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THE APPLICATION OF ATOMIC VAPOR LASER ISOTOPE SEPARATION 
TO THE ENRICHMENT OF MERCURY 

3. K. Crane, G. V. Erbert, J. A. Paisner, H. L. Chen 
Z. Chiba, R. G. Beeler, R. Combs, S. D. Mostek 

Abstract. Workers at GTE/Sylvania have shown that the efficiency of 
fluorescent lighting may be markedly improved using mercury that has been 
enriched in the Hg isotope. A 51 improvement in the efficiency of 
fluorescent lighting in the United States could provide a savings of 
~1 billion dollars in the corresponding reduction of electrical power 
consumption. 

We will discuss the results of recent work done at our laboratory to develop a 
process for enriching mercury. The discussion will center around the results 
of spectroscopic measurements of excited state lifetimes, photoioniaation 
cross sections and isotope shifts. In addition, we will discuss the mercury 
separator and supporting laser measurements of the flow properties of mercury 
vapor. We will describe the laser system which will provide the 
photoionination and finally discuss the economic details of producing enriched 
mercury at a cost that would be attractive to the lighting industry. 

Introduction 

Atomic vapor laser isotope separation (AVLIS) is a useful and 
economically-attractive technique for the large scale enrichment of uranium. 
In addition to uranium for which the demand is greater than 1000 metric tons 
per year, there are smaller scale applications for several other 
isotopically-enriched elements. In this talk, we will discuss research 
undertaken at Livermore to develop a process for enriching mercury for the 
fluorescent lighting industry. 

Researchers at GTE/Sylvania have shown that the efficiency of standard 
fluorescent lamps used for lighting may be improved by approximately 51 by ,*y 
using mercury that has been enriched in isotope 195. The primary radiation ' O v S * 
source in a fluorescent lamp is emission from the electronically-excited V ^ ^ y * 
6 P 1 state to the ground state. This emission at 2537S is strongly ^ w v * 
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t 
trapped on the other mercury isotopes (198,199,200,201,202,204) which "comprise 
from .068 for Hg to .293 for Hg in natural mercury. Natural mercury 
contains only .0015 of Kg and, as a result, does not trap radiation at 
2537A emitted from these atoms at the operating densities of a fluorescent 196 lamp. By increasing the portion of Hg up to .03, an additional channel 
for untrapped radiation is available providing an overall increase in lamp 
emission and efficiency of ~5%. Enriching the mercury beyond this point 
provides little additional improvement due to an increase in resonant energy 
transfer among isotopes. The motivation for providing isotopically-enriched 
mercury is to provide more efficient lighting. Since the United States 
consumes 1.8 x 10 kWh at .05$/kWh annually in "powering fluorescent lamps, 
a 5£ increase in efficiency would yield a savings of $450 million annually. 

The AVLIS process shown schematically in Fig. 1 is comprised of an evaporative 
source to produce an atomic vapor stream of the element to be enriched, a 
laser system to furnish the required fluence at the appropriate wavelengths 
for selective ionization, and an electromotive extractor to remove ions from 
the vapor stream. Figure 2 shows a diagram representing the separation of a 
binary feed stream into a product stream and a tails stream. The feed stream 
is comprised of atoms of the isotope of interest, given by the feed assay, 
X F, plus the unwanted atoms of the other isotopes. Likewise, the product 
and tails streams are comprised of the two components specified by the product 
and tails assays, X and X T respectively. In the case of mercury, we want 
to obtain a product enriched in Hg so we must ionize and extract these 
atoms. The quantity that describes how effectively this is done is called 
stripping efficiency, rj- Atoms of the other mercury isotopes may 
unintentionally become part of the product stream due to collisions with other 

