
" 

- - . 

ISTITUTO NAZIONALE FI S ICA NUCLEAR E 

I NFN / BE - 73 /2 

20 Giu g no 19 7 3 

F, Demanin s , L, Grana t a, G, Nard e ll i and G. Paul i 

ELASTIC SCATTERING OF FAST NEUTRONS BY 6Li AND 12C 

BETWEEN 1,93 MeV AND 4,64 MeV 

![AV l l I O II " IIODUZ I OM[ DI LL A 

S[210N[ 0 1 TlIllSTl OI L L' l lltM 



ELASTIC SCATTERING OF FAST NEUTaONS BY 61i AND 12C BETWEEN 

1, 98 MeV AND 4 ,64 MeV . 

F . Demanins, 1 . Granata and G. Pauli 

Istituto di Fisica, Universita di Trieste and Istituto 

Nazionale Fisica Nucleare - Sezione di Trieste 

G. Nardelli 

Istituto di Fisica, Universita di Padova and Istituto 

Nazionale Fisica Nucleare - Sezione di Padova 

3 



A measurement 

from 6Li and 1 2e 

described . 

SUMMARY 

of the angular distribution of neutrons scattered 

at eight energies between 1,98 lfl eV and 4,64 MeV is 

The differential cross- section deduced from the measured angular 

distribution are reported and compared with the data given by other au

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 described is the neutron spectrometer with two detection chan

nels, which has been used f or the experiment . 
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INTRODUCTION 

This report describes the methods and the results of an experimen

tal study of the scattering of the fast neutrons from 6Li and 12 C, whi ch 

was undertaken in the effort of providing information on the differential 

cross- sections with a 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 dat a of this work belong to a series of data 

obtained in the course of measurements per formed 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 6Li and '2 C have been measured for eight values of 

the incident neutron ener gy in the interval from 1. 98 MeV t o 4- . 64- Me V. 

The angular distributions have been determined at thirteen angles in the 

interval from 30 0 to 14-0 0
, in the laboratory frame of re f erence . The 

differential and the total elastic cross- sections have been then deduced 

from the angular distributions. 

Several experimental studies of the neutron scattering from 6Li 

and '2 C 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 different i al and the total elastic cross - sections for 6Li are com

pared with those given by Batchelor et al. (2) for incident neutrons 

energies of 3.35- and 4-- MeV, and with those given by Hopkins et al . ( ' ) 

f or 4- .83 MeV . The differential and the total elastic cross - section for 

'2 C are compared with the results given by Wills et al . (4 ) for incident 

neutron energies of 2.02-, 

(') 8 for 2. 2 MeV , 

Budde et al . (6) for 

Walt et 

3.20 MeV 

2.28-, 2. 51 -, 2.76-, 

al . (6) for 4- .10 MeV, 

and Galati et al. (' 0 ) 

4- .10- MeV , Lane et al. 

Perey (1) for 4- . 6 MeV, 

for 3. 20-, 4- .10-, 4- .64-
MeV . The total elastic cross-sections for '2 C are also compared with 

the data of Cierjaks et al. (9), Listeret al. ( ' 0), Metellini (") , Glasgow 

et al.('2 ) , Bockelman et al . ('3) and Boschung et al.( '4 ) . 
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EXPERIMENTAL METHOD 

The me asurements described herewith have been carried out 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 ' I NFN di Legnaro " and a two- angle detector 

system capable of making simulta neous time-of- flight measurements at two 

s cattering angles . Pulsed beams of deute r ons and protons having a repe

t i tion frequency of 3 MHz and a pulse length of 2 -;- 3 ns have been used . 

During the measurements, t he particle beams were analysed in moment um 

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)'He and D(d , n) ' He 

r eactions, using targets of tritium adsorbed in titanium in the first 

case and t argets of deuterium adsorbed in titanium in the latter case . 

For the experiments, the scattering samples wer e submitted to bombarda

ment of neutrons emitted at 0° with respect to the charged particle beam 

direction and having energies E of 1. 98-, 2 . 24- , 2 .49-, 2. 74-, 2 . 98-, 
n 

and 3 . 20- MeV in the case of t he T+p reac tion and 4 . 10- and 4 . 64- MeV in 

the case o~ the D+d reaction . 

The scatt ering s amples were right cylinders 2 , 5cm in diamet er and 4 

cm hi gh . They wer e pla ced with their axis perpendicular to the incident 

neutron beam direction and ata dis tance of 10 cm from the neutron source . 

