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Vibration-Rotation Bands of Ammonia: l 

1. The Combination Bands 112 + (111 , 113 ) 

William S. Benedict,2 Earle K. Plyler, and Eugene D. Tidwell 

A general discussion is given of methods used in tho analysis of NH3 vibration-rotation 
spectra, including the derivation of molecular constants and the determination of line 
strengt~ls an~ line widths. Results are given for the region 2.15 to 2.48 !' (4, 060 to 4,700 
cm- I) , III 'yhICh more than 800. hnes have ?een. measured. These have been analyzed into 
the lllverslOll-doubled perpendICular comblllatwn band V2 + V3 (vo=4416.908 and 4434.610 
cm- I ; band strength= 19.7 cm- 2 atm- I) and the inversion-doubled parallel combination 
band VI + V2 (vo=4293 .716 a nd 4320.060 cm- 1; band strength= 2.9 cm- 2 atm- I) . Complete 
energy .leve.ls for these bands have been f<:>un<;i up to J = 12 and 10, respectively, permitting 
determlllatwns of molecular constants, which lllclude numerous higher-order effects involving 
t he interaction of rota t ion, vibration , and inversion. The line widths range from a maximum 
of 0.57 cm- 1 atm- I, when 1(= J to a minimum of < 0.2 cm- 1 atm- 1, when J(<<J . 

1. Introduction 

The vibration-rotation spectrum of ammonia, NH3, 

has been extensively studied in the past (1 ),3 and the 
main features of the molecular structure are under
stood. 

It is a pyramidal molecule (symmetry 0 3,) with the 
N atom approximately 0.38 X 10- 8 em above the plane 
,of the three hydrogens, and the N -H distance approx
imately 1.02 X 10- 8 cm. The rotational structure is 
-that of a symmetric top. Because the pyramid is 
Telatively flat , and the potential barrier to inversion 
of the nitrogen relatively low, each state is not only 
,characterized by the six vibrational quantum num
bers VIV2V31'V41j and the rotational quantum numbers 
,J,. K ( - J <' K <..J), but also by the symmetry (s,a) 
wIth respect to the inversion plane. The inversion 
splitting in the ground vibrational state is "-'0.79 
,em-I . 

Although the basic structural features just men
-tioned are es tablished, there are a number of respects 
in which additional study with the high resolution 
:afforded by modern infrared spectrometers appears 
.desirable. Only one parallel band, the liZ fundamen
tal near 10 J1. has been [2] observed with resolution 
. ufficient to separate the K-substructure of the lines, 
and only a partial analysis has been given [3] of the 
l)erpendicular fundamental 113 near 2.9 J1. . For the 
other fundamentals, the parallel III near 3 J1., and the 
perpendicular 114 near 6 }.l, only approximate values of 
the molecular constants are Imown, and there are no 
satisfactory analyses of any of the numerous com
bination and overtone bands, which have been ob
:served extending into the visible region [4,5]. Hence 
nei ther a full set of anharmonic vibrational constants, 
which are needed to establish the equilibrium vibra
t ional frequencies , nor the rotation-vibration inter
:action constants, which arc needed to establish the 

1 'rhis research was supported iu part by the United States Air Force uuder 
'Contract AF 18(600)-1557 monitored by the Air Force Office of Scientific R e· 
,search of the Air Research and Development Command, and in part by the 
.Atomic Energy Commission . 

• Laboratory of AstrophysiCS and Physical Meteorology, The J ollns Hopkins 
!University, Baltimore, Md. 

3 Figmes in brackets indicate the literature references at tile efld of this paper. 

equilibrium moments of inertia, arc at hanc1. The 
magnitude of the inversion doubling is accurately 
l~nown as a function of J and K for the ground vibra
tIOnal state, as a result of measurements in the micro
wave region [6], but except for partial results in 112 [2], 
for which the splitting is greatly increased, and for 
113 [3] (which appear, however, to have been incor
rectly interpreted), similar data are not known for 
the exci ted vibrational states. The observation of a 
sufficien t number of vibration-rotation bands to es
tablish the variation of the inversion spli tting with 
vibration-rotation would thus be desirable. 

In symmetric top molecules the perpendicular 
bands occupy a special role, and a number of such 
bands must be studied in order to obtain the con
stants C, DK, and t corresponding to rotation about 
the symmetry axis. This is because perpendicular 
bands, i. e., those in which the dipole moment changes 
perpendicular to the symmetry axis, occur when one 
of the vibrational states is doubly degenerate; and in 
such states there is a component of angular mo
mentum C.t . due to vibration that interacts with the 
rotational angular momentum to remove the K-de
generaey. Hence the observed spacings of the lines 
yield Cv(l - .Iv) rather than Cv• If t. can be ob
served for both fundamentals, the theoretical relation 
.13+ t4 = (B /2C) - 1 permits the calculation of C. This 
relation, however, is strictly true only for infinitesimal 
vibrations, and in order to obtain accurate molecular 
constants it is necessary to establish empirically the 
variation of the s with the 0 ther vibrational q uan
tum numbers. For this purpose, as many perpendic
ular bands as possible must be analyzed. 

In the overtone and combination bands, both per
pendicular and parallel, numerous cases of near-reso
nance interaction are possible between the various 
levels of the same total symmetry. This introduces 
additional complications. The cases of resonance 
must be recognized and evaluated in order to derive 
the molecular potential function from the observed 
molecular constants . Inasmuch as it appears that it 
will be difficult to achieve a satisfactory derivation 
of the harmonic and anharmonic potential function 
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of the ammonia molecule from the bands of NHa 
alone it is desirable to study the additional bands 
obtai~ed with the deuterium substituted compounds 
NDa, which preserves. the molecular sY.mmetry, and 
ND2H and NHD2 whlCh are asymmetl'lc tops. Only 
by such a progran\ ~an. one hope to obtain definitive 
values of the eqmhbnum molecular structure and 
potential constants: . . 

Another respect m whlCh the mfrared spectrum of 
the ammonias deserves further study concerns the 
strength, width, shape, and possible press~re-shift C?f 
the lines. The observed spectrum, for a gIven condI
tion of pressure and path length, depends upon these 
factors, and from a quantitative study of t~e .varia
tion of absorption with length a~d pressure It IS pos
sible to deduce the strengths, wIdths, and shapes of 
individual lines [7]. NHa is a particular~y inter~sting 
molecule for such studies, because expenmen~s. m t~e 
microwave region have s~own that t~e colhslOn dI
ameter varies markedly wIth the rotatlOnal quantum 
number The results are in good agreement with 
those c~lculated by Anderson [8], on the basis of his 
general theory of collision broadening as caused by 
dipole-dipole forces. The same ~heory should 3;pply 
in the infrared bands and predlCts that the WIdths 
should be nearly independent of the vibra~ional quan
tum numbers, so long as the upper state IS a member 
of a narrow inversion doublet, as is the case for the 
microwave lines. When, however, the upper state 
has a wider inversion doubling, as in V2 and its com
binations and overtones, the possibilities. of resonant 
dipole interactions are reduced and the wl.dths sh<?uld 
be less. Because of the strong resonance mteractlOns 
the half-widths are among the greatest ~hat have 
been observed in molecular spectra, rangmg up to 
0.75 cm- l at l-atm pressure. Hence they may be 
measured directly in th~ infrared reg~on whenever 
overlapping from other hnes does not mterfere .. 

The microwave collision diameters were obtamed 
at low pressures; other interesting results were found 
in that region [9] at pressure~ fro~ 10 cm to 1 atm. 
The individual lines of the mverSlOn Q-branch are 
no longer resolved, but ab~orption in their over
lapping long-wavelength wmg can be measured 
throuahout the frequency range 0.6 to 0 cm-I, thus 
providing a .test. of the .line shap~. It is found that 
the absorptlOn IS conSIderably mcrel1;sed over that 
given by the Lorentz-Van Vleck-WeI~skopf theory 
[10]. This has been interpreted [11] m. terms of a 
shift of the resonance frequency of the hnes toward 
zero frequency, as a result of the inte~molecular 
forces . It would thus appear of great .mterest to 
study the line shape in the infrared, par~lCularly be
cause no gross evidence of a correspondmg pr~ssure 
shift of the inversion splitting toward zero IS ap
parent [12]. 

An extensive series of measurements of the am
monia rotation-vibration spectrum in the region 
1 700 to 7 100 cm- l has been undertaken, with the 
p~rpose of clarifying as man:y ~s possible of the 
points mentioned above. Prehmmary reports have 
been given of some aspects of the results [13]. 

In the present pap~r are de~cribed in detail the 
general methods used m analyzmg the spectra, par-

ticularly those of the perpendicular-type bands, 
which predominate in the combination and overtone 
regions. These will be illustrated by the analysis of 
the bands in the region of 2.3 Jl, where fall the com
bination bands (VI,Va+V2),4 a region in which theiden
tification of lines has been nearly complete. Some 
results of intensity and line-width studies in ~his re
gion will also be given. S~bseq~ent papers WIll deal 
with further problems of hne wldth and ~hape, a~d 
with analysis of other bands of NHa and ItS ISotOPIC 
modifications. 

2 . Experimental Details and Method of 
Analysis 

The spectrometer was the 15,~00-lines-per-inch 
grating spectrometer of the NatIOnal Bureau of 
Standards. Its construction and operation have 
been described elsewhere. Wavelength calibrations 
were by interferometric fringes, between secondary 
standards of the krypton arc. Under the most 
favorable conditions absorption lines separated by 
0.08 cm- l could be resolved, and the frequency 
measurements are believed reliable to ± 0.03 cm-I 
for unblended lines. 

Inasmuch as it was desired to study strength, 
width and shapes of the lines, 5 cells of various 
lengths were used; for optimum resolution a path 
length of 1,000 cm was required, with pressures vary
ing from a few millimeters to 30 cm. Two shorter 
cells, of lengths 5.0 and 15.5 cm, with the gas. at 
pressures from 2 cm to 1 atm, were employed t? give 
spectra for which the lines were more nearly m the 
linear region of the curve of growth. 

A large number of tracings of the spectrum were 
obtained between 2.15 and 2.5 Jl (4,000 to 4,700 
cm- I ). NHa lines occur throughout this region. 
The strongest absorption is from 4,200 to 4,500 cm- l , 

and decreases in intensity to both dire~tion.s. ~t 
the long-wavelength limit NHa absorptIOn IS stl!l 
fairly strong at 10 m and 30-cm pressure, but IS 
obscured by the 2.7-Jl water-vapor band; near 4,700 
cm- l the NHa absorption reaches a minimum, other 
absorption (to be described in a su~s~que.nt pap.er) 
due to the 2.0-Jl group of bands glvmg mcreasmg 
intensity at shorter wavelengths. 

The general expressions for the line positions and 
line strenaths in NHa are now presented. For a 
review ot the basic theory on which we rely, see 
Nielsen [14]. In his article the pyram!dal XXa mol:
cule of which NHa is an example, IS descnbed m 
som~ detail. The present notation with a few obvi
ous variations will follow that recommended by 
Mulliken [15]. ' The energy levels may be ,vritten 

T(v,p,J,K) =G(v)+F (v, J,K) ±~Einv(V,J,K), (1) 

where G is the contribution to the energy from vibra
tion, and depends on the six yibrationa~ quantum 
numbers, Vi(i= 1,2,3,4) andlb=3,4); F IS the con-

• These bands have been observed previously [4J, but with insufficient resolu· 
tion to obtain accurate constantg . 

, For the methods used, see reference [7J. 
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tribution from rotation, depending on the rotational 
quantum numbers J and 11(1 (and when ~li ~O on 
the sign of K), and on rotational constants, which 
are functions of the vibrational state; and E tnv is the 
splitting of the levels due to inversion, a function of 
all the quantum numbers. In eq (1) v stands for 
the six vibrational quantum numbers, and p for the 
parity of the inversion level, taking the values + 
and - corresponding to the sign before E inv. Inas
much as E tn• is written as a separate term, the vibra
tional energy formula refers to the average energy 
of the pair of inversion-doubled states, and may be 
written 

4 4 4 4 4 

G= L.:v,Vt+ L.:L.: Xij(Vi- 1) (Vj- l ) + L.:L.:gij(Vi- lt) 
i=1 i=1 j=1 ; = 3 j = 3 

(Vj-U + terms cubic in vi±E,es. (2) 

Th e Vi are the observed positions of the fundamental 
bands (vt= l,v j= O), which for NH3 have the approx
imate values (cm -I ) vI(A1)= 3336.9, v2(A1)= 950,O, 
v3(E) =3443.4, v,,(E ) = 1626.3 . The x's and g's are 
the anharmonic constants that it is desired to derive 
from measurements of combination and overtone 
bands (vt> l 01' Vj> O). E re. is an additional term 
that it may be necessary to introduce when two 
vibrational levels of like symmetry lie close together; 
for H3 the most important case of vibrational 
(F ermi) resonance occurs for all states with VI ~O, 
since 2 X V4~VI' 

The rotational portion of the energy expression is 

F (v, J ,ID = B .J (J + 1)+ (Ov-B.)1(2-D~J2 (J+ 1 )2-

DJ{ J (J + 1)[ (2-D~1(4+ .. . 

±2CvrvK=fr~J(J+ 1 )1(=Fr~1(3+ . . . , (3) 

where the rotational constants on the first line apply 
to all v, and the additional terms on the second line 
are needed for states where I ~ O , and represent the 
contribution of t he angular momentum of the de
generate vibrational mode, through Coriolis forces. 
The terms with coefficients ~ and rK , representing 
the effect of centrifugal stretching on the Coriolis 
interaction, will be small ; if higher-order interaction 
terms are unimportant 

(3a) 

and 

(3b) 

In any given degenerate vibrational state, the 
symmetry properties of the 1(-split levels are differ
ent, so that the sets of levels with upper and lower 
signs are associated with different transitions, 
1(' - K" = + 1 for one sign and - 1 for the other. 
In addition to the standard terms in F given in eq 
(3), additional terms resulting from Coriolis-type 
interactions may occasionally be encountered when 
the energy differences between states of like over-all 
(vibrational and rotational) symmetry are small. 

The energy terms resulting from inversion may 
conveniently be expressed in the form 

E inv(V,J ,K ) =E~(v) exp[b;J(J + 1) + (c~- b!)K2+ 

d:J J 2 (J + 1 )2+d!JKJ (J + 1 )K2+ 

d!KK 4+ ••. ± !f~(AIA2) ' (4) 

where EOinv is the splitting in the rotationless level, 
and the constants bV , etc., represent the interaction of 
rotation and inversion. The term j~(AIA2) applies 
to the levels where states with over-all symmetry 
Al and A2 form a nearly degenerate pair. There 
will then be an additional splitting term, depending 
on the value n of the 1( for which the degeneracy 
occurs. For 1(= 3, in states of vibrational symmetry 
A (ground level, etc.), Nielsen and D ennison [16] 
have shown that 

fHA)A2)=JJ3,v(J - 2)(J - l )J (J + 1) 

(J + 2)(J +3) . (4 a) 

For 1(= 2, in one 1(-eomponent of states of vibra
tional symmetry E , 

f~(AIA2) = JJ2,v(J- 1 )J(J+ 1)(J + 2) (4b) 

and for 1(= 1, in the other K-component of states of 
vibrational symmetry E , 

(4c) 

Costain [17] has shown that the form (4) gives a 
much more rapidly convergent fit to the inversion of 
the ground state, for which data have been measured 
with very great accuracy [6], than docs the repre
sentation in a simple power series in J (J + 1) and 1(2. 
This is found to hold also for the vibration ally 
excited levels. 

