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Measurement and analysis of neutron spectra from thick targets of Al and Ti bombarded
by 30–50 MeV a particles
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Energy distributions of neutrons emitted from thick targets of27Al and 46Ti are measured for alpha induced
reactions at 30, 40, and 50 MeV projectile energies. Measurements are done at 0°, 30°, and 45° with respect
to the projectile direction using the proton recoil scintillation technique. The measured data are compared with
results from calculations using three different approaches of the exciton model namely, the master equation, the
closed form and the hybrid model~a variant of the exciton model!. The corresponding nuclear reaction model
codes used for the purpose arePEQAG@E. Betak and J. Dobes, Report No. IP EPRC SAS 43/~1983!, Bratislava,
1983#, PRECO-D2, @C. Kalbach, Report No. LA-10248-MS, Los Alamos National Laboratory, Los Alamos,
1985# and ALICE91 @M. Blann, Lawrence Livermore National Laboratory Report No. UCID 19614, 1982#,
respectively. Proton induced neutron yield distributions measured by others are also included in the compari-
son. The calculated results from the hybrid model codeALICE91 give overall close approximations of the
measured data compared to the other models.

DOI: 10.1103/PhysRevC.67.024607 PACS number~s!: 24.10.2i, 25.55.2e, 29.30.Hs, 25.70.2z
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I. INTRODUCTION

Measurement and analysis of thick target neutron yi
~TTNY! distributions from nuclear reactions provide use
data for radiological safety and medical applications. R
cently the development of spallation neutron sources h
augmented interest in such data. Even though the em
neutron spectrum from a thick target is a superposition
spectra from different stages of a continuously degrad
projectile energy, analysis of such data gives insight i
reaction mechanisms involved. Thickness of the target is
chosen that the projectile is completely stopped inside
Thus in the case of thick targets, measurements at the
treme forward angle become possible. This helps underst
ing the reaction mechanism, particularly about the init
stages, since such information is mostly available with
emissions at forward angles.

We have measured neutron yield from thick targets
46Ti and 27Al bombarded by 30–50 MeVa particles. These
data have been analyzed in terms of three nuclear reac
model codesPEQAG @1# ~master equation exciton model!,
PRECO-D2@2# ~closed form exciton model!, andALICE91 @3#
~hybrid model! based on different formalisms. Predictive c
pabilities of these three nuclear reaction models are te
through comparisons with experimental observations. For
purpose of comparison we have also used the experime
data of @4# for 30 MeV proton induced neutron emissio
from thick targets of Fe, Cu, and Pb. Thick target neutr
yield data from various target-projectile combinations ha
been analyzed by others in terms of Monte Carlo calculati
of the intranuclear cascade~INC! and evaporation model
@5#. These calculations are constrained by the lower limit
on the projectile energy. Nakamura and Uwamino@6#
adopted a phenomenological hybrid model of preequilibri
and equilibrium emissions where both the spectra were fi
0556-2813/2003/67~2!/024607~9!/$20.00 67 0246
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with two Maxwellian type functions having two differen
temperatures. However, neutron spectra calculated using
concept do not fit the experimentally observed data for li
target nuclei, e.g., carbon. In an earlier work@7# the code
PRECO-D2 was used to analyze TTNY distribution. It wa
found that the code underpredicted high energy compon
of emitted spectra. The necessities for theoretical estima
of TTNY distribution and identification of a reliable reactio
model arise because of the fact that it is very difficult
obtain such data from experimental measurements involv
various combinations of targets and projectiles at differ
projectile energies. In this paper we make an attempt to
out a suitable nuclear reaction model code for estimation
TTNY. In Sec. II, we describe the experimental procedu
and data unfolding technique. In Sec. III, we discuss
procedure adopted to calculate thick target neutron yield
tributions and the different models that we have used for
calculations. We compare our experimental and theoret
results and discuss them in Sec. IV.

