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SUMMARY

A measurement of the angular distribution of neutrons scattered
from °Li and 20 gt eight energies between 1,98 MeV and L,6L MeV is
described.,

The differential cross-section deduced from the measured angular
distribution are reported and compared with the data given by other su-
thors. A comparison is made also with the results of a calculation ba-
sed on the optical model with two potentials, i.e., the Perey-Buck and
the gaussian potentials.

Also describedis the neutron spectrometer with two detection chan-

nels, which has been used for the experiment.



INTRODUCTION

This report describes the methods and the results of an experimen-
tal study of the scattering of the fast neutrons from °Li and '2¢, which
was undertaken in the effort of providing information on the differentizal
cross-sections witha precision sufficient for their use in applied neu-
tron physics and for a comparison with the results of calculations based
upon the optical model.

The experimental data of this work belong to a series of data
obtained in the course of measurements performed to test and calibrate
a time-of-flight spectrometer for neutrons, capable of making simulta-
neous measurements at two scattering angles, realized for studying neu-
tron emitting reactions.

With this apparatus, the angular distributions of the neutrons scat-
tered by the nuclei ®Li and '2C have been measured for eight values of
the incident neutron energy in the interval from 1.98 MeV to L4.64 MeV.
The angular distributions have been determined at thirteen angles in the
interval from 30° to 140°, in the laboratory frame of reference. The
differential and the total elastic cross-sections have been then deduced
from the angular distributions.

Several experimental studies of the neutron scattering from °Li
and '2C have been published. A literature survey rather complete to 1972
is reported in CINDA 72 (Ref. 1).

The differential and the total elastic cross-sections obtained in
the present work are here compared with the data givenby other authors.
The differential and the total elastic cross-sections for °Li are com-
pared with +those given by Batchelor et al.(a) for incident neutrons
energies of 3.35- and 4- MeV, and with those given by Hopkins et al.(sj
for 4,83 MeV. The differential and the total elastic cross-section for
‘20 are compared with the results given by Wills et al.(‘) for incident
neutron energies of 2,02-, 2.28-, 2.51-, 2.76-, L4.10- MeV, Lane et al,
(°) for 2.28 MeV, Walt et al.(®) for 4.10 MeV, Perey (') for L.6 MeV,
Buddeet al.(®) for 3.20 MeV and Galatiet al.(’°) for 3.20-, L4.10-, k4.6k
MeV. The total elastic cross-sections for '2C are also compared with
the data of Cierjakset al.(’), Listeret al.('®), Metellini (' Y, Glasgow
et al.('2), Bockelman et al.('>) and Boschung et al.('*).
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EXPER IMENTAL METHOD

The measurements described herewith have been carriedout by employ-
ing the fast-neutron pulsed-beam time-of-flight technique. The appara-
tus consisted of +the 5.5 MeV pulsed Van de Graaff accelerator of the
"Laboratori Nazionali dell' INFN di Legnaro" and a two-angle detector
system capable of making simultaneous time-of-flight measursmentsat two
scattering angles. Pulsed beams of deuterons and protons heving a repe-
tition frequencyof 3 MHz and a pulse length of 2 + 3 ns have been used.
During the measurements, the particle beams were analysed in momentum
with the aid ofa 90° deflection magnet and defined in energy to 0.1% by
means of collimators.

Neutrons were produced by means of the T(p,n)JHe and D(d,n)JHe
reactions, using targets of tritium adsorbed in titanium in the first
case and targets of deuterium edsorbed in titanium in the latter case.
For the experiments, the scattering samples were submitted to bombarda-
ment of neutrons emitted at 0°with respectto the charged particle beam
direction and having energies En of 1.98-, 2.24~, 2.49-, 2.74~, 2.98-,
and 3.20- MUeV in the case of the T+p reaction and 4.10- and L4 .64~ MeV in
the case of the D+d reaction.

The scattering samples were right cylinders 2,5cm in diameter and L
cm high., They were placed with their axis perpendicular to the incident
neutron beam direction andata distance of 10cm from the neutron source.
The carbon sample was madeof nuclear grade graphite;isotopic enrichment
for the sample of °Li was 95,3% and the sample contained less than2h of
impurities, the major component being oxigen.

