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TECHNICAL REPORT SUMMARY 

Under this contract,  a high power,   flachlamp pumped dye laser hac been con- 
Gtructed and tested.    To date the laser has produced an average power of 3'} watte 
at a repetition rate of 100 Hz.    The technique used to achieve this power .level 
appears to be scalable to higher average power and to higher repetition rates 
(several thousand Hz).    Section I of this report describes the operation r" the 
laser at high power and high rates.    The details of the construction of the lacer 
have been described in the previous  semi-annual technical report UARL N921617-?. 

Section II of this report describes experiments to produce rapid frequency 
tuning of a dye laser during the laser pulse.    A resonantly driven PZT transducer 
was used to modulate the transmission of a Flabry-Perot etalou.    It was found 
possible to scan the output over a range greater than 100 A during the laser pulse. 
At present the instantaneous )tamrldth la approzimately 20 A althourh  it  is 
expected that this could be reduced to about 1 A.    This would provide 100 resolution 
elements within the pulse,  or an effective 10 nsec resolution for a 1 rnicroseconrl 
pulse. 

Section III discusses alternate geometries  for the  flarhlamp which should 
allow operation at higher energies.    The  present lamp will withstand energies up to 
about 300 joules on a single shot basis,  although catastrophic failure sometimen 
occurs at lower energy and high rates.    Experiments were carried out on a geometry 
which completely eliminated the quartz envelope and established a vortex  flow in 
the entire lower half of the pumping cavity.    Stabilization at low rates appears tc 
require a vortex flow somewhat larger than with a quartz envelope.    Experiments have 
indicated,  however, that the discharge may stabilize itself at sufficiently high 
rates  (150 Hz). 

Section IV of this report describes  spectral measurements that have been made 
on a tost arc discharge.    These are part of a continuing effort to detcminc the 
optimum operr.ting conditions of the lamp to maximize the efficiency for dye pump.Iu.■. 

Section V describes a related effect involving passive  filtering to optimize 
the spectral matching between the flashlamp and the dye absorption eharaeterisl lc   . 

An article entitled "Vortex Stabilized ELashlamps  for Dye laser Pump in" by 
M.  E.  Mack has been published in Applied Optics 13 k6 (197^) •    This work war: 
supported in part by the presen* contract. 
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SECTION I 

HIGH POWR, HIGH REPETITION RATE DYE LASER OPERATION 

l.i Fluhltmp Tests 

KM  has Veen oreviousl.y reported, earlier- attempts to operate at high pulse 
renettio rates vere limited by self-firing of the flashlamp at ratner low 
To taPe  vh n er the pulse rate exceeded 20 or 30 pp..  Tn order to overcome 
Ih s pro^em ve have added a spark gap In series with the flashlamp. such that 
the series gap provides the voltage holdoff retired to prevent lovvoitaje 
*eU-firirg * Rapid recovery of the series gap is assisted by gas flow across 
"he gap and hy a relatively small electrode spacing in this gap  The .ap 
employed vas InltUlly assembled only for preUm nary tests, vth little 
attention paid to minimizing inductance and gap losses. Hovever. the ■^«•" 
ofTniiial tests led to installation of the gap on the high power dye lase^ for 

fu-ther testing, in spite of these design short comings. 

The waveform of the flashlamp light output with the series gap ^stalled 

la shown in Pi..  LI for a single shot at 1^0 JOUU ^^f.^^^ 
shape of thl. waveform Is very slmHar to that observed -thof: ^ ^ e 
PJ  but the time scale is slower by 20 to 30 percenc due to the n.ductance 
of Ihe gap assembly ^even though a previously used series inductor has been 
Ilminated for these tests). The Increased rlsetlme. as well as any energy 
dissipation in the .ap. can be expected to reduce the dye laser output 
™, tests of the laser both with and without the series gap have so. 
that such reduction of laser output energy does not exceed 10 to 12 percent, 

even with the present crude gap design. 

The effectiveness of the series gap Is demonstrated In Pig. I-2. where 

repetitive flashlanp output pulses are shown at 20 pps and 100 pps. for lamp 
inputs of n6 ioule. per pulse. Tt may be noted that the pulse riset me t. 
UghtlyShorter an. the peak lamp output slightly higher at 100 pps than at 

20 pps  Thus these important laser pumping characteristics of the lamp appe r 
not to atgfdt. but in fact to improve slightly at the higher repet^on rate. 
nVpite of th fact that per-pulse lamp Input energy tends to fall somewhat 

a h h ra es due to power supply limitations. The reason for this Improve 
Tent is not yet c.ear but may be associated with pressure buildup .n the Lamp 
Thilh oul4 rate^  The observation of occasional abnormally intense pulses 
furlnf O^ f.^ saintly in Pig. I-2b) may also result from transient 
pi sure phenomena  These anomalies are observed frequently at pulse rates 
of order 100 Pps. but seldom at 20 pps or less, where pressure effects should 

uJtantially smaller.  It is not presently .nown whether ^ t«^ 
are directly related to an observed preponderance of catastrophic lamp failures 

W details of this specially designed gap will be given In a subsequent report. 
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immediately following startup at hiph repetition rates.  Tn any event, on^e 

the startup transients have suV-sided, regular, reproducible lamp outm'.t pulses 

have been obtained at rates at least up to 110 pps at 200 joules per pulse, 

and to 150 pps at l6o joules per pulse M.e. 22 to 2h  lew lamp input), being 
Limited apparently only by pover supply charging capabilities. Lamp self- 

firing appears to have been completely eliminated by the series gap, even at 

these high energies and repetition rates. 

1.2 Laser Tests 

The high pover dye laser has been described fully in earlier reports. 
For the present tests,  a series spark gap was  added,  as described  in the 
preceding section,   to illow high repetition rate flashlamp operation at high 
Input energies.     A  1.5 « 10      molar solution  of Rhodamlne 6c, tetrafluoroborate 
in etnanol vas  filtered and pumped through the 8 mm i.d.  by JS mm long achive 
dye -ell vo1 ume at various controlled rates   up to O.63  liters per second. 
Tn these tests the  laser oover supply vas  set for a fixed nominal output 
voltacre of lU kv.    This supply charged a 2 mfd  capacitor vhich was then 
periodically discharged  into the flashlamp via the series spark gap.     Although 
no external  charging resistance was used,   the  internal impedance  ^non-linear) 
of the power supply caused some reduction  of the charging voltage at high pulst 
rates.    For example,  although the lamp  input energy remained nearly constant 
at about  n6 joules per pulse up to 80 pps,   it dropped by about ^i at  100 pps 
and by an estimated  &$ at 150 pps.    The drop could be compensated by  increasing 
the supply vo'tage setting,  but this was  not done for the tests reported  in 
this  section.     Output power was extracted  from the  laser through a kS$ trans- 
mitting dlelectrlc-coated mirror and was measured using a Coherent Radiation 
Laboratories Model 201 Laser Power Meter.    Extraneous meter indications due to 
electrical noise and to dye fluorescence other than laslng were always  smaller 
than  3.2 watts.     A fast photodlode was   used to observe the  laser output  pulse 
waveform. 

The operating procedure   In these tests was to choose a dye flow rate and 
laser pulse rate,   snap-start the power supply for immediate laser operation at 
full  power,   continue operation  long enoutrh to allow the power meter to rospond 
fully,   and then   immediately stop operation  to allow cooling of the  laser  com- 
ponents before  commencing another run with new operating conditions.     This 
short Vurst operation was  necessitated  prima.-lly by a  Lack of flashlamp tloctrod« 
^oo'ing,  which leads to melting of the electrode structure  if high power opera- 
tion  is continued  for more than a few seconds.    Redesign of the electrode 
assembly to obviate this problem  is now  underway. 

--- -- ■   -- mm MMM 
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Some results of the laser tests are shovn in Tip.    1-3 to 1-5. The 

laser pulse waveform, displayed in Fir. T-3. is similar to that observed In 

earlier tests without the series spark gap.  As in the earlier tests, the 

duration of the laser output pulse ''l.T microsecond, FVJ'IM) is substantially 

less than that of the corresponding flashlamp output ''approx. 2,3 microsecond: 

see Fig. I-l\  due apparently to a quenching of the laser oscillation towar-i 
the end of the pulse. This quenching is thought to result from a combination 

of thermo-acoustic alstortion and triplet absorption effects and is presently 

being investigated.  Total energy In the laser pulse is about 10 to 12f less 

than that obtained vithout the series spark gap, under otherwise Identical 

conditions. 