II. EXPERIMENTAL PROCEDURE

Accelerated alpha particles in the energy range 30–
MeV from the cyclotron at the Variable Energy Cyclotro
Centre, Kolkata, have been directed on thick targets of46Ti
and 27Al. The beam energy resolution is about 200 keV f
30–50 MeV incidenta ’s. The projectile energies, and th
target thickness used are shown in Table I. The targets
mm in diameter have been fixed perpendicular to the be
axis. The thickness of the targets are such that the incid
alphas are completely stopped in the target while the sca
ing and absorption of neutrons produced in the target
negligible.

The neutrons emitted at 0°, 30°, and 45° with respec
incident beam direction are measured with a 52.4 mmf
©2003 The American Physical Society07-1
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352.4 mm NE-213 liquid scintillator kept at a distance
1.4 m from the target. The detector angle of acceptanc
2.14° and energy resolution is about 20%.

A collimator at a distance of 20 cm in front of the target
used to restrict the beam size to about 10 mm. The be
current is minimized on the collimator and maximized on t
target. The beam falling on the collimator has always be
kept below 15% of the beam on the target, thus reducing
background neutron contribution to a negligible proportio
The target is surrounded by a suppressor grid~2100V!.
Beam currents used for the experiment are of the orde
100 nA. The maximum uncertainty in the measured be
current is estimated to be about 5%. The energy calibra
of the system is done by137Cs ~0.66 MeV! and 22Na ~0.51
and 1.2 MeV! g rays using the method outlined in Ref.@8#.

In order to estimate background contribution from roo
scattered neutrons, a shadow bar is interposed betwee
detector and the target. The perspex shadowbar of length
cm and diameter 10 cm stops the direct contribution of n
trons produced from the target. The neutron spectrum m
sured with the interposed shadow bar gives the contribu
of room-scattered neutrons which is finally subtracted fr
the original spectrum to obtain the corrected neutron em
sion spectrum.

The pulse height output distributions are unfolded to o
tain neutron energy spectra with the revisedFERDOunfolding
code using the Monte Carlo calculated response funct
@9#. The total error associated with unfolded spectra cons
of ~i! the statistical error associated with the measurem
~ii ! the error arising from discretization of the continuo
spectra and of the response function, and~iii ! the statistical
error inherent in the Monte Carlo calculation.

III. THEORETICAL MODEL CALCULATION

A. Thick target neutron yield distribution

When a projectile is incident on a thick target, it interac
with the target nuclei present at different depths in the tar
with continuously degrading energies. The observed emi
spectrum is a sum of emissions due to all these projec
energies within the target. We divide the target into a num
of thin slabs, calculate the neutron emission spectra fr
each slab, and sum them to obtain the total emitted spect
The thickness of each slab is so selected that the proje
losesDE MeV energy in each slab. The kinetic energy of t
projectile incident on thei th slabEa

i and the average energ

Ea
ī in the i th slab are given by

Ea
i 5Ea

02~ i 21!DE, ~1!

TABLE I. List of targets, projectile energies, and target thic
ness.

Target Energy~MeV! Thickness~mm!

46TI 30,40,50 4.060.05
27Al 30,40,50 3.560.05
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Ea
ī 5~Ea

i 1Ea
i 21!/2. ~2!

The slab thicknessxi is

xi5E
Ea

i

Ea
i 11 dE

2dE/dx
, ~3!

where (dE/dx) is thea stopping power for the target mate
rial as taken from Ref.@10#.

The neutron yieldf(e,u) at energye and directionu is
given by

f~e,u!dedu5(
i 51

m

s~Ea
ī ,e,u!deduNxi

3expH 2NF (
k51

i 21

sabs~Ea
k̄ !xkG J , ~4!

whereN is the number of target atom per unit volume,m
5(Ea

02Ea
th)/DE, Ea

th being the projectile threshold energ
for neutron production. Fori 51, the value of the exponen
tial attenuation factor in Eq.~4! is taken to be unity. Here
sabs is the absoption cross section of the projectile in t
target. We denotes(Ea ,e,u) as the emission cross sectio
of neutrons of energye at an angleu with respect to the
projectile direction when a projectile of energyEa is incident
on a target nucleus. These cross sections are obtained u
the three nuclear reaction model codes as mentioned ea

B. Differential neutron emission cross section

The present experimental data are analyzed in term
the preequilibrium~PEQ! and equlibrium~EQ! models of
neutron emission since for the projectile energies conside
in our experiments only these two types of reactions are
pected to play significant roles.