Both samples were enclosed in aluminium cans of 0.01 cm thickness
and were keptin the neutron beam by means thin nylon thresds. The back-
ground was measured using an emtpy aluminium can.,

The +two neutron detectors were placed on the two arms of a gonio-
meter, whcse axis was coincident with the axis of the scattering sample.
Each detector was placed at a distance of 2 meters from the scattering
samples. The detectors were sorrounded by cylindrical shields contain-
ing water and boric acid, and by paraffin and lead as is shown schema-
tically in figure 1. The detectors were also shielded against the source
neutrons by additional shields placed close to the target on the gonio-
meter arms.

This detector system associated with the pulse neutron source de-
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scribed above realizes a time-of-flight spectrometer for neutrons. Fi-
gure 2 shows a block diagram of the electronics.

The neutron detectors are liquid scintillator (NE213) of cylindri-
cal shape, 5 cm in diameter and 7.5 long, coupled to 56 AVP  photo-
multipliers.

The neutron spectrometry is performed using the fast channel and
the n-y discrimination channel in common: the neutron time-of-flight
spectra at two angles are simultaneously registered using two subgroups
of a multichannel analyzer. From each detector are taken three pulses:
a fast pulse from the +twelfth dinode; a pulse from the anode and the
fourteenth dinode fora discrimination of the pulse shape; a linear pulse
from the tenth dinode, proportional to the energy of the recoil protons.
The fast pulses coming from the detectors are mixed, shaped and fed to
the start of two time-to-amplitude converters, one of which used for
the time-of-flight analysis and the other for the n-Yy discrimination
analysis. The stop to the converter of the fast channel is given by the
pulse, conveniently delayed, supplied by a capacitive pick-up surround-
ing the accelerator beam.

The stop to the converter of the n-y discrimination channel, is
supplied by a Forte circuit (15). The output of the first converter is
fedto the multichannel analyzer which registers the time-of-flight spec-
trum, in coincidence witha pulse supplied by a coincidence circuit which
is acted by the signals of the n—y discrimination and by the signal of
the linear channel., The selection of the subgroups of the multichannel
analyser is performed by a signal taken from the discriminator of the
linear channel "A"., So, the registration of the events recorded by the
two detectors, can be performed employing simultaneously two subgroups
of channels while using for both detectors the same circuits for the
spectrometry and for the n—y discrimination. The low-energy cut-off of
the detector system has been fixedby putting, after having excluded the
n-y discrimination, the threshold of the discriminators of the linear
channels of the two detectors at the level of the highest pulses caused
by the 59.6 keV gemma rays of the 24'am, This corresponds for the neu-
trons to an energy threshold of 450 keV ('©).

The level of the low-energy cut-off as well as the efficiency of
the n—y discrimination system have been frequently verified during the

neutron scattering runs.
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The efficiency of the detectors have been determined by measuring
the neutron flux emitted at 0°in the T(p,n)’He and D(d,n) He reactions,

7,18,

using the cross-sections reported in the literature {1 ) and by mea-
suring the n-p elastic scattering.

The normalization of the experimental data was provided either by
a fast neutron monitor placed at 90° with respect to the direction of
the accelerator beam and by an integrator circuit giving the total char-
ge collected by the target during each scattering run.

The experimental data have been corrected for multiple scattering
of neutrons in the samples using the Cox's method (29).

In the energy interval consideredin the present measurements there
is no problem of energy resolution in the case of 120 scattering sam-
ple, since the neutrons are scattered only elastically by carbon,

The situation is rather different for the 'Li sample. In this case
there are three reactions giving groups of neutrons whose width depends
upon the width of the level which is being excited. The three reactions
are: °Li(n,n)®Li; GLi(n,n')eLi* 5> °Li + v E':L.i(n,n')f'Li=°= > o + d, and
the levels which are brought into play in the present experiment (19’2°
21) are the level at 2.184 MeV (3, T = 0) and the level at 3.560 MeV
(0¢, T = 1). The width of these levels are equal to 25 * 1 keV and 5keV
respectively. In the case of ®Li there are also other reactions which
emit neutrons witha continuous energy distributions. There are the reac-
tions °©°Li(n,d)’He » @ + n, having a Q-value equal to -2.428 MeV, and
6Li(n,dn')a breaking-up into three bodies and havinga Q-value of =-1.471
MeV. One more reaction +to be considered, which gives neutrons with a
continuous energy spectrum, is the reaction "Li(n,2n)® having a Q-value
of =-3.696 lieV, This resaction produces neutrons twice as much as the
other rezctionsbut the larger productionis compensated bya lower cross-
-section than for the other reactions (2?),

