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Franck-Condon Factors to High Vibrational 
Quantum Numbers I: N2 and N: 

R. W. Nicholls I 

(J un e 5, 1961) 

Franck-Condon factor a rrays h ave been computed numerica lly to high vibrationa l 
qua ntum numbers for t he band syste ms 

CJII - B3II 
B31I - A3~ 
A32; - Xl~ 

al lI - Xl ~ 
A 21I - X2~ 
B2~ _X2~ 

and for the following ioni zat ion t ransit ions 

(Second Positive) 
(First Positive) 
(Vegard K apla n) 
(Ly man-Birge-Hopfi el d) 
(Meinel) 
(First N egative) 

N 2 Xl '1:,->NtX2~ 
N , Xl'1:, -> Nt A21I 
N; X l '1:,-> Nt B2 '1:, 

1. Introduction 

Th e intensity l v'v" in emission of the (V' ,v" ) 
molecular band is given b)' N icholls (1958) 

(1) 

where K is a constant which con tain s the effec ts of 
geometry and units, N v' it' Lhe population in the level 
v' , E v" " is the energy quan tum of the v' , v" transition, 
Re(r ) is the electronic t ransition momen t . r is the 
internuclear separa tion and r.,v" is the r-cen troid 
(Nicholls and J armain , 1956 , 1959) of th e transi tion 
and q.' v" is the Franck-Condon fac tor (Bates, 1952 ; 
Nicholls, 1958). R e(r ) , r.,v" and qv'v" are rcspec
tively defined by: 

R e(r) = J 1/; ;*M1/; ;'dT e 

r ",v" = J 1/;v, l/Iv"rdr I J 1/;" 1/;v,,dr 

(2) 

(3) 

(4) 

where 1/;;, 1/;': are respec tively elec troni c wave fun c
tions of the upper and lower states involved , Mis 
the multipole momen t of the transition, riTe is the ele
ment of configuration sp ace of electronic wave func
tion, r is the internuclear separation , and 1/;. " 1/;." 
are the vibra tional wave functions o[ the upper (v' ) 
level and lower (v" ) level, r espectively. 

I Department of P hysics, Uni versity of Wcstcrn Ontario, London , Ontario. 
Consultant in n eat Divisio n, National Bm can of Stan dards, 1959-60. 

The Franck-Condon fac tor (qv"" ) is govern ed by 
the overlap of the vibrational wave functions of the 
two levels which are concerned in the v' , v' I transi tion. 
It is sometimes called , somewhat clumsily, the vi
brational overlap integral square and can vary over 
two or tID'ee orders of magnitude for the significant 
bands of a system. For m any band sys tems, al
though the variation from b and to band of N o" 
E t,v" and R . (r ) is significan t, th eir combined effec t 
is often no t more than one or two orders of magni-
tude. E does no t change very much over a b fmd 
system of r ela tively small wa velength extension 
(e.g ., ~E4/E4= 14 percen t beLween 2000 and 6000A and 
reI'.' band sys tems are so cxtensi ve) . N ., is of course 
controlled by excita tion conditions. F or a number of 
band sys tems whi ch have been s tudi ed, a siO"nificant 
variation R.(l') wit.h r has b een measured , "'('I'umer 
and Nicholls, 1954a, b ; W allace and Nicholls, 1955; 
Nicholls 1956 ; Dixon and Nicholls, 1958; Robinson 
and Nichops, 1958, 1960 ; H eb crt and NicllOlls, 
1961 ). It IS how ever seldom as much as an order of 
magnitude. Thus the Franck-Con on factor exerts 
dominant effect upon the in tensity variation [rom 
hand to b and across a sys tem . 

Since the pioneering work of Hutchisson (1930, 
1931) who used an analytic method to evaluate the 
vibrational overlap integral for homonuclear HlOle
cules (harmonic and anharmonic oscilla tors), and its 
extension by Dunham (1 932) to heteronuclear mole
cules, a number o[ authors have used a wide variety 
of methods and have produced a number of qv'v" 
arrays of varying extent . This work may be sum
marized as follows: 

Gaydon and P earse (1939) proposed a m ethod by 
which wave functions of a simple harmonic oscillator 
are linearly distorted to fit an equivalent Morse 
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Potential. They compared Franck-Condon factors 
calculated in this way with their experimental results 
on RbH. Pillow (1949, 1950, 1951, 1952, 1953a,b, 
1954, 1955) has improved and applied the method to 
a large number of transitions (Pillow and Rowlatt, 
1960). Nicholls (1950), Montgomery and Nicholls 
(1951 ) and Turner and Nicholls (1951) also used the 
method. 

The basis of the distortion method was criticized 
by Wu (1952) who suggested two further analytic 
methods for 1I10rse molecules. One of these methods 
which is based on the WKB approximation has been 
used by Wyller (1953, 1958). Bates (1952) hf1s pub
lished a very useful double entry table based upon 
modifications of Hutchisson's formulas, from which 
Franck-Condon factors for any transition may be 
read v'= 0-2: v"= 0- 2. 

Prior to the general availabili ty of digital compu
ters, the extreme tedium of direct numerical integra
tion, such as has been carried out by Bates (1949) 
and Jarmain and Nicholls (1954) for Morse mole
cules, forced most workers to resort to analy tic 
approxill1.ations to overlap integrals. Most of these 
approximations are valid for small quantum num
bers. An example is the analytic method of Fraser 
and Jarmain (Fraser and Jarmain, 1953 ; Jarniain 
and Fraser, 1953; Fraser, 1954) which has been ap
plied to a wide variety of band systems (J armain , 
Fraser, and Nicholls, 1953, 1955; Fraser, Jarmain , 
and Nicholls, 1954; Nicholls, Fraser, and J armain, 
1959; Nicholls, Fraser, and Jarmain, and McEachran, 
1960; J armain, Ebisuzaki , and Nicholls, 1960; 

information on 'real ' molecular potentials. It is 
therefore planned to program a numerical solution of 
the Schrodinger equation appropriate to such numeri
cal potentials to provide numerical wave functions 
from which more realistic Franck-Condon factor 
arrays can be determined. 

2. Method 

In the meantime the results reported in this paper 
represent an interim step. Morse potentials have 
been assumed and a program for the numerical 
integration of the overlap integrals has been written 
for the electronic digital 704 computer at the N a
tional Bureau of Standards. The input data are 
We, w eXe, re, f.-i.A , Vmax for both of the electronic states 
involved. Each member of the two families of wave 
functions 1/;; (i= O-v;nax), 1/;;' (j= O-v;':ax) is com
puted at O.OlA intervals, overlap integrals between 
all pairs of them are computed and squared. The 
program has been applied to a number of transitions 
and results are presented here for transitions in N2 
and Nt . 

The -basis of the method is as follows: The zeroth 
vibrational wave fun ction of a Morse molecule IS 

(Morse 1929). 

( a )112 -
1/;o(r) = r (K - 1) [K exp (-a r-re) jl /2(K-O 

[ J{ - ] exp -2 exp (-a 1'- re) (5) 

Ortenberg, 1960). where K=~ 
Biberman and Yakubov (1960) have recently pro- WeXe 

posed a WKB method of evaluating Franck-Condon 
factors analytically at high vibrational quantum 
numbers. The method has been applied by 
Yakubov (1960). Never theless, with the current 
availabili ty of large capacity electronic computers, 
direct numerical integration to high quantum num
bers is straightforward, and there seems to be little 
point in developing further approximate analytic 
methods. The only limitation of this method is the 
realism (particularly at high quantum numbers) of 
the empirical potentials used. 

Losev (1958) used a small capacity computer for 
direct evalu ation of overlap integrals.' The capacity 
of the 1l1.achine was not, however, sufficient to ac
commodate the severe cancellation. 

Ideally, Franck-Condon factor arrays compu ted 
to as high vibrational quantum numbers v' and v" 
as are physically reasonable from observed spectra are 
required for all important molecular band systems. 
This implies good knowledge of molecular potentials 
so that the wave functions used are appropriate to 
'real' rather than empirical potentials. Most of the 
Franck-Condon factor tables currently in the litera
ture have been calculated for empirical (e.g ., simple 
h armonic or Morse oscillator) potentials. 

However recent work of J armain (1959, 1960) and 
Vanderslice et al. (Vanderslice, Mason and Maisch, 

re= equilibrium internuclear separation (A) 

Thus the input data for point by point compu
tation of 1/;o(r ) at a series of values of l' is We, WeXe, re, /LA, 

The symbolism is standard (Herzberg, 1950). The 
gamma function may be evaluated through Stirling's 
formula: 

( 27r)1/2 { 1 1 } r (x)= - xt exp (-x) 1+-+ --+··· 
x 12x 288x2 

(6) 

Once the zeroth wave function is tabulated the com
plete family of wave functions can be built up one at 
a time by the relationships 

( 1/;. ) (cv) 1 ( Lv ) 
1/;v-1 = cv- I Z L v- 1 

(7) 

_ [ (K -v) (K -2V- 1)] 1/2X 1 (~) 
- v(K-2v+ 1) Kexp(-ar-re) Lv-I· 

(8) 
1959, 1960a, 1960b ; Tobias, Fallon, and Vanderslice, 
1960; Fallon, Tobias, and Vanderslice, 1961 ) has pro- C ( a ) 1/ 2 

vided, by a WKB-Klein-Dunham method, numerical 0= r (K -1) . 
(9) 
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The wave functions ..pv of higher quantum number 
than zero contain, as is seen in eq (7), ratios of asso
ciated Laguerre lunctions L v of the form: 

Lu=LIJ.. = ~"-l l (Z ) = z v-v(K - v- l)ZV- l 

+v(v- l) (K - v- 1)(K - v- 2)ZV-2 
2 

+ . . . + (- 1)v{(K- v- l)(K- v- 2) ... (K - 2v) } 

(10) 

where the number of terms in the vth polynomial is 
(v + 1); Lo= LIJ..=lCZ) = l; Z = K exp(- ar-r,). For 
the lowest quantum numbers, eq (10) may be used 
in the evaluation of L v. At higher values of v loss of 
significan t figures through cancellation between 
positive and negative terms forces the use of the 
recursion relation 

r. v-I (V- I) (2r)! 
L ,(Z )= ZLv_ 1-(K -2v) ~ , ( + 1)1 L ,-r - l 

r=O 1 . r . 
(11) 

(Fraser , Jarmain, and Henderson, 1959). If in the 
use of eq (8) L V- 1 should vanish at some valu e of r, 
the alternR.tive relR.tion 

Ct~J=( ;'~J (12) (L~~J (12) 

can be used. 
Prior to nurnerical integration , each wave function 

is evaluated at O.OlA intervals over its significant 
range o[ 1'. This significant range may be estimated 
by recalling that the width 1'2-1'1 of a Morse potential 
in the region of energy U is given by 

1 [ 1+ 2(V- V2) II 2] y = ;:;; log, 1- 2(V _ V2)II2 at level v where 11 

= xe (v + 1/2). (13) 

Rough rules of thumb for the total range in r to be 
treated are [or many electronic states 

vmax .......,6 Add 50% to 1'2 - 1'1: 40% of total range should 
be less than l' e 

vmax ......., 12 Add 40% to 1'2 - 1'1: 40% of r ange should 
be less than 1', 

vmax .......,18 Add 30 % Lo 1'2- 1'1: 35% of range should 
be less Lhan reo 

Beyo nd these mnges thc amplitudes of wave func
tions are negligibl e. 

Provision has been made [or storage on magnetic 
tR.pe of the vibrational wave functions involved in 
the NBS computer center, for future users. Checks 
were of course applied for normality of the wave 

functions i.e., f (..p,)2 clr= l and the overlap integrals 

between all possible pairs of wave Jun cLions of a 
transition were evaluated. The overlap integrals 
were squared a nd values checked by applying the 
sum rules ~ " gv""= l = ~ ",, gv ' v '" It may be noted 
in passing that computation of 1'-centroids was 
also made. These will be discussed independently 
elsewhere. 