The double differential~energy-angle! neutron emission
cross-section for a projectile incident on a target nucle
with an energyEa can be obtained as

s~Ea ,e,u!dedu5sPEQ~Ea ,e,u!dedu

1sEQ~Ea ,e,u!dedu, ~5!

wheresPEQ(Ea ,e,u) andsEQ(Ea ,e,u) are, respectively, the
cross sections of PEQ and EQ neutron emissions in the
rectionu with energye. In order to estimate PEQ emission
we have used three different nuclear reaction codes :~a! the
extended exciton model formalism~PRECO-D2!, which takes
into account the emission of neutrons through the single-s
direct, multistep direct, multistep compound, and compou
nuclear evaporation process,~b! the fully preequilibrium ap-
proach~PEQAG!, based on the master equations~usually sev-
eral tens of coupled equations! of the model, which includes
multiple particle and/or multiple gamma emissions,~c! the
hybrid model code~ALICE-91! @3# where cluster emissions ar
included in the EQ component, calculated using t
Weisskopf-Ewing formalism. We now briefly describe th
formalism used in the different codes that we have used
7-2
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C. PRECO-D2

In this code relaxation of the target plus projectile co
posite nucleus is described in terms of multistep dir
~MSD! and multistep compound~MSC! processes. It is as
sumed that as relaxation proceeds through the creation
annihilation of particle-hole~excitons! pairs in the MSD,
there is at least one unbound particle in each stage. S
particles may be emitted any time. These emissions ar
high energy and are predominantly in the forward directi
But in the MSC process, at each stage of the relaxation
the particles remain bound~below the particle emission
threshold!. Emission from the bound excited particles c
occur through statistical fluctuations in energy when su
cient energy is concentrated on a particle. These are r
tively lower energy emissions and are symmetric about
center of mass~c.m.! angle. Relaxation of the composit
nucleus proceeds either through MSD or through MSC p
cess. In the exciton model, the target-projectile compo
nucleus is assumed to reach compound nuclear equilibr
through a cascade of two body interactions. Each stage o
binary cascade is characterized by the number of exc
particles (p) and holes (h). The sump1h is referred to as
the exciton number and is denoted asn.

The total energy differential preequilibrium cross secti
sPEQ(Ea ,e) is the sum of the MSD and MSC component

sPEQ~Ea ,e!5sMSD~Ea ,e!1sMSC~Ea ,e!, ~6!

whereEa and e are projectile and ejectile energies, respe
tively. Kalbach@11# evaluates the MSD component from th
relation

sMSD~Ea ,e!5sabs(
p5p0

p̄

Sd~p,h!Tu~p,h!lb
u~p,h,e!, ~7!

wherep0 is the number of particles excited at the first sta
of binary cascade andp̄ is the number of excited particles i
the equilibrated compound nucleus. The summation ovep
ensures contributions from all stages of the cascade. H
Sd(p,h) is the probability of the formation of the (p,h) con-
figuration with at least one unbound particle from earl
configurations which all had at least one particle in co
tinuum. Tu(p,h) is the mean lifetime of the (p,h) configu-
ration andlb

u(p,h,e) is the emission rate of theb-type par-
ticle with energye from the (p,h) configuration. Kalbach
@12# calculatesSd(p,h) and Tu(p,h) by separately evaluat
ing the phase-space available to the bound and unbound
cited particles in each (p,h) configuration.

The total preequilibrum cross sectionsPEQ(Ea ,e) is
evaluated using the standard Griffin exciton model and
MSC component is obtained as

sMSC~Ea ,e!5sPEQ~Ea ,e!2sMSD~Ea ,e!. ~8!

