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Measurement and analysis of neutron spectra from a thick Ta target bombarded
by 7.2A MeV %0 ions
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Energy distributions of emitted neutrons were measured fok RI2V %0 ions incident on a thick®'Ta
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 preequilitfiE®
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 exciton number at the onset of HIC.
In Sec. Il we describe our measurement procedure and
Measurements of thick target neutron yield distributionsdata unfolding technique. Section IIl gives the procedure
from light or heavy ion induced nuclear reactions provide@dopted to calculate thick target neutron yield distributions

useful data for radiological safety and medical applicationnd & brief outline of the model used for the calculations.
[1-3]. Additionally, an analysis of such data gives insightsDeta'IS about the PEQ model used here are given in[Rgf.

into the reaction mechnisms involvédl], even though the We present our experimental and theoretical results and dis-

. : ! . fcuss them in Sec. IV.
emitted spectrum from a thick target is a superposition o
spectra from different stages of a continuously degrading Il. EXPERIMENTAL PROCEDURE
projectile energy. The thickness of the target is so chosen i i
that the projectile is completely stopped inside it. Thus it Thg mleasurercr;elnts were carlrled out at tge Vﬁ”ablelE”'
becomes feasible to make measurements at extreme forwat?&gy yclotron, Calcutta recently augmented with an elec-

. L o R ron cyclotron resonanc€ECR) ion source.*®0°* jons ac-
angles with respect to the incident projectile direction. Th'scelerated to an energy of A2MeV were incident on a thick

i; importqnt since .emissio.n in the foryvgrd direction essen;[arget of 81Ta. The Ta target, 4:00.05 mm thick and 25
tially carries 'the mformgtlon about initial stages of the i diameter, was placed perpendicular to the beam axis.
nuclear reaction mechanism. _ o The thickness of the target was so chosen that the incident
We have measured neutron yield distributions fromgyyqen beam was completely stopped within the target while
7.2A MeV O projectiles on a thick®'Ta target at 0°, 30°,  the scattering and absorption of the neutrons produced in the
and 60° with respect to the projectile beam direction. Thearget were negligible. The energy distribution of neutrons
main purpose of these measurements is to investigate th&nitted at angles 0°, 30°, and 60° with respect to the inci-
occurrence of preequilibriunPEQ neutron emission from dent direction were measured with a 52.4 thm52.4 mm
such a low projectile energy, particularly when the neutronNE-213 proton recoil liquid scintillator kept at a distance of
separation energy from the targgirojectile composite sys- 1.4 m from the target.
tem in this case is around 8.9 MeV. We have analyzed the A collimator at a distance of 20 cm from the target was
measured data using our earlier developed mpdlefor es-  used to restrict the beam size. The beam was minimized at
timating neutron emission from heavy ion collisiof$IC).  the collimator and maximized at the target so as to reduce the
This is done first of all to test our model at projectile ener-contribution of neutrons from the collimator to negligible
gies around the threshold of PEQ emissions. In addition, w@roportions. Beam currents used for the present work were of
reexamine two aspects of PEQ reaction mechanism dealt ithe order of 5—15 particle nA.
our earlier investigation4,5]. The first one is about fixing In order to estimate the contribution from the room-
the number of interaction stages necessary to complete thgattered neutrons, a shadow bar was interposed between the
PEQ process to be followed by the equilibriQ) emis-  target and the detector. The perspex shadow bar of length
sion process. The other one is about the selection of initial00 cm and diameter 10 cm stops the primary neutrons from
the target. The neutron spectrum measured with the inter-
posed shadow bar gives the contribution of room-scattered

*Electronic address: mnandy@hp2.saha.ernet.in neutrons which is subtracted from the original spectrum to
"Electronic address: tapas@veccal.ernet.in obtain the corrected contribution.
*Electronic address: pks@veccal.ernet.in The neutron spectra were calculated from the measured
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100 slowing down of the projectile, we have ignored multiple
scattering and straggling of the projectile as well as the scat-
tering of the emitted neutrons in the targéi. The kinetic

107 4
energyE}, incident on thd th slab and the average energy in
102 | s theith slabE}, are given, for a projectile of energﬁ/?, inci-
dent on the thick target by
107 EL=E2—(i—1)AE,

EL=(EL+ELY)/2. (1)

The slab thicknessg; is

_ (et _dE
X"Lip —dE/dx’ @

wheredE/dx is the stopping power of the projectile in the
target material that was calculated using the formalism of
Zeigleret al. [7].

