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ABSTRACT 

The elastic scattering of neutrons from carbon was studied in the 

incident neutron energy range 1.98 MeV to 4.64 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

gies and angles, and the result was compared with the experimental data 

of various authors. 
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1. - INTRODUCTION 

The elastic scattering of neutrons from 12C 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 (2), 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 (6), Wenzel and 

Steuer (7), and Miller and Biggerstaff (0); the neutron total cross-sec

tion was that reported in the compilation of Stehn, Goldberg, Magurno 

and Wiener-Chasman (9). 

In the energy range mentioned above, four resonances were observed 

in the 12C+n interaction at E = 2.076 MeV (5/2+), E = 2.95 MeV (3/2+), n n 
E 

n = 3.60 MeV (3/2+), and En = 4.25 MeV (1/2-). En 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 12C were measured for eight incident 

neutron energies between 1.98 MeV and 4.64 MeV. Moreover, phase shifts 

were extracted from the experimental data using the total cross-section 

data of ref. (9). The phase-shift analysis was performed assuming as a 

starting set the phase angles reported in ref.(') and ref . (4) . 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. 

no ''I J ; 
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Neutrons were produced by the reactions T(p,n)'He and n(d ,n)'He. 

The ions accelerated by the 5 . 5 MeV Van de G-raaff of the "Laboratori 

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

or deuterium absorbed in titanium. 

The carbon scattering s ample 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 ac cele r ator beam direction. 

The angular distributions of the neutron" olastically scattered by 

the sample were measured using a neutron time- of- flight spectrometer 

wit h n-y discrimination. The spectr omet er had two arms for the simulta

neous and independent measurement of the time- of- flight of neutrons 

scattered a t 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 situ<ited at 90° to the accelerator beam and a 

char ge integr a t or connected to the target . 

The measurements reported hereinafter were made for 8 values of 

the incident neutron energy E , t hat is, 1 . 98 , 2 . 24, 2.49 , 2 . 74, 2.98, 
n 

3 . 20 , 4 . 10 and 4 . 64 MeV; and for 13 values of the scattering angle 8 in 

the range from 30° to 150° . E is given in the laboratory reference 
n 

system. The background subtraction was performed for each value of the 

energy E and for each angle 8. The experi mental data were also correct-
n 

ed for multiple scattering in the sample . The absolute scale for the 

differ ential cross -sections was obtai ned by normalizing the integrated 

angular distrihution at E 
n 

= 2 .49 MeV to the value of the total cross-

section for the same energy found in the liter a t ure (9) . 

3 . - PHASE- SHIFT ANALYSIS 

The p~ase-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- O 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 

PL(cos 8) through the L-th order : 

(1 ) 

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 ('0) 

( 2) 

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

nce system and the the following expression: 

( 3) 
\' J,+y' 
L z'(e,J,e,J,;Y,L) x 

e,=J, -Y, 

where: s(e. ;J.) denotes the phase shift corresponding to the orbital an
l l 

gular momentum e. and to the total angular momentum J.; 
l l 

z(e,J,e,J,;Y,L) = iL-e,+e'[t,t,J,J,W(e,J,e,J,;y,L)<LOie,e,oo> 

1: where a = (2a+1) '; 

W(abcde;fg) are the Racah coefficients; 

<abicdef> are the Clebsch-Gordan coefficients. 

The relationship between the coefficients BL of Eq . (1), which are 

derived by fitting the experimental data, and the coeffic~ent AL of 

Eq.(2), which are related to the phase shifts through Eq.(3), is: 

L z'(e ,J, e,J,;Y,L) sinS(e,;J,) x 
J, J.e, e, 

x sin 

... 0 q .; .. 
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The analysis of the experimental data by means of the sum (1) was 

carried out up to Lmax = 4. 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 0 ~ L ~ 4 , the following expressions for the 

coefficients AL are obtained: 

A2 = 4lJ(0/2; 2';12 )+6D(0/2; 2% )+4lJ( 1/2; 1 ';12 )+2D( 1';12; 1';12 )+2D(2';12; 2';12) + 

+' % [D(2';12;2%) + 2D(2%;27'2)] 

where 

D(e,J , ;e2J2) = sin 6 (e, ;J, )sin 6 (e 2 ;J2 )COs [6(e, ;J, )-6(e2;J2)] 

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 requirements I • 

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

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

phase-shifts, 

c) over a resonance one phase shift must increase by about 1800 with 

increasing energy. Moreover, It mus t be noticed ( ") that cos8 (e . ; J. ) 
1. 1. 

is a symmetric function and sin 6 (e . ; J.) is an antisymmetric function 
1. 1. 

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 6 (e; e+ 12) are interchanged with the phas e angles 

6(t;t-/2 ) for all values of t. 

