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Scattering of 14.1 MeV Neutrons by “B

by B. Vaucher, J. C. Alder and C. Joseph

Institut de physique nucléaire, Université de Lausanne, Suisse

(10. XII. 69)

Abstract, The angular distributions of the differential cross-sections for scattering of 14.1 MeV
neutronstothe Q = 0, —1.74, —2.15, —3.58, —4.77, —(5.11+5.16+5.18), — (5.92+6.0446.13),
—6.56 and — (6.88+ 7.0) MeV levels of 1B have been measured for 11° < 6,, < 164°. They were
deduced from the time-of-flight spectra of neutrons scattered by two targets of different 1B and
HB isotopic concentrations, with the help of a Monte-Carlo program which reproduced the
measured spectra. Owing to the small values of the measured cross-sections, a precise determination
of parasitic events was necessary.

The elastic scattering has been analysed by the optical model. A coherent description of the
inelastic scattering to the 2.15, 3.58, 5.16 and 6.56 MeV levels has been achieved with the collective
DWBA model. The not yet well-defined parity of the Q = — 6.56 MeV level appears to be negative.

Introduction

Only few measurements of neutron scattering by 1°B and !B have been made.
Elastic scattering has been measured twice at 14 MeV for natural boron [1, Z].
Inelastic scattering on 1B has been measured, also at 14 MeV, with a natural boron
target and without isolating the contribution from cach level [1]. Inelastic scattering
on 19B has been measured in the vicinity of 7 MeV for some levels or groups of levels
[3]. An improvement of this situation had been hopad for {4, 5].

As it was not possible to obtain sufficient quantities of isotopically pure 1B and
HRB, our measurements were carried out using two targets having different concentra-
tions of B and !B. The time-of-flight method was used. The 1B and B levels
being very close to each other (Fig. 1), it was difficult to separate in the measured
spectra, first, the contribution of each isotope, and second, the contribution of each
level of one isotope. Moreover, because of the low values of the cross-sections, a
precise determination of parasitic events was necessary.

In this paper, we shall describe the experimental technique and give the results
obtained with 1°B. The results for 1B will be published elsewhere [6]. A more detailed
treatment can be found in references [7, 8].
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1. Experimental Set-up

The incident neutrons, of 14.15 4+ 0.10 MeV, were produced in the reaction
3H(d, n)*He induced by a beam of 145 keV deuterons (diameter of beam: 1.5 mm)
striking a thin titanium tritiated target. The a-particles emitted in a solid angle
defined by a rectangular aperture 30 mm high and 11.4 mm wide, located 71 mm
from the target, were detected, thus defining a neutron beam. The mean angle
between the trajectories of the a-particles and the deuteron beam was 92.4°. Two
different scatterers, each measuring 7.2 cm high, 1.8 cm wide and 5 cm thick, were
used alternately, the center of the scatterer being placed along the neutron beam axis,
18 cm from the source. The first scatterer consisted of natural boron (81.179%, 1B;
18.839%, 1°B), the second was enriched in 1B (91.359%, 1°B; 8.65%, 11B). The interaction
rate was the same for both scatterers: of the 70.4 4+ 0.89, of the beam neutrons
reaching the scatterer, 379, gave rise to an interaction. Because of the closeness
of the 1°B and !B levels, a flight path of 4 to 5 m, depending upon the mean scattering
angle ¢, was necessary. The neutron detector consisted of an NE 213 liquid scintillator,
enclosed in an aluminium cell of rectangular section (19.6 x 20.05 cm), 3.6 ¢cm thick.
Its threshold was fixed to detect recoil protons of energy > 3 MeV. A pulse-shape
discrimination circuit [9] eliminated most of the events due to y-rays.

The measurements were carried out for 14 scattering angles in an open geomstry.
Only a pyramidal iron shadow bar, 25 cm long and with a minimal cross-section, was
placed between the source and the neutron detector, as close to the former as possible.
The electronic circuitry was of the classical fast-slow type. The time-to-pulse-height
converter used has already been described [10].
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The time resolution, measured in direct flight, was 1.9 ns at half-maximum and
4.4 ns at 109%,. The overall angular resolution was + 6.5° for forward and back-
scattering angles, and 4 5° for medium angles. The half-maximum width of the
distribution of effective scattering angles does not vary with ¢, and has a value of

+ 4.5°.