Fig. 1-h  shows the dependence of average laser output power on dye flow 
rate for repetitive pulsing at various repetition rates. Input energy was 196 

joules per pulse at low pulse rates, dropping off by about 3i  at 100 pps as 

described above.  In general the laser output Is seen to increase with increas- 

Ing dye flow rate over the flow range employed here. At low pulse rates the 

output increase levels off at moderate flow rates, suggesting nearly complete 

interpulse repacement of dye In the active region. However, at 100 pps the 

laser output is r.illl Increasing substantially with increasing dye flow rate 

even at the highest available flow rates. Although the maximurr; dye flow 

''O.63 liter/sec^ corresponds to a nominal dye change rate of about L66 sec" 

In the 0.8 x 10 ' liter active dye cell volume, It appears that ever, faster 

flow is required to clear dye from the cell wall boundary layers. 

Fig. 1-5 shows the average laser output power as a function of pulse 

repetition rate at the maximum dye flow rate of O.63 liter/sec. The pover 

Increase vs pulse rate departs somevhat from linearity even at relatively low 

rates but still Increases substantially with increasing rate up to about 100 

to '10 pps. At higher pulse rates the laser power actually begins to decrease 

with in-reasi'ig rate due to the prevlc'.sly noted oowsr supply limitations as 

well as the inadequate dye flow rates.  Hovever the maximum measured power of 

3' watts represents a substantial inrrease over previously measured levels a'-1 

over all known published results to date.  Tt appears ^lear that higher power 

ctn readily be obtained if Increased lye flow is provided. In addition it- 

should be noted that at no time during these tests were new dve, new spherical 

pumn 3ivlty reflectors, and a new quartz lamp envelope available slmul taneo .r!;.-. 

'Jnfortunately, all these tend to degrade rather substantially, especially 

during high power operation. The aluminized spherical reflectors tend to become 

cloudy and pitted, especially following catastrophic lamp failure, the lamp 

envelope develops absorbing color centers due to IN  irradiation, r.nd the dye 

appeirs to degrade noticeably even after only a few thousand shots of high 

power operation, though the reason for this is not yet known. Fased on experie-^p 

gained In the present tests, it Is felt that if all these elements were repla^ei 

-■ -- - ■ - — — 
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simultaneously vith new ones, laser pover In excess of 50 vatts could likely 

be obtained even vithout Increased dye flov.  Hovever, to sustain such pover 

for more than a fev thousand shots, even on an intermittent operatlnp schedule 

M used in these test, appears to require use of Mp.h  purity quartz lamp 

envelopes to reduce color center formation, possible o/ercoatlng for protection 

Of the ftlumlnlstd reflector surfaces, and increased dye reservoir volume or 

other means of minimizing dye degradation problems. 

L. 5 Conclusions 

Tjashlemp self-firing problems at high repetition rates have been eliminated 

by adding a series spark gao to perform the necessary high voltage switching 

function. The value of the series switch technique has been shown by using It 

In ooerating the flashlamp at Input powers as high as 2k  kw and in producing 

dye laser output oovers up to 3^ watts. Mmitatlons cf the series gap are 

not yet well-defined. Pulse rates at least to several thousand pps do not 

seem unreasonaol? for a well designed gap.  However, Improvements of the flash- 

lamp and laser will be required to take advantc c? of such high pulse rates. 

For example, lamp envelope darkening and explosion problems, electrode, lamp 

envelope and dye cell Pooling ^echniques, dye flow and dye degradation limita- 

tions, cumulative thermo-acoustlc distortion effects, etc, will all require 

considerable attention. If all problems can be overcome to the extent that 

even higher pulse rates become feasible. It may be desirable to consider 

replacement of the presently emoloyed series spark gap by a more sophisticated 

switching device, such as a high power thyratron. Hovever, since thyretrons of 

sufficiently high current and power ratings are not now readily available, 

and since the series gap itself seems to offer considerable promise, it Is 

anticipated that laser and flashlamp development work In the rrir future will 

continue to make use of the series spark gap technique. 

10 
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SECTION II 

FREQUENCY SWEEPING OF THE DYE LASER 

2.1 Introduction 

In many high-power dye laser applications it would be desirable to obtain 

tine resolution that is better than that provided by the pulse curation of the 

present dye laser. One alternative would be the use of a shorter nulse. Shorter 

duration pumping sources can and have been built. Shortening of the pulse dura- 

tion generally results in a higher color temperature for the arc end a resulting 

loss in overall system efficiency. A number of possible schemes to obtain a 

short effective time duration by imposing a modulation on the output of the 

laser have been considered in Ref. II-1. It is shown there that an attractive 

solution involves operating the dye laser with a narrow linewidth and sweeping 

the linewidth over a much larger spectral range during the duration of the 

output pulse. The swept pulse can subsequently be  mpressed to yield a much 

shorter pulse duration. The situation is somewhat similar to the pulse com- 

pression technique used in microwave radar; it differs '.n that the optical 

carrier frequency is not processed coherently. The  effective pulse compression 

that can be achieved is given by the ratio of the total spectral width covered 

to the instantaneous linewidth. If a dye laser is operated with a 1 S linewidth 

and is swept over a linewidth of 100 A in one microsecond, a pulse compression 

of 100:1 can be obtained. This would give an effective pulse duration of 10 ns. 

In order to investigate the feasibility of this mode of operation, a fast scan 

interferometer has been constructed and the results obtained to date are des- 

cribed below. 

Relatively low finesse (20 to 30) etalons have been used to narrow the line- 

width of flashlamp pumped dye lasers. The experimental results show that the 

laser linewidth can be narrowed to less than 1 8 by using two such etalons (Ref. 

II-2). Tuning of the laser output by tilting the etalons has also been demon- 

strated in previous experiments. Due to obvious physical limitations, rapid 

tuning of the dye laser by tilting an intracavity etalon is not practical. 

Etalon tuning can also be done by varying the distance between the parallel 

reflecting surfaces which make up the etalon. Thermal tuning is much too slow. 

Another possibility is to make the solid etalon from an electrooptic material. 

With a proper choice of crystal orientation and placement of electrodes, the dis- 

tance between the parallel faces of the crystal could be made to increase or 

decrease by varying an applied electric field. This method of etalon tuning has 

a limitation which arises from the small thickness (a few mm or less) of the 

requisite etalon. Whether a transverse or a longitudinal field is applied to 

the thin etalon there is a problem of voltage breakdown. The use of a solid 

etalon made from a piezoelectric material suffers from the same problems as an 

electrooptic material. 

11 
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The problems of tuning a solid etalon can be circumvented by the USP of an 

air etalon in which one mirror is fixed and a second parallel mirror is mounted 

to a piezoelectric tube. Commercially available scanning Fabry-Perots are made 

in this way.  Mechanical displacement is achieved by piezoelectric expansion and 

contraction of the electrically driven tube and the difficulty of having to use 

very high voltages to obtain sufficiently large displacements is overcome by 

driving the tube at its mechanical resonant frequency (Ref. II-3)• For a given 

applied voltage, the resonant displacement amplitude is larger than the static 

amplitude by a Q factor which in general is 100 to kOO.    Such a resonant-driven 

Fabry-Perot interferometer was constructed and initial testing revealed that it 

is possible to scan one free spatial range in approximately 0.5 Msec with a peak 

drive of 30 V. Testing of the fast scan interferometer intracavity to a pulsed 

dye laser showed it is possible to scan the output over greater than a 100 A 

range during a single pulse (0.5 M.sec FWHM and 1.5 M.sec basewidth). 

In Section 2.2, factors which influence the performance of a fast scan inter- 

ferometer will be considered.  In addition, details of the construction and 

initial testing of the interferometer will be diicussed.  In Section 2.3 the 

experimental results of frequency sweeping the output of a dye laser by the fut 

scan interferometer will be presented. 

2.2 Fast Scan Interferometer 

Construction of the interferometer, shown schematically in Fig. II-1, 

follows closely that first reported by Cooper and Greig (Ref. II-3) and later 

improved by Brannon and Bacon (Ref. II-U). The etalon reflecting surfaces con- 

sists of two 1 in. diameter fused quartz optical flats. Three pair of flats were 

available; one pair coated for 85 percent reflectivity at 6,328 A was used in the 

initial testing and checkout oj the interferometer, a second pair coated for 85 

percent reflectivity at 5,900 A, and a third pair with the front surface co*W 

for 50 percent reflectivity at 5,900 S and the rear surface anti-refleetion coated. 

One optical flat is bonded to the end of a Gulton Industries lead zirconate titanate 

piezoelectric tube. The low loss tangent and the relatively high mechanical Q of 

the material makes it suited for the application.  Mechanical displacement of the 

optical flat is achieved by piezoelectric expansion and contraction of the tube 

which is excited in the lengthwise mode by a sinusoidal voltare applied between 

the inner and outer metallized cylindrical surfaces. 

