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ABSTRACT

This report describes the results of a research and development
program directed at achieving high average power operation from a trans-
verse flow Nd:?0C13:ZrC14 liquid laser. Thecretical calculation of ex-
pected performance predicted over 50 joules long pulse output at greater

than 3 percent efficiency. Transverse flow was expected to allow operation
at 10 Hez and higher.

A flowing system was designed using materials compatible with
the corrosive liquid. Many problems were encountered in getting a leak-

free as. 'mbly with these limited materials.

The flowing system was filled, outgzassed and operated. Problems
of scattering in the liquid, corrosion of critical laser components by

the corrosive POCl3 vapor and breakage severely limited the results obtained.

Q-switched operation at 4 to 8 MW peak power und 45 nsec pulse
width was obtained. Single shot, 300 usec width pulsed output energles of 12

joules were obtained at around G.37 percent efficiency. Threshold was just

obtained at 10 Hz.
The conclusion is reached that materials problems with trans-
verse flow are so great that simpler longitudinal flow systems should be

developed before further deve'oprant of transverse flow.
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1. INTRODUCTION

The laser has important military applications in illumination, target
designation, ranging, and tracking. Many of these applications require high

energy pulses of short time duration and high repetition rate.

The most successful laser sources for these applications have used
the infrared Nd+3 emission at 1.06 microns. Three types of host materials,
crystalline, glass,and liquid have been successfully employed. Each of these

has special characteristics.

Crystalline hosts such as yttrium - aluminum-garnet (YAG) and yttrium
orthoaluminate (YA103) are capable of only low pulse energies because of their
limited energy storage capacity. Crystalline laser rods are limited to small
sizes by crystal growth limitations. Thermal distortions limit the mode purity
of the laser output and thermal stress limits the average power output. The
high thermal conductivity of crystalline materials does allow high repetition

rate operation at moderate pulse energies and fairly high average powers.

Glass hosts are capable of high pulse energies brcause of their large
energy storage capability. They have the thermal distortlon and stress of all
solid lasers. Low thermal conductivity seriously limits the mode purity and
average power capabilities. Techniques to improve heat dissipation by seg-
menting the glass rods are under development. Glass lasers can produce high
pulse energies at low and possibly moderately righ repetition rates and average

powers.

Liquid hosts for Nd offer a way to achieve pulse energies intermediate
between those of crystalline and glass lasers at high average powers. The es-
sentially unlimited size possible with liquid host materials offers the capability
for continued improvement in output pcwer and energy as successful liquid laser

techniques are developed.

Lasers based upon the liquid phase of matter have lagged somewhat

behind solid and gas lasers in their rate of development. The reason for this




\as been primarily the detrimental effect of the hydrogen on fluorescent life-
times in liquids. Solutions to this problem have followed two paths. First,
f luorescent compounds were developed that shield the fluorescence site from
the solvent; examples are chelate lasers and dye lasers. The second path has
been to use inorganic non-hydrogen-containing (''aprotic," without protons)

liquids for the solvent.

Heller,l at GTE Laborutories, discovered the requirement for aprotic
liquids. Shortly after this, Lempicki and Heller2 built the first inorganic
liquid laser. This laser utilized SeOCl2 made into a Lewis acid with SnCl4
as a solvent for Nd3+. The GTE Laboratories group has built a number of very
interesting lasers based upon SeOClZ, but this material has never been widely

used because it is very toxic and very corrosive.

A number of nontoxic aprotic compounds were investigated by GTE
Laboratories; however, difficulty was experienced in dissolving Nd into the

solutions. On a trip to Russia in 1967, Lempicki found that POCl, was being

3
used in large quantities as a liquid laser medium for neodymium. In recent

’

publications, the Russian investigators describe some of their laser results.

