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ABSTRACT

A small  scale hydrogen  f l uo r ide  (H P )  or d e u t e r i um
f luor ide  (DF) laser was const ructed for  the
Atmospher ic  Optica l Propagat ion P r o g r a m  at the Nava l
Pos tg r adua t e  School . The laser , wi th  almost f o r t y
i n d i v i d u a l l y  selecta bl e wave leng t hs be tween 2 .5  and
.4• 1 eicrcaeters, will prove to be a va lua ble
i n s t r u m e n t  for  the cont inued studies of laser
propaga t ico .

In the HF mode , a multiline power out of seven

wat t s  was achieved wi th  a con focal cav i ty  ar r a n gm e n t .
In the  s ing le—line  HF mod e , f i f t e e n  separate
wa velengths  were d is t inguished.  T h r e e  w a t t s  of
mult i line  power  was achieved in the DF mode whi le
eighteen separate s ingle— line  wavelengths  were
obtained includi ng 160 mi l l iwa t t s  at 3.6007
micrometers , the P (8) t rans i t ion. This wave leng th  is

of pa r t i cu la r  interest  to the Navy because of i ts
excellent propagation characteristics in the marine

boundary  layer.
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I. INTRODUCTION

A. BA CKGBOUNC

The laser, or optical  maser , was pro posed as an aside
from the  then c u r r e n t  s tudies  of m i c r o w a v e  a m p l i f y i n g
devices  cal led masers  by A r t h u r  L. S c h a w l o w  and Char l~ s H.
Townes in a published paper in 1958. Theodore H. M a i m a n
then built the first laser , a pulsed ruby laser , in 1963.
In 1961 lii J a v a n  successful ly  ach ieved  c o n t i n u o u s  wave
lasing action with a helium—neon infra—red device . Around

1967, several noted scientists active in the laser field

began investigating possible gas dynamic chemical lasers.

Their work culminated in 1969 when J. H. Airey et al. of

AVCO Everett Research Laborator ies and D. J. Spencer et al.

of Aerospace Corporation simultaneously observed lasing

action frcm a supersonic diffusion flame utilizing HF/DF as

a lasing medium .

The use cf f l u c r i n e  as a reactant  in a chemical  laser
fo l lows  n a t u r a l l y  from the fact that the conversion of

chemical energy into coherent radiation of optimum power can
be obtained with the minimum amount of non—chemical energy

added. The hydrogen—fluoride heat of reaction is 14.6 KJ/gm

( 3 )  of flucrine of which 60% appears exotherinally in

v ib ra t iona l  exci tat ion of HF/ DF molecules and the remainder
is lost as ro ta t ional  and tr anslat ional energy .

In 1970, J.J. Hinchen reported successful laser action

frc m a transverse flow , subsonic , electrical d ischar ge

10
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device us ing  SF as a source of f l u o r i n e  atoms.  S u l f u r

hexafluoride being non—toxic and non—corrosive was chosen as

an alternative to F or SF , the latter two being dangerous

and difficult to handle. One drawback of SF is that it
6

r equ i r e s  a h i g h  power  electric arc to dissociate it to

obta in  free f l u o r i n e  atoms. Because of the high electrical

power  i np u t , subsonic f low , and s ing le—pass  gain t h r o u g h  the
las ing  m e d i u ~~, the  Hinchen  design is inherently a low power ,

hi g h l y  s table , low cost l abo ra to ry  device ca pable of abou t
15 w a t t s  m u l t i — l i n e  and 14 wa t t s  s i n g l e — l i n e  o p e r a .  ion .

As an i n t eg ra l  par t  of the  ongo ing  A t m o s p h e r i c  Optical
Propagaticn experiment at the N a v a l  P o s t g r a d u a t e  Schoo l ,
Aerospace  C o r p o r a t i o n  was con t r ac t ed  to  construct  a UF/D F
laser head of  the H i n c h e n  des ign .  Th i s  thesis  describes t he
assembly of this laser and ancillary equipment into an

operational portable laboratory laser in the 2.5 to 4.1

micrometer region.

B. ATMOSPHERIC PROPAGATION

Optical transmission of energy is generally expressed by

the f r ac t iona l  t ransmiss ion or t r a n s m i t t a n c e

T= ex p (—O Z) , ( 1 — 1 )

wher e ~ is the a t ten ua t ion  coeff ic ient  or ex t inc t ion
coef f i c i en t  and Z is the  l eng th  of the t r ansmiss ion  p a t h .
The attenua tion coefficient is the result of two
processes—scat ter ing and absorpt ion . The scat ter ing por t ion
is further broken down to functions of particle size,

~~ distributio n and number density, an d particle composition.

Although these quantities vary both periodically and

11 
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randomly with time and positioil, measurements of the

statistical determinator s can allow an approxima te
prediction of the atten uation using standard models for the

atmospheric composition. These statistical measures can be

obtained f rom analysis of the laser beam p ropagation
parameters.

The measuremen t of scin tillation , modulation transfer
function (NTF) , beam or image wan de r and spread, scattering,
and absorption over a given distance with known

meteorological data will allow approximate prediction of the

effects of these parameters on laser beam propagation

through similar conditio ns.

Beam spread , wander , and scintillation are direct

results of local perturbat ions in th e refract ive index
caused by turbulence or heat gra dients. The locally

perturbed medium may be viewed as a mixture of various sized

glass marbles . Considering a unit volume of thes e marbles,
the total irradiance received at any point is made up of

many com ponents of energy which have travele d over different
ray paths. With the above described atmospheric model

varying with tine, scintillation and beam spread will occur.

If the turbules are lar ge enough, beam wander occurs.

Scattering cccurs when the beam is deflected off  of
particles in suspension in the air. Particles such as dust,

water vapor , haze and other combustion pro ducts are the main
concern when considering scattering.

At the infrared end of the light spec trum an d the one
wi th which this thesis will be concerned, the phenomencn of
absor pt ion by atmospheric constituents is the overriding
factor in the selection of usable wavelengths. Beer ’s law
states that the spectral transmittance is (1]:

12



T (V) =1/I =exp (—K u U) (1 — 2)

where  K ,, is the absorp t ion  coeff ic ient  at the  wave n u m b e r  V

and U is the mass of absorbing gas per unit area . The

frac t ional radiant absorptance , A , over a finite wav e number
in te rva l , p to v , i~ defined as

1 2

(-
V2
( 1— e x p ( — K ,, U) )dV ( 1 — 3)

The absorpt icn coeffic ient for the collision domina ted line
shape approp r i a t e  fo r  most  a tmospher ic problems  is the
Lorentz form

2 2
K = (S/ma/c (a’— &~) +a ] (1 —4)

where S is the total line intensity and 0 is the half—width

at the half— maximum ~HWHN ) of the  spectral line whose  cent er
is located at the wave number p . According to kinetic

0

theory, the ba].f—width at haj.f—ma imum depends both on total

pressure , p, and absolute temperature , T, giving

1/2a = a~ (pip ) (T
0
/T) (1—5)

where p and T are def ined as the pressure and tem pera ture

at a predefined standard condition. Since the partial

pressures of the absorbing species are normally small,

a varies w i t h  t he  total a tmospher ic  pressur~ wh i l e  U is
de te rmined  only by the par t ia l  pressure of the abscrber .
For the ease of manipulation , new variables are defined as

x=SU/ 21T0
and

I
13



Equa t ion  ( 1— 3)  now becomes

r 2
A a [ 1— e x p ( — 2 x / 1 +V ’  ) ] d v’ (1—6)

-

Assum ing there is no absorption outside of the interval v

to 
2’ 

the limits of integration wer e extended to infinity.

There are two limiting results for absorptance which can

be obta ined from (1—6) ; the wea k—line and strong—line

approximations. When the path length is small or the total

pressure h igh  the exponent ia l in (1—6)  is small fo r  all
values  of v , and the exponential may be approximated by the

first two te rms of its seri~ s expansion. The absorptance

can then be given as ( 1):

A 27r~~c=SU;  x �O.2 (1—7)

When e i ther  the path length is lar ge or the total pressure
is low , the absor pt ion nay be comple te over a wave number
region of several half—widths. It is in this region that the

s t r o n g — l i n e  approx imat ion  is valid.  It is given by [1]:

1/2
A 2(Sa (J ) ; x� 1.63.  (1 —8 )

In the weak—line region, (1—7) , absorp tance increases
linearly as path length and line intensities increase. In

the strong—line approximation region , (1—8) , know n as the
square root region, the absorptance varies as the square

root of the path length, pressure, and line intensity. Both

(1—7) and (1—8) when used within their limiting region are

accurate to within 10% (1).

