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ABSTRACT 

Variation of performance of a laser-initiated HF laser with 
variation in reagent concentrations, reagent-diluent concentration ratio, 
and initial dissociation level is described.  The HF laser intensity 
transients exhibit characteristic temporal structure representative of 
free- running chain reactions and collisional transfer processes in re- 
acting H2 - F- mixtures. Explicit exposure of underlying mechanisms is 
achieved by fast dissociation of F2 via second harmonic radiation de- 
rived from a Q-switched ruby laser pulse, and by simultaneous time- 
resolved spectral measurements of laser emission on a number of vibration- 
rotation transitions.  First initiation and large 'ntensity fluctuations 
on lower P-branch transitions of the 2-1 and 1-0 vibrational bands are 
related on temporal grounds to consumption of photolytically generated 
F by the 'cold' F + H2 reaction step. Transition from 'total' vibra- 
tional population inversions in an initial time range to a 'partial' 
population inversion at later times is implied by observation of the well 
known J-shift process predicted by existing model calculations based 
on the 'threshold gain' constraint and on the assumption of Boltzmanr 
distribution of rotational states.  Both time-order of line initiation 
and associated peak intensity exhibit strong correlation with expected 
gain of the transition.  However, extended duration of moderate intensity 
emission on higher J transitions results in large relative energy con- 
tent compared to that of the high intensity, low J transitions.  Con- 
tinued laser emission over many chain-reaction steps, even for relatively 
low dissociation levels, supports the position that pulsed chemical 
lasers are attractive candidates for high power applications. 

(Distribution Limitation Statement A) 
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SECTION I 

INTRODUCTION 

The  present  study was  undertaken with  principal  aims of: 

1)   determining  the  performance  variation of  a  fast  pulsed HF laser with 

variation of principal physical parameters  governing the H2 - F2 

reaction-dsactivation processes,  e.g.,  dissociation level,   reagent  con- 

centration,   and  reagent/diluent  concentration  ratio;  and 2)   display of 

associated time-resolved vibration-rotation spectra of laser emission 

in order to   further understanding of principal  chemical  mechanisms  gov- 

erning pulsed  chemical  laser performance.     The work is  based on use of 

laser-photolysis  of  F.  described in section  II~A1 which  is  accomplished 

on a time  scale   («^30-50 nanoseconds)   that  is  short  compared to  charac- 

teristic times of  relevant  kinetic processes  for the  chemical  conditions 

considered;   H    -  F    partial  pressures  are  in the  range  4-16  torr,  total 

gas  pressure  in  the  range 40-160 torr.     Use  of  collimated  radiation of 

specified wavelength,  in  this  case  3471  A second harmonic  radiation de- 

rived  from a Q-switched  ruby  laser,  has  the  additional  advantage  that 

the  initial  dissociation  level  is well  specified.     Thus,   the  initial 

chemical  state when  reaction begins  is  clearly defined,  and the  time 

evolution of  chemical  state  is  strictly governed by  the  propagating chain 

reactions,   along with associated collision  transfer and  laser emission 

processes.     Due  primarily to  practical  considerations  in acquisition of 

data,  and  for  comparison of  time-resolved line spectra  for  identical 

initial  conditions,  a unique  capability   for simultaneous measurement  of 

transient  intensity on a set  of  vibration-rotation transitions was de- 

veloped during the  program  (section  II-B) . 

Since  demonstration of  the   first   chemical  laser by Kasper and 

Pimentel   (Ref.   1)   small  chemical  lasers  based on photolytic  initiation 

of  reaction have  provided a powerful  investigative  tool   for study of 

.._    _J.1. 
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reaction mechanisms*.  Notable examples of pulaed chemical laser studies 

undertaken prior to the work reported here include the HC1 laser based 

on the Cl-HBr exchange reaction (Ref. 2) and use of several DC1/HF lasers 

for determination of relative partial reaction rates into individual 

vibrational levels by Pimentel and co-workers (Refs. 3, 4, and 5).  At 

the time the preseni: study was undertaken, however, existing studies 

of pulsed HF lasers pumped by the propagating chain reactions in H2 - F2 

mixtures were quite preliminary in nature (Refs. 6, 7, and 8). 

A common characteristic of conventional photolysis lasers is the 

finite duration of initiating light compared to characteristic reactlon- 

deactivation times for reagent partial pressures of several torr and 

above.  Furthermore, absolute intensity of the initiating light is dif- 

ficult to determine in the conventional flash photolysis laser since the 

excessively low utilization of light per pass through slender tubes con- 

taining the reagent media necessitates use of external reflecting en- 

closures.  Thus, the observed laser transients are governed by super- 

imposed transient variation of photolysis products (specifically T^ + 

hv + 2F for HF lasers based on H2 - F2 reagent mixtures), along with 

transient variation of vibration-rotation populations due to the propa- 

gating F + H0 and h + F production reactions, to collision induced 

energy transfer between vibrational states (V-V transfer), to collision 

induced removal of vibrational energy (V-T or, more properly, V-R 

transfer), to vibrational level change due to laser emission, and fi- 

nally, due to variation of effective rotational temperature as the re- 

actions proceed. 

Although fast laser initiation of reaction eliminates temporal 

variation of photolysis products during the reaction transient, thus 

* Although little attention has been given to development of high per- 
formance photolysis lasers for high power applications, a Boeing 
research/development program on high efficiency initiation of re- 
action along with high specific energy demonstrated at other lab- 
oratories Tor both HF and DF-CO2 photolysis lasers provides a 
sound oasis for such developments. 

-- . 1  .,-■  .^ * 
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providing a clearly defined initial state, total intensity and individ- 

ual line transients described in sections III-V and appendices I-Il are 

* quite complex in nature.  For example, characteristic temporal beheivior 
-8    —5 

on radically different time scales varying from 10  - 10  sec is ob- 

served. This temporal structure is reproducible over an extensive set 

of data, and is a direct consequence of a more detailed exposure of gov- 

erning mechanisms than has been possible with conventional 'slow' photo- 

lysis techniques.  Initiation times of individual transitions and as- 

sociated peak intensity correlate with threshold gain considerations 

based on known partial reaction rates of the F + H_ reaction, assumption 

of Boltzmann rotational population distribution, and J-shifting processes 

associated with transition from 'to'.al' to 'partial' population inver- 

sion as.  described by Airey (Ref. 2), Chester and Hess (Ref. 9), and 

Kerber et al. (Ref. 10).  Total energy content of emission on individual 

lines shows little correlation with peak intensity or factors noted 

above, however, and is primarily determined by extended time duration of 

lines of higher rotational quantum number (J s 5-6) that läse after 

(transition to 'partial' state inversion has occurred.  Extended duration 

of laser emission over many complete chain reaction steps, even for small 

dissociation lev'el achieved with the laser-initiated chemical laser, has 

considerable significance with reference to high power laser applica- 

tions (see section VII).  For lower gas pressures (F iH-iN« = 4:4:40 

torr) evidence of a collisional energy transfer process circumstantially 

associated with ground state HF, and considerably more rapid than known 

deactivation processes involving the V = 1,2 upper vibrational levels, 

is obtained.  However, the implied deactivation rate is not exception- 

ally fast compared to relaxation rates for V = 4,5 levels measured by 

Airey and Smith (Ref. 11). 

Observed intensities of individual lasing transitions exhibit 

fluctuations whose magnitude and time duration correlate strongly with 

gain of the transition.  Higher gain transitions typically exhibit one 

or two high intensity pulses of 40-80 nanosecond duration, intermediate 

gaxa transitions exhibit a larger number of fluctuations of moderate 

amplitude (relative to a 'quasi-steady' emission level) which in some 

—^  
■ ■    
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cases occur in a near periodic time sequence with relatively large sep- 

aration between pulses 01-2 ysec) , and low gain transitions exhibit 

fluctuations whose amplitudes are small compared to a slowly varying 

'mean' level. The rapid rise and fall of the higher intensity fluctua- 

tions are undoubtedly associated with resonator relaxation processes, 

i.e., resonator amplification of intensity and subsequent saturation or 

'bleaching' of the gain med^a, that cannot be modeled utilizing the con- 

ventional threshold gain constraint. Although the principal energy con- 

tent in emission from the laser-initiated chemical laser corresponds to 

lower gain transitions for which relaxation processes are of lesser 

significance, such processes may be an important factor in determining 

limitations on useful gain/pass in devices appropriate to higher power 

applications. 

In addition to principal objectives described above, the subject 

program encompasses several supportive tasks designed to improve lefi- 

nition of experimental conditions associated with results reported here, 

and to extend present diagnostic capability for pulsed chemical laser 

applications.  As described iu section II-C, an HF probe laser was built 

and used to determine g-rand-state HF levels in the laser initiated 

chemical laser, and to define intra-cavity transmission losses, thus 

permitting an improved specification of threshold gain of the cavity. 

The measurements of HF concentration provide the basis for association 

of the fast deaccivation process noted above with ground state HF (see 

section IV).  As described in section II-D, capability for making time- 

resolved line strength measurements in reacting media would contribute 

significantly to improved experimental studies of reaction-deactivation 

kinetics in pulsed chemical lasers.  Rationale for use of an HF laser- 

flame radiation source for such measurements as well as associated de- 

sign considerations and characterization of a subsonic flow diffusion- 

flame radiation source are presented in sections II-D and VI. 

  ■ 
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SECTION II 

EXPERIMEN' AL CONSIDERATIONS 

A.     Laser-Initiated Chemical Laser 

1.     Initiation of Reaction 

A schematic diagram of the laser-initiated chemical laser is 

shown by Fig. 1, and an overview photograph of the laser and associated 

spectroscopic instrumentation by Fig. 2. The H. - F chain reactions 

are initiated through photo-dissociation of F„ by second harmonic radia- 

tion derived from a Q-switched ruby laser.  Second harmonic (2v) pulses 

of .36 joule generated from 1.75 joules of primary radiation (conversion 

efficiency in excess of 20%) with ~60 nanosecond full width half maxi- 

mum (FWHM) have been obtained from a KDP second harmonic generator, al- 

though 2v levels of .15 - .2 joule are more typical in day-to-day opera- 

tion. Alternative second harmonic generator materials (LIIO. and KD*P) 

tested before and during the contractual program did not produce signifi- 

cant 2v conversion for the required incident power levels.  Improved 

conversion efficiency and operating stability were achieved by improving 

beam quality of the ruby laser (beam divergence < .8 x 10  rad achieved 

by utilizing a 1.27 m cavity length and intracavity aperture), and by 

thermal Isolation of the ruby laser mirrors.  The 2v radiation is intro- 

duced into the HF laser cavity via a sapphire Brewster flat as i>hown by 

Fig. 1.  The 2v energy/pulse used for HF laser Initiation is monitored 

by an energy detector sensing the beam transmitted through the Brewster 

flat. This energy monitor was calibrated prior to HF laser operation 

by simultaneous measurement of the 2v energy to the monitor detector and 

that passing through the reactor cell. The primary ruby light is ex- 

cluded from the HF cavity by a cell containing CuSO, solution since 

otherwise damage of the HF laser mirrors occurs. Approxima;ely 60% of 

the 2v radiation is transmitted by the CuSO of which ~60% is reflected 

by the Brewster flat (even though coated for 95% reflection of S- 
O 

polarized 3471 A radiation at 60° incidence) along the HF cavity axis. 

Approximately 80% of this beam fraction is transmitted by the sapphire 
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reactor enü Windows which arc- coated for infrarec' (IR) transmission but 

not for the ultraviolet (UV) .  Thus 50-75 mi 111 joules of 2\i  radiation is 

available for photolysis with a FWHM pulse duration of ««SO nanoseconds. 
o 

The  photo-dissociation  cross  section  for F    at   3471  A as  given  by 

Steunanburg and Vo^al   (Ref.   12)  or Levy and Copeland   (Ref.   13)   is 
-20      ^ 

.7  x 10        cm".     For double  passage  through  the  30 cm long  reactor, 

achieved by overcoating the  lower HF laser mirror  for high  2v  reflec- 
_3 

tivity,  approximately  6% of  the  incident  2v   radiation   (3-4  x 10  "   joules) 

is  absorbed at  an  F.  partial  pressure of 4  torr and approximately 11% 
_3 ^ 

(5-8 x 10      joules)   at  8 torr.     As noted in section  III,   the  correspond- 

ing dissociation  level  is   [?]/[?,]   =  .8 -  1.2%   (A[F  ]/[F2]  =   .4 -  .6%). 

