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An ion beam technique has been developed that combines some of the methods of mass 
spectrometry and molecular spectroscopy and is designed for the study of molecular 
ions at energy levels lying very close to the lowest dissociation limit. Microwave radiation 
is used to drive spectroscopic transitions, and electric field dissociation of the weakly 
bound levels provides a high degree of state selection for sensitive detection of the 
spectra. The analysis of the spectra requires unconventional approaches to the de­
scription of the long-range levels and their spectroscopic study and provides stringent 
tests of ab initio theories. 

Molec ular spectroscopy is the method of 
choice for determining the shapes, sizes, 
and internal dynamics of small molecules, 
particularly in the gas phase, in which the 
molecules are free and undistorted by the 
intermolecular interactions that are charac­
teristic of condensed phases. A number of 
generalizations that are almost always true 
can be made. For example, ultraviolet and 
visible spectroscopy probe the motions of 
the electrons within a molecule; in the 
infrared, molecular vibrations can be stud­
ied; and in the microwave, molecular rota­
tions are investigated. T h e radiofrequency 
region allows the investigation of interac­
tions between the electrons and nuclei that 
are classed as hyperfine interactions. 

In the gas phase at room temperature, 
the largest populat ion of molecules is usu­
ally to be found in the ground vibrational 
level of the ground electronic state, so 
that rotat ional and vibrational spectra in­
variably involve transitions wi thin or from 
this level. T h e spectra, commonly taken 
in the microwave or infrared, are inter­
preted in terms of an effective Hami l ton i -
an conta in ing "molecular constants" that 
can, in turn, be related to structural pa­
rameters of the molecule concerned. T h e 
energy levels can be represented analyti­
cally and in a diatomic molecule, for ex­
ample, the spectra yield values of vibra­
t ional and rotat ional constants , defined 
within the harmonic oscillator approxima­
tion. Spectra involving higher vibrat ional 
or rotat ional levels are interpreted by the 
addit ion of anharmonic corrections to the 
initial effective Hami l ton ian . This pro­
cess, however, becomes increasingly un­
satisfactory as we proceed up a potent ia l 
well because the number of parameters can 
exceed the number of measurements . Elec­
tronic absorption spectra are somewhat 
different; a l though transit ions usually in­
volve the lower levels of the ground elec-
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tronic state, the relevant vibrational or rota­
tional levels of the excited electronic state 
are not necessarily the lowest. Because ex­
perimental measurements often involve a 
molecule at or near its ground-state equilib­
rium configuration, ab initio theoretical cal­
culations also tend to concentrate on this 
region, often with little attention given to 
the long-range part of the potential. Because 
these are the regions that are most relevant 
to reaction dynamics, one could often wish 
for theory that is good at all internuclear 
separations, not just their equilibrium values. 
Almost all theoretical calculations are per­
formed within the framework of the Born-
Oppenheimer approximation. 

T o a molecular spectroscopist, all of 
the above will rightly be classified as stat­
ing the obvious. It is summarized here, 
however, because my work conforms to 
almost none of these generalizations. My 
aim was to study the spectra, structure, 
and dynamics of molecules in energy lev­
els that lie very close to the lowest disso­
ciat ion limit. I addressed the question of 
how to describe the first few vibrat ion-
rotat ion levels by starting from the disso­
ciat ion asymptote and proceeding down­
ward in energy, which is in sharp contrast 
to most studies, which start at the bo t tom 
of a potent ia l well and work upward. Do 
the rules that work so well in describing 
spectroscopy and structure at or near the 
ground-state equilibrium configuration 
still have value in the near-dissociation 
region? T h e answers vary from one system 
to another . My work encountered prob­
lems similar to those found in the study of 
weakly bound neutral van der Waals mol­
ecules and molecular Rydberg states. 

T h e experiments were confined to ionic 
systems, for entirely experimental reasons. I 
made use of many of the standard tech­
niques of mass spectrometry but with an 
important addition, electric field dissocia­
tion, which provides a high degree of state 
selectivity and detection sensitivity, with­
out which the measurements would not be 

possible. Except for hydrogen ion beams, 
which are very strong, the parent ion beam 
fluxes were in the range of 108 to 101 0 ions 
s _ 1 , of which probably only 103 to 105 

occupied the near-dissociation levels that 
were of interest. All of the spectroscopic 
work described here involved microwave 
radiation, because the density of closely 
spaced levels near the dissociation limit is 
expected to be high, and therefore there is 
always likely to be a microwave spectrum. 
Microwave line widths are small, so that 
subtle details of the spectra are revealed. 
Experimentally, it is easy to couple micro­
wave radiation to an ion beam; and with 
modern microwave synthesizers, frequency 
scanning, modulation, and computer con­
trol are straightforward. 

