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Measurement and analysis of neutron spectra from a thick Ta target bombarded
by 7.2A MeV 16O ions
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Energy distributions of emitted neutrons were measured for 7.2A MeV 16O ions incident on a thick181Ta
target. Measurements were done at 0°, 30°, and 60° with respect to the projectile direction using the proton
recoil scintillation technique. Comparison with calculated results from equilibrium and preequilibrium~PEQ!
nuclear reaction models suggests the emission of PEQ neutrons at this projectile energy. This model also
implies that PEQ emissions take place only before any scattering between target and projectile nucleons start.
The paper discusses the method for selecting the initial exciton configuration with the help of measured data,
and the stage at which the PEQ process is completed.
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I. INTRODUCTION

Measurements of thick target neutron yield distributio
from light or heavy ion induced nuclear reactions provi
useful data for radiological safety and medical applicatio
@1–3#. Additionally, an analysis of such data gives insigh
into the reaction mechnisms involved@1#, even though the
emitted spectrum from a thick target is a superposition
spectra from different stages of a continuously degrad
projectile energy. The thickness of the target is so cho
that the projectile is completely stopped inside it. Thus
becomes feasible to make measurements at extreme for
angles with respect to the incident projectile direction. T
is important since emission in the forward direction ess
tially carries the information about initial stages of th
nuclear reaction mechanism.

We have measured neutron yield distributions fro
7.2A MeV 16O projectiles on a thick181Ta target at 0°, 30°,
and 60° with respect to the projectile beam direction. T
main purpose of these measurements is to investigate
occurrence of preequilibrium~PEQ! neutron emission from
such a low projectile energy, particularly when the neutr
separation energy from the target1projectile composite sys
tem in this case is around 8.9 MeV. We have analyzed
measured data using our earlier developed model@4# for es-
timating neutron emission from heavy ion collisions~HIC!.
This is done first of all to test our model at projectile en
gies around the threshold of PEQ emissions. In addition,
reexamine two aspects of PEQ reaction mechanism dea
our earlier investigations@4,5#. The first one is about fixing
the number of interaction stages necessary to complete
PEQ process to be followed by the equilibrium~EQ! emis-
sion process. The other one is about the selection of in
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exciton number at the onset of HIC.
In Sec. II we describe our measurement procedure

data unfolding technique. Section III gives the procedu
adopted to calculate thick target neutron yield distributio
and a brief outline of the model used for the calculatio
Details about the PEQ model used here are given in Ref.@4#.
We present our experimental and theoretical results and
cuss them in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The measurements were carried out at the Variable
ergy Cyclotron, Calcutta recently augmented with an el
tron cyclotron resonance~ECR! ion source.16O51 ions ac-
celerated to an energy of 7.2A MeV were incident on a thick
target of 181Ta. The Ta target, 4.060.05 mm thick and 25
mm in diameter, was placed perpendicular to the beam a
The thickness of the target was so chosen that the incid
oxygen beam was completely stopped within the target w
the scattering and absorption of the neutrons produced in
target were negligible. The energy distribution of neutro
emitted at angles 0°, 30°, and 60° with respect to the in
dent direction were measured with a 52.4 mmf352.4 mm
NE-213 proton recoil liquid scintillator kept at a distance
1.4 m from the target.

A collimator at a distance of 20 cm from the target w
used to restrict the beam size. The beam was minimize
the collimator and maximized at the target so as to reduce
contribution of neutrons from the collimator to negligib
proportions. Beam currents used for the present work wer
the order of 5–15 particle nA.

In order to estimate the contribution from the room
scattered neutrons, a shadow bar was interposed betwee
target and the detector. The perspex shadow bar of len
100 cm and diameter 10 cm stops the primary neutrons f
the target. The neutron spectrum measured with the in
posed shadow bar gives the contribution of room-scatte
neutrons which is subtracted from the original spectrum
obtain the corrected contribution.