2. Premixlng and Prereaction 

The chemical   reactor  is   fabricated  from a Mg-Al  alloy with 60° 

threads machined  into  the  1  cm diameter x 30  cm Internal bore  to  reduce 

spurious interna]   reflections.     The choice of a non-transition metal 

cell  is based on  experience  of Levy and Copeland   (Refs.   13,   14,  and 15) 

in successfully  containing sufficiently dilute H    -  F    mixtures without 

incurring spontaneous   'dark  reaction'.     Prior to  this  contract  UV rb- 
o 

sorption instrumentation (xenon arc lamp, 2880 A narrow band filter, 

1P28 phototube detector) was set up to determine the rate of 'dark' re- 

action in static F2 ~ H2 " ' 2 mixtures in this Mg-Al cell.  Cell filling 

by adding F - N mixtures to pure H. with concentration ratios, F
9:H-: 

N , in the range 1:1:10 to 1:1:20 and total pressure in the range 100- 

700 torr resulted in quite stable mixtures with 'half lives' in excess 

of one hour, i.e., the F concentration slowly decreased from the initial 

value (determined by partial pressure measurements and confirmed by 

initial UV absorption measurements based on prior calibration in pure 

F ) to one half that value in periods of one hour and greater.  The call 

was initially passivated with pure F for extended periods (48 hours 

and more).  The passivation process was frequently repeated for periods 

of one hour or more after the cell had been exposed to an untrapped 

mechanical vacuum pump over night.  In general, however, the rate of 

'dark reaction' was found to be stable and independent of successive 

passivation.  Reverse filling procedure by adding N - H mixtures to 

mm mm ~~-  M» 



w^tF^r^m fmmmrw^^gm "» ■   ' • —■■ "I  '     ■K» '    ■■     " '- Minmimm 

AFWL-TR-73-7 

pure  F2  resulted  in explosion.     This   result might well be expected since 

studies of explosion limits   (Ref.   16)   show that  F    - rich mixtures with- 

out  diluent  are  unstable,   a condition  that  can occur here  due  to pref- 

arential  diffusion of H    into F 

Since  the  rates  of  dark  reaction  found  above   ( ~U/minute)   could 

lead to  undesirable  level«  of ground state HF in  the  time-period re- 

quired  for diffusive n.ixing of  reagents  in  a   'static   fill'   mode,   the 

'slow  flow'   purging  configuration  illustrated by  Fig     1  in which more 

rapid premixing occurs  in  small bore  supply  lines was   'mplemented.     Glass 

tubing was  initially  used   in  the supply  lines.     Continued visual  checks 

for etching of   the glass by  HF gave no  indication of pre-reaction during 

laser studies  at   lower total pressure  levels   (40-80  torr).     Due  to 

evidence of burning in  the premixer  at  increased pressure,  however,   a 

more  conservative premixer was  fabricated  from Al  tubing.     The main N 

flow-tube  is   1/4  in:h OD,   F2  and H2  are  introduced  into  the main  tube 

through  three  small orifices  in the wall of  1/8 inch supply  lines  that 

penetrate the wall  of  the  larger tube.     The  H2  injection point  is  at 

the bottom of  a U-tube  configuration which  can be  immersed in  liquid 

nitrogen,   is   located  80  cm downstream from the F    injector,  and  is  40 

cm upstream  from  the   flow entry  to  the  reactor.     The  gas   residence  times 

in  the  reactor  are  typically  2-3 seconds.     For the  total pressure  levels 

used   In   the   laser measurements,   the  corresponding  flow velocities   in 

the supply   lines   (50  cm/sec  and  less)   give  adequate  transit  time  for 

complete  diffusive mixing  of  F2  - N2  before  H2  injection,   for complete 

mixing of H2  ~  F2  ~ N2»   and  for wa™ing  the mixture  to  ambient   tempera- 

ture  before  the mixture   reaches  the  reactor.     The  premixer modification 

was made  after  the  laser transient measurements  of section  III  and 

prior to  the  spectroscopic  measurements  of  sections   IV and V. 

As described in sections II-C2, IV and V, typical steady-state 

HF concentrations In the reactor after premixer modification as deter- 

mined oy absorption measurements are in the range .017 - .022 torr for 

the premixer at ambient temperature, and .002 - .005 torr for the pre- 

mixer refrigerated to liquid nitrogen (Liy temperature. These steady 

state  concentrations  are  independent of specific ways  of starting the 

-   ■ imtat 
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flow so  long as   reasonable  care  is exercised,  i.e.,  the  flows  can be 

established  at  low pressure  and  the  gas  pressure  increased to  the  desired 

value by partially closing a valve in  the exhaust line,  or the pure N2 

flow can be  first  restricted to  the desired partial pressure with sub- 

sequent  introduction of H^.     Higher level prereaction transients 

follov   initiation of  gas   flow,  but  decay  to steady state  levels   in 

reproducible  periods  of  time. 

3. Resonator Configuration 

The  HF laser  cavity consists  of  interchangeable spherical  output 

couplers of  10 n radius of curvature and a flat  dielectric coated total 

reflector with  113  cm mirror separation.     The  total  reflector is over- 

coated  for high  reflectivity  at  3471  A in order  to more  efficiently 

utilize the 2v  radiation.    First laser measurements   (section III) were 

performed with  a hole-co ipled spherical  mirror  (1/2 mm diameter hole 

giving     £   1%  coupling  fraction  for  a  j.5 mn. diameter TEMoo mode),  and 

the spectroscopic measurements   (sections  IV and V) were penormed with 

a bare  germanium spherical mirror antireflection   (AR)   coated on  the 

Sfccond  surface  for the  HF wavelength  range   (T =  70% + 1%  through  the 

wavelength  range of  interest).     A 15%  transmitter was  also  used briefly 

but  radiation  damage  occurred   (presumably  from the high power 2v beam). 

The mode  volume external  to the  reactor  cell was  enclosed by  tubes  purged 

continuously with dry nitrogen.     The  reactor end windows  are of  sapphire 

with AR coating of magnesium  fluoride.     The AR coatings  are  impervious 

to  exposure  to  HF and F2  as determined ly visual  inspection.     Optical 

properties  of  the end windows  and other  intracavity  components  are 

described in subsection  C-3. 

4. Miscellaneous   Instrumentation 

In  the  initial  part  of  the  program concentration  ratios were  de- 

termined by calibrated  leak valves.     Due  to  frequent needs   to  change 

valve  conductance  and excessive burden  of  recalibration,  Matheson Linear 

mass-flow meters were  installed and have  given excellent  service.     Total 

gas  pressure was measured by  use of Leybold-Hereaeus  Di-Vac gauges.     A 

fast photodiode detector was  used  to  monitor the  ruby  laser transient, 

thereby establishing a  time base  for  the  reaction  and HF~laser  transients. 

Corresponding energy/pulse was monitored with  an energy  thervjopll«. 

10 
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B.     Transient Emission Spectroscopy 

1.     Rationale and Configuration for Multi-Channel Spectroscopic 
Capability 

The advantages of using a high power O-switched laser dissocia- 

tion source for initiating chemical reaction are described in section I. 

However, the rate of acquisition of data is limited by the low repeti- 

tion rate inherent to this technique, especially since the set of 

vibration-rotation transitions of interest for HF lasers based on H„ - 

F clain reactions is large.  Consequently, capability for p^multaneous 

measurement of transient line spectra on a set of 10 transitions was 

developed.  Ability to define characteristic temporal structure of emis- 

sion on various lines involving radically different time scales (sections 

IV/V) has depended strongly on this multi-channel capability. 

An overview of the Jarrell-Ash .75 m grating spectrograph and 

optical components for leading the beam from the HF laser to the spec- 

trograph is shown by Fig. 2, and a photograph of the spectrograph/ 

detector arrangement is shown by Fig. 3. A 'pellicle' beam splitter 

(~8u thick) directs a fraction of the HF laser beam to a Ge:Au total 

intensity detector located it  the upper end of the optical strongback 

shown by Fig. 2.  The remaining beam fraction is focussed onto the 

spectrograph entrance slit (lower right corner of Fig. 3).  The spectro- 

graph interior and lucite dry-box containing the beam steering components 

are purged with dry N„ (relative humidity of 15-17% in the dry-box causes 

a maximum attenuation of 20% or less on the HF line spectrum). 

As shown by Fig. 3 the individual IR detectors are inset into 

sliding mounts that can be precisely positioned (tolerance of ± .15 mm) 

in the direction parallel to the spectrograph 'camera' slit.  The Ge:Au 

detectors are of the 'end-viewing'type and the mounts are equipped with 

polished metal 'pickup' mirrors 1 mm in width.  Thus, provision of 

multiple tracks for the sliding detector mounts eliminates the mechanical 

constraint otherwise imposed by the .75 inch dewer diameter on simul- 

taneous detection of adjacent spectral lines.  Constraints on spectral 

resolution due to placement of detectors behind the focal plane of the 

spectrograpa 'camera' mirror are discussed below. 

11 
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2. Spectrograph Calibration and Resolution 

Reliable pre-positioning of the detectors for multichannel 

transient spectroscopy of uon-repetitive events requires careful defi- 

nition of optical properties of the spectrograph.  In principle, defi- 

nition of spectrograph optics is straightforward. The position (Y) of 

any diffracted beam measured parallel to the spectrograph exit slit in 

a given detector plane is a function only of the included angle 4* = ^n - 

6 between the incident and diffracted beams where 6n/6T 
are the 

diffraction/incidence angles measured with respect to the grating out- 

ward normal. Calibration of the spectrograph requires determination of 

the function Y(<b)   for each detector which, ideally, is accomplished by 

measuring Y as a function of grating angular position for simple reflec- 

tion of a He-Ne laser alignment beam. For a given grating angle and 

spacing of rulings d, the included angle (j) for a particular wavelength 

X is determined from the grating equation. 

sin 8 + sin 9 
d 

thus yielding the required detector position from the predetermined Y(<))). 

The practical difficulty to be overcome in the calibration pro- 

cedure outlined above is determination of the grating orientation (i.e., 

fue 9  for given indicated grating angle 9) wiLh adequate accuracy. 

An angular error A9 = .005° produces a shift in diffracted position of 

<w'.l mm at the camera plane which is in turn equivalent to a wave number 

error of .25 - .5 cm  in the 2.5 - 3u wavelength range for a 300 line/ 

mm grating. This angular accuracy was achieved by spring-loading the 

grating holder to eliminate backlash, and by determining the effective 

gear ratio between the grating angle indicator and the grating shaft 

with high precision.  This gear ratio appears as a constant C in the 

relationship between true and indicated grating angles, 9 = C (6 - 9 ), 

where 8 is the indicator reading for normal grating incidence.  Emp- 

irical determination of the constant C permits evaluation of the cali- 

bration function Y(())). 

13 
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Self consistency and error bounds utilizing the calibration pro- 

cedure described above were established by determining the error between 

measured and calculated positions of Oth, Ath, 5th, and 6th order beams 

of a He-Ne alignment laser as the grating angle v;oS varied (i.e., the 

diffracted beams were swept across the full 1,5 cm 'camera' slit).  The 

inherent limitation on the calibration technique is due to periodic 

error in the grating drive and to error in measuring the position of the 

focussed He-Ne beam at the camera plane (± .1 mm). Visual positioning 

of the IR detectors introduces a slightly larger error bound (~.4 - .7 

cm  wave number error) which is still smaller than resolution limits 

discussed below. 

