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The absorption spcctlri of HCI and H F  have been photographed at high dispersion in the 
vacuum ultraviolet region. In the HCI spectrum. many new band systems have been idenrifietl and 
18 vibrational levels of the ionic BIC state have been observed. The BIZ state is found to interact 
strongly with the R y d b e ~ r  states. Although many bands have been :in>ilysed, much of the HCI 
spectrum remains unassigned. Analyses of bands :~ssociated with the lowest discrete I l l  and '[I 
states of H F  are presented together with the analyses of two IrI-X'C band systems which lie 
between the first and second ionization limit. The spectrum of H F  is very complex and little of it 
has heen annlyscd even though the spectlxl lines are sharp and well resolved. The theoretical 
problems in understanding the spectl-a of HCI and H F  are discussed. 

Les spectres d'absorption de HCI and H F  ont ete photographies avec une grande dispersion. 
dans la region de I'ultrnviolet sous vide. Dans le spectre de HCI. on a identifie plusieurs nouveaux 
systtmes de bandes et observe 18 niveaux vibrationnels de I'etnt ionique B'C. On trouve qu'il y a 
interaction trks forte entre I'etat BIC et les etats de Rydberg. Bien qu'on nit analyse plusieurs 
bandes, un bon nombre des transitions du spectre de HCI restent a identifier. Les analyses des 
bandes associies aux plus bas etats 'n  et 'n de H F  sont presentees en meme temps que les 
analyses de deux systkmes de bandes In-XIC situes entre la premitre et la seconde limite 
d'ionisation. Le spectre de H F e s t  t r ts  complexe, et une petite portion seulement de ce spectre a 
ete analysee, bien que les raies soient fines et bien resolues. Les problkmes :heoriques que pose 
I'inte~pretation des spectres de HCI et de H F  sont discutes. 

[Traduit par le journal] 
Can. J .  Phys. ,57,  IhSO(1979) 

1 .  Introduction 
The present work was undertaken as a study of 

the electronic spectl-um of H F  which had not been 
reported PI-eviously. When this spectrum was 
found to be extremely complex, a study of the 
absorption spectrum of HCI, which shows a great 
deal more regularity, war undertaken in the hope 
that i t  would be useful in interpreting the H F  spec- 
trum. As will be discussed more fully later. 21 con- 
siderable portion of the HCI spectrum and a small 
region of the H F  spectrum have been analysed but a 
theol-etical ~rnderstanding of these spectl-a is almost 
completely lacking. The considerable volume of 
work which has been completed and the large effort 
needed to make further substantial progress in in- 
terpreting these spectra seem to warrant publica- 
tion at this time. 

The simplest picture of the excited electronic 
states of H F  and HCI is one in which it  is recognized 
that these molecules have a full shell of electrons 
and that all excited states must result from an in- 
crease of the principal quantum number of one of 
the electrons. Within this picture all excited states 
may be called Rydberg states and might be ex- 

pected to have vibl-ational and I-otational constants 
similar to those of the corresponding ion. There is 
of course much evidence from studies of other mol- 
ecules that this picture has a very limited validity 
and that states with quite different characteristics 
might be found. In this paper- only those states 
which have charactel-istics similar to those of the 
ion will be referred to as Rydberg states. 

The rotational structures of the ground states of 
HCI and DCI are well known from numerous in- 
frared and micl-owave studies ( I ) .  Absorption to the 
lowest excited electr-onic state. which is diffuse, 
has been studied by Romand (2). An emission band 
system of HCI in the 2000 A region, which results 
frorn a transition between an ionic state, known as  
the V state. and theground state, has been analysed 
by Jacques and Bal-row (3). Their analysis has 
yielded the rotational and vibration;~l constants of 
the foul- lowest vibrational levels of the V state. 
High resolution absorption spectra of HCI and DCI 
for- wavelengths down to 1200 A have been mea- 
sured and analysed by Tilford, Ginter, and Van- 
derslice (4) and by Tilford and Ginter ( 5 ) .  The pres- 
ent work consists largely ofan extension ofthe high 
resolution absorption studies to shorter wave- 
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DOUGLAS A N D  GREENING 165 1 

present work little was known about the excited 
electronic states. The absorption to the lowest ex- 
cited electronic state, which is diffuse, has been 
studied by Safary. Romand. and Vodar (6). An 
emission band system resulting from a V-X transi- 
tion has been analysed by Johns and Bat-row (7) 
and, as an earlier part of the present investigation, a 
more detailed report on the absorption and emis- 
sion bands of this transition has been published by 
Di Lonardo and Douglas (8). In the present work 
the analysis of the absorption spectrum has been 
extended to give some further information on the 
electronic states of H F  but much of this complex 
spectrum remains unilnalysed. 

2. Experimental 
At wavelengths longer than 1200 A the spectra of 

HCI and DCI have been I-nthe~completely unulysed 
and no further work was carried out in this region of 
the spectrum. Using the Ar continuum with a 
10.7 m concave grating spectt-ograph, we have 
photographed the absorption spectra of HCI and 
DCI between 1225 and 1075 A at a dispersion of 
0.24 Almm. Most ofthe spectra were photographed 
with the absorption cell at room temperature but 
for a few plates it was cooled to - 120°C. At 
wavelengths less than 1075 A ,  spectra with a dis- 
persion of 0.72 Almm were obtained. 

