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Elastic neutron scattering at 96 MeV from 1°C and 2°%b
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A facility for detection of scattered neutrons in the energy interval 50—-130 MeV, SCANDAL, has recently
been installed at the 20—180 MeV neutron beam line of the The Svedberg Laboratory, Uppsala. Elastic neutron
scattering from'?C and?°%b has been studied at 96 MeV in the 10°—70° interval. The achieved energy
resolution, 3.7 MeV, is about an order of magnitude better than for any previous experiment above 65 MeV
incident energy. The present experiment represents the highest neutron energy where the ground state has been
resolved from the first excited state in neutron scattering. A novel method for normalization of the absolute
scale of the cross section has been used. The estimated normalization uncertainty, 3%, is unprecedented for a
neutron-induced differential cross section measurement on a nuclear target. The results are compared with
modern optical model predictions based on phenomenology or microscopic nuclear theory.
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I. INTRODUCTION energy—compared to a neutron of the same incident

The traditional basic physics motivation for elastand energy—of the proton inside the r!ucleus. I.n a relatiyistic
inelastig neutron scattering around 100 MeV is to determineapproaCh’ this Coulomb cor_rectlon 'S ur_wamblguously I_mked
the isovector term in the nucleon-nucleus interactjan  '© the central vector potential. Oneel, is known, the is-
Coulomb repulsion of protons creates a neutron excess in aiVeCtor potentialu; can be deduced by a comparison of
stable nuclei withA>40. Incident protons and neutrons in- Neutron and proton elastic scattering from the sarse0
teract differently with this neutron excess. An isovector cou-"Ucleus at the same energy.

pling term was introduced into the optical model by Lk It has been a common prejudgement in nuclear physics
with the form that the isovector term depends @W—2)/A, but this might
be open to question. One serious problem has been observed
Un(E) = Ug(E) + (4/A) U4 (E)T - T when using the Ohio-State Dirac phenomenology for proton-

) nucleus scattering to calculate the neutron total cross section.
wheref is the isospin of the projectile arillis the isospin  Such calculations describe thR0 total cross section almost
of the target. The origin of this term may be traced to theperfectly, while serious discrepancies f8#b provide com-
7-7; term in the nucleon-nucleon interaction. The diago-pelling testimony for the _further _need to investigate the is-
nal terms of thet-T matrix display the differences be- ovector nucleon-nucleus interactions.

tween proton-nucleus and neutron-nucleus elastic scatter- There ha}s been nptable progress lately in thepret_mal stud-
ings, i.e les of elastic scattering of nucleons from nuclei at interme-

diate energies. The early hope of nuclear physics, namely,
UN(E) = Ug(E) + €U4(E) + AU, that nuclear forces derived from the analysis of nucleon-
nucleon data could be used to predict nuclear many-body
where e=(N-2)/A and AU.=0 for neutrons. , phenomena, is maybe finally being realized. In recent calcu-
This expression shows that the proton-nucleus optical portions [3], the only input is the nucleon-nucleon force and
tential contains both an isovector terdy and a Coulomb  {he wave functions of the target nuclei. TN potentials
correction termAU, that accounts for the reduced kinetic (below the pion production thresholdiow might be good
enough so that uncertainties in these calculations largely re-
flect the uncertainties in the nuclear densities. In particular,
*Corresponding author. Email address: jan.blomgren@tsl.uu.se analyses of proton data together with accurate neutron scat-
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tering data may at last be able to yield information regardingvhat is primarily needed is not raw data, because for these
the relative distribution of charged and uncharged matter irapplications, it is beyond reasonable efforts to provide com-
nuclei. plete datasets. Instead, the nuclear data needed for a better
Neutron elastic scattering at small angles is of speciainderstanding must come to a very large degree from nuclear
interest because the Coulomb bump masks the nuclear arficattering and reaction model calculations, which all depend
plitude in the proton case. Larger angle data are important tBéavily on the optical model, which in turn is determined by
test the limits of the first-order theory and to pin down the&lastic scattering and total cross section data.
diffraction structure with increased confidence. In future, Very little high-quality neutron data exist above 20 MeV

neutron spin observables would be most welcome to comple2N€rgy (which is the upper energy limit of the established

ment the extensive proton measurements. evaluated data libraries for fission and fusion applicaions
The targets for a survey of neutron elastic scattering "€ré are high-quality neutron total cross section data on a

would primarily be the closed-shell nuclei experimentally S€fes of nuclei up to about 600 Meft0]. In addition,(n, p)

available. In the present paper, neutron elastic scattering daf@t@ in the forward angular range at modest excitation ener-

on 2C and?°%Pb at 96 MeV are presented. They constitutedies are available up to about 300 MeV for a rather large

the first two nuclei in a series of experiments, while data orf'mber of nucle{11,12. _
1H, 2H, 160, 56Fe, and®Y are under analysis. The np scattering cross section has been measured exten-

Several different fields of basic nuclear physics wouldsively [13]._On thg other hand_, for. ne_utron elastic scattering
benefit from better knowledge of the optical potentials. Thelom nuclei heavier than the light iorise., for A=6), there
lack of precise neutron optical potentials is a serious con&'€ Very few measurements. Above 30 MeV neutron energy,
straint for both(p, n) and(n, p) studies in this energy domain. ©Nly o experiments have produced data with an energy

A 20%—30% uncertainty has been ascribed in the calculatiofgsolution adequate for resolving individual nuclear states,

of absolute(p, n) cross sections to uncertainties in the optical@" €xperiment from MSU at 30 and 40 Me¢4,19, and
potentials[4]. Other fields where such potential information from UC Davis at 65 Me\[16,17. Recently, experiments at

would be of large interest aré, e'pn), (y,n), and (p, pn) 55, 65, and 75 MeV were reported, having energy resolu-
experiments. tions in the 10—-20 MeV ranggl8,19. In addition, a few

The interest in high-energy neutron data is rapidly grow-measurements in the 0°-30° range, between 80 and
ing, since a number of potential large-scale applications in320 MeV, are available; all with energy resolutions of
24. This poor resolution is, however,

volving fast neutrons are under development, or have beet? MeV or more[20—
identified. These applications primarily fall into three sec-"N0t @ significant drawback at such small angles because elas-

tors; nuclear energy and waste, nuclear medicine, and effect$ Scattering dominates heavily, but at larger angles such a
on electronics. resolution would make data very difficult to interpret. An

The recent development of high-intensity proton accelera®Ve"view of the neutron elastic scattering experiments is
ven in Table I, where measured nuclei, neutron energies,

tors has resulted in ideas to use subcritical reactors, fed )
nergy resolutions, and angular ranges are shown.

neutrons produced in spallation processes maintained by e i R
ternal proton beams, for transmutation of waste from nuclear “ Prief account of the results presented in this paper has
power reactors or nuclear weapons material. This might reP€€n published recentl2s], and in the present paper, the
sult in less problematic waste material and/or energy produc@n@lysis and the results are discussed in some detail.
tion. New nuclear data are needed for feasibility assessments
of these techniques. The present work is part of the EU Il. EXPERIMENTAL ARRANGEMENT
project HINDAS (high and intermediate energy nuclear data
for accelerator-driven systemasvhich has been designed to
meet this demangb]. The neutron beam facility at the The Svedberg Labora-
Conventional radiation treatment of tumors, i.e., by pho-tory, Uppsala, Sweden, has recently been described in detail
tons or electrons, is a cornerstone in modern cancer therapj26], and therefore only a brief description is given here. An
Some rather common types of tumors, however, cannot beverview is presented in Fig. 1. Protons from the cyclotron
treated successfully. For some of these, very good treatmeithpinge on a 427 mg/ctdisc of isotopically enriched
results have been obtained with neutron therggy (99.98% ’Li from the left, producing 96+0.5 MeV
During the last few years, it has become evident that elecfl.2 MeV FWHM (full width at half maximun)] neutrons by
tronics in airplanes suffer effects from cosmic-ray neutronghe ’Li(p, n) reaction. The low-energy tail of the source neu-
[7,8]. For instance, a neutron can induce a nuclear reaction itron spectrum was suppressed by time-of-flight techniques.
the silicon substrate of a memory device, releasing freéfter the target, the proton beam is bent into a well-shielded
charge, which flips one or more memory units. Similar ef-beam dump. A system of three collimators defined a
fects causing soft- and/or hardware damage have recentBrcm-diameter neutron beam at the scattering target, where

A. Neutron beam and detector setup

been identified also at ground level. the neutron yield was typically %10° s* over the whole
Finally, neutrons at commercial aircraft altitudes inducebeam area. The neutron beam was dumped in a tunnel about
significant radiation doses to the airplane persofi@gl 10-m downstream of the experimental position.

For all these applications, an improved understanding of Scattered neutrons were detected by the SCANDAL
neutron interactions are needed for calculations of neutroSCAttered Nucleon Detection Assemblsetup(see Fig. 2,
transport and radiation effects. It should be emphasized thathere the neutron energy is determined by measuring the
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TABLE I. Neutron elastic scattering experiments with neutron eneigies30 MeV.

