experimental emission spectra by théency is seen between our neutron-induced charged-particle
exciton model iNnGNASH occurs between approximately 20 production cross sections and the symmetric experimental
and 40 MeV emission energies. Here the FKK calculationgproton-induced cross sections of RE3], particularly when
better describe the data, though the slight oscillatory structhe differing Q values are taken into account. For instance,
ture that persists in the FKK calculations, due to the use othe differing end points in the spectra are simply due to the
single-particle states in the calculations, is not seen in thslightly different incident energies in the two experiments
measurements. This indicates that the residual interactior($2.7 versus 61.0 MeV in Ref3]) and the differingQ val-
may spread and fragment the single-particle states over @es[e.g., —6.0 MeV for the ,d) reaction versus-10.8
wider energy than included in the calculations. MeV for the (p,d) reaction in Fig. 9, and an anologous
effect in Fig. 10Q.
T T ’ The theoretical calculations using tb&AsH code, based
on Kalbach’s exciton model for the complex particle emis-

018 sion, agree poorly with the deuteron data in Fig. 9, but ex-

0.10 hibit better agreement with the triton and data (Figs.
B 10,13). In the case of deuteron emission, the model largely
g 0.05 overpredicts direct pickup processes at the highest emission
E 0.00 energies, and underpredicts compound nucleus deuteron
S emission. However, the prediction of cluster preequilibrium
3 009 emission is notoriously difficult for theory, and few theoret-
g ical approaches have a good predictive capability for this
3, 0067 type of reaction. The failure of theory to account for the

experimental deuteron emission data illustrates the need for
experimental data to understand these reactions; indeed, in
rSe applications the contributions from deuteron emission to en-
) 40 50 ergy deposition by neutrons in matter is significant, being
Triton Energy (MeV) only a factor of approximately 3 smaller than protons at this

0.03|

0.00

FIG. 10. Measured double-differential cross sections in steps ofNeragy- o .
3 MeV at several laboratory angléfiled dotg for 2’Al(n,tx) re- In the case otr emission(Fig. 11), the model calculations

actions at 62.7 MeV incident neutron energy. Continuous lines ar@ccount for the data very well, including the evaporation
theoretical calculations of the present work. Data of R&f.for ~ peak at low energies. Nevertheless, since the detector energy
27Al(p,®HeX) reactions at 61.0 MeV incident neutron energy arethreshold forae emission is rather high in this experiment,
shown as open triangles. much of thea production remains unmeasured. Therefore
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the present data cannot be used to test the model calculation
predictions of low-energya emission from compound
nucleus reactions. However, the experimental data measur-
ing discretey-ray emission following particle emission in
neutron reactions on aluminum, described in R4}, can be
used indirectly to test the production calculations at these
energies. The model calculations presented in Rafare
compatible with those in the present work—they use the
sameGNASH code and similar input parameters. Theaay
cross sections in Ref4], which are closely related to re-
sidual isotope production cross sections, sum over all the
various reaction pathways that contribute to the production
of a given isotope. Thus the fact that the model calculations
describe measured discrete-ray cross sections in
2021222}je and in '8, where anx particle is often emitted

in conjection with other nucleons, supports the accuracy of
our model calculations of emission. The calculations in
Ref.[4] exhibit poor agreement witl-ray data for the pro-
duction of 2°Na at high neutron energies, but at lower ener-
gies where energetics dictate that ibisemission as opposed

to sequential nucleon emission that is occurring, the calcula-
tions agree well with the measurements.

The experimentalr spectra contain the contribution due
to 3He ejectiles which is not taken into account in theasH FIG. 12. Double-differential cross sections at 10° lab angles for
theoretical calculations shown in this work, because of theithe four ejectileg(filled points as they result from our extrapola-
minor importance. Nevertheless, theoretical estimations ofion. The open triangles are data of RE®] for proton-induced
these contributions withsNAsH show that they are very reactions on aluminum at 61.0 MeV. Continuous lines are theoret-
small compared to ther production cross sections being ical model predictiongeNAsH) of the present work. For protons, the
within the errors of the experimental production cross sec- FKK model calculations are shown as dotted line.
tions.