The values of the inversion constants for the 
ground state are E~= O , 7934 cm-l; b~=-6.36996X 
10-3, c~-b~= 8.88986 X I0-3 , d~J =8 . 6922 X I0 -7, 
dfK=-1.7845 X 10- 6, d~K=5.3075 X 10-7, JJ3,o-1.17 X 
10- 8 cm - l. The resulting calculated values of E inv 
(O,J ,1() are presented in table 1. 

Spectral-line positions are given by subtracting 
lower-state energies from upper-state energies, both 
as given by eq (1) to (4). The selection rules govern
ing the possible transitions are the well-known rules 
for the symmetric rotator, L1J= ± I ,O; L11(=±l ,O, 
with additional restrictions upon the parity of the 
inversion state in eq (1) and the sign of the 1(-split 
state in eq (3), as imposed by the over-all symmetry. 
The bands analyzed are of the types whose rules are 
summarized in table 2. The notation 8 and a refers 
to the states whose wave functions are symmetric 
or antisymmetric with respect to the inversion plane; 
and the + or - signs under L1p refer to the actual 
algebraic sign in eq (1) corresponding to this sym
metry. In perpendicular bands, only one of the 
two 1(-substates combines with the ground state, 
one sign being associated with transitions in the 
RP _, RQ_, and RR-branches (1('-1("=+1) and the 
other with the PP, PQ, and PR-branches 
(1(' -1("= -1). 
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TABLE 1. Calculated inversion splittings, Oa-O' (em- I ) 

J K~ 1 2 3 
_ 4 1_5 6 7 

0 0.793 
1 . 783 0. 790 
2 .764 . 771 0.791 
3 .735 .742 . 762 0.796 

4 .699 .705 . 724 . 757 0.805 
5 . 656 .662 .680 . 710 . 756 0.818 
6 .608 .614 .630 . 659 . 700 . 758 0.836 
7 .557 .562 .577 .601 . 641 . 694 .765 0.858 

8 .504 .508 .522 . 553 . 580 . 627 . 691 . 775 
9 .450 .454 . 466 . 474 . 518 .560 . 617 . 692 

10 . 398 . 401 . 412 . 458 . 457 .495 .544 . 610 
11 . 348 .351 .360 . 327 .398 .432 . 473 .532 

12 .300 .303 . 311 . 404 .344 .372 . 409 . 459 
13 . 256 .258 . 265 . 147 . 294 .317 .349 .390 
14 . 216 . 218 . 224 . 432 .249 . 268 . 294 . 329 
15 .181 . 182 . 187 . 080 . 207 .224 .245 .274 

TABLE 2. S election rules for NH, 

Type ill ilP ilK Sign in Example 
eq (3) 

----
II, a-8 0 +(-- 0 "1+"2, upper, vo=4,320 em-t, 

II, s-a 0 -f-+ 0 Vl+V2 , lower, JlO= 4,294 em-t, 

1., a-8 1(-0 -(-- ±1 =F Jl3+V2, lower, vo=4,417 em-I, 

1., s-a 1(-0 +f-+ ±1 =F ",+V2, upper, vo=4,435 em-I. 

1. 2(-0 ±1 ± 2"i '0=6,850 em-I. 

The line strengths are given to first approximation 
by the familiar Honl-London formulas [18], which 
a pply rigorously to symmetric-top molecules in 
which there are no interactions between vibrations 
or between vibration and rotations. Such inter
actions are of nearly universal occurrence in mole
cules, but their magnitude is unpredictable, · varies 
from band to band, and is frequently not large, so 
that the rigid line strengths are of essential value as 
guides to the relative intensities to be expected in 
all bands of a given molecule. The line strength 
may be written formally 

Sor(v', v", J' , JII , E ', K")=S,;FJO(J , K )g(J , K) 

F (v, J , K) exp [-E"(J" , K")/kT] /QT' (5) 

S'T is the strength of each vibration-rotation line, 
where 8. is the total strength of all lines in the vibra
tional transition ; H O(J , K) are the Honl-London 
factors; g(J, K) is the statistical weight ; F(v, J , K ) 
is the correction factor for vibration-rotation inter
actions; E" (J", K") is the ground-state energy, 
and Qr is the rotational state-sum, Qr= ~ ge- Efl /KT. 

JK 
For the ground levels (s, a) of NIl3, with three 
equivalent nuclei of spin 1/2, 

f2J
+

1J 
for K = O, J even (a) andJodd (s) 

g~ ~(2J+ 1) 
for K = O, J odd (a) and J even (s) 

for K = I, 2, 4, 5, ... 

4 (2J + 1) for K =3, 6, 9, .... 

8 9 10 11 12 13 14 15 

0.885 
. 789 0.917 
.696 . 807 0. 954 
. 606 .703 .830 0.998 

. 521 . 605 . 714 .857 1. 048 

. 444 .514 .606 .728 0. 889 1.106 

. 374 . 433 .510 . 611 .744 0. 926 1.172 

.311 .360 .424 .507 .618 . 767 0.969 1. 247 

The Honl-London factors are 

Branch K' - K" J' _ J " H O (J" ,K") 

op (J Z_ K 2)jJ(2J+ 1) (5a) 

QQ K 2/J (J + 1) (5b) 

QR [(J+ 1)2-K Z] / (J + 1) 

Rp + 1 - 1 

+ 1 ° 
+ 1 + 1 

(2J+ 1) 

(J - l + K ) (J + K) / 

(5c) 

4J(2J+ 1) (5el) 

(J + 1- K) (J + J<) / 

4J(J+ 1) (5e) 

(J + 2- K ) (J + l - K) / 

4(J + 1) (2J + 1) (5f) 

(J - I - K) (J - K) / 

4J(2J+ l ) (5j) 

(J + l + K) (J - K) / 

4J(J +1) (5k ) 

(J + 2+ K) (J + 1+ 1C) / 

4(J+ l ) (2J+ 1) . (51) 

In (5j), (5k), and (51), when K = O, an additional 
factor 2 is required . 

Using formulas (5), values of E" calculated from 
the rotational constants to be derived and presented 
at a later point, and assuming F= 1, values of 
8.,/8. have been calculated for T= 298° K . These 
are presented in table 3, as normalized to the value 
8 .= 10,000. 

The entries with K" = 0 carry suffixes s or a to 
indicate which one of the inversion levels is present, 
and that the hne is absent in the other band. The 
other entries upply to both a-s and 8-a bands, except 
that in the calculation the energy difference between 
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r----

I 
the O' and oa states was ignored, 0 that the values 
given are averages; actually for a-s bands the 
strengths will be about 0.2 percent higher, and for 
s-a, 0.2 percent lower than tabulated. 

When lines in an observed band are arranged as in 
table 3, by (J' ,K' ), the derivation of molecular 
constants is facilitated. Rotational analyses are 
presented in tables of similar format. It will be 
noted that the strengths entered in table 3 range from 
a maximum of 236 down to 0.02, on the scale for 
which the total strength of lines in an inversion pair 
of bands is 10,000. It has not seemed necessary to 
extend the tables further, since only in exceptionally 
strong bands with excellent resolution will the weak
est lines be observable. In most bands, however, 
lines down to 8r = 0.2 should be observed if they can 
be resolved from stronger neighbors. In many of 
the parallel bands t he lines with J' constant may not 
be fully resolved into their K-components, especially 
for low K. 

The analysis of parallel bands presents no great 
difficulty. The Q-branches (which contain alto
gether 39.2 percent of the total band strength) can 
in general be recognized readily. They are never 
completely resolved; even when (B' - B") and (0'-
0") are both large, there is considerable overlapping, 
and the weakest lines, those where K < J , are difficult 
to distinguish . The strongest Q-branch lines, as 
table 3 shows, are those with K = J , and these can 
usually be picked out, forming a r egular series with 

1' ''''''''1'0+ (B' - B")J + (0' - 0") J 2. (Th ese remarks 
apply to each of the inversion-doubling bands; the 
two bands may overlap, but in many cases arc 
widely separated.) The P- and R-branches may 
then be located, the K-substructure of each J-line, 
with the number of components increasing with J , 
forming when resolved, a characteristic pattern of 
lines with P~Pm,0+aK2, and with the intensity of 
every third line enhanced. Arrangement of the lines 
of the three branches into tabular form should reveal 
constant combination differences 

l.\F" (J' ,K' ) = QR(J+ I ,K ) -QQ(J + I,K)=QQ(J,K) -

QP(J ,K) = 2(Bo-DtKK2) J - 4Dt.P (6) 

or, when the Q-branch line is too weak to observe 

tJ.2F" (J',K' ) = QR(J ,K) -QP (J ,K) = (4J + 2) [Bo -

DtKJ{2-2Dt(J2+ J + 1)]. (6a) 

In the analysis of perpendicular bands when ob
served under high-resolution conditions, it has been 
desirable to proceed rather differently from the man
ner usually reported in the li terature, which applies 
when resolu tion is insufficient to separate the groups 
of lines constituting the PQ- and RQ-branches. With 
such incomplete resolution, only the mean position of 
all lines with common K , but varying J , iE measured, 

T ABLE 3. Rotational line strengths in NH3 

The tabulated quautity is 10' 8",8" calculated by eq (5) for T=298° K. 

Parallel bauds Perpeudicular bands 

J~ op QQ OR Pp PQ PR Rp RQ RR 

0 62. O' 15.7 

10 102.0° 68.0° 19.5 23.6 
I, 39. 0 47. 2 42.5 25.5° 93.0- 68. 0° 

20 115.2- 123.5- 19.5 32.5 7.87 
2, 52.0 21. 7 47. 2 34.3 22.9 38.4- 125.7 0 93.0-
2, 34.3 91. 6 112. 5 3.25 21. 7 47.2 

30 104.20 152. go 17.0 34. 1 12.99 
3, 49.9 11.35 69.3 26.3 30.0 4. 57 39.1° 134.3- 102.00 

32 42. 1 48.0 45.7 80.4 39.4 4.98 28.4 43.3 
33 53.7 236.2 60. 8 1.75 18.0 68.6 

40 81. 1- 153.5- 12.35 29.9 14. 61 
4, 39.5 5.98 73. 1 18.26 28.4 7.71 32. 4- 117. 30 96.0-
42 36.5 25. 2 61. 7 53.2 48.3 5.62 4. 94 26.9 36.5 
43 60.8 124.1 78.7 38. 7 15.63 2.61 22.1 54.0 
4, 19.35 125. 0 56.8 1. 90 27. 6 157.5 

50 54. 70 130.40 8.09 21. 3 13.28 
5, 27. 1 3.02 63.8 11. 44 22.3 8.42 22.8° 89.2- 78.2° 
52 26.1 12.74 58.9 32.1 41. 8 9.20 3.87 21.1 28.0 
53 48. 1 62. 6 98.1 22.7 17. 74 1. 737 2.45 19.1 39. 3 
5, 20.2 63.1 31. 3 32.6 1l.57 2.67 31.3 !l0.4 
5, 13.0 115. 7 95.1 0.504 9.86 78.2 

60 32.9- 97.3- 4.84 15.09 10.30 
6, 16.59 1. 44 48.0 6.46 15.17 7. 24 14.08- 59.1° 56.7-
6, 16.18 6. 06 46.4 17.64 29.8 9.50 2.59 14.37 19.2 
63 31. 4 29. 8 85.4 12. 19 14.05 2.69 1. 795 13.65 26.1 
6, 14.61 30.0 35.8 17.15 12.10 1. 052 2.35 24.8 71. 2 
6, 12. 47 55. 0 23.1 49.6 16.06 0.664 10.31 49.3 
66 16.42 192.6 36.2 .260 6.60 69.4 

70 17.47° 63.8° 2. 51 9.06 6.96 
7, 8.79 0.648 31. 8 3.30 9.09 5.25 7.66° 35.2- 36.40 

7, 8. 82 2.69 31. 5 8.81 18.37 7. 64 1. 461 8.74 1l.97 
73 17. 61 13.22 61.1 5.97 9.14 2.60 0.760 8.42 15.75 
7, 8.69 13.28 28. 5 8. 27 8.77 1. 522 1. 602 16.16 42.0 
7, 8.28 24. 4 24.4 23.4 13.00 0.618 0.543 7.48 28.5 
76 14.41 85.2 32.1 17.0 5.23 .318 5.35 39.6 
77 4.86 73.2 25.4 .257 8.28 112.4 
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TABLE 3. Rotational line strengths in NH3-Continued 

Parallel bands Perpendicular bands 

~ QP QQ QR PP PQ PR Rp RQ RR 

80 8.41- - --- . - -- 37.5- 1.185 4. 73 4.23 --- - - --- - -- - -- -- ------ --
8, 4. 21 0. 263 19.04 1. 526 4. 85 3.30 3. 73- 18. 58- 21.12-
8, 4. 27 1.110 18.94 4.00 9. 98 5. 14 0.738 4.80 6.80 
83 8. 72 5.44 37.7 2. 67 5.13 1. 938 .582 4.67 8.64 
8. 4. 44 5.48 18. 60 3.64 5. 20 1. 364 . 908 9.08 22. 64 
8. 4. 50 10.01 17. 75 10.19 10.21 1. 657 .342 4.44 15.12 
8, 8. 72 35. 0 30. 8 7. 32 4.59 0. 348 .240 4.20 20.69 
8, 3. 90 30. 0 10.46 10.95 3.19 - ------ - .291 3.65 58.0 
88 2. 74 51. 1 --- -. - -- 34. 5 --- -- --- --- - - - -- .061 4. 89 41. 8 

90 3.62- -- ------ 19.69- 0. 507 2.25 2. 23 ------- - ------ -- -- ---- --
9, 1. 826 0. 100 9. 91 .641 2.31 1.83 1. 634- 8. 87- 10.93-
9, 1. 863 . 421 10. 05 1. 651 4. 82 2.99 0. 333 2.20 3. 40 
93 3. 85 2. 07 20. 50 1. 085 2. 53 1. 206 .272 2.21 4.31 
9, 2. 00 2. 15 10. 46 1.464 2. 66 0.942 .444 4.49 11. 10 
9, 2. 09 3. 80 10. 56 4.05 5. 53 1. 373 .179 2. 27 7.31 
9, 4. 32 13.28 20.61 2. 88 2.78 0.432 . 139 2.28 9. 89 
9, 2. 16 11. 34 9. 23 4. 42 2.60 .188 .202 4. 42 27.45 
98 2.08 19. 58 6. 39 12.73 3. 68 - --- -._- .064 1. 97 19.59 
98 2.83 66. 3 -------- 9. 91 - -.---- - ------- - . 029 1. 376 28.75 

100 1. 419- ----- - -- 9. 35- 0. 196 0. 967 1. 066 -------- - -- --- -- - -----. -
10, 0. 715 4. 69 . 244 1. 001 0. 902 0. 634- 3. 80- 5. 13-
10, .732 0.148 4. 79 . 621 2. 100 1. 531 .134 0.948 1. 57 
103 1. 526 .725 9.91 . 403 1.116 0. 646 .113 . 964 1. 95 
10, 0. 807 . 729 5.17 . 538 1.198 .540 . 191 1. 980 4.96 
10. .862 1. 281 5. 40 1. 466 2. 578 .873 . 081 1. 025 3. 10 
10, 1. 832 4.62 11.17 1. 038 1. 375 .329 . 067 1. 065 4.32 
10, 0. 978 3.96 5.60 1. 505 1. 490 . 217 . 108 2. 191 11. 88 
108 1.005 7.07 5.21 4.51 2.700 .194 . 0405 1. 092 8.40 
10, 1. 897 23.02 7. 36 3.48 0.996 --- -- - -- . 0264 1. 049 12. 39 
1010 0. 695 19.93 - - --- -- - 5.53 ------- - - ---- .- - . 0238 1. 421 38.77 

