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A TABULATION OF NEUTRON ENERGIES FROM 

MONOERGIC PROTONS ON LITHIUM 

by 

A. S, Langsdorf, J r . , J. E. Monahan, W. A. Reardon 

L Introduction 

The high energy voltage sca le in the vicinity of one to three mil l ion 
vol ts has been cal ibrated to an accuracy of about 0.1% A'^f The ability to 
control voltages of e lec t ros ta t ic ge ne ra to r s in th is region i s now such that 
a re la t ive p rec i s ion of a few hundredths per cent can somet imes be c la imed. 
Hence at t i m e s calculation of neutron energy from the Li ' (p , n) Be^ react ion 
demands calculation to an accuracy exceeding 0 . 1 % , if loss of p rec i s ion i s 
to be avoided. Such calculat ions made repeatedly a r e tedious. The a c c o m ­
panying tables a r e intended to give neutron energ ies from the Li'^(p, n) Be r e ­
action to about 0.01% or 10 ev, whichever is l a rge r , in t e r m s of the input data 
considered a s numer ica l ly exact . 

In connection with p repara t ion for calculation of these tab les , con­
s iderable work has been done to develop a convenient form of re la t iv i s t ic 
equation. Also a number of sou rces of shift, spread or e r r o r in neut ron 
energ ies have been studied. The r e su l t s may be of use in refined m e a s u r e ­
ment s or analys is not only of the Li''(p, n) B e ' react ion, but a l so of other 
two-body reac t ions , whether they yield neut rons or charged p a r t i c l e s . The 
r e s u l t s of these s tudies a r e summar i zed in the following sect ions . 

In case u s e r s of these tab les d iscover e r r o r s , it will be apprecia ted 
if they notify the au thors . Send the cor rec t ion to A. Langsdorf, D203-G113, 
Argonne National Labora to ry , Lemont , I l l inois. 

II. Theory 

The completely re la t iv i s t ic express ion for the energy of an outgoing 
pa r t i c l e in a two-body reac t ion may be der ived in seve ra l ways . See, for 
example . Chapte rs I and II of Landau and Lifshitz. l^j The r e su l t may be 
wri t ten 

4m3 D - AB t 2̂ D (B^ - Zma AB 4- 4m|"D) (l) 

'^ A^ - 4D 

in which 

A = 2[m3 + m4 + Ti + Q] (2) 

B = 2Ti [mi - m4 - Q] - (2m4Q + Q^) (s) 

h ' 
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D = Tj ( T I + 2mi) cos^ 0 """ (4) 

m | is the r e s t m a s s of the incident par t ic le (proton) 
mz is the r e s t m a s s of the s ta t ionary ta rge t a tom (lithium -V) 
m3 is the r e s t m a s s of outgoing par t ic le of i n t e r e s t (neutron) 
m4 is the r e s t m a s s of the other outgoing or r eco i l a tom (beryll ium -7) 
Tj i s the kinetic energy, in m a s s uni ts , of the pa r t i c l e of m a s s m^ at 

the moment of coll is ion 
T3 is the kinetic energy in m a s s units of the pa r t i c l e of m a s s 1x13 
6 is the angle between the di rect ion of motion of mj and m3 in the 

labora tory f rame of r e f e r ence . 

Q = (mi + mg ~ ™-3 "" 1^) is the reac t ion energy in the center of m a s s 
s y s t e m . (5) 

When Q is negative, as in the case of in te res t h e r e , a threshold energy 
exis ts below which no react ion can occur . This will be called Tf-j, or the 
"forward threshold ," because it is the min imum value of Tj which can give 
a r e a l value of T3 from equation ( l ) . We find 

Tft = -Q 
^ ^ m . Q 

m2 2m2 
(6) 

Tft is the threshold which Herb , et aL ,U/ m e a s u r e d to be 1.882 Mev 
and which in the tabulation has been assumed to be 1.88200 exactly. 

Another threshold we make use of is the "back- threshold ," r e p r e ­
sented by Tbt- This is the value of Tj above which neutrons a r e emitted at 
angles©^90°. We find 

Tbt = -Q m2 - ms 2 ^m2 - mg/ (7) 

The re la t iv is t ic equation (l) can be made to appear a lmos t like the 
c l a s s i ca l express ion as given by Hanson, et al.,^3j if in equations (l) through 
(4) we subst i tute according to these defining equations: 

m4 = m4 + Q = mj + mg - m3 (8) 

Q ' = Q [1 - (Q /2m4l] (9) 

/i = cos e (10) 

^ , m;(m; + m3) L _^^^Qz\ m) 
m j m3 1̂  11:14' Tj / 

J t » 



wi th the r e s u l t : 

(mj + xiilr 

w h e r e ^ j , JSZJ and ^3 a r e c o r r e c t i o n f a c t o r s c l o s e to un i ty g iven by 

(12) 

^1 = 
1 + ( T i / 2 m i ) 

2Ti f _ 2rY^os^ 0 \ Tf (1 -'HoP'e) 
m i + m2 / (mil + ni^J^~~ mi + m2 

^2 = [1 + ( T i / (mi + ma)} ]/[l + (Ti /2mi)] 

1 + r T i / ( m i + m 2 ) i r i + ^ (1 " • ^ + ^ ) " 
n L JL 2m3 \ nT4 Ti ; . 

(13) 

(14) 

(15) 

E x p r e s s i o n ( l 2 ) , w i th y. and z g iven by (lO) and ( l l ) , b e c o m e s j u s t H a n s o n ' s 
e x p r e s s i o n if one iden t i f i e s o u r m4' 'and Q ^ ' w i t h h i s 1x14 and Q, r e s p e c t i v e l y , 
and m a k e s t h e a p p r o x i m a t i o n t h a t jSi = ^2 = 1̂ 3 = 1 • 

It is d e s i r a b l e to e l i m i n a t e ml; t hen 

w h i c h m a y a l s o be use fu l ly w r i t t e n a s 

C [ I T -— 

z^ m i T j 

(16a) 

(16b) 

2 ^ ) ( - . + - E ) ^ 

F r o m e q u a t i o n s (7) and (9) w e ob ta in 

QI1= T b t "TlZ " ™3 
Ti Ti m i + m2 - m^ 

by a id of wh ich , f r o m ( l l ) and (15), one o b t a i n s 

(17) 

(mi + m2)(m2 - m 

m i m3 ^(' -?f) 
1 + 

^ 3 = • 

T i / ( m i + m2) 1 + m^ - mg 
2 m i 

l~+l l \72^i^ 

1 - T b t 

(18) 

(19) 

E x p r e s s i o n s ( l 3 ) , ( l 4 ) , ( l 6 a ) , ( l 8 ) , and ( l9) w e r e the o n e s a c t u a l l y 
u s e d in c a l c u l a t i o n of t h e t a b l e s in t h i s r e p o r t . The i n d e p e n d e n t p a r a m e t e r s 
in the equa t ions w e r e m i , m j , m^, and Tft- The v a l u e of T b t ^^^ c a l c u l a t e d 
f r o m e q u a t i o n s (6) and (7). It is a l s o a t t i m e s c o n v e n i e n t in s u c h c a l c u l a t i o n 
of T b t *° "S® 

b'-.;. l l 



. ^^ t ° Tft m ^ m j ^ L . - M 2 m i ) _ (20) 
Tft (mi + mi2)(m.2 - m.3) i - [Q/2 (mi + mij] 

in which express ion only a rough value of Q suffices. 

After the actual tables w e r e computed, it was observed that jSj, 
equation (l9), is constant to within 4 p a r t s per mil l ion for the Li'^ (p, n) Be"̂  
react ion up to Ti = 10 Mev. This occurs because mj and m3 a r e near ly 
equal; even thei r sl ight difference is in a direct ion to make ^3 m o r e near ly 
constant. One obtains very closely, 

^3 = 1 - [Tbt (ni2 - m3)/2m3 (mj + mz)] . (I9a) 

F o r the m a s s e s adopted in the calculat ion, ^̂ 3 is equal to 0.999234. 
(At Ti = 10 Mev, the exact value of ft is 0.99923196.) 

A useful approximation for ^1 , accu ra t e to a few pa r t s in 10^ up to 
10 Mev proton energy, is the l inear expansion 

^^ . 1 ^ ^..Jx^ (--^; 3mi ^ 4mi cos^Q \ ^ 3 ^ ^ 
"̂  mi + m^ V 2mi mj + ni2 / 

III. Investigation of Shift, Spread, or E r r o r in Neutron Energy 

A. A p re l imina ry calculation of e r r o r s resul t ing from the 
c l a s s i ca l formulation showed that they might somet imes be of the o rder of 
0 . 1 % . The amount of e r r o r in the c l a s s i ca l case depends on just what degree 
of approximation is employed. Rather than to exhaustively analyze the p r o b ­
lem to find just when the calculation could be made c lass ica l ly and when it 
should be made re la t iv is t ica l ly , it was s impler to make the LB.M. machine 
ins t ruc t ions everywhere fit the re la t iv is t ic equation. 

In the following ana lys i s , the c l a s s i ca l express ion obtained from 
(16) by setting ^i = ^2 = ^3 = 1 will be employed,* i .e . . 

*We re ta in equation (I8) a s the definition of z, c lass ica l ly , since this 
is most convenient for de terminat ion of energ ies near ze ro at back-
ang les . " If, inaddit ion, we re ta in equation (7) in the calculation of 
E|j^ , then E£^ is not co r rec t ly given by equation (6). However, the 
difference is only about one pa r t in 10^, and is not worth further 
considerat ion. One may also be consistent if one defines: 

E^t ~ "^ (™-i + m2 - m3) / (m2 - mj) and Eft = -Q(mi + m2) /m2 

for purposes of c lass ica l calculation. 

bL.. j U.J 



' (mi + xn^f (Zfi^ + z t 2^ '^fi^ + z ] (21) 

o r 

^ - - ( ; e r ^ ='(-''^iA^^^)' (21a) 

The s e c o n d f o r m , (21a) , i s c o n v e n i e n t to u s e , b e c a u s e of the 
c i r c u m s t a n c e t h a t t he b r a c k e t in (21) i s a p e r f e c t s q u a r e . The s y m b o l E i s 
u s e d fo r e n e r g y c a l c u l a t e d c l a s s i c a l l y o r only a p p r o x i m a t e l y r e l a t i v i s t i c a l l y , 
wh i l e T i s r e s e r v e d for the fully r e l a t i v i s t i c k i n e t i c e n e r g y . S u b s c r i p t s have 
the s a m e m e a n i n g a s when a p p l i e d to T . The r a inus s ign of the I jU t e r m only 
a p p l i e s in the "double e n e r g y " r e g i o n , t h a t i s , w i th jU p o s i t i v e and z n e g a t i v e . 
F o r a l l z p o s i t i v e c a s e s , ^ i s t a k e n w i th the + s ign c h o i c e so the |i i s p o s i t i v e 
when 0<9O° and n e g a t i v e w h e n 0>9O° . 

B . P o p p l e r Effec t - T h i s effect i s the l a r g e s t c o r r e c t i o n c o n s i d e r e d 
and i s qui te i iTiportant . 

