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Recent interest on precise information of the elastic scattering of fast (MeV) neutrétifirrevealed the lack of sufficient experimental in-
formation. In this work we present new data obtained at the EN-Tandem Accelerator Laboratory of the “Instituto Nacional de Investigacio
Nucleares” (ININ). A tagged mono-energetic flux of neutrons is generated through the (e rdaction by detecting and identifying the
conjugated Helium particles. The neutron “cone” produced this way is directed tow&ttBtarget. The angular distribution of the scat-
tered neutrons is measured between five and twenty degrees relative to the neutron direction by an array of plastic scintillators. Compa
with the previous data and optical model calculations is presented. Future perspectives are discussed.

Keywords: Nuclear reactions; neutron elastic scattering; angular distributions.

El reciente intes en la disperéh ebstica de neutrones & Pb aangulos pequies reveb la falta de datos experimentales. En este trabajo
presentamos nuevos datos obtenidos en el Laboratorio del Acelerador del Instituto Nacional de Investigaciones Nucleares (ININ) pa
dispersbn ebstica de neutrones é&fi*Pb. La distribuddn angular de los neutrones dispersados setngdire 5 y 20 grados relativo a la
direccbn original del cono de neutrones mono ettiaps (3 MeV) producidos por la reabai D(d,nfHe. Estos datos se comparan con
calculos de modeloptico a§ como con medidas anteriores. Finalmente se discuten las perspectivas a futuro para este tipo de medidas.

Descriptores: Reacciones Nucleares; dispérsiebstica de neutrones; distribuciones angulares.

PACS: 25.40.Dn; 28.20.Cz; 28.41.Rc; 29.25.Dz; 04.50.+h

1. Introduction neutrons per second (see below). With this mono-energetic
) . ) ) . . neutron flux, measurements of the elastic scattering of neu-

This work is motivated by recent interest in the elastic scatygns on different targets can be carried out. Neutron de-

tering of fast neutrons. A. Frari¢t al. [1] showed that very tectors were built by the ININ-IFUNAM collaboration using

precise measurements of the angular distributions of elastigiastic scintillating material (BC-416) with large {5%) de-
scattering of neutrons on zero spin heavy targets {fikRBb)  tection efficiency [13].

at small angles< 20°) and energies around 1 MeV could
provide evidence for the presence of anomalous gravity ef- Previous data on elastic scattering of neutrons6®b
fects. at incident energies of a few MeV can be found in [15,16].
The use of neutrons as a probe to study properties of nuthe angular distributions presented in those papers show no
clei goes back to the earliest times of nuclear physics [2]. Sixneasurements below 15
decades latter, the interest of using neutrons for nuclear stud-
ies is still growing. Laboratories around the world continue
to develop facilities to make measurements every time mor
sophisticated and precise (see for instances [3-9]). Anon e
haustive list of laboratories with current activity in neutron
physics is presented in Appendix A.

The theoretical framework to treat and understand the
elastic scattering process is the optical model. A very large
fumber of relevant works have been made, from the original
fits of angular distributions at a single energy and for specific
systems, to the recent efforts made to find potential parame-
) terizations that can explain large number of data and produce
In Mexico, at the Tandem Accelerator Laboratory of systematic sets of parameters that can be extrapolated in en-

the Instituto N.acional de Investigaciones Nucleares (ININ),ergy and mass of the target [17-30]. The lack of elastic scat-
mono-energetic neutron fluxes are produced through the %ring data at small angles is a source of uncertainties in the

sociated particle technique [10] with tREI(*H,nf*He reac- . iarmination of the optical model potential,
tion [11-14]. The total neutron production achieved with this