Experimental energy-differential cross sections result Similar comparisons for the angle-integrated data are
from the angle integration of the measured angular distribushown in Figs. 13 and 14. Again, the good agreement be-
tion of the energy spectraifo/dQdE). For a better cover- tween theory and experiment is evident for all emission
age of the 0°—180° angular range, cross sections for 2.5¢hannels except deuterons, and the good agreement between
10°, 170°, and 177.5° were included. They result from thethe present neutron-induced data and the Bertrand and Peelle
extrapolation of a fit to the angular distribution, for each proton-induced charge-symmetric data is evident.
ejectile energy, with the simple analytical formula  Figure 13 shows our energy-differential, kp) cross sec-

A exp(B cod)), whereA andB are coefficients to be deter-

mined by the fit. This functional form is that embodied in the e

Kalbach systematics for preequilibrium reactid8] and i

has been derived theoretically by Chadwick and Oblozinsky 10

[29]. Generally this formula describes the measured angular

distributions well over the entire ejectile energy range for all

the four ejectiles. This fact gives confidence in our extrapo- %‘

lations for the abovementioned laboratory angles. Moreover, 2

due to the multiplication with sif, in the angle integration, £
y
%)
©

d?G/dEJQ (mb/MeV sr)

0 10 20 30 40 50 60
Particle Energy (MeV)

2 L ® Al(n,px), LLN data B
5 & Alfp,px), Bertrand and Peelle (1973) ]
b % — AI(n,px), GNASH calculation
--- Al(p.px), GNASH calculation

____________ QAA.QAA&_A‘ A

S L LY AN

(X} Al

their contribution in the energy-differential cross sections is
reduced to about 9%, out of which about 7.5% is due to the
cross sections at 10° lab. Figure 12 shows the double-
differential cross sections for the four ejectiles at 10° lab.
The error bars corrrespond to the overall relative errors on
the energy spectra for each particle as given in Sec. lll. The qot Lo
filled points result from the extrapolation with the above- 0 10 20 30 40 50 60
mentioned formula, the open triangles are data for 12° lab Emission Energy (MeV)

angle from Ref.[3], for proton induced reactions at 61.0

MeV. The continuous lines ar@NasH code predictions. For FIG. 13. Experimental energy-differential cross sections for, re-
protons the FKK model calculations are shown as dottedpectively,’Al(n,px) reactions at 62.7 MeV incident neutron en-
lines. The agreement between the two sets of eXPerimentéEgy (filled dotg and ?’Al(p,px) reactions at 61.0 MeV incident
data in Fig. 12 is good. The general trend of the agreemergroton energyopen trianglesfrom Ref.[3]. Continuous and dotted
between the theory and the data, observed at other forwarthes show the corresponding modginasH) calculations of the
angles(Figs. 8—1} is also seen in Fig. 12. present work.

T B I
L4
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tions compared to Bertrand and Peellejs,Xp) reaction 102
data, along with model calculations. In this case, the two ]
measurements would not be expected to be of the same mag- 1™

nitude as they are not charge symmetric. In fact, the approxi-
mate factor of 2 difference in the preequilibrium region be-
tween the proton-induced and neutron-induced data is to be 10
expected from arguments analogous to those proposed by
Kalendet al. [30]. In a preequilibrium reaction, the first in-

-2

teraction results in the creation of Ph state. If one as- % 10 ]
sumes that the projectile is most likely to interact with the b=
opposite type of nucleon, and uses a ratio of 3 compared to €
the excitation of the same type of nucledmased on free o
nucleon-nucleon cross sectignthen one obtains a ratio of o
5:3 for the number of same-type compared to opposite type 8

excited particles in the first step. Since one-step scattering is
the major contributor to the preequilibrium spectrum at this
incident energy, this provides a qualitative explanation of the
factor of approximately two observed experimentally. The
GNASH calculations for neutron- and proton-induced reac-
tions include this effect and account for the two sets of data
well. They also account for the preponderance of high-
energy protons due to inelastic scattering to low-lying levels 10 b
in (p,p’) reactions, calculated with DWBA theory. 0 20 40 60

The differing magnitudes of proton emission in the low- Emission Energy (MeV)
energy evaporation region in Fig. 13 has a different origin,

more related taQ values. The primary ejectil® value is FIG. 14. Experimental energy-differential cross sections for re-
—1.8 MeV for the 6,p) reaction, but zero for thep(p’) spectively f,px), (n,dx), (n,tx), and (,ax) reactions or?’Al at
reaction. This implies that in compound nucleus emission thg2.7 MeV incident neutron energjilled dots. The open triangles
residual nucleus in thep(p”) reaction is excited at 1.8 MeV  are data of Ref 3] for the corresponding 61.0 MeV proton-induced
higher excitation energy compared to that in thep) reac-  reactions. Continuous lines show the mo@ehasH) calculations.
tion, for the same emission energy. Since the emission prolFor the ?’Al(n,px) reactions the dotted line presents the FKK
ability is proportional to the residual nucleus level density,model predictions.