F o r t h i s c a s e e q u a t i o n (21) i s mod i f i ed by c o n s i d e r i n g the t a r g e t 
a t o m to h a v e a t h e r m a l m o t i o n e n e r g y E j , w i th t h i s m o t i o n a t a n a n g l e a t o the 
a x i s p r o v i d e d by the d i r e c t i o n of m o t i o n of the i nc iden t p r o j e c t i l e of m a s s m i . 
We obta in 

in w h i c h w e i g n o r e the l ower e n e r g y g r o u p in the "doub le e n e r g y " r e g i o n . H e r e 

(23) jii - c o s « + V S - = ( « - " ) 
Z i = z 

•I- ."^l "̂  ™ 2 
m j 

t m i - m-\Liii..7.h^ 
m i E l 

2 , / ^ r - ^ c o s a 
m i Jii 

(24) 

On d i f f e r en t i a t i ng (22) wi th r e s p e c t to a and s e t t i n g ( S E a / S a ) = 0 
one o b t a i n s the ang le fo r w h i c h t h e change in E3 i s g r e a t e s t . It i s g iven by 

t a n â ^^ = s i n 0 / c o s Q -
m i El 
ro-3 E3 

(25) 

On i n s e r t i n g t h i s v a l u e of ttj^ in to (22) one o b t a i n s Esm- If t h e n E30 i s t he 
v a l u e of E3 for Eg =0, we def ine AE3 = 2 (£3^^ - Ejg,) to be the full s p r e a d 
in E3 for the spec i f i ed va lue of Eg, and c o n s i d e r AE3 a s a conven i en t m e a s u r e 
of the D o p p l e r e f fec t . ( A b e t t e r m e a s u r e would be o b t a i n e d by a s u i t a b l e i n ­
t e g r a t i o n of AE3 c o n s i d e r e d a s a func t ion of bo th E2 and a o v e r a l l a and o v e r 
a M a x w e l l i a n d i s t r i b u t i o n of Eg.) 

'J'J J . ' ^ ; 



The value of AE3 a s defined above is found to be given to a close 
approximation, neglecting some (always small) higher o rde r t e r m s , by 

^ = 4 _ /m2E2_ ^ m j E ^ ^ 2 ^ . ^ S \ ^ ^ (26) 
E3 . ^jd^ + z y mi El mi3E3 y mi Ei m3 E3 

It is to be noted that the Doppler spread is considerably l e s s for forward 
d i rec t ions than backward. The above express ion for the fractional spread, 
of cou r se , d iverges as E3 -̂  0. By aid of (22), equation (26) may be changed 
to give 

AE3 = 4 | 1 + - , " • — I l lm, E; ( m i El + mj E3 - 2ju Jmi Ei m3 E^ j 

V V / T ^ J (26a) 

so that a s z -»• 0 and E3 -«- 0, we find AE3 is given by ymi Ei m2 E2 multiplied 
by 8/(mi + mz) i f / i is posi t ive, 4 / (mi + mi2) if ^ is ze ro , and 0 if jU is negat ive. 

Some calculated values of A E3 and AE3/E3 a r e given in the table 
below to show the o rde r of magnitude of the effect. In these calculat ions 
E2 = 1/40 ev was used, and mi =' 1113 = 1, m2 - 7. 

It may be noted that the Doppler miotion makes a slight shift in 
the mean value of E3. The shift in the mean is much smal le r than the spread, 
and is genera l ly negligible. 

El 
Mev 

1.9217 

1.924 

1.931 

3.58 

2.71 

E3 

0 

90 ev 

1120ev 

1.003 Mev 

1.005 Mev 

z 

0 

.056 

.228 

21.94 

13.78 

0 

90° 

120° 

120° 

120" 

0° 

A E 3 / E 3 

.36 

.073 

4.76 X 10-4 

1.7 X 10"* 

AE3 
ev 

290 

33 

82 

476 

170 

The Doppler effect a lso causes the threshold Eft to spread out. 
Specifically, if the t a rge t a toms move toward the pro jec t i l es , a react ion can 
occur below the theore t ica l threshold for s ta t ionary ta rge t a toms . Quant i ­
ta t ively, we find, using equations (22) to (24), that for E2 = 0.025 ev, threshold 
will begin about 190ev lower than if Eg = 0 for Li"̂  (p, n) Be ' . An appreciable 
pa r t of the low energy " ta i l " of the near ly l inear r i s e of the neutron counting 
r a t e curve jus t above threshold , as actually observed with a well stabilized 
e lec t ros ta t i c genera to r , may be ascr ibed to th is Doppler effect. .•, 

"j •„» 'J ' ' 
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C. M a s s U n c e r t a i n t y - A s wi l l b e d i s c u s s e d b e l o w , an a p p r e c i a b l e 
u n c e r t a i n t y e x i s t s c o n c e r n i n g t h e p r o p e r m a s s of the t a r g e t n u c l e u s t h a t 
should b e a p p l i e d . M o s t of t h i s u n c e r t a i n t y , wi th in the l i m i t a t i o n t h a t t he 
r e a c t i o n i s s t i l l d e s c r i b e d a s a t w o - b o d y t y p e , m a y b e c o n s i d e r e d to b e due 
to the v a r i a b i l i t y in the n u m b e r of e l e c t r o n s t ak ing p a r t in the c o l l i s i o n and 
r e c o i l p r o c e s s . 

T o s tudy t h e p r o b l e m a n a l y t i c a l l y , d i f f e r e n t i a t e e q u a t i o n (21a) 
wi th r e s p e c t to m2 wi th the r e s u l t . 

i . d E g ^ -2 1 dz_ 

E3 dm2 m i + mz ( ^ + ff~T~~z) ^f/ + z ^^2 in) 

Now d z / d m 2 t a k e s on t h r e e v a l u e s , depend ing on w h e t h e r one t a k e s E b t , Q, 
o r Eft i n d e p e n d e n t of m2. T h e t h r e e d e r i v a t i v e s a r e : 

1 . 1 
•5^2 / E b t V"̂ 2 - rnj m i + m j 

+ i U (28) 

/ 6 z \ ^f_65__^ _ ( m i + mz) [mi - ( Q / 2 ) ] Q ^^9) 
V6m2 ' Q V^n-i2 • E^^ m i m j {m^ - m^) Ej 

/ 6 z A ^ / 5 z \ ^ (mi + mz) [mi - ( Q / 2 ) ] (mi + m ; - mg - Q) 

V^™2 j g \bm.2,j Q m i m 2 m 3 (mi + mg - Q) E i 
(30) 

If we put m i = m3 = 1, m^ = 7, Q = 1.65 M e v , we find, 
app r o x i m a t e ly , 

{.pL^^ = 0 .29 z ; (-P^) = 0 . 2 9 z + ( 2 . 2 / E i ) , and 
yomzJ^^^ \6Tn2JQ 

( - ^ ^ = 0.29 z + ( 0 . 5 5 / E i ) 
Vornz/Ef* -ft 

w h e r e E i i s g iven in Mev . 

In c a s e s wher,e e q u a t i o n (27) d i v e r g e s , we m a y r e p l a c e i t by 

i ^ = i f - 2E3 + -, ^^^-l^^ -^^l (27a) 
dm2 m i + m2 | ^ m i + m2 _ _____Ji 

m i m 3 E i | , m , E i m 3 E ^ 

wh ich d o e s no t d i v e r g e a t E3 -«- 0. 

file:///6Tn2JQ
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T h e u n c e r t a i n t y in t h e a t o m i c m a s s of l i t h i u m a s g iven by L i , 
Wha l ing , F o w l e r , and L a u r i t s e n i ^ ) i s 0 .000026 m a s s uni t . T h i s i s so m u c h 
s m a l l e r t h a n an u n c e r t a i n t y of one e l e c t i o n m a s s , wh ich i s 0 ,00055 m a s s 
un i t , t h a t we wi l l c o n c e n t r a t e a t t e n t i o n on e f fec t s p o s s i b l y a s c r i b a b l e to the 
n u m b e r of e l e c t r o n s c a r r i e d by t h e r e c o i l b e r y l l u i m . 

A c o m p l e t e t r e a t m e n t of t h e e l e c t r o n p r o b l e m undoubted ly would 
r e m o v e the r e a c t i o n f r o m the c a t e g o r y of t w o - b o d y r e a c t i o n s . We wi l l a s ­
s u m e t h e r e a c t i o n r e m a i n s a t w o - b o d y t y p e . T h i s m e a n s we i n s i s t on r e t a i n ­
ing e q u a t i o n ( s ) , Q = m j + m^ - m3 - m4, no 3Xiatter how the n u m b e r of 
e l e c t r o n s c a r r i e d by r e c o i l p a r t i c l e s of m a s s m4 m a y v a r y . In t u r n t h i s 
m e a n s t h a t for a r e c o i l of a g iven i o n i z a t i o n , s a y Be+++, t h e t a r g e t a t o m 
m u s t b e c o n s i d e r e d a l w a y s to h a v e one l e s s uni t of c h a r g e , e .g . , Li++, in 
o r d e r t h a t c h a r g e and m a s s b e c o n s e r v e d when the r e c o i l o c c u r s wi th any 
p a r t i c u l a r s t a t e of i o n i z a t i o n . 

We a s s u m e t h a t t h e t h r e s h o l d for l o s s of an e l e c t r o n by a r e c o i l 
a t o m of m a s s m4, v e l o c i t y V4, e n e r g y E4 i s a t t h a t v e l o c i t y for wh ich V4 = Vg, 
if Vg i s t h e v e l o c i t y of t h e e l e c t r o n , ( 6 ) Then , i f E g i s t h e i o n i z a t i o n p o t e n t i a l 
for l o s s of an e l e c t r o n , we find t h a t an e l e c t r o n wi l l be l o s t if 

E4 > ^ E e . (31) 
m e 

S ince E i and E3 a r e g iven in t h e t a b l e s , i t i s c o n v e n i e n t to def ine 

E|3 = E j — E3 = E4 "" \2 

In the fol lowing t a b u l a t i o n , s t a t e s of i o n i z a t i o n of Be a r e t abu l a t ed t o g e t h e r 
wi th c o r r e s p o n d i n g i o n i z a t i o n s for the L i , and the r a n g e s of E4 and E13 wi th in 
w h i c h t h e s e i on i za t i on s t a t e s should app ly on the b a s i s of the above a s s u m p t i o n : 

1.65< Es3< 1.88 

1.88< E i 3 < 3 . 6 0 

3 , 6 0 < E i 3 < 4 . 4 2 

4 .42 < E i 3 

A s u r v e y of t h e t a b l e s wi l l show t h a t t he z e r o d e g r e e d a t a (for 
wh ich only t h e h i g h e r e n e r g y g r o u p i s t a b u l a t e d in t h e d o u b l e - e n e r g y r e g i o n 
b e l o w 1.9217 Mev) shou ld u s e t h e m a s s of n e u t r a l l i t h i u m , Li**, the SC* d a t a 
t h a t for L i + , and t h e 120" d a t a t h a t for L i + up to 6.5 M e v , t h e n L i + + up to 
8.75 M e v , and f ina l ly L i+++ a b o v e 8.75 M e v p r o t o n e n e r g y , * 

T h e v a l u e s of mg a c t u a l l y u s e d in c o m p u t a t i o n a r e d i s c u s s e d in Sec t ion VI 

Be+ 

Be++ 

Be+++ 

Be+++-i-

L i ° 

Li+ 

L i + + 

Li+++ 

0 < E 4 < 0 . 2 3 

0.23 < E 4 < 1.96 

1 . 9 6 < E 4 < 2 . 7 7 

2.77 < E 4 

on n u m e r i c a l v a l u e s and r e s u l t s » 
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To how much e r r o r does a change of one electron m a s s in the 

m a s s m2 co r r e spond? If the e r r o r were made in mis -ass ign ing niz in d e t e r ­
mining threshold, then (dz/dm2)Eft the der ivat ive in equation (30) should be 
used because the fixed value Eft applies and Q is a function of mz. If the 
e r r o r were due to a change in the value of m2 that should be used from that 
which applies at threshold cal ibrat ion, then the derivat ive (dz/dm2)Q should 
be used from equation (2 9), because once establ ished, Q is not var ied . 

