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RESONANCES IN THE PHOTOIONIZATION CONTINUUM 
OF LITHIUM I (55 TO 70 eV) 

D. L. EDERER, T. LUCATORTO, and R. P. MADDEN 
National Bureau of Standards Washington, D. C .  20234 

Abstract. - Resonances in the photoionization continuum of lithium have been observed by 
absorption spectroscopy in the region of 55 to 70 eV. These resonances are associated with confi- 
gurations of the type (1 S 2 snl) and (1 snln'l') and lie more than 50 eV above the ionization 
potential ; the lowest lying most prominent of these can be identified with configurations of thetype 
(1 s 2 snp) 2P. A multiconfiguration calculation for the first five members of the series (performed 
by A. Weiss) has yielded values for theenergies which agree with experimental results to within 2 eV. 

The design of the lithium vapor absorption furnace was based on the heat-pipe principle. Argon, 
which has very little structure in the region from 55 to 70 eV, was used as a buffer gas and was 
contained inside the furnace by thin film aluminum windows. The light source was the 180 MeV 
NBS synchrotron. 

l. The Heat-Pipe Oven. An Absorption Furnace 
for Far U. V. spectroscopy. - 1.1 THE CONTAIN- 
MENT PROBLEM. - Before the work described in this 
report, the use of the NBS 180 MeV synchrotron as a 
continuum light source for far ultraviolet absorption 
spectroscopy had been limited to such gases as the 
noble gases helium through xenon, oxygen, carbon 
monoxide and nitrogen. For proper operation of 
the synchrotron a vacuum of about 10-5 torr must 
be maintained inside the toroid. This required that 
the gas or vapor under investigation be contained 
either by thin film windows or narrow slits. Because 
the amount of light entering the spectrograph is 
dependent on the solid angle subtended by the toroi- 
dal collecting mirror focussed on the spectrograph 
entrance slit,. sufficiently narrow slits could not be 
placed between the spectrograph and the synchrotron 
without considerable loss of signal. To overcome 
this difficulty in the experiments on the rare gases, 
the spectrograph itself was used as an absorption cell 
with the spectrograph entrance slit serving to contain 
the gas ; obviously, only a nonreactive gas at room 
temperature could be studied in this manner. With 
the use of thin film windows, large apertures could be 
used and a separate absorption cell could be inserted 
between the spectrograph and the synchrotron. Howe- 
ver, only gases and vapors which would not react 
with the windows could be studied. 

For substances which are solid or liquid at room 
temperature, an oven having many sets of cooled 
baffles with small apertures or slits offered a possible 
solution. Some difficulties with this type of oven are : 

1) the attenuation of signal due to the slits, 
2) the need for frequent replenishment of the 

material being evaporated and for frequent cleaning 
of the baffles which tend to clog with the condensate, 

3) the need for a buffer gas which insures effective 
operation of the baffles, but which can cause consi- 

pipe as a high-heat conductivity device has been 
sparked by the high-heat transfer requirements of 
nuclear power stations and space-flight packages. 
Essentially, a heat-pipe utilizes the evaporation and 
condensation of a working fluid to transfer heat : the 
working fluid is returned &om the region of conden- 
sation to the region of evaporation by means of a 
wick, and a continuous closed cycle is developed. 
Typical conductivity is about three orders of magni- 
tude greater than that of pure copper of the same 
cross section. 

The use of the heat-pipe principle in an absorption 
oven was developed by C. R. Vidal and J. Cooper [l] 
at the NBS, Boulder Laboratories. The-essential ingre- 
dient necessary for making a heat-pipe into a spectro- 
scopic absorption oven is the addition of a buffer gas. 