The above results can now be utilized to obtain

theoretical t ransu i t tances fo r  var ious  wave lengths  and

14—
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concentrations normall y found in the atmosphere. The

spec tral transmi ttance can be obtained b y the summa tion of
all the absorption coefficients for all expectad transitions

of the species present. The total transmittance , T, can

then be determined by the integra tion of the summ at ion over
the bandwidth. For laser beam transmission the bandwidth

must be consider ed zero, or the resolution infinite. For

opera tion in the marine boundary layer the high partial
pressure of water  in the a tmosphere  ca uses severe
attenuation for most laser sources. Fig 1 [2] indicates the

low resolution calcula ted transmi ssion versus wa velength
values in the HF/DF laser region for various water vapor

concentrations. Figs 2 and 3 [2] show measured atmospheric

transmission through a marine boundary layer at a distance
of 300 meters for wavelengths 1.7 to 4.2 micrometers. Using

these results and the fact that most of the

vibrationally—excited DF transitions occur between 3.5 and

3.9 micrometers  the  DF laser is the mos t desira ble laser to
operate at sea level in the infrared region. In particular

the P (8) line at 3.8007 micrometers shows about 97%

transmission cver 10Km at sea level.

15 
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II. THEORY OF OPERATION

A. EN ERGY LEVELS OF A DIATO MI C MOLECULE [ 4 ]

To properly understand how the HF/DF diatonic molecule

emits photons in the 2.5 to 4.1 micrometer range, a quantum
mechanic al mo del of the energy levels of the molecules must
be deri ved and evaluated. To begin with, conside r a mo del
of two nuclei held together by an internuclear bonding

strength that will be approximat ed by a harmonic po ten t ia l
well. This model will havc~ the ability to simulate the

vibration and rotation characteristics of the molecule, but

each characteristic will be examined separately and then

combined into a complete model. The vibrational model is

shown below

S 

X’O

where m =mass of atom 1 , m =mass of atom 2, and k=harinonic
1 2

potentia l well constant approximating the interatomic

bonding fc~rce of the molecule. The potent ial  ene rgy  V and

k ine t i c  ene rgy  T can be described as:

2
V 1/2k (x —x ) (2 —1 )

T 1/2 (u i + a i )  (2— 2)

I I ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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where i dx/dt

Now for ease of manipulation, transfor m V an d T to a center
of ma ss coor dina te g an d d i f f e r e n c e  coor d ina te q d ef ined

as:

g =x —x
1 2 1

~~~~~ +m
1 2

m = (in m ) / ( m  +m )
r 1 2  1 2

where ~ is the total mass of the diatomic molecule and m is
r

the reduced mass. With the above definitions, the kinetic

ene rgy  equ a t i o n  becomes:

.2 .2
1’= 1/ 2 ( M q  +m g ) (2—3)

2 r i
and the potential ener gy equation becomes:

2
V= 1/2kg (2— 4 )

where  = dq/dt
The classical hau i l ton ian  (H = T + V) is given by:

.2 .2 2
H = T + V = 1/2Mg + 1/2n q + 1/2 kg (2—5)

2 r i  1

The quan tum mechanical hamiltonian is now obtained by

subs t i t u t i ng  the sui table der iva t ive  operators  g iv ing

III
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~~~~~_ .~
2
,2)(  1/M (8

2
/~ g

2
) + 1 /in (ö

2
/0q

2
) 3+ 1/2kg

2 
( 2— 6)

2 r 1 1

The en er gy eige nval ues are now foun d by usin g the
Schrodin~ er sav e equa t ion

The vibrational and translational coordinates are separable.

A f t e r  separa t ing  out  the  t r ans l a t i ona l  por t ion , the
vi brational portio n becomes

2 2 2 2
E~~~(g) = (—

~~ 
/2ui (~ +1/2kg ]~b(g ) (2 7)

This equation can be recognize d as preci sely tha t of the
one— dimensional harmonic oscillator. The energy levels are

given by

E hL.~(v +1/2) , v =0 ,1,2,... (2—8)
V

1/2
w h e r e  V0 = ( 1 /21r) (k/n )

r

and h=Planck’s constant. The electric dipole transition

selection rules are

4v=v (after transition) -v (before transition) ±1 (2—9)

To de te rmine  t he  ro ta t ional  con t r ibu t ion  to t he  inheren t
ene rgy  of the diaton ic  molecule , a non—rig id  ro ta tor  model
m u St  be inves t iga ted.

- ~~~~~
-

~~~~
- -  

~~~~~~~
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Let
L = angular  momen tum of th e molecule = IW
w = angu la r  f requency of ro ta t ion
m = reduced mass
r

2
I = wcnen t of iner tia = m r

r

k = harmonic  poten tial well con stant of the
molecule

r =  position of minimum potential energy

Th e cen tr i f u g a l  forc e F ten din g to sep ara te th e molecu le
c

due to rotational motion is

2
F m U r (2—10)
C r

Since the model is a non—rig id rotator model, the value
of r varies wit h Lj and can be determined by equating the

centrifugal force to the restoring force assuming a harmonic

potential energy function k (r—r ) :

2
U r = k ( r — r  ) (2—11)

r 0

so.~vinq for r gives

2
r = ( k r  ) / ( k — m  c, ) ( 2—12)

0 r

The k ine t ic  ene rgy  for r o t a t i on  is

2 2 2 2
Tzl/2 1W = ( L  /2a )[ (k—u ~ )/k r  ] ;

r r 0

e x p a n d i n g

19
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2 2 2 2 4  2
T(L /2m r ) ( 1 — 2 i n  U /k+gi U/k )r O  r r

2
and substituting w =L/I=L/m r

r

2 2 2 4 4 2 2 8
T(L /2m r )[1— (2L /m kr )+(L /m k r ) 3 (2—13)

r O  r r

Due to the stretching of the bond , the poten tial ene rgy  ter m

is modi f ied to becom e:

2 2
V 1/2 k ( m ~j r/k)

r

2
again  subs t i tu t ing  U =L/ I=L/m r

r

‘4 2 6
V L  / 2 k m  r ( 2 — 1 4 )

r

6
The term r may be approxima ted by r

0 
an d the L te rm

neglected since th i s  model is deal ing wi th  on ly  small

modifica tions to the rig id rotor. Therefore, the hami l tonian
may be w r i t t e n  as a sum of the po ten tial an d kinetic ener gy
expressions re ta in ing  only terms of fo ur th  or lover order.