The following tabulation p r e sen t s r e su l t s of some calculat ions of 
AE3 (for Am2 = 0.00055 for Li'^ (p, n) Be"^), represen ta t ive of the magnitude 
of e r r o r s to be expected. Usually they a r e l e s s than 10 ev or 0 .01%. They 
a r e considerably l ess than the Doppler broadening. 

It is cer ta in that the above mechanical in terpre ta t ion of the m e a n ­
ing of a change of number of e lec t rons ca r r i ed by the recoi l is not s t r ic t ly 
c o r r e c t . It is probable however, that the r e su l t s of this calculation give an 
order of nnagnitude es t imate of the spreading in neutron energy resul t ing 
from sharing of reco i l momentum in the react ion by the e lec t rons in the 
a toms with the reco i l nucleus . If this is t r ue , then the r e su l t s may be in­
t e rp re ted , at least , as meaning that this type of phenomenon is an o rde r of 
magnitude l ess important than the Doppler effect. 

6 

E3 

121.400 ev 

135,560 

181,900 

348,520 

1,005,020 

2.018 Mev 

4.035 

8.346 

= 0° 

AE3Q 

+ 21 ev 

+ 19 

+ 16 

+ 10 

+ 4 

- 2 ev 

- 2 

- 3 

AE3„ 

- 7 ev 

- 8 

- 8 

- 1 1 

- 1 4 

-19 ev 

-19 

- 4 8 

e= 60° 

E3 

43,290 ev 

82.130 

218,610 

771.820 

1.641 Mev 

3.379 

7.103 

AE3Q 

+ 28 ev 

+ 23 

+ 20 

+ 21 

+ 20ev 

+ 47 

+ 68 

^E3« 

+ 4 ev 

+ 3 

+ 1 

+ 4 

•f 11 ev 

+ 30 

+ 55 

e= 120° 

E3 

1.120 ev 

12,200 

81,470 

451.040 

1.0795 Mev 

2.365 

5.138 

AE3^ 

+ 5ev 

+ 12 

+ 19 

+ 35 

+ 58 ev 

+ 77 

+ 185 

AE3« 

+ 2e¥ 

+ 4 

+ 8 

+ 23 

+ 44 ev 

+ 64 

+ 165 

In the above tabulation, AE3Q r e p r e s e n t s AE3 calculated by 
equation (29) for Q constant and AE3ft *^^ same for equation (30) where E£^ 
constant. 

The above c lass ica l calculat ions agree only approximately with 
the r e su l t s of a completely re la t iv is t ic exact calculation made at Ti = 10 Mev, 

' j s : 



where the deviat ions , on the whole, a r e the l a rges t . The following tabulation 
gives the r e s u l t s of this exact calculat ion made using equations (6), (7), (13), 
(14), (16a), (18), and (19). 

e 

0° 

60* 

120° 

Li» 

Li + 

Li« 

Li + 

Li» 

Li + 

State of Ionization Dfetermining Mass of Targe t 

Li« 

8.346481 

8.346475 

7.103224 

7.103218 

5.137981 

5.137977 

Li+ 

8.346501 

8.346496 

7.103153 

7.103148 

5.137798 

5.137793 

Li++ 

8.346522 

8.346516 

7.103081 

7.103076 

5.137613 

5.137609 

Li+++ 

8.346542 

8.346536 

7.103009 

7.103004 

5.137429 

5.137425 

The f i r s t column gives the angle,© , at which the neut rons a r e 
observed. The second column gives the two choices used in determining 
the effective m a s s m2 at threshold by which in turn Q is de te rmined . The 
next four columns give the neutron ene rg ies for the four poss ible choices 
of ionization determining m2 for the react ion at Ti = 10 Mev. It will be seen 
that the g r e a t e s t poss ible change, percen tagewise , i s for the react ion at 
120°, and is just about 0 .01%. 

It may be of in te res t to compare values of z, ^ i , ^2» 3-nd ^ 3 , e tc . , 
computed for the four poss ible values of l i thium m a s s . The va lues , which 
were obtained for Ti = 10 Mev, a r e given in this tabulation. 

z 

^ 2 

iSs 

^ 1 

Al 

Li° 

Li+ 

0° 

60°, 120° 

Li" 

38.323022 

38.322992 

0.99603004 • 

0.9992319 

1.0033165 

1.0028122 

Li+ 

38.316911 

38.316881 

• 0.99603013 

0.9992320 

1.0033164 

1.0028120 

Li++ 

38.3.10799 

38.310770 

0.99603022 

0.9992320 

1.0033163 

1.0028119 

Li+++ 

38.304690 

38.304660 

0.99603031 

0.9992320 

1.0033163 

1.0028117 
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D. Angular Resolution - By use of equation (21a) we obtain 

dEj/djU = 2E3/y/|i^ + z" (32) 

It is s imple to calculate the str ingency of angular resolut ion 
demanded for any des i red resolut ion at a given angle and energy. [Values 
of AE3 for A© = r a r e given in the tables for 0°, 60°, and 120°. They were 
not, in fact, calculated by equation (32) but by calculating E3 for one degree 
m o r e and l e s s than the given angle and tabulating one half the difference. 
The r e su l t ag ree s closely with equation (32).] 

E . Ta rge t Thickness and Beam Energy Spread - Analytically, these 
two effects enter in the same way, since they deter inine the range of values 
of El at the moment when the neutron producing react ion occur s . Normal ly 
the energy spread in the beam naay be held in the range of 0.1> to 0.01% by 
a high resolut ion beam analyzer and a very stable acce lera t ing inachine. 
Lithium t a rge t s may be p repa red which a r e as thin as may be war ran ted . The 
thinnest that may justifiably be used, p resuming that the neutron flux produced 
is not the limiting factor, is such a thickness that the spread in neutron energy 
thereby resul t ing is about the same as that resul t ing from the combined effects 
of Doppler broadening and energy spread in the proton beam itself. 

Express ions for d E s / d E j may be wri t ten in a number of forms 
by suitable substi tut ions after differentiation of equation (21a). Some of these 
a r e : 

dEg _ £3^ .E jEbt (mi + mz) (mg - mj) 
d E i El -ĉ z /,. . . /,.2 . „ \ . /nr-El (^ +\ / / i^ + z) \/n^ + z 

(33a) 

E3 E|3t (m2 - ma) 

El V El El \ / m i m 3 \ / ^ ^ + 

/ E 3 / E " I ^ y E 3 / E i " + (m2 - m 3 ) / y m i m 3 -

(33b) 

(33c) 

The form (33c) i s pa r t i cu la r ly suited to show that the resolut ion 
is in genera l be t te r at back-angles than forward, and that at low energy in 
the back d i rec t ion , be t t e r resolut ion i s at tainable than a naive view sugges ts . 
As E3 — 0 at jLi = - 1/2, for example, one f i n d s A E s / E j -̂  12 A E I / S / E T E J . If, 
for example, AEi = 2000 ev and E3 = 300, one finds AE3/E3 = 1. Hence one 
may make m e a s u r e m e n t s a lmost down to 300 ev neutron energy before the 
resolut ion width is a s wide as the d is tance from ze ro to the energy setting 
des i red for E3,with a spread in energy Ej due to t a rge t and beam control of 
only this 2000 ev. 

bbl 
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F . Considerat ions with Respect to Q - If, instead of using Tft = 1.882 
as the bas ic input energy, one wishes to use a Q value obtained, for example , 
by adjustment from other nuclear data, confusion will be avoided if, from 
this Q value, new values of Tft and Tbt ^^® calculated by equations (6) and (7), 
and these values used in the neutron energy calculation and in the proton 
energy cal ibrat ion. 

G. Uncertainty in Neutron Energy Resulting from Limiited Accuracy 
of the Threshold Energy; Correc t ion to a New Value of Tft-—In equation ( l8) , 
the value of z is de termined (aside from m a s s values used) only by the ra t io 
T b t / T i , and hence the value of z i s prac t ica l ly independent of the absolute 
sca le of energy, but exper imental ly z is l imited in accuracy of determinat ion 
only by the sensi t ivi ty and l inear i ty of the voltage measur ing system.* In 
equation (16) the relat ivi ty co r rec t ions a r e not very sensi t ive to smal l changes 
in Ti . However, T3 is l inear ly re la ted to the value of Ti which is the leading 
t e r m on the right side of equation (I6). If, then, as is the no rma l p rac t i ce , 
one ca l ib ra tes the voltage scale for Li'^ (p, n) B e ' neutron work against the 
forward threshold m e a s u r e m e n t s , this value of Ti is l inear ly dependent on 
the value of Tft used. 

It is apparent , there fore , that if a new value of Tft i s adopted, 
the p resen t tables can be used by looking up T3 for a value of Ti , calculated 
assuming that Tft = 1.88200, then multiplying the value of T3 so found by 
the ra t io of the new Tft to 1.882. 

H. Solid Angle Relat ions Between Intensity of Neutrons in the 
Labora tory and Center of Mass System - The re la t iv is t ic re la t ion for this 
ra t io probably is not simply re la ted to the re la t iv is t ic values of Ti , T3, e tc . 
However, a s imple relat ion may be found in the c l a s s i ca l calculation of this 
ra t io . It i s : 

I^ (mi + ma) [mj mj (z + l) - m2m4] E3 

Icm "^1 "^3 ̂ ^4 Q s/z + 1 \ / / ? + z 

which may conveniently be calculated by aid of values of z and E3 from the 
t ab les . The above equation is derived from the re la t ions given by Hanson 
et a l . (3) Here l£ i s the intensity per unit solid angle in the labora tory at 
an angle© , and I^m is the intensity per unit solid angle in the center of 
m a s s sys tem at angle Scrn-

* Absolute voltage calculat ions for both e lec t ros ta t ic and magnet ic beam 
energy ana lyze r s may be expected to r equ i re re la t iv is t ic co r rec t ions 
for accu rac i e s approaching 0 .01%, since this is a nonlinear cor rec t ion . 

w 
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It may be of in t e re s t to pe r fo rm activation exper iments at the 
lowest poss ible ene rg ie s . At low enough energ ies , Icm is probably near ly 
a constant for Li'^ (p, n) Be^. If, in addition, one specifies the resolut ion AE^ 
des i r ed , one may use equation (32) to find AE3 = -2 sin 0 • A 9 /yM^ + z. by 
aid of which we obtain: 

(mi + m.2) [m2m4 - mj m.3 (z + l ) ] Z^EsA^ 
l£ AQs = —• ., ,, ', — 

2 mi mj m4 Q s/z + 1 

Qualitative considerat ion of th is re la t ion will show that if a foil be made in 
the shape of a ribbon wrapped around the full azimuth angle, the maximum 
intensity will be obtained at the smal l e s t value of z that can be used, which 
means G should be nea r 90° r a the r than near 180°. On the other hand, if a 
s imple round foil is p r e f e r r ed , it should be used near 180° so that the flux 
can be a inaximum consis tent with the des i red AE3. This problem has not 
been analyzed quantitatively. (See re ference (7) for other useful solid angle 
equat ions.) 