Experimental Methods 

Ions were produced by electron bombard­
ment and accelerated to potentials of up 
to 10 kV to form a beam. In most cases, I 
used a flowing gas or gas mixture, but I 
also had the ability to inject a neutral 
molecular beam into the ion source. Ions 
of different mass were identified with a 
magnet ic sector (Fig. 1), and the ion of 
choice was then selected by fixing of the 
magnet ic field. T h e ion beam passed 
through a 40-cm length of rectangular 
waveguide, where it was exposed to tun­
able ampli tude-modulated microwave ra­
diat ion, and t h e n through an electric field 
lens. T h e lens was a very simple three-
e lement structure; the first and third 
plates were at ear th potent ial , whereas a 
positive or negative potent ia l was applied 
to the center plate. T h e second and third 
plates were separated by only 1 mm, so 
that the strongest electric field (up to 40 
kV c m - 1 ) was established between them. 
Dissociation of weakly bound levels oc­
curred in this field, producing fragment 
ions that were separated with an electro­
static sector according to their different 
kinet ic energies, and detected with an 
electron multiplier. Resonant microwave 
transit ions induced in the waveguide re­
sulted in populat ion transfer between dif­
ferent levels, producing changes in the 
fragment ion intensity. These changes 
were recorded by detect ion of the changes 
in the electron multiplier output current . 
T h e microwave frequency range available 
was 4 to 170 GHz. Spectral l inewidths 
were determined primarily by the transit 
t ime of the parent ion beam through the 
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navequide; they ne re  1 h'lHz or less. 
T h e  unique part of the ion beam appa- 

ratus is tlhe electric field lens. Vi'eaklv 

I M~crowave 
syntheszer 

hound levels of different dissociatio~l ener- 
gies unclerpo fragmentation at different po- 
sitio~ns n i th in  the lens, nhere  the electric 
fielcls anil potent~als  are different. T h e  
raliqe of electric fields can also he varied by 
chanqing the potential applied to the ten- 

ter plate. T h e  ideal s i tuat~on is one in 
arhich the upper level involved in a transi- 
tion fragments, whereas the  lower does not.  
Spectroscopic tra~lsitions bet~veen the  t\vo 
levels transfer p o p ~ ~ l a t i o n  from the loner 
level to the  upper, so that an  increaseci 
fragment ion current is prod~~cecl and de- 
tected. T h e  prol~lem 1s that until a reso- 
nance is observed, the ideal lens or electro- 
static analyzer voltages are unkno\vn. Con-  
seiluently, the  search problem was three- 
dimensional, in that I needed to  scan 

Electr~c fled 

Wavegude lens 
section , / / / 

\ 
Zeeman cell \ 

\ 
Electron multiplier 4 4 

Faraday cup L- 
Fig. 1. Schematc dagram of the ion beam apparatus. 

level of H, access all of the  bound levels of 
H,', includinq tlhe hiqhest v~bration-rota- 
t i i l l  level [lvith v ~ b r a t ~ o n  (v) = 19 and 
rotatlon (N)  = 11, which 1s b o ~ i n d  by only 
3.215 c111--'. Because the  lolls, once 
formed, are elected from the  ion source 

ohserve micro~vave tra~nsitions of the  long- 
range H e  . . . N' complex, a fragmenta- 
t lon prociuct. H e l ~ u m  absorbs electron en- 
erqy and acts as a n  energy sink in the  ion . . 
source; this enerqy is then  ava~lable  for a 
range of secondary processes.' 

micronave frequency, lers potent~al ,  ancl 
electrostatic analyzer voltaqe. 

T n o  other asnects of the exaer i~ne~i ta l  
lnethoils were imyortant. T h e  first ~nvolves 
passinq a current througli a solenoid aounci 
around the \vaveguide; the axla1 magnetic 
field produced often results in Zeeman split- 
ti~ngs of a i~nicro\vave line, fro111 which I 

into a high vacuum systeiin to form a beam, 
there is very little opportunity for colli- 
sional relaxation. Similarly, the  near-dis- 
sociation levels of Ne,', discussed later, 
are p o p ~ ~ l a t e d  by direct vertical i o n ~ z a t ~ o n  
of the  Ne,  11eutra1 precursor, formed In a 