reaction is of the order of 10 n/s/mA which is not a very In Sec. 2, the experimental setup used in the present work
intense neutron source, but a useful and practical one. Ths described. In Sec. 3, the results of our measurements
desired neutron energy can be selected in the energy intervate presented together with predictions from different opti-
from 1.6 through 7 MeV with intensities of a few hundred cal model calculations. Conclusions can be found in Sec. 4.
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2. Experimental procedure probability of neutron single and multiple scattering in the
target.
The main features of the experimental procedure to produce A table was built to rotate around the center of the sec-
a mono-energetic neutron flux (“beams”) at ININ's facilities ondary lead target and to support the neutron detectors in a
have been described in previous publications [13,14]. Thelane that contains th&éHe detector inside the chamber and
specific setup for the present measurement is schematicaltjie lead target itself. On this table, four cylindrical (50 mm
shown in Fig. 1. diameter by 76 mm long) NE-102A plastic scintillating de-
Deuteron beams (3.7 MeV, 50 to 200 nA) from ININ’s tectors were placed 5 deg apart from each other at a constant
Tandem accelerator were delivered to a reaction chamber atistance (700 mm) from the secondary target. At this dis-
a “deuterated” polyethylene (G film, 200ug/cn? (0.002  tance, their full angular acceptance was 4.1 deg each. Four
mm) thick target, mounted on a rotating frame placed eccendifferent settings were used on data taking runs by rotating
tric to the direction of the incident beam, to allow cooling the table, corresponding to detector #1 at 0, -2, -3 and -4 deg
of the target and avoid damage. Nearly 99% of the hydroand the rest of the detectors placed sequentially counterclock-
gen atoms in the film are substituted by deuteridm)(?He  wise, 5 deg apart from each other (laboratory angles).
ions produced by théH(*H,n)>He reaction were detected Electronic fast time signals were constructed from every
in a well collimated solid state detector inside the reactionpulse of the neutron detectors (photo multipliers) as well as
chamber at a given angle. In our experiment we detected ufspom the solid statéHe detector and sent to our CAMAC ac-
to 1503He ions per second at 30 deg with a tight collimation quisition system into a time to digital converter (TDC) which
down to 0.83 msr. The coincident (or associated) neutronwas electronically triggered by thide positively identified
produced have a well defined energy which is controlled bysignal ¢He is identified by energy in a single channel ana-
beam energy antHe detection angle. These neutrons formlyzer). The host computer (PC) stores the energy spectrum
an approximately conic flux. The opening angle of this condrom the solid state detectotHe) and the time differences
depends on the size of the collimator of thée detector, and between that and the neutron detectors in an event by event
it has to be measured. In our experiment this (total) openingnode for off line analysis. A total of 4xf0 3He ions were
was of 4 deg. These true mono-energetic neutron “beamgietected throughout our experiment (and also that many neu-
produced at ININ’s facility have intensities (fluencies) thattrons produced in our mono-energetic flux).
are comparable to those attained in any other laboratory in Figure 2 shows a typical time of flight spectrum in loga-
the world. rithmic scale. The large peak corresponds to the tie-n
Once the direction and profile of the neutron flux is deter-coincidences. As can be seen it is several orders of magni-
mined, a cylindrical block (26.7 mm diameter and 28 mmtude larger than the smooth background from random coinci-
high) of "**Pb (8.92x18? atoms/cm) is placed as a sec- dences. The second, smaller peak to the right in the spectrum
ondary target right outside the reaction chamber, 150 mnmight be identified with the inelastic scattering to the first
away from the CB primary target. The dimension of our excited state ot?*Pb.
lead target was chosen to be wide enough to encompass the The elastic scattering data from neutron detectors placed
whole neutron beam and thick enough to allow nearly 509within (fully or partially) the “neutron cone” contains an im-
transmission, which is a good compromise to balance theportant contribution from the transmitted, non scattered, neu-
trons. Because of the limited statistics of our experiment, the
5 elastic scattering data taken at angles below 5 deg could not
He 70 cm be reliably disentangled from the transmitted neutron flux.

3. Results and discussion

The present experiment is the first of a series whose ultimate
goal is to measure the angular distribution of the elastic scat-
tering of neutrons oR”®Pb as precisely as possible.

ame

15 cm st

Time of flight spectrum

d_beam N eutron - Detector 1
beam

FIGURE 1. Schematic view of the experimental array. The

deuteron beam from ININ's tandem accelerator enters the reaction  *

chamber and hits a rotating deuterated polyethylene tartise PN bl S M
ions are detected inside the vacuum chamber and coincident neu-  ° o chamel
trons are directed towards the Lead secondary target outside th&IGURE 2. Typical time of flight spectrum taken at 5 degrees,
chamber. Scattered neutrons are detected by a detector array.  where the large peak corresponds to the tide-n coincidences.

counts
N
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In this report, besides presenting new data on the systen
under study, we draw significant conclusions about the future
evolution of our program.

In Fig. 3, we show the result for the angular distribution
at small angles from optical model calculations made with
the code SNOOPY [31] (other codes like Cupid [32] and
Ptolemy [33] yield similar results), by using the more recent
sets of optical parameters [30]. In these calculations, the an-
gular distribution predicted for the elastic scattering of 3.0
MeV neutrons on lead isotopes 204, 206 and 207 are pre-
sented. The mass of the isotopes are taken into account ir®
the systematics, through the calculation of their radius. The
observed differences are of the order of a few percent, which
for some applications can be neglected considering that in . , . , . , . ‘
neutron experiments one deals with a variety of important 2 4 6 8 10 12 14 16 18
sources of uncertainty, but should be kept in mind when pre- Lab Angle (deg)

Clsmh measurements are sought. . .. FIGURE 4. Angular distributions for neutron elastic scattering on
Figure 4 shows our measurement of the angular distribureaq at small angles (preliminary analysis). Result of predictions

tion. The horizontal error bars reflect the size of our detectorgrom Optical Model calculations using different prescriptions for

and the width of the mono-energetic neutron flux. The verthe potential are presented together with our measurements.

tical error bars is only the statistical error. Lines joining our ) o _

data points have no other purpose than to guide the eye. FgyStematic way of finding parameters for the optical model

convenience, the angles are given in the laboratory referend¥tential for arbitrary systems and finally Koning and De-

system (as well as for the accompanying calculations). Iaroqhe [30]'produced the latest review on the subject and

Together with our data four smooth curves are plotted.prov'deOI their own proposal for the potentials.

