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ABSTRACT

The elastic scattering of neutrons from carbon was studied in the
incident neutron energy range 1.98 MeV to L4.64 MeV. Angular distribu-
tions were obtained by means of a neutron time-of-flight spectrometer.
Data were taken for eight energies and for thirteen scattering angles.
A phase-shift analysis was carried out and a set of phase angles was
obtained capable of reproducing the elastic data. The phase shifts were
used to calculate the scattered neutron polarization at different ener-
gles and angles, and the result was compared with the experimental data

of wvarious authors.



1. - INTRODUCTION

The elastic scattering of neutrons from '2C over the incident neu-
tron energy range from about 2 MeV up to about 4.6 MeV has been the ob-

ject of several measurements.

At the time the present work was undertaken, previous measurements
concerning the angular distributions of the elastically scattered neu-
trons included the work of Wills, Bair, Cohn and Willard ('), Goldberg,
May and Stehn (®), Gorlov, Lebedeva and Morozov (®), Lister and Sayres
(*); the polarization of the scattered neutrons had been treated by
McCormac, Steuer, Bond and Hereford (°), Elvin and Lane .(°), Wenzel and
Steuer ("), and Miller and Biggerstaff (®); the neutron total cross-sec-
tion was that reported in the compilation of Stehn, Goldberg, Magurno

and Wiener-Chasman (°).

In the energy range mentioned above, four resonances were observed
in the '2C+n interaction at E, = 2.076 MeV (5/2%), E, = 2.95 MeV (3/2%),
E, = 3.60 MeV (3/2"), and E_ = 4.25 MeV (1/27). E_ is the incident

neutron energy at resonance, in the laboratory reference system.

In the present investigation the angular distributions of the neu-
trons elastically scattered from 2 ¢ were measured for eight dincident
neutron energies between 1.98 MeV and L.64 MeV. Moreover, phase shifts
were extracted from the experimental data using the total cross-section
data of ref.(®). The phase-shift analysis was performed assuming as a
starting set the phase angles reported in ref.(') and ref. (*).The phase
shifts thus derived were then used for calculating the polarization of
the elastically scattered neutrons for various energies and angles. Fi-
nally, the predicted values of the polarization were compared with expe-
rimental data found in the literature, in order to check, in this way,

the reliability of the set of phase angles previously determined.

2. - EXPERIMENTAL PROCEDURE

The experimental equipment used for carrying out the measurements
described in this report consisted of a neutron time-of-flight spectro-

meter with pulsed beam.
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Neutrons were produced by the reactions T(p,n)3He and D(d,n)zHe.
The ions accelerated by the 5.5 MeV Van de Graaff of the "Laboratori

Nazionali dell'I.N,F,N." (Legnaro) were incident on targets of tritium

or deuterium absorbed in titanium.

The carbon scattering sample was of cylindrical shape, having a
diameter of 2.5 cm and a hight of 4 cm. The sample was placed at a dis-
tance of 10 cm from the neutron source and with its axis perpendicular

to the accelerator beam direction.

The angular distributions of the neutrons elastically scattered by
the sample were measured using a neutron time-of-flight spectrometer
with n-y discrimination. The spectrometer had two arms for the simulta-
neous and independent measurement of the time-of-flight of neutrons
scattered at two different angles. The measurements were made with the
spectrometer arms set along directions forming supplementary angles with
respect to the axis of the incident neutron beam. The pulses of the two
detectors were separately accepted by the two 256-channel subgroups of
a 512-channel analyser. The normalization of the measurements was made
using either a monitor situated at 90° to the accelerator beam and a

charge integrator connected to the target.

The measurements reported hereinafter were made for 8 values of
the incident neutron energy En’ that dis, 1.98, 2,24, 2.49, 2.7, 2.98,
3.20, 4.10 and L.64 MeV; and for 13 values of the scattering angle ¢ in
the range from 30° to 150°. En is given in the laboratory reference
system. The background subtraction was performed for each value of the
energy B and for each angle §. The experimental data were also correct-
ed for multiple scattering in the sample. The absolute scale for the
differential cross-sections was obtained by normalizing the integrated
angular distribution at En = 2.49 MeV to the value of the total cross-

section for the same energy found in the literature (9).