The amplitude of displacement along the resonant length is given by 

yCx.t) . y0 sin (?) stn (2|t) (II-l) 
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where i is the length of the tubf. and c is the velocity of sound in the lead 
zirconate titanita. At any time t, the separation d between the Fabry-Perot 

plates is: 

d - d0 + y0 sin SÄ, (11-2) 

where d0 is the static separation. Then, 

Ad   ypTTc 

At ~   2 
cos (=?) ■ 

(II-3) 

For each Ad = X/2 extension of the FET tube, the interferometer scans one free 

spectral range in a time given by 

At = 
U 

ZTTy0c UTTyof 
(II-M 

where f is the mechanical resonant frequency of the PZT element and X is the wave- 

length of incident light. At resonance the total tube extension for a given 

applied voltage is proportional to the tube length and f, the resonant frequency, 

inversely proportional to the tube length. Thus,  the minimum time required to 

scan one free spectral range is independent of tube length but depends only on 

the amplitude of the drive voltage and the Q of the FZT tube. To minimize the 

decrease in Q, by the holding structure, the tube mirror assembly is held at the 

center of mass, which is a mode of vibration, by a nylon ring which is clamped 

securely to the tube. A complete assembly is shown in Fig. II-2. Experimentally, 

it is found that only for short tubes (on the order of 3 cm length, or less) does 

the clarrping ring significantly decrease the Q of the FZT element. On the other 

hand, long FZT tubes (on the order of 7.5 cm or longer) are undesirable since it 

is difficult to hold good alignment and spurious resonant modes tend to be excited. 

The choice of tube length is essentially a compromise between a decreased Q value 

with short tubes and difficulty of maintaining alignment with long tubes. We find 

a tube of approximately i| cm length and a resonant frequency of kO  to 50 kHz is a 

good compromise between these two conflicting factors. 

The primary factors which determines the static (i.e., non-scanning) finesse 

of the interferometer are (assuming perfect alignment of the optical flats): 

Ik 
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Reflectivity Finesse n/R/l-R 

.  l 
FQJ    =    Surface Figure Finesse - | 

FD = Diffraction Finesse    ■ 2D2/X 

(II-5) 

where;  R = Mirror reflectivity 
SF = Mi rror surface figure in wavelength units 
D = Aperture diameter 
X = Wavelength of incident light. 

Because it is a property of the optical flats, FgF in the limiting finesse", 
i.e., if the plates are flat to \/50, the maximum instrument finesse is 25. 

The dynamic (i.e., the scanning) finesse is degraded by inertial bowing of 
the moving plate which essentially is a decrease in the surface figure of the 
plate. An estimate of the.  magnitude of the bowing can be made using the results 
of Cooper and Greig (Ref. II-3). Consider a quartz plate 2.5 cm in diameter 
and 0.95 cm thickness (such as are used in the experiments) which has its out- 
side edge rigidly attached to the end of a thin-walled, cylindrical tubs. The 
tube length is chosen to resonate at 50 kHz and the maximum axial disp]icement 
of the quartz plate is 2.5 \  (i.e., 5 fringes are scanned on either sido of the 
equilibrium position). The decrease in surface figure over a 0.2 cm diameter 
aperture is approximately X./60 and the finesse due to this factor alone is 
approximately 30. 

The total instrument finesse is given by: 

(*feF t (Fi)2 ^R2 •SF 

(II-6) 

where for a scanning interferometer Fgp is determined by the mirror surface 
figure with no scan and the inertial bowing of the mirror while scanninp.  In 
practice, the interferometer aperture is sufficiently large to make the diffrac- 
tion finesse negligible. A plot of the interferometer finesse as a function of 
mirror reflectivity with the mirror surface figure as a parameter is shown in 
Fig. II-3. It is apparent that for mirror reflectivities less than approxi- 
mately 70 percent, the total instrument finesse is determined largely by the 
mirror reflectivity and the reduction in finesse due to bowing is important 
only for mirror reflectivites greater than approximately 85 to 90 percent. A 
lack of parallelism in the movement of the plate also results in a decrease in 
the instrument finesse. The difficulty of securely holding long FZT tubes, with 
a resulting decrease in parallelism between the interferometer plates made the 
long tubes unsuitable for use in the fast scan interferometer. 
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The complete tube-mirror assp' Uly is mounted in an angular orientation 

device which has differential micrometer screws for precise angular co »1 of 

the assembly relative to the second interferometer mirror held in a specially 

designed mirror mount. Ihis second mirror is mounted on a prevision transla- 

tion stage which allows control of the mirror spacing (and thus the interfer- 

ometer free spectral range) to better than 1 micron. Photographs of the com- 

plete interferometer is shown in Figs. 11-h  and II-5. 

o 
Initial testing of the interferometer was done at 6,328 A wavelength using 

mirrors coated for 85 percent reflectance. The interferometer parameters of 

interest are: time to scan one free spectral range, free spectral range and 

finesse. 

The time to scan one spectral range, or the scan time, is measured using 

the experimental configuration shown in Fig. II-l. Initial alignment of the 

interferometer (with no scan voltage) is done by adjusting the plate parallelism 

for minimum fringe width. The ground glass piece is then removed and the viewinr 

screen replaced by a PIN photodiode. The photodiode output and the FZT drive 

voltage are displayed on a dual channel scope. A number of free spectral ranres 

are scanned during each half cycle of the drive voltage and a typical display 

of the interferometer output is shown in Fig. II-6. Each spike represents a 

scan of one free spectral range and the spacing between the spikes is the scan 

time. The FZT resonant frequency is easily determined since it results in 

scanning the maximum number of free spectral ranges for a given drive voltage 

and a fine frequency adjust is made by varying the drive frequency until the 

interferometer output is in phase with the FZT drive voltage waveform. Increas- 

ing the drive voltage amplitude increases the number of free spectral ranges an! 

decreases scan time. A plot of the scan time as a formation of the peak drive 

voltage is shown in Fig. II-7 where a 33 V peak drive resulted in a 0,57 -^ec 

scan ti.ne and the corresponding resonance frequency of the 3-81 cm long FZT 

element is U8.2 kHz. The interferometer output at the 0.57 usec scan time jj 

shown in Fig. II-8 where the nonuniform height of the interferometer output 

and the decreased finesse at the edges of the scan region are evident. These 

effects, which are evident only at the higher drive levels, could be due either 

to bowing or tilting of the moving interferometer mirror. However, maximum 

finesse is achieved over approximately five free spectral ranges and this is 

adequate for the dye laser frequency sweeping experiments if proper synchroni- 

zation between the FZT drive voltage and the dye laser pulse is provided. 

The mechanical "Q" factor of the interferometer can be estimated by com- 

paring the drive voltage required to scan one free spectral range with a low 

frequency drive compared to that at the resonant frequency. A low frequency 

scan requires 890 V while only k  V are required at resonance so the "Q" factor 

is approximately 223. 
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The interferometer plate spacing, and thus its free spectral ranr^ is deter- 
mined by examination of the resultant fringe pattern, which is formed when the 
interferometer aperture is illuminated by a spatially broad but monochromatic 
light source, such as is shown in Fig.  II-9.    A ray incident on the interferometer 
at an angle 9 is broken into a series of parallel transmitted rays and a lens  is 
required to bring these parallel rays together for interference.     The condition 
for reinforcement of the transmitted rays is given by 2d cos  9 = mX, where d is 
the plate spacing,  9 is the angle of the incident ray, m is an integer and \ is 
the wavelength of the incident light.    This condition is satisfied by all points 
on a circle in the focal plane of the lens.    A second, adjacent fringe will 
appear when 2d cos 9'  =  (m + 1)X and the plate spacing can be determined by 
taking the difference of the two equations and solving for d.    The result is 

d    = 
2(cos  9 - cos  9') (II-7) 

Use the small angle approximation cos 9 = 1 - 92/2 and substitute 9 ■ r/f where 
r is the radius of the fringe in the focal plane of the lens of focal length f. 
The result is: 

d = 
f2X 

(II-8) 

Thus, by measuring the radius of two successive frings in the lens focal plane, 

the interfereometer plate spacing and thus its free spectral range is determined. 

A convenient monochromatic source is the He:Ne laser beam incident on a 

ground glass screen placed between the laser and the interferometer. A resultant 

fringe pattern is shown in Fig. 11-10. For interferometers with a large free 

spectral range, which corresponds to a small plate separation, the radius 

difference between successive fringes becomes large and obscuration of the second 

order fringe by the mirror holder, etc., beomces a problem. It is then necessary 

to increase the plate separation by a known amount until a number of fringes ere 

visible, determine the new plate separation from this fringe pattern using Eq. 

(II-8), and subtract the known increase in plate separation to determine the 

original separation. This procedure is necessary for a free spectral range 

larger than approximately 30 A. 

Using this technique, the free spectral range jf the interferometer used to 

obtain the data shown in Flg. II-7 was measured to be 58 Ä at 6,328 2 wavelength 

(or 67 Ä at 5>900 A) and free spectral ranges to 200 A have been measured. 

