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Abstract 

This semiannual progress report covers the period from March 1, 

1988 to Aug 31, 1988 under NASA grant NAG-1-441 entitled "Direct solar- 

pumped Iodine laser Amplifier". During this period, XeCl laser which was 

developed earlier for an iodine laser oscillator has been modified in order 

to increase the output pulse energy of XeCl laser so that the iodine laser 

output energy could be increased. The electrical circuit of the XeCl laser 

was changed from a simple capacitor discharge circuit to a Marx system. 

Because of this improvement the output energy from the XeCl laser was 

increased from 60mJ to 80mJ. 

energy was increased from 100 mJ to 3 mJ. 

Subsequently, the iodine laser output 

On the other hand, the energy storage capability and amplification 

characteristics of the Vortek solar simulator-pumped amplifier was 

calculated expecting that the calculated amplification factor is about 2 

and the energy extraction efficiency is 26% due to the very low input 

energy density to the amplifier. 

As a result of an improved kinetic modeling for the iodine solar- 

simulator pumped power amplifier, it is found that the [I21 along the axis 

of the tube affects seriously the gain profile. 

higher pressures, the gain will decrease due to the [I21 as the pumping 

intensity increases, and at these higher pressures an increase in flow 

velocity will increase the gain. 

for a specific velocity. 

developing a kinetic model of the MOPA system. Details of these gain 

calculations are reported. 

For the gas i-C3F7I at the 

In addition, there is an optimum medium 

These gain calculations is the first step in 
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A. Introduction 

The development of a high power solar-pumped laser is an ultimate 

goal of various solar energy research laboratories around the world. The 

ground-based solar laser research is currently active for the development 

of high power laser system. The ground-based solar laser could provide 

very cheap laser photons which could be applied in various industries. 

On the other hand the space-based solar laser has promising 

applications such as the laser propulsion of space vehicle and the energy 

transfer between spacecrafts. A continuous wave (CW) laser has the best 

applicability for the above mentioned applications. 

various laser materials, only two kind of laser materials were 

successfully employed in the CW solar laser-pumped laser. The one is Nd 

doped solid laser materials [1,2] and the other is iodine containing organic 

compounds [3]. 

applications in the solar-pumped laser such as the heat removal from the 

laser rod and the self-focussing effect when operated at high power level. 

More serious limitation for the application in the space-based solar laser 

is the limited size (several inches) of the crystals available. 

the longer the material length is, the lower the threshold pump power for 

a given cavity is. 

However, among the 

The solid material has some limitations for the 

In general 

In contrast to the solid laser material, gaseous laser materials have 

no thermally induced self-focussing problem and the heat removal is 

easily accomplished by circulating the laser medium. The main 

disadvantage of the gas medium is the low spectral utilization of the 
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solar irradiance. 

very narrow as compared with the solid laser materail. Although the CW 

solar-pumped laser research has been successful in various laboratories 

because of the limitation by the kinetics of the laser materials used and 

weak solar irradiance, a single laser oscillator can hardly produce very 

high output power. The applications to obtain 1 MW output with an iodine 

laser show that the tube of the laser oscillator should be about 10m and 

the diameter about 2 m [4]. The laser optics for such a large laser system 

will be very heavy, and the developmental cost of such a laser system for 

space applications will require a major commitment by nation. 

Generally, the absorption band of the gaseous material is 

Introducing a Master Oscillator Power Amplifier (MOPA) system, the 

heavy laser optics can be eliminated and high peak power can be obtained 

with a moderate size of the amplifier. To make a MOPA system 

successful, the amplifying medium should behave a long excited lifetime 

so that the medium could store a large amount of energy during the period 

of pumping. Among the various laser materials, atomic iodine has a 

suitable excited state lifetime of the amplifying medium of the MOPA 

system. The excited state lifetime of the atomic iodine is about 130 ms 

for an isolated atom. 

reduced when the iodine atom is in a gas medium because of the 

perturbation from the parent gas. 

confirms the considerably long energy storage time (= 1 ms) in a practical 

iodine laser amplifier [5]. 

that the population inversion inside laser tube builds up until 0.2 sec from 

However, the excited state lifetime is greatly 

But the previous experimental result 

Moreover, the iodine laser kinetic study shows 
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the beginning of the irradiation of the solar radiation when the pressure 

of the iodine containing chemical is very low (=2 Torr) [6]. 

Once the energy storage reaches its maximum by pumping from the 

solar radiation, the stored energy is extracted by a laser beam from an 

iodine laser oscillator in the MOPA system. 

oscillator is short, then the peak power extracted from the amplifier is 

high. The standard method for obtaining the short pulse from an oscillator 

is Q-switch or mode-locking but the oscillator system with Q-switch or 

mode-locking is very complicated. The way of obtaining short pulse from 

an iodine laser is to pump the iodine laser oscillator with an excimer 

laser is usually a few 10 nsec. Because of this short pump pulse the 

iodine laser pulse duration is below a few 10 nsec. The study of the 

excimer laser-pumped iodine laser was conducted earlier by the 

Quantenoptik group in Max Plank Institute [7]. They used i-CaF7l as the 

laser material, and both XeCl and KrF laser were used as the pump source. 

The pulse duration from 2.6 nsec to 12 nsec was obtained by varying the 

resonator length. 

If the pulse duration from the 

In the present research, a different laser material t-C4F7I is used. 

This material has about 2.5 times larger absorption cross section at XeCl 

laser line (308 nm) compared with that of i-C3F71. To increase the output 

of the previously fabricated XeCl laser system for an increased iodine 

laser output, 

from a simple mesh-capacitor discharge circuit to a Marx system having 

voltage multiplication. After this modification, the iodine laser output 

the electrical circuit of the XeCl laser system was modified 
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energy reached 3 mJ sufficient for incorporating with the Vortek solar- 

simulator pumped amplification tube, and forming a simulated solar- 

pumped MOPA system. In the following sections, the improvement of XeCl 

laser will be described. And also the energy storage capability of the 

Vortek solar simulator-pumped amplifier will be calculated and thus the 

experimental result could be compared. 