IV. The Excited State in Be'^ and the Second Group of Neutrons from 
L i ' (p, n) Be^.* ~ 

Neutron energ ies f rom the reac t ion in which bery l lu im is left in i t s 
excited state were a lso calculated for 0**, 60°, and 120°, and appear in the 
tab les after the data for the react ion to the ground s ta te . This calculation 
was set up on the bas i s of a back- threshold Ebt = 2.4234 Mev and assuming 
the m a s s of l i thium corresponding to Li+. The corresponding Eft = 2.3733 Mev 
and Q = 2.0751, which cor respond to the excited state in B e ' being 0.4296 Mev 
above the ground s ta te . It was intended to choose something a bit higher for 
E£^ and Q, but the above f igures correspond to those actually adopted. The 
r e s u l t s a r e neve r the le s s probably accura te to three f igures throughout m;Ost 
of the table . The tables a r e not a s complete as the main tab les , interpolation 
f igures a r e not given, and not a l l data i s so spaced that l inear interpolat ion 
can always be c o r r e c t . The genera l method of computation was the same as 
for the main t ab les . That i s , the fully re la t iv is t ic equation was employed. 

V. Descr ipt ion of the Tables 

Table I gives neutron energ ies for the L i ' (p, n)Be ' react ion to the 
ground state of Be ' , Table 11 gives s imi l a r data for the react ion to the ex­
cited state of B e ' at 430kev. Both tab les a l so give values of z ^ 3 and z^2> 
as well as the neutron energ ies at 0 = 0°, 60°, and 120°. 

Column 1, Proton ene rg ies , Tp (= Ti in theory) . Between values of Tp lie 
values of the increment , ATp, as an aid to interpolat ion. 

' - ' ••' •„ 
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Column 2. Neutron energ ies , T^ (0°) (= T3 in theory) . Between values of 
Tn (0°) lie values of the inc rement ATn (0°). 

Column 3. The d e c r e a s e in neutron energy on changing from 0° to 1°, 
ATn (0°, 1°) = Tn (0°) - T^ (l°). 

Column 4. The neutron energy T^ (60°) at 60° and the inc remen t s . 

Column 5. The quantity |- [Tn (59^) - Tn (61°)] = j A T n (59°, 61°) is the 
mean differential of neutron energy for a change in angle of 
one degree at 60°. 

Column 6. As columns 2 and 4, but for neut rons at 120°; thus , Tn (120°). 

Column 7. Similar ly to column 5, this gives |- [Tn (119^) - Tn (121°)] 
= i ATn (119^, 121°). 

Column 8. Values of z^2° 

Column 9. Values of ZJB3. 

In Table II, columns 3 , 5 , and 7 a r e omitted. In Table I, the t abu­
la r values a r e so spaced that l inear interpolat ion is accura te throughout. 
This is not always t rue for Table II. 

F o r negative values of z, t he re a r e two neutron groups (at 0° and 
at 60° when neut rons appear at 60°). The tables only give the energy of 
the higher energy group. 

The values of 2,62 and zp>3 a r e useful in calculat ions of Tn for angles 
not tabulated. Since ^3 is a lmos t constant with the value 0.999233 ( t 1 in the 
las t figure between threshold and 10 Mev), z may easi ly be obtained from the 
tabulated values of zjSs, if de s i r ed . 

The angular inc rement data in columns 3 , 5 , and 7 p e r m i t s s imple 
es t imate of the energy resolut ion of exper imenta l detection methods sub ­
tending angles up to a few d e g r e e s , and cor rec t ion of mean energy for a 
sett ing deviating slightly from an intended setting of an even value of 60° 
or 120°. 

Detai ls concerning the va lues of m.2 (corresponding to the lithiuin 
t a rge t being Li® , Li"*", Li++, or Li+++) which were actually used for the 
tabulated values in the tables a r e given in Section VI be low. (See also 
Section III C above.) 

Table I is intended only to be accura te to 0.01% or 10 ev, whichever 
is l a r g e r . Table II i s not war ran ted to be m o r e accura te than about 0.1% . 
The tables a r e not, however, rounded off to the number of significant 
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IS 
f igures the above accuracy impl ies . The ext ra f igures may be used with 
caution as a significant indication of the sma l l difference in neutron energy 
for closely spaced values of Ti , but not o therwise . 

Values of T Q (60°) in Table I a r e not tabulated quite al l the way down 
to the 60° threshold . In Table II, T^ (0°) is not tabulated quite down to 
threshold which is 2.3733 Mev, nor is Tn (60°) tabulated below the threshold 
for Tn (120°). 

VI. Numer ica l Values Used in the Comiputation and Some Numer ica l Resul t s 

Basic input data i s : 

mi , proton m a s s = 1.007594 miass units 
m3, neutron m a s s = 1.008982 
Tft, main group forward threshold = 1.88200 
Tbts second group back- threshold = 2.4234 
rrig, m a s s of e lec t ron = 0.000548 m a s s unit 
Conversion factor, m a s s units to Mev = 931.152 
mgj m a s s of neu t ra l l i thium = 7.018223 

Some derived quant i t ies* a r e : 

m2 for Li-*- = 7.017675 
m2 for Li++ = 7.017127 

Q for main group 
Q ' for second group 

Tbt ^o^ main group 
Tft for second group 

(83 for main group 
(calc. by equation (l9a)) 

Calculated with 
m2 for Li + 

1.645529 
2.07505 

1.9217082 
2.3733 

0.9992343 

Calculated with 
m2 for Li ++ 

1.645512 

1.9217145 

0.9992343 

The tabulated values of 2^2 and 2^3 were calculated for a threshold 
m2 of Li+ and an m.2 of Li + up through Ti = 6.45 Mev. At 6.5 Mev for Ti and 
above, the threshold m2 s e e m s to be st i l l that of L i+ and the m2 for the energy 
concerned, that of Li-^-^. The value of zjSg or Z163 above 6.45 Mev and for a 
m a s s m2 of L i+ may be obtained to the third dec imal place by adding 0.006 
to the tabulated va lues . 

*In some c a s e s m o r e f igures a r e given than a r e significant. This is 
done to show how slight an effect a change in mi has in the computed resu l t . 



In the actual I ,B.M. calculat ions al l the neutron energies were 
calculated using the above values of z ^ j ^'^^ ^ ^ 3 ^^^ ^^z ®f ^i-*" ^P through 
6.45 Mev for Ti , and m2 of Li++ at and above 6.50 Mev. This is not con­
s is tent with the theory of Section III C, but will be accura te to the intended 
0 .01%. 



17 

/ / 

VII. Refe rences 

1. R. G. Herb , S. C, Snowdon, O. Sala, "Absolute Voltage Determinat ion of 
Th ree Nuclear Reac t ions , " Phys . Rev., 75, 246 (1949) 

2. L. Landau and E. Lifshi tz , The C lass i ca l Theory of F i e ld s , Addison-
Wesley P r e s s , Inc. , 1951 

3. A. O. Hanson, R. F . Taschek, J. H. William.s, Monoenergetic Neutrons 
from Charged P a r t i c l e Reac t ions , " Rev. Mod. Phys . , 21 , 635 (1949) 

4. C. W. Li , W. Whaling, W. A. Fowler , C. C. Laur i t sen , " M a s s e s of Light 
Nuclei from Nuclear Disintegrat ion Energies,"* Phys . Rev. , 83, 512 ( l95 l ) 

5. F . Ajzenberg and T, Laur i t sen , "Energy Levels of Light Nuclei . IV," 
Rev. Mod. Phys . , 24, 321 {1952) 

6. N. Bohr, Kgl. Dansk. Vid. Selsk., M a t h . - f y s . Med., JJ., 8 (1948) 

7. T. W. Bonner and J. W. Butler , P h y s . Rev, 83. 1096 ( l95 l ) 

VIII. Acknowledgements 

The au thors a r e indebted to Mr. Elwin L. Dershem for his exper t 
calculation of the tables on the IBM mach ines . 



18 

<! 
SB 

a 

o
%

 
o

%
 

th 

m
 

m
 

>•
 

H
 

t-f
f
l
 

o
%

 

Q\
 

01
 

•
•
 

E-m
 

w
 
•*
 

«H
 

«
 

o>
 

«
 

«
 

(D
 

••
 

Ok
 

0\
 

t-to
 

sn
 

cs»
 

c-04
 

«
 

OS
 

»
 

vO
 

t
^
 

o
 

r4
 

a
 

to
 

«
 

p-OV
 

as
 

w
 

10
 

•»
 

»
 

«
 

«
 

c-r4
 

C-®
 

e-04
 

«
 

<o
 

aj
 

«
 

••
 

tn
 

n
 
»
 

lO
 

w
 

©
 

n
 

a;
 

®
 

o»
 

1̂
 

o
 

(B
 

<•
 

T
4
 

m
 

©»
 

N
 

o
 

••
 

N
 

to 
^
 

«
 

w
 

01
 

«
 

t-

n
 

Q
%

 

«3
 

10
 

ŝ
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Table I (Cont'd) 

T„(60°) •/,AT„(59^61°) 
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ijm") yiAT„(ii9', 121") i^a 
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.00 087 

. 0 9 9 8 3 
,00086 
.10069 
.00 085 
. 10 154 
,00 086 
. 10 240 
,00 084 
. 1 0 3 2 4 
.00 085 
.10 409 
.00 084 
. 1 0 4 9 3 
.00 084 
.10 577 
,00083 
.10 660 
.00083 
. 1 0 7 4 3 
.00 083 
. 1 0 8 2 6 
.00 082 
,10 908 
.00 082 
, 1 0 9 9 0 
,00 082 
. 1 1 0 7 2 
,00 082 
. 1 1 1 5 4 
,00 081 
. 1 1 2 3 5 
,00 080 
, 1 1 3 1 5 
. 0 0 0 8 1 
. 1 1 3 9 6 
. 0 0 0 3 2 
. 1 1 4 2 8 
.00 032 
. 1 1 4 6 0 
. 0 0 0 3 2 
,11492 
. 0 0 0 3 2 
. 11 524 
,00 032 
^ 1 1 5 5 6 
. 0 0 0 3 2 
. 1 1 5 8 8 
.00 032 
, 1 1 6 2 0 
.00 032 
. 1 1 6 5 2 
,00 032 
, 1 1 6 8 4 
, 0 0 0 3 2 
, 1 1 7 1 6 

