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ABSTRACT 

The objective of this research was to measure the ^Pi, 
'2 *2 

magnetic dipole transition of atomic fluorine nominally at 404 cm"^. 

The atomic fluorine magnetic dipole transition has three hyperfine 

transitions of F = 2->-l, F=1^0, F=l->1, with relative line strengths 

of %, and %. The transition probability was calculated to be 

1.18 X 10"^ sec"^, in agreement with accepted values. Detailed calcula

tions of the Zeeman splitting of the hyperfine lines were made including 

the effect of a weak 100 Gauss field on Doppler and Lorentz broadened 

transitions. The hyperfine line structure and Zeeman splittings were 

used to make positive identification of atomic spectra from background 

molecular spectra. Two techniques were used to generate atomic fluorine. 

The first technique incorporated an 80 cm gold-plated absorption cell 

operated at 800°C and at pressures ranging from 3 torr to 760 torr. 

Stability of the F2 pressure was demonstrated by measuring the U.V. 

absorption at 285oX,. The second technique incorporated a continuous 

wave high power HF chemical laser which was prevented from lasing by 

turning the off. The laser operates on the cold laser reaction with 

large numbers of free F atoms (0-5 torr). 

A tunable semi-conductor diode laser with three separate oper

able lasers was used to scan for the transition. Demonstrated resolving 

power was better than 1 x 10"^ cm"^. Absolute reference frequencies and 

xii 
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relative tuning rates were obtained by monitoring the H^O reference 

spectra and an experimental etalon with a free spectral range of 

0.029851 cm~^. 

The failure to observe the atomic fluorine absorption in both 

of these experiments suggests the possibility that the basic data have 

errors based upon hyperfine and Zeeman verification scans. Two explana

tions are possible for the errors in basic data. The line position at 

404 cm"^ is not known within 5 cm~^ or the Einstein A coefficient is 

less than 1 x 10"" sec~^. The line position uncertainty is more likely 

than the error in A coefficient. As a by product of the experiment, 

detailed information of the absorption of was obtained near 285oX. 

Finally, two important inventions were required to complete the experi

ment. The first was the development of a PbF^ coated Csl optical window 

which had long band pass and high transmission characteristics. The 

second was a novel use of an off-axis ellipsoidal mirror alignment 

system that greatly simplified the operation of the diode laser. The 

high resolution spectrometer with resolution of better than 1 x 10"^ 

cm~^ is required to positively identify the F atom spectra from contami

nants such as SiF. and HF. 



CHAPTER 1 

REVIEW OF PREVIOUS EXPERIMENTS AND DATA 

The direct observation of the ^Psy ->• ^Pi, fluorine atom magnetic 
'2 /2 

dipole transition has never been achieved with absorption spectroscopy. 

The knowledge of the physical constants associated with this transition 

would allow the direct measurement of the absolute number density of 

F atoms which is of vital importance in understanding chemical lasers. 

Other techniques to measure the F atom directly have yet to yield posi

tive results. Raman techniques have not yet yielded confirmed results. 

Electric dipole transitions lie in the vacuum ultraviolet, and, there

fore, only the magnetic dipole transition lies in a region where conven

tional absorption spectroscopy may be performed. Since the accurate 

determination of the physical constants involves measurement of narrow 

atomic lines under very adverse conditions of high temperature corro

sive fluorine, great care must be taken to assure success. 

Chapter 1 reviews the known information. Chapter 2 discusses 

the theoretical analysis of the problem. Chapter 3 discusses the 

experimental apparatus and the difficulties of making the required 

measurements. Chapter 4 discusses the results of the experiments, while 

Chapter 5 summarizes the conclusions of the experiment. 

A general requirement of the experiment is a spectrometer with 

a spectral resolution of better than 0.001 cm~^ at 25 ym. Sufficient 

1 
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laser power and detector sensitivity must be obtained to yield a signal 

to noise ratio of 100:1. Secondly, a stable source of F atoms must be 

obtained to permit an absolute calibration of the number density. An 

alternate source of F atoms was obtained to confirm the results of the 

first set of experiments. Third, the absolute wavelength calibration 

of the observed data must be developed. Known spectral references must 

be employed to fix the observed data with confidence to an absolute 

scale. 

A tunable diode laser spectrometer was used to provide the 

necessary spectral scanning capability. Included in this system is a 

laser diode source, closed cycle refrigerator system, current scanning 

system, a frequency reference etalon, efficient optics, a monochromator 

for mode control, and detectors with sufficient signal to noise. The 

F atom absorption cell must have accurate temperature and pressure 

control. It must also have an optical window technology impervious to 

F atom chemical attack such that significant degradation of transmission 

at 25 ym does not occur. It is also helpful to have the system operable 

between 0.4 to 0.8 ym for alignment purposes. Finally, a careful study 

of the line splittings is of utmost importance for positive identifica

tion of F atoms from molecular background spectra. 

Previous F Atom Experiments 

Schlossberg C1976) reviewed techniques for the direct measure

ment of the F atom density for continuous wave and pulsed chemical 

lasers. It is desirable in both continuous wave (cw) and pulsed chemical 

lasers to measure the number density of F atoms (10^® - 10^® atoms/cm^). 



Probe techniques with a 100:1 signal to noise ratio and good spatial 

resolution are required. A direct measurement would be preferred to 

indirect measurements that only infer indirectly the F atom density. 

Since the operating pressure of the pulsed laser is 1 atm versus 10 torr 

for the cw laser, severe temporal constraints require measurements of 

the F atom density with a temporal resolution of 20 to 100 nsec. The 

direct technique is preferable because a larger change in the F atom 

density occurs during the initiation pulse Ce-beam and flashlamp), while 

a small change in F2 occurs in the indirect technique. Schlossberg 

reviewed two direct techniques involving the absorption of the magnetic 

dipole allowed transition ^Pi- at 404 cm~^ and Raman scattering 

of this same transition. Techniques other than the ones reviewed by 

Schlossberg are available. Indirect measurements of atomic F include 

F^ disappearance and chemical tritation reactions with atomic F. Con

siderable efforts have been made to develop these techniques into 

reliable diagnostic aids. A brief review of these techniques follows. 

Direct Measurement Techniques 

There are three direct measurement techniques available. Raman 

techniques for the 2p^[^P3- -> ^Pi^] transition, direct absorption of 

the 2p®[^P3. -> ^Pi, ] transition using a laser spectrometer, and vacuum 
'1 '7. 

U.V. resonance fluorescence of the atoms. Schlossberg (1976) summarizes 

completely both the Raman and direct absorption techniques. 

Absorption at 404 cm"^. A previous attempt to directly measure 

the atomic fluorine density using a diode laser system was completed by 

Moran and Doak (1978). A Laser Analytics semiconductor laser without 
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temperature tuning was used as a probe similar to the system used in 

this research. Fluorine atoms were produced by flashlarap dissociation 

of CSLF. The estimated recombination time for 2F -»• was of the order 

of 100 msec for 50 torr of total gas- pressure. See Figure 1 for the 

apparatus layout. The significant differences between their experiment 

and the present research are: 

a. Their experiment lacked continuous tuning for approximately 

60% of the spectral region around 404 cm~^. The failure to 

have fully tunable source laser over the region of interest 

is serious because the transition may be overlooked because 

of the lack of complete spectral coverage. 

b. Their experiment used a nonsteady source of F atoms. The flash 

photolysis of F yields F, + hv -»• FC^Ps-) + F(^Pi.) (Herzberg 
7̂. '2 

1950). The relaxation of FC^Ps^) to F(^Pi^) is approximately 
/2 '2 

0.1 to 1 ysec for these conditions. To detect the F atoms, 

the response required was approximately 100 ysec. The signal 

to noise ratio was a critical issue in this experiment because 

of the low probe laser power and short detection time. 

Liquid helium cooling of the laser rather than cooling by a 

closed cycle refrigerator caused severe alignment and calibration 

problems because the spectral response of the laser changed from day 

to day. Moran and Doak reported that no F atoms were detected. The 

significant advantages of the present research over Moran's experiment 

include: 
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DIODE LASER 

SCANNER 

Cu^Ge 
detector 

flashLAMP 
F CM 

monochromator 

Figure 1. Diode Laser Scanner-F Atom Photolysis). 

From Moran and Doak (1970). 



A steady source of F atoms. 

Two different sources of F atoms were available. A thermal 

cell and a high power continuous wave laser combustor source 

of F atoms were used. 

Monitoring of the Fj concentration by the near ultraviolet 

absorption of F2. 

A continuously tuning laser spectrometer with temperature 

control. 

Absolute frequency calibration using H^O and HF absorption 

lines and the first experimental etalon for the monitoring 

of laser tuning rates at 25 ym. 

Vacuum Ultraviolet Absorption. Another method considered was 

a resonance fluorescence absorption technique by Clyne using a Bemand-

Clyne vacuum U.V. detection system (Bemand and Clyne 1976). This system 

was extremely difficult to use because it must be windowless, use only 

one mirror (15% reflectivity at 90 nm), and depend upon a nonreversed low 

power resonance lamp. Essentially, photon counting must be employed. 

It is unlikely that this method could be used at densities much greater 

than 10^^ atoms/cm^ and absorption lengths of interest which are desired 

for chemical lasers. Lack of adequate time response is also a serious 

problem. This technique presented serious technical difficulties, pre

venting it from being made practical. See Figure 2 for a typical 

Bemand-Clyne experimental setup. 

Raman Detection Methods. Hoell and coworkers (1973) did the 

first work on gas specie concentration measurements on chemical lasers. 

a. 

b. 



'He/R 

resonance 
lamp 

hole 
structure 

I A 

At 

spectrometer 

j; 

reaction 
zone 

Figure 2. Ivindowless Bemand-Clyne F Atom System. 

The system uses a capillary hole structure to pass the 
vacuum U.V. li^ht from the resonance lamp to the spectrom
eter. From Bemand and Clyne (1976). 
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The reaction F2 + NO ^ ONE + F produced sizable concentrations of 

F atoms. They monitored the F concentration as a function of time 

using spontaneous Raman scattering. This Raman method was first used 

to monitor F atoms indirectly through the disappearance of F^. Figure 3 

shows Hoell's technique for referencing the signal to the source rather 

than using a lock-in amplifier. These methods require photon counting 

and integration times of the order of 1 to 10 sec. These experiments 

determined the Raman cross section of relative to Ng as 0.44 and the 

depolarization ratio of the order of 0.05. Cummings, Aeschliman, and 

Mulac (1977) improved the technique to monitor the spatial concentra

tions of different species using spontaneous Raman spectroscopy. An 

argon-ion laser was used for an excitation source because of the low 

intensity of scattered Raman signal. See Figure 3 for the experimental 

schematic to minimize background noise. Not only could the species 

concentrations be resolved, but a measurement of the system temperature 

was possible by the observation of rotational lines. The Raman tech

nique thus offers a possibility of monitoring both the Fg disappearance 

and the simultaneous detection of the F atom concentration. Current 

experiments are under way to monitor the F atoms concentrations and gas 

temperature at Sanda Laboratories in a high temperature cell (Cummings 

1979). For continuous wave chemical lasers, this system could give time 

averaged spatial concentrations in the laser flow field. Because photon 

counting is required and the signal is extremely weak, the temporal 

resolution (20 nsec to 100 nsec) required in the pulsed chemical laser 

puts severe limits on the capability of this system. A high power pulsed 

excitation source may be possible to improve the temporal response. 
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Chopper 

Argon-Ion Laser 

^Photon Cnter. 

CHoell) Laser Sample Cell 

PM'Tube 

PM 
Tube 

Amplifier/ 
Discriminator 

Monochromators 

Figure 3. Spontaneous Raman F Atom Experiments. 

Hoell et al.'s (1975) experiment is shown by the reference. 
Cummings, Aeschliman, and Mulac's (1978) improvement include 
the addition of a lockin amplifier and chopper which elimi
nated the direct comparison of the high power laser beam and 
the weak scattered Raman signal. 
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Time resolutions o£ the order o£ 10 ms appear to be the limiting factor 

because of the high exciting intensity required. Suitable calibration 

with a known molecular reference must be employed to obtain the absol-

lute species concentration. Results of the experiment were inconclusive 

because of the difficulty in making a definite identification of the 

F atom. 

Coherent Anti-Stokes Raman Scattering (CARS) was first proposed 

for gas sampling and concentration measurement by Regnier and Taran 

(1973). By the use of suitable filters, the ruby laser excitation line 

and the first Stokes line are used to provide the two frequencies by 

passing the ruby laser beam through a gas Raman shifter. See Figure 

4 for the experimental layout. Currently J. Raymando (1978) of Bell 

Aerospace is studying the use of CARS for both measurement and F atom 

detection. This approach is limited by the amount of signal to noise 

achievable. It has not yet been completed, and difficulties with the 

beam phase matching may be the limiting factor in signal to noise. 

Stimulated Raman Gain Spectroscopy (SRGS) was used by Owyoung 

(1979) of Sandia Laboratories to achieve high resolution and signal to 

noise. The SRGS method uses a high powered pump (1 MlV-10 ns) to probe 

the medium. This results in a heterodyned scattered signal with a high 

signal to noise ratio (as much as 10^). For a single pulse, this means 

that a 10^ signal to noise is possible. The resolution achievable is of 

the order of 2 x 10"^ cm~^, which will be quite sufficient to resolve 

the hyperfine structure of atomic fluorine, thus providing positive 

identification. This technique offers an attractive capability since 

continuous scans of about 1 cm~^ can be accomplished to search for the 
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Ruby Laser H2 Shifter Filters Sample Cell 

Reference Cell 

PM Tube 

Figure 4. Coherent Anti-Stokes Raman Scattering (CARS) Experiment, 

The filters in front of the PM tubes admit only the anti-
Stokes lines. The filter after the shifter cuts off the 
2nd Stokes and anti-Stokes lines. Improved signal to noise 
is the critical issue with this technique. (Regnier and 
Taran 1973). 
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F atom spectrum. See Figure 5 for the layout schematic and detection 

limits. Figure 6 summarizes the capabilities of the various techniques 

in a pulsed mode to obtain the resolution necessary for the pulsed chemi

cal laser measurement. These are estimated capabilities of the various 

projected direct measurement techniques. More accurate information will 

become available upon the completion of additional experiments. 

Indirect Measurement Techniques 

The indirect techniques all have one thing in common. They 

monitor a reacting specie or a product specie to infer the F atom density. 

Therefore, the F atom is known only as well as the type of reaction and 

its rate coefficient. The extrapolation of the initial F atom density 

could be in considerable error depending upon the understanding of the 

indirect processes. The first method considered to monitor the F atom 

is the use of ultraviolet continuum absorption (2000X to 4000X) to moni

tor the change in F^. The other methods used involve the titration 

reactions F + CZ  ̂ CAF + CZ and F + HCZ ->• HF + Cil to determine 

the rate of F atom production. The advantage of the titration method 

is that it is an easy direct measurement of the production of HF and C£F. 

This method uses a probe laser tuned to a transition of HF or CAF. The 

disadvantages include a lack of detailed knowledge of the reaction rates 

since it is possible that other compounds are formed. Fluorine atoms 

cannot be monitored during the lasing processes using this technique. 

Fluorine Disappearance. McClure and coworkers (1978) developed 

a system after one method proposed by Spencer (1978) to monitor F^ dis-

apperance to infer the F atom density in a pulsed chemical laser. The 
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Figure 5. CW Stimulated Raman Scattering (SRS). 

A modification of this experimental setup is being used for 
the F atom measurement. Sufficient resolution to resolve 
the hyperfine structure is anticipated. (Owyoung 19793-
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Figure 6. Projected Direct Measurement Techniques. 

These are the estimated capabilities of the techniques for 
measuring F atoms. These estimated values depend upon the 
successful completion of several experiments to verify 
important constants. (Chvyoung 1979). 



He:Cd probe laser used had a continuous wave output of less than 1 mW 

with a noise instability of the order of 2 to 3%. Spencer developed 

a technique for comparing the probe signal to a reference signal to 

achieve responses as good as 0.01% for cw operation. Applying these 

techniques to the pulsed chemical laser experiment led to some diffi

culties, such as: 

a. Nonuniform acoustic disturbances and nonuniform U.V. flashlamp 

irradiation increase the noise level. These requirements led 

to a minimum measurement time scale greater than 20 ysec. 

b. Electrical and U.V. noise from the initiator required narrow 

band pass spectral filters for both the beam and detector and 

a long beam path for noise isolation. 

See Figure 7 for an apparatus description and experimental layout. The 

signal detectors had a 20 ysec rise time because of the poor signal to 

noise ratios and low average power. McClure performed two types of 

experiments. The first was a calibration attempt using in the cell 

with no H2. This procedure allowed long measurement times for the 

change in density because of the slow recombination of F to Fg 

(Ganguli and Kaufman 1974). This procedure is acceptable for the 

measurement of the F^ disappearance for the entire U.V. initiation 

pulse. Measurements of the initial F atom concentration at the begin

ning of the laser pulse require time resolution of the order of 100 nsec. 

It is therefore difficult to tell what percentage of the initiation 

pulse is used. Flashlamp energy produced after the laser reaction has 

begun produces an unknown effect upon the reaction. A considerable 

source of error (20%) may occur in estimating the initial F atom number 
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Figure 7. F, Disappearance Measurement Scheme. 

This method was used on a Boeing Pulsed HF laser. The time 
resolution was > 20 psec and the measurement was not corrected 
for temperature effects (McClure et al. 1978) . 
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density because of the unknown temporal and spatial dependence of the 

flashlamp pulse. During lasing, the temperature, changes very rapidly 

in the pulsed chemical laser, thus leading to a substantial error 

because the ultraviolet absorption changes as a function of temperature. 

If we use the result of Moran and Doak (1978) to predict the effects of 

temperature upon U.V. absorption, then 

^ = Op 5- Anp [1 - 6.72 x 10"®(X-X )] 
2 2 ° 

The absorption measurement is corrected for the variation in temperature 

of Fg by the factor [1 - 6.72 x 10"^ (Moran and Doak 1978), 

where is 3400X. Detailed measurements of the continuum at differ

ent temperatures indicate that a null point exists at 3400X which is 

independent of temperature. The above equation is useful for a typical 

experiment with a fuel mixture 85% He, 10% and 5% H^. McClure et 

al. (1978) made the indirect measurement of F atoms with a similar fuel 

mixture. Since the He:Cd probe laser operates at 3250A (A), an over-

estimation of the F atom production rate by 100.8% would be made accord- . 

ing to the formula of Moran. The overestimation of the disappearance 

of Fg is caused by the significant decrease in absorption at higher 

temperatures during the chemical reaction. An accurate measurement of 

the absorption cross section by a short pulsed U.V. laser as a function 

of temperature may allow a measurement of the gas temperature as well 

as F^ disappearance. 

Titration. Chen et al. (1974) used HCil instead of Hg in a 

flashlamp laser experiment to monitor F atoms by measuring HF production. 



Concern must be raised that reactions other than 

F + HCil HF + CA 

could occur. Some examples of these reactions include: 

CI + CAF + F 

and 

HF(v>3) + F ^ HF + 2F . 

It is certainly desirable to calibrate each of these diagnostics with 

a direct measurement. Current work includes the capability to make such 

measurements with a line selected HF/DF laser probe. 

In addition, Chen's group (Chen et al. 1974) also probed the 

cell during the laser pulse with a Ng laser at 337lX which according 

to Moran's formula would be accurate to 20%. A 20 nsec N2 pulse 

measures the change in F^ during the photolysis process. Only one 

measurement per laser pulse can be made. The apparatus is shown in 

Figure 8. 

Other types of titration experiments were conducted by Clyne, 

McKenney, and Walker 1973) in the following reaction using mass spec

trometry : 

k 
F + Cilg CilF + Cil where k=l.l x 10"^° cm^/mol-sec . 

This reaction was originally rejected because the reaction 

k 
C£ + F^ -*• CJIF + F where k < 5 x lO"^** cm^/mol-sec 
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Delay 
Circuit 

Figure 8. AVCO Transient Disapperance Experiment. 

Determination of Fj transient concentration in AVCO photo-
initiated pulsed laser was made with a 10 nsec single shot 
measurement. Temperature effects are not serious because 
the measurements are made before thermalization is possible 
(Chen et al. 1974). 
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was expected to be rapid. Fortunately, this was a slow reaction not 

materially affecting the result. Appelman and Clyne (1975) also studied 

the reaction 
k 

F + Br^ BrF + Br , 

where k = 3 x 10"^° cm^/mol-sec. The reverse reaction appeared not to 

be important. Determination of the suitability of C£F and BrF as titra-

agents will depend upon adequate laser probes at the right wavelengths 

to study the reaction products. 

Summary of Techniques 

Direct measurements are preferable since they directly measure 

the F atom number density. See Table 1. 

Review of Known Basic Data 

In 1975 Schlossberg (1976) proposed the direct measurement of 

the 404 cm"' magnetic dipole transition by a diode laser spectrometer. 

The conclusions Schlossberg reached are: 

a. the direct measurement of atom concentrations of 10^®/cm^ 

with absorption spectroscopy using a diode laser is possible, 

b. the method of coherent anti-Stokes Raman scattering should 

allow the detection of F atoms of densities of 10^®/cm^, 

c. spontaneous Raman scattering should be possible for concen

trations of F atom densities of 10^®/cm^. 

The most critical information in predicting the experimental 

performance are the basic constants which describe the transition. 

Basic errors in the fundamental parameters of line position, broadening 



Table 1. Summary of Techniques to Measure F Atoms for 

Direct 
Measurement 

404 cm"^ 
Absorption 

Vacuum U.V. 
Absorption 

Spontaneous 
Raman 

CARS 
(Raman) 

SRGS 
(Raman) 

Indirect 
Measurement 

Raman 

Titration 

F Atom Best 
Density Temporal 

Method Atoms/cc Response Difficulty 

^P3 - ̂ Pi 10^"-10^® 20 nsec Moderate 

Electronic 10 13 ^ Extreme 
Transitions ^ extreme 

Stokes 10^"*-10^® 20 msec Moderate 

10^®-10^® ?? ?? 
Stokes 

Stimulated , 
Raman 10 - 10 20 nsec Hard 

Stokes 10^^-10^® 10 msec Easy 

HF 
C£F 10^® -10^® 18 msec Moderate 
? Molecule 

HF Lasers. 

Comments 

1. Physical constants not measured. 
2. Pulsed laser source not developed. 

1, Not suited for chemical lasers. 

1. Low resolution of linewidth. 
2. Not usable pulsed chem laser. 

1. Demonstration of adequate signal to 
noise has not been made. 

1. Demonstration in progress. 
2. Line position must be verified. 

1. Monitor F^ has been demonstrated. 

1. Several methods demonstrated. 
2. Cannot be used during lasing. 
3. Other molecules could be used. 



Table 1.—Continued. 

F Atom Best 
Density Temporal 

Method Atoms/cc Response Difficulty Comments 

P „ P 1. Pulsed source necessary for 20 nsec. 
,2 ' 1- n-^ lO'^® - 10^® 20 nsec Moderate 2. Demonstrated only 20 microsec. 
Absorption Disappear , o- ^ • ui 

^ 3. Signal to noise a problem. 

K> 
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constants, hyperfine structure, and the sources of the atom are of 

critical importance. 

Location of the F Atom Transition 

The most important information is the location of the magnetic 

dipole transition. Liden (1949) did the first work on the detailed 

arc spectrum. He gave the position at approximately 404 cm~^. He 

examined the F atom arc spectrum utilizing SPg and LiF as sources of 

F atoms with a 1.5 m grazing incidence grating spectrograph to resolve 

the spectrum. Since some gas leaked into the spectrometer, it is diffi

cult to estimate the effects of the contaminant levels present. The 

method used to determined the position of the 404 cm~^ transition is 

absorption measurements from the and to a common excited 

state. Liden's observations are summarized in Table 2 for the vacuum 

ultraviolet below lOOOA. Quoted uncertainties range from 0.3 cm~^ to 

greater than 2 cm~^. 

Precision measurements by Liden are used to fix the F atom fine 

splitting uncertainty from ± 0.3 cm"^ to ± 1.5 cm~^. Larger errors 

could be caused if any systematic errors exist with the use of the 

Hilger comparator to measure the line position with a precision of 20 

times better than that of the resolving power of the grating. This 

requires precise line shape information and high confidence in under

standing the errors of the experimental apparatus. The quoted uncer

tainties from Table 3 are of the order of 0.005A with a maximum total 

O T « 
difference of O.OlOA CI cm" ) for the 404 cm" transition. Less precise 

measurements have uncertainties of 0.06A C± 6.5 cm-^). Estimating the 
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Table 2. Sununary of Liden's Vacuum U.V. Line Assignments. 

Summary of Liden's assignments of the pertinent transitions 
that allow inference of the fine structure energy splitting 
of the F atom. Uncertainties reported are as high as 
± 1.5 cm"^ (Liden 1949). 

Ground 
States 

Excited 
States 

Relative 
Intensity 

Calc. 
Ccm"^) Diff. Ccm"^) 

2P'P1. 

2p'P3̂  

100 

350 

102276.3 

102680.5 
404.2 

2P'P3. 3s'* PI-

100 

20 

102436.3 

102840.4 
404.1 

3s2p3/̂  500 

1000 

104326.9 

104731.1 
404.2 

2p^P 
'''a 

1 

3s^Pi 

35^Pi. 'O 

750 

500 

104652.2 

105056.3 
404.1 

2P^Pi 

2p2p 
/2 

4s*'Py^ 

4s'»Pu 

2 

1 

125663.1 

126067.3 
404.2 

2p2p 

2p2p 

2p2pj 

2p^Ps 

3d'' Di^ 

3d''Diy 
'z 

3d^D 
V2 

3d^D3/ 
'z 

2 

1 

10 

15 

127780.9 

128185.0 

127815.7 

128219.9 

404.1 

404.2 

2p2p: 

2P'P3, 

4S2 2pi^^ 

4s ̂ ^Pi, 

10 

7 

126177.1 

126581.2 
404.1 
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Table 2. —Continued. 