B. Improvement of XeCl Laser and Iodine laser oscillator 

In the previous research, XeCl laser system was fabricated with a 

simple-mesh capacitor discharge circuit as the driver. 

output energy per pulse was only 60 mJ. To improve the XeCl laser output, 

a two-stage Marx system was formed to replace the simple discharge 

circuit. The schematic diagram is shown in Fig.1 of Appendix. As shown 

in the figure, the two 40 nF energy storage capacitors are charged through 

the resistors by the high voltage power supply. Once the trigger pulse is 

applied to the spark gap switches, the two energy storage capacitors are 

connected in series and thus the voltage across the two laser electrodes 

doubles the voltage of the single energy storage capacitor. 

uniformity. 

uniform laser output. Though the preionizer was installed in the laser 

chamber to increse uniformity of the laser discharge, the electrical 

discharge transits to arc when the XeCl was operated at higher voltage. In 

the course of experiment, it was found that the addition of Ar gas in the 

The maximum 

The preionizer in the XeCl laser chamber assists the discharge 

The uniform discharge is very important to obtain a spatially 
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laser gas mixture improved the discharge uniformity, and thus the laser 

produced a spatially uniform output over 25 kV of charging voltage. The 

total pressure of the laser gas mixture ratio was HC1:Xe:Ar:He = 

O .2% 15.9% :I 9.5% :74.4%. 

With these improvements, the XeCl laser produced 80 mJ pulse 

energy at the charging voltage of 25 kV. The efficiency of the fabricated 

XeCl laser is calculated to be about 0.32% which is quite low compared 

with commercial products (4%). However, the output beam (1 x 2 cm2) 

has a quite good uniformity. 

The iodine laser oscillator pumped by the XeCl laser generated 3 mJ 

output energy when a 5 cm long laser tube was filled with t-CqFgI at the 

pressure 80 Torr and the output mirror reflectance was 85%. 

experimental setup and results are described in the Appendix which is 

submitted to the Optics Communication for publication. 

The detailed 

C. Amplification by Vortek simulator-pumped Amplifier 

The amplification characteristics of the solar simulator pumped 

amplifier is determined by the population inversion in the simulator tube. 

The order of magnitude estimation of the population inversion is now 

possible by using the previous experimental results [3]. The equivalent 

solar irradiance at the surface of the amplifier is about 1300 S. C. (solar 

constant) when the Center's Vortek solar simulator is operated at the 

current of 300 A [3]. Also the CW laser experiment shows that the 
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optimum pressure in the laser tube is about 20 Torr when the flowing 

speed of the iodide in the laser tube is about 20 m/sec. 

The quantum yield of the iodides which are used in the iodine laser 

experiment is approximately unity in the spectral range of absorption. 

Thus, the absorbed photons in the iodine produce the excited atomic iodine 

only. From this fact, the photodissociation rate is equivalent to the pump 

rate to the excited level of the atomic iodine. The pump rate is now 

calculated as 

W p=A-(S.C.)-[ F(h)[l -exp{-oa(h)ND}]dh 

where A is the surface area of the laser tube, (S.C) is the solar constant 

on the surface od the laser tube, F(1) is the photon flux in the spectral 

range I and I + dl, oa(l) is the absorption cross section of the iodide 

molecule in the spectral range I and I + dl, N is the number density of the 

iodide molecule inside the laser tube and D is the diameter of the laser 

tube. If the diameter of the laser tube is assumed to be 2 cm, the length 

to be 20 cm, and the iodide fill pressure to be 20 Torr, then the pump 

rates calculated by the equation (1) for the various iodides are shown in 

Table 1. 

As shown in table 1, t-C4F91 can be pumped almost twice the rate of 

C3F71 at the same solar concentration that is a definite advantage in 

the solar pumped iodine laser system. 
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Table 1 The pump rates of various iodides 

The tube diameter is 2 cm and the tube length 20 cm. The pressure 

inside the tube is 20 Torr and the pumping intensity on the surface of the 

laser tube is 300 solar constant. 

Iodide c2F5l n-C3 F7 I l-CsF-11 t-C4 Fg I 

Total pump rate(No./sec) 1.36~1020 1.96~1020 1.98~1020 3.76~1020 

Pump rate per unit volume 2.16~1018 3.12~1018 3.15~1018 5.98~1018 

(No./cm3) 

The number of the excited atomic iodine is now calculated by 

multiplying the pump rate with the pumping time. When the iodide gas 

flows with velocity of 20 m/sec through the 20 cm long amplifier tube, 

the average pumping time is 10 msec. Thus, the excited atomic iodine 

density could be 3.12xIOWcm3 for the case of n-C3F71 which will be used 

in next experiment. 

atomic iodine density because the quenching process by the parent 

molecules is not taken into account. The quenching rate of the excited 

atomic iodine by the parent molecule is rather high [=2x10-16 cm3/sec for 

n-C3F7I] and thus the excited atomic iodine density in the amplifier tube 

will be far less than the value 3,12~1016/crn3. Moreover, the quenching by 

the molecular iodine will also reduce the excited atomic iodine density in 

the laser tube. Due top these quenching processes, the achievable 

population inversion density is expected to be about 1 .Ox1 016 /cm3 which 

is about 1/3 of the upper limit of the population inversion. 

