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THE NH BANDS AT X 3360

G.W. Funke
STokholm

A detailed analysis of the bands at X 3360 and 3370 is given; /787%
their A and spin splitting as well as a widening effect which can be
observed at these3bands are3descr1bed. The bands form the 0-0 and 1-1
transitions of a “II and L system., The recordings were made at
a dispersion of 0.42 &/mm.

The band spectrum of NH at AX 3360 and 3370 has been the otject

of repeated studles 1)

0-0 and 1-1 bands of a II3 and 32 system, it has been proved to be

. Hulthen and Nakamura found that they are the

difficult, however, to carry out a detailled analysls of the spectrum,
partly because of the fact that the B-values in 3II and 32 are close
and similar resulting in Q-branches forming dense line accumulatilons
which are hard to dissolve. Additionally, the Intensive 0-0 band of
the second positive nitrogen group has an edge with a corner cutting
toward violet at A 3371. Tnelr lines superimpose over the already
dense conglomerate of the NH bands thus increasing the difficulty

of analyzing 1it.

Experiments

In order to start with this system at all, two conditions have to
be fulfilled; the disturbing nitrogen spectrum has to be removed and
the recordings have to be made with a spectrograph of as large as
possible resolution. One way to remove the nitrogen spectrum is by using
an 1lluminating gas ammonia flame or an oxygen ammonia flame as

#Numbers in the margin indicate pagination in the feoreign text.

1) A. Fowler u. CL. Gregory, Phil. Trans. Roz. Soc. London (A) 218,

251, 1919: K. Gleu, 2S. F. Phys. 38, 176, 1926; E. Hulthen u. S.
Nakamara, Nature 119, 235, 1927; R.W.B. Pearse, Phus. Rev. 37, 1712,
193>H. Batsch, Ann.d.Phys. 18, 1933; Ritzmann,Dissertation,Breslau, 1934



light source; the obtained spectrum, however, is too dull, it cannot be
received in a large spectrograph. This is why we used a vacuum light
arc which can also be used as pressure arc. In order to find the most
favorable conditions, experiments with various nitrogen-water mixtures
were at flrst carried out without, however, receiving satisfactory
results. It could be shown, however, that the nitrogen bands become
weaker when the pressure was lncreased. Experiments with ammonia 41§§
had better results, and if the gas flows and pressure 1is kept over

2 atm, the spectrum is completely clean. The increased pressure has,
however, a new dlsadvantage; the line wildth 1s 1ncreased by the
pressure. The plate best suited for the analysls was consequently
exposed at a pressure of 1000 mm.

Based upon the above-mentioried experiments, the recording was
then made in the following manner: a pressure arc with especlally
forceful water cooling was used as light source which could be
loaded up to 15 amp at least. The light arc burned between two
tungsten electrodes which do not have a disturbing atomic spectrum
under these conditions. The voltage was 440 V. We might mention that
this light arc has an extraordlnary appearance inasmuch as it
contracts to a thin thread when the pressure 1s increased; under
the influence of the fleld of both electrodes this thread curves out-
ward in a loop. If pressure or current are increased too much, thils
loop curves outward until 1t breaks and the arc becomes extinct.
Under pressures and currents when the arc burned without becoming ex-
tinct, the thin lighting thread oscillated to and fro; this 1is why
the complete arc was put on wheels, so that the picture of the thin
light arc could be fixed to the slit during the exposure. Gas was
introduced into the pressure arc from a tank with liquid ammonia;
from the pressure arc it was led into water where the part of the
ammonia which was not decomposed by the light arc was absorbed. In
the experiments with & pressure lower than air pressure in the arc,

a water Jet pump was used to suck the gas from the arc. Simultaneously,
it served as pump and absorption medium for NH3 and 1t 1s the simplest
feasible setup In a case 1like this without disturbing OH bands.
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In order to obtain the necessary resolution, the recordings were made
in the lth order of our:large concave grid with a dispersion of 0.42 't
in this range.