Another convenient method of measuring the free spectral range is to view the dye 

laser output using a spectrometer when the interferometer is intracavity to the 

laser, and this method will be discussed below. 
2h 
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2.3 Dye Laser Frequencj Sweep Experiments 

The  experimental configuration used in the dye laser frequency sweep experi- 
ments la shown in Fig. 11-11. The dye laser head consists of a Candela CL-100E 

coaxial flashlamp excited by a low inductance irive circuit consisting of a 0 3 

uf capacitor and a triggered spark gap. A typical current drive pulse is 2 usr- 

(n/HM) with a 50 J input to the la- . The input was limited to 60 J although 

the lamp was designed for a maximum of 100 J. A 10"^ molar solution of ifcodamlM 

b Q in ethanol was circulated through the flashlamp at a flow velocity of approxi- 

mately 15 cm/sec. The lamp PRF was limited to one pulse every 10 sec to allow 

for complete removal of the thermally heat dye and cooling of the discharge lamp 

between pulses. The laser cavity consists of a 1 m radius maximum reflecting 

mirror adjacent to the laser head, and a flat output rt.irror of either 30 percent 
or 80 percent reflectivity and a mirror spacing of 60 cm. 

The diagnostic instrumentation used to examine the laser output consistpd 

of a high-speed PIN photodiode, a Fabry-Perot interferometer and a Jarrell Ash 

1 m spectrometer. The diagnostic interfereoraeter consisted of either a 0 05 mm 

thick solid etalon (free spectra^range 25 ft or an air etalon with a free ' 

spectral range adjustable to 100 A. The interferometers are used for a quick 

check of the laser lin^idth and to determine frequency sweeping by observing 
broadening, or complete disappearance of the fringe pattern. 

The dye la.-.er pul^e and the FZT scan voltage are synchronized using a dual 

pulse generator with a coarse time delay continuously variable from 0 to 10 mse^ 

Heating of the PZT tube, and therefore possible misalignment of the scanninr 
interferometer is prevented by gating the audio drive voltage for a 10 msec 

duration. The dye laser pulse is delayed to occur near the'end of the drive 

pulse to assure the PZT was in a resonant condition. An additional fine time 

delay control allows the dye laser pulse to be positioned at the peak of the iTT 

drive voltage to assure maximum finesse and minimum scan time of the interfer- 
ometer (see Fig. II-8). 

With no intracavlty scanning interferometer and a 30 percent output mirror 

the laser output energy was approximately 50 mJ with 60 J input to the flashlamp 

A wavelength spectrum and a time display of the laser output, also with no Intra- 

cavity etalon are shwn in Figs. 11-12 and II-I3, respectively. The laser line- 

width is approximately 200 X centered near 5,900 *, and the pulse width is 
approximately 0.5 U3ec (FWHM) and 1.5 usec base width. 

Initial operation with the interferometer intracavity to the dye laser ihoNe 

that 35 percent (at 5,900 Ä) mirrors resulted in a high laser threshold and a 

corresponding low output energy.  The laser operation was found to be satisfab- 

using 50 percent interferometer mirror and an 80 percent reflectivity output mirr 

Witn the intracavity interferometer, the laser output pulse width was essentially 

2? 
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unchanged from that with no interferometer and the energy output was reduced to 

5 to 10 mJ. The corresponding wavelength spectrum of the laser output is shown 

in Fig. II-lU where the interferometer was adjusted to have a free spectral 

range of approxitrately 30 A and approximately 60 ft (measured using a He :Ne laser 

and observing the resulting fringe pattern) in the top and bottom photographs, 

respectively. The dye laser output occurs at the multiple peaks of the inter- 

ferometer transmission, as is expected, and this measurement is a convenient 

method of determining the interferometer free spectral range. Increasing the 

free spectral range further resulted in the spectrum shown in the top photo- 

graph of Fig. 11-15. This result demonstrates that a single, low finesse 

intracavity etalon is adequate to substantially narrow the operating linewidth 

of the dye laser output. Tuning of the laser output by applying a dc voltage to 

the KT element of the interferometer, also shown in Fig. 11-15) demonstrates 

the etalon finesse is adequate to control the laser frequency. A quick check on 

the approximate linewidth of the laser output, and whether it is operating single 

or multiple line, is also made by viewing the diagnsotic interferometer output; 

examples are shown in Figs. II-16 and 11-17. 

Experiments were continued to verify frequency sweeping of the dye laser 

output with a voltage, at the resonant frequency, applied to the KT element. 

The experimental procedure is to adjust the free spectral range of the intra- 

cavity scanning interferome-cer so that the laser output is in a single narrow 

wavelength range typically 20 A or less. The drive frequency to the FZT ele- 

ment is then adjusted by passing the output of a He:Ne laser through the dye 

laser output mirror and interferometer. A removable glass slide beam splitter 

defects the beam to a PIN photodiode. The frequency adjustment, which was des- 

cribed in the previous section, is done with a pulsed drive voltage to prevent 

heating, and therefore misalignment, of the interferometer. The beam splitter 

is then removed. Synchronization of the dye laser and the PZT drive voltage is 

accomplished by viewing the laser output using a PIN photodiode and the FZT 

drive voltage on a dual channel scope and adjusting the relative time delay so 

that the laser pulse occurs at the peak of the drive voltage waveform. Synchroni- 

zation to approximately 0.5 usec is possible. 

Evidence of sweeping the dye laser output by viewing the diagnostic inter- 

ferometer output is shown in Fig. II-18 where the voltage indicated Is the peak 

drive to the scanning interferometer PZT element. These photographs do not con- 

clusively prove frequency and a more positive indication is given by observing 

the spectrometer output; an example of which is shown in Fig. 11-19-  The laser 

output with and without a drive voltage to the FZT element are shown in the top 

and bottom photographs, respectively. With a drive voltage thg laser output is 

scanned approximately 50 fi and a scan over greater than a lOO A wavelength range 

is shown in Fig. 11-20. The latter photograph illustrates the fact that the scan 

does not necessarily begin or end at the wavelength of the laser output with no 
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drivL voltage. The reason for this is primarily due to a time difference 

between the taking of the two photographs during which the center bandpass of 

the interferometer can change part is also due to synchronization between the 

FZT drive voltage and the laser pulse. 

The primary problem encountered is the laser output is not swept over a 

complete free spectral range although the scan time, as compared to the total 

pulse width, indicates it should be. A good example of this incomplete fre- 

quency sweep is shown in Fig. II-19 where the spacing between laser output at 

two wavelengths indicates the interferometer free spectral range in approximately 

150 Ä (verified by measurement using the He:Ne laser) but the laser output is 

swept over a 60 Ä wavelength range. A careful examination of the laser output 

pulse width shows it to be essentially unchanged from that with no sweep. The 

result implies ■ehe scan time of the interferometer needs to be somewhat less 
than the halfwidth of the laser pulse. Attempts to verify this by lengthening 

the laser pulse width (by widening the flashlamp pulse width) resulted in a very 

low laser output and no conclusive results were obtained. 

Pn unusual type of spectrum which again Illustrates that the experimental 

results are not completely understood, is shown in Fig. 11-21 where the output 

consists of an unswept and two swept parts. The laser may have operated simul- 

taneously or in time sequence in these various modes and time resolution using 

a streak camera could resolve these differences. The other interesting aspect 

of the spectrum shown in the top photograph is the spacing between the two 

swept portions of the spectrum are separated by approximately 250 Ä which is well 

beyond the 150 A free spectral range of the interferometer. 

In conclusion, the most promising techniques to rapidly frequency sweep 

the output of a pulsed, flashlamp pumped dye laser was Judged to be a resonant 

driven air spaced Fabry-Perot interferometer. Such an interferometer was con- 

structed and initial tests revealed that it is possible to scan one free spectral 

range in approximately 0.6 |j,sec with a peak drive of 30 V at U8 kHz. A free 

spectral range to 150 A has been achieved and 200 A is believed to be the practi- 

cal limit. Testing of the fast scan interferometer intracavity in a dye laser 

showed it is possible to scan the output over greater than a 100 A range during 

a single pulse (0.5 usec FWHM and 1.5 usec base width). The linewidth of the 

laser output with no scanning is typically 20 A; however, with addition of a 

second etalon could be narrowed to approximately 1 A. To achieve a narrow 

instantaneous linewidth durina: scanning would require a second scanning etalon 

or other narrowing scheme. This will be the object of further work.  It -ppearr 

feasible to obtain 100-200 resolution points. 
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SECTION  III 

HIGH ENERGY VORTEX STABILIZED FLASHLAMPS 

3.1    Introduction 

When energies  greater than 225 joules  are  discharged in the present vortex 
stabilized flashlamp there  is a good chance of producing a catastrophic rup- 
ture of the thick walled fused quartz containing vessel that confines the gas 
vortex and arc.    One  proposal considered to allov for higher discharge energies 
was to remove the quartz containing vessel and  its  surrounding grounded cage 
return in the present  lamp and produce a vortex along the electrode axis by 
a tangental injection of gas  along the diameter of the  laser pumping cavity- 
sphere.    With this  scheme the  intense shock wave  produced by the arch dis- 
charge would be more easily dissipated by the  larger volume of the sphere. 
In addition to allowing for higher discharge energies,   it was thought that the 
unconfined vortex could stabilize the discharge with a much smaller flow of 
gas because of the removal of the gounded cage return that  closely surrounds 
the present arc.    A  prototype rig to test the  unconfined vortex was  constructed 
from spare parts  and has been described  in a previous UARL technical proposal.(Ref.   III-l) 
Pressure measurements made  in the sphere and discussed in the proposal 
demonstrated the ability of the gas  injection scheme to produce a good vortex 
and corresponding pressure drop along the  interelectrode axis.    The present 
discussion will be  concerned with tests  and observations made on different 
arc  discharges  in the prototype rig with gas  flow rates  up to 36I of that 
used  in the present vortex flashlamp. 