The neutron yields(e, 0)ded 6 at energye and direction
6 with respect to the initial projectile direction is given by

Neutron yield [n/(MeV sr projectile)]

m
0 é 1‘0 1‘5 2‘0 2‘5 30 ¢(€,0)d€d0:|21 O'(EP;G,a)dEdeanXi
Neutron energy (MeV)

i—1
E Ufus(E‘lg)xk
k=1

FIG. 1. Neutron vield distributions at 0°, 30°, and 60° for XEXP‘ —ay, ] ©)
7.2A MeV 0+18Ta, Measured data are shown as points with

error bars. Calculated total (PBEEQ) distributions are shown as ) ]

solid lines with PEQ component as dashed lines and EQ componeMherea, is the number of target atoms per unit volume,
as dotted lines. =(ES—EM/AE, EY being the projectile threshold energy

for neutron production. Far=1, the value of the exponen-
pulse-height distributions with the help of the revisemkpo ~ tial attenuation factor in Eq(3) is taken to be unity.
unfolding code[6] using the calculatedMonte Carlg re- o(Ep;e€,6) is the emission cross section of neutrons of en-
sponse functions. The energy differential neutron-yield disergy e at an angled when a projectile of energ¢p is inci-
tributions at emission angles 0°, 30°, and 60° are shown itlent on a target nucleus. Her,s is the fusion cross sec-
Fig. 1 as points with errorbars. The total error associatedion of the projectile with the target.
with the unfolded spectra consists @f the statistical error
associated with the measuremefiit) the error arising from B. Differential neutron emission cross section

discretizing the continuous spectra and the response func- ) )
tion, and(iii ) the statistical error inherent in the Monte Carlo  The present experimental data were analyzed in terms of
the PEQ and EQ models of neutron emission since for the

calculations. e - : ! :
projectile energy used in this experiment these two reaction
types are expected to play significant roles.
Iil. MODEL CALCULATIONS The energy-angle differential neutron emission cross sec-
A. Thick target neutron yield distribution tion for a projectile incident on a target nucleus with an

. T . energyEp can be obtained as
In a thick target, the projectile interacts with the target 9yEe

nuclei at different, continuously degrading energies and the 0(Ep;e,0)ded0=opeo(Ep;e€,0)dedd
observed emitted spectrum is a sum of emissions from all
these projectile energies within the target. For ease of calcu- +oeq(Ep;€,0)ded?, (4)

lations we have divided the thick target into a number of thin

slabs such that the projectile loses a specified endilgyn  where opeo(Ep;€,0) and ogq(Ep;€,6) are, respectively,
each slab. The projectile is assumed to interact with all targethe cross sections of PEQ and EQ neutron emission in the
nuclei in its path within this thin slab with an average en-direction# with energye. In order to estimate the PEQ com-
ergy. The slowing down is thus considered in small discretgponent we have used the formalism developed edHigs].
steps. The emitted spectra from all of these slabs are summé&the EQ emissions are calculated through Weisskopf-Ewing
up to give the final spectra. While considering the continuougormalism as used in the codeICE-91 [8].
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1. PEQ emissions whereX is the de Broglie wavelength for the entrance chan-

The PEQ neutrons are emitted during the relaxation of théel, Ey, coincides with the effective potential for the maxi-
target + projectile composite nucleus as the total kineticmum critical angular momentum for fusidg, at barrier ra-
energy of relative motion of the two nuclei goes into excita-dius Rg andV(Rg) is the total conservative potential Bt .
tion of the system. Relaxation of the composite system ighe values of,, Rg, andV(Rg) are taken from the tables
described in terms of the number of stagé®f two-body  in [10].
interactions in our PEQ model. After the relaxation process (b) Excited particles at each interaction stagehe num-
is complete and equilibrium is attained, EQ emission of neuber of excited neutrons for a given interaction stagéy, , is
trons takes place. calculated from the recurssion relation

The double differential PEQ neutron emission cross sec-

tion is given by Y e AT
fu=f1t fno (PR —Pr)| 75— , (7)
A—fnoq
)\V
opEQ(Ep;e,0)ded0=ofus(Ep)2 N % Whgrg Ph_ﬁ and Py g_re,.respecti\./ely, thg total creation_ and
N Ac(€)+N{(e) annihilation probability in théJth interactiof5] andfy_ is
X Py (€, 0)ded, 5) the total number of excited particles of all type aftér-1

interactions.A” is the total number of neutrons arklthe
number of neutronsprotons in the composite system. The
wherefy; is the number of excited neutrons afi¢two-body  detailed evaluation oPy, andPy is given in Ref.[5].
interactions. The term in the square brackets is the probabil- Thus, at any stag& can be determined if the number of
ity of emission of the neutron with energyfrom the com-  excited neutrons at the initial stadg,_, is known. This
posite system. The probabilityy(e, #)dedd is determined  number is given by