196 atoms, charge exchange collisions with Hg ions, or simply because they 
are born with a velocity component which directs them into the product 
stream. This unwanted material is called nonselective pickup. $. The 
relationships between the product and tails assays and the process parameters 
stripping efficiency and nonselective pickup are given in Fig. 2. Figure 3 
shows a plot of a family of curves of product assay vs stripping efficiency 
for different values of nonselective pickup. The dotted line indicates the 
target assay of three percent required by the fluorescent lighting industry. 
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In order to produce a detailed design for an AVLIS process for mercury, we 
must measure or otherwise determine those physical or atomic parameters which 
make up the process parameters stripping efficiency and nonselective pickup. 
For example, the quantity stripping efficiency can be expressed as a product 
of fraction ionized times fraction illuminated times fraction collected. The 
fraction ionized is determined by the isotope selective ionization process. 
The details of this ionization are characterized by a host of 
spectroscopically-measured atomic parameters. The quantity fraction 
illuminated is related to the vapor flow velocity, the pulse repetition 
frequency of the laser system, and the laser beam spatial uniformity. The 
third quantity, fraction collected, is that portion of the ions that are 
extracted from the feed stream and collected by the product plates. Processes 
which can effect fraction collected are charge exchange, sputtering, and 
recombination. The second process parameter, nonselective pickup, is 
primarily a function of the vapor flow properties, and in the case of mercury, 
the background vapor pressure. In the remainder of this talk, we will discuss 
measurements of some of the physical quantities which determine the two 
process parameters, stripping efficiency and nonselective pickup. 

Isotope Selective Ionization of Mercury 

The design of an AVLIS process in any element inevitably centers around the 
ionization and associated atomic physics. In the case of resonant stepwise 
photoionization, the oscillator strengths or absorption cross sections 
determine the size of the laser system which is the largest capital expense in 
a process design. Laser propagation issues, especially for the first-step 
transition, determine the maximum optical density through which one can 
propagate and still maintain the necessary fraction ionized. This value for 
the maximum optical density, coupled with the values for oscillator strength 
and p.iotoionization cross section, determine the size of the separator and the 
rate at which material can be processed. In this section we will discuss two 
proposed photoionization schemes, the experiments in which we have measured 
the necessary atomic parameters associated with the schemes, and the separator 
and laser system designs resulting from the schemes. 
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The table in Fig. 4 lists the pertinent atomic parameters along with the 
spectroscopic techniques employed for measuring the parameters. We enter 
these measured values as inputs into a photoionization computer code named 
SHUX. SHUX calculates fraction ionized, level and hyperfine populations, and, 
propagation effects such as pulse reshaping and off resonant ionization of 
other isotopes by solving Schroedinger's equation for the atom of interest. 
In the case of mercury, there exists a large body of spectroscopic data in the 
literature and we have relied upon this existing data base for many of the 
parameters on the list. 

The photoionization of mercury represents a departure from most of the schemes 
we have studied for the lanthanides and other transition elements. At 
10.6 eV, the ionization potential of mercury is several volts higher than the 
IP of the lanthanides or actinides. Hith mercury's filled shells and 
relatively simple electronic configuration, there are fewer levels and 
consequently fewer choices for a suitable photoionization ladder. For 
example, the choices for first step in any resonant multistep photoionization 
scheme are the 6 S Q - 6 Pj transition at 1849A or the 6 S Q - 63P, 
intercombination line at 2537A. Consequently, it is impossible to 
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photoionize mercury with a multistep resonant ladder of laser-generated 
visible wavelengths. Absorption spectroscopy measurements dating back to the 
1930s reveal autoionizing levels above the 5d 6S el continua which belong 
to Rydberg series converging to the lowest excited ion states at 
35,514 cm - 1 , 50,552 cm - 1 , and 51,488 cm - 1 . Figure 5 shows an 
abbreviated energy level diagram in mercury indicating the location of excited 
states and autoionizing states. 