The emission spectrum of HCI was photo- 
graphed in the 1700-2375 A region using the 10.7 m 
spectt-ogl-aph. Compared with the earlier studies of 
this spectrum by Jacques and Barrow (3). the pres- 
ent spectrum extends further to the violet and is of 
considerably higher resolution. 

The spectrum of H F  was photographed at dis- 
persions of 0.24 and 0.18 Almm. Further details at-e 
eiven in ref. 8. 

3. HCI and DCI Results 
3.1 Surucy of Re.s~l1t.s 

The spectra of HCI and DCI at wavelengths less 
than 1200 A were found to contain thousands of 
sharp lines together with some lines broadened by 
predissociation and a few completely diffuse 
bands. In the long wavelength region of the spec- 
trum, most of the sharp and slightly broadened lines 
can be grouped into bands and J" and A J  values 
can be assigned. However, starting from the 
83 200 cm-' region. there are a few clear lines 
which are unassigned and with increasing fi-e- 
quency the spectra grow more complex until, in the 
93 000 cm-I region, a large fraction of the lines are 
unassigned. At frequencies higher than 93 000 cm-' 
only afew of the lines have been assigned. 

Throughout this work the rotational constants of 
the ground state determined from the infrared 
spectra of HCI and DCI were accepted and the 
rotational levels of the uppel- state were determined 
from the calculated lowel. state levels and the as- 
signed lines. For most bands, we have been able to 
determinev,, B,., and D,. values for the upper states 
by fitting the levels to the expression 

[ I ]  F(J)  = v, + B,.J(J + I) - D , J 2 ( J  + I ) '  

This expression was used even for states with R > 
0. For many of the bands the R '  value can be 
established by observing the first lines of the 
branches. Also from the isotopic I-ules and the sep- 
aration of the H3'CI from the corresponding H3'C1 
band, the vibrational numbering of the excited state 
can usually be determined. The constants of the 
observed upper state levels of the BIC state are 
given in Tables 2 and 3 and those of all other states 
in Tables 4 and 5. 

3.2 The BIZ Strrte 
Tilford and Ginter(5) have noted that the spectra 

of HCI and DCI show long progressions of lZ-XIC 
bands which are associated with an ionic excited 
state. This ionic state, which is characterized by 
small vibrational intervals and rotational constants 
but a large dissociation energy, is of the type called 
a V state by Mulliken (9). To  be consistent with 
accepted notation it  will be denoted as the BIC 
state. Jacques and Barrow (3) have observed the 
foul. lowest vibrational levels of this state in emis- 
sion and have determined rotational and vibrational 
constants. 

The wavenumbers of the absorption lines of the 
BIZ-XIZ bands are given in Table 1 D.' In Table 2 
we have listed the observed vibrational energy 
levels and rotational constants of the BIE state of 
HCI and in Table 3 the cot-I-esponding information 
for DCI. For HCI, the numbering of the vibrational 
levels observed in absorption can be determined by 
a short extrapolation from the foul lowest levels 
which have been observed in emission. Since for 
DCI the emission spectrum has not been measured 
and fewer bands are observed in absorption. the 
vibrational numbering cannot be determined with 
certainty. In Table 3 the levels have been given a 
relative vibrational numbering starting with N 
where N is probably 12 f I. 

Although the vibrational numbering of the ob- 

3AIl tables with numbers ending in D a r e  available, at a nomi- 
nal charge, from the Depository of Unpublished Data, CISTI. 
National Research Council of Canada. Ottawa. Ont.,  Canada 
KLA OS2. 
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TABLE 2. Constants of the B I C  state of HCI" 

H ~ ~ C I  H3'CI 

v To + G(u) B ,  lo4 D, To + '30) B, lo4 D, 

OThe constants of the 1, = 0, I , ?  and 3 levels have been taken from the work of Jacques and Barrow (3) but T o  = 
76 254.5 has been used. The constants of L: = 4 and 5 l~ave been derived from our measurements of emission bands. 
All other constants are from the absorption bands. 

TABLE 3. Constants determined from the absorption bands of the B L C X ' C  system of DCI 

V' 7-0 + G(v) B,' lo4 D,' To + G(u) B,' lo4 D,' 

aN probability is 12 ? 1 

served absorption bands of HCI appears to be de- 
finite, there was adifference of 55 cm-' between the 
observed position of the 6-0 band and the position 
calculated from the constants given by Jacques and 
Barrow (3). An attempt was made to observe the 
5-0 and 4-0 bands in absorption but the 5-0 band is 
covered by the very strong diffuse 1-0 band of the 
C-X system (4) and the 4-0 band, which must be 
very weak, is ovel-lapped by the continuous ab- 
sorption of HCI in the 1250 i% region. In order to 
investigate this problem further, we have extended 

the analysis of the emission spectrum to include the 
3-9, 4-9, and 5-9 bands and determined that 
AG(3k) = 755.94 and AG(49) = 729.62 cm-' in the B 
state. With these new data the only low lying unob- 
served AG interval of the B state is AG(59) and we 
believe that the value of this interval can be deter- 
mined to within less than 1 cm-' by interpolating 
between the lower and higher observed AG values. 
With these new observed and calculated AG values 
together with the band origin of the 6-0 band, the 
value of To of the B state was found to be 76 254.5 + 
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DOUGLAS A N D  GKt~t ' .NING 

TABLE 4. Constants determined from the absorption bands of HCI" 

uOb Intensityc Assignment" u BUc D," x l o3  

82847.3' W F 2 0 10.33(PR) 1.1 
83087.7 W G 0 + 0 7.633 - 5 . 5  

OAII bands originate from the o = 0 level of the ground electronic state. 
bWhere two values are given they refer to the H"CI and H3'C1 isotopic species. 
'The intensities are rough estimates made from the photographs of the absorption bands using the 

notation very strong VS, strong S, medium M, weak W, very weak VW. On this scale the intensity of the 
strongest B-X bands IS M and the C-X bands VS. 