This calculation shows the upper limit of the excited 
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The amplification by the amplifier which contains the population 

inversion density A N  is given by 

Eout = E, In[l + {exp(Ein/Es) - l)exp(oAN I)] (2) 
where Eout is the output energy density (J/cm2), and Es the saturation 

energy density which is given by Es = (a/b)(hv/o), Ei" is the input energy 

density (J/cm2), o is the stimulated emission cross section and I is the 

length of the amplifier. 

density is dependent on the incident pulse because of the relaxation times 

of the upper and lower laser level of the atomic iodine. The saturation 

energy density for the present experiment is calculated to be 15.8 mJ/cm2 

because the stimulated emission cross section of the atomic iodine at the 

n-C3F71 pressure of 20 Torr is 4.3x10-18cm2 and a/b is about 0.45. 

The coefficient a/b in the saturation energy 

The output energy from the XeCl laser pumped iodine laser oscillator is 

about 3 mJ as shown in the appendix. If the oscillator output fills a 

circular cross section of diameter 1 cm when the beam enters to the 

amplifier, then the input energy density Ein is 3.8 mJ/cm2. 

the values of parameters into the equation (2), the output energy density 

is calculated. The calculated output energy density is 7.8 mJ/cm2 and the 

total energy which can be obtained from the amplifier output is 6.2 mJ. 

Thus the amplification factor which is defined by (energy output)/(input 

energy) is expected to be about 2. 

Substituting 

The stored energy in the volume which is swept by the incident beam 

is calculated by 

Est = hv AN V (3) 
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where V is the volume swept by the incident beam. The stored energy in 

the amplifier volume calculated by the equation (3) is 23.7 mJ. Therefore, 

the energy extraction efficiency is only 26%. This low energy extraction 

efficiency is due to the use of the very low energy from the iodine laser 

oscillator, indicating a need of a higher output oscillator for improvement. 

The experimental setup for the measurement of the amplification 

characteristics of the Vortek solar simulator pumped amplifier is 

described in Fig. 1. The laser output from the XeCl laser pumped iodine 

laser oscillator is to be passed through the amplifier tube. 

from the laser oscillator to the entrance of the amplifier is about 8 m. 

The divergence of the output beam from the oscillator is about 5 x 10 -3 

radian so that a beam collimator is expected to be used in the beam path 

to reduce the beam size in front of the amplifier tube. The amplification 

will be measured by comparing the input energy to the amplifier and the 

output energy from the amplifier. 

The distance 
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Appendix; A paper submitted t o  Opt ics  Communication f o r  pub1 i c a t i o n .  1 

XeCl Laser Pumped Iod ine Laser Using t -C4FgI  

I n  Heon Hwang, Kwang S. Han 

Department o f  Physics, Hampton Un ive rs i t y  

Hampton, VA 23668 

Ja H. Lee 

NASA l a n g l e y  Research Center, MS/493 

Hampton, VA 23665-5225 

Abst rac t  

An i o d i n e  photod issoc ia t ion  l a s e r  using t-C4FgI .as t h e  a c t i v e  mater ia l  

was pumped by a XeCl laser.  

d u r a t i o n  o f  25 ns was obtained when the  pumping pu lse  energy was 80 mJ, t he  

i o d i d e  pressure was 70 t o r r ,  and the  ref lectance o f  t h e  output m i r r o r  was 

85%. 

- t h i s  exper inent  are a t t r i b u t a b l e  t o  the  high absorp t ion  cross sec t ion  a t  t h e  

pump l a s e r  wavelength (308 nm) of t h e  iod ide used. 

An i o d i n e  laser  output energy o f  3 mJ wi th  pulse 

The high pumping e f f i c i e n c y  and low threshold pump power achieved i n  

I. I nt  roduct  i on 

Since t h e  atomic iod ine  photodissoc iat ion l a s e r  was discovered by Kasper 

and Pimentel i n  1964 [I]# numerous research e f f o r t s  have concentrated on t h i s  

l a s e r  t o  increase t h e  power l e v e l  needed f o r  l a s e r  f u s i o n  [2,3). The fusion- 

exper iment-or iented i od ine  l a s e r  i s  constructed i n  a master -osc i l la to r  power- 
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a m p l i f i e r  (MOPA) a r c h i t e c t u r e  [4]. 

i o d i n e  l a s e r  a re  u s u a l l y  pumped by short  pulse f lashlanps. 

The ampl i f iers  and t h e  o s c i l l a t o r  o f  t h e  

The i o d i n e  l a s e r  i s  a l s o  being considered as a d i r e c t  so la r  pumped l a s e r  

for space a p p l i c a t i o n s  such as t h e  laser  propuls ion f o r  an o r b i t a l  t ransfer  

vehic le.  

by Lee, et.  al.  [S I .  

A f t e r  t h i s  repor t ,  var ious i o d i n e  compounds were t e s t e d  and evaluated as 

candidates for d i r e c t  s o l a r  pumped laser  mater ia ls  [6,7,8). 

The f i r s t  s o l a r  s imulator  pumped i o d i n e  l a s e r  was reported i n  1981 

This  l a s e r  was operated i n  quasi-continous-wave mode. 

Although many space app l ica t ions  are best served by a continuous wave 

(CW) l a s e r  a cont inuously pulsed l a s e r  also has good a p p l i c a b i l i t y  i n  space 

e s p e c i a l l y  for l a s e r  propulsion. 

r a d i a t i o n  pumping o f  l a s e r  mater ia ls ,  use of a MOPA system i s  essent ia l  for 

o b t a i n i n g  h i g h  peak power when t h e  laser  mater ia l  has a long upper-state 

l i f e t i m e  l i k e  an i o d i n e  atom. - In-previous research, t h e  f e a s i b i l i t y  o f  t h e  . - 

. o s c i l l a t o r - a m p l i f i e r  scheme was proposed and t e s t e d  f o r  t h e  so la r  pumped 

i o d i n e  l a s e r  [ 7 , 9 ] .  