The principal factors lim-' ..xng resolution of the multiple channel 

measurements result from the fact that the detectors are positioned be- 

hind the instrument focal plane. Three semi-independent sources of error 

arise:  1) divergence of the diffracted beams behind the focal plane ac- 

cording to the relation t n Av -r— s H/f where t is beam width, Av is the 
dY 

equivalent wave number increment (resolution limit), -7- is the dispersion 

relation, f is the f-value, and ü  is distance behind the focal plane, 

2) shift in transverse position AY of the diffracted beams due to a 

change of position of the entering beam at the entrance slit according 

to AY ■ -xr __iH = _Ifi —iS. (75 + £) where AY. is the shift in position 
a9j 75   aöj  /D in 

of the entering beam, all distances measured in cm, and 3) the usual 

grating resolution limit, which for first order diffraction is Av/v ■ 

—-f/(3000 x 75) where N is the number of rulings illuminated for the 

300 line/mm grating. Error 2) above can be reduced to a noncritical 

value by using small entrance slit-width (i.e., by ensuring the He-Ne 

calibration beam and HF beam enter at the same location with adequate 

precision) and will not be considered further.  Factors 1) and 3) to- 

gether set the resolution limits and the optimum f-value.  Choice of f « 

125 (achieved by aperturing the incident beam between collimator mirror 

and grating) yields a resolution of 2-5 cm  in the wavelength range of 

interest.  Beam steering mirrors are, of course, designed to give a 

similar f-value since otherwise excessive intensity loss or degradation 

of resolution by 3) will occur. 

14 
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Prior to time-resolved measurements discussed in sections IV/V, 

the HF probe laser described in subsection C-l was used to recheck the 

calibration procedure.  Subsequent measurements of diffracted beam widths 

of the HF laser confirm operation with resolution approximately equal to 

the design value. 

C.     Initial [HF] Concentration and Cavity Diagnostics 

After encountering evidence of prereaction in the initial 'slow 

flow1 mixing configuration and consequent redesign of the premlxer 

(section II-A2) , it was deemed necessary to establish ground state H.7 

concentration for typical operating conditions.  Importance of a quan- 

titative definition of lo«? level initial [HF] as related to performance 

of the laser-initiated HF laser for low pressure operation is demonstra- 

ted by results reported in section IV.  Definition of transmission prop- 

erties of the intracavity Brewster flat and reactor end-windows, with 

particular reference to correct orientation of the sapphire substrates 

for travstnission of plane-polarized HF radiation without loss due to 

depolarization, was also made.  Methods used for accomplishing these 

tasks and associated results are described in the following subsections. 

1.     Line Selected HF Probe Laser 

A small HF probe lastr pumped by the F + H. reaction initiated 

by repetitive discharge dissociation of SF in SF6 - H2 - He mixtures 

was built and operated in a line-selected mode on 15 P-branch transitions 

in the 2-1 and 1-0 vibrational bands (operation on 3 R-branch transitions 

in the 2-1 band was also possible).  The basic probe laser configura- 

tion, which is similar to that reported by Ultee (Ref. 17) is shown by 

Fig. 4.  The cavity consists of a 600 line/mm Littrow mounted grating 

and an aluminized 'pellicle' (R s 85%) with approximately 90 cm mirror 

separation.  Principal output coupling is the specular reflection from 

the grating.  The line-selected probe intensity varies by ~25% as the 

cavity resonator frequencies (free spectral range = .0056 cm ) are 

swept slowly across the gain profile via a piezoelectric translator.  As 

15 
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noted below, operation in a single longitudinal mode is not essential 

for our application (i.e., the width of the HF absorption profile for 

conditions of interest is large compared to the ± .0025 - .005 cm 

uncertainty in probe laser wave number). 

2. Measurements of Ground State HF in the Laser Reactor Cell 

Absorption measurements of ground state HF in the 'slow flow1 

purge reactor configuration of Fig. 1 were made with the probe laser 

operating on the P(2) transition of the 1-0 vibrational band.  A small 

fraction of the probe beam was directed by a beam splitter into a ref- 

erence detector before passing the principal beam fraction through the 

reactor cell for attenuation measurements. 

Absorption due to HF in the reactor was measured for typical 

laser mixtures H.:F,.:N- = 4:4:40 torr and 8:8:80 torr, with and without 

LN cooling of the premlxer, and at 16:16:160 torr for the ambient 

temperature premlxer.  The Voigt profile was assumed for the HF line 

shape, with the Lorentz width taken from the work of Shaw and Lovell 

(Ref. 18) for CO , i.e., for the P(2) line, AvL(cm" ) = .1 x PN2(atm). 

This usage is conservative (i.e., a given measured attenuation level 

yields higher HF concentration) relative to the expression used by 

Emanuel et al. (Ref. 19).  Self broadening of HF by HF is negligible for 

conditions of interest, as are pressure induced line shifts.  For con- 

ditions of interest the ratio of Lorentz to Doppler linewidths (more 
1/2 

properly, the quantity Y = (Av /Av ) (In 2)  ) is unity and greater. 

Therefore association of the measured probe laser attenuation (recall the 

small wavelength uncertainty noted in subsection C-l) with the Voigt line 

center absorption coefficient, i.e., ill    = exp (-k  L), leads to an r 0        vo 
error of 5% or less in k  .  The reference Doppler coefficient, k = 

.1/2 
vo 

(S/Av  )   (In  2/TT)       ,   and  thus   the  corresponding line  strength  S,   are 
2 

determined from k  via the Voigt line center relation, k /k = exp (Y ) 
vo vo o 

erfc (Y) . The HF concentration is determined from S via the calculations 

by Meredith and Kent (Ref. 20). 
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Steady-state HF concentrations  so determined for the 4:4:40  torr 

mixture are   .022  torr and  .005 torr for the premlxer at ambient and LN» 

temperatures,  respectively,  and corresponding HF concentrations  for the 

8:8:80  torr mixture are  .017  torr and   .002  torr.    HF concentration for 

16:16:160  torr for the ambient  temperature  premlxer Is In the  range 

.010 -   .015  torr.     Reproduclblllty of attenuation measurements  to within 

± 57. yield corresponding  uncertainties  in ky    ,  and  therefore HF concen- 

tration,  of   •*'30% at the higher concentration levels and   '»'50% at  the 

lower concentrations.    As indicated in subsection A-2,   transieni. HF 

levels of  larger magnitude occur when the  reagent  flows are  first  turned 

on,  but  decay to  these  reproducible  steady-state  levels  in well-defined 

time  intervals.    The HF levels  above  correspond to a residence  time of 

«-3 sec in  the reactor.    Increase of  residence time to   ~ 6 sec  leads  to 

a factor of  two Increase in HF concentration.     It is of Interest to note 

that  the steady-state levels  imply  a dark,  reaction  rate  that  is  consis- 

tent with  those measured in quiescent H2 "  F2  " N2 mlxtures  in  the Mg-Al 

reactor cell prior to beginning work on  this  contract   (subsection A-2). 

3. Intracavity Losses  and Definition of Threshold Gain 

An assessment of intracavity losses  in the laser initiated HF 

laser was  undertaken with  the  two-fold objectives  of an  Improved defini- 

tion of  threshold gain  associated with  the  cavity and/or to  identify 

and  reduce  transmission losses  that  could adversely affect  laser per- 

formance.     These measurements  and  associated  component  changes,  under- 

taken after  the  laser transient measurements  of section III,   reduced 

intracavity  losses by a  factor of  3-4  and permit specification of   thres- 

hold gain with  an  accuracy of  5-30X over  the wavelength  range  of  interest. 

Subsequent measurement of  laser  transients  showed no basic  change  in  the 

temporal  structure described  in  section  III,   although  the  total  intensity 

was  increased  considerably. 

A bare  intracavity  sapphire Brewster  flat  (60°  material)   used 

for performance measurements  of section  Til exhibited significant  opti- 

cal  imperfections when viewed  in  a cross-polarizer.     Initial  azimuthal 

orientation of  the  Brewster flat was made by  viewing a polarized  He-Ne 
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alignment beam through a cross-polarizer after transmission  through  the 

Brewster  flat.     The  flat was  oriented  so  as not to disturb  the  intensity 

null established before  insertion of  the  flat.    Existence of rapid 

changes   in  the He-Ne  intensity so observed with variation  in  azimuthal 

angle of  the  flat introduced uncertainty as  to whether  correct  orienta- 

tion had been achieved  for passage of  P-polarized radiation of  all wave- 

lengths without  de-polarization, which would lead to  transmission  loss 

in subsequent  passes.     The  desired condition  is,  of  course,  that  of 

propagating the polarized beam as either an ordinary or extra-ordinary 

wave in the sapphire. 

The polarized 1P(2)   line  from the HF probe  laser was  used  to 

check  transmission losses  of  the  Brewster  flat  in  the  configuration  used 

for laser measurements of section  III.     The measured transmission loss 

was   -'1% with a confidence  level of   '»»3%.     Subsequent  changes  in  azi- 

muthal  orientation showed well-behaved variation of  transmission with 

orientation,  the losses  increasing  to  15-20%/pass  at 45°   from the  cor- 

rect  azimuthal  orientation. 

Similar measurements were made  for a second  sapphire  flat   (used 

for measurements  of sections  IV and V)   of  improved optical  quality and 
o 

coated  for high  reflectivity of  S-polarized  3A71 A radiation at  60°  in- 

cidence  angle.     Transmission  losses were   found  to be negligibly small 

in  the vicinity of  the correct  orientation,  although  complex lobu^ar loss 

patterns  were observed  for  large  changes  in  azimuthal  angle.     Therefore, 

I proper orientation of sapphire  Brewster  flats  is quite  important   for 

reducing  transmission  loss,   and the  use  of polarized laser light  in  the 

visible  as  described  above  provides  a  convenient  technique  for correct 

orientation. 

The  reactor end-windows  consist  of   (60°)  sapphire suhstrates  AR 

coated with MgF    for nominal  reflectance of 2%/surface  or less  in  the 

2.5-3u wavelength  region.     Unsatisfactory  vendor documentation of  trans- 

mission properties  of an  initial  set  of windows»  used  for  laser transient 

measurements  of section  III,  motivated  an  improved definition of  trans- 

mission  utilizing a Gary Model  14 broadband spectrophotometer and the 
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2.58M IP(2)  probe  laser line.    These windows exhibit a broadband loss 

varying  from 7 1/2  - 16% over the 2.5-3 micron wavelength interval,  thus 

indicating possible  r^o-surface  interference  losses  in  the  range 0-15% 

at 2.5 microns  and 0-32% at 3 microns.    The narrow-band  (probe line) 

loss  for   this window  is  12  ±  2%  at  2.58 microns.     The polarized HF  probe 

beam and a Brewster flat in tandem with  the reactor window were used  to 

confirm that correct  azimuthal orientation  ((J> = 0)  of the window for 

transmission of plane polarized radiation had been used for previous 

measurements. 

A second set of end-windows used for spectroscopic measurements 

of sections IV and V exhibit 2 1/2 - A  1/2% broadband losses over the 

2.5-3 micron interval.    The narrow probe line shows ro measurable loss 

at normal incidence at 2.58 microns   (confidence level of measurement 

±2%).    A scan of probe beam attenuation over a complete free-spectral- 

range of  optical path  (achieved by tilting the window) w^s  indicative 

of the periodic variation ^'nected for two-surface interferei.-'e, but 

the  ±2%  confidence  level precludes  a definitive  conclusion on  thib  noint. 

The polarized probe beam and  tandem Brewster  flat were used,  as  above, 

to establish that de-polarization losses of the end-windows are negli- 

gibly small near the correct orientation <t> = 0   (for purposes of com- 

parison,   such  losses  increase  to   -'30%  at  $  = ± 45°).     These end-windows 
-3 

were  installed in  the  reactor at  <t> =  0,  and with opposing 8 x 10  '   rad 

angles  of  incidence  to  preclude mutual  interference effects. 