The neutron spectra were calculated from the measu
©2001 The American Physical Society10-1
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NANDY, BANDYOPADHYAY, AND SARKAR PHYSICAL REVIEW C 63 034610
pulse-height distributions with the help of the revisedFERDO

unfolding code@6# using the calculated~Monte Carlo! re-
sponse functions. The energy differential neutron-yield d
tributions at emission angles 0°, 30°, and 60° are show
Fig. 1 as points with errorbars. The total error associa
with the unfolded spectra consists of~i! the statistical error
associated with the measurement,~ii ! the error arising from
discretizing the continuous spectra and the response f
tion, and~iii ! the statistical error inherent in the Monte Car
calculations.

III. MODEL CALCULATIONS

A. Thick target neutron yield distribution

In a thick target, the projectile interacts with the targ
nuclei at different, continuously degrading energies and
observed emitted spectrum is a sum of emissions from
these projectile energies within the target. For ease of ca
lations we have divided the thick target into a number of t
slabs such that the projectile loses a specified energyDE in
each slab. The projectile is assumed to interact with all ta
nuclei in its path within this thin slab with an average e
ergy. The slowing down is thus considered in small discr
steps. The emitted spectra from all of these slabs are sum
up to give the final spectra. While considering the continuo

FIG. 1. Neutron yield distributions at 0°, 30°, and 60° f
7.2A MeV 16O1181Ta. Measured data are shown as points w
error bars. Calculated total (PEQ1EQ) distributions are shown a
solid lines with PEQ component as dashed lines and EQ compo
as dotted lines.
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slowing down of the projectile, we have ignored multip
scattering and straggling of the projectile as well as the s
tering of the emitted neutrons in the target@1#. The kinetic
energyEP

i incident on thei th slab and the average energy

the i th slabĒP
i are given, for a projectile of energyEP

0 inci-
dent on the thick target by

EP
i 5EP

0 2~ i 21!DE,

ĒP
i 5~EP

i 1EP
i 11!/2. ~1!

The slab thicknessxi is

xi5E
EP

i

EP
i 11 dE

2dE/dx
, ~2!

wheredE/dx is the stopping power of the projectile in th
target material that was calculated using the formalism
Zeigler et al. @7#.

The neutron yieldf(e,u)dedu at energye and direction
u with respect to the initial projectile direction is given by

f~e,u!dedu5(
i 51

m

s~ĒP
i ;e,u!deduanxi

3expH 2anF (
k51

i 21

s f us~ĒP
k !xkG J , ~3!

wherean is the number of target atoms per unit volume,m
5(EP

0 2EP
th)/DE, EP

th being the projectile threshold energ
for neutron production. Fori 51, the value of the exponen
tial attenuation factor in Eq.~3! is taken to be unity.
s(EP ;e,u) is the emission cross section of neutrons of e
ergy e at an angleu when a projectile of energyEP is inci-
dent on a target nucleus. Here,s f us is the fusion cross sec
tion of the projectile with the target.

B. Differential neutron emission cross section

The present experimental data were analyzed in term
the PEQ and EQ models of neutron emission since for
projectile energy used in this experiment these two reac
types are expected to play significant roles.

The energy-angle differential neutron emission cross s
tion for a projectile incident on a target nucleus with
energyEP can be obtained as

s~EP ;e,u!dedu5sPEQ~EP ;e,u!dedu

1sEQ~EP ;e,u!dedu, ~4!

where sPEQ(EP ;e,u) and sEQ(EP ;e,u) are, respectively,
the cross sections of PEQ and EQ neutron emission in
directionu with energye. In order to estimate the PEQ com
ponent we have used the formalism developed earlier@4,5#.
The EQ emissions are calculated through Weisskopf-Ew
formalism as used in the codeALICE-91 @8#.
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MEASUREMENT AND ANALYSIS OF NEUTRON SPECTRA . . . PHYSICAL REVIEW C63 034610
1. PEQ emissions

The PEQ neutrons are emitted during the relaxation of
target 1 projectile composite nucleus as the total kine
energy of relative motion of the two nuclei goes into exci
tion of the system. Relaxation of the composite system
described in terms of the number of stagesN of two-body
interactions in our PEQ model. After the relaxation proce
is complete and equilibrium is attained, EQ emission of n
trons takes place.