2 2 4  2 6
~~~=L /2m r —L /2 fn kr  ( 2 — 1 5 )

r O  r 0

Operating on the eigenfunctions of the angular momentum

operators, the eigenva].ues are (12]:

2 2 1$ 2 6  2 2
E = (

~ 
,2a r ) (J) (J+1) — (~ /2m kr ) (J ) (J+1) (2— 16)

3 r O  r 0

where J=rotational energy level quantum number with the

selection rule
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where 4J= - 1 indicates an ene rgy  emission
dj =+ i  indicates  an energy  a b s o r p t i o n .

As a f i r s t  approx ima t ion , the energies  given by  the
rotational energy eq uation (2—16) and the vibrational energy

equation (2—8) may be combined to result in

2 2 4 2 6  2 2
E h V  (v+ 1/2)+(fi /2m r ) (3) (J+1)—(~ /2m kr ) (J ) ( 3 + 1 )  ( 2 — 1 7 )

0 r O  r 0

and s imul taneously s a t i s fy ing  the selection rules

~ J ± 1  and áV ± 1

The set of t ransi t ions for  4j =— i is called the  P — B r a n c h , for

~ J 0  ( fo rb idden  fo r  the dia tomic molecule) is cal led the
Q — E r anch , and 4j =+i  is called the R — B r a n c h .

The observed values vary  s l ight ly  from those calculated
in ( 2 — 1 7 )  since higher order deviations and molecular

interaction cross terms were ignored. Using equation (2—17)

with the kncwn values of k, r and m , ener gy levels can be
0 r

predicted. Then by using the 4v=±i selection rules , the

photon emission transitions can be predicted with the

relative intensity of each transition determin ed by
ex perimenta l results. Some of the known HF and DF

transition wavelengths in the area of interest are listed in

Table I (5] .  
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TABLE I . Molecular  T rans i t i ons  of HF and DF

HP DF
t r a n s i — w a v e —  çelative t rans i— wave— r e l a tive
tion leng th  intensity tion length intensity

(a ic r c— (micro—
meter)  me te r )

2 (6) 2.70~~5 0.3 2 (9) 3 .7155 0 . 2
2 (7) 2 .744 0  1.0 2 (12) 3.8298
2 (8) 2.7830 0.03 2 (3) 3.6363
2 (9) 2 .8231 2 (7) 3.7651 0 .5
2 (6) 2 .8320  0.5 2 (8) 3.8007 0.5
P~~(7) 2.8710 0 .2  P (9) 3.8375 1.0

2
2 (8) 2.9 110 0.03 p (10) 3.8757 0 .2
2 (5) 2 .9256 2 ( 13) 3 .9995 0.3
2 (6) 2 .9646 2

2
(8) 3 .9270  0.1

2 (7) 3.0051 2 (5) 3~~9487
2 (8) 3 .04e2 2 (7) 4 . 0 2 1 2

B. HF /DF C H E M I S T R Y

1. j~~ ~~~~~~~~ ~~~~~~~~

The technology of chemical lasers is centered about
de te rmin ing  methods for t r ans fo rming  chemical e n e r g y  into
coherent radiat ion . One aspect of the physics of chemical
lasers is the  initiation of the  chemical  process to l iberate
energy leading to populat ion invers ion  and  e v e n t u a l l y  to
lasing .

In the  HF/DF chem ical laser , f luor ine  a t o m s  are
4 no r ma l ly  obtained f rom the dissoc iation of one of the gases
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F , Mo? , SF or N P . The dissociation takes place when
2 6 6 2 4

the  gases are  subjected to processes suc h as arc h e a t i n g ,  DC

d i scharge , f l a sh  photolysis  , or RF d ischarg-.~. The
dissociated f l uo r ine  a toms  then  f low into the  mixing
chamb er/ op t i ca l  resonato r where  H is injected into t h e  f low

f i e l d  r e s u l t i n g  in the fo l lowing  reaction :

+H , 4H =— 3 1.7 Kcal

where  4H is the ent ha lpy  of f o r m a t i o n  and k (v) is the ra te
of react ion for  the chemical  f o r m a t i o n  of HF molecu les  in
the  v ib r a t i coal  level v. The  g e n e r a t i o n  of v ib r a t i ona l l y  - -

excited molecules in the above reaction resul ts  in the
f irst  three  (v= 1 ,2 ,3) v ibrat ion levels being popula ted  wi th
the  f o l l o w i n g  ra t ios  ( 4 ] :

N ( 2 ) / N ( 1 ) 5.5 N ( 3 ) / N ( 2 ) �O.47

The energy  imp a r t e d  to the molecule is par t i t ioned w i t h  57 %
v ibra t iona l , 37% tr anslat ional, and 6% ro t a t iona l
exc i t a t i on .  There fore , vibrat ionall y excited molecules in
the second level acquir e approx imate ly  19 Kcal per mole
e n e r g y .

Exper imen ta l  resul ts  ( 6 )  ind ica te  tha t  at  the
m a x i m u m  laser ou tpu t  power point , the SF is not comple te ly

dissociated.  Addi t ion  of 0
2 

to the p l e n u m  con t r ibu tes  to

the heat of combust ion and allows more f l u o r i n e  a toms  to be

l ibe ra ted  with  the reaction
SF +0 —~~~SO p +2?
4 2 2 2

Both s u l f u r  t e t ra fluor ide  (SF
4

) and s u l f u r y l

f luor ide  (SO F ) are n on—reac t ive  wi th  glass at room

1 
_ _ _ _  _ _ _ _  
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temperature ; however a S O P  reaction wit h glass begins at

420K [ 7 ) .  SF and  SO P a re  water  so lub le  and deposi ts  in
4 2 2

the  d ischarge  tube  can be easily f l u s h e d .  The a d d i t i c n  of

0 to the  p lenum al lows fo r  an a p p r o x i m a t e  20% increase  in

closed cav i ty  power .

One of the  shor tcomings  of the HF/DF laser is the
rap id  degrada t ion  of the  upper v ibra t iona l  s tate ’s
p o p u l a t i o n  due to collis iona l s e l f — r e l a x a t i o n  r e s u l t i n g  in

HF (v) +fl~’ —~~~HF ( v — i )  +HF

This degrada t ion  is p r i m a r i l y  due to a r a t h e r  short
ccl li s ional  r e l axa t ion  t ime of 3 to ‘4 microseconds (8 ] .
There  are  at this  t ime two methods  by which  th i s  quick
r e laxa t i cu  or depopulat ion of the upper  states can be slowed
down to a l low a h i g h e r  p robabi l i ty  of s t imulated emiss ion  to
occur before  collisional deact ivat ion takes place.

The f i r s t  method is to increase the  veloci ty wi th
which  t h e  excited HF/DF molecules are d r a w n  past the  optical
c a v i t y  the reby  de lay ing  the  deact ivat ion to a point f u r t h e r
downs t r eam .  The second method is to reduce the dens i ty of
the excited BF/DF molecules in the  f low s t r eam to d iminish
the  possibi]ty  of molecular collisions. To accompl i sh  this
the pressure  of the cav i ty  is lowered and an iner t  gas is
mixed w i t h  the p lenum gas as a d i l u e n t .  Argon , he l ium ,
ni t rogen , and xenon have been e x p e r i m e n t a l l y  successful  as
d iluen ts  but  hel ium [9 ]  was found  to a l l ow a 40% increase  in
peak power  o u t p u t  over n i t rogen and more over a r g o n  and
xenon .

‘S
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2. A Q t ! e  
~~~~~~~~~~~ 2~ ~~~~~~ ~J1~ 2.g~~

Fluori de

A. Fluorin e is known to combine  w i t h  all e l em e n t s ,
wi th  t h e  except ion of i ne r t  gases in  t he i r  s table  states.
With  the exception of oxygen , all f l u o r i n e  c o m b i n a t i o n s  are
exo thermic.  Of these exothermic  react ions, m a n y  are
explosive in nature. Fluorine is the  most ac t ive  of al l  the
e lemen ts , being ex t remely  reac t ive  wi th  meta l s , glass, and
c o m p o u n d s  cf most o ther  e lements .

C o n t r a r y  to the genera l  opin ion , the h o m o g e n e o u s
reac t ion  Cf mclecular  f l u o r i n e  and  h y d r o g e n  is s low.  The
reaction is not accel erated by u l t rav io le t  r a y s  or the
presence of small amounts  of ch lor ine .  The i n t e r a c t i o n
between B and P is a chain reaction which o r ig ina tes  on

2 2
the walls  of the container . This process takes p lace  w i t h

pa r t i cu l a r  in tens i ty  on the  s u r f a c e  of q u a r t z  (even at  150°K
the m i x t u r e  explodes) ( 7 ) .

B. Hydrogen f l uo r ide  is a t i g h t l y  boun d molecu le
composed of the most electro—negative atom (fluorine) and

the smallest  (hydrogen)  . It has a la rge  dipole m o m e n t  and
takes par t  in many  reactions both as a cata lyst  and  f l u o ri n e
donor . The liquid phase is s t rongly associated w i t h  a low
su r face  tens ion  but is best known for  its abi l i ty  to etch
glass p recluding the use of glass in critical w o r k .  The
l iquid is a strong acid and excellent d eh y d ra t i n g  agen t , but
it is impossi ble to dry  HF by chemical means. Beca use of
its h y d r o g e n  bonding tendencies HF (gas) fo rms  d in e rs  and
multimers readily . It is the most non—ideal gas known , but

in the  l iquid fo rm it is ph ysical ly  s imi l a r  to wa te r . At
room t empera tu re  it has a vapor  pressur e s l ight ly over  one
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a tmosphere , while at liquid nitrogen tempera tures it is a
solid. It is a good solvent dissolving most of the halide

salts readily. In the pure anhydr ous form it is a poor

con duc tor , although the addition of impurities such as salts
or wate r  produce m a n y  ion pairs. HF is also a mild  local
anes the t ic  which  produces a bad l inger ing sore if al lowed to
com e in contact wi th  the sk in .  U n f o r t u n a t e l y  the  sensation
of pain does not arise immedia tely but  r a the r  several  hours
a f t e r  contact .  HP (gas) inhaled wi th  air is re ta ined in the
upper  r e sp i r a to ry  tract a t tacking the skin and mucous
membranes  leading to ulcers  of the  upper  t ract .
Concen t r a t ions  of 50 to 250 ppm are da ngerous  even for  brief
exposure s ( 10].