3. Basic Data and Results 

Franck-Condon [actor arrays have been computed 
for the following radiative transitions 

0 311u - B311g 

B 311g- A3~;; 
.fP~;; -XI~: 
(Ll11g- XI~: 

Second Positive 
First Positive 
Vegard-Kaplan 
LYlnan-Birge-Hopfield 

N i : A211u-X2~: Meinel 
B2~;;-X2~: First Negative 

and also for the following ionization transitions 

N2(XI~: , v= O) ----7 N i X2~(v= 0- 21) 

N2(XI~:, v= O) ----7 N i A 211(v= 0- 5) 

N2(XI~: , v= O)----7 N i B2~(V= 0-29) 

Wave functions were computed in all cases on the 
basis of a yIorse model for as many levels as were 
lmown spectroscopically and a rectangular gv'v" array 
of (v'max + 1) (v" max + 1) members were then evaluated 
for each trallsition. In such arrays data was of 
course calculated [or many bands whi ch were not 
usually spectroscopically observed. 

The input data (W., WeX., 1'., f.1. A, Vmax ) used for each 
of the states is listed in table 1 and was taken in 
large part from the compilation of Mulliken (1959) 
and the original papers of analysis of the band 
systems. 

The nine arrays of Franck-Co ndon factors are 
presented in tables 2 to 10 inelusive. 

TABLE 1. Basic Data 

State I w,(cm- 1) X l 0- 3 W eI Il (Clll- l) X IO- I r .(A ) i' A Vma% 

N ,X r1:, 2. 35807 1. 119 1. 0976 7. 00377 27 
aln 1. 6937 I. 383 1. 220 7. 00377 16 
A 31:, 1. 46037 I. 3891 1. 293 7. 00377 16 
R3n I. 73411 1. 447 1. 2123 7. 00377 21 
C' I1 2.0351 1. 708 1. 1482 7.00377 4 

N~ X2:E 2.20719 1. 614 1.118 7. 00363 21 
2 A 2II 1. 90284 I. 491 1. 177 7.00363 5 
B ' 1:, 2.41984 2. 319 1. 075 7.00363 29 
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T ABLE 2. Franck-Condon factors to high vibrational quantum numbers fo r the N2 second positive (C3II - B 3II ) band system 

"-"",v" 
v'''

"-
4· 4929- / • 3.8986- 1 • 1. 3494- 1 

• 3.2870-1 . 1. 4691- 1 5. 2258-2 1. 634&-2 4. 7260- 3 1. 2999- 3 

1. 868&-2 2. 0376-1 · 2. 0027- / • Ll238-1 4.8391-·2 1. 7904- 2 • 3.2232-/ 3. 2988- 2 5. 9570- 2 1.6/38-1 1.4274-1 . 8.3030- 2 • 

10 11 

3. 4632- 4 9. 0427- 5 2. 3327- 5 5. 9777--6 1. 5275--6 

6. 0242- 3 1. 904&-3 5. 7747- 4 1. 7024--4 4.9252-5 

3. 8599-2 1. 5642- 2 5. 7932- 3 2.0181- 3 6.7377- 4 

2.3630- 2 2. 5146- 1 • 1. 6304-1 1.1812-/ 1. 8410- 3 8. 8906-2 1.3450-1 . 1.0624-1 6. 1610- 2 2. 9799- 2 1. 2816- 2 5. 0889-3 • • • 4 2. 1905- 3 6. 9566-2 3.0342-/ . 4.7523-2 • 1. 5698-1 • 1. 4160- 2 2. 9388- 2 9.9550- 2 1. 1050-1 . 8.0226-2 4. 6144- 2 2. 2924-2 

"-......... v" 12 13 14 15 16 17 18 j9 20 21 
v,"", 

"-
3.9014- 7 9. 974&-8 2. 5539- 8 6.5466-9 1. 6780- 9 4. 2921- 10 1. 092&-10 2.7561-·11 6. 8697- 12 1. 6833- 12 

1. 407&-5 3. 9912-6 1. 1265--6 3. 1711- 7 8. 9119- 8 2. 5012- 8 7. 0058- 9 1. 9548-9 5. 4183-10 1. 4846-10 

2. 183&-4 

1. 9106. 3 

6. 9311- 5 2. 1688- 5 6.7206-6 2. 0690--6 6. 3413- 7 1. 9374- 7 5. 9029-8 1. 7929-8 5.4207- 9 

6. 8923- 4 2. 4164-4 8. 3002- 5 2.8101- 6 9. 4178- 6 3. 1341- 6 1. 0378- 6 3. 4236-7 1.1258-7 

4 1. 0317- 2 4. 3321- 3 1. 7309-3 6. 6710-4 2. ;;045-4 9. 2257- 5 3. 3524-5 1. 2065-5 4.3127- 6 1. 5344-6 

4 . Discussion 

The most obvious feature of the double entry 
t ables of Franck-Condon factors is, as indicated on 
them , the family of well defined loci on the v' v" 
plane of maximum values of the factors. The loci, 
which h ave the general appearance of co-axial 
parabolas correlate well with the occurrence of 
observed bands. These primary and subsidiary 
'Condon Parabolas', as the loci are called, pass 
through those v' , v" for which the largest contribu
tion to each overlap integral arises from th e strong 
overlap in l' between one antinode oj each of the wave 
fun ctions 1/; v' and 1/;v'" 

The wave function 1/; v(r) has v+ 1 antinodes of 
which the general one is do) . riv) and r~1 1 are the 
terminal antinodes and rf")<re<1'~1 1' The primary 
Condon parabolas arise, as is well known , from over
lap of the terminal ant inodes of 1/;v' and 1/; 0'" The 
two branches of the parabola are determined by the 
condit ions 

(14) 

The secondary parabolas are determined by over
lap of the terminal ant inode of one wave function and 
the next-to-terminal ant inode of the other , that is : 

1,(v') _¥(v") ')~ v' - ' v" +l 

(v ' )_ (v " ) 
1'1 - 1'2 . ) 

(1 5) 

The condit ions for the i th subsidiary parabola are 
then: 

(v ' ) - (v " ) 1 rv'+ 2-j-1'V" + 1 

(v ' )_ (v lf ) 
1'1 - r j . ) 

(16) 

The geometry of th e parabolas has been studied 
for a variety of potentials by applying the conditions 

of eqs (14), (1 5), and (16) and is discussed in detail 
elsewhere (Nicholls, 1961). In this worl, the 
dominat ing influence of M e upon the shape of the 
'P arabolas' is shown analytically. The loci are only 
true parabolas for simple harmonic potent ials as 
Condon (1926) pointed out for t he primary parabola. 
For Morse Potentials the primary 'parabola' is 
actually a quartic. 

The following qu alitative statements may b e made 
upon the dominant influence of flr e upon the shap e 
of the loci in particular and upon the form of the 
three dimensional Franck-Condon factor surface in 
general. 

For band systems in which M e is quite small, that 
is, the potentials lie essentially one above the other, 
the primary parabola is very narrow, appear s to lie 
along the prime diagonal v' = v" in the v' , v" plane 
and has its maximum value at the (0,0) band . In a 
three dimensional representation 'when flr e is small 
(",O.OlA) the g v' v" surface is often a descending 
diagonal r idge along v' =v" . 

Wh en M e is a little larger (", 0 .05A ) the ridge 
widens into a very narrow parabolic ridge with an 
axial valley. This situation occurs for the Nt First 
Negative band system. 

As /::"1' e is further increased, the primary parabola 
widens, its vertex moves down the prime diagonal 
away from (0,0), and subsidiary parabolas appeal'. 
At r elatively large (",O.4A) values of M e (e.g., O2 

Schumann-Runge and N 2 Vegard-Kaplan systems) 
the band system is quite extended in wavelength and 
the oscillator strength of the whole system is spread 
over many more bands th an for systems having a 
smaller M e. Thus the in t ensity pel' band is de
creased. 

In an extreme case, the primary parabola lies 
along the v' = O and v" = O pl'Ogr essions at large v" 
and v' respectively and avoids the (0,0) region 
entirely. 

Examples of these general remarks are seen in the 
tabl es. The Nt First Negat ive system h aving a 
small M e (0.043A ) exhibits a very narrow primary 
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TABLE 3. Franck-Condon factors to high vib"ational quantum numbe,'s for the N 2 jiTst positive (B3II-A3~) band system 

'-.., 
'-..,v" 0 2 5 6 8 

o 

2 

9 

10 

11 

V"" 
3.3816-1 • 3.2480-1 • 1.8996-1 • 8.8567-2 3.6486-2 1. 3990-2 5.1465-3 1. 8513-3 6.5953--4 

4.(J/i45-1 2.3 100--3 1. 0321- 1 1.78£0-1 • 1.1,502-/ 8.6473-2 4.3670-2 1. 9997-2 8.6259--3 • • 1.97<16-1 2. 1203- 1 1.1320--1 . 1. 2048-3 7.7240--2 1.2750-1 . 1.1271-1 7.49.55-2 4.2471-2 • • 5. 0143-2 . 2.9871-1 3.8683- 2 . 1. 6230-1 3.2267-2 . 9.0504-3 6.9190-2 . /.0091,-1 9.0789-2 • 7. 1905--3 

5. 8713--4 

2.6156-5 

5.6982-7 

4.7221-9 

6. 5075--1 2 

2.7802- 15 

8.1140-16 

I. 3180-1 2.7381-1 

• 
1. 8065--3 • 1.1388-1 8.8227-2 • 5.2273-3 1. 7977-2 6.3607-2 

( . 
1. 2298-6 2.7286-2 2. 1065--1 1. 8081- 1 4.779G-2 4.2616-2 1. 0567-1 3.8289-2 • • • 2.9248-3 6.1481-2 2.6054-1 8.3053-2 1.01,01,-/ 3. 1711-3 8.078/-11 . 6.9671-2 

• • 1. 6132--4 8. 4620- 3 1. 0650-1 2.706/-1 1.9163-2 1.2905-1 6.7482- 3 3.9461-2 • • • 4. 1737-6 5.6752--4 1. 8566-2 1. 5609--1 2.4380--1 2.7659--5 1./586-/ 3.6330--2 • 3. 9626-8 1. 7188-5 1. 4947-3 3.4197-2 2. 0292-1 1. 91 85--1 1. 6939--2 • 7.8622-2 

6.0552-11 1. 8482- 7 5.2408-5 3.2741-3 5.5689--2 2.402/-1 . 1. 2991- 1 5.2188-2 • 

3.3224-14 3. 0349- 10 6.3216-7 1. 3176--4 6.2985--3 8.2650--2 2.630/-1 . 7.2055--2 

12 2.5148-16 5.0349--16 2. 1376-13 1.1012- 9 1. 7690--6 2.8895--4 1. 0992-2 1.1398-1 2.6878-1 . 