Ground 
States 

Excited 
States 

Relative 
Intensity 

Calc. 
Ccm"^) 

^Ps, 
''a 

Dif£. (cm"^) 

2p2pi 
•̂ 2 

2p'P3. 
/2 

10 

12 

125878.5 

126287.6 
404.1 

2P^PV 

2p^P3^ 

Sd^Pg 
^2 

Sd^Ps^ 
'2 

6 

4 

128308.2 

128712.3 
404.1 

2p2pi 
/2 

2p^P3y 
<2 

3d^Pv, 10 

6 

128116.1 

128520.3 
404.2 

2p2pi 
'i 

2P^P3^ 

2 

4 

132340.9 

132745.0 
404.1 

2P'PV2 

2P^P3. 
2 

5S'P3/, 

5s2p3/ 
'2 

2 

4 

132594.3 

132998.4 
404.1 

2P'PH 

2P'P3/, 

Ss^Pi. 
'7. 

5s2pi 
/•g 

4 

3 

132819.1 

133223.3 
404.2 



Table 3. Precision Vacuum U.V. Measurements. 

Detailed comparisons by Liden and Edlen used to fix the F atom fine splitting from 
± 0.3 cm"^ to 1.5 cm"^. Larger errors could be caused if any systematic errors exist. 
From Liden (1949). A and B refer to measurements with different standards. 

Term A (A) B 
Weighted 
Mean Edlen cm 

Diff. Ccm"^) 

2P'P14 

2p2P3/, 
35'̂ P, 

977.745 

973.898 

0.745 

0.889 

0.745 

0.895 

102276.16 

102680.47 
404.31 

2P'PV, 

2P^P3, 
35^? = 

958.525 0.522 0.524 0.528 104327.03 

954.826 0.823 0.825 0.817 104731.23 
404.2 

2P^P3, 

3s2p. 
955.545 

951.870 

0.545 

0.873 

0.545 

0.871 

0.535 

0.857 

104652.32 

105056.25 
403.93 

Comparing Edlen's results 958.525 

954.817 

104326.96 

104732.11 
405.15 

955,535 

951.857 

104653.41 

105057.8 
404.38 



27 

possibility of larger uncertainties requires more detailed information 

than published. These values represent the worst possible deviation 

in the data according to Liden. An experiment covering at least ± 5 

cm~^ was judged to be sufficient. The configuration is 

described as (Liden 1949): 

2s^2p®(2pi.) 140120.4 cm"^ 

-404.1 cm"^ 

2s^2p®C2p3y) 140524.5 cm'^ . 
'z 

o . 
If the error is just O.IA (0.01% or ± 11 cm" ), a significant limitation 

in the scanning range of the apparatus is encountered. For vacuum U.V. 

measurements an error in the different in wavelength of 1/18,000 

(resolving power of grating) yields an unacceptably large error for 

the diode laser because of scanning limitations. 

The most recent known work on atomic fluorine absorption was by 

Bemand and Clyne (1976). The Bemand-Clyne system consisted of a series 

of capillary tubes (27% open area) leading to a concave grating instru

ment where only one internal reflection was allowed because of the low 

reflectance (15%) of the mirror. Clyne used an atomic resonance lamp 

with a small amount of F^. These F atom lamps were strongly reversed 

under most conditions. The system produced excited F atoms estimated 

in the ratio = 0.07 at 298°K with a microwave discharge. The 
/2 

microwave excited lamp produced line absorption in the F atom flowing 

system. Clyne's results are summarized in Table 4 for an estimated 

error greater than ± 0.025 nm. 
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Table 4. Clyne's Vacuum U.V. Line Positions. 

From Bemand and Clyne (1973). 

Excited 
State (nm) (nm) 

Difference 
(cm"^) 

Estimated 
Uncertainty (cm~^) 

97.389 97.773 403.3 10 

97.237 97.621 404.5 10 

95.482 95.581 403.2 5 

95,185 95.554 405.7 5 
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Examining Figure 9 shows that larger errors are possible partic

ularly if the peaks at 95.5 nm are reversed. Therefore, this cannot be 

used to fix the line position within a reasonable degree of certainty 

for the diode laser scan. The work by Clyne emphasizes the difficulty 

in attempting to obtain an accurate estimate of the magnetic dipole 

line position from the vacuum U.V. spectroscopy. Line reversal effects 

can alter the line shapes, thus affecting the accuracy of the absolute 

line position. 

Linewidth Data 

Using electron spin resonance (ESR) techniques, Ultee (1971) 

measured the line broadening of F atoms. The fluorine atoms were 

produced by passing through a 2450 MHz electrodless microwave dis

charge. Splittings were observed in state which allowed the 
'2 

estimation of linewidth. The same value is assumed for the ground 

C^P,, ) state. Molecular fluorine broadens F atoms by 1.87 MHz/torr: 

argon broadens F atoms by 0.94 MHz/torr; and helium broadens F atoms 

by 1.31 MHz/torr. A reasonable best value for F atoms is 2 MHz/torr 

since F^ will be the main broadening agent for F. Because of the 

uncertainty of the excited state linewidth, a value of 8 MHz/torr is 

used in more pessimistic calculations. However, for experiments at 

pressures of 10 torr there is little effect from this pessimistic 

value. 

Hyperfine Structure and Other Constants 

The first detailed spectral analysis on the state was 
'2 

completed by Radford, Hughes, and Beltran-Lopez C1961) by paramagnetic 



30 

P(/2-̂  

95.9 95.5 95.1 
wavelength (nm) 

Figure 9. F Atom Emission (Unreversed). 

The F atom lamp of Clyne and Nip (1977) using a microwave 
discharge. Slits set at 15 microns. He and 0 impurities 
are present. 
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resonance absorption. The experimental dissociation o£ was accom

plished with a 9100 MHz microwave Klystron in a cylindrical microwave 

resonance cavity. In the range of 4 to 6 KGauss, splittings were found 

between the F=2 and F = 1 of state of 4020 MHz (0.134 cm"^) . Also 
2̂. 

obtained was a value of (F = 1.3338584 ± 0.000006. The differ

ence between the theoretical value of exactly 4/3 occurs because of the 

Lamb shift and orbit-orbit interactions. The accuracy reported was 

not good enough to show relativistic corrections. Harvey (196?) com

pleted the hyperfine structure of the ^Pi state by observing the 

11,-1) l0,0) transition. He extrapolated the zero field splitting 

since it was greater than 10,000 MHz. This was beyond the range of his 

apparatus. Harvey obtained the following values for the zero field 

splitting: (see Figure 10) 

10,244.21 ± 0.03 MHz 

or 

0.3417100 ± 0,000001 cm"^ 

and 

gj (J= h) = 0.66561 ± 0.00003 

Other important magnetic hyperfine structure parameters (in atomic 

units) are <rj^>"^ = 7.35, <rg)"^ = 8.14, and ~ 0.0717. These 

will be of value in the theoretical section for estimating corrections 

caused by non-LS coupling and core polarization effects. Figure 10 

shows the transitions observed. Harvey continued his experiments and 

in 1968 reported more detailed values of g, by greatly improving the 
«J 

stabilization of the magnetic field. The best values are (Harvey 

1969): 
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MF 

l / Z  

0 

404 cm 

weak H 

3/2 

- 2  

Figure 10. Electron Spin Resonance (ESR) Measurements of F Atoms. 

Transitions observed are shown with arrows. This technique 
does not fix the line position at 404 cm~^ or the Einstein 
A coefficient. The effect of increasing magnetic field is 
shown. (Harvey 19653 . 



gjCF^Pa^) = -1.333861 ± 0.0000011 (V3) 

= 0.665612 ± 0.0000021 (V3) . 
J FJ. 

The ground state values agree well with theory while the excited state 

has considerably more error. 

Fluorine Molecular Constants 

The spectroscopic constants of Fg are needed to complete the 

description of the energy partitioning of the thermal equilibrium reac

tion F^ 2F. Suchard and Melzer (1976) summarized the constants for 

F2 in the compilation of constants for homonuclear diatomic molecules: 

F^ toe Be D° Xetoe 

X^Z + 891.85 0.8828 12976 15.6 
g 

All units are cm~^. we is actually AvfO-l). 923 cm~^ is normally used 

for toe. Note that the reported value of we by Suchard is in error 

because he reported Av = 1 to 0 for (oe, The effect of the uncertainty 

in (oe has little impact on the final results (shown in Chapter 2), The 

vibrational and rotational constants of were obtained by Andrychuk 

(1951) by observing Raman lines which were directly compared to a refer

ence spectra. The values obtained were: 

Av(l-O) = 891.85 ± 0.4 cm"^ 

Be = 0.8828 ± 0.001 cm"^ 

The values of the dissociation energy, however, are not so well agreed 

upon. In fact, the correct value could be considerably different from 

the recommended value. It is important to understand that the 
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dissociation energy has a large effect on the F atom relative popula

tions in a thermal cell. By carefully reviewing the limits of the 

possible values of D°, the experiment was designed to minimize the 

effects of this uncertainty. First, the published data are reviewed. 

Second, calculated values show a limited capability in predicting values 

to be used. Lastly, the maximum possible range of values for the dis

sociation energy is used to design the experimental hardware. In 

summary, a range of 1.3 eV to 1.9 eV is considered the maximum possible 

range of values. A second experiment using a laser combustor eliminated 

this uncertainty because this experiment was totally insensitive to this 

range of values. 

Dibeler, Walker, and McCulloh (1969) reviewed the major efforts 

through 1968 to determine the dissociation energy constant for F^. 

This work is updated for completeness in Table 5. The theoret

ical analysis in the next chapter includes the maximum and minumum 

values of 1.9 and 1.3 eV for D^fF^). The larger value (1.9 eV) leads 

to an increased dissociation temperature greatly affecting the number 

density of F atoms in the thermal cell. 

The theoretical work by Rees (1957) used the latest spectroscopic 

data to construct a Morse potential curve for the groimd and excited 

states. See Figure 11. Schaeffer (1970) compared the different Hartree-

Fock self consistent wave calculations of nine authors and concluded that 

the calculated constants for F^ and are in very poor agreement. Lie 

and Clementi (1974) developed "proper dissociation" functions of the 

following type to improve the calculated values: 



Table 5. Review of the Fg Dissociation Energy. 

The lowest and highest values are underlined. The experiment was evaluated from 1.3 eV 
to 1.9 eV. The recommended value of 1.61 eV is used for analysis (Blauer and Soloman 
1972). 

D° CF2) 
eV Kcal/Mole Method Original Reference Comment 

1.63 + 0.02 37.7 ± 0.4 Therm. Dissoc. 

1.36 .+ 0.04 31.5 ± 0.9 Therm. Dissoc. 

1.63 + 0.04 37.6 ± 0.8 Gas Effusion 

1.34 + 0.2 31.0 ± 4.3 Shock Tube 

1.635 d t 0.005 37.72 ± 0.13 Review & Analysis 

1.79 + 0.02 41.3 ± 0.5 Molecular Beam 

1.63 + 0.09 37.5 ± 2.0 Vacuum U.V. 

1.81 + 0.01 41.8 ± 0.2 Gas Effusion 

1.59 + 0.03 36.76 ± 0.6 Review 

1.44 + 0.04 33.2 ± 1.6 Vacuum U.V. 

1.34 + 0.03 30.9 ± .0.7 Photo Ion 

1.59 + 0.01 36.7 ± 0.2 Photo Ion 

Summarized in Dibeler 
et al. (1969) 

n 

Dibeler et al. (1969) 

Berkowitz et al. (1971) Revised Dibeler's work 



Table 5.—Continued, 

D° CF2) 
eV Kcal/Mole Method Original Reference Comment 

1.58 ± 0.01 36.6 ± 0.2 Review 

1.61 ± 0.1 37.2 ± 2.2 Mass Spec. 

1.61 ± 0.05 37.1 ±1.2 Shock Tube 

Dronin and Gorokhov 
C1972) 

DeCorpo et al. (1970) 

Blauer and SolOman 
(1972) 

Reviews and corrects 
Dibeler's results 

Final accepted value 

as 
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100 

1 2 2.75 
o 
A 

Figure 11. Dissociating Molecular Fj Energy States. 

Simple Morse potential functions are shown. The vibra
tional levels are shown to scale. D^CF^) shows the 
dissociation energy states. 



V V f V 
0.02096 (1.2 + pm pm^ dv + 0.02096 (1 + 2.39 pm dv 

where Ec is the correlation energy to correct the Hartree-Fock calcula

tion and pm is the density of states. The results for are shown in 

Table 6. Accuracies for the above calculations are relatively poor. 

The "ad hoc" proper dissociation functions are introduced to correct 

the Hartree-Fock method. 

Magnetic Dipole Transition Probability 

Husain and Donovan (1969) reviewed the electronically excited 

halogens in great detail. Subsequently, iodine atom laser action has 

been demonstrated. The comparison of the different probabilities for 

the magnetic dipole transition for the different halogens allows this 

value to be estimated for F. The spin orbit transition probability (Am) 

is derived in Chapter 2. Since the value is independent of a radial 

integral and numerical evaluations are not necessary, its value should be 

reasonably accurate. The summary of the halogen spin orbit values for 

both the magnetic dipole and the quadrupole moment (Aq) are shown in 

Table 7. By using the "Golden Rule," the transition probability (Am) 

may be estimated for a halogen from the experimental value for iodine 

by the ratio of the wavelength of the transition cubed. This procedure 

neglects corrections for non-LS coupling, relativistic effects, hyper-

fine effects, and other higher order terms. The estimated value of the 

atomic transition probability is calculated from the experimental value 

of the transition probability of iodine (Am = 22 Hz). This is 3.3 x 

10"^ Hz. 
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Table 6. Hartree-Fock Calculated F^ Constants. 

Hartree-Fock theoretical calculations for Fg constants. 
HF - Hartree-Fock; HFPD - HF with proper dissociation func
tions; HFPD+Ec - HFPD with energy correction CEc) term. 
(Lie and Clementi 1971) . 

Ccm"^) Ccm"^) D° (eV) 

HF 1257 9.85 1.003 -1.37 

HFPD 672.7 17.01 0.684 0.65 

HFPD+Ec 839.5 11.41 1.010 1.37 

EXP. 891.8 15.6 0.8828 1.61 



Table 7. Review of Transition Probabilities and Energies for the 
Halogens. 

Am - magnetic dipole; Aq - electric quadrupole. 

Atom 
'2 
(cm~^) 

Am 
(Hz-calc) 

Am 
(Hz-exp) Aq (Hz) 

F 2p"P. 404.0^ o.ooiis'^*'^ - 0 

CS, 3p®2Pi^ 881^ 0.012^^ - 0 

Br 4p"Pi, 
'2 

3685^ 0.89® - 8.3 X 10"" ® 

I 5p"P^ 7603.2^ 7.8® 22^^ 0.055® 

^Moore (1971). 

Crane (this work). 

^Wiese, Smith, and Miles (1969). 

'^Husain and Donovan (1969) . 

®Garstang (1964). 
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Ultraviolet Absorption of 

The ultraviolet absorption cross section of Fg is important for 

two reasons: 

a. the pressure stability in the high temperature cell can be 

directly measured by absorption changes in the cell; 

b. knowledge of the absorption cross section of as a function 

of temperature is valuable for the indirect F atom detection 

method. 

Experiments were performed to measure the cross section by using the F 

atom high temperature cell. The results are discussed in Appendix A. 

There is a reasonable amount of data for the room temperature absorption 

of Fj. There is almost complete lack of high temperature data. This is 

primarily due to the reactivity of with most materials. 

The first room temperature U.V. absorption spectrum of F^ was 

obtained by Wartenberg, Sprenger, and Taylor (1931) , The later work by 

Steunenberg and Vogel (1956) is considered the standard work. These 

data are compared in Figure 12. The data obtained from the F atom cell 

with F^ in the system is plotted with the standard data. 

Batovskii and Gurev (1976) measured the continuum U.V. absorp

tion cross section of F^ as a function of temperature. The experiment 

was performed in a flash photolysis cell by burning a mixture of and 

F^ with excess F^. The gas mixture was initiated with a flashlamp which 

burned the fuel in approximately 10 ysec. The F^ cross section was then 

measured with a pulsed U.V. lamp. The advantage of this method was the 

elimination of the wall reaction. The data from the pulsed experiment 

had significant uncertainties because of the unknown combustion kinetics. 
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fast temporal response, and uncertainties in the gas density. See 

Figure 12 for Batovskii's data. The measurement of the absorption 

contribution from the various vibrational levels can be used to obtain 

the potential states of the molecule. Rees (1957) devised a method 

to calculate the absorption cross section. He obtained a good fit to 

the data of Steunenberg and Vogel. Because analysis at high tempera

tures is required, Batovskii extended this method through the vibra

tional V=2 levels of the molecule. The data must be measured to 

correct the constants describing the Morse potential function. 

Batovskii did not account for the dissociation of into atoms in 

his analysis. 

Because of the importance of monitoring the F^ density to insure 

the proper operation of the thermal cell, these measurements were con

ducted on the system. These results have an important bearing on the 

use of the indirect F^ disappearance method for F atom density measure

ments. It is likely that significant errors exist in many of the current 

indirect F atom measurement methods because of inadequate consideration 

of temperature effects. More detailed information will be presented in 

Appendix A. 



CHAPTER 2 

THEORETICAL ANALYSIS OF THE F ATOM 

It is important to estimate the theoretical absorption cross 

section, line strengths, and line splittings for the fluorine atom 

transition. The F atom ground state is a ^Pa^ state and the excited 

state is a ^Pj. configuration state of the inverted multiplet of the 
' z  

2p® configuration. This transition is magnetic dipole allowed. 

Measurements of the vacuum ultraviolet spectra of the F atom by Liden 

(1949) showed that the dipole transition occurred near 404 cm"^. 

Schlossberg (1976) gave the calculated Einstein A coefficient as 

1.2 X 10"^ sec"^. The pressure broadened line width of 1.9 MHz/torr 

and the hyperfine splittings were determined from ESR (Electron Spin 

Resonance) spectra. The theoretical prediction of the F absorption is 

thus complete once the thermal dissociation reaction of F2 2F is 

correctly formulated for the experiment. Statistical physics theory is 

used to calculate the equilibrium dissociation reaction of Fj to deter

mine the F atom number density. Direct absorption spectroscopy is 

theoretically possible to obtain the Einstein A coefficient, pressure 

broadened linewidth, and actual cross section for absorption. All of 

these quantities can be measured to obtain F atom number density. The 

hyperfine structure of this transition and the Zeeman splittings of a 

hyperfine transition give detailed spectral features that positively 
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identify the F atom transition. The theory for the calculation of the 

absorption coefficient of F atoms near 404 cm"^ includes the following: 

1. Absolute number density of F atoms as a function of temperature 

and pressure includes: 

a. Rotational, vibrational, and translational partition func

tions to correctly partition the energy. 

b. The F^ bond energy which is required to determine the 

reaction rate coefficient of F^ -> 2F as a function of 

temperature and pressure. 

c. The Voight line shape profile which must be used for a 

general analysis because this line shape profile includes 

both the Lorentz and Doppler limits smoothly fitted in 

the pressure region of the experiment. 

d. The density of Fg and F atoms which must be corrected for 

temperature variations at constant pressure which change 

the number density. 

2. The Boltzman population distribution of the excited ^Pi, state 
4 

compared to the ground state and its effect on absorption. 
'z 

3. The hyperfine splitting (3 transitions) induced by the nuclear 

magnetic moment (I= which splits the ground state ^P^ and 

excited state ^Pi. into two states each. 

4. The removal of the degeneracy in the hyperfine magnetic quantum 

levels by a steady state magnetic field splits the hyperfine 

transitions into their many Zeeman components. This provides 

a positive identification of the F atom transition. 



47 

Calculation of Thermal Dissociation 

The chemical reaction ->• 2F can be described by using a 

statistical physics formulation. This formulation will yield the mole 

fraction of F atoms (x) as a function of the spectroscopic constants, 

temperature, and pressure. The total partition function (Z = 

or Z = n^zp is simply the product of the individual 

partition functions yielding "the sum over the states." The molecules 

of F^ will have a translational term, vibrational term, and rotational 

term while the atom has only a translational term. No electronic 

states need be considered since the temperatures (T<2000°K) considered 

in this analysis are far too low to have any effect on the final result. 

A practical molecular dissociation temperature is less than 2000°K while 

the ionization temperature is of the order of 10,000°K. 

Partition Function 

The partition function of the molecule is (Kestin and Dorfman 

1971): 

Z 
m CD 

where 

Z^ = g C2'n-M kT) ^/h^ 
t ^m ̂ m 

(2) 

= statistical degeneracy of the molecule 

(g^ = atom) 

M 
m 

mass of the molecule = atom) 

k Boltzman's constant 
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T = temperature in degrees Kelvin , 

h = Planck's constant , 

t = trans1ational term , 

r = rotational term , 

V = vibrational term , 

Z = I (2j+l) . (3) 
j=0 

Since homonuclear diatomic molecules are indistinguishable, a degeneracy 

factor, 0 = 2, must be included. Because of the large number of states, 

Z may be written; 
r 

and 

Zj. = I / O  (2j+l) ^ 
o 

If e is expressed in terms of the energy of a rigid rotor which describes 

the molecule, then: 

Z^ = STT^lkT/ah^ = T/C20p . C5) 

where I=moment of inertia of the molecule and 0^ = rotational energy 

spacing. The vibrational partition function is expressed in terms of 

the nonnal modes of energy spacing hv of the vibrational levels similar 

to an harmonic oscillator. Thus: 

_ -hv/2kT p -nhv/kT = e ' e ' , (6) 
n=0 
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which in the limit as n ̂  is: 

= exp[-ey2T]/Cl-exp[-0yT]) , (7) 

where 0^ = hv/k. Thus the total partition function of the molecule 

after substitution of Eqs. (2), (5), and (7) into Eq. (1) is: 

^m = ^m [exp[-0y2T]/Cl -exp[-0/T)j . (8) 

The partition function of the atom includes only the transla-

tional term: 

(2TTM^kT)'''Vh^ . (9) 

The law of mass action describes the equilibrium products of the parent 

molecule and the atomic products. The chemical reactions for diatomic 

molecules dissociated are VjF + V2F = 0 where Vj = 2 and = -1. 

Law of Mass Action 

The Law of Mass Action for this reaction is (Kestin and Dorfman 

1971): 

( 2  
V ,  V, Av f "I 

X ' (1 - X) ^ = CkT/P) [n Z.J  exp[-Ae„/kT) CIO) 

where 

X = n /(n„+n ) (mole fraction of F atoms) , 
a a m 

1 - x  =  n / ( n + n )  ( m o l e  f r a c t i o n  o f  F „  m o l e c u l e s )  ,  mam 2 •> > 

P = pressure of the gas , 
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Ae„ = bond strength of the F, molecule , r 2 

Av I V. . 4* 1 

The different partition functions are substituted into the product 

equation II^(Zj|^) with the correct exponents. Thus Eq. (10) becomes: 

xVCl-x) = CkT/P)Cexp[-Aep/kT])CgaVgJC2TrkT/h2)''2 

(20yT){(l - exp[-0^/T])/exp[-ey2T]} Cll) 

Equation (11) may be simplified by using conservation of mass between 

atoms and molecules because the total mass of the atoms and the mole

cules is a constant. Only the mass of the atom need be specified in the 

final result. 

and 

where 

2M^ = (conservation of mass) 

M = m N and M = m N 
a a mm 

N = Avogadro's number 

The final result is: 

= [(kT)''^/Phj (g^Vg^) (inn^/N)''^2 (20^/T) 

• "< 

(1 - exp[-0yT])/exp[-0y2T] exp[-Aep/kT] . (12) 
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The physical constants for this reaction are: 

Sa = 

m = 

0 
\ 

0 

2 

1 

18.98 gr/gr mole 

= 1283''K 

= 1.27''K 

Ae_/k = iseyo'K 
F 

h = Planck's constant 

N = Avogadro's number 

k = Boltzman's constant 

Solution for Mole Fraction of F 

The solution for the mole fraction of F atoms Cx) is a quadratic 

and may be solved in the ordinary way by defining a parameter b: 

b = [ckT)''^VPh']cgaVgJ C-rrm^/N)''^^ C20^/T) 

(1 - exp[-e^/T])/exp[-0y/2T] exp[-Ae„/kT] 

Then; 

x^/Cl-x) = b or X +bx - b = 0 C13) 

The correct solution for mole fraction of F atoms x (0 < x < 1) is: 

X = -b/2 + y/b^/4 + b 

This is the solution for the mole fraction of F atoms which are dis

sociated thermally. Figures 13 and 14 show the mole fraction and number 

density as a function of pressure and temperature. Figure 15 shows the 

possible error range in specifying the molecular F^ bond strength. 
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Figure 13. Mole Fraction of F Atoms. 

1000 

F25=!r2F 

1500 

Cn 
N> 



100Q 

0.1 torr 

500 1000 TEMR 

Figure 14. Number Density of F Atoms. 



20 

1 9  

1 8  

1 7  

1 S 0 Q 0  K  

1 8  

P 10 torr 

»E$T ULUE OF INOfN D0N:T1ITS 

I S  

20000\ 

W t  r  I  . 2 7  * 1  

O o ( F 2 ^  =  1 8 6 8 8 . 9 * 1  

1 4  

Z S O O O  ' K  

1 3  

12 
1 0 0 0  I S O O  2000 S O O  

TEHPERATURE (DEGREES K) 

Figure 15. Number Density of F Atoms with Dissociation Energy of F^ Varied. 



55 

Figures 16 and 17 show the minor effects of incorrect specification of 

the vibrational and rotational constants. These constants are known 

better than 1%. Reasonable errors in the specification of these con

stants have almost no effect on the calculated absorption. To obtain 

the number density of F atoms/cm^ [F]: 

[F] = 9.66 X 10^® Cx) Ptorr/T , (14) 

where Ptorr = total pressure in torr. Figure 14 shows the absolute 

number density of atoms as a function of temperature and pressure. 

The major errors in the reported values that could affect the 

experiment are line position, transition probability, and fluorine bond 

strength. Some errors exist in linewidth and broadening estimation. 

Rotational and vibrational errors are negligible; see Table 8. 

Optical Absorption by F Atoms 

A tunable semi-conductor diode laser produces narrow band width 

(lO"** cm"^) far infrared laser radiation. This laser may be used for 

high precision spectroscopy, and therefore absorption of the laser beam 

is used to measure the density of the F atoms. The transmitted intensity 

I can be written: 

T / T  - A N A F I ,  I/Iq = e , (15) 

where 

= incident intensity 

AN = the difference between the weighted ground state 

(^P^) and excited state C^Pi^) populations , 
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Figure 16. Effects of an Uncertain Vibrational Energy. 

No effect is anticipated for any possible error in this constant 
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The possible uncertainty in the rotational energy has a 
negligible effect on the final result. 



Table 8. Known Constants for the F Atom. 