Analysis

A complete 3II -32 band should consist of 27 branches as is the
case with the hydride of the following element in the same column of the
periodic system, 1.e. PH‘2). It cannot be expected that all these
branches exist for the NH molecule hecause the distance of the compo-
nents in 3II 1s 10 or 20 cm'l and 3*1 consequently belongs to Hund's
coupling case. 9 main branches, one P and one R satellite were here

. observed. The other S side branches which should be expected if 3II
is close to case b) obviously are too weak to show on tho plate.
The Q satellites cannot be separated from the compressed mass of
other lines. The P and R satellites are too weak to be detected on
the plates of the 4th order: they were measured en an overexposed
plate of the lst -order, i.e., with a dispersion of about 1.7 8/mm.
It can posslibly be assumed that these weak branches are caused by the

nitrogen 1isotope le; this, however, 1s impcssible since p-l1 and

p-2 are negatlve and v/—v = p—1)%, O i—r=(2—1)7, would show

the isotope lines at the red side of the main lines of R2. The P
satellite 1s in the right position of Pz, with 1ncreasing K, the
splitting, however, is decreased instead of increased, as it should be
if it represented a rotation isotopic effect. The nuclear vibration
effect 1s not considered at all since it 1s very small due to the
equality of w'andw''.

Rl’ RZ’ R3 and Ql form edges which have corner cutting toward
red. Qz, Q3 and the P branches, however, do not form edges. Based
on these facts the pecullar structure of this band system can now be
understood. The corner cutting at the short wavelength slde of
the maximum is due to the Q2 and Q3 branches and especlally to the
initially decreasing distance between the various lines in Q3 from
red toward shorter wavelengths until a distance minimum of K=9 is

27ii.w.B. Pearce, Proc. Roy. Soc. London (A) 129, 328, 1930
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reached; i1t then increases again.

For the line distance within the p i,
P branches the same is true as _—_Jg’_:"’._ij"—"—-
for Q. ’,—__—r_-;% o
' o ;,,;"r"'——'r":’

The term diagram represented ’ j _ %; ;
in Fig. 1 cannot be deduced L L “ ;é?’ : |
in all details from facts known g B9 5T A
about NH; a comparison with N -
other similar, known spectrums rJ P
has to be used too. Already _ ug .g
Mulliken stated that the % N ENE
state has to be termed 3L, and U e oo ;g

this means that all levels with

even K are negatlve. Levels with

J = K+ 1 are termed Fl’ those with Fig. 1. Term Diagram
J = K are termed F2 and those with

J =K~ 1 are F3. The numbering of the individual lines was carried
out after K in the final stage.

The exclited stage

Based on van Vleck's studies, Mulliken gave a general term
formula for case b), but since not all functions in it are known
for 3II and since the function referring to the A splitting
additionally does not conform well with theory in this case, we

only use the formula
F(K) = B,K(K + 1)+ D,K*(K - 1)* + F,K3 (K +1)*

which represents the term without considering A and spin splitting.
Calculating the constants, only values of 3II1 were used and a
mean value between AlFaand AlFb was calculated by the following

equation:3) '
Q(K) — P(K) + R(f—l)——Q(Kﬂ = A,F(K)

=F(K)- F(K—1) = 2B,E+4D,K* + F,K*(6K* + 2).

3)This assumption 1s in a way arbitray,but it35hou1d be the most sultable
one until a detailed theory on A splitting in-II is found.

)
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Table 1. Table of band lines. 0-C

K Py 0y iy ‘ Py I U l Ry | Py l & ! ® ' Py, I kq,,
i i |

0 | 29772,58

1 ; i 2081120 29832,61 509,84

2 ! : LY R L1 863,81 816,17

3o PROTRILN0 T D2 8y 844,10 881.18

| COOTTLES D gl | 29631,28 | 209762,26 926,21 910,22

RO THIT A B R W K S TR B 11 601,2 761,16 996,00 | 290688,16 948,34

G HTHSL T8y T 386 T hos, 1L 760,69 HLYRL) 0H068,07 O81,04

N AHLTS 0 ek s doene b bbb 760,71 ; 30018.96 027,48 30013.08 | 295636,68 | 30020,09