3. - PHASE-SHIFT ANALYSTS

The phase-shift analysis of the elastic scattering, which is the
unique mode of scattering for the neutron energies under consideration,

can be easily carried out since the target nucleus is a spin-0 nucleus.
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One knows that the experimental data of the '°C(n,n) ®C differen-
tial cross-section can be analysed as a sum of Legendre polinomials

P; (cos #) through the L-th order:

(1) o(8) = E{: B P (cos )

L

On the other hand, the differential cross-section for the elastic
scattering of a neutron by a spin-O nucleus, for the case of unpolariz-

ed neutrons, is given by ('°)

(2) o(#) = %? E{:L AL P (cos 8)

In eq.(2), K denotes the wave number in the center-of-mass refere-

nce system and the coefficients Ay have the following expression:

J1-"/=. Jz"'[.z
(3) [iJ ZE:& =T Rtﬂ ZE(E1J152Jz5y;L) X

1 62:Jz-y2
x sin §(2€1;J1) sin 8(£2;J2) cos[8(£1;71)-8(82372)]

where: S(Ei;Ji) denotes the phase shift corresponding to the orbital an-

gular momentum 8i and to the total angular momentum Ji;

B(813102323 VL) = 1270102208250 TaW(8y 31232 Vo) <10 2422005

2,
El

W(abcde;fg) are the Racah coefficients;

where 4 = (2a+1)
<ab|cdef> are the Clebsch-Gordan coefficients.

The relationship between the coefficients BLof'Eq.(1), which are
derived by fitting the experimental data, and the coefficlient AL of

Eq.(2), which are related to the phase shifts through Eg.(3), i

1
B, = —¢ A ;{: (84382353 foLi) 8ind(8q3J,)x
o EX% J1J2616,

x sin 8(£2;J2) cos [8(L13d1) - 8(L23T2)]



The analysis of the experimental data by means of the sum (1) was
carried out up to T L. Higher values of L did not improve the fit
of the experimental data. This means that f waves need not be included

in the phase-shift analysis in order to reproduce the experimental data.
Using Eq. (3) for O < L < 4, the following expressions for the

coefficients AL are obtained:

D(0/25072) +D(17/231/2) + 2D(1723172) + 2D(2/23 22 ) + 3D(27z 5 27)

-
1

A = 2D(0/23172)+4D(025172)+4D(1 Vo3 272 )+ Y5 [D(17e;5272)+9D(172527:) ]
Az = 4D(0725272)+6D(0/252%:)+4D(1 /23172)+2D(172 3172 )+2D(2V2 5272 ) +
+'%, [D(2%;2%) +20(2%;2%)]
As = 6D(1/232%) + "7s[3D(17232%) + 2D(17232%:)]
Ao = % [1D(272527,) + D(272327:)]
where

D(£,J,3£,J,) = sin §(£,3J,)sin 8 (£237.)cos [8(843T1)=5(L23T2)]

One may now derive the five phase angles from the measured angular
distributions and from the total cross-section data, using the preceding
expressions for the AL. The analysis must be carried out taking into
account the following requirementsi

a) the phase shifts are continuous functions of the energy,

b) over a resonance there must be no unusual variation of too many

phase-shif'ts,

c) overa resonance one phase shift must increase by about 180° with
increasing energy. Moreover, it must be noticed (") that cosf(ﬂi;Ji)
is a symmetric function and sin 8(£i;Ji) is an antisymmetric function
and therefore the cross-section is invariant with respect to a change
of the signof all the phase angles. The cross-section is also invariant
if' the phase angles 8(8;6+}é) are interchanged with the phase angles
§(2;8-Y,) for all values of &.
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The independent set of phase shifts whichis obtained with the pre-
ceding analysis, can now be put in relation to the polarization of neu-
trons in the scattering process. In fact, the scattering of polarised
neutrons by a spin-O nucleus is described by a cross-section having the

following expression (°):

R
op (#) =7 L Cp, Py, (cos @)

. od Pr(cos @)
Pi(cos ﬁ) = sin 13—(L—)—d T

Now, the coefficients GL are related to the phase angles 8(8i;Jj)

where

which appear in Eq.(2) through the relation

)7 J1+82 -+ /|

2 1 2 2

0 = SL 2l (=) Z2(51J15252;72L) X
U e J1 3284 22

M Tidils Jebatesll 1) " :
sin 8(8,3J 5(L23J 5(84331)=8(82; )]
T (eri18s 70 700) in 8(£1;J1)sind(Le 3z )sin[8(L4;T4) =8 (223 T)

where
1 1 S a2 1
X(3181 /239282 /2510 1) = (=) ) [8W(e1J2/eLs52 1) x
Z
x W(J2£1 /eL; 282 )W(L/aLVzsz 1)

where
S = Jr+Ja+8q+82+2(T+1)