Figure 5 shows a scheme for two-step photoionization of mercury where the 
final step is the 5d 1 06P 2 (6 3P n) autoionizing level located 

-1 90099 cm above the mercury ground state. Figure 7 shows the experimental 
setup with which we have searched for and measured this transition. We 
generate the two ultraviolet transitions by Raman shifting in H. the output 
of our YAG-puroped dye lasers. For the f i rs t step transition at 2537A, we 
take the f i rs t anti-Stokes order of the frequency-doubled dye-laser output at 
5673A. For the coherent radiation at 1974A, we take the eighth 
anti-Stokes order of the dye-laser output at 5733A. The lower trace in 
Fig. 8 shows ion signal vs second-step laser frequency revealing a strong 
resonance. The upper trace in this figure is the signal from the pyroelectric 
detector used to measure laser energy. The dips in laser energy which produce 
corresponding decreases in ion signal are due to the v"=0 - v'=2 
Schumann-Runge absorption band in 0-. The fortuitous coincidence between 
this band and the mercury transition provides an accurate means for 
determining both linewidth and transition energy. In fact, our measured value 
of 90099 cm for the 6p (6 P ' J level, differs from previous listings 
for this level (Moore, 1971). 

To determine the photoionization cross section for the transition 
5d 6s6p (6 P,) - 5d 6p (6 P'_) we measured ion signal vs laser fluence. 
Figure 9 shows the results of this measurement along with a curve generated 
from a nonlinear least-squares-fit using a rate equation model. In order to 
produce enough fluence at 1974A to saturate the transition, we focused this 
beam at the point of intersection with the atomic beam and the first-step 
beam. The fluence at an equivalent point outside the vacuum chamber was 
measured with a UV reticon array and a pyroelectric detector. 
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This two-step photoionization scheme in mercury is probably the simplest we 
have examined in any element. Since the scheme is J = 0 - 1 - 0 and the 
isotope of interest has no hyperfine structure, ignoring field effects and 
using parallel linearly-polarized light, we have a two-step ladder with only 
three levels. This process is a very efficient means of photoionizing 
mercury. An obvious barrier in developing a large scale mercury enrichment 
facili ty based upon this two-step process is the difficulty in generating 
sufficient coherent radiation at 1974A. For example, in order to achieve a 
0.60 value for fraction ionized, we need to illuminate the vapor with 0.5 

2 
mj/cm . To fully illuminate the streaming vapor with a short pulse, we must 
operate the laser at -10 KHz. The product of fluence and repetition 
frequency yields average intensity, which in this case, is 5 watts/cm . So, 
to fully illuminate a large cross-sectional area, we would need several watts 
of average power at 1974A. We have not yet determined the source for this 
radiation. 

An alternative to resonant photoionization to an autoionizing level is 
photoionization to the continuum. Figure 10 shows a plot of photoionization 
cross- section vs photon energy for levels of increasing quantum number 
assuming that the atom is hydrogenic. The threshold photoionization cross 
section increases as a function of principal quantum number. One clearly 
obtains an advantage by f irst exciting the atom to a high-lying state, then 
photoionizing to just above the threshold. A slight variation of this concept 
would be to chose an efficient, high-average power IR laser for 
photoionization, then excite the atom to the lowest level from which the atom 
can be photoionized. Figure 11 shows a three-step ionization scheme using a 
YAG laser at 1.06 ym for the final step. We have designed a 
mercury-enriched process based on this photoionization ladder. 

1 3 ^ 
We have measured radiative lifetimes for the 7 D., 7 D,, and 7 D_ 
states using two-step laser-induced fluorescence. These measurements have 
been made in a low pressure static cell . We send two laser pulses, the f i rs t 

1 3 
tuned to the 6 S n - 6 P, transition and the second tuned from 

3 10 
6 P. to one of the three accessible 5d 6s7d states. We detect 
fluorescence from the excited state with an RCA C31034 photomultiplier tube 
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and a fast transient digitizer. Figure 12 shows typical results for these 
measurements along with the values for the three 7d states. We have also used 3 this technique for measuring the radiative lifetime of the 6 P. state 
corroborating a value of -120 ns measured by several authors (references). 