H . .  . H+, D . .  . D+, D . .  . H+, 
and He . . . He+ 

could determine total a ~ ~ q u l a r  momentum 
quantum nriml~ers (1). Zee~nali  splitrings 
also enabled line to deterinine the e factors 

H,+, the simplest of all molec~iles, has been 
and still is the subiect of a large number of 

givinq the  ~nagnet ic  lnoinents of the two 
levels 11nvolved in the transition. T h e  sec- 
o~nd important aspect involves the use of a 

theoretical studies and few experi~nental 
~neasurements. Before lily 01~11 interest, the 
only spectroscopic study was a n  eleqant ra- 
diofrequency investiqation of hyperfine 
transitions lv~ th in  the L' = 4 to 8 vibrational 
levels by Jefferts (1  ). T h e  paucity of exper- 
imental spectroscopic studies is easy to un- 
derstand: H,' has no  electric d i ~ o l e  mo- 

noizle-beam expansion. 
Five of the  conlplexes listed in Table 1 

contain helium. which nresents sonle es- 
pecially favorable opportunities. Electron 
bombardment of pro~ind-state H e  atoms 

second micro\vave fi-eq~iency so that,  ideal- 
lv, two transitions can be d r ~ v e n  simulta- 
neously. These double-resonance experi- 
ments allo~ved 1ne to determine ~vlietlner 
txvo spectroscopic transitiolns ~nvolved a 
common energy level. They also elnabled 
nie to access enerov levels that lie too far 

results in direct iolniiation but also in elec- 
tro~nic excitation to  a metastable triplet 
state,  1y111g 19.818 eV above the  ground 

ment,  so that vibrational and rotational 
spectroscopy are  not possible; and although 
the molec~ile is well bound in its ground 
electronic state (with a dissociation enerqp 
D, of 22,529 c n p ' ) ,  the first excited elec- 
tronic state is essentially repulsive. Other  
exc~ ted  states lie a t  very h ~ g h  enerqies, so 
electronic spectroscopy does not seem fea- 
sible. Add to these physical difficulties the  
fact that HZL is extremely chemically reac- 
tive, with Hz itself, and one can 
u~lderstand why H?' was for many years a 
theoretician's molecule. 

state. These eliergetic H e  atoms can [in- 
dereo associat~\.e ioni:ation, either ~ v i t h  

u ,  

below dissociation to be detected by sinqle- 
photon spectroscopy. 

qround-state H e  atoms ( to  form HeL' mo- 
lecular lolls) or ~ v i t h  other substrates, such 
as A r  atoms or even H, molecules. T h e  
excess enerqy in the  excited H e  a t o m  
often leads to substantial ~ o n u l a t i o n  of the  

T o  date, I have studied 11 different systems 
(Table 1 ) .  For six of these systems, the 
spectra ha\.e been fully assigned and inter- 

L L 

highest energy levels of the  long-range 
ionic complexes. Most of the  complexes 
formed in this n-av and studied bv me 
contain  a helium 'atom, but I r e c k t l y  
discovered that  if N Z  is the  substrate part- 
ner,  N 2 +  ions in  which the  highest bound 
le\~els are populated call be observed by 
the  microwave techniaues discussed here. 

preted ~ v i t h  high accuracy; the  remaining 
five are still under active in\~estigation. I 
have n o  doubt that many other systems will 
be detectable, including further polyatomic 
svstelns. 

It has, in fact, been kno\vn for 55 pears 
that the first excited electronic state of E l , +  

How are the  high-lying near-dissocia- 
t ion levels in  these long-range colnplexes 
populated? I n  the  case of H,' and its 

In  the  same system, I was also able to  is not repulsive a t  all internuclear distances 

deuterium isotopomers, the  desired popu- 
lations arise iiirectlv from electron i m ~ ~ a c t  

Table 1. Long-range complexes studied by ion beam microwave spectroscopy to date 

ionization. This  is because the  potential 
energy cur\.e for H2+ is displaced to  larger 
internuclear distances than  that  of H,, so 

Long-range complexes 

H . . . H '  D . . . D '  D . . . H '  
He. .  . He He..  . Art He.  . . Kr+ He.  . . N- He.  . . H,- 

A r . . . A r l  N e . . . N e l  N . . . N  that ~ ~ e r t i c a l  ionizing ~ r a n c k - C o l d o n  
transitions trom the  ground vibrational 
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Fig. 2. (A) Potental energy dagram (4) for H,+ show~ng the bound ground electron~c state ('ZgT) and 
repuls~ve frst excted electron~c state ('2,') (B) Potental energy curves for the ground and f~rst excted 
states of H,+ In the near-dssoc~aton regon, w~th the verical scale expanded by a factor of 5000 The 
long range mnlmum In the exc~ted state potental can now be seen, as well as the near-d~ssoc~at~on 
v~brat~on-rotat~on levels for both states Electronc trans~t~ons between the two states, wh~ch I have 
observed, are also shown 