Reference Target Energy Resolution Angular
(MeV) (MeV at FWHM) range(deg
[14,15 Ca, Si 30, 40 0.15 15-140
[18,19 C, Si, Fe, Zr, Pb 55, 65, 75 10-20 2-57
[17] C, Si, Ca, Fe, Sn, Pb 65 2.7 6-50
[20] Al, Cu, Pb 84 30 2-25
[21] Li, Be, C, Al, 96 24 1-29
Cu, Cd, Pb, U
[22] Li, Be, C, N, O, 136 27 0-20
Al, Cu, Cd, Pb
[23] C, Al, Cu, Cd, Pb 155 60 3-30
[24] C, Al, Cu, Sn, Pb 350 15 1-20
Present experiment C, Pb 96 3.7 10-70

energy of proton recoils from a plastic scintillator, and the The trigger, when detecting neutrons, was provided by a
neutron scattering angle is determined by tracking the recoitoincidence of the two trigger scintillators, with the front
proton. For a comprehensive description of its technical descintillator acting as a veto. The total neutron energy resolu-
tails, and of the experimental procedure, see R2§]. It is  tion varies with individual Csl crystals, but is on average
primarily intended for studies of elastic neutron scattering3.7 MeV (FWHM).
but can be used famn, p) and(n, d) reaction experiments as
well. Direct proton detection is also utilized at the beginning
of every experiment in order to calibrate the detectors.
The setup consists of two identical systems, in their stan- The experiment was carried out in two different runs of
dard positions placed to cover 10°-50° and 30°—70°, reabout one week each. At the beginning of each campaign, a
spectively. In the present experiment, each arm consisted of@H; target was placed in the neutron beam for calibration
2-mm-thick veto scintillator for fast charged-particle rejec- PuUrposes, by detecting recoil protons frevp scattering. At
tion, a 10-mm-thick neutron-proton converter scintillator, aone of the occasions, a multitarget arrangement was used to
2-mm-thick plastic scintillator for triggering, two drift cham- increase the target content without impairing the energy reso-
bers for proton tracking, a 2-mm-thickE plastic scintillator ~ lution. This multitarget box allows up to seven targets to be
which was also part of the trigger’ and an array of Csl demounted simultaneously, interspaced with multiwire propor-
tectors(12 on each arinfor energy determination of recoil tional counterMWPC). In this way it is possible to deter-
protons produced in the converter bpscattering_ While the mine in which target the reaction took place, and corrections
Csl detectors have one photomultipli@M) tube each, the for energy loss in the subsequent targets can be applied. Two
plastic scintillators have two, mounted adjacent to each othexdditional MWPCs, upstream of the targets, act as veto de-
on one of the longer horizontal sides. This design has beeigctors for charged particles accompanying the neutron
chosen in order to allow the spectrometer arms to be place@eam. A more detailed description is given in Ref].

B. Experimental procedure

close to the beam. At the other occasion, the multitarget was unavailable,
and a single Chisheet, 1 mm thick, served as the calibration
The TSL Neutron Beam Facility target. Direct detection of recoil protons with well-defined
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FIG. 2. Schematic layout of the SCANDAL setup. A typical
FIG. 1. Overview of the Uppsala neutron beam facility. event is indicated.
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energies, coming fromp scattering in the calibration target, neutron beam, between the fission detector—or, if it was
was accomplished by removing the veto signals from theused, between the multitarget box—and the scattering target
trigger. position. The collimator was constructed of 10-cm-thick lead
The advantages of using the multitarget in the calibratiorplocks, placed parallel to the neutron beam. Its effect was
runs are shorter data taking time because a larger amount 8fudied by comparing data from runs with, and without, the
target materia' can be used Wh||e retaining a good reso'utiorﬁollimator installed. The effects of the collimator will be dis-
and the fact that @2C(n, p) background spectrum can be cussed later. -
recorded simultaneouslgusing a pure carbon targefThis Downstream of the target position, the neutron beam goes
background can be subtracted in order to isolate the recofirough the drift chambers of the small-angle dfovated at
protons originating from the hydrogen atoms. However, thd"'€ right side of the beayrof SCANDAL. This is very little
data taking time is rather short also when using a single cHmaterial, and Iocate_d such that only neutrons gmltted back-
sheet, and the recoil protons fromp scattering form a wards can cause triggers. Thereby, the setup itself produ.ces
prominent peak in the histograms even before backgrount{€’Y little background; in fact, the no-target data are consis-
subtraction. Moreover, th€C(n, p) reaction has & value of tent with neutron scattering in nothing but the air around the
~12.6 MeV, which makes thap scattering peak kinemati- targetregon. -
cally separated from the carbon background at small angles, 1n€ dead time in the data acquisition system was around
This means that it is not crucial to use the multitarget for#”0 during the experiment.
calibration purposes.
In (n,n) measurements, the multitarget is normally placed I1l. DATA ANALYSIS
empty upstream of the scattering target and used as an ex-
tremely thin charged-particle veto detector. Fortunately, it
has been shown that the contamination of charged particles The data were analyzed off line on an event-by-event ba-
in the neutron beam and thereby the effect of the multitargesis. In a first stage, the time information from the drift cham-
veto is very small. This will be elaborated upon in Sec. Ill. bers was converted to positions; angular information and de-
After collecting calibration data, the setup was modifiedtector hit positions of the particle trajectories were
for neutron detection by utilizing the veto scintillator signals calculated, based on the obtained drift chamber coordinates;
for charged-particle rejection. The lower limit of the angularand the registered pulse heigliigH) in the Csl and plastic
range, 10°, represents an arm position where the scintillatacintillator detectors were converted to energy, using the pro-
detectors barely avoid being hit by the neutron beam whildon detection data from the beginning of the experiment.
the upper limit, 70°, has been chosen since reliable statistics During this process, about two-thirds of all events were
cannot at present be obtained in a one-week experiment atjected. Each event had to pass several criteria to be ac-
larger angles. The angular region covered by both arms;epted. The main reason for discarding events at this stage of
30°-50°, facilitates estimation of the consistency of the rethe analysis was the requirement that at least one Csl detec-
sults, and of possible systematical differences between thter in the event had a PH above a certain threshold value.
two arms. For the drift chambers, it was at the same time required
Two scattering targets were used, a carbon cylinder, 5 crthat the calculated coordinates of the detected particle corre-
high and 5 cm in diameter, with a mass of 178 g and naturasponded to a position within the volume between the trigger
isotopic compositiori98.9% C), and a radiogenic lead cyl- scintillators. The coordinates were also used to trace the tra-
inder (88% 2%%Pb, 11%2%%Pb, and 1%7°'Ph), 6.3 cm high  jectories of the protons, which in turn were used to establish
and 2.9 cm in diameter, with a mass of 444 g. During a typi-the hit positions for the Csl detectors and the conversion
cal experiment week, the data taking began and ended witpoints in the converter scintillators. The conversion depth
the 2°%b target in the beam, and in betwe#€ and back- was obtained from the pulse height information. At the same
ground(no target data were taken. time, the elastic neutron scattering angle in the target and the
The vacuum system in which the neutron beam is transproton recoil scattering angle, or conversion angle with re-
ported is terminated by a 0.1-mme-thick stainless steel foilspect to the direction of the neutron hitting the converter,
80-cm upstream of the scattering target position. Immediwere calculated.
ately after the foil, a fission detector for absolute monitoring Each drift chamber should in the ideal case give one hori-
of the neutron fluence, based on thin-flm breakdownzontal and one vertical coordinate. Since only two drift
counterg[28], is mounted. chambers on each arm were used for tracking, multiple hits
The vacuum termination foil and the fission detector actin the drift chambers resulted in ambiguities. In around 10%
as neutron scatterers, giving a background of neutrons thaff the events, more than one wire in a drift chamber plane
did not scatter in the real scattering target further downfired due to crosstalk within the drift chamber, an effect
streams. Since SCANDAL is triggered by protons comingwhich was investigated already at the commissioning of
from the neutron-proton converter scintillators, it is not pos-these drift chambers. In such events, the wire that fired first
sible to know the history of the neutrons before their arrivalwas selected in the analysis, since signals induced by
to the converter. Therefore, one cannot distinguish event-byerosstalk come later in time. A separate test experiment using
event between neutrons coming from the scattering targdour drift chambers for overdetermination of proton tracks
and neutrons from, e.g., the fission detector. For part of thbas shown that this algorithm results in a correct identifica-
data taking time, a lead collimator was installed around theion in about 90% of the cases, leaving about 1% of the

A. Calibration
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events in the present experiment with incorrect position intubes, adjacent to each other on the same side of the scintil-
formation for one of the four position coordinates. Essendator, was the main reason for this effect. It was also found
tially all these incorrect events were removed using the preghat the effect is significant only in the converter scintillators,
ence of a hit in the correct Csl as a consistency check. ~ Which can be explained by their relative thicknessmpared

For the calibration of the Csl detectors, two calibrationWith the trigger detectojsA compensation for this geometry
points per detector were used: a pedestal channel due f#¢pendence was done when calculatkigin the converter
events detected in other Csl crystals, and thus associatétgtectors, by including a position-dependent term describing
with zero PH and energy, and ap proton peak. The cen- (he mapped-out deviation.
troid channel of the proton peak was found by fitting it with 1€ €nergy loss in materials where the protons are not
a Gaussian. The calibration was done by a two-step procéi_etected, such as detector wrapping, d_rlft chamber_fmls, aqd
dure. In the first step, the deposited energy represented by tif¥» Was calculated based on the energies detected in the trig-
centroid channel of the proton peak was obtained by calcud®' Scintillators and in the Csl detector. o
lating the energy loss of protons between the target and the The _total energy of the charged particle, emnted In the
Csl detector in question. In the second step, after havin alibration target in the case of proton detection or in the
calibrated the plastic scintillator detectaisee below, the Onv_erter, as in the case of elastic neutron scattering, was
deposited energy represented by the proton peak was fouﬁ)&)t_amed as the sum (_)f the detecte_d energy losses and the
by adding the actually measured energy losses in the scintiestimated energy loss in other materials. Finally, for the elas-

lator detectors, to energy losses that were calculated for maiC Scattering events, the neutron energy at the conversion to
terials in which the protons were not deteciadch as the & proto'n, and the excitation energy, were calculated using the
wrapping covering the scintillators scattering angle, the conversion angle, and the total energy.