As can be readily ascertained f r o m  the descr ip t ion
of f l u o r i n e an d hy drogen f luor ide above , all safe ty
regul aticns an d precau tion s per tainin g to F an d HF han dling

and use mus t  be s tr ictly adhered  to fo r  the good of all
concerned.

C. THE CPTICAL RESONATOR

1. ~~~~~ Q2&~~t~2~

The optical resonator is t h e  feedback m e c h a n i s m  of
t h e  laser and provides  fcr  ou tpu t  coup l ing  of the  laser
power .

The cptical resonator  under  considerat ion, f i g  16 ,
consists of a pair  of Brews te r  windows  and m i r r o r s .  The
laser po wer is ext rac ted  f r o m  the laser cav i ty  t h r o u g h  the
Brewster  window s which l inearly polarize the o u t p u t .

26

— 
~~~~~~~~~~~~~ ‘ ‘~~~ ‘~~~~~~~~7T - •~—r ’~ ~~L 5  -0 . - ‘v ~~ -, ,  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



Mul t i p l e  passes t h r o u g h  the  lasing m e d i u m  are obtained
th rough  the  use of the  mir rors .  The power is ext rac ted  f rom
the system by making one of the mirrors partially

t r ansmi t t i ng . The op t imum t r ansmiss ion  coe f f i c i en t  for  the
mir ror  may be compute d ( i i )  to be:

1/2
I = — L  + ( g L ]

opt i o i

where  L is the sum of unavoi dable residual  losses an d g is
i 0

the unsaturated gain. For DF lasers T is less than 10%.
opt

T for  HF lasers is taken f rom f ig ~4 which was provided byopt

3. Beggs of the Aerospace Corpora t ion .

2. ~~~~~~~~~~~~ ~~~~~ fl 2~

To make the  HF/D F Laser a u s e f u l  tool fo r  the  s tudy
of atmospheric propagation ,, it is desirable to be able to

select a single line or w a v e l e n g t h  f o r  p ropaga t ion .  This
way be accomplished thro ugti the use of a d i f f r a c t i o n  g r a t i n g
replacing one of the laser mirrors .  A blazed ref lect ion
gra t ing  w i t h  its associated geometry is shown in f i g  5. The
blazed reflection grating consists of grooves, wi th fla t

smooth faces , inclined to the surface at  an angle 0B’ k n o w n
as the blaz e angle . The wavelengt h ~~ l ight  for w h i c h  the
direct ion of ref lect ion f r o m  the groove face is the same  as
the angle  of d i f f rac t ion, fo r  a given angle of incidence , is

S.
, the blaze wavelength. A grating may be used at the first

order d i f f r a c t i o n  wave l eng th  or the second order of one half
th th

this  w a v e l e n g t h  or the m order of one a of that

waveleng th.
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The general  g r a t i ng  equation is:

a X  d ( s i n a + sin

a = .....—1 ,O,+i 

One application of the blazed reflection grating is using it
in a Littrow wanner, i.e. ~~~~ Thi s calls for th e rays
f r cm  the optical cav i ty  to be perpendicu la r  to t he  groove
faces. Inccming rays at the blaze wavelength , one ha lf the

th
blaze wa velength , or one a blaze w a v e l e n g t h  w i l l  be

re f lec ted  back i n t o  the optical c a v i t y  in phase .  The
genera l  g r a t i n g  equat ion reduces to:

‘ I n A  = 2d s in a

The grating may b€ used in this  manner  to  replace
th€  to ta l ly  ref lec t ing  m i r r o r  wi th  the  o u t p u t  still taken
t h r o u g h  the  p a r t i a l l y  re f lec t ing  mi r ro r .  If it is desired
to improve the Q of the optical cavity , the gra ting re places
the par t ia l ly  ref lect ing mi r ro r  and the o u t p u t  is t a k e n  f rom
the so called zero order specular reflection. The output is

taken at an angle a with respect to the grating normal,

opposi te to the inpu t ray, as shown in fig 5. The name zero

order specular reflection refers to the fact that rays

diffracted from adjacent grooves have a zero path length

di f fe rence  to some point along a .

It would appea r from the mathematical treatment of

an ideal grating that the grating would be useful only at a

single specified wavelength of the HF/DF laser and many

gratings would be required . In reality the grating is not

ideal and does not have flat smooth surfaces at a given

28
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blaze angle. The surfaces are somewhat rounded and

th e r e f o r e the gra t ing opera tes a t reduced e f f i c i ency  over a
band of wavelengths. rhere are certain disadvantages as a

result of the fact that the grating operates over a range of
4 wavelengths.

Firs t of all if the im perfections of the gra tin g are
toc lar ge its eff ic iency may d ro p so f a r  tha t the laser will
nct operate at any wavelength.

Secondly , the rotation of the grating through an

angle 48 to select a desired wavelength causes the output

beam to rotate through an angle 248 . This adverse effect

can be eliminated through the use of an additional output

air~or as shown in fig 6. The grating and extra— Cavity

mirror are turned as a unit about an axis of rotation which

con tain s the in tersection of the ex ten ded planes cf the
grating and mirror. A corner cube effect is obtained ,

maintaining the output beam in a constant direction as the

grating is rotated to select the desired wavelength.

11.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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111. T~~ HF/DF ~ AT THE ~AV &L POSTGRADUATE SCHOOL

A. EQUIPMENT LOCATION

The HF /D F laser a t  the  N a v a l  P o s t g r a d u a t e  School  was
originally located in the basement of Spanagel Hall. Due to

cram ped quar ters an d ne cessarily lon g vacuum lin es this
location was undesirable. Alternative basement locations

selected were unacceptable because the  noxious e f f l u e n t
gases a n d  po tent ia l ly  da ngerous  laser o u t p u t  powers  present
required total environmental isolation .

A rooftop location was finally selected because: i) The

roof location in itself el imina ted much  of th e per sonnel
traffic that is encoun tered in the basement. 2) The room can

be wa de op tically intact an d is no t serve d by the cen tral
heating and air conditioning of the rest of the building.

3) Long range propagation tests can be conducted to the

Ccast Guard pier if necessary.

This location was no t equippe d w ith the wa ter an d
electrical services required for the vacuum pump and power

supply. These services were installed by the Public Works

Depar tme nt.

Several uni que  sa fety fea tures were incorporated in the
laser installation of room 609. To ensure the system is not

operated by unauthorized personnel a key lock was placed in

the electrical supply circuit and must be energized before

either the vacuum pump or power supply can be energized.

1 
_ _ _ _ _ _ _ _  _ _   
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The vacuum pump and power supply have separat e circuit

breakers and when the one for the power supply is energized

a red light outside the entrance to the room automatically

begins tc flash. Addit ionally there is a master electrical

cu toff  swi tch loca ted ou tsid e the room whic h secures both
vacuum pum p and power supply. A schematic of the complete

electrical system is given in f ig  9, while  a p hotogra ph
demonstrating the warning signs posted outside the door is

shown as fig 10.

B. EQUIPMENT DESCEIPTION

1. The Laser Bench

The laser at the  Nav al Postgradua te School is
cen tere d a r o u n d a laser hea d , f ig 11 , obta ined f r o m  the
Aerospace Corporation . The source of free fluorine radicals

is sulfur hexafluoride. This dictates the construction of

th e laser head  w hich consists of: a) the d ischarge tu be, b)
the mixing chamber , and c) the resonant cavity. A mixture

of sulfur hexafluoride, oxygen , and helium is injected into

the discharge tube at the end opposite the mixing chamber.

The electric discharge through the tube dissociates the

sulfur hexafluoride by electron impact . Complete

dissociation is not obtained , bu t oxygen is added and more
-- ~~~~~~ free fluorine radicals are obtained by the reaction:

SF +Q —.~~ SO P + 2F

Experimental evidence of the impact of 0
2 

addition ( 6 ) was

obtained by Mirels and Spence:.
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The discharge tube is made of pyr ex glass, 32 mm in

diame ter , surrounded by a 1 3/4 inch diameter lucite tube.

Two dischar ge tubes were provi de d, one 1 2 inches an d the
other 24 inches in length. A constant flow of water is

main tained between the two tubes for cooling. The discharge

tube encloses the anode which  consists of eight six—inch
nickel wi re  electrodes, each connected to a common nigh

voltage DC power supply through a series 200k ohm ballast

resistor. The ballast resistors are forced air cooled.

They ar e pictured under the laser bench in fig 12. The

ca thode is cc pper an d also serves as the in terface bet ween
the discharge tube and mixing chamber.

The f luor ine a toms ~re tnen focussed into a broad

shal low region by a fan shaped nozzle at the input to the

m ixing cham ber , figs 14 and 15. The hydrogen or deuterium

is in jec ted  perpendicu lar  to the  gas f low f r o m  above and