:;10 
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The independent set of phase shifts which is 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 ("): 

where 

( ) .. ad Pr,(cos ,9) 
PL cos 8 = Slnu d(cos 8) 

Now, the coefficients CL are related to the phase angles o(ei;J j ) 

which appear in Eq.(2) through the relation 

where 

where 

x(J,e,Y2;J2e2Y2;LL 1) = (_) s >. [z2 w(e, J2 Y2 L;z J,) x 
~z 

Then, the expressions of the coefficients C
L 

for a S L S 4 are the fol

lowing: 
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where 

p(t,J,;t2J.,) = sin5(t, ;J, )sin5(t2;J2)sin[5(t, ;J, )- 5(t2;J2)). 

4 . - RESULTS 

In Figures 1 and 2 are plotted the angular distributions of the 

neutrons elastically scattered by '2 C which were measured a t the eight 

values of the incident neutron energy En' from 1.98 MeV to 4 . 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

shift 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, 

given by Wills , Bair, Cohn and Willard (') 

were us ed. 

the sets of phase-shifts 

and Lister and Sayres (4) 

In the energy range covered by the present analysis, the phase SY2 
and p/"2 appear to vary weakly. The variation of the phase d% around 

2.076 MeV is associated with the resonance at that energy. Similarly , 

the variations of the phase d/"2 are associated with the resonances at 

2. 95 MeV and 3.67 MeV, and the phase PY2 is associated with the reso

nance at 4 . 25 MeV . 

A resonance at 2 .815 MeV was observed by Cierjaks et al. (,3) 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 ener gy in

terval was left blank in the figures. 

The coefficients BL as a function of 

the analysis , are reported in Figs. 4, 5, 

E , which were obtained from 
n 

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. 

e), (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 shifts obtained in the present work 

can be checked by compari ng with experimental data found in t he litera 

ture the neutron polarization which can be calculated with the formula 

P(D,E) 
ap(D,E) 

= a (D,E) = 
L:LCL(E)Pt(COS D) 

L:L~(E)PL(cOS D) 

using the coefficient s 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 comparison is made with 
n 

the data of Elwin and Lane (6) and Purser et al. C~ for E = 2 .4 MeV, 
n 

and with the data of Gorlov et al. (') for En = 4.0 MeV and in Fig. 11 

with the data of Kelsey et al. C~ for E = 4.4 MeV . In Fig.12 the pre-
n 

dicted polarization for neutrons scattered through 48°23' and 94°48 ' in 

the energy range from 2 MeV to 2. 5 MeV, represent ed by the triangles 

connected by the continuous curve , is 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 

4 . 5 MeV,using the data of Wenzel and Steuer (7) , Miller and Biggerstaff 

(0) and Gorlov et al. ('), is shown . 
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Fig. 1 - Center-o f- mass differential cross-sections for 12 C(n,n)12 C for 
incident n eut r on energies of 1 .98.2.24.2.49.2.74 and 2.98 MeV. The 
solid curves were calcu l ated from the phase shifts of Table I and Fig. 3 . 
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Fig. 2 - Center-oi-mass differential cross-sections for 12 C(n , n)12 c 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 '2 C(n,n)'2C. 

En 8(0 , /',) 8(1 ,)'2) 
(MeV) 

8 (1 ,7'2) 8( 2,7'2) 8(2,';1,) 

1 ,98 - 91°27' - 5° 36 ' _2° 54' 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° 30' 

2,08 - 92° 21 ' - 5°46' - 3° 10°24' 170° 

2,1 0 - 92°36' - 5°48' - 3° 10°43' 173° 

2,15 - 93° 12' _5° 51 ' - 3° 2' 11 ° 28' 175°30' 

2, 20 - 94° 43' _5° 56' _3° 5' 12° 21 ' 176° 15' 

2,24 - 94° 9' _6° 6' - 3° 6' 13° 176° 30 ' 

2,40 - 96° 24' _6° 14' - 3° 13' 17° 3' 17r25' 

2,49 - 9r42' -6°25' - 3° 24' 20° 177°48' 

2,74 -1 01 °42' - 6°54 ' - 3°30 ' 30° 178° 

2, 80 -1 02°40 ' _7° 3' - 3°30' 38°30 ' 178° 

2 ,85 -1 03°24' - 7°12 ' - 3° 33 ' 50° 178° 

2, 90 -1 04° 8' - 7°19' - 3°36 ' 68°30' 178° 

2, 95 -104°50 ' - 7°30' - 3° 36' 95° 178° 

2, 98 -105°1 2' _7° 36' - 3° 36 ' 127° 178° 

3,00 -105°30' - 7°36' - 3° 39' 158° 177° 50 ' 

3, 05 - 106° 6' _7° 45' - 3° 42' 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° 174° 36' 

3,80 -111 °18 ' - 10°45 ' _8° 24' 282° 173°55' 