from the probabilityP\(E,®)dEd® of a particle moving

inside the composite system with energy betwé&eand E A% AY

+dE in the direction betwee® and® +d® after N two- ﬁ:o=A—fop+A—f0T, (8
body interactions. The emission energyis related to the P T

energyE by e=E—E,—S,(C) whereE, is the Fermi en-

ergy andS,(C) is the separation energy of a neutron from
the composite nucleus. The directi6routside the composite
nucleus is related to the directidd inside it through the
effects of refraction at the nuclear surfd€. The probabil-
ity Py(E,®)dEd® is obtained from the kinematics of two-
body scattering inside the excited composite nucleus.

In nucleon induced reactions, the projectile is remove
from the entrance channel and absorbed by the target throu
a two-body interaction with a target nucleon which is thereby,
raised above the Fermi level. This is the very first stage o
interaction requiring the summation in E(p) to start from
N=1. But in heavy ion reactions, fusion of the projectile and
the target starts through free flow of nucleons due to lower
ing of the potential barrier as the two reaction partners ap
proach each other. For heavy ion induced reactions the su
mation in Eq.(5) starts fromN=0 as particles may also be
emitted without any two-body collision taking plapg]. The
upper limit (N2, should be that value dfl at which ther-
mal equilibrium is reached and this was determined fro
kinematical studies.

(a) Heavy ion fusion cross sectiove have calculated the
fusion cross section for th&0 projectile in *®'Ta using the

wheref is the number of initial excited particléseutrons
+protong andP andT in the subscript stand for contribu-
tions from projectile and target, respectively.

The number of initial excited particlef, is calculated
from two different assumptions; one based on momentum
space consideratiofll], and the othef12] equatingf, to

he number of projectile nucleors, . In the first assumption
i&e consider, in the c.m. frame of reference, an overlap of
rmi momentum spheres of the target, the projectile, and
he composite system. The Fermi motions of the projectile
nd target nucleons are coupled with their c.m. mot[dris.
The Fermi sphere of the composite nucleus is centred at the
center of mass of the system. It is assumed that fusion starts
when centres of the Fermi spheres of the projectile and the
target are separated from that of the composite by the
Mmount of their respective center-of-mass momentum per
particle. The initial number of excited particles is determined
from the momentum volume of the target and projectile
Fermi spheres that remain outside the Fermi sphere of the
mcomposite nucleus. From the Fermi gas model, the density of

the momentum statesny) is given by

3
formalism of Wilke et al. [10]. The fusion cross section is P Vi 2rA )
given by the classical expressions Yo 342n3’
V(Rg) wherei stands for projectile or target ang is the relevant
WRé( 1- E ) for Ecm<En volume. Then the initial number of excited particles from the
c.m.

projectile or target is given by

Tius(Ecm) = 2

for E.m=En, -
6) fOi:niJ dp, (10

2

sz( lert
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with the integration carried out over appropriate limits of the  10°
momentum vectop.

In order to determine the distribution in energy and angle g1 |
of these initial excited particles, the Fermi motions of the
nucleons are coupled with the beam velocity in the labora-

-2

tory frame. Thus foN=0, the distribution off ,p particles = 10
excited from the projectile is obtained by coupling the Fermi
velocity of these nucleons with the incident projectile veloc- _§ 10°
ity. The distribution offy; particles from the target is ob- g_
tained by combining the Fermi velocity of these nucleons & 104 |
with the c.m. motion. >

(c) Distribution of the particles in the phase spade. § 105

order to calculate the PEQ contribution the composite systens
is subdivided into two systems—a hot spot and a cold spoto’
which are described by a finite temperature and a zero temg
perature Fermi distribution, respectively, assuming partial =
equilibrium for each of them. The probability £ 107
Pn(E,®)dEdO is determined as the weighted sum of the
scattering contributions from these two subsystems, (.,
the probability of occupying thE,® state of the phase space
through scattering between two particles in the hot spot anc 199
(i) the contribution coming from the scattering of a particle
in the hot spot with one in the cold spot. Details of this 1010 |
calculation are given in Ref4]. - - - - '
(d) Emission probability and interaction rateShe term 0 5 10 15 20 25 30
in the square brackets of E¢p) is the emission probability Neutron energy (MeV)
of neutrons. In this expressiorg(e) is the rate of emission _ _
with energye and\!(e) is the rate of two body interactions FIG. 2. Comparison of measured and calculated neutron yield

H : : o o o 16, 181
of a neutron with other nucleons. The emission rate is give/fiStributions at 0%, 30%, and 60° for A2MeV O+ *Ta. Calcu-
by [13] lated results are given for different choicesNyf,,=0 (solid lines,