The double differential PEQ neutron emission cross s
tion is given by

sPEQ~EP ;e,u!dedu5s f us~EP!(
N

f N
n F lC

n ~e!

lC
n ~e!1l t

n~e!
G

3PN~e,u!dedu, ~5!

wheref N
n is the number of excited neutrons afterN two-body

interactions. The term in the square brackets is the proba
ity of emission of the neutron with energye from the com-
posite system. The probabilityPN(e,u)dedu is determined
from the probabilityPN(E,Q)dEdQ of a particle moving
inside the composite system with energy betweenE and E
1dE in the direction betweenQ and Q1dQ after N two-
body interactions. The emission energye is related to the
energyE by e5E2E02Sn(C) whereE0 is the Fermi en-
ergy andSn(C) is the separation energy of a neutron fro
the composite nucleus. The directionu outside the composite
nucleus is related to the directionQ inside it through the
effects of refraction at the nuclear surface@9#. The probabil-
ity PN(E,Q)dEdQ is obtained from the kinematics of two
body scattering inside the excited composite nucleus.

In nucleon induced reactions, the projectile is remov
from the entrance channel and absorbed by the target thro
a two-body interaction with a target nucleon which is there
raised above the Fermi level. This is the very first stage
interaction requiring the summation in Eq.~5! to start from
N51. But in heavy ion reactions, fusion of the projectile a
the target starts through free flow of nucleons due to low
ing of the potential barrier as the two reaction partners
proach each other. For heavy ion induced reactions the s
mation in Eq.~5! starts fromN50 as particles may also b
emitted without any two-body collision taking place@4#. The
upper limit (Nmax) should be that value ofN at which ther-
mal equilibrium is reached and this was determined fr
kinematical studies.

~a! Heavy ion fusion cross section.We have calculated the
fusion cross section for the16O projectile in 181Ta using the
formalism of Wilke et al. @10#. The fusion cross section i
given by the classical expressions

s f us~Ec.m.!5H pRB
2 S 12

V~RB!

Ec.m.
D , for Ec.m.,Em

pl̄2S l cr1
1

2D 2

, for Ec.m.>Em ,

~6!
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wherel̄ is the de Broglie wavelength for the entrance cha
nel, Em coincides with the effective potential for the max
mum critical angular momentum for fusionl cr at barrier ra-
diusRB andV(RB) is the total conservative potential atRB .
The values ofl cr , RB , andV(RB) are taken from the table
in @10#.

~b! Excited particles at each interaction stage.The num-
ber of excited neutrons for a given interaction stageN, f N

n , is
calculated from the recurssion relation

f N
n 5 f N21

n 1 f N21~PN
12PN

2!FAn2 f N21
n

A2 f N21
G , ~7!

where PN
1 and PN

2 are, respectively, the total creation an
annihilation probability in theNth interaction@5# and f N21 is
the total number of excited particles of all type afterN21
interactions.An is the total number of neutrons andA the
number of neutrons1protons in the composite system. Th
detailed evaluation ofPN

1 andPN
2 is given in Ref.@5#.

Thus, at any stagef N
n can be determined if the number o

excited neutrons at the initial stagef N50
n is known. This

number is given by

f N50
n 5

AP
n

AP
f 0P1

AT
n

AT
f 0T , ~8!

where f 0 is the number of initial excited particles~neutrons
1protons! and P and T in the subscript stand for contribu
tions from projectile and target, respectively.