Also, included in the Kalbach formalism are two class
of direct reactions which are not taken into account in
calculation of MSD component from Eq.~7!. These are
nucleon transfer and nucleon knock-out reactions. These
evaluated semiempirically.
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The neutron angular distributions are evaluated from
Kalbach-Mann~KM ! systematics@11# where the preequilib-
rium angular distribution is broken up into two componen
— the MSD and the MSC. Nucleon transfer (sN) and
nucleon knock-out (sKO) are included in the MSD while the
evaporation componentsevap is included in MSC. For a
given projectile energyEa , the double differential cross sec
tion is

s~Ea ,e,u!5a0~MSD!(
l 50

l max

bl Pl~cosu!

1a0~MSC!(
l 50

l max

bl Pl~cosu!,

a0~MSD!5
1

4p
@sMSD~Ea ,e!1sN~Ea ,e!1sKO~Ea ,e!#,

~9!

a0~MSC!5
1

4p
@sMSC~Ea ,e!1sevap~Ea ,e!#.

The coefficientsbl are functions of the ejectile energy an
are assumed to be of the form

bl5
2l 11

11exp@Al~Bl2e2b!#
. ~10!

Here, b is the separation energy of the ejectile from t
composite system. The parametersAl andBl are free param-
eters and have been obtained in the KM systematics by
ting with observed angular distribution as

Al5@0.03610.0039l ~ l 11!# MeV21,

Bl5H 982
90

@ l ~ l 11!#1/2J MeV21. ~11!

D. PEQAG

In the master equation form of the exciton model the p
equilibrium decay is governed by a set of master equatio
In order to be able to handle properly cascade ofg quanta in
the model, the set of master equations of the exciton mo
was enlarged so as to couple different excitation energiesE)
and various nuclei (i ) @1,13#. The model estimatesg emis-
sion within the same formalism up to the total deexcitati
of a nucleus, independently of a possible particle emiss
prior to or between the successivegs. The corresponding
enlarged set of master equations reads

2Dn,E,i5t~n22,E,i !l1~n22,E,i !1t~n12,E,i !l2~n

12,E,i !2t~n,E,i !@l1~n,E,i !1l2~n,E,i !

1L~n,E,i !#

1 (
j ,m,x

E
e
t~m,E8, j !lx

c~m,E8, j ,e!de, ~12!
7-3
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whereDn,E,i is the initial exciton configuration of the com
posite system~taken to bep5Ap , h50, whereAp is the
projectile mass number, and 1p1h for the reactions induced
by g ’s!. Here, (l6)’s are the transition rates~per unit time!
to the neighbor states,t is the lifetime of the configuration
andL is the total emission rate~including particles andg ’s!,
integrated over the outgoing energy and summed over
possible emission channels of the specified exciton state

L~n,E,i !5(
x
E

e
t~n,E,i !lx

c~n,E,i ,e!de, ~13!

wherelx
c is the emission rate ofx-type nucleons.

The last term in Eq.~13! ensures the coupling of differen
nuclei and various excitation energies. The transition as w
as the emission rates depend on the densities ofn-exciton
states in a given nucleus~the composite and the residu
one!. These densities are usually approximated using
equidistant-spacing scheme, what leads to the Ericsson
formulas. Explicit treatment of the Pauli principle~two exci-
tons cannot share the same level! results in nonanalytica
expressions, which can be well reproduced by Williams’ f
mula @14#

rn5p1h~E!5
g~gE2Aph!

p1h21

p!h! ~p1h21!!
, ~14!

where we have put separately the particle (p) and the hole
(h) numbers~total exciton number,n5p1h). Aph stands
for the Pauli correction to the partial level density and
defined as

Aph5
p21p1h223h

4g
. ~15!

For higher energies, the densities are modified as to
into account the finite depth of the nuclear potential w
@16#. The transition rates are@15,17#

l1~n,E!>
2p

\
uM u2

g~gE2Aph!
2

2~n11!
,

l2~n,E!>
2p

\
uM u2

g

2
ph~n22!, ~16!