The carbon sample was madeaf nuclear gr ade graphi t e;isotopic enrichment 

for the sanple of 6 Li wa s 95 , 3% and the s ample contained less t han 2% of 

i mpurities, the major component being oxi gen . 

Both samples were enclosed in a luminium cans of 0 . 01 cm thickne s s 

and wer e keptin the neutron beam by means thin nylon threads. The back

ground was measured using an emtpy aluminium can . 

The two neutron detectors were placed on the two arms of a gonio

me t er, whose axis was coincident with the axis of the scattering sampla 

Each detector was placed at a distance of 2 met ers from t he scattering 

s ample s . The detec tors were sorrounded by cylindrical shields contain

i ng water and boric ac i d , and by par affin and lead as is shown schema

ticallyin figure 1 . The detectors were also shielded agains t the source 

neutrons by additional shields placed close to the targe t on the goni o

meter arms . 

This detector system associated with the pulse neutr on source de -

r , 
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Fig. 1 - Arrangement of the spectrometers and of the shiel ds with respect 

to the neutron source T and the scattering samp]e S. during the measure

ments. 
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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 

s pectra 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 

fourtee nth dinode for a 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 

t he start of two time-to-ampli tude converters, one of which used for 

the time- of- flight analysi s and the other for the n- y discrimination 

analysis. The stop to the converter of the fast channel is given by the 

pulse, conveniently delayed, supplied by a capac itive pick- up surround

ing the ac celerator beam . 

The stop to the converter of the n-y discrimi nation channel , is 

supplied by a Forte circuit ('5) . The output of the first converter is 

fed to the multichannel analyzer which registers the time- of-flight spec 

trum, in coincidence with a 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 subgr oups 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 us ing for both detectors the same circuits for the 

spectrometry and for the n-y discrimination . The low- energy cut- off of 

the de t ector 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 gamma rays of the 24'Am . This corresponds for the neu

trons to an energy threshold of 450 keV ('6 ) . 
The level of the low- energy cut- off as well as the efficiency of 

the n-y discrimination system have been fre quently verified during the 

neutron scattering runs . 

r, 
o 
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The efficiency of the detectors have been determined by measuring 
3 3 

the neutron flux emitted at OOin the T(p,n) He and D(d , n) He reactions , 
. ( ' 7, ' 8) us i ng the cross - sections reported in the llterature and by mea-

suring the n- p elastic scattering . 

The ncrmalization 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 scatter ing 

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 r esolution in the case of ' 2C scatter i ng sam

ple, since the neutrons are scattered only elastically by carbon . 

The situation is rather different f or the 6Li sample . In this case 

there are three react ions giving groups of neutrons whose wi dth depends 

upon the width of the level which is being excited . The three reactions 
* * are; 6Li(n,n)6Li; 6Li(n,n / )6Li ~ 6Li + Y; GLi (n , n/ )6 Li ~ a + d, and 

the levels which are brought i nto play in the present experiment ( ' 9'20 

2 ' ) are the level a t 2 . 184 MeV (3+ , T = 0) and the level at 3 . 560 MeV 

(O~ , T = 1) . The width of these levels are equal to 25 ± 1 keV and 5keV 

respectively . In the case of 6Li there are also other reactions which 

emit neutrons with a continuous energy distributions. There a r e the reac

tions 6Li(n,d)5He -> a + n, having a Q- value equal to - 2 .428 MeV, and 

6Li (n,dn')a breaking-up into three bodies and havingaQ- value of -1. 471 

MeV . One more reac t ion to be considered , which gives neutrons wit h a 

continuous energy spectrum , is the reaction 6Li (n,2n)a having a Q- value 

of - 3 . 696 l',;eV . This r eaction produces neutrons twice as much as the 

other reactions but the larger production is compensated by a lower cross

-section than for the other reactions (22) . 

As an example of the data which were obtained with the spectrometer 

described above , in figure 3 is reported the spectrum measured with the 

6Li sample , for an incident neutron energy of 4 . 64 MeV and a scattering 

angle 30 0 in the laboratory reference system . In the same figure is also 

reported t he background spectrum which was measured for an i dent ical to

tal amount of charge collected at the target . The structures of this 

spectrum are caused by the shields and collimators. 

10 
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COMPARISON WITH THE CALCULATED DATA 

The experimental data for the elastic scattering of neutrons from 

6 Li and ' 2 C obtained ill 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 

(23) . The compound elastic scattering has been evaluated with the equa

tions (13,16,17,18,19) given by Sheldon and Van Patter (24) 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 (2 5), and the 

gaussian potential . The parameters used for these two types of poten

tials and for both the nuclei are reported in Table 1. 