For our experiment we use argon as the buffer and 
thin film aluminum windows to separate the inside 
of the heat-pipe furnace from the vacuum of the 
synchrotron and spectrograph (see Fig. l) .  Heat is 
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FIG. l. - Schematic of heat-pipe oven showing typical 
temperature profile. 

derable attenuation of signal and pumping problems, 
applied to the center of the furnace tube through the 

4, the problem determining the action of currents induced by a short solenoid connec- 
of the vapOr component of the defined vapor- ted to a radio-frequency generator. Lithium evaporates 
buffer gas mixture. from the heated region and condenses in the slightly 

1 .2  THE HEAT-PIPE. -The heat-pipe oven which cooler adjacent regions, creating an almost isother- 
has been developed quite recently offered a solution mal section of pipe. The resultant mass motion of the 
to the containment problem. Interest in the heat- lithium vapor away from the heated region 
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((pumps D the buffer gas into the end zones in a manner 
similar to the operation of an ordinary diffusion pump. 
The length of the central hot zone of almost pure lithium 
depends on the power input, and the pressure of the 
lithium vapor (if the small gradient due to the mass 
flow is neglected) is given by the pressure of the buffer 
gas. At one torr the length of the transition zone where 
the argon and lithium are mixed is typically of the 
order of the tube diameter. 

2. The Lithium Spectrum Between 215 A and 170 A. 
- 2.1 EXPERIMENTAL RESULTS. - Data on the spec- 
trum was taken both by the three-meter grazing- 
incidence spectrograph and the three-meter grazing- 
incidence scanning monochrometer, each with a 
spectral slit width of about .06 A. The prints from two 
spectrographic plates are represented in figure 2 ; 

FIG. 2. - The spectrum of Li I between 215 A and 170 A 
(Positive print.). 

the upper one is the result of a fifty-minute exposure 
through a lithium optical density of about 30 torr-cm 
and the lower one a ten-minute exposure at a 
15 torr-cm optical density. Except for the aluminum 
L,,, edge at 170.49 A, all of the observed structure is 
from either atomic or molecular lithium. The cross 
section for the argon buffer gas is relatively constant 
in this region, and the argon only contributes a struc- 
tureless attenuation of transmission. In all, about 
thirty resonances have been observed with the optical 
densities used thus far (30 torr-cm maximum). 

The transmission through an optical density of 
30 torr-cm in the region between the Li* 2 ,S and 
Lif 2 'S limits was measured by the three-meter 
monochrometer and is shown in figure 3. The conti- 
nuum absorption was too small to be observed at the 
optical density used ; it is expected that the cross 
sections is of the order of .l  megabarn. 

2.2 INTERPRETATION. - The identification of most 

FIG. 3. - Transmission between the Li+ 2 3s and 2 IS limits 
at a 30 torr-cm lithium optical density. 

of the observed resonances is complicated by three 
factors : 

1) there is considerable interaction between mem- 
bers of different Rydberg series, so that some of the 
states are strongly mixed, 

2) in the region above the 2 3S limit some levels 
interact strongly with the underlying continuum and 
are considerably broadened, 

3) it is not certain whether or not all the observed 
lines are from the atom ; what is believed to be a 
molecular line has been observed at 217.4 A, and 
others may exist in this region. 

The five lowest lines have been positively identified 
by comparison of the experimental energy values with 
values obtained in a first-principles, multiconfigura- 
tion calculation [2] for the first five states (see Fig. 4). 

FIG. 4. - Comparison of experimental and calculated values 
for the first five autoionizing states in lithium. 

This type of calculation could not be extended to 
the higher levels since the number of configurations 
that must be included in the calculations becomes 
intractably large as the 2 ,S limit is approached. The 
remainder of the Rydberg series above the ( l  s 2 s ,S) 5 p 
level has been tentatively identified by quantum defect 
arguments. However, there is considerable variation 
in the defect due to the presence of one or more 
interlopers, and positive identification awaits further 
theoretical clarification. 

The region above the 2 3S limit is marked by a 
considerable change in spectral structure, most nota- 
bly the occurrence of the broad absorption feature 
centered around 191 A (see Fig. 3). J. W. Cooper 
et al. [3] have performed a preliminary calculation 
utilizing the close-coupling approximation to compute 
the S matrix (and thereby the phase shifts or (< eigen- 
phases N) for the energies between the 2 3S and 2 ' S  
limits. Their results for the resonance positions and 
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states assignments are shown in figure 3. However, 
it is presently felt that the structure of the broad 
absorption feature may indicate the presence of 
another resonance overlapping the ( l  s 2 s  ' ~ ) 3 p  
resonance, and a full explanation for the spectrum in 
this region awaits further clarification by more detailed 
calculations. The broad increases in absorption directly 
below the 2 3S and 2 'S limits are probably attribu- 
table to the limit effect - a crowding of series mem- 
bers approaching the limit. In the region starting 
immediately below the 2 3P limit and extending to 
the 2 'P limit there exjsts a well-defined Rydberg 
series, (l S 2 p 'P ) ns (n = 4, 5, ...), with an almost 
constant quantum defect of 0.6. 