13 5.9625--17 1.6620-16 4.3337- 16 1.0512-12 3.2357-9 4.2896-6 5.7172--4 1.7773-2 1.4799--1 

14 3.4245-16 4.4756-17 4. 542 H 6 9.7232-16 4.0476-12 8. 1628.9 9.3348-6 1.0436-3 2. 701 6-2 

15 1. 7005--16 2. 5344-16 2.7160-17 4.1387-16 2.8052-15 1. 2846-11 1. 8385-8 1. 8657-5 1. 78'19--3 

16 5. 1720--18 7.4160-17 22234-16 4. 9038- 17 6.3948-17 4.5515--14 3.4427-11 3. 7813-8 3.4803-5 

17 2.0782-16 1. 5676-17 2.1122-16 5. 4009--16 2. 1696-15 2.4366-15 2. 16M-13 8.5321-11 7.2030--8 

18 1. 8889--16 1. 2423-16 2. 4354-17 9.1758- 17 1. 2590--16 3.5970--16 3.0869-17 4.8996-13 I. 9965--10 

19 1.0678-17 1.1379--16 1. 9019--17 2.6078- 16 9.9179--16 3.8.594-15 4.2273-15 8.3216-15 1. 2193- 12 

20 7.5363-17 2.8873-18 3.7751-16 2. 6077-16 9.2651-17 9.5416-17 9.2691-16 1. 7885--1.5 1. 2898-14 

21 1. 7325--16 2.6683-17 4.2656-16 4.0688- 18 4.6754 -16 3.5655--15 3.9524-15 2.1349-15 9.2663-17 

'-.., 
'-..,v" 9 10 11 12 13 14 15 16 
v''-.., 

'-.., 

o 2.3477--4 8.4031-5 3.0383-5 1. 11 35-5 4. 1473-6 1.5729--6 6.0831-7 2. 4019- 7 

3.5891-3 1. 4631-3 5.9070--4 2.3802--4 9.6271-5 3.9251-5 1. 6185--5 6.7658-6 

2 2. 1815--2 I. 0.129--2 4.8845--3 2.2119-3 9.8835--4 4.3920--4 1. 9525--4 8.7217-5 

3 6.4061-2 3. 9171-2 2.1871-2 1.1508-2 5.8243-3 2.8759--3 1. 3995--3 6.7625-4 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

8.3488-2 7. 510G-£ 5.5103-2 3.5667-2 2. 1275-2 1. 2016-2 6.5431-3 3.4791-3 • 2. 4543-2 5.8198-2 • 7.0504-2 6.3384-2 4.7949--2 3.2525--2 2.0514-2 1. 2313-2 • 1. 2893-2 2. 4600-3 2.8099--2 5.2611-2 • 6.0394-2 5.4340--2 4.2250--2 2.9867-2 • 7. 7327-£ 3.8328-2 2.7384-3 6.4003-3 2.9121-2 4.7031-2 • 5.2119-$ 4. 7183-.~ • • 8.3601- 3 6.0770-2 . 5.7211-2 1. 8520-2 8.6772-5 9.5049--3 2.8339--2 4. 1643-2 

6. 7~7-2 • 3. 1940--4 3.3048-2 . 5.941,8-2 3.7289- 2 7.9625--3 3.6806--4 1.1202-2 •• • 3. 7645--2 8.3700--2 1. 3068-2 • 9.5758-3 4.6033-2 • 4. 8138-2 2.2815--2 3. 0276-3 

8.7792-2 . 9.011 8-3 . 7.89G6-2 3.5274-2 . 6.6872-5 2 . .5142- 2 . 4.6325-2 3.5766-$ 

2.8566-2 1.108G-I 2.6171-5 • 5.8457-2 5.4227-2 • 5. 7104-3 7.8299--3 • 3.3974-2 • 2.5751-/ 4.6872-3 1.1561-1 9.3424-3 • 3.2354-2 6.1513-2 • 2. 0820--2 1. 3633- 4 

• 1. 8258-1 2.3145-1 7.7329--4 • 1. 0292-1 2.9820--2 • 1. 0861-2 5.5208-2 • 3.6818-2 • • 3.90 15--2 2. 1544-1 1. 9452-1 1. 3301- 2 • 7. 8290--2 5.2260--2 5. 5460--4 3.9360--2 • 2.8927-3 5.39<17-2 2.41,32-1 . 1. 5158-1 3.6337-2 • 4.9346-2 6.8675-2 2.9424-3 

6. 1314-5 4.4801-3 7. 1852-2 2.67/8-1 . 1.0776-1 6.3088-2 2.3488-2 7.4348-2 • 1. 2872-7 1. 0294--4 6.6745--3 9.2613-2 2.8243-1 6.7723-2 8.7269--2 6.1701-3 • • 4.3255--1 0 2. 1785.7 1. 6584.4 9.6153-3 1.1595--1 2.8900--1 3.5244-2 /.0409-1 • 3. 1035--12 8.8458- 10 3.5155--7 2.5781--4 1. 3450--2 1. 4143- 1 2.8644-1 1. 2813-2 • 3. 1514-14 7.4958- 12 1. 7175--9 5. 4388-7 3.8848-4 1. 8331-2 1. 6845--1 2.7497-1 
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TABCE 4. Franck-Conion jactors to high vibrational quantum numbers for the N2 Vegard-K aplan (A3~t _Xl~t) band system 

"-"- v" 0 2 8 10 11 12 13 14 
v' "-

"-
0 5. 0004-4 5.3372-3 2.2858-2 6. 1668-2 1. 1764-1 1.6884-1 1. 8941-1. 1. 7036- 1. 1. 2501- 1. 7. 5777-2 3.8279-2 1. 6212-2 5. 7795-3 1. 7379-3 4.4108-4 • • 1 3.3185-3 2. 2781-2 6. 9190-2 1.1931- 1 1.2164-1. 6. 3828-2 6.2561- 3 1. 3953-2 7.8661- 2 1. 3698- 1 1.4493-1. 1. 0997-1. 6. 4035-2 2. 9625-2 1.1103- 2 • • 2 9.9751-3 5.0849-2 1. 0348-1 9.7319-2 2.9217-2 2. 1608-3 5.4725-2 8.9237- 2 4. 6160-2 8.8402-4 2.9551-2 1.0011-1 1. 3776-1 1. 1956-1. 7. 4723- 2 • • • • • 3 2. 1325-2 7.8495-2 9.7675-2. 3.3262-2 2.5390-3 5. Gl72- 2 6.3910-2. 8.5635-3 1. 6968-2 7. 3178-2 6.1805-2 7.6001-3. 1. 5200-2 8.3825-2 1. 3146-1 • • 4 3.6417-2 9.3276-2 5.9979-2 3.7143-4 4. 1074-2 5. 7583-2 4.6254-3 2.5535-2 6.330 2. 1. 9160-2. 7.1270-3 8.2759-2 6. 3144-2 9.3831-3. 1. 3789-2 • • • 5.2901-2 8.9624-2 2. 0109-2 1. 4649-2 5. 86se-2. 1. 2234-2 1.6881- 2 5.4617-2 1. 0645-2 1. 6425-2 5.8712-2 2. 0155-2. 6. 5852-3. 6.1432- 2 5.8318-2 • • 6 6. 7985-2 7.0820-2 8.3805-4 4.2328-2 3.4003-2 2.6303-3 4. 7678-2 1. 6412-2 1.1625-2 5.0081-2. 9.7430-3. 1.7291-2 5.5788-2 1. 4565-2. 1. 1314-2 • • • 7 7.9391-2 4.5385-2 5. 2638-3 5.1543- 2. 5.4018-3 2.8049-2 3.2372-2 1. 7097-3 4.3075-2 1. 3077-2 1.4090-2 4.6348-2 4.7851-3. 2.4469-2 5.1703-2 • • 8 8.5879-2 2.2052-2 2.2305-2 3.8028-2 1. 9331-3 4.2032- 2 4.1845-3 2.7007-2. 2.5721-2 4. 0727-3 4.1475-2 6. 2965-3 2.1849-2 4. 0018-2 3.6001-4 • • • • • 8.7302-2 6.4345-3 3.8377-2 1. 6510-2 l. 8150-2 2.8001-2 3.7627-3 3.6963-2 8. 8547-4 3. 1093-S. 1. 5917-2 1. 0832-2 3.7647-2 6. 3259-4. 3. 2836-2 • • • 10 8.4340-2 2.0527-4 4.5272- 2 2.2543- 3 3.3188-2 8. 0539-3 2. 2423-2. 1. 8373- 2 9.7438-3 3.0255-2 5.2910-4 3.4748-2 5.3800-3 2.2182-2 2. 7567-2 • • • 11 7.8120-2 2.0154-3 4. 1795-2 9.8901-4 3.5296- 2 1. 6839-5 3. 2569-2 1. 2430-3 2.8347-2 7.1660-3 1.9634-2 1. 8915-2 7.2235-3 3. 1974-2. 5. 8293- 6 • 12 6. 9875-2 9.0148-3 3.1413-2 9.4229-3 2.4925-2 7. '1255-3. 2. 4781- 2 4.2045-3 2.7191-2 9.8545-4 2.9624-2 2. 5973-4 2.8530-2 5.8720-3 2.0159-2. • • • • 13 6.0710-2 1. 8172-2. 1. 8992-2 2. 0605- 2 1.1159-2 2.0029-2 9.6300-3 1. 8092-2 1. 1135-2 1. 4768-2 1. 5191- 2 9.7822-3. 2.151&-2 3. 7007-3 2. 8305-2 • • 14 5.1488-2 2.7067-2 8. 4944-3 2. 8700-2 1. 9247-3 2.7319-2 5.6975-4 2.6054- 2 4.3335-4 2.5£69-£ 9. 6076-4 2. 4365-£ 2. 8265-3 2.2085-2 7.4375- 3 • 15 4.2800-2 3.4179-2 2. 0378-3 3.1063- £ 2.8713-4 2.5598-2 2. 21 23-3. 2. 1912- 2 3. 6225-3 2.0405-2 3.8253-3 2.0855-2 2. 8517-3 2.2876-£ 1.1484-3 • • 16 3.4994-2. 3.8&32-2 8.7145-8 2.8014-2 4.8324-3 1. 7543-2 1.0459-2 1.1142-2 1. 3917-2 7.9105-3 1.5617-2 6.8300-3 1. 6040-2 7.4514-3 1.5229-2 • • , 

~ 
15 16 17 18 19 20 21 22 23 24 25 26 27 

v' 

o 9.4399-5 1. 6998-5 2.5662-6 3.2317-7 3. 3705-8 2.8835-9 2.0060-10 1.1235-11 4. 9590-13 1. 9734-14 1. 2528-16 2.0799-16 6.0389-16 

1 3. 4093- 3 8.6291-4 1. 8051-4 3. 1205-5 4. 4467-6 5. 1967-7 4.9422-8 3.7943-9 2.3417-10 1.1095-11 3.4235-13 1. 7361-14 1. 8362- 15 

2 3.5672-2 1. 3418-2 4. 0462-3 9. 8770-4 1. 9604-4 3. 1660-5 4.1495-6 4. 3901-7 3.7194-8 2.4953-9 1.2993-10 5.0765-12 1. 6469-13 

31./966- 1. 7.5428-2 3.5429-2 I. 2R69- 2 3.6898-3 8.4423-4 1.5491-4 2.2805-5 2.6846-6 2. 5109-7 1.8463-8 1. 0484-9 4.4781-11 

4 8.2940- 2 /. 2990-/ . 1.1518- / 6.9607- 2 3.0949- 2 1. 0519-2 2.7898-3 5.8366-4 9.6722-5 1.2687-5 1.3110-6 1. 0569-7 6.5395-9 

5 5. 9053- 3 1. 9816-2 9.2101- 2 . 1. 3044-1 • 1.0355- 1 5. 9379-2 2.4233-2 7.5072-3 1. 7991-3 3.3659-4 4.9287-5 5.6330-6 4.9852-7 

6 6.5313-2. 4. 8253-2 1. 1414-3 3.3659-2 1. 0679-1 • 1. 2893 -1 9.3405-2 4.6615-2 1.703!)"2 4.7060-3 9. 9785-4 1. 6352-4 2.0707-5 

7 6.1426-3. 2.2265-2· 6.8871-2 • 3.2748-2 8.2227-4 5.5913- 2. 1.2159-1 1. 2168-1 7.6253-2 3.3343-2 1. 0698-2 2.5833-3 4. 7525-4 • 8 3.6103-2 4.2274-2. 2.6210-4 5.9363-£ • 6.5671-£ • I. 4629-2 1. 1143- 2 8.4197-2 • 1. 3048-1 1. 0693-1 5.7008-2 2.1469-2 5.9411- 3 • 9 2.8104- 2. 2.2605-3 4.7481-2 2.6029-2 • 3.7874- 3 5.7749-2. 5.1100-2 1.5155-3 3. 5628-2 • 1.1196-1 1. 2836-1 8. 5750-2 3.8429-2 • • 10 1.9442- 3. 4. 1368-2. 1.2208- 2 . 1. 4639-2 5.044/- 2 . 8. 0584- 3 2.0857- 2 6.7486-2 . 2.7168-2 3.6115-3 7.1407-2 . 1. 3023-1 1.1361-1 

• • 11 3. 3332-2 l. 2354-2. 1. 3818- 2 3. 9416-2 8. 011 1-'1 3.4402-2 3.8620-2 . 3.0367- 5 4.6607-2 • 5. 91J,5-2 5. 2553-3 2.7301- 2 1. 0818-1. 