110 0. 500- ----- - - - - --- 3.98- 0. 069 0. 379 0. 460 -_ .- ---- -- -- -----i:4S;-- --- - - ------ -
11, .253 2. 01 . 084 .390 .396 0. 229- 2. 17-
II, . 261 0.048 2.06 . 213 .824 . 693 .049 0. 371 0. 654 
113 . 546 . 235 4.31 . 136 . 441 .304 . 042 . 377 . 804 
11, . 291 . 235 2. 28 . 180 . 481 .265 . 072 . 785 2. 02 
11. . 316 .429 2. 44 . 488 1.053 .460 <' 02 . 411 1. 30 
11, . 689 1. 488 5. 22 .342 0.584 . 192 . 439 1. 72 
117 . 380 1. 274 2. 77 .492 .642 .158 .929 4. 69 
11, . 415 2.16 3. 00 1.462 1. 365 .203 .495 3. 29 
11, .875 7. 36 5. 41 1.120 0.668 .046 . 505 5. 00 
11,0 . 426 6. 36 1. 99 1.77 .504 -- --- -- --- - - . 954 14.21 
1111 . 322 11. 10 ------ - - -- -- 5. 83 --- - ------- - --- -- - --- -- - .349 10. 95 
120 0.155- -- -- - --- - -- - 1. 544- < 0.02 0. 132 0. 180 ------------ - - --- - -- - - - -
12, .081 0. 780 .137 . 158 0.074- --·-- ii:529~- 0. 837-
12, .084 . 804 . 068 . 281 . 281 <. 02 . 131 . 248 
123 . 178 0. 070 1. 686 .042 .149 .127 .134 .301 
12, .095 . 070 l O.903 . 056 .173 .116 .292 .749 
12. . 104 . 128 . 978 .148 .386 . 207 . 158 .478 
12, . 230 . 441 2.136 . 104 . 210 .093 . 161 . 642 
12, . 130 . 377 1.182 . 147 . 249 . 079 .349 1. 68 
12, .147 . 638 1. 291 .433 .561 . 131 . 192 1. 18 
12, . 368 2.17 2.738 . 330 . 308 . 046 . 208 1. 69 
1210 . 179 1. 866 1. 339 . 519 . 309 .022 . 441 5.03 
1211 . 171 3. 26 1. 008 1. 69 . 488 - -- -- --- .215 3. 84 
1212 .282 11. 68 - - --- -- - 1. 43 -------- - --~~ ~--

.161 6. 05 
130 0. 044- ~ ~~ _____ __ w. 0.542- 0. 042 0. 064 - -- ----- -- ---- -- --- -- -- -
13, .023 . 278 . 044 . 057 0.022- 0.167- 0. 292-
13, . 024 .286 . 094 .103 .042 .086 
133 . 051 . 597 .051 .047 . 043 .102 
13, .029 .322 . 056 .044 . 092 . 255 
13. . 031 .359 0.047 . 127 .082 . 049 . 161 
13, . 070 0. 120 .780 .032 . 073 . 039 . 053 .210 
13, . 040 . 103 . 443 .047 . 085 . 034 . 117 .560 
13, .047 . 174 . 500 . 119 . 199 .064 . 066 .388 
13, . 108 .587 l. 254 .090 .115 .0267 . 075 .552 
1310 . 063 .505 0. 616 . 137 . 131 . 0195 . 166 1. 625 
1311 .071 . 878 .586 . 46 . 273 .0195 . 091 1. 236 
13" .147 3. 39 .978 .38 .110 --- -- -- - .091 1. 94 
13" .058 2.87 --- - - -- - - - . 65 --- - ---- ---- ---- . 141 6.34 
140 _w ___ ___ 0. 173- --- - - - -- -------- --- - --- -
14, . 089 0. 049- 0. 087-
14, .093 0. 0339 . 024 
143 .195 . 032 
14, . 104 .026 . 076 
H . .115 . 0290 . 049 
146 .258 . 064 
14, .147 . 035 .169 
14, . 173 . 0262 .117 
14, 0.146 . 403 . 165 
1410 . 128 .234 . 054 .481 
1411 . 190 . 263 0. 107 .350 
1412 0. 048 .783 . 550 .086 .568 
1413 . 723 .217 . 15 .075 1. 84 I 
14" 1. 39 -- ------ .59 .029 1. 54 
1510 0. 121 
1511 .094 
IS" 0. 18 . 143 
1513 . 16 . 456 
15" .31 0. 12 . 40 
15" 1. 27 . 13 . 74 
1613 0. 028 0.083 
16" . 062 .069 
16,6 .27 .116 
16" . 27 .63 
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and form a parabolic series around the band center. 
In NEa, however, (B' - B") is in most bands so high 
that for each K, the RQ and PQ lines (each of which 
is in a series with V= VQO + (B'-B")J(J+ 1) + ... ) 
extend over several K-intervals, and the region of 
the band center is confusingly complex. A much 
simpler pattern is found in the band wings, contain
ing the Pp- and RR-branches, which are the stongest 
individual lines, and which may be arranged into J 
series with K = J , K = J - 1, K = J - n, . . . , whose 
intensity falls off with increasing n. 

From eq (3), and the selection rules neglecting the 
centrifugal-stretching terms, it may be shown that 
the frequencies of the RR(JIIK") and PP(J",K") 
lines are given by 

V= vo+ (B" - 0") + 2n(B" - 0" + Ot) + n2 (B" -

B' - 0" + 0') ± J[2(0" - O't) ± (B' -B") -

2n (B" -B' - 0" + 0')1+ J2(0' - 0"). (7) 

Therefore, the mean spacing in the series of strongest 
lines with n = O is ",2 (00- 0 .t). Since approximate 
values of 00 ", (6.2 cm-I) and t. are known from pre
vious work, the Pp and RR series can usually be 
located, with tentative numberings. The identifica
tions may then be corroborated by finding lines of 
the other branches with the same ground-state com
bination differences as found in the parallel bands 
and with intensities roughly paralleling the theoreti
cal line strengths. For the combination differences 
in perpendicular bands, eq (6) applies, except that 
in the branches involved are RR_RQ, PR- PQ, etc. 

3. Results 

3.1. Molecular Constants 

The NEa spectrum between 4,060 and 4,720 cm- I 

contains over 800 resolved features , many of which 
are blends of lines whose separation is less 0.10 cm- I , 

the highest resolution obtained. Practically all the 
lines at frequencies above 4,250 em- I, and a large 
proportion of the strong lines from 4,060 to 4,250 
cm- I , have been analyzed into the inversion-doubled 
perpendicular bands V2 + Va and the weaker inver
sion-doubled parallel bands VI + V2. The analysis has 
yielded complete energy levels of VI + V2 up to J = 10; 
and of )l2+ V3 up to J = 12, in addition to some of the 
levels of higher J in both bands. The levels have 
been fitted to rotational-energy expressions of the 
forms of eq (3) and (4). The specific methods of de
riving the constants and their values will be pre
sented shortly. The line positions as calculated 
from the equations and constants are presented in 
tables 4 and 5, for the parallel and perpendicular 
bands, respectively. Following the calculated fre
quency (in cm- I ) is tabulated the difference (in 
10- 2 cm- I) between the observed frequency and that 
calculated. Suffixes are added to the difference 
when the observed feature is a blend, the suffix a 
designating a line principally due to the calculated 
line; b, a line of which about one-half the intensity is 

contributed by the calculated line; and c, a feature 
principally due to a line other than the one in ques
tion. It will be noted that the differences, except 
for the latter types of blends, and for the levels of 
highest J for which the calculation is relatively un
certain, are less than 0.1 cm-I, and average about 
0.02 cm- I • 

Representative spectra from 4,230 to 4,530 cm- I 

are presented in figures 1 and 2. These were ob
tained at pressures of less than 1 cm in the 10-m 
cell . Some of the more prominent lines are indicated 
above the spectra. Below the spectra are plotted 
lines whose position is that of Vea le, and whose height 
is proportional to 

(8) 

in which S~r/S~ is the rigid rotational line strength 
(table 3) , and k is an empirical factor to represent 
the relative strength of the perpendicular and para
leI transitions, here taken as 100 :15. The v/vo 
factor gives the small frequency dependence of line 
strength, Vo being taken as the mean band origins, 
4,307 cm for Vl + V2 and 4,426 cm for V2+V3. 'Yo is the 
collision half-width, whose evaluation and depend
ence upon (J,K) is discussed later. For nonover
lapping lines, eq (8) is a good representation of 
the equivalent width (integrated fractional absorp
tion) [7], and hence the heights of the vertical lines 

TABLE 4. Calculated and observed frequencies in VI + V2, NH3 

The first entr y is p"I.(em- I) ; the second entry is Pob,-po.I, (10-2 em -'). 

J 'K 1)" QP QQ QR 

--
0 s 4300. 17 03 ---------- ----------

10 a 4253. 85 08b -- --- ----- 4313. 47 oT 

It 8 79. 99 00 4319. 75 03 ----------
I , a 53.74 03b 4293.49 08 -- - -------

20 8 4259. 32 OO b ---------- 4358. 66 01 -

2, s 59. 39 07b 4318. 98 02a 58. 75 Og, 
2, a 33.68 02 4293.24 07 32. 99 01 

22 s 59. 60 oT 4319. 23 01 ---.------
22 a 33. 36 liT 4292.95 O3a ----------

30 a 4213. 62 02b ----- - ---- 4352.51 liTa 

3, 8 38. 45 03 4317.83 02 77. 43 05b 
3, a 13.52 lOb 4292. 87 11 ' 52. 43 07b 

32 8 38. 66 07- 4318. 07 03 77. 70 03 
32 a 13.20 00 4292.58 02- 52. 17 14' 

33 S 39.00 01- 4318. 48 04b ----------
33 a 12. 66 02 4292. 09 04a ----- - ----

40 8 4217. 20 02b _.-------- 4395.63 OOb I 
4, 8 17. 26 08b 4316. 33 02 0 95.71 08b 
4, a 4193. 31 00 4292. 34 0 71. 69 07 

42 s 4217.44 07 4316. 56 01 95. 97 OOb 
42 a 4192. 99 02 4292. 07 06' 71. 45 07 

43 8 4217. 75 03- 4316. 94 01b 96.42 01 
43 a 4192. 46 li4 4291. 60 lOb 71. 04 01 

4, 8 4218.21 01 4317. 51 01 .-- - - - ---- I 
4, a 4191. 68 04 4290.92 05b ---------- I 
50 a 4173. 16 03b ---- ----- - 4390. 78 05b 

See footnotes at end of table. 
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TABLE 4. Calculated and observed frequencies in VI + V2, NH,
Continued 

The first entry is voalc(cm- 1); the second entry is Voba-vcIl lc (10- 2 em-I). 

J'K p" QP QQ QR 

51 s 95.80 04 4314.48 " 4413.55 07b 
5, a 73. 04 09b 4291. 67 " 4390.70 03 

5, 8 95.96 07a 4314.68 03 4413.80 04 
52 a 72.74 08 4291. 42 00 4390.49 04" 

53 s 96.23 iH 4315. 05 lElb 4414.24 02b 
53 a 72.21 00 4290.98 lilb 4390.12 00" 

5, 8 96.64 oJ 4315.59 01 4414.88 00 
, 

5, a 71. 44 02 4290. 33 01 4389.57 OI 

55 8 97.22 02 4316.32 03" ----- ----
55 a 70. 41 04 4289.45 00 ----- ----

60 8 4174. 10 08" .--------- 4430.89 12b 

6, S 74.14 04" 4312. 30 , 30.97 04b 
61 a 52. 75 07b 4290. 85 , 09. 48 02b 

6, S 74.28 TOb 4312.49 , 31. 22 02b 
62 a 52.44 02b 4290.61 09' 09.28 00 

63 8 74. 52 00 4312.84 04 31. 66 02 
63 a 51. 91 03 4290.18 04b 08. 94 OO a 

6. s 74.87 02 4313.34 08b 32.28 02 
6, a 51.17 09 4289.57 00" 08. 46 02' 

65 8 75.37 00 4314. 02 01 3~. 12 08' 
6, a 50. 16 08 4288.75 alb 07.78 05' 

6, s 76. 04 05 4314.92 ll a -- --------
6, a 48.8612 4287. 67 CBa --- -------

i 
70 a 4132.51 01 " ---------- 4428.03 OIb 

7, 8 52.30 12b 4309.81 , 47. 9622b 
7, a 32. 41 14b 4289.87 27. 97 05' 

72 s .52. 42 OOb 4390.99 02 48. 21 03 
72 a 32.11 04" 4289.63 06' 27.80 13' 

7 :~ s 52. fA 04" 4310.31 06' 48.63 15 
73 a 31. 60 03" 4289.24 06 27. 50 04 

7. s 52.91 12 4310. 77 08' 49.24 06 
7. a 30.87 05b 4288. 67 07' 27.07 04 

7, s 53.33 06 4311. 40 19b 50. 05 03' 
75 a 29. 8610 4287. 89 02 26. 48 05 

7, s 53.90 04 4312.23 09a 51.19 lOb 
7, a 28.6210 4286. 88 04 a 25. 69 T5' 

I i 8 54.67 03 4313.31 mjb -.----- --. 
7, a 27.04 24 4285.60 TO ----------

I 80 ., 4130. 33 07" ----- ----- 4464. 47 T/'b 

8, S 30.36 lab 4307.05 02' 64.55 04 b 
8, a 12.06 08 4288.70 , 46. 15 ill b 

82 S 30. 44 07b 4307.21 16' 64.79 ilsb 
8, a 11.77 23' 4288. 48 , 46. 00 14 b 

83 8 30.58 07b 4307. 50 130 65.19 12 
83 a 11.2817 4288.12 00 45.76 0'1 
8, s 30.83 09b 4307. 92 16 65.78 24 0 

8, a 10.56 09 4287.58 03 ' 45.38 08 
85 8 31.16 09 4308.49 25 66.56 22 
85 a 09. 61 09b 4286.87 05" 44. 87 07' 
8, s 31. 63 OO b 4309.25 13 67. 55 15 
8, a 08.39 Hlb 4285.93 23' 44.19 OIb 
8, S 32.27 12b 4310.23 14 ' 68.87 10 
8, a 06. 86 05 4284. 74 OSb 43. 29 07 
88 s 33. 13 02 4311. 49 lOb ---- ------
88 a 04. 9717 4283.24 02b ------- ---

90 a 4091. 78 17b - --------- 4464.02 01 b 
9, s 4108.32 12b 4304. 03 0 80. 72 02b 
9, a 4091. 69 26b 4287.34 0 63.98 05b 
9, , 4108. 38 ISb 4304.18 0 80.95 22b 
9, a 4091. 40 Is 4287. 14 , 63.86 17b 

93 , 4108.51 19b 4304.43 40' 81.35 11 ' 
93 a 4090.90 il8 4286.81 11 ' 63.64 14b I 
9. s 4108. 66 04 b 4304.81 02' 81. 90 21 