s MIRED T THeaT 003,70 IR K 708,61 049,067 496,64 044,72 504,65 050,80

H] 476.32 1 TeLes usdht 471,71 767.70 079,84 466,00 075,70 472,72 081,006

10 L2 620 RERENIH 410,2 766,62 109,47 436,46 105.94 441,23 110,66

U § SR (T I B TH IR T B 11 409,08 065,48 138.68 406,06 135,69 410,35 140,03

12 0 38088 0 Tl 1061 37828 763,92 167.16 374,84 [ 29761,43 164,61 379,28

13 [ R RN HY BN 197,11 341%0.80 62 191,89 B844.83 00,3 102,72

1400 32003 | 7a0,48 223,76 317,61 750,45 231,88 316,16 49,0 220.10

16 | 28087 | 7533 2068 | 2RLTS L TRAL | 21802 | 285,04 T4T27 | 246568

16 5 26006 0 THON | 27151 258.19 746,20 273,82 266,00 746,31 272,02

17, 28053 l YEYR 298,51 QU804 743,00 297,37 227,61 742,81 296,41

18 & 201383 144 321.30 199,06 740,63 320,36 198,492 740,41 319,75

71
19 5 15236 710.63 REERIY) 171,28 737,03 312,15 170,43 731,03 341,79
20 4 12 Tl J63.32 142,77 743,10 362,08 142, 783,10 362,08
21 11527 92,17 HEHN ] 1LY 728,74 881,76 114,28 728,74 381,76
2% 086 727,10 409.51 086,34 728,73 399,51 086 89 723,97 899.04
23 4 00870 721,240 416,63 UH8,62 717,99 415,53 068,62 718,44 416,68
20 003066 1 714,73 429,78 030.56 711,62 429,78 030,60 712,80 429,78
25 L 09267 | 70742 442.06 002,67 704,41 442,06 002,67 705,19 442,65
26 12897400 . G914 452,39 | 28974 60 690,83 462,89 | 28974,50 697,21

97 00603 | 689,84 46,03 | 687.15 946,68 | (8828

o8 M| G706 07| 676,97 VI8l | 67808

20 868,46 1 Gus,02 BERAD | GGOAD 88,66

80 869,00 869,06 860,82

31 | covére coverefd 890,23

32 798,06 798,06 790,47

83 760,22 766,22 . 767,61

84 742,80 744,00 04,02

80 Gu8, 1L Gus, 41 G 2 !
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Table 2.

Table of banc lines.

1-1

ORIGINAL PAGE IS
OF POOR QUALITY

K h Iy | U I Ry Iy ) Ry 4] U] £y
SR R ST T L TR Tt magn e e 2 = - CRIAITS TR S IR L e BT T TN ITa = ‘. ~t. 2.3

1l ‘

2, : 29777.38 20675,16 | 29767456

3 H05.07 672,23 796,19 29 560,93 29784,01
4 295659.00 832,61 20 548,36 G615 820,006 631,52 814,78
i A2 20676,97 860,41 B0 G65,98 Fi% K1) H01,88 816,16
6l ARG (73,68 KE8.10 AN1LBY G618 NN27 471,67 870,38
7! AD6.10 670,40 91622 EELINN) 662,30 010,43 411.23 004,03
8 422,78 666,98 042,16 117.31 654,61 937,74 410.35 412,69
9l 384988 653,43 68,18 3RH.0N 6h6.07 064,62 479,98 90,39
10 | 7.5 639,61 994,26 362.490 G63,1 990,77 341,85 947,02
114 32T ! 635.00 30018,96 320,98 649,4 30016.10 316,71 29646,94 30013,08
12 292,24 631,08 012,99 ROV 6458 040,33 235,04 GILSL 037,68
13 260,06 615,65 066,02 REYRIY 610,62 06,64 201,02 G313 06134
oy BI7.61 G162 087,41 v25.2 G, HY 085,87 222 66 631,48 083,98
15 195,71 G312y JU8.60 193,40 624 8.4 106,82 191,27 628,73 105,20
16 1 o360 627,77 128,20 151.568 624,39 126,07 174,84 622,48 125426
17 | 13145 620.36 146,20 120.87 616,07 141,85 128,21 615.65 143,84
18 09,36 612,24 162,91 097.88 698,08 161.68 096,63 GUR,08 160,85
1§ 06702 63,19 177,79 R H44.40 176,77 061,90 h4.40 176,330
20 031,02 .27 140,95 35,40 H89,71 10,11 033,40 h84,71 190,11
21 b covered HRRES RURMT| 001,05 HIRL 201,60 001,05 h7R.O2 201,60
U RGN R Santh 2L IR iton IR DHIGT NG ha7.00 UL
iy W, 12 ok IR HERRAY i DENOD W70 hivg, 00 SN, 00y
gl WL DILES 223,76 L2 DR, w7 (TR INHRK] HAR I (8
uh | R ] LR K67, 00 (SN w1 RG7,00 (KW i, 1
R{T wg, i ol KD RN 583 BYK] RAUTN B ®AL7 i e 200,60
ki) 'g Thh 6l A eI B TG0 S Th.66 REE )
Uh Til, 24 1,70 Wb IR 2 ah 00,01 SOt
29 TR 101,97 187,06 Tl 187,06 720,87 188,23
30 , 674,49 679,49 680,27 !