Under  the  conservative assumption  that  the  2  1/2  - 4  1/2% broad- 

band loss  of  the  reactor end-windows  used  for measurements  of sections 

IV and V  corresponds  to  an  averaged two-surface  interference  loss  in  the 

range  0 -  5% at  2.5 microns  and 0  - 9%  at  3 microns,   the  uncertainty  in 

threshold  g.^in,  G =  - 4s- X In U ^T    =:.022/cm,  is   ~5%  at  2.6 microns 

and    ~30%  at  3 microns  for a cavity configuration  R    =  1,  R    =   .3   (70% 

output  coupler),II T.   = T    where T is  the  individual window  transmission/ 

pass       The higher  loss end-windows  used  for measurements  of section  III 

alov'g with  small  output  coupling  (1/2 mm hole   coupler)   correspond to 

considerably  larger  uncertainty  in  threshold gain. 
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D. CW Laser -  Flame  Radiation  Source 

1. State Concentrations  from Transient Line-Strength Measurements 

Time-resolved spectroscopic measurements of pulsed laser emis- 

sion described in sections  TIB and  IV/V provide a useful  diagnostic  tool 

for defining underlying kinetics processes.     However,  associated time- 

evolution of specific vibration-rotation state populations  cannot be 

directxy determined from such measurements.     Absorption-gain measure- 

ments in  the  reacting media utilizing an appropriate probe laser opera- 

ting at  a fixed  frequency v    provides  a direct measure of concentration 

difference only if the  line shape of  corresponding transitions  in the 

reacting media and the probe  frequency \>    are accurately known.     Conse- 

quently,  this  latter technique  is  also  inappropriate  for  direct  concen- 

tration measurements in pulsed chemical  laser applications since the 

transient pressure and temperature,  and hence the line shape,  are usually 

not known. 

Capability of direct measurement  of  line strength  S would give 

concentration  differences  via the  relation. 

fa A21   (N1  - 8l/82 V (1) 

where the line strength is defined as the wave number integral of the 

absorption/gain coefficient for the transition of interest, i.e., 

S = f k dv, and where N-/N, are the desired upper/lower state concen- 

trations, X     the line-center wavelength, A21 the Einstein spontaneous 

emission coefficient for the transition, and g1 the appropriate statis- 

tical weights. 

Direct measurement of S can be accomplished in certain cases by 

utilizing a radiation source with near constant intensity Io/unit wave- 

number over the line width AvA of the absorption/gain media, and by 

restricting to a moderate optical thickness of absorption/gain media, 

i.e., by requiring k L << 1 where L is the physical path. Under these 

conditions, I /I = exp (-k L)=: 1 - k L, which upon integration over the 
'   V  0 v V 

emission band yields the desired relation for S: 
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AvT 
S 2: (2) 

where P(0) ■ /.   I dv is the power at a receiver in the absence of Av 
/.  I d is the corresponding received Avg    v  v absorption/gain media,  P/T\ 

power with absorption/gain media present,and AvE is  the bandwidth of the 

probe radiation.     As anticipated, equation   (2)  does not explicitly con- 

tain properties of the unknown absorption/gain profile. 

An estimate of the error due to  finite optical path  (FOP)   is 

readily developed by retaining the second order term in the expansion 

of I  /I    in the derivation of equation  (2)   and is  given by: 
v    o 

AS/S 
S 

Av. 

L<k > 
v 

(3) 

FOP 

Thus the estimated FOP error is given by the known L, measured S, and 

estimated Av. (which provide an estimate of the average absorption co- 

efficient <k > ).  For properly chosen optical path, accurate knowledge 

of Av. is not required for application of equation (2) with good con- 
A 

fidence level. 

The error due to variation of intensity in the emission profile 

is developed by noting 

P   = P F(L)   ^(0) 
C   Fl - exp (- kv L)J Io dv 
•AM  t " 'Av, 

aP(o)-LI Av, 
k I dv 
V  o (3') 

which with equation (2) yields 

b"P(0) 
k I dv 

'Av.  v  o 
A 

Li 
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or 
Av. 

AS s 
P(0) 

)A  k AI dv 
'Av.  v  o 

A 

Introducing the averaged variation of incident intensity over the ab- 

sorption gain profile, 

<&Io>A 

Jk AI  dv 
AvA    vo 

k    dv  =  S Av.     v 
A T 

and a similar averaged intensity over the emission profile, <I > 

J, 
tion of emission intensity as: 

I dv/Av = P(0)/Av gives the variation in measured S due to varia- 
Avg    o E E 

AS/S 
AI 

Ä<AIo>A/<Io>E (4) 

This error relation is readily expressed in terms of bandwidth ratio for 

typical cases of interest by comparison of Doppler emission and 
1/2 2 

absorption/gain profiles, i.e., I ~exp - [2 (In 2)   (v - v )/Av ] , 
in.  . ... 0,2 

k   ~exp -   [2   (ln2)' (v v  )/Av   ]   ,  Av    >> Av   ,   to obtain 
0 A *L A 

AS/S 
.i        VAV   Avi 

« 1 (A*) 

To summarize, equations (2), (3), and (4)/(4') imply a set of 

interrelated constraints for accurate experimental determination of line 

strength.  Equations (4)/(4') require an emission profile considerably 

broader than the absorption/gain profile.  Equation (3) requires that 

the average attenuation over the absorption/gain profile be small.  Using 

equation (3') to express the normalized difference in received power in 

terms of the bandwidth ratio and average absorption/gain coefficient, 

and imposing the constraints AS/S !Fop> AS/S|    ~ .1 - .2 yields: 
o 
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P(0) " P(L) 

Av 
P(0) " — x L <k > s .4 x .2 

Av       \) 

Thus P(L)/P(0) Ä.9 which with equation (2) implies that ±2% reliability 

in determination of P(0) and P(L) would be required for determination 

of S with ±20% relic'bflity. These constraints can be relaxed by use of 

a high resolution spectrograyh in combination with a relatively broad 

emission bandwidth, but with additional experimental difficulty. 

2.     Desired Properties of a Flame Emission Source 

Provided that adequate intensity can be achieved, line shapes 

for emission from H - F. flames have ideal characteristics for direct 

line strength measurements. Spectroscopic studies of such flames have 

been reported by Mann et al. (Ref. 21) and Benedict et al. (Ref. 22). 

In the latter case flame emission on a number of transitions in both 

1-0 and 2-1 bands was observed in the temperature range 2700 - 5300oK 

at pressures of 1-5 atm.  Corresponding Doppler widths are of the order 

.03 - .05 cm  and typical Lorentz widths (see section II-C2) are ex- 

pected in the. range, 

,300, 1/2   . 
A\ " W    X ^ X P(atm) (5) 

=.025 - .12 cm 

These line widths are in the appropriate range to satisfy requirements 

for line strength measuremer,•;s established in the preceding paragraphs. 

In the studies referenced above, the emission intensities were not 

adequately high for use in transient measurements, i.e., time-integration 

of modulated emission was required for adequate signal-to-noise ratio. 

As noted in sections II-D4 and VI, however, CW chemical laser technology 

provides the base for considerable improvement in flame sources relative 

to the simple concentric-tube burners used in the investigations above. 
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3. Line Width Constraints of a Low-Q Resonator 

The possibility of utilizing a low-Q resonator configuration  for 

increasing  the emission  intensity  from inverted HF pumped by  chain re- 

actions  in H.  - F9 mixtures, while retaining a reasonably broad emission 

profile, has been investigated.     A condition  to be imposed on such a 

resonator configuration is  that the variation of cavity  'Q'  over a free 

spectral   range of  frequency shall not be large,  i.e.,  the usual con- 

striiint of high-Q cavities  characterized by a discrete set of  frequencies 

at which  inslng occurs would have  to be  relaxed.     The desired resonator 

behavior can be  treated in a semi-quantitative manner by considering 

the  radiation  Intensify  transmitted through a plane mirror of  reflec- 

Mvlty  ., due  ¥.o a souice of coherent  radiation of wave number v contained 

bttwttn  this mirror and a parallel  total  reflector.     The ratio of trans- 

mitted to source  intensity is  found by summing the transmitted amplitudes 

associated with  internal  reflected waves  and  is  given by: 

(1 - P)' 

1 - 
Ap 

(1 - P)' 

. 2 
sin o 

-1 

,1/2 where p « R  , t is the amplitude transmission coefficient of the trans- 

mitting mirror, and o * 2IT Dv is the usual phase factor for normal in- 

cidence radiation and mirror separation D.  The bracketed phase function 

above corresponds identically to the expression for transmission through 

a symmetric two-surface interferometer of reflectivity R ■ p.  For R << 

1, the maximum variation in transmitted intensity with wave number is: 

ÜL = 4 R1/2 

max 
(6) 

1/2 
Due to the R  " dependence, the mirror reflectivity must be extremei> 

low to achieve modest variation of effective Q with v, e.g., An/n ^ »       o   > max 

.1  -   .2  implies  R -   ,06% -   .25%.     Thus,   adequate  gain/pass  to operate 

with nearly 100% output  coupling must be  achieved betöre broad-line 

resonator operation would be  feasible. 
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4.     Device Considerations 

A small HF laser-flame apparatus was built and characterized 

under this program with the view of assessing feasibility for line 

strength measurements in pulsed chemical laser applications. The device 

is described here and results of characterization studies are reported 

in section VI. The basic requirements for maximum flame emission in- 

tensity and for low-Q laser operation are similar in some respects, e.g. 

rapid mixing and reaction to maximize excited HF* concentrations with 

adequate flow speed to provide high emission intensity over an extended 

volume are required. 

In order to minimize development effort and uncertainity, a sub- 

sonic mixer-reactor device based on the pioneering work of Cool and co- 

workers (Ref. 23) was chosen. Although preliminary consideration was 

given to discharge dissociation of F. for initiation of reaction, dis- 

sociation by the NO + F reaction, again pioneered by Cool, was chosen 

since capability of establishing a wide range of dissociation fraction 

[F]/[F ] can be provided. For example, numerical solution of the as- 

sociated rate equations. 

d[F ] 

-dT = -ki [N0] [¥2] (7) 

^ ■ ^ [NO] [F2] -k2 [M][NO][F] 

for typical [He] and [NO] third body concentrations, and based on the 

recent rate measurements of Kim et al. (Ref. 2A), show that dissociation 

levels [F]/[F ] = .01 - .2 can be achieved for [N0]/[F2] = .01 - .5. 

An overview photograph of the device is shown by Fig. 5 and a 

detail of the H2 injector and reactor by Fig. 6 (the injector details 

are exposed by removing the channel cover and by separating internal 

plates used to maintain constant channel height through the injector 

region). The option of injecting diluent at the upstream end of a 1.25 

x 14.8 cm premiter channel (lower left corner Fig. 5) is provided, F2 is 

injected through a linear array of 60 equally spaced orifices located 

26 
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~80 cm upstream from the H„ Injector.  NO is introduced through a 

similar array at a point ~50 cm upstream from the H„ injector. With 

nominal cperation at M E .5 in typical He - F„ mixtures  at 5 - 10 torr 

pressure levels , the latter distance provides adequate transit time for 

diffusive mixing of NO through the F - bearing stream, and for the NO + 

F. dissociation reaction to proceed. The strearawise position of the H9 

injector is adjustable over a distance 0-5 cm upstream from the trans- 

verse optical axis.  Two H« injectors were built, the first (Injector I) 

consists of 59 .107 cm OD stainless steel tubes each equipped with 11 

transverse injector orifices ~.02 cm in diameter and arranged in a 

staggered 6-5 configuration (vertical spacing of H„ injection points of 

.079 cm over an 8 mm height).  The second (Injector II) is similar to the 

one described above except that the injector tubes are unobscured when 

viewed along the optical axis, each injector tube has 9 injector orifices 

~.01 cm diameter arranged in a 5-4 configuration, and extending over a 

6.5 mm height (the latter is adequate for provitling a series of H- 

streams that cover typical TEM  mode diameters for small scale stable 
00 

laser resonators).  The c'-annel sidewalls are parallel to the external 

surfaces that position NaCl Brewster flats, and the upstream flow passes 

outside the H2 injectors, thus shielding the small window wells from 

deactivated HF.  Reagent and diluent gases are supplied through fast 

acting solenoid valves in series with needle metering valves, and the 

system is 'pumped' by a 360 liter ballast chamber through a sonic slot, 

/his arrangement provides capability for maintaining steady-state flow 
3 

condition for —.25 sec (equivalent to 1-2 x 10 liters/sec pumping 

speeds) at any desired pressure level.  The latter feature is quite im- 

portant for this application since population inversion for CW lasers 

operation can be maintained only at low pressure (5-10 torr), whereas 

capability for operation at somewhat higher pressure was desired for 

optimization studies of flame emission characteristics. 
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SECTION III 

VARIATION OF [HF] LASER INTENSITY TRANSIENTS WITH DISSOCIATION 
LEVEL AND REAGENT/DILUENT CONCENTRATIONS 

A quantitative description of HF-laser transients including 

laser initiation time-delay, pulse duration, relative energy/pulse, and 

peak intensity as functions of 2v - light level ([F]/[F ] in the range 

1/3 - 3/4%) are reported below for nominal chemical configurations: 

[F2]:[H2] :[N2] = 4:4:40 corr, 4:4:80 torr, 8:8:40 torr, and 8:8:80 torr. 