I 9, a 4090.24 15 4362. 28 15' G3.34 16b 

T ABLE 4. Calculated and observed .fj·equencies in VI + P2, NH3-

Continued 
The first entry is vc alc(ClU- 1); the seJond entry is Vo b ! -Vcll]C (10-2 em-I). 
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J'K p" ap QQ 
---

0, s 4108.90 'lab 4305.32 il2' 
9, a 4089.32 04' 4285. 66 04 0 

g, , 4100.27 25" 4306. OJ 14 
9, a 4088.14 090 4284.80 14b 

!h s 4109.77 25 4306.89 14a 
Ui a 4086.68 05 4283.71 09b 

9. , 4110.46 19b 4308. 02 19 
9, a 4084.87 Is 4282.33 07b 

9, s 4111. 41 03b 4309.48 16 
99 a 4082.56 01 4280.61 05" 

10, s 4086.25 05' ----------
10, 8 86.26 04 ' 4300. 78 
10, a 71. 31 Hb 4285.78 

10, s 86.29 01 0 4300. 91 
102 a 71. 04 16b 4285.61 

103 s 86.27 03 0 4301. Og , 
103 a 70.65 050 4285.35 0 

10. s 86.46 Iilo 4301.17 160 

10, a 69.91 4284.85 , 

105 s 86.63 10" 430 1. 93 07 0 

1O, a 69.02 24 4284.26 , 

1O, s 86.88 15" 4302.53 10 
10, a 67. 90 15 4283.48 22' 

10, s 87.24 05 4303.32 08 
10, a 66.49 27' 4282.48 22b 

10. s 87. 76.05 0 4304.32 44' 
108 a 64.86 21 0 4281. 24 lOb 

10, 8 88.50 01 4305.61 05 
10, a 62. 68 1'2 4279.68 03b 

1010 8 89.53 25' 4307. 26 11 " 
1010 a 60.11 390 4277. 72 02 

110 a 4051. 02 24 ------- ---

11, S 64.27 1297.63 
11, a 50. 15 83.57 

11, s 64.41 240 98. 7810 
11 , a 47.7517 82.04 

117 s (,1. 71 050 99.54 0 

117 a 46. 50 25 81. 24 lOb 

118 8 65.08 0 4300.43 24 
118 a 44. 6S 0 4279.94 , 

11, 8 65. 61 20 4301. 56 07 
11, a 42.8101 0 4278.65 30 

11 10 " 66.38 , 4303.00 OO b 
1110 a 40.30 4276. 80 08' 

lll1 8 67.50 , 4304.87 04b 
1111 a 37."301 4274.57 22 b 

12, s ----- -- -- 4297.52 48 
12, a ----- -- --- 77.36 24 

1210 8 ---------- 98. 67 oil b 

1210 a --- ._-- --- 75. 67 03 0 

1211 S --- - - ----- 4300.19 22 
1211 a ---------. 4273. 07 24 

12" s ._--- ---. 4302.28 28 
12" a --- ------ 4271. 28 14 

13" 8 - -- -- ----- {220 4297. 23 206 

13" a ----- ----- 70. 33 O/,o 

13 13 8 ----- ----- 99.71 42 
1313 a - ---- ----- 67. 99 16b 

aBlend, principally due to calculated line. 
bBlend, approximately one-half due to calculated line. 
' Blend , principally duc to other line. 

OR I 

82.65 02 
62. 9204, 

83.62 4il' 
62.35 n 

H84. 83 05 
61. 59 07' 

86.39 13 
ilO. 60 lOb 

-- -- - -- ---
-- -- - - - ---

4496.41 23b 

96. 48 16" 
81. 46 00 ' 

96.70 oilb 
81. 34 12 ' 

97. 04 04' 
81. 25 08 

97.62 , 
80. 94 24b 

98.34 34 b 
80.60 10" 

99.27 Iil 
80. 14 lH 

4500.43 15 
4479.52 13" 

4501. 88 290 

4478.70 22 0 

4503.67 05 
4477. 63 09 I 

I 
--~-------

--~-------

4498.51 17b 

4512.45 , 
4498.26 08" 

4514.44 49 
4497.62 , 

4515. 62 < 
4497.24 < 

4516. 99 , 
4496.41 23< 

4518.67 , 
4495.66 19 

4520. 73 
4..194. 41 18 

- -- -- -- -- -
- ---------

4533. 47 5G 
13. 20 · 
35. 30 23 
12. 17 · 37. 56 · 10. 90 

- ---------
--- - --- ---

P"D 4554. 20l210 
27.14 

--- - --_. -
--- -- - .-.- I 



,---

TABLE 5. Calculated and observed fre quencies in V2+V3, N I-I3 
'rhc first entry is "'calo (em-I); the second entry is Jloba-Pcalo (10-2 em-I) . 

J~ p" Pp PQ PR Rp RQ RR 
--- ._-

0 4400.79 07b 
0 a 18. 50 00 

10 4380.66 OG 4420.42 06 
10 a 98.10 05 37. 84 09 

I, 4388.53 03 4412.54 03 
I , a 4406.20 04 4390.42 03 4450. 04 02b 

20 4360.18 00 4419.77 oT 4459.54 02 
20 a 77.35 03b 36.92 02 76.67 ilT 

2, 68.08 02 27. 70 03 4352. 31 OOb 4451. 66 04 
2, a 85.39 07b 44. 98 00 4429.24 03 

2, 76. 04 Ol 44.60 01 04.19 il3 43. 96 05 
22 " 93.81 02 62.24 06 21. 81 03 61. 56 In 

30 4339.48 01 44 18.86 02 4478.45 03 
30 " 56. 13.05 35. 47 02 95.04 02' 

3, 47. 36 03 26.78 02 86.40 03 4411. 10 00 4487.-27 -~3 3, a 64.14 03 43.52 02 4503.11 00 4348.38 03 

3, 55.31 01 34.78 03 23.93 06' 03.32 00 62.91 Ol 
3, " 72.52 03 5t. 96 04 41. 04 01 20.38 02 79. 95 OT 

33 63.37 00 16.20 15 ' 4395.61 02 55.23 oT 
33 " 81. 25 06 33.96 04 4413.34 04 72.93 00 

40 4318. 5(\ 01, 4<117.6403 H97.0202 
40 a 34. 54 03 33.56 00 ' 4512.91 00 ' 

41 26. 42 00 25.54 00 04.96 02 4310.67 04' --4425.-9!j -OC 4489. 10 04 
4, a 42.51 07 41. 59 06b 20.97 04 

4, 34.33 06 33.52 04 13.00 n· 03.07 07 02.15 03' 81. 53 07 
4, a 50.87 03 50.0101b 29.47 02 19. 48 00 18.51 04 97.85 00 

43 42.36.04 4t. 66 oT 4295. 38 00 4394 .50 00 73. 91 02 
43 a 59.55 06 58.80 07 4312.3 06 4411. 46 02 90.8402 

4, 50.47 05 4287.66 04' 4386.86 oT 66. 33 02 
4, a 68.63 02 4305. 57 04 4404. 72 04b 84.15 03 

50 4297.43 07b 4'U6. 11 04 b 4515. 180lb 
50 a 4312. 58 05 31. 2l 03 30.24 0:3 

5, 05.26 04 23.99 04 23.11 03 '1408. 48 00 
5, a 20. 53 03 39.20.01 38. 28 04 4304. 79 03 4522.42 Ol 

5, 8 13. 18. 10 32. 00 oT 31.1902 4282.00 00 00.68 04 4499.75 04 
5, a 28. 79. 05 47.55 03 46. 70 06b 97.56 06 16. 19. 04b 4515.22 03 

53 21. 15 03 40. 09 02 39.38 01 74. 34 01 4393. 07 08- 4492.18 00 
53 " 37. 45 03' 56.34 07 55. 58 03 gO. 49 09' 4409.15 07 4508.23 O'lb 

5, 29.23 03 48.33 02 66. 66 04 4385.48 02b 4484. 67 00 
5, a 46.46 02 65.50 04 83.65.15' 4402. 41 03 4501. 56 03 

55 37.36 12- 58.93 06 4377. 87 Oil 4477. 16 02 
5, a 55.84 07 77. 09 21' 95.97 00- 95.21 II 

60 4276.10 04 4414.26 00 4532.9314' 
60 a 90. 32 00' 28. 42 01 47.05 01 

6, 83.90 TO' 22.12 02 40.84 02 4268.18 06 4524.97 03b 
6, a 98.22 06 36.39 03 55.06 01 4420.99 00 

62 91. 70 OO b 30.02 08 48.84 01 60.74 19 4398. 90 14 17. 57 23 
6, a 4306. 53 OS, 44.79 01 63.55 04 75.34 02 4413.44 04 32.07 oT 

63 4299.73 01 38. 20 03 57.14 04 53. 12 02 4391. 34 06 10. 06 III 
63 a 4315.03 00 ' 53.44 20 72. 32 03 68. 26 02 4406. 42 01 25.10 lOb 

0. 8 07.79 02 46.44 06 65. 54 oT 45.48 01 4383.80 04- 02.62 03 
6. a 23.97 02- 62. 54 01 81. 58 03 61. 42 01 99. 69 03- 18.45 04 

65 15.94 01 54.82 02 37.79 120 76.26 02 4495. 20 04 
6, a 33.28 01 72. 09 01 54. 83. 07b 93.24 03 4512.12 00 

66 24. 14 06 30.00 It" 68.65 00 ' 4487.75 01 
66 a 43.02 02 45.49 OO b 87.07 04 4506. 11 01 

70 4254.58 04 4412.08 00 4550.24 02 
70 a 67.77 06 25.22 00 63.32 OSb 

71 62.34 01 19.92 02 58.13 05b 
4259.-95 -01 4404.62 06 

71 a 75.63 01 33.15 05b 71. 32 00 4555. 47 00 
See footnotes at end of table. 
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TABLE 5. Calculated and observed frequencies in V2+ V3, NH3-Continued 

The first entry Is p •• , . (ern-'); the second entry Is Pob,-Pe"e (10-2 em-'). 

J;" p" Pp PQ PR Rp RQ RR 
---

7, 8 70. 2802 27. 97 05 66. 2907 39.21 22 4396.81 20 34. 96 11b 
7, a 83.71 09b 41. 35 04 79. 61 03 52.85 06' 4410.31 01 48.41 00 

73 s 78.11 Olb 35.9701 74. 43 04 31. 72 00 4389. 30 01 27.52 07b 
73 a 92.31 I • 5O.11ll9' 88.51 14 45. 78 01- 4403.30 02' 41. 46 00 

7, 8 4286. 15 02 4444. 22 04 4582. 87 06b 4224.14 03 4381. 84 06 4520. 16 04 
7, a 4301.15 01 59.15 01 97. 74 04 38. 44 02' 96. 57 06 34.83 01 

7, 8 4294.28 02 52.61 03 91. 49 05 16. 51 05' 74. 37 09 12. 83 08 
7, a 4310. 35 02b 68. 61 01 4607. 42 04b 32.32 03 90. 12 OOb 28.53 02 

7, 8 02. 4707 61. 10 00 ---- . - - -- - 08.78 12 66.85 04 05.50 06 
7, a 19.99 01 78.54 06' ---------- 25.94 15 83.94 W' 22.53 04 

71 8 10.69 02b ---------- --------- - 00.88 09 59.21 04 4498.09 04 
71 a 30.06 m ---------- _.-------- 19. 79 04 78.0508 4516.85 09 

80 8 4232. 90 00 4409.59 09b 4567. 09 02 ---------. ---------- --- ------. 
80 a 45.00 02 21. 64 04 79. 04 00 ---- ------ -.-------- ----- --._ -

8, 8 40. 61 03 17.38 06 74.9606 4224. 97 n 4559.12 10 
8, a 52.81 02b 29.5301 87. 05 02 ------- --- 4414. 37 II- --------- -

8, 8 48.20 0 25. 12 10 82. 81 OOb 17.72 00' 4394.41 09' 51. 91 00 
8, a 61.13 04- 37.9603 95. 60 03 30.15 10- 4406. 79 03 64. 2408 

8, 8 56.31 05 33. 40 00' 91. 26 04 10. 19 04 4386.96 II, 44. 64 05b 
83 a 69.35 TIb 46. 37 01' 4604.17 I2 23. 09 03 99. 80 08e 57.3202 

8, 8 64.31 04 41. 64 OOe 4599.71 or 02.64 05 79.55 07 37.24 01 
8, a 78. 12 02b 55. 37 15' 4613.38 08 16.26 12b 93. 10 07e 50.73. 01 

85 8 72. 4207 50. 04 02' 08.3605 4195.11 01 72. 20 02 30.05 04 
8, a 87.19 01 64.7302- 22.99 02 4209.62 03 86.64 06 44. 44 05b 

86 8 80. 60 04b 58.57 06 17. 20 16e 4187. 45 03 64. 77 07 22.84 03 
8, a 96. 69 01 74.57 00 33. 12 02 4203.20 06 80. 46 04 38. 46 02 

8, 8 88. 83 09b 67.19 02 ---------- 4179. 6403 57.25 07 15. 58 03 
8, a 4306.62 oIb 84. 89 10 ---------- 96.99 04 74.64 04 32. 79 00 

8, • 4297.05 01 .-.----._- ---------- 71. 60 I8e 49. 56 06 08. 20 04b 
8, a 4317. 02 07b ---- -._--- ---------- 91. 01 04 68.89 03 27. 45 01 

90 • 4211. 06 04 4406.76 03 4583. 45 05 -------- -- ---------- ----------
90 a 22.05 n 17. 71 08e 94. 35 oIb ---------- ---------- ---------. 

9, 8 18. 72 01 14. 52 0'7 91. 29 07b ---------- 4399.47 05 
4586.-4!dft 9, a 29. 81 04 25.55 01' 4602 26 03 4214. 24 17 --- .----.-

9, • 26.78 09 22. 70 04 4599.61 06 4195. 98 0ge 91. 69 06b 68.38 00 
9, a 37.55 12 33. 45 05b 4610.29 10 4207. 28 21 4402. 93 10 79.57 09 

93 • 4234.34 04 4430. 49 02 4607. 58 12b 4188.51 03 4384. 31 03 4561.0804 
93 a 46. 19 12 42.27 05 19. 29 08 4200.24 07 95.97 00' n. 70 06 
9, 8 42. 32 Is 38. 7305 16.06 05 4181. 06 03 77.00 0:1 53.90 03b 
9, a 64. 83 07 51.17 04b 28.43 06 93. 39 0 ' 89. 28 03b 66. 12 01 

95 8 50. 40 06 47. 13 O'i 24. 75 08 73.57 29 69. 71 07 46. 8004 
95 a 63.82 02 60.48 03 38. 02 04 86.76 01 82. 84 05 59.86 02 

9, 8 58.57 10 55. 68 07 33.64 09 65.99 01 62. 40 03 39.73 00 
9, a 73. 18 09 70. 22 05 48. 10 09b 80.30 06 76.65 01 53. 91 04b 

9, 8 66. 78 08 64. 34 04b 42. 70 00 58.28 01 55.02 08 32.63 03 
91 a 82.94 02 80.41 04 58.67 01b 74. 06 12' 70.72 02 48.26 03 

98 • 75.03 06- 73. 09 04b - ----- ---- 50.34 05 47.4501' 25.42 03 
98 a 93. 18 08 91. 13 06 -------. -- 67.98 03e 65.02 00 42.9000 

9, 8 83.26 00 ---------- ----.----- 42. 11 39.67 07 18.03 05 
9, a 4303. 95 07 ---------- ---------. 62.16 59.62 Ole 37.89 03 

100 8 4189. 10 13 4403. 62 30' 4599.33 09 ---------- -.-------- ----------
100 a 98.95 19 13. 43 05' 4609.08 02 - ------ --. ---------- ------ ----

10, 8 96. 71 10' 11. 34 10' 07.13 05 4181. 22 01 -- ------ -- 4591. 38 I6b 
10, a 4206.64 02 21. 21 0ge 16.95 09b ---------- 4406. 32 11 e .----._---

102 • 03. 95 10 18.78 06e 14. 70 02b 74. 14 04' 4388.66 14 84. 37 05 
102 a 15. 08 00 29.77 14 25.67 04 83.26 1'7 98. 73 03' 94.38 04b 

103 8 12.24 06 27.26 05 23. 40 02 66. 74 I2 81. 36 05' 77. 15 II 
10, a 22. 86 04b 37.81 12' 33.89 05 77. 29 17 91. 86 lIb 87.60 II 

10. • I 20. 19 02 35.49 00' 31. 90 06 59.3514 74. 14 OS 70.0812 
10, a 31. 40 02b 46. 63 oIb 42. 97 02 70. 41 07' 85.13 33' 81. 02 05 

See footnotes at end of table. 
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TABLE 5. Calculated and observed frequencies in V2 + V3, NH3-Continued 

Tbe first entry Is Vcalc (em-I); tbe second entry is Vob.-Voal_ (10-' em-I). 