3.2    Arc Discharges   in Test Rig 

The  lower electrode that extends  1.25 cm inside the bottom of the 
reflecting sphere was  electrically Insulated from the adjacent sphere on the 
outside with a lucite annular disc.    Internally several schemes were  used to 
Insulate the  lower electrode from *-he grounded sphere to which the upper 
electrode was   connected.     Initially a glass  dish was  constructed as a bowl 
with a stem that surrounded the  lower electrode about  1 cm away and was   cemented 
in pla^e with RTV.     The breakdown of a small capacitor between the electrodes 
when using pure Argon produced a discharge that  jumped the  can gap to the glass 
dish and spreading  in many directions ran  up the side of the dish to the sphere. 
A few different  insulating glass  collars were tried and had only marginal 
success.    The  upper electrode was then insulated from the sphere along the 
supporting struts that run the diameter of the sphere.    The sphere was  allowed 
to electrically "float".    Even with the  latter arrangement the discharge would 
occasionally go up the walls of the sphere and along the struts.    The dis- 
charging along the surfaces  Instead of between the electrodes was eliminated 
by the addition of about % CO    eas to the Argon flow.    With the Argon/C0 
gas mixture the glass   collars and dish could be eliminated and the discharge 
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took place betveen electrodes.    The discharge,   hovever, wao  highly unstable 
as  shown by Fig.   III-l which is a photo of several discharges.    The discharge  or 
arc instability was  present even at the maximum allowable  15 psig inlet pressure 
on the vortex jets.    This  corresponds to a gas  flow rate of 1.8 i/sec  (measured 
by a Fisher-Porter  flow-meter) as  compared to 5 l/i  for the present vortex 
lamp.    From previous  data on the pressure drop at the electrode axis,  a flow 
rate of 1.8 l/l  gives  only a 2,9ft drop in the total pressure  (or gas  density) 
on the electrode axis   in the prototype rig.    To obtain^he  37^ drop  in total 
pressure which was  measured in the present vortex lamp    (Ref.   III-2) would require a 
flow rate of about 7    /s for the prototype rig.    The  inlet pressures required for 
this  flow are too large for the present test rig and its  connecting tubing. 
To obtain these flow rates the prototype would require larger diameter  inlet 
jets and a sturdier attachment of the two hemispheres to support the increased 
pressures. 

There is no reason to believe that higher gas flows would not stabilize 

the arc in the prototype as in the present vortex lamp. The advantage for the 

unconfined vortex alone to stabilize the discharging arc at slower flow rates, 

howsver, does not seem realizable in view of the present result?. 

3-3 Arc Stabilization at High Repetition Rate 

An interesting observation was made when the CO additive gas was replaced 

by N . With 5 to 10$  Np mixed in with the Argon flow the discharge was unstabil 
as usual for the first Tew shots and then would run at a high repetition rate 

as a relaxation oscillator. The discharge would appear to "lock on" to the 

interelectrode axis as it broke into high repetition rate operation. 

Observation of the light output with a photodiode indicated a nearly perodic 

discharge rate at about 200 Hz. This agrees with the RC time constant of the 

discharge capacitor. The repetitive "locked on" discharge was quite stable 

along the electrode axis except for a small reoccuring wiggle of insignificant 

magnitude. Figure II1-2 shows a typical example of the discharge locking on to 

the electrode axis.  In this photo 2  unstable discharges took place before 

the system locked on to the axis. The unstable discharges take place betwpen 

the edges of the electrode exit holes while the stabilized high repetition 

rate discharge continues far down into the exit holes. It was also observed 

that the high repetition rate discharge would remain stable for gas flows as 

low as a few tenths f /s. 

The stabilization of the arc discharges at high rather than low rep. 

rate means that a dc discharge would also be stable on the interelectrode 

axis. This idea was tested by removing the discharging capacitor and indeed 

found to be true. The dc discharge could be used as a guide or sustainer 

current to stabilze a large pulsed discharge from a capacitor. Figure III-3 
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a schematic of the circuit used to test the guided discharge idea. As shown 

in the schematic, a series spark gap is placed In the flashlamp circuit to 

isolate the discharge capacitor since the sustalner brings the anode essentially 
to ground potential. The power supply for the sustalner is isolated from the 

main discharge »Ith a 20 kv diode rectifier chain. To hold the sustalner 

current to reasonacle values a 5 Mr resistance is placed in series with the 

power supply. A trigger pulse was also connected in parallel to the flashlamp 
for initiation of the dc discharge if needed. Figure 111-h  shows a picture of the 

sustalner discharge. Optimum Ar/N mixture ratios for easy ignition of the 

sustalner were between 2 and %  N in Ar. For an unknown reason the ignition 

voltage of the sustalner was quite variable and could He anywhere between 12 

and 18 kv. Flow rates required for stabilization were as low as a few tenths 

Us.    It was interesting to note that the sustalner could not be ignited in 
Ar/C0^ mixtures. Figure III-5 shows a picture of 117 J discharge dumping into th*» 

dc sustalner arc. The discharge, which is guided by the sustalner, is straight 

and on the axis of the electrodes as desired. 

The possibility for using the stabilized sustalner discharge for repetitive 

lamp firings was tested cut by placing another capacitor and series spark gap 

combination in parallel with the capacitor and spark gap in Fig. TII-3. Using a 

delayed trigger generator the two spark gaps and hence the two capacitors could 

be fired sequentially with time intervals adjustable from 10 to 10  sec. The 

stabilization or straightness of the two discharges was observed visually 

through a devise red filter. The criterion for the stabilization of the seconi 

arc discharge was the allowance of sufficient time for the dc sustalner to 

reform and stabilize itself. Figure ITI-6 shows a photo of two discharges triggered 

1 sec apart. In this Instance both discharges are stable. Wher the time 

interval is reduced to 0.1 sec and 0.01 sec the second discharge becomes 

highly unstable, appearing to follow streamers sent out by the sustalner 

trying to reestablish itself along the axis. A typical photo of the sequential 
discharges with a 0.1 sec interval is shown in Fig. III-7. The gas flow rate ur-ni 

for these tests was tbotlt 0.8 l/i,  117J was discharges on the first shot and 

20^1 on the second.  If the sustalner voltage was reduced after ignition to 

between 10 and 12  kv the sustalner would be blown out by the first discharge 

and this would prevent the second discharge from occuring.  It appears, then, 

that the large pulsed discharges are disrupting the vortex for periods in the 

order of a few tenths of a second. The interruption period could probably 

be reduced with much larger gas flow rates. Figure III-8 shows a photo of two 
discharges with a 1 msec time separation. In this instance it appears like 

the discharge is diffusing over to the sphere at the bottom electrode. 

To test the unconflned vortex lamp at a high repetition rate an external 

spark gap was connected In series with a .02 ßf  capacitor and the flashlamp. 

With 2 J discharges and gas flow rates of .3 I/s  1* was observed that the arc 
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vas  highly unstable for repetition rates  up to 100 Hz.    Above  100 Hz the arc 
vould occasionally lock on to the interelectrode axis  for a brief moment and 
then   nip back to the unstable state as before.    The arc stabilization is not 
a continuous process as  one might expect, but instead the arc vould randomly 
break in or out of the stabilized condition.    By the time the repetition rate 
vis   increased to 150 Hz and beyond the arc remained stable  practically 1007o 
of the time.    The reason for the tvo discrete states  of arc  stability is not 
fully understood at the present time, but might have something to do rfith 
the establishment of a steady state operating condition vith the vortex and 
the production of hot gases and residual ions. 

3.U    Conclusions 

It has yet to be demonstrated that the unconfined vortex flashlamp will 
stabilize i high energy discharge at gas  flov rates as  large as that used 
for the present flashlamp.     Hovever,   from vortex pressure measurements  previously 
made there  is no reason to believe that the arc cannot be stabilized at high 
enough gas  f lovs, the estimate being Jl/l  f« the required flov.    This removes 
one of the advantages hoped for in the unconfined vortex design,  hovever. 