. 0 0 0 0 4 

.00004 

.00003 

,00004 

.00003 

. 00004 

.00004 

.00004 

.00004 

.00003 

.00004 

.00003 

.00003 

.00004 

.00004 

.00 004 

,00003 

.00004 

. 00004 

.00003 

.00003 

.00003 

.00003 

.00003 

.00004 

. 00004 

.00004 

.00004 

.01075 

. 0 0 1 9 2 

.0 1267 

. 0 0 1 5 1 

. 0 1 4 1 8 
, 0 0 1 3 2 
.01550 
.00120 
. 0 1 6 7 0 
. 0011 1 
.01781 
.0010 6 
. 0 1 8 8 7 
.00100 
. 0 1 9 8 7 
. 0 0 0 9 7 
. 0 3084 
.0 009 3 
,0 217 7 
.00091 
.0 3268 
. 0 0 0 3 6 
.02304 
.00035 
,02339 
. 0 0 0 3 5 
.02374 
,00034 
.02408 
, 0 0 0 3 5 
.0 24 43 
.00034 
. 0 2 4 7 7 
.000 33 
.02510 
. 00034 
.0 2544 
. 0 0 0 3 3 
, 0 2 5 7 7 
. 0 0 0 3 3 
.02610 

.00 270 

. 00 235 

. 00 218 

.00 208 

.00 20 2 

.00 197 

.00194 

,00 191 

.00 189 

. 00 IBB 

.00 18 7 

.00 187 

.00187 

.00186 

. 00 186 

,00 186 

,00185 

.00 185 

. 00 185 

,00 185 

. 3 2 8 0 1 -

. 3 1 5 5 1 -

.30302 -

.290 53 -

.27805 -

,26558 ~ 

.25311 -

. S40 65 -

.22819 -

.21575 -

.20330 " 

.19087 ~ 

.17845 -

.16602 -

.15361 -

.14120 -

.13880 -

.11640 -

,11145 -

.10649 -

.10154 -

,09658 -

. 09163 -

,0866 8 -

.08173 -

.07678 -

, 0 7 1 B 3 -

,06689 -

z^, 

.32801 

.31551 

.3030 1 

.29053 

.27805 

.26558 

,25311 

.24065 

,22819 

.21575 

.203 30 

.19087 

.1784 4 

.1660 2 

.15360 

.14120 

.12 8 6 0 

.1164 0 

.11145 

.10649 

.10 15 4 

.09658 

.09163 

.086 68 

.08173 

.07678 

.07163 

.06689 



. ..'•.!••-:;"•••• .••;•:•';•;•; i^.;': •'\;'-:;••:• r:-',-.' '•••.••;':• ••.••••:̂ •••!•• •:::;•;•••!.. •:.-v ;• ... • •• ,? ; ; • . .• ..•;•::.•'.:•.'•• ..^.' •••;••.• \ ••' ••••'•••••;.••!:':•••;. ••:•.••.;•.••;.•.•'•:'i-'S 
:.-V.••.••••: ; • ; • . • • ; • : /•••';..•: ^; ••:•••,•'••:'• f - ; . : - : ' ' . .\. •••,'•:'•..•• •/:•:'::••• ••':-'^-:. •• ••'• •'::•••:••:':•[•••: ••:••••:•••.••:.•.••••• r.'^'-' ::•• • 

" " ' " ' ' ' ' " • • • • • • • - ; • • • . : ; ; ; ; ; . • • ; • • 
••••M-." ••'••••• 

••••'.• !•:••':-;•.J \ 

'^•-••••'''•••••••••:'-.t-:'^'-^--.:'-^^ 

••••••yj.'"''--^-'-;"'v 
. • ; ; : • • !•' 
••;•• : . - . • • 

".'::•: ::•:.• •••••: - V . =\-. • ' : . •- • ' ••• î . 
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I . 7 4 6 9 3 
, 0 1 2 8 6 