Then, the expressions of the coefficients C. for O < T, s 4 are the fol-

L
lowing:

Gy = = 2P(07%s1 /4 )Y+2P(0%e;17.)~28(1 a3 27) =

"2/5[@(1%;232) - 9(13/2;2%)]

Co = - 2P(0%2327%2) +2P(0/e;27,) +2P(1Ya31%2) +

+"% P(2%;2%)
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Cs = 2P(1/232%) - 75[6P(1723272) - P(172;272)]

Ci = %B (2?;;2?;)
where

P(£4J;¢2%) = 8ind(£4;Jy )sind(L23J2)sin[8(8L1301)-8(223d2)].
. - RESULTS

In Figures 1 and 2 are plotted the angular distributions of the
neutrons elastically scattered by ™C which were measured at the eight
values of the incident neutron energy E , from 1.98 MeV to L.64 MeV,
specified in section 2, The scattering angles are referred to the
center of mass. The solid-line curves represent the result of the phase-

ghift analysis.

The values of the phase-shifts are listed in Table I together with
the energies at which they were determined. The behaviour of the phase

shifts as a function of the neutron energy is displayed in Fig. 3.

The phase shifts were obtained using the relationships of the pre-
ceding section and fitting the angular distributions measured at the
above-mentioned incident neutron energies (closed symbols). Interme-
diate values (open symbols) were determined taking into account the be-
haviour of the total cross-section as a function of the neutron energy.
The continuous lines are drawn as a visual aid through the calculated
points. For the first stage of the analysis, the sets of phase-shifts
given by Wills, Bair, Cohn and Willard (') and Lister and Sayres (*)

were used.

In the energy range covered by the present analysis, the phase s}%
and paé appear to vary weakly. The variation of the phase 63£ around
2.076 MeV is associated with the resonance at that energy. Similarly,
the variations of the phase di@ are associated with the resonances at

2.95 MeV and 3.67 MeV, and the phase p?% is associated with the reso-
nance at 4.25 MeV.

A resonance at 2.815 MeV was cbserved by Cierjaks et al. () in a

measurement of the neutron total cross-section. No other data for neu-
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trons concerning this resonance could be found in the literature. Lack
of sufficient information prevented the determination of the parameters
characterizing this resonance and therefore the corresponding energy in-

terval was left blank in the figures.

The coefficients B, as a funetion of E. which were obtained from
the analysis, are reported in Figs. L4, 5, 6, 7 and 8. The data of the
present work are denoted by the triangles, the closed and open triangles
having the meaning already states in connection with Fig. 3. Such data
are compared with those deduced from the measurements described in ref.
(1),(4),("). The values of the coefficients BL are listed in Table II
together with the energies at which they were determined.

The reliability of the phase shif'ts obtained in the present work
can be checked by comparing with experimental data found in the litera-

ture the neutron polarization which can be calculated with the formula
# 2. C_(E)P!
op(8,E) : L(E)PL(cos 9)

(4) POE) <o e = 2. A (E)P, (c0s o)

using the coefficients CL given in the preceding section. In Fig. 9 the
predicted polarization (continuous curve) is compared with the data of
McCormac et al. (°) for E_= 3.1 MeV; in Fig. 10 comparisonis made with
the data of Elwin and Lane (®) and Purser et al. (' for E = 2.4 MeV,
and with the data of Gorlov et al. () for E = 4.0 MeV and in Fig. 11
with the data of Kelsey et al. ('®) for E, = 4.4 MeV. In Fig.12 the pre-
dicted polarization for neutrons scattered through 48°23' and 94°48’ in
the energy range from 2 MeV to 2.5 MeV, represented by the triangles
connected by the continuous curve, 1is compared with the polarization
measured by Elwin and Lane (6). In Fig.13 a similar comparison for neu-
trons scattered through 135° and in the energy range from 2.5 MeV to
ko5 MeV,using the data of Wenzel and Steuer (7), Miller and Biggerstaff
(®) and Gorlov et al. (°), is shown.
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Fig. 1 - Center-of-mass differential cross-sections for nC(n,n)”C for
incident neutron energies of 1.98, 2.24, 2.49, 2,74 and 2.98 MeV. The
solid curves were calculated from the phase shifts of Table I and Fig. 3.
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Fig. 2 - Center-of-mass differential cross-sections for 12C(n,n)mc for
incident neutron energies of 3.20, 4.10 and 4.64 MeV. The solid curves
were calculated from the phase shifts of Table I and Figure 3.
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TABLE I - Phase shifts for '2C(n,n)'2C.