It vas  demonstrated that high energy discharges  could be stabilized at 
flow rates as  low as a fev tenths  I/a vith a dc sustainer operating betveen 
the electrodes.    The sustainer stabilization was good only for repetition lover 
than 2 Hz.    For higher repetition rates the sustainer did not have time to 
reestablish itself.    This  condition might be improved vith larger gas  flovs. 
The most interesting results vere obtained when 2J arc discharges vere run 
at repetition rates  greater than 150 Hz with an external spark gap.     In this 
case the arc self stabilized even though the gas flov was  quite small. 

In inclusion, then,   if one wishes ^o opt for a large single pulse energy 
at  lovpr repetition rates   (e.g.   500 to 1000 J input at  10 to 20 Hz) to reach 
a specified average laser output with the present size geometry,  the unconfined 
vortex design has good promise.    To use this  iesign the spherical laser pumping 
CftVity would have to be ruggedized to withstand the large  shock waves generated 
by the  discharging arc.     In addition, the gas flow requirements  may be higher 
than in the present system.    A principal advantage of the high single pulse 
energy,   low repetition rate operation would be the elimination of the dye 
change over problem one has at the higher repetion rates. 
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SECTION TV 

Optical Spectral Measurements On An Unconfined Arc Discharge 

h-.l  Introduction 

There have been several reports made in the recent literature (Ref. IV-3) Of 

flashlamp pumped Jye lasers vhose electrical input to laser output efficiency is 

2 to U times larger than vhat we observe with our vortex lamp system and what 

many others have observed vith their conventional flashlamp dye lasers. Since 

the pumping geometry and dye solutions have been fairly well characterized, 

a most likely place to look for an improvF.raent in efficiency in our system is 

with the arc discharge. The optical radiation from the vortex stabilized arc 

that uses an argon, CO gas mixture has been analyzed in part by M. E. Mack 

(Ref. TV-U).  In particmlar Mack measured a 13$ efficiency for electrical input 

to optical output. In addition, measurements have been made in a test lamp 

comparing argon and xenon with additive gases by measuring the fluorescence 

output of an irradiated dye solution (Ref. IV-5). 

In order to gain a better understanding of the radiation properties of the 

unconfined arc, however, and how these properties depend on gas comoosition and 

electrical parameters, we built a pulsed arc lamp that could be evacuated and 

filled with different constituent gases. Absolute spectral irradiance data Ifl 

then taken for different gases and gas compositions with a calibrated spectro- 

radlometer.  In the next few sections we will describe the arc lamp used for the 

measurements and the calibration of the spectrometer and detector used for the 

irradiance measurements. We will then describe the initial measurements made 

with the system, discuss some of the problems encountered, and then define future 

measurements to be made with the system. 

^.2 Experimental Set-Up 

A 6 cm cap, arc discharge lamp was constructed from a 6 inch high by k  inch 
Id heavy wall pyrex tube and sealed with aluminum end caps to which electrodes 

were attached. A two inch id pyrex tube that has a demountable fused quartz 

window was attached to the side of the arc chamber to allow for observation of 

the arc light at right angles. A portable gas handling system was built to 

evacuate and fill the arc lamp with different gases. The top and bottom end 

plates to which the electrodes are attached are connected by a strip line to a 

2 uf/25kV low inductance capacitor. The capacitor is discharged in the arc lamp 

by a third electrode trigger that runs coaxially down the center of the upper 

arc electrode. A Rogovski coil is placed around the return lead to the capacitor 

to monitor the current. The discharging arc is far enough from the walls of 

the pyrex chamber to be unrestricted, but no means has been provided for arc 

stabilization. The arc lamp was then placed 2.26 meters away from a diffuse 
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reflecting screen that was  coated with Eastman high reflectance paint.    Black 
velvet  cloth was  placed between the  lamp and screen to prevent reflected light 
from illuminating the screen.     In addition,  a large stop with a slit aperture was 
placed  in front of the  lamp so that only a 2.65 mm segment of the arc would 
uniformly Irradiate the screen. 

A  Jarrell Ash ■£■ meter monochromator was  then placed 72  cm from the  screen 
at an angle of 12    to the  centerllne between the arc and screen so as  not to 
block the  illumination from the arc.    The  Input of the monochromator,  therefore, 
intercepted a fixed solid angle of light from the screen.    A  photomultiplier 
detector that  is  sensitive from 200 to TOO nm, was  placed at the  output of the 
monochromator.    Using a standard lamp to Illuminate the screen at a known distance, 
the monochromator and detector response could be calibrated for a known spectral 
irradiance  in watts/cm -nm on the screen.     It is  important to take  irradlance 
measurements  from a screen rather than direct radiance measurements  from the  lamp 
in order to illuminate the monochromator's grating and detector's  photocathode 
in the same manner with both the standard lamp and the arc  lamp.     In particular, 
it was  found by sweeping a He-Ne  laser spot around on the screen that the mono- 
chromator and photodetector is   Indeed sensitive to the direction of a localized 
collection of light.    A 200 watt  iodine quartz  lamp with a regulated power supply 
and high accuracy ammeter was  used to calibrate the system (Ref.   IV-6).    The calibration 
accuracy was  estimated to be  12^.  (Ref.   IV-7).    For light attenuation ind spectral 
blocking that was required at  certain wavelengths k neutral density and 6 color 
filters were  calibrated throughout the spectrum.    A calibration between IJKJ \i* and 
2S Lirn monochromator slits was  also made to allow for a higher degree of attenuation 
when using the arc lamp. 

1+.3 Effects  o: Additive Gases 

Current measurementF  taken when thp   capacitor  is  discharged  into the  arc 
lamp  show an underdamoed  circuit that  rln^  for  5  periois.     The  time  for the 
first  period was  ^.3 LLS  and each successive  period becomes  slightly shorter since 
the arc acts  as  a non linear circuit element.    The total circuit  inductance of 
the arc   lamp,  as  determined  from the ringinp frequency,   is  2?7 nh.     The vortex 
stabilized lamp,  on the other hand,   has an inductance of 155 nh and correspondin^iy 
is much better damped.    Besides  arc stablliation,  the discharge  dampening 
represents a major difference between the two lamps so that conclusions  drawn 
from the measurements  on the  unstablllzed arc  lamp may not,  exactly carry over 
to the vortex lamp. 

If the arc  lamp Is  filled with 1 atm. of pure argon after filling and flushing 
several times   it will self discharge at around 9kV or 8]J discharge energy.    On 
the other hand,   if 50 to 100 n. torr of residual gases  like air or N    is  left  in 
the  lamp    before filling with argon the self breakdown voltage will be  increased 
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to 16 kV.    This allows us to trigger the discharge with the third electrode for 
lower voltages.    All of the measurements reported here were taken at  lU.2kV wuich 
corresponds to 20?. J dis-harge energy.     It was noticed that the output from the 
arc  lamo with one atmosphere of argon was  sensitive to the amount of the residual 
gases .    Figure IV-1 shows a plot of the time  integrated light output at 270 nm on 
a relative scale vs the partial pressures  of CO    and SF. in 1 atmosphere of arpon. 
With more than 6 torr partial pressure of CO   the  lamp Became very difficult to 
trigger.    Triggering difficulty arose after about 200 m torr of SF6 due to the 
high breakdown strength of this gas.    With nitrogen, which has  a  lower hold off 
voltage than SF, but about the same as  C02, we could add up to 70 torr a;,    hown 
In Flg.   IV-3 an^ still trigger the  discharge.    The results shown in Figs.  IV 1-3 
demonstrate the Importance of the additive gas not just to give better voltage 
hold off characteristics but also to Improve the light output from the  lamp.    A 
factor of 2  in light output  is   clearly seen from these results.    Figure IV-2 shov?, 
results  similar to Fig.   IV-1 for CO    except the observation wavelength is 500 nm. 
The  Increase in the light output wich the additive gases, therefore,   is probably 
spectrum wide.    The mechanism producing the increase  in light output with the 
additive gases   is not understood at the  present.    Additional research along this 
avenue  could lead to more  improvements'   In the overall lamp output. 

It.b Spectral Measurements 

The photomultlplier detector  used to measure the spectral irradiances was 
current  limited at about 0.15 BÄ.    This means that we are  limited to the detection 
of low  light levels  In pulsed operation at the rate of about  10    detected photons 
per usec.    As a consequence, we had to attenuate the reflected arc  light from 
the screen at the input to the monochromator by factors ranging from 30 to 100. 
The  current output from the photomultlplier is  Integrated to produce a voltage 
signal on a capacitor.    The peak voltage, which can be related to the total 
charge generated by the photomultlplier,  is then sampled by a sample-hold 
circuit that  is  synchronized with the  discharge pulse.    The  crpacltor voltage is 
then read by a digital voltmeter. 