1.75979 
. 0 1 2 8 6 

1.77265 
.012 86 

1.78551 
.012 87 

1,79838 
a 018 86 

1. 8 1 1 8 4 
. 0 1 2 8 7 

1.82411 
. 0 1 2 8 7 

1 . 8 3 6 9 8 
.012 86 

1,84984 
.018 87 

1,86271 
. 0 1 2 8 7 

1.87558 
, 0 1 2 8 7 

1,88845 
.013 87 

1 , 9 0138 
, 0 1 2 8 7 

1,91419 
.03818 

1.94637 
. 0 3 8 1 8 

1,97855 

.00 920 

.00926 

.00932 

.00938 

.00944 

,00950 

.00956 

.00962 

a 0 0 9 6 7 

. 00973 

,00979 

. 00985 

.00991 

,00997 

. 01003 

.01009 

,01014 

. 01021 

. 0 1 0 3 6 

. 01032 

.01038 

.01044 

.01050 

. 01056 

.01062 

. 01068 

.01082 

,0109 7 

8 7 . 1 2 7 6 0 

2 7 , 2 1 6 8 5 

27 , 30531 

87 , 3 9 2 9 9 

2 7 , 4 7 9 9 0 

2 7 . 5 6 6 0 6 

87 . S5146 

27 .73613 

2 7 . 8 2 0 0 6 

27 .90387 

87 ,98578 

2 8 . 0 6 7 5 7 

2 8 . 1 4 8 6 8 

2 8 , 2 2 9 1 0 

88.3 0884 

8 8 , 3 8 7 9 3 

28 , 46634 

2 8 , 5 4 4 1 1 

2 8 . 6 2 1 3 3 

28 . 69778 

28 . 7 7 3 5 8 

2 8 , 8 4 8 8 3 

2 8 . 9 2 3 4 5 

28 , 99748 

29 .07090 

2 9 . 1 4 3 7 4 

2 9 . 3 2 3 2 9 

29 . 49930 

2 7 . 1 5 5 4 5 

2 7 . 2 4 5 0 2 

3 7 , 3 3 3 7 8 

37 . 4 2 1 7 7 

27 . 508 99 

27 , S 9 5 4 6 

27 , 6 8 1 1 7 

2 7 , 7 6 6 1 5 

8 7 , 8 5 0 3 9 

2 7 , 9 3 3 9 2 

SB . 0 1 6 7 4 

3 8 , 0 9 8 8 5 

2 8 , 1 8 0 2 7 

2 8 , 8 6 1 0 0 

3 8 . 3 4 1 0 6 

3 8 , 4 2 0 4 6 

2 8 , 4 9 9 1 9 

28 . 5772 8 

8 8 , 6 5 4 7 2 

28 . 7 3 1 5 3 

2 8 . 8 0 7 7 1 

3 8 . 8 8 3 2 6 

2 8 . 9 5 8 2 1 

3 9 . 0 3 2 5 6 

8 9 . 1 0 6 3 0 

3 9 . 1 7 9 4 6 

29 . 3 5 9 8 2 

8 9 , 5 3 6 6 4 



. 0 5 
5 , 1 5 
. 0 5 

5 . SQ 
. 0 5 

5 . 2 5 
. 0 5 

S . 3 0 
, 0 5 

5 . 3 5 
. 0 5 

5 . 4 0 
. 0 5 

5 . 4 5 
, 0 5 

5 . 50 
. O S 

5 . 5 5 
. 0 5 

5 . 6 0 
, 0 5 

5 . 6 5 
. 0 5 

5 . 7 0 
. 0 5 

5 . 7 5 
. 0 5 

5 . 80 
. 0 5 

5 . 8 5 
. 0 5 

5 . 90 
, 0 5 

5 , 9 5 
. 0 5 

6 . 0 0 
, O S 

6 ^ 0 5 
, 0 5 

6 , 1 0 
. 0 5 

6 . 1 5 
. 0 5 

6 . 2 0 
, 0 5 

6 , 8 5 
. O S 

6 , 30 
, 0 5 

6 , 3 5 
, 0 5 

6 , 40 
. O S 

6 . 4 5 
, 0 5 

6 . 50 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

, 0 5 0 3 1 
3. 4 8 1 6 3 
. 0 5 0 8 9 

3 . 5 3 1 9 7 
. 0 5 0 2 9 

3 . 5 8 2 2 6 
. 0 5 0 2 9 

3 . 6 3 2 5 5 
, 0 5 0 2 7 

3 , 6 8 3 8 2 
. 0 5 0 2 7 

3 , 7 3 3 0 9 
. 0 5 0 2 7 

3 , 7 8 3 3 6 
. 0 5 0 3 6 

3 , 8 3 3 6 2 
. 0 5 03 5 

3 . 8 8 3 8 7 
, 0 5 0 8 5 

3 . 9 3 4 1 8 
. 0 5 0 2 5 

3 , 9 8 4 3 7 
. 0 5 0 3 4 

4 . 0 3 4 6 1 
. 0 5 0 3 3 

4 , 0 6 4 8 4 
, 0 5 0 2 4 

4 . 1 3 5 0 8 
. 0 5 0 2 3 

4 . 1 8 5 3 0 
, 0 5 0 3 8 

4 . 2 3 5 5 3 
. 0 5 0 2 2 

4 . 2 8 5 7 4 
. 0 5 0 3 2 

4 . 3 3 5 9 6 
. 0 5 0 8 1 

4 . 3 8 6 1 7 
. 0 5 0 8 0 

4 . 4 3 6 3 7 
. 05 0 3 1 

4 . 4 8 6 5 8 
. 0 5 0 2 0 

4« 5 3 6 7 8 
. 0 5 0 1 9 

4 . 5 8 6 9 7 
. 0 5 0 2 0 

4 . 6 3 7 1 7 
. 0 5 0 1 9 

4 . 6 8 7 3 6 
. 0 5 0 1 9 

4 . 7 3 7 5 5 
. 0 5 0 1 8 

4 , 7 8 7 7 3 
. 0 5 0 3 0 

4 . 8 3 7 9 3 

,00 0 2 0 

. 0 0 0 1 9 

. 0 0 0 1 9 

, 0 0 0 2 0 

, 0 0 0 2 0 

. 0 0 0 2 0 

. 0 0 0 8 1 

. 0 0 0 8 1 

. 0 0 0 8 0 

. 0 0 0 2 1 

, 0 0 0 8 3 

, 0 0 0 2 8 

. 0 0 0 2 1 

, 0 0 0 3 3 

. 0 0 0 3 2 

. 0 0 0 8 2 

. 0 0 0 8 3 

. 0 0 0 8 3 

^ 0 0 0 2 3 

. 0 0 0 2 3 

, 0 0 0 2 4 

. 0 0 0 3 4 

. 0 0 0 2 4 

. 0 0 0 8 5 

. 0 0 0 3 5 

. 0 0 0 2 5 

. 0 0 0 2 5 

. 0 0 0 8 5 

. 0 4 3 4 1 
; . 9 0 1 9 6 
. 0 4 3 4 0 
. 9 4 5 3 6 
a 0 4 3 4 0 
. 9 8 8 7 6 
. 0 4 3 3 9 
a 0 3 8 1 5 
, 0 4 3 3 9 
. 0 7 5 5 4 
. 0 4 3 3 9 
a 1 1 8 9 3 
. 0 4 3 3 9 
, 1 6 2 3 2 
. 0 4 3 3 8 
a 3 0 5 7 0 
a 0 4 3 3 8 
. 2 4 9 0 8 
. 0 4 3 3 7 
. 2 9 a 4 5 
. 0 4 3 3 8 
. 3 3 5 8 3 
, 0 4 3 3 7 
. 3 7 9 3 0 
, 0 4 3 3 6 
.4 2 3 5 6 
. 0 4 3 3 7 
, 4 6 5 9 3 
, 0 4 3 3 6 
. 5 0 9 2 9 
. 0 4 3 3 6 
. 5 5 3 6 5 
. 0 4 3 3 6 
. 5 9 6 0 1 
. 0 4 3 3 5 
. 6 3 9 3 6 
, 0 4 3 3 5 
. 6 8 2 7 1 
. 0 4 3 3 5 
. 7 2 6 0 6 
. 0 4 3 3 5 
. 7 6 9 4 1 
. 0 4 3 3 5 
, 8 1 2 7 6 
. 0 4 3 3 4 
. 8 5 6 1 0 
. 0 4 3 3 4 
. 8 9 9 4 4 
, 0 4 3 3 4 
. 9 4 2 7 8 
, 0 4 3 3 4 
. 9 8 6 1 2 
. 0 4 3 3 3 
, 0 2 9 4 6 
, 0 4 3 3 0 
. 0 7 8 7 5 

. 0 1 6 0 6 

a 0 1 6 2 5 

. 0 1 6 4 5 

. 0 1 6 6 4 

. 0 1 6 8 4 

. 0 1 7 0 3 

. 0 1 7 8 3 

. 0 1 7 4 2 

. 0 1 7 6 2 

, 0 1 7 8 1 

. 0 1 8 0 0 

. 0 1 8 2 0 

. 0 1 8 3 9 

. 0 1 8 5 8 

. 0 1 8 7 8 

. 0 1 8 9 7 

. 0 1 9 1 6 

. 0 1 9 3 6 

. 0 1 9 5 5 

. 0 1 9 7 5 

. 0 1 9 9 4 

. 0 2 0 1 3 

. 0 2 0 3 2 

.0 2 05 2 

.02 0 7 1 

.02 0 9 1 

. 0 2 1 1 0 

. 0 2 1 2 9 

2 

a 0 3 3 1 8 
2 . 0 1 0 7 3 
. 0 3 8 1 9 

2 . 0 4 3 9 2 
. 0 3 2 1 9 

2 . 0 7 5 1 1 
. 0 3 2 1 9 

2 . 1 0 7 3 0 
. 0 3 8 2 0 

2 . 1 3 9 5 0 
. 0 3 2 1 9 

2 . 1 7 1 6 9 
, 0 3 2 2 0 

2 . 2 0 3 8 9 
0 3 8 2 1 
2 3 6 1 0 
0 3 2 2 0 
2 6 8 3 0 
0 3 2 2 1 
3 0 0 5 1 
0 3 2 2 1 
3 3 2 7 2 
0 3 3 2 1 
3 6 4 9 3 
0 3 2 2 2 
3 9 7 1 5 
0 3 2 2 1 
4 3 9 3 6 
0 3 2 2 2 
4 6 1 5 8 
0 3 2 8 2 
4 9 3 8 0 
0 3 2 2 2 
5 2 6 0 2 
0 3 2 2 2 
5 5 8 2 4 
0 3 8 2 2 
5 9 0 4 6 
0 3 2 2 3 
6 3 2 6 9 

. 0 3 2 2 8 
2 . 6 5 4 9 1 
, 0 3 2 2 3 

2 . 6 8 7 1 4 
a 0 3 2 2 3 

2 , 7 1 9 3 7 
a 0 3 2 2 3 

2 . 7 5 1 6 0 
, 0 3 2 2 3 

2 , 7 8 3 8 3 
a 0 3 2 2 3 

2 , 8 1 6 0 6 
. 0 3 2 2 3 

8 . 8 4 8 2 9 
. 0 3 2 1 3 

2 . 8 8 0 4 2 

2 

a 0 1 1 1 1 

. 0 1 1 3 6 

. 0 1 1 4 1 

a 0 1 1 5 5 

. 0 1 1 7 0 

. 0 1 1 8 4 

. 0 1 1 9 9 

. 0 1 3 1 4 

. 0 1 2 2 8 

. 0 1 2 4 2 

, 0 1 2 5 7 

. 0 1 3 7 1 

. 0 1 2 8 6 

. 0 1 3 0 1 

. 0 1 3 1 5 

a 0 1 3 2 9 

. 0 1 3 4 4 

. 0 1 3 5 9 

. 0 1 3 7 3 

a 0 1 3 8 8 

, 0 1 4 0 2 

. 0 1 4 1 6 

. 0 1 4 3 1 

. 0 1 4 4 5 

. 0 1 4 6 0 

. 0 1 4 7 4 

. 0 1 4 8 8 

. 0 1 5 0 3 

2 9 . 6 7 1 8 8 

2 9 . 8 4 1 1 3 

3 0 . 0 0 7 1 3 

3 0 . 1 6 9 9 7 

3 0 . 3 2 9 7 6 

3 0 . 4 8 6 5 7 

3 0 , 6 4 0 4 9 

3 0 . 7 9 1 5 9 

30 , 93996 

3 1 , 0 8 5 6 5 

3 1 . 22875 

31 .36932 

31 .50744 

3 1 . 6 4 3 1 5 

3 1 , 7 7 6 5 4 

3 1 , 9 0 7 6 4 

3 2 , 0 3 6 5 2 

32 . 1 6 3 2 4 

3 2 , 2 8 7 8 5 

32 .41040 

3 2 , 5 3 0 9 4 

3 2 . 6 4 9 5 3 

32 ,76680 

3 3 . 8 8 1 0 1 

3 2 , 9 9 3 9 9 

33 , 10S19 

33 ,21465 

3 3 , 3 1 7 1 1 

3 9 . 7 1 0 0 8 

39 . 8 8 0 0 8 

3 0 . 0 4 6 8 9 

3 0 . 2 1 0 5 6 

3 0 . 3 7 1 1 6 

3 0 . 5 2 8 7 9 

3 0 , 6 8 3 5 4 

3 0 . 8 3 5 4 6 

3 0 . 9 8 4 6 5 

3 1 . 1 3 1 1 8 

3 1 . 2 7 5 1 1 

3 1 . 4 1 6 5 1 

3 1 . 5 5 5 4 6 

31 , 6 9 8 0 1 

3 1 . 8 2 6 2 3 

3 1 . 9 5 8 1 8 

33 . 0 8 7 9 0 

32 . 8 1 5 4 7 

3 3 . 3 4 0 9 3 

3 2 , 4 6 4 3 2 

32 . 5 8 5 7 1 

3 2 . 7 0 5 1 4 

3 8 . 0 2 2 6 6 

32 . 9 3 8 3 3 

3 3 . 0 S 2 1 6 

3 3 . 1 6 4 2 2 

3 3 . 8 7 4 5 4 

3 3 . 3 7 7 8 3 

I 



T„(0°) AT„(0°,1°) 

Table I (Cont'd) 

T„(60°) yjAT„(59°,61°) T(120°) K A T (119°, 121°) zP, ^fi. 

6 

t;-

OS 
55 
05 
60 
05 
65 

, 05 
6.70 
,05 

6.75 
. 05 

6 ,80 
. 05 

6.85 
. 05 

6.90 
a 05 

6 . 95 
. OS 

7,00 
. OS 

7 , 05 
. 05 

7 . 10 
, 05 

7.15 
. 05 

7 .80 
. 05 

•^.25 
, 05 

7.30 
. 05 

7.35 
.05 

7.40 
. 05 

7.45 
, 05 

7 , 50 
. 10 

7 .60 
,10 

7 .70 
.10 

7 . 80 
,10 

7.90 
.10 

8 . 00 
,10 

8 , 10 
.10 

8 ,20 
,10 

8 . 30 

0000 
0000 
0000 
0000 
0 0 0 0 
0 0 0 0 
0000 
0000 
0000 
0000 
0000 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0000 
0 0 0 0 
0000 
0 0 0 0 
0 0 0 0 
0000 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0000 
0 0 0 0 
0000 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0000 
0 0 0 0 
0 0 0 0 
0000 
0000 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0000 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0000 
0000 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
oooo 
0 0 0 0 
0 0 0 0 
0 0 0 0 

05 
88 
05 
93 
05 
98 
05 
03 
05 
08 
OS 
13 
05 
18 
05 
23 
05 
28 
05 
33 
05 
38 
05 
43 
05 
49 
OS 
54 
05 
59 
05 
6 4 
OS 
69 
05 
74 
OS 
79 
05 
84 
10 
94 
10 
04 
10 
14 
10 
34 
10 
34 
10 
44 
10 
54 
10 
64 

018 
811 
018 
839 
017 
846 
017 
863 
017 
880 
016 
896 
017 
913 
016 
989 
016 
945 
015 
960 
016 
976 
015 
991 
015 
006 
015 
031 
015 
036 
014 
050 
014 
064 
015 
079 
014 
093 
013 
106 
027 
133 
027 
160 
086 
186 
085 
811 
025 
836 
034 
360 
034 
884 
034 
308 