which increases exponentially with excitation energy, this

results in a higher proton emission compound nucleus crosg theoretical estimation of the missing total cross sections in

section for the proton-induced reaction. However, it must behe experiment. The values in the two first columns in Table
admitted that other factors also impact on the differing comq agree within the experimental errors.

pound nucleus spectrum peaks in Fig. 13, includingalues

for other compound nucleus sequential decay contributions,
as well as differing competition decay channels in the two VI. CONCLUSIONS
cases. For instance, the primary competition decay channel is

neutron emission, which has a ze&povalue for (0,n’) but a - . 2 )
—5.6 MeV Q value for the p,n) reaction, resulting in a and a-particle production energy spectrd¢/dQ2dE) re

higher neutron competition width for the neutron-inducedsu.Itlng from the interaction of 62.7 MeVv ngutrons with Qlu_-
-minum. Measurements were performed with good statistics

sion for the neutron-induced reaction 2t the fast-neutron facility of the Louvain-la-Neuve Cyclo-
' tron, Belgium. Angular distributions were measured at labo-

Similar comparisons of angle-integrated data for all ejec- o o ° :
tile types are shown in Fig. 14. Again, the good agreemen?atory angles between 20° and 160° in steps of 10°. Energy

between theory and experiment is evident for all emission ) )
channels except deuterons, and the good agreement betweenTABLE I. Total cross sections for proton, deuteron, triton, and
article production induced by 62.7 MeV neutrons on aluminum.

the present neutron-induced data and the Bertrand and Peelfé X ) .
proton-induced charge-symmetric data is evident. ﬁﬁzoretlcal total cross sectiofisNAsH) are shown for, respectively,

Table | gives the total cross sections for proton deuteronabove [theory(1)] and under(theory2)] the experimental low-

. . . . . e ts.
triton, anda-particle production, resulting from the integra- nerdy eu's
tion of the experimental energy-differential cross sections in

We report here, for the first time, proton, deuteron, triton,

Fig. 14. Theoretical values from model calculatigasiAsH) Experiment T(hl()eory T(g)e o
are also shown for comparison. The column labeled theory

(1) gives the values resulting from energy integration abover(n,px) (mb) 230.5+11.3 230.4 139.2
the experimental low-energy cuts. The last column, labele@-(n,dx) (mb) 71.8+6.6 73.0 8.0
theory(2), gives the theoretical total cross sections under oug(n,tx) (mb) 7.3+1.3 6.0 8.7
experimental low-energy cul® MeV for protons and deu- 4(n,ax) (mb) 28.4+8.1 22.2 114.2

terons and 12 MeV for tritons and particles and indicates
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differential cross sections are deduced from the measuredescribe the experimental data well, except for deuteron
double-differential cross sections. emission.

Overall, these data compare rather well with previously Only illustrative examples of detailed experimental results
reported measurements of proton-induced reactions on allrave been presented here. Complete double-differential and
minum at 61.0 MeM 3]. Given the lack of neutron-induced energy-differential cross sections may be obtained, in nu-
experimental data above approximately 14 MeV, the consismerical form, from S.B.
tency between neutron-induced and proton-induced data for
charge—symr_netrlc reaction channels is important, for it ACKNOWLEDGMENTS
means that in the absence of neutron-induced data, proton-
induced data can be used to test and guide nuclear model We thank the Louvain-la-Neuve Cyclotron staff for their
calculations. This is particularly relevant to a number ofcontinual assistance and for the quality of the beam. We
emerging accelerator-driven technologies which requireacknowledge support from the Institut Interuniversitaire des
evaluated neutron-, as well as proton-induced data at higBciences Nuckires, Belgium, from the European Economic
energies. Our calculations using both classical and quantunGommunity (contract FI4P-CT95-0024 and from the U.S.
mechanical preequilibrium and equilibrium emission theorieDepartment of Energy.

[1] I. Slypen, V. Corcalciuc, and J.-P. Meulders, Phys. Re®1C Stassi, R. Billery, B. Chambon, B. Cheynis, D. Drain, and C.
1303(1995. Pastor, Nucl. Instrum. Methods Phys. Res242, 352(1986.