We have measured the photoionization cross section for the 1.06 ym radiation 
for each of the three 7d states using the saturation technique described 
earlier. The experimental setup for this measurement is shown in Fig. 13. We 
send the 1.06 ym light through a series of successively smaller pinholes 
which produces a very uniform intensity profile. The first-step beam at 
2537A is spatially filtered, focused with a 750mm lens, and sent into the 
chamber collinearly with respect to the third step. The second-step laser, 

3 
which pumps one of the 6 P, - 7d states, is sent through a different set 
of windows intersecting the f i r s t - and third-step beams at their intersection 
with the mercury atomic beamN The intersection of the small first-step beam 
C~l mm diameter) and the second-step beam produces a density of 7d states 
which is illuminated by the uniform fluence of the 1.06 ym laser. Figure 14 
shows the overlap of the f i rs t and third steps measured with a scanning 
pinhole. To determine photoionization cross section, we measure ion signal vs 

_^-thiSd-step_Ta5Ei; fluenca; a typical example of the data is shown in Fig. 15. 
/ This data is f i t to the rate equation model shown in Fig. 16. The value for 
^—the-photoionization cross section is shown in Fig. 17. This value for the 

photoionization cross section, along with the oscillator strengths of the 
3 

f i r s t and second steps, and the lifetimes of the 6 P. and 7d states, can 
be used as inputs into the photoionization code, SHUX. Using SHUX, we can 
calculate fraction ionized vs laser fluence and use these results to determine 
the size of our laser system, and the amount of material that we can enrich. 

Propagation phenomena play a role in any AVLIS design but are particularly 
important in the case of.the three-step photoiorization process discussed for 
mercury. Since we propose to photoionize to the continuum with the third-step 
laser, the cross section for this step will be several orders of magnitude 
smaller than the other two transitions. In order to maximize the utilization 
of laser power for this step, we can fully illuminate the vapor stream by 
multiply-passing a small area, large fluence beam many times to cover a large 
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volwne of vapor. In order to preserve the relative temporal relationship 
among the three steps in the photoionization ladder, the first- and 
second-step lasers would also be multi-passed with the third step. 

There are several phenomena associated with propagating laser pulses through 
long volumes of vapor which can effect stripping efficiency and must be 
considered in determining the laser system and separator system designs. The 
table in Fig. 18 lists these propagation effects. Vacuum effects refer to 
phenomena that are independent of the presence of the vapor. Diffraction 
becomes important when propagating a laser pulse over a large distance, and 
mirror reflectivities and window transmission can add substantial losses, 
especially when working in the UV. 

Since we may be propagating an intense first-step laser through many optical 
depths on resonance and very near (2.6 GHz) to a vapor column that is an order 
of magnitude more opaque, we must consider both on-resonance and off-resonance 
phenomena. The adiabatic following model (AFH) (Grischowsky, 1979) is useful 
for determining the size of such effects as refraction and viavefront 

y distortion, pulse delay, and frequency chirping. These effects arise as a X 198 result of propagating the first-step puise near resonance to the Hg and 
igg ig5 

Kg isotopes which are many times more dense than the Hg . Another 
199 

off-resonance effect to be considered is exci tat ion. The Hg (1/2 -
3/2) l ies 2.6 GHz away from the H g 1 9 6 isotope for the £%Q - 6 3P 1 

t rans i t ion . Jhis isotope can absorb l i gh t from the wings of the f i rs t -s tep 
196 

laser which pumps Hg . Figure 19 shows a l l the hyperfine components for 
the £%Q - 6 3P 1 - 7^2 transi t ion and the table in Fig. 20 
l i s t s ths locations of the one- and two-photon resonances with respect to 
Hg for th is excitation sequence. As can be seen in th is table, there are 
a couple of two-photon resonances ( H g 2 0 1 : 3/2 - 3/2 - 1/2 and H g 2 0 1 : 
3/2 - 1/2 - 1/2) which l i e -30 MHz from the H g 1 9 6 excitation 
sequence. Since the third-step laser ionizes the 7 D, excited states to 