J~ p" Pp PQ PR Rp RQ RR 
---

10, B 28.25 14 43.90 03 - 40.64 0 51. 95 07- 66.97 07- 63. 11 IT 
10, a 40.2503 55.83 01 52.4903 63.75 31 78.70 06 74. 78 02 

10, B 36.39 09 52. 47 11 - 49.58 05 44.45 11- 59.75 IT- 56. 16 10 
lOa a 49.48 07 65.48 I 62.51 01 57.28 19- 72.51 01- 68.9512 

10, a 44.62Iz 61.18 08b 58.73 05b 36.94 52. 4901- 49.2305 
10, a 59.10 00 75.57 00 73.03 01 50.97 66.55 02 63.21 03b 

lOs 8 52.85 06b 69.98 01 68.0501 29.02 45.10 01 42. 21 02 
lOs a 69. 13 05b 86. l4 07 84.09 07 44. 83 60.82 03 57.86 03 

10. B 4.261.11 06b 4478.84 20 ---------- 4120. 92 4337. 48 00- 4535.04 03b 
10. a 79.65 00 97. 25 25' ---------- 38.88 55.35 00' 52.82 02 

101. a 69.32 16 ---------- ---------- ---------- 29. 50 05 27.56 03b 
1010 a 9'I. 77 25- ---.-----. ---------- ---------- 50. 10 02 48. 05 07 

11, a 4167.03 19 44.00. 16 01 4.614.68 04b ---------- ---------- --_.-._---
11, a 75.76 05 08.84 10- 23.32 06- ---------- ---------- ----------

11, a 74.58 
_ 

07.82 09- 22. 44 08b 4393. 02 13-
46i5.-49 -~ 111 a 83.39 13 16.57 23 31.14 14 4i68.-00 -~'7 ---.------

112 a 82.9225 16.27 12- 31.09 07 52. 19 
_ 

85.32 14- 4599. 84. 14b 
112 a 90.59 27 24.02 07- 38.70 OOb 61.16 16 94.24 26- 4608.7205 

II, a 90.0209 23.68 27- 38.69 01b 44.8630 78. 10 29- 4592.7219 
II, a 99. 43 15 33. 03 17- 47.98 03b 51. 17 . 87. 35 06 4601. 92 0 

11, 8 97.95 26 31. 93 06- 47.23 02 37.55 2ll 70.96 22 4585.7419 
11, a 4207. 931 41.80 

_ 

57.03 10 47. 35 34 0.70 

_ 

95. 43 0 

11, 8 05. 94.03 40.31 zO- 55.96 00 30.22 

_ 

63.8815 78.8933 
11, a 16.71 47- 50. 90 31- 66.48.31 40. 69. I 74.29 

_ 

89.24 09 

lla a 14. 07 OOb 48. 9 II- 64. 97 01 -------.-- 56.08 37b 72. 10 3 
1h a 26.14 05 60.43 02- 76.42 11 ---------- 68. 11 05- 83.340 b 

117 8 22.29 03 57.64.01 74.20 02 ---------- 49.68 35 65. 33 39 
117 a 35. 65. 08 70.39 19 86.87 18 ---------- 62. 14 26 77. 73 02b 

11s 8 30.57 07 66.51 25b 83.62 14 - - -------- 42.4447 58. 52 34:b 
11s a 44.9 32 80.82 35b 97.83 39 ---------- 66. 38. 05b 72.3803 

11. B 38. 3 60b 75.45 58 93.18 49b ---------- 35. 06 15 51. 6015 
11. a 55.26 34 91. 77 41- 4709.37 35 ---------- 50.86 04- 67.33 oT 

1110 a 47. 05 2li 4.42 
_ 

---------- ---------- 27.31 13 44. 42 07b 
1110 a 66.07 03 4503.30 19 ---------- ---------- 45.57. lOb 62. 57 04 

1111 8 55.21 2I -.-------- ---------- ---------- 19. 19 05- 36.93 03 
1111 a 77.46 ---_.----- ---------- -----.---- 40.57 16 58.17 01 a 

12, a ---------- 4396.37 
_ 

4629.50 01 ---------- ---------- ----------
12, a ---------- 4403.97 0 37. 06 04a ---------- -_.------- ----------

121 8 ---- ------ 03.98 
_ 

37.22 10 4137. 05 37 ---------- 4621 62 ill 
121 a ---------- 11. 6501 44.83 29 ---------. 4397. 01 37 ----------

122 8 4158.99 22c 10. 91 

_ 

44.25 29 ---------- 81.67 

_ 

14. SO 0 _ 
122 a 68.85 JI. 20.50 18 53.93 26 ---------- 89. 48 

_ 

22.57 20 

123 8 ---------- 4419.76 

_ 

4653. 43 17 ---------- 4374.52 

_ 

4607.77 31-
123 a ---------- 27. 95 

_ 

61. 55 54a ---------- 82.63 

_ 

15.82 00 

12. 8 --- - ------ 27. 97 
_ 

61. 95 14a ---------- 67.49 08 00.90 55b 
12. a ---------- 36. 62 

_ 

70. 52 38b ---------- 76. 02 I7 09.37 13 

125 8 4183.51 09 36.38 
_ 

70.74 16 ------- -- - 60.52 

_ 

4594. 18 30-
125 a 92.88 

_ 

45. 65 
_ 

79. 94 38 ---------- 69. 64 00- 4603. 24 III 

126 8 91. 68 21 45. 02 
_ 

79.84 16 - --------. 53.60 4587.58 3Bb 
126 a 4201. 76 09 55.02 

_ 

89.76 34 --- ------- 63. 40 

_ 

97.31 05 

12, 8 4199. 83 14 53. 74 

_ 

89. 09 33 ---------- 46.58 IIIb SO. 94IQS 
12, a 4211. 07 67 64.91 

_ 

4700. 17 57 -----.---- 57.48 07 91. 78 I2 

128 8 08. 11 37 62.66 

_ 
4698. 61 31 ---------- 39.50 !i4 74. 33 120 

12s a 20.74 120b 75. 20 113 4711. 05 110 ---------- 51. 71 16 86. 45 lU-

12. 8 16. 41 c 71. 69 

_ 

08.31 61 ---------- 32.28 38 67.62 55b 
12, a 30.87 85b 85.98 87 ---------- ---------- 46. 14 05 81. 41 03b 

12" • 24.68 84 80.78 
_ 

---------- ---------- 24. 78108 OO.7389b 

12" a 41.36 97.31 
_ 

.--------- -----_.--- 40.77 03 76.62 01 

1211 8 32.85 50c 89. 82 43 ------ ---- ---------- 16.93 

_ 

53.65 03 
1211 a 52.43 36- 4509. 25 17 -------- -- ---------- 35. 66 10 72. 16 02 

12" 8 40.94 67 --------- - ---------- ---------- 08. 58 45. 95 36 
1212 a 63. 97 ---------- ---------- ---------- 30. 85 01 68. 07 05 

See footnotes at end of table. 
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TABLE 5. Calculated and observedjrequencies in "2+ "3, NH3-Continucd 

-
J~ p" PR RR J~ P I RR 

- - --
130 8 4643.80 22 4642. 53 29 14 , a 4650.26 ITG 
130 a 50.30 35 --- --- ---- 14, a 35.88 07 b 

14, a 29. S7 26 
13, 8 51. 48 38 29.24 OJb 140 a 24. 12 2:' 
13 , a 58. 03 35. 92 03 b 14; a lS.63 29 

148 a 13. 36 06' 
132 8 60.60 35 22.31 21' 14, a OS. 33 III 
132 a 65. 04 44 29.26 Ogb 

1410 8 4591. 80 , 
13, s 67.44 15.50 32' 1410 a 4603. 53 17 
133 a 74. 53 67 22.85 OSb 

1411 8 4585.26 22 
13, s 76. 16 38' 08.84 17' 1411 a 99.01 06 
13, a 83. 58 18' 16.76 14 

135 S 84. 95 56 02.41 22 1412 8 7S.44rm 
135 a 92.89 78b 10. 94 25 1412 a 94. 78 aS 

13, s 94. 04 61 4596.04 17 14 13 8 fSO 
136 a 4702.69 110 4605.39 22 71. 11 1202 

14 13 a 90.84 03 
13, s 03. 41 98 4589.61 24 
13, a 12. 97 4600. 10 Hjb 1411 S 53.16 08' 

14H It 87.34 12 

138 • 13.01 4583. 24 0 1' 
138 a -- -- - - - --- 95. 07 19 1513 a 4603. 67 IS 

15" a 4599.90. 01 
13, s -------- -- 76.53 145 
13, It ---- ------ 90. 28 07 

1515 s {TOll 71.34 179 

1310 s 69. 68 {~L 1515 a 96.70 Ts 
----------

1310 a ---- ------ 85. 77 00 
16" s 4579. 25f~~5 

13" s 62. 45{H9 1616 It 4605. 90 '::m ---- --- ---
13" a --- - - - - --- 81. 59 23 

1312 8 - --------- 54. 70~m 
1312 a ---------- 77.80 09b 

1313 8 - --- - ----- - ------ ---

I 
1313 a --- ------- ----------

• Blend, principally due to calculated line. 
b Blend, approximately one-half due to calculated line. 
e Blend, principally due to other linc. 

should be approximately proportional to the area 
of the observed absorptions. In figures 1 and 2 
this is seen to be the case, with very few exceptions, 
and it will be further noted that practically all of 
the observed absorption has been accounted for _ 

The central panel of figure 1 covers the region of 
the QQ-branches, in which the inversion-doublet 
separations range from 18 em-I, for levels with 
J ""»K , to > 30 cm-I for J > 12 in the series with 
J = K , which includes the most intense lines. 
Throughout this region, and in the other panels of 
figure 1, there fall the lines of the Pp- and Rp_ 
branches_ Since the perpendicular bands are more 
intense by a factor of about seven, the individual 
lines in them are the strongest single lines in the 
region, although not as prominent a feature as the 
parallel Q-branches. In the top panel, the perpen
dicular lines are becoming weaker; the QP-branch 
"lines" are obvious, and show resolution of the 
K-structure, the low-K components lying at lower 
frequencies in the a-s and at higher frequencies in 
the s-a members of the inversion doublet. 

In figure 2 the region covered is that near the origin 
of the perpendicular bands. Q R-lines are present 
but are relatively weak. The J-divergence of the 
RQ-and PQ-branches with the same AK is con sid-

erable, high-J components lying at lower frequencies 
in both inversion-doublets. The inversion doubling 
ranges from 21.4 cm- 1 at RQ (11 ,11) to 8.7 cm-I 

for PQ (11,0).6 In the bottom panel of figure 2 
the RR series dominate the absorption. 

A further extension to higher frequencies is shown 
in figure 3. As one proceeds to higher frequencies 
the intensities drop rapidly in the R R-branches, 
and somewhat less rapidly in the P R-branches, 
so that the latter are the strongest beyond 4,600 
em-I. Even though one is dealing here with very 
weak lines from levels of high J , it will be noted 
that a quite complete identiJication has been 
achieved. Above 4,680 em- I, lines of higher-fre
quency bands begin to appear. 

The constants of the NH3 molecule needed to fit 
eq (3) and (4) to the line-position data were derived 
in the following manner. For the ground state, 
combination differences AIF and A2F were obtained 
from all pairs of lines listed in tables 4 and 5 that 
did not involve heavy blends. The combination 
differences were larger by a few hundredths of a 
wave number in the s inversion substates than in 

6 For a few observed levels with J(' =2 the doubling is even lower, because of 
the (A, A,) interaction. Both components of P R (12,3) appear, split by only 
4.44 em-I. 
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FIGURE 1. NH3 spectra, 4,230 to 4,380 em-I. 
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the a substate, as required by eq (4). Inasmuch as 
infrared measurements cannot be as precise as those 
in the microwave regions, no attempt was made to 
determine the ground-state inversion constants, 
those cited above [17] being accepted. The 8 and a 
combination differences were averaged and divided. 
by 2J (for t:.IF) and (4J+ 2) for t:.2F. The results 
are plotted as a function of 1(2 as the open points in 
figure 4; these very nearly form a family of straight 
lines of equal slope, yielding D~K= - 0.001455 
em- I. The intercepts at K = O are also plotted in 
figure 4 as solid points as a function of J(J+ 1); 
from the slope and intercept of this line is obtained 
D~=0 .000809 cm-1 and B o= 9.94428 em- I. The 
combination differences t:.F are given in table 6 as 
calculated from these constants, and are compared 
with the observed averages. The agreement is 
satisfactory. A somewhat better fit might perhaps 
have been obtained by including sixth-power terms 
in J and K ; that is, by fitting the points in figure 4 
to slightly curved parabolas instead of straight lines. 
It is believed, however, that the precision with 
which the data are known does not warrant such a 
procedure at this time; after other bands have been 
measured with comparable precision, their ground
state combination differences may be included in 

the averages and improved constants should result. 
In order to obtain the constants for the upper 

states the position of each observed level is first 
determined relative to the same level in the ground 
state. For a Q-branch line this is the line position; 
for P- or R-branch lines, the appropriate ground
state combination differences must be added or sub
tracted from the observed position. For the parallel 
bands, there are two observed levels for each (J,K); 
for the perpendicular bands, four. Straight-line 
plots of the averages of these, against J(J+ 1) and 
K 2, yield Vo, B .- B o, and [( Cv- Co) - (B.-Bo)]. 
There appear to be slight but regular deviations 
from linearity, in the plots against J(J+ 1), so 
that it is experimentally justifiable to include the 
term in D[-D{; however, D[K_ D{K, and D~-DI§ 
appear to be negligible in both bands . The con
stants are listed in table 7. 