*Each state is designated by an arbitrarily chosen letter and by its R value. 
'B and D values are given for H35CI only. 
1The.B and D values of this state are from ref. 5. The numbering of  the lines of  the Q branch is 

llncertaln. 

1 cm-I. Jacques and Barrow give To = 76 210 cm-I 
but their value suffers from a large error arising 
from a long ext~.apolation of the lower state vibra- 
tional levels observed in infrared absorption up to 
those levels observed in emission. The new vibra- 
tional data could be used to revise the vibrational 
constants given by Jacques and Barrow but, as will 
be discussed in the following paragraphs, vibra- 
tional constants have little meaning for the B state. 

A full report on the emission spectrum will be pub- 
lished at a later date. 

The constants vo, B,, and D,  of the B state which 
are given in Tables 2 and 3 were obtained by a 
least-squares fit of the observed levels to expl-es- 
sion [ l ]  even though the rotational lines of most of 
the bands with u' > 6 suffer from local perturba- 
tions. Under these conditions the fit to the observed 
levels is poor and the constants depend on the 
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TABLE 5. Constants determined from the absorption bands of DCI" 

82 909.5 F 2 0 5.164(PR) 0.14(PR) 
5.167(Q) o . lg(Q)  

83 944.9 H 0 + 0 3.296 -0.25 
83 940.2 
85 131.8 H 0 + 1 3.855 18.7 
85 125.8 
88 133.4 I 1 0 5.088(PR) 0.121(PR) 

5.092(Q) 0.20(Q) 
88 694.0 J O f  0 4.658 0.95 
90 325.8 J O f  1 4.381 -1.57 
90 323.5 
89 287.6 M 0 + 0 5.080 5.7 
89 708.9 N 1 0 4.982(PR) O.O8(PR) 

4.879(Q) - 0.06(Q) 
91 567.6 N 1 1 4.862(PR) O.l7(PR) 
91 565.3 4.779(Q) O.O7(Q) 
89 956.8 o 2 0 5.267(PR) 0.31(PR) 

5.274(Q) 0.32(Q) 
90 057.6 o 1 0 5.062(PR) O.l9(PR) 

5.058(Q) 0.20(Q) 
90 167.8 o 0' 0 5.281(PR) 0.33(PR) 

5.031(Q) 3.05(Q) 
92 015.4 o 1 1 5.165(PR) O.l8(PR) 
92 013.1 5.189(Q) 0.33(Q) 
91 890.6 P 1 0 5.395(PR) 3.57(PR) 

-5.4(Q) 
88 988.4 X 2 0 4.947(PR) 2.O(PR) 

4.955(Q) - o . ~ ( Q )  
89 006 X ' 1 0 -5.1 

"All bands originate from the u = 0 level of the ground electronic state. 
bWhere two values are given they refer to the H35CI and H"CI isotopic species. 
'The intensities are rough estimates made from the photographs of  the absorption bands using the 

notation very strong VS, strong S, medium M, weak W, very weak VW. On this scale the intensity of  the 
strongest B-X bands IS  M and the C-X bands VS. 

dEach state is designated by a n  arbitrarily chosen letter and by its i2 values. 

number of levels observed. The constants given in 
the tables therefore must be accepted with great 
caution. In spite of the difficulties, the v,, and B 
values do give a useful description of the vib1.a- 
tional and rotational levels of the B state. 

Tables 2 and 3 show that the vibrational spacing 
and the rotational constants of the B'C levels are 
highly irr-egular. As will be discussed more fully in 
Sect. 3.5, there are additional bands which could be 
considered to belong to the B-X system but which 
have been omitted since their inclusion would make 
the vibrational progression even more irregular. 
In Fig. I we have plotted the deviation of the 
wavenumbers of the B'C levels of HCI from those 
given by a simple expression used to represent the 
levels. Since this expression is not unique the de- 
viations plotted in Fig. 1 serve only as a means of 
visualizing the severe perturbation in the positions 
of the vibrational levels. The behaviour of the DCI 
levels is rather similar. The peculiarities of the B 

and D values parallel those of the vibrational levels 
and indicate that the B I C  state is strongly mixed 
with one or more states which have higher B val- 
ues. 

3.3 F 'A  State 
Tilford and Ginter (5)  have identified a ' A  state 

in the 82000 cm-I region and from the positions 
of the 3A2 component relative to the 3A,  and 
3A3 components i t  can be predicted that the corre- 
sponding lA state should lie near 82 900 cm-'. In 
this region they found a 0-0 band of HCI with a 
somewhat overlapped Q branch and an R branch 
which could be followed down to R(0). The P 
branch of the band was overlapped by a strong 
diffuse band. Based on the existence of an R(0) line 
and a Q branch they concluded that the excited 
state had an R value of one and tentatively assigned 
it as the g3C-(I) state. We also have observed this 
band and have confirmed the existence of a line at 
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DOUGLAS AN11 G R E E N I N G  1655 

FIG. I .  The differences between the obscrvcd and calculated 
energies of the vibl.;rtional levels of HCI in the BIZ state. The  
energies are  calculatetl from the expression G(o) = 842.71, - 
I I .502.  

the expected position ofthe R(0) line. However, on 
our spectra ofHCI at - 120°C, whereas the R(1) line 
becomes stronger compared with the spectra of 
room temperature HCI, the R(0) line disappears 
completely. We therefore have concluded that the 
apparent R(0) line is in fact :I stray high J line and 
the R branch ends at R(1). The upper state is 
therefore an R = 2 state and fits very well as the F I A  
state predicted by Tilford and Ginter. The assign- 
ments of the closely packed lines of the Q branch 
are uncertain. In DCI the corresponding band is at 
82 909.5 cm~-I .  The wavenumbers ofthe lines of the 
F I A  bands of HCI and DCI are given in Table 6D. 