In all cases the ranges analyzed for the F atom are larger than the possible error. 
Every attempt is made to cover these regions experimentally. Underlined items have 
largest uncertainty. CC) - calculated; (E) - estimated; (M) - measured. 

Best Data Minimum Maximum 

Line Center (cm~^) (M) 404.0 CM~^ 395 cm"^ 413 cm"^ 

Einstein A Coefficient (C) 1.2 X 10"^ SEC"^ 1.2 X 10""* SEC~^ 1.2 X 10-2 

Pressure Broadening (M) 2 MHz/torr 1 MHz/torr 10 MHz/torr 

Dissociation Energy Spacing F. (M) iseyo^K (1.6 ev ± 0.03;) 15075°K (1.3 eV) 22150°K (1.9 eV) 

Vibrational Energy Spacing F2 (M) 1283°K 1273°K 1293°K 

Rotational Energy Spacing Fg (M) 1.27°K 1.17°K 1.37°K 

tn 
00 
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AN = N, -Cg/g^) . (16) 

N, = (atoms/cm^) in ^Pa- state; g, = 4 , 

Ng = (atoms/cm^) in state; gg ~ 1 > 

g = statistical degeneracy ( 2 J  +1) ,  

a  =  optical cross section (atom-cm^) , 

Z  =  absorption path length in cm , 

a = ANa = absorption coefficient 

Equilibrium between Ground and Excited States 

In thermal equilibrium, the ratio of excited N^C^Py) to 

N (^Ps-) ground state is described by the Boltzman distribution as: 
1 /2 

Nj2Pl^^)/N^C'P3/^) = g^/g, = 1/2 , (17) 

where Ae = energy difference between the states. Substitution of the 

nominal value of 404 cm"^ yields: 

Ng/Nj = 1/2 e-^81.275/T _ 

Figure 18 shows the ratio Ng/N^ of the excited state to the ground state. 

The relative population may be used to estimate the number density of 

the absorbing states. Conservation of atoms yields the following: 

N, + = [F] , (19) 



T r T r T 1 1 r T r 

H(2p3/2), 

0 . 0 1  X X X X X X 

9  1  0 0 0  1  1  1  2  1  3  1  4  1  5  1  6  1  7  1  8  1  9  2 0 0.0 
T °R 

Figure 18. Relative Population of N„(^Pi, ) to N„(^P3.) to N„(^I 
'2 F '2 

These calculations assume a Boltzman distribution. 
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and from Eq. (18), 

N2 = (1/2) Nj . (20) 

Substitutions from Eqs. (19) and (20) yield: 

[F] = NJ + (1/2) NJ . (21) 

This relates the various states in thermal equilibrium to the total F 

atom density. Wall effects should selectively deactivate the excited 

state in the thermal cell. The Boltzman distribution is then a 

pessimistic estimate of the ground state F atom density to the excited 

state density. Therefore, the number density of gro\ind states of the 

total number density of F atoms is: 

Nj = [F]/(l + 1/2 e"^^/'"'^) . (22) 

Now AN may be written as follows from Eq. (15): 

AN = N J1 - (gj/g^)N2/N J . (23) 

The use of Eqs. (22) and (17) yields the final result: 

AN = [F](l - e"^®^-^^^'''^)/(l + 1/2 . (24) 

This expression relates the number density of F atoms to the number den

sity of absorbing states as a function of temperature and the energy 

difference between the ^Psy and states. 
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Optical Cross Section 

The optical cross section for absorption can be obtained from 

the absorption relation; 

Power/volume = (N W - N W ,Ohv , (25) 
^ 1 1 2 2 2 1  

where 

= transition probability from state i to j , 

h = Planck's constant , 

V = optical frequency of the transition 

This may be rewritten by manipulating the transition probabilities into 

a term involving only the transition probability for spontaneous 

emission (Einstein A coefficient) (Yariv 1975): 

Power absorbed/volume = [ANX^g(V) I^Ajg] (gg/gi)/^''^ > (26) 

where 

A,, = 1/t . the lifetime of the state 
12 spont 

for spontaneous emission , 

X = wavelength of the transition (24.725 ym) , 

g(v) = the normalized line shape function 

g(v) will be described in detail subsequently. The line shape profile 

varies smoothly (Voight profile) between the inhomogeneously broadened 

limit (Doppler or temperature broadening) and the homogeneously broad

ened limit (Lorentz or collisional broadening). The optical cross sec

tion is defined as follows: 

^ = >^''\2Cg2/gl)gCv)/8lT , (27) 



63 

The absorption coefficient C") is defined as: 

a = [F] a (1 - +1/2 . (28) 

After the determination of [F], this form is convenient for calculating 

the expected absorption of the thermal cell. The linewidth is not yet 

defined. 

Linewidth 

There are three possible formulations of the linewidth function 

depending upon the pressure and broadening constants of the molecule or 

atom. They are: 

a. Lorentzian broadening (collisional broadening) (Yariv 1975), 

b. Doppler broadening (temperature broadening) (Yariv 1975), and 

c. Voight broadening profile (Gross and Bott 1976). 

The Voight profile contains both Lorentzian and Doppler broadening with 

a smooth transition between them. The Voight profile describes the 

transition region between the two without discontinuities. 

All of the line shape functions satisfy the normalization 

condition; 

fCO 

g(v) dv = 1 

Lorentz Line Shape 

The Lorentzian line shape function satisfies the condition: 

g(v) = Av/2Tr /[(v-v^)2 + (Av/2)2] , (29) 
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where 

Av = the full line width at half maximum (Hz) 

V = frequency off line center (Hz) , 

V = line center (Hz) 
0 ^ 

At line center (v - v ) „ = 0, and 
O LIL* 

g(v)LG = 2/TrAv (30) 

This is the result for pure Lorentzian broadening well above the Doppler 

limit. A typical value for F atoms is 2 MHz/torr for pressure broaden

ing. 

Doppler Line Shape 

The Doppler shift caused by the finite Maxwell velocity 

distribution of the atom is: 

V = V + (v /c)v 
o ^ X o 

(31) 

where 

V = Doppler shifted frequency (Hz) 

= original frequency (Hz) 

v^ = molecular velocity (m/sec) 

c = velocity of light (m/sec) 

Defining for further use; 

m = molecular mass (kg) 

T = temperature (°K) 



65 

Equation (31) may be solved to obtain: 

V = c(v-v )/v ; relating the differentials: dv = cdv/v . (32) 
x o o o 

The velocity distribution function is from a Maxwell distribution: 

f(v^,Vy,v^) = (m/2iTkT) exp[-m(v^^ + Vy^ + v^^)/2kT] . (33) 

The normalization condition is: 

f(v ,v ,v )• dv dv dv =1 . (34) 
x y  z  x y z  

Writing the line shape function caused by the Doppler shift and combining 

Eqs. (33) and (32) yields: 

g(v)dv I (m/2iTkT) exp[-m(Vy,^ + V2^)/2kT] 

• |exp[-mc (v-v^) /2kTv^ ] dv dv c/v dv . (35) 
y z o ^ ^ 

Recall that the general solution of an exponential quadratic is; 

^-(ax=^ + bx+c) g(b2-4ac)/4a 

then 

I exp[-mv^^/2kT] dv^ = /(2irkT/m) 

Substituting into the relationship for g(v): 

g(v)dv = /(m/2TTkT) exp[-mc (V-V^) /2kTVQ ] c/v^ dv . (36) 
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It is convenient when using the Doppler line shape to express this 

result, Eq. (36), in terms of the full width at half maximum (FWHM) of 

the transition. The FIVHM can be obtained directly for the absorption 

data by measuring the linewidth at half maximum provided that the absorp

tion spectra are pure Doppler broadened lines. To obtain g(v) at half 

height the Doppler width, Av^ is found to be; 

AVjj = 2v^/c /(2iln2)kT/m 

The linewidth is expressed in terms of the convenient term Av^: 

g(V) = /2(Jln2)/iT (l/AVp3 exp[-4S,n2(v-V^)^/AVp^] (37) 

and at line center since (v-v^) = 0. The line shape g(v) is: 

g(V) = 2/E27i'/AVp . (38) 

Figure 19 shows the limits of the F atom linewidth at line center, but 

the Voight function must be used to describe regions where both types 

of broadening occur. 

Voight Function 

The Voight profile combines the limits of the Doppler and 

Lorentz broadening smoothly joined. The Voight profile is used in 

the region where both Doppler and Lorentz broadening are important as 

it combines both. The following definitions are used: Av = 2a where 

a is the HWHM and Av^ is the FWHM, D—Doppler, and L--Lorentz. 

The Voight function is a convolution integral: 
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Figure 19. Pure Doppler and Lorentz Broadening Regimes. 

A smooth transition occurs between the two. 
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K(x,y) = y/iT |°° e"̂  /[ŷ  + (x-t)̂ ]dt . (39) 

The absorption at line center is: 

<j)(w) = /CS-n2/7r) Cl/otp) K(x,y) , (40) 

where 

X = /(Jln2) Iw-to I/a = 0 (41) 
L I L/ 

at line center. The normalizing condition is 

I <j)(u)d(oj) = 1 

The parameter y is defined as the ratio of the Lorentz and Doppler 

widths with a normalizing constant: 

y = /(fi.n2) . (42) 

The line shape function K(x,y) is now conveniently written at line 

center: 

K(0,y) = [l-erf(y)] e^ 

or 

= y/TT I e^~^ V(y^ + t^)dt . (43) 

It is appropriate to find a numerical approximation for the error func

tion (erf) to be used in the calculation. The effects of numerical 

errors with the approximation may be evaluated. Test cases in the 

various limits will indicate the validity of the approximations. 
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For Doppler broadening y -> 0, KC0,0) = 1, and in the limit of 

Lorentz broadening y ->• «>. In the limits of either type broadening: 

K(0,y) = l/CyTT^^^) _ 

In the limit of either Doppler or Lorentz broadening, the line shape 

function becomes: CSee Fig. 19) 

= /C&n277r)7aQ or 2/(ta2/Tr) /Av^ 

and 

= l/IRA  ̂ or 2/ITAVj^ . (45) 

The previous definition of g(v) is exactly the same as (jiCto) . Therefore: 

g(v) = /C£n2/7r) (l/ap) K(x,y) 

= /(iln2/Tr) Cl/Op) [1-erfCy)] e"^^ 

_^2 
= /(£n2/Tr) (l/otp) [erfcCy)] e~^ . (46) 

The numerical approximations must be examined to determine the error 

introduced when using the Voight function: 

erfc(y) = 1/(1 + a^y + a^y^ + ... + agy®)^® + e(y) , (47) 

This numerical approximation has an error E(y) < 3 x lO'' for y < 3IT/4. 

However, ranges of error outside of this value are often encountered. 

Great care must be exercised or this function blows up near the transi

tion where y - 3ir/4. The constants are defined (Abramowitz and Stegun 

1970) : 
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= 0.0705230784 a^ = 0.001520143 

a^ = 0.0422820123 a^ = 0.0002765672 

a, = 0.0092705272 a, = 0.0000430638 
o b  

For y < 3ir/4, another approximation is required to assure a smoothly-

varying function (Abramowitz and Stegun 1970): 

/n (ye^^ erfcCy) 1 + ^ (-1)"" (1 •3*5.. .2m-l)/C2y2)'" . (48) 
m=l 

The transition between the limit function, Eq. (48), and the previous 

function, Eq. (47), had a discontinuity near the point y - 37r/4, 

particularly when calculating the absorption as a function of pressure. 

The recommended approximations follow and include only the terms 

yielding a smooth transition; see Figure 20. Figure 21 hides this 

defect in the approximation. It appears that a smooth transition 

occurs, but in large exponential calculations of the absorption versus 

pressure, this is not so. These approximations were previously used in 

the various kinetics models of HF chemical lasers (Gross and Bott 1976). 

The recommended form of erfc(y) is: 

„2 
erfc(y) = /l/ir ye^ [1 - 1/2 y^ + 3/4 y"* - 15/8 y®] 

Additional terms added significant errors under certain conditions where 

the functions do not smoothly join. Recall that: 

y = /iln 2 ciL/ctj3 
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In detailed calculations of the effect of pressure on 
absorption, these discontinuities had to be corrected. 
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The line shape Ig(v)] for the two cases of interest is: 

a. For the case y > 3'fr/4 it is: 

gCv) »= [1 -1/2 7^ + 3/4 y"-15/8 y®] . 

b. For the case y < 3Tr/4 it is: 

g(v) = /(iln2/Tr) (l/otp) 1/(1 + a^y + a^y^ + a^y®)^® e^ 

When the series was truncated to one of the forms shown above, the 

transition between the two limits was smooth with only a slight error. 

Larger numbers of terms had a significant discontinuity at pressures 

where the Lorentz and Doppler widths were almost exactly equal. The 

Lorentz broadening term can be expressed in terms of the measured line-

width data of Ultee (1971) by the following: 

= ^^^0/2 = v/c /(2£n2)kT/m (Doppler HWHM) , 

• (Ptorr) , 

where is the line broadening parameter measured in Hz/torr. Typi

cally for F atoms the broadening coefficient is between 0.5 to 10 x 10® 

Hz/torr. A calculation of the Voight function is shown for 2 MHz/torr 

in Figure 21. 

Absorption 

The laser spectrometer directly measures absorption of an atom 

by the superimposed absorption line on the laser power mode. The laser 

frequency is tuned by varying the laser current while at a constant 

temperature. An air spaced etalon with fringes spaced at 0.029851 cm"^ 
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is used to monitor the tuning rate. Figure 22 shows a typical molecular 

HF (v= 0) absorption at 402.9 cm~^ with the sinusoidal shaped etalon 

scan superimposed. The measured absorption is simply: 

A = 1 - I/I^ . (49) 

This is the normalized absorption. To calculate this absorption, the 

normalized transmission is I/I^ = e > where a is defined by Eq. (28) 

with the line shape function evaluated using the Voight function 

approximation, Eq. (47). The absorption is: 

A = 1 - e""^ , (50) 

where £ is the absorption length in cm"^. The previous results are for 

the total integrated absorption. Figure 23 shows the line struction of 

atomic fluorine with hyperfine effects and the magnetic degeneracy 

(F= 2 ̂  F=1) resolved with a solenoidal magnetic field of 100 Gauss. 

Calculations are made using the different line strenghts of the individ

ual hyperfine transitions. The main transition F = 2-»• 1 has a line 

strength of 5/8 and is used in most calculations. The evaluations of 

the line strengths and splitting constants follow in the subsequent 

sections. 

Figure 24 shows the absorption strengths as a function of 

temperature and pressure. The best data are plotted for an absorption 

length of 80 cm which corresponds to the length of the thermal cell used. 

Figure 25 shows a realistic choice of the constants and the hyperfine 

effect is considered by including a line strength of 5/8 (F = 2->-l). The 

I 
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LASER CURRENT A = 1 - I/I^ 

Figure 22. Typical Diode Laser Absorption Line CHF), 

Etalon scan is superimposed on the laser power mode. 
HP (v = 0) J = 9->10 is shown. 
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P >1/2 
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404.035 

404.169 

403.828 

3/2 

1 

Figure 23. Basic F Atom Energy Level Diagram. 

Also shown are the hyperfine levels and the Zeeman splitting 
of the F=2 and F = 1 transition. 
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Figure 24. Integrated F Atom Absorption. 

The best data available are used. 

Pb = 2 MHz/torr 
ev= 1283°K 
Or=1.27°K 
F = 18670°K 
L = 80 cm 

K° 1500 

The absorption is the total for all lines. 
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Figure 25. F=2 to F=1 Atom Absorption. 

The pressure broadening constant is also increased. 
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basic data were used to predict the absorption over a wide range to test 

the sensitivity of these parameters. Figures 26 and 27 show the results 

of varying the Fz bond strength energy while holding the other param

eters constant. The effect of a variation in gas pressure is examined 

by two different calculations at 80 and 10 torr. Figure 28 shows differ

ent absorptions for the variation of the A coefficient. Figure 29 shows 

the case for 10 torr. 

Figure 30 shows the predicted absorption for different tempera

tures and pressures (a is for the F = 2->• 1 transition, b for F = 1^0, 

and c for the F = 1 ->1) . This concludes the analysis of expected 

absorption of the fluorine atom. 

Quantum Mechanics 

The expected total integrated absorption has been predicted for 

the F atom. However, two additional effects must be considered. The 

first effect is the hyperfine splitting of the transition into three 

components by the coupling of the nuclear magnetic moment (I) to the 

total angular momentum of the electron (F = J + I). This splitting is 

relatively large 0.3 cm~^). The ground state C^Py) and the excited 

state (^Pi-) each split into two states. According to the selection 

rules, three transitions are observed. The large magnetic moment in

cludes a large Zeeman splitting even for small magnetic fields (> 100 

gauss). Consideration must be made of the Zeeman splitting effects 

when evaluating this transition since this feature may be used to 

positively verify the F atom transition. 
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Figure 26. Effect of Varying Bond Strength (P=80 torr). 

Temperatures ("K) are shown on each curve. The arrows show the possible 
range of dissociation energies. 
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F = 2-̂ 1 (5/8) D. 

cn 

700°K \ 800°K\900°K\l000"i\ll0tf 

o 
z 

0.01 
10,000 30,000 
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Figure 27. Effect of Varying F2 Bond Strength (P=10 torr). 
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Figure 28. Effect of A Coefficient on Absorption (P=80 torr^. 

Hyperfine transitions F = 2-^l and dissociation energy of 1.61 eV are shown. 
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Figure 28.—Continued. 

The hyperfine transition F = 2-»• 1 and dissociation energy of 1.91 eV are shown. 
Temperatures C°K) are shown on each curve. 
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Figure 28 —Continued. 

The hyperfine transition F = 21 and dissociation energy of 1.31 eV are shown. 
Temperature (°K) is shown on each curve. 

00 



1 

•1100' P = 10 TORR 
PB = 8 HHZ/TORR 
AEF, = 1.61 EV 

0.01 

10"'» 10'3 

EINSTEIN A COEFFICIENT (SEC"^) 

Figure 29. Effect of A Coefficient on Absorption (P = 10 torr) . 

The average value of the constants is shovm. 
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Figure 29.—Continued. 

Most pessimistic absorption condition. 
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Figure 29.—Continued. 

Most optimistic conditions for absorption. 
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Figure 30. Effect of Pressure on Absorption. 

The maximum absorption occurs at the pressure where the Doppler and Lorentz 
linewidths are exactly equal. 
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Selection Rules 

The selection rules of a transition where I and J are not indi

vidually conserved are: |J-l| for I = H and J  =  ^ :  

F = 2  an d  F  =  l ;  f o r  J  =  :  F = 1  an d  F  =  0 .  T h e  m a g n e t i c  f i e l d  o f  a n  

electron is described by H = aJ, where J = L + S and includes both orbi

tal (L) and intrinsic magnetic moment (S) components. 3f = g I • aJ is 

the Hamiltonian describing the coupling of the nuclear magnetic moment 

to the electron. 

The selection rules for the magnetic dipole and hyperfine tran

sitions can be obtained by examining the tensor properties of the 

operators to determine the allowed transitions from the Wigner-Eckart 

theorem (Sobelman 1972): 

For the magnetic dipole transition the operator is M = y^(J + S), and 

AL = 0, AS = 0, and y = y*- Using Eq. (52), X = 1 q = 0: 

Therefore J = J'±1 for the magnetic dipole transition since the 3j • symbol 

is nonzero only when J + 1 + J' = 2g (g is an integer). 

moment) commutes with the spin of the nucleus. The operator is reevalu

ated by examining the radiation line strength term for D: 

<YJM|Txq|y'J'M'> = C-1)'^""<YJIITXIIY'J'> [_M q m' (52) 

(53) 

The hyperfine transition operator (D is the magnetic dipole 

I (yJIFllDDyJ'IF')!^ = (2F+1) (2F'+1) l(YJilDllyJ') |2 . (54) 
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|p, J, j| contains the selection iailes for F. Writing the 6j symbol as 

the sum of the products of 3j symbols yields: 

J 1 J 2 3 3 

12 3 

^2 ̂ al X (5'i+5'2+̂ 3+">l'*-"'2+in3) 
m,m,m. m, m m,i 2 3 

• 1 2  3  

jl ̂  f ^1 ^2 ^3l r^l ^2 j 

n, n, -n, • 1 2  3  

] pi ^2^3] . 
J Im -"1, mj -m, m„ m„l Im, -m„ m_. 

1 2 3-' 1 2 S'' 

C55) 

Substituting the values for the fluorine atom magnetic dipole yields: 

J F LL 

F' J' IJ 
* 

O; 

3/2 F 1/2 

F' 1/2 1 

0 0 0 

'F • F l" 
r 

0
 

0
 

0
 V 0 0 0 

The selection rules from the 3j symbols are: 

| j - l | ^ F ^ | j + l |  an d  | j ' - l | ^ F ' ^ | j '  +  l|  

also J = J' + 1; F' = F ± 1,0. 

A review of the theoretical and experimental work on the F atom 

transition provides verification of the F atom by use of the hyperfine 

structure. The experimental values obtained from ESR spectra of the 

hyperfine splitting are shown in Table 9 and Figure 31. The terms 

<rj^) and differ because of incomplete LS coupling. The Fermi 

contact term |i|^(0) | is measured to be nonzero because of core 
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Table 9. Known Hyperfine Constants for the F Atom. 

The constants are summarized from Chapter 1 for convenience. 

Term Experimental Value 

Splitting (F = 1^ 0; J =1/2) 10244.21 MHz 

Splitting (F = 2->-l; J = 3/2) 4020.1 MHz 

7.35 Au 

8.14 Au 

|ipC0)|2 0.0717 

gjCJ = l/2) 0.6656 

gjCJ = 3/2) 1.33386 

gjCI = 1/2) 2.6237 
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Figure 31. Hyperfine F Atom Line Structure. 

These are the experimental values measured from ESR spectra. 



polarization effects between the s electrons and the unfilled shell 

CHarvey 1965), 

The magnetic coupling must be evaluated at r = 0. Since the 

contact term is nonzero for L=l, a correction must be applied. This 

is equivalent to evaluating the probability of finding the electron 

at the nucleus. 

Calculation of Hyperfine Splittings 

The magnetic field effect on the electron must be evaluated 

at r=0. The total magnetic field is the sum of the intrinsic and 

orbital fields. HCr=0) = + HgCr=0) and each of the components 

may be written (Sobelman 1972) : 

H, CO) = e(r X v)/cr' and H„CO) = 2]i /r^ [s-3(T'r)r] . (56) 
L o O 

The second term is obtained from; 

HgCO) = Vx C2y^/r^)C? X r) 

and the first term is rewritten as: 

H^CO) = Ceh/mpC) (l/r3)i = Mq , 

since (r x v)m = hS,. The interaction energy (Wjg) is )I*H which couples 

the electron magnetic field to the nuclear moment 

Wjg = -u*H = C2uQ/r®) [T-i" +3Ci'«r)r]*u (57) 

and 

ix = eh/(2mpC) gj T = y^(m/mp) gj T 
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The result is written in a more convenient form by making the substi

tutions: Ry = me'*/2h^; a = e^/hc; a^ = h^/me^; where = Rya^a^^ 

= }i^e^/C2m^c^) . Ry is the Rydberg constant; a is the fine structure 

constant; a^ is the Bohr radius. The interaction term is written: 

Wjg = a^a^^/r^ (m/mp) Ry gj I* [S. - s + 3(s«f)r] (58) 

where 

a^ = a^a^Vr^ (m/m )Ry gj 

The problem reduces to calculating the matrix elements and terms of 

Wjg = a^^I* [£ - s + 3Cs*r)r] (59) 

The angular momentum and spin components of the electron interaction with 

the nuclear magnetic moment can now be obtained. For the angular momen

tum term, the general results of angular momentum coupling for a single 

electron configuration can be used (see Sobelman 1972, p. 90); 

J,'+J2'+J 
<YJiJ2Jm|T^U'^|Y'JI'J2'JM> = (-1) ^ ^ I 

Y" 

J, J2 J 

vJa "Ji' k 

(60) 

This general theorem may be used to average over the states (S, j IF). 

Evaluating I'S, using Eq. (60), the first term for the orbital angular 

momentum is obtained: 
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< sJljIFM|a r̂«r|sJljIFM> = < sS,jIFM|aj^T^U^ |siljIFM> 

= <lllllll> <s£jlli!.llsJlj> . (61) 

The second term of W^g (the product of I and the electronic spin terms) 

is much more difficult to obtain. The term is rewritten: 

Wjg(spin) = aj^[3(s*r)r - s] •! = a^K*! . (62) 

Expressing K in the basis a: 

then 

"c. • I We • 
P 

D „ = 3n n„ - 6 „n^ 
a3 a 3 a3 

can be expressed as a second rank spherical tensor of the 

following form: 

"̂ 2,0 ~ 

T2 = ±/2/3 (Dzx ± iDzy) , 

T2 +2 ~ ±/l/6 (Dxx - Dyy ± 2iDxy) , (64) 

where 'v. 0^(8,cpj and 0 ^ ( 6 , < p )  =  / 4 n / 2 Z + l  Y Z , m ( d , < p ) ,  which are the 

well known spherical harmonics. The constant relating to is re

quired. This constant is obtained by evaluating the z component. 

First the product of the second rank tensor and the first 

rank tensor is calculated. Then the constant relating to K 

must be found: 
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[D^ X = I  <21imn'|211q> D 2 S ̂  
'• a I ' ^ m m' T mm' 

<21mm'l211q) are Clebsch-Gordon vector coupling coefficients. This 

result is from the general theorem (see Sobelman 1972, p. 88): 

[T'^xu'^]® = 5! ^krqXlkrsa) T'^ uj . (65) 
qA 

The different terms can be evaluated after finding the constant relating 

to C^: 

Kq = Const I <21mm'|2llq> c2(8,())) 
mm' 

Kz = DzxSx + DzySy + DzzSz . (66) 

Comparing the different terms of Kz it is obvious that only DzzSz be 

considered: 

and 

DzzSz = Const <2100|2110> 
' o o 

Dzz = 3 cos^ 0' - 1, 

9' is the angle between n and ng. C^(6,(J)) = /1/4 (3 cos^ 6' - 1), 
cx p 

which follows from the definition of the spherical harmonics. To evalu

ate the terms, the following relationship between the Clebsch-Gordon 

coefficients and 3j symbols is used (Edmonds 1957): 

= C-1) /2j+l 
P i  h  J' 

mj m^ -m 
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Calculating the term for DzzSz: 

< 2100|2110> = ^ 2 11 
0 0 0 

Sz = which is the maximum z projection; therefore. 