A linear correspondence was assumed between PH andis gave excitation-energy spectra for 2_4_ different angles in
deposited energy. This should be a reasonably good assumﬁl.r;_e_labor_atory system, related to the position of the Csl crys-
tion for Csl in the present applicatig29]. However, due to @l in which the proton was stopped.
detector geometry and local variations in the light output
within a Csl crystal, the protons, having the same energy,
give rise to different PH values along the vertical axis in the
crystal. The reason for this vertical dependence is that the In a second stage of the analysis, gates on the positions,
crystals have a rather elongated, trapezoidal shape; 30 cangles, and energies that had now been associated with the
high with a 7-7 cri cross section area at the PM tube endaccepted events were applied to extract the contents in the
and a 5-5 crharea at the other end. If not compensated forground state peaks, representing elastic scattering, from the
this geometry effect will contribute up to half the intrinsic excitation-energy spectra. This was done #Pb and'°C
energy resolution in the Csl detectors. Therefore, when caldata, as well as for background data. Each Csl detector de-
culating the energy deposited in the Csl crystal, the coordifined an angular bin, and events belonging to a specific bin
nate of the vertical hit position on the detector was used tavere selected by setting a gate on the detected Csl energy.
select the calibration PH value that correctly corresponds to A AE-E technique was used to separate protons from
the np proton peak energy. other charged particles, mostly deuterons, originating from

The plastic scintillator detectors were calibrated usingthe converter. Gates in the form of two-dimensional contours
events where protons hit a narrow, central section of thevere applied to scatter plots if the sum of the detected energy
scintillator, i.e., where the distance is approximately thelosses in the two trigger scintillators was plotted against the
same to both PM tubes, and where it can be assumed thanergies in the Csl detectors. The separation between protons
these detect half the light each from the energy depositedind deuterons was good enough to make the assignment of
Each PM tube was calibrated separately. By selectipg particle identity a straightforward procedure. This cut was,
scattering events, i.e., events that appear in the peak in a Cebwever, not of crucial importance in the extraction of elas-
energy spectrum, a peak in the plastic scintillator PH spectic scattering events, since th® value for *°C(n,d) is
trum was identified. The energy represented by the centroie13.7 MeV, i.e., there is no physical background of deuter-
of that peak was obtained by correcting for the calculatedns in the energy range of elastic scattering.
energy losses in upstream material. The pedestal channel The energy determination for events where a proton
gave a second calibration point for each PM tube. A lineaipasses through more than one Csl detector is very poor, due
correspondence was assumed between PH and energy. E-large straggling effects in Csl wrapping material. There-
nally, the total energyAE detected by a plastic scintillator fore, plots were made of vertical versus horizontal hit posi-
was obtained as the sum of the energies from the two PMions on the Csl crystals. In these scatter plots, two-
tubes. dimensional gates were applied to select events where a

Geometry effects also appear in the plastic scintillatorsminimum distance to the edges assured that the protons were
Protons that deposit the same energy at different locations istopped in a single detector. As this gate also identified the
the detectors give differedE values in the calculation de- Csl detector being hit, it was required that it should be con-
scribed above. By mapping the deviation of the measafed sistent with the selection done with the energy gate or else
value from the expected one, as a function of the proton hithe event was discarded.
position on the scintillator in both vertical and horizontal A gate on the neutron time of flighiiftOF) was used to
coordinates, it was concluded that the location of the PMsuppress the number of events coming from the low-energy

B. Data reduction
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tail in the neutron beam spectrum. The TOF was defined byhe elastic neutron scattering cross sections, it was concluded
the time difference between trigger 1 and a signal generatetthat the charged-particle contribution could be ignored.

by the cyclotron rf, and the information was corrected for the The data reduction was so far done on an event-by-event
flight time from the scattering target to trigger 1. In the basis, resulting in—for each of the two experiment weeks—
present experiment, this information is, however, not impor£Xxcitation-energy spectra at 24 angles, in the range 10°-70°
tant. The reason is that a low-energy neutron in the bearf{! the laboratory system. The spectra were of three types,
cannot induce emission of a full-energy neutron from thegfpe”_d'ng on the scattering target: elastic scattering from
scattering target. The TOF cut left the number of events in %Pb including background, elastic scattering fréf@ in-
the ground state peaks unchanged, thereby verifying th&uding background, a_md_ pure background data. Inspections
there is no background that simulates elastic scattering. F& data from the beginning and the end of an experiment
planned future experiments on inelastic scattering, the TOM€€k showed that there was no drift in the system over an
information is, however, of crucial importance. entire campaign. However, data from the two weeks were

Besides hydrogen, the scintillator detectors contain carStill analyzed separately. _ ”
bon, and theQ value for 2C(n, p) is -12.6 MeV. Thus, at In the data reduction of the signal spectra, &b and

L . ct a
forward conversion angles, energy detection alone can iso-C: the target mass is used when defining the excitation

late the protons which are due to conversion of elasticallyFN€rdy- Thereby, the background in each spectrum is affected
scattered neutrons in hydrogen. At about 20° conversioffy the assumed target mass. As a consequence, the back-

angle, however, the proton energies from the two processédound data Wereo?;gcl)arted t\/\lnz((::e resulting in separate back-
are the same, and thereby it can no longer be determinedfOuUnd datasets for*Pb and™C.

whether the energy lost is due to excitations in the neutron FOr the further analysis, the excitation-energy spectra

scattering sample or in the conversion. By applying a maxi\Vere stored as histograms. Examples are shown in Fig. 3,
g P y appiing €?%%b andC histograms have been scaled to the

mum converter scattering angle criterion, such problems cafyhere th

be avoided. The energy resolution in SCANDAL requires arf’€utron fluence of the background histograms, making each
upper limit of the converter scattering angle in the 10°—15enistogram equivalent to 17 h of data taking time. Data ob-
range for a good separation. By comparing excitation-energ ined with c_ietectors at th_ree dn‘fer_ent angles in the labora-
spectra obtained with different values of the maximum conorY system illustrate the difference in count rate. All spectra
verter scattering angle it is concluded that 10° is suitabl®f the same angle have similar shapes but different magni-

since a small angle facilitates the separation of the groun'des. The spectra at the smallest angle clearly reflect the
state peak, even if it is at the expense of statistics. characteristics of the semimonoenergetic neutron beam spec-

For some of the recorded events, the conversion had takdfH™M: With a peak and a low-energy distribution, and also that
place in the first trigger scintillator instead of the converter.€/astic scattering dominates at small angles. At larger angles,

These events formed a peak at zero energy inEespec- the relative number of inelastic scattering events increases.
trum of the converter, and could thus easily be removed. 1 he differences in magnitude at the same angle are consis-
When analyzing data from the experiment where the muifent with the different amounts of target material in which

. ) A v .
titarget was used, events contaminated with charged particld8€ €lastic scattering takes plage., b, **C, and aiy.

; ; . The background histograms were subtracted from the
n {he neutron beam were rejected by requiring that "%osppy andlzcgexcitation-er?er histograms after dead time
MWPC in the multitarget had fired. ay g

The multitarget data were also used to estimate the re|ac_orrection and normalization to the same neutron fluence, as
tive number of charged particles in the beam. The first cham3!Ven by the fission detector. In parallel with the treatment of

ber detected particles from upstream of the multitarget, prelN® data spectra, the corresponding operations were per-

dominantly coming from the vacuum termination foil and the';grmed on histograms containing the binwise variance for
fission detector, as well as charged particles due to conver-gpb and?C, to be used later for estimation of the statistical
sions within the multitarget, up to the position of the first €OrS:
chamber. The second chamber detected the same particles,
plus particles created between the first and the second cham-
ber. This information could be used to extract the number of
particles created in each multitarget plane, which in turn was The number of elastic scattering events at each angle was
used in the determination of the number of charged particlesbtained by integrating the ground state peaks in the
coming from upstream of the multitarget. A comparison withexcitation-energy histograms in a region of Aaround the
the total number of accepted ever(®urviving all gates  peak centroid, wher&' is the FWHM. The centroid of the
showed that the fraction of charged particles in the neutroground state peak and the resolutidmvere obtained from a
beam was less than 1%. Gaussian fit to the peak. This gaussian was at the same time
In the experiment where the multitarget was not used as ane component in a spectrum function that was constructed
veto detector, this fraction could not be removed in a direcin order to describe the entire spectrum up to about 15 MeV
way. However, charged particles that scattered into th@bove the ground state peak. A good description of the spec-
SCANDAL arms were removed by the veto detectors. Onlytrum in this interval was a condition for defining the integra-
if they caused(p, n) reactions in the scattering target they tion limits using the resolutiol’. The spectrum function was
would contribute to the data, but since thgn) reaction established in the following way. In th&C histograms,
cross sections are several orders of magnitude smaller thabaussians were fitted to the ground state and to the excited