,00025 

.00026 

.00036 

.00026 

. 0 0 0 2 7 

.00026 

.00037 

.00087 

,00086 

.00027 

.00028 

.00028 

.00088 

.00038 

,00089 

.00029 

.00029 

.00030 

,00030 

.00029 

.00030 

.00031 

, 0 0 0 3 1 

,00031 

, 0 0 0 3 2 

. 0 0 0 3 2 

, 0 0 0 3 3 

.00033 

,04333 
4.11608 
.04333 

4.15941 
.04333 

4.20274 
.04333 

4 . 8 4 6 0 7 
.04338 

4.28939 
. 0 4 3 3 2 

4.33271 
.0 4 3 3 3 

4,37604 
.0433 2 

4.41936 
. 0 4 3 3 1 

4 . 4 6 2 6 7 
. 0 4 3 3 8 

4,50599 
,04338 

4.54931 
.04331 

4 a 59262 
. 0 4 3 3 1 

4.63593 
. 0 4 3 3 1 

4 a 6 7 9 2 4 
. 0 4 3 3 2 

4.72856 
.04330 

4.76586 
, 0 4 3 3 1 

4 . 8 0 9 1 7 
.04331 

4.8 5 2 4 8 
.04330 

4.89578 
. 0 4 3 3 1 

4 , 9 3 9 0 9 
.08660 

5.02569 
a 0 8 6 6 0 

5,11839 
, 0 8 6 5 9 

5 . 1 9 8 8 8 
,08660 

5 , 88548 
.08658 

5 , 3 7 2 0 6 
. 0 8 6 S 8 

5 . 4 5 8 6 4 
.08658 

5 . 54528 
.08658 

5.631B0 

9 0 2 1 4 8 

.02168 

.03187 

a 0 3 2 0 6 

.03 226 

.08345 

.08 26 4 

,08 284 

,03303 

, 0 2 3 3 2 

. 0 2 3 4 1 

.02 360 

.03 380 

,03 399 

.03418 

. 0 2 4 3 7 

, 0 3 4 5 7 

.02476 

. 0 8 4 9 5 

,02515 

.03553 

. 0 3 5 9 8 

,02630 

,02669 

. 0 8 7 0 7 

, 0 2 7 4 6 

. 0 8 7 8 4 

.02 823 

. 0 3 8 3 4 
2.91866 
. 0 3 8 8 3 

2.944 89 
. 0 3 2 2 4 

2 . 9 7 7 1 3 
. 0 3 3 2 3 

3 . 0 0936 
, 0 3 8 2 4 

3. 0 4 1 6 0 
, 0 3 2 8 4 

3 , 0 7 3 8 4 
. 0 3 8 8 4 

3 . 10608 
.033 24 

3. 1 3 8 3 8 
. 0 3 8 8 4 

3 . 1 7 0 5 6 
. 0 3 8 2 4 

3 . 2 0 3 8 0 
. 0 3 8 2 4 

3 . 2 3 5 0 4 
. 0 3 2 8 4 

3 . 2 6 7 S 8 
. 0 3 2 2 4 

3 . 3 9 9 5 8 
,03824 

3 , 3 3 1 7 6 
. 0 3 8 2 5 

3 . 3 6 4 0 1 
, 0 3 8 84 

3 , 3 9 6 8 5 
. 0 3 8 8 S 

3 , 48850 
, 0 3 2 8 4 

3, 4 6 0 7 4 
. 0 3 8 2 S 

3,49299 
. 0 3 8 2 4 

3.53523 
,06449 

3 . 5 8 9 7 2 
. 0 6 4 5 0 

3, 6 5 4 8 2 
. 0 6 4 4 9 

3,71871 
, 06449 

3 , 78320 
. 0 6 4 5 0 

3 . 84770 
, 0 6 4 5 0 

3 . 9 1 8 2 0 
, 0 6 4 4 9 

3.97669 
.06450 

4 , 0 4 1 1 9 

,01518 

,01533 

. 0 1 5 4 7 

. 01561 

.01575 

. 01589 

. 01604 

. 01618 

,01633 

.01647 

.01663 

.01676 

. 0 1 6 9 0 

,01705 

.01719 

a 0 1 7 3 4 

.01748 

.01762 

. 0 1 7 7 7 

.01791 

.01820 

.01848 

.01077 

. 0 1 9 0 * 

.01934 

,019 63 

»01998 

.02031 

33 .42380 

33 .52767 

33 . 63055 

33 .73188 

3 3 . 8 3 1 7 0 

33 .93003 

34 . 02692 

34 .18339 

34 . 2 1 6 4 7 

34 . 3 0 9 8 0 

3 4 . 4 0 0 5 9 

34 . 49069 

3 4 , 5 7 9 5 1 

3 4 . 6 6 7 0 9 

34 ,75344 

3 4 . 8 3 8 6 0 

3 4 . 9 S 2 5 8 

35 ,00543 

35 . 08714 

3 5 . 1 6 7 7 6 

3 5 . 3 8 5 7 7 

3 5 . 4 7 9 6 2 

3 5 , 6 2 9 4 8 

35 .77550 

3 5 . 9 1 7 8 8 

3 6 , 0 5 6 5 9 

3 6 , 1 9 1 9 2 

36 .32395 

33 .48478 

3 3 , 5901 I 

3 3 . 6 9 3 8 5 

33 .7960 5 

3 3 . 8 9 6 7 3 

33 ,99593 

34.093 68 

34 . 1 9 0 0 1 

3 4 . 8 8 4 9 6 

3 4 . 3 7 8 5 6 

34 . 4 7 0 8 2 

34 , 56178 

3 4 , 6 5 1 4 8 

3 4 , 7 3 9 9 3 

3 4 . 8 2 7 1 5 

3 4 . 9 1 3 1 8 

3 4 . 9 9 8 0 5 

35 .08176 

3 5 . 1 6 4 3 5 

35 , 3 4 5 8 5 

35 . 4 0 5 6 1 

3 5 , S 6 1 2 8 

35 .71285 

3 5 . 8 6 0 6 3 

3 6 , 0 0 4 7 2 

3 6 . 1 4 5 8 5 

3 6 , 2 8 8 3 6 

3 6 . 4 1 6 1 6 
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9 0 6 5 6 
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3 3.05654 

3 3.15930 

3 3.26099 

2 3 . 36193 

2 3.4630 3 

3 3 . 5 6 1 3 0 
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4 

4 

4 

4 

4 

4 

4 

5 

5 

5 

S 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

. 0 2 0 0 0 0 

. 8 4 0 0 0 0 

. 0 2 0 0 0 0 

. 8 6 0 0 0 0 

. 0 2 0 0 0 0 

. 8 8 0 0 0 0 

. 0 2 0 0 0 0 
, 9 0 0 0 0 0 
. 0 2 0 0 0 0 
. 9 2 0 0 0 0 
. 0 2 0 0 0 0 
. 9 4 0 0 0 0 
. 0 3 0 0 0 0 
. 9 6 0 0 0 0 
. 0 2 0 0 0 0 
. 9 8 0 0 0 0 
. 0 2 0 0 0 0 
, 0 0 0 0 0 0 
, 0 5 0 0 0 0 
. 0 5 0 0 0 0 
, 0 5 0 0 0 0 
. 1 0 0 0 0 0 
. 0 5 0 0 0 0 
. 1 5 0 0 0 0 
, 0 5 0 0 0 0 
, 8 0 0 0 0 0 
. 0 5 0 0 0 0 
. 2 5 0 0 0 0 
, 0 5 0 0 0 0 
. 3 0 0 0 0 0 
. 0 5 0 0 0 0 
, 3 5 0 0 0 0 
. 0 5 0 0 0 0 
.40 0000 
. 0 5 0 0 0 0 
. 4 5 0 0 0 0 
, 0 5 0 0 0 0 
. 5 0 0 0 0 0 
. 0 5 0 0 0 0 
. 5 5 0 0 0 0 
. 0 5 0 0 0 0 
. 6 0 0 0 0 0 
. 0 5 0 0 0 0 
, 6 5 0 0 0 0 
. 0 5 0 0 0 0 
.70 000 0 
. 0 5 0 0 0 0 
, 7 5 0 0 0 0 
. 0 5 0 0 0 0 
. 8 0 0 0 0 0 
, 0 5 0 0 0 0 
, 8 5 0 0 0 0 
. 0 5 0 0 0 0 
, 9 0 0 0 0 0 
. 0 5 0 0 0 0 
, 9 5 0 0 0 0 

2 I 

8 I 

2°. 

z'. 
z'. 
2 I 

3 I 

sl 
2 ! 

sl 
sl 
3°. 

3I 
3! 

3I 
3! 

3I 
3I 
3! 

3I 
3'. 

3I 
3I 
3I 
3! 

3! 

3I 
3I 

02 08 6 
72 183 
02 02 6 
74 209 
0 2 0 3 5 
76 234 
03 03 5 
7 8 2 5 9 
02 02 5 
80 284 
03 024 
83 308 
0 2 0 3 4 
8 4 3 3 3 
02 024 
86 35 6 
03 034 
8 8 3 8 0 
0505 8 
9 3 4 3 8 
05 05 6 
9 8 4 9 4 
0505 5 
0 3 5 4 9 
0 5 0 5 3 
08 603 
05 053 
13 655 
0 5 050 
18 705 
0 S 0 5 0 
3 3 7 5 5 
05 048 
28 803 
0 5 0 4 8 
33 85 1 
0 5 0 4 6 
3 8 8 9 7 
0 S 0 4 5 
43 943 
0 5 0 4 4 
48 986 
05 043 
54 029 
0 5 0 4 2 
59 071 
05 041 
6 4 1 1 2 
05 040 
6 9 1 5 2 
0 5 0 4 0 
74 192 
0 5 0 3 8 
79 330 
0 S O 3 8 
8 4 3 6 8 

, 0 1 7 4 4 
, 82068 
,01743 
,23811 
,01743 
,36554 
, 0 1 7 4 4 
. 8 7 8 9 8 
,01743 
, 89041 
, 0 1 7 4 2 
, 3078 3 
,01743 
, 3 2 5 2 6 
,017 42 
34368 

, 0 1 7 4 3 
, 36011 
0 4 3 5 5 
,40366 
,04355 
44721 
,04353 
49074 
0 4 3 5 3 
534 37 
0 4 3 5 2 
57779 
0 4 3 5 2 
6S131 
04350 
6 6 4 8 1 
0 4 3 5 0 
70831 
0 4 3 5 0 
75181 
0 4 3 4 9 
79530 
0 4 3 4 8 
8 3 8 7 8 
0 4 3 4 7 
8 8 2 8 5 
0 4 3 4 7 
9 3 5 7 3 
0 4 3 4 7 
9691 9 
0 4 3 4 6 
0 1 3 6 5 
0 4 3 4 6 
0 5 6 1 1 
0 4 3 4 S 
0 9 9 5 6 
04344 
14300 
0 4 3 4 4 
18644 

- # 

.012 80 
1. 4 7 3 S 0 

a 0 1 2 8 1 
1 a 4 8 5 3 1 
a 0 1 2 8 0 

1 9 4 9811 
a 012 81 

1. 5 1 0 9 2 
.012 81 

1.52373 
.012 81 

1.53654 
a 012 82 

1,54936 
.01381 

1. 56217 
,012 82 

1. 57499 
. 0 3 8 0 4 

1.6070 3 
. 03205 

1,63908 
,•03806 

1, 6 7 1 1 4 
. 0 3 2 0 7 

1.70381 
. 0 3 2 0 7 

1,73528 
9 03208 

1,76736 
. 03208 

1. 7 9 9 4 4 
, 03S09 

1, 8 3 1 5 3 
. 0 3 8 1 0 

I, 86363 
. 03210 

1, 89573 
. 0 3 2 1 1 

1.92784 
, 03811 

1,95995 
. 0 3 2 1 1 

1. 9 9 2 0 6 
. 0 3 2 1 S 

2. 0 2 4 1 8 
.03213 

2. 0 5 6 3 1 
, 0 3 2 1 3 

3. 0 8 8 4 4 
, 0 3 2 1 3 

2, 1 2 0 5 7 
. 0 3 8 1 4 

2. 1 5 2 7 1 
, 0 3 8 1 4 

8.18485 

23 

23 

83 

23 

84 

84 , 

24 

24 , 

24 , 

24 , 

34 . 

25 , 

25 , 

25 , 

25 . 

25 . 

26 . 

26. 

26, 

86, 

86 . 

27, 

8 7 9 

87. 

87 , 

27. 