201 the continuum, signi f icant ionization of Hg may result at large f i r s t -
and second-step fluences. The effect of th is nonselective photoionization is 201 twofold: f i r s t , since these Hg ions are extracted from the vapor stream, 
they become an additional component of the nonselective pickup which degrades 
the enrichment; second, since Hg J comprises 9.13 of natural mercury 
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(compared to .00146 for Hg ) a fractional ionization of one percent 
increases the ion density in the extractor by more than a factor of two. This 
increase in ion density will effect extraction times and possibly lower the 
values for fraction collected and stripping efficiency. 

On resonance effects such as absorption and spectral reshaping determine how 
much fluence is required for the first-step transition in order to burn 
through the vapor and preserve the necessary fraction ionized over the entire 
vapor path length. Amplified spontaneous emission, A.S.E., can be a problem 
if significant gain is present on a transition which draws population out of 
the ionization ladder. This phenomena can arise in an excitation sequence 
where there is a strong transition out of a level which is part of the 
ionization ladder. We have observed this phenomena in the laboratory when 
measuring excited-state lifetimes in the static chamber. In performing these 
measurements at high densities, we sometimes observe A.S.E. at 5461A 
ah} - 5 3P 2). 

Separator and Vapor Properties 

The AVLIS separator for the mercury enrichment process is comprised of an 
evaporative source which produces the feed stream, an electromotive ion 
extractor which collects the product stream, and a tails collector which 
condenses the remaining material. In the previous section we discussed 
photoionization and propagation phenomena which play the major role in 
determining the laser system specifications and the fraction ionized for the 
mercury AVLIS process. The remaining physical quantities which govern the 
process stripping efficiency and nonselective pickup are determined by the 
separator design, vapor flow properties, and ion extraction phenomena. 

Figure 21 shows a sketch.of an experimental separator used for measuring vapor 
flow properties in mercury. Mercury vapor is generated by resistively heating 
a reservoir of liquid material to the desired temperature and allowing the 
vapor to flow through a narrow, super-heated nozzle into a large evacuated 
vessel. The vapor leaving the nozzle undergoes an adiabatic-free expansion 
and propagates over a distance sufficient for the vapor to become supersonic. 
At a distance from the nozzle in which the vapor is supersonic and 
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consequently, well collimated, vapor photoionization and ion extraction take 
place. Background vapor density is minimized by cooling appropriate surfaces 
to condense mercury. 

A knowledge of the vapor properties in the photoionization region is essential 
for specifying any AVLIS design. The ground state density and the vapor 
streaming velocity determine the feed rate or vapor throughput. The streaming 
velocity also determines the laser repetition rate required to fully 
illuminate the vapor for photoionization. The vapor in the photoicnization 
region has a three-dimensional velocity distribution. It is convenient to 
specify this velocity distribution in the different directions by the vapor 
mach number. For example, the perpendicular mach number describes the vapor 
velocity component perpendicular to the direction of propagation of the 
photoionization lasers. Atoms traveling in this direction become part of the 
product stream, consequently, nonselective Pickup is a function of 
perpendicular mach number. The absorption lineshape of the atoms being 
photoionized is determined by the vapor velocity distribution in the direction 
parallel to propagation of the photoionizing lasers. Modulation can be used 
to optimally fill the atomic absorption profile specified by the parallel mach 
number. 