C. Extraction of elastic scattering events
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FIG. 3. Examples of%Ph(n, n) and 1%C(n, n) excitation-energy histograms before background subtraction, and pure background histo-
grams at three different laboratory angles. TH&Pb and'’C histograms have been scaled to the neutron fluence of the background
histograms.

states at 4.4 Me\J"=2") and 9.6 MeV(3"). At an excita- state at the angle in question. For this purpose, both micro-
tion energy of about 10 MeV and up, protons fréfe(n, p) scopic and phenomenological calculations of the respective
reactions in the converter formed a rather structureless flaiross sections had been dasee below. The heights of the
distribution. In a recent measurement of t€(n, p)lZB re- Gaussians at 9.6 and 12.6 MeV were, on the other hand, free
action at the present energy2], conducted with a better parameters since it was found that this improved the overall
energy resolution, it has been shown that excitation of thdit. . ]
128 ground state dominates the low-energy end of the Spe_ctrum fun_ct|ons for thé%8Ph hl_stograms were esEab-
excitation-energy spectrum. As a consequence, the slope lighed in an equivalent manner. In this case, the gollectlve 3
the 12C(n, p) distribution in the present experiment should be@"d 2 states at 2.6 MeV and 4.1 MeV, respectively, were
determined by the experimental energy resolution. ThereforéIttGd V.‘”th Gaussiangsee Fig. 4. In addlt%gg to_another
a Gaussian was fitted to account for the opening of this discaussian peak at 12.6 MeV, to account fo€(n, p) reac-
tions in the converter as described above, a fifth Gaussian

tribution, with a centroid at 12.6 MeV above the ground stateWas added aE,=8.3 MeV to account for a large number of

centrmq, and with the same width as for the'elasnc neut'ro eaker states between 4.1 and 12.6 MeV. The width of this
scattering ground state. The spectrum function was deflne aussian was allowed to vary with respect to the other ones.
as the sum of these four Gaussians. Examples at two d|1’“ferAS in the case of the 4.4-MeV Gaussian in tH€ histo-

ent laboratory angles are given in Fig. 4. grams, the heights of the 2.6- and 4.1-MeV Gaussians were
The height, position, and width of the ground state Gaussjipnked to the height of the ground state Gaussiar®fPb.

ian were treated as free parameters in the fit, and the samgere, instead, the heights of the 8.3- and 12.6-MeV Gauss-

width was used for the other three Gaussians. The centroidgns were free.

of these were fixed relative to the ground state by the known Finally, the number of measured elastic scattering events

excitation energies, i.e., 4.4, 9.6, and 12.6 MeV. The heighivas obtained by integrating the excitation-energy histogram

of the Gaussian at 4.4 MeV was coupled to the height of thén the interval 4" around the peak centroid and correcting

ground state Gaussian by a multiplicative factor, being thehe result for the small contributions from the low-lying ex-

cross section ratio between the excited state and the groumited states.
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- 20 Microscopic calculations of the cross sections for scatter-
_ 3500 b, 10 deg. I . 55 deg ing from the ground state and from thé fate in'’C were
£ S000¢ ’ £V ’ ' made by van der Werf31]. These were performed with
g 250 £ 1of DWBA98 [32], using the Cohen-Kurath wave functi¢83]
:jggzi wof calculated with OXBASH[34], with the interaction taken
< ook % 5t from von Geramb’s density-dependent Paris potential for
w00k . s 100 MeV incident energy35]. Distorted waves were gener-
ot it AT ated from Nadasen’s optical model potential for 96 MeV
15-10 5 0 Ef(MleOV)lS 20 25 30 15-10-5 0 Ef(MleoV)ls 20 25 30 [36]. From these calculations, the cross section ratios at vari-
i i ous angles linking the heights of the Gaussians at 4.4 MeV to
1000f C. 10 deg. - 14; . 42 deg the ground state Gaussians were obtained.
£ g0} ' £ ' ' Since'?C is an isospin-zero nucleus, tkg p) and (n, n)
s | s o cross sections at the same energy can be expected to be very
o eoor i o similar. Thus, these model calculations of the excitation of
S 400" s % the 2" state can be checked usifg p’) data. It turns out that
L ook £ data at 96 Me\[37,57 and at 100 MeV38] agree with the
' oM z A model calculation above in the angular range where the 2
1

%5205 0 5 10 15 20 25 30 95105 0 5 10 15 20 25 30 excitation is significantly large to affect the ground state
Ex (MeV) Bx (Me) cross section extraction. At smaller angles, however, the
model calculation overshoots the data, but in those cases the

FIG. 4. Examples of spectrum functions used to extract theyrong state is more than two orders of magnitude larger
number of elastic scattering events fraf?#Pb and?C data ob- than the 2 state

tained at different laboratory angles. Upper pan@®b. Gaussians

fitted to the ground state and theé 8xcited state at 2.6 MeV are but only for comparison with the microscopic calculations.

dashed, the Gaussian fitted to the ate at 4.1 Me\(having a L
height close to zends represented by a solid line, and the Gaussian?rhe results were similar for the ground state and thetate

at 8.3 MeV, accounting for a large number of weaker states abovlan. 2C at qngles UD.tO about 5.50’ .t.)Ut at larger angles the
4.1 MeV, is dotted. The dash-dotted curve describes the beginnin ICroscopic ,CaI_CUIat'onS gave significantly larger cross sec-
of the distribution of protons from?C(n, p) reactions in the con- ions for excnatlon of the 2state. ) .
verter. The sum of these contributions form the spectrum function 1 he solid angle for protons detected in the Csl crystals is
drawn as a solid line. Lower panelC. Gaussians fitted to the different from detector to detector. At the same time, the
ground state and the' 2xcited state at 4.4 MeV are dashed while umber of protons in the converter seen by a neutron coming
the Gaussian fitted to the 3tate at 9.6 MeV is dotted. The begin- from the scattering target depends on the elastic neutron scat-
ning of the'2C(n, p) proton distribution is dash dotted. See the text tering angle, while thep cross section varies with conver-
for details. sion angle. These effects mean that the effective solid angle
for detecting protons is an individual number for each Csl
etector, constituted by all possible neutron and proton com-
inations allowed by the maximum converter scattering

Phenomenological calculations were also done ‘f@,

o i angle for proton detection in each Csl detector has been de-
At large angles, the fitting procedure described above{/eloped.
could not be used in order to extract the numbers of elastic the converter scintillator and the stack of Csl crystals of
scattering events, since there was too poor statistics in thg SCANDAL arm were divided horizontally and vertically
excitation-energy histograms. Instead, the integration limitsnto a number of pixels. For each converter pixel being hit by
were chosen by eye. The integrated numbers were then cog- neutron, all proton trajectories hitting the pixels of a Csl
rected for scattering to the low-lying excited states. detector were examined. If the proton trajectory was ac-
Calculations of the excitation of low-lying states for the cepted by the conversion angle and Csl detector hit position
corrections above were made both phenomenologically andriteria, then the conversion efficiency for that combination
microscopically. Phenomenological calculations of the cros®f converter and Csl pixel was calculated. The conversion
sections for scattering from the ground state and thar®l  efficiencies for all the accepted proton trajectories between
2+ states in?°®b were made using the global potential of the converter pixel and the Csl detector in question were
Koning and Delarochd30]. The same spherical optical summed. The effective solid angle for detecting a proton
model was employed for the ground state and the excitedonverted in this pixel was obtained as the solid angle of the
states, and a distorted wave Born approximatibhWWBA)  converter pixel multiplied with the summed conversion effi-
for the inelastic scattering from the first excited collective ciency. Finally, the total, effective solid angle for detection of
states was performed. From the phenomenological calculalastic neutron scattering events with a certain Csl detector
tions, the cross section ratios at various angles linking thevas obtained by adding the contributions from all converter
heights of the Gaussians at 2.6 and 4.1 MeV to the groungixels, giving typically 2usr per Csl detector. These pixels
state Gaussians were obtained. formed a well-defined area on the converter scintillator in
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which the accepted protons were created, and this area wése, this was done by using the measured angular distribu-
used to calculate the average elastic neutron scattering angien as the input to the simulation. The smoothed distribution
associated with that Csl detector, and the angular range cowbtained as the output was then “mirrored” in the original
ered by each Csl detectesee Sec. Il one, producing a distribution with a more pronounced struc-
In addition to the effective solid angle, the proton detec-tyre. The simulation was then repeated with this new distri-
tion efficiency has contributions from the efficiencies of eachyytion as the input. If the output from the second simulation
drift chamber plan¢four per SCANDAL arm, the efficiency  agreed relatively well with the original, experimental distri-
of selecting the correct wire when there are double-hit eventg tion. then the input to this simulation was taken to be the

in the drift chambers, and the Csl response. The contribugna corrected result with respect to multiple scattering and
tions are measured to be 0.75:0(1@m an average of 0.93  {5rqet geometry. If not, the procedure of mirroring and simu-

per plang, 0.93£0.02, and 0.92:0.01, respectively. This a0 was iterated until the desired agreement was reached.
makes a total proton detection efficiency of 0.64+0.10. The mirroring was done in a Legendre polynomial fit to
Since the energy resolution is different for different Csl ¢ experimental distribution, since a direct mirroring in the

gje_tectors, the low-energy continuum originating from themeagyred points would have magnified deviations of indi-
Li(p, n) reaction will give different contributions to the full-jq,a| points from a smooth curve in the process. In order to
energynp peaks at different angle@nd thus to the ground g6t 5 syccessful Legendre polynomial description of the
state peaks in the excitation-energy specti@is contribu-  eaqyred angular distribution, the data have to reproduce the

“9”' as a function ,Of the peak wid{89], has beelj deter- sirycture of maxima and minima in a satisfactory way. In the
mlneq using experimental neutron spectra for fhE(p, N case of?%%Pp, the smallest measured angle was 10.4° in the
reaction measured by Byrd and Sail@0]. Correction fac- . ., system. At angles smaller than @m), the cross sec-

tors resulting from this relationship were used when calCuyjgp, is'more than one order of magnitude larger than at 10°.
""})t'”g, the cross sections. Because this effect is s@alund  Thg |ack of data between 0° and 10° resulted in Legendre fits
4%, its |anuen_ce on the correction for scattering to excitedinat did not give a good description of the angular distribu-
states, also being small, was not taken into account. tion, e.g., the minimum around 14° was poorly reproduced.
Therefore, three points measured by Salmon at 96 VB

[at 3.01, 5.02, and 7.54¢.m)] were added to ouf°%b
distribution before performing the Monte Carlo simulations.

Angular distributions for elastic neutron scattering crosskor this purpose, the Salmon c.m. data were first converted
sections were extracted separately for the two experimerib the laboratory system, and the cross section values were
weeks(for both2°%Ph and'?C), and then merged to a single slightly modified to simulate that they had been measured
distribution per nucleus by means of weighted averageswith SCANDAL. A successful reproduction of the values
Thereafter, the distributions were corrected for neutron atstated in Ref[21], after having done the Monte Carlo simu-
tenuation and multiple scattering in the target, usigpaTe ~ lations, demonstrated the consistency of the initial modifica-
CARLO program[41]. tion of the Salmon data.

In an extended target, part of the neutron flux will be lost  Finally, the?°%h(n, n) angular distribution was corrected
from the elastic channel by other reactions, resulting in dor the 2°%Pb contribution in the scattering target. This was
reduced count rate, but this does not affect the angular resalone using the ratio between the theoretical neutron elastic
lution of the experimental cross section. Therefore, this cascattering cross sections fé%Pb and?’%Pb, calculated with
be expressed as a single attenuation correction factor. Nethe global potential by Koning and Delarocf&9]. The cor-
trons having been scattered elastically more than once giveraction was less than 1%.
smearing effect on the experimental cross section. Such an The absolute normalization of the data was obtained from
effect arises also from the angular spread in single scatteringmowledge of the total elastic cross sectiog , which was
due to the size of the target, the scattering angle can beéetermined from the difference between the total cross sec-
slightly different from the angle between the direction of thetion o [10] and the reaction cross section [42,43. This
incoming neutron and the direction from the center of thecr—og method, which is expected to have an uncertainty of
target to the detector. Finally, if the cross section varies rapabout 3%, was used to normalize tH€ data. The values
idly, the average scattering angle does not necessarily correised foror and oy for *2C were 512+3 mb and 226+5 mb,
spond to scattering from the target center. respectively. Thes; value was a weighted average of two

The input to theMONTE CARLO code was an angular dis- data points at 95.2 and 96.2 MeV. Tl value was ob-
tribution given in the laboratory system. After conversion totained from a weighted average of five measurements at
the center of masgc.m) system and calculation of the at- 95 MeV in Ref.[42] and from two measurements in Ref.
tenuation, the code simulated the experiment. The output wg4 3], at 81 and 105 MeV. This gave the normalized experi-
an angular distribution that was slightly smoothed with re-mental valuesg =286+7 mb.
spect to the structure of maxima and minima of the input. The 2°%Phn,n) data were normalized relative to the
For the measured SCANDAL data, the point was to find apresentC(n, n) data, knowing the relative neutron fluences,
distribution that, when used as input to the simulation, retarget masses, etc.; giving an experimental total elastic cross
sulted in an output reproducing the measured angular distrsection of 2764+51 mb fot°%b. This value has previously
bution. The input was then considered as the “true” angulabeen determined with thes—or method, using ot
distribution, i.e., unaffected by multiple scattering. In prac-=4654+47 mb and 0g=1810+70 mb, resulting inog_

D. Cross section calculation and normalization
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TABLE II. Differential cross sections for elastic neutron scattering at 96 MeV. The total statistical errors
in columns ‘Ado/d()" include random errors constituted by counting statistics and contributions from the
multiple scattering corrections, while columnArgl.” show the relative statistical errors in the experiment
before these corrections are made. The coluniyenty.” refer to cross section uncertainty due to the angle
uncertainty in the measurement as described in the text.

208py(n, n) 12C(n,n)
Oc.m. do/dQ) Ado/dQ)  Arel. Aang. Oc.m. do/d() Ado/dQ)  Arel. Aang.
(deg (mb/sp (mb/sp (%) (mb/spn (deg (mb/sp (mb/sp (%) (mb/sp
10.4 3764 46 0.8 1835 11.2 743 10 1.3 81
13.9 1281 26 15 228 14.9 522 8 15 75
17.7 989 18 1.6 100 19.0 240 5 2.1 41
21.7 402 12 2.4 145 23.4 122 4 2.8 23
25.7 187.1 9.7 35 15.3 27.7 54.4 29 4.7 10.3
29.5 165.3 7.5 3.6 22.7 317 23.9 1.9 6.5 3.8
30.0 145.0 6.4 35 25.2 32.3 15.7 15 7.6 2.4
334 74.0 5.4 5.3 21.3 35.9 11.3 1.3 9.3 14
34.4 447 4.6 5.9 9.3 36.9 9.7 1.2 10 1.2
37.6 36.1 3.6 6.8 2.0 40.3 6.0 1.0 13 0.7
38.7 38.1 3.2 7.4 0.4 41.5 5.2 0.9 15 0.6
41.9 28.6 2.6 9.3 6.1 44.9 3.8 0.9 18 0.5
43.2 21.9 25 8.9 55 46.3 2.9 0.8 19 0.4
46.3 9.6 1.6 12 0.4 49.5 1.8 0.6 23 0.3
47.2 13.2 1.7 12 0.1 50.5 0.3 0.3 56 0.1
50.3 7.9 1.3 15 0.7 53.8 0.9 0.5 41 0.1
51.0 9.9 1.7 13 11 54.5 0.6 0.4 41 0.1
54.6 4.3 11 22 11 58.3 0.8 0.4 36 0.1
54.9 5.2 0.9 15 1.2 58.6 0.8 0.3 33 0.1
59.3 2.9 0.8 26 0.1 63.2 0.3 0.2 58 0.0
63.6 1.4 0.6 43 0.4 67.6 0.1 0.2 131 0.0
67.2 0.5 0.6 66 0.1 71.3 0.4 0.2 49 0.0
71.2 1.2 0.6 52 0.1

=2847+84 mb, i.e., 3.0% from our value. Theg value for  after correction insignificant. The most difficult type of un-
20%ph was a weighted average of ten data points aroundertainties are the ones that affect the shape of the angular
96 MeV. The spread of these points was significantly largedistributions in a random way. The random error is due to
than their respective errors, and as a result of a new estimgounting statistics and includes the contribution from the
tion, an error of 1% was assum@d4]. The or value was  background subtraction. It varies significantly with the scat-
obtained from a weighted average of two measurements aring angle, due to the steepness of the cross sections.
95 MeV in referencg42], and from two measurements in  The correction<6%) for the contribution from the low-
referencd43], at 81 and 105 MeV. energy continuum of thé.i(p, n) spectrum to thep scatter-
ing peak introduces a systematic uncertainty that varies with
the peak width. Assuming a relative uncertainty of 10% in
the correction, an error in the data of at most 0.6% arises.
The strategy of the present experiment has been to obtaifhis means that the point-to-point uncertainty is completely
a set of relative differential cross section data, which is fi-dominated by the random error coming from counting statis-
nally normalized using previously known information, as de-tics regardless of scattering angle.
scribed above. With such an approach, inefficiencies that af- The Monte Carlo simulation adds a statistical error to the
fect all data points by the same amount, such as drifpoint-to-point uncertainty. The total statistical errors, includ-
chamber inefficiencies or computer dead time, are taken caiag both these contributions, are calculated in the program
of by the normalization procedure. Inefficiencies which areand given as output together with the corrected angular dis-
angle dependent, but can be determined or modeled wittributions. The results are listed in Table Il. In addition to the
reasonably good precision, are not very detrimental. For intotal errors, Table Il showgor the respective scattering tar-
stance, the losses due to nuclear reactions differ slightly fogef) the relative statistical errors in the measurements, i.e.,
different Csl detectors, because the amount of material ifefore corrections were made.
front of them varies due to geometry. These losses can, how- The cross section ratios linking the heights of the Gauss-
ever, be modeled rather well, making the total uncertaintyans for the first excited states and the ground states in the