The arc lamp output was  found to fluctuate with a standard deviation of i0..v 

about an average value for a given discharge energy and wavelength.     Standard 
deviations  no greater than 2% could be expected from the sig.ial statistics.    A 
multiple exposure photo of the discharge  current scope traces   Indicated that 
the  current  is  consistent from shot to shot; but a multiple exposure    photo from 
a photodiQde that could monitor the time response of the arc  lamp  light indicated 
that the fluctuations were prinicpally due to the generated  light output.    This 
could possibly be due to the  fact that the arc  is not stabilised and has a 
slightly different path length for each discharge. 
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N921617-5 FIG. 11-2 
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To obtain a data ooint at each wavelength ten shots were averaged together. 
Figure Vl-k shows the results of measurements  of the time Integrated  Irradlance on 

the BCTtta from the arc  lamp In nj/cm -nm.    From these results we see that the time 
Integrated output  from xenon In the unconflned arc  li  larger than that for argon. 
This  Is  particularly true  in the uv where the  output Is thre0 times  u  great. 
In ehe wavelength Interval of 1+50 nm to 550 nm,  whicn corresponds to the  principle 
rhodamlne 6G pump band,  xenon emits about  jk^o more  light energy.    There  Is  a 
catch to this output,   however,  as we can see from Fig.  IV-5 which shows the time 
response of the 200J pulses  in xenon and argon as "taken with a photodlode with 
an 8-5 wavelength response.    The peak height  of the xenon pulse given on the  first 
current swing is  only about  30/0 higher than the peak height of the argon pulse. 
The peak intensity of the xenon is  considerably less than one would expect  for 
the uv and visable responding photodlode based on the Integrated output.     It   is 
notices,   however,  that the xenon puts out  considerably more light intensity In 
the succeeding current swings of the under damped discharge and consequently more 
Light energy. 

The area  under the argon curve  in Fig.   IV-U represents the energy emitted by 

O.265 cm of the arc  in a solid angle of l/R    where R is the distance from the 
arc to the screen.     Since the arc can be approximated as a lineal source at the 
distances  used,  we  can estimate the total light energy emitted hv th* irr hv 
multiplying the area under the argon curve  in Fig.   Tf»k by the ratio of the total 

solid angle of a Lambertlon emitting lineal element  (TT ) to the solid angle  from 
the arc to 1 cm2 on the screen  (l/R-) and the ratio of the length of the arc 
(6 cm) to the aperture height  (265 cm).    This  gives 26.3 J for 202 J electrical 
Input or an efficiency of 13^.    This agrees with Mack's  calorir^tric measurements 
in Ref.  Tf-k. 

Using the average time of the pulses  from Fig.   IV-5 jwe can determine the  spectral 
irradlance  (H^)  of the arc  lamp on the screen in Watts/cm -nm.    With this   data 
we  can then determine the spectral radiant  intensity per unit  length for the  arc 
(j> )  in Watts/ster-nm-cm by dividing HX by the solir, angle from the arc to 1 cm 
on the screen and by ihe aperture height.    Figure  1^-6 shows the peak spectral 
radiant intensity of xenon and argon.    Only for wavelengths "horter than  320 nm 
is xenon significantly more intense than argon.     The broken li.ie in Fig.   IV-6 
shows for compai ison the spectral radiant  intensity of a 25,000"^ blackbody that 
has a diamete." of 0.7 cm.    This  diameter cor.icdponds to the arc diameter as 
estimated from photographs.    One can see that tne arc becomes  optically thin 
for wavelengths   in the near uv and approaches  a blackbody only in the red and 
Infrared. 

Fig're  IV-7 shows  a plot of the  light output energy of the arc at X500am vs 
the discharge energy for both xenon and argon.     As  one would expect the output 

is proportional to the  input energy.     In Fig.   IV-8 we have plotted the Ugbt  output 
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LIGHT OUTPUT OF ARC LAMP VS GAS PRESSURE 
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energy vs tJ  arc lamp pressure at constant rare gas to CO, ratio. Recent measure- 

ments on argon at pressures do^n to I1} torr indicate a steady fall off of light 

output with decreasing pressure. This leads one to believe that some of the lov 

pressure, vail stabilized xenon lamps reported in the literature (Ref. IV-2) are 

really ablating wall lamps with the aolation products contributing heavily to 

the spectral output and the higher efficiencies. 

t»5 Conclusions 

The spectral data comoaring argon to xenon corroborates previous results 

on the fluorescence measurements (Ref. IV-5); namely, that while xenon gives a 

larger light energy output its peak output power in the near uv and visable is 

not significantly greater than that of argon. Most of the increased light output 

comes from more light generated in the second and third current reversals of the 

underdamped discharge. As applied to the vortex lamp system this means that 

ve -ould extend the pumping pulse width by using xenon but could not obtain a 

very large increase in the peak pumping power at the visabie and near uv wave- 

lengths.  If the dye lasing does not terminate early from lack of triplet quenchinr 

or from thermo-optic distortion then one could expect an increase of about 30 

to c)0i  in laser energy output from using xenon instead of argon. 

Another interesting observation was the dependence of the lamp output on the 

amount and type of additive gases mixed with the argon. Anllker et al. (Ref. IV-1), 

who obtained 1.2^ laser efficiency, used ablating wall lamos that do not have 

a veil characterized gas composition; and Dzyubenko et al.  (Ref. IV-2), who cbtalnei 

1  5,75^ laser efficiency, used a low pressure (15 tcrr), wall stabilised xenon 

Lamp that undoubtedly must have had a considerable amount of ablating wall products 

in the arc as indicated by the reduced light output we observe with decreasing 

pressure. The amount and type of ablation products may be very significant in 

the light generation efficiencies. The measurement of the light generating 

capabilities with more and different gas species is an important area for future 

work.  In a review article Marshak (Ref. IV-8) also presented some experimental data 
on bounded arc, pulsed discharges that demonstrates enhanced output intensity 

with mixtures of 66^ xenon and 26$ HL. Marshak's data also demonstrates tY2 

saturation in the intensity of the arc with larger input power. In addit on to 

examining other additive gases, a hole could be drilled in the lower electrode 

for placement of substances that could be vaporized into the arc. 

At present the effectiveness of the uv light in pumping the rhodamlne 3 

dve solutions as compared with the visabie light is not clearly defined. The lamp 

filtering experiments described in section V of this report indicate the dyes uv pump 

band is not nearly as effective as the visabie pump band. An Important test that 

we hope to perform is to determine the fluorescence efficiency of the dye for varlojr 

input wavelengths out to 250 nm. This would, permit us to take a known or measured 

flashlamp spectrum and oulse shape to apply to a laser computer program now being 
developed for dye läse- output power. 
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SECTION V 

PASSIVE FILTERING 

C'.i Experiment and Results 

.novn^Ref^^n"06^ red^ine triPlet st*^  populations in laser dyes is well 
knovn (Ref. V-I).  Oxygen is one of the most effective triolet .+.+    V \. 
BI.«J *      t*  -u c±ic^Live Lripiet state quenchers for 
RhodaMne 6G but tests in the vortex flashlamp dye laser confirm the generally held 
view that it also drastically reduces the lifetime of the dye. Chemical triplet 

TpTf v'of^T^T r+
ep0rted' however' that "•« almost as effective as oxygen 

'  "V*  *,n 'lddltl0" the number of photobleached molecules generated by flashlami 

Xcher0' ^ S ^ ™^^ ^ ^ *** timeS  l0Wer With the *****  state 
lifetl ffijß «   "ir 0Xygen (Ref- V-3)- These resuIts are f^ther evidence of the lifetime degfading effects of oxygen. 

CpH« has been tested previously with Rhodamine 6G-ethanol in the vortex 
.Lashlamp dye laser with little success. Recent results in the literature (Ref. V-M. 
however, indicate that substantial increases in efficiency can be obtained even at 
high pump energies. Previous tests of the laser have also indicated that the laser 
P^lse is teminated by thermal effects primarily. Thus, the use of a triplet 
quencher could be of little value. 

Heating of the dye is the result of radiationless transitions from the second 
excited singlet state S2 to the first excited singlet state S,, from S, to the 
triplet state T  and a host of other transitions resulting from aosor^ion of the 
fluorescence by the population of T and subsequent relaxation of these excited 

"and"; .^V^1^ rP WaVele^thwouldte^epeakof theprimaryabsorption 
land at 530nm.  Because of the high effective color temperature of the lamp, 
most of the fluorescence is a result of the UV absorption bands which peak at 350nm 
275«. -d 2 Onm, and others extending to below 200nm. Ihese considerations raise 
the possibixity of simultaneously decreasing the thermal problem and increasing the 
9m -i XL.xt,ncy« 

CgHn added. 
Tests were made of the efficiency of a methanol solution of Rhodamine 6G with 
added. The dye cell was a double wall arrangement consisting of an 8 x 10 mm 

inner .ube containing the dye and an outer tube 13 x 15 mm coaxial with the seller 
tube. Suitable connections are made so that a liquid filter may be flowed in the 
space between the two tubes.  For the experiments described below the tubes were 
commercial grade fused quartz. 