V 

W 

a 

TABLE 1 

Perey- Buck 

49 , 3-0, 33 E (MeV) 
n 

5,75 MeV 

1,25 f 

0,65 f 

0 ,70 f 
11 MeV 

Gaussian 

50 MeV 

7 MeV 

1,25 f 

0,65 f 

0, 98 f 

19 MeV 

No attempt has been done in orderto i mprove 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 t o obtain a better agreement by just varying such 

parameters . 

RESULTS 

The angular distributions of t he neutrons elastically scattered by 

6 Li are shown in figure 4 for the incident neutron ener gies of 1 . 98-, 

2 . 24-, 2 .49-, 2 . 74- MeV , and in fig . 5 for 2 . 98-, 3.20-, 4 .10- and 4 . 64-

MeV . 

For the sake of comparison, in fig . 5 , at 3 . 20- and 4 .10 MeV, are 

I 
I 
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Fig. 4 - Angular distributions of neutrons e l astica ll y scattered from 6Li: 

• experimental data 
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fig. 5 - Angular distributions of neutrons elastically scattered by 6Li : 

• pres e nt work 

o Batchelor and Towl e (Ref. 2) 

/'; Hopkins and Drake (Ref. 3) 

- optical model and gaussian potential 

--- optical model and Pe r ey -Buck potential_ 
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shown the data obtained by Batchelor and Towle (2) through a best fit 

of the experimental data at 3 .35- and 4.0 MeV respeotively. 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 satisfactory in spite of the energies not being 

quite the same. A comparison is also made between the data for 4 .64 MeV 

and the data of Hopkins and Drake (3) for 4 .83 MeV . 

In fig.3 and 4 are also shown the differential cross -s ections ob

tained with t~e 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 energies at 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 asafunc

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 12C 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 (26) which was ccncerned with a phase -shift analysis of 

the experimental data reported in this report. 

Also in the case of carbon the results of the present work are com

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

or at slight different 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. (5) 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 MeV; the data 

at 3 . 20 MeV with those at 3.20 MeV of Galati et al. (30) and of Budde 

and Huber (") ; the data at 4 .1 0 MeV with those at 4.10 MeV of Wills et 

al. and of Walt and Beyster ( 6), and with those of Galati et al. at 

4 .075 MeV; the dataat 4.64 MeV with those of Galati et al. at 4 .64 and 

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

e 
C .M. 1,98 MeV 2, 24 MeV 2,49 MeV 2,74 MeV 

34°48' 101 106 114 130 

52° 18' 96 111 108 109 

62° 34' 99 101 106 98 
71 ° 34 ' 90 97 104 90 
79°10' 94 98 99 86 

8r25' 92 82 91 87 
99°38' 94 98 98 96 

111°25' 94 103 94 100 

119° 89 106 100 105 
125° 34' 93 104 11 5 112 

133° 8' 97 116 118 11 6 

141°20' 96 128 121 124 

154°48' 101 124 124 146 

(a) 
aTe 1197 1321 1334 1364 

-- -

(a) Total elastic cross- section (mb) 

for 6 Li, estimated absolute errors are 10%. 

2, 98 MeV 3,20 MeV 4 ,10 MeV 4 , 64 MeV cos8 

141 178 208 274 0,8211 

113 125 161 155 0,611 5 

100 100 128 104 0,4607 

90 85 102 75 0,3162 

87 85 80 57 0,1880 

82 89 80 54 0,0451 

83 85 68 39 - 0,16 (j 

86 94 57 42 -0,3651 

96 93 68 40 -0,4848 

101 93 67 47 - 0 , 5816 

111 105 89 46 -0,6837 
121 1 21 83 54 -0, 7808 

135 145 95 66 - 0,9048 

1311 1406 1338 1254 

'" a 



TABLE 3 - Differential el astic cross - sections (mb/ster) for 12C . Estimate absolute err ors are 10% 

S 1,98 MeV 2,24 MeV 2,49 MeV 2,74 MeV 2,98 MeV 3,20 MeV 4,10 MeV 4,64 MeV coss 
C .M. 