E. Estimation of experimental uncertainties
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spectrum functiongestablished to define the integration in-  The angular dependence of the neutron attenuation in the
terval H") affect the fraction of the integrated number of collimator can be illustrated by comparing background runs
events that should be ascribed to elastic scattering. By varywith and without the collimatofnormalized to the same neu-
ing the calculated relations between the excited states and tfion fluencg. It was found that for a Csl detector at 10°,
ground states, with an estimated uncertainty of +30% of théround 40% of the background events were removed, while
cross sections for excitation of the low-lying excited states, it 25°, this fraction had increased to 80%. At 45°, the level
was found that the uncertainties in the final elastic cross se®vas back at 40%. .

tions changed with 1% or less for most of the angular range, "€ angular resolution depends on the width of tflle scat-
because of the relatively weak excitation of the low-lying {€7iNd target. To estimate this resolution, t#¥Pb and**C
excited states. At large angles f8C, the 4.4.-MeV state is '2r9ets were divided into a number of volume pixels, and the
about as strongly excited as the ground state, and in this ca s value of the elastic scattering angle distribution, coming

the uncertainty in the elastic cross section is up to 4% due t fom the target pixels of events detected in one specific con-

this effect. At these large angles, however, the statistical unverter pixel, was calculated. This was done for all pixels in

- . L the region of interest in the converter, giving an average
certainties are much larger. Therefore this contribution wag,,; o ger detector in the 1.0°~1.8Mms) rar?ge g g

|gnored._ ) . L When measuring a differential cross section with a pro-
The_flttlng procedure |tse_lf p_roduces an uncert_alnty in _thenounced angular dependence, such as?¥#h(n, n), even
resolutionl’. As the resolution is used to determine the in-gma| yncertainties in the angular information can produce
terval for integration of the elastic scattering events, it alsasignificant uncertainties in the result. The angular uncertain-
contributes to the point-to-point error in the angular distribu-ties in the present experiment are dominated by the limited
tion. This effect was examined by varying the integrationknowledge of the positions of the target and the drift cham-
intervals using the uncertainty if. It was found that the pers. Both these are known to slightly better than 1 mm,
errors in the cross section typically increased with up to 5%esulting in an angular uncertainty of about 1°. This uncer-
(e.g., a 10.0% error becoming a 10.5% eyrdkt a few  tainty results in an equal shift of all 12 data points produced
angles with poor statistics this figure was doubled. by the same SCANDAL arm. In addition, the drift chambers
The positive effect of the lead collimator varies with the contain many drift cells, which work as physically indepen-
elastic neutron scattering angle, as defined by the positiordent detectors, each with its own TDC for time recording.
of the real scattering target and the Csl detector. For thémperfect time calibration of these TDCs can produce con-
detectors at small angles, the angles of neutrons scattered Ygrsion position errors of up to about 0.5 mm, which corre-
the target and in the upstream fission detector are approxgPonds to about 0.5° shift of the presumed scattering angle.
mately equal, with a large elastic scattering cross sectionl Nis uncertainty is randomly distributed among the data

The usefulness of the collimator is moderate because of BONtS.

relatively short path length for the neutrons passingdm- The uncertainty in scattering angle produces a S|_gn|f|car_1t
ing from the fission detectar cross section uncertainty, because the cross section varies

For detectors placed at the largest angles, the collimatd@Pidly with angle. We have used the "best fit” to data in Sec.

effect is also moderate, while the angles of neutrons scatterdy [0 estimate this effect, i.e., we have investigated how
in the fission monitor are smaller than those of neutrons scafUch the cross section varies over the angular range covered
tered in the real target. This means that the cross section [ €ach Csl. For most of the angular range studied, this

larger for the unwanted neutrons. On the other hand, all nel£ffect is larger than theo statistice;l uncertainty, and it is gen-
trons are assumed to originate from the target, and with §"ally much larger for%Pb than'?C because of the more

maximum converter scattering angle criterion of 10°, the calfapid variation of the?®Pb cross section.

culated neutron energy is approximately equal to the detected

proton energy. For neutrons coming from the fission monitor, IV. RESULTS AND DISCUSSION

with conversion angles being in reality much larger than 10°,

this means that the calculated neutron energies are too small Angular distributions of elastic neutron scattering from

and the obtained excitation energies too high; i.e., thes&®b and’C at 96 MeV incident neutron energy are pre-

events are prevented from contaminating the ground stateented in Figs. 5 and 6, where they are compared with phe-

peaks at 0 MeV. nomenological and microscopic optical model calculations.
For detectors at intermediate angles, the elastic scatteriribhe number of data points in ti&%Ph(n, n) distribution is

cross section is still larger for neutrons coming from the23, since one of the Csl detectors was excluded because of

fission detector. At the same time, the effect of removingmalfunctioning. This is not a major problem, as the detector

such events from the ground state peaks by assigning tdoelonged to the angular region covered by both SCANDAL

high excitation energies is smaller than at extremely largearms, and a detector on the other arm was placed at the same

angles. Fortunately, this is at the same time the angular rescattering angle. Th&C(n, n) distribution has 22 data points

gion where the attenuation in the collimator is at its maxi-because, in addition to the malfunctioning detector, the sta-

mum. tistics in the Csl crystal at the largest scattering angle were
In all cases, background subtraction removes the untoo poor.

wanted events. The purpose of the collimator is to reduce the With the malfunctioning Csl crystal removed, the overlap-

statistical uncertainties. ping angular range comprises seven pairs of detectors at
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FIG. 6. Angular distributions of elastic neutron scattering from
0O 20 40 60 80 12C (open circles and 2%8Pb (solid circleg at 96 MeV incident en-
Oc.m. (deg) ergy. The'?C data and calculations have been multiplied by 0.01.
The data of Salmon at 96 MeY21] are shown as squares. Left
FIG. 5. Angular distributions of elastic neutron scattering from panel: predictions of Koning and Delarocteolid) [30], of Mad-
12C (open circleg and2%%Pb (solid circleg at 96 MeV incident en-  |3nd and Kozackdashegi [47], of Romain and Delarochlotted
ergy. The®?C data and calculations have been multiplied by 0.01.[50], and of a modified versio(dash-dottegiof the model of Kon-
The solid lines represent best fits to the present data, using thgg and Delaroche. The thick dotted horizontal lines show Wick's
parametrization by Koning and Delarocfigd], while the dotted  jimjt for the two nuclei. Right panel: predictions by Amos, Deb, and
lines are cross sections given by the evaluated nuclear data f”l’%arataglidis(solid) [52], of Bauge, Delaroche, and Girgdashe
ENDF-6 [45]. See the text for details. [54], and of Crespo and Mor¢dotted [56], as well as data on

elastic proton scattering froftC [57] (dash-dottell See the text
nearly the same angles. The level of agreement between the details.

measurements with the two arms was examined by calculat-
ing the reduced? between the two sets. Since the detectorscurvey. The error bars on the SCANDAL data are the total
in each pair were not placed exactly at the same angle, th&tatistical errors listed in Table I, including the random er-
points were put on the same footing by subtracting an opticalors constituted by counting statistics and the additional sta-
model prediction of the cross section from the experimentatistical errors added by the Monte Carlo simulations.
value at the respective angle. After this, the average differ- When scrutinizing thé°®b data in Fig. 5, it can be seen
ence between the two data points in the respective pair wabat two data points, at 14° and 18°, lie significantly above
calculated to be 1.4 in the case of%Pb and 1.ar for 12C.  and below the fit, respectively. This is most likely due to an
The reducedy® when comparing the full ensemble of data imperfect correction for multiple scattering. The large size of
points between the two arms in the overlapping range wathe target makes multiple scattering a relatively important
1.3 for?%%b and 1.6 for°C. phenomenon. Multiple scattering tends to fill minima and
The fact thaty? is larger than 1.0 when comparing the two reduce maxima in the angular distribution. Corrections for
arms indicates the presence of systematic uncertainties ntiis rely heavily on the cross section information at small
taken into account. One known systematic effect is due to thangles(0°-109, where data are missing in the present ex-
angular precision. Since the cross section varies dramaticallyeriment. In addition, precise data around the first minimum
with angle, even an angular error within the small angularand second maximum are important for a proper correction.
uncertainty can result in a cross section mismatch suffi- In the fit to all?®Pb data in Fig. 5, the reduced is very
ciently large to cause these effects. The fact tyfats not  large, i.e., around 15. When removing the data points at 14°
much larger than 1.0 implies that the systematic uncertaintieand 18° discussed above, the redugédiecreases to 1.5. A
are comparable in magnitude with the statistical errors. major uncertainty not included in these fits is the angular
In Fig. 5, the data are compared with fits to the presenprecision. Due to the steepness of t#b angular distribu-
data that use a recent parametrization of the phenomenologion, even a minor angular shift corresponds to a large
cal optical model potentiglOMP) by Koning and Delaroche change in cross section. At around 10° scattering angle, a
[30] (solid curves. These are of a best-fit type, i.e., repre- shift of 0.5°, i.e., within the angular precision, changes the
senting a potential for the respective nucleus and the incidemross section by about 40%. This makes it not very meaning-
neutron energy only. Comparisons are also made with théul to comparey? of various fits on an absolute scale. Rela-
cross sections given by the evaluated nuclear data files in theve comparisons can still be informative, although minor
ENDF/B-VI library, Release 6(ENDF-6) [45] (dotted differences should not be overemphasized.
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The fit in Fig. 5 to the*?C data results in a reduced of  of its isovector components, and has recently been tested
6.8. If removing the datum at 11° or shifting it by less than extensively againgp, p) and(n, n) data, as well ap, n) IAS
1° towards larger angleg? per degree of freedom reduces to data[54].
about 3. It is not surprising that tHéC produces better fits Finally, Crespo and Moro have made a predict[@5],
without removing data points. The cross section as such ishown as the dotted line in the right panel of Fig. 6, where
less steep and contains less structure, and its lower absolutge elastic observable was generated by a multiple scattering
magnitude results in much less multiple scattering. expansion of the optical potential in terms of the fidil