3.4 GO+ Stcrtc 
The spectrum of HCI shows a weak but very 

clear band consistingofa P and an R branch with its 
band origin at 83 087.7 c m ' .  Since the lines of the 
band show no HUCI, H3'CI isotope splitting i t  must 
be a 0-0 band. The w:~venumbers of the lines are 
given in Table 7D. The rotational levels of the 
upper state are somewhat irregular and the differ- 
ences between the wavenumbers of the observed 
lines and those calculated from the constants in 
Table 4 are as high as 0.6 cm-I. The R branch can 
be followed only to R(5) although there are two 
overly strong unassigned lines which could be the 
perturbed R(6) and R(7) lines. The lines of the P 
branch beyond P(7) are overlapped by the strong 
diffuse 2-0 band of the C1n-X'C system. The cor- 
responding ban of DCI has not been found, PI-oba- 
bly because it lies under the strong 3-0 band of the 
Cln-XIC system (4). 

3.5 H O+ Sto tc  
There are two bands in the spectrum of HCI 

which are assigned to the H Of-XIC system. This 
assignment is by no means o b v i o ~ ~ s  since the vibra- 
tional levels ofthe excited state have rather unusual 
chal-actel-istics. The wavenumbers of the lines of 
the H-X system are given in Table 8D. I t  is useful at 
this stage to state 0~11.conclusion that the H O+ state 
has its origin in a Rydberg state but that i t  is so 
strongly mixed with B I C  that in most respects i t  
resembles the B state. 

The longer wavelength band of the two lies at 
83 780.2 c m ' .  The B value of the excited state is 
6.64 cm-I which is much lower than that of the 
ground state of HCI+. The Hj5CI, Hj7CI isotope 
shift is 2.1 cm-I which nol-mally would indicate that 
the upper state vibrational quantum number must 
be greater than zero but no vibl-ational level of this 
state can be found at longer wavelengths. The pos- 
sibility that the upper state level is 21 member of the 
BIC PI-ogression was considered but if this level is 
inserted in the pl.ogl.ession, the vibr.;~tional spacing 
becomes more ir~.egular. Also the isotope shift is 
somewhat less than that of the vibrational levels of 
the B state in this ~'egion and the B value ofthis band 
is higher than those of the B state. We have there- 
fore chosen to assign this level to a sepal-ate elec- 
tronic state which we have denoted as the H state. 

The second of the two levels, which lies at 
85 918.7 cm-I, has a similar small B value and large 
isotope shift. The rotational stl-ucture ofthis level is 
perturbed and rotational constants have little 
meaning. The lowest few rotational levels indicate 
a B value of about 7 cm-' but the highest observed 
levels indicate a much higher value. Even though 
the assignment results in a value of only 
2138.5 cm-' for AG(Q), we have assigned this vi- 
brational level 21s the 1: = I level of the H O+ state. 

The two corresponding states of DCI are found at 
83 944.9 and 85 13 1.8 c m ' .  The o = 0 band is clear 
but the u = I band is overlapped and only for the 
Dj5CI species are the lines strong enough to allow 
an evaluation of the constants. From the few Dj7CI 
lines which can be seen in the L- = I band an isotopic 
shift of -4.6 c m '  can be determined. 

The H state and its inte~xction with the B state 
will be discussed more fully in Sect. 4. 

3.6 11 Strrtr 
To shorter wavelengths from the H ' C ,  o = 1 

band there is a long region containing only bands of 
the BIC  system and some weak unidentified lines. 
At 88 121.6 cm-' a rather weak band with regular P ,  
Q ,  and R branches is observed in the HCI spectrum. 
The structure of the band and the lack of resolved 
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isotopic structur-e indicate that the uppel state is a isotope effect is not resolved. Up to R(4) and P(6) 
R = I ,  u = 0 state. The corresponding band of DCI the lines of the branches are clear and strong but 
has been obsel-ved. The wavenumbe~.~ of the lines beyond these points no lines can be found. It ap- 
of the I-X svstem are riven in Table 9D. pears that levels of the uppel- state with J 2 5 are .., 
3.7 J 0' Stcrtc 

At 88 684.5 cm-I the HCI spectrum shows a very 
strong band which has only a P and an R branch. 
The I-otational structure is somewhat perturbed 
with the perturbation reaching its maximum at J '  = 
9 but the analysis is simple and unambiguous. Since 
no chlorine isotopic splitting is observed in the 
lines. i t  must be a 0-0 band. At 90778 cm-' there is 
a similal band which shows an isotopic splitting and 
which we have assigned as the 1-0 band. Although - .2 

the B values of the uppel states and their isotopic 
effects qualitatively seem to indicate that the two 
bands belong to the same system. there are difficul- 
ties in this assignment. The vibrational spacing in 
the J state with this assignment is only 2094 cm-I 
and the isotopic splitting is greater than that ex- 
pected for this vibrational frequency. 

The two co~'l.esponding bands of DCI are at 
88694.0 and 90325.8 cm-I. The strength of these 
bands, their B values and their position in the spec- 
trum make this assignment rather secure. How- 
ever, neither the rotational constants nor. the vibra- 
tional spacing agree well with the values calculated 
from the HCI spectrum by the isotope rules. It 
appears probable that the J state is interacting 
strongly with some other state (possibly the B 
state). The wavenumbers of the lines of the J-X 
system are given in Table IOD. 

3.8 K crrld L Stcrtcs 
In a complex region of the spectrum near 89 000 

cm-I two bands which show no isotopic splitting 
have been observed. The first of these bands. de- 
noted as the K-X band, has a P and an R branch 
which can be represented by reasonable B' and D' 
values. I t  is possible that a numbel- of strong unas- 
signed lines in the region where the Q branch 
should occur may be lines of a perturbed Q branch. 
The second band, denoted as the L-X band, also 
has clear P and R branches but the levels of the 
upper state cannot be fitted by [I]. A reasonable fit 
of the levels of the L state can be obtained by 
assuming that they are the F ,  levels of a 'Z- state 
which can be represented roughly by BN(N + I )  
where N = .I + 1 but there is no other evidence to 
confirm this assignment. The wavenumbers of the 
lines of the K-X and L-X bands are given in Tables 
I ID and 12D. respectively. 

3.9 M 0+ Srcrtt. 
At 89282.0 cm-I there is a HCI band with only P 

and R branches of medium strength. The chlorine 

kither stlmgly pel-turbed ;I- predissociated. 
The corresponding band of DCI lies at 

89 287.6 cm-I. The rotational levels of the upper 
state are perturbed at J '  = 3 and 4 and this pertur- 
bation causes extra lines to appeal. in the band. The 
pel-turbation in the J '  = 4 level is most unusual in 
that two extra R(3) and P(5) lines appear in the 
spectrum. 

The wavenumber-s ofthe lines ofthe M-X system 
are given in Table 13D. 

3.10 N I Stcrte 
At 89680.5 c m '  there is a strong regular band of 

HCI with P. 0. and R branches and no chlol'ine 
isotope shift. A weakel- band of the same type at 
92 285.0 c m '  which shows a chlorine isotope shift 
of 1.7 cm-I has been assigned as the 1-0 band of the 
same electronic transition. In DCI the corl-espond- 
ing bands are at 89708.9 and 91 567.6cm-I. These 
bands also are free of local perturbations. The hy- 
drogen and chlorine isotope shifts of the N state 
follow the isotopic rules rather well and the con- 
stants of the states are close to those of the ground 
states of the HCI+ and DCI+ ions. Thus i t  appears 
that the N state is a Rydberg state which suffers 
from little 01- no interactions with other states. 

The wavenumbers of the lines of the N-X bands 
are given in Table 14D. 

3.1 1 o'n Sttrtc 
Three bands lying near 90000 cm-I have been 

assigned as the three components of the 0-0 band of 
a 3n-X1C transition. The three bands, which are 
I-oughly equally spaced, have P, 0, and R 
branches. There seem little doubt that the R value 
for the 89912.29 band is 2 but for the other two 
bands all that can be stated with certainty is that R 
= 0 or 1. The A doubling of the state assigned as 3n2 
is small whereas that of the other two components 
is appreciable. The relative effective B values of 
the three components of the upper state do not 
follow the simple rules expected for a 'TI state (10). 
The evidence to support the assignment of the three 
bands as the three components of a 3n-X1Z transi- 
tion is limited and the assignment must be regarded 
as tentative. In the spectrum of DCI the three corre- 
sponding bands are observed. The wavenumbers of 
the lines of the o-X system are given in Table 15D. 

3.12 P I Stare 
One of the strongest bands in the HCI spectrum is 

a band with P ,  Q ,  and R branches at 90 653.8 cm-I. 
In spite of the strength of the low J lines of the band 
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the high J lines are weak. It appears likely that there 
are interactions between the uppel- state of this 
band and the v = 1 level of the J state and also 
possibly the u = 24 level of the BIC  state but these 
intel-actions have not been analysed. A similar band 
lying at 93 242.7cmP' which shows an isotope shift 
has been assigned as the 1-0 band of the system. In 
the DCI spectrum, the col-responding 0-0 band has 
been observed but the region where the 1-0 band is 
expected has not been measured. The wavenum- 
bel-s ofthe lines of the P-X bands are given in Table 
16D. 

3.13 O t h o  Bcrt~cls 
At wavelengths shorter than that of the P-X 

band. seven other bands of HCI have been found. 
The constants which have been derived from these 
bands are given in Table 4 and the wavenumbers of 
the lines are given in Table 17D. These bands do 
not give a good description of the spectrum in the 
91 000 to 94000 cm-I region since there are many 
unassigned lines. The DCI spectrum has not been 
analysed in this region. There are, however, two 
bands of DCI near 89000cm-I. which have been 
designated as the X and X '  bands, for which the 
analogous HCI bands have not been found. The 
wavenumbers of the lines of these bands are given 
in Table 18D. 