The inversion splitting in VI + V2 is the difference 
between tlte observed Q-branch doublings as obtained 
above and the ground-state splitting. When plotted 
against J (J + 1) and 1(2, considerable curvature is 
noted. This may be largely eliminated by plotting 
the logarithm of the splitting; that is, by fitting the 
rotational dependence to eq (4) instead of to a simple 
power series. The same behavior is noted in V3 + V2, 
for which the inversion splitting is the sum of the 
ground-state splitting and the observed Q-doublings. 
Here it is noted that the inversion splitting is slightly 
different in the K + pairs (RQ-branches) than in the 
K- pairs (PQ-braDches). The differences are nearly 
proportional to K, and hence may be interpreted in 
terms of a different t for the two inversion levels. 
The average (K++K - )/2 splitting is used to derive 
the constants in eq (4). These constants are also 
given in table 7, as are the constants for each sub
band of the inversion doublet obtained by con~ 
verting to the power-series expansion. 

The constants 00, 0., t, and the associated cen
trifugal-stretching constants are obtained for V2+ V3 
from the differences (PQ_RQ) as averaged with the 
corresponding P- and R-lines, and averaged for the 
two inversion states. From eq (3) 

[PQ(J',K') - RQ(J'K')] /4K= (Bo - Co+ O.tv+ 
2Dff) + (D{K_ ~t[)J(J+ 1) + (2Dff- ~t{!)K2 . (9) 

The data fit rather well the equation (PO- RO) /4K= 
3.9485 - 0.001206 J (J+ 1) + 0.001462K2. Using the 
already derived values of Bo and D{K, the constants, 
listed in table 7 are obtained. Although there is an 
experimental value for 00-0., the constants 00 and. 
t, and Dff and tK cannot be obtained from this band 
alone. Only from corresponding measuremen ts in 
a number of perpendicular bands will it be possible 
to separate accurately the contributions of the upper
and lower states. This will be discussed in a later
paper. Tentative values are 00= 6.196 em- r, DOK = 
7.5 X 10- 4 cm- 1 ; whence follow the val:ues of t given 
in table 7. A linear fit to the difference in PO- RC) 
for the a and s components yielded t,h~. difference:: 
in t tabulated. 
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TABLE 6. Ground-state combination differences (em-I) 

'1'he first line, for each t.Jand Kin thc table, gives the calculated values fnr the combination difference for the average of the two ground states, s and a, ±(s-a)/2' 
The second line gh"es the average values observed in th e (V1 ,V3+V,) bands, the value [or the s state being to the left, for the a state to t hc right, both with the figures. 
preceding the decimal pOint omitted. When tbere is no entry On the second line, tbe corresponding lines bave no t been observed sufficiently free from blends to yielcl 
a reliable n lue. 

t.J K =O -) 1 2 
----

2-0 59.636-.014 
. 56 

2-1 
~-- --------- - 39. 757± . 010 

.76 .74 
3-1 99.323+.022 

I 
99. 338±. 024 

I 
.36 .33 .33 

3-2 - - _.-- - - - --- - 59. 581± . 014 59. 607±. 015 
I . 59 . 60 . 62 .60 

I 4-2 138. 924 -. 030 138. 945±. 032 139. oo5±. 034 

I .87 .06 .89 .96 .95 
4-3 --- - --- -_. - -- 79 364±.018 79 398±. 019 

.38 . 33 .39 . 36 
5-3 178. 390+' 038 178. 417±. 040 178. 495±. 041 

. 44 .46 .34 .55 .45 
5-4 -- - --- -- -- -- - 99. 053±. 022 99. 097 ±. 022 

.10 .98 . 11 .08 
1 I 

6-4 217.670 - .045 217. 703± . 046 217. SOO±. 047 
.61 .72 . 69 .83 .76 

6-5 . ----- -- --- -- U8. 65O± . 024 118. 702± . 025 
. 62 .61 .72 .65 

7-5 256. 742+. 049 256. 780± . 050 256. 895± . 052 
. 78 . 79 .74 .00 .79 

7-6 - - -- ---- ---- - 138. 130± .026 138. 191± . 027 
. 13 .10 .24 .14 

8-6 295. 565-. 051 295. 607 ±. 052 295. 739± . 054 
.48 . 68 .51 .85 .68 

8-7 -------- -- - -- 157. 478± . 026 157. 548± . 027 
. 53 .36 . 57 . 55 

9-7 334.093+.052 334. 142±. 053 334. 292±. 055 
. 16 .17 .16 .26 . 21 

9-8 - -- - - - -----.- 176. 664±. 026 176. 743±. 028 
. 69 . 64 .73 . 73 

10- 9 - - ---------.- 195. 679±. 026 195. 766±. 027 
.69 .64 . 74 . 74 

11- 10 .-- - -- - .-._-- 214. 499±. 025 214. 595± . 026 
.57 .50 

12- 11 -_.----- - ---- 233. 106±. 024 233. 211 ±. 024 
.48 

13-12 --- -- ------- - 251. 480± . 022 251. 593± . 023 
14- 13 ---- - ------ -- 269. 601± . 020 269. 723± . 021 

llJ [(= 7 -) 8 9 
---

8-7 158. 596±. 041 
. 63 . 51 

9- 7 336. 518± . 083 
.41 

9-8 177. 921±. 042 178. 314 ± . 048 
.94 .87 .38 . 28 

10-9 197. 074±. 041 197. 512± . 047 198. oo7± . 055 
. 13 . U . 59 . 48 .05 . 97 

11-10 216. 036±. 039 216. 1i16±. 045 217. 060±. 052 
.21 .91 . 56 . 47 .11 . 08 

12-11 234. 782±. 036 235. 306±. 04 2 235. 899±. 049 
.57 . 17 .29 .14 . 83 

13-12 253. 296±. 034 253. 863±. 038 254. 506± . 045 

14-13 271. 557±. 031 272. 168±. 035 272. 860± . 040 

The upper-state levels with K = 1 + and 2- (AI, A 2 
doublets) deviated from the po itions calculated 
with the over-all constants in approximately the way 
required by eq (4b) and (4c). The resulting con
stants were ,BI,OllO= 1.95X 10- 2 em-I; ,B2,OllO= 1.88X 
10-4 cm- I • 

The constants summaTized in table 7 give, as 
tables 4 and 5 show, an excellent representation of 
the ob erved spectra up to J = lO . There aTe 
increasing deviations of the observed from calculated 
lines at higher J . These arise partly from the 

3 4 5 6 

79. 457±. 020 
.48 .44 

178. 626±. 045 
.71 .63 

99. 169±. 023 99. 271± . 025 
. 20 . 15 .30 .27 

217. 939±. 049 218. 183±. 052 
.98 .91 . 25 .14 

U8. 790± . 026 118. 912±. 028 119. 069± . 030 
. SO . 74 .97 .87 . 14 . 05 

257. 082± . 055 257. 348± . 058 257. 688±. 062 
.16 .00 .42 .29 .80 .61 

138. 293± . 029 138. 436± . 030 138. 619± . 032 138. 8~3± . 036 
.31 . 24 .42 . 36 . 63 . 56 . 89 .82 

295. 937± . 054 296. 262± . 061 296. 656± . 065 297. 135± . 073 
.99 .89 . 25 . 20 .64 .51 . 20 . 01 

157. 664±. 024 157. 827± . 031 158 037±. 033 168. 293± . 037 
.68 . 66 . 81 . 78 . 01 .98 . 31 .27 

334. 548± . 065 334. 884± . 062 335 330±. 068 335. 874± . 074 
. 58 . 48 . 92 .86 . 40 . 30 . 92 0 

176. 874± . 040 177. 057±. 031 177. 293±. 034 177. 581± . 037 
.96 .77 . 09 .00 .33 .27 .60 . 55 

195. 912± . 008 196. 115±. 030 196. 377 ±. 033 196. 697± . 037 
.94 . 79 . 17 . 06 .46 .33 .77 . 65 

214. 755± . 066 214. 979± . 029 215. 267± . 031 215. 619± . 035 
. 85 .83 .9 . 39 . 24 .61 . 62 

233. 3 5± .038 233. 630± . 027 233. 944±. 030 234. 328±. 032 
.41 . 39 . 11 

251. 782± . 128 252 047±. 025 252 388±. 027 252. 804±. 030 
269. 927± . 143 270. 212± . 023 270. 579±. 025 271. 027±. 028 

10 11 12 13 

217. 668± . 062 
.87 . 77 

236. 563± . 058 237. 296± . 070 
. 42 . 16 

255. 225± . 054 256. 019±. 064 256. 889±. 080 
. 99 

273. 634±. 048 274. 490±. 058 275. 427±. 072 276. 445±. 090 

difficulties of measuring the weak lines of high J ', 
partly from the failure to include additional terms 
of higher order in the energy expressions, and pre
sumably, to some extent from additional perturba
tions on the upper-state energy not included in the 
standard expressions . It will be noted that when 
the (obs-calc) deviations in the tables are greater 
than 0.1 cm- I, the deviations for the three lines with 
a common upper state agree, behavior which is 
typical of an upper-state perturbation. A partial 
quantitative explanation can be given for two of these 
perturbations, which will now be discussed briefl y. 
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TABLE 7. MoleculaT constantsfoT NH3 bands (Vl+V2 and V2+V3) 

Band: >1+., Band: P3+., Ground-
Constants Units state 

value 
s-a a-s Average a-8 8-a Average 

----
po em-I 4293.716 4320.060 4306.888 4416.908 4434.610 4425. 759 

B ,-B o 10- 2cm-1 -6.22 - 19.38 - 12.80 -15.087 -24.421 -19.754 994.43 

(C-B) ,-(C-B ), 10- 2cm-1 -9.83 8.23 -0.80 4.414 17.839 11. 126 (-376.9) 

C,-Co 10-2cm- 1 - 16.05 -11.15 -13.60 -10.673 -6.582 -8.628 (617.5) 

1Y,-D~ lO-4cm-1 1. 25 -2.05 -0. 4 0. 70 - 1. 90 -0.60 8.09 

UyK_ u,K 10-'cm-! -4.5 4.5 -3.91 3. 14 -.38 -14.55 

D:- D: 10-'cm-1 3. 1 -3. 1 3.52 - 1. 56 .98 (7. 5) 

Co-2D:-C'i cm-1 6.0065 5. 9850 5.9958 

r 0. 0273 0. 0310 0.0292 

i J 10-'cm-! -4.98 

D:-ltK 10-4cm-! 7.31 

E! cm-1 25. 551 18.495 0.7934 

b! 10-3 -4.95 -5.32 -6.3700 

C;-b! 10-3 6.79 7.64 8.8899 

C! 10-3 1. 84 2.32 2.5199 

d!" lO-" O? 0.83 0.8692 

The three levels VI, J , K; Va, J , (K + 1) +; and 
Va, J , (K-1)- are of identical over-all symmetry, and 
interact due to Coriolis forces. The matrix of the 
interaction is 

K-1 K 

a 
K - 1 Va+E T( J,K- 1)-E {2 [(J + K) (J -K+1)]1/2 o 

K 
a 

-= [(J + K) (J - K + 1)]1/2 .y2 
vI+ E T( J ,K)-E 

a 
{2 [(J-K) (J + K + 1)]1/2 

(10) 

a 
o {2 [(J - K) (J + K + 1)]I/2 Va+E T( J ,K+1)-E, 

where a=HIaB.(WI + Wa)! (WIWa)I/2, [md S13 is the inter
action constant. vThen , as is the case for most values 
of K, the energy difference between the interacting 
levels is large compared with the off-diagonal matrix 
elements, the latter terms make the normal second
order contributions to the energy that appears as 
part of the constants alB and al. When, however, 
the energy difference becomes of the same order of 
magnitude as a[(J - K) (J + K + 1)11/2 a perturbation 
occurs, attaining its maximum effect when the two 
states coincide. The energy differences, neglecting 
the perturbations and centrifugal-stretching terms. 
are 

i. e., it approaches zero for the state K + 1, corre
sponding to approach of the lines in the QQ- and 
RQ-branches at high K. In the a-s half-band of 
V2+V3, the constants are such that !:l.E",O at K ", 13 ; 
in the s-a half-band, !:l.vo is greater, so that the cross
over is at slightly higher K. As is apparent from 
table 5, the series of strong RR lines with K = J can 
be followed in s-a to K' = 15 , whereas in a-s the 
sequence becomes irregular. No line of the expected 
intensity can b e found near the calculated positions 
for RR(13,13), but two lines of nearly equal strength 
otherwise unaccounted for occur at frequencies 2.70 
cm- l below and 1.70 cm- l above the calculated value 
of 4554.70 cm- I . It is tempting to assign these to 
the perturbed level. If the resonance is exact, the 
derived value of a = 4.40!26 = 0.17, corresponding to 

140 



I 

I 

I 

5"13=0.017. This is of the theoretically expected 
order of magni tude. ex is so small that the levels 
with K+< 12, for which t.E > 16 cm- l, would not be 
shifted greatly from their unperturbed positions, so 
that the normal method of deriving molecular con
stants is justifiable, the bull\: of the effect of the per
turbation being taken up in D;-D{ The pertmba
tion would, however, account for the deviations 
(obs-calc) of from 0.1 to 1 cm- I found in the (a-s) 
band for J> 11 , which can be fitted only by powers of 
(J + K) higher than the fomth. 

The second perturbation would arise from the 
resonances caused by the near equality of 2X V4 and 
VI' In the present instance the levels 2V~+ "2 lie 
about 100 cm- I below Vl + V2 for each J K, and are of 
like symmetry. Each level of VI + "2 will thus be 
pushed upward; the shifts would be equal if the 
rotational constants and inversion doubling were the 
same in 2V~ +"2 and Vl + V2' However , because the 
observation of other bands involving V4 indicates that 
the inversion doubling will be considerably greater 
in 2"4+ "2 than in "1 + V2, and that B4>B2, the result
ing perturbations on the VI + V2 levels, particularly 
those of high J in the upper (a) inversion state, may 
become too large to fit by the normal power series. 
Table 4 shows that the deviations are indeed greatest 
for those levels. The 2"~+ V2 levels, as well as those 
of 2V~+"2 will also interact Coriolis-wise with those 
of V3+ V2, however, the e effects are presumably of less 
importance than those discussed in the previous 
paragraph because the energy differences arc greater. 

Although , as just mentioned, the states of 2"4+ "2 
lie close enough to VI + V2 to affect the latter, and 
their position can be e timated with some probability, 
it has not as yet been possible to identify any of the 
lines in those b ands. There are a number of quite 
strong lines below 4,200 cm- I that must belong to 
the bands, and these are particularly numerous near 
4,180 and 4,130 em-I, where the QQ-branches should 
lie, but no convincing assignment of the strong lines 
to the expected series has been achieved. Presum
ably t.he many possible interactions disturb the in
tensities, as well as the posi tions of the expected 
transitions. In the corresponding bands of ND3, 
however, a satisfactory analysis has been achieved, 
with normal intensities, so that the difficulties en
countered in NB3 remain puzzling. 

3.2. Line and Band Strength and Line Width 

spectrum. In NHa vibration-rotation bands in gen
eral, the self-broadened line widths are quite high, 
from 0.15 to 0.6 cm-l/atm. This is a consequence 
of the high dipole moment (1.46 Debyes) and the low 
inversion frequency of the ground state. As a result, 
with the effective resolution of ",0.10 cm-l available 
in the region 1,600 to 7,500 cm-I, slit corrections 
should become of minor significance at pressures of 
Ya atm and above. Unfortunately, however, in nearly 
all NHa bands the lines are closely spaced, so that 
overlapping becomes a major problem. 