2. Parasitic Phenomena

In addition to the neutrons simply and multiply scattered by the boron, the time-
of-flight spectra measured with both scatterers contain the following parasitic events:

1. Accidental coincidences: these are uniformly distributed in the measured
spectra. Their number was calculated from the individual counting rates. Auxiliary
measurements with additional delays to eliminate any time correlation in the analysed
region, have confirmed the validity of this evaluation. The resulting uncertainty in
the determination of the cross-sections is smaller than 0.1 mb/sr.

2. Scattering by the 50 um-thick copper enclosure containing the boron powders
and by the impurities in the °B-enriched scatterer (1.99, C; 1.29, O). The time-of-
tlight spectra of these events have been calculated from known cross-sections. The
effect of impurities in the natural boron scatterer (0.39,) was negligible.

3. Contribution from the environment. We group under this heading the fol-
lowing two processes: a) neutrons from the incident beam scattered by the air and
b) events resulting from two successive interactions, the first one in the scatterer, the
second one in any material inside the experimental hall (air, walls, etc.). These two
processes have been measured together, by using an iron shield, 50 cm long, to stop
almost all the neutrons between the scatterer and the detector (transmission << 19/4,).
After subtraction of the accidental coincidences, the residual spectrum is equivalent
to the contribution from the environment to the total spectrum of the scatterer.
Process b) is the more important one, and essentially consists of two successive elastic
scattering events. Nonetheless, a non-negligible contribution results from the detection
of y’s emitted in reactions induced in the experimental hall matter by neutrons
elastically scattered inside the scatterer (the pulse shape discrimination system not
being perfect).

Thus, the contribution from the environment depends essentially upon the
probability for elastic scattering in the scatterer. Since the total macroscopic cross-
sections and the angular distributions of the elastic differential scattering cross-
sections are quite similar for both scatterers, the contribution from the environment
hardly depends upon the scatterer, as we have verified experimentally. Tt is therefore
sufficient to measure it for one scatterer only.

3. Measurement

For each of the 14 scattering angles ¢, chosen, three spectra have been measured,
namely the total spectrum from each scatterer and the spectrum of the contribution
from the environment. The length of each measurement varied from 48 hours for the
forward angles to 96 hours for the backward angles. The a-particle detection rate was
10* s71, corresponding to a total source intensity of 1.85 x 108 neutrons per second
over 4 7 sr.
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In Figure 2, we have plotted the three spectra measured for ¢, = 40°, as well as
the calculated spectrum of the scattering by the impurities and the enclosure for the
19B-enriched scatterer. From this set of spectra, we deduced by subtraction the two
spectra from which the cross-sections were calculated, namely the spectra containing
only simple and multiple scattering from the two boron isotopes in each scatterer.
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Time-of-flight spectra for ¢, = 40° and a flight distance of 5 m:

a) Measured spectrum with °B-enriched scatterer.

b) Measured spectrum with natural boron scatterer.

¢) Measured spectrum of the contribution from the environment (see text).

d) Calculated spectrum of the scattering by the enclosure and the impurities of the "B-enriched
scatterer.

The dashed lines represent the accidental coincidence level.
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As can be seen from Figure 2, the contribution from the environment to the total
spectrum of a scatterer is significant. However, in measurements similar to ours, this
contribution has hitherto always been neglected, thus leading to errors of a few mb/sr.
Consequently, one can certainly suspect that this is the reason for the disagreement
between the various measurements of neutron scattering to the Q = —7.66 MeV (2%)
level of 12C [11-14]. One way of eliminating practically all of the contribution from the
environment consists of shielding and collimating the neutron detector (closed
geometry) [15]. However, such a shield introduces new parasitic events due to two
successive interactions, the first in the scatterer, the second at the surface of the
collimation channel. Estimation of the importance of these events is difficult. We
have not found a technique for measuring their contribution and therefore decided to
retain an open geometry and subtract the measured contribution from the environment.

4. Efficiency of the Neutron Detector

The efficiency at 14.15 MeV was determined by placing the detector in the neutron
beam. For lower energies, it was measured by the technique of the scintillating
hydrogen scatterer [13]. The number of neutrons of a given energy reaching the
detector after simple or multiple scattering has been calculated by a Monte-Carlo
program. Detection of the interaction in the scatterer (NE 102 A plastic scintillator)
and selection of only those events producing the same amount of light as the simple
scattering from hydrogen, made the contribution from the environment negligible
(< 0.59%).