32°24' 117 140 152 212 361 251 297 261 0,8443 

48° 55' 124 131 131 182 283 195 222 188 0,6572 

58° 40' 129 117 108 115 178 96 115 124 0 , 5200 

6r17' 130 110 96 94 125 67 68 89 0,3d62 

74°37' 122 100 89 79 95 59 67 79 0 , 2653 

82°41 ' 127 93 82 48 65 44 62 70 0,1274 

94°48' 125 103 76 46 55 '" 23 56 72 -0,0837 ~ 

r •. , 106° 41 ' 118 108 92 72 85 55 92 62 - 0,2871 
\0. 11 4°25' 119 116 106 99 104 99 110 59 - 0,4134 

121°16' 118 123 124 127 138 134 116 49 - 0 , 51 90 

129°10' 123 145 156 160 195 183 138 42 - 0,6316 

137° 55' 134 147 161 212 260 245 184 48 -0,7422 

152° 24' 174 164 195 282 356 340 253 54 - 0,8862 

(a) 
aTe 1671 1533 1520 1659 2300 1734 1835 1307 

(a) Total elastic cross- sections (mb) 
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with those of Perey (7) a t ~.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 data of the other authors, either for 6 Li and for 

1 2 C, are reported in the figures without the errors in order to simplify 

the drawings . 

The total cross-section for '2 C measured as a function of the in

cident neutron energy is d isplayed in fig . 10. The data obtained from 

the angular distributions of the present work are compared with the da

ta given by Wills (4),by Clerjaks et al. (9),by Lister and Sayres ( ' 0~ 

by Metellini ( " ) ,by Glasgow and Foster ('2), by Bockelman et al. (13 ) 

and with the datum at ~ . O~ MeV given by Boschung et al. (14). The data 

of Cierjaks e t al . were obtained by means of trasmission measurements 

performed with a continuous neutron spectrum and the time- of-flight~ 

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 

(r = 6 keV) and 2.82 MeV (r ~ 5 keV) (Ref. 27) all the measured values 

are shown . The measured total cross-sections turn outta be larger than 

the total elastic cross - section, obtained in t he present work and by 

other authors (4)('0)(")( ' 2)("), over almost the entire energy range 

whi ch has been considered. About t his point, one can say that the to

tal elastic cross -section , deduced from the angular distributions by 

ext r apolating t he data in the regions of small and large angles where 

there is lack of measurements, can result to 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 MeV. In this range, further inve

stigations are necessary, including small and large angles, about the 

angular distributions of the elastically scat t ered neutrons. It is 

worthwhile to notice anyhow that the measurements of the total cross

- section performed by Knowless and O'Dell (28), which covers also the 

energy range above mentioned, gave results smaller than those of Cier-
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Fig. 10 Total elastic cross section of neutrons for 12C plotted as a function of energy: 

... this experiment, • Cierjaks et al. (Ref. 9) (see text) 

o Lister and Sayres (Ref. 10). + Metellini (Ref. 11) 

I:::. Glasgow and Foster (Ref. 12), >< Bockelman et al. (Ref. 13) 

o Wills et al. (Ref. 4), \J Boschung et al. (Ref. 14). 
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jaks et al . . Such measurement was carried out with a Linac, and t hen 

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 differential cross - sections for the compound elastic scatter 

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

do = ~ "7c 
2 Z N C W T P (cosB) (1 ) 

dD 8 v 

The first three terms of the summation a r e in the cas e of the elastic 

scat teri ng 

N 

<vo I j j 
1 1 1 1 

C = 2 -2-' <vo I j j "2 - 2" , , 2 2 

W = W'J J . . vJ ) W(J J j j ; vJ ) \ " J , J, ; 0 , , 2 2 2 

with 

where Jo i s the spi n of the ground level of the target nucleus , J the , 
spin of the compound nucleus, jk and tk the spins and orbital angular 

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

shabach penetrability term is 

as a function of the t r asmission coefficients . 

This is valid in general and in particularly 
+ 

for t he 6 Li whose 

transition is of the type 
+ 

1 ~ J 1T -+ 1 • , , 
, 2 

In the case of C, which is characterized 
+ 

by the transition 0 

~ J 1T ~ 0+, being equal , , the spins, j = J , , 
gular moment aof the entry and exit channels, 

terms of the summation in Eq . (1) become 

= j , and the orbital an-
2 

t = t , the first three , 2 
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N = 
(_1)2Jo - 2J, - 1 (2J +1) 4( 2J +1) - 1 