%a 5(0,%) 5(1,72) 5(1,%) 5(2,%) 5(2,%)
(MeV)

1,98 -91°27" -5°36/ -2°5) 9°20’ 3°50’
2,00 -91°36' -5°39’ -2°56' 9°32* 4°
2,05 -92° 6’ -5°45" -2°58/ 10° 5’ 5°307
2,08 -92°21* -5°46' -3° 10° 24 170°

Z 40 -92°36/ -5°48' -3° 10°L3* 173°
2,15 -93°42/ -5°51/ -39 g/ 14°28* 175°30'
2,20 -94° 43’ -5°56" -3° 5! 12°24" 176°15'
2,2 -94° 9f -6° 6' -3° 6/ i i 176°30’
2,40 -96° 2/ -6°1L/ e il 177" 2%
2,49 <~ har -6°25' -5 2k’ 20° 177°48’
2,7k -101°42’ -6°54" =5° 50" 2 178°
2,80 -102°40’ =7 3 -3°30" 38°30’ 178°
2,85 -103°24’ =J*12¢ -3°33! 50° 178°
2,90 -104° 8/ -7°19/ -3°36/ 68°30' 178°
2,95 =104 50¢ -7°30’ -3°36' 95° 178°
2,98 -105°12/ -7°36' -3°36/ 127° 178°
3,00 -105° 30’ -7°36' =3°39 158° 177° 50
3,05 -106° &' -7°45' -3°2' 190° 177°40'
3,10 -106° 36’ ~7°55’ -3°48' 203° 177° 24
3,20 -107°24’ -8°18’ -3°54' 221° 176°
3,40 -109°12* -9° 8/ -4°48' 224.°30" 175°28'
3,60 -110°12’ -9°56/ -6°26' 262° {436
3,80 -111°18/ -10°45' -8°24' 282° 173°55’
4,00 -117°35’ -11°35/ -10°44 298° 173°15’
4,10 -118° ~12° -12° 300° 173°

L, 20 -118°15/ - 36° -12° 305° 30" 172° 36/
4,25 -116°2)’ 121°43" -11°45¢ 308° 172°27"
4,30 ~-117°18" 111°58/ -11° 23’ 310°40’ 1721
4,40 -115°12/ 124° 8/ -10° 29’ 315° 45 171°57'
4,50 -112°24"- 132° 20/ -9° 25/ 321° 171° 36’
by bl -108° 140° =B¥ 328° 171°
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Fig. 3 - The phase shifts for ~°C(n,n) °C plotted as a function of
neutron energy (Lab):< 4 5(0;%/,), ceb(1:1,), AAé(I:Q/g), vV o(2:eh)
0O 6(2:5/2). In this figure and in the following ones the energy in-
terval from 2,8 MeV to 2,83 MeV has been left blank for the reasons
explained in the text.
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Fig. 4 - The Legendre coefficient By for 12C(n,n)”C plottedas a function
of neutron energy (Lab). The curve was calculated from the phase shifts
of Table I. Comparison with the results of Wills et al. (ref. (1)),
Lister and Sayres (ref.(4)) and Metellini (ref.{*4)) is shown. A A this
work, + ref.(%), o ref.(4), e ref, (14).
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Fig. 5 - The Legendre coefficient B, for ~-C(n,n) -C plotted as a function
of neutron energy (Lab). The curve was calculated from the phase shifts
of Table I. Comparison with the results of Wills et al. (ref. (1)),
Lister and Sayres (ref.(4)) and Metellini (ref. (24) is shown. A A this
work, + ref.(1), oref.(4), e ref.(14).
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Fig. 6 - The Legendre coefficient B, for 12C(n,n)lQC plotted as a function
of neutron energy (Lab). The curve was calculated from the phase shifts
of Table I. Comparison with the results of Wills et al. (ref. (%)) ,
Lister and Sayres (ref.(#)) and Metellini (ref.(%4)) is shown. A A this
work, + ref.(X), oref.(4), e ref, (24),
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Fig. 7 - The Legendre coefficient Bg, forlQC(n,n)igc plotted as a function
of neutron energy (Lab). The curve was calculated from the phase shifts
of Table I. Comparison with the results of Wills et al. (ref. (1)),
Lister and Sayres (ref.(4)) and Metellini (ref.(24)) is shown. A A this
work, + ref.(*), oref.(4), e ref, (14),
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Fig. 8 - The Legendre coefficient B, for 12C(n,n)mc plottedas a function
of neutron energy (Lab). The curve was calculated from the phase shifts
of Table I. Comparison with the results of Wills et al. (ref. (1)),
Lister and Sayres (ref.(4)) and Metellini (ref.(*4)) is shown. A A this
work, + ref.(1), oref.(4), e ref, (2+),
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Fig. 9 - Calculated curve of the polarization of neutrons scattered
elastically by 1QC as a function of the center-of-mass scattering angle
for E, = 3.1 MeV. Comparison with the experimental data of McCormac et
al. (5) is shown.
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Fig. 10 - Calc%%?ted curves of the polarization of neutrons scattered
elastically by C as a function of the center-of-mass scattering angle
for E; = 2.4 MeVandE, = 4.0 MeV. Comparison with the experimental data
for E, = 2.4 MeV reported by Purser et al. (o) (ref.(:5)) and Elwin and
Lane (e) (ref.(€)), and with the experimental data for Ey = 4.0 MeV
reported by Gorlov et al. (ref. (®)) is shown.
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Fig. 11 - Calculated curve of the polarization of neutrons scattered
elastically by *2c as a function of the center-of-mass scattering angle
for E;, = 4.4 MeV. Comparison with the experimental data of Kelsey el
al. (ref.(18)) is shown.
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Fig- 12 - Calculated values, by means of Eq. (4), of the polarization
of neutrons scattered elastically by 12C for center-of-mass angles
48923" and 94°48' (A and solid curve). Comparison with the experimental
data of Elwin and Lane (ref. (®8)) is shown.
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Fig. 13 - Calculated values, by means of Eq. (4), of the polarization
of neutrons scattered elastically by 120 for the center-of-mass angle
135° (A and solid curve). Comparison with the experimental data of
Miller and Biggerstaff (o) (ref.(®)), of Gorlov et al. (+) (ref. (%)) and
Wenzel and Steuer (o) (ref.(7)) is shown.
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TABLE II - Legendre coefficients for '2C(m,n)'Z2C.