The only hint they give on liquid preparation is the statement:

"We discovered and investigated the condensation and poly-
condensation reactions of rare-earth compounds with phosphoronus
oxychloride in the presence of multivalent metal halides. Solu-
tions of rare-earth ions with good physicochemical and lumines-

cent propecties are obtained as a result of the reactions.”

Following this trip, GTE Laboratories was able to dissolve Nd in
P0C13:5nC14 by adding water and then distilling the water off. The resultant

laser liquid was never really stable but had good short term laser properties.

Schimitschek at the Naval Electronics Laboratory Center, San Diego,
California, investigated chemical reactions of neodymium compounds with various

Lewis acids of POCIB. At first,5 he used Nd(C104)3 but found the sclutions

ro

[



not toc be stable. He then found6 that Nd(CF COO)3 when reacted with the Lewis
»

3
acid of POC1l, formed with ZrClA put the Nd in solution, with the evolution ot
]

CF3COC1 gas.3 The solution thus formed was found to he very stable, and to be
somewhat less corrosive than SeOClz. It has become the primary liquid laser
solution in this country. The similarity of Schimitschek's reaction and the
Russian's discussion of their reaction should be noted.

The Russians quote™’

some performance data on their liquid laser.
They have achieved outputs of 350 joules and efficiencies up to 1 percent.

They have found the laser liquid to be stable, with thousands of flashes at
energies exceeding 10 J/cm3 absorption into the pump bands producing no notice-
able deterioration of the liquid. 1In Reference 3, they show a photograph of
the 350J liquid laser. It has 6 pump lamps in a cylindrical pump cavity and

provisions for flowing the liquid are visible.

At GTE Labs, a maximum pulsed output of 44 joules7 has been obtained
at 2.7 percent overall efficiency from a Nd:P0C13:SnCI4 liquid cell of 74 cm3
(1.95 cm Dia x 25 cm). This represents an output of 0.6 joules/cm3 or a much

lower output energy per unit volume and higher efficiency than the Russians.

GTE Labs has expended a considerable amount of effort on flowing liquid

8,9,10

laser systems. They have achieved10 60 watts average output power at 5 pps

repetition rate.

The development of a nontoxic liquid laser material, coupled with the
knowledge of liquid laser materials and techniques that have been developed,
provides a basis from which to build high power 1iquid lasers. Most of the work
prior to 1969 has been of a scientific nature. It was recognized in 1969 that
the technology for building an engineering prototype high-energy liquid laser
was at hand. In August 1969, GTE Sylvania's Electro-Optics Organization started
a GTE Corporation sponsored 6-month engineering effort to build such a laser.

The project was a cooperative effort with GTE Laboratories and was funded through
them. Sylvania EOO engineers were instructed in all aspects of liquid laser
technology by GTE Laboratories. Sylvania engineers then proceeded to design an

engineering prototype liquid laser. This design was based upon the solid state




12
laserll and gas transpori laser expertise at Sylvania, as well as the liquid

technology. The resulting design was reviewed with GTE Labs and then con-
structed. Assembly and testing of the prototype laser was accomplished on

Afr Force Contract F33615-70-C-1415. This is the final report for this contract.

The objectives of this program were to design, construct, test, and
analyze the performance of a high-average-power liquid laser in three modes of |
operation. In the long-pulse mode, the objective was 50 joules per pulse at
10 pps. In a Q-switched mode, 2.5 joules at 10 pps was desired. The emphasis
of the program was to attain maximum energy in a Q-switched pulse. Finally,

CW operation at the 500 watt output level was to be attempted. The circulation
system was to be closed and circulation accomplished with a mechanical pump.
The llquid was to ccasist of phosphorous oxychloride with appropriate agents

. , o +3 .
for intreducing Nd ions into solution.
The following tasks were 1o be accomplished:

a, Circulatory System

Design a circulatory system consisting of a laser head, mechanical
pump, and a heat exchanger using materials that are resistant to

the corrosive properties of POC1 The nature of the liquid flow,

3° »
i.e., transverse or axial, laminar or turbulent, will be conducive
to optimum optical guality. It is desirable to be able to measure
the rate of flow and qualitatively describe the velocity profile i
in the laser cell.
b. Optical Pump Cavity
An optical pump cavity will be designed which allows adequate pro- E

vision for laser liquid circulation and lamp cooling, and also

gives good optical coupling.
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C.