3.14 Tho Short Wrrveletzgth Regiot~ 
In the region between 1063 and 1070 A the argon 

source gives no continuum and we have not ob- 
served the spectra of HCI and DCI. From 1053 A to 
the ionization limit the spectra have been photo- 
graphed in the first order of the grating using the He 
continuum. No attempt was made to carry out 1.0- 
tational analyses of bands photographed at this low 
dispersion. The spectrum in this region does show 
many discrete bands up to and even beyond the 
ionization limit. A few of these bands could be 
analysed from the first order spectra but most of 
them appear to be perturbed and complex. 

No obvious Rydberg serie5 are seen in the spec- 
trum. Near the ionization limit at 972 A the spec- 
trum is complex with no strong sharp features. At 
somewhat longer wavelengths, between 980 and 
1050 A ,  two series of strong features, which are 
more evident in the spectrum of DCI than HCI, can 
be fitted roughly by the two expressions 

In these expressions 102840 and 103490 correspond 
to the two ionization limits of HCI as determined by 
photoelectron spectroscopy (1). Seven members of 
these series can be seen but the lower members are 
broad features obviously consisting of several 

bands. The lowest members of the calculated series 
at 89 492 and 88 842 cm-' do not col-respond closely 
to any strong bands. The lowest membel-s of Ryd- 
berg series can seldom be represented by a simple 
formula and i t  is possible that the two strong bands 
at 90 653 and 89 680cm-' are the two lowest mem- 
bers of these series. At this time it is still uncertain 
whether or not a Rydbel-g series has been obsel-ved. 

4. Discussion, HCl 
Although there are many difficulties in under- 

standing of the HCI spectrum, it is of some value to 
discuss the p~.obleni from the simplest point of 
view. All excited states of HCI must be Rydbel-g 
states in that, at the bond distance of the ground 
state, they result from the excitation of an electron 
to some empty level with a highel- PI-incipnl quan- 
tum number. The simplest representation of a Ryd- 
berg state is one which assumes that it results from 
a single electron configuration consisting of the 
molecular ion core together- with an electron in a 
Rydberg orbital which can be specified by the three 
quantum numbers t7, I ,  and h .  For HCI the core has 
a ground state and a ?L state which lies 
28 628cm-' higher in energy ( I  I). Thus vertical 
excitation of HCI should lead to states I-esulting 
from configurations (TI) (11lh) and. at somewhat 
higher energy, states resulting from the configura- 
tions (?C)(nlh). 

If, from this simple point of view. we attempt to 
assign the observed excited states of HCI, then the 
lowest states, which give the continuum in the 1550 
A region, can be assigned as the 'Il and 311 states 
I-esulting from the ('Il)(4so) configuration. The dis- 
crete III and 311 states I-epol-ted by Tilford et (11. (4) 
must result from the ('Il)(4po) configuration. I t  is 
interesting to note that the vibrational constants of 
these states are rather similar to (but slightly larger 
than) those of the ground state of the ion and that, if 
the interaction between the singlet state and the 
three components of the triplet state are taken into 
account (12), the B value is almost identical with 
that of the ground state of the ion. It has been noted 
by previous authors that the B'C state must result 
from the ('C)(4so) configuration. Although the 
lowest vibrational level of the B I C  state lies at 
76254cmP', at the bond distance of the ground 
state i t  is - 2 0 0 0 0 ~ m - ~  higher and thus, as ex- 
pected, well above the III state resulting from the 
('II)(4so) configuration. 

The next higher electron configuration above 
('II)(4po) probably is (?II)(4pn) which gives 'C+, 
IC-, IA, 'Xi, 'X-, and 3A states. In this region 
Tilford and Ginter (5) have found ", l I l ,  'A, and 
3C-(l) states (as noted in Sect. 3.3 the )C-(l) state 
has been reassigned as IA). The positions of these 
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observed bands indicate one of the difficulties in 
attempting to assign states since the 311 and 'II 
states which result from a (TI)(5so) 01- ('II)(3clo) 
configul-ation must lie within the energy range 
spanned by the states arising from the ('II)(4pn) 
configuration. 

It seems likely that the H state which gives the 
strong band at 8 3 7 8 0 c m 1  is the 'C+ state arising 
from the (W)(4pn) configuration. Unlike the lower 
In and states, the B and AG(i) values of the H'C 
state are much lower than those of the ground state 
of the ion and the lowest observed level, which we 
have assigned as the u = 0 level, shows a substan- 
tial chlorine isotope shift. Qualitatively these un- 
expected chal-acteristics can be accounted for by 
assuming that there is a strong interaction between 
the H and the B states. This mixing causes the B,, 
values of the vibrational levels of the BIC state to 
rise as the levels approach the lowest vibrational 
level of the H state and this pattern tends to repeat 
at the r = 1 level of the H state. At the same time 
the mixing causes a sharp I-eduction in the B value 
of the H state and the transfer of some of the large 
isotope effect of the B state to the H state. 

An attempt was made to treat the mixing of the B 
and H states more quantitatively but with little 
success. Probably one reason for the failure is the 
presence of other interacting states. For example, 
there is a weak band at 83 087cm-' which has an 
uppel- state B value of only 7.6 cm-'. This state 
possibly could be the 0+ component ofthe expected 
'C- state. Also, in the region of the H-X bands 
there are a number ofweak unidentified lines which 
seem to indicate the presence of additional per- 
turbed states. 