Nevertheless, the above measuring technique presents two difficulties due to the
poor amplitude resolution of the scintillating scatterer detector:

1. Special care in light collection must be taken to detect all good events in the
scatterer, more particularly for small scattering angles when the recoil proton energy
is low (amplitude resolution > 1009,).

2. When calculating the contribution from the multiple scattering events (4 to
6%, depending on ¢,) with the Monte-Carlo program, it is difficult to introduce the
spectrometric selection on the scatterer.

In order to ascertain whether these two problems had been correctly solved,
measurements were carried out without introducing the detection of the interaction
in the scatterer, especially for ¢, << 30°. It was then necessary to take into account the
contribution from the environment, which was no longer negligible, and to subtract
the contribution from the 12C in the scatterer, as estimated from auxiliary measure-
ments. The statistical precision was thus not very good. The results, however, were in
good agreement with those obtained with detection of the interaction in the scatterer.
The average precision for the neutron detector efficiency is + 2.59%,.

5. Evaluation of Cross-Sections
5.1. Elomination of the Contribution Due to the Minority Isotope in the Timc-of-1light
Spectrum of a Scatterer

For a given ¢, the probability P/((Q,, ¢,) that a neutron hitting the scatterer J
is scattered (simple scattering), per unit solid angle, in the direction of the center of

16
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the neutron detector, leaving the residual nucleus of isotope ¢ in the state with energy
of excitation (, may be written:

SPI(Qi, go) = [d(d) = E o(Ey, 0, 4) W B ay )
|4
where
d(c_i) is the probability per unit of surface for a neutron to arrive with the
direction 4 at the entrance surface of the scatterer;
T SOW 1s the neutron energy before and after scattering;
Yos 71 1s the neutron path inside the scatterer before and after scattering;
n/ is the number of atoms per cm? of isotope ¢ in scatterer J;
2T E) is the total macroscopic cross-section of scatterer | at energy E;

o(E, Q;, @) is the differential cross-section corresponding to level Q of isotope 7, at
energy E and for scattering angle ¢; and

|4 is the volume of the scatterer.
We can also write:
SP](Qi’ ¢0) = o(Ey, OQ;, ¢o) niJ aJ(Qi’ ¢0) ) (2)

thus defining the factor a/(Q;, ¢,) which depends on the total macroscopic cross-

section of scatterer J and on the energy of the neutrons before and after scattering.
In the time-of-flight spectra for boron scattering in the scatterer J, the number

SNY(Q;, ¢,) of simple scattering events to the level Q of isotope 7 is given by

SNY(Q;, do) = “PI(Q;, do) NL(Bo) e(E) Gldo) , (3)
where
NI(do) is the number of a-particles detected during the measurement;
G(dy) contains the geometrical factors (proportion of the beam neutrons hitting

the scatterer, neutron detector solid angle, etc.); and

¢(E,) is the efficiency of the neutron detector at the average energy E, of the
neutron after scattering to the level Q.
If it were possible to extract the different values of >N/(Q;, ¢,) directly from the
measured spectra, the cross-sections o(E,, Q,, ¢,) sought could be calculated from
relations (2) and (3) above. This is not possible, for the following reasons:

a) the simple scattering events to each level of the two isotopes are superimposed,
and

b) the multiple scattering is mixed with the simple scattering and its contribution
i1s unknown.

To estimate the cross-sections, we first constructed two new spectra, for each ¢,
from the two measured spectra for boron scattering from each scatterer. These new
spectra, which we shall call isotope spectra, contained only simple scattering events
from one isotope, plus some multiple scattering events.

Let n/(¢,, ¢) be the number of counts in channel ¢ of a time-of-flight spectrum
measured with scatterer J. Since G(¢,) does not depend upon the scatterer and &(E,)
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is identical for a given level in the spectra of both scatterers for the same ¢,, the
isotope spectra can be constructed by carrying out, for each channel, the subtraction:

Qz ’ ¢0 ¢'0

( i
950» = %J (éo, ©) 'nj a:f( iy Bo) é(% J(¢0:C
, f NI’
o)) S G g 4

where the index " is used to distinguish between the scatterers or the isotopes, and
the factors a/(Q;, ¢,) are to be determined for a continuous variation of Q in the
energy domain analysed.