below t h r o u g h  a s ingle  line of jets. The chemical reaction
takes p lace in this mixing region fo rmin g the vibr ational ly
exc ited HP/D! molecules. The resonant optical cavity is

placed transverse to the gas flow , downs tream f r om the
in jection point, at the point of maximum optical gain . The

ou tp ut is couple d f rom the cavi ty by means of a pair of
Brews ter windows which can be positioned longitu d i na l l y  for
m a x i m u m  gain . Two in terchangable  pairs of Brewste r w i n d o w s ,
one Ba? (0.25 — 15 ~im transmitting) , and the other sapphire

(0.14 — 6.5 ~uw transmitting) , were provi ded by the Aerosp ace
Cor poration . For mul t i l i ne  DF operat ion the optical
resonator , f ig  16 , is fo rmed  by  a 1 00% br oadban d reflecting
mirror (200 cm radius of curvature) and a 90% reflecting

mirror from 3.6 — 4.0 micrometer (300 centimeter radius of

curvature) spaced with a Burle igh four—bar system using

precision mirror mounts. For multiline operation at HF

waveleng ths the same 1 00% broadband mirror is utilized but a

mirror  of 85% or 95% reflectance from 2.6 — 3.0 micrometers

32
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replaces the 3.6 — 4.0 micrometers mirror. When in

aul tiline opera tion the fo l lowing parame ters are  set an d
in dica ted in f i g 17:

B = —300 cm = radi us of mirror  one
1

B = 200 cm = radiu s of mirror  two
2

L = 34.29 cm = optical resonator length

Mirror curvature is taken as positive when the center of

curvature is to the left of the mirror. The stability of

this confocal. cavity is checked by the fo l lowing cr i ter ion
[11]:

0 � (1 — d/R ) (1 — dIR ) ~ 1

For the multiline configuration of this laser the stability

paramete r is 0.73. More can be learned about the optical

resonator ~y calculating the following quantities . The

Rayleig h range , the range when the area of the beam doubles
f r c m  its minimum valu e, can be calcula ted to be [ 11 ]:

2 1/2
z = ( L(—R —L) (R —L) (R —R —L) / (E —a —2L ) ]

61 . L$6 cm

The Rayleig h range will be used to find subsequent bea m

parameters. The corresponding minimum beam size is given by

the following equation (11):
1
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1/2
w = [z X / l r n  ]

which is 0.74 millimeters for HP wavelengths and 0.865

millimeters for DF wavelengths.

The minimum beam size is much less than the minimum

cavity dimension of two millimeters so the beam can be

focussed through the cavity without fear of diffraction. To

ccaplete the picture of the optical resonator it is

necessary to find z or z , the distance from the center to
1 2

mir ro r  1 or 2 , given by [ 1 1 ):

2 2 1/2
z = 1/2(E . + (R —4z ) ]

2. 2. 0

z =—13.39 cm
1

z =+20.90 cm
2

Z = 0 is the location of the m i n i m u m  spot size.

For single—line operation with this laser system ,

the partially reflecting mirror is replaced by a diffraction

grating from PTR Optics Company. Catalog number ML 501 is

used for HF wavelen gths while ML 601 is used for DF

wavelengths. Both are ruled with 300 grooves/millimeter.

The blaze wavelengths are 2.8 micrometer (blaze angle 24.8

degrees) and 3.5 micrometer (blaze angle 31.7 degrees)

Their efficiency at rated wavelength is 92%. For a constant

angular output as discussed in the theory section of this

I 
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report, it was necessary to design a miniature spectrometer

tab le w hich  coul d be moun ted in the Bur lei gh mir ro r  m oun t
provid~ d. The resultant diffraction grating mount , built by
Bob Moeller , is shown in f i g  7. The flat mirror cn the

mount was acquired from Edmund Scientific Supply.

The corresponding bea m para meters for the optical

resonator with the diffraction grating and the 100%

ref lecting mirror are as follows:

z = 75.38 cm
0

w (HF) = 0.819 mm
0

w (DP) = 0.95 mm

z 0

z L = 34.29
2

The unpertur bed beam radius as a function of range is given

by:

1/2
w(z) = w 1 + z/z

This function is plotted for a DF single—line optical

resonator in fig 26.
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The laser hea d was del ivered by Aerospace
Corporation mounted on a bench which was complete with a

c h a m b e r  pressure gauge , R o t om e t er  gas f low me te r s  and
valves, leveling jacks, and coolant water valves, as
pictured in figs 12 and 23.

2. ~~~~~ pp~~~ ~~~~~~

Six support systems were required to complete the

laser system designed around the laser head. They were the

gas sup p ly system , water cooling system , DC powe r supply,

vacuum system , scrubber system , and detector system.

a. Gas Supply System

As p reviously described a laser b ench was
provided ccmplete with gas flow meters and valves. The

only equipment in the gas supply system external to the

laser bench was the gas regulators and gas bottles. The

necessary gases are: a) sulfur hexafluoride and oxygen for

genera tion of f lu orine ra dicals, b) hel ium as a diluen t gas
as described ear lier in the theory section , c) hy dro gen or
deuteriua itjected into the mixing chamber for HElD?

molecule generation. The gas bottles were connected through

their appropriate regulators to the laser bench with 1/4

inch copper tubing. Gases may be obtained as described in

appendix A.

t. Water Cooling System

As provided, the laser bench had separate

coolant connections for the chamber and discharge tube. At

the Naval Postgraduate School these systems were connected
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in parallel to a single 500 gallon per hour pump. This

submersible pump is in a 25 gallon di stilled wa ter res ervoir
equipped with a thermometer so that the operator can monitor

for dramatic temperature increases. Care was taken to bleed

all air frcm the coolant system so tha t hot spots are not

formed on the electric discharge tube.

c. DC Power Supply

The laser head was previously operated at the

Aerospace Corporation with a power supply which could supply

14 kilovolts at 250 milliamps. This supply was not

specifically optimized for the laser head , but it did

provide single—line laser output of 250 milliwatts in the

transition of fl?, exceeding the design specifications.

A power supply on loan from the Lockheed Research

Labora tories, obtained by Jim Cook, was used for initial

laser operation. It was adapted for DC operation by

bypassing the input SCE ’s. An attempt to adjust the supply

voltage with an in put rheostat failed due to high input

currents. Filtering for this supply was provided by four 10

kilovol t, 100 microfarad capacitors connected in series.

Calcula ted ripple was less than one percent. These

capacitors weighed approximatel y ‘400 pounds and occupied a

cabinet 3 f t  x 3 ft x 3 ft. These capacitors in addition to

the power supply made the electrical system exc essively
massive fcr portable use.

Although the laser did not operate with this

suppl y (10 minutes of experimental time) , it is believed it

woul d have teen adequate since a lasing threshol d was
obtained (15.5 kilovol ts at 440 milliamps). Regretably

since this supply was not designed for DC operation, it

proved to be quite inadequate. For a 7.5 kilowatt output it
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requi red  an i npu t  of 43.5 kilowatts. During initial

operation a solder joint on one of the  ballast resis tors
opened apparently causing a surge to the power supply. The

subsequent damage resulted in an inoperative power supply

with all of its rectifying diodes shorted. Due to the high

cost of replae~~~~ t dio des an d the  i ne f f i c iency of th is
power supply it was decided a r e p l a c e m e n t  power  s u p p l y  was
regt’ired. Fortunately funds became available for purchase

through normal channels of a Hipotronics Model 820—500,

20kv, 1/2 ampere DC supply, fig 18. Wit h 5% rippl e from the

supply the capacitor bank was eliminated.

d. Vacuum System

The laser head was operated during pre—delivery

check—out at a cavity discharge pressure of 8 torr at a flow

rate of 5 liter/sec. Subsequent conve rsations with Mr. Jin

Beggs of Aerospace Corporation indicate they now operate

their four inch cavities at 13 torr and 39 liter/sec (82

cfm ) with a much larger power out. An available

water—cooled vacuum pump, a KDH— 130 , fig 20, hav in g a
capacity of 134 cfm (62 liters/sec) was installed outside

the laser room reducing the noise level in the laser room.

Approximately six feet of three inch copper line connects

the vacuum pump to the scrubber described in the next

section. The scrubber in turn is conn ected to the discharge

outlet of the cavity by five feet of 1 1/2 inch copper line.
-
~~~~ These additional restrictions dictate a pump requirement of

greater than 39 liters/sec. The KDH—13 0 easily met the

pumpin g re~uireaent maintaining a cavity pressure of 3 torr

at the higher gas flow rates. & schematic of the entire

vacuum system is shown in fig 19.
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e. Scrubber System