12 1. 9980-2 5.9999-3 3. 5262-2 . 8.7432-4 • 3. /374- 2 • 2.3984- 2 4.6994-3 4.8807-2 • 1. 6185-2 1. 2230-2 • 6.5677-2 3.3467- 2 1. 8068- 3 

13 2.4929-5. 3.0604-2. 4.9631- 3 2. 1798-2 • 2.2934-2 • 4.3365-3· 4. 0537-2 • 5.0635-3 • 2.5210- 2 • 4. 3736-2 • 5.0077- 4 • 4. 1055-2 • 6.1736-2 

14 1. 6863- 2 1. 6095-2 8.2915-3 . 2.7504- 2 5.7058-4 3. 3945-2 5. J 767-3 2.3053- 2 3.0040-2 1. 4968-3 4. 6125-2 2.0152-2 9.6071- 3. 

• •• 152. 5634-2. 1.2965-6 2.7/91-2 2.1633-3 . 2. 4/5/-2 . 1.1404-2 1.3699-2 . 2.7985-2 1.2270- 3 3.8910-2 . 8. 1905-3 2. 1206-2 . 4.5013- 2 

16 9.9010-3 1. 28/8 -2. 1. 4542- 2 8.4319-3 2.1752- 2 2. 8302-3. 2.9246-2 6.9650- 5 • S.0929-2 8. 5040- 3 1.8791- 2 • S.2031-2 8.2402-4. 

p arabola. The Nt M einel a nd N2 Second Positive 
systems h ave nearly equ al !:J.r e values (0.061A, 
O.064A , respectively) and exhibit somewhat wider 
primary parabolas and the start of a secondary 
parabola. The N2 First Posit ive syst em exhibits one 
primary and two subsidiary parabolas all of which are 
r elatively narrow as !:J.r e= 0.081A for this system . 
F our wider subsidiary parabolas and one wider 
primary parabola whose ver tex just avoids the (0,0) 
b and are possessed by th e N2 Lyman-Birge-Hopfield 
system (M e= 0.13A) . The extreme patt ern of 
behavior (for M e=O.l 96A ) is shown by th e N2 
Vegard-Kaplan system which possesses six very 

wide subsidiary parabolas and one wide primary 
parabola . 

A steady diminut ion in Fran ck-Condon factors 
with in cr easing v'is seen in the tables for th e N2 
Xl~ , Nt X2~ , Nt A 2II, Nt B2~ionization excitations. 

The author's sincere thanks are due t o M iss 1. 
Stegun and Miss R. Zucker of the NBS Computation 
L aboratory for writing and testing the program, and 
to Mr. W . R. Jarmain for providing details of th e 
m eth?d of comput ation in a form suitable for pro
grammg. 
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TABLE 5. Fmnck-Condon factors to high vibm tional quantum nwnbers for bands of the N2 L yman-BiTye-H opfield (al II. - X l 2;t) 
system 

"-

o 3 6 8 9 10 11 12 13 

o 4.3147- 2 I. 5170- 1 2. 4700- / . 2. 4924- 1. 1. 73/3-/ .8. 80i9-2 3.3993- 2 1. 0171- 2 2.3917-3 4. '1536- 4 6.5886-5 7. 7400- 6 7.1926-7 5. 24ii- 8 • • I. 1G23- 1 /.93/5-1 8. 0·187- 2 4.0 1ii- 4 8. 7320- 2 1.8508- 1 1.75/0- 1. 1. 0324- 1 4.2·195-2 1. 2894- 2 2. 9684-3 5. 2658-4 7.2002- 5 7. 75i7- 6 • 2 1. 7128- .1 9. 6767- 2 

• 3 1.8348- / 1.2119- 2 • 4 1.6026- 1 63914-3 

• 1. 2140- 1 4. 7060- 2 

• 3.2760- 3 1. 0744- / . 8.5983-2. 8.5541. 4 6. 4509-2 1.040/- 1 1. 6142- 1. 9.4062- 2 3. 71 78- 2 I. 0603- 2 2.2534-3 3.6286- 4 

7.554:;- 2. 6.9313- 2 3. 6061- 3 9.5/07- 2. 6.5801- 2 1. 4814-4 7.8397-2 I. 0324- 1. 1. 4300- / 7. 5]75-2 2.6753- 2 6.8242- 3 • • • 9. 0009-~ 5.8 11 8- 4 7. ~42-2.3. 7353-i 1. 6885- 2 9. 0072-2. 3. 6152-~ 9.1675- 3 I. 08<l7- 1 I. 0200-/ . 1.1787- 1 5.3039-2 

4. 6680- 2 3.3922- 2 5.6701- 2 8. 3644- 3 7.8822-2. 7.9121 - 3 4.6748- 2 8.5303-28 7 957(,- :; 3.9113- 2 1.40/0-1. 1.4985- / • 6 8. 2871- 2. 8.5419- 2 4. 5383- 3. 7. 2885-2 2. 7951-3. 0. 3473-2 I. 4846- 2 4.0420- 2. 5.5021- 2 2. 0104- 3 7. 8737-2 5. 1442-2. 1. 6276- 3 8. 7172- 2 • • 5. 2304-2 9. 9714- 2 5. 7959- 3 5.6582- 2 I. 7174- 2 4. 6938-2~1. 2779- 2 5.7309-2. 1. 0399- 3 0.7550-2. 1. 5376- 2 3.2095-2 8. 3544-2. 1.l 954- 2 • •• • 8 3. 1090- 2 9. 2157- 2 3.3721- 2 1. 8257- 2 5. 3397- 2 4. 2086-3. 5.4396-2 4. 7475-3. 5.0309- 2 I. 7512- 2 3. 1436- 2 5. 5586-2. 1. 0426- 3 7. 3/G0-2 • • • 9 1. 7644- 2 7. 3157- 2. 0.1052- 2 1. 3142-4 5.4841-2 9.234 1- 3 3.97 1 3-~ 1.5872- 2 3.8686-~ 1. 1738- 2 5.0739-2. 1.2461-3 0.3084-2 1. 2393- 2. 

10 9.6608- 3 5. 2852- 2 7. 3781-2 9.747l- 3 2. 7952- 2 3.9179- 2 5.0804-0 4.7431-2 R 4200-4 4.9335-2 1. 843·1- 3 4.9040-2. 1.1514- 2 3.5553- 2 

11 5. 1456- 3 3.5298- 2 7.1626- 2 3.2004- 2 4.5490- 3. 4.9/79-2 4.9041- 3 3. 4460- 2. 1. 7415-2 2.5184-2. 2 2571- 2 2.6982- 2 1. 8394-2.~ . 0959- 2 

12 2.6837- 3 2.2297- 2 6. 0437- 2. 5. 1009- 2 1. 1577- 3 3.2993- 2 2.8601- 2 5.8283- 3 4.1088-2 2. 1007- 5 4.3320- 2 5. 4143~1 4. 51l07-2. 6. 3378-5. • • •• 13 1. 3780- 0 I. 3502- 2 4.6253- 2 5.9538-2 I. 3977- 2 1. 0905- 2 4. 2374-2 2.3212- 3 3.0711- 2 1. 7579-2 1. 6377- 2 2.8647- 2 1.068:;-2. 3.3020- 2. 

14 6.9962-'1 7.9172- 3 3.2962- 2 5.7972- 2. :;.14 18- 2 2.5375-4 :1.4721- 2 3.0400- 2 6.6949- 3 3. 0790-2 1. 357:;- 4 3.6255-2. -1. 5241- 3 3. 3505-2 
• • e 

15 3.5254- 1 4.5299- :; 2.2268- 2 5. 0057- 2 4. 4474- 2 4.2788-3 1. 6705- 2 3.5353- 2 7.8834-4 2.8085- 2 1. 6663- 2 1. 1055- 2 S.04 1O-2 2.8417- 3 • 16 I. 7686-4 2.5446- 3 1.44'13- 2 3.9684- 2 4.9779-2. 1. 078/-2 3.0392- 3 3. 4144-2 1.3841- 2 7.S066-3 3. 25/8- 2. 3.9481-4 3.0054- 2 8. 7005-3 

"- v" l4 15 16 17 18 19 20 21 22 23 24 25 26 27 
v' "-

"-
o 2.9709- 9 1.2S:;2- 10 4.1 106- 12 9.93'15- 14 3.3615- 1.\ 3.0 .1 01 - 17 4.3574-16 4. 824.'H6 1.0952-161.1648- 15 2. 728:;- ](; 6.6761-161. 8359-152.0 131- 16 

6. 4253- 7 40808- 8 1. 960,,- 9 7. 0520- 111 8302- 122.3676- 144. 1986-16 8.625:;- 16 4.5937- 16 1. 5854- 169.8175- 162.1260- 162. 0687- 164.9335-16 

2 4. 4589- 5 4.1814- 6 2.9740- 7 1. 5857- 8 6.2259- 10 1. 75Jl - ll 3.5988- 13.1. 8946-15 8. 4255- 17 G. 9250- 16 9.1179- 17 1. 7731-1S 1.1287- 17 2. 1375- 16 

3 1. 2847- 3 1. 8106-4 1.9191- 5 1. 5250-6 8.9997- 8 3.8880-9 1.1833- 102.3433- 123.3098-143.4689-161.1776- 15 2. 3464- 16 1. 0360- 15 1. 2129-15 

4 1. 6319- 2 3.5966- :; 5.8124-4 6.9568-5 6. J 694-6 4. 0230- , I. 9017- 8 6.3003- 10 I. 3674- 11 2. 6901-13 5.5744-15 7.6479-16 4.3130- 16 2.2953- 16 

8. 7152- 2 3.2616- 2 8.4426- 3 1. 5660-3 2. 1160-4 2.0924- 5 1. 5064 -6 7.7871-8 2.8156- 9 6.8393- 11 1.2525- 12 8. 1166- l f • .1 . 5217- 15 1. 7040- 15 

1.5081J- / 1.2213- 1 5.6318- 2 1.7212- 2 3.6717- 3 5.6045-4 6.1776- 5 4.9073- 6 2.7756-7 1.0921-8 2.8774- 10 5.2210-12 5.74'13- 143.3 13:;-15 

3.1952- 2. /.3391 - 1 I. 4800- 1 8.5723- 2 3. 1173- 2 7.6735-3 I. 3248- 3 1. 628,1-4 1. 4270- 5 8.8267- 7 3.7741- 8 1. 0816-9 2. 0109- 11 1. 5562- 13 • 8 4.9484- 2 1. 9439-3 8. 9062- 2. 1. 5540-1 1. 1640- 1 5.0917-2 1. 4532- 2 2.8438- 3 3.9011-4 3.7718- 5 2.5518- 6 1. 1851-7 3.6551- 9 6.9987- 11 • • 3. 4393- 2 7.8477-28 7.5768- 3 4. 0354- 2 1.4013- /. 1. 4/78- / 7.5755- 2 2.5231- 2 5.6135- 3 8. G06l-4 9. 1860- 5 6.7969-6 3.4248- 7 1.1363- 8 

10 4.4981-2. 3.7797- 3 7.0180-2. 3. 7765- 2 7.2487-3 I. 0525-1. 1. 5492-1 I. 0330- 1 4.0497-2 1. 0285-2 1. 7656- 3 2.0824-4 1. 6856-5 9.2158- 7 

• • II 5.2590- 3 1J.1200-2. 4. 7036-~ 4.61J77-2 O. 721-~ 1. 1699-3 6.1404- 2 1.5085- / . 1. 2947- / 6.0438- 2 1. 7612- 2 3.39H-3 4.4294-4 3.9248- 5 