To measure the vapor properties in the experimental separator described 
earlier, we employ laser absorption spectroscopy. Figure 22 shows the setup 
for generating tunable narrowband light at the resonance wavelength 2537S 
(Hansch, 1981). To measure vapor density and perpendicular velocity 
distribution, we send a probe beam through the vapor stream perpendicular to 
the collimator slot and scan the laser to generate an absorption curve. A 
large dynamic range in measurable density is possible due to the number of 
isotopes and their range of abundances. Figure 23 shows a typical absorption 
scan using this method. To measure the vapor streaming velocity, the probe 
beam is sent through the vapor at an angle (e.g., 45") with respect to the 
vapor flow direction and retroreflected through the vapor a second time. The 
associated absorption scan shows double peaks where the frequency of the 
splitting is a product of the flow velocity times the cosine of the angle 
between the probe beam and the vapor flow direction divided by the 
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wavelength. Using this valuable diagnostic technique, the vapor flow 
properties can be measured as a function of nozzle evaporation rate and 
compared to aerodynamic calculations. Figure 24 shows the results of such a 
comparison with a model which assumes isentropic flow from a point vapor 
source. We employ appropriate computer models in all aspects of an AVLIS 
desi'n to check our physical understanding of the various phenomena and to 
provide a means to scale a design to a significantly larger size. 

The remaining separator phenomena which are important to the mercury AVLIS 
process pertain to ion extraction. In the AVLIS process, ions are extracted 
using a D.C. electric field immediately after their creation. At the electric "^ 
fields and ion densities that are considered^ typical, the extraction process 
is sp?r°-rh:»'g°-'H'"ita.H

> ?nH t^n? nwn-ii i, |n» ,rf q|i/ r i'ij;)n'n?i)H: During th*s-"^« 
extraction Hme, two phenomena m'ist be considered which degrade stripping 
efficiency: resonance charge exchange and electron ion recombination. Upon 
hitting the extractor plates, the high energy ions may sputter product x' 
material which also degrades stripping efficiency. The importance of these 
phenomena can be determined experimentally or with an elaborate computer code 
which-tracks the ions from their birth through the extraction process..;This 
code calculates the ion trajectories using the time and space charge dependent 
electric field and determines the fraction charge exchanged from input values 
for the cross section. In addition, the code calculates the fraction 
sputtered from the ion energy and impingement angle. 

Conclusion 

The laser program at the Lawrence Livermore National Laboratory feels a 
definite commitment to develop and apply the AVLIS process as a generic 
technique for isotope enrichment in areas where there is a market for 
isotopically enriched material. In this talk we have discussed some of the 
details of such a scheme for enriching mercury to improve the efficiency of 
fluorescent lighting. A final point of interest in our discussion of the 
mercury AVLIS process, which also highlights this laboratory'; commitment to 
the advancement of laser technology, is the laser system for our mercury AVLIS 
process. Figure 25 shows several solid-state materials which are being 
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considered for high average power operation. Also shown in this figure are 
the locations of the three transitions in our three-step AVLIS process for 
mercury. The number in parenthesis shows the harmonic of the solid-state 
material required to reach the process wavelength. Lawrence Livermore 
National Laboratory has a robust program for exploring new solid-state laser 
materials and for developing the appropnate technology for high average power 
solid-state laser systems. We feel that the mercury AVLIS process is a 
definite candidata application for this new technology. 

lp/179Z 
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Relationship between product and tails assays and 
process parameters: Stripping efficiency, r\, and non 
selective pickup, 0, for isotope enrichment 1 
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Product assay vs. stripping efficiency for the mercury 
AVLIS* process. The family of curves represents 
different values for non-G3lective pickup 
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Spectroscopic techniques for measuring atomic 
parameters essential for ALVIS design m 
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Hg isotope enrichment — partial energy level diagram 
showing Rydberg and autoionizing states m 
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Mercury photoionization — resonant 2-step 
pathways to 5 d 1 0 6 p 2 autoionizing levels 
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Experimental set-up for 2-step resonant 
photoionization experiments in mercury J3 
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Mercury autoionizing transition: 5d 1 0 6s6p ( 3 P 1 ) -* 
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Data and nonlinear least squares f i t for 2-step 
resonant photoionization: i3' 1S 0 -* & 3 Pi -* 6 3 P ' 0 i§ 
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Photoionization cross section vs photon energy 
for different principal quantum numbers ^B 
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Mercury photoionization — 3-step pathway 
to the continuum 