The solution was k  x 10-U molar Rhodamine 6G and 2 x 10- .,   ,     -  -"^ molar C0H0 in ÜV 
grade methanol. Ordinary Kodak Rhodamine 6G chloride was used. Using8tge standard 
2^f capacitor to drive the lamp tests were made using various organic solvents in 
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the dye cell Jacket to vary the cutoff wavelength of the pump radiation. The mirror 

reflectivity was simultaneously optimized. During the lamp pulse the dye was not 

flowing but was allowed to ccme to thermal equilibrium as Judged from the appearance 

of a He-Ne probe beam passing through the cell and reflected from the 100$, mirror. 

Filter solvents used and their cutoff wavelengths were: methanol, 200nm; 

carbon tetrachloride, 26Cnm; orthodichlorobenzene, 295nm. These solvents selectively 

block light from the bands below 200nm, the 250nm band, and the 275nm bands re- 

specti ^y. At 100 Joules input energy to the vortex lamp the pulse energies for 

various cutoff wavelengths were: 200nm - 300 mlllijoule, 260nm - 360 millijoule, 

295nm - 300 millijoule. A typical output energy for the optimum de-gassed ethanol 

solution of Rhodamine 6G would be 250 millijouleß. The 0.36$, efficiency obtained 

is the highest ever obtained frcm this laser. Higher efficiencies may be obtainable 

from Rhodamine 6G tetrafluoroborate - CgHg solutions. 

At 225 Joules input energy to the flashlamp, maximum laser energy was 650 

millijoules obtained with a 30$ mirror and the 260nm filter. The output with the 

295nm filter was slightly lower and with the 200nm filter was 75$ lower than with 

the 260nm cutoff. This may be compared with results obtained in a related contract 

effort where 720 millijoules was obtained at 225 Joules input from an oxygen 

saturated Rhodamine 60 tetrafluoroborate-ethanol solution. 

Figure VI-1 shows the changes in shape of the laser pulse resulting from 

addition of CgHg and with changes in the cutoff wavelength. The pulse is clearly 

lengthened with addition of the triplet state quencher and optimization of the 

filter cutoff. In this connection it may be mentioned that a 2 x 10-3 molar 

solution of CgHp in UV methanol is transparent throughout the visible and cuts off 

at 200nm. 

In order to test the possibility for obtaining longer pulses a pulse forming 

network was made by adding a 3.6 ij,f capacitor in series with a small Inductance 

to the 2 jif capacitor normally used (in parallel). A small resistance was included 

in series with the inductor to prevent ringing and possible damage to the small 

3.6 uf capacitor. Figure V -2 show the resulting output intensity of the vortex 

flashlamp with a 10 10/ charging voltage. This amounts to a calculated maximum 

input energy to the lamp of 280 Joules. The laser output energy was k20 millijoules, 

It is seen that lasing is possible over extended pulses up to 5 p.sec. though with 

reduced energy in the tail. This is the longest laser pulse ever obtained with 

this laser. 

Tests using a Pyrex cell (cutoff about 300nm) 15 x 13 mm were made but were 

inconclusive because the concentration and cell size were not optimized. Using 

the same solution as for the tests above, maximum output energy at an input energy 

of 225 Joules was 350 millijoules using a 50$ mirror. 
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, • FIG.   V-i 

LASER PULSE WITH TRIPLET STATE QUENCHER 

8 (a) LASER PULSE (TYPICAL), 

RHODAMINE 6G IN 
DE-OXYGENATED ETHANOL, 

100 Joule INPUT, 
1/2 /isec/div 

(b) UPPER TRACE: LASER 

PULSE, Rh6G + COT, 

200 nm CUTOFF FILTER 

LOWER TRACE: FLASHLAMP 

INTENSITY, 100J, M2 mec/dw, 

(c) UPPER TRACE: LASER 
PULSE Rh6G + COT, 

260 vn CUTOFF FILTER 

LOV. ■''TRACE:   FLASHL/ 

INTENSITY, 100 J,   1/2 AJse( 
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5.2 Discussion   

The foregoing experiments indicate the importance of the inter-relationship 

between the flashlaäip pump spectra and the dye solution. Lew quantum efficiency- 

pump radiation not only enhances the thermal cutoff problem but also may interfere 

with the action of triplet state quenchers. In these experiments it appears that 

blocking UV radiation lying outside of the absorpt:. M  band of the CQHQ is necessary 

to get quenching of the triplet state. 

The exact role of the filter in increasing the efficiency of the dye has not, 

of course, been established. Experiments hpve not been made, for example, to deter- 

mine if the efficiency of Rhodamine 6G can be increased by filtering the pump light - 

These and other experiments would be necessary to determine whether the filtering 

merely leads to increased dye quantum efficiency for the particular solvent, decreases 

the thermal cutoff problem in this laser, interferes with the effectiveness of the 

triplet quencher in de-activating the triplet state, or perhaps causes the generation 

of states in the CftH8 molecule which absorb the dye fluorescence. Because of the 

complexity of the problem and lack of knowledge of details of the interaction of this 

dye with C8H8 the problem will require largely an experimental attack. 

The particular use of flowing solvents in a Jacket surrounding the iye cell 

has several advantages. Since the filter is absorptive the use of a flowing medium 

allows external cooling to remove absorbed heat. In addition the filter may be 

cooled or heated if desired in order to create temperature gradients for compensation 

of the^al lensing in the dye. It may also be desirable to operate the dye at 

reduced temperatures in order to achieve more favorable values of the change of 

index of refraction with temperature and so reduce thermal distortion. 

As is indicated in a following section, increased optical efficiency of the 

flashlamp is obtained in various gas mixtures as the result of a longer and broader 

light pulse. If the laser pulse is cut off by thermal distortion or triplet states, 

however, the additional light in the tail of the lamp pulse cannot be utilized. The 

long pulse experiment described here shows that longer output pulses can be 

generated in the present laser. The lower efficiency in the tail might possibly 

be increased through better matching of the pump spectrum to the dye. Longer 

pulses may also be required for sane system applications. The experiments show 

operation for the first time of the vortex lamp with longer pulses. It should be 

possible to increase the pulse length without limit in this lamp, thus raising 

the possibility of CW laser operation if high enough pump intensities could be 

achieved. 

The foregoing raises the question of short versus long pulses .n increasing 

the efficiency of the laser and generating maximum power. Assuming a time independent 

lamp spectra efficiency is enhanced by very short pulses because triplet state losses 
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are avoided and thermal cutoff occurs after the end of the lamp pulse. In this 

case, lamp pulse energy is limited hy pulse length and high average power operation 

requires very hi^h repetition rates with the attendant problems ol lamp circuitry 

and high dye cell flew rates. Relatively long (greater than about 5 ^sec.) pulses 

are limited by the extent to which problems of triplet state quenching and thermal 

cutoff can be avoided. The present state of the art appears to be near 5 |j,sec. for 

high energy dye lasers. For the present lamp using a single storage capacitor 

and assuming critical damping, increases in input energy will result in higher color 

temperatures and less efficient pumping of the dye. These considerations further 

indicate the importance of determining the temporal evolution of the flashlamp spec- 

trum for various gas fill mixtures and of optimizing dye solution, dye cell end 

mirror reflectivity with lamp spectrum. 

5.3 s aamary 

Experiments with passive filtering of the pump radiation show that it can 

be used to achieve higher efficiency. 'The 0.36^ efficiency achieved was the highest 

so far for this laser. Further increases up to ifo might be possible with an 

optimized pump source. Work with highly pure dyes on an associated contract has 

shown that up to 720 milliJoules per pulse can be achieved with this type of laser. 

Long pulse operation of the laser was demonstrated for the first time with lengths 

of up to 5 ^sec. This shows that some freedom in optimizing flashlamp pulse 

energy versus pulse width is available. 

In future work we plan to study the use of other triplet state quenchers and 

solvfents with Rhodamine 6G, particularly water because of its desirable thermal 

properties. Efficient excitation transfer in Cresyl Violet-Rhodamine 6G mixtures 
has recently been reported (Ref, V-5). Although an extensive search has not been 

made it appears that Brilliant Sulphaflavine (lasing from 508nm to yfkm)  (Ref. V-2) 

or Coumarin 6 or Coumarin 7 (Ref. V-6) might be useful for pumping Rhodamine 6G in 

mixtures. The use of the passive filtering arrangement permits limited exploration 

of the effect of flashlamp spectrum on the efficiency of these and other dye solutions. 

Measurements of the flashlamp spectra should also permit some analytical modeling 

of the pumping of the various dyes. 
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