Here the appearance of an extra factor of 2 in the deno
nator is due to the indistinguishability of particles or hole
The nucleon emission rates are in their standard form@18#.

lx
c~n,E,e!dex5

2sx11

p2\3
mxexs inv~ex!

rn21~U !

rn~E!
Rx~n!dex ,

~17!

where sx is the intrinsic spin of the ejectile,\ is reduced
Planck’s constant,mx its reduced mass,s inv(ex) is the in-
verse cross section of ejectile with energyex being absorbed
by the residual nucleus,Rx(n) is the effective factor, which
simulates the two-component nature of the problem~for any
02460
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n-exciton stateRp1Rn51). The transition matrix elemen
uM u2 is taken in its exciton number dependent form@19#.

Finally, the energy-differential emission cross section
obtained as

s~Ea ,e!5sabs(
i

(
n
E

E
t~n,E,i !lx

c~n,E,i ,e!dE.

~18!

The codePEQAG does not calculate angular distribution
emitted particles. We have obtained the double differen
neutron emission cross section by using the KM systema
as

s~Ea ,e,u!5
1

4p
s~Ea ,e!(

l 50

l max

bl Pl~cosu!. ~19!

The assumption implicit in the above is that all emissions
from MSD-like processes. We have modified the codePEQAG

to incorporate the above formulation.

E. ALICE91

The codeALICE-91 calculates PEQ emission of nucleon
using the hybrid model followed by EQ emission of proton

FIG. 1. Neutron yield distributions at 0°, 30°, and 45° for 3
MeV a particles bombarding thick Al targets. Measured data~solid
circles! are compared with calculated results fromPRECO-D2, PEQAG,
and ALICE91 codes. Dashed lines are evaporation components
culated usingALICE91. Error bars in the experimental data a
shown when they exceed the symbol size.
7-4



o
u
(
-

rid
th
ha
f
p
t

a
d
bu
r

ax
er

e

.

ite

g

he
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neutrons, alpha-particles and deuterons using the Weissk
Ewing formalism. It considers PEQ emission of single ne
tron, single proton and simultaneously of two nucleonsp
2p, p2n, n2n). PEQ emission of any cluster is not in
cluded.

In its mode of following the relaxation process, the hyb
model@20# combines the Boltzmann master equation and
exciton model. Each stage of the relaxation process is c
acterized by the exciton number~n! as in the closed form o
the exciton model, i.e., using the ‘‘never-come-back’’ a
proximation, i.e., each two body interaction is assumed
increasen to (n12). However, instead of assuming an equ
a priori probability for all energy distributions, the hybri
model explicitly evaluates the preemission energy distri
tion of the ejectile of interest in terms of appropriate inte
mediate~partial! state densities at each stage of the rel
ation process. The hybrid model calculates the PEQ en
spectra of nucleon from the closed form expression@20–22#

sPEQ~ex!5sabs (
n5n0,Dn52

n̄

DnF nXx

rn~U,ex!

rn~Ec!
G lc~ex!

lc~ex!1l t~ex!
,

~20!

whereDn is the depletion factor ofnth exciton state~i.e., the
probability of reaching the exciton staten without prior
emission! and nXx is the number ofx type excited nucleons
in it. Herern(Ec) is the partial level density of then exciton
state at excitation energyEc andrn(U,ex) is the partial level

FIG. 2. Same as Fig. 1 for 40 MeV incidenta energy.
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density of the samen exciton state with the same energyEc
being distributed amongn excitons in such a way that on
particle-exciton have the energyex1Bx and the rest (n
21) excitons share the energyU5Ec2ex2Bx , Bx being
the separation energy ofx. The ratiorn(U,ex)/rn(Ec) gives
the probability of finding onex-type nucleon in then-exciton
state with energyex1Bx prior to emission. The factor in the
square bracket thus gives the number ofx-type nucleons with
energyex1Bx in the n-exciton state. The last factor in Eq
~20! is the emission probability ofx with energy ex and
lc(ex) is the emission rate given by@22#

lc~ex!5
~2sx11!mxexs inv~ex!

p2\3g
, ~21!

whereg is the single particle level density of the compos
nucleus and other symbols are as defined for Eq.~17!. The
total two body interaction ratel t(ex) that competes with the
emission ratelc(ex) is given by the empirical relation

l t~ex!5@1.431021~ex1Bx!26.031018~ex1Bx!#/K.
~22!