In a general way, the ratio a/(Q;, é,)/a’ (Q,, ,) varies according to the region
of the time-of-flight spectrum considered. In our particular case, we profited from the
fact that the variation with energy of the total macroscopic cross-sections of the two
scatterers is very similar. By appropriately compressing the powder of the scatterers,
we could approximately satisfy

Q.. o) = a”(Qs, do) = a(Qs, Bo) - ()

By introducing (5) in relation (4), the number SN(Q;, ¢,) of simple scattering
events to the level Q in the spectrum of isotope ¢ is found to be related to the cross-
section by

J

NQs, o) = olE Qi b Q0,0 (W] = W 31 ) VIGh) B 6160 - (0

We have subsequently ascertained, with the use of a Monte-Carlo program to be

described below, that the relation (5) was indeed satisfied. The few per cent difference

obtained gives rise to no error as it only affects the fraction of the spectrum subtracted.

It 1s interesting to note that, in measurements similar to ours, carried out with

two scatterers of different isotopic concentrations, relation (5) has hitherto been

assumed valid, even when the macroscopic cross-sections of the scatterers were fairly

different. The error thus committed can be significant when the volume of the
scatterers is large [16, 17].

5.2. Estumation of the Contribution from the Simple Scattering to Each Level
in the Isotope Spectra

The multiple scattering events in the isotope spectra represented an average of
about 20%, of the simple scattering events. To obtain a first approximation of the
different SN(Q;, ¢,), we first extracted the contribution N(Q,, ¢,) from both simple
and multiple scattering events in the time range corresponding to the level con-
sidered. When the level was sufficiently isolated from its neighbours, we needed only
sum up the contents of the associated channels. In the other cases, we assumed that
the contribution from the level was contained within one peak, whose shape was
supposed the same for each level. It is clear that this hypothesis deviates somewhat
from reality. The shape of the peak corresponding to the simple scattering events
depends upon the level itself, and the structure of the multiple scattering spectrum is
more complicated. However, the error resulting from this choice was corrected for
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with a Monte-Carlo calculation. A standard peak shape was derived from auxiliary
measurements of neutron scattering to the Q = —4.43 MeV (27) level of 12C, and the
N(Q;, ¢o) were then computed, whenever possible, from a least-squares fit.

Once the different N(Q,, ¢,) are known, the simple scattering events can be
evaluated, to a first approximation, from the relation

SN(Qi, g = T )

where the m(Q;, ¢,) represent the contribution due to the multiple scattering events.
Both the m(Q;, ¢,) and the a(Q;, ¢,), which at this stage in the data analysis cannot
yet be given with precision, have been roughly estimated and a first approximation
0% Ey, Q;, ¢o) of the cross-sections has been calculated using expression (6).

5.3. Monte-Carlo Calculations

The cross-sections ¢°(E,, Q;, ¢,) have been introduced into the Monte-Carlo
program of Joseph et al. [13], which was developed for two isotopes and twenty levels
and includes both the time resolution of the experimental apparatus and the efficiency
of the neutron detector. This program reproduces the time-of-flight spectra of the
scatterers which would have been measured if the cross-sections had really been
d®(Ey, Q;, ¢o). Besides the o*(E,, Q;, ¢,), the total macroscopic cross-sections of the
scatterers and the differential cross-sections below 14 MeV must be introduced in the
program. These were extracted from available theoretical or experimental data.
When no data existed, especially for the inelastic differential cross-sections, they were
deduced from our measurements at 14 MeV. The imprecision which is thus introduced
is of no consequence, since these cross-sections only appear in the calculation of the
multiple scattering events. The statistical accuracy of the Monte-Carlo calculation
varies between 1 and 69, according to the level considered.

The calculated spectra for each of the two scatterers were combined in exactly
the same way as the measured spectra (equation 4). Figure 3 shows a comparison
between the spectra thus obtained and the measured ones (isotope spectra). One can
see that even in this first approximation the agreement is good. The calculated
contribution from the multiple scattering is likewise plotted.

On the basis of the Monte-Carlo calculation, more precise values have been
obtained for the a(Q;, ¢,) and m(Q;, ¢,). The error introduced by the choice of peak
shape has been corrected for by comparison, in the isotope spectra resulting from the
Monte-Carlo calculation, of the estimate of the contents of a peak on the basis of this
shape and its actual contents, thus defining the corrective factor f*(Q;, ¢,). The first
values ¢%(E,, Q;, ¢,) of the cross-sections were then corrected, using the relation

= g9 a__(Q‘i ’ _?59_)_”@(_.(2_‘“@._ B 8

7Eu Qi o) = M E0r €00 a0, gy (01, ) 140 ) o
where a(Q;, ¢,) and m(Q,;, ¢,) result from the first approximation and a*(Q,, ¢,) and
m*(Q;, ¢o) are taken from the Monte-Carlo calculation.