C3 cos^ 0'-l)Sz = Const (1/2) (3 cos^ O'-l) , 

Const = - ^10 

The general form of the equation is 

Kq = -./IF I < 21mm'|211q> C^Ce.fl)) = ->/l0 [C^xS^]^ . 
q mm' 

(67) 

This directly relates the matrix elements to the spherical harmonics. 

The more general form of the tensor product is (Sobelman 1972, p. 90); 

/(2J+1)(2J'+1)(2S+1) < 

J, J,' k 

J,' r 

J J' s 

(68) 

Using the general tensor formula to rewrite the hyperfine tensor ele

ments yields the following: 

<sJlj||[C^xS^] llsilj) = < illlC^llJl) < s||s|ls> (2J+1) >/3 

s 1' 

a  z  2  

3  3  1  

(69) 
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See Appendix B for the evaluation of Eq. (69). The general tensor may 

now be written in terms of the hyperfine terms: 

< s)ljIFMlw|sS,jIFM> = <aj^> (I||I||I> ^ 

• < s£jlUlls5,j> - /To < sAjll [C^ x S^]llsilj> . (70) 

The various terms are evaluated to yield (Sobelman 1972, pp. 86 and 8 7 ) :  

<111 111 I > = /I(I+1) (21+1) , (71) 

^ 2[j(j-»-l) +1(1+1) -F(F-M)1 ^ j.^2) 

^ /2j(2j+l)(2j+2) (21)(21+1)(21+2) 

<s£jll£llsilj> = /j(j+l)(2j+l) "25(^11) " 

<s||s||s> = /S/J . (74) 

Since = -g I "a J = AI»J = 1/2A(F^ - - I^), the term W evalu-
x o 1 lI 

ated in the state (yJIFM) is: 

<YJIFM1W1YJIFM> = 1/2 A[F(F+1) - J(J+1) - 1(1+1)] . (75) 

The reduction of the 9j term and some tedious algebra yields a simple 

formula for A. The term A is calculated in terms of aj^ which was 

previously evaluated,; 
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A = iiCii+iD/j(j+1) 

= a^gj (m/nip) (a^/r) ̂ [^(^+l)/j Cj+l)]Ry • (76) 

This provides a simple estimate of the splitting of the F = 2->-l and 

F = 1 -> 0 states. 

Using the values from Table 9 where r is the average value of 

rg and r^^, Ry is the typical value for the Rydberg constant, and a is 

the fine structure constant, A is found to be: 

A = (0.0615 cm"^) il(il+l)/j (j+1) . (77) 

Shown in Table 10 is a summary of the terms J2'(i!'+l)/j (j+1) [F(F+1) -

1(1+1) - J(J+1)], where F = 2,1,0; I = 1/2; J = 3/2,1/2; and S, = 1. 

For the J = 3/2 state the calculated splitting is 0.1312 cm~^ and the 

experimental value is 0.134 cm"^. For the J = 1/2 state the calculated 

value is 0.328 cm~^ while the experimental value is 0.341 cm"^. 

Considering the simplicity of the above calculations, the result 

is reasonable. Other effects can be accounted for in a detailed analy

sis. The following effects occur but are shown to be small in magni

tude: 

a. relativistic effects (this effect is shown to be less than 1%), 

b. effect of finite nuclear volume (less than 0.1%), and 

c. the deviation from LS coupling manifests itself in the. form 

of different (spin) and (angular momentum) 

terms. 
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Table 10. Calculated Hyperfine Energy Level Splittings. 

Calculated 
Term* Energy Values of Splitting 

FV 
3/2 1/2 3/2 1/2 

2 4/5 +0.0492 

1 -4/3 4/3 -0.082 +0.082 

0 -4 -0.246 

Difference = +0.1312 +0.328 

*Term = [FCF+1) - 1(1+1) - j Cj+D ] 
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Since £. = 1, the Fermi contact term is theoretically zero in this 

approximation; however, experimentally a value for ! is reported 

because of core polarization effects. A quick estimate of the impor

tance.of relativistic corrections is necessary. The effects are 

obtained from examining the Dirac equations. It is not expected that 

the relativistic corrections will be large, because atoms with small Z 

have small corrections. 

Estimate of Relativistic Corrections 

A is rewritten with relativistic correction factors (Schwartz 

1955): 

where Fr(j) and HrCj) are relativistic correction factors. Since an 

experimental value for <r)~^ exists, 6(E) can easily be determined. 

6(E) may be estimated by the following (Sobelman 1972): 

The term. A, is now rewritten in the following form by substituting 

Eq. (79) into (78): 

, &(Jl^-l) 1 Fr(j) 
P-" UCj+1) CA+l/2)Zj iHr(j) 

5(E) = a^Z(£+l/2) Hr(j) <r>-^ a^^ Ry (79) 

^ ^ il(S,+l) 
* - % t-'V TfTrtT 

(a^r) ̂ Ry Fr(j) (80) 

The relativistic corrections give a quick approximation method to assess 

order of magnitude effects. The values of Fr(j) are tabulated by 

Schwartz (1955). These values are plotted in Figure 32. Numerically, 
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Figure 32, Relativistic Corrections to Hyperfine Structure. 

a. Corrections for a finite nuclear volume.(Sobelman 1972). 
b. £=1 relativistic corrections•(Schwartz 1955). 
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these values can also be obtained from the expansions obtained from 

approximations to the radial integrals. These are the corrections for 

both states. The corrections can now be made by using the following 

approximate formulas: 

For fluorine atoms Z = 9; J = 3/2,1/2 and for J = 1/2 then x=l so that 

y = 0.998; therefore Fr(l/2;9) = 1.00795. For J = 3/2, then X=-2 so 

that Y = 1.9989; therefore Fr(3/2;9) = 1.00169. These results show 

that the estimated relativistic correction factors are 0.8% for J=1/2 

and only 0.2% for J=3/2. These corrections are, therefore, neglected 

in any further analysis. 

Estimate of Effect of Finite Nuclear Volume 

Since a point mass is assumed for the nucleus, the effect of a 

finite nuclear volume can be estimated by introducing correction factor 

to A, the hyperfine splitting constant (Sobelman 1972): 

where 

Ac = ACl - 6) C81) 

where Ac is the corrected value of A; 

6 (82) 
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g, f are the electron radial functions of the Coulomb field. These 

functions are defined from the differential equations for relativistic 

corrections to radial functions. These definitions are: 

and 

i"gCr) = 1/hc (E + - V) rf(r) 

rf(r) = -1/hc (E - E^ - V) rg(r) 

The principle cause of the correction is the non-Coulomb form of the 

potential V. VCr)= -Ze^/r for distances approaching the dimension of 

the nucleus. The following conditions apply to the equations: 

-Cj + 1/2J = -£-1; j = A + l/2 rg^ 

X = and 

(j + 1/2) = Z; j = Jl - 1/2 rf 

->• 0 when r -> 0 

Figure 32b shows the effect of the j = 1/2 state. The correction for 

the j = 3/2 state is even smaller. This factor is completely ignorable 

and is much less than 0.1%. 

Core Polarization Correction 

Theoretically, the Fermi contact term is zero because there are 

no unpaired s electrons which have a nonzero wave function at the origin. 

Since '{'(0) 0, a correction can be introduced for a nonzero contact 

term. [Notably paramagnetic resonance measurements of by Abraham 

and Pryce (1957) have demonstrated these effects.] The nonzero 

contact term results from the core polarization effects introduced 
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through the exchange interaction of the s electron with the unfilled p • 

shell, Harvey (1969) measured the effects upon F atoms with ESR tech

niques which are recalled from Table 9: 

[li^CO^r = 0.0717 , 

<rj^>"3 = 7.35 Cau) 

<rg>"^ = 8.14 Cau) 

The interaction Hamiltonian in the complete representation includes the 

terms already discussed (Wjg) and for s electrons includes a Fermi 

contact term (Wet): 

W = a^^L-r - a^^[S - 3(S'r)r]'T + agl'S , 

where Wet = agl'S. The magnitude of Wet is independent of L, J, and F. 

Writing all of the terms for Wet gives an immediate estimate of the 

correction: 

Wet = Sir/S t/g^ (m/mp) a^^ |i|^CO)|^ Ry = 0.0050263 cm"^ 

for the reported value of |)j;(0) | . 

Concerning the correction factors, the only major effect occurs 

from the deviation from LS coupling expressed in terms of different 

for the spin and angular momentiun functions. A corrected average 

factor of 7.745 au for <r)"^ is used to obtain corrected results. This 

correction is relatively large (5%). The relativistic effects have been 

shown to be small. The volume effect tends to cancel the relativistic 

effect, but in this case both are negligible. Finally, the contact term 
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yields a correction to the theoretical value of about 5%. Since the 

effect of non-LS coupling was accounted for in the theoretical result 

through the use of the average value of <r)~^, it will not be further 

considered. Including this term in the previous results yields the 

following corrections for the previous value of A: A(corrected) = 

0.0665 cm"^. For J= 3/2 the splitting is calculated to be 0.142 cm"^; 

for J=l/2 the splitting is calculated to be 0.3547 cm~^. These new 

values are slightly higher than the observed splittings. Next, the 

line strengths of the hyperfine transitions will be calculated. It is 

important to completely understand both the positions and relative 

strengths in identifying the F atom transition. 

Determination of Line Strengths 

The atom is in a p® elect r o n  c o n f i g u r a t i o n  w h e r e  S = l / 2 ,  L = l ,  

and J= 3/2 in the ground state. According to the Pauli exclusion 

principle, ^Pa. and ^Py. describe the ground and excited state of the 

2p® electronic configuration. Electric dipole radiation is not allowed 

between these states because AL=0. Electric quadrupole radiation is 

not allowed in the fluorine atom. Since magnetic dipole radiation has 

been shown to be allowed, then the derivation of the magnetic multipole 

operator is required to determine the line strengths of the various 

transitions. 

The wave equation for the electromagnetic field is satisfied by 

E, H, and A. The operator form of the equation is written as: 
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0 . C83) 

In obtaining the electric dipole equations it is possible to expand A 

in powers of kr where the different powers of e contain the multipole 

moments. It is unfortunate that there is no easy separation of the 

magnetic dipole and electric quadrupole terms using this technique. 

A convenient expansion technique to separately evaluate the different 

multipole moments is the method by Jackson (1962). 

Magnetic Multipole Expansion 

A convenient way to separate the magnetic and electric multi-

poles is to use a vector multipole field expansion. Once the different 

multipoles are separated, each component can be independently evaluated. 

For the case of the F atom, only the magnetic dipole is considered. 

In Appendix C, the Maxivell equations are developed following 

Jackson to obtain the expansion coefficients of the electric and magne

tic fields as follows: 

E = I I [a (£,m) i/k V x f, (kr) + a (il,m)g. (kr) , 
0  ̂ *-» M LI 

C84) 

B = I I [ag(f2,m) f^Ckr) - i/k a^C5.,m) V x g^^CA.m) xC^.m)] , 

where fj^, gj^ are the radial functions describing the field (such as 

spherical Bessel and Hankel functions). a^Ciljm) and a^(S,,m) contain 

the electric (e) and magnetic multipole (m) terms. From Appendix C, 

CV^ + k^) 
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the term a was obtained as follows: 
m 

m^ ^ 

•a ^+2 
4ir ik 

C2il+1) !! 
/(£+!)/£ [MC£,m) +M'C£,m)] . (85) 

The term concerns only macroscopic effects and is neglected. 

Only the term M(Jl,m) contains the microscopic magnetic dipole term. 

Intensity of Magnetic Multipole Radiation 

In order to relate the results in Jackson (1962) and Sobelman 

(1972), the following definition must be used to transform results: 

Xil,m(0,(i)) = Y£,m(0,(t)) , (86) 

/£(£+l) 

which accounts for different normalization factors. L is defined as 

L = 1/i (r X V). The magnetic field is written for radiation in the 

far field as: 

B = 1/kr ^ ̂  (-i)^^^ [a (i!.,m) Xil,m + a (il,m) rxXJl,m] (87) 
Am ® 

and E = B X r for radiation far from the source. The time averaged 

radiated power/solid angle is obtained from the product of the electric 

and magnetic fields as: 

dP/dS2 = c/(8Trk^) 

2 

I I a- (^jUi) Xi!.,m + a (Jl,m) XJi,m 
Jl m ® " 

(88) 
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Dropping the electric field terms and averaging over the solid angle: 

P  =  N  ,  

% m 
where 

PC£,m) 
8Trk 

4IT ik 
(2JI+1) T J ^ 

+l)/i!- Mil,m (89) 

I™ may now be written for magnetic dipole radiation. This result differs 

from that given in Sobelman (1972, p. 326) by a factor (2Jl+l)/47r 

because of the use of X£,m instead of YJl,m: 

!'"(£,m) = 27rc(.il+l)/£ [(2£+l)/4Tr] 
,  2£+2 
k 

(2£+l)!! 

2 

|M£,mP . (90) 

It follows that the magnetic multipoles can be transformed into 

expectation values through the correspondence principle: 

|MJl,m| ^ 4|< alMJl,mlb>P , (91) 

where MJl,m includes only V«r x J/c, The transition probability is thus 

found by dividing PS,,m by ho) to obtain: 

2y+1 

" " ^[(2X^1?^^ l<YJMlMxqlY'J'M'>|^ , (92) 

where x m ->• q. The operators may be written in the tensor form 

to yield: 

= (x*l)mc I '^['-iXCxqCe^.j.^)] . C93) 
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A purely quantum mechanical phenomena, the intrinsic moment s, is 

included in the following: 5.^ C£^+.2s^). Next, the magnetic dipole 

tensor is developed to predict the transition probability. The calcula

tion o£ the transition probability is important since this quantity has 

not been verified by experiment. 

Magnetic Dipole Tensor Element 

Magnetic dipole radiation occurs when X = 1 (93) is 

rewritten; 

M,5 = -l/2(eh/mc) I V[r.ece.,(|).)] (£. +2s.) = -eh/2mc ^ + 2sJ . 
i i 

(94) 

The corresponding scalar components are: 

Mq = (-eh/2mc) I + 2s^ ) 

where q = x, y, z. Recalling Eq. (92) and substituting in x = 1 yields; 

l<YJM|Mxq|Y'J'M'>|2 . (95) 

The magnetic dipole operator can also be expressed in terms of the 

atomic line strength (S) as; 

S(YJ;Y'J ' )  =  I |<yJM|M|Y'J'M'> [ 2  = |<YJ I IMI IYJ > | ^  .  ( 9 6 )  

m 
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The transition probability follows using the line strength definition; 

40)̂  1 
3hc^ C2J+1) 

S(YJ;Y'J'D C97) 

Since there is only one configuration for the F atom, the magnetic 

moment operator can be calculated using a single electron approximation: 

< nsAj llMlIn's£'j ') = -eh/2mc ((nsiljll^lln'sil'j ') - 2< ns£jllslln'sil'j ')) , 

C98) 

where n = n', 1L= Si'; j=j'+l; and j = £+1/2; j ' = £-1/2 for the F atom. 

The LS coupling approximation was previously shown to be acceptable. 

The line strength is evaluated to yield (Shortly 1940) : 

S(ySLJ;ySLJ-1) = Ceh/2mc)^ [(L+S+J+1)(L+S+l-J)(S+J-L)(J+L-l/2)/4J3 . 

(99) 

Since this is a one-electron configuration, the meaning of s,£,j is the 

same as for S, L, J. Next, the transition probability W is calculated 

from Eq. (97): 

To evaluate the transition probability, 404 cm"^ is used for the nominal 

line center and L = l; S = l/2; J = 3/2. Therefore, W(y3/2;y1/2) = 

0.5926 X 10"^ sec"^. This is related to the A coefficient by the 

[(L+S+J+1)(L+S+l-J)(S+J-L)(J+l-l/2)/4J] (100) 
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statistical degeneracy of the states: C2J+1)/C2J'+1) = 2. The Einstein 

coefficient is calculated to be: 

Acoef = AI2 = 1.185 x 10"® sec"^ 

Since the hyperfine line components are used to identify the F atom 

transition, among other spectral features, it is important that the posi

tion and strengths of the lines be accurately known. The line strength 

derivation is used to derive the relative strengths between the hyper

fine components and the subsequent Zeeman splittings. 

Hyperfine Line Strengths 

The line strength (S) must be generalized to evaluate the hyper

fine transitions. The sum of the hyperfine line strengths must be the 

same as the total line strength. A parameter Q is defined: 

I Q(JIF;J'IF') = 1 
F 

which makes use of the previous results. The derivation of a result 

to include Q is straightforward: 

SCYJIFJY'J'IF') = |<YJIF||D|IY'J'IF'>1^ 

where D is dipole moment for the atom which commutes with the nuclear 

spin I. 

Recalling the angular momentum coupling theorem, Eq. C54), for 

the magnetic dipole yields: 
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| <YJ IF I ID | I Y ' J ' IF '> |2  =  (2F+1) (2F '+1 )  ,L  |<Y J I I D I I Y ' J ' > P  .  (54 )  
rj F iV 

|F' J' ij 

In development o£ angular momentum coupling theorems, the line strength 

S can be expressed with respect to Q as: 

S(ySLJ;Y'SL'J') = S(YSL;Y'SL') Q(SLJ;SL'J') (2J+1) 

Generalizing to the hyperfine line strengths, Q(JIF;J'IF') is 

"+1) C j  F lY 

|F' J' ij 
Q(JIF;J'IF') = r ' (101) 

The total transition probability must remain the same; 

C2J>1K2I*1) I SWIFiY'J'lf) , (102) 

W(YJiY'J') = I QCJIFjJ'IF') . C103) 
FF' 

The problem reduces to finding Q(JIF;J'IF'): 

W ( Y J ; Y ' J ' )  =  0 . 5 9 2 6  X 1 0 " ^  sec' 
•1 (2F+1) (2F'+1) p F iV 

FF' "(F' J' ij 

The determination of Q will yield the relative line strengths of the 

hyperfine components. See Table 11. 

The F = 2 to F' = 0 is not allowed for the magnetic dipole transi

tion. The relative line strengths satisfy the sum condition 

1 Q(JIFjJ'IF') = 1. Next, the Zeeman splitting and line strengths 
F 



Table 11. Evaluation of the Line Strength Parameter Q. 

The 6j are evaluated with Rotenberg et al.'s (1959) table. 

F F' J J' I 
f j  F l] 
|F' J' ij QCJIF;J'IF') 

2 1 3/2 1/2 1/2 A / 1 2  0.625 (5/8) 

1 0 3/2 1/2 1/2 0.250 (2/8) 

1 1 3/2 1/2 1/2 1/6 0.125 (1/8) 
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are evaluated to complete the description of the F atom. The hyperfine 

splitting and Zeeman effects are used to identify the transition from 

other spectral features. 

Determination of Zeeman Splitting of the F Atom 

The magnetic field splitting analysis will be limited to the 

weak field case (H'^100 gauss) which should be sufficient. 

The degeneracy of the magnetic quantum number is removed with 

the magnetic field. The interaction Hamiltonian W has the form: 

W = il'H . (104) 

p is the magnetic moment of the atom which is composed of two parts--

the electronic and nuclear. The nuclear moment is 1/1837 less than the 

electron moment, due to the different in mass of the electron and the 

nucleon. (Steinfeld 1974): 

il = , (105) 

where 

= eh/2mc 

and gj is the gyromagnetic ratio. In evaluating a state with respect 

to the state the following theorem is used (Sobelman 1972): 

< J J >  =  {  J J ' J  / [ J C J + 1 ) ] } J  

= {[JCJ+1) +Jj(Ji+l) - J2(J2+1)]/[2JCJ+1)]} J . C106) 
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With the magnetic field along the z axis the interaction term is 

W = g^y HM. The field splits the terra into 2J+1 components with 
«J o 

M = 0, ±1, ±2, ±3, ±J. The Bohr magneton is = eh/(4'rrmc) where 

e /(4TTmc) = 0.4665 x lO"** cm"^/G, Therefore; 

W = gHM(0.4665 x lO"" cm-VC) . (107) 

The gyromagnetic ratio gj is calculated in the LS coupling approximation, 

where 

y = -y^CgL^ + ggs) 

and g^=1 and gg = 2. Rewriting 

gj = <r + 2S> = < J + S> 

and Eq. (106): 

gJ = J + <S«J>J/[J(J+1)] 

This is the same as taking S projected upon J in the vector model: 

gJ = j(.l + [J(J+1) + S(S+1) - L(L+1)] / [2J(J+1)]) 

Then for LS coupling: 

gj = 1 + [J(J+1) +S(S+1) - L(L+1)]/2J(J+1) . (108) 

To obtain the magnetic hyperfine splitting constants, J is projected on 

F. This is valid provided that the field is weak and the splitting is 

less than the hyperfine splitting. This condition is satisfied with 

fields of the order of 100 G. Using Eq. (106) to project J on F yields: 
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gp< J >  = F<J*F>/[FCF+1)] = F[F(F+1) + JCJ+1) - ICI+1)]/[2F(F+1)] . (109) 

Then the splitting interaction term becomes 

Table 12 summarizes the splitting constants for a 100 G field. 

Line Strength of Zeeman Transitions 

The line strengths of each of the magnetic transitions can now 

be calculated. The calculation is similar to obtaining the line 

strengths of the F = 2->-l, F = l^-Oj F = l-»-l transitions. The sum of all 

line strengths cannot exceed one. The calculation of the relative line 

intensities will then serve to provide a useful diagnostic to separate 

atomic and molecular spectra by the precise observation of Zeeman 

splitting effects. Two types of observations are possible. The first 

is a longitudinal observation (a) corresponding to light parallel to 

the magnetic field (or z axis for a solenoidal magnetic field). The 

second is a transverse observation (a and TT) along the x axis (or y 

axis) where the polarization vectors lie in the yz and (xz) plane. The 

calculated results are presented in Table 13. 

observation corresponds to AMp = ±1. From the previous analysis of 

dipole radiation: 

®JF ®J®F 1 + 
J(J+1) + S(S+1) - L(L+1) 

2J(J+1) 
F(F+1) +J(J+1) - 1(1+1) 

2F(F+1) 

Longitudinal Observation. (Polarization is in xy plane.) This 

dW(YMJ;Y'J'M') 
dfJ a)^/(2Trhc^) le<YJMlDlY'J'M')| ̂ (109) 
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Table 12. Magnetic Field Splitting Constants. 

For 100 Gauss. 

J F gj gj exper. gp gjp W (cm"^) at 100 G 

3/2 2 4/3 1.333861 3/4 1 0.4665 X  10-2 

3/2 1 4/3 1.333861 5/4 5/3 0.7770 X  10"2 

1/2 1 2/3 0.6656117 1/2 1/3 0.1555 X  10"^ 

1/2 0 2/3 0.6656117 0 
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Table 13. Summary of Zeeman Line Strengths for F Atom. 

Longitudinal Observation Transverse Observation 

MP AMP S "F AMP S 

2 -1 1/5 2 -1 1/10 

1 -1 1/10 1 -1 1/20 

0 -1 1/30 0 -1 1/60 

0 +1 1/30 0 +1 1/60 

-1 +1 1/10 -1 +1 1/20 

-2 +1 1/5 -2 +1 1/10 

- - - 1 0 1/10 

- - - 0 0 2/15 

- - - -1 0 1/10 

1 -1 1/3 1 -1 1/6 

-1 +1 1/3 -1 +1 1/6 

- - - 0 0 1/3 

1 -1 1/6 1 -1 1/12 

0 -1 1/6 0 -1 1/12 

-1 +1 1/6 -1 +1 1/12 

0 +1 1/6 0 +1 1/12 

- - - 1 0 1/6 

- - - 0 0 0 

- - - -1 0 1/6 
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The components of the dipole moment, D, satisfy: 

<YJM|Dq|Y'J'M'> = (-1)"^"^ < YJ||D|IY'J'> 
J 1 J' 

-M q M' 

dW is simply proportional to the matrix element as follows; 

dW I l<YFM|Dq|Y'F'M'>| 
q=±l 

Only a components are observed along the z axis. These corre

spond to AMp = ±1 and polarization vectors lie in the xy plane. For 

AMp = 1: 

dW 0= 

for AM„ = -1: 
F 

dW « 

r  F  1  F '  •  2  

-Mp -1 Mp-M 

F  1  F '  

-Mp 1 Mp-1 

Transverse Observation. Both o and IT components can be observed 

in the transverse direction. The transition probability per unit solid 

angle is: 

dW = dWi + dWj 

and 

l<YFMp|Dz|Y'F'M'>|2 + |< YFM | Dy|Y'F'M •> | ^ dfl 

dW a |< YFMPLD|Y'F'MP'> |2 + 1/2 I |<YFM |DQ|Y'F'MP')J2| D^ 
q=±l 
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In the transverse observation, the a component is one-half that of the 

longitudinal observation, since there are two directions of observation 

possible perpendicular to the magnetic field. Writing the matrix ele

ments in terms of the 3j symbols yields: 

for 

for 

AM^ 

M„ = +1 
F 

dW 

dw oc ^ 

F 1 
"'F 

.-MF 0 MPJ ' 

F 1 F' 

.-MP -1 MPH-LJ ' 

for M„ = -1 
F 

dlV •= 1/2 
F 1 F' 

-M„ 1 M„-l 
F F 

Since the line strength and transition probabilities are proportional, 

the 3j symbols yield the relative line strengths which are summarized 

in Table 13. See Figure 33 for the longitudinal F = 2->1 Zeeman 
# 

splitting. 
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1/5 

1,10 
1/30 1/30 
J L 

404.027 404.035 404.043 

Figure 33. F = 2 to F=1 Zeeman Line Splitting. 

The solenoidal magnetic field splitting of the transition 
should provide excellent proof of the atomic F transition. 
Molecular Zeeman effects should only be 1/1837 as much. 



CHAPTER 3 

EXPERIMENTAL DESIGN AND OPERATION 

The design of the experiment is a combination of the practical 

application of the theoretical analysis and a consideration of the 

experimental difficulties. This experiment went through an evolutionary 

development in five critical areas. The first was the design and 

successful operation of a high temperature (1100°K) F atom cell. Almost 

all other experiments use open flames or other F atom production methods 

where wall effects may be eliminated, but the concentrations of F atoms 

are transient. F atom production by photolysis does not allow a com

plete measurement of all the physical constants of the transition 

because of the transient and nonuniform concentrations of F atoms. For 

the F atom thermal cell, the wall effects were minimal because of the 

proven Fg pressure stability and constant U.V. absorption of Fg. The 

o 
second was the development of PbFg optical 4000A thick coatings for the 

protection of cell windows against fluorine attack. Transmission was 

improved over a wide range and total protection from molecular and atomic 

fluorine degradation was achieved. The third critical development was 

the use of novel optical mirros such as off-axis parabolas and ellipses. 