12 5.0482-2. 3.2684-3 4.0/30-£ 3. 03i7- Z. 1. 3531 - 2 7.9458- 2. 2. 0142- 2 2.2846- 2 1. 2880- 1. /. 49/5-~ 8.4181-2 2.8335-2 6. 1512- 3 8. 8962-4 

13 1. 2956- 2 3.0547-2. 2. 6337-2 1. 6466-2 5.46/3- 2. 8.1207-7 6. 4021- 2. 5.0336- 2 1. 9290-3 9. 3245-2 1.5734-1 . 1. 0964- 1 4.2991- 2 1. 0555-2 

14 7.7462- 3. 3. 6321- 2 5.5526-3. 4.6588-2 2. 0058- 4 5.6134-2. 1. 2476- 2 3.3442-' 7.3625-2 3. 9385- 3 5.3209-2 1.5075- / . / . 3357- 1 6.1671-2 • • • • 15 3.0895- 2. 9.0014-4 4. 0821-~ 1. 7892- 3 4. SOI7-~ 9.5126- 3 3.4975-2 3.8010- 2. 7. 2387- 3 7.7082-2. 2.4771- 2 1. 9622-2 1. 2914- 1. 1. 5/92- 1 

16 2.1658- 2 1.7875-2. 1. 7293- 2 2.2493- 2 1. 9805- 2 2. 0641J-2. 3. 2328-2 9.6230-3 5.5729-2. 5. 1842- 4 5.9387-2. 5. 2688- 2 1. 6734- 3 9 6082- 2 

457 



TABLE 6.- Franck-Condon factors to high vibrational quantum numbers for the X t Meinel (NIl - X2~) band system 

""-v" v'''-

" o 

o 3 4 5 6 9 

4.75: -1 • 8.7976-1 • 1. 2261-1 2.0552-2 1. 9140-3 9.8223-5 2.5730-6 2.8280-8 7.1881- 11 1. 3034- 14 

3.2551-1 3.1147- 2 8.8577-1 . 2. 8675-1 6.2361-2 7.9463-3 5. 1634-4 1. 6252-5 2.0531- 7 5.6007- 10 • 1. 3597-1 • 2.2454-1 2.1369-2 1. 8509-1 • 2.9468-1 1.1706-1 1. 9723-2 1. 5814-3 5.8634-5 8.3781- 7 • 4.5258-2 1. 9900- 1 7.9737- 2 1. 0485- 1 6.2736-2 2.9286-1 1. 7382- 1 3. 7932-2 3.6854-3 1. 5859-4 • • 1. 3290-2 1. 0318-1 1.7446-1 . 7. 1951-3 1. ; 34-1 • 5.8075-3 2.4791-1 . 2.2299-1 6.22 2-2 7.2377-3 

3.6240-3 4. 1446-2 1.3947-1 1.0776-1 . 6.9178-3 . 1.5087-1 . 5.6092-3 1. 8156-1 . 2.5782-1 . 9.1651-2 

11 12 13 14 15 16 17 18 19 20 

10 

1. 3712- 16 

1. 7873- 13 

2.4027-9 

2.5305-6 

3.5730-4 

1. 2619-2 

21 

2.7562-18 1.4459-16 1.0180-16 9.5982- 17 6.8800- 16 9.3860-17 4.4501-16 1.0922- 15 1.5305-16 4.8250- 16 1.4032- 15 

4.6499- 15 2.7039- 16 7.7745-16 5.7731- 16 5.1409-17 4. 8211- 16 1. 5310- 16 2.8998- 17 1. 4699-16 1. 5527-17 3. 4885-17 

1. 2992-12 3.4067- 15 9.4675- 16 6.8119- 18 9.2846- 17 2.6601- 18 5.3240-17 6.4896-18 7.213!H9 3.6857- 19 3.3878-17 

3 7.5480-9 6. 1950-12 6.6985- 15 5.2723-15 3. 0122- 16 8. 5199-16 2.3340- 16 4.6723- 16 3.4614-16 1. 6626-16 6.1908- 16 

6.3015-6 1.9287-8 2.2829- 11 6.3533- 15 4.6511- 15 3.5759-15 1.4709- 16 1.5949-15 7.9021 - 16 1.9054- 16 6.2021- 16 

7. 0813-4 1. 3686-5 4.2478-8 7.2533- 11 1. 2025- 14 1.1015-14 1. 3299- 15 1. 9820-16 3.6890-16 1.1160-15 3.3943- 16 

TABLE 7. Franck-Condon factor array to large vibrational quantum numbers for the Ni first negative (B2~ - Y2~) band system 

"-""",v" 
v,"" 

8 

9 

10 

11 

12 

13 

J4 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

'-, 
2 4 8 10 

6.5094-1 • 2. 5883-1 7. 0162- 2 1. 5997-2 3.2972-3 6. 3420-4 1. 1549-4 1. 9998- 5 3.2805-6 5. 0335- 7 7.0274-8 • • 3.0144-1 2.2260-1 2.8598-1 . 1. 3242- 1 4. 2720-2 1.1403- 2 2.6998-3 5.8613-4 1.1849-4 2.2393- 5 3.9313-6 

4.5371-2 • 4.0599-1 5. 0646-2 2.2901-1 . 1.6535-1 7. 1133- 2 2. 3623-2 6. 6908-3 1. 6951-3 3.9336-4 8.4449-5 

1. 0562-1 • 4.1372-1 2. 1005-3 1. 5560-1 • 1.7060-1 9.4514-2 3.8008-2 1. 2612- 2 • 1. 6604-1 • S.7922-1 6.7250-3 9.2901- 2 1.5692-1 1. 0964- 1 5. 2363-2 • 1.3395-2 2. 2051- 1 • 3. 3100-1 2.9248-2 

2.0691-2 2.6731-1 . 2.8304-1 

4.8153-2 1. 8827-1 . 1.1606-1 

3.6675-3 

2.0033-2 

6. 4883- 2 

9.6386-4 

6.5985-3 

2.8257-2 

7.4424-2 

2. 7894- 2 

1.8070-5 

6. 4203-5 

3.2950-8 

5.3307-2 

S.0677-1 • 2. 4145-1 

3.4188- 2 S. 4009. 1 

1. 0660-6 3.8904-2 

1.1610-4 8. 0941-5 

6. 7150-7 1. 8230-4 

2.0444-2 1. 0647-1 • 1.1499-1 

7.2364-2 5.9387-3 8.0835-2 • 1.0837-1 

2.0830-1 8.4684-2 4.7434-4 5.8649-2 • 8.6856-1 1. 8373- 1 9.0654- 2 5.5515-4 • 4.1527-2 S.9326-1 1. 6717- 1 9.1407- 2 • 3.8725-4 4.1704-2 4.1493-1 . 1. 5792- 1 

• 

2.2475-3 

1. 4521-5 

4.6340-7 

9.4819-9 

6.4377-10 

4.1998-13 

1. 2746-12 

3.9487-14 

2.8767- 16 

5.2594-16 

6.9353-3 

3. 9858-5 

3.0877-6 

3.4169-8 

5.7552-9 

3.8766-12 

1. 0275-11 

6.9997-13 

2.4900-15 

5.7286-5 

1. 1319-5 

4.9500-8 

2.6591-8 

1. 7096- 10 

3.8767- 11 

5.5598-12 

4.9298-5 

3.0055-5 

1. 7424-8 

8.3563-8 

1. 6762-9 

7.8486- 11 

1.9680-7 

9. 1842- 9 3. 5933-7 3. 5224-6 2.5089-4 1. 0871-3 3.9276-2 4.8379-1. 

7. 4212-20 9.9105-16 1. 0091- 13 2.7547- 11 5. 7016-11 3.5189-8 4.9932- 7 1.1720-5 3.0102-4 2.3614-3 3.4320- 2 

1. 7188- 16 9.8952-17 1. 3821-15 9.9713- 13 9.4783- 11 1. 3391- 11 1. 0410-7 4.7645-7 3.0048-5 3.0712-4 4.3643-3 

1. 8407-16 4.0381-17 2. 6642- 15 3. 0960- 15 7.6533-12 2.2485-10 1.1384-9 2.4797-7 2.0410-7 6.3998-5 2.4992- 4 

1. 8159-17 5.4575-18 2.8290-15 6.5611).-15 2.0529-14 3.6688- 11 3.6122- 10 8.9261- 9 4.8200-7 1.5601-8 1. 1714-4 

9.5257-17 1.3459-16 1. 3306-15 1. 5681).-15 5.3219-14 1.1348- 12 1. 2484- 10 2.8360-10 3.8957-8 7.5533- 7 1. 3451- 6 

3.2282-16 6.4620-16 2.7374-17 3.0826-15 7.6808-15 4.8177- 14 8. 8436-12 3.2815- 10 2.0518- 15 1.2246-7 9.0082-7 

3.0466-16 6.7846-16 1. 1417- 16 2.9053- 15 3. 1337-17 7.9994-14 3. 1504-14 4.3885-11 6. 1538-10 1.8661- 9 3. 0160-7 

6.8290-17 1.0853-164. 7800-17 1.3187- 16 1.9387- 16 1.0090-14 1.0265-13 1.2416-121.6333-10 7.0155-10 1.6088-8 

2.0275-17 6.9310-17 2.1950-17 1.2681- 15 2.4681-15 7. 4429-16 7.4978-14 6. 1713- 14 1. 2370- 11 4.3238- 10 2.3013- 10 

1.6131-16 5. 1946-16 2.1950- 17 2.0731-15 1.1194- 15 1. 1293- 15 1. 8187-14 1. 0151- 13 8. 6085-15 6.8228-11 8. 3364-JO 

3.0801).-16 7.5001-16 1. 8879-18 5. 7561- 16 2.8680- 16 5.7740- 16 8.7811-18 5.5815-14 2.4374- 13 3.2389-12 2.4321- 10 

2.6276-16 4.0819-16 2.2567-16 3.9537-17 2.8615-15 3.7123-15 2.7915-15 2.7967-14 8.7905-14 7.2159-14 3. 0774-11 

7.3746-17 7.2516-17 5.2749-16 3.2663-16 2. 1827- 15 1. 4253- 15 3.9308-16 4.4983-15 1. 0689-14 2. 0665-13 1. 5994-12 

2.6573-18 1. 4601- 17 4.5026-16 2. 0011).-16 5.8352-17 3. 0164-16 2. 0010-15 1. 9009-15 5.6924-16 7.6241- 15 6.6945-17 

1. 0392-16 1. 4208- 16 8. 1945-17 6.7362-18 8.7095-16 2. 7341- 15 4.5872-15 1.1201- 14 2. 1936-15 6. 4900- 14 3.8017-14 

2.6226-16 2.7250-16 3.3132- 17 2.8661-17 1. 9786-15 2.3088-15 8.0611-16 1. 1309-14 2.8800-14 1. 4500-13 4.4470-14 

2.6659-16 3.2371- 16 3.0601).-16 2.8421- 17 1. 0866-15 L 7611-16 L 893!l-15 6.6923- 15 9.2761-14 9.0932- 14 1. 4744-13 
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TABLE 7. Franck-Condon jaciO?' a1'1'ay to large vibrational qtwntum numbers jor th e N~ first negative (B2T,- X2"}; )bamd system
Continued 

o 

2 

3 

4 

5 

6 

8 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

11 12 13 14 15 16 17 18 19 20 21 

8.4194-9 7.470&-10 2.7246-11 1. 5572-12 5. 7438-12 4.0732- 12 1. 9329- .1 2 7.4934- 13 2. 4709-13 6.8549- 14 1. 6424- 14 

6.2862- 7 8.7564-8 9.5331- 9 5.6580-10 2.7584-13 4. 1016-11 3.8757- 11 2. 1156- 11 9.2253- 12 3.5745-12 1. 2773- 12 

I. 6754-5 3.0305-6 4 8313-7 6.265&-8 5.2243-9 5.9097-11 1. 2927- 10 1. 8980-10 1. 2444-10 6. 0838- 11 2.5444- 11 

2.3237-4 5. 1559- 5 I. 0440-5 1. 8810-6 2.8382-7 3.0499-8 1. 1388- 9 1. 9308- 10 5.9679-10 4.8728- 10 2.7405-10 

I. 9422- 3 5.2074-4 1. 2807-4 2.8771-5 5. 7951-6 9.9985-7 1. 3165- 7 8. 002-9 5.3633- 11 1. 333&-9 1. 4349-9 

1. 0429-2 3.4058-3 1. 0071-3 2.7242-4 6.7369-5 1. 5032-5 2.9233-6 4.556&-7 4.1113-8 3.8150-10 2. 081&-9 

3.6515-2 l. 4962- 2 5.3781-3 1. 74 13- 3 5. 1455-4 1. 3912- 4 3.4114-5 7.3925-6 1. 3305-6 1. 6789-7 6. 7916-9 

8. 0508- 2 4.4113- 2 1. 9912-2 7.8225-3 2.7556-3 8. 8413-4 2.5973-4 6.9513-5 1. 662&-5 3.3928-6 5.2530-7 

9.8211,-2 8.3188-2 5. 0528-2 2.4953- 2 1. 0647-2 4.0574-3 1. 4059-3 4. 4632-4 1. 29.17-4 3.3924-5 7.7377- 6 • 4. 0751-2 8.6281,-2 • 8.2879-2 5.5439-2 2.9771-2 1. 3721-2 5. 62il-3 2.0953-3 7. 1529-4 2.2401- 4 6.375 1-5 

3.6040-3 2. 7101- 2 7.3930-2 . 8.0178-2 5.8721-2 3.4099-2 1. 6889-2 7.4191-3 2.9555-3 1. 0800- 3 3.6310- 4 

8.8180-2 7.895&-3 1. 7195-2 

I. 5540-1 8.2045-2 1. 2382-2 • 4.4957- 1 l. 5933- 1 7. 3838-2 • 2.7223- 2 4.6145-1 I. 6967- 1 

6. 2084- 2 ~ 7. 5740-2 6.0410-2 3.7741-2 1. 9994-2 • 1. 0343-2 5.1312-2 7.0185-2 6.065&-2 4. 0577- 2 • 1. 650&-2 5.8379-3 4. 1892-2 6.4044-2 • 5.9684-2 

9.3675-3 

2.2892-2 

4.2558-2 

3.9758- 3 

1. 1393- 2 

2. 546&-2 

1. 5488-3 

5. 1321-3 

1. 34 12- 2 

6.4 180- 2 2.0049-2 5.7743- 2 • 5.7746-2 4.3701- 2 2.762&-2 • 7.1648-3 

1. 3548- 4 

1. 8672-4 

1.8762- 2 

1. 067&-2 

2. 032&-5 

4.6808-1 • 1. 8661- 1 5.3547-2 

3.0433-3 

2.3010-2 

4.2359-2 

2.4131- 1 

3.3901- 2 

1. 4302- 3 

2.552&-2 

3.1069- 2 

2.7284- 2 5. 1592-2 5.5097-2 4.4065-2 

1. 0178- 2 

1. 4.\8&-2 

4.670/- / 2.1044- 1 • 3.2073- 3 J,.5788-/ 

• 5.8439-4 2. 1907- 2 4.5804-2 5.1972-2 

2.7824-2 1. 9790-4 1. 7599-2 4.0509-2 

7.5652- 6 2.5870-4 3.5495-5 1.8313- 2 J.9948-5 • J,.8062- / 2.7903- 1 2. 0265-2 3.0199-2 5.4549- 5 1. 4183- 2 

6. 8357- 7 2.4387- 5 3.0557-4 3. 954 &-4 2. 1029-2 3.0089-3 • 4.0194-/ 3.2267-1 1. 0750-2 8. 2999-£ • 1. 6955-5 • 5.9409-7 1.3334-7 5.8697- 5 2.9260-4 1. 3714-3 2. J 794-2 1. 4370-2 • 8.529£-1 8.702/-1 3.5923-3 • 8.0642-2 

6.9591- 8 9.1908- 7 3.4595-7 1.1445-4 I. 9932-4 3.2078-3 1. 9842- 2 3.5454-2 . 2.9044- 1 4.1810-1 1. 2231-4 

5.0037- 10 2.0893- 7 I. 0338-6 4.6938- 6 I. 8534-4 5.9069- 5 5. 9731- 3 1. 5008-2 6.5937-2 • 2.1796- 1 4·6109- 1 

1. 030&-9 1. 0520- 8 4.7806-7 6.4729- 7 1. 9630-5 2.4734-4 8.0611- 6 9.3682- 3 8.2444- 3 1. 0298 -1 • 1. 'J20&-1 

6.5049- 10 3.7077- 10 5.8628-8 8.4343- 7 2.1043-8 5.3360- 5 2.5985-4 3.1278-4 1. 258&-2 2.0152- 3 1. 4068- 1 

1.4345-10 1. 1228- 9 7.4423- 10 2. OJ 61- 7 1. 0704-6 1. 3360-6 1.1017- 4 1. 8749-4 1. 3264-3 1. 4378- 2 2. 1219-4 

1.4755-11 4.0176- 10 R 5840-10 1. 6039-8 4. S573- 7 7.4719-7 1. 0525-5 1. 7905-4 5.2861-5 3.3301- 3 1. 3483-2 

4.5578- 14 4.7793-11 6. 930- 10 8. 1140-12 8.027&-8 8. 1718-7 3.5258-8 3.6910- 5 2.2192-4 1. 7120-5 6.2372-2 

2.0445- 12 6.7752- 13 1.496 - 10 1. OM 1- 9 2.5762-9 2.3357-7 8.9840-7 1.361&-6 8.5564-5 1. 8547-4 4.3123- 4 

6.2502- 12 1. 912D-n 7.1972- 12 9.042&-10 1.6712-9 2.2423-8 5.1404-7 4.9309-7 1. 0523- 5 1. 4399-4 6.6619-5 

T ABLE 8. Franck-Condon Factors JOI' excitation oj levels oj 
N,+ ( X ' "}; g+) from N,(Xl "}; g+, v= O) 

"- '-.. 
"" v" 0 ""',!" 

Ii",- v'''-
"- "----

0 9.0236-1 11 
1 9.063&-2 J2 
2 6.5080-3 13 
3 4.5437- 1 J<I 
4 3.5005- 5 15 

5 3. 1250- 6 16 
6 3.2409-7 17 
7 3.8320-8 J8 
8 5.0548- 9 19 
9 7. 3154- 1.0 20 

10 1. 1463- 10 21 

0 

---

1. 9235- 11 
3.4295- 12 
6.5247- 13 
I. 3180- J3 
2.6924-14 

4.5920- 15 
6.9115- 16 
3.8920-16 
8.9534-16 
I. 5J61- 15 
S.5939-16 

T ABLE 9. Franck-Condon Factors jor the excitation oj levels oj 
N 2+ (A2II ) jrom N 2(Xl "}; g+, v= O) 
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"-"-v" 0 

~-
o 
1 
2 
3 
4 
5 

2.4468-1 
3.1069-1 
2. 2530-1 
1. 2358- 1 
5. 7340-2 
2.3877-2 



TABLE 10. Franck-Condon Factors for the excitation of levels of 
N2+(B2"J:, u+) from N 2(X 1J:,g+, v=O) 

" " '-.,0" """ v" V'" 0 V'" 0 
__ 2:, 

---- --" ---
0 8.9119-1 15 1. 7921-17 
1 1. 0703-1 16 2.8420-20 
2 1. 7514-3 17 2.9486-17 
3 2.6855-5 18 1. 0171- 16 
4 1. 7966-6 19 1. 3940- 16 
5 6.5482-8 20 2.0681-17 
6 1. 0485-9 21 3.5482-17 
7 3.3727- 10 22 1. 7063-16 
8 5.211 2- 12 23 2.6721- 16 
9 1. 8534-13 24 1. 3949-16 

10 4.9245-14 25 5.5412-19 
11 5. 0633- 17 26 9.7988- 17 
12 1. 0188- 15 27 3.1142-16 
13 3.3279-16 28 4.3268- 16 
14 5.4866-17 29 2.8228- 16 
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Theory of an accurate in termediary orbit for satellite astron
omy, J . P. Vinti, J. R esemch N BS 65B (Math. and Math . 
Phys.) No.3, 169 (July-September 1961) 70 cents. 
This paper derives an accurate inter mediary orbit of an arti
ficial satellite of an oblate planet. The drag-free motion takes 
p lace under the action of a gravitational potential which fits 
t he even zonal harmonics exactly through the second and 
approximately through t he fourth, in the ease of the earth. 
This potential leads to separability of the Hamilton-Jacobi 
equation. 
Two alternative sets of orbital elements are set forth . The 
first set is r elated directly to initial conditions, but requires 
numericalfactoring of a certain quartic to evaluate some of the 
integrals. The second set, on the other hand, permits exact 
fac toring of both quartics t hat a ppear, but is not related di
rect ly to initial condit ions, so that i ts members can best be 
obta ined by a least-square fit of the solu tion over many orb ital 
revolutions. 
The final solution is given in terms of certain uniformising 
variables, whose periodic terms are correct t hrough the second 
order in t he oblateness paramcter and whose secula r terms 
a re exact, for the intermediary orbit. These exact solutions 
for the s.ecular terms ~re expressed by means of certain rapidly 
convergll1g sen es, with co mplete avoidance of elliptic in
tegra ls of the third kind. 

Prediction of symptoms of cavitation , R. B. Jacobs, J . 
R esearch NBS 65C (Eng. and Instr.) No.3, 147 (J uly-Sep
tember 1961) 70 cents . 
An analysis which indicates so me of the basic problems in 
cavitation a nd whi ch Inay permit the prediction of cavitation 
characteristics of hydraulic equipment is presented . Some 
experimental r csul ts are discussed and a re compared with the 
results of t he analys is. 
It is concluded that the analysis may be applicable to t he 
prediction of symptoms of cavitation (c ha nges in performance 
characterist ics due to t he presence of cavitation), but t hat 
more mformatlOn relatcd to metastability, nucleation and 
vapor-phase d ynamics is required. ' 

On the nature of the crystal field approximation, C. M . 
Herzfeld and H. Goldberg, J. Chem. Phys. 34, No.2, 643-651 
(Feb. 1961) . 
A new method is developed for t he treatment of molecular 
interactions, and is a pplied to a syste m consisting of a hydro
gen atom m a. 2p state and a hydrogen molecule in the ground 
state . The I nteractlOn of these two species is calcu lated 
using ordinary crystal fi eld theory and also the new method. 
A comparison of t he results shows so me of the shortcomings of 
the conventIOnal crystal fi eld t heory, and provides corrections 
to it. T he new method consists of (1) expanding all electron 
terms of t he total Hamiltonian for t he system which involve 
interactions between the atom a nd t he molecule thus trans
forming the interaction Hamiltonia n into sums of products of 
one-electron operatol:s, and (2) of using properly antisym
metn zed wave fUllctlOns made up of products of atom and 
molecule eigenfu nctions. The calculations show the effect 
of the neglect of overlap and exchange in ordinary crystal 
field t heory. 

The electromagne tic fi elds of a dipole in the prese nce of a 
thin plas ma s heet, J. R. Wait, A ppl. Sci. R esearch 8, Sec. B 
397- 417 (1960). ' 
The proble m of electric a nd magnetic dipoles located near a 
thin pla nar slab or sheet of ionized material is considered. A 
constant and uniform magnetic fi eld is impressed on the s lab. 
Under the ass.umpt ion t hat t he t hickness of the slab is very 
small, expres IOns for the resultant fields are obtained. As a 
result of t he an i otropy of t he sheet it is indicated t hat t he 
fi elds are ellip tically polarized in general. On carryin g out a 

sadd le-poin t evaluat ion of t hc integra ls in thc formal so lution 
it is shown t hat t he far fi elds may be spl it into "radiation" 
a nd "surface wave" co mponents. The dependence of t he 
radiation pattern a nd the surface wave character istics on 
electron density, collision frequency, and the impressed mag
netic field is illustrated . 