If weak pumping e x i s t s ,  such as so la r  

- .  

The i o d i n e  l a s e r  o s c i l l a t o r  must generate tempora l l y  smooth and short  

pulses i n  o r d e r  t o  be incorpora ted  i n  t h e  MOPA system. I n  t h e  fus ion-or iented  

i o d i n e  l a s e r  experiment, t h e  shor t  pulse i s  prov ided by mode-locking o f  t h e  

flashlanp-pumped o s c i l l a t o r .  

pumped o s c i l l a t o r  i s  u s u a l l y  very low (<5Hz), 

are  general l y  compl i cated. 

However, the r e p e t i t i o n  r a t e  o f  t h e  f lashlanp- 

and t h e  mode-locking devices 

An excimer l a s e r  pumped i o d i n e  laser  o s c i l l a t o r  was demonstrated by F i l l  

et.  a l .  [lo]. I n  t h e i r  experiment, a 500-mJ excimer l a s e r  was used f o r  t h e  

pumping o f  t h e  i o d i n e  laser,  and a temporal ly smooth l a s e r  pulse w i t h  dura t ion  

from 2.6 ns t o  12 ns was obtained by using i-C3F71 as t h e  laser  mater ia l .  
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I n  t h i s  report ,  a XeCl l a s e r  pumped iod ine  l a s e r  us ing t-C4Fgl i s  - 

This l a s e r  o s c i l l a t o r  has a much h igher  e f f i c i e n c y  and a lower described. 

t h r e s h o l d  pump power then t h e  system using i-C3F71. 

dependence on t h e  g a s - f i l l  pressures and on t h e  re f lec tances  o f  t h e  output 

m i r r o r s  a r e  measured f o r  both l o n g i t u d i n a l  and t ransverse pumping. 

The l a s e r  output energy 

11. XeCl Eximer Laser 

A l a b o r a t o r y  b u i l t  XeCl l a s e r  was used f o r  t h e  pumping o f  t h e  i o d i n e  

l a s e r  i n  t h i s  experiment. The e l e c t r i c a l  c i r c u i t  o f  t h e  XeCl l a s e r  i s  shown 

i n  Fig. 1, 

The capaci tance of each stage i s  40 nF. 

and a l e n g t h  o f  0.66 m was used as t h e  laser  chamber. 

e lec t rodes  were rounded so as not  t o  develop an a r c  discharge i n  t h e  discharge 

volume. 

0.45 m. 

o f  a r c  a r rays  were located beside t h e  electrodes so t h a t  t h e  discharge volume 

cou ld  be pre ion ized uniformly. 

The m a i n  discharge was energized by a two-stage Marx generator, 

A pyrex tube w i th  an I. D. o f  0.1 m 

The two brass 

- -  The width o f  t h e  e lect rodes was 20 mm, and t h e  length  was about 

The separat ion between t h e  two electrodes was 20 mm. Seventeen p a i r s  

The optimized gas composition was H C l :  Xe: A r :  He = 0.2% : 5.9%: 19.5%: 

74.4% a t  a t o t a l  pressure of 2 atn. 

u n i f o r m i t y  a t  t h e  h igher  operat ing voltage. 

sea led-o f f  mode. 

shown f o r  a few hundred discharges. 

The a d d i t i o n  o f  A r  inproved t h e  discharge 

The XeCl l a s e r  was operated i n  a 

No s i g n i f i c a n t  reduct ion o f  t h e  l a s e r  output energy was 

The o p t i c a l  resonator of t h e  XeCl laser  was composed o f  a f u l l  r e f l e c t o r  

w i th  a rad ius  o f  curvature of 5 m and a f l a t  p a r t i a l  m i r r o r  wi th  a re f lec tance 

o f  30%. All t h e  m i r r o r s  were coated outside so t h a t  t h e  m i r r o r  surfaces could 

not  be damaged by the  v o l a t i l e  discharge products. The two l a s e r  m i r r o r s  were 
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separated about 0.75 m. A s p a t i a l l y  uniform lase r  output i n  a cross s e c t i o n  

o f  0.7 x 2 cm2 was obtained w i t h  t h i s  o p t i c a l  resonator.' 

When t h e  XeCl l ase r  was operated a t  t h e  charging vol tage o f  25 kV, t h e  

output  energy was 80 mJ per pulse. If the  charging vol tage was increased, the  

l a s e r  output  was a l so  increased, but an arc discharge was developed between 

t h e  electrodes. Thus, operat ion above 25 kV was not  pursued. 

The output  energy was measured w i t h  a ca lor imeter .  The output pu lse  

shape o f  t h e  l a s e r  output was measured w i t h  a S i  P I N  photodiode w i t h  t h e  g lass 

window o f  t h e  photodiode removed. The removal o f  t h e  glass window improved 

t h e  near UV response of the  diode. 

Fig. 2. 

A t y p i c a l  l a s e r  pu lse i s  shown i n  

The ha l f  width (FWHM) of t he  XeCl l a s e r  pu lse was about 25 nsec, and 

no s i g n i f i c a n t  v a r i a t i o n  of t he  l ase r  pulse shape was found f o r  prolonged 

opera t i  on. 