i |
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A,F(K) 1s calculated from ¢xperimental data and then B, and D, are
graphically determined hy «rawing Algfxiﬁxcatstunction of K°.

B, and a in equation c,= B ~-.(v+1/2) are also calculated and w, is
obtained from Keatzer's relatlon. All constants are compiled in Table 3.

Table 3.
e A e e A l“—”k-___ e e e
Heitcon - p D CF By e v re
M e hilo-s 183 072 ~3I2104-107F
X 388 - 1.67-10°% 9.10°%, i : .
DD TTesios guig-e 1005 08~

The nn».ral rlage

We use the same term representation as in 3II.AThe best constant
values are here also obtained by usgng F,; since we do not have a A
splitting for which a mean value has to be calculated, we now start

with the differences
RBy(E—1)—Py(K+1) = 44,F, = F, (K + 1) —Fy (K—1)
=4B(K+ ) +8D,(K+ 12~ 12F, (K + })%

and calculate the constants graphically.

Spin splitting

The existence of a marked spin splitting in 32 levels can te seen
from Table U4; it shows that JuﬁﬂK;>n1gij,>~QF{uq, The process of /793
this splitting cannot be obtained by exclusively using the main branches
for the calculation. We can, however, form Qg (K) — Ry (K)
and #Q,, K — P,(K) and then get F2--F1 or F2—F3. As can be seen from
Table 5, FZ’Fl increases and F2-F3 decreases as K increases. No more
exact values can be expected considering that the lines are very weak,
lying close to very strong ones and dispersion was rather small as

mentioned above.
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Table 4

L Ry (K—=1)| Ry(K =1 N | o [ Ru(k—1) Hy(k=1 PyKel)

-Réf?xn)){— 1) v-p‘,(mn K !-}.(x-n -3,m-1. I

b T o
8 ! i 229,08 16 ! 1010.15 | | 101903 1018,80
¢ i 203,08 | 29260 | 29272 | 17 { 1078,21 . 10i3.25 107310
5 ! 35737 | 83718 | 857,15 | 18 || 112613 © 112404 112598
6 § 42118 | 42110 | 42086 | 19 | 117758 1liise 117762
7 I 48454 | 48447 | 48435 | 20 | 122972 . 122545 122581
8 ! 51787 ' 54725 | 54708 | 21 ! 129888 - 129519 127619
9 | G09.51 @ €9.87 | 009,26 | 22 ! 182845 132323 132324
10 | CT0.81 & 61078 | 670.64 | 23  1868.95 | 135545 185395
11 © 73188 - 93118 | T313¢ | 24 | 141296 141240 1412.96
12 . 791,04 79083 | 700,86 | 25 ¢ 1455.2% 143528 1435.23
13 © 84961  849.35 | 849,46 | 26 | 149608 14¢8ws 145,03
14 | 90724 © 80711 | 90708 | 27 153498 1334% 1334,98
15 ; 963,70 . 963.69 | 903,60 i

Table 5
%Q.; (K) — Ry (K). PQ,, (K)— Py(K).
K hm=h n=hR K F=F, . Fi=F

7 13 | 118 10 L9 | 1,03

8 1.23 122 1 1,85 1,27

9 121 1,01 12, 1,00

A}

Table 6. The odd term values for 5I, if F(K = 3) = 0
B Y Y
BRI TORESTGTL . 7L O SR IERSSSIames o —-—-,.-._.L“!‘:' LT s T e