In the bands reported in the present paper, there 
are only a few regions where overlapping at P>.% atm 
is not serious, so that the absolute widths of only 
those few lines may be determined with fair accuracy. 
However, from low-pressure meaSlU'ements the rela
tive strength-width products of most of the lines can 
be determined, and from high-pressure measm e
ments the strengths may be found. These results 
are given in this section. :Much more satisfactory 
measmements of the strength, width, and shape of 
NHa vibration-rotation lines have been achieved in 
the parallel bands 3V2, where (Bo- B.- Co+ Co) is 
sufficiently large so that overlap is at a minimum. 
'l'hese will be presented in a subsequent paper. 

The band strengths, S. of the perpendicular and 
parallel bands were determined by two methods. 
First, by measm ement of the integrated absorption 
in those portions of the bands where such measure
ments are meaningful, making corrections for overlap 
of the bands. Second, by measm ement of the equiv
alent width and hence the strengths of individual 
lines that fell in the ncar-linear region of the cm ve 
of growth, assuming that the band strength is related 
to the line strength by eq (5). 

The fIrst m ethod r equires measmements at pres
smes greater than 30 em, so that the slit corrections 
may be neglected, and path lengths such that the 
absorption is in the range 10 to 90 percent, where the 
measm ements are least subj ect to experimental error 
resulting from uncertainties in locating the base 
lines. These conditions are met in the 5-cm cell for 
the central region of the bands, from 4,280 to 4,560 
em-I, covering the Q- and R-branches of the weaker 
bands VI + V2, and the main portion of the stronger 
band Va+ V2. (fhe 15.5-cm cell provides checks on 
the regions of weaker absorption in that interval, and 
in addition provides data on the regions 4,160 to 
4,280 cm- l, where lines of the P-branch of VI+V2 are 
r elatively free from overlap by other bands, and 

The problems of relating the observed fractional 4,560 to 4,600 em-I . The results obtained are for 
transmission of a resolved spectrum to the true VI + V2, S~=2.9 ± 0 .5 cm- 2 atm- 1, and for V3+ V2, 
strength and shape of its component lines have been S~= 19 . 7 ± 2 cm- 2 atm- 1. The above figures refer to 
discussed in detail elsewhere [7]. There are two an average temperature of 296°I{ (although the in
principal types of difficul ties, aside from the experi- tegrated band strength appears, as expected, not to 
mental problems of accurate measurement of ab- be significantly temperatme-dependent), and the 
sorbing conditions and transmission. The first arise pressure r efers to the actual temperature, not 273°K . 
when the spectrometer slit width is appreciably (fhe best possibilities for measming strengths of in
greater than the line width; these can be overcome dividuallines in V2+V3 are in the extreme wings (J > 9, 
if it is possible to obtain measurements at a variety PR- and RP-branches), and for those few lines at low 
of pressures and path lengths on single lines, free J in RR and Pp where the nearest neighbors are more 
from overlapping by neighboring lines in the spec- than 1 cm- 1 distant. The 1,000-cm path provided 
trum. The second type of difficulties arise from numerous examples of the fiI'st type, the 15.5-cm path 
overlapping, and are impo ed by the natme of the several of the second. For these the mean specific 
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equivalent widths, W/P, are collected and averaged 
in table 8. 'rhe corrections to the observed W/P for 
the effect of line width were made according to the 
formula [7] 

which is valid when W/27r/,°P< O.5. The correction 
involves the linewidth /,0, for which the smoothed 
values to be described later were used, but the aver
age results are not significantly dependent on the 
choice of /,0. It will be noted that the observed 
equivalent widths for the two components of the in
version doublet are in rough agreement, so that their 
average value was used in the subsequent computa
tions. For each line, using the rigid-rotator value of 
Svr /S. (table 3), a value of S~ (rig) was calculated. If 
the measurements were precise, and the assumption 
F =l valid, these should all be equal to 19.7 cm- 2 

atm- I as obtained from the integrated-band measure
ments. Considerable variation will be noted, al
though the agreement is always within a factor of 
two. The presence of unsuspected blends may occa
sionally give rise to abnormally high values of S~ ; 
these were excluded from the averages. The group 
averages show regularities, in that the PR lines are 
significantly weaker, and the Rp lines significantly 
stronger, than the average, while RR and Pp show 
similar but less-marked deviations. It thus appears 
likely that the observations reveal effects of the 
vibration-rotation interaction on the intensities. 
The approximate form of the interaction factor F 
for a perpendicular band of a symmetric-top is [19] 

F=(I + am+ bk)2 

where m is the ordinal line number in a K sub-branch 
(J' in RR and PR, - J" in Rp and PP ), and k the 
ordinal number of the sub-branch (K' in RP, RQ, 
and RRi - K" in PP, PQ, and PR). a and b are con
stants that in principle might be evaluated from the 
absolute intensities of all of the vibration-rotation 
bands and the potential function. Because such full 
information is lacking, it is sufficient to note that a 
considerable reduction in the scatter of the results 
for the V2 + Va band is achieved by using as tentative 
empirical values, a=-0.OI5, b= O.01. The last two 
columns of table 8 give the resulting values of 
F(OllO ,JK) and S~ (corr)=S~ (rig)/F. The final 
value of S~ by this method is 24.0 ± 3 cm- 2 atm-I • 

This result is 20 percent higher than obtained by 
direct integration. The first method is probably 
slightly the more reliable, its greater uncertainty in 
locating the zero-absorption level being overcome 
by the fewer theoretical assumptions involved. 

It is interesting to note that the measurements 
show the V2+ Va combination band to be more intense 
than the Va fundamental, for which McKean and 
Schatz [20] report a value of 13 cm- 2 atm- 1 from 
measurements of the combined absorption in VI and Va. 
From the high-resolution measurements of those 
fundamentals, to be reported in a subsequent paper, 
it appears that the relative contribution of Va to the 
VI + va sum has been underestimated, but in any 

event the combination band is the more intense. 
This must reflect the highly anharmonic nature of 
the V2 vibration, as well as a considerable breakdown 
of the separation of modes in the combination banel. 

Having thus established fairly accurate values of 
the strength of each individual line, there are now 
three possible methods for obtaining line widths, 
assuming the Lorentz shape. The first applies at 
high pressures, (i. e., above 1/3 atm) when the line 
width 2/, is greater than the slit width d. It is based 
on the measurement of the extinction at a line peak, 
where for a single line, 

The measurement is subject to slit corrections which 
are functions of /'/d and of Emax, which may conveni
ently , be evaluated from the graphs of Kostkowski 
and Bass [21]. Emax should be independent of pres
sure, except insofar as 'Y = /,op enters into the slit 
correction. However, as mentioned previously, at 
pressures sufficiently high for the slit corrections to 
be small, the overlap by neighboring lines is appreci
able. However, their contribution may be estimated, 
so that from the observed E and the calculated so/,o is 
obtained. Reasonably concordant results were ob
tained for a few isolated lines in the 5- and 15-cm cells. 

The second method is applicable to the same lines, 
where slit-correction effects and overlap effects are 
both small, and consists of the direct measurement 
of the line breadth b. at various values of the extinc
tion E, For a Lorentz line, 

/,op= (b./2)[€max/E) _ 1]-1/2 . (14) 

A single measurement of b at E= Ema./2 might suffice 
to give 2/, directly if observing conditions are very 
stable. In practice, it is preferable to measure b at 
several values of E, apply the slit and overlap-correc
tions, and average the results. 

The third method is more generally applicable in 
these NHa bands, being the measurement of equiv
alent width under the conditions of long path and 
low pressure, for which overlapping is minimal. 
The appropriate relation valid for x> l , is 

WjP=2(SD/,0j1 /2 (1- ~x} (15) 

where x is SO/27r/'0. With l= l ,OOO em, x for the 
strongest line is of the order of 100, so that most 
of the observed lines should obey the "square-root 
law" quite closely. Thus /,0 = 4 (W/P)2/So. The 
principal corrections required here, for the suitable 
spectra obtained over the pressure range 0.5 to 3 
cm, arise from the Doppler effect. The parameter 
governing those corrections is a= On2)1/2 'Y d/'D' /' L, 

and /'D being, respectively, the Lorentz and Doppler 
widths. For NHa at 298 0 K and 4,500 cm- I , 

'YD = 0.00674 cm-\ so that if 'Y°~0.5 cm- I atm- I , 

a< 1 for P < 0.82 cm Hg. For x> 5 the corrections 
are still very small at the lowest pressures studied, 
the difficulty of measuring pressures below 1 cm 
with sufficient accuracy being a greater source of 
uncertainty. 
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T A B LE 8. Band slTenglh P2+ P3 fTe'ln neaT-linea?' lines 

L ine 

I 
, 

I 
wlP 

I 
~!S,l 

I 
s. 

I 
S~ (r ig) 

I 
11' 

I 
S~ (eorr) 

lO'S, 

W eak R -braneh lines, 1=1,000 em 

cm-l em-1/em H g em-1/em H g cm-2aim-1 cm-2ntm-1 

PR(1l,9) ( 4,712 0. 0020 } 0.0025 0. 131 13.6 0.53 25.6 4,699 .0029 
PR(IO,9) { 4,698 . 0027 } .0037 .203 13.1 . 56 24.5 4.684 .0045 
PR(Il,7) { 4.690 . 0032 } _0035 _093 26.6 _ 56 47? 4,680 .0035 
PR(1O,8) { 4,687 .0025 } .0031 _ 158 14.1 .57 25 4,674 . 0034 
PR(9,9) { 4,684 .0045 } .0046 . 194 16. 9 .58 29 4,668 .0044 

PR(10, 6) f 4,667 . 0078 } _0079 _ 460 12.3 .60 20.5 l 4,656 . 0066 
PR(9,7) { 'J,662 . 0057 } .0063 _ 329 13.8 _ 61 23 4,650 .0061 
PR(1O,5) { 4,657 .0035 } _0039 _265 10.6 .62 17.3 4,647 .0038 
PR(1I,3) { 4,654 .0035 } _0047 _281 12.0 .62 19.2 4,645 .0053 
PR(l0,3) { 4,639 .015 } .0167 _ 693 17. 4 .65 27 4,631 .012 

PR(,6) { 4, 63 . 023 } .03'1 1. 373 19.3 .65 30 4,625 . 020 
RR(Il,3) 4,600 . 0 14 _0175 0.749 17.0 _74 23 
RR(Il,4) { 4, 603 .0090 } 0.0107 0. 478 15.3 .75 20. 3 4,594 .010 

Average, 23 lines ____________________________ _________________ _ 14.5 --- 23. 8 

Strong R·braneh L ines, 1=15.5 em 

RR (8,2) 4,573 0. 00192 0. 0019S 4.31 22.0 0.78 28 
RR (6,3) 4,566 .0060 . 0065 18.74 16.3 .78 21 
RR (JO,6) 4,565 .00157 .00160 4.69 10.2 . 75 21. 5 
RR(9, 3) 4,563 . 00252 .0026 4.96 25.0 . 78 32. 5 
PR (I;, 2) 4,558 . 0139 _ 0145 24.6 2S.0 . 85 33 

RR (5,2) '1, 557 .0099 . 0 11 3 26.1 20.5 . 87 23. 7 
RR(9, 8) 4,553 .0045 .0047 12.4 18.3 .87 21. I 
RR(S, 6) 4,548 . 025 .029 73.5 18.7 6 21. 7 

Average, Slines ______________________________________________ 20.6 -- - 24.0 

Strong P-braneb lines, 1= 15.5 em 

PP(4,2) 4,347 0.0 124 0.0147 28.3 25.8 1.08 23.9 
PP(6,5) 4,346 .0128 .0145 32. 6 22.1 1. 08 20.4 
RP(3, I ) 4, 345 . 0034 .0036 3.25 59 1.13 52? 
PP(4, I ) 4, 339 . 0076 . 0086 17.0 25.3 1.10 23.0 
PP (S, 8) 4,330 .0096 . 0105 26. S 19.6 1.08 18.2 

A vCl'age, 4 l incs ____ _________________________ _____ ____ _______ __ 23.2 -- - 21. " 

Weak P-branch lines. 1=1,000 em 

P P (l1 , 7) { 4,249 0.035 0. 063 I. 04 
1 

51. 7 1. 19 43.5 4,236 _040 
PP ( IO, l ) 4,2 ll .012 .0157 0.507 24.6 1. 30 18.9 
RP (8.5) 4,209 . 010 .011 . 318 27.4 1. 12 24.5 
RP(IO, I ) 4,207 . 010 .0115 .333 27.5 1. 34 20.5 
P P ( l1 , 2) 4,207 .010 .Oll5 .244 37.5 1. 31 28.6 

Average, 5 lincs ___ __ _____ _______ __ ___ ____ ________________ __ ___ 33.7 -- - 27.2 

o "<'r-all average, 40 lines _ ---------- - -- ------- ------- -------- __ I 19.0 
I --- I 

24.0 

T able 9 summarizes some of the numerous meas
urements made on four of the bes t lines by the three 
m ethods just outlined_ They are in fairly good 
agreement, indicating that the es timates of 8 °, and 
the various assump tions and measurements are 
reasonably well founded. Since in the three methods 
'Yo is proportional respectively to (8 °)+1, (8 °)°, and 

(8 0)-1 uncertainties 111 8 ° should not affect the 
average values_ 

It will be noted that there is a considerable 
variation in the magnitude of 'Yo for the four lines 
included in table 9. It is larges t for the two lines 
with K = J , and decreases with K /J . The same 
behavior was noted for the many other lines of t he 
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TABLE 9. Line-width measurements for selected lines 

I 

Line ________ __ ________________ RR (3,3)' RR(3,0)0 RR (5,2)' RR(6,6) • 
Conditions vo (cm-1) ___________ ___ ________ 4466.3 4489_ 1 4510_1 4516. 8 

S O calc (cm-' atm-1) ___________ 0.301 0_177 0.0479 0. 210 

I'm .. (obs.) ______ ____ ____ ____ __ 2.47 2.95 0.79 2.00 
Method 1: 1~15_5 em, P~0.32 

Slit oorr _______________________ +0. 10 + 0.41 +09 + 0.10 
atm. 