At higher energies no reliable corl-elations have 
been made between the observed states and elec- 
tron configurations since there seems to be no basis 
for making the assignments. We have, for example, 
attempted to assign the J, M, and I states as the 'C+. 
3C-(O+), and 'A states arising fi-om the ('Il) 3cln 
configuration since they lie in the order predicted 
by GI-eening (13) and are at the expected energy for 
such states. The B value of the J state is, however. 
quite different from those of the M and I states and 
of the ground state of the ion thus suggesting a 
substantial mixing of configurations and i t  is 
difficult to predict the effect of this mixing on the 
ordering of states. As noted above, there is experi- 
mental evidence elsewhere that states from differ- 
ent configurations overlap in energy and that states 
from different configurations, such as the B and H 
states, interact str-ongly. Also the many local rota- 
tional perturbations which have been observed give 
evidence of other interactions and i t  is likely that 

many of the unassigned lines i.esult from states in 
which the pel-tul-bations have become so great that 
it is difficult to recognize the band strLlctLlre. A lack 
of theoretical guidance has hampered the analysis 
of the spectrum. Some of the interactions between 
the Russel-Saunders states, such as I uncoupling 
and the changes in spin coupling 21s the energies of 
the state approach the ionization potential, are un- 
derstood in principle even though the large ma- 
trices necessary to deal with the p~-oblem have not 
been calculated. The understanding of other in- 
teractions such as the mixing of several configura- 
tions would require a very detailed crh i~litio calcu- 
lation of the states. While a calculation of sufficient 
accuracy to give 21 positive identification of all the 
observed bands is PI-obably impossible, even a less 
exact treatment would be useful in assigning some 
of the more prominent features. 

5. HF Results 
The absorption spectrum of H F  was photo- 

graphed at high resolution in the 660- 1100 A range. 
Aside from the bands of the B-X system I-eported 
eai.lier (8) and the few bands discussed in the fol- 
lowing sections. the spectrum consists of many 
sharp well-resolved lines showing no obvious band 
structure. In this respect the spectrum of H F  is 
more complex than that of HCI. In the following 
sections the few bands which have been analysed 
are described. All the absorption bands originate 
from the c = 0 level of the electronic ground state 
and since the constants of this state are well known 
(I). we havedetermined only upper state constants. 

5.1 b3n  Stcrte 
The absorption spectrum of H F  is similar to that 

of HCI in that the lowest discrete state which can be 
observed is a state. Rather few lines are ob- 
served in the weak 0-0 band and even less in the 
1-0 band. The position of the component with 
respect to the 311,, and mn, componentsshows that it 
interacts st~.ongly with the nearby C'II  state. The 
perturbations of the B'C bands in the region of the 
3n state indicate that there are significant b311- 
BIC  interactions. Also the large A doubling, par- 
ticularly in the 'no component, indicates a strong 
II-C interaction. No satisfactory fit to the rota- 
tional levels was obtained with any of the simple 
closed expressions representing the levels of a 
state. I t  appears that a satisfactory treatment of the 
311 state would require an evaluation of its interac- 
tion with the C 1 n  and BIC states and PI-obably with 
at least one other C state. Since the numbel- of 
observed lines is small and several of these are 
overlapped, we have not attempted such a treat- 
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ment. We have found that the constants v, = 
104348, B , =  15.8, A = - 144, and Kovacs' 1n-3n 
interaction constant p = -32cm-I give 21 very 
I-ough fit to the upper levels of the 0-0 band. For the 
1-0 band even less lines were identified with cer- 
tainty and no constants were determined except 
AG(Q) - 2679cm-I. The wavenumbers of the lines 
of this band system are given in Table 19D. 

5.2 C In Srcrrc 
I n  the H F  spectl-um a progl-ession of In-X'C 

bands is readily identified and the corresponding 
progl-ession is observed in the spectrum of DF. 
These bands appear to be the analogs of the 
C'n-XIC bands of HCI but they are much less 
diffuse. The wavenumbers of the lines of the 
C1n-XlC bands are given in Table 20D. 

The P and R branches of all the bands are ir- 
regular and the lines cannot be fitted by any simple 
expression. The lines of the branches do not 
su f f e~  from similar pe~.tu~.bations and form quite 
I-egulu~.series. I t  seems likely thnt the perturbations 
of the upper levels of the P and R branch lines arise 
from interactions between the and the BIZ state 
but the symmetry of the levels forbids a similar 
interaction with the upper levels of the Q branch. 
The constants of the uppel- state, which are given in 
Table 2 1 ,  were determined from the lines of the Q 
branches. 

5.3 DIC Stcrrc) 
In the region of 1 12 000 cm-' there is a clear but 

perturbed lX-XIX band. The wavenumbers of the 
lines of this band are given in Table 22D. The 
perturbations in the levels of the upper state pre- 
vent the determination of accurate constants but 
rough values ofv, and B, are 112 175 and 14.4cm-I. 
It is interesting to note thnt there appear to be two 
additional P(4) and R(2) lines in the band. 

5.4 Y In N ~ Z ~ I  z B(ll7d.~ 

At wavelengths less than that of the first ioniza- 
tion limit, two similar band systems showing well- 

TABLE 21. Constants of the C'II states of H F  and D F  deter- 
mined from the Q branches of the CIII-XIX bands 

Vibrational 
Molecule level TO + G(v)  B, ~ , x 1 0 ~  

I-esolved rotational structure were observed. The 
bands appeal ~.elatively weakly on o1.11' plates since 
the path length of H F  which we could use was 
limited by the continuous absorption. The vibra- 
tional structure of these two band systems was 
observed by photoionization mass spectrometry 
(14), and later studies by the same method showed 
the rotational ~ t r u c t u r e . ~  The wavenumbers of the 
lines of these bands are given in Table 23. 