1 0 

C = [<vOIJ J "2 
_~>J2 

1 1 2 

W = [W(J J J J ; vJ J < 

with 

o < v < 

1 1 1 1 

2J 
1 

0 

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 

The product NCW, in which appear terms indipendent of the energy 

ann angle, can now be grouped into a single f~ctor which can be tabu

lated, as reported in a previously mentioned work (24) . Eq (1), then, 

becomes 

P (cos8 ) 
v 

+ 
The values of the coefficients a for the transition 1 ~ J rr ~ 

iv 1 1 

~ 1+ which have been used in the present work for calculating the an-

gular distributions of the compound elastic scattering for 6 Li nucleus 
+ + 

are listed in table 4 . The values for the transition 0 ~ Jrr ~ 0 
1 1 

for the 12 C necleus are listed in t able 5. 
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TABLE 4 - 1+ ~ J rr ~ 1+ transition s equence 
1 1 

f, j Jrr f, j2 a. a. 
1 1 1 1 2 lO l2 

° 1/2 1/2 
+ 

° 1/2 0,66667 

2 3/2 0,66667 

3/2 
+ 

° 1/2 1,33333 
2 3/2 1, 33333 

5/2 1, 33333 
1 1/2 1/2- 1 1/2 0, 66667 

3/2 0, 66667 

3/2 
- 1 1/2 1 , 33333 

3/2 1,33333 

3 5/2 1,33333 

3/2 1/2- 1 1/2 0, 66667 

3/2 0, 66667 
3/2- 1 1/2 1, 33333 

3/2 1 , 33333 0,05333 

3 5/2 1 ,33333 0,21333 

5/2 
-

1 3/2 2,00000 1 ,12000 

3 5/2 2,00000 1,051 42 

7/2 2,00000 1 ,42857 

3/2 
+ 

2 1/2 0 1/2 0, 66667 

2 3/2 0 , 66667 
+ 

1/2 3/2 ° 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 

4 7/2 2,00000 1, 42857 

5/2 
+ 

1/2 3/2 0 1,33333 
2 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 

4 7/2 2,00000 1,34110 
+ 

7/2 2 5/2 2,66667 2,33236 

a . 
l. 

0,03498 
-0,15473 

0,76967 
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e, j , J IT e, 
j2 a. a Ct. , , , 2 1 i 1 

0 2 4 

2 5/2 7/2~ 4 7/2 2,66667 2,20278 0,53644 

9/2 2,66667 2,53968 1,14285 

3 5/2 3/2- 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 
7/2- 3 5/2 2,66667 2,33236 0,76967 

7/2 2,66667 2,20278 0,53644 
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 0,1 3994 
7/2 2,66667 2,08040 0,37388 

9/2- 3 7/2 3,33333 3,39506 1 ,96970 

4 7/2 5/2" 2 3/2 2,00000 1,42857 
5/2 2,00000 1,34110 -0,15743 

4 7/2 2,00000 1,82216 0,70845 
+ 

5/2 7/2 2 2,66667 2, 21818 0,13994 

4 7/2 2,66667 2,08040 0 , 37388 
9/2 2,66667 2,39858 0,79654 

9/2+ 4 7/2 3,33333 3,39506 1,96970 
9/2 3,33333 3, 25476 1 ,62534 

9/2 7/2+ 2 5/2 2,66667 2,53968 1,14285 

4 7/2 2,66667 2,39858 0,79654 
9/2 2,66667 2,76534 1 ,69696 

9/2+ 4 7/2 3,33333 3,25476 1 ,62534 
9/2 3, 33333 3,13422 1,34119 

11/2~ 4 9/2 4,00000 4,37565 3,14581 
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+ + 
TABLE 5 - 0 .. J rr .. 0 tra nsition sequence 

1 1 

e, j, Jrr e, 
1 1 1 2 

1/2 
+ 

0 1/ 2 0 

1 1/2 1/2- 1 

3/2 3/2- 1 

3/2 
+ 

2 3/2 2 

5/2 
+ 

5/2 2 

3 5/2 5/2- 3 

7/2 7/2- 3 

7/2 
+ 

4 7/2 4 

9/2 
+ 

9/2 4 

j 
2 

1/2 

1/2 

3/2 

3/2 

5/2 

5/2 

7/2 

7/2 

9/2 

"" ... U 

ex 
io 

2,00000 

2,00000 

4 , 00000 

4 ,00000 

6, 00000 

6,00000 

8 ,00000 

8 ,00000 

10,00000 

ex 
i2 

4 ,00000 

4 , 00000 

6 ,85714 

6 ,85714 

9, 52380 

9, 52380 

12 ,12121 

ex 
i. 

5,1 4285 

5,1 4285 

8 ,41558 

8 ,41558 

11, 32867 
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