(2) .  W h e n  a proton and a hydrogen atom 
approach each other, the first interaction 
between them is a n  attractive force arising 
from polarization of the H atom charge 
distribution and a resulting electrostatic in- 
teraction with the  H' nucleus. This charge/ 
induced-dipole interaction, the  most f~lnda-  
mental i~l teract io~l  between a n  ion and a 
neutral species, atomic or molecular, is also 
known as the Langevin interaction. In the 
lowest excited state of H2+,  it results in a 
long-range minirn~lm in the potential at a n  
internuclear separation re of 12.5 Bohr radii 
(a,); the  potential well has a depth of 13.3 
c~n-. '  and supports three bound vibration- 
rotation levels 13). Fieure 2A shows the ~, c7 

potential energy curves for the  ground and 
first excited states of H,', first calculated 
by Teller (4), as they appear in s t a ~ d a r d  
textbooks o n  spectroscopy (5). Figure 2B, 
however. shows the  near-dissociation re- 
gion for both states; and o n  this magnified 

scale, the  long-range minilnuln in the  ex- 
cited state potential can be seen; the  bound 
vibration-rotation levels for both states also 
are shown. 

There  is therefore the  possibility of re- 
solved electronic transitions between the  
high le\~els of the  ground electronic state 
and the  van der Waals or Langevin long- 
range levels. These t ra~ls i t io~ls  should oc- 
cur in  the  microwave region, and using 
electric field dissociation as the  detection 
method, I have observed all four of the  
transitions accessible within the  frequency 
range studied (6 ) .  A n  example of the  spec- 
tra obtained (Fig. 3 )  illustrates a common 
feature of these experiments: Doppler- 
shifted parallel and antiparallel replica- 
tions of a microwave absorption line were 
always observed. Moreover, cvhen high- 
frecluencp radiation was coupled into a 
waveguide appropriate for lower frequen- 
cies, microwave propagation occurred in 

i 
I 

I Antiparallel i l  Parallel 1 .  
i 

17,575 17,588 17,601 17,614 17,627 17,640 
Frequency (MHz) 

Inore than  one  mode, each of which had 
its own characteristic phase \ d o c i t y  and 
Doppler shift. This Doppler replication is 
very useful, enabling rest frequellcies to be 
determined with high accuracy. These 
measurements provided the  first charac- 
terization of the  van der Waals minimum 
in  the  long-range H . H+ i ~ l t e r a c t i o ~ l  
and the  first measuremellts of rotational 
separations in the  ground state of E l 2 + .  
After progressive refinement (7), the  the-  
ory agreed with experimental results to 
within 3 MHz. 

I was able to  perform similar measure- 
ments o n  the D . . . D' complex (8), where 
there are Inore microwave resonances (15 
in all) ,  because of the  increased inolecular 
mass. I have also made a similar studp of the 
He  . He' system (9),  obtaining the  first 
snectruin of the  helium molecular ion in 
its predominant naturally occurring isoto- 
pic form 'He4He'. These studies of H,' 
and He,' ~ o n t r a \ ~ e n e  the  generalization 
that  microwave spectroscopy is the  study 
of rotational motions. These transitions 
are electronic, and they in\~olve very large 
internuclear separations (31 a, in the high- 
est ground-state level of HzL and 18.3 a, in 
the  highest van der Waals l e \ d  of He,+) .  
T h e  helium ion also illustrates one of the 
features of many ab initio calculatio~ls in- 
troduced a t  the beginning of this review. 
T h e  fundamental \.ibration-rotation band 
of the  heteronuclear species jHe4He' has 
been measured by YLI and Wing (10). Se\.- 
era1 different ab initio calculations oive - 
equally satisfactory quan t i t a t i~~e  accounts of 
the v = 1 + 0 band, but thev ~ r e d i c t  , A 

different numbers of bound vibrational lev- 
els; the  electronic spectrum I saw would not 
exist if the   re dictions of these calculations 
were correct. T h e  potentials calculated by 

Zero-field frequency 
I 

+ ,- 

E 
G 
7 

~ f i h . 2 % i . \ u ~ i  
1 I 

20,274 20.276 20,278 20,280 20,282 20,284 
Frequency (MHz) 