The difference between the cross-sections before and after correction was less
than 109, for the most highly excited levels and less than 209, for the others. Con-
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sidering the statistical error of the measurement, a second Monte-Carlo calculation to
further improve the precision of the cross-sections was not justified.

The correction made by equation (8) can be considered in another way which
leads to the same result: the isotope spectra given by the Monte-Carlo calculation can
be analysed in exactly the same way as the measured spectra, using the same peak
shape. Let N*((Q;, ¢,) be the contents obtained for the peaks associated with each of
the levels. The correction indicated under (8) then reduces to

N, 40)
N*(Q;, ¢o)
where N(Q;, ¢,) is the value obtained from the measured spectra.
The estimation of the N(Q;, ¢,) in the measured spectra has been performed in
several ways, by considering all channels containing the simple scattering to one level
(or one group of levels), or only some of these channels, around the maximum of the
peak. For levels sufficiently distant from their neighbours, the standard-shape analysis
result has been compared to that obtained by summing the contents of the channels
considered. The position of the maximum of a peak was defined to within one-half
of a channel, the average peak width being 9 channels. Tests have been made in which
this maximum was displaced by half a channel. For all the different modes of analysis,
the cross-sections, as obtained after appropriate correction by the Monte-Carlo
calculation, did not differ by more than a few per cent.
Thus the above analysis, using a standard peak shape and Monte-Carlo calcu-
lation, (i) permits a significant improvement in the time resolution of the time-of-

a(Eq, Qis do) = 0°(Ey, Oy, by) (9)

(a) 1710
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Figure 3
Isotope spectra for ¢, = 40°: a) 1°B; b) 'B. The histograms are deduced from measurcments. The
continuous curves are the corresponding Monte-Carlo calculation results. Dashed curves represent
the multiple scattering spectra only as calculated by the Monte-Carlo program.
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flight spectrometer, (i1) allows an estimation of the contribution due to multiple
scattering and (iii) furnishes a correction for finite geometry.

Another correction, not mentioned in the formulae of this paragraph, has been
made for neutron interactions in the air between scatterer and detector.

The Monte-Carlo calculation has, moreover, permitted a verification of the
technique employed to eliminate the contribution from the environment. In the
spectra of the isotope B (Fig. 3), some peaks are so well separated that only the
multiple scattering appears in the interval between them plus the residual contribution
from the environment, if any. An analysis has been carried out in such regions as if
levels were located there: the cross-sections thus obtained were indeed zero, to within
the statistical error.

6. Results

Only the results obtained for 1°B will be reported in this paper. Besides the elastic
scattering, we have isolated the inelastic scattering to five levels. For three groups of
levels, separation of the contributions to individual levels was not possible. The
measured differential cross-sections are given in the center-of-mass system (scattering
angle: Ocy). They are reported in Figures 4, 5 and 6, or in Table I. The integrated
cross-sections are listed in Table I1. For the differential cross-sections, only statistical
errors are reported. The other possible errors are considerably less important (approx.
5%). The error bounds are large for the Q = —1.74 MeV (0*) and the Q = —2.15 MeV
(17) levels because of their respective position in the time-of-flight spectra, namely in
the tail of the elastic scattering peak. We have also listed in Table I the result of a
determination of the cross-sections for these two levels together, whose precision is
quite good. The precision given for the integrated cross-sections should be understood
as including all the possible errors.

Table I
Measured differential cross-sections for some levels. Only the probable statistical errors
(£ 0.675 x standard deviation) are given (other possible errors < 59%,)

Q - 0 - 0 - Q - Q -
—[1.74 + 2.15]MeV —1.74MeV —2.15MeV —4.77 MeV — [6.88 (1)
(0+) (14) (3+) +7.00] MeV

$o[°]  Ocy[°] o[mb/fsr]de o[mb/sr] Ac o[mb/sr]Ac 6Opp3[°] o[mb/sr] Ae Ocp[°] o[mbfsr] Ao

10 11.1 - - 3.2 1.8 20 1.8 11.3 1.8 11 115 0.7 0.4
15 16.6 39 08 -0.8 1.5. 2.2 1.5 169 1.8 0.8 17.2 0.8 0.3
27.5 30.3 37 06 0.7 1.2 14 12 31.0 0.7 0.6 31.4 0.1 0.4
40 44.0 1.8 0.3 1.2 0.7 25 0.7 4438 0.2 0.3 454 0.8 0.2
52.5 57.5 1.5 0.3 1.5 0.7 0.2 0.7 584 0.3 0.3 59.2 1.1 0.3
65 70.7 0.9 0.2 0.2 0.7 0.1 0.7 71.7 0 0.3 72.6 0.7 0.3