3 n o ' o |

5 3,05 L0 20290 | 20272 | 028 018
7 T 71400 | 7135 1 036 0.42
9 126178 126125 | 1260066 | 0,48 0.59
11 1932 54 193201 193130 | 0,63 0.71
3 27235 272284 | 212216 | 0,71 0,68
15 36302 362995 362921+ 087 0,71
17 $64.07 1640.03 | 46813 0.9 0.90
1 577012 573502 | 5TILIL 1.00 1.01
21 To0s.83 700258 | 700162 1,06 1.16
2 832724 832602 B32{.59 3,25 1.16
25 9TINZI 9738,98 & 973752 1.2% 1.16
27 11236, 2% 1123501 11233.83 1,27 116

It can be seen from the Table that F,-F, = F2-F3 at K= 7T or 8, i.e.,
we can assume that F, = F3 at K = 7 1/2. We can subsequently obtain
the second term value for F3, F2 and Fl by substituting F3(3) = 0,
F,(3) = 0 and F,(3) = 0 (see Table 6). We then form the differences
F3(K) - F5(K) and F,(K) - F,(K) and draw a diagram of the changes

of these differences with K. F2 will be in the abscissa of this
diagram, above it will be F3 and below it Fl. Lastly we shift the
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curves for Fl and F3 parallel to themselves so that K = 7, FI-F
1.18. It can be seen that the differences in Table 5 which were
obtalned with the satellites fit well into the curve; it has further-
more the general appearance postulated by Kramer's theory and it is
in accordance with the respective curves for 02 and FH.

3-

s " K ot . I. must be stressed, however, that there
}“"‘4ﬁ;:::;f?§ can be some uncertainty about the position
-1 i}<;;<_g‘ of the point of intersecticn of the Fl
22 L -,,=_.l5 and F3 curves, due to the ract that the
e few lines of the satellites are analyzed
?ig.3§: igén splitting correctly; an error of this kind, however,
)

effects a parallel shift of the curves at
the most and does not change their general appearance.

A splittin

The material collected about A in 3II stages is rather insig-
nificant and does not agree very well with the theories. In case
a) it should be expected that the splitting in 3110 is large and
independent of J, smaller for 3111 and proportional J(J=1), and
immeasurably small for 3112. In case b) the splitting proportional
to K(K+1) and equal to 3110, 3111 and 3112 should be expected since
S is weakly coupled to A.

1195

Examples of A splitting are given by the first positive nitrogen
group 4) and PH 5) for case a); both examples, however, do not follow
the above-given diagram. The magnitude ot the splitting is at least
the one to be expected for Na. It is largest for 3110, smaller for
3111 and smallest for 3112. Not even this is true for PH.

fgs.m. Naude. Proc. Roy. Soc. London (A) 136. 114, 1932,
?’Loc.cit. Zeitschrift fuer Physik, Bd. 96




3110 has the smallest svlitting, both the other levels have a
slightly larger one and spout the same amorg themselves. For the
study of this splitting, NH is better suitad since it here is
significantly larger than in btoth other mclecules. It is largest for
3111, smaller for 3112 and smallest for 3110, the difference,
however, 1s as postulated by theory, not exceptionally large. It
could be concluded consequently that NH conforms better with theory
than the earlier mentioned molecules. TrLere are worse data, however,
on the proportionality with K(K+l). It is understandable that the /196
curve follows a function Lvab- cl# czx + c3K2 4 ...., but since the
meaning of these constants is unknown there is no use in calculating
their values. The curves for v=0 and v=1 show a very simlilar shape
and it can immediately be seen that the splitting is almost identical
for 3111 and 3112 whereas the curve for 3110 is farther separated
from the others, not to the extent, however, that it runs parallel

to the curve for SII,.