Fig. 3 (left). (0,2) to (19, l )  microwave resonance from H,' showing a the ground and excited electronic states. TE, transverse electric. Fig. 4 
doublet hyperfine splitting and microwave mode Doppler structure. The ver- (right). Zeeman splitting of a microwave line from He . . . Ar- in afield of 4.44 
tical dashed lines indicate the positions of the rest frequencies. The transition G .  The multipet structure shows that the resonance arises from a J = 7/2 to 
responsible for this resonance is between the highest bound levels of both 5/2 transition. The position of the zero-field resonance is shown. 
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Knowles (9)  are the  most accurate a t  both 
short and long range hut still require a small 
semi-empirical adjustment to  bring the  pre- 
dicted electronic transition frequencies into 
coincidence with those measured experi- 
mentally. Comparing the  three-electron 
(He2+)  lyith the  one-electron ( H Z L )  mole- 
cule, I conclude that the  electron correla- 
t ion problem that arises in the former limits 
the accuracy of the  theoretical predictions. 
For the  one-electron molecule, agreement 
between experiment and theory is o n  the  
order of 1 MHz; for the  three-electron mol- 
ecule, it is 100 MHz, after the  semi-empir- 
ical scaling referred to above. 

T h e  heteronuclear system H+ . . . D is 
very different from the  corresponding 
homonuclear systems. Whereas in the  lat- 
ter, t he  ground and first excited electronic 
states are degenerate a t  the  dissociation 
limit, t he  H t  + D and H + D' dissocia- 
t ion limits are separated by almost 30 
c ~ n -  '. There  is, therefore, n o  micro~vave 
electronic spectr~lm,  hut in conlpensation 
there is the  possibility of probing vihra- 
tional and rotational transitions, because 
t h e  HD' ion in its long-range levels has a 
large electric dipole moment ,  arising froin 
the  large separation between the  centers 
of charge and mass. Using electric field 
dissociation to  produce H+ fragments from 
the  highest vibration-rotation levels of the  
ground state, I have detected and mea- 
sured a n ~ l m b e r  of rotational transitions 
( 1  1 ) .  T h e  microwave absorption lines 
sh0. i~  \yell-resolved hyperfine structure 
arising from interaction of the  unpaired 
electron with both  the  proton and the  
deuteron nuclei. T h e  principal mechanism 
for hyperfine coupling is the  Fermi contact 
interaction, which provides a measure of 
the  s electron density a t  each nucleus. A 
fascinating observation is that  in  the  more 
strongly bound levels, the  electron density 
is the  same at  both  nuclei, as the  Born- 
Oppenheimer approximation requires, hut 

Zero-field frequency 
I 

34,555 34,565 34,575 34,585 34',595 34:605 
Frequency (MHz) 

Fig. 5. Zeeman splitting of a microwave line from 
Ne . . . Ne+ obtained with a magnetic field of 6.66 
G. The multipet structure shows that the reso- 
nance arises from a J = 3/2 to 3/2 transition. The 
pos~tion of the zero-field resonance is shown. 

in  levels tha t  approach the  Ht  + D dis- 
sociation limit, t he  electron density he- 
comes increasingly concentrated at the  
deuteron ~nlcleus.  In  its highest bound 
level, t he  ion may be represented accu- 
rately hv the  formula H' . . D. This  , , 
sho.iys a complete breakdown of the  Born- 
Oppenheinler approximation, hut ab ini- 
tio calculations (12)  that  go beyond the  
Born-Oppenheimer level by treating the  
nonadiabatic effects correctly, and also in- 
clude relativistic effects. are in excellent 
agreement ivith experimental results. It is 
important to  recognize that ,  in contrast to  

u 

t he  heteronuclear H D t  molecule, t he  
electron cannot  distinguish hetlyeen the  
two nuclei in the  homonuclear species 
Hz+  and D L L .  

He. .  . Arf and He - Kr+ 

T h e  proeresslve Interaction between ex 
L L> 

periment and ah initio calculations has 
been crucial in the  understandint! of the  
long-range species discussed in the  previ- 
ous section. T h e  H e  Ar' complex pre- 
sented a very different situation initiallv. 
because n o  sufficiently accurate ah initio 
calculations \yere available, and previous 
studies of electronic emission snectra pro- 
vided only limited information that  \yas 
relevant to  my studies. T h e  A r t  atomic 
ion has two fine-structure states, t he  'Pj12 
state being 1431 c ~ n - I  lower in  energy 
t h a n  the  'P,/; state; there are, therefore, 
two dissociation limits tha t  might be rel- 
evant.  I detected 68 microwave resonanc- 
es (13) ,  using electric field dissociation to  
produce Ar' fragments, and In most cases 
was ahle t o  observe the  Zeeman spl i t t~nes  

u 

produced by a n  axial magnetic field (Fig. 
4) .  T h e  number and relative intensities of 
t h e  Zeeman components in  Fig. 4 show 
tha t  the  microwave resonance must arise 
from a J = 712 t o  512 transition, and the  g 
factors for the  t\yo levels were also ob- 
tained. I performed similar studies o n  al- 
most all of the  observed resonances and. 
with the  additional information froin dou- 
ble-resonance observations, was ahle to  
determine the  pattern of energy levels ly- 
ing up to  10  cm- '  belo\\ t he  H e  + 
Art(2P,12)  dissociation asymptote. These 
levels could be labeled with parity and J 
values, but not, from experiment alone, vi- 
brational or electronic auantum numbers. 
T h e  solut~ons were prov~ded 171th the  use of 
a coupled-channel theor5 114) that dealt 
ivith ;he coupling of thb three electronic 
states correlating with the t ~ v o  dissociation 
limits. By optimizing the values of the po- 
tential parameters, it \yas possible to calcu- 
late the energies, J values, and g factors of the 
near-dissociation bound levels and to obtain 
an  accurate convergence of experiment and 

theory. Unlike a more convent~onal  suectro- 
scopic analysis, there was no  effective Harn- 
iltonian linking experiment and theory. All 
of the near-dissociation levels were [denti- 
fied, the highest level lying only 14 MHz 
from the first dissociation asr7mntote. T h e  , L 

energy levels were found to conform fairly 
closely to H~lnd 's  case (c) ,  in lyhich the 
comnonents nl of the atomic electronic an- 
gula; momeAtum J, along the internuclear 
axis are good quantum numbers. T h e  oh- 
served ~nicro.iyave transitions were of all m s -  
sible types: rotational, vibrational, R-dou- 
bling, and electronic. A similar analysis has 
been performed for the H e . .  . Kr+ long- 
range complex ( 1  5), lyhich provides the first 
authentic example of Hund's case (e) cou- 
pling; electronic angular momentum projec- 
tion quantum numbers (0) are not defined 
for this coupling case, the atomic angular 
momentum j, remaining a good quantum 
number. 

Ne - - - Ne+, He. .  . N+, N . . . N', 
and He . H,' 

N L C  is probably the  most extensively stud- 
ied molecular ion, both spectroscopically 
and theoretically. T h e  remaining three ions 
discussed in this section have not nreviouslr, 
been detected in any region of the  spec- 
t n l ~ n .  T h e  point where the  spectra are as- 
signed has not yet been reached, but each 
raises different problems that are novel and 
interesting. 

Ne;' is the  first species to  be studied 
lyith the  nozzle beam injection method 
( 1  6 ) ,  and it provides the  best signal-to- 
noise resonances I have yet observed. S o  
far, over 100 resonances have been mea- 
sured (17) (Fig. 5 shows a n  example).  T h e  
highest observed J value is 912, which 
shows that  the  ion beam is rotationallv 
cold, as one  might expect because the  Ne, 
precursor is produced in  a skimmed nozzle 
beam. I am in the  process of establishing 
the  pattern of near-dissociation levels, us- 
ing double resonance, Zeeman sp l i t t i ng ,  g 
factors, and nu~ner ical  relations henyeen 
transition frequencies. T h e  prohlenl re- 
sembles a sophisticated jigsaw puzzle in  
which the  task is to  find all the  pieces, as 
well as to  connect  them in the  right order. 
I believe tha t  levels are being observed 
that  correlate with either of the  two dis- 
sociation asymptotes, involving Ne' in  its 
'P,:, or 'PI ). states. Final assignment will 
define the  kng-range potential and proh- 
ably also the  dissociation energies of the  
electronic states ~nvo lved .  

H e  N' appears, not surpris~ngly, to 
have a much sparser near-dissociation pat- 
tern of energy levels. T h e  N t  ion in its 
ground-state electron configuration has 
three fine-structure components, 'P,, 3 P l ,  
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a11~1 'P1. nh ich  are iplit 1.y spin-ilrhit i(l,l- 
pI111LJ I ll'l\ e L>ll5cr\ CLI  t o~ l r  llllcr~l,\.~i\ e res- 
i>~-i,~nce. ( I S ) ,  rhree of \vh~cl-i a11~1n- t r ~ ~ i l c t  
14N 11!-~3erfine mucture ,  i~ - l l e rc~y  rhe fklurth 
is u ~ l ~ ~ l l t .  It \11~1ulci he tikl~allllt. tkl eatalil~sh 
rile corre1,itions l~ct\\-eel1 molecul;ir lc\.el, 
ankl the three idiicoclatlon aa\-matclre%. Iiut 
rn~>rc' re~in,lnccq ~ u u t  tirct be oliser~,eil a n J  
their Zeeman l~ella\.lilr stnillekl. Tile 
N . K' s ~ i t e m  l i  el-en Inore com~ilic~iteil: 
the lklivesr Ll~c,i)c~arikln limiri r f ieml~le  rhosc 
k>t I-Ie - . . K T  I-ut occur 111 rhrce d i ~ ~ h l y  de- 
qenerate p,Ilr. Ivi;iu.;e o t  the l ~ , n n ~ ) ~ l ~ i c l c a r  
.ym~netry. I 1~11-e olyserveJ 1 1 mlcrt)\\-,1\-e 
rei~>nallccs cc> t,lr (17),  ~1.111ill exhl l~l t  14N 

electronic, ,I i l ~ ~ c o l l c e r t ~ ~ l g l y  larye n~llnl?er c>t 
l i o ~ ~ ~ ~ I l ~ l ~ t ~ e ~  exlit,. T11e.c IIICILIJ~ \' ro 5,  1 
co r1, an<l ro TI rrcllli~tlcmss III\.OIVIII~ 
i lo~~l i ler ,  qnarret, or \tistet , ~ I I I  itate.;. 

pirl?.ip> m\ rn,>>t c sc~r~ l - i e  recent ol7qt.r- 
\.ation i 19)  15 tile i le t fc t~ol l  a t  ~ii~cron-,ive 
reion,ince\ fro111 the  long-ranee i o ~ i l p l c ~  
IHe . * * I<:7 . T h c  l i in-molcc~~le  rcacriol-i 
~ n v o l \ - i ~ l q  lle11~11i1 c~n i l  l ~ j - ~ l ~ - o q c ~ ~  n e ~ ~ t r a l  01- 

idi11c r17ccLe- ,ire I-.encl~ln,irl< r c ~ c t i o n s  t h , ~ t  

tar. ,111~1 i;)r the  el-iergy level.; ~ n \ ~ o l ~ - e ~ l .  the 
H,~' ci)inyo~-ie~lr appe,lrs ra 'e a11 cssell- 
tially tree raror wirhin the comples.  Kes- 
OIldllCe\ ~ l~ \ .o lv ing  t,~tlio-I<,~', ~vl11c1-i ex- 
lh11'1t a iexret l?rr>~i)ll I l ~ l > i ' ~ t ~ l ~ t .  ~ ~ ~ L I C T L I ~ ~  

cl l ; i laitcri~tic t\\-o e q i ~ ~ ~ a l c l n t  prc)rans. 
:anJ tlliise i ~ l v ~ > l \ . ~ n ?  ~ ~ L ~ T L I - H ~ ~ ' ,  73 111ell 
ql~o\v, ;is especreil, 110 hl-yeriine rrructure, 
can 1-c \.erj- c l c ~ r l j  .l1sr1~-i?uiil-ic;1. Tlherc 
1nu.t I>c t ~ ~ r t l l c r  recollancc; ti) 1-e dl;i[>\-- 