The first two or three Knes of the Q branch are 
sharp and easily measured but the lines of higher .I 
values are diffuse and difficult to observe. The lines 
of the P and R branches are somewhat weaker. as 
expected forn 'H-IC transition and. since they also 
become more diffuse with increasing J, very few 
lines of these branches are measurable. The bands 
are free from perturbations and, in spite ofthe small 
number of clear lines, the analysis presents no 
difficulty. The limited number of clear lines does, 
however. severely limit the accuracy of the upper 
state constants derived from the bands. The band 
origins and the B values derived from the Q 
branches are given in Table 24. 

6. HF Discussion 
The h 3 n  and C l n  states need little comment. 

These states are similar to the lowest discrete Ryd- 
berg states observed in HCI and the other halogen 
hydrides. The vibrational and rotational constants 
of these states are similar- to those of the ground 
state of HF+ thus indicating that they probably 
arise from a relatively pure (TI core) 3po  configu- 
ration. 

The only bands we have analysed between the 
region of the Gin state and the ionization limit are 
the bands of the B'C state and the single band of the 
D 'C state. No assignments have been made for the 
hundreds of well-resolved lines which are ob- 
served. Some of the difficulties in the analysis 
probably arise from a large number of local pertur- 
bations. The many perturbations in the lines of the 
BIZ-XIC bands must be associated with corre- 
sponding perturbations in the Rydberg states. 
Since the o and B values of the Rydberg and the B 
states differ greatly. most of these perturbations 
will appear as random displacements of lines rather 
than :IS systematic displacements of bands or por- 
tions of branches. Although such perturbations will 
increase the difficulty in analysing the spectrum, 
they alone would not prevent the assignment of 
many of the lines. I t  is probable that the several 
difficulties arising from coupling conditions and 
from interactions between Rydberg states, which 

'W. A .  Chupka. Private communication. 
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TABLE 23. Wavenumbers of the lines of the Y1n-XIC and Z1n-XIZ  bands of HF 

0-0 band 1-0 band 2-0 band 3-0 band 4-0 band 
J  Q ( J )  Q ( J )  Q ( J )  Q ( J )  Q ( J )  

Y1n-XIC bands 
1 141 651.5 142 944.1 144 019.3 144 836.7 145 396 
2 609.0 899.1 969.9 782.0 
3 830.8 895.4 700.3 
4 797.0 590.2 

Z1n-XIX bands 
1 147 191.4 148 495.7 149 565.0 150 368.2 
2 142.9 444.8 511.7 309.5 
3 370.7 431 .O 221 .O 
4 328.0 104.9 

NOTE: R(0) lines of the 
line or the 3-0 Z-X band 

2-0 and 3-0 bands or the Y- 
is at 150 101.8. 

have been discussed for HCI, play an equal 01- even 
more important role in the spectl-um of HF.  

As noted above the C l I l  state can be regarded as 
the first member of a Rydberg series but highel- 
members ofthe series were not identified. At higher 
frequencies, where Rydberg series might he ex- 
pected to be more easily recognized as a series of 
features converging to the lowest ionization limit. 
no series were observed. I t  is difficult to reconcile 
the observed optical spectrum with the electron 
energy loss spectl-um reported by Mathur and 
Hasted (15). None of the principal features of the 
optical spectl-um such as the CII1-XIC bands oc- 
curs in the energy loss spectl-um and we can find 
none of the principal features of the energy loss 
spectrum in our optical spectrum. 

The most unusual bands in the spectrum are 
those lying beyond the first ionization limit which 
we have labelled the Y and 2 bands. The constants 
of these states are very similar to those of the A %  
state of HF+ (16) and i t  has been pointed out that the 
states fit very well as two members of a Rydberg 
series leading LIP to the second ionization limit of 
HF+ at 19.118eV which leaves the HF+ ion in the 
A'C state (14). From the measurements of the band 
origins given in Table 24 the effective principal 

TABLE 24. Constants of the Y1n and Z 1 n  states 
of HF 

Vibrational 
State level TO + G(u) B, 

-Xsystem are at 144 066.8 and 144 881.1 and the R(0) 

quantum numbers fol- the Y and the 2 states are 
2.960 and 3.965. The simple regular behaviour of 
these bands contrasts sharply with the chaotic ap- 
pearance of the spectrum helow the fir-st ionization 
limit. The Y and Z states are also unusual in that 
their lifetimes against auto-ionization are much 
longer than those of most n1olecula1- states which 
are energetically able to autoionize. In the col-I-e- 
sponding bands of HCI the auto-ionization rate is so 
high that no rotational structur-e is seen (17). I t  is 
also interesting to note that the line widths of the 
bands increase with J thus indicating that the 
auto-ionization takes place via a Coriolis intel-ac- 
tion with the continuum. 

Rather little of the H F  spectrum has been 
analysed even though the resolution of the lines on 
the plates appeal's to be sufficient. FUI-thevanalysis 
will require either a better theoretical understund- 
ing of the excited states or new experimental 
methods to identify the lines. For the present the 
spectrum must remain an example of the large gap 
which exists between the simple model of Rydberg 
states described in Sect. 4 and the complexity of 
actual Rydberg states. 
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