A few other things should be mentioned. We here have a:r :>xample
for Avab decreasing in its amount with increasing K, passing through
zero and increasing again but with the opposite sign. Moving toward
higher K values, however, the point is reached where the increase
stops and splitting even starts to decrease again. The same effect
could be noticed for BaH 6) for 3111.2 and in other mole.ules,

o
T | _—=E
Jéyysgf”‘ztva
i . o
T’ ' i i
3 o |
- st : . !
{1 |
i | :
el i H
] 7 0 5 z T
K e

Pig. 3. A splitting in JII; v=0

6) S.M. Naude, Proc. Roy. Soc. London (A) 136, 114. 1932

10
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The widening effect

As mentioned earlier, the
recordings were made under rather
high pressures so that the N2
bands should disappear: thils, howe

ever, caused an increased widening
of the lines with increased
pressure which became prominent
because of the high dispersion
used. This widening effect, however, does not disappear totally when
pressure 1s decreased, 1t 1is practically constant in the pressure

Pig. 4. A splitting in SII; v=1l

range 100 to 1000 mm. The widening can consequently not exclusively

be explained as pressure effect (Lorentz shock absorber or Stark
effect of surrcunding molecules), it must rather also have a pressure=-
independent cause like, e.g., the Doppler effect. Since 1t 1is not

very worthwhile to study line widths in emlssion and especially in
arcs vith their hard tc define relationships, no exact measurements

of 3=-db band widths were carried out. In their magnitude, however,

they a.-e about 0,04 Roir press.ure 1s lower than 1000 mm, and they
seem to be the same for all lines.

Fer the Doppler effect the formula

— 2 4/2KT
D o Vin2 = V2
0, = \In p ‘ Rk

is valid and if temperature is roughly set to be’uooo°, a Doppler
effect of about 0.02 | 1s obtained. Consequently, the pressure
independent widening of the lines can at least partly be regarded
as due to Doppler effect. A light source like this one is actually
not suited for maximum resolution cf dense line accumulations, at

11



least not for iight molecules since in this case the light source
itself and not the optical instrument 1is setting the limit for
resolution. Incidentally, the possibiliby exists that the Doppler
effect 1s not alone responsible for the widening.

In order to better study these effects, experiments were carried
out to obtain NH in absorption where all conditions like temperature,
pressure etc. can be better determined. 32 is an original state and
absorption should be possible. The first experiments were carried
out with a quartz spectrograph in a 1 m long iron tube heated to
750° by gas flames and filled with flowing ammonila gas. They were
unsuccessful, however. Likewise no results yielded the experiments
with a vacuum oven at different pressures and temperatures up to
1750°. N2 and H2 cannot be split and Nd cannot be formed by increasing
the temperature since the dissoclation heat for N2 is too high for
an oven and besides it is higher than for NH, but it might be feasible
that after decomposition of NH an intermediate product NH + H2 or
NH + 1 + H 1s formed and that this might result in NH absorption.

NH3 decomposes readily at 9000; the presence of NH is, however, not
indicated by absorption at even this temperature.

As mentioned earlier, the NH spectrum 1s emitted by an illuminating
gas flame,and the molecule consequently has to exist in it. An experiment
was now.arranged so that a 1.75 m long tube had :s8lits.. which were
cut out perpendicular to the longitudinal direction of the tube.

A mixture of NH3 and i1lluminating gas was introduced into the tube;
this mixture flowed through the slits and then was lit so that a
series of level flames was produced. Through them a parallel light
beam from a tungsten lamp was sent toward a quartz spectrograph.

A single, very diffuse absorption line at A 3360.14 resulted. At

A 3360.10 lies the edge of Ql, and there is no doubt at all that it
is this edge indeed. Since temperature 1s low in such a case, ab-
sorption of only the lowest energy levels can be expected. Rl(O) and
R2(0) start from level K=03 these lines, however, do not appear.
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The Q@ lines must have the highest intensity, and since additionally
many of them fall together in one point, it 1s not so strange that

the Q edge should appear first. By this experiment is has consequently
been confirmed that 32 is the original state; more lines, however,
should have been expected since -as shown above- the molecule 1s bound

to be formed during ammonia decomposition and is thus also bound to
absorb.

Lastly I would very much like to thank Prof. E. Hulthen, who
initiated this study and who showed great interest in it. I thank
Prof. Herzberg, Darmstadt for interesting discussions.
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