77.5 83.6 0.8 0.2 1.3 0.7 0 0.7 84.7 0 0.3 857 1.3 0.3
90 96.3 09 02 -01 0.5 0.5 05 974 -0.5 0.6 984 = =

102.5 108.6 1.0 0.2 0.6 05 04 0.5 109.7 0 0.2 110.7 1.1 0.3
115 120.7 04 0.2 0.2 0.5 0.1 0.5 121.7 0.5 0.3 1226 -0.6 0.4
127.5 132.5 0 0.3 0.8 0.5 —1.2 0.5 133.4 0.8 0.4 134.2 2.4 0.8

140 144.0 05 0.3 0.8 0.5 —-0.6 04 1448 0.7 0.6 145.4 1.3 0.9
152.5 155.4 0.8 0.2 1.3 04 —-0.1 0.4 156.0 0.5 0.3 156.4 1.3 0.4
161.8 1638 -04 0.3 -0.2 04 0.8 04 164.1 0.7 0.3 164.5 0.8 0.7
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Table 11
Integrated cross-sections
2) contains, but to a negligible extent, a fraction of the scattering to the Q = — 0.717 MeV (1+) level.

b) result of a comprehensive analysis for the two levels together.

Q [MeV], ]~ o + Ao [mb] Q [MeV], J# o 4+ Ao [mb]
0 (3*%)3) 972 4 35 - 4.77 (3%) 424 1.6

— 1.74 (07) 8 +3 —~[5.11 (27) + 5.16 (2%) + 5.18 (1] 13.5 + 2

- 215 (1) 5 +3 ~[5.92 (2t) + 6.04 (47) +6.13 (37)] 68 4+ 4

— [1.74 + 2.15]b) 145 4+ 1.5 ~ 6.56 9 4+ 1.5

— 3.58 (21) 11 4+ 1.5 — [6.88 (1) + 7.00] 11 1.5

To our knowledge, only one other measurement of the angular distribution of the
differential cross-sections of neutrons scattered by 1°B has been published [3], but for
neutrons of lower energy (7.5 MeV). On the other hand, many measurements exist
of charged-particle scattering [18-22]. The group of levels Q = —5.92 (2+), —6.04 (4+)
and —6.13 MeV (3-) always appears to be the most highly excited. Considering the
error bars, our results are in good agreement with those with which they are the most
comparable, namely the data from proton scattering at incident energies between 10
and 17 MeV [18, 20]. Only for the Q = —1.74 MeV (0+) level does the comparison fail:
our cross-sections for this level are larger, but, on the other hand, our precision in this
case 1s fairly poor.

7. Analysis of the Elastic Scattering with the Optical Model

Analysis of our data was performed using the program of Perey [23], for an
optical potential of the form

) d
Vir)= Vo fr,7c,ac) +4ia, 1V, e f(r,7p, ap)

— 0 v ) (10)

(Ti )2VSO d
+0-1
v dr

mw

with
— . 413 -1
f(?’, Vi a,‘) = (1 -+ exp (?’ 72_14_)) )
a

Several sets of values for the 9 potential parameters have been studied. The
resulting curves are plotted in Figure 4 and compared with experimental results;
the corresponding values of the parameters are listed in Table III. The best fit was
first obtained without restricting the values assumed by the parameters, by minimizing
the quantity

1 Y/ 0,0, —o0,,0,) \>
Bl s B b i 11
v 40,,(0) ). .

where ¢,,(0;) and ¢,,,(6;) are the theoretical and measured differential cross-sections,
respectively, for the scattering angle ), and Ag,,,(0;) is the experimental error. N is the
number of angles for which measurements have been carried out. The agreement
between the experimental points and the calculated curve is good (Fig. 4, curve ¢),
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Table 111
Sets of parameters for optical potential and corresponding integrated cross-sections:
A) Standard parameters [15]
B) Best fit with standard values for #;, a; and Vg,