1 (dotted line$, and 2(dashed lines

10%

Neutro

10 |

(ZSV+ 1)mvea-inv( 6)
m°h3g

N(e)= (12) IV. RESULTS AND DISCUSSION

Comparisons between theoretical calculations and the
wheres, andm, are the spin and mass of a neutrgris the ~ measured neutron yields at different laboratory angles are
Sing|e partide level density, antl=h/2. O-inu(é) is the shown in Flgs 1-3 for various choices of the input Options.
cross section for the reverse reaction which is calculated byhe calculations are all done in the laboratory frame in
the method of Chatterjeet al. [14]. In estimating the two- Which measurements were performed. For the present calcu-
body interaction rate\!(¢), we have used the empirical re- lations,AE, the energy lost by the projectile in each thin slab
lation of Blann[15] [see Eq(1)] was chosen to be 2 MeV. Slowing down of the

projectile was considered down to 60 Me\i.e.,
A (€)=[1.4x10?Ye+S,(C)}—6.0x 10" e+ S,(C)}2]/kK, 3.75A MeV) below whichoy, for the system becomes neg-
(12 ligible.

) ] ] ] ~ Figure 1 shows the comparison of the experimental data
whert_ak is an adjustable parameter for_lntroducmg th_e Pauliyith the calculated PE@EQ spectrasolid line at 0°, 30°,
blocking effect. We have choosém1.0 in our calculations. 544 g0° laboratory angles. The PEQ and EQ contributions
are also shown separatelgashed and dotted lines, respec-
tively) at each angle. It can be observed that EQ emission

The evaporation or EQ emission cross section is calcualone does not account for the high energy part of the mea-
lated using Weisskopf-Ewnig formalism in theLicE-91  sured distribution. The discrepancy reduces with increasing
code. We have used the constant temperature level densiangle of emission indicating presence of PEQ contributions
expression of Gilbert and Camer@&C) for lower excitation  in the neutron emission process. However, the contributions
energies and the back-shifted Fermi gas expression fafo not appear to be large though not insignificant. In evalu-
higher excitation energies. The transition energy, the nucleaating the angular yield we have restricted the PEQ contribu-
temperature and the energy normalization factor of GC extion to N=0 stage from the first slab only.
pression are obtained by matching the two level densities and It is observed from Fig. 1 that the calculated neutron spec-
their energy derivatives at the transition energy. The codéra give an overall good fit with the measured values at the
ALICE-91 has been modified to include calculations with GCthree angles. But the compound nuclear emissions are
expressiorj16]. slightly overpredicted at low emission energies at all angles,

2. Evaporation calculation
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100 In nuclear reaction model calculations of neutron emis-
sions from nuclear interactions, it is not clear when to switch
over to the EQ process from the PEQ. This problem has been

-1
10 addressed in an earlier wofk], where emphasis was given
to the isotropic angular distribution of the emitted neutrons
L

102 | 0-deg (x 106) o - - -
. as a criterion for terminating the PEQ calculations. This led

N T to the conclusion that about four interaction staghls,{
103 =4) are needed in the present model to go over to the EQ

calculations. However, in the same work while comparing
the measured and calculated total PEQ multiplicity, it was
seen(Fig. 1 of Ref.[5]) that for projectile energies around 10
MeV/nucleon, PEQ contributions can be restricted\tQ.,

=1. The present experiment also seems to support this ob-
servation of dependence of,,, on the projectile energy.
However, inclusion of such dependence in the model calcu-
lation involves subjectivity as there is no way to estimate the
value of N, @ priori for any projectile energy.

Now we turn our attention to the question of how any
PEQ emission at all can take place at such a low projectile
energy. The total excitation of the composite system is 81.7
MeV in this case. At the initial stagéefore any two-body
interaction the number of excited particles is ten if we use
Eqg. (10) and it is 16 when we us&=Ap. This leads to a
value of 8.17 MeV or 5.1 MeV per excited particle, respec-
tively. Both these values are less than the separation energy
0 5 1'0 1'5 2'0 2'5 30 of a neutron from the composite syte(8194 Me\). This can _