[2] I. Slypen, V. Corcalciuc, J.-P. Meulders, and M. B. Chadwick, [17] S. Benck, I. Slypen, V. Corcalciuc, and J.-P. Meulders, Nucl.
Phys. Rev. C53, 1309(1996. Phys.A615, 220 (1997).

[3] F. E. Bertrand and R. W. Peelle, Phys. Rev8,d045(1973.  [18] I. Slypen, V. Corcalciuc, and J.-P. Meulders, Nucl. Instrum.
[4] A. Pavlik, H. Hitzenberger-Schauer, H. Vonach, M. B. Chad- Methods Phys. Res. B8, 275 (1994).

wick, R. C. Haight, R. O. Nelson, and P. G. Young, Phys. Rev.[19] J. RaynalNotes on ECIS94CEA Saclay Report No. CEA-N-
C 57, 2416(1998. 2772, 1994.
[5]H. Feshbach, A. Kerman, and S. Koonin, Ann. PR§S.Y.) o0 A’ A. Cowley, G. J. Arendse, J. W. Koen, W. A. Richter, J. A,

" f__)N'é')lea 422(1[)98,?\.h d M. B. Chadwick. Los Al Stander, G. F. Steyn, P. Demetriou, P. E. Hodgson, and Y.
[6] P. G. Young, E. D. Arthur, and M. B. Chadwick, Los Alamos Watanabe, Phys. Rev. &4, 778(1996.

National Laboratory Report No. LA-MS-12343, 1992.
[7]A. J. Koning and M. B. Chadwick, Phys. Rev. &, 970 24 G- Kalbach, Z. Phys. /283 401(1977. "
[22] J. S. Petler, M. S. Islam, R. W. Finlay, and F. S. Dietrich,

1997).
(19979 Phys. Rev. (32, 673(1985.

[8] M. B. Chadwick, P. G. Young, D. C. George, and Y. Wa-
tanabe, Phys. Rev. 60, 996 (1994). [23] C. M. Perey and F. G. Perey, At. Data Nucl. Data Talllésl

[9] A. Bol, P. Leleux, P. Lipnik, P. Macq, and A. Ninane, Nucl. (1976. ) ]

Instrum. Methods Phys. Re214, 169 (1983. [24] F. D. Becchetti and G. W. Greenlees,Rmoceedings of Con-
[10] C. Dupont, P. Leleux, P. Lipnik, P. Macg, and A. Ninane, ference on Polarization Phenomena in Nuclear Reactieds,

Nucl. Instrum. Methods Phys. Res. 256, 197 (1987). ited by H. H. Barschall and W. HaebeflUniversity of Wis-
[11] I. Slypen, Ph.D. thesis, Universit€atholique de Louvain, consin Press, Wisconsin, 197Vol. 223, p. 682.

1995, [25] E. D. Arthur and P. G. Young, “Evaluation of Neutron Cross
[12] 1. Slypen, V. Corcalciuc, and J. P. Meulders, Rom. J. PBgs. Sections to 40 MeV for*%e,” in Proceedings of the Sym-

431(1993. posium on Neutron Cross Sections from 10 to 50 MeV,
[13] I. Slypen, V. Corcalciuc, A. Ninane, and J. P. Meulders, Nucl. Brookhaven National Laboratory, Upton, NY, 1980, edited by

Instrum. Methods Phys. Res. 237, 431(1994). M. R. Bhat and S. Pearlstein, Brookhaven National Laboratory
[14] D. Horn, C. G. Ball, A. Galindo-Uribarri, E. Hagberg, R. B. Report No. BNL-NCS-51245, 1980, Vol. Il, p. 731.

Walker, R. Laforest, and J. Pouliot, Nucl. Instrum. Methods[26] A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin, Sov. J.

Phys. Res. A321, 273(1992. Nucl. Phys.21, 255(1975.

[15] F. Benrachi, B. Chambon, B. Cheynis, D. Drain, C. Pastor, D.[27] P. M. Endt, Nucl. PhysA521, 1 (1990.
Seghier, K. Zaid, A. Giorni, D. Heuer, A. Llhres, C. Morand, [28] C. Kalbach, Phys. Rev. 87, 2350(1988.
P. Stassi, and J. B. Viano, Nucl. Instrum. Methods Phys. Reg29] M. B. Chadwick and P. Oblozinsky, Phys. Rev.50, 2490
A 281, 137(1989. (1994.

[16] J. Alarja, A. Dauchy, A. Giorni, C. Morand, E. Pollaco, P. [30] A. M. Kalend et al, Phys. Rev. @28, 105(1983.