Here K is an adjustable parameter. ForK51, the value of
l t(ex) is equal to the interaction rate obtained from dividin
nucleon velocity by the nucleon mean free path~MFP! inside
the nucleus. Empirical values ofK.1 are used in order to
account for Pauli blocking which effectively increases t
mfp inside the nuclear matter.

FIG. 3. Same as Fig. 1 for 50 MeV incidenta energy.
7-5
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The hybrid model evaluates the PEQ spectrum under
‘‘never-come-back approximation,’’ i.e., each two-body i
teraction is assumed to always increasen to n12 by creating
a particle-hole pair. The effect of annihilating a particle-ho
pair is completely neglected in Eqs.~20! and ~21!. This as-
sumption is reasonably valid at the early stages of
nuclear relaxation process when the creation rate of a par
hole pair is dominating over the annihilation rate but is c
tainly questionable at later stages when this dominance
longer exists.

IV. COMPARISON OF MEASUREMENT WITH
THEORETICAL CALCULATIONS

Neutron emission spectra from thick targets measu
experimentally at different laboratory angles are plot
in Figs. 1–9, along with those calculated using the co
ALICE91, PRECOD2, and PEQAG. The evaporation contribu
tions calculated usingALICE91 are also shown in the figure
as dashed lines. Figures 1–3 show the spectra fora1Al and
Figs. 4–6 show the spectra fora1Ti at 0°, 30°, and 45°
emission angles for the projectile energies 30, 40, and
MeV, respectively. Figures 7–9 show the neutron emiss
spectra for 30 MeV proton induced reactions on Cu, Fe,

FIG. 4. Neutron yield distributions at 0°, 30°, and 45° for 3
MeV a particles bombarding thick Ti targets. Measured data~solid
circles! are compared with calculated results fromPRECO-D2, PEQAG,
and ALICE91 codes. Dashed lines are evaporation components
culated usingALICE91. Error bars in the experimental data a
shown when they exceed the symbol size.
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Pb at emission angles of 0°, 30°, and 45°. The experime
data for these proton induced reactions are from Ref.@4#.

Default input options have been used for all the codes.
initial exciton configuration of 4p0h ~four particles, zero
holes! has been used for all calculations involvinga induced
reactions. For proton induced reactions the initial configu
tion of 2p1h ~two particles, one hole! has been adopted. T
calculate emission rates, inverse cross sectionss inv have
been calculated using the algorithm of Chatterjeeet al. @23#
in PEQAG andPRECOD2, while in ALICE91 the classical sharp
cut off algorithm has been used. For calculation of abso
tion cross sectionsabs, ALICE91 uses parabolic model routin
for a projectiles and optical model algorithm for proton
while PEQAG and PRECOD2use the algorithm by Chatterje
et al. In ALICE91 and PRECOD2, Fermi gas level density pa
rameters are used in the Weisskopf-Ewing formalism to c
culate emissions through the evaporation process. On
other handPEQAG does not have a separate evaporation
gorithm, the master equation calculations are continued e
after the system reaches equilibrium. For PEQ emissio
PRECOD2considers emission of only a single nucleon, wh
ALICE91 considers single and simultaneous two nucleon P
emissions. However,ALICE91 does not take into account suc
cessive multiple PEQ emissions as is done inPEQAG. An-
other important difference among the codes is the ene
distribution of the nucleus in the composite system prior
emission in the PEQ phase.PRECOD2using the closed form
exciton model does not explicitly calculate preemission

l-

FIG. 5. Same as Fig. 4 for 40 MeV incidenta energy.
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ergy distribution of the excited particles, but considers t
all energy distribution are equally probable. On the oth
hand, ALICE91 and PEQAG calculate the energy distributio
based on the density of states.