Q-Switching

Electro-optic and mechanical Q-switch devices will be used with
the 10 pps, high-average-power laser with the objective of 2.5
joules per pulse or higher. Parameters which are of most interest
are energy, beam divergence, and ef{iciency. The emphasis of

the program is to be on optimizing the Q-switching performance

of the laser.




2. THEORETICAL MODEL

It is necessary to outline the theoretical model of Nd lasers in
order to clearly predict the performance of Nd:Liquid lasers. For a homo-
geneously broadened medium the single pass gain experienced by photons

traversing the optically pumped laser medium is given by13

1

g = & |y 37— (2-1)
o 1+ BPCir

where

g = the saturated single pass gain
g = the unsaturated single pass gain

B = a saturation parameter

e~
L}

the optical power traversing the laser medium (one direction).

Let us restrict our discussion to the CW laser case for a while and

generaliize the results to the pulsed case later.

If measurements are made of g, for a given pump lamp and pump cavity

we find that phenomenologically

8, = K(@-P)) (2-2)

to very good approximation where

K = constant
P = 1input power to pump lamp
P = intercept of linearlized lamp output versus input data

(physically the heat loss of the lamp).

In a laser oscillator with single pass dissipative loss, a and

transmission loss, T, only through one laser mirror, the single pass louss




for the laser, u, is

£ = a + % (2-3)

e output power P ls
out

P = TP (2-4)

Substituting Equation (2-2) into (2-1), setting gain equal to loss for the
laser oscillation condition by setting Equation (2-1) equal to Equation (2-3),

and substituting into Equation (2-4), we obtain

P = 1 K(P - .Pi?. -1
out 8 o -

- IK - a -
Pout * B P (P0 + K) (2-5)

Laser performance is usually shown on a power output versus power

input plot with two parameters, the threshold Pth and the slope efficiency N4

From Equation (2-5) we see that expressiomns for Pth and ng are
Q
Pth Po * K
TK
"4 T 3a (2-6)

. . Q7
If we start with a set of four level rate equatlo&g Jhd make a
number of simplifying assumptions appropriate for neodymium, we can arrive

at the tollowing set of coupled rate equations

3% - UNl n - 2coZN - %§—~
‘tot
d nN -
— = J°N O+ — - e -
dt C DI, T (2-7)
v, ¢




where

the number of inverted ions per unit volume in the laser
material

the number of photons per unit volume stored in the laser
resonator

the pumping rate into the laser pump bands per unit volume
the number of laser ions per unit volume in the ground state
the average quantum efficiency of the pump bands

velocity of light

cross section for stimulated emission in the laser material

the total lifetime of the upper laser level for spontaneous

emission

the spontaneous lifetime of the upper laser level only for
the laser transition

—%; , the lifetime of a photon in the laser resonator cavity

the number of oscillating laser modes

the number of modes in the laser resonant cavity that can

couple to the fluoresceut line
laser resonator length

the single pass loss in the laser resonant cavity.

Solving these coupled rate equations for the steady state case,
dN/dt = dg/dt = 0, we find

7
P = T WNy N0 ot L -1 (2-8)
out ortot 2a
Ahv




where

=]
"

the transmission of the laser mirrors

.
-—
h

the cross sectional area of the laser material.

We must have a model for the pumping rate WN Let us assume that

1"
pump band radiation is emitted proportional to P—Po where P is the input

pcver to the puwp lamp and Po is the heat loss.
Assume that we have an efficient pump cavity that directs all the

light from the pump lamp to the laