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Measurements of 65 MeV Fe, Sn, and Rln,n’x) continuum cross sections
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Inclusive inelastic scatterin@n,n’x) continuum cross sections have been measured at 65 MeV for Fe, Sn,
and Pb targets using a detection system consisting of large area wire chamb&E- &nskintillation detectors
in conjunction with a CH n—p converter. The continuurtn,n’x) spectra are compared with earligr,p’x)
data, and comparisons with cascade-statistical and preequilibrium continuum models are also made.

PACS numbsgs): 24.30.Cz, 25.40.Ep, 25.40.Fq, 21.60.

INTRODUCTION with N/Z and not with those based on the inelastic pion
analyses.

In recent years a comprehensive investigation of giant Here, we report new data from 65 Mé¥,n’x) measure-
resonance modes of nuclear excitation has been undertakements for Fe and Sn targets. The continuum cross sections
and considerable understanding has been develpp@l  for these targets are compared to previous results from
Essential to this understanding are experimental results frorf°Sn(p,p’x) at 62 MeV [18] and *°Fe(p,p’x) at 61 MeV
a variety of probe$3]. Comparisons of results from different [19] and along with the Rin,n’x) data are compared to con-
probes yield fundamental information about the dynamics ofinuum models. Besides the intrinsic interest in neutron-
nuclear reactions and nuclear structure. Nucleon probes haiduced nuclear reactions, there is a wider interest in such
played an important role. Examples are the discovery of isonucleon cross-section measurements and models, and in be-
baric analog statg#] via (p,nx) and of the giant quadrupole ing able to predict cross sections over a wide range of ener-
resonance in nuclei via inelastic protdp,p’x) scattering gies and nuclei. For example, there is a continuing interest in
[5,6], the excitation of isovector giant resonances(vigppx)  software and hardware failure in semiconductor devices due
reactions[7], and of isobaric analogFerm) and Gamow- to neutron cosmic radiation.

Teller states vidp,nx) [8—11 and(n,px) [12]. In many, if
not all, hadronic-probe cases, the giant resonances are
mingled with the excitation of a continuum from which one EXPERIMENT AND RESULTS

attempts to separate the resonance as a bump or b(hinas. As in the case of Rin,n’x) [13], Sn and Fé,n’x) spec-
history, or saga, of “missing Gammow-Teller strength” pro- tr3 were measured using the neutron beam fadi#§] and
vides some indication of how difficult flndlng all the pieces compact neutron detection Systdml] located at Crocker
can be) Thus the measurements and understanding of thRuclear Laboratory at the University of California at Davis.
continuum region of inelastic and charge-exchange reactionghe targets used were of natural isotopic content and were
are of fundamental importance. In addition, a knowledge Ofhin enough to limit multiple scattering t&10%. The neu-
continuum cross sections is important in areas such as bigron beam was produced Byi(p,n)’Be and in these experi-
medical and material damage studies. ments had a resolution 6¢1.1 MeV FWHM and a flux of
Several years ago we carried out and reported the first10f neutrons/sec. The detection systéRig. 1) utilizes
inelastic(n,n’x) continuum measuremenit$3]. These were  myltiwire proportional counters to track recoil protons
motivated by'*®Sn[14,15 and?°®Pb[16] (#*,7" 'X) inelas-  which result from n—p conversions of the scattered
tic measurements at LAMPF whose analyses produced ratheeutrons in a large-area GHonverter. One wire chamber
large ratios of neutron-to-proton matrix elemeii$n/Mp)  placed in front of the CH converter is used as a charged
for both GQR states and the continuum. Comparing ouparticle veto. The energy of a recoil proton is measured in a
(n,n’x) data to earlier Pip,p’x) measuremen{d 7] we con- 15 cmx30 cmx2 cm thick Na(Tl) crystal coupled to two's
cluded(in agreement with other analygebat the continuum photomultiplier tubes. Along with thi€ detector, a large
and GR inelastic nucleon cross section ratios are consisteateaAE detector provides particle identification. Position de-
pendent maps of thAE andE detectors’ responses are used
to improve their energy resolutions. For tRedetector,sE
*Present address: Physics Dept., Purdue University, West LafayFWHM)<1 MeV over most sections of the detector area.

ette, IN 47907. The energy of the scattered neutron is calculated from the
"Present address: P15, Los Alamos National Laboratory, Los Alaproton’s energy and from the angle of the-p conversion.
mos, NM 87545. The overall measured energy resolution of the system
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FIG. 2. 65 MeV (n,n'x) spectra(data points for Fe and Sn
compared tdp,p’x) spectra(continuous linesat similar energies.

scattered neutrons of different energies. By increasing the
distance from the target to the Gldonverter the undesired
12C(n,p) events can be separated over much of the overlap

Scale range from théH(n,p) events by their neutron time-of-flight
30 cm (TOF) difference. In practice the separation is not perfect, so
data were taken with CHand C converters with the target
FIG. 1. Schematic of thén,n’x) detection system. both in and out and a background subtraction was performed.

The Binstock parametrizatidri22] of the n—p cross section
MeV FWHM) results from approximately equal contribu- (adjusted slightly{23] to allow for more recenh—p data
tions due to uncertainties in the neutron beam energy, enerd4]) was used to correct for the energy dependence of the
losses, and their fluctuations in the €ebnverter, the reso- converter’s efficiency. Final spectra were obtained by nor-
lution of the Na(Tl) detector and uncertainties in the pro- malizing the continuum to the elastic peak. The elastic cross
ton’s recoil angle due primarily to the size of the beam on thesection was measured using the same sy$&ih with fits
target(=2.5x2.5 cnf). The predicted resolutiof2.3 MeV  to elastic'H(n,n)'H data[24] providing an absolute normal-
FWHM) is probably not reached due largely to the system-zation. Target-out backgrounds due mainly to neutron-air

atic uncertainties in th& detector response map. interactions were small and subtracted out after proper nor-
For continuum measurementas distinct from elastica  malization.
complication arises due to events frdA@(n,p) reactions in Figure 2 shows the 65 MeV Fe and(@m’x) and similar

the CH, converter, Becaus®=-12.6 MeV for this reac- energy(p,p’x) spectra. The error bars reflect statistical as
tion, elastically scattered neutrons which are converted byvell as systematic errors, and become smaller at lower ener-
carbon will incorrectly appear to have the same energy agies because the TOF elimination of carbon conversion
lower-energy, inelastically scattered neutrons converted bgvents is cleaner. The angular range was chosen to be that
hydrogen. Thus events from these two reactions in the conwhere the isoscalar quadrupole is the dominant giant reso-
verter (which produce similar proton energjegesult from  nance. However, statistical uncertainties preclude a separa-

TABLE I. The experimental values of the cross section ratios feeEQ<25 MeV.

Fe Sn PB

o(n,n’) 20° 30° 20° 30° 20° 28°

exp (Y
o(p.p’) 097+ 0.12 112+ 1.16 1.18+ 0.15 1.15+ 0.16 150+ 0.22 1.27+ 0.21

8Data from[13]
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tion of the GQR from the continuum background. The off-

scale elastic peaknot shown would be at zero excitation L Fe(n,n'x) at 65 MeV Sn(n,n'x) at 65 MeV
energy, and the cutoff in the data at about 45 MeV excitation

is due to the low-energy limit of the detection system. The r - PRECO - PRECO

solid lines show the 62 MeV?°Sn(p,p’x) data[18] and the i« Data }1 * Data

61 MeV *°Fe(p,p’x) data[19], multiplied by appropriate i foi i
factors such that the integrated cross sections from excitation I 13-20°

energies of 10-25 MeV are equal to those of the neutron
data. These factors, and those for Pb, and the corresponding
mean lab angles, are given in Table I.

i
i
ge—rl. g

Continuum model comparisons

In this energy range, pioneering measurements and stud-
ies of (p,p’x) energy and angle spectra were carried out at
ORNL by Bertrand and Pee[@5]. The authorg25] mostly
compare their measurements to predictions from a version of

: 23-26"[} _
v | i
the intranuclear cascade model due to Berfiz6]. At the I «—ﬁ%ﬁ.@é‘ﬂf"“ 1]
time, the importance of such comparisons was due to the fact . T ’ =

6/dQ dE (mb/sr MeV)
%;
."'I‘ FE:""“—&::._.
=

d’s/

that the validity of the cascade model was not expected to I 26-30° ]
extend belon=150 MeV incident nucleon energy. However, . i | | [
except for the most forward angles, where a predicted quasi- 41 26'302 R 1 \‘Hﬂﬂ;ﬁ&lﬂé}{ﬁﬂ{{{} 1
elastic peak is not seen in the data, the cascade model pre- P h“ . - _i T
dictions agree quite well with the 60 MeV ORNL data. When T
nuclear mean-field distortion effects are included in the 0 20 40 60 0 20 40 60

model, this peak is much reduced and spread into the lower- Neutron Energy (MeV) Neutron Energy (MeV)

energy continuunj25].

Another model, which has been extensively used, is the FIG. 3. Comparison of the predictions ®Reco-b with the
preequilibrium statistical model initially proposed by Griffin (n,n’x) data. Absolute model and measured cross sections are plot-
[27] and developed by Blani28] and others. In this model, ted vs neutrorfc.m) energy. For clarity, part of the elastic peak has
excitation of the nucleus is described by the successive exbeen suppressed.
citation of excitons or particle-hole pairs. Kalbach and Mann
[29] have extended their preequilibrium modeiRECQ

which is based on the exciton model, to obtaRECO-D[30]  {ation of O, Si, and heavier nuclei. Our measurements test

which can predict angular distributions. They are guided byhe model predictions of the first stage. As we do not mea-

physical principles, but in the end the model is largely phe o the Jow-energy emission, the statistical decay predic-

gggenologmal, and based on a wide range of expenmenteHonS are not tested. This model predicts absolute cross sec-
: . . .. tions, and no parameter adjustments are used to fit the data. It
A | - ' L .
detailed quantum-mechanical theory of preequmbnumFhan be seen in Figs(@—(c) that the agreement with the data

reactions has been given by Feshbach, Kerman, and Koon o . o
[31], who divide the reaction cross section into two parts Is reasonable, although not within experimental uncertainties

One, called statistica) multistep directMSD), exhibits for- ' SOMe energies ranges for each target nucleus.
ward angle peaking. The othgstatistica] multistep com- It IS interesting to compare the CS model to data at these
pound (MSC), is 90° cm symmetric. These basis ideas oféN€rgies, because they are at the lower end of the energy
MSD and MSC are utilized by Kalbach and Maf9] in ~ 'ange of model validity. The model does not contain a
their phenomonological study on whigReco-Dis based. Nnuclear mean field which is well known to be important at
Figure 3 shows comparisons of the predictions of this modethese energies. It attempts to incorporate approximately
with the Fe and Sim,n’x) data. The model does not attempt mean-field effects through the use of the true effective inter-
to account for low-lying states or resonan¢esfor the elas-  action in the nuclear medium. As noted above, besides a
tic tail one sees extending down in enexgie did not adjust realistic interaction, Pauli blocking and Fermi motion of the
any parameters. Except at the low excitations, fairly goodarget nucleons is incorporated into the Monte Carlo sam-
general agreement with the data is found. pling procedure.

In Fig. 4 the continuum data are compared to predictions In Fig. 5 comparison of the CS model with bah, p’x)
of the cascade-statisticdLS) model of Tanget al.[32]. This  [17-19 and(n,n’x) is made. The model predicts the essen-
model assumes two stages. The inifiatranuclear cascagle tial features of the data. For all the experimental spectra the
stage uses a modified version of Bertiliscc-7 code[26]. (n,n’x) cross sections are, in general, higher than(thp'x)
This simulated a sequence of quasifree nucleon-nucleon cofnd the differences increase with—Z. This may, at first,
lisions which incorporate the effects of the Fermi motion of seem puzzling since the targets contain more neutrons than
target nucleons and of the Pauli principle. The second stagerotons, and the interaction between unlike nuclesfs,,
is the statistical decay of an excited compound nucleus in dominates. However, in macroscopic DW calculations we
model developed by the authdr32], which predicts rather find that the larger mean-field distortions for protons, due to
well low-energy patrticle spectra, and which includes heaviethe Coulomb andN—2Z)/A optical potential terms, reduce
fragments as would be produced in higher energy fragmerthe (p,p’x) cross sections relative to ttfe,n’'x), more than
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compensating théN/Z) ratio of target neutrons to protons. andt represents the effective nucleon-nucleon interaction.
In the spirit of the macroscopic model, the experimental(Ej, is the projectileKE.)

(p,p’x)/(n,n'x) continuum cross-section ratios are repro- In the CS predictiongFig. 5 one sees at the more for-
duced by a simple single-step inelastic—quasielastic scatteward angles a broad hump above the data at lower excita-
ing model with the DW amplitude having terms of the form tions. This must be due to quasielastic scattering. The CS
[33] fdq qZD(q,Ep)t(q,Ep)p(q,EX), where(in q space D model has no mean-field distortion effects which would tend
is the distortion factorp is the nucleon densitip,/p,=N/Z)  to spread in angle and energy the effects of such scattering.
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(As noted above, the CS model attempts to include thes€S model effective interactions do not completely simulate
distortion effects via the in-medium nucleon-nucleon interacmean-field distortion effects.
tion.)

We conclude that, in general, continuum models describe The support of the National Science Foundati@rant
the (n,n'x) spectra at these energies to within about 25%Nos. PHY87-22008 and PHY90-24794nd the Associated
and that the differences between measufpgh’x) and  Western Universities is gratefully acknowledged along with
(n,n’x) spectra can be understood intuitively within the the support and assistance provided by the Department of
framework of inelastic scattering models. It appears that th&hysics and Crocker Nuclear Laboratory and their staff.
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