The noxious nature of the laser effluent gases

dem ands  tha t  a method  be devised to f i l t e r  out the  HF cr ID?.
W i t h  the t h o u g h t  of making  th i s  la ser sys tem por table  it was
decided the lye bubbler system previously used must be

replaced . The basic principle of the present system is that

the effluent gases are passed over a basic compound which

neutralizes them. i’he present system was modeled after a

scrubber at the Air Force Weapons Laboratory, Kirtland AFB,

New Mexico . The plans were modified to accomodate larger

gas f low ra tes .  Ac tua l  cons t ruc t ion  of the  s c r u b b er  was
accompl ished  by M R 1  Ada m s  of the N a v a l  P o s t g r a d u a t e  School
Machine Shop. Adapters were fashioned for the inlet and

out le t  of the scrubber box by Bob Moeller  . These adapters
allowed 0—ring seals with the inlet and outlet pipes. A

detailed view of the scrubber is given in figs 21 and 22.

By s t agge r ing  the  position of the d rawer s  as s h o w n  the
effluent gases must pass over a large area of basic compound

w h i c h  in th i s  scrubber is soda l ime conta ined  in tne
screened drawers. When the soda lime is neutralized to the

point that it is no longer effective it will change color to

purple. The s\crubber was opened after each eight hours of

operation to check the condition of the soda lime.

The scrubber was placed in the vacuum system
— before the vacuum pump to protect the pump oil. In similar

systems it was found that pump oil absorbed more of the

noxious gases than the scrubber when the scrubber was

located after the pump. With the scrubber located before

the pump it is necessary to check the oil only ocasionally

with litmus paper for contamination. Contaminated pump oil

results in excessive pump wear. Contaminated oil was

delivered to the tire department for disposal. The
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neu tralized soda lime is harmless and may be disposed of in

any conveni ent manner.

f. Detector System

Detection of i n f a r ed ra dia tion at the f ixe d
laser location was accomplished with a SCIENTEC}I 362

power/energy meter. The 362 is a wide-range instrument

ca pable of detecting laser powers f rom on e mil l iw att to ten
watts with a maximum permissible energy density of 200

2
wa tts/cm . These fea tures ma de it an ideal instrum en t for

detection of both the single—line and multiline outputs of

the HF/IDE laser.

For the stu dy of atmospheric propagation it is

anticipated the IDE single—line output will be utilized at an

average line power of 100 milliwatts at P (8) . Detection

will be accomplished with a nitrogen—cooled photovcltaic

In d ium A ntimoni de de tector obtain ed f r om San ta B ar bara
Research Co. This detector has a nominal sensitivity of 2

—2
m ic r ow atts cm • The detector is conf i gured to be moun ted

in the eighteen inch telescope of the Naval Postgraduate

— -_- —5-

School Mobile Optical Lab .

I
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C. EQUIPMENT OPERATION

1. LthI~

To ensure proper alignment of the HF/DF laser in

both single— line and multiline operation , the laser must be

op era ted with all nom inal gas f l o w s  on an d dischar ge curr ent
at the  desired range .  This will  allow the h y d r o g e n — f l u o r i n e
flame , fig 24, in the optical cavity to be observed and thus

will  in d ica te where the mirrors  N an d N shou ld ~e aligned.1 2

After observing the location of the

hy drogen—fluorine flame (about 1.5 mm downstrea m of the

hy dro gen in jection nozzles), set up a He—Ne (63281)

alignm ent laser and beainsplitter (microscope glass slide) as

indicated in Fig 25. Place a piece of white paper in front

of 
2 

an d ad just the beams plitter and a l ignmen t laser beam

so that it passes through the cavity unobstructed in the

flame position determined earlier.

After positioning the bean through the cavity,

remove the paper f rom N and adjust N to reflect the beam
2 2

back through the cavity at the flame location. If the

reflected beam on can not be located place a white paper

in fron t of N
1
. When the beam has been optimized on N ,

remove tne paper and adjust N to reflect the bean back
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through the cav~ity an d str ike  N in the same pos itio n tha t

th e  or iginal  beam was i n c i d e n t  upon N .  This por t ion  of the

a l ignmen t  is cri t ical  and must  be precise to w i t h i n  0.8 mm
for lasing to occur. It may be aided by placing an index

card with a 1.0 mm hole in it between the Brewster window

and N with the original bea m going through the hole and

adjusting N until the reflected beam is incident on the

hole. The laser is now aligned.

Th~ entire align ment procedure depe nds on the proper

positioning of the transverse aligunent beam through the

point where the hydrogen—fluorine flame contains

vibrationally excited HF/DF molecules.

2. ~i~~ le-Lin e Al j~ nw ent  ~~~ Q~~~~ati~ , n

For single—line operation the proper grating for DF

S or HF operation is mounted on the grating table and this

unit is placed in the Burleigh mirror mount as shown in fig

13. Befor e securing the diffraction grating mount in place

it is necessary to place its spectrometer table as near  to
horizontal •as possible (this is checked later in the

a l ig nm e n t  proced ure)

Equipment setup for single—line optical alignment ,

f i g  25, is the same as for mul tiline optical align me n t with
the diffraction grating replacing mirror LI

2
. The beam is

positioned in the cavity in the same manner as in multiline

alignmen t. The visible alignment laser produces several

orders of diffraction. The brightest order should be

aligned back dow n the cavity using the grating tuning and
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vertical micrometer adjustments. With use of the grating

tuning micrometer it should be possible to reflect the other

or ders th rou gh th e cavi ty w ithou t tu n i n g  the ver tical
micrometer. If it is not possible it will be necessary to

relevel the grating mount and repeat the above alignment.

If th e mu l ti l ine a l ignmen t has been p reviously  com ple ted no
adjustment of mirror N should be necessary; otherwise the

mirror is adjusted as in the multiline section.

The alignm en t of th e opt ical cavi ty is con~ lete at

this point and subsequent adjustments are necessary only to

select the desired wavelength (line) for propagation.

The hor izonta l  micrometer  on the gra t ing  end is set
to 2 .89;  t h e n  the desired wave leng th  is selected w i t h  the
g ra t i ng  t une r  in accordance wi th  Tabl e II. S l i g h t  f ine
t u n i n g  wi l l  be necessary due to the i n h e r e n t  ins tab i l i ty  of
the hydrogen—fluorine flame.

3. ser Start-fl and Shut-down P rocedures

Laser start—up and shut—down should be conducted

with the checksheets provided as appendices 3 and C,

respectively .