1.06 jum 

5d 1 0 6s7d(7 3 D 1 ) 

i lO 5d , u 6s6p(6 d p.,) 

5d 1 0 6s 2 (6 1 So) 

86480.0 cm ' 1 

U L L 84184.1 cm ' 1 (Ionization potential) 

n 

-1 77084.6 cm 

2653.7 A 

39412.3 cm ' 1 

2536.5 A 

0 cm - 1 % • I / 
30-90-0486-1724 



'•Oilier typo sizts |%) Production notes 

Excited state lifetime measurements in mercury 
using laser induced flourescenoe 

Typical data 

cu' 1.0 I I I I u I c 
a) • 0.8. Ci jrve f i t - - unweighted 

7 3 D 1 state 
3 D.h O 

H -
-n 0.4 — 
a> 
N ; %ŝ  

"TO 0.2 \ . — 
E _ ^"^^.^ _ 
i - 0 I I T— L 

z [a 1 10 20 30 40 
I Decay time (ns) ' 

Results: 

— 7 1D., - 41.5 ± 2.6 ns 

7 J D , 13.4 ±0.6 ns 

7 J D 2 - 17.5 ± 0.8 ns 

30-90-0086-3308 c ^ - f2j 

Illustrator Work order number Figure numhor 



Experimental setup for 3-step photoionization 
experiments in mercury JIJH 

L.N cooled 
collector 

Scanning pin. 
w/ photodiode 

Doubling 
x-tal 

Yag 
laser 

Dyo 
laser 

= ^ 
-NV--i Dispersing 
~v \ \ prism 

Beam 
clump 

Pyroclectric 

2nd step 
Teloscops 

Hg atomic beam 

Interaction region 

fffif L l l i J , - Spatial filter 

3rd step 
Pinholes 1.06 

^ 5 
30-90-0386-1610A 8/86 



IVIercury photoionization measurements — 
beam profiles of 1st and 3rd step lasers in 
photoionization region m 

I I I I I I I ! ! ! ! I ! 

> yr-1.06 j u m -
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0.025 cm / 
l l / 

\ /— 2537 A - 1st step 

i i iN.—\—i i 

I I / 

i i i i_̂ r i 

\ /— 2537 A - 1st step 

i i iN.—\—i i 
Displacement 

30-90-0386-1616 
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Mercury photoionization measurements — typical 
data along with curve fitting results for 7 3 D 1 -» 
continuum transition 

4.13 

3.31 

| 2.48 

z 1.65 

0.83 

0 

y: 

$$' 7 Mar 1986 
4$ 1.06 ju crossection data HG3STEPH 
^ " • I . I . • I • I • 

0 9.23 18.46 27.69 36.92 46.10 
L3 f luence 

The value of A (1) is 3.418 ^,7 l' 
13.067 
0.029 
1.423 E-17 

The value of A (2) is 
The value of A (3) Is 
The cross section is 

30-90-0386-1615 4/86 



Mercury photoionization measurements — model 
for data analvsis .1113 

5c l 1 0 6s efi 
////////\//////// N 2 - + R ( t . f l f r ) N 1 - ^ ( t ' 0 ' r ) N 1 

5 d 1 0 6s 7d 

/ 

1.06 jum 

30-90-0386-1614 
<r) \(P 

1 r 

N 1 = Excited state density 
N 2 = Ion density 
r = Radiative lifetime of 5 d 1 0 6s 7d 
R = Photoionization rate 
I = Intensity of 1.06 jum radiation 
o = Photoionization cross-section 
\\v = Energy of 1.06 jum photon 



Mercury photoionization cross-section — histogram 
of data for the 7 3 D 1 -> continuum transition at 
1.06 jitm m 