These minimized alignment time (a significant problem with tunable diode 

lasers) and made practical use of the lower power diodes (less than 10 

yW) which were available at 25 ym. The fourth area was the upgrading 

125 
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of the laser diode to a Laser Analytics tuning laser with a closed cycle 

cryostat. This was absolutely critical to prevent the adverse and 

unpredictable effects of thermal cycling of the laser. The newer model 

had many improved features which simplified operation. Temperature 

tuning made a critical difference in covering all of the spectral regions 

required. The fifth development was the use of an alternative constant 

F atom source. A high power cw laser with a CL-2 nozzle configuration 

produced a constant stream of F atoms at 200°K and Mach 4. The alter

nate source of F atoms eliminated the dissociation energy of Fj as a 

limiting factor. F atom concentrations are known in the laser because 

of cold reaction lasing at an average power of 1 KW. 

General Concepts and Requirements 

The objective of this section is to estimate the requirements 

for the experiment. The theoretical analysis of Chapter 2 provides the 

basis for predicting the performance of the experimental apparatus. 

The design of the experiment is based upon the detailed analysis pro

vided in Chapter 2. In particular, careful consideration was made of 

the methods for positive identification of the spectral features from 

the hyperfine and Zeeman effects. The cell must have a minimum path 

length for a given temperature and pressure. Maximum absorption 

occurred at a pressure of about 10 torr (see Figure 30). Calculating 

the predicted absorption versus path length gives a minimum path length 

of about 40 cm for 20% absorption of the F = 1 to F' = 1. The 

line strengths for F = 1->1 transition are the weakest, and the 
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observation of this line is the most difficult. The first cell built 

was 40 cm long and the second cell was made 80 cm long. 

Because of the expected narrow linewidth of the F atom at 10 

torr, a spectral instrument with a resolution of better than 1 x 10"^ 

cm~^ is required since the linewidth at 10 torr and 600°C is 4 x 10"^ 

cm~^. See Figure 21. Only a diode laser can provide the necessary 

narrow linewidth; 1 x lO"** cm~^ was achieved. To assure that the laser 

operated on a single frequency mode, a 3/4 m Spex monochromator with a 

resolution of 0.1 cm"^ and a 30 ym blazed grating was used. 

Laser Characteristics 

The tuning diode laser has a claimed frequency stability better 

than 1 X 10"** cm"^. This was confirmed by the observation of a SiFj^ 

spectra which had a full width at half maximum of the order of 5 x lO"** 

cm~^. The laser system demonstrated a narrower linewidth than required 

for the proposed work. The stability of the laser depends upon the 

stability of the temperature control system, which was generally on the 

order of ± 1 x 10"^ °K. In addition, the diode current stability must 

be on the order of 0.1 milliamp. The electronics were designed for 

these conditions. The only noticeable diode current shift was a con

stant current drift from the set position over a 10 minute period. This 

drift caused a slight constant offset which did not affect the current 

tuning rate (frequency tuning). The result was a slight shift in the 

data of 1 X 10"^ cm ^ which was easily corrected by superimposing a 

reference line on the mode. An experimental air-spaced etalon allowed 

very accurate calibration of the tuning rate. The fringe spacing from 
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the etalon was measured to be 0.029851 cm"^. This gave a very accurate 

frequency reference for the laser. A general limitation of the laser 

diode was the tuning range of a single mode at a constant temperature. 

This range was typically 0.5 cm"^. From 20 to 40 scans of different 

laser modes and temperature settings were required to cover ± 5 cm~^ 

about a reference line center. This completes the summary of the 

requirements and limitations of the laser diode. 

The minimum laser power requirement is determined by the signal 

to noise level. The published total power levels of several diodes were 

on the order of 200 uW for all modes. Typically there would be 5 to 10 

laser modes of which each would be expected to have 10 to 20 pW. With 

the laser aligned in the system, 2 to 5 yW per mode would be expected, 

according to the manufacturer's specifications. Actually, only 0.1 to 

2 yW was observed v\rith the system aligned because of losses in the mono-

chromator. The total power measured in the system was on the order of 

10 - 100 yW maximum for all modes, depending upon the specific laser. 

This poiver was sufficient for detection with a lockin amplifier and 

Santa Barbara Research Center Ge:Cu high speed detector. Greater than 

the desired 100 to 1 signal to noise ratio was achieved for most laser 

modes even though only 0.2 yW was available. The Hg:-Cd:-Te detector 

was very marginal. The Golay type detector was almost impossible to 

isolate from vibration. The Molectron P 4-45 ultra low noise type 

detector was unable to detect any signal at all. 
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Spectra Identification and Verification 

It is not acceptable to verify a spectral feature by observing 

only the line position and intensity. The experiment was developed to 

use the hyperfine structure of the fluorine atomic transition for 

identification. The Zeeman effect provided a second method of identifi

cation by the use of a 100 G steady state magnetic field. This field 

was predicted to broaden the F = 2^1 hyperfine transition to 1.6 x 10"^ 

cm"^. Two intense absorptions should occur at the wings (see Figure 60). 

The hyperfine structure gave three well-resolved lines (see Figure 31). 

Molecular spectra should not be affected by the magnetic field. Methods 

to determine the absolute position of a spectral feature are difficult 

to implement with the diode laser because of the limited scanning range, 

but reference spectra may be superimposed on a mode. The monochromator 

gave a good rough calibration of wavelength of the order of ± 0.1 -0.2 

cm"^. The grating first order at 25 ym is found by counting orders of a 

mercury lamp at 5460.tX and a He;Ne laser line at 6328A. A candidate 

gas with known lines at 404 ± 5 cm~^ is required for reference. Only 

water vapor rotation bands are sufficiently well known at 25 ym for 

calibration. (Also a singleHF absorption is found at 402.9 cm"^.) 

H^O spectra were obtained from the Air Force Cambridge Research Labora

tory compilation of atmospheric absorption lines (Shelby, Shettley, and 

McClatchy 1975). Weak lines were observed with 20 m Wilks long path 

cell. 
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Optical Components and Special Requirements 

Because of the small size of the diode laser, its output is 

diffraction limited. Divergence angles of ± 30 degrees from the center 

axis are not uncommon. Several correction techniques may be used. The 

first was a simple KRS-5 lens to recollimate. A doublet lens was sub

sequently ordered specifically designed for the divergent laser beam. 

These lenses were extremely difficult to align. Tiny misadjustments of 

less than ± 0.002 of an inch could cause total misalignment and loss of 

signal. An off-axis ellipsoidal mirror proved to be far superior. 

First of all, it was four times less sensitive to alignment errors. 

Second, a reference He-Ne beam could be used to obtain an alignment. 

Since little trial and error was involved with the ellipsoidal mirror, 

it tyjiically took 1/10 to 1/20 of the previous time of two to three days 

to achieve an alignment. Off-axis parabolic mirrors were used exten

sively in the rest of the system. The use of the various novel mirrors 

for this experiment conserved the lower laser power and reduced the beam 

alignment time. Lenses (KRS-S) suffer two fundamental deficiencies. 

The loss of 30% of the laser power per element was disastrous. The 

index of refraction changed with wavelength, making alignment much more 

difficult. Because of the inherent deficiencies with the lenses, these 

were given up in the early stages of the experiment. The mirrors had 

low power loss per element (3% maximum), were easily aligned, and less 

expensive to purchase. Protection of transmission windows at 25 yra from 

fluorine attack was absolutely required to complete the experiment. The 

most significant invention of this experiment was the development of 
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long band pass and F resistant windows by the development of pre

cision optical coatings of PbF^. 

Development of the F^ High Temperature Cell 

The installation of a safe, dependable, and workable system 

was difficult. First, the system must be constructed out of stainless 

steel, monel, or nickel components. Extreme cleanliness is required to 

prevent contamination which leads to F^ fires. Scrubbing of toxic 

residues was accomplished with a calcium lime trap. The first cell was 

made of monel and passivated. The passivation process involves approxi

mately a week long initial process of conditioning with at various 

temperatures and pressures. Another cell was constructed with an 80 cm 

path length and was gold plated. The gold plating was very resistant 

to F^ and had a very slow reaction rate. In fact, it allowed stable 

operation with almost no reaction at temperatures as high as 800°C. 

Because of the possibility of an unanticipated wall reaction 

problem with F atoms in the cell, another experiment was completed on 

a high power continuous wave laser. A combustor produced the F atoms 

which are cooled to 200°K through a supersonic expansion from a nozzle 

bank. This cw laser experimental setup was well diagnosed by previous 

workers (Hackett 1977). Since the laser operated on the cold reaction, 

the partial pressure of F atoms ranged from approximately 0.2-0.5 torr. 

The deficiency of this approach is the lack of accurate knowledge of the 

pressure and temperature variation of the flow field at the nozzle exit 

plane. In addition, the cost per experiment is high. It is, however. 
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excellent because there are known concentrations of F atoms which are 

independently confirmed from cold reaction lasing processes. 

Evaluation of the F Atom Experimental Setup 

The previous section summarized the general problems and 

requirements of the experiment. The solution to most of these problems 

was anticipated, but like all experiments an evolutionary development 

occurred to optimize the experiment. The first system was constructed 

with experimental equipment that was on hand. As deficiencies occurred, 

new designs were constructed and tested. 

The first experimental setup involved a TDLS II laser, KRS-5 

lenses, small gas H^O reference cell, and a conventional oven already 

on hand. The configuration shown in Figure 34 was first constructed out 

of parts on hand. Great difficulties were encountered in aligning the 

first system. The requirement to move the laser each day to transfer 

cryogenic LHe and the lenses available for alignment made that system 

totally impractical. Eventually, the failure of the laser diode led to 

a complete reevaluation of the system requirements. 

The second configuration was built with a Laser Analytics diode 

laser incorporating a closed cycle refrigerator. This configuration 

(see Figure 34) is shown with many of the qualitative improvements that 

allowed the first experiments to be completed. These improvements 

included the following; 

a. a tunable temperature stabilized diode that allowed a vastly 

improved spectral scanning range; 
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Figure 34. Original F Atom Experimental Configurations. 
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b. introduction of off-axis mirrors; a He-Ne laser with beam 

expander vastly improved the capability to align the system; 

c. the complete redesign of the oven to a much more uniform 

radiant heat system; 

d. the use of a 0.75 to variable 20 m path H^O cell for obtaining 

reference spectra; 

e. the invention of the first optical windows for far infrared 

transmission that were and F compatible; 

f. the installation of a water vapor removal system to lower 

humidity to 0.1%; a LN^ gas generator was used to purge the 

monochromator. 

Because of difficulties with the refrigeration system of the 

first Laser Analytics system, the first configuration to achieve full 

operational status was the one described in Figure 34. The 

configurations shown were the first used for both preliminary F atom 

laser scans and the calibration laser scans using the H2O cell. The 

first experiments demonstrated several deficiencies. The signal to 

noise ratio deteriorated from 100 to 1 to about 10 to 1. This occurred 

because the windows of the F atom cell reacted with F . The Csl sub-
2 

strate formed CsF which was over-coated with I^, CuF^, NiFg' 

when exposed to F^. The laser power transmitted through the system 

deteriorated gradually to an unacceptable level. The HgO calibrations 

were completed. An attempt to increase the absorption path length was 

made by folding the beam path of the cell. The window losses 
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prevented any significant improvement in the signal to noise ratio 

because the mirrors were external. 

It was decided to obtain two more laser diodes from Laser 

Analytics and two diodes on loan from Los Alamos Scientific Laboratories 

because of poor performance of the original diode laser. The two diodes 

were obtained from Laser Analytics Co, and had sufficient power to be 

usable. Tlie two received from Los Alamos Scientific Laboratories never 

worked. While waiting for the diodes to be manufactured, the following 

major improvements were made to the system: 

a. A new cell was constructed with an 80 cm path length. The cell 

was gold plated, double insulated, and had 12 inch cold sections 

to prevent window contamination, 

b. A new off-axis ellipsoidal mirror focused the laser into the 

monochromator (see Figure 47). This revolutionized alignment 

because a He-Ne alignment laser system could be focused back

wards through the monochromator. The output of the monochroma

tor could be focused on the tiny diode laser. The time for 

alignment decreased from about 25 hours to 1 hour. 

c. The invention of the resistant windows with good transmission 

from 0.5 ym to 30 ym. Transmission was improved from 20% to 

90% for each window. 

d. The Ge:Cu detectors had noise problems because the electronics 

lead was grounding intermittently to the case. This noise 

problem was made worse by the low temperature C4°K) and thermal 

cycling of the wire. A new detector was ordered and one detec

tor was completely refurbished by Santa Barbara Research Co. 
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e. A solenoidal magnetic field was constructed to provide discrimi

nation of atomic absorption lines from molecular absorption 

lines using the Zeeman effect. See "Bz" on Figure 35. 

f. An experimental air-spaced etalon was invented for monitoring 

the laser tuning rate. The etalon verified that the laser 

scanned linearly with a single mode without malfunctions. 

An additional experiment was conducted on an actual continuous wave 

laser. Since it was imperative to verify the results obtained in the 

thermal cell by an independent source of F atoms, the laser provided a 

known concentration of atoms which was verified by laser performance. 

The hydrogen fuel stream was turned off and the flow field was probed 

with the diode laser spectrometer with the same results as the thermal 

cell. This experiment operated without significant problems. Setup 

and alignment were achieved in only one day. (See Fig. 36.) 

Tunable Diode Laser Operation 

A partly tunable laser made by Arthur D. Little, Inc., was first 

tested for possible use in this experiment. This device (see Figure 37) 

contained only one diode. The dewar was a high vacuum type that ini

tially required three liters of LN^ for two hours of precooling. After 

emptying the LN^ completely, LHe was transferred via a high vacuum 

stainless steel transfer probe. Since the laser operated at a constant 

temperature of 4.2°K, several major deficiencies were discovered. 

The necessary movement of the laser assembly to transfer cryo

genic liquids required inversion to empty it of LNj. This required the 

difficult alignment procedure to be repeated on a daily basis. It is 
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S n i  3/4t. 

Figure 35. Experimental Configuration of the Thermal Absorption Cell 
and Laser Combustor. 

The thermal absorption cell is shorn here. D - detector; 
B_-magnetic field coils; a-alignment system; p-30° 
orf-axis parabolic mirror. 
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D I F F U S E I  

Figure 35.—Continued. 

This shows the laser combustor F atom source, 
e - ellipsoidal mirror; p-parabolic mirror; d - detector; 

- magnetic field. 
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A combustor was used to generate F atoms in the cavity. 
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Laser tuning performance of the first laser tested. 
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estimated that alignment would have taken all of the experimental test 

time available on at least 50% of the test days. The alignment of the 

system with a KRS-5 12" focal length, 1" diameter lens was excruciatingly 

difficult and exceedingly time consuming. 

Thermal cycling of the diode laser, the daily temperature change 

from room temperature to 4.2°K and back to room temperature causes the 

rapid destruction of the expensive laser diodes. The laser frequency 

modes shifted with the thermal cycling. This was extremely serious 

because repeatable frequency modes were undependable. A complete analy

sis of the available modes would be required each day. 

Since the laser operated only at a single temperature of 4.2°K, 

the modes can only be tuned over approximately 30% of the required spec

tral region. The combination of temperature tuning and current tuning 

is required to get complete coverage of a spectral region. See Figure 

37 for the predicted spectral coverage by the manufacturer versus actual 

coverage observed. 

Since only one laser was obtained with the dewar, this repre

sents another fundamental difficult. Since the Arthur D. Little laser 

was a discontinued model, replacements would have involved custom diodes 

at great expense. On the third temperature cycling, the diode failed. 

It was decided that only a Laser Analytics system with a closed cycle 

cryostat and precision temperature controller would be satisfactory for 

detailed spectral searches. 
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Laser Analytics Tunable Diode Laser 

The general experimental layout of the Laser Analytics diode 

laser scanning system is shown in Figure 38, The system has a closed 

cycle temperature control system, precision feedback temperature control 

electronics, and a precision laser current source. This system had the 

features and controls necessary to operate the laser. 

The laser cold head with anti-vibration mounts is shown in 

Figure 39. The insert shows the laser on the mounting block. It was 

possible to switch from one diode to another with a simple y translation 

micrometer mount. The off-axis ellipsoidal mirror was quite insentitive 

to repositioning the diode laser. This was significant and saved days 

of down time. Changing lasers and vacuum pumping the cold head could be 

done without moving the laser relative to the beam path. This was a 

crucial development in preventing excessive alignment delays after sys

tem malfunctions. In the final experiments, the use of two operational 

lasers was important to efficient operation. This would not have been 

possible with the complete commercial LSA system because of its compart-

mental design. Compare Figure 40 with Figure 35 to obtain an idea of 

the impracticality of using the complete commercial system. 

Cryodyne Cryocooler Refrigeration System. The cryodyne cryo-

cooler schematic is shown in Figure 38. The compressor system uses 

99.999% pure He as the refrigerant. Special self-sealing couplings are 

required to prevent contamination. Even the slightest contamination 

caused the refrigerator and the cold head to freeze up. The cool down 

time from turn on was approximately two hours. A simple block diagram 

shows the control system in the insert. A key to this system is the 
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sensor, A silicon diode is used for the measurement of the voltage 

which is related to temperature. Note that in the region below 20°K 

the control system is much more sensitive Csee insert). The laser oper

ated in a temperature range of 15° to 25°K. See Figure 41 for the 

actual performance of the sensor in the system. The diode laser is 

kept at a constant temperature with a simple heater arrangement shown 

in the insert of Figure 38. The compressor in the refrigerator operates 

at full capacity while the heater system controls the temperature. 

Finally, the specifications that apply to the cryostat follow. 

In the temperature range between 12° to 300°K the stability of the 

control system is: 

T < 20°K 0.0003°K in 1 min 

0.001°K in 50 min 

T > 20°K 0.001°K in 1 min 

0.003°K in 50 min 

Cooling power 0.2 watts @ 12°K 

5.2 watts @ 80°K 

Electronic Control System. The electronic control system 

accurately varies the current in conjunction with a variety of scanning 

modes. A block diagram shows the basic functional diagram of the 

current sweep and protection circuits. The current sweep allows the 

laser to be tuned. Figure 40 shows the various current sweep modes 

and modulated wave forms. The electronics in the control system were 

modified to allow current sweep ranges of up to 600 milliamps from 
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the usual 200 milliamps because of the limited tuning rates near 400 

cm"^. The specifications describing the electronics include: 

current range 0-2 amp 

noise ripple < 30 x 10"^ amp (< ± 0.00003 cm"^) 

drift < 1 milliamp (< ± 0.001 cm~^) 

Electronically modulated wave forms caused considerable noise in the 

system and were not usable. The preferred modulation method used an 

electromechanical chopper and a lockin amplifier. 

Diode Characteristics. The Pb salt semi-conductor tuning lasers 

are diode p and n junction lasers described by Hinckley, Nill, and Blum 

(1976). The typical geometry is shown in the insert in Figure 39. Note 

the beam divergence and approximate dimensions of the laser. To deter

mine the doping requirement for the approximate tuning range the 

following expression is useful: 

V « V + ex , 
s o ' 

where is the reference frequency (cm~^) for the semi-conductor, E is 

a parameter of the semi-conductor material, and x is the composition 

parameter (e.g., Pb^ ^Sn^Te), For example, a composition can be calcu

lated for V = 404 cm"^, e = -3.84 cm"^, and v = 1540 cm~^; then x = 
s o 

0.296. A typical laser for 404 cm"^ operation has an approximate 

composition of: Pb(,704);Sn(,296);Te, 

Another characteristic is the approximate band gap. To estimate 

the band gap (Butler and Sample 1976) a convenient relationship is used: 

A = hc/(E) = 1.24/E 
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where h is Planck's constant; c = speed of light; x = wavelength; and 

E = the energy of the gap. For 404 cm~^ the band gap is 0.05 eV. 

Smaller band gaps have lower laser power. 

The laser cavity is defined by the simply Fabry-Perot condition: 

A = 2n5,/m , 
m ' 

where A is the wavelength; n is the index of refraction; 5, is the cavity 

length; and m is the number of cavity modes (1/2 wavelengths). 

Butler and Sample (1976) discuss the power available from the 

laser under typical operating conditions at various wavelengths. See 

Figure 42 for an estimate of the power versus wavelength. The single 

mode power is as little as 1/10 the multimode power. See Figures 43 

and 44. Figure 45 shows the modes as functions of both temperature and 

current. Note the power spike of one diode as compared to the smooth 

response of the other. Both lasers are tuned correctly according to 

etalon scans. Scanning with the monochromator with the laser set at a 

constant temperature and current gave an estimate of the tuning rate 

(Figure 43). Even though the laser modes should be separated by one 

cavity spacing, there were times when multiple modes would occur. These 

multiple modes made spectroscopy difficult. Multiple modes could be 

detected with an etalon because of a discontinuous change in etalon 

spacing. 

The linewidth of the diode laser varies inversely with the power. 

Measurements of a 240 single mode [Pb(0.88);Sn(0.12);Te] laser showed 

a linewidth of only 54 KHz (Nill 1976). This was accomplished by beat

ing the diode laser frequency with a P-(14) frequency of a stabilized 
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Approximate power variation as a function of wavelength. 
(Butler and Sample 1976). 
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Figure 45. Composite Mode Scan--Low Power Laser. 

Limitations are shown on spectral coverage. 
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COz laser. The relationship that governs the linewidth (Av, cm~^) is: 
Ij 

Av. = TThv CAv )^/P , 
L o c 

where Av^ = cavity band width P = power in watts; h = Planck's 

constant; and = center frequency (cm"'). See Figure 42 for the 

linewidth estimate. The laser power of most modes varied from 2 to 20 yW 

per mode. (This is not to be confused with the lower power transmitted 

through the system.) The linewidth varies from 2.7 x 10"** cm"^ to 

0.5 X 10"** cm"^ depending upon the mode power. Under most conditions 

the lasers had linewidths of 1 x 10""* cm~^. Of course, the failure to 

maintain a constant temperature and a constant current could lead to a 

significant linewidth varation. The linewidth claimed by the manu

facturer was demonstrated by resolution of spectral linewidths of 

1 X 10""* cm~^ of SiF^. 

There are three laser tuning mechanisms demonstrated: (a) mag

netic (0.1 cm"^/KGauss), (b) current (temperature) (2-20 cm"^/Amp), and 

(c) pressure tuning (5-20 cm"^/KBar). Only the current tuning is con

venient, and therefore, is used to scan in wavelength. To move the 

modes to unscanned regions the temperature is changed slightly. Typi

cally a variation of temperature of 2 to S'K was sufficient to move the 

modes about 0.5 cm~^. In addition, another laser is mounted on the cold 

head and can be easily moved into position without an extensive system 

alignment. General characteristics of the diode lasers according to the 

manufacturer are: (a) range of the Lead Salt semi-conductor (300 cm"^ 

to 3600 cm"^), (b) tuning range 50 cm" , (c) single mode linewidth < 

10"'*cm~\ (d) output power > 250 yW (400 cra"^, 50-100 yW) , and 
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(e) operating temperature < 30°K. A total of seven different lasers 

were tested and only three were found operational. Two had expired 

shelf lives. One laser did not tune throughout the required range. 

Another did not operate at all. Of the three that worked, only one 

had an ideal continuous mode. The other two, while acceptable, had 

power spiking phenomena which had to be monitored carefully. Etalon 

scattering confirms that despite the power spiking, the laser has uni

form tuning and single mode operation. A typical scan of the laser 

modes of the laser diode using the 3/4 meter Spex monochromator is 

shown in Figure 43. The major purpose of the monochromator is to 

separate the laser modes. 

Etalon 

The etalon provides a crucial diagnostic. If the fringes are 

absent, then possible multipole mode operation is occurring. Discontin

uous changes in the fringe spacing also indicate the "mode hopping" 

phenomena which is simply the discontinuous change from one mode to 

another. A one inch germanium etalon is provided with a standard sys

tem. This standard etalon was not suitable at 25 liM, A typical etalon 

scan is shown in Figure 46. A laser power mode is sho\m in Figure 22 

with an etalon trace superimposed upon three different pressure traces. 

An HF molecular gas absorption is shown. Notice the power fluctuation 

on the leading edge. The etalon used was a new experimental air-

spaced type approximately 10 cm long with a fringe spacing of 

0.029851 cm~^. The etalon is made with two thin silicon flats. 

This etalon had the property of being very sensitive in azimuth 
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at low power settings. Figure 44 shows the tuning range as a function 

of current and temperature. Relative laser power is shown on the scans. 

Figure 45 shows another diode which was much more uniform in power. 

Special Optical Requirements 

Mirrors 

The use of unusual optics was required to achieve acceptable 

signal to noise levels in low power conditions. Three types of focusing 

mirrors were used. First, 8.8" radius of curvature spherical mirrors 

were used. Later, off-axis parabolic mirrors were used with excellent 

results. See Figure 47. The advantage of the off-axis mirror is 

simple; it does not suffer loss of beam coherence when focused off axis. 

This was crucial to achieving superior signal to noise. A more impor

tant development was the use of a Perkin-Elmer off-axis ellipsoidal 

mirror. This mirror made a large improvement in focusing the laser 

diode into the monochromator (see Figure 47). This mirror decreased 

alignment times dramatically. This was possible because a He-Ne laser 

could be focused back through the system upon the diode. Secondly, this 

mirror was much less sensitive to misalignment problems. 

A second improvement was the use of a He-Ne laser with a 25:1 

beam expander. Exact alignment of the optical train was achieved prior 

to operating at 25 ym. This system proved to be very effective in mini

mizing errors and down time for alignment. 
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Windows 

The most important improvement in optical technology for this 

experiment was the development of an resistant window that had 

superior transmission at 25 ym. Table 14 lists window materials which 

were available for testing. Only Csl and KRS-5 have good long band 

pass characteristics (> 30 ym). Contamination cuts off transmission 

of KRS-5 in an F2 environment. Other materials that have acceptable 

transmission at 25 ym do not have any transmission in fluorine environ

ments . 