_. . - - - . . - - . - . - - - - -  

111. I o d i n e  Laser Experiment. 

The i o d i d e  used i n  t h i s  experiment was t - C 4 F g I  (perfluoro-tertiary-butyl 

i od ide) .  Th is  chemical was chosen mainly due t o  t h e  h igh  absorpt ion cross 

s e c t i o n  a t  t he  wavelength of XeCl l a s e r  l i g h t  (308 nm). The published data 

[17J show t h a t  the  absorpt ion cross sec t ion  of t-C4FgI a t  308 nm i s  about 

3.6 x lo-'' cm2 [7]. 

flashlamp-pumped system [6,71, and thus the  i od ine  molecule bu i ldup i n  t h e  

Also, t-CqFgI has shown good chemical r e v e r s i b i l i t y  i n  a 

l a s e r  c e l l  i s  minimized. The main disadvantage o f  t h i s  iod ide  i s  t he  low 

vapor pressure ( 85 t o r r )  a t  room temperature. The other  chemical k i n e t i c  

p r o p e r t i e s  a re  near ly  the same o r  b e t t e r  than t h e  o the r  commonly used 

p e r f l u o r o a l k y l  i od ide  i n  flashlamp-pumped experiment [7]. The quantum y i e l d  

of e x c i t e d  atomic iod ine  i n  the  UV photodissoc iat ion i s  near ly u n i t y  [ll]. 
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A quar tz  cuvet te  w i t h  a square cross sect ion o f  1 cm2 and length o f  5 0  mm 

was used as t h e  i o d i n e  l a s e r  c e l l .  

perpendicu lar  t o  t h e  o p t i c  ax is  of the  laser  c e l l .  

t ransverse  punping o f  t h e  i o d i n e  l a s e r  were employed. 

The windows o f  t h e  l a s e r  c e l l  were near ly  

Both long i tud ina l  and 

When t h e  i o d i n e  l a s e r  was pumped l o n g i t u d i n a l l y ,  a d i c h r o i c  m i r r o r  was 

used t o  in t roduce t h e  XeCl l a s e r  l i g h t  i n t o  t h e  i o d i n e  l a s e r  ce l l .  The 

d i c h r o i c  m i r r o r  t ransmi t ted  about 80% of t h e  XeCl l a s e r  l i g h t  and f u l l y  

r e f l e c t e d  t h e  i o d i n e  l a s e r  l i g h t .  The XeCl l a s e r  l i g h t  was d i rec ted  through 

t h e  d i c h r o i c  m i r r o r  and was focused i n t o  t h e  center  o f  t h e  l a s e r  c e l l  by a 

quar tz  c i r c u l a r  lens of focal leng th  0.2 m. 

l a s e r  was monitored on a carbon-paraffin paper. A t y p i c a l  l a s e r  output 

p a t t e r n  was an e l l i p s e  w i th  minor diameter 1 mm and major diameter 4 mrn when 

t h e  gas pressure i n  t h e  c e l l  was 80 t o r r  and t h e  r e f l e c t a n c e  o f  the  output 

The ou tpu t  p a t t e r n  o f  the  i o d i n e  

m i r r o r  was 85%. -- . _ _  - -- 

When t h e  i o d i n e  l a s e r  was pumped transversely,  a quartz c y l i n d r i c a l  lens 

o f  f o c a l  l e n g t h  0.3 c1 was used t o  focus t h e  XeCl l a s e r  l i g h t  i n t o  the i o d i n e  

l a s e r  c e l l .  

output  p a t t e r n  was a long rectangle w i t h  an area o f  1 x 10 mn2. 

Because of t h e  long focal length of t h e  focusing lens, t h e  l a s e r  

The TEM mode p a t t e r n  was not  analyzed i n  e i t h e r  experiment, and no 

attempt was made t o  operate t h e  i o d i n e  l a s e r  i n  t h e  TEMOO mode. The output 

energy dependences on t h e  gas fill pressure a t  d i f f e r e n t  output m i r r o r  

re f lec tances  a r e  shown i n  Figs. 3 and 4. As shown i n  Fig. 3, there  i s  an 

optimum i o d i d e  pressure for  each Output m i r r o r  r e f l e c t a n c e  f o r  the 

l o n g i t u d i n a l  pumping. However, f o r  the  t ransverse pumping, the  laser  output 

energy increases monotonical ly wi th  t h e  t-C4FgI pressure as shown i n  Fig. 4. 

The r e s u l t s  i n  Figs. 3 and 4 were taken when t h e  l a s e r  was operated a t  2-Hz 
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repetition rate. 

laser output'energy per pulse was reduced slightly ( - 10% ) due t o  the 

reduction of the XeCl laser pump energy. 

When the pulse repetition rate was increased t o  5 Hz, the 

A typical laser pulse shape detected by a pyroelectric detector of the 

iodine laser o u t p u t  is  shown i n  F i g .  5. 

abou t  25 nsec. 

occurs a t  the end of the pump pulse. T h i s  pulse shape i s  nearly the same for  

both pumping geometries. 

The h a l f  w i d t h  (FIJHM) of the pulse i s  

The iodine laser onset i s  delayed from the XeCl pump laser and 

I V .  Discussion 

I n  this experiment, a XeCl laser pumped iodine laser was developed and 

tested by using t-C4FgI as the laser material. 

absorption cross section a t  the XeCl laser l ine compared w i t h  other iodides 

used i n  the laser experiment such as i-C3F71. 

section allows the h i g h  u t i l i z a t i o n  of pumping energy i n  short g a i n  length and 

low pressure operation of the  iodine laser. The low-pressure operation o f  the 

iodine laser i s  suitable for single longitudinal mode o u t p u t  because of the 

reduced pressure broadening of t he  g a i n  prof i 1 e. 

operation o f  the laser oscillator i s  necessary t o  ob ta in  a temporally smooth 

pulse. 

T h i s  lasant t-C4FgI has larger 

. -. - .-. The large absorption cross - 

The s i  n g l  e-1 ongi  t u d i  nal  mode 

The iodine laser described i n  th is  report was operated up t o  5 Hz, which 

was limited by the power supply of the XeCl laser. Further increases of the 

repetition rate can be made by scaling up the pump laser system. The iodine 

laser was operated i n  a sealed-off mode. There was no significant reduction 

o f  the laser o u t p u t  energy after a few hundred pumpings w i t h  a single f i l l  of 

t -CqFgI in the laser cell.  There was also no noticeable change i n  the t-C4F91 

gas af ter  a few hundred punpings and no deposits on the wall of the laser cell 
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(con t ra ry  t o  the  repo r t  of Ref. 10 where i-C3F71 was used). 

a t t r i b u t a b l e  t o  t h e  super ior  chemical r e v e r s i b i l i t y  o f  t h e  i od ide  used. 