TI-ize experiments ,ire extrel~~ili ' l~ t ~ ~ i l e - c ~ > ~ l -  
urnlng.  I ca lc~~lar i .  that  a l i l ~ i l i l  search ~n 
\vll~cll mlcro\var.e treL1~lency, c l cc t r~c  i lc l~i  
lxjtelltlal, and elecrril\tat~c analyrer i.kjltage 
,ire \..11.1ecI svbtc~n,~t~c;illy \vo~ilJ tnke 35s 
LI<l\-s. hlc>re~~>\-er$ ~l l l t l l  t11e t l r s  lllIcr<l\vave 
r<br)lliillCe line IS oh.;erveiI, one i - ~ n ~ l i ) t  lie 
.use rllat the n c a r - i l ~ ~ ~ o c l a t ~ i ~ > ~ ~  ellerq\- I?\-el\ 
'rre popularccl. Forr~lnarcly, rlle apyar,ltu> 1s 
extrelllely iralyle, anil conlp~~ter-controllei1 
\e-rrche. can 1~ c o l d ~ ~ c t e ~ l ,  un,itteniled, t;>r 
~cver<l l  Ll'l>-\. Fc>llle <>f  tI1e cL~llll~lex re>& 
nancci,  \\1t11 ~ l ~ ~ c r ~ > \ \ ~ ~ i ~ c  111i>idc or I I L I C I ~ ~ I ~  
h71-ertine s t ruc r~~rc ,  m;lv rlle~ult.l~.e.i reqlllrc 
qc\-er<il il<1\-5 c>t > l ~ l l ' l I  '?\rer'?glll!2. I l l  tlleY 
c~rcu~i~. ; t , ince>,  ~t 1. d l t t i c ~ ~ l t  ti> tinil A a t l i -  
t , ~ c t i ~ r y  conlprolillx betnee11 co~n~~le t i l - i c  
tllc rccc>rLlini! of c x ~ . ; t ~ n g  syectra anLl se,~rcl?- 
111g for nen. s1~cli .s .  I 1121-2 110 ;10~1lit char 
tllew t c c l ~ l ~ l q ~ ~ e r  have tllc icn5iriviry anLl 
geller'll1ty ti) r<lcl<le lll'llly 1lli)rc l~l l l~-ra l lgc  
ei>lilplexe.;. I ;~l.;o 11titc' that  ~ l l t l l r l ~ d ~  tllli 
\ T . ~ > I - ~  ir i o ~ ~ i e r n e i l  ~vitl l  ~ n i i ~ - o ~ v a \ - c  hpec- 
tri)scopj-, tilt. mitl~o;ls ile\~eloycLl \\-,>LI~LI he 
eve11 more seni~t l r -e  and i+enercll \\-1tl1 cllort- 
er \ v ; l ~ e l e n ~ t I ~ - t ~ ~ ~ ~ ; ~ I ~ l c  raJl;itlon iource.;. 
iv111c11 n.ouli1 prolye rile more stronsly 
I :oL~I I~I  I? \  elj. 

Tile an~ l j - i l i  of rile yccrra for eacll molec- 
ular .yecle- Ilia; requlreil a ne\\ aly~ri>;ich. 
The!- ~ 1 1  ]la\-c o l ~ e ~ ~ - ~ l ~ e l l  s r o ~ ~ ~ n L l  !rates ivitll 
ele~tr!>ll spill ilcgcllcracy$ <1llJ lllO\t ot tI1e111 
;11.;n h:i\ t. i)shital iieeel-ieu;icy. There ;ire no 
,peeti-al reyuliarit~e> ti> aiLl in as:~:n~n~nt. c ~ ~ l i l  
11i~1aIly rile avca~lal~le tIlc<>r>- J<>e\ 11i)t 11t.lr ill 

the illitial ~111~1erctanJin~. I11 heterol-i~~clt.,ir 
y?ecle,, ~t 1.: not, at f~rct. kno\vl-i \\-hat tyyei of 
rran.iition\ ,ire I?ei11~ oI?icr\.eJ 110s \\.llilr q m n -  
turn n~ui?beri ;ire ~lsetlll. I a111 nn,~I>lc ti:> rcy- 
rc.i.1-it the e11ergy le\.clh al~~l\ri i ,r l lv o r  ro ile- 
tilne 1no1ccul:ir iiillst,lllts. 111 the 1011: run, 
tllercft)rc, onl\ Jirect ~?iartner:h~ps I~cr~vccn 
theor\- ,111il ~ T P C ~ I I I I Z ~ ? ~  ~ ~ 1 1 1  ka,l ti) ~11cie'~tlll 
~oni~ucioll : .  Gl~.e l l  t112 rei~ilutii>ll ~ 1 1 ~ 1  ileCLl- 
r;ic\ o t  t1le:e ex~eriments,  ;ilillc>\t unyrece- 

Jenteil .lemankl~ are l>elng makle on al. initicl 
t l l eo~ j ,  iirhich I I I L I ~ ~  be ,izcurate for all inter- 
nuile,rr ~ep:lr,ltiilll. and ~nolec~rlal- geometries. 
Ultimately. the 1na111 ?(>a1 I. not precise agree- 
menr ot rhei>r\- ;inLl erperimenr l ~ ~ t  hrrl-icr 
clariiicarioll of the molcci~lar lihysics 1nvolvei1 
in long-r~~nge i~~tera tomic  anil intcrmkllecul;lr 
f .. c l ~ c e ~ .  This \\(irk rcyrecenr> an inriniare ciln- 
tact point I>et\vecn spectro.ci)py, structure, 
a1111 tile ilynamic. of  lo~i-,lrom or 1~111-1110le- 
i ~ ~ i e  reacti~jn.; ar thermal cnerglcs. 
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