The number of initial excited particlesf 0 is calculated
from two different assumptions; one based on moment
space consideration@11#, and the other@12# equatingf 0 to
the number of projectile nucleonsAP . In the first assumption
we consider, in the c.m. frame of reference, an overlap
Fermi momentum spheres of the target, the projectile,
the composite system. The Fermi motions of the projec
and target nucleons are coupled with their c.m. motions@11#.
The Fermi sphere of the composite nucleus is centred at
center of mass of the system. It is assumed that fusion s
when centres of the Fermi spheres of the projectile and
target are separated from that of the composite by
amount of their respective center-of-mass momentum
particle. The initial number of excited particles is determin
from the momentum volume of the target and project
Fermi spheres that remain outside the Fermi sphere of
composite nucleus. From the Fermi gas model, the densit
the momentum states, (n̄i) is given by

n̄i5
Vi

2p3h3
5

2r 0
3Ai

3p2h3
, ~9!

where i stands for projectile or target andVi is the relevant
volume. Then the initial number of excited particles from t
projectile or target is given by

f 0i5n̄iE dp, ~10!
0-3
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NANDY, BANDYOPADHYAY, AND SARKAR PHYSICAL REVIEW C 63 034610
with the integration carried out over appropriate limits of t
momentum vectorp.

In order to determine the distribution in energy and an
of these initial excited particles, the Fermi motions of t
nucleons are coupled with the beam velocity in the labo
tory frame. Thus forN50, the distribution off 0P particles
excited from the projectile is obtained by coupling the Fer
velocity of these nucleons with the incident projectile velo
ity. The distribution of f 0T particles from the target is ob
tained by combining the Fermi velocity of these nucleo
with the c.m. motion.

~c! Distribution of the particles in the phase space.In
order to calculate the PEQ contribution the composite sys
is subdivided into two systems—a hot spot and a cold s
which are described by a finite temperature and a zero t
perature Fermi distribution, respectively, assuming par
equilibrium for each of them. The probabilit
PN(E,Q)dEdQ is determined as the weighted sum of t
scattering contributions from these two subsystems, i.e.~i!
the probability of occupying theE,Q state of the phase spac
through scattering between two particles in the hot spot
~ii ! the contribution coming from the scattering of a partic
in the hot spot with one in the cold spot. Details of th
calculation are given in Ref.@4#.

~d! Emission probability and interaction rates.The term
in the square brackets of Eq.~5! is the emission probability
of neutrons. In this expression,lC

n (e) is the rate of emission
with energye andl t

n(e) is the rate of two body interaction
of a neutron with other nucleons. The emission rate is gi
by @13#

lC
n ~e!5

~2sn11!mnes inv~e!

p2\3g
, ~11!

wheresn andmn are the spin and mass of a neutron,g is the
single particle level density, and\5h/2p. s inv(e) is the
cross section for the reverse reaction which is calculated
the method of Chatterjeeet al. @14#. In estimating the two-
body interaction rate,l t

n(e), we have used the empirical re
lation of Blann@15#

l t
n~e!5@1.431021$e1Sn~C!%26.031018$e1Sn~C!%2#/k,

~12!

wherek is an adjustable parameter for introducing the Pa
blocking effect. We have choosenk51.0 in our calculations.

2. Evaporation calculation

The evaporation or EQ emission cross section is ca
lated using Weisskopf-Ewnig formalism in theALICE-91

code. We have used the constant temperature level de
expression of Gilbert and Cameron~GC! for lower excitation
energies and the back-shifted Fermi gas expression
higher excitation energies. The transition energy, the nuc
temperature and the energy normalization factor of GC
pression are obtained by matching the two level densities
their energy derivatives at the transition energy. The c
ALICE-91 has been modified to include calculations with G
expression@16#.
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IV. RESULTS AND DISCUSSION

Comparisons between theoretical calculations and
measured neutron yields at different laboratory angles
shown in Figs. 1–3 for various choices of the input optio
The calculations are all done in the laboratory frame
which measurements were performed. For the present ca
lations,DE, the energy lost by the projectile in each thin sl
@see Eq.~1!# was chosen to be 2 MeV. Slowing down of th
projectile was considered down to 60 MeV~i.e.,
3.75A MeV) below whichs f us for the system becomes neg
ligible.

