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Measurements of 65 MeV Fe, Sn, and Pb„n,n8x… continuum cross sections

E. L. Hjort,* F. P. Brady, J. R. Drummond, B. McEachern, J. H. Osborne, J. L. Romero, and D. S. Sorenson†

Crocker Nuclear Laboratory and Department of Physics, University of California, Davis, California 95616

H. H. K. Tang
IBM Microelectronics, Semiconductor Research and Development Center, East Fishkill Laboratory, Hopewell Junction, New York

~Received 5 September 1995!

Inclusive inelastic scattering~n,n8x! continuum cross sections have been measured at 65 MeV for Fe, Sn,
and Pb targets using a detection system consisting of large area wire chambers andDE•E scintillation detectors
in conjunction with a CH2 n2p converter. The continuum~n,n8x! spectra are compared with earlier~p,p8x!
data, and comparisons with cascade-statistical and preequilibrium continuum models are also made.

PACS number~s!: 24.30.Cz, 25.40.Ep, 25.40.Fq, 21.60.2n
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INTRODUCTION

In recent years a comprehensive investigation of gia
resonance modes of nuclear excitation has been underta
and considerable understanding has been developed@1,2#.
Essential to this understanding are experimental results fr
a variety of probes@3#. Comparisons of results from differen
probes yield fundamental information about the dynamics
nuclear reactions and nuclear structure. Nucleon probes h
played an important role. Examples are the discovery of i
baric analog states@4# via ~p,nx! and of the giant quadrupole
resonance in nuclei via inelastic proton~p,p8x! scattering
@5,6#, the excitation of isovector giant resonances via~n,px!
reactions@7#, and of isobaric analog~Fermi! and Gamow-
Teller states via~p,nx! @8–11# and ~n,px! @12#. In many, if
not all, hadronic-probe cases, the giant resonances
mingled with the excitation of a continuum from which on
attempts to separate the resonance as a bump or bumps.~The
history, or saga, of ‘‘missing Gammow-Teller strength’’ pro
vides some indication of how difficult finding all the piece
can be.! Thus the measurements and understanding of
continuum region of inelastic and charge-exchange reacti
are of fundamental importance. In addition, a knowledge
continuum cross sections is important in areas such as
medical and material damage studies.

Several years ago we carried out and reported the fi
inelastic~n,n8x! continuum measurements@13#. These were
motivated by118Sn @14,15# and208Pb @16# ~p6,p68x! inelas-
tic measurements at LAMPF whose analyses produced ra
large ratios of neutron-to-proton matrix elements~Mn/Mp!
for both GQR states and the continuum. Comparing o
~n,n8x! data to earlier Pb~p,p8x! measurements@17# we con-
cluded~in agreement with other analyses! that the continuum
and GR inelastic nucleon cross section ratios are consis
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with N/Z and not with those based on the inelastic pio
analyses.

Here, we report new data from 65 MeV~n,n8x! measure-
ments for Fe and Sn targets. The continuum cross sectio
for these targets are compared to previous results fro
120Sn~p,p8x! at 62 MeV @18# and 56Fe~p,p8x! at 61 MeV
@19# and along with the Pb~n,n8x! data are compared to con-
tinuum models. Besides the intrinsic interest in neutron
induced nuclear reactions, there is a wider interest in su
nucleon cross-section measurements and models, and in
ing able to predict cross sections over a wide range of en
gies and nuclei. For example, there is a continuing interest
software and hardware failure in semiconductor devices d
to neutron cosmic radiation.

EXPERIMENT AND RESULTS

As in the case of Pb~n,n8x! @13#, Sn and Fe~n,n8x! spec-
tra were measured using the neutron beam facility@20# and
compact neutron detection system@21# located at Crocker
Nuclear Laboratory at the University of California at Davis
The targets used were of natural isotopic content and we
thin enough to limit multiple scattering to&10%. The neu-
tron beam was produced by7Li ~p,n!7Be and in these experi-
ments had a resolution of'1.1 MeV FWHM and a flux of
'106 neutrons/sec. The detection system~Fig. 1! utilizes
multiwire proportional counters to track recoil protons
which result from n2p conversions of the scattered
neutrons in a large-area CH2 converter. One wire chamber
placed in front of the CH2 converter is used as a charged
particle veto. The energy of a recoil proton is measured in
15 cm330 cm32 cm thick NaI~Tl! crystal coupled to two 59
photomultiplier tubes. Along with thisE detector, a large
areaDE detector provides particle identification. Position de
pendent maps of theDE andE detectors’ responses are use
to improve their energy resolutions. For theE detector,dE
~FWHM!<1 MeV over most sections of the detector area
The energy of the scattered neutron is calculated from t
proton’s energy and from the angle of then2p conversion.
The overall measured energy resolution of the system~2.7
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238 53E. L. HJORTet al.
MeV FWHM! results from approximately equal contribu
tions due to uncertainties in the neutron beam energy, ene
losses, and their fluctuations in the CH2 converter, the reso-
lution of the NaI~Tl! detector and uncertainties in the pro
ton’s recoil angle due primarily to the size of the beam on t
target ~.2.532.5 cm2!. The predicted resolution~2.3 MeV
FWHM! is probably not reached due largely to the syste
atic uncertainties in theE detector response map.

For continuum measurements~as distinct from elastic! a
complication arises due to events from12C~n,p! reactions in
the CH2 converter, BecauseQ5212.6 MeV for this reac-
tion, elastically scattered neutrons which are converted
carbon will incorrectly appear to have the same energy
lower-energy, inelastically scattered neutrons converted
hydrogen. Thus events from these two reactions in the c
verter ~which produce similar proton energies! result from

FIG. 1. Schematic of the~n,n8x! detection system.
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scattered neutrons of different energies. By increasing
distance from the target to the CH2 converter the undesired
12C~n,p! events can be separated over much of the ove
range from the1H~n,p! events by their neutron time-of-fligh
~TOF! difference. In practice the separation is not perfect,
data were taken with CH2 and C converters with the targe
both in and out and a background subtraction was perform
The Binstock parametrization@22# of then2p cross section
~adjusted slightly@23# to allow for more recentn2p data
@24#! was used to correct for the energy dependence of
converter’s efficiency. Final spectra were obtained by n
malizing the continuum to the elastic peak. The elastic cr
section was measured using the same system@21#, with fits
to elastic1H~n,n!1H data@24# providing an absolute normal
ization. Target-out backgrounds due mainly to neutron-
interactions were small and subtracted out after proper n
malization.

Figure 2 shows the 65 MeV Fe and Sn~n,n8x! and similar
energy~p,p8x! spectra. The error bars reflect statistical
well as systematic errors, and become smaller at lower e
gies because the TOF elimination of carbon convers
events is cleaner. The angular range was chosen to be
where the isoscalar quadrupole is the dominant giant re
nance. However, statistical uncertainties preclude a sep

FIG. 2. 65 MeV ~n,n8x! spectra~data points! for Fe and Sn
compared to~p,p8x! spectra~continuous lines! at similar energies.
TABLE I. The experimental values of the cross section ratios for 10<Ex<25 MeV.

Fe Sn Pba

Rexp5
s(n,n8)

s(p,p8)

20° 30° 20° 30° 20° 28°

0.976 0.12 1.126 1.16 1.186 0.15 1.156 0.16 1.506 0.22 1.276 0.21

aData from@13#
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tion of the GQR from the continuum background. The of
scale elastic peak~not shown! would be at zero excitation
energy, and the cutoff in the data at about 45 MeV excitati
is due to the low-energy limit of the detection system. Th
solid lines show the 62 MeV120Sn~p,p8x! data@18# and the
61 MeV 56Fe~p,p8x! data @19#, multiplied by appropriate
factors such that the integrated cross sections from excitat
energies of 10–25 MeV are equal to those of the neutr
data. These factors, and those for Pb, and the correspond
mean lab angles, are given in Table I.

Continuum model comparisons

In this energy range, pioneering measurements and st
ies of ~p,p8x! energy and angle spectra were carried out
ORNL by Bertrand and Peele@25#. The authors@25# mostly
compare their measurements to predictions from a version
the intranuclear cascade model due to Bertini@26#. At the
time, the importance of such comparisons was due to the f
that the validity of the cascade model was not expected
extend below>150 MeV incident nucleon energy. However
except for the most forward angles, where a predicted qua
elastic peak is not seen in the data, the cascade model
dictions agree quite well with the 60 MeV ORNL data. Whe
nuclear mean-field distortion effects are included in th
model, this peak is much reduced and spread into the low
energy continuum@25#.

Another model, which has been extensively used, is t
preequilibrium statistical model initially proposed by Griffin
@27# and developed by Blann@28# and others. In this model,
excitation of the nucleus is described by the successive
citation of excitons or particle-hole pairs. Kalbach and Man
@29# have extended their preequilibrium model,PRECO,
which is based on the exciton model, to obtainPRECO-D@30#
which can predict angular distributions. They are guided
physical principles, but in the end the model is largely ph
nomenological, and based on a wide range of experimen
data.

A detailed quantum-mechanical theory of preequilibriu
reactions has been given by Feshbach, Kerman, and Koo
@31#, who divide the reaction cross section into two part
One, called~statistical! multistep direct~MSD!, exhibits for-
ward angle peaking. The other,~statistical! multistep com-
pound ~MSC!, is 90° cm symmetric. These basis ideas
MSD and MSC are utilized by Kalbach and Mann@29# in
their phenomonological study on whichPRECO-D is based.
Figure 3 shows comparisons of the predictions of this mod
with the Fe and Sn~n,n8x! data. The model does not attemp
to account for low-lying states or resonances~or for the elas-
tic tail one sees extending down in energy!. We did not adjust
any parameters. Except at the low excitations, fairly go
general agreement with the data is found.

In Fig. 4 the continuum data are compared to predictio
of the cascade-statistical~CS! model of Tanget al. @32#. This
model assumes two stages. The initial~intranuclear cascade!
stage uses a modified version of Bertini’sMECC-7 code@26#.
This simulated a sequence of quasifree nucleon-nucleon c
lisions which incorporate the effects of the Fermi motion o
target nucleons and of the Pauli principle. The second sta
is the statistical decay of an excited compound nucleus in
model developed by the authors@32#, which predicts rather
well low-energy particle spectra, and which includes heav
fragments as would be produced in higher energy fragme
f-

on
e

ion
on
ing

ud-
at

of

act
to
,
si-
pre-
n
e
er-

he

ex-
n

by
e-
tal

m
nin
s.

of

el
t

od

ns

ol-
f
ge
a

ier
n-

tation of O, Si, and heavier nuclei. Our measurements tes
the model predictions of the first stage. As we do not mea
sure the low-energy emission, the statistical decay predic
tions are not tested. This model predicts absolute cross se
tions, and no parameter adjustments are used to fit the data
can be seen in Figs. 4~a!–~c! that the agreement with the data
is reasonable, although not within experimental uncertaintie
in some energies ranges for each target nucleus.

It is interesting to compare the CS model to data at thes
energies, because they are at the lower end of the ener
range of model validity. The model does not contain a
nuclear mean field which is well known to be important at
these energies. It attempts to incorporate approximatel
mean-field effects through the use of the true effective inter
action in the nuclear medium. As noted above, besides
realistic interaction, Pauli blocking and Fermi motion of the
target nucleons is incorporated into the Monte Carlo sam
pling procedure.

In Fig. 5 comparison of the CS model with both~p,p8x!
@17–19# and~n,n8x! is made. The model predicts the essen-
tial features of the data. For all the experimental spectra th
~n,n8x! cross sections are, in general, higher than the~p,p8x!
and the differences increase withN2Z. This may, at first,
seem puzzling since the targets contain more neutrons tha
protons, and the interaction between unlike nucleons,Vnp ,
dominates. However, in macroscopic DW calculations we
find that the larger mean-field distortions for protons, due to
the Coulomb and~N2Z)/A optical potential terms, reduce
the ~p,p8x! cross sections relative to the~n,n8x!, more than

FIG. 3. Comparison of the predictions ofPRECO-D with the
~n,n8x! data. Absolute model and measured cross sections are plo
ted vs neutron~c.m.! energy. For clarity, part of the elastic peak has
been suppressed.
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FIG. 4. Comparisons of the predictions of the
cascade statistical model with the 65 MeV
~n,n8x! data for~a! Fe, ~b! Sn, and~c! Pb. Abso-
lute, angle-averaged, model and measured cro
sections are plotted vs neutron~c.m.! energy. The
model does not include elastic scattering or ex
plicitly inelastic scattering to low-lying states.
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and t represents the effective nucleon-nucleon interactio
~Ep is the projectileKE.!

In the CS predictions~Fig. 5! one sees at the more for-
ward angles a broad hump above the data at lower excit
tions. This must be due to quasielastic scattering. The C
model has no mean-field distortion effects which would ten
to spread in angle and energy the effects of such scatterin
compensating the~N/Z! ratio of target neutrons to protons
In the spirit of the macroscopic model, the experiment
~p,p8x!/~n,n8x! continuum cross-section ratios are repro
duced by a simple single-step inelastic–quasielastic scat
ing model with the DW amplitude having terms of the form
@33# *dq q2D(q,Ep)t(q,Ep)r(q,Ex!, where~in q space! D
is the distortion factor,r is the nucleon density~rn/rp5N/Z!
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FIG. 5. Comparisons of the~n,n8x! and
~p,p8x! data with the cascade statistical model
The ~p,p8x! data at 62 MeV has been shifted by
3 MeV.
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~As noted above, the CS model attempts to include th
distortion effects via the in-medium nucleon-nucleon intera
tion.!

We conclude that, in general, continuum models descr
the ~n,n8x! spectra at these energies to within about 25
and that the differences between measured~p,p8x! and
~n,n8x! spectra can be understood intuitively within th
framework of inelastic scattering models. It appears that
se
c-

ibe
%,

e
the

CS model effective interactions do not completely simula
mean-field distortion effects.
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