5~~~
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TABL E II. single—line Selection Settings

HP DF
Trans— Angle Micro — Trans— Angle  M icrc—
ition (Degrees) meter ition (Degrees) meter

P (4) 23 .2  4. 04 P (5) 32.4 2.45

P
1
(5) 23.6 3.99 P

1
(6) 32.8 2.39

2 (6) 211.0 3.88 P (7) 33.2 2.335

2 (7) 24.3 3.82 P (4) 33.4 2.295

P (8) 24.7 3.76 2 (8) 33.5 2.27

2 (2) 23.8 3.93 2 (5) 33.7 2.245

P (3) 211.1 3.85 P (9) 33.9 2.21

2 4 . 5  3 . 8 0  2 (6 ) 3 4 . 0  2 . 1 8

P (5) 24.8 3.74 P (10) 34.2 2.145

P
2
(6) 25.1 3.69 p 1 (7) 34.4 2.12

P (7) 25.5 3.62 2 (11) 311.6 2.07
2
8 25.9 3.55 P (8) 34.8 2.055

2 (6) 26.4 3.48 2 (9) 35.1 1.99

P (7) 26.8 3.40 2 (10) 35.5 1.915

P
3
(8) 27.2 3.32 P (11) 36.0 1.84

3 • . . 2
2
(12) 36.14 1.77

P
2
(10) 36.9 1.685

P~~(11) 37.3 1.60

f
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D. LASEB PERFORMANCE

The IiF/DF laser at the Naval Postgraduate School

exceeded initial an ticipa ted per fo rmance  pa ram eters by
achieving 160 milliwatts of laser power in the P

2
(8) DF

transition. Additionally the laser has performed well in

all f o u r  m odes of opera tion: 1) HF mul tiline , 2) HF

single—line , 3) DF mul tiline, and LI) D? single—line. ~n

accoun t c f laser performance in each mode of opera t ion
f c l l ow s .  All pe r fo rmance  tests were conducted w i t h  the  24
inch discharge tube.

1. HF Performance
-- -- -~~~--- ---

a. Nultiline Performance

On 1 April 1977, lasing action in the HF mo de
was achiev€d with a multiline power out of about 110

mil l i w~ tts using the 95% reflectance (R) three meter radius

of curvature mirror as the output coupler and a 100% B two

meter  rad ius  of cu rva tu re  mirror  as the  total  r e f l ec to r .
Al thoug h this was a minimal ou tpu t, through f i ne  t u n i n g  of
the optical cavity , optimization ox the gas flows, discharge

curren t and ctivity pressure, a quantum increase in the power

H out was expected.

S Optimization of the above parameters resulted in

750 milliwatts of multiline output power on 7 April 1977.

Subsequent phone conversations with Mr. Jim Beggs of

Aerospace Corporation on 11 April 1977 indicated that a

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5
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sizable increase in HF multiline output power may be

ottained by: 1) using an 85% R Ou t p u t  coupler mi r ro r  as
in d ica ted in f i g LI. 2) unsolderin g the cavity and. milling

out the cooling vanes downstream from the hydrogen injection

nozzles. Mr. Beggs indicated the latter suggestion came

abcut because of suspected reflected turbulen t pressure

gradients caused by the vanes.

An 85% R three meter ra dius of curva tur e mirr or
was or dered an d received f r o m  Valtec Com pany  of Hollis ton ,
MA. The cavity was unsoldered and the cooling vanes were

removed by milling . The mixing chamber before and after the

milling is shown in fig 15.

The laser was reassembled and w i t h  f low
parameters that previously resulted in 750 milhiwatts

(cavity with vanes), a maximum powe r of 1.6 w a t t s  was
obtained . The 95% R o u t p u t  coupl ing mirror  was then
replaced with the 85% R mirror. Subsequent efforts at

maximiza tion resulted in four wa tts powe r out.

The 100% R two me ter mirror  wa s then replaced
wi th an optical quartz flat wit h a 1500 ang strom aluminum

coating deposited on it. Use of the 85% R mirror and the
g u a r t z  f l a t  resulted in a power out of three watts.

Returning to the confocal cavity arrangement

with the 85% R output coupler optimization studies were then

conduc ted with the results in figs 27, 28, 29, and 30.

The multiline HF optimization results indicate

tha t the addi tion of oxygen an d helium to the gas f low only
act as auxilaries to the fuel and oxid izer. With oxygen at

zero flow , lasing at 30% of full power was achieved. A

threefold increase in the laser power was obtained with the

S 
additio n Cf oxygen because of the increase in fluorine
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radicals as discussed in the theory section. Z Q E C  flow

he l ium c~era tion could not be obtaine d d ue to a current
limit dictated by the power supply; however , with an

increase of the mass flow of helium from 0.025 to 0.05

grams/sec a 714 % increase in laser power was achieved. The

opt imiza tion of sulfur hexafluoride and hy drogen prcvided
data with peaks at the optimum flow rates when the fuel and

oxidizer were balanced. The power input and the chemistry

of the reaction indicates that complete dissociation of the

sulfur hexafluoride is highly unlikely. This fact along

with increased collisional deactivation at higher mass flow

ra tes allows an op tim um peak power to be obt ain ed b y use of
th e  data shown in f igs  27 , 28 , 29 , and 30.

T he resulting op timized multiline pow er ou t was
6.5 watts with mass flows as follows:

SF = 0.600 grams/ sec

0
2 

= 0.182 grams/sec

2 
= 0.019 grams/sec

He = 0.053 grams/sec

The 6.5 watts of laser power bad amplitude fluctuations of

less tha n one percent.

b. Single—lin e Performance

Using the tunable single—line adapter as shown

in fig 7 with the PTR ML 501 reflection grating fifteen

individual HF lasing transitions were obtained. Fig 31

gives the lines that were measured with their relative

intensities, transitions involved , and the wavelengths.
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The peak power out for the individual lines

varied from the 2 (7) line at 600 milliwatts to ~the P (8)

line at 90 milliwatts. The data agree with published

results under similar con ditions by Sp encer , Beggs, and
Mirels (13].

In the single—line output mode it was observed

that the mode and amplitude stabili ty were greatly enhanc ed
from that of multiline operation. This is thought to have

ccm e about from the case that in the multiline mode of

operation the population inversion for a few vibrational

states is at or near threshold. If this is the case then in

multiline operations there are contributing power and mode

t rans i t ions  that a re  i n t e r m i t t e n t l y  lasing thereby  causing
fluctuations. Conversely in the single—line case, the

am plitude and mode fluctuations are minimal. The amplitude

fluctuation is than one percent and mode as observed on the

thermal image plates wa~ TEN 00

A PTE ML  601 reflection grating was received for

single—line studies in the DF mode. Upon examination of the

efficiencies over th e bandwidths of HF an d DF it was noted
that the ML 601 had an efficiency of 80% at 2.5 micrometers

and increased to 90% at 3.0 micromet ers. Single—line lasing

was attempted and achieved in the HF mode with the ML 601

grating resulting in the measurement of fourteen lines with

— a maximum power on a single line of 650 millivatts at 2.8318

micrometers, the 2 (6) transition. It is felt that the

shift in the strong line power resulted from the variation

S in efficiency from 80 to 90% and that the P (6) line which

was previosly suppressed somewhat was enhanced by occurring

at the grating efficiency corresponding to optimum output
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coupling. Fig 4 shows the plot of power out versus

transmission for the HF mode (fig 4 courtesy of J.A. Beggs

of Aerospace Corp.).

2. DP Performance

a. Multiline Performance

On 15 April 1977, lasing was obtained in the DF
multilin e mo de using a 90% 2 three meter radius of curva ture
mirror as the output coupler and a 100% 2 two meter ra dius
of curva ture mirr or as the total re f lec tor .  The to ta l  laser
poier achieved was 2.5 watts with the following mass flows

SF = 0.680 grams/sec

He = 0.063 grains/sec

0 = 0.270 grams/sec

D = 0.0143 grams/sec

and input current of 300 milliamps at 17.5 kilovolts.

Optiwizaticn of gas flows in the DF muitiline

mo d e wer e then conduc ted wi th the results shown in figs 27,

28, 29, and 30. The maximum optimized inultiline laser power

that was cbserved was 3.0 watts using the same mirror

configuration described above. The mass flows for gas

inputs for the optimized 2.5 watts output were

SF = 0.371 grams/sec

He = 0.038 grams/sec

0
2 

= 0.168 grams/sec

.
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D = 0.020 grams/sec

with the input current of 350 inilliatnps at 17.5 kilovolts.

The 2.5 wat t s  o u t p u t  power was the r e s u l t a n t  of t r a d e — o f f s
of gas flow s and input power. It was determined during

optimization that any increase in gas f l ows  or i n p u t  c u r r e n t
up to the maximum allowa ble by equipment ccns traints would
only increase the output power by 20%.