Figure 1 shows the comparison of the experimental d
with the calculated PEQ1EQ spectra~solid line! at 0°, 30°,
and 60° laboratory angles. The PEQ and EQ contributi
are also shown separately~dashed and dotted lines, respe
tively! at each angle. It can be observed that EQ emiss
alone does not account for the high energy part of the m
sured distribution. The discrepancy reduces with increas
angle of emission indicating presence of PEQ contributio
in the neutron emission process. However, the contributi
do not appear to be large though not insignificant. In eva
ating the angular yield we have restricted the PEQ contri
tion to N50 stage from the first slab only.

It is observed from Fig. 1 that the calculated neutron sp
tra give an overall good fit with the measured values at
three angles. But the compound nuclear emissions
slightly overpredicted at low emission energies at all ang

FIG. 2. Comparison of measured and calculated neutron y
distributions at 0°, 30°, and 60° for 7.2A MeV 16O1181Ta. Calcu-
lated results are given for different choices ofNmax50 ~solid lines!,
1 ~dotted lines!, and 2~dashed lines!.
0-4
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MEASUREMENT AND ANALYSIS OF NEUTRON SPECTRA . . . PHYSICAL REVIEW C63 034610
with the discrepancy increasing at back angles. The over
diction may, then, be due to the choice of the level den
parameter that plays a very important role in estimating
EQ emissions@4#. The high-energy neutron yield is well re
produced by the present calculation, except for a very sm
overprediction at 60°. Here again we see~as is evident from
the figure! that the EQ component is overpredicted, the P
contribution is negligible at this angle for the beam ene
considered.

We have studied the change in PEQ emission for differ
values ofNmax. This is done essentially to find the number
interaction stagesN necessary to complete the relaxati
process at such a low projectile energy. Figure 2 shows
calculated double-differential spectra against the meas
ones at the three given angles forNmax50 ~solid line!, 1
~dotted line!, and 2~dashed line!. For all the angles consid
ered, it is observed that the PEQ emissions at energies a
10 MeV are slightly larger, when we takeNmax51 instead of
Nmax50, the difference being greater for forward angle
Calculations withNmax51 overpredict the experimentall
measured angular distributions. For interaction stagesN
greater than 1 the calculation shows negligible additio
PEQ contributions. However, experimental evidence for t
projectile energy seems to favorNmax50 indicating no PEQ
emission after two-body interactions start between target
projectile nucleons.

FIG. 3. Calculated results of neutron yield distributions at 0
30°, and 60° for 7.2A MeV 16O 1181Ta along with experimenta
data. Calculated results are forf 05Ap ~dashed lines! and for f 0 as
per Eq.~10! ~solid lines!.
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In nuclear reaction model calculations of neutron em
sions from nuclear interactions, it is not clear when to swi
over to the EQ process from the PEQ. This problem has b
addressed in an earlier work@5#, where emphasis was give
to the isotropic angular distribution of the emitted neutro
as a criterion for terminating the PEQ calculations. This
to the conclusion that about four interaction stages (Nmax
54) are needed in the present model to go over to the
calculations. However, in the same work while compari
the measured and calculated total PEQ multiplicity, it w
seen~Fig. 1 of Ref.@5#! that for projectile energies around 1
MeV/nucleon, PEQ contributions can be restricted toNmax
51. The present experiment also seems to support this
servation of dependence ofNmax on the projectile energy
However, inclusion of such dependence in the model ca
lation involves subjectivity as there is no way to estimate
value ofNmax a priori for any projectile energy.