(The concentration ratios are correct as stated, the total pressure is 

slightly less than the nominal value.)  A principal feature of all ob- 

served transients is the existence of high intensity 'precursor* pulses 

of extremely short time duration (25-150 nanoseconds) followed by low 

level transients ot  extended duration (1 - 30 microseconds). Total in- 

tensity measurements obtained with the hole-coupled resonator configura- 

tion described previously are reported in this section, and detailed 

spectroscopic measurements obtained with a partially transmitting mirror 

are reported in the following two sections. 

These data exhibit qualitatively correct trends of pulse ini- 

tiation times with variation of 2v - light level and [F ]/[H ] concen- 

trations.  Evidence presented below shows that the first precursor pulse 

is associated with disappearance of initial [F] via the 'cold' reaction, 

F + H„ -> HF* + H, and that the second pulse, when it appears, is gov- 

erned by processes for which the 'hot' H + F reaction is the rate 

limiting step.  Existence of high intensity precursor pulses is attri- 

buted in part to the fast 'cold' reaction rate in the initial step, and 

in part to unsteady resonator processes. These intensities are con- 

trasted to the low-level, long-term transient which must depend on com- 

plece chain propagation. 

A series of aperturing measurements indicate that the observed 

transients are mainly representative of oscillation in the TEM  node. r oo 
A  few measurements with  15%  and  70%  transmitting mirrors  show the fame 

time structure  as  those with   the hole-coupled output mirror,  but  with 

increased  intensity. 
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Oacillograms  illustrating typical precursor and long-term struc- 

ture are shown by Fig.   7.    Although the temporal structure  is quite  com- 

plex,  it is  to be emphasized that the main  features are reproducible and 

characteristic of all measurements reported here.     Corresponding nomen- 

clature used to characterize  the laser transient is shown by Fig.   8. 

Fig.   9  shows   the  observed variation of properties of  the laser  transient 

with 2M light  intensity for  [Fj]:[Hj]:[Nj]   = 3.7:3.7:37 torr.     Similar 

data are shown by Fig.  10 for 3.7:3.7:74  torr, by Fig.  11  for 7:7:35 

torr,  and by Fig.  12  for 7.5:7.5:75 torr.     The quantity E2v represents 

energy of second harmonic  (2v)   ruby light  transmitted through the re- 

actor in millijoules  as determined by  the method described  in subsection 

Il-Al.*    Tie  intensity data of Figs.   9-12  is  given in  terms of voltage 

across a 25 ohm load in series with a Raytheon Ge:Au detector and having 

an estimated  responsivity of   .25 volts/watt. 

It  is  important  to note that  certain  features  of  the  intensity 

transients  are well behaved  and others  are  less  so,  or ambiguous.     Spec- 

ifically,  the  initiation  times,  T.   and  T^,   the  intensity-time products 

(relative energy),   e    and e   ,  and to slightly less degree  the pulse 

FWHM,  Ax     and AT   ,   are well  behaved.     Total  pulse duration,  ^T
T0TAL.  

and 

total  intensity-time product,   e   ,  are difficult  to  determine without 

*    For the mea8uredoattenuation  factor 1.29  of  the  reactor end- 
windows  at  3471  A  (the windows  are AR coated  for  infrared only), 
we have   [F]/^]   = 2Nph x a/A2v =  1.29  x E2V x K x  (1 + n), 
where K =  2  a/Eph A2V =  6.96 x 10-5/niillijoule.     Nph  is   the  total 
number of  2v phoions passing  through the  cell,  0  the  photo 
dissociation  cross section   (subsection   Il-Al),  A2V the  2v beam 
cross  section,  e_h the average  2v photon energy,  and n  is  the  proba- 
bility of  second passage of  a 2v  photon  through  the  reactor due  to 
reflection by  the  laser ena-mirror  (R  ä100%).     Since we do not 
know  the  reflectance/absorptance  rafo of  the end-windows, we 
have  .6  <  n 1 1.0.    Taking n =   .8,   [Fj/[F2]  =  (1.60 +  .167) x 
10-*  x  E2V   (millijoules). 
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ambiguity.  Due apparently to phase variation of high frequency oscil- 

lations (which we associate with transverse mode beating) relative to 

time of peak intensity, precursor peak intensities, I., and I., show 

somewhat larger scatter than the corresponding e and e_. 

The data for 35/37 torr N2 (Figs. 9 and 11) exhibit a single 

precursor peak, whereas those for 74/75 '.orr N (Figs. 10 and 12) ex- 

hibit two peaks. Similar data for 160 torr N (not shown) exhibit double 

pulse structure for all reagent concentrations considered*.  Increase 

of ^2^2  Part:'a^ pressures by a factot of two (compare Figs. 9 and 11 or 

10 and 12) reduces the pulse initiation times by a factor of two or more, 

as does a factor of two increases in E. .  This is expected since the 

number of propagating chains is doubled in both cases and the rate of 

propagation also increases at increased reactant pressure.  Increase of 

N- pressure by a factor of two has no significant effect on initiation 

:ime (compare Figs. 9 and 10 or 11 and 12). This is also expected since 

excess moderator should be unimportant in the initial stages of reaction 

(i.e., significant temperature rise has not yet occurred and HF deacti- 

vation by N is not significant on this time scale). Pulse FWHM tends 

to shorten with increasing reagent pressure, although the effect is less 

straightforward, particularly in the double pulse cases. Both pulse and 

total energy content increase with H /F pressure (compare Figs. 9 and 

11 or 10 and 12), but the most dramatic increase is associated with in- 

creased N pressure (results of premixer cooling reported in the fol- 

lowing section suggest this effect may be due to suppressed formation 

* Data obtained for concentration ratios 1:1:40, 1:1:20, and 
1:1:10 at a total pressure of 160 torr are qualitatively con- 
sistent with results reported here.  All data presented in 
tlv's section correspond to an ambient temperature premixer 
fabricated from glass tubing.  Due to evidence of prereaction 
for the 160 torr pressure (no such indications occurred for 
the 40-80 torr cases reported here), a more conservatively 
designed premixer was installed and ground state [HF] con- 
centrations were monitored for measurements reported in sub- 
sequent sections. 
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of initial HF due to prereaction).  Note that In all.cases, the pre- 

cursor energy content is 2: 25% of the total even though the corres- 

ponding time duration is 1/2 - It  of the total.  Peak intensity varia- 

tions tend to track changes in energy content, although as noted above, 

with increased scatter. 

Although a complete description of the reaction-deactivation 

system associated with HF lasers pumped by H» - F« chain reactions re- 

quires simultaneous solution of a large number of rate equations, 3 

partial interpretation of the data reported here can be developed on a 

much simpler base.  Consumption of initial [F] generated by 2v - photo- 

lysis, which underlies initial generation of excited HF*, proceeds via 

the reaction: 

V ■ -\  "1 l"2lo (8) 

where k.   is  the   'cold'   reaction  rate  constant  and   [H„]     is   the  initial 4 2  o 
hydrogen concentration.     H produced by  the above  reaction  is  consumed 

according to: 

^ " "5  W   lF2l (9) 

where k,. is the 'hot' reaction rate constant and, for time-ranges as- 

sociated with precursor processes, [F^] can be taken as the initial 

fluorine concentration.  For initial times then, populations of individ- 

ual vibrational levels are generated by sub-reactions of the two types 

described by (8) and (9) with e-fold times at T = 300CK given by: 

1.7/P 
C(vi-sec) 2(torr) 

8/P, 
(10) 

rH(u-sec)     F2(torr) 

The  above  relations  are developed on  the basis of  rate  data obtained by 

Homann  and Albright  and compiled by N    Cohen   (Ref.   25). 
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Fig.   13 displays times of initial  pulse termination  (defined as 

initiation time plus FWHM)  of the first precursor pulse for the condi- 

tions noted above.    The   'cold'   reaction e-fold time  fron equation  (10) 

is displayed as  dashed lines in Fig.  13.     Two  facts immediately apparent 

from Fig.   13 are:     1)  a factor of two change in   [Nj] has  little effect 

on pulse termination time although some reproducible differences for 

rich and lean mixtures are apparent,  and 2)   first pulse termination 

occurs before complete consumption of Initial   [F]   and before the  'hot' 

reaction has  reached maximum production rate.     It is important to note 

also that Figs.   10 and 12 show T.   and T2,   the initiation times of the 

first  and second precursor pulses to be in  the ratio 

T  /T     =   4 r i 

over a 4-6 fold varlttion of T. and T2 resulting from variation of E^ 

and/or reagent partial pressure. The time of {■   st pulse termination 

relative to T„ and TU (;> T.) indicates the first precursor pulse re- 

suits from 'cold' reaction processes (data at piessures up to 16:16:160 

torr also agree with this observation).  The fact that the initial [F] 

has been consumed before initiation of the second pulse, and close coin- 

cidence between the ratio tj/^ and TH/TC C^/kj) over a wide range of 

initiation times, implies the second precursor pulse results from proc- 

esses that are rate-limited by the 'hot' reaction. One may note in 

passing that J.cobson and Kimbell (Ref. 26) have identified similar pre- 

cursor pulses sequences with a 2P(5) - 3P(4) cascade process.  A simple 

cascade process of this type is not supported by the present observa- 

tions since quiescent periods exist between first and second precursors 

at low pressure. 

The decreasing first pulse termination time relative to the 

•cold' reaction e~fold time with increasing E2v (stronger reaction), 

and the fact that the low level long-term transient is contiguous with 

second pulse termination provide evidence that pulse termination is not 

a direct consequence of a rapid decrease in HF production.  In any event, 

no chemical process is adequately rapid to correspond to the tennination 

40 

■■—-"■- - -■t— ■■■• 



AFWL-TR-73-7 

TIME TO TERMINATION, T    + Ar1   (NANOSECONDS) 

500 r 

400 

300 

200 

100 

0  i. 
20 30 

A 

Ejp (MILLIJOULES) 

40 

TIME TO TERMINATION, T1   +  AT^   (NANOSECONDS) 

300 r 

200 

100 

PH2 = 7-5TORR 

PN2 =  75TORR 

E2i; (MILLIJOULES) 

20 30 40 

FIGURE 13.      TERMINATION OF INITIAL PULSE 

41 

■^■■■M— ■  ^^-^~tma^at±.mm^ I    iWH,MiliUIIIWM>i 



■WWPWiiii^ ii liimiRMPWpipnwipiapqMppHp^piiiiJiiiij.awi■   n m^mmmmmt    i. i i    1111« IIP» p n.wimiii...II;III»II"M i wi ■«■      "•'•■ll 

AFWL-TR-73-7 

transients.     The possibility that pulse  termination might be associated 

with switching from a transverse mode with high centerline intensity  to 

one with a centerline null  in conjunction with hole-coupler sampling 

was Investigated by a series of aperturing measurements  for the condition 

[F,]:[H9]:[Nj  - 7.5:7.5:75 torr.     Ratios of aperture diameters used to 

the 1/e2  fundamental mode diameter are   .97,   .90,  and  .76.     These cor- 

respond to a geometric  'shadowing'   (intensity-area product)  of  the TEMoo 

mode varying from 20-35%.     Similar   'shadowing'  of the TEM      mode  is 

approximately constant at   72%,  and that of the TEM^ varies  from 48-70%. 