Csl Testing. KRS-5 is a much harder material than Csl. Csl is 

very difficult to polish. The difficulty encountered with the initial 

use of Csl windows was a reaction of the substrate with F^, followed by 

metallic fluoride contamination. The substitution reaction 

2CsI + Fj 2CsF + was observed with unprotected optics. Metallic 

fluorides overcoated the layer, destroying transmission within a few 

days. Temporary removal of the windows to remove the metallic fluoride 

was not successful because CsF is a very hygroscopic material. CsF was 

immediately ruined in only five seconds by absorbing atmospheric H^O. 

Procedures and materials had to be developed to provide substantially 

greater protection. 

Protection of Csl Substrates. It was obvious that some improve

ment had to be made in the window materials. Coating materials contain

ing fluorides would prevent substitution reactions. Very thin protec

tive films over Csl substrates had been used to reduce the level of 

contamination by water vapor in the air. MgFj, ThOFg, and PbF^ were 

examined as reasonable coating candidates. Only PbFg appeared to have 
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Table 14. Summary of Tested Window Materials. 

Material n Reflection Loss Fg Resistance 

Csl 1 .72 .125 acceptable with coating 

Irtran 6 2 .67 .343 not acceptable 

(contaminated) 

KRS-5(TlBrI) 2 .32 .282 not acceptable 

(contaminated) 

Ge 4 .00 .529 transmission cuts off 

Si 4 (estimated) .600 poor-contaminates with 

SiF, 

Other F salts (CaF2 , LiF, etc.) transmission cuts off 
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uniform transmission at 25 ym. See Figure 48. An experimental program 

tested 1000, 2000, 4000, 8000, and 12,000A thick coatings. The 4000A 

thick coating provided the first high transmission window with good Fg 

o 
resistance. Reliability of the 4000A coating depended upon the pre

heating of the substrate before coating. Resistance to F^ damage varied 

but appeared to be directly proportional to the mechanical strength of 

the coating. The second window coated with PbF2 had signs of stress 

failures. The third tested had a total stress failure; see Figure 49. 

The Fg reacted with the stress weakened areas. These windows, though 

not of visible optical quality, were four to ten times better than the 

CsF passivated optics. The examination of the different coatings gave 

a clue to the power loss in the monochromator. MgFg coatings have poor 

transmission at 25 ym. The high transmission at 8000x. total thickness 

was used to best advantage in the experiment. See Figure 50 for the 

results of the tests. 

Detectors 

The detectors that were available for evaluation were a Ge:Cu 

liquid He-cooled type, a Hg;Cd:Te liquid nitrogen-cooled type, and a 

P-4-45 uncooled Molectron pyroelectric. Only the Ge:Cu type had suffi

cient signal to noise to be usable. After a few weeks, the background 

noise level would increase dramatically and unpredictably. Taking the 

detector apart and moving the lead wire from the Ge;Cu crystal to the 

BNC-type connector would increase the sensitivity. It is believed that 

the insulation of the thin lead wire was subjected to large thermal 

variations and mechanical stress due to the cycling of LHe and repeated 
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PbFg has good wide band transmission. 



Figure 49. Window Coating and Damage. 

Coating survivability with 4000A PbP^: 

a. Properly coated 4000A PbF^ showing minor stress 

failure after 4 weeks. 

b. General stress failure, but still usable. 

c. Total failure—like an uncoated window. 
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Effect of thin film thickness on transmission at 25 ym. The 

anamolous point at 8000A is attributed to an anti-reflection 

effect. Coatings of this total thickness had superior trans
mission to the basic substrate. 
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vacuum pumping. Two types of dewars were used, a high speed and normal 

type. See Figure 51 for the difference between the high speed and 

normal type. The microdot-type connector of the normal detector and 

plug-in type installation was insufficient to achieve the theoretical 

limit of detectivity. The high speed detector type easily operated at 

maximum detectivity. The test data (Table 15) showed this difference. 

Both types of detectors (even a new one) showed the intermittent ground

ing problem of the wire. Typical performance curves for various cryo

genic detectors are also shown in Figure 51. 

Narrow Band Pass Filters 

Two narrow band pass filters were used externally in an attempt 

to improve the signal to noise ratio. Because of the relatively low 

transmission of the filter elements, these were ineffective. See Figure 

52. A filter that passes radiation below 414 cm"^ was installed 

internally to a detector and cooled to 4.2°K. This improved the signal 

to noise by a factor of two. Since the peak black body radiation occurs 

about 10 ym, this filter cut off almost all background radiation, thus 

improving the detectivity (D*) of the detector. Since transmission 

through one filter is only 30% of the value without the filter, an 

improvement of about 6 in D* occurred. The development of filters with 

higher peak transmission would lead to substantial performance improve

ments. Several other detectors were compared. The Hg:Cd:Te detector 

had a marginal capability, and could only be used to examine the laser 

modes. The signal to noise was too poor for absorption measurements of 

line spectra. 
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Table 15. Summary of Detectors Tested. 

P-4_45 is a ̂ blect^on pyroelectric ultra low noise type detector. This detector never 

saw the signal. A golay type detector was used, but it never operated in a stable way 

because of low frequency response and vibration problems. 

Type 
Detector D*(PK) NEP(PK) Gain (V/W) Spectral Range Comment 

Ge:Cu HS 1.56 X 10+10 2.3 X 10" 
11 2.8 X 10"^® 5 - 30 ym best (1000:1) 

Ge-.Cu 1.40 X 10+10 2,5 X 10" 
11 3.0 X 5 - 30 ym acceptable 

Hg:Cd:Te 1.50 X 10+10 1.0 X 10-
.9 2.0 X 10*^ 5 - 20 ym barely detectable 

P-4-45 3.00 X 10"^® 3.0 X 10" 
•10 > 1 X 10""* 0.01 - 100 ym not detectable 
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Cell Design 

The design of the high temperature cell incorporated several 

innovations which were required to successfully complete the experiments. 

The first experimental requirement was the stabilization of high temper

ature and F atoms in thermal equilibrium. Monel was chosen as a 

base material because of its high temperature compatibility with F^ and 

strength at temperatures of 1000°K. It was necessary to install a cool 

section to protect the optical windows. The length of the cooled sec

tion is a function of the maximum operating temperature and the pressure 

range of the experiment required to prevent contamination. In addition, 

the safety of the system must be considered. Excessive Fg pressures 

could lead to considerable danger to personnel if a cell failure 

occurred. Pressures should be below 100 torr, self-contained air packs 

should be available, and adequate emergency ventilation must be in

stalled. (See Figure 53.) 

The first cell used was contained in a commercial heater unit. 

On the ends a trimmer circuit was insulated with mica insulation. See 

Figure 54 for a calculation of the absorption of F atoms as a function 

of length. An increase in length to 80 cm in later designs was required 

to provide an adequate safety margin to detect absorptions. 

40 cm Cell 

The 40 cm cell was completely rebuilt with the following improve

ments to the one on hand; 

a. A radiant heating system using "Fast Heat" quartz heaters 

was installed. 
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b. A flame blown A£203 trimmer insulator was installed. This 

allowed the complete incapsulating of the nichrome trimmer 

circuits to prevent electrical shorting to the cell. 

c. Chromel-alumel thermocouples were placed in 15 locations 

to monitor the temperature uniformity. 

This small cell is shown in Figure 55a. Typical calculated 

absorptions for two different line widths demonstrate the limitation 

of this original 40 cm hot cell. See Figure 55 for the final improved 

version of the cell. One of the serious problems with the original 

cell was the contamination of the windows from metallic fluorides. 

Contamination problems were a function of the length of the cold sec

tion temperature of the cell, pressure of the cell, and the length of 

time for the buildup of the passivation layer. After a complete set 

of experiments with the laser system on the 40 cm cell, a new system 

with an 80 cm length was built to increase the absorption signal. 

80 cm Cell 

The new cell had the following improvements which increased the 

capability of the cell to detect F atoms: 

a. The length of the high temperature section was increased to 

80 cm. 

b. The cell was electroplated with 0.002 inches of gold to decrease 

reaction with F . 
2 

c. The cold section was extended from 3" to 12" to increase the 

protection of the windows. 
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Figure 55. Thermal Cell Improvements. 

a. The original cell without furnace. 

b. The final cell with furnace and magnetic field. 
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d. A second gas connection was installed for mass spectrometer 

samples (HF contamination was less than 20 millitorr). 

The new cell was a remarkable improvement over the 40 cm cell. 

While the gold coating remained intact, the cell was routinely operated 

up to 1100°K. The gold coating survived for almost one month. Thermal 

cycling and chemical attack pinholed the gold coating, causing a failure 

after four weeks. The system was, however, still operable after a passi

vation routine. The chemical reaction rate is best observed by monitor

ing the pressure stability. No passivation reaction appeared to occur 

with the gold coating. The pressure remained very constant. After the 

gold coating had been destroyed and the cell had been passivated, pres

sure stability was within 5% for 30-40 min, which indicated no serious 

chemical reaction problems. A series of experiments monitoring the Fj 

U.V. absorption as a function of temperature (to be discussed in Appen

dix A) conclusively proved that the cell was capable of uniform and 

stabilized F^ gas pressure at high temperatures. A suggested improve

ment of the cell is to provide a pure gold insert inside the monel tube. 

A thickness from 0.005 to 0.01" should be quite sufficient for complete 

protection. 

Magnetic Field Installation 

A constant magnetic field capable of producing steady state 

fields of more than 150 Gauss was installed. At the temperature which 

the cell was operated, the monel had no magnetic properties because 

the Curie temperature of 150°C was exceeded. Measurements inside the 

tube indicated that magnetic fields greater than 100 Gauss could easily 
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be obtained with the configuration shown in Figure 54, Measurements at 

the end of the cell of 70 Gauss were correlated to 100 Gauss in the cell 

at centerline. This was valuable because each time the magnet was used 

the end field was monitored to determine the centerline field. A calcu

lation showed that the trimmer and AC heater generated a 28 Gauss, 60 

Hertz field. This field should broaden the atomic absorption line. 

Since the over had a large thermal mass, this effect could be eliminated 

with the heater switched off for two to three minutes during measure

ments. The coils were one gauge square magnetic wire which were un-

cooled and operated at 200 to 250 amps. When the laser combustor was 

used, the magnet was redesigned to fit that device. See Figure 35. 

Only 40 Gauss was achievable centerline because most of the field passed 

through the stainless steel structure. 

Spectra Identification and Wavelength Control 

Monochromator 

The monochromator is used primarily for mode control. Separa

tion of the laser modes is important for single frequency operation. 

The monochromator gives a rough calibration of laser wavelength. A Spex 

3/4 meter monochromator was used with a 30 ym blazed grating (shown in 

Figure 56). Alignment of the monochromator was completed in the zero 

order. The zero order was found by the use of a white light source. At 

other orders, the white light is resolved into its spectral components. 

The offset for the zero order was found to be at 211.5 on the dial. The 

two calibration wavelengths used were a diffuse He-Ne beam at 6328A and 

o 
a Hg line at 5460.7A from an Oriel Spectrophotometer calibration set 
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Monochromator schematic for Spex 3/4 meter. 
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(model C-13-02). A simple relationship to compare orders exists: 

mX = dCsin 0 + sin (p) , 

where m = order; A = wavelength; d = grating line spacing; 0 = angle of 

light normal to the grating; and cp = angle of diffraction. The relation

ship between the calibration wavelength and the scanning wavelength is 

obtained by examining higher order short wavelength references: 

m = mCref) XCref) 

For the 0.6328 ym He-Ne wavelength, the 39 and 40th orders correspond to 

the first order at 24.752 ym. For the Hg line at 0.54607 ym, its 45 to 

46th order corresponds to the first order at 24.752 ym. These orders are 

quickly and easily identified by using the reference sources available 

and a microscope to examine the output of the monochromator. 

Water Vapor Rotational Lines 

The correction of nonlinear effects is required to get an 

extremely accurate calibration of the monochromator. Reference spectra 

of a known molecule can correct these nonlinear errors. Three molecules 

were examined initially for references purposes, HCS,, HgO, and pyridine. 

Of these, only the H^O spectra was known near 404 cm~^. In fact, since 

H^O is found in the atmosphere, the line positions were well known from 

the Air Force Cambridge Research Laboratory compilation of atmospheric 

absorption lines (Shelby, Shettle, and McClatchy 1976). Many of the H^O 

lines could be observed without a sample cell because they exist natu

rally in the atmosphere. Considerable effort was expended to control 



the water vapor along the beam path by the construction o£ a closed 

cycle humidity control system. (See Figure 54.) 

The system depicted in Figure 55 reduced the humidity to 0.1 

to 0.2% in about 2 hours. Only a small effect in the reduction of the 

total absorption was observed. A Wilks variable path length cell was 

obtained and installed in the system to observe the weaker absorption 

lines. See Figure 57. The windows were replaced with KRS-5 flats on 

the Wilks cell. As each path length was set, a minimum and maximum 

intensity is observed. Once the maximum is found, the system must be 

left in that exact position. It was difficult initially to align the 

system under ideal conditions because of the long path length and multi

ple reflections. With this system installed, it was possible to see 

the weaker lines not otherwise observable. With the H^O lines super

imposed on the power mode, the etalon can then be used to measure the 

difference between that line and the atomic absorption line. Accuracies 

on the order of 0.001 cm"^ can be achieved depending upon the accuracy 

of the reference line position and width. The etalon also gives very 

accurate linewidth information. The system was used to calibrate the 

spectrometer. Table 16 in Chapter 4 summarizes the H^O data observed. 

Figure 58 shows raw transmission data for the 400.222 and 400.481 HgO 

rotation lines. This pair of lines was important because of their 

close proximity to each other, thus making both lines resolvable with 

one laser mode. These lines are also resolvable without the reference 

cell because of the H^O in the air. Any time a detailed scan is done 

for the fluorine atom line, this line pair is found and serves as a 

check on the wavelength calibration. 
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Figure 57. Wilks Variable Path Water Absorption Cell. 

a. Wilks variable path cell. 

b. Wavelength and path length effects on transmission. 

With KRS-5 windows installed, performance was 60% of 

the above figures. 
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Hyperfine and Zeeman Line Structure 

Another method exists for identifying the F atom transition. 

First, the hyperfine line splittings give an important clue. Secondly, 

the Zeeman effect can be used to broaden the atomic lines. During a 

line search, these effects are extremely important to provide conclusive 

verification of the F atom spectral feature. See Figure 22 for a review 

of these line positions. See Figure 59 for the expected Zeeman split

tings . 

Alternative F Atom Source 

Since the possibility exists that wall effects may change the 

F atom concentration and void the assumption of thermal equilibrium, 

a flow experiment was conducted to probe a high power cw chemical laser 

flow field for F atom absorption. The high power chemical laser at the 

Air Force Weapons Laboratory is a well-diagnosed laser operating on the 

cold reaction (Hackett 1977): 

+ F -> HF*(v < 4) + H 

See Figure 35 for a schematic of the laser. It is known that this 

system produces 75 to 85% mole fraction of atomic fluorine out of the 

combustor section. When is added to the secondary stream, cold 

reaction laser power is observed immediately. 

Calculations of the expected absorption of the probe of the 

laser flow field are shown in Figure 60. Partial pressures of F atoms 

are from 0.25 torr to 1 torr, depending upon the pressure drop after 

the nozzle exit plane. These figures are based upon a detailed analysis 
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o£ the laser flow field by C. Hacket (1977) of Sandia Laboratories. 

At the nozzle exit the total pressure is 2 torr and the free stream 

temperature is 200°K. 

The alternative F atom source is considerably more dangerous to 

operate than the cell because of the high flow rates of toxic Fg. In a 

one week test, approximately 90 pounds of F^ was used. The normal laser 

system was modified for the test in the following ways: 

a. operation with replaced by He in the secondary stream 

to prevent HF lasing, 

b. removal of the large CaF^ optics and replacement with Csl optics, 

c. installation of a magnetic field on the laser cavity. 

Operation of the laser required the support of a toxic gas engineer and 

three technicians. One technician operated the computer data analysis 

system, another operated the control room and ran the laser. The third 

was in protective gear outside monitoring for system failures. The 

engineer and scientist operated the particular experiment and monitored 

the laser device. The computer data reduction system gave appropriate 

temperature, pressure, and flow rates. 

U.V. Absorption Experiment 

One final experiment was completed to verify the operation of 

the F2 hot cell. The U.V. absorption of F^ was measured as a function 

of temperature. This data verified the temperature stabilization of F^ 

in the cell because absorption remained constant for at least 35 to 45 

minutes. See Figure 61 for the cell configuration. This apparatus was 
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used to measure the U.V. absorption spectrum of F as a function of 

temperature. The knowledge of disappearance allows the inference 

of the F atom density. 



CHAPTER 4 

RESULTS OF THE LASER SCAN EXPERIMENTS 

The experiments progressed through four phases: feasibility, 

preliminary experiment, successful experiment, and second experiment. 

During the feasibility phase tests of the thermal cell, window 

materials, laser requirements, detector behavior and operation, and 

the use of available optics were completed. The development of the 

hardware is described sufficiently in Chapter 3. 

The second phase consisted of a preliminary experiment. The 

first attempts to scan the spectrum of the F atom revealed certain 

deficiencies in the experimental hardware. The deficiencies included 

poor window transmission and excessive detector noise which required 

long lockin amplifier time constants. As a result, no definitive F atom 

results were obtained. During this phase the H2O reference line measure

ment techniques were perfected with the Wilks 20 meter cell since there 

were no serious window problems with the Wilks cell. The following 

improvements were deemed necessary: 

a. Coatings must be developed to protect the transmission 

of the windows. 

b. Lasers with greater average power had to be ordered. 

c. Improvements in the optical beam train to reduce alignment 

time and power transmission had to be made. 

196 
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d. The detector signal to noise ratio had to be improved. 

e. An etalon had to be invented to monitor laser tuning rates 

and to provide absolute wavelength calibration from known 

reference spectra. 

In the successful experiment phase, the improvements mentioned 

above were incorporated into a second generation design of the thermal 

cell. The details are mentioned in Chapter 3. Signal to noise through 

the high temperature thermal cell was excellent. It was at least 100:1 

for average scans, and near the power of the laser modes, better than 

1000:1. Linewidth resolution was demonstrated to be better than 5 x 

10""* cm~^. Detailed spectra of SiF^^ were observed throughout the scan

ning range. The detection of the F atom at this stage depended entirely 

upon the proper identification of the line among other spectra. Two 

methods were developed to make the identification. Hyperfine F atom 

atomic structure was the first method of identification. The second 

method was the Zeeman effect induced by a solenoidal magnetic field 

which split the main CF=2->1) hyperfine transition into six components. 

Molecular spectral lines will not split enough in a 100-200 Gauss field 

to be detectable. The atomic fluorine absorption was not observed 

using these identification techniques, thus proving that a major 

absorption line observed at 402.9 cm~^ could not be the F atom. It 

was later found because of linewidth studies that this absorption was 

HF V = 0; J = 9-> 10. 

The fourth phase through which the experiment progressed is 

called the second experiment. The failure to observe the F atom 
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absorption in the thermal cell could occur for several reasons: 

a. The dissociation energy for prevented sufficient density of 

atomic F for measurement. The uncertainty in the dissociation 

energy of F^ exists because of the difficulty in the measurement 

of this value because of the corrosive and reactive nature of F . 
2 

b. Chemical reactions remove the atoms rapidly from the system. 

However, the pressure of the molecular F^ was stable, indicating 

that this was probably not the case. 

c. The Einstein A coefficient was sufficiently in error to prevent 

the measurement. 

d. The line position as determined from vacuum U.V. measurements 

of the electronic transitions of atomic F are more than 0.01% 

in error (> ± 8 cm~^). 

Additional experiments were performed to eliminate reasons a and 

b above. A probe of high power cw laser combustor was made. This 

eliminated the dissociation energy of F^ as an uncertainty. Also, only 

the cold reaction [H^ + F HF*(v<4) + H] HF lines were observed, 

indicating that a significant number of F atoms are produced thermally 

in the combustor. 

A third experiment to determine the pressure stability of Fg in 

the thermal cell was performed by measuring the U.V. absorption contiuum 

of Fg. This demonstrated the long term stability of F^ in the cell at 

the required temperature. In a well-passivated cell, F^ remained con

stant (within 5%-10%) for more than 90 minutes. Prior to the failure of 
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gold coating in the thermal cell, no measurable drift in total pressure 

was observed. 

Further discussion of the feasibility phase is unnecessary. 

A brief discussion of the preliminary experimental phase is included. 

Considerable discussion of the main features of the final thermal cell 

experiments is included. This discussion includes a review of the 

capabilities actually achieved with the apparatus described in Chapter 

3. The capabilities achieved are important in verifying the use of 

various diagnostic devices. Confidence in the capability and resolution 

of the apparatus comes from the observed performance as well as specific 

experiments designed to verify that the apparatus operates as intended. 

Preliminary Experiment 

The original experiment layout is described in Figure 34. The 

fluoride contamination of the optical windows led to an unacceptable 

signal to noise ratio. However, the water vapor reference spectra scans 

were completed satisfactorily. See Figure 58 for the observed 400.222 

cm"^ and 400,481 cm~^ rotational lines. Other rotational lines were 

also observed to calibrate the monochromator. See Table 16. Figure 56 

shows the monochromator correction for sinusoidal errors by the observa

tion of H„0 lines. Weaker H 0 rotational lines were observed with a 
2 2 

20 meter Wilks cell. No other satisfactory reference lines are known 

with the exception of the HF v = 0, J = 9^10. The knowledge of the water 

vapor spectral line positions allowed easy calibrations by observing 

these line positions from water found in the atmosphere. 
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No detailed spectra of any significance other than HgO spectra 

were observed with the 40 cm apparatus. The problems included low 

signal to noise and difficulties with the windows. 

Successful Experiment 

The improved cell gave quite remarkable performance compared to 

the old one. A large amount of data was obtained of high quality 

because of the excellent signal to noise ratio. It became quite clear 

that the positive identification of the F atom spectra among other spec

tral features is a necessity. To this end, the use of the hyperfine 

line structure and the splitting of these features under a magnetic 

field provides the necessary identification method. Figure 62 shows 

shows completely resolved line structure observed at 404 cm~^of SiF^. 

Molecular spectra will be unaffected by the magnetic field of 100-200 

Gauss because the splitting constant for the atom uses the electron mass 

rather than the nucleon mass. This results in a magnetic splitting 

effect of 1837 times larger for the atom. 

Resolution of Line Spectra 

Line spectra observed at 404.2 cm"^ clearly show complete line 

resolution of features with a FWHM of only 0.001 cm"^. Figure 62 shows 

part of the spectra of the polyatomic molecule SiF^^, Spectral features 

of the order of 5 x 10"** cm~^ are clearly distinguishable, giving direct 

proof that the laser was operating near the linewidth limitation possi

ble at that power level. Superimposed upon the laser power mode are 

the etalon scans from an experimental air-spaced etalon with a fringe 

spacing of 0.029851 cm"^. Figure 63 shows the basic laser power mode 
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without the spectral features Czero torr pressure). Superimposed upon 

the figure is a scan with 17 torr of cold Fg. Note the extremely sharp 

turn on (< 0.001 cm~^) of the laser power mode. Figure 62 shows the 

fully resolved spectra at 2 torr. The second laser installed on cryo-

cooler head did not demonstrate this extremely rapid turn on phenomena. 

The signal to noise can be determined by exmaining the random fluctua

tions of the laser while scanning. The signal to noise from the data 

is of the order 200:1. There is some slight thermal drift of the laser, 

giving a shift of the entire mode of the order of 0.001 cm"^. All spec

tral features were slightly shifted due to thermal drift which is a 

constant effect. This has no effect upon the tuning rate. By the use 

of beam splitters, the effect can be eliminated by measuring all of the 

critical parameters (etalon, reference, and absorption scan) in a single 

measurement. 

Line Spiking and Mode Hopping 

Figure 63 shows some line spiking. When this occurs, a careful 

measurement of the etalon fringes must be made on either side of the 

power spike. A discontinuous change in the etalon spacing indicates a 

mode hop. Figure 64 shows a mode hop indicating a discontinuous fre

quency change of the laser. The etalon confirms that the laser is 

operating on a single frequency. An example of two modes simultaneously 

operating is shown in Figure 64. Fortunately, these events were over

come by temperature tuning to another adjacent mode covering the same 

spectral region. 
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Contaminant Detection and Resolution 

At about 300°C a spectral feature (later identified as the 

HF v = 0, J = 9-»-10) is observed at 402.9 cm~^, which changes remarkably. 

Figure 65 shows the spectral feature beginning to appear at 300°C and 

the contaminant observed below 300°C disappearing. The rapid change 

from one line to another in temperature range of only 100°C was remark

able. This major absorption line was first eliminated as a possible 

F atom absorption line because it seemed to appear at 100°C. The sepa

ration of the lines is approximately 0.006 cm~^ and they are totally 

resolved. Because the HF absorption line could have possibly been the 

F atom line, it was evaluated with the other identification techniques. 

The hyperfine structure and the magnetic field structure were not found, 

thus proving this feature was not the F atom line. Note that the 

strength of the absorption and linewidth of the transition are within 

reasonable bounds to be the F atom. (Appendix D discusses the HF v = 0, 

J = 9->10 rotational absorption that behaves almost exactly like the F 

atomic line is expected to behave.) 

Pressure and Temperature Effects at 402.9 cm"^ 

Figure 66 shows the effects of temperature and pressure upon 

the 402.9 line. From this data the linewidth constants and absorp

tion cross section may be obtained. Figure 67 shows a high resolution 

scan with calculated Doppler and Lorentz line shapes superimposed. This 

line is fully pressure broadened at 8.3 torr. 

The purpose of analyzing this particular line is that it was 

considered as originating from the F atom. However, the hyperfine 
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Figure 65. Low Temperature Analysis of the HF 402.9 cm~^ Line. 

Between 450°K and 573°K the HF line (dashed) becomes 

more prominent than the other contaminant. 
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structure is not found. This example clearly demonstrates the resolving 

power of the spectrometer and the critical importance of using this 

resolution for identification and verification. 

Spectral Features at 404.2 cm~^ 

The features shown in Figure 68 show the effect of temperature 

at constant pressure. These are the same features in Figure 61, but are 

completely resolved. The effect of increasing pressure is shown in 

Figure 69. Spectral measurements at five pressures are shown from 1.7 

torr to 26.6 torr. These data yield the broadening constants of the 

SiF^ transitions and their line positions. In the completely resolved 

case, the line shape was studied. Figure 70 shows both a Doppler and 

Lorentz line shape. The line shape is a pure Doppler line shape at 

1.7 torr. 