3. Future Plans. -These results are of a preli- 
minary nature, and much work remains to give a 

more complete account of the lithium spectrum. Data 
will be taken at higher pressures and longer path- 
lengths to bring out the weaker lines and to measure 
the continuum absorption. More extensive use of 
the three-meter monochrometer should provide infor- 
mation on line profiles and absolute cross section 
data. The wavelength region below 170 L% will be 
studied by using thin film windows of plastic, carbon 
or beryllium instead of the present ones of aluminum. 

Finally, efforts will be made to separate the mole- 
cular lines from the atomic lines by varying the opti- 
cal density of the molecules while keeping the optical 
density of the atoms constant. This variation can 
be achieved easily in a heat-pipe by varying the pres- 
sure and thereby the molecular concentration while, 
at the same time, adjusting the path-length to keep 
the atomic optical density constant. 

DISCUSSION 

J~RGENSEN (Geneva). - I'm sorry but I am not rence in the lengths is known, the effects of the tran- 
familiar with that work. sition zones can be subtracted out. 

M. 0. KRAUSE. - The length of time before the 
windows cloud over depends on the pressure and the 
length of buffer gas separating the lithium from the 
windows. We are rather conservative and have a 
five-cm buffer zone (tube diameter 2 cm, approximate 
transition zone length 2 cm, pressure 2 torr). We have 
not noticed any appreciable clouding in twenty or 
so hours of operation. I've also heard of others 
who have used heat-pipe ovens with slightly longer 
buffer zones and higher pressures for months without 
replacing windows. 

MC GUIRE. - This is a question of finding oven 
materials which can withstand the molten element 
of interest at  elevated temperatures and finding mesh 
material for the wick which will be wetted by the 
element. I t  seems that all of the alkalis can be used 
in a stainless oven such as ours. I know of an oven 
operating with barium, and I think the alkaline earths 
should not be too difficult. 

WEISSLER. - a)  It is reasonable to assume that the 
constitution of the transition zone where the lithium 
and buffer gas are mixed does not depend on the 
length of the almost isothermal hot zone containing 
the lithium vapor. Since there is a sharp falloff in 
temperature marking the end of the hot zone, it is 
fairly easy to determine the differences in the length 
of this zone (with the aid of a pyrometer) for two 
different power inputs. If data is taken at two diffe- 
rent lengths but at the same pressure, and the diffe- 

b) The percentage molecular concentration varies 
with the pressure. For instance, at  1 torr the mole- 
cular concentration is about 3 %, while at 20 torr it 
is about 7 %, By taking data at 1 torr at a given path- 
length and at 20 torr at  one-twentieth of that path- 
length, we should be able to see a factor of two 
change in the molecular absorption while the atomic 
absorption remains constant. 

J~RGENSEN (Geneva). - DO YOU happen to know 
the positions of the absorption bands due to primary 
ionization of 1 s of lithium in crystalline lithium fluo- 
ride studied by A. Milgram and M. P. Givens : 
Phys. Rev. 1962, 125, 1506 ? It would be interesting 
to compare the influence of the Madelung potential 
with your data for neutral lithium. and the atomic 
spectra of Li'. 

KRAUSE M. 0 .  - HOW long can you operate the 
heat pipe oven before you need to replace the windows 
due to deposition of Li metal. 

MC GUIRE, - Question-What materials besides Li 
can be used in the heat pipe ? 

WEISSLER. - The heat-pipe reminds me of Prof. 
Ditchburns earlier work. 

Question a : How do you propose to take into 
account the end effects where the buffer gas, argon, 
is mixed with Li, in order to determine number densi- 
ties necessary to get cross sections ? 

Question b : How do you propose to separate 
the effects of molecules from atoms ? 
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