Although the smallest aperture caused attenuation of HF laser intensity 

by approximately a factor of 2,  as r.oted above, no changes in relative 

precursor/long term intensity were observed.    Therefore, oscillation 

in higher order modes,  if present, has no significant effect  on observed 

precursor/long term temporal structure.     High  frequency,  small amplitude 

oscillations  that persist through the long term transient were affected 

somewhat by aperturing.    As the aperture size is decreased,  these  tend 

to become more distinctly periodic,  and  the amplitudes attenuate slightly 

more rapidly than that of the long term mean level.    Two distinct  fre- 

quency components,  8-10 MHz  and 25-30 MHz, have been observed,  sometimes 

concurrently.    These frequencies  are  compatible with those expected for 

beating of low order transverse modes and lead us to believe  that higher 

order modes may oscillate, even though  they do not contribute materially 

to present  observations. 

Centerline measurements with a 15% transmitting mirror show the 

same temporal structure as  described above.    Several measurements with 

the spherical mirror removed  (semi-open cavity)  showed similar first 

pulse structure, suppression of the second pulse,   and lasing over several 

microseconds at  reduced intensity and with a somewhat  erratic multiple 

pulse structure. 

The  fast termination of precursor pulses are in all probability 

due to unsteady resonator processes,  i.e.,  reduction of inversion den- 

sity below the threshold value by the higher intensity cavity radiation 

associated with the pulse   (see  Ref.   27).     The precursor pulse structure 
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observed here is qualitatively similar id the extremely high-power pulses 

observed elsewhere in fast discharge initiated chemical  lasers.     It  is 

also of interest to note  that  the long term low-level  transient depends 

on operation  5£ the complete reaction chain as it approaches quasi- 

steady propagation. 
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SECTION  IV 

TIME-RESOLVED  [HE]  LASER EMISSION SPECTRA FOR 
[F21:[H21:[N2]  = 4:4:40  TORR 

Results of extensive time-resolved spectroscoplc measurements 

of emission from the laser initiated HE laser are reported in this sec- 

tion for the initial  chemical state,   [FJ:[H2]:[N2]  - 4:4:40  torr,  and 

lu  ehe  following section for an 8:8:80  torr mixture.     The spectral survey 

at  the lower pressure includes the 10 lowest P-branch  transitions  in the 

1-0  and 2-1 vibrational bands,  and the higher pressure survey includes 

lower J  transitions  in  the  3-2  and 4-3 bands  also.    The  resonator  cor- 

figuration used in all measurements  in this  and the following section 

is a 10 m radius spherical mirror with T •  70% t 1% across  the HE wave- 

length raige and a flat toual reflector with 113 cm mirror separation. 

Throughou*. the  following discussion terminology for line designation, 

VP(J)   indicating lasing from the  (V,  J-l)  vibration-rotation state to 

the  (V-l,  J)  state is used.    For the 4:4:40 torr case,  cooling the gas 

premixer to liquid nitrogen  (LN2)   temperature  is  found both  to have 

strong beneficial effects on laser performance,  and to reduce the steady 

state  concentration of   [HE]     due  to pre-reaction  from approximately 

.022  torr to   .005  torr  (the  absorption measurements  used  to  determine 

[HF]     concentration  are  described  in  section  II-C2).     Implications  of 

an  assumed  casual  relationship between variations of   [HF]     and laser 

performance   (with  reference  to  deactivation by HF - HF collisions)   are 

discussed below. 

Fig.   14  illustrates  typical  transient behavior of  total  laser 

intensity   (upper  two oscillograms)   and single  line  transients,   all 

measured simultaneously  in  a single  laser pulse.     In  all   cases  zero  time 

base  is  taken at  the maximum of  the   ruby  laser signal  displayed  in  the 

upper left  trace.     The  initial  signal  peak  in  all single line  traces   (but 

not total  intensity traces)   is associated with instrument   'pickup'   from 

the  ruby  laser signal  and provide  a  convenient  zero  time  reference. 

Signal  levels   for the  total  intensity  trace may not be  compared directly 

with  those  for  individual  lines  due  to  differences  in optical  transmission 
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factors.  However, comparison of relative Intensity between Individual 

lines can be made directly from the oscillograms.  For reference with 

later discussion, the transients of Fig. 14 correspond to the cold gas 

premixer. 

The total intensity transients of Fig. 14 exhibit relatively in- 

tense 'precursor' and 'low-level, long term' structure reported for 

prior measurements (section III).  Laser initiation on the 2P(3) line is 

coincident with the 'precursor' peak and exhibits a \   ak intensity con- 

siderably larger than other observed lines.  Note, however, that the 

time-duration of the 2P(3) transition is typically 1-2 orders of magni- 

tude less than duration of the other transitions, and consequently the 

relative contribution of 2P(3) to total energy/pulse is small.  First 

initiation on 2P(3) is expected from threshold gain considerations based 

on known partial reaction rates into gi\ <. i vibrational levels and on 

assumed Boltzmann rotation distributions, but near simultaneous initia- 

tion on 2P(3) and 2P(A), along with continued emission on 2P(4) is not 

consistent with the foregoing considerations.  Although superficial ex- 

amination of onset times for 2P(3) and 1P(4) transitions might suggest 

cascade behavior, the brief duration and low relative energy of 2P(3) 

emission cast doubt on significance of such interpretation. 

It is to be emphasized that the relatively complex temporal 

structure exhibited by single line traces of Fig. 14 is characteristic 

of the large number of oscillograms associated with results discussed 

below.  Specifically, the 2P(3) transition invariably exhibits fast high 

intensity fluctuations, 2P(4) and 1P(4) exhibit moderately large, near 

cyclic fluctuations of relatively long period (.5-1 ysec compared to 

.1 - .2 usec for 2P(3)), and 2P(5) exhibits fluctuations that are 

usually small in amplitude compared to the slowly varying mean level. 

It is believed that the increasing violent intensity fluctuations for 

higher gain lines represents a dynamical coupling between the resonator 

and gain media that is not modeled by most existing computer simulations 

of pulsed chemical lasers, i.e., a defect of the threshold gain con- 

straint.  Such resonator relaxation processes in chemical lasers have 

recently been discussed by Molina and Pimentel (Ref. 27). 
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Estimates of excited vibrational populations during fie early 

part of the observed laser transients suggest that the measured .022 

torr [HF]  concentration due to prereaction in the ambient temperature 

premixer could have significant influence on laser emission in the 1-0 

band.  Experimental verification of increased emission on the 1P(A) line 

with the LN- cooled premixer ([HFlo s .005 torr) was made.  Associated 

increase in time duration of total laser intensity in a time regime 

following termination of the 1P(4) line indicated that these effects 

were more extensive than had been expected.  Consequently, surveys of 

the laser emission spectrum were made for both the LN» cooled and am- 

bient temperature premixer.  Detailed variation of HF laser properties 

with E9  for both room temperature and LN cooled premixer is presented 

in appendix I. 

Figs. 15 and 16 display a compacted characterization of the 

principal features of the HF laser transients as extracted from appendix 

I.  Fig. 15 corresponds to results for the ambient temperature premixer, 

and Fig. 16 to the LN temperature premixer.  These figures show total 

intensity and individual line properties for three different dissocia- 

tion levels: E2 - 50 millijoules corresponds to [F]/[F2] - .8%, E2v - 

35 millijoules to [F]/[F2] - .56% and E2v - 20 millijoules to [F]/[F2] - 

.32%.  Time duration of emission relative to the peak of the Initiatin,, 

light pulse is shown by insets to the left, relative peak intensity 

(open bars) and relative energy/pulse (shaded bars) are given in the 

insets to the right.  As in the oscillograms described above (Fig. 14), 

total intensity power/energy characteristics may not be directly com- 

pared to individual line characteristics, but individual line intensities 

may be directly compared with each other. 

Comparison of Figs. 15 and 16 clearly illustrate the dramatic 

effects of premixer cooling on all observed lines (in some cases effects 

on relative energy/pulse are best understood from detailed properties 

presented in appendix 1 since the large variation in magnitude causes 

difficulties in adequate display for all transitions in the compacted 

representation).  Specifically, duration of emission and energy/pulse 

47 

^iamitttlimitt 



r wm   ^ immm-    tti^jmimmiu immw^mmm^^mimmnm^ -'<    -m        "^rw^W^pppPWi mimmfrir^mmvmi m    i ■   /-^•PRpmipiHV 

AFWL-TR-73-7 

O 
(S (N 

. MM 

D- 
> 

z > - o 

a. 

I 
IS 

u       o 

Hi 
u 
I 

DC 

D 

> 
rr 

to 
a < 

D 

Q 
Z 
0 
u 
UJ 

o 
a 
o 

h 
O 

n       5 
Us    h 

r 

< 
o ft    ft    ft 

— 

i/) < 
o 
7 

TT 

D 
D 

in < 
o 
z 

o o 
z 

e 

48 

z 

> 
1 
< 

_   o 

■ < 

D.D 
< 
vJ 

o 
z 

to 
< 
-j 

o 
z 

(N 

z 

u. 
CC 
O 
u. 
CO 
UJ 

E § o o 
OC   H 

E B t o 

Z     0 

2S 

r. 

R 8 
UJ 
M 
O 
K 
o 5 fi < ^ 

s ^ 

Hi 

tu 
OC 

a 

<    o 
5   ft ft    ft 

-■ ^—mm 



"»»■•■mxiBiiu mi i ■ nmmmimfmmmim'mpmmm\^"mii' i      ummmmM. '"••' i1 ■"*> i ■n—™-—— im.««    i  .UM 

AFWL-TR-73-7 

i 
53 z ? 

Ui 
I 
D 
K 
O 

< 
ET 

r- 
i i 
i i 
i 

«     ifl      • 

ft     ft      I 

Ü 

t:    3    S    2    3 
2    ft     ft    ft    * 

I f I 
z 
> 
< 
It 

m 
cr 
< 

IT 

«       l-i 

8 
z 
o u 

T 

C=l    l—J 

<      _ 
K CO 

t-        R ft    ft    e: 
^ Lf Lf I 

U D L 

i 
■ 

z 

> 
cr 
< 
z 

m 

Q 
Z 
o 
u I 
y 
s 

5 

in 

Csl 

z 
CM 

u. 
oc 
O 
u. 
Vi m 

oc 

oc oc 
LU   rr !i 
HS z o 
^    HI 

if 
Si 
<  H 

CD 

Ul 
OC 
D 
Ü 

^        n        j       »n        » 
5    ft    ft   ft    t 
t- 

-      ii       X      s       s 
g   ft    ft    ft    E 

P    fc 
S       in       « 
ft       ft       i 

49 

■M ■aMM 



mmmmmmmmm^m imgmimii'i'mrr^^mimm^mmm^mmmmmmi «M   ut. immmmmmmm -» I   HIIHII« 

AFWL-TR-73-7 

for all observed lines are significantly increased by premixer cooling. 

Perhaps the most striking effect is on the 2P(5) line which lases only 

intermittently for the warm premixer, but contains by far the largest 

energy/pulse for the cooled premixer.  Further, the ratio of energy/ 

pulPd values on a particular line with LN cooling to corresponding 

vilues with the warm premixer uniformly increases in proportion to time- 

duration of emission from 1-2 for the 2P(3) line with ~2 uaec duration 

of emission to > 10 for the 2P(5) line with 25-30 usec duration of 

emission.  It is also important to note that the time of initiation and 

peak intensity for lines that exhibit 'precursor' behavior in the .2 - 

.75 ysec range are relatively unaffected by LN2 cooling. These fea- 

tures, along with 4-5 fold reduction of initial ground state [HF] due 

to LN cooling strongly suggest that the observed change in laser per- 

formance is due to increased collisional deactivation in the warm pre- 

mixer case.  Association of these effects with the observed values of 

ground state [HF] would imply a characteristic pT product of ~.15 - .3 

ysec torr. 

This pt product is somewhat less than that measured by Airey 

and Smith (Ref. 11) for deactivation of HF (V >= 2, 3) by HF(0) (pT - 

1.67 usec torr and 1.56 usec torr, respectively), but are of the same 

orcer as the rates for higher vibrational levels (< .6 usec torr for 

V - 't, < .4 usec torr for V = 5).  The effects on laser performance ob- 

serveu here do not appear to be consistent with simple deactivation 

from HF (V = 2) by ground ütate HF.  Nevertheless, the unknown process 

is not excessively fast relative to other deactivation processes for 

HF-HF collisions.  Finally., it should be noted that auxiliary absorp- 

tion measurements for several gas flow configurations do establish that 

the decreased [HF]  for the LN, cooled premixer is a consequence of 

suppressing reaction in the premixer (i.e., is not due to trapping HF 

contamination in the reagent gas supply).  Measurements to rule out an 

alternative possibility that the effect of premixer cooling on laser 

pt rormance might be associated with trapping other unknown contaminant 

species trom the reagent supply are straightforward, but could not be 

undertaken under this program. 
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The emission spectra displayed in Fig. 16 form a characteristic 

pattern that will apply also to the more extensive set of lines for 

higher reagent pressure (section V).  As noted in the discussion of os- 

cillograms above, threshold glLil calculations based on known partial 

rates of the F + H. react on determined by Polanyi, et al. (Ref. 28) 

and on assumed Boltzmann distribution of rotational states predict initi- 

ation on the 2P(3) transition. Transition from total vibrational in- 

version to partial inversion due either to collisional deactivation or 

to laser-induced depletion of upper state population causes shift of 

maximum gain to higher J-levelr as observed in the 2-1 band in Fig. 16. 

Although Fig. 16 shows that peak emission intensity on individ- 

ual lines correlates strongly with expected gain, energy content of 

individual lines shows no such correlation. The latter fact is due, of 

course, to extended time duration of the higher J transitions.  It is 

also of interest to note, for the 4:4:40 torr initial state, that the 

characteristic reaction times for the 'cold' F + H2 reaction and the 

'hot' H + F2 reaction are initially T a .4 psec and ^u - 2 Msec.  There- 

fore, the 'precursor' behavior is predominately associated with con- 

sumption of photolytically produced [F], whereas extended emission on 

high J transitions is necessarily a consequence of the propagating chain 

reactions. Extended laser emission over many chain reaction steps, 

shown both by Fig. 16 and in the following section, for small dissocia- 

tion levels appropriate to these measurements is oi: considerable sig- 

nificance for high povpr laser applications (see section VII). 
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SECTION V 

TIME-RESOLVED [HF] LASER EMISSION SPECTRA FOR 
[F2]:[H2]:[N2] - 8:8:80 

Results of time-resolved spectroscoplc measurements of HF laser 

emission for the reagent mixture [P»]:[lU]![N«] ■ 8:8:80 torr are de- 

scribed below.  Except where noted these data correspond to the LN' 

cooled pre lixer and a typical ground state HF concentration due to pre- 

reaction of .002 torr as determined by absorption measurements on the 

1P(2) transition. 

Fig. 17 shows a  tabulation of observed transitions along with 

several transitions on which no observable intensity was found. Super- 

scripts on several weak lines Indicate proximity to wavelengths of near- 

by lines.  In only two cases, the 1P(9) - 3P(2) pair and the 3P(5) - 

4P(1) pair, are the line separations less than the 2-5cm  instrument 

resolution.  In the latter case identical temporal structure clearly 

indicates that the weak 4P(1) signal is spurious.  Although with adequate 

effort the set of observations could be readily extended to include 

transitions of higher V, J quantum numbers and P-branch transitions as 

well, it was deemed more important within the contractual constraints 

to develop a quantitative characterization of t.ie subset of strong tran- 

sitions appearing in Fig. 17. 

Figs. 18 and 19 illustrate sets of transients taken in two 

typical laser pulses with E« = 38 millijoules and 25 millijoules, 

respectively.  As in the previous oscillograms for 4:4:40 torr these re- 

sults exhibit complex temporal structure on both nanosecond and micro- 

second time scales (the leading pulse in single line transients is again 

due to 'pick-up' from the ruby laser pulse and provides convenient zero- 

time base).  The total intensity transient 'ixhibits first and second 

precursor pulses as in the 8:8:80 torr data discussed in section III. 

Note that the indicated figures show a high degree of reproducibility 

of characteristic time structure for different lines.  This characteris- 

tic structure is typical of the large set of data discussed below. 
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A useful classificatlon of temporal structure suggested by os- 

cillograms of Fig. 14 for the 4:4:40 torr reagent mixture is appropriate 

also to Figs. 18 and 19.  The low J transitions in the 2-1 and 1-0 bands 

(2P(3), 2P(4), 1P(4)) which, Sased on the known partial F + H» reaction 

rates into individual vibrational levels along with assumed Boltztnann 

distribution of rotational states, are expected to have high gain 

initially, are seen to exhibit 'precursor' intensity fluctuations of 

large magnitude.  In contrast, the intensity fluctuation on higher J 

lines (2P(5), 2P(6), 1P(6)) are less severe relative to the overall in- 

tensity level. 

Detailed variation of principal features of the stronger lines 

with E„  (dissociation level) are shown in appendix II.  A few data 

points shown in appendix II for the ambient temperature premixer (for 

which measured ground state [HF]  levels due to prereaction are typically 

.017 torr) tend to show slight adverse e'fects on laser performance due 

to warming the premixer.  However, these effects are much less distin; ' 

than was the case for the 4:4:40 torr mixture, hence measurements were 

mainly limited to the LN- cooled premixer configuration. 

A compacted characterization of t'.ie principal features of the 

data presented in appendix II is shown by Fig. 20.  The total intensity 

features shown by the figure can be compared directly with those of Fig. 

16 for the 4:4:40 torr mixture. Again unknown differences in trans- 

mission efficiencies to the total intensity and individual line detec- 

tors preclude direct comparison of intensity, although relative in- 

tensities between individual lines can be so compared.  Realignment of 

the spectrograph between the 4:4:40 torr data set of Fig. 16 and the 

subject 8:8:80 torr case most probably invalidates quantitative compari- 

son of individual line intensities for the two cases.  Finally, it may 

be noted that measurements of the geometric width of a spectrally re- 

solved beam at a typical detector position are in agreement with a pre- 

dicted FWHM approximately equal to the 1 mm width of the detector pickup 

mirrors. Therefore, typical detector positioning errors of + .15 mm 

lead to expected relative intensity errors between different lines of 

20-30%. 
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Flg. 20 clearly illustrate« characteristic line behavior shown 

by the 4:4:40 torr data (Flg. 1C) and noted In part In the dlscusslor. tf 

osclllograms above.  On the 2-1 and 1-0 bands, time delay between Initial 

F« dissociation and laser initiation Increases with Increasing J-level. 

As expected the delay to laser initiation increases at decreased dis- 

sociation level (E„ ).  The J-shift process Is attributed to a transition 
2v 

trom total vibrational population inversion initially (as expected from 

known partial reaction rates Into Individual vibrational levels) to a 

partial inversion at later times with the decreasing vibrational popu- 

lation inversion being offset at higher J levels by the rotational 

state distribution. 

The peak intensity data for the 2-1 and 1-0 bands is entirely 

consistent with the above interpretation, showing very high 'precursor' 

intensity for the low J, high gain transitions and lower Intensity for 

larger J.  As in the 4:4:40 torr data, however, the ene~^y content on 

lines in the 2-1 band shows no correlation with maximum gain and peak 

intensity.  This result is, of course, a consequence of the long time 

duration of emission on the higher J lines. Lines in the 1-0 band fir 

this same general pattern except that the 1P(4) line exhibits inter- 

mediate behavior, i.e., relatively high precursor intensity and moderate 

time duration with relatively high energy content.  Aside from the in- 

creased number of lasing transitions at higher pressure, comparison of 

Figs. 16 and 20 shows that increased reagent pressure tends to cause 

uhe behavior of individual lines to shift from 'low gain' toward 'high 

gain' character (compare intensities of 2P(4) and 1P(4) lines relative 

to the 2P(3) transition). 

Results shown by Fig. 20 for the 3-2 vibrational band are of 

special interest since these transitions are pumped by the 'hot' H + F„ 

reaction.  For the fjiven Initial conditions, the corresponding e-fold 

time is T„ a  8 usec torr/P^ /ii  v ■ 1 usec. Thus Fig. 20 (see appendix 
H F2(torr) 0 rr 

II) shows that the 3-2 transitions Initiate well before completion of 

tht flvst complete chain step. 
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A second feature peculiar to the 3-2 -ransltlons shown by Fig. 

.■'.0 is that the lover J transitions are weak relative to 3P(5). This 

nuy result from a favored pumping of higher J levels by the 'hot' H -♦• F 

reaction although the set of observed transitions is not sufficiently 

extensive to corroborate this point. One may also note an apparent 

anomaly in the long duration and extremely low intensity of the 3P(2) 

line.  It is quite possible that the observed emission is a combination 

of 3P(2) and the weak 1P(9) line since this wavelength separation is 

~1 cm  .  Despite the inability to clearly resolve these lines, however, 

the early initiation time associated with the 3P(2) line in Fig. 20 is 

substantiated by late observed initiation ( - 5 psec from the photolysis 

pulse) on the 1P(9) det^tor, and by the J-progression of other lines 

in the 1-0 band. 

The relation for the rate limiting 'hot' reaction time constant 

above, combined with the known initial dissociation level, permit an 

upper bound to be established on rate of completion of reaction.  For 

example for initial [F]/[F2] = 8 x 10~3 (E^ - bC millijoule), the initial 

rate of completion of reaction is 1.6%/u8ec.  Thus Fig. 20 shows that, 

even for these very low dissociation levels, laser emission continues 

until a large fraction of the reagents have been consumed. 
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SECTION VI 

CHARACTERIZATION OF CW LASER-FLAME SOURCE 

Section II shows that a flame emission source of adequate in- 

tensity could provide direct line-strength measurements for a pulsed 

chemical laser medium.  The device described in section II-D4 utilizes 

subsonic diffusion-mixing, and F, dissociation by the NO + F. reaction, 

Results from this device are presented here. 

A. CW Laser Characterization 

Characterization uf the CW chemical laser used with a conven- 

tional stable resonator was chosen as a point of reference since re- 

quired laboratory setups are similar to, and in some respects less 

critical than, those for flame characterization.  Properties of the CW 

laser are of interest in their own  right, and similarities in conditions 

required for lasing and enhanced flame emission lead to related optimi- 

zation procedures. 

Although simultaneous solution of the NO + F and NO + F rate 

equations along with existing literature on subsonic CW chemical lasers 

provides expected operating coi d.'tions , laboratory optimization of 

relative flow rates (Ke, 50-50 He-F-, NO, and H-), injector location, and 

output coupling fraction were made.  Laser power measurements were made 

with a Ge:Au detector having a 2 mm diameter active element; the cavity 

was ~ 1 meter in length with a 10 m radius spherical output mirror and 

a flat total reflector.  The cavity volume external to the flow channel 

was enclosed by <~ 1 inch diameter tubes which were continuously purged 

with dry nitrogen. 

Variation of laser power with upstream position of the NL in- 

jector orifices measured from the optic axis is shown by Fig. 21.  Laser 

power increases raonotonically with decreasing injector distance until 

the TEM  mode volume becomes obscured by a part of the H. injector mani- 
00 y    r 2   -> 

fold.  Optical obstruction for Injector I (see section II-DA) extends 

6 mm downstream from the injection point; that length was reduced to 

MM 
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0.5 mm for Injector II. The small optimum injector-cavity separation 

for this device apparently results from fine-scale H injection, since 

power variation for similar devices reported in the literature is rel- 

atively insensitive to injector position for separation distances less 

tban 1 cm.  Rapid decrease of output power with increasing injector 

stand-off distance from the optimum valve and spectroscopic observations 

discussed below indicate rapid co .lisional deactivation in the immediate 

region downstream fron the H„ injector. 