As an example of the data which were obtained with the spectrometer
described above, in figure 3 is reported the spectrum measured with the
®Li sample, for an incident neutron energy of L.64 MeV and a scattering
angle 3%0°in the laboratory reference system. In the same figure is also
reported the background spectrum which was measured for an identical to-
tal amount of charge collected at the target. The structures of this

spectrum are caused by the shields and collimators.
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COMPARISON WITH THE CALCULATED DATA

The experimental data for the elastic scattering of neutrons from
®Li and '2C obtained i the present experiment, have been compared with
the results of the calculations based upon the optical model. The sha-
pe elastic scattering has been computed by +the using the program SMOG
(3%). The compound elastic scattering has been evaluated with the equa-
tions (13,16,17,18,19) given by Sheldon and Van Patter (®*) and using
the trasmission coefficients given by the program SMOG.

The potentials which have been used in the calculations are the
Perey-Buck potential, with an equivalent local potential (25), and the
gaussian potential. The parameters used for these two types of poten-

tials and f'or both the nuclei are reported in Table 1.

TABLE 1

Perey-Buck Gaussian

v 49,3-0,33 En(MeV) 50 MeV
w 5,75 MeV 7 MeV
Py 1,25 £ 1,25 £
0,65 f 0,65 f

0,70 £ 0,98 £

VS 11 MeV 19 MeV

No attempt has been done in orderto improve the agreement between
experimental and calculated data by varying the parameters of two po-
tentials. The reason for this is that the nature of the nuclei which
are investigated and the range of energies considered in the measure-
ments do not allow to obtain a better agreement by just varying such

parameters,

RESULTS

The angular distributionsof the neutrons elastically scattered by
®Li are shown in figure 4 for the incident neutron energies of 1.98-,
2.24-, 2.49-, 2.74- MeV, andin fig.5 for 2.98-, 3.20-, 4.10- and 4.6L4-
MeV,

For the sake of comparison, in fig., 5, at 3.20- and 4.10 MeV, are

ot
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shown the data obtained by Batchelor and Towle (°) through a best fit
of the experimental data at 3.35- and 4.0 MeV respectively. Since in
the energy range which is considered there are no resonance structures
in +the total elastic cross-section, as can be seen by inspecting
fig. 6, the agreement is satisfactoryin spite of the energies not being
quite the same. A comparison is also made between the data for L.64 NeV
and the data of Hopkins and Drake (°) for .83 MeV.

In fig.3 and 4 are also shown the differential cross-sections ob-
tained with the potentials and the optical model calculations described
in previous paragraph. The values of the differential cross-sections
are listed in table 2: the data are given for the thirteen angles and
for the eight energiesat which the measurements have been carried out.
In the same table are also reported the total elastic cross-sections
deduced from such data.

The total elastic cross-sections is displayed in fig.6 asa func-
tion of energy; the data obtained in the present work are compared with
the data of the authors previously mentioned and with the data predict-
ed by the optical model calculations for the two potentials.

In figs.7,8 and 9 are shown the angular distributions of the neu-
trons elastically scatteredby '2C for the incident neutron energies of
1,98-, 2.24- and 2.49 MeV; 2.74~-, 2.98- and 3.20 MeV; 4.10- and 4.64
MeV respectively. In the figures, together those obtained with the opti-
cal model are reported the differential cross-sections obtained in a
previous work (®®) which was ccncerned with a phase-shift analysis of
the experimental data reported in this report.