30-90-0386-1609 

1.2 1.4 1.6 1.8 2.0 

Cross-section (X 10~ 1 7 cm 2 ) 
F^n 



Propagation phenomena in vapor columns Iii9 

Vacuum effects Off-resonance On-resonance 
effects effects 

Diffraction Refraction Absorption 

Clipping Pulse delay Spectral reshaping 

Mirror reflection Frequency chirping Amplified spontaneous 
emission 

Window Nonselective 
transmission excitation 

Raman scattering 

30-90-0886-2944 



Hyperfine levels of mercury isotopes in 
6' S 0 -* 6 3 P 1 ->• 7 1 D 2 excitation sequence 
referenced to H g 2 0 2 m 

Isotopes —•• 196 
Electronic 

states 
• 

6s7d71D, 
77063.873 cm' 1 '^.0 

2655.17A 
-1.119 

6s6p 6 3P, . 
39412.122 -2.686 

+14.246 
2S36.60A 

6s261S„ 
0.000 

30-90-0886-2947 
-477.56 

198 199 200 

+171.6, ,_5/2 

201 202 

-28.4 -26.6 " 1 4 - 9 

-323 .8 -H~ i3 /2 f " 2 2 0 . 3 ^ 

-0.79S 

+244.2 

-1.906 
k 

+10.115 

204 

14.7 

+0.411 

0.985 

-5.214 

-5.301 

174.78 

-339.06 -317.2 
L1/2 -177.8 -124.10 3/2 0 mk 

^ A ° l 



Locations of one and two photon resonances for 
the 6 ^ ->6 3 P, - *7~ 1 D 0 excitation sequence 

„>++ 'u„196 
in mercury wn n respecx l o n g I 5 
Hyperfine component 1st step frequency (Ghz) 2nd step 1st + 2nd 

H g 1 9 6 0.00 0.00 0.00 
H g 1 9 8 - 4.131 + 0.324 - 3.807 
H g 2 0 0 - 8.942 + 0.702 - 8.240 
H g 2 0 2 -14.246 + 1.119 -13.127 
H g204 -19.460 + 1.530 -17.930 
H g 1 9 9 ' (1/2-» 1/2) -19.547 (1/2 -> 3/2) 

(3/2 -> 5/2) 
(3/2 -»• 3/2) 

+ 6.222 
- 1.059 
-15.921 

-13.325 
(1/2 -> 3/2) + 2.596 

(1/2 -> 3/2) 
(3/2 -> 5/2) 
(3/2 -»• 3/2) 

+ 6.222 
- 1.059 
-15.921 

+ 1.537 
(1/2 -> 3/2) 
(3/2 -> 5/2) 
(3/2 -»• 3/2) 

+ 6.222 
- 1.059 
-15.921 -13.325 

H g 2 0 1 (3/2-* 5/2)-18.800 (5/2 -* 7/2) + 2.787 -16.013 
(5/2 -» 5/2) +10.020 - 8.780 
(5/2 -* 3/2) +15.429 - 3.371 

(3/2 -+ 3/2) - 4.808 (3/2 -* 5/2) - 3.972 - 8.780 
(3/2 -+ 3/2) + 1.437 - 3.371 

f'T •w 
(3/2 -> 1/2) + 2.749 

(3/2 -> 1/2) + 4.779 - 0.029 
(1/2-> 3/2) - 6.120 - 3.371 
(1/2 -> 1/2) - 2.778 - 0.029 

30-90-01 



196 HgAVLIS separator 

„0„„ffi g . g Q„ g. 

Collector 

Extractor 

Vapor 
generator 

Vacuum 
wall 

3 2 Heating 

a Cooling 
3 

30-00-0784-2140 v^\ 



J I I I.A.! 

I .A-

2537 A diacjnostic laser for vapor properties 
measured in the mercury separator JJIM 

AR 1 

KR" 

DYE 
65G0 A 

4130 A 1 

KDP 

To chamber via 
fibre optics 

Input * 1 w 

Output « 1 0 - 100 fiw @ 2537 A 

3O-B0-0GGG-33O7 

I.A.I 

Final si2u (%) 

cW a a-
Work ardor number Fiyurc number 
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