4 , 00 - 117°35' -11 ° 35 ' -1 0°44' 298° 173°15' 

4 , 10 - 118° _12° -1 2° 300° 173° 

4,20 -11 8°15 ' 36° -1 2° 305° 30 ' 172° 36 ' 

4 , 25 - 116° 24' 121°43' - 11°45' 308° 172° 27 ' 

4 , 30 - 117°18' 11 1°58' - 11°23' 310° 40' 172° 17' 

4 , 40 -115°12' 124° 8 ' -1 0° 29' 315° 45' 171° 57' 

4 , 50 -11 2°24' 132° 20' _9° 25 ' 321 ° 171°36' 

4 , 64 - 108° 140° _8° 328° 171 ° 
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Fig. 3 - The phase shifts for "C(n,n)"C plotted as a function of 
neutron energy (Lab): <> • 6 (0: ./.) , 0. 6 (1; ./.) , L::. ... 6 (1: :I.) , V T 6 (2 : ,/.) 
o • 6 (2: 5/.) . In this figure and in the following ones the energy in
terval from 2.8 MeV to 2.83 MeV has been lef t blank for the r easo ns 
explained in the text. 
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Fig. 4 The Legendre coeff ici ent Bo for 12 C(n,n)12 C plotted as a function 
of n eutron energy (Lab). The cu rv e was calc ul ated from t he phase shifts 
of Table I. Comparison with the results of Wills et al. (ref. (1)), 

Lister and Sayres (ref. (4)) and Metellini (ref . (14)) is shown. I:!.. this 
work , + ref. (1), 0 ref. (4) , • ref. (14). 
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Fig. 5 The Legendre coefficient B, for 12 C (n,n)'Z C plotte d as a function 
of neutron e nergy (Lab). The curve was calculated fro m the phase shifts 
of Table I. Comparison with the results of Wills et al. (ref. (1)), 

Lister and Sayres (ref. (4)) and Metellini (ref. (14) is sho wn. t;,. " this 
work, + r ef.( l), oref.(4), • ref. (14). 
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Fig. 6 - The Legendre coefficient S, for l'C(n, n)
12 c plotted as a function 

of neutron energy (Lab). The curve was calculated from the phase shifts 
of Tabl e 1. Comparison with the results of Wills et al. (ref. (1)) 
Lister and Sayres (ref. (4)) and Metellini (ref. (14)) is shown. c:, ... this 
work, +ref.(l), oref.(4), eref.(14). 
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Fig. 7 - The Legendre coefficient So for
12

C(n,n)l'C plottedasa function 
of neutro n energy (Lab). The curve was calculated from the phase shifts 
o f Table I. Comparison with the results of Wills et al. (ref. (1)), 
Lister and Sayres (ref. (4)) and Metellini (ref. (14)) is shown. t:; ... this 
work , + ref.('), oref. (4) , eref.(14). 
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Fig . 8 - Th e Legendre coefficient B4 for 12 C(n,n)12 C plotted as a function 
of neutron energy (Lab). The curve was calculated from the phase shifts 
of Table I. Com parison with the results of Wills et al. (ref. (1». 
Lister and Sayres (ref. (4» and Met e llini (ref. (14» is shown. 1::. .. this 
wo rk, + ref. (1), 0 ref. (4), • r ef. (14). 
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Fig. 9 - Calculated curve of the polarization o f neutrons scattered 
elastical l y by 12 C as a fun c tion of th e center-of-mass scattering ang l e 
for En = 3.1 MeV. Compari so n with the experimental data of McCormac et 
al. (5) i s shown . 
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Fig, 10 - Calculated curves of the polarization of neutrons scattered 
elastically by 12C as a function of the center-of-mass scattering angle 
for En = 2.4 MeV and En = 4.0 MeV. Comparison with the experimental data 
for En = 2.4 MeV reported by Purser et al. (0) (ref. (1 5 )) and Elwin and 
Lan e (e) (ref. (e)), and with the experimental data for En = 4.0 MeV 
reported by Gorlov et al. (ref. (3)) is shown. 
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Fig. 11 - Calculated curve of the polarization of neutrons scattered 
elastically by 12C as a function of the center-of-mass scattering angle 
for En = 4.4 MeV. Comparison with the experimental data of Kelsey el 
al. (ref. (16» is shown. 
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Fig, 12 - Calculated values, by means of Eq. (4), of the polarization 
of neutrons scattered elastically by 1 2C for center-of-mass angles 
48 0 23' and 94 0 48' (6. and solid curve). Comparison with the experimental 
data of Elwin and Lan e (ref. (6)) is shown. 
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Fig. 13 - Calculated values. by means of Eq. (4). of the polarization 
of neutrons scattered elastical ly by 12C for the center - of-mass angle 
135 0 (f::" and solid cu rve) . Comparison with the experimental data of 
Miller and Biggerstaff (e) (ref. (8». of Gorlov et al. (+) (ref. (3» and 
Wenzel and s teuer (0) (ref. (7» is shown. 
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TABLE II - Legendre coefficients for '2 C(n, n) '2 C. 