It is seen that for 30 MeVa on Al ~Fig. 1! ALICE91 re-
produces the measured neutron spectra closely whilePEQAG

gives a slight overprediction andPRECO-D2underpredicts the
sprectra at all angles. For 40 MeVa on Al ~Fig. 2! both
ALICE91 and PEQAG overpredict the spectra thoughALICE91

gives closer approximation to the measured distributi
PRECO-D2underpredicts the spectra. For 50 MeV incidenta
energy~Fig. 3!, ALICE91 overpredicts the neutron emissio
spectra in the energy range 15 to 40 MeV.PEQAGgives some
overprediction andPRECO-D2continues to underpredict th
measured data.

For the reactiona146Ti, it is seen that for 30 and 40
MeV incident a energies~Figs. 4 and 5!, ALICE91 overpre-
dicts the neutron spectra at all angles for high emission
ergies. But at 50 MeV incident energy~Fig. 6!, the observed
angular distribution is well reproduced by the hybrid mod
though for neutron emission energies greater than abou
MeV there is a slight underprediction. Results fromPEQAG

overpredict the measured distribution slightly more than t
for the Al target. Calculated results usingPRECO-D2under-
predict the measured spectra for 30 and 40 MeV incid
energies, but for 50 MeV, the observed distribution is fai

FIG. 6. Same as Fig. 4 for 50 MeV incidenta energy.
02460
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well reproduced. At 40 MeV incident energy the low ener
part of the emitted neutron spectra is consistent withPRECO-

D2 calculations.
Figures 7, 8, and 9 give the energy differential neutr

yield distributions for 30 MeV proton induced reactions o
Fe, Cu, and Pb at 0°, 30°, and 45° of neutron emiss
angles. The experimental data is from Ref.@4#. Calculations
have been done with all aforementioned three codes. I
observed here thatALICE91 calculations reproduce the exper
mental data very closely whereasPEQAG overestimates and
PRECO-D2grossly underestimates the observed data. In
case thePRECO-D2calculations underestimate the high ener
component of the estimated neutron distribution to a lar
extent.

The general observation from the above comparison
that ALICE91 reproduces experimental measurements m
closely than the other two codes.PEQAG gives a consistan
overprediction whilePRECO-D2underestimates the measure
data.

ALICE91 calculates the nucleon-nucleon interaction ra
using the empirical relation~22!. Though the calculated val
ues from Eq.~22! were compared against those obtain
from optical model potential@22#, the empirical nature may
be the cause of some overprediction of the calculated spe
at 50 MeV a energy. Underprediction of the high energ

FIG. 7. Neutron yield distributions at 0°, 30°, and 45° for 3
MeV protons bombarding thick Cu targets. Measured data~solid
circles! are compared with calculated results fromPRECO-D2, PEQAG,
and ALICE91 codes. Dashed lines are evaporation components
culated usingALICE91. Error bars in the experimental data a
shown when they exceed the symbol size.
7-7
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component of the emitted neutron spectra particularly at h
incident enegies may be due to the absence of direct rea
calculations inALICE91. Contribution from the direct reac
tions become significant at high projectile as well as ejec
energies.

PRECO-D2calculates the total PEQ cross section using
closed form exciton model. The original exciton model
Griffin does not explicitly calculate the preemission ener
distribution of the excited particles, but considers that
energy distributions are equally probable. As a result,
high energy part of the PEQ emission probability is und
predicted. Moreover,PRECO-D2considers only single nucleo
PEQ emission. The underprediction of the measured spe
may be attributed to these factors. Although the Kalbach
malism takes into account two types of direct reactio
namely, nucleon transfer and nucleon knock-out, these
cesses may not be important at lower projectile energ
Particularly the contribution from the nucleon transf
mechanism is small for low projctile and target mass nu
bers. Such underpredictions ofPRECO-D2 calculations have
been discussed in details in Ref.@7#.