The resolving power of the experimental apparatus was used to 

study the line structure of the F atom for verification. 

Results of the Laser Combustor Scan 

The high power laser combustor was used to generate F atoms. 

This device is routinely used to provide F atoms for cold reaction HF 

lasing. Some important differences between this experiment and the 

thermal cell experiment are as follows: 

a. The F atoms are generated at high temperature C1700-1800°K), 

thus eliminating the possibility of insufficient dissociation 

of Fg to F atoms. 
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b. The low pressure and temperature of the supersonic flow field 

(Mach 4, 2.5 torr, 200°K) assure a narrow line in the Doppler 

limit. 

c. The recombination of F to is estimated to be about 20% for 

the cm nozzle. (See Appendix E.) Since the probability for 

deactivation of the ) upper state is orders of magnitude 

greater than the recombination rate (2F ̂  F^), it is likely 

that the excited state is significantly deactivated to the 

ground state C^Pa.However, assuming that there is no deacti-
'2 

vation of the excited state still leads to a sizable absorption. 

See Figure 60 for the calculation of these quantities assuming 

no deactivation of the state. 

d. The determination of the Einstein A coefficient and pressure 

broadening constants will be difficult because exact temperature 

and pressure of the flow field is not known within 30%. A lower 

limit on the Einstein A coefficient can be estimated. 

As the supersonic flow from the nozzle passes through the diffuser, the 

free stream temperature and static pressure increase. By the time the 

gas enters the scrubber, the pressure increases to about 20 torr. It, 

therefore, is difficult to accurately know the exact pressure and tem

perature of the flow field. It is not possible to vary conditions of 

the flow field significantly and still have the nozzle and combustor 

operate correctly. 
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Review of Scan Results in Various Experiments 

Because the diode laser does not continuously scan over a wide 

spectral region, numerous small incremental scans must be made. The 

best procedure to use is to scan one mode with current at a constant 

temperature. The modes adjacent to the primary one are scanned subse

quently. Finally, a new temperature is selected and all of these modes 

are subsequently scanned. This procedure results in a large number of 

scans that must be integrated together to get complete coverage. These 

scans were made with three diode lasers which were fully operational and 

two others which had some limitations. One of these ran multimode and 

the other did not cover the spectral region of interest. The following 

types of laser scans were made: 

a. reference scans of H^O spectra, 

b. scans with the 40 cm long cell in the old thermal cell, 

c. scans at temperatures > 700°C in an 80 cm long thermal cell, 

d. scans with magnetic field installed for diagnostic purposes, 

e. scans using high power laser combustor source of F atoms. 

Reference scans were made with the humidity control system (shoivn in 

Figure 55) operational. In addition, the multiple pass Wilks cell 

(shown in Figure 57) was used to observe the weaker H^O lines. Water 

lines obtained with the Wilks cell allowed sinusoidal corrections to be 

made to the monochromator for accurate calibration. Several H 0 lines 
2 

can be directly observed in the air without the Wilks cell, thus pro

viding a real time check on system calibration. Detailed calibration 

was possible at exactly 404.07 cm~^ with the Wilks cell set at a 10 

meter path length. A summary of the major lines observed is sho™ in 
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Table 16, The major difficult with the H^O scans was their linewidth. 

The width of some lines was on the order of 1/4 to 1/2 the laser mode 

width. The most important pair of lines was the 400.222 and 400.481 

cm~^ pair since these lines were totally resolvable and easily observed 

in all subsequent laser scans in the air. When the laser was moved to 

the Chemical Laser Facility (CLF) and the optical system was realigned, 

this pair of lines was observed several times from the natural water 

vaport in the air. Because of the close proximity of these lines, both 

can be resolved with one laser scan. This is important for positive 

identification of the exact line position. 

F Atom Scans with the 40 cm Cell 

F atom scans with the 40 cm cell were inconclusive because of 

poor signal to noise. This was primarily caused by the excessively poor 

transmission of the windows. An etalon did not exist at this time, 

making it impossible to check for single frequency operation. Figure 50 

shows the resolution of the window problem through PbF^ protective coat

ings, The signal to noise problem was futher aggravated by the electri

cal insulation breakdown of the signal cable to the detectors. Repair 

of the detectors both inhouse and at Santa Barbara Research Center 

allowed operation at the theoretical limit of detection for Ge:Cu. 

Scans at Temperatures Greater than 700°C 

The solution to the window transmission problem yielded a large 

improvement in signal to noise. Demonstrations of the excellent resolu

tion of the equipment have been previously discussed. These scans are 

one of about 100 high resolution scans. Wall reaction rates were 



Table 16. Siunmary of Observed HjO Transitions. 

Shelby, Shettley, and McClatchy (1975). 
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Nominal Linewidth Normalized Observed 

Position HWHM (cm~^) Path Absorption Dial Reading Separation 

(cm"^) Obs./Calc. Length Obs./Calc. Obs./Pred. (cm"^) 

397 .319 0.032/0.07 6 m 0.56/0.79 6476/6483.4 

397 .437 0.03 /0.06 6 m 0.19/0.29 6464/6481.6 

399 .495 0.07 /0.06 16 m 0.28/0.28 6447/6449.2 

400 .222 0.10/0,073 16 m 0.80/0.79 6438/5437.9 

6 m 0.75/0.78 

400 .481 0.06/0.06 16 m 0.885/0.85 6434/6433.9 

6 m 0.79/0.78 

404 .070 0.07/0.065 24 m 0.48/0.34 6383.5/6378. ,6 

16 m 0.39/0.24 

405 ,173 0.11/0.082 16 m 0.15/0,07 6366/6361.8 

405, .495 0.07/0.06 16 m 0.50/0,58 6361.5/6360.0 

407, .432 0.07/0.06 16 m 0,36/0.02 6332.5/6324. .1  
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unimportant with the gold coating. The approximate positions of the 

observed SiF^ rotational spectra are shown in Figure 70. The data in 

Figure 70 are not meant to be a complete summary, but only to show 

those general features in the region of interest. Another important 

feature was the single large absorption at 402.9 cm~^ which was subse

quently identified as HF v = 0, J = 9->10. The large feature is shown 

in relation to other spectra. The differentiation between atomic and 

molecular spectra used both the hyperfine structure and Zeeman splitting. 

Scans with the Magnetic Field 

A considerable number of scans (over 100) were made with the 

magnetic field installed. The procedure involved shutting the oven off 

(to prevent any stray magnetic fields) and making a scan with the etalon 

installed. Finally, a scan was made with a 100 Gauss steady state 

magnetic field. In all cases, the spectra were exactly the same, indi

cating no atomic transition. The repeatability and excellent signal to 

noise were sufficient to prove that no atomic spectra were observed. 

These scans proved that the observed spectral features were not the 

atomic spectrum, but a molecular spectrum because no Zeeman splitting 

effects were observed. This molecular spectrum was subsequently shown 

to be SiF^ and HF rotational absorptions. 

Scans with' the High Power Laser Combustor 

Since the possibility existed that the uncertainty in the Fz 

dissociation energy could have serious impact on the results, the 

combustor would serve to eliminate this problem because it operated 

at a temperature high enough to insure dissociation. Reasonable numbers 
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of F atoms were generated which were proven in the measurement of cold 

reaction laser power. The high power laser scan showed the water vapor 

lines from the atmosphere in the correct region. These scans are summa

rized in Figure 71. 

The summary of the regions scanned demonstrates the meticulous 

search for the F atom. Each line represents three to four scans of the 

laser since a calibration scan, a reference scan, and signal scan must 

be made. Many times repeatability was checked by repeated scans to 

compare the previous signal to the present for any signal to noise 

deviations. The etalon provided detailed information on the width of 

the scan while the monochromator was used to provide relative position. 

The width of the slits of the monochromator were set to provide positive 

mode separation with a band pass of less than 0.5 cm"^. Typical mode 

separation was about 1.5 cm~^. 

Summary of Results 

Two basic types of molecular spectra were observed. The single 

strong transition at 402.9 cm~^ was identified as an HF v = 0, J = 9-'-10. 

This transition demonstrates the impossibility of completely eliminating 

the effects of HF contamination since 10 millitorr would cause this 

absorption . 

The other spectrum of interest was the large number of rotational 

spectra of SiF^ found throughout the region. These were present with 

the gold coating. Appendix D discusses these results. Figures 72 and 

73 show several high resolution scans. 
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It was clear from the many experiments with the magnetic field 

that no atomic spectra were present. The general scanning strategy 

was first to search for the hyperfine structure, and, secondly, verify 

the transitions through Zeeman splitting. A complete scan of all 

observed features with the magnetic field was made. There were no 

atomic fluorine magnetic dipole transitions observed within the region 

covered. The important questions raised because of this result are 

discussed in the next chapter. 



CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

It is important to discuss the reasons that the F atom was not 

observed. If the F atom was not observed because of inadequacies in 

the experimental technique, then only information pertaining to the 

buildup of an experimental device is obtained. On the other hand, if 

the basic supporting data have some error, then limits could be put 

upon these data. The resolution of these critical points was made by 

performing additional experiments to prove that the experimental appa

ratus behaved as expected. 

Possible Errors in the Experiments 

A major concern of the thermal F atom experiment is the produc

tion of F atoms. Measurements to insure that the thermal cell behaved 

as required must be made as improved thermal cells are built. Stability 

of the pressure of molecular was sufficient and the signal to noise 

was improved well beyond the requirements of the experiment. To insure 

that F atoms were produced in sufficient densities to be detected was 

achieved by an extensive series of improvements to the apparatus. 

Additional experiments were conducted to verify proper operation. A 

summary of these improvements and experiments follows. 

The cell was lengthened to 80 cm, thus increasing the margin of 

the minimum detected signal. A gold coating was applied to insure that 

225 
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almost no wall reactions occurred at temperatures in excess of 700°C. 

These conditions (if the known data are correct) yield a safety margin 

of at least five for a detectable signal. The monitoring of the Fg 

pressure stability by measuring the U.V. absorption at 2800X to prove 

that gas in the cell was F^. If some unknown reaction was consuming 

F through reaction with the wall, then the change in is easily 

measurable and the reaction is relatively fast. Both the pressure and 

the U.V, absorption remained quite constant (± 10%) over a considerable 

time (one hour). 

Another area of concern is the distribution of the excited 

(^Pi.) and the ground state )• If it is possible that the ground 
'2 /z 

state is preferentially changed to the excited state, this could cause 

zero absorption. It is extremely unlikely that this is the case for 

several reasons. Since the lasing action of the same electronic con

figuration of iodine has been demonstrated, it has been observed that 

the deactivation of the excited state is far more likely. In addition, 

wall reactions should selectively deactivate the ^Pj. state because of 

the increased chemical reactivity of that state. There is reasonable 

evidence in the other halogens to project the deactivation of the ^Pi, 
ri 

state for fluorine. Experiments using flashlamps and microwave dis

charges depend upon this deactivation mechanism of the excited ^Pi. 
'7. 

state to yield equilibrium populations prior to recombination. See 

Appendix E. 

Since many spectral features were observed, the verification 

of the F atom spectra is accomplished by additional means other than 

matching the absorption strength, linewidth, and line position with 
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predictions. The detailed review of the hyperfine structure and the 

projected splitting of the hyperfine structure by a magnetic field gave 

proof that the observed features were not F atoms. The demonstrated 

high spectral resolution of the laser makes these methods practical for 

verification of the F atom absorption. 

An alternative F atom source was used to perform another set of 

experiments. The high power laser combustor produced F atoms for cold 

reaction lasing. Therefore, the monitoring of F atoms in the laser is 

possible. Since some of the combustor-produced F atoms recombine to Fg 

(estimated at 20%) during transit through the nozzle, some of the excited 

states deactivate through wall collision. In the estimate of per

formance this assumption was not made. This experiment removed the 

uncertainties of the dissociation energy of F^ upon the experiment 

because of the high combustor temperature. 

Another possibility was the laser scanning procedure missed the 

region containing the F atom absorption. This is unlikely for two 

reasons. The first reason is that two different lasers were used, each 

having different mode structure. The second reason is that the F atom 

transition actually consists of three hyperfine components separated by 

0.341 cm~^, which is almost the width of a whole laser mode. The 

improved cell was designed to observe all of these transitions. The 

separation of the three lines by 0.341 cm~^ lessens the probability 

that the F atom was not observed. In addition, a second laser reduced 

the probability of missing a critical scanning region to near zero. It 

is extremely unlikely that an important region was missed within the 

range of the diode laser. 
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Possible Errors in the Basic Data 

Errors in the basic data can influence the experiment adversely 

in many ways. Several of the constants describing the F atom create 

negligible effects upon absorption even with large errors in the basic 

data. Included in this category are the largest possible errors in the 

vibrational and rotational splitting energies of Fg. In addition, the 

pressure broadening parameter could be significantly in error and the 

measurement is still possible. An error in the dissociation energy 

D° of F^ has a serious effect. A value of D^CF^) 25% higher than 

expected yield a significant change in the capability to detect the 

F=2^1 transition in the thermal cell. Little or no effect is expected 

in the laser combustor experiment because this device is operated at 

much higher temperatures. These operating temperatures are well in 

excess of the dissociation temperature. 

Systematic Error in Vacuum U.V. Data 

Another constant of extreme importance is the position of the 

transition. The accurate measurements of the line position came pri

marily from Liden's (1949) work on atomic fluorine CF I) • A. brief 

discussion of the apparatus used and the methods for calibration 

is required to understand the possible errors with this data. 

Liden performed the experiments with a 1.5 m grazing incidence 

grating spectrograph. The grating was 32 x 19 mm with 567 grooves/mm. 

Thus, the resolving power of the system in first order is 18144, For 

a typcial line of 102,000 cm~^, this results in a resolving power of 

. O O 
> 5 cm" . The dispersion of the system at lOOOA is 4,2A/mm with a 3 ym 
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wide entrance slit. His source of atomic fluorine was a LiF discharge 

in a water-cooled hollow cathode with a background He pressure of 2 to 

4 torr. The accuracy of the line position is taken from oxygen and 

copper II spectroscopic references. Table 3 summarizes the original 

work. The linewidth of the instrument is of course much larger than 

the accuracy which was reported. To achieve the accuracy quoted the 

following must be accomplished: 

a. All errors of the equipment must be precisely known. 

b. Nonlinearities of the recording process must be known 

(such as spacings between reference lines). 

c. Effects that alter the line shape must be understood and 

accounted for. 

Later work by Clyne et al. (1973) clearly shows that these effects must 

be accounted for in obtaining the oscillator strengths. Clyne's appa

ratus had a resolving power of 19,200 in first order with a one-meter 

spectrometer. The slits were 4 ym wide. A detailed comparison of the 

values Clyne reported are not within the high resolutions (± 0.3 cm~^) 

reported by Liden (1949) even though these are comparable systems. 

See Table 17. The following summarize Clyne's careful attention to the 

difficulties: 

a. Severe self reversal of the line occurred in many F atom emis

sion lamps. The line reversal phenomena occur because the cold 

unrecombined F atoms outside the hot discharge zone absorb at 

line center of the vacuum U.V. lines, thus distorting the line 

shape. 
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Table 17, Comparison of Vacuum U.V. Lines. 

From Liden (1949, Table 7) and Clyne and Nip 

(1976, Figure 4). 

Nominal 

Term Position Liden Clyne Difference 

VPI/, (95.55 nM) 104652 .3 cm~^ 104646 cm~^ -5.7 cm~^ 

-
(95.85 nM) 104327 .1 104329.5 +2.9 cm"^ 

- 3s2p3 
<̂ 2 

(95.48 nM) 104731 .2 104734 +2.8 cm"^ 

-3s2pi (95.19 nM) 105056 .3 105053 -3.3 cm~^ 
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b. The hyperfine effects of the transitions have an effect on the 

line position C± 0.5 cm"^ in some cases). 

c. The great difficulties in vacuum U.V. work are considered 

correctly. Thus, the possible errors in the line position 

could be greater than 5 cm~^. Examining a typical nonreversed 

line (Figure 9) shows the difficulties of fixing the absolute 

position of that line. 

The expected tuning ranges of the diode laser were well under the 50 cm"^ 

quoted by the manufacturers. Examining Figures 45 and 46 clearly shows 

the limitations of the scanning range. For these two lasers, the work

able range where continuous tuning is achieved is about ± 5 cm"^ around 

404 cm"^. 

Lower Bound on Einstein A Coefficient 

The results of the laser combustor experiment reveal that if the 

A coefficient is less than 1 x 10"** sec"^ then the signal would not be 

detectable (see Figure 58b). A lower limit of 1 x 10"** sec"^ is ob

tained from this data if the line position is within 5 cm"^ of 404 cm"^. 

An examination of the theoretical calculations of the transition 

probability does not support an error that large for an LS (or even a 

JJ) coupling approximation. The theoretical analysis presented could 

not account for a factor of 10 difference. 

Summary of Conclusions 

High resolution spectrometers are required to observe and 

identify atomic fluorine absorptions among other molecular spectra. 

Doppler limited resolution was demonstrated with SiF^ and HF molecular 
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spectra. The measured absorption of these contaminants was consistent 

with the partial pressures measured using mass spectrometry. Because 

of the existence of measurable contaminant levels 10 mtorr), it is 

vitally important to check for the hyperfine structure and broadening 

of this structure by a magnetic field. 

Two independent sources of F atoms which were independently 

verified gave assurance that F atoms were present. The uncertainty in 

the rotational and vibrational energy spacings, the uncertainty in the 

dissociation energy of molecular fluorine, and the uncertainty in the 

pressure broadening of the atomic fluorine transition may be ruled out. 

The failure to observe the fluorine atom transition is not due to these 

effects. 

Tlie most likely cause of the failure to observe the fluorine 

atom is an uncertainty in line position exceeding 5 cm~^. This uncer

tainty is possible because the line position is estimated by taking the 

difference between two vacuum U.V. electric dipole transitions. Errors 

of 1/10,000 in vacuum U.V. electric dipole fluorine atom transitions 

give an error in the magnetic dipole line position greater than 5 cm"^. 

Errors of this magnitude exceed the scanning limits of the existing 

diode laser system. 

A less likely explanation of the failure to observe the fluorine 

atom transition is an Einstein A coefficient which is less than 1 x 10"'' 

sec~^. The theoretical calculation does provide for errors of this 

magnitude since no radial integrals are required in the calculations. 

A third less likely explanation of the failure to observe the 

F atom transition is non-Boltzman distribution favoring the excited 
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state. I£ the excited ^Pi state is preferentially populated, the 
2̂. 

difference for absorption (AN) between the ^Pi and ^Psy states could 

be zero, then no absorption would be observed. The Ff^Pi ) state is 
fz 

likely to deactivate through collisions. In Appendix E an estimate of 

the deactivation rate is obtained by extrapolating from the known rates 

of chlorine, bromine, and iodine. 

Recommendations 

Only experiments capable of observing the hyperfine structure 

and the Zeeman splitting of the F atom can possibly verify the F atom 

absorption among other molecular spectra. Because other molecular 

spectra are observed, a resolving power of at least 1 x 10"^ cm"^ is 

necessary for verification. The high resolution demonstrated by the 

laser spectrometer provided the crucial data to positively identify 

HF and SiF^^ spectra. The line shape, spacings, and pressure broadening 

were easily observed and studied with the laser spectrometer. 

Experiments that produce F atoms with U.V. flash photolysis or 

microwave discharges create sizable uncertainties in the actual number 

density of F atoms. Thermal cells with a thin gold insert (0.005") 

using radiant quartz lamp heaters and PbFj coated optical windows should 

be superior. Such a cell would provide a stable and repeatable set of 

conditions for absorption spectroscopy. The use of the novel optics 

such as off-axis parabolic and ellipsoidal mirrors greatly simplifies 

operations with the diode laser. 

Continued spectral searches (Raman or absorption spectroscopy) 

for the F atoms without high resolution will not allow the verification 
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of the atomic transition through hyperfine structure and Zeeman broaden

ing effects. A continued search for the F atom necessitates high 

resolving power instruments. 



APPENDIX A 

PRELIMINARY RESULTS OF F, U.V. ABSORPTION 
2 

As previously discussed in Chapter 1, the principle reason for 

monitoring the U.V. absorption of Fg between 2100X and 4100A was mea

suring the pressure stability of the cell. As the new 

gas is heated, it remained stable for periods of over one hour. As the 

pressure decreased, the absorption decreased. As the temperature 

increased at a constant pressure, the absorption dropped at 2850X as 

would be expected. 

Some preliminary data of the U.V. absorption of F^ indicated 

that the absorption drops significantly near the peak at 2850A as the 

temperature increases. Since there are no error bars on the data 

reported by Batovskii and Gurev(l976), it is difficult to estimate the 

accuracy of these data. Significant errors will certainly be intro

duced by the difficult nature of their experiment. Some difficulties 

with this experimental approach are the rapid burning of the gas mix

ture, the uncertainty in the kinetic rates on the time scale (ysec) of 

the measurement, and the difficulty in measuring the actual absorption 

path length. Additional difficulties arise from the unburned F^ exter

nal to the path length, and the failure to account for the dissociation 

of F^ to F at the higher temperatures. Significant difficulties in the 

assessment of accurate cross sections are to be expected. The diffi

culty encountered with the thermal cell was the elimination of the wall 

235 
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reaction phenomena. After the cell was pumped, additional Fj was intro

duced and the absorption monitored. The pressure and the absorption 

correlated well. Reasonable confidence can be expected in a well-

passivated and conditioned cell by monitoring the gas pressure. 

With experiments conducted in the 80 cm high temperature cell, 

significant errors occurred at pressures below 2 torr and at pressures 

above 100 torr, because of the limited range of the pressure transducer. 

At low pressures, the measurement accuracy of the pressure was estimated 

to be ± 1 torr. Relatively large uncertainties were introduced to the 

data because of the error in the pressure measurement. At the higher 

pressure, the transmission was so low that it was difficult to measure 

it accurately. Pressures between 15-35 torr gave the best results and 

yielded consistent cross sections for the U.V. absorption measurement. 

Figure 72 shows some preliminary cross sections calculated from data at 

20 torr. Raw absorption data are also displayed. Figure 61 shows the 

schematic of the experiment. These data were obtained by subtracting 

the cold gas cross section contribution in the window protection area 

(66 cm) from the hot gas section (76 cm). Relatively large errors occur 

because of this differencing technique. The estimated error on a given 

absorption reading is estimated to be about 10%. Of course, when the 

cold section and hot section absorptions are approximately the same, 

then an error of a factor of about 2 to 3 can occur because of the 

difference. These data are qualitative from that standpoint. However, 

at the point where the absorption is independent of temperature, the 

error decreases to about 15%. The detailed analysis of the data is 

still in progress to assess the accuracy of the information obtained. 
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Significant confidence in analyzing the behavior of the thermal cell 

was obtained by these experiments. The pressure of the thermal cell 

was a reliable indicator of the gas density. 

Two significant issues were raised as a result of these measure

ments. These primarily affect the capability to infer F atom densities 

by measuring Fg disappearance and are as follows: 

a. Since the errors are relatively small near the point where the 

absorption is independent of temperature, a relatively accurate 

measurement was made. A value of 3400X was obtained for the 

point where absorption is independent of temperature. This 

O 
agrees with a value of 3330A extrapolated from Batovskii and 

Gurev's (1976) data. The thennal cell data are much more accu

rate because of the ease with which data could be taken exactly 

at the point where temperature has no effect. 

b. The thermal cell absorption decreased more rapidly with tempera

ture than that measured by Batovskii and Gurev. Even with the 

errors near the peak of the cold gas absorption, these trends 

can be seen. 

Consideration of the effect of temperature when monitoring F^ 

U.V. absorption is very critical for an accurate measurement. Typically, 

He-Cd lasers operating at 3250A could have errors in excess of 100% when 

monitoring burn rates in pulsed HF lasers if the change in absorption 

with temperature is not accounted for. The optimum diagnostic laser 

would monitor the disappearance of F^ at 3400X. A pulsed laser could 

be used quite effectively at 337lX. The results of this experiment are 



239 

preliminary, but indicate the critical importance o£ assessing these 

effects prior to drawing conclusions from disappearance measurements 

of pulsed HF lasers. 



APPENDIX B 

EVALUATION OF THE WIGNER 9j SYMBOL 

Equation (69) of the text is: 

< s£j IIC^xS^llsAj ) = < AllC^llil) < sllslls) (2j+l) 
/s s l\ 

a 2f 
U j i) 

Sobelman (1972) gives the following evaluations of the elements [also, 

see Matsunobu (1955) for evaluating the 9j symbol]: 

„ (a X 
<illlC^ll£'> = (-1) /(2£+l) (2S.'+1) 0 0 0^ where x = 2 . 

I 2 a 

0 0 0' V &(il+l) 

(2S,+3) (2S,+1) (25,-1) 

Substituting the results from from the above equations and recalling 

Eqs. (71), (73), and (74) from the text, yield for: 

<siljlUllsJlj> - ,/To <siljllc2xSMls£j> = (2j+l) [jCj-H) +&(i;--M) -s(s+l)] 

/jCj+l)C2j+l) 

- As (2£+l) -yj(L+lj (2JI-1) J 

McGuire (1977) gives the hint to solve for the 9j term by considering 

the case for j = Z ± ^/2 simultaneously. As the terms are linear combi-

nations, the 9j symbol is expressed as: 
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and 
f a i l )  

1/2 Q /£/(S,+l) for j = Jl + Va 

1/2 Q /(M)A for j = S, - 2̂ 

where Q is defined as 

Q = -\/(l/45) 
C25,+3) C2il+1) (25,-1) 

Equation (Bl) simplifies by making use of the fact that j = £± V2 to the 

following: 

C 2 j+l) / 2  
AC^+l) 

y j ( j+lK2j+ l ) J  

Substituting into the result for W [Eq. ( 7 0 )  in the text] including 

Eqs. (71) and (72) from the text yields: 

•1(1+1)(21+1) 

2 

[ j ( j + l )  +1(1+1) -F(F+1)1 

y j ( j + l ) ( 2 j + l )  1 ( 1 + 1 )  ( 2 I + 1 ) _  
(2j+ l )  HW)1 

y j ( j + l ) ( 2 j + l ) .  

The matrix value of W is given by: 

(yjlFMllWllYjlFM) = aj^/2 [F(F+1) - 1(1+1) - j(j+l)] [il(il+l)]/[j (j+1)] 



and A is defined from Eq. C75): 

is defined from Eq. (58) in the text. 