Now we turn our attention to the question of how a
PEQ emission at all can take place at such a low projec
energy. The total excitation of the composite system is 8
MeV in this case. At the initial stage~before any two-body
interaction! the number of excited particles is ten if we u
Eq. ~10! and it is 16 when we usef 05AP . This leads to a
value of 8.17 MeV or 5.1 MeV per excited particle, respe
tively. Both these values are less than the separation en
of a neutron from the composite sytem~8.94 MeV!. This can
be explained as follows. We have considered that the fus
of the target and the projectile takes place just when
kinetic energy of the projectile is converted into the exci
tion of the composite system~overlap of nuclear potentials!
creating a hot spot and a cold spot. The motion of nucle
inside the hot spot is described by coupling the velocity
the projectile with the nucleon velocites corresponding to
finite temperature Fermi distribution. As a result, a few
the excited nucleons attain energies higher than the sep
tion energy even though the average energy of an exc
nucleon is much lower. When two-body interactions ta
place, more nucleons are excited, thereby allowing the t
perature of the hot spot to drop down as the size of the
spot increases. The lower temperature Fermi distribution
much fewer nucleons above the separation energy restric
emissions from these stages. Crucial to this explanatio
the assumption of finite temperature Fermi momentum d
tribution of the nucleons in the hot spot from the onset of
HIC. The present observations may be considered as a
port of our assumption that a finite temperature Fermi dis
bution describes the hot spot from the time of fusion.
least, the experimental evidence does not contradict this
sumption.

In the present work the effect of the initial exciton numb
on the PEQ neutron emission has been studied. In Fig. 3
have compared the angular variation of the neutron yield
two different values of the initial excited particlesf 0. The
solid line is the calculated value withf 0 calculated by Eq.
~10! while the dashed line is that forf 05AP , the number of
nucleons in the projectile particle. This second choice give
large overprediction at 0° and 30° while there is very lit
change for 60°. This is because at 60° emission angle
for the incident energy considered here, the PEQ contri
tion is very small as is evident from Fig. 1, whereas at f

,

0-5
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NANDY, BANDYOPADHYAY, AND SARKAR PHYSICAL REVIEW C 63 034610
ward angles high energy PEQ emissions have signific
contributions. From Eq.~5! we see that the total PEQ neu
tron cross section depends on the number of excited neut
at different stagesN. Here we have considered emissio
from N50 only and thus the number of excited particles
equal to f 0. For f 05AP, the number of excited neutrons
N50 is AP2ZP58, which is larger than whenf 0 is calcu-
lated by Eq.~10!, which is 5.7. This explains the overpredi
tion of the calculated values withf 05AP . This observation
also helps us to conclude that between the two meth
calculations based on the momentum sphere considera
are close to reality, which was not clear in our earl
analysis@4#.

We would like to point out that in the present calcul
tions, we have ignored the effect of nuclear temperature
the collision rates or mean free paths of the interacting nu
ons. That is, while using Eq.~12! to calculate the collision
rate, we have usedk51 throughout. A more rigorous ap
proach would be to consider temperature dependent colli
rates or mean free paths by makingk dependent on the tem
parature. In the present model, this will introduce a diff
Su

a
. A

i-
ci

v.

-

03461
nt

ns

s,
on
r

n
e-

n

-

ence in the PEQ emission probabilities from the hot spot
the cold spot. However, introduction of temperature dep
dence in the collision rate will involve significant comput
tional complexities. Since, in the present case, PEQ emis
seems to take place only from a single stage (N50), we
have postponed such calculations as a subject for fu
studies.

V. CONCLUSION

We have made measurements and analyses of thick-ta
neutron yield distributions from16O1181Ta reaction at
7.2A MeV, which is almost the threshold energy to obser
the PEQ emissions. Calculated results from an earlier de
oped model@4# fit the experimental results well. Analyses o
the results reveal that at such low energies PEQ emiss
are possible only before target and projectile nucleons s
interacting by scattering. This situation would suggest t
PEQ emission will not occur at such low energies f
nucleon induced reactions.
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