Those are the result of optical model calculations with dif-

ferent sets of parameters. These calculations include thosg  Conclusions

of Perey and Perey published in 1976 [29], giving a compi-

lation of parameters for the potential that is still used todayWe present here the first measurement of an angular distri-

In that compilation two families of potentials are quoted to fit bution of the elastic scattering of neutrons &iPb in the

elastic scattering of neutrons on lead, one of them including angular interval of 5 to 15 deg.

spin-orbit term. More recently Rapapeittal. [28] proposed We show that a valuable application of the mono-

energetic neutron fluxes from ININ'’s laboratory is to perform

precise studies of nuclear properties. It would be desirable to

increase the intensity of the neutron “beams” by as much as

possible without loosing its mono-energetic quality. Solid

thin targets can not withstand large charged particle beam’s

intensities. A windowless supersonic gas jet target is under

design by our group to substitute the polyethylene one. A
faster and more robust detector is needed to detect and iden-

KN

squares: Experimental data
cercles: Optical Model Calculations

ross Section (barn)
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tify the *He ions, gas chambers and plastic scintillators are
good options.

cross section (b/sr)

44 —-+-204Phinn) — The relatively low number of neutrons produced stresses
Ceom 'EDEPh[ﬂ,ﬂ] \}\\ the importance of detgcting the larger possible fraction of

them, whether transmitted through the secondary target or

42 ——=—207Phinn " scattered. Larger solid angle coverage for the neutron detec-
’1\&\ tors becomes a priority. Our group is building more neutron

% detectors as well as designing and constructing a large two di-

4 : ' b mensional position sensitive neutron detector to increase the
1 5 10 14 solid angle coverage at small angles by two orders of magni-

tude.

Lab angle (deg) Because of the fraction of the neutron “beam” transmitted

FIGURE 3. Mass dependence of the elastic scattering of neutronsthrough the lead target, a precise determination of the angular

on different isotopes of lead at the same neutron energy, in agreedistribution of the elastic scattering of neutrons in any target,

ment to Optical Model systematics by Koning and Delaroche [30]. at angles comparable or smaller than the angular opening of
the neutron cone, is unrealistic.
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determine the characteristics of the optical model potential

E. CHAVEZ et al.

The determination of the angular distribution of the elas-o Neutron Program for Materials Research, Chalk River,
tic scattering of neutrons on lead with high precision will help Canada

Europe

that best explains the observations. As of now, theory pree ISIS-Rutherford-Appleton Laboratories, United Kingdom
dictions disagree with each other by as much as 10% at low TOF-facility at CERN

angles.
When the experimental data reaches its precision limib Leon Brillouin Laboratory, Saclay, France

and theory converges, only then, it will be possible to an-o Hahn-Meitner Insitute, Berlin, Germany

swer the question raised by A. Frank et al [1] about possible GKSS Geesthacht, Germany

non standard gravitation, and additional dimensions of th& Neutron Scattering Group, FZ- Juelich, Germany
universe.

A

Appendix

o Institut Laue-Langevin, Grenoble, France

0 FRM-II, Munich, Germany

o KFKI, Hungary

o IRI, Delft, The Netherlands

o Studsvik Neutron Research Laboratory, Sweden

Laboratories with current activities in neutron physics (par-0 SINQ, Paul Scherrer Institut (PSI), Switzerland
tial list):

North America

o Spallation Neutron Source, Oak Ridge

o Intense Pulsed Neutron Source, Argonne

o Los Alamos Neutron Science Center (LANSCE)

o University of Missouri Research Reactor Center

o High Flux Isotope Reactor, Oak Ridge

o Ohio University Beam Swinger Neutron Spectrometer

o Frank Laboratory of Neutron Physics, Dubna, Russia

o0 St. Petersburg Neutron Physics Institute, Gatchina, Russia

Asia and Australia
0 ISSP Neutron Scattering Laboratory, Tokai, Japan
0 JAERI Research Reactors,JAERI, Tokai,Japan
0 KENS Neutron Scattering Facility, Tsukuba, Japan
o Hi-Flux Advanced Neutron Application Reactor, Korea
o Bragg Institute, ANSTO, Australia
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