This may be - 

V. Conclusion 

A XeCl l a s e r  t h a t  pumped an iod ine  l ase r  o s c i l l a t o r  was developed using 

t - C 4 F g I  as t h e  l ase r  mater ia l ,  and a 3 mJ l aser  output energy was obtained 

w i t h  on l y  80 mJ pumping energy. 

energy was dramat ica l l y  reduced i n  t h i s  experiment. 

(i.e., t h e  r a t i o  of t h e  i od ine  l ase r  energy and t h e  XeCl l a s e r  energy) was 

3.75%. Th is  experiment a l so  demonstrated a r e p e t i t i v e  operat ion of t h e  i o d i n e  

l a s e r  o s c i l l a t o r  with a s tab le  output. Since t h e  th resho ld  pumping energy (20 

mJ) i s  low f o r  t-c4FgI, a moderate s i z e  XeCl l a s e r  may s u f f i c e  f o r  pumping the  

h igh - repe t i  t i  on-rate iodine-1 aser osc i  1 l a t o r  requ i  red  f o r  so la r  pumped 

Compared w i t h  prev ious resu l ts ,  t h e  pumping 

The pumping e f f i c i e n c y  

_-__ - - -- -_ -- . __  ___----_ . master-osci 11 a t o r  power-amp1 i f i e r  systems. ._ - - 

Ac k n ow 1 e d gem e n t 
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Fig. 2. A typical pulse shape o f  the XeCl laser output. Three 
consecutive pulses are overlaped in this picture. 
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Fig. 5. A typical iodine laser output pulse shape which is compared 
with the pumping pulse. (a).XeC1 pump laser pulse. (b).Iodine 
laser output pulse. 
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Kinetic Modeling of a Solar-Pumped 

Iodine Laser Amplifier System 

In pursuant to developing a kinetic model for the iodine solar-simulator 

pumped power amplifier in the master oscillator power amplifier (MOPA) 

system, the gain has been calculated for three different lasants (i-C3F71, n- 

C4F91, and t-C4FsI). The kinetic reaction rate coefficients found previouslyl,2 

by minimizing the error between theoretical calculations and the 

experimental data for a flashlamp-pumped static fill iodine laser oscillator3 

are used to calculate amplification characteristics of this system. In addition 

a calculation of the initial inversion ratio for a Q-switched iodine laser is 

described. Specifically, it has been found that the characteristic parameter 

which dominates the amount of gain to be obtained from the amplifier is the 

density of the molecular iodine 12 as a function of tube length. In addition, 

the optimum fill pressure for the amplifier or the 9-switched laser is about 

10 torr. Later, this model can be used to establish scalability of a solar- 

pumped iodine laser power generation system to be used for space-to-space 

power transmission. 

The MOPA System 

The experiment upon which the modeling effort will be based is the 
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master oscillator power amplifier (MOPA). This system consists of two 

stages, the first stage is a XeCl laser pumped iodine laser which will be used 

as the master oscillator. The output from the oscillator will be amplified in 

the amplifier system. The modeling effort has been centered about the 

amplifier stage in an endeavour to understand the processes taking place in 

the system. The gain of the amplifier has been optimized, and in the future 

the system will be scaled for space applications. 

The iodine laser oscillator uses a XeCl laser as the pumping source. The 

XeCl laser pumps the oscillator with an output of 80 mJ per pulse and there 

is no significant reduction in the laser output energy for several hundred 

discharges. The XeCl laser has a repetition rate of about 5 Hz and the half 

width (FWHM) of the pulse if about 25 ns  with no significant variation in 

laser pulse shape over extended use. In addition, the output of the XeCl 

laser is spatially unifom which gives an ideal pumping source for the iodine 

laser oscillator. 

The iodine laser oscillator which is used will be incorporated with the 

amplifier uses the iodide ~ - C ~ F Q I  as a lasant. This lasant has a high degree of 

chemical reversibility, and the system demonstrated several hundred 

repetitions without appreciable reduction in laser output energy. The half 

width (FWHM) of the pulse is about 25 ns and has an output of about 3 mJ4. 

The ampllfylng medium, i-C3F7I or n-CsF71, is pumped continuously by a 

VORTEK solar simulator in the amplifier. Moreover, the amplifying medium 

is continuously flowing along the axis of the amplifier tube, thus, the speed 
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of the flow of the gas and the pressure of the gas can be changed. The 

VORTEK simulator and the amplifier tube are at the foci of an elliptical 

cylinder giving a reasonably uniform pumping rate .in the amplifying 

medium. The incident photon flux is to be measured both spatially and as a 

function of wavelength. The pumping intensity can be varied, to optimize 

the pumping intensity. 

With the demonstrated stability of the laser output when operated as an  

oscillator, and the pumping intensity spatial uniformity, the amplifier is 

ideal for kinetic modeling. In addition, the pumping rate of the amplifier is 

to be found directly as apposed to indirect methods used in previous 

experiments. This will further reduce the possibility of error introduced 

into the kinetic model. 

Theoretical Considerations 

The gain characteristics before the input pulse is sent through the 

amplifying medium are calculated. The definition of the gain is given by 

GAIN = CT I ([I*] -1 /2 [I]) dz / Lp 

where G is the stimulated emission cross-section, Lp the pumping length, 

and z is the distance down the tube. When the GAIN is less than zero, there 

is absorption rather than amplification. The input pulse to the amplifier is 
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about 25 ns, therefore, the energy extraction efficiency is calculated to be 

about 45%. 