C) Best fit without limitations on the 9 parameters

A B G A B C Measured
Ve [MeV] 44.0 48.12 56.75 veo LE] 1.25 1.25 1.26
re [F) 1.25 1.25 1.09 s [F] 0.65 0.65 0.64
ac [F] 0.65 0.65 0.63 o, [b] 0.944 0.956 0.972 4+ 0.035
Vp [MeV] 9.6 6.43 10.75 o, [b] 0.560 0.478
rp [F] 1.25 1.25 1.59 Ot D] 1.504 1.434 1.45 4 0.05
ap [F] 0.47 0.47 0.19 x? 190.0 40.0 4.97

Ve [MeV] 6.0 6.0 544

O’ (6¢u)
mb/sr
‘}000-:
8 — — Wick limit
5004
100':
10‘:
v T T T T T T T — fr—
10 30 50 70 90 10 130 150 eCM
Figure 4

Elastic scattering. Comparison of the experimental results with the predictions of the optical model:
curve a), optical model with standard parameter set (Table 111, A),

curve b), optical model, best fit with standard values for #;, a; and V, (Table 111, B),

curve c), optical model, best fit without limitations on the 9 parameters of the potential (TableI1I, C).
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but the values obtained for the parameters differ considerably from those (standard
values) which are usually used with heavier nuclei [15]. It is nonetheless known [23]
that, for structural reasons, the standard parameter values do not give good results
for the light nuclei. The curve calculated with the standard values is also plotted in
Figure 4 (curve a). It deviates noticeably from the experimental data for 6., > 60°.
A better fit, certainly the most ‘realistic’ one, has been obtained by keeping 7,, @, and
V,, fixed at the standard values and leaving V; and V), free (Fig. 4, curve b).

The values of the total and reaction cross-sections predicted by the optical model
agree well with the experimental data (Table III). We have also plotted in Figure 4
the Wick limit [24], which is a lower bound for the cross-section at 0°. It is compatible
with the measured values.

8. Analysis of the Inelastic Scattering with the DWBA-Collective Model

By assuming the collective nature of the excited states of 1B, Squier et al. [22]
were able to reproduce, within the framework of a distorted-wave Born approximation
(DWBA), the results of their 3He scattering measurements for a few levels. We have
also analysed our own data with the DWBA program DWUCK developed by Kunz
[25]. In the model considered, the correlated movements of the nucleons produce a
static, axially symmetric deformation of the nucleus, whose surface is described by

R(0) = R, (1 + ;‘ B Yf(e)). (12)

The interaction potential depends only on the distance from the surface of the
nucleus. It can be expanded in a Taylor series about » = R, to give

V(V—R(B))zV(r—Ro)uij(r—RO)ér

1 &, R,) SR® (13)
t 5 S Vir—R)oR 4 ..,

with
OR = R, (;ﬁL vy (0))_

The first term in this expansion is the non-deformed optical potential (equation
10) and gives rise to the elastic scattering. The inelastic scattering depends upon
higher terms of which the second term is considered to be the most important, the
others being neglected.

The data used by the DWUCK program are: (i) parameters of the optical
potential, and (ii) the transferred angular momentum, L. The program takes into
account the contribution to the scattering due to deformation of the imaginary part
of the optical potential, but it does not include spin-orbit coupling.

For all levels which could be described by this model, the calculations were
performed with the three sets of optical-potential parameters as defined in the
analysis of the elastic scattering (Table III), and for each possible value, L, of the
transferred angular momentum. We give below the results, beginning with the Q =
—3.58 MeV level for which the experimental results are the most precise.
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Figure 5
Q = —3.58 MeV (2+) level. Comparison of the experimental results and the predictions of the

DWBA-collective model for L = 2. Curves a, b and c correspond to sets A, B and C of optical
potential parameters in Table III and to the deformation parameters 8, = 0.69, 0.49 and 0.49,
respectively.

Q = —3.58 MeV (2+) level: The best fits have been obtained for L — 2. They are
shown in Figure 5. The curve calculated with the standard optical potential para-
meters and f, = 0.69 gives the best agreement with the experimental values. The
curve calculated with the most realistic parameters deduced from our analysis of
elastic scattering (Table III, B) still fits the experimental results quite well (8, =
0.49). On the other hand, the curve calculated with the third set of parameters
(Table III, C), which nonetheless described best the measured elastic scattering data,
deviates noticeably from the experimental values. Squier et al. [22] have obtained
a good fit for this level for L = 2 and g, = 0.36.

Q = —1.74 MeV (0+) level: The scattering to this level involves a spin-flip process
which cannot be described by the model.