Overlap oorr __________ ________ -. 06 -.16 -.08 - . 13 
Emu (corr.) ____________________ 2 51 3.20 .SO 1. 97 
1'0 (cm-1 atm-1) _____________ ___ 0.59 0.27 .29 0.53 

I'm .. (obs.) ____________________ 1.10 1. 57 0.40 1.04 
M ethod 1: 1~ 5.0 em, P~0.91 

Slit oorr __ _____________________ +0.02 +0.05 + . 01 +02 Overlap oorr ___ __ ___ ___ ___ ____ -. 18 -.45 -.22 -.38 atm. Emu (corr.) ____________________ . 94 1.17 . 19 . 68 1'0 (em-I atm- I) ____ _______ _____ . 51 0.24 . 40 . 49 

Method 2: 1= 15.5 em, P=0.32 
{Range of b. (cm-I) ___ ___ ______ 0.3 to 0.8 O. 15 to 0.5 0.4 to 1. 2 0.2 to 0.8 

atm . 
Corrections, % ________________ 12 to 5 18 to 5 18 to 8 20 to 5 
Average 1'0 (em-I atm-I) _______ O.49± .05 0.22±.04 0.43±. 03 0.59±. 05 

Method 3: 1=1,000 em, P = 
{W obs (em-I) __ _______________ 0. 171 0.081 0.056 0.137 
Doppler eorr. % _______________ -.5 -2.0 -5.8 -.7 0.0065 atm. 1'0 (em-I atm-I) ___ _____________ .57 0.21 0.35 . 54 

Average observed 'Yo (bm- I atm-I) __ ____________________________ O. 54±. 04 O. 23±. 03 0.37±. 05 0.55±. 04 

Microwave 1'0 (em-I atm- I) _________ ____ ____ __ __________________ .69 .25 .41 .73 

TABLE 10. Smoothed values of line width -yO (cm-1 atm- l) in "2+"3 

(J '+J") /2 

__ 7I]_1~ 27\1 87\1 47\1 571] 671] 

0.37 0.31 0.27 0. 25 0. 24 0.23 0.21 
. 47 .38 .32 . 29 . 28 . 27 

.53 . 44 . 38 . 35 .34 
.55 . 47 . 42 . 40 

.56 . 50 .46 
.56 .51 

.57 

band for which measurements, chiefly by the third 
method, could be made. The absolute r esults for 
any single determination appear rather inaccurate, 
but the r elative values as functions of J and K are 
quite regular. Smoothed average values are given 
in table 10. The dependence on J and K parallels 
that found in the microwave r egion [6]. Anderson 
[8] has shown that the observed microwave widths 
are in good agreement with his theory of collision
broadening. Table 9 includes Anderson's values, 
averaged for the two states involved. It is apparent 
that the vibration-rotation widths are consistently 
20 to 25 percent less than the microwave widths. 
An application of Anderson's theory to the present 
situation has not been attempted, because of the 
complexity of the calculation and the limited 
accuracy of the data, but it is qualitatively apparent 
that a decreased width of the observed order is to be 
expected. For the microwave case, when the vibra
tional transition is oa_os, both initial and final 
states have inversion frequencies < 1 em-I, so that 
in all encounters with colliding molecules, nearly 
resonant dipolar transitions can occur. For the 
infrared bands Ol a,s lO - 0s,a, the initial state has 
the same low inversion frequency, < 1 em-I, but for 
the upper state the inversion frequency is "'20 cm-1• 

Hence a large proportion of the energy interchanges 

~I~ 971] 

(ICK")/2 

~I~ 
0.19 0. 18 0. 18 0.17 0. 16 71] 
. 26 . 24 . 22 .11 . 20 171] 
.31 . 29 . ~7 .26 . 24 271] 
.37 .34 .30 . 28 .26 371] 
.41 .38 .35 . 32 .30 471] 
.46 .42 . 40 .37 . 33 571] 
. 51 .47 .44 . 42 .39 671] 
.57 .52 . 48 . 45 . 43 771] 

.56 .52 . 48 . 45 871] 
. 55 .51 . 47 971] 

.55 . 50 1071] 
.54 1171] 

I 

involving simultaneous dipolar transitions of the 
upper state and a colliding molecule are farther from 
resonance, r esulting, according to Anderson's theory, 
in a decreased width. Note also that transitions 
involving K = O, which cannot occur in the micro
wave Q-branch lines, are the narrowest observed, 
again as a result of the paucity of r esonant inter
actions involving those states. 

According to this qualitative interpretation of the 
observed width data, in other vibration-rotation 
bands of NH3 the widths should be greatest when 
both states have low resonant frequencies (e. g., V3), 
and should be even narrower than observed here 
when the upper state has very high invcrsion\ fre
quencies (e. g., 3V2). Work in progress shows that 
this is indeed the case. 

It is of interest to note that the marked variation 
in half-width among the lines of the band results in 
easily recognizable alterations in the general ap
pearance of the absorption under varying conditions, 
At high pressures and short paths the lines of 
greatest half-width are least prominent, since 
Emax",So/"lP, whereas at low pressures and long paths 
they are the most prominent, since Imax'" W '" (SO'l) 71], 

This is illustrated by the three tracings in figure 5, 
where the same spectral region is r eproduced with 
identical slit widths for the three conditions 1 = 1000 
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cm, P = 0.5 cm; 1= 15.5 cm, P = 24 cm; and 1= 5 
cm, P = 73 cm. In the upper panel, the calculated 
positions are represented by lines whose height is 
proportional to (So,),O) Y-i ; in the center by lines of 
height proportional to So; (since here,), is of the same 
order as d) and at the bottom, when overlapping is 
least extreme, by triangles of width ",-,')'0 and height 
",soho. The representations of the spectra are 
good, and the variations are notable. For example, 

z 
o 
i= 
Q. 
0: 
o 
(f) 
(D 

<I 

w.., 
<T 

0 
OJ 

"., 

0", 
~o 0", 
0- <Xl <.D 0 

0 0 '" ~ '" 
!'-" en "' =~rt) 0 

W 

4534 .84 em-I 

° ~ ° 
'" t- t-

<.D ~ <Xl -
0 0 ON 

'" '" '" ",-
!'- 2 en 

4544.49 

the line RR(9,8)a at 4552.8 cm-1 (,),° = 0.52 cm-1 

atm- 1) is barely visible at high pressme, but is 
prominent at low pressme. Conversely, lines 
RR(6,0)a and RR(7,0) 8, with ,),°=0.20 cm-1 atm-I, 
are very prominent at high pressure, and relatively 
weak at low pressme. 

As a consequence of this variation, it may be 
pointed out that sets of spectra such as those in 
figme 5 may be used to distinguish narrow from 

° '" 0", 
!'- en 

0 

" 
0 

<Xl '" 2 

4550.72 

°0 
lO 

,..::-

o 
!'-

0 

00 

L : 15 em 
P:24em 

L : 5 em 
P : 70 em 

4559.84 

FIGURE 5. NHa spectra, 4,530 to 4,560 cm-l, at three path lengths . 

Upper spectrum, p---Q.5 cm Hg; intensity ~(S'Y)1/2; center spectrum, p=24 cm Hg, intensity ~S; lower spectrum, p=70 cm Hg, width of Intensity triangles ~'Y, 
height ~SI'Y' 
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broad lines, and thus to sort out lines with K ",0 
from those with K",J in otherwise unidentifiable 
situations. This technique proved of value in ex
tending the analysis of the present bands to their 
highest J-values, where the series regularities be
came uncertain, and should also be very useful in 
beginning the analysis in very complicated bands, 
such as the higher overtone bands in the visible re
gion [8] where there are many overlapping vibra
tional transitions with mutual perturbing interac
tions. 

It may be noted that except for the effects of the 
considerable overlapping of lines in the "high
pressure" (70 cm Hg) tracings, the individual lines 
appear completely symmetrical about their central 
frequencies. Moreover, the central frequency does 
not shift detectably « 0.02 cm- 1) in the 70-cm 
pressure runs from its low-pressure value. This be
havior confirms the lower-resolution finding of 
N ethercot and Peters [12], and has also been verified 

in all the NHa bands studied. I t therefore would 
seem that the apparent shift and asymmetry of the 
microwave lines at pressures above 20 cm Hg [9] is 
a result of some property of the line shape when Vo 

and 'Yare of the same magnitude, rather than of any 
property of the statistical broadening of the energy 
levels. 

Using the smoothed half-widths (table 10) and line 
strengths calculated from S~=19.7 for V2 + Va and 2.9 
for VIV2, a table of all the lines to be expected with the 
1,000-cm path have been completed. A portion of 
the complete list is given as table 11, and, as pointed 
out earlier, the values of Wea le are proportional to the 
heights of the lines in figures 1 to 3. It is seen that a 
quite complete and accurate description of the spec
trum has been attained. Only in the lower-frequency 
regions are there any considerable number of unas
signed features, presumably due to other vibrational 
transitions such as 2V~+ V2' and 2V~ + V2' In the ana
lyzed bands VI + V2 and V2 + Va both the positions and 
intensities are well accounted for. 

TABLE 11. Observed and calculated lines, 4,500 to 4,550 cm- l 

(Emu)i 
wz 

(1= 1,000 em) 
- - - - ---- Line 100 S' ,,' (1=5 em) 

Obs. Calc. Calc. Obs. 
-------

em-I cm-l cm- 2 atm-i cm- i aim- i cm-1atm-1 cm- 1atm-1 
4500.28 0. 43 QR (9,7)' 0.17 0.46 0.006 1. 3 3.0 

00.91 - ----------- ---------- - --- ----- --------- ~. 0 
01. 59 1. 56 RR(4,3) a 20. 7 . 47 . 70 18.3 21. 4 

1.88 QR(9,8) - 0.16 .50 .005 1. 3 
02.65 2. 62 RR(5,3)- 12. 9 . 42 .49 14.7 12.0 
03.11 3. 11 PR (2,2) a 0.76 . 38 . 032 3.3 4.4 

3. 30 PQ(l1 ,lI )a . 12 . 53 . 003 1.0 

4503.72 3.67 QR(9,9) - . 22 . 53 .007 1.5 1. 5 
04. 06 --------- - -- 2.5 
04.44 ------------ 0.8 
04. 58 ------------ .3 
04.94 4.96 PR (3,2)' 1.31 . 32 . 065 1.0 5. 5 

4505.56 5. 50 RR(G,5)- 7. 2 .51 .224 12.1 12. 8 
06. 12 6. II RR (5,5) a 13.2 .56 .374 15.2 15.2 
08. 16 8. ZO RR (7,7)- 7.8 .57 . 219 12. 3 } 15.6 8. 23 RR(4,2)a 7. 2 .38 . 302 10.4 
09. 10 ------------ 0.3 
09. 42 9. 25 PQ(I~,12)a 0.09 . 52 .003 0. 8 .5 

4510.05 0.05 RR(5,2)- 4. 8 .35 . 218 8. 1 8. 1 
12. 12 2. 12 RR(5,4 )a 9.2 . 50 . 290 13.5 11. 9 

2.83 RR(6,4)' 5.1 . 45 . 178 9.5 } 12. 91 2.91 PR(3,I ) a 2.53 .25 . 161 5.0 18.8 
3.03 PR(3 ,3)' 0.94 . 44 . 033 3.9 

13.81 ----------- - 1.2 
13. 95 4.43? QR(IO,6)- .17 .40 .007 1.2 1.2 

4515. 19 5. 18 PR(4,1)- 2. 24 .24 . 148 4. Co 12. 5 5.22 RR(4, I )a 4. 9 . 29 . 271 7. 6 
15.55 5.58 RR (7. fi ) - 10. 6 . 51 .324 14. 7 13.8 
16. 76 6.85 RR (6,5)a 21. 0 .57 . 589 21. 9 21. 0 
17.34 7.57 RR(.),I )- :1 . 27 .28 . 186 6. 0 8.8 
18. 08 8.03 RR(8,8)- 5.3 . 56 . 150 10.8 13. 8 

4518.49 8. 45 RR (.) ,3) a 12.7 . 42 .48 14.6 14. 4 
19. 37 8.691 QR(1O,9)' 0.18 . 49 . OOG 1.5 1.1 
19.57 ---------_.- 1.1 
20.20 0. 16 RR (6,3)- 7. 2 . 40 . 289 10.7 8. 8 
21.01 0.97 PR (3,2 )a 1. 32 . 32 . 065 4.0 4. 9 

4522. 43 2. 42 RR(4 ,0)a 13.5 .24 .89 11. 4 14.7 
22.57 2. 5:; RR(6,5)a 7. 2 . 51 . 225 12.1 13. 5 
22.87 2. 84 BR(7,5) - 3.69 . 46 . 127 8.2 7. 8 
23. 08 3.11 PR(4,2)- 1.40 . 29 .077 4.0 5. 1 
23.97 ------ - ----- 0.4 

4525.00 { 4.97 RR (5,0 )- 9.7 .23 . 674 9. 4 } 13.5 5. 10 RR(5,2)a 4.8 .35 . 219 8. 1 
25. 45 5.42 RR (8,7)' 3.53 .52 . 108 8.5 7. 3 
25. 87 6. 141 QR (l1 ,O)- 0.05 . 17 . OOS 0.4 o.n 
27.44 7. 45 RR (7 ,7)- 7. 8 • . 17 . 21R 13. 2 

7. 52 RR(6,2)' 2.72 .34 . 127 6. 0 28. 9 
27. 59 7.56 RR(9,9)- 7.1 .55 . 205 12.4 
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TABLE 11. Observed and calculated lines, 4,500 to 4,550 em-I- Continued 

v 

-------- Line 100 So 

Obs. Calc. 
-------

em-I em-I cm-2 atm-1 

4528.55 8.53 RR(6,4)' 5.2 
29. 45 9.46 PR(3,3)' 0.94 
30.01 0.05 RR(7,4)' 2. 63 
30. ~1 . 24 PR(4, 1)' 2.24 
31.17 1.16 PR(4,3)' 1. 49 

4532.06 2.07 RR(5,1 ) ' 3.28 
32.66 2.63 RR(8,6l' 4.8 

32.79 { 2.79 RR(7,6)' 10. 6 
2. 93 PR(5,1)' 2.15 

34.03 3.46? QR(ll ,9)' 0.08 
34.84 4.83 RR(6,3)' 7. 3 

4535. 07 { 4.96 RR(6,l)' 2.06 
5.01 RR(9,8) ' 2.16 

35.53 5.30? QR(ll,10)' 0.04 
36.95 6.92 RR(10,lO)' 1. 97 
37. 23 7.24 nR (7,3)' 3.76 
37.86 7.89 nR(8, li)a 5.3 

4538.32 8.28 PR(4,2)' 1. 40 
38.48 8.46 RR(7,5)' 3.70 
39.05 ------ ------ - ._. --- - . 
39.39 9.38 PR(4,4)' 0.28 
39.73 9.73 "R(8,5) ' 1. 75 

4540. 18 ------ ------------ . - -- -----
40.82 0.84 PR(.5,2) · 1.16 
41. 46 J. 46 HR(6,2)a 2.73 
42.23 2.21 RR(9,7)' 1. 44 
42.90 2.90 RR(8,7)a 3.54 

4543.94 - .-- -- -.- ----- .. . _. -- -- -. 

{ 4.42 RR(10, 9)' 2.52 
44. 49 4.44 RR(7,2)' 1. 45 

4.54 nR(7,4 )a 2.64 
46.31 5.95 RR(ll ,ll)' 1. 08 

46.76 { 6.73 PR(4,3)a 1. 49 
6.80 RR(S, 4)' 1. 25 

47.06 7. 05 1'R(5,1)a 2.15 

4548. 12 8.05 RR(9,9)' 7.1 
48. 29 8.26 RR (8,6)a 4.8 
48. 41 8.41 RR(n,1)a 2.07 
48.83 8. 90 PR(5,3)' 1. 50 
49.18 9.23 RR(9,6)' 2.04 

4 . Summary and Conclusions 

A quite complete analysis has been 0btained of the 
two strongest combination bands of NHs in the region 
of 2.3 microns. Accurate rotational constants for 
the ground state have bern derived, and for the upper 
state good values have been obtained for the basic 
rotational constants, and in addition fine details of 
the energy levels involving the interaction of the in
version splitting and rotation, and of the Corio lis 
interaction constants and rotation have been noted. 
The intensities and collision half-widths of the lines, 
and the variation of these parameters with rotational 
state, have also been obtained. 

Similar studies have been made of a number of 
other bands of NHs and its isotopic modifications at 
wavelengths shorter than 6 microns. These results, 
and derivation therefrom of basic structural param
tel'S of the ammonia molecule, will be reported in 
subsequent papers. 
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