2 7 , 

28 9 

. 63701 

.73436 

.83093 

.92668 

a 0 2 1 6 6 

a 1 1 5 8 8 

.20933 

.3 0208 

.39397 

,62064 

,84285 

,06073 

, 2'744 0 

, 4 8 3 9 9 

,68959 

,89134 

,08934 

,28368 

, 4 7 4 4 8 

,66182 

,84580 

,02650 

,20402 

,37844 

, 5 4983 

7 1 8 2 8 

88385 

0 4 6 6 3 

8 3 

33 

23 

23 

84 

3 4 , 

24 , 

24 , 

2 4 . 

2 4 . 

8 4 . 

25 . 

3 5 . 

25 . 

25 . 

85 , 

36 , 

86 , 

26 . 

86 . 

86 , 

37 , 

2 7 9 

37 . 

87 , 

37 . 

37 . 

2 8 . 

.6597 5 

.75739 

9 8 5 4 2 3 

.9502 8 

.04555 

.1400 4 

.23378 

.3267 6 

.4190 0 

.64639 

.86933 

.087 9 4 

,30234 

.51267 

,7190 2 

,92151 

,1802 6 

,31536 

, 5 0 6 9 1 

,6950 1 

8 7 9 7 5 

0612 2 

2 3 9 5 1 

4 1 4 7 0 

5868 6 

7S60 9 

9234 4 

0860 0 



Table E (Cont'd) 

\ T„(0°) AT„(0°,1°) T„(60°) y,AT„(59°,61°) 

, 0 5 0 0 0 0 
6 , 0 0 0 0 0 0 
. 0 5 0 0 0 0 

6 . 0 5 0 0 0 0 
. 0 5 0 0 0 0 

6 . 1 0 0 0 0 0 
. 0 5 0 0 0 0 

6 . 1 5 0 0 0 0 
. 0 5 0 0 0 0 

6 , 8 0 0 0 0 0 
. 0 5 0 0 0 0 

6 . 2 5 0 0 0 0 
. 0 5 0 0 0 0 

6 . 3 0 0 0 0 0 
, 0 5 0 0 0 0 

6 . 3 5 0 0 0 0 
. 0 5 0 0 0 0 

6 , 4 0 0 0 0 0 
, 0 5 0 0 0 0 

6 , 4 5 0 0 0 0 
. 0 5 0 0 0 0 

6 , 5 0 0 0 0 0 
, 0 5 0 0 0 0 

6 . 5 5 0 0 0 0 
. 0 5 0 0 0 0 

6 . 6 0 0 0 0 0 
. 0 5 0 0 0 0 

6 . 6 5 0 0 0 0 
. 0 5 0 0 0 0 

6 . 7 0 0 0 0 0 
. 0 5 0 0 0 0 

6 . 7 5 0 0 0 0 
. 0 5 0 0 0 0 

6 . 0 0 0 0 0 0 
. O S O O O O 

6 . 8 5 0 0 0 0 
. 0 5 0 0 0 0 

6 . 9 0 0 0 0 0 
. 0 5 0 0 0 0 

6 . 9 5 0 0 0 0 
, 0 5 0 0 0 0 

7 , 0 0 0 0 0 0 
. 0 5 0 0 0 0 

7 . 0 5 0 0 0 0 
. 0 5 0 0 0 0 

7 , 1 0 0 0 0 0 
, 0 5 0 0 0 0 

7 , 1 5 0 0 0 0 
, 0 5 0 0 0 0 

7 . 3 0 0 0 0 0 
, 0 5 0 0 0 0 

7 . 2 5 0 0 0 0 
. 0 5 0 0 0 0 

7 , 3 0 0 0 0 0 
, 0 5 0 0 0 0 

7 . 3 5 0 0 0 0 

3 

3, 

3 

4 

4, 

4, 

AI 
4'. 

4'. 

4 ! 

4 '. 

4'. 

4I 
4'. 

4 . 

4 

4 

4. 

4 

4 

4 

4 

4 

5 

5 

5 

5 

5< 

0 5 0 3 7 
, 89 3 0 5 
0 5 0 3 7 
94 3 4 2 
0 5 0 3 5 
9 9 3 7 7 
05 0 3 5 

.04 4 1 2 
05 0 3 4 

,09 44 6 
0 5 0 3 4 

,14 4 8 0 
05 0 3 3 
1 9 5 1 3 
05 0 3 2 
24 54 5 
0 5 0 3 2 
29 5 7 7 
0 5 0 3 1 
3 4 6 0 8 
05 0 3 3 
39 6 4 1 
0 5 0 3 0 
4 4 6 7 1 
0 5 08 9 
4 9 7 0 0 
O S 02 9 
5 4 7 3 9 
0 5 0 3 9 
5 9 7 5 8 
0 5 03 8 
6 4 7 8 6 

. 0 5 0 2 7 
69 8 1 3 
0 S 0 2 8 
7 4 8 4 1 
0 5 0 3 6 
79 8 6 7 
O S 0 2 7 

, 8 4 8 9 4 
,05 08 5 
, 8 9 9 1 9 
05 0 3 6 
9 4 9 4 5 

, 0 5 0 2 5 
. 9 9 9 7 0 
,05 0 3 4 
. 0 4 9 9 4 
.0 5 0 2 5 
.10 0 1 9 
. 0 5 03 4 
, 15 0 4 3 
. 0 5 0 2 3 
.80 0 6 6 
. 0 5 0 2 3 
. 35 0 8 9 

3'. 

3 

3 

3 

3 

3 '. 

3' 

3 . 

3 ! 

3 , 

3 I 

3 

3 ' 

3 '. 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

0 4 3 4 4 
2 2 9 0 8 
0 4 3 4 3 
2 7 3 3 1 
0 4 3.4 3 
3 1 6 7 4 
0 4 3 4 3 
3 & 0 1 7 
0 4 3 4 2 
4 0 3 5 9 
0 4 3 4 1 
4 4 7 0 0 
0 4 3 4 2 
4 9 0 4 2 
0 4 3 4 1 
53 3 8 3 
0 4 3 4 0 
5 7 7 2 3 
0 4 3 4 1 
6 8 0 6 4 
0 4 3 3 7 
6 6 4 0 1 
0 4 3 3 9 
7 0 7 4 0 
0 4 3 4 0 
7t> 0 8 0 
0 4 3 3 9 
7 9 4 1 9 
0 4 3 3 8 
8 3 7 5 7 
0 4 3 3 9 
8 8 0 9 6 
0 4 3 3 8 
9 2 4 3 4 
0 4 3 3 8 
9 6 7 7 2 
0 4 3 3 7 
0 1 1 0 9 
0 4 3 3 8 
05 4 4 7 
0 4 3 3 7 
0 9 7 8 4 
0 4 3 3 7 
1 4 1 2 1 

, 0 4 3 3 6 
, 1 8 4 5 7 
, 0 4 3 3 7 
, 2 2 7 9 4 
.0 4 3 3 6 
. 3 7 1 3 0 
. 0 4 3 3 6 
, 3 1 4 6 6 
. 0 4 3 3 6 
.35 8 0 2 
. 0 4 3 3 5 
, 4 0 1 3 7 

6 

; 1 

o 

T„(120°) y2AT„(119°, 121°) z/3^ 2/3, 

2 

2 

2 

2 

8 

2 

2 

2 

2 

2 

2 

2 

3 . 

2 

2 

3 

2 

2 

2 

2 

3 

2 

2 

2 

2 

3 

3 

3 

0 3 2 1 4 
2 1 6 9 9 
0 3 3 1 5 
2 4 9 1 4 
0 3 2 1 5 
3 8 1 2 9 
0 3 2 1 5 
3 1 3 4 4 
0 3 2 1 6 
3 4 5 6 0 
0 3 2 1 6 
3 7 7 7 6 
0 3 2 1 6 
4 0 9 9 3 
0 3 2 1 6 
4 4 2 0 8 
0 3 2 1 7 
4 7 4 2 5 
0 3 2 1 7 
5 0 6 4 2 
0 3 2 0 8 
5 3 8 5 0 
0 3 3 1 7 
5 7 0 6 7 
0 3 2 1 8 
6 0 8 8 5 
0 3 2 1 8 
6 3 5 0 3 
0 3 2 1 8 
6 6 7 3 1 
0 3 2 1 8 
6 9 9 3 9 
0 3 8 1 8 

. 7 3 1 5 7 
0 3 3 1 9 
7 6 3 7 6 
0 3 2 1 8 

. 7 9 5 9 4 
0 3 2 1 9 
8 2 8 1 3 

. 0 3 3 1 9 
, 8 6 0 3 2 
. 0 3 2 3 0 
, 8 9 2 5 2 
, 0 3 2 1 9 
. 9 2 4 7 1 
. 0 3 3 2 0 
. 9 5 6 9 1 
. 0 3 2 1 9 
. 9 8 9 1 0 
. 0 3 2 2 0 
. 0 3 1 3 0 
a 0 3 2 2 0 
. 0 5 3 5 0 
. 0 3 3 2 0 
. 0 8 5 7 0 

28 

28 

28 

38 

28 

28 

29 

29 

29 

29 

39 

29 

29 

30 

30 

30 

3 0 

30 

30 

30 

30 

31 

3 1 

31 

31 

31 

3 1 

3 1 

2 0 6 6 7 

, 3 6 4 0 6 

5 1 3 8 5 

. 6 7 1 1 1 

. 8 2 0 9 0 

9 6 8 2 7 

1 1 3 30 

2 5 6 0 2 

3 9 6 5 0 

5 3 4 7 9 

. 6 6 6 2 0 

8 0 0 23 

9 3 2 2 2 

0 6 2 30 

1 9 0 24 

3 1 6 3 6 

. 4 4 0 61 

. 5 6 3 0 4 

. 6 8 3 6 7 

8 0 2 56 

. 9 1 9 7 4 

. 0 3 5 2 4 

. 1 4 9 1 0 

. 2 6 1 3 6 

a 3 7 3 0 5 

a 4 8 1 1 9 

a 5 8 8 8 3 

. 6 9 4 9 8 

3 3 . 

3 8 . 

3 8 

2 8 

2 8 

29 , 

29 , 

29 

29 

29 

29 

2 9 

29 . 

3 0 , 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 1 

3 1 

3 1 

3 1 

J l 

3 1 

3 1 

2 4 6 8 4 

4 0 5 0 1 

5 6 0 6 0 

7 1 3 6 5 

8 6 4 2 3 

0 1 2 4 1 

1 5 8 2 3 

30 1 7 6 

4 4 3 0 4 

5 8 2 1 3 

7 1 4 3 5 

b 4 9 1 9 

9 8 1 9 9 

1 1 3 7 9 

2 4 1 6 4 

3 6 8 5 8 

4 9 3 6 4 

6 1 6 5 0 

7 3 8 3 5 

8 5 8 0 7 

9 7 6 0 7 

. 0 9 3 4 0 

. 2 0 7 0 9 

. 3 8 0 1 8 

. 4 3 1 7 0 

. 5 4 1 6 7 

, 6 5 0 1 4 

. 7 5 7 1 4 

• t 
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