In Fig. 6, the data are compared with phenomenologicatransition amplitude, calculated in the single scattering,’*
and microscopic optical model predictions in the left andapproximation[56]. In the description of the target nucleus,
right panels, respectively. The theoretical curves have allhere is no distinction between protons and neutrons. For
been folded with the experimental angular resolution to fa-°C, the matter density distribution is deduced directly from
cilitate comparisons with data. The data of Salmon athe harmonic-oscillator shell model, with=1.55 fm. In the
96 MeV [21] are also included. case of%Pb, a two-parameter Fermi matter density distribu-

Predictions by a phenomeno'ogical g|0ba| OMP Of Kon_tion with half'density radiuc=6.624 fm and diffuseness
ing and Delarochg30] are given by the solid curves in the =0.549 fm has been used. o _ _
left panel of Fig. 6. This global OMP is valid for incident ~ When comparing these predictions with data, a few strik-

nucleon energies between 1 keV and 200 MeV and massdad features are eviodent. All models are in re.asonably good
from 24 to 209. It is based on a smooth functional form for2dreement with thé®Pb data. It should be pointed out that

the energy dependence of the potential depths, and on phy one of the predictiqns in Fig. 6 contain parameters adjusted
cally constrained geometry parameters. An extensive collec the present experiment. In fact, they were all made before
tion of experimental datasets for different types of observ-data were available. The Iev<_e| of agreement between models
ables was used to determine the parameters of this OMP, and data f.OIZOBPb have been |n.sp.ected by compu_t)r?g For' .
L : " this exercise, only the uncertainties due to counting statistics
The dashed line in the left panel of Fig. 6 shows the resulf .o peen used.
of a scattering calculation performed in 1990 by Kozack and 5 normalization error can produce a majgt contribu-
Madland[47], using their global nucleon-nucleus intermedi- jjo, Therefore, it was tested to renormalize all theories to
ate energy Dirac phgnomeno_loglcal optical potential forproduce a minimumy2. The absolute? values were signifi-
?%%Pb [48]. The potential contains scalar and vector termscantly reduced for all models by this procedure. In addition,
based upon the Walecka modé9], and includes isospin the two data points at 14 and 18° were removed from this
dependence through a relativistic generalization of the Langomparison, since there are good reasons to believe that they
model [2]. The isospin dependence was determined by siare imperfectly corrected for multiple scatterifap has been
multaneous least-squares adjustment with respect to mediscussed aboyeand will therefore produce artificially large
sured proton elastic scattering and neutron total cross sectigyf contributions. The result of this test is that the ENDF-6
observables. Symmetrized Saxon-Wood form factors arand Romairet al. predictions require very little renormaliza-
used, and the potential contains a total of 20 parameters ton, below 5%, while Madlanét al. and Crespet al. need

describe nucleon scattering BY%Pb in the energy range about 30% renormalization. For the other models, the opti-
95-300 MeV. mum renormalization is around 10%. The resultyfg/alues
An OMP calculation by Romain and Delarocljgo], are 2.0 for the Amost al. model and around 10 for the

based on a dispersive OMP approach treating non-locality ifthers. o _
a manner similar to that of Buck and Peri] for energy Without renormalization, the values are dramatically

dependencies, is presented as the dotted line in the left panldf9€r, t0 the extent that the absolute numbers are meaning-
of Fig. 6. less, but relative comparisons might still be of some value.

The models by Amost al. and Romairet al. have the low-
S o . : est ¥°, with the Baugeet al. and Koninget al. models, as
scopic (grfolding) prescription for the optical potentials well as the ENDF-6 prediction, in a second group. It should

[25,52, where a completéD+2)iw model of the structure of ; .
12C and a Skyrme-Hartree-Fock model f8Pb, have been ae pointed out, however, that the results are not dramatically

Amos, Deb and Karataglidis have developed a micro

din the foldi Th dicti d h i ifferent for the various models. That the Ames al. and
used in the foldings. The predictions, presented as the solig,yjinet al. models are in best agreement is not surprising,

line in the right panel of Fig. 6, were obtained employing thepecquse they are single-nucleus models, while models with a
effective (medium modifiegl NN interaction based upon the |5rger range of validity give a less perfect description for a
Bonn-B interactiorn[53]. particular nucleus. The Madlared al. model was determined
Bauge, Delaroche, and Girod have developed a Laneyy simultaneously fitting a large proton dataset and a small
consistent, semimicroscopic OMPB4], which is built by  neutron datasemostly total cross sectiopsFor such a pro-
folding radial matter densities from a Hartree-Fock-cedure, the agreement is surprisingly good. A general obser-
Bogoliubov calculationusing the Gogny D1S effective in- vation is also that all models are 0—30% below the data. No
teractior) with an OMP in nuclear matter that is based on anmodel exceeds the measured angular distribution.
extension of that of Jeukenne, Lejeune, and Mahgab. It should be pointed out that essentially all models repro-
The result is presented as the dashed line in the right panel diuce the experimental total elastic cross section fairly well
Fig. 6. This extended OMP features strong renormalizationsvithout renormalization. The Crespat al. model presents a
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total elastic cross section which is 30% lower than the ex- T_ABLE Ill. Optical model parameters from the pote_ntial of
perimental value. All the other models are less than 10%oning and Delaroch¢30]. Parameters for the global optical po-
lower than the experimental value, while no model exceediential are compared with best-fit values obtained for our angular
it. After renormalization with the prescription above, i.e., fit- distributions at 96 MeV. FOPC parameters of & toy model used to
ting to the present dataset, all models describe the expeﬁqvesngate possible contributions from threecluster effects are
mental total elastic cross section to within 10%. Thus, italso shown. See the text for details,
seems as the largest discrepancies betwe_en _data and theoryqyp 208pyy, ) 12C(n, n)
mod_els are rel_ated to the absolute normahz_atl_on r_ather tharbarameter Global Bestfit Global Best fit Toy
to differences in the shape of the angular distribution.
All models, as well as the ENDF-6 data shown in Fig. 5, V/(E) 22530 25501 26.300 21.797  21.830
fail to describe thé?C data in the 30°—50° range. The mod- W/(E) 8790  6.627 8350 4754  6.930

els and the evaluation predict a saddle structure, which is not  fv 1.235 1.187 1.127 1.264 1.240
evident from the data. The reason for this mismatch might be & 0.647 0.778 0.676 0.743 0.676
that there are target correlations other than the Pauli prin- Wo(E) 1.990 4.182 1.540 1.000 1.280
ciple, or other nuclear structure effects, that are not included o 1.248 1.303 1.306 1.333 1.437
in the theoretical models. Also, if th#C nucleus matter ap 0.510 0.164 0.543 0.400 0.543

distribution has a more diffuse edge than anticipated, the VsdE) 4.360  4.099 3.880 5.603 3.220
predicted structure could be washed out. In addition to the WsdE) ~ -0.890  -0.890  -0.960 -0.890  -0.800
mismatch between 30° and 50°, the ENDF-6 prediction Iso 1.076 1151 0.903 0.849 0.993
shows a maximum at even larger angles that is not supported aso 0.590  0.680 0590  0.507 0.590
by the data. It can be noted that proton scattering datg®n

at 95 MeV[57], which should agree with our data if isospin should only be seen as an indication of a possible cause of

were a good symmetry, are closer to our data than the Prehe effect, since the model is too simplified to allow quanti-

dictions of every model. The disagreement between mOdellSative conclusions

l .
and**C data should not be overemphasized though. Models A basic feature of the optical model is that it establishes a

which presume mean-field properties of nuclei to be domiyg,er jimit on the differential elastic scattering cross section
nant can have problems describifg data, because surface .4 0° if the total cross section is known

effects are very important it’C.