be explained as follows. We have considered that the fusion
Neutron energy (MeV) of the target and the projectile takes place just when the
kinetic energy of the projectile is converted into the excita-
tion of the composite systelfoverlap of nuclear potentigls
creating a hot spot and a cold spot. The motion of nucleons
inside the hot spot is described by coupling the velocity of
the projectile with the nucleon velocites corresponding to a
finite temperature Fermi distribution. As a result, a few of
with the discrepancy increasing at back angles. The overprehe excited nucleons attain energies higher than the separa-
diction may, then, be due to the choice of the level densitytion energy even though the average energy of an excited
parameter that plays a very important role in estimating thewucleon is much lower. When two-body interactions take
EQ emissiong4]. The high-energy neutron yield is well re- place, more nucleons are excited, thereby allowing the tem-
produced by the present calculation, except for a very smafberature of the hot spot to drop down as the size of the hot
overprediction at 60°. Here again we d@s is evident from  spot increases. The lower temperature Fermi distribution has
the figurg that the EQ component is overpredicted, the PEQmuch fewer nucleons above the separation energy restricting
contribution is negligible at this angle for the beam energyemissions from these stages. Crucial to this explanation is
considered. the assumption of finite temperature Fermi momentum dis-

We have studied the change in PEQ emission for differentribution of the nucleons in the hot spot from the onset of the
values ofN,,«. This is done essentially to find the number of HIC. The present observations may be considered as a sup-
interaction stagedN necessary to complete the relaxation port of our assumption that a finite temperature Fermi distri-
process at such a low projectile energy. Figure 2 shows thbution describes the hot spot from the time of fusion. At
calculated double-differential spectra against the measurddast, the experimental evidence does not contradict this as-
ones at the three given angles fdf,,,=0 (solid line), 1 sumption.

(dotted ling, and 2(dashed ling For all the angles consid- In the present work the effect of the initial exciton number
ered, it is observed that the PEQ emissions at energies abowa the PEQ neutron emission has been studied. In Fig. 3 we
10 MeV are slightly larger, when we také,,,=1 instead of have compared the angular variation of the neutron yield at
Nmax=0, the difference being greater for forward angles.two different values of the initial excited particldg. The
Calculations withN =1 overpredict the experimentally solid line is the calculated value withy calculated by Eg.
measured angular distributions. For interaction staljes (10) while the dashed line is that fdp=Ap, the number of
greater than 1 the calculation shows negligible additionahucleons in the projectile particle. This second choice gives a
PEQ contributions. However, experimental evidence for thidarge overprediction at 0° and 30° while there is very little
projectile energy seems to favbi,,,=0 indicating no PEQ change for 60°. This is because at 60° emission angle and
emission after two-body interactions start between target anfbr the incident energy considered here, the PEQ contribu-
projectile nucleons. tion is very small as is evident from Fig. 1, whereas at for-

Neutron yield [n/(MeV sr projectile)]

FIG. 3. Calculated results of neutron yield distributions at 0°,
30°, and 60° for 7.2 MeV %0 +8¥Ta along with experimental
data. Calculated results are fiy=A, (dashed lingsand forf, as
per Eq.(10) (solid lines.

034610-5



NANDY, BANDYOPADHYAY, AND SARKAR PHYSICAL REVIEW C 63 034610

ward angles high energy PEQ emissions have significargnce in the PEQ emission probabilities from the hot spot and
contributions. From Eq(5) we see that the total PEQ neu- the cold spot. However, introduction of temperature depen-
tron cross section depends on the number of excited neutromfence in the collision rate will involve significant computa-
at different stagesN. Here we have considered emissionstional complexities. Since, in the present case, PEQ emission
from N=0 only and thus the number of excited particles isseems to take place only from a single stage=0), we

equal tofo. For fo=Ap, the number of excited neutrons at have postponed such calculations as a subject for future
N=0 is Ap—Zp=28, which is larger than whefy is calcu-  stydies.

lated by Eq.(10), which is 5.7. This explains the overpredic-
tion of the calculated values withy=Ap . This observation
also helps us to conclude that between the two methods,
calculations based on the momentum sphere consideration
are close to reality, which was not clear in our earlier We have made measurements and analyses of thick-target
analysis[4]. neutron vyield distributions from!®0+18Ta reaction at

We would like to point out that in the present calcula- 7.2A MeV, which is almost the threshold energy to observe
tions, we have ignored the effect of nuclear temperature othe PEQ emissions. Calculated results from an earlier devel-
the collision rates or mean free paths of the interacting nucleeped mode[4] fit the experimental results well. Analyses of
ons. That is, while using Eq12) to calculate the collision the results reveal that at such low energies PEQ emissions
rate, we have usell=1 throughout. A more rigorous ap- are possible only before target and projectile nucleons start
proach would be to consider temperature dependent collisiomteracting by scattering. This situation would suggest that
rates or mean free paths by makikglependent on the tem- PEQ emission will not occur at such low energies for
parature. In the present model, this will introduce a differ-nucleon induced reactions.

V. CONCLUSION
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