Also in the caseof carbon the results of the present work are com-

pared with the results obtained by other authors at the same energies

or at slight diffeerent energies:

the data at 1.98 MeV are compared with the data of Wills et al. (‘) at
2.02 MeV; the data at 2.24 MeV with those of Wills et al. at 2.28 and
with those of Lane et al. (°) at 2.242 MeV; the data at 2.49 MeV and
2.74% MeV with those of Wills et al., at 2.51 MeV and 2.76 leV; the data
at 3.20 MeV with those at 3.20 MeV of Galati et al. (°°) and of Budde
and Huber (3); the data at 4.10 MeV with those at L.10 MeV of Wills et
al. and of Walt and Beyster (®), and with those of Galati et al. at
L4..075 MeV; the dataat 4,64 MeV with those of Galati et al. at 4.64 and

o
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TABLE 2 - Differential elastic cross-section (mb/ster)

for °Li, estimated absolute errors are 10%.

I 1,98 MeV | 2,24 MeV | 2,49 MeV | 2,74 MeV | 2,98 MeV | 3,20 MeV | 4,10 MeV | 4,64 MeV cos®
34048’ 101 106 114 130 104 178 208 274 0,8211
iy 96 111 108 109 113 125 161 155 0,6115
62° 34’ 99 101 106 98 100 100 128 104 0,4607
71°3, 90 97 104 90 90 85 102 75 0,3162
79°10¢ 9L, 98 99 86 87 85 80 57 0,1880
87°25' 92 82 91 87 82 89 80 5l 0,0451
99° 38’ 94 96 98 96 83 85 68 77 =0y 1673

144725 9L 103 9L 100 86 9y 57 L2 -0, 3651

119° 89 106 100 105 96 93 68 40 -0,4848

125° 3.1 93% 104 115 g i 101 93 67 47 -0,5816

133 8" 97 116 118 116 174 105 89 46 -0,6837

141°20' 96 128 124 12l 121 121 83 5L -0,7808

154°48/ 101 124 12 146 135 145 95 66 -0,9048
aéi) 1197 1321 133 1364 1311 1406 1338 1254

(a) Total elastic cross-section (mb)
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TABLE 3 - Differential elastic cross-sections (mb/ster) for '2¢.

Estimate absolute errors are 10%

BG.M. 1,98 MeV | 2,24 MeV | 2,49 MeV | 2,74 MeV | 2,98 MeV | 3,20 MeV | 4,10 MeV | 4,64 MeV cos@
3202)¢ 117 140 152 212 361 251 297 261 0,8443
48° 55 124 131 131 182 283 195 222 188 0,6572
58°,0’ 129 117 108 115 178 96 115 12l 0,5200
67°17/ 130 110 96 9L 125 67 68 89 0,3862
ThesT’ 122 100 89 12 95 59 67 79 0,2653
82°41° 127 93 82 48 65 Ly 62 70 0,127
94°48’ 125 103 76 46 55 23 56 12 -0,0837
106° 21" 118 108 92 72 85 55 92 62 -0,2871
114°25’ 119 116 106 99 104 99 110 59 -0,L154
121°167 118 123 124 127 138 13U 116 49 -0,5190
129°10’ 123 145 156 160 195 183 138 42 -0,6316
137°55/ 13l 147 161 212 260 245 18U 48 -0,7422
152° 2L 174 164 195 282 356 340 253 5L -0,8862
5 é:) 1671 1533 1520 1659 2300 1734 1835 1307

(a) Total

elastic cross-sections (mb)
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with those of Perey (7) at L.6 MeV,

By inspecting the figs.3 to 9 one can see that the angular distri-
butions obtained in the present work are in good agreement with those
given by the other authors, within the errors ascribed to the measure-
ments. The values of the differential elastic cross-sections and of
the total elastic cross-sections for the case of carbon are listed in
table 3.

The experimental dataof the other authors, either for °Li and for
120, are reportedin the figures without the errors in order to simplif'y
the drawings.