The exciton model codePEQAGuses the extended ‘‘maste
equation’’ approach to calculate the PEQ neutron emiss
from the reactions studied. The neutron distributions cal

FIG. 8. Neutron yield distributions at 0°, 30°, and 45° for 3
MeV protons bombarding thick Fe targets. Measured data~solid
circles! are compared with calculated results fromPRECO-D2, PEQAG,
and ALICE91 codes. Dashed lines are evaporation components
culated usingALICE91. Error bars in the experimental data a
shown when they exceed the symbol size.
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lated withPEQAGmostly overpredict the measured values f
40 and 50 MeVa energies. For 30 MeV incidenta particle,
the high energy part of emitted neutron spectra are slig
underpredicted. In the extended master equation, the p
ability of occupying a particular energy state at a given e
citon number is considered. Secondly, in the formalism us
PEQ emission of particles from several intermediate nucle
considered. These may have removed the underpredic
caused by the original exciton model to some extent.

Our study showed that there exist some mismatch
tween the reaction cross sections of the projectile used in
three codes. But this difference is not sufficient to remo
the discrepancy between the neutron distribution calcula
by them. When the spectra are normalized for this differen
even then the angular distributions calculated byALICE91,
PRECO-D2, and PEQAG differ by a large extent. In order to
calculate the two-body collision rateALICE91 uses an empiri-
cal formula@22# by Blann ~22!. But the exciton model esti-
mates two body interaction rates using the matrix elem
uM u in Eq. ~16!. This might have resulted in different value
of the emission probability calculated byALICE91 andPEQAG.

There may be two reasons for the overpredictions
served in PEQAG calculations. First of all, the absorptio
cross sectionsabsis higher in the case ofPEQAGcompared to

l-

FIG. 9. Neutron yield distributions at 0°, 30°, and 45° for 3
MeV protons bombarding thick Pb targets. Measured data~solid
circles! are compared with calculated results fromPRECO-D2, PEQAG,
and ALICE91 codes. Dashed lines are evaporation components
culated usingALICE91. Error bars in the experimental data a
shown when they exceed the symbol size.
7-8
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ALICE91. However, thesabscalculated inPEQAGis only about
20% higher than that ofALICE91 and this does not accoun
for the large overpredictions in some of the cases.

The other possible source is in the evaluation of the fac
Rx(n) in PEQAG and nXx in ALICE91. These two factors de
termine the number of neutrons or protons constituting thn
excitons. InALICE91, after the initial exciton configuration
~which is an input parameter for all the codes! the next con-
figuration is determined from the relative number of neutro
and protons in the composite system as well as the rela
strengths of neutron-proton~dissimilar nucleons! and
neutron-neutron or proton-proton~similar nucleons! interac-
tions. It considers that the interaction strength of dissim
nucleons are three times larger than that for similar nucleo
For higher exciton configurationsALICE91 populates those
states by exciting equal number of neutrons and proton
respective of their relative abundance in the composite
tem. In PEQAG, on the other hand, all the higher excito
states after the initial are populated by neutrons with pr
ability N/A and by protons with probabilityZ/A, whereN
andZ are the numbers of neutrons and protons, respectiv
and A5N1Z, in the composite system. For a compos
system with relatively large number of neutrons, the exci
population will have larger neutron fraction. This eventua
leads to higher neutron emission resulting in large ov
al
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predictions in the case of Ti (N/A50.52), Fe(N/A
50.54), Cu(N/A50.54), and in Pb(N/A50.6) for calcula-
tions with PEQAG.

V. CONCLUSIONS

We have experimentally measured neutron yield distri
tions from thick targets of Al and Ti bombarded bya par-
ticles of 30, 40, and 50 MeV. The measurements have b
carried out at laboratory angles of 0°, 30°, and 45°. T
experimental data are compared with the calculated res
from three different codes, namely,PEQAG, PRECO-D2, and
ALICE91 based on the exciton model or its variant. Modific
tions in the codes have been made to calculate thick ta
neutron yield distributions from the double differential ne
tron yield cross sections. Comparisons have been done
with measured data of others for 30 MeV proton induc
reactions. It is observed that the codeALICE91 gives the over-
all best agreement with the experimental data.PRECO-D2un-
derestimates the measured distributions significantly.PEQAG

calculations show slight to moderate and large overesti
tions when compared with the experimental observatio
Such comparisons provide useful information about
codes that are required to be used for calculating neu
yield data, which are gaining importance presently.
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