Calculation of properties of magnetic de fl ec tion syste ms 
S. P enner, Rev. Sci. I nstr. 32, No.2, 150- 160 (Feb. 1961). ' 
A convenient m.atrix met hod for calcu lating propertie of 
magnetic deflectIOn syste ms IS presented. This method is 
applicable to particle beams of small spatial a nd angula r 
exte nt, a nd small energy sp read. Equat ions for quad rupole 
Icnses a nd fo r deflect ing magnets a re given. Examples are 
give n to show t he procedure for calculating the parameters of 
magnet syste ms. 

Departures from the Saha equation for ionize d h elium. I. 
Condition of detailed balance in the r eso nance lines, R. N. 
Thomas and J . B. Zirkcr, Astrophys. J . 133, No.2, 588- 595 
(Mar. 1961). 
Co nditions for t he validi ty of t he assumpt ion of detailed 
balance in t he Lyman lines of H e II are in vesti<Tated . An 
opacity ? f 106 in Lyo;an-a is req uired, Wllich i~p l i es h igh 
opacIty In t ile subord Inate hnes a nd rcso nance co ntinuum. 
The bn-fact.ors a re computcd, in cluding t he t ra nsfer problem in 
t he subordIn ate Imes and reso nance continuum. 

Arc source for high temperature gas studi es, J . B. Shumaker, 
J r., Rev. Sci. Instr. 32, No.1, 65- 67 (Jan . 1961). 
A wall-stabi l i~ed water-cooled copper rin g type a rc so urce is 
deSCribed which operates stably in apparently any gas for 
pen ods of an hour or .more at currents up to 100 Amperes. 
Arc te.mperatures obtamed spectroscopICally by a bsolute line 
"~te n s l ty and lme profile mct hods are given for t hc a rc in 
llltrogen at 92 Amperes. 

Electron diffraction studies on solid a -ni trogen, E. M . Horl 
a nd L. Marton, Acta Crystallographica 14, Pt. I , 11- 19 (Jan . 
10, 1961). 
A technique was developed for st udying t hi n fi lms of soli d ified 
permane nt gases by means of electron t ransmi ssion diffrac
tion. It was applied to t he invest igat ion of t hin fi lms of solid 
a-nitrogen at 4 0 a nd 20 0 K . The orientation of the micro
crystalli tes on aluminum and Formvar s ubstrates was in
vestigated as a fu nction of bot h the te mperature of t he s ub
strate.and the intensity of t he molec ular nit rogen beam during 
depOSitIOn. Further, the crystal structure ancl the cell di
mens~ons of a-nitrogen were reinvest igated. F a ults in t he 
stacking seq uence of (111) planes detected u nder certain 
conditions, were studied in so me de'tail. Preferential crystal 
growth processes were observed to be induced by electron 
bombardment . The mfiuence of conditions of deposition on 
these processes was also investigated. 

The absorption spectra of magnesium and manganese atoms 
in solid rare gas matrices, O. dchnepp, J . Phys. Chem. Solids 
17, Nos. 3/4, 188- 195 (1961). 
The absorpt ion spectra of magnesium and of rnanO"anese in 
solid rare gas matrices have bee n in vest igated a t li quid heliu m 
temperature. An a bsorptIon syste m of rnagnes iu III near 2850 
A a nd t wo for manganese ncar 4000 A a nd 2800 A have bee n 
observed. These a bsorp tions lie ve ry close to t he wave
lengt hs of a llowed atomic transit ions ancl it is concl uded on 
t ile basis of t he evidence pr~se n ted herc Lhat t he a bsorbing 
specIes are !1toms w,hlch are, III general, trapped at more t ha n 
one type of s Ite. 1 he crystal fi eld causes t ile removal of t he 
orbi tal dege neracy of the excited atomic P statcs; t he spli tting 
energy IS observed to be of the orcler of 300 cm- I. It is pro
posed t hat. t he removal of the degeneracy is due to asy m
metrr c environments of the trapping site. Possible sites a re 
discussed . 
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Near infrared atmospheric transmission to solar radiation, 
D . M. Gates, J. Opt. Soc. Am. 50, No. 12, 1299-1304 (Dec . 
1960). 
Near infrared solar spectrum observations taken on October 
15, 1954 with a double-pass N aCI pris m spectrometer have been 
analyzed for transmission coefficients for t he "selective" 
absorption factor and for the "continuum" factor . The 
alalysis was carried out for 59 wavelength pos itions between 
0.872 and 2.537}L. The monochromatic data fit well the law 
on T = Cl (w)% where w is the amount of water vapor in t he 
optical path. The coefficient Cl is given as a continuous 
function of t he wavelength. A coefficient of extinction for 
the "continuum" factor is also given. 

Observations on the chemiluminescent reaction of nitric 
oxide with atomic oxygen, H. P . Broida, H . 1. Schiff, and 
T. M . Sugden, Trans. Farada y Soc. 57, No. 458, 259-265 
(Feb. 1961). 
A comparison of the absorption spectrum of 1'1 0 2 with t he 
emission from the reaction of NO and 0 produced in variou s 
ways at pressures of a few mm of H g, shows that the emitter 
is N02 in a metastable excited elect ronic state. M easurement 
of t he shor t wavelength cut-off of t he e mission spectl'll m leads 
to a minimum value for 6Ho of N02->NO+ 0 of 7l·2 ± 0·1 
kcal/mole, in fair agrcement with thermal data. Thc loss of 
discrete structure in t he e mission from the same r eaction in 
high-temperature flames is ascribed to increasing complexity 
which could not be resolved. 
T he data a rc examined with respect to a system of potential
energy curves based on earlier work on t he fluorescence and 
the spectroscopy of N02, and it is concluded that the e mission 
from t he inte raction of NO and 0 occurs as a r esult of a 
resonance transfer process. The available evidence on the 
kinetics of t he reaction is discussed in the light of a mechanism 
based on t hc two excited states NO; involved, and it is shown 
that the resonancc t ra nsfer pr ocess betwcen t hem may bc 
rate-determining, both in t he e mission from ~O+ 0 , and in 
the fluorescencc of N02 • The simple process 1'\0+ 0 ->N0 2 + 
hv is largely discarded, both on spectroscopic and kinetic 
grounds. 

Vacuum ultraviolet photolysis of ethane: Molecular detach
ment of hydrogen, H . Okabe and J . R. McNesby, J . Chem. 
Phys. 34, No.2, 668- 669 (Feb. 1961). 
The primary process ofodirect etha ne photolysis by Xe radi
ation (14701 and 1295A) was studied at room tempersture. 
The hydrogen and methane isotopic compositions from a 
mixture of C2H6-C2D~ and from CH3 CD3 were measured 
m ass-spectrometrically . The results show that, contrary to 
the previously proposed mechanism, almost all (>95%) of t hc 
hydrogen is formed int ramolecularly, and preferentially from 
the same carbon atom. This may be co mpared with t he 
mercury-sensitized photolysis of ethane where evidence 
indicates that almost all hydrogen is produced by a n atomic 
process. Methane is a lso formed by a molecular process. 
Then t he primary processes may be written as 

No ethane-d6 was found from CH3 CD3 photolysis indicating 
that no methyl radicals are formed in a primary process. The 
effect of ethylene on the composition of hydrogen isotopes from 
C2H 6- C2D 6 mixt ures was examined, since any atomic hydro
gen produced may be reacting rapidly with ethylene. The 
sample was purified and very low conversion (0 .01 %) was 
made. The result shows almost no change in the composition 
of the hydrogen isotopes in the products, indicating that the 
hydrogen forming step is almost all molec ular. It is suggested 
that higher hydrocarbons may be produced by the following 
reactions 

(5) . 

The effect of solvents of the ,,-ray radiolysis of methyl acetate 
and cetone, P . Ausloos, J. Am. Chem. Soc. 13, No.5, 1056- 1060 
(Mar. 1961). 
The effect of cyclohexane and benzene on the radiolysis of 
CH3COOCH3, CH3 COOCD3, and mixtures of CHaCOCH3-

CD3COCD3 has been investigated at 17 °. In the absence of 
scave ngers, cyclohexane markedly reduces the yield of CO 
whereas, in the presence of scavengers, it produces no effect. 
Benzene inhibits t he deco mposition of methyl acetate and 
acetone. Hydrogen is mostly formed in processes involving 
" hot" hydrogcn ato ms. The effcct of the solvents on the 
y ields of ethanes and some of the me t hanes indicates t he 
importance of cage and intercage recombinations and dis
proportionations of t he radicals in t he ,,-ray track. The 
radiolysis of a CH3COCH3- CD3 COCD3 mixtures at - 195 ° 
is discusscd briefly. 

Intramolecular r earrangements. I. sec-butyl acetate and 
sec-butyl formate, R. Borkowski and P . Ausloos, J . Am. 
Chern. Soc. 83, No.5, 1053-1056 (Mar. 1961). 
The photolysis of sec-butyl acetatc and sec-butyl formate in 
the vapor, liquid, and solid phases has been studied at different 
temperat ures and wavelengths. The distributions of the 
three butenes produced in t he intramolecular-rearrangements 
were found to vary with temperature in all t hree phases. Tn 
t he vapor phase, a change in wavelength has a pronoullced 
effect on the ratios 1-butene/2-butenes and cis-2-butene/ 
trans-2-bntene. Both ratios increased with a decrease in 
wavelength. In t he liquid phase photolysis, how.ever, no 
dependence on wavelength was observed, but a drastIC chan!!:/') 
of t he butene distribution occurred in t he s hort temperature 
range associated with t he formation of t he glassy state. A 
brief study of t he pyrolysis of these compounds s howed that, 
at te mperatures greater than 300 0 , the te mperature co
efficient of the butene distribution was ess(mtiall y zero. 

Hydrogen atom reactions with propene at 77 °K. Dispropor
tionation and recombination, R . IGeill and M. D. Scheer, 
J . P hys. Chern. 65, 324-325 (1961). 
The investigation of t hc react ion products of deuterium 
ato ms with ordinary propene helps to establish the relative 
importance of t he atom a ddition to the propyl radical wit h 
respect to disproport ionation of two propyl radi cals. The 
distribution of t he isotope species among the propenes and 
propanes is calculated. It is concluded that t he D atom 
addition to t he propyl radical accounts for li t tle, if any, of the 
propane fo r med, and t he radical disproportionation reaction 
is t he predominant one. 

The activation energy for hydrogen atom addition to propyl
ene, lVI . D . Scheer and R. Klein, J. Phys. Chem. 65, 375-
377 (1961). 
The activation energy for H +CH 3CH - CH2 CH3CHCH3 

has been measured in a study of the solid phase reaction. 
Hydrogen atoms, formed in t he gas by dissociation on a hot 
tungsten ribbon, were a llowed to diffu se through and react 
with thin dilute films of propylene in the 77 to 90° K tem
perature range. The activation energy was determined by 
m easuring t h e rate of propylene depletion as a fun ction of 
film temperature. A value of 1.5 kcal/mole was obtained . 
No significant isotope cffect was observed when D instead 
of H atoms were used. A steric factor of 3 X 10- 3 is calcu
lated for the gas phase reaction from the 300 0 K rate constant 

( 2 X 10" ~c ) and a n H , C3H6 collision diameter of 
o mo e sec 

5.5 A. 

Interpretation of the appearance potentials of secondary ions 
M . B . Wallenstein a nd M. Krauss, J. Chern. Phys. 34, No.3; 
929- 936 (Mar. 1961 ). 
The statistical theory of mass spectra assumes that the excita
t ion energy in a molecule-ion is essentially equipartitioned 
prior to unimolecular decomposition . Some of the conse
quences of t his assumption have been deduced and t he 
results have been u sed to interpret the observed appearance 
potentials of secondary and tertiary ions of neo-pentane, 
n.-butane1 and I-.butene. Altho~gh t he results are not quan
titatIve, It IS eVident that conSIderable vibrational energy is 
removed with the neu tral fragment . 
The p~'oblem of t he detailed interpretation of appearance 
potentials would seem to be complicated by the possibility of 
considerable flnctuation of the vibrational energy distribution 
i~ t l~e pI:odu?ts of a. deco.~position from the most probable 
dlstnbutlOn, I.e., eqUlpartltlOn . Some general considerations 
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with regard to determination of mi nimum-energy decomposi
t ion paths a nd t he sign ifi cance of this study in relation to t he 
statistical t heory of mass spectra are also p resented . 