Variation of CW laser power density with output coupling frac- 

tion measured with a set of 10 m radius partially transmitting mirrors 

is shown by Fig. 22. These power densities correspond to optimized gas 

conditions defined by the lower portion of Fig. 22.  The highest power 

density corresponds to -«O watts average power and is relatively in- 

sensitive to output coupling fraction in the range 15-30%.  The most 

significant variation in optimum gas mixture is the increased amount of 

F2 for Injector II (decreased star, .-off distance) at the smaller coupling 

fractions. 

Relative spectral intensities for the CW laser for 15% mirror 

transmission and optimized injector locations are shown by Fig. 23 for 

Injector I and by Fig. 24 for Intector II.  Intensities of the 18 ob- 

served transitions listed in the first column of Fig. 23 correspond to 

a 'standard' gas mixture defined by the figure; all tabulated intensities 

are normalized to the 1P(6) intensity.  The remaining columns of Fig. 23 

show the effects of the Independent variation of H , F and NO flow 

rates as defined in the lower part of the figure.  During initiation and 

termination of gas flow, many transitions exhibit transient peak inten- 

sities comparable to the 'standard' IP(6) value even though the corres- 

ponding average intensity values are small.  In several cases the gas 

mixture was 'tuned' to produce uniform emission levels comparable to the 

transient peak values noted above.  It is expected, therefore, that the 

laser could operate on a relatively large number of lines at one to 

several watt power levels with appropriate adjustment )f gas conditions. 
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A feature evident in the data of Fig. 24, and even more pro- 

nounced in that of Fig. 23 for which H is injected further upstream, is 

the relatively high intensity of V = 1-0 lines despite preferred pumping 

rates into the V = 2 vibratioual level.  This result suggests that sig- 

nificant collisional transfer occurs in the region adjacent to the H 

injector. Fig. 23 shows that the variation of any constituent gas flow 

typically had quite different effects on different lines.  It appears 

that such variation shifted the position of the inversion region for 

each transition relative to the cavity location; i.e. 'tuning' the gases 

also 'tuned' the spatial coincidence of inversion and cavity volumes. 

B. Flame Source Characterization 

Although identifiable laser emission was observed only for 

coupling fractions less than 70% (Fig. 22), observable emission occurred 

with the resonator removed.  Fig. 25 illustrates variation of flame 

emission intensity with static pressure (measured — 4 cm downstream 

from the optical axis) for Injector I.  These emission levels corres- 

pond to a wavelength range <s.l-6u, defined at the short-wavelength end 

by the Ge:Au detector cutoff, and at the long-wavelength end by a 

sapphire entrance window.  The lowest emission value of 1/3 mW/cm cor- 

responds to a 'standard* CW laser mixture, F :H :He: NO = 0.5:0.5:4:0.1 

torr.  The remaining values correspond approximately to 1:1:1 mixtures 

of F2/H2/He.  For a total pressure of 25 torr, variation of NO concen- 

tration by factors of 2 and O.j from the nominal value produced no ob- 

servable effect on emission intensity. 

The highest emission level shown by Fig. 25 is 180 times larger 

than that observed under conditions appropriate to CW laser operation. 

The reagent flow rates at 25 torr were the largest that cculd be safoly 

handled in this apparatus with a sonic slot downstream designed for a 

'cold flow' mach number of .5.  Since increase of the distance between 

Injector I and optic axis from .5 to 3.0 cm decreased the emission in- 

tensity by only 25-30%, a 5 times smaller sonic throat area was installed 

to reduce the flow speed, thus further increasing the reacting gas pres- 

sure at constant mass flow.  As shown by Fig. 25, the associated emission 

66 

■Wi «MHMkl 



AFWL-TR-73-7 

100 

ion 

i 0 

0.1 
1.0 

i FLOWSPI t 0 H( IJUCI 0 BV b 

CW I ARf H MIX IIKU 

J I I I l_L J.-__l I     I    I   I   I I i I       i     i    i   i   i  i i 

10.0 100 1000 

''7 Until 

FIGURE 25.       FLAME EMISSION INTENSITY 

67 

' 

"-*■"         



AFWL-TR-73-7 

intensity increased by an order of magnitude.  The character of visible 

emission changed markedly with changing gas conditions in the range 

covered by Fig. 25.  For the low pressure dilute mixture corresponding 

to CW laser conditions, the soft orange flow associated with HF over- 

tone emission was observed. Visible emission for the 'richer' mixture 

at intermediate pressures was a brilliant blue, changing to intense 

white at high pressure.  The IR emission levels were inadequate to ob- 

serve single line emission using a fast IR detector and the multi- 

channel spectrograph configuration described in section II. 

For the conditions indicated by the two higher points of Fig. 25, 

an optical cavity consisting of metal coated flat and 10 m spherical 

mirror equipped with .5 mm coupling hole was placed across the reaction 

channel as a test for gain. Neither visible nor IR laslug was observed 

under these conditions of optimized emission with Injector I.  Similar 

single mirror tests gave no indication of enhancement of emission. 

For the high-speed flows at 25 torr and below, the emission in- 

tensity from Injector I was approximately constant over the  duration of 

near-steady flow conditions, whereas the emission inter.sUy for the low- 

speed, high-pressure flow increased rapidly throughout the flow time. 

This behavior was attributed to 'thermal runaway' due to heating of 

Injector I.  During installation of Injector II, it was apparent that 

Injector I had been thermally damaged during the slow-flow tests.  For 

this reason, Injector II was operated only in the fast-flow mode, and 

hence only to approximately 25 torr.  Despite increased CW laser emission 

for Injector II, emission levels with resonator removed were similar to 

those obtained using Injector I.  Again, absence of IR or visible lasing 

indicated very low gains, and single line emission levels were not ob- 

servable. 
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SECTION  VII 

SUMMARY  AND  RECOMMENDATIONS 

Performance evaluation and spectroscopic studies of an HP 

chemical laser based on laser-initiated reaction in dilute H    - F9 mix- 

tures have been described.    Use of 2v radiation generated by a Q-- 

switched ruby laser for photolysis  of P    provides  a simple and well- 

defined initial state.    The corresponding HP laser transients  are some- 

what  complex in nature, but exhibit  temporal structure that is directly 

representative of  the evolving chemical  state.     In  an  initial  time 

regime,   for example,   the  laser intensity exhibits   'precursor'   pulses 

associated with lower P-branch  transitions of  the 2-1  and 1-0 vibrational 

bands.     The initial   'precursor'   pulse,  associated with the 2P(3)   transi- 

tion,  is  representative of a  'total'  vibration population inversion  for 

a Boltzmann distribution of  rotational states  in  the  ambient  temperature 

reagent mixture.    This  initial pulse is shown to be a consequence of  the 

P + H    reaction alot.e,  since the  corresponding intensity reaches maxi- 

mum amplitude and terminates well before consumption of photolytically 

generated P and before the H + P-  reaction has reached a significant 

production  rate.    This  characteristic of  first pulse  termination  time, 

which decreases with  increasing dissociation level,   is  indicative of 

unsteady  resonator processes not modeled by simulation  codes based on 

the   'threshold gain'   constraint. 

The J-shift  process  attributed to  transition  from  'total'   to 

'partial'   inversion of vibration-rotation populations  in  threshold  pain 

models   is  observed  in  the HP laser emission spectra.     In some  instances, 

however,  higher J  transitions  initiate  in near coincidence with  low J 

transi.ions,  and continue  to  läse  during and  following  low J  emission. 

Amplitudes of intensity  fluctuations  about  a  'ijuasi-steady'  mean  value 

correlate strongly with expected  gain  of  the  transition,  as  does  peak 

emission  intensity.     Relative energy  content shows no  such  correlation 

with  gain, however,  and is much  larger for  the higher J  transitions 

which  läse  at  lower intensity,  but   for extended time periods  compared 

to  low J  transitions. 
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These experiments  clearly show that even  for low dissociation 

levels   ([F]/[F  ]  = 3 - 8 x 10     )   laser emission is maintained by  long 

chain propagation.     For an 8:8:80  torr F.-^-N» mixture,   for example, 

the  characteristic time per  chain step decreases  from an initial value 

of   ~1  usec to   .25 ysec and less as the  reaction proceeds.    Associated 

laser emission periods of approximately 20 usec correspond to many  chain 

propagation  steps  and to  significant  completion of  reaction. 

Concurrent variation of HF laser performance and ground state 

HF concentration  (section IV)   is  indicative of a deactivation process 

depleting  the V = 2 upper state  at   faster  rates  than would be expected 

on the basis of known relaxation rates.     Since effects of  this process 

are considerably smaller for the 8:8:80 torr measurements   (section V), 

they appear to be of concern only for low pressure laser operation.     One 

would expect,  of course,   that   this  deactivation process would be  less 

significant  for higher dissociation levels. 

As noted above,  a common characteristic of conventional photo- 

lysis  lasers  is  inefficient  utilization of dissociating light,   due both 

to excessively slow flashlamp emission and to small optical  thickness of 

F-   in slender quartz  tube  containers.     An  independent  Boeing  research/ 

development   program has  shown  that  correctly designed photolysis  lasers 

will  require  an   (electrical)   initiation energy in  the  range  1.5  -  6 k- 

cal/mole  of HF under typical  conditions   for effective  laser operation. 

Demonstrated  capability  for near  reaction-free premixing utilizing 

refrigerated premixers   (sections  HA,   IV,  and V)  establishes  a basis 

for  relatively straightforward  design of  devices sized  for efficient 

initiation of  reaction.     Abi.Mty  to maintain  specific energy  levels 

demonstrated  in  convenvional  photolysis  lasers  for devices  utilizing 

initiation  technology described  above would establish  the  pulsed  chemical 

laser as  a  formidable  competitor  for high  power laser applications. 
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APPENDIX I 

VARIATION OF PROPERTIES OF   [HF]   LASER EMISSION  SPECTRA 
WITH INITIATING LIGHT  F  :H  :N    » 4:4:40   TORR 

Figs.   26-45 to  follow exhibit  detailed properties  of  total  power 

and single line HF laser emission transients discussed in section  IV for 

the initial chemical state F2:H_:N    = 4:4:40 torr.     In each  case  the 

property is  plotted against  2v energy,  E«   ,  and the  figures  are  grouped 

to show a specific property  in  the order:    total  intensity/2P(3)/2P(4)/ 

2P(5)/1P(4).     Figs.   26-30  display laser initiation  times   relative to 

peak  2v emission,  Figs.   31-35  display  time duration of observable  laser 

emission.  Figs.   36-40 peak emission intensity,  and Figs.  41-45  r-lative 

energy/pulse.     Principal  characteristics of these  transient properties 

are summarized by Figs.  15 and 16. 

I 
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APPENDIX II 

VARIATION OF PROPERTIES OF [HF] LASER EMISSION SPECTRA 
WITH INITIATING LIGHT F2:H2:N2 8:8:80 TORR 

Figs. 46-65 to follow exhibit detailed properties of total 

power and single line HF laser emission transients discussed in section 

V for the initial state F :H2:N = 8:8:80 torr.  In each case the 

property is plotted against E, , and the figures are grouped to show a 

specific property in the order: total intensity/lP(5)/lP(6)/2.P(3)/ 

2P(4)/2P(5)/2P(6)/3P(2)/3P(5). Figs. 46-50 display initiation time 

relative to peak 2v intensity (small negative values occurring in some 

cases may well be real, although accuracy of oscilloscope time base is 

not adequate to be definite on this point), Figs. 51-55 observable pulso. 

duration, Figs. 56-60 peak emission intensity, and Figs. 61-65 relative/ 

energy pulse. Principal characteristics of these transient properties 

are summarized by Fig. 20. 
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