Q = —2.15 MeV (17) level: Although experimental accuracy is poor, it can be
noted that the curves calculated for L = 2 with the parameter sets A and B and the
same deformation parameters as for the Q = —3.58 MeV level, are compatible with
the experimental values.

Q = —4.77 MeV (3%) level : None of the calculated curves agrees with the measured
cross-sections. This level could have a structure too complicated [26] to be described
by the model.

Q= —5.11(27),—5.16 (2%) and —5.18 (1*) MeV levels: The Q = —5.18 MeV level
must result from the excitation of two nucleons [18, 26] and thus contributes little to
the measured cross-sections. We have reported in Figure 6 the curves calculated for
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the Q0 = —5.16 MeV level, with L = 2, the parameter sets A and B, and the same
deformation parameters as for the Q = —3.58 MeV level. They agree quite well with
the experimental results for 0, between 10 and 100°. The discrepancy between the

) o)

[mb/si
3 (1)

05t

02
T T T y T ¥ T J T ¥ T y T d T —
\ 30 50 70 90 10 130 150 Ocm
101 i
5
2

10 30 50 70 90 10 130 150 Ocn

L L]

T T T Y T T Y v v 1 el
10 30 50 70 90 10 130 150 e oM

Figure 6
Comparison of the experimental results and the predictions of the DWBA-collective model.
Curves a and b correspond to sets A and B of optical potential parameters in Table I11.
1) Q = —(5.11 (27) + 5.16 (2*) + 5.18 (1+)) MeV levels. Curves a and b have been calculated for
the Q = —5.16 MeV level, with L = 2 and g, = 0.69 and 0.49, respectively.
2) Q0 = —(5.92 (2%) +6.04 (41) +6.13 (37)) MeV levels. Curves a and b have been calculated for the
Q = —6.04 MeV level, with L = 2 and f, = 1.1 and 0.82, respectively.
3) Q = —6.56 MeV level. Curves a and b have been calculated for L = 3 (values of ; are given
in the text).



252 B. Vaucher, J. C. Alder and C. Joseph H. P. A.

theoretical curves and the measured values for 0, > 100° could be explained, to the
extent that the model is applicable to the Q) = —5.16 MeV level, by excitation of the
0 = —5.11 MeV level.

Q = —5.92 (2%), —6.04 (4*) and —6.13 (3—) MeV levels: By assuming that only
the Q = —6.04 MeV level was excited, Squier et al. have obtained a good fit for
L =2, but with a deformation parameter , = 1.1, i.e. considerably larger than for the
other levels. The curves which we have calculated by making the same assumption
do not agree with the experimental results (Fig. 6).

Q = —6.56 MV level: The spin and parity of this level have not yet been
established with certainty. The measured cross-sections agree well with the curves
calculated for L = 3, which implies a negative parity (Fig. 6). The deformation para-
meter values obtained are, for parameter set A: 8, = 0.751f | =4, 3 = 1.01f | = 2,
and, for parameter set B: f; = 0.621if | =4, , = 083 if | = 2.

In summary, the DWBA-collective model furnishes a coherent description of the
inelastic scattering for the Q = —2.15, —3.58, —5.16 and —6.56 MeV levels. The best
fits are obtained with the standard parameters of the optical potential (Table 11T, A)
which, however, yield a much less satisfactory description of the elastic scattering.
Only slightly different and still-valid fits are obtained with the most realistic para-
meters which can be extracted from our elastic scattering data (Table III, B). It is
thus possible to find a set of parameters for the optical potential which describes
simultaneously and satisfactorily both the elastic and inelastic scattering for a few
excited levels. However, this set of parameters neither gives the best description of
the elastic scattering nor of the inelastic scattering.

Conclusion

Special efforts in data analysis have extended the possibilities for neutron
scattering measurements using a mixed-isotope target. The separation of overlapping
peaks has been improved. Careful measurement of parasitic effects allow the deter-
mination of cross-sections smaller than one mb/sr.

The angular distributions of the differential cross-sections for elastic and inelastic
neutron scattering at 14.1 MeV by 1B have thus been measured for the first time.
The results obtained have permitted the application of the optical model and of the
DWBA-collective model to scattering by this nucleus. The collective nature of the
Q = —2.15 MeV (1) and Q = —3.58 MeV (2*) levels has been confirmed. It seems
probable that the Q = —5.16 MeV (2%) and Q = —6.56 MeV levels are also of a
collective nature and that the parity of the Q = —6.56 MeV level, still poorly defined,
1s negative.
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