APPENDIX C 

VECTOR MULTIPOLE FIELD EXPANSION 

The magnetic dipole transition is the first term in the magnetic 

expansion. Following the approach used in Jackson (1962, Giapter 15), 

Maxwell's equations are: 

fT ^ w - ^ ^ _ 1 8 E  
" c 3 T  c 3 t  

CCD 

V * E ' = O  V - B ' = O  

Two types of solutions exist depending upon the boundary conditions 

upon E or B. Making the assumption of time dependence of the form 

e (k = w/c) i Eq. (Q) reduces to 

V X E = ikB ; V x B = -ikE 

V • E = V • B = 0 

Eliminating B yields the electric component: 

(V^ + k^) E = 0 ; V • E = 0 

E  =  R  ̂  X  B  
k 

CC2) 

CC3) 
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The other solution depends upon the elimination of F for the magnetic 

component: 

(V^ + k^) B = 0 ; V • B = 0 

(C4) 

i V x E  

The general scalar wave equation is of the form 

+ k^) = 0 

where the solution may be written 

= I I fil(r) Y£mC0,4)) , (C5) 

a m 

which is the appropriate separation of the angular and radial components 

of a spherical expansion. Each rectangular component of F and B satis

fies the general wave equation. The vectors F and F can be written as 

the superposition of the electric and magnetic field components to 

obtain a general solution (Jackson 1962, p. 546): 

E = II (;L,m)Vx fA(kr) XJl,m + a^ gA(kr) X Jl,m] , CC6) 
?. m ^ J 

^ * 

a^ fA(kr) X £,m - a^ Cil,ni) V x gilC^^r) X i!,,m B = I I 
I m 

where 

, CC7) 

X ji,m C0,<J>) = L Y5,mC9,(()) . CC8) 

/il(£+l) 
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X 2,,in are the normalized spherical harmonic functions that satisfy 

X*2'in' • X iim dS^ = 6 , 
mm' 

L = ^ (r X V) , 

[L,V2 + k^] = 0 , 

Y5,mC0,<J)) = £C^+1) Y£mC0,({)) 

where agC£,m) give the components of the electric multipole fields and 

a^(Jl,m) give the components of the magnetic multipole fields, A linear 

combination of fields may be written to satisfy Eqs. CC3), CC4), and CC5); 

f£Ckr) = hil'^^^Ckr) + hJl'^^^Ckr] 

CC9) 

g2.Ckr) = hil'^^^Ckr) + A5,^^^ hi'^^^Ckr) 

where 

B = ^ hS.'^^^Ckr) + hil^^^Ckr)] Y«,m(e,(j)) 
a m 

fl 2") 
and where hil ' (kr) is defined in terms of spherical Bessel functions: 

V2 

ha'^^'^^Cx) = l^j ' [J^+V^Cx) ± iN(Jl+V2)Cx)] = [j£(x) ± inJiCx)] . 

The radial function fJiCr) satisfies the usual equation 

CCIO) 
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1/ 

Rewriting filCr) = r" ̂  u£(r), 

[ ^ 4 ^ "  " M r )  -  0  

This is just Bessel's equation with'v = H+^z. j^(x) and n^(x) are 

fl 2 )  
spherical Bessel functions and hil ' are spherical Hankel functions. 

If time varying sources are included. Maxwell's equations are rewritten 

in the following form: 

V x E = i k B  V « B = 0  

V X B + ikE = ^ V • E = 4TTP (Cll) 

V • J = icop 

In order to use the general solution, the field variables are redefined 

by replacing E by E': 

E. = . tC12) 

Using the previous Maxwell's equations, the wave equation solu

tions for E' and B are obtained. Recall that B = H + 4'n'M, Eliminating 

E from Eq. (Cll) yields the following equations: 

[V= + k^l B =  -  ̂  ( V  x J  +  c V x V x M )  ;  V * B  =  0  

=  i C V  x B - 47r V X M) (C13) 
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Eliminating B from Eq. (Cll) yields the following equations: 

[V^ + k^] E' = - |cVxM + i (VxVxJ)J ; V • E' = 0 

B = - i CV X E) = 3^ 
k 

V x E '  -  ~  V x  J  
(ji) 

(C14) 

The coefficients ag(£,m) and a^Ci!,,m) must be obtained from a general 

solution as follows: 

B = 5! I fAm(r) X Jim - r- V x gilm X £m 
a m ^ 

(CIS) 

f£mCr) ->• a (il,m) h£^^^(kr) , 
h 

g£m(r) ^ a^C^jHi) h5-^^^ (kr) 

The corresponding differential equations are; 

[6] ^ X* Jim [V x J + cV x (VxM)] dJi = K.f^Cr) , 

CC16) 

[0] [g^^Cr)] = -4iTik I X* Am [V x M + ̂  Vx (Vx J) dfl = KjfJlCr) , 
ck' 

where 

[0] , 2 d _ic^i 

[dr^ r dr J 
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A Green's function method is used to solve for and aj^(Jl,m) : 

[0] G(x,x') = - SCx-x') 

iKix-x.| 
GCx,x') = ® 

4Tr x-x » 

and 

(V^ + k^) gS,Cr,rn = - ̂  [6(r-r')] 
r 

gilCr>r') = ik jilCkr^) hA^^^kr^^) , 

(CI 7) 

assuming 

6(x-x') = i 60r-r') I ̂  Y*S,mCe',(}>') YJlm(0,())) 

^ £ m 

and 

G(x-x') = I g£Cr,r') Y*JlmC0 •(!)•) Y£,m(e,(j)) 
£,m 

The correct Green's function expansion yields: 

iklx-x'l 
3-37— = ik j£Ckr^) hil'-^-'(kr^) I Y*JlmC0' .cj)') Y£mCe,(t)) , (CIS) 

4Trlx-x' I £ m 

where 

which has a finite solution at the origin and at <». Outside the source 

r^ = r' and r^ = r (see Eq. 016) : 

f£m(r) = ik h£^^^ (kr) j r'^ j£Ckr') Kjf£Cr') dr' 
J n 
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and 

, (1)  

•'o 
g(5,,m)(r) = ik hA*- •'(kr) ] r' jilCkr') K^g^-Cr') dr' . 

Comparison with Eq. (C16) yields the definition of the general multipole 

components: 

4TTik f • 

c J agC£,m) = ^ 

a = -47rk' 
m ^ 

ii(kr) X* £ni • [VxJ + cVxVxM] d^x , 

(CI 9) 

jil(kr) X* • [VxM + C^xVxJ)] d^x 

By utilizing the following vector identity (Jackson 1962, p. 556) 

J5l(kr) X* )lra (VxJ) d^x = 

/£C£+1) 

Y* 5-m V .J ̂  Irjil(kr)] 

k^r • J j£(kr) d'̂ x , 

where V'fVxM) = V»(VxJ) = 0; V»J = 

Equation (019) becomes: 

ag(5,,m) 
4Trk'' ik . 

d X Y*ilm |Pg^[rj5,(kr)] + — (r • J) jJl(kr) 

i/Jl(£+l) 

- ikV • (r X  M) jii-Ckr) 

a„(il,m) 
4TTk' 

m 
i/Jl(Jl+l) 

I d^x Y*ilm I' d X Y*ilm V»(rxJ) j£(kr) 

+ V • M [rJlCkr) ] - k^ • M) j A(kr) j 

(C20) 
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The Eqs. (C20) are the general solutions which may be simplified consid

erably, The source is atomic and thus extremely small (kr « 1 10"®) : 

jACkr) ^ (2L1]!! 
asymptotic limits 

HMkr, . 
Ckr)^^ 

Since the electric dipole term is not allowed, only a^(il,M) is used far 

from the source. r'M = 0. Therefore, using this simplification, the 

equations yield; 

Airk" 

i/i!,(£+l) 

f  d^x fynm r^  V'MCA^DkV] 
J L c (2£+l) !! (2£+l) !! J ' 

(C21) 

defining the magnetic multipole moments: 

M S,m 
1 
£+1 

r^ d^x Y*£m ^ 
c 

M' ilm = - r̂  Y*S,in V»M d^X' 

and 

. Z+2 
_ rn „ 4lTlk 
amC^,m) - (;2ii+i) i r 

5,+l 
[MJlm + M'£m] 



APPENDIX D 

OBSERVED ROTATIONAL SPECTRA OF SiF^ AND HF 

Detailed spectra of SiF^^ and HF were observed and analyzed. 

Examples of these spectra are shown in Figure 73. Detailed analysis 

of the spectrum has yielded information on the structure of SiF^. The 

linewidth analysis gave a good estimate of the molecular weights which 

greatly aided in the identification of these molecules. The spectral 

features were analyzed by reducing the pressure and examining the line 

shapes. Perfect Doppler broadened line shapes were found at about 2 

torr total pressure. The molecular weight is simply estimated by using 

the Doppler broadening following Eq. (36) in the text. The molecular 

weight is estimated for a nominal line position of v = 404 cm~^, 

Av = 0.000502 cm"\ T = 1043°K to be: 

M = 1.28 X 10"^^ 

M = 87 

r ^ 2 
V 

Av 

Possible candidates include SiF^^ with M = 104. This gave an important 

clue to the identity of the molecule producing the spectra. McDowell 

(1979) positively identified the spectra shown in Figure 73 as R(48) of 

SiFj^. Since the thermal cell is constructed out of monel which has some 

traces of silicon, this is the source of the contamination. 
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McDowell's predictions 

LASER CURRENT 

h-l 
CO 

w 
w 

LASER CURRENT 

Figure 73. Typical SiPi, Rotation Absorption Spectra. 

The top spectrum at 402 cm"^ of SiF^ shows the predicted 

R(48) rotational spectrum (1-8 torr, TOS^C). The bottom 

spectrum is probably the RC49) spectrum at 402.9 cm"^ at 

7 torr and 711°C. (McDowell 1979). 
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The single absorption feature observed at 402.9 cm~^ had a 

Doppler broadened line with a molecular weight of about 20. This 

feature was identified as the HF (v = 0) J = 9^10 rotational transition 

(Wilkins 1977). The line shape studied achieved with the system give 

other pressure broadening parameters. A mass spectrometer was used to 

measure the level of contamination. Approximately 10 millitorr was 

observed. Using an A coefficient = 32.758 sec"^ (Meredith and Smith 

1971), an absorption of 80% was predicted. Absorptions were observed 

in this range—80% for 7.6 millitorr. 

The laser spectrometer was ideal for the detailed observation of 

these spectral features. The high resolution was essential for observ

ing these features. Detailed studies of the broadening of SiF^ and HF 

by F^ and F are continuing. Additional spectra of SiF^ were obtained 

and are being used to refine the data of the molecule in conjunction 

with Dr. McDowell. 



APPENDIX E 

DEACTIVATION OF THE FLUORINE P̂i, STATE ' 
'2 

Two types of deactivation reactions for the F state will 

relax the F atom to the ground state . Radiative transfer is not 
'2 

likely because of the long radiative lifetime of the state (480 nsec). 

Collisional deactivation of the F atom excited ^Pi. clearly dominates. 

An attempt to estimate the collisional deactivation probability is shown 

in Figure 74, following the results reported by Husain and Donovan (1969) 

for other halogens. These probabilities are estimated by comparing the 

deactivation probability of the other haloges with decreasing atomic 

number. This yields only a crude estimate because the probability 

increases for decreasing atomic number. Significant errors in esti

mating the probabilities for nobel gases (He) and halogens with small 

atomic numbers (Z) are found when using theoretical potential surface 

models. Calculations, though somewhat unreliable, have been completed 

that adequately explain the significant changes due to chemical reac

tion rates induced by the excited states. For instance, in the inter-

halogen compounds (IF, CW, etc.), it is known that the excited state 

.(^Pi ) can induce significant chemical reactions while the ground 

state (^Pa.) induces no reaction. Significant effects for chemical 
'2 

reactions are expected in the case where light molecules and higly 

attractive potentials exist (Husain and Donovan 1969). 

254 



CU 
N 

PU 

tu 
O 

>-
H 
l-H 
J 
»—I 

§ 
ca 
0 
01 
a. 
Z 
o 
1—1 

> 

0 . 1  

0 .01  

0.001 
H 
u 
< 
cu 
° 0.0001 

^2 

1 
i 

1 

^ D F  

F 

U 1 J 1 J. IJ IJ 

C£ 

. i_i. i-i 1 1 1 1 J .1 I..I I.I i-i (..) 

Br 

-LI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 I 
1 1 • 1 1 1 t 1 1 • 

10 20 30 40 

ATOMIC NUMBER ( Z )  

50 60 

Figure 74. Deactivation Probability of F by DF and F^. 

The value for F is estimated from the measured values (Husain and Donovan 1969) 

N) 
01 
01 



256 

Perhaps the most important case not evaluated is the hot and cold chain 

reactions for HF and DF: 

F + Hg ->• HF (v < 4) + H 

H + F2 -> HF Cv < 8) + F 

Actually many more reactions must be considered if the two types of 

F atoms are used. The excited F may have significantly different 

kinetics than the ground state. Clyne and Nip (1978) quantified this 

by clearly demonstrating that in the interhalogens this excited state 

was carried through to the product states. For instance, the reaction 

produced C Z  (^Pi.) ,  
h 

F ^Piy + HC5, -»• HF + C£ P̂i. 
»2 '2 

was monitored to discover the ratio C Z  ^Pa./C£ ^Pi. = 10, rather than 
^2 '2 

140 as predicted by a Boltzman distribution. Many other electronic 

pumping schemes have been demonstrated by McDermott and Davis (1979) at 

the Air Force Weapons Laboratory. 

The point of these discussions is that a significant factor has 

been overlooked in modeling HF and DF lasers by the rate equation method 

which did not include the electronic states of F. Rapid relaxations are 

projected for the F atom excited state, but not on the scale of pulsed 

laser kinetics. Pulsed chemical laser initiation processes using elec

tron beams, flashlamps, and discharges produce F in the excited elec

tronic states. If the initiation pulse and the laser reaction rate are 

rapid, then a significant effect is expected. It will be very difficult 
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to measure the actual populations of the excited state because no 

measurement technique with sufficient resolution has been demonstrated. 

With electron beam initiation of the pulsed chemical laser, 

kinetic reaction rate arguments have been unable to explain increasing 

efficiency with shorter and shorter pulse lengths. The reaction for 

the electron beam initiation is postulated as: 

F, • ' F (''P./,) • F C'Pjj) • e; . 

which occurs on time scales of 20 nsec to 1 microsec. It is likely that 

the very short 20 nsec pulse will produce significant populations of the 

excited state that enter into the chain reaction. The longer pulse may 

also produce the excited state, but because of deactivation, the excited 

state will have little effect on the chain reaction rate. It is observed 

that the efficiency of the electron beam production of F atoms varies 

from about 2 electron volts per F atom to 12 electron volts per F atom, 

depending upon the initiation pulse width and rate of chemical reaction. 

This hypothesis will be tested in the future by including the excited 

electronic states in kinetic model by this author. 



LIST OF REFERENCES 

Abraham, A., and M. H. L. Pryce, "Theory of the Nuclear Hyperfine Struc

ture of Paramagnetic Resonance Spectra in Crystals," Proc. Roy. 

Soc. 205, 135 (1957). 

Abramowitz, M., and I. A. Stegun, Handbook of Mathematical Functions. 

Dover Publications, New York, N.Y., 1970, p. 299. 

Andrychuk, D., "The Raman Spectrum of Fluorine," Can. J. Phys. 2^, 151 

(1951) . 

Appelman, E. H., and M. A. A. Clyne, "Reaction Kinetics of Groimd State 

Fluorine, F^P, Atoms," J. Chem. Soc., Faraday Trans. I 7^, 2072 

(1975). 

Batovskii, 0. M., and V. I. Gurev, "Temperature Dependence of the 

Continuous Ultraviolet Absorption of Molecular Fluorine," 

Opt. Spectroscopy 41, 185 (1976). 

Bemand, P. P., and M. A. A. Clyne, "Kinetic Spectroscopy in the Far 
Vacuum Ultraviolet," Chem. Phys. Lett. 2^, 554 (1973). 

Bemand, P. P., and M. A. A. Clyne, "Kinetic Spectroscopy in the Far 

Vacuum Ultraviolet, Part II," J. Chem. Soc., Faraday Trans. II 
72, 191 (1976). 

Berkowitz, J., W. A. Chupka, P. M. Guyon, J. H. Holloway, and R. Spohr, 

"Photo Ionization Mass Spectrometric Study of Fj, HF, and DF," 

J. Chem. Phys. 5£, 5165 (1971). 

Blauer, J., and W. Solomen, "Shock Tube Calorimeter for the Dissociation 

Energy of Fluorine," J. Chem. Phys. ̂ T_, 3587 (1972). 

Butler, J. F., and J. 0. Sample, "Tunable Diode Laser Instruments," 

Laser Analytics, Inc., Lexington, Mass. 02173, p. 613, 1976. 

Chen, H., R. L. Taylor, J. Wilson, P. Lewis, and W. Fyfe, "Atmospheric 
Pressure Pulsed HF Chemical Laser," J. Chem. Phys. 306 (1974). 

Clyne, M. A. A., D. J. McKenney, and R. F. Walker, "Reaction Kinetics 

of Ground State Fluorine F (^P) Atoms, I. Measurement of 

Fluorine Atom Concentrations and Rates of Reaction F + CHi, and 

F + CSiz using Mass Spectrometry," Can. J. Chem. Phys. 51, 3596 
(1973). 

258 



259 

Clyne, M. A. A., and W. S. Nip, "Kinetic Spectroscopy in the Far Vacuum 

Ultraviolet," J. Chem. Soc., Faraday Trans. II, 7^, 1308 (1977). 

Clyne, M. A. A., and W. S. Nip, "Kinetics of Fluorine Atom Reactions 
using Resonance Absorption Spectrometry in the Far Vacuum Ultra

violet," Int. J. Chem. Kinetics 1^, 367 C1978). 

Cummings, J. C., Sandia Laboratories, Albuquerque, New Mexico, private 

communication, 1979. 

Cummings, J. C., D. P. Aeschliman, and A. J. Mulac, "Raman Spectroscopy 

in a cw Chemical Laser," J. Quan. Spec. Rad. Trans. 19, 493 

(1978). 

DeCorpo, J. J., R. P. Steiger, J. L. Franklin, and J. L. Margrave, 

"Dissociation Energy of Fj," J. Chem. Phys. 936 (1970). 

Dibeler, V. H., J. A. Walker, and K. E. McCulloh, "Dissociation Energy 

of Fluorine," J. Chem. Phys. 4414 (1969). 

Dronin, A. A., and L. N, Gorokhov, "Form of Curve for the Dissociative 

Ionization and the Dissociation Energy of the Molecule," 

Teplofizika Vysokikh Temperatur 1^, 674 (1972) . 

Edmonds, A. R., Angular Momentum in Quantum Mechanics. Princeton 

University Press, Princeton, N.J,, 1957. 

Ganguli, P. S., and M. Kaufman, "The Rate of Homogeneous Recombination 
of Fluorine Atoms," Chem. Phys. Lett. 2^, 221 (1974). 

Garstang, R. H., "Transition Probabilities of Forbidden Lines," J. Res. 

Natl. Bureau Standards, A. Physics and Chemistry, 68A, 61 (1964). 

Gross, R. W. F., and J. F. Bott, Handbook of Chemical Lasers. John 

Wiley and Sons, New York, N.Y., 1976, p. 489. 

Hackett, C. E., "Laser Velocimetry Measurements in the Cavity of HF 

Chemical Laser (Cavity Injector Type Cl-II)," Sandia Laboratories 

Publication SAND 76-9314, pp. 40-41, 1977. 

Harvey, J. S. M., "Hyperfine Structure in Gnd Multiplets of and ^®F," 

Proc. Roy. Soc. London A285, 581 (1965). 

Harvey, J. S. M., "Zeeman Effect in the ^Pi Level of Atomic Fluorine," 
Phys. Rev. 1^, 1 (1969). ^ 

Herzberg, Gerhard, Spectra of Diatomic Molecules. Van Nostrand Reinhold 
Co., New York, N.Y., 1950, p. 389. 



260 

Hinkly, E. D., K. W. Nill, and F. A. Blum, "Infrared Spectroscopy with 

Tunable Lasers," in Topics in Applied Physics—Laser Spectros

copy of Atoms and Molecules (ed. H. Walter). Springer-Verlag, 

New York, N.Y., 1976, p. 125. 

Hoell, J. M., P. Allario, 0. Jarrett, Jr., and R. K. Seals, "Measurement 

of the Fg, NO, and ONF Raman Cross Section and Depolarization 

Ratios for Diagnostics in Chemical Lasers," J. Chem. Phys. 58, 

2896 (1973). 

Husain, D., and R. J. Donovan, "Electronically Excited Halogen Atoms," 

Advances in Photo Chemistry 8^, 1 (1969) . 

Jackson, J. D., Classical Electrodynamics. John Wiley and Sons, New 

York, N.Y., 162, pp. 538-574. 

Kestin, J., and J. R. Dorfman, A Course in Statistical Thermodynamics. 

Academic Press, New York, N.Y., 1971, pp. 268-277. 

Liden, Kurt, "The Arc Spectrum of F," Arkiv for Fysik, Band 9, 229 (1949). 

Lie, G. C., and Enrico Celmenti, "Study of the Electronic Structure of 

Molecules, XXII," J. Chem. Phys. 1288 (1974). 

Matsunobu, H., "Tables of U Coefficients," Prog. Theor. Phys. 14, 589 
(1955). 

McClure, J. D., M. F. Weisbach, V. R. Buonadonna, C. J. Artura, W. B. 

Shepard, and J. E. Shrader, "A 50 Liter Photo-initiated Chemical 

Laser," Final Technical Report, N00173-76-C-0190, Naval Research 

Laboratory, Washington, D.C. (1978). 

McDermott, W. E., and S. J. Davis, Air Force Weapons Laboratory, Air 

Force Systems Command, Kirtland AFB, New Mexico, private communi
cation, 1979. 

McDowell, R. S., Los Alamos Scientific Laboratories, Los Alamos, New 

Mexico, private communication, 1979. 

McGuire, E. J., "The Magnetic Hyperfine Interaction of Partially Filled 

Shells," Sandia Laboratories Publication SAND 77-1431, pp. 31-33 
(1977). 

Meredith, R. E., and F. S. Smith, "Investigations of Fiondamental Laser 

Processes, Vol, II," Willow Run Laboratories, The University of 

Michigan, Ann Arbor 48107, 1971, p. 35. 

Moore, C. E., Atomic Energy Levels, Vol. I, NSRDS-NBS 35, National 

Bureau of Standards, U.S. Government Printing Office, 
Washington, D.C., 1971, p. 61. 



261 

Moxan, J. P., and Doak, R.B., "Initiation Phenomena in Pulsed Chemical 

Lasers," ARI-RR-139, Aerodyne Research, Inc., Bedford, Mass, 
pp. 51-57 (1978). 

Nill, K. W., "Tunable Semi-Conductor Lasers and Their Applications," 

Laser Analytics, Inc., Lexington, Mass., 1976. 

Owyoung, A., "C.W. Stimulated Raman Spectroscopy Chemical Applications 

of Non-Linear Spectroscopy," Academic Press, to be published, 

1979. 

Radford, H. E., V. W. Hughes, and V. Beltran-Lopez, "Microwave Zeeman 

Spectrum of Atomic Fluorine," Phys. Rev. 125, 153 (1961). 

Raymanda, J., Bell Aerospace Corp., Buffalo, New York, private 
communication, 1978. 

Regnier, P. R., and J. P. E. Taran, "On the Possibility of Measuring 

Gas Concentrations by Stimulated Anti-Stokes Scattering," Appl. 
Phys. Lett. 23, 240 (1973). 

Rees, A, L. G,, "Electronic Spectrum and Dissociation Energy of Fluor
ine," J. Chem. Phys. 1567 (1957). 

Rotenberg, M., B. Bivins, N. Metropolis, and J. K. Wooten, The 3j 

and 6j Symbols. Technology Press, Cambridge, Mass., 1959. 

Schaeffer, H. F., "New Approach to Electronic Calculation for Diatomic 

Molecules--Applications to F2 and CJI2," J. Chem. Phys. 52, 421 
(1970). 

Schlossberg, Howard, "Fluorine-Atom Probe Techniques for Chemical 

Lasers," J. Appl. Phys. 2044 (1976). 

Schwartz, C., "Theory of Hyperfine Structure," Phys. Rev. 97^, 380 (1955). 

Shelby, J. E., E. P. Shettley, and R. A. McClatchy, "Atmospheric Trans-

mittance from 0.25 to 28.5 ym," AFGL (AFSC) TR76-0258, 1975. 

Shortly, G. H., "The Computation of Quadrupole and Magnetic Dipole 

Transition Probabilities," Phys. Rev. 57, 225 (1940). 

Sobelman, I, I., An Introduction to the Theory of Atomic Spectra. 

Pergamon Press, New York, N.Y., 1972. 

Spencer, D. J., "Sensitive Absorption Diagnostic," J. Appl. Phys. 49^, 
3729 (1978) . 

Steinfeld, J. I., Molecules and Radiation. Harper and Row, New York, 
N.Y., 1974, p. 144. 



262 

Steunenberg, R. K., and R. C. Vogel, "The Absorption Spectrum of 

Fluorine," J. Am. Chem. Soc. 7^, 901 C1956). 

Suchard, S. N., and J. E. Melzer, "Spectroscopic Constants for Selected 

Homo-Nuclear Diatomic Molecules, Vol. I," SAMSO-TR-76-31, 

Air Force Systems Command, Los Angeles, 1976, pp. F-3. 

Ultee, C. J., "Line Broadening Cross Sections of Fluorine and Iodine 

Atom ESR Lines," J. Chem. Phys. M, 5437 C1971) . 

Wiese, W. L., M. W. Smith, and B. M. Miles, Atomic Transition Probabili-

ties. NSR DS-NBS 22, National Bureau of Standards, Washington, 
D.C., 1969, p. 114, 

Wilkins, R. L., "Vibration-Rotation Bands of HF and DF," SAMSO-TR-77-

198, Air Force Systems Command, Los Angeles, 1977, p. 16. 

Yariv, A., Quantum Electronics. John Wiley and Sons, New York, N.Y., 
1975, 2nd Ed. 

Wartenberg, H. von, G. Sprenger, and J. Taylor, Z. Physik. Chem. 

Bodenstein Festbond, 61 (1931). 