The total cross-section for '-C measured as a function of the in-
cident neutron energy is displayed in fig. 10, The data obtained from
the angular distributionsof the present work are compared with the da-
ta given by Wills (4),by Cierjaks et al. (°),by Lister and Sayres (1°)
by Metellini (''),by Glasgow and Foster ('2), by Bockelman et al. ('*)
and with the datum at 4.0L4 MeV given by Boschung et al. ('4). The data
of Cierjaks et al. were obtained by means of trasmission measurements
performed with a continuous neutron spectrum and the time-of-flight me-
thod. In fig. 10 are not reported all the values obtained by the va-
rious authors but only those necessary to give the behaviour of the
cross-section, Only for the +two narrowest resonances at 2.077 MeV
(I = 6 keV) and 2,82 MeV (T ~ 5 keV) (Ref. 27) all the measured values
are shown., The measured total cross-sections turn outto be larger than
the total elastic cross-section, obtained in the present work and by
other authors (4)(1°)(11)(12)(13), over almost the entire energy range
which has been considered. About tﬂis point, one can say that the to-
tal elastic cross-section, deduced from the angular distributions by
extrapolating the data in the regions of small and large angles where
there is lack of measurements, can resultto be different from the mea-
sured total cross-sections. Anyway it has to be noticed the sistematic
discrepancy in the range from 2 to 3 lMeV. In this range, further inve-
stigations are necessary, including small and large angles, about the
angular distributions of the elastically scattered neutrons. It is
worthwhile to notice anyhow that the measurements of the total cross-
-section performed by Knowless and 0'Dell (28), which covers also the

energy range above mentioned, gave results smaller than those of Cier-
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jeks et al.. Such measurement was carried out with a Linac, and then

with an extended neutron spectrum, and the time-of-flight technique.

Appendix
Determination of the contribution of the compound elastic scattering to
the calculated angular distributions of neutrons.

The diffeerential cross-sections for the compound elastic scatter-

ing of neutrons have been calculated with the equation (24)

s _ 1

2
?Erz.g.i SNCWT B (cos®) (1)

The first three terms of the summation are in the case of the elastic

scattering

2J,-2J -
1

=
Il

(-1)

' (23,+1)% (23 1) (25 +1)(23,+1)7
2

A -
€= <VO|J1J1 T "7 <UO|JZ,_‘]2 3 TP
wo=w(3,3.33,;5vI)Wa I35 vI,)

with 0 ¢V < 2§ ; 27 ;2),

where J, is the spin of the ground level of the target nucleus, J1 the

spin of the compound nucleus, and £ the spins and orbital angular

J
k k
moment of the entry (k=1) and exit (k=2) channels. The Hauser and Fe-

shabach penetrability term is

~1
ret, (8) 7, @] 3 1,0 |

as a function of the trasmission coefficients.
This is wvalid in general and in particularly for the °Li whose

- +
transition is of the type 1 - J1n =1 .
1 +
In the case of 120, which is characterized by the transition 0 =
> J}W1 - O+, being equal the spins, Jj = J1 = J , and the orbital an-
1 -

gular momentaof the entry and exit channels, £, = 62, the first three

terms of the summation in Eq. (1) become
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N = (-1)2‘Ic,'2J1_1 (2J1+1)4(2J0+1)_1

B [<v0]J1J1 _12_ —%)]2

W= [W(3,93 3 ; :;JOJ2
with

O0<vz<ad

Moreover, if at the energies of this experiment only the elastic chan-
nel is supposed to be open, the Hauser-Feshbach penetrability term be-

comes

T =
T, (B )
1
The product NCW, in which appear terms indipendent of the energy
and angle, can now be groupcd into a single lactor which can be tabu-
lated, as reported in a previously mentioned work (**). Eq (1), then,

becomes

ag _ 1 4. o ]
an =T By %, 7y B, (008f)

The values of the coefficients aiv for the transition ‘I+ e J1W1 >

-1t which have been used in the present work for calculating the an-
gular distributions of the compound elastic scattering for °Li nucleus

- -
are listed in table 4. The values for the transition 0 - J7 -0

101
for the '2C necleus are listed in table 5a

i)
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& J i
-+ 1 transition sequence