Comparison of the optimization curves for HF and

DF oxygen and helium variation indicated that both oxygen

and helium because of the lack of zero f low laser pow er out
are a necessary addition to the DP gas flow whereas with HF

they were merely auxiliaries that enhanced the laser power

output. This effect is not in agreement with test results

reported by Spencer , Beggs , and Nirels [133. The results

for deu-terium and sulfur hexafluoride agree for both HP and

DP.

b. Single—line Performance

In the DF single— line mode of operation , the

single—line adapto r as shown in fig 7 was mounted in the
optical cavity arrangemen t as shown in fig 8 with the PTR ML
501 reflection grating having an efficiency of about 84% in

the 3.5 to 14.1 micrometer region. Single—line output was

achieved with a total of fourteen laser transition lines

obtained with a maximum power on a single line of 220
milliwatts at 3.8757 m icrometers, the P (1O) transition.

Subsequent refinement of the single—line tuning

procedures resulted in a total of fifteen lines observed

with the maximum power on a single line of 2140 milliwatts at

3.8757 micrometer s .
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Upon receipt of a PTR NL 601 reflection grating

wi th an efficiency at the DF wav elength s of 91 %, DP

single—line measurements were taken resulting in a total of

eighteen lines being detected wit h a maximum single—line

o u t p u t  power  of 100 mil liwa t t s  a t  3.8757 micrometers .

The power output in the DF single-line mode

using the ML 601 did not reach the level attained with the

NL 501 but it is thought that this is probably due to a

misalignmen t of the grating on the grating mount.

The eighteen lines detect ed with the ML 631

g r a t i n g  correlated precisely wi th  th ose repor ted  by  Spencer ,
Beggs , and Nirels (13]. Fig 32 i l lus t ra tes  the resu l t s  of
the single—line measurements using the ML 601 reflection

grating and their relative intensities. The DF lines as

with  the  HF l ines were a m p l i t u d e  s table to w i t h i n  one
percent in the TEN mode.

00

The power output for the P (8) transition at

3.8007 mic rcm ete rs for  the  ML 501 g ra t ing  was 160 m l l hi w a t t s

optimized and for the ML 601 grating was 75 milliwatts.

These power levels appear to be sufficient to allow the

ongoing A tmospheric Propagat ion s tud ies at the Naval
Postgraduat e School to gather marine boundary layer

pro pagation data at 3. 8007 micrometers.

_ _  
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3. Po table P e r f o r m a n c e  StudI

Ini t ia l  tests were  conducted to d e t e r m i n e  the
feasibility o.f waking the HF/DF laser at the Naval

Postgraduate School portable or semiportable to the extent

that it could easily be transported to another fixed

location. The study was aimed at minimizing: 1) weight , 2)

volum e, and 3) input power.

The major contributors to the weight , v o l u m e, and

i nj u t  power  r equ i r emen t  of the  f ixed  locat ion laser were  the
vacuum pum p and power supply. Accordingly these items were

the object of the study.

The input power requiremen t is three—phase 208/220

volts for both the vacuum pump and power supply at the fixed

location . All availanle power supplies with a 20kV

capabi l i ty  ut i l ize  this th ree—phase  i npu t , the re fo re
es tabli shing a por tion of the por table generator
r e q u i r e m e n t .  This did not  present a problem since a
portable 15 kW diesel driven genera tor with a three—phase

capability was readily available. The combined power

requirement for the Kinney KDH—130 vacuum pump and

Hipotronics Model 820—500 power supply was 10 kW at normal

opera t ing  loads and t h e r e f o r e  no change  of the  f ixed
location setup would be required from a power viewpoint to

make the system portable. The next step was to look at the

possibility of reducing the weight and volume of the system.

A fter further study it was decided that it would not
be economically feasible to replace the power supply since

little would be gained. The laser with the 214 inch

discharge tube requires a power supply with a minimum

capability of 15 kV at 250 mA. Supplies capable of greater
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than 12.5 kV hav e a separate oil—insulated transformer

section implying two separate units. If a change in power

supply is deemed necessary at a later date the 12 inch

discharge tube could be used with 50 kilohin ballast

resistors and a 10 kV air—insulated power supply. This

smaller power supply would result in a weight reduction of

350 pounds from the present 900 pounds but no volume

3
reduction frcm 24 ft

A change in v a c u u m  p u m p  f r o m  the  800 pound ,
w a t e r — c o o l e d  K i n n e y  KD H — 13 0  to a s m a l l e r  a i r—cooled  p u m p
would be feasible and necessary. Lasing was attempted and

obta ined w i t h  a K i n n e y  K D H — 3 0  v a c u u m  p u m p .  The  p u m p ,
capable of 33 cfin, could not maintain a stable vacuum to

support 50 milliwatts of P (7) HF lasing. Even less pounr

w o u l d  h a v e  bee n obta ined in the DF mode i n a k i n .~ it

unsa t i s f ac to ry  fo r  p ropaga t ion  studies. Tests conduc ted  by
th ro t t l i ng  the K D H — 1 3 0  i nd ica te  the  m i n i m u m  feasible pump

size would be 50 cfa while 75 cfin would be preferable. The

Kinney KDH—65 (69 cfin) and KDH—80 (83 cfm ) are air—cooled

with a weight of approximately 500 pounds. These pumps come

with their cwn trailers or they could be mounted  on the
diesel generator trailer to minimize vibration at the laser

bencn. The laser bench, gas bottles, and power supply would

be located in an available 2 1/2 ton van.

It is anticipated that a KDH—80 pump will support

flcw ra tes at a vacuum to maintain 100 inilliwatts a-f 2 (8)

DF lasing.
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APPENDIX A

L A S E R  S U P P L I ES

This laser requires four gases for operation. They

are SF , He , 0 , and H or D . Standard (1A size) bcttles
6 2 2 2

were used for all gases. Sulfur hexafluoride was obtained

frcm Nathescn Gas Produc ts for $330. Helium diluent and

oxygen are available at the Naval Postgraduate School. For

HF operation , commercially available hydrogen stocked at the

Naval Postgraduate School can be used ; for DF operation ,

commercia l l y available deuteriun is prohibitively expensive.
It was found that the Air Force stocks deuterium and will

supply a military activity at a reasonabl e price of $300 per

bottle.

Orders for deuterium are to be sent with MIPR number

to:

San Anton io A.L.C.

Service S.F.S.C.

Kelly A.F.8. 78241

Expended deuterium bottles should be shipped to:

Union Carbide Corp. Y 12 Plant

Oak Ridge , Tenn. 37830

Soda lime (37 pounds) for th e laser scrubb er sys tem
is available from VWR Scientific at a price of $65.
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A P P E N D I X  B

START UP PROCEDURES

1. Turn vacuum pump coolant water on.

2. Insert key into security lock and energize.

3. Energize vacuum pump.

4. Open scrubber vacuum roughing valve slowly.

5. Open all gas cylinder valves at the regulators.

6. Energize  ballast resistor coolant fan and cav i ty  ccolant
Lump.

7. Energize high—voltage power supply.

8. Apply high voltage to discharg~ tube.

9. Turn on lie to desired flow rate.

10. Turn on SF to desired flow rate slowly.
6

11. Turn on 0 to desired flow rate.
2

12. Turn on H /D to desired flow rate.
2 2

- 5 - ---

13. Vary cavity vacuum roughing valve to desired pressure.

__________ 
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APPENDIX C

SHUT DOWN PROCEDURES

1. Secure high voltage.

2. Close H , 0
2

1 and SF gas cylinder regulator valves.

3. Close He flow valve on gas control panel.

4 . Pum p down H , 0 , and SF to clear lin es.
2 2 6

5. When lines have cleared secure scrubber vacuum roughing

valve.

6. Open He flow valve to fill cavity up to one atmosphere

lie. (relief valve on vacuum gauge opens at 15 psi)

7. Secure He gas cylinder regulator valve.

8. Allow about five minutes to cool down ballast resistors

S an d cavity ccclant water .

9. Secure ballast resistor coolant fan and cavity ccolant

pulp.

10. Secure vacuum pump power.

11. Turn off vacuum pump coolant water.

12. Turn security lock to off position and remove key.

I

,j
_ t  
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APPENDIX D

FIGURES

C~~ PUf C- P TAS~.( ~A PO~ AT  SCA L(V C ~. * C ~~ P*(C~P~TAS~( N2 0 ~ APOU AT  SCA L CVCL

I. 9 f.~ 
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• ~ Av t L ING? ~ ~~~~~~ • •*vc C # G T .

Figure 1 — WATER VAPOR TRANSMISSION (2.-4—5 .2 Micrometers)
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Figure 30 — OUTPUT POWER—He FLOW RATE VARIATIONS
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