De termination of cr ystallite size dis tributions from X-ray 
line broadening, A. Bienenstock, J . Appl. Phys. 32, N o.2, 
187- 189 ( Feb. 1961). 
The broa denin g of a n 001 powder diffraction line due to a d is
t ribu tion of sizes of erystall i tes is discussed. A fun ction of 
t ile intensity, P (h3) s in2 (7r 113), is derived. Its cosine trans
form gives t he size distribu t ion d irectly. The first term of a 
series expansion of t his d istribu t ion function corresponds to 
t he expression prev iously obtained by \Varren and Averbach. 
In addition t his function gives less weight t o the extremes of 
t he diffraction line shape. 

The dependence of the melting te mpera ture of bulk homo
polymer s on the cr ys ta llization temperature, L. Mandelkern, 
J . Polymer Sci. XLVII, issue 149, 494- 496 (J uly 1960). 
Based on t he hypothesis t hat during t he crystallization from 
the mel t of bulk homopolymers t he length of a crystallite in 
t he cha in direction does not significantly exceed t hat of a 
crit ical s ize nu cleus, a simple relat ion is derived between t he 
melting temperature and t he crystallizat ion te mperature. 
This relation is found to describe t he experime ntal res ults of 
\Vood and Bekkedahl on natu ral rubber, where a marked 
effect of the crystall izat ion temperature on the melting tem
peratul'C has been reported. 

T he interfacial proper ties of polyesters at glass a nd water 
s urfaces, R. R. Stromberg, Soc. P lastic Eng. J . 15, 882-886 
(Oct. 1959). 
Some inte rfacial factors related to ad hesion were stud ied. 
Monomolecula r layers of stearic acid and polyesters on liquid 
snbphases are compared. Steari c ac id y ields a co ndensed type 
isot herm, indicating close packing and high cohesion. The 
monolayer of poly(ethylene adipate) at low surface p ressure 
is t he gaseous type, with ver y low co hesive forces, and at 
higher press ures, t he liqu id expanded type. P oly(ethylene 
succinate) remains in an expanded liquid state up to collapse 
pressure . Adsorption of polyesters from dilute solutions onto 
glass, sili ca, and a lumi na was also studied. Considerably 
more polymer was adsorbed from a poo r solvent t l1an from a 
good solvent. A negative temperature coefficient was ob
served for adsorption from t he poor solvent and no tempera
t ure effect from Lhc good sol vent. This behavior was at
tributed , in part, to differences in the configuration of the 
polyester molecule in t he two solvents. 

Other NBS Publication s 

Journal of Research 65B (Math. and Math. Phys.) No.3 
(July-Septe mber 1961) 75 ce nts. 

Theory of an accurate intermedi ary orbit for satelli te 
astronom y. J . P . Vinti . (See above abstract.) 

Note on t he " baffled piston" problem. F. Oberhettinger. 
Some r esults on non-negative matrices. M . M arcus, 

H . Minc, and B. N. Moyls. 
Probability inequ alities of t he Tchebycheff type. 1. R. 

Savage. 

Journal of Research 65e (E ngr. and Instr.) No.3 (July
Septe mber 1961 ) 75 cents. 

Prediction of symptoms of cabi taoion . R. B. J acobs. (Sec 
above abstract.) 

H eating and coolin g of air flowing through an underground 
tunneL B. A. P eavy. 

Stress-corrosion cracking of t he AZ31B magnesium alloy. 
H . L . Logan. 

Coatings formed on steel by cathodic protection and their 
evalu ation by polarization measurements. W. J . Schwerd t
feger and R . J . Ma nuele. 

Calibration of inductance standards in the Maxwell- \Vien 
bridge circui t. T . L. Zapf. 

Calibration of loop a ntennas at VLF. A. G. J ean, H. E. 
T aggart, and J . R . Wait. 

Location of t he p lain of best average defini t ion with low con
trast r esolution patterns. F . E. Washer and VV. P . T aym an . 

Influence of temperature and relative humidity on t he photo
graphic response to C060 gamma radiation. M. E hrlich.) 

Journal of Research 65D (Radio Prop.) No.5 (September
October 1961) 70 cents. 

Frequency dependence of D-region scattering at VHF. J . C. 
Blair, R . N. Davis, Jr., an d R. C. Kirby. 

Theoretical scatter ing coeffi cient for ncar vertical incidence 
from contour maps. II . S. lIayre and R. I . Moore. 

Mutual inLerrerence between surface and saLelli Le communi
cation sysLe m . \Y. J . H ar tman and M. T . Decker. 

VHF and UIIF signal ch aracteristics observed on a long 
knife-edge diffraction path. A. P. Barsis and R. S. Kirby. 

Experimental study of inverted L-, '1'-, and related trans
mission-line antennas. S. Prasad and R . W. P. King. 

R eflection from a sharply bounded ionosphere for VLF prop
agation perpendicular to t he magnetic meridian. D. D. 
Crombie. 

R esonance of the space between ear th and ionosphere. 
H. Poeverlein. 

Observed attenuation rate of E LF (region below 1 kc/s) radio 
waves. A. G. J ean, A. C. Murphy, J . R . vVait, and D. F. 
Wasmundt. 

A note concernin g t he excitation of ELF electromagnetic 
waves. J . R . Wait. 

Computation of wh istler ray paths. 1. Yabroff. 
On the a nalysis of LF ionospheric radio propagaLion 

pheno mena. J . R. J ohler. 

Ideal gas thermodynamic fun ctions and isotope exchange 
functions for t he diatomic hydrides, deuterides, and tritides, 
L. flaar, A. S. Friedman, and C. W. Beckett, NBS Mono. 
20 (1961) $2.75. 

Bibliography of temperature measurement- J a nu ary 1953 to 
June 1960, C. H alpern and R. J . Moffat, NBS Mono. 27 
(196 1) 15 cents. 

Causes of variation in che mical analyses and physical tests of 
portland cement, B. L. Bean and J. R . Dise, NBS lVl ooo. 
28 (1961) 25 cents. 

Thermal expansion of technical solids at low temperatures. 
A co mpilation fl"Om the literature, R . J . Corruccini and 
J . J . Gniewek, N BS Mono. 29 (1961) 20 cents. 

Corrected optical pyrometer reaclings, D. E. Poland, J . W. 
Green, and J . L . "Margrave, BS Mono. 30 (1961) 55 
cents. 

Mean electron clensity vari ations of the quiet ionosphere
May 3,1959, J . W . Wright, L. R. Wescott, and D . J . Brown, 
NBS TN 40-3 (PBI51399-3) (1960) $1.50. 

A survey of computer programs for chemical information 
searching, E. C. Marden and H . R . Koller, NBS T N85 
(PB161586) (1961) $2.25. 

The Franck-Condon factor (q,., .. ) ar ray to high vibrational 
quant um numbers for the O,(B3:E;;- X 3:E;) Schum ann
Runge band system , R . W. Nicholls, Can. J . Phys. 38, 
1705- 1711 (1960). 

NBS-source of American Standards, W. A. Wildhack, ISA 
J. 8, No. 2, 45-50 (Feb. 1961) . 

Ionospheri c mapping by numerica l methods, W . B . J ones and 
R. M . Gallet, T eleco mmun . J . 12, 260-264 (Dec. 1960) . 

Titanium (III) chloride a nd t itanium (nl) bromide (titanium 
t r icloride a nd t itanium t ribromide), J. M . Sherfey, 
Chapter IVB, Sec. 17, p . 57- 61 , Book, Inorganic Syntheses, 
by E. G. R ochow (McGraw-Hill Book Co., New York, 
N.Y., 1960). 

Science news writing, D. M . Gates, J. M . P arker, Science 
133, No. 3447, 211- 214 (J an. 1961). 

Integrated s tarlight over the sky, F . E. Roach a nd L. R . 
Mcgi ll , Astrophys. J . 133, No.1, 228- 242 (J an. 1961). 

Elastomers for static seals at cryogenic temperatu res, D . H . 
Weitzel, R. F. Robbins, G. R . Bopp, a nd W. R . Bjorklund, 
R ev. Sci. Instr. 31, No. 12, 1350- 1351 (D ec. 1960). 

New standards for t he space age, A. T . McPherson, Astro
nautics 6, No.1, 24-25 ; 50-54 (J an . 1961). 

Correlat ion of visual and subvisual auroras with ch a nges in 
the outer Van Allen radiat ion zone, B . J . O'Brien, J. A. 
Van Allen, F. E. Roach , a nd C. VV. Gartlein , IGY Bull. , 
No. 45, 1- 16 (Mar. 1961). 
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Spiral patterns in geophysics, V. Agy, J . At mopsheric and 
T en ·est . Phys. 19, 136- 140 (1960). 

Iron (99.9+ ), G. A. Moore and T. R . Shives, Metals H andb . 
1,1206- 1212 (1961). 

Ionospheric absorption at t imes of a uroral and magnetic 
pulsations, W. H . Campbell and H . Leinback, J . Geophys. 
Research 66, 25- 34 (J an. 1961). 

Some propert ies of new or modified exi ctation sources, M . 
Margoshes, Am. Soc. T estin g Materials, Spec. T ech . Pub!. 
259, 46- 58 (1959). 

Seasonal a nd day-to-d ay changes of t he cent ral posit ion of t he 
Sq overhead current system, S. Matsushi ta, J . Geophys. 
R esearch 65, N o. 11,3835-3839 (Nov. 1960). 

H ydrogen sulfide precipitation of t he elements from 0.2- 0.5 
normal hydrochlori c acid, J. 1. Hoffma n, Chemist-Analyst 
50, No. 1, 30 a nd 32 (Mar . 1961). 

The mecha nism of electro lytic deposit ion of t itanium from 
fu sed salt medi a, W. E. Reid, J . E lectrochem. Soc. 108, 
No. 4, 393-394 (Apr. 1961). 

Studies of elevated temperature corrosion of type 310 stainless 
steel b y v anadium compounds, H . L . Logan, Corrosion 17, 
109-111 (Apr. 1961). 

D eep penetration of r adiation, U. F ano and M . J . Berger, 
P roc. Symp. App!. Math. XI, 43-59 (1961). 

Deposit ion or iron from salts of fluoro-acids, J . H . Connor and 
V. A. Lamb, Platin g 48, No . 4, 388-389 (Apr. 1961 ). 

A simple low-tempera ture spec imen holder for an X-ray 
diffractometer, D. K . Smi t h, Norelco R epor ter VII, N o. 1, 
11- 12 (J an.-F eb. 1961). 

Stepless variable resistor for high currents, C. R . Yokley a nd 
J . B . Shum aker , Jr. , R ev. Sci. Instr . 32, No. 1, 6-8 (J an . 
1961). 

Microbala nce techniques for high temperature a ppli cation, 
R . F . "Valker, Book, Vacuum microbala nce techniqu es, 
edi ted by M . J . K atz. I , 87- 110, (Plenum P ress Inc., 
New York, N.Y. , 1961). 

Investigation of bond in beam a nd pull-out specimens wi th 
high-yield-str ength deformed bars, R. G. Mathey and 
D. Watstein , J . Am. Co ncrete Inst. 32, No. 9, 1071- 1090 
(Ma r. 1961). 

Shieldin g calculations for civil defcnse, C. E ise nhauer, 
H ealth Phys. 4, No. 2, 129- 132 (1960). 

A study of aurora l coru scations, W. H . Campbell a nd M . H . 
Rees, J . Geophys. R esearch 66, No . 1, 41-55 (J an. 1961). 
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