En 
BL(mb/sr) 

Bo B, B2 B3 B. 
(MeV) 

1, 98 133 - 9 33 -1 4 15 
2, 00 132 - 9 56 -1 4 16 
2,05 131 -11 44 -17 23 
2,08 137 ° 52 10 -26 
2,10 131 - 2 39 4 - 21 
2,15 126 - 5 35 - 1 -16 
2, 20 124 -7 38 -3 -14 
2,24 122 -8 41 -3 -1 4 
2,40 120 -1 2 63 -7 -14 
2, 49 121 -15 84 -9 -12 
2, 74 132 - 22 158 -1 3 - 13 
2,80 152 -25 230 -15 -15 
2, 85 183 -24 326 -14 -1 4 
2, 90 227 -1 6 444 -8 - 9 
2, 95 244 4 466 8 3 
2, 98 183 21 261 22 15 
3,00 101 12 38 17 11 
3, 05 81 -14 27 - 3 -5 
3, 10 99 -22 95 - 9 -1 2 
3, 20 138 - 26 222 -11 - 24 
3,40 195 13 378 - 3 -13 
3,60 198 9 378 9 -1 
3, 80 185 16 323 35 23 
4,00 152 24 21 1 60 39 
4,10 146 27 196 68 41 
4,20 150 60 134 40 45 
4,25 166 205 171 82 46 
4, 30 166 224 187 76 47 
4,40 144 173 125 74 47 
4,50 125 137 103 68 47 
4,64 104 101 77 58 44 
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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 12 C, (b) the behaviour and the absolute value 

of the total cross-section (this is obtained by multiplying by 4 rr the 

values of the coefficients Bo listedin Table IIor the values represent

ed by the PAQnts 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 polari zation was measured with an energy spread 

of 320 t 540 keV. To shed light on this, further experimental informa

tion would be necessary. 

Finally , it would be worthwhile to investigate the 12C(n,n)12C 

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 13 C states which can be associated with them. 



- 23 -

REFERENCES 

(') J.E. Wills, J.K. Bair, H.O . Cohn and H.B. Willard: Phys. Rev . 109 

(1958) 891. 

( 2 ) M.D. Goldberg, V.M. May and J.R . Stehn: Brookhaven Nat ional Labo-

ratory Report BNL-400, 2nd ed. (Office of Technical Services , De-

partment af Commerce, Washington, D.C., 1963), Vol. 1. 

(3) G.V. Gorlov, N.S. Lebedeva and V.M. Morozov: Dokl. Akad . Nauk . 

SSSR 3 (1964) 574. (English Transl. Soviet Phys. Doklady 9 (1965) 

806). 

(4) D. Lister and A. Sayres: Phys. Rev. 143 (1966) 745. 

(5) B.M. McCormac, M.F. Steuer, C. D. Bond and F . L. Hereford : Phys.Rev. 

108 (1957) 116. 

(6) A.J. Elwin and R.O. Lane: Nucl. Phys. II (1962) 78. 

(7) B.E. Wenzel and M.F. Steuer: Phys. Rev . 137 (1965) B80. 

(8) T.G. Miller , J .A. Biggerstaff: Nucl. Phys. A124 (1969) 637. 

(9) J.R. Stehn, M.D. Goldberg, B.A. Magurno and R. Wiener-Chasman : 

Neutron Cross Sections, Brookhaven National Laboratory Report BNL-

325, 2nd ed., Suppl . N. 2 (Office of Technical Services , Depart

ment of Commerce, Washington, D.C., 1964), Vol. 1. 

('0) J.M. Blatt and L.C . Bidenharn: Rev. Mod . Phys. 24 (1952) 258. 

(") G. Pisent: Helv. Phys . Acta 36 (1963) 248. 

(12) A. Simon and T.A. Welton : Phys. Rev. 90 (1953) 1036. 

(,''-) S. Cierjaks, P. Forti, D. Kopsch, L. Kropp, J. Nebe and H. Unseld: 

Kernforschungzentrum Karlsruhe Report, KFK 1000/EUR 3963e/EANDC(E)-

111 "U" (June 1 968) • 



- 24 -

(U) A. Metellini: thesis, University of Padua (1970) Q~published . 

(' 5) P S F.O . urser, J. R. awers, W.D. Andress, G.L. Mo rgan and R.L. Wal-

ter: AEC Washington Report, WASH-1048 (1964), p . 33, (unpublished) 

(16) C .A. Kelsey , S. Kobayashi and A. S . Mahajan: Nucl. Phys. 68 (1965) 

413 . 

* * * 