61 31 J1171 62 ,j2 aio s ai4
0 1/2 1/2+ o | 1/2 | 0,66667
) 3/2 | 0,66667
/2 | o | 1/2 | 1,33333
2 | 3/2 | 135333
5/2 | 1,33333
1 1/2 1/27 |1 1/2 | 0,66667
3/2 | 0,66667
e |4 | 172 | 1,33355
5/8 | 1533353
3| 52 (133333
3/2 | 1/27 |1 1/2 | 0,66667
3/2 | 0,66667
3/27 |1 | 1/2 | 1,33333
3/2 | 1,33333 | 0,05333
3 | B2 [1.33533 | 0,21353
/2 11 3/2 | 2,00000 | 1,12000
3 5/2 | 2,00000 | 1,05142
7/2 | 2,00000 | 1,42857
o {372 | 172" |o | 1/2 | 0,66667
2 3/2 | 0,66667
3/2 |0 | 1/2 | 1,33333
2 | 3/2 |1,33333 | 0,05333
5/2 |1,33333 | 0,21333
5/2° | 2 3/2 | 2,00000 | 1,12000
5/2 | 2,00000 | 1,05142
i 7/2 | 2,00000 | 1,42857
s/2 | 3/2° |o | 1/2 |1,33333
3/2 | 1,33333 | 0,10666
5/2 |1,33333 | 0,85248
5/2° |2 | 3/2 | 2,00000 | 1,05142
5/2 | 2,00000 | 0,98705 0,03498
L 7/2 | 2,00000 | 1,34110 -0,15473
7/2+ 2 5/2 | 2,66667 | 2,33236 0,76967

T2
e

A




- BT

j1 J177f1 £ 95 o O‘i G
o 2 4
s/2 | 7/2° | n | 7/2| 2,66667 | 2,20278 0, 5361,
9/2 | 2,66667 2,53968 1,14285
5/2 | 3/20 | 1 | 1/2| 1,33333
3/2 | 1,33333 | 0,10666
3 | 5/2| 1,33333 | 0,85248
5/2" 1 3/2 | 2,00000 1,05142
3 5/2 | 2,00000 0,98705 0,03498
7/2 | 2,00000 1,34110 | -0,15743
7727 | 3 | 5/2| 2,66667 | 2,33236 0,76967
7/2 | 2,66667 2,20278 0,5360
7/2 5/2" 1 3/2 | 2,00000 1,42857
3 5/2 | 2,00000 1,34110 -0,15743
7/2 | 2,00000 1,82216 0,70845
7/2~ 3 5/2 | 2,66667 2,21818 0,13994
7/2 | 2,66667 2,08040 0,37388
9/2" | 3 | 7/2 | 3,33333 | 3,39506 1,96970
7/2 | 5/2° | 2 | 3/2 | 2,00000 | 1,.,2857
5/2 | 2,00000 1,34110 -0,15743
L 7/2 | 2,00000 1,82216 0,70845
7/2+ 2 5/2 | 2,66667 2,21818 0,1399)
L | 7/2 | 2,66667 2,08040 0,37338
9/2 | 2,66667 2,39858 0,79654
9o/2" | u | 7/2 | 3,33333 | 3,39506 | 1,96970
9/2 | 3,33333 | 3,25476 1,6253
9/2 | 7/2% | 2 | s/2 | 2,66667 | 2,53968 1,14285
L | 7/2 | 2,66667 | 2,39858 0, 79654
9/2 | 2,66667 2,7653, 1,69696
9/2" | & | 7/2 | 3,33333 | 3.25476 | 1,62534
9/2 | 3,33333 | 3,13422 1,34119
1/2° | & | 9/2 | 4,00000 | 4,37565 | 3,14581

.}

T2
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TABILE 5 - 0 - J1’JT = 0 transition sequence
81 I J1Tr1 Ez j2 0tio aiz ai4
0 1/2 1/2+ 0 1/2 2,00000
1 142 | 48 1 1/2 2,00000
3/2 | 3/2° 1 3/2 | 4,00000 | 4,00000
2 3/2 5/2+ 2 3/2 1+,00000 | 4,00000
5/2 | 5/25 | 2 | 5/2 | 6,00000 | 6,85714 | 5,14285
3 | 5/2|5/2 | 3 |5/2| 6,00000 | 6,85714 | 5,14285
72/2 1 7727 | 3 | 7/2 | 8,00000 | 9,52380 | 8,41558
Lo| 7/2 | 7/2 % | 7/2 | 8,00000 | 9,52380 | 8,41558
9/2 9/2+ L 9/2 | 10,00000 | 12,12121 | 11,32867

oo
oo
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