The kinetic model used to find the gain is given below as a set of coupled 

nonlinear differential equations given as 



where ~ R I  and 512 are the photodissociation rate for the parent molecule FU 

and molecular iodine 12 respectively, A is the Einstein coefficient, ZD is the 

diffusion time constant, and the reaction rates are given in Table 1. I t  can 

be noted that the above differentials do not involve the photon density of the 

amplifier cavity since the calculation is for the gain before the amplified 

pulse is considered. Expanding the above total differential to incorporate 

the flowing gas, the differential of the densities of the gas species [xi] 

becomes 

d[xil/dt = d[xil/at + v a[xi]/az i= l ,Z ,  ..., 6 

where the indicae i indicates the six gas species given above, and v=dz/dt is 

the flow rate in the z direction. With the introduction of the flowing gas, the 

linear set of differentials becomes a function of two independent variables, t 

and z. If a change of variables is made, q=(z/v + t ) /2 ,  k=(z/v - t ) / 2  for these 

of differential equations, they become a function of one independent variable 

rl 

where Fi([xi],z,t) are the functions given above associated with the 
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differentials of the gas densities [xi]. Immediately it is recognized that in 

calculating the gain the velocity of the gas does not change the solution 

except to indicate where the element of gas along the gain medium is 

located. Therefore, the solution of the gain is the same at the end of the 

calculation if both the velocity and gain length are doubled. 

In calculating the photodissociation rate for the different gas species, the 

average fractional attenuation is given as a function of radial distance by2 

where y = R - r, and r is the radial distance in the tube, R is the radius of the 

tube, Po is the pressure of the medium in torr, and n is the gas number 

density for one torr. The relative fractional attenuation of the pump light in 

the tube is given by5,7 

F(y,P,) = f exp(- Po n 60 y) + (1- f) exp(-.223 Po n 60 y) 

which is a function of the fractional absorptions near line zero f. and the 

absorption cross-section for the different gasses 00 .  Since the 

photodissociation rate for on solar constant has been calculated previously, 

the photodissociation ratea15 relative to i-CsF71 is used, 85% for n-C4FgI and 

83% for t-C4FgI. In addition to the absorption of the light used to pump the 
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amplifier being a function of Po, the stimulated emission cross-section is a 

function of P07. Figure 1 indicates the dependence of the stimulated 

emission cross-section on the gas pressure. 
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Using these values for the stimulated emission cross-section and the 

relative attenuation of light, the system can be understood and subsequently 

optimized by looking at the gain profile for radial and axial distances in the 

gain medium. This is done here by examining the dependence of the gain 

on the pressure of the amplifylng medium, pumping intensity, and tube 

radii. 

Computational Results 
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In order to investigate the amplification characteristics of the MOPA 

system, the GAIN profile of the amplifier is calculated as a function of 

pressure for various pumping intensities. In this case the tube is assumed to 

have a diameter of 2 cm. In addition, the gain is given as a function of tube 

radii for different pressures for a pumping intensity of 1500 SC. For all the 

gasses the flow speed is assumed to be seven meters per second. These 

calculations were done using the kinetic coefficients2 for the gasses i-CsF71, 

n-C4FgI, and t-C4FgI given in Table I. 

In figures 2, 4, and 6 the gain is given as a function of gas pressure for 

various pumping intensities, and it can be seen that the gain is a maximum 

at about 10 torr. In figures 3, 5, and 7, the corresponding maximum [I21 

divided by the parent molecule density [RI] is given and shows the dominant 

role I2 has upon the gain profile; i. e., as the pressure increases the [I21 

increases, such that, even though the pumping intensity increases, the gain 

decreases. Furthermore, since the kinetic reaction rate for t-C4FgI is much 

less than that of i-C3F7I for producing the dimer R2, the maximum 1121 is five 

times less for t-C4FgI which means that 12 plays a lesser role in the gain 

profile. The gain decreases as the pressure increases above 10 torr,but 

there is a wider range of pressures for the optimum gain. 

Figures 8 through 13 give the gain profile as a function of axial distance 

for different pumping intensities, pressures, and gasses. The integral of the 

gain as a function of distance is given along with the gain for the element of 

gas at a specific axial distance. The inflection point of the gain integral is 
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where the inversion density is negative. At this point, the [I21 is effectively 

quenching enough upper iodide states to create a negative inversion. In 

figures 8 through 11, it is shown that there is no dramatic increase in [I21 

for the i-CsF71 pressure less than 15 torr. It can also be seen as the 

pumping intensity is increased, the inflection point is earlier in the tube. 

Therefore, increasing the flow rate would be beneficial at the higher 

pressures, moving the I2 out quickly. On the other hand, in figures 12 and 

13, for the gas t-C4F911 here the inversion density is almost linear as a 

function of axial distance, except at the higher pressures. At higher 

pressures, again, there is an inflection point for the inversion density, but it 

is not as pronounced. In the case of the t-C4FgI, increasing the flow rate 

would be less beneficial compared with the i-C3F71 gas. 

In figures 14 and 15 the average gain is given as a function of pressures 

for different tube radii, as well as the corresponding average attenuation 

fraction used for the calculation. For zero radius there is assumed to be no 

absorption. I t  can be discerned that there is a point of diminishing returns 

gotten from increasing the tube radius since the average gain decreases as 

the tube diameter increases (figure 15). Also in figure 16 the is a gain 

profile for a pressure of 10 torr using F(x,P,) as the attenuation function. 

This type of information is important for scaling the system. 
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Q-Switched Laser 

There are many applications for Q-switched, gain switched lasers in a 

space environment. A Q-switched laser is one in which the cavity feed back 

in a laser oscillator is temporarily interrupted and then restored. The 

calculation is for a continuously-pumped, flowing, iodine Q-switched laser. 