BL(mb/sr)

E

n By By B, Bs By
(MeV)

1,98 133 ~9 33 -14 15
2,00 132 -9 56 -14 16
2,05 131 -11 Ly -17 23
2,08 137 0 52 10 -26
2,10 1351 -2 39 L -21
2,15 126 -5 35 -1 -16
2,20 12l -7 38 -3 -1l
2,24 122 -8 41 -3 =14
2,40 120 -12 63 -7 -14
2,49 121 -15 8l -9 -12
2,74 132 -22 158 -13 -13
2,80 152 -25 230 =15 =15
2,85 183 -2 326 ~14 14
2,90 227 -16 INAN -8 -9
2,95 2L, L 466 8 3
2,98 183 21 261 22 15
3,00 101 12 38 17 11
3,05 81 14 27 =% -5
3,10 99 ~£p 95 -9 -12
3,20 138 -26 222 -11 -2
3,40 195 13 378 = w13
3,60 198 9 378 -1
3,80 185 16 227 35 23
4,00 152 2l 211 60 39
4,10 146 27 196 68 1A
4,20 150 60 13 L0 L5
4,25 166 205 171 82 L6
4,30 166 22), 187 76 47
4,40 144 173 125 Th L7
4,50 125 137 103 68 L7
by, 64 104 101 77 58 Ll
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5. — CONCLUSION

The phase-shift analysis as described in the present work is ca-
pable of reproducing satisfactorily, in the energy range from 1.98 MeV
to 4.64 MeV, (a) the experimental angular distributions of the neutrons
elastically scattered by '2C, (b) the behaviour and the absolute value
of the total cross-section (this is obtained by multiplying by L m the
values of the coefficients BO listed in Table ITor the values represent-
ed by the ppints reported in Fig. 4), and (c) thedata regarding the po-

larization.

There are discrepancies, such as that concerning the polarization
at 4 MeV (Fig. 10) and that appearing in Fig, 13 for energies greater
than 4.2 MeV, where the polarization was measured with an energy spread
of 320 + 540 keV. To shed light on this, further experimental informa-

tion would be necessary.

Finally, it would be worthwhile to investigate the '2C(n,n)'2C
reaction with the aim of ascertaining the presence of resonances be-
tween 2.8 MeV and 2.83 MeV and assigning the level parameters (spin and

parity) of the ®C states which can be associated with them.
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