The models above are all valid for spherical nuclei. It is do(0° 2

o . a(0°) oT
known, however, that’C to a significant degree displays =\ —],
. X dQ 47X

properties of a three-cluster. Coexistence of such a struc-
ture with a spherical shape might result in a matter distribuoften referred to as Wick’s limi59,60]. For most neutron
tion with a more diffuse edge than anticipated by the spheriscattering experiments below 30V, it hasbeen found
cal models, and thus the predicted structure could be washdbat the 0° cross section is very close to the lip@t,62].
out. This observation has lead to the suggestion that in the

We have developed a toy model to investigate this hyabsence of a good experimental normalization, Wick's
pothesis. The increased effective radius of th@ ground limit could be treated as an equality for normalization of
state due to three-cluster effects has been studied theoreti-€lastic scattering datgs3]. However, there is na priori
cally for proton elastic scattering, however, at higher ener/ason why the cross section cannot exceed the limit signifi-
gies[58]. We have modified the global model of Koning and f:antly. An interesting observation in the present experiment

20 i i ink?
Delaroche, using the parameters of R&8], to obtain a new IS t_hat t_he 8Plb da})a are in gqod agreement (\)N'th Wick's
radiusR and a new potential dept, presumingVie fixed limit, while the °C 0° cross section lies about 70% above the

and keening the diffuseness unchanaed. As can be seen in tljl)mit. This could not be due to normalization problems only,
ping gec. &cause th&%Pb data are measured relative to #@ data.

left panel of Fig. 6(dash-dotted curye the elastic neutron Thus, if lowering thet?C cross section to be close to Wick's
scattering cross section calculated with these modlflcat|onﬁmit the 29%h data would fall below the limit. which is
moves closer to the data in the 30°~50° range, but at theyicyy forbidden. A similar behavior has previously been
expense that the description gets worse.at small angles.  pserved in neutron elastic scattering at 65 MaV], where

The OMP results can be inspected in Table Ill. A few{he ¢ data overshoot Wick’s limit by about 30%, while the
striking features are evident. F8¥%Pb, the best-fit solution §ata on Si, Ca, Sn, and Pb agree with the limit. A follow-up
seems to indicate a deeper central potential than the globakperiment on thé?C cross section at 0° is under analysis
model result, and the surface term is stronger as well. Fof46].
12C, it is notable that the best fit to data agree rather well One of the applications benefitting from tH&C(n, n)
with the toy model. Both have a shallower central potentiaimeasurement presented here is fast-neutron cancer therapy.
than the global spherical potential, and the central radius itn radiation treatment with fast neutrons, the energy is trans-
larger. Thus, the best-fit solution seems to be at least as clo$erred from the neutron to tissue in two stages. In the first
to a solution based on a threeeluster structure of’C as to  stage, the neutron interacts with a nucleus, which can result
a spherical shape. It should be pointed out, however, that thisi a wide range of secondary charged particles or in a heavy

064605-14



ELASTIC NEUTRON SCATTERING AT 96 MeV FROM. PHYSICAL REVIEW C 68, 064605(2003

recoil of the target nucleus due to elastic neutron scattering. V. SUMMARY, CONCLUSIONS, AND OUTLOOK
The second stage involves the transfer of energy from the

. . First results on elastic neutron scattering fréf€ and
secondary charged particles or from the recoiling nucleus, tQOBPb at 96 MeV incident neutron enerav have been pre-
the tissue through excitation and ionization. The quantity 9y P

L . . sented and compared with theory predictions. This experi-
kerma—Xkinetic energy released in matter—is used to de= .
. ) 9 . ment represents the highest neutron energy where the ground
scribe the interaction in the first stage. It corresponds to the . ; )
S ; State has been resolved from the first excited state in neutron
kinetic energy released by the primary neutrons per uni : .
. : " .scattering. The measured cross sections span more than four
mass in the form of secondary particles or recoiling nuclei. : :
o . orders of magnitude. Thereby, the experiment has met—and
Furthermore, the kerma coefficient is the kerma per unit neu- ; A
tron fluence surpassed—the design specifications.

. - . The overall agreement fof°®Pb with predictions from
Partial neutron kerma coefficients, i.e., the kerma for pro-, . . ; .
theoretical models, both phenomenological and microscopic,

duction of a specific charged particle per unit neutron flu-, . . :
. . : is good. In particular, the agreement in absolute cross section
ence, or for the recoil of the nucleus in case of elastic scat:-

. ) . dscale is impressive. It can therefore be concluded that the
tering, can be obtained directly from the measure . o . . .

. X : . . theories describing this spherical, double-magic nucleus are
microscopic cross sections. The elastic recoil kerma coeffi- S
cient is defined b under reasonable control. F&C, on the other hand, signifi-

y cant differences have been demonstrated between predictions
and experiment. Possible explanations might be tf@tex-
dor hibits surface effects and deformations coming from a three-
ket =N [ E—(60)27 sin 0 d6, 1 a cluster structure. Another effect, such as a more diffuse
EL do - :
edge than anticipated, may also play a role. These contribu-
whereN is the number of target nuclei per mass ufitis  tions have not been taken into account in the model calcula-

the energy of the recoilind?C nucleus, and 2 sin 9 dgis  tions presented here, and therefore it is not surprising that the
the solid angle element corresponding to the scatteringescription of théC data is poor in the 30°~50° range. This
angle 6. This gives an experimental elastic recoil kermad€féctiveness is also found in the evaluaBlIDF-6) cross
coefficient of kg =0.126+0.009 fGy i for 12C at section, which might call for a reevaluation in the future.

et - The absolute normalization of the angular distribution for
96 Mgv, vvhe.re. the uncertainty has COI‘]tI’IbUtIO.nS .from 12C was obtained from knowing the totalgelastic Cross section
counting statistics and from the absolute normalization of

the cross section. The elastic scattering cross section vat?E'-’ which was determined from the difference between the

T otal cross sectioorr and the reaction cross sectiop. After

ues were taken from a Legendre Eolynomlal fit to OUlhat, the 2%%Pn,n) data were normalized relative to the
data, covering the full angular rang@° -180). It should 2C(n, n) data. To the best of our knowledge, this method has
be pointed out that 90% of the contributions to the elastiGyeer heen used before to normalize elastic neutron scatter-
recoil kerma coefficient comes from the angular rangeng cross sections. The estimated uncertainty, 3%, is compa-
10-70° i.e., the range covered by SCANDAL. ~ rable with what can be achieved with other methods for ab-

Our value can be compared with the evaluated elastic resplyte normalization of neutron-induced cross sections, i.e.,
coil kerma coefficient 0.132 fGy frgiven in Ref.[64]. This  tagging or combination of total and elastip scattering. It
reference gives evaluated cross section data in the ENDF-an, however, only be used for a few nuclei because reaction
format for neutrons from 20 to 150 MeV, generated withcross sections are known only for a few nuclei and energies.
nuclear model calculations and with measurements up to Before long, a second, independent, normalization of the
70 MeV used as benchmarks; and kerma coefficients thatngular distributions fof°%Ph(n, n) and*2C(n, n) will be per-
were derived from these cross sections. The Los Alamoformed, based on relative measurements versus precat-
GNASH model code[65] was used for this purpose, along tering cross section. A recent high-precision measurement of
with the optical model codescis [66] and SCAT [67]. The  np scattering at 96 MeV in the 74°-180° range claims an
estimated uncertainty in the calculations for carbon atbsolute uncertainty of 1.9968], but this is mostly outside
100 MeV is=10%. our angular range. However, in addition to this, a relative

The elastic recoil kerma coefficient has also been calcumeasurement of the angular distribution ofnth) from
lated from the cross section prediction by the global OMP of(close t9 zero degrees and out to angles overlapping with
Koning and Delaroche, by the microscopic calculations ofthe existing data has been done with SCANDAL, and is un-
Amos, Deb, and Karataglidis, and by Crespo and Moro; usder analysig46]. Thereby, a full angular distribution is avail-
ing Eqg. (1). The values were lower than the ones abovejable, and thus a normalization to the total cross section, hav-
0.097 fGy nf, 0.107 fGy n¥, and 0.115fGy A respec- ing a very small uncertaintgabout 1%, can be made. The
tively. This can be understood from the fact that the pre-angle-integrated elastic scattering cross section accounts for
dicted cross sections have a saddle structure between 30° antbre than 99% of the total cross section, with very small
50° (see abovg while the measured cross section is larger incorrections for capture and bremsstrahlung processes.
this region. The evaluatekk, value (0.132 fGy n?) is clos- The Hn,n) cross section was measured in a &8i8-C
est to our measurement, but this agreement is accidentaljfference measurement. This allows us to normalize the
since the saddle structure in the evaluated cross section &n,n) cross section to the (d,n) primary standard cross
compensated for by the maximum at angles larger than 50%ection, and thus the(@, n) cross section can be established
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as a secondary standard, allowing all other nuclei to be medhe The Svedberg LaboratofySL) in Uppsala is 180 MeV,
sured relative to @, n). This will also allow a stringent test and the performance of SCANDAL indicates that it would be
of the o+—or normalization method used in the presentfeasible to detect elastic neutron scattering at this energy,

work. assuming that some changes are made in the detector hard-
A new determination of the medically important elastic ware.
recoil kerma coefficient has been presented € at A relatively small effort, however, would be to move a

96 MeV. The present value and the evaluat[64] are in SCANDAL arm downstream and thereby reduce the smallest
good agreement, but this has been found to be accidentalcattering angle from 10° to 3°. One experimental campaign
The evaluated elastic cross section deviates significantlgould be dedicated to such a small-angle measurement, cov-
from the experimental data, but in such a way that the deviaering several target nuclei.
tions compensate each other. This gives further support for a
renewed evaluation.
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