The initial inversion ratio is defined as the ratio of the population inversion 

just after switching to the threshold inversion just after switchings. This 

ratio is given as 

r = c CT zc 1 ([I*] -1/2 [I]) dz / Lp 
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where c is the speed of light, zc is the optical time constant defined as5 

zc = - 2 (Lc / c 1 / In( R1 R2 1 

where Lc is the cavity length, and R1 and R2 are the mirror reflectivities. 

Therefore, when r equals one the total loss in the system is equal to the gain. 

The calculation is for a cavity length of 80 cm, tube diameter of 2 cm, 

mirror reflectivities of 85% and 98%, and the gain length for the pumping 

cavity Lp is 20 cm. The contribution the inversion density down stream of 

the pumping cavity has upon the population inversion just after switching is 

neglect e d . 
In figure 17 the profile of the initial inversion ratio for the lasant i-C3F7I 

is given as a function of lasant pressures and pumping intensities. It is 

observed that the gain profile for the amplifier (figure 2) and the initial 

inversion ratio are the same except for the constants ‘tc and c. In addition, 

the peak [I21 is the same for the different pressures and pumping 

intensities, and since the calculations are the same the gas densities as a 

function of tube length are identical. Here, the physical parameters for the 

lasant and the tubes of the systems are the same, which means that the 

calculations of the two profiles are identical. If the amplifier is triggered 

before the tube is refilled, or the Q-switched laser is switched on before the 
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laser tube is replenished with fresh gas: there may not be a similarity 

between the two profiles. 

Summary and Future Plans 

To summarize, the [I21 along the axis of the tube affects seriously the gain 

profile. For the gas i-CsF71 at the higher pressures because of the [Iz], as the 

pumping intensity increases the gain will decrease, and at these higher 

pressures an increase in flow velocity will increase the gain. In addition, 

there is an optimum pressure for the amplifymg medium for a specific flow 

velocity. 

These gain calculations is the first step in developing a kinetic model of 

the MOPA system. The steps to be included in the further development the 

model are, first, the square pulse amplification in the amplifier, then time 

dependence to the pulse, and later pulses at a higher repetition rate. This 

kinetic model will establish a basis to compare theory and experiment in 

order to establish a scaling law for a solar-pumped space-based iodine laser 

amplifier chain which will be used for the generation and transmission of 

power. 
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List of Figures 

Figure 1.  Stimulated emission cross-section (cm2) as a function of 
amplification medium pressure. The stimulated emission cross-section has 
a multiplicative factor of 10-18. 

Figures 2, 4, and 6. The GAIN is given as a function of gas pressure for 
various pumping intensities and lasants, for a tube diameter of 2 cm and a 
pumping length of 20 cm. 

Figures 3, 5, and 7. The maximum [I21 divided by [FU] is plotted as a 
function of gas pressures for various pumping intensities and lasants. Here 
the tube diameter is 2 cm and the pumping length is 20 cm. 

Figures 8 and 9. For the gas i-C3F7I and a pumping intensity of 1500 SC the 
GAIN, the inversion density, and the normalized [I21 is plotted as a function 
of axial distance. 

Figures 10 and 1 1 .  For the gas i-C3F7I and a pumping intensity of 200 SC 
the GAIN, the inversion density, and the normalized [I21 is plotted as a 
function of axial distance. 

Figures 12 and 13. For the gas t-C4FgI and a pumping intensity of 1500 SC 
the GAIN, the inversion density, and the normalized [I21 is plotted as a 
function of axial distance. 

Figure 14. The GAIN profile is shown for different tube radii as a function of 
pressure for a pumping intensity of 1500 SC and the gas i-CsF71. 

Figure 15. A function of the average attenuation is given for different tube 
radii and pressures for the gas i-CsF71. 

Figure 16. The dashed line represents the GAIN profile given as a function 
of radial distance into the tube. The solid line represents the amount of 
absorption for the radial distance into the tube. The calculation is for the 
gas i-C3F7I, a pumping intensity of 1500 SC, and a gas pressure of 10 torr. 

Figure 17. The initial inversion ratio r is given as a function of gas pressure 
for various pumping intensities, a tube diameter of 2 cm, a pumping length 
of 20 cm, and for the lasant i-CsF71. 
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TABLE L - Reaction rate coefficients and their associated reactions for 
the gasses. 

Reactions 

R + I' - RI 

R + I - R I  

R + R - R ,  

R + RI - R, + I 

R + I , - R I + I  

I' + I + RI - I, + RI 

I + I + RI -. I, + RI 

I' + I + I, - I, + I, 

I + I + I, - I , +  I, 

I' + I, - I + I, 

I' + RI - I + RI 

l-CsF+ 

.1633 X lo-'' 
,1336 X lo-'' 

.4385 X lo-" 

.7663 X lo-'' 

,1783 X 10-l' 

.lo95 X lo-= 

.5970 X lo-'' 

.a000 X lo-'' 

.3933 x 10"' 

.iin x io-" 

.3400 X lo-'' 

n-C4FJ 

.7499 x 10- 

.9884 X lo-'' 

.6065 X lo-" 

,7762 X lo-'' 

.2240 X lo-'' 

.a688 X loeu 

.2182 X lo-'' 

.a000 x lo-" 

.3933 x 

.3006 X lo-" 

.3400 X lo-'' 

.9569 X lo-', 

.2750 X lo-'' 

.7576 X lo-'' 

.4755 x lo-'' 

.1117 X lo-'' 

.3638 X lo-= 

.4206 X lo-'' 

.a000 X lo-" 
3933 x lo-,' 

.I231 X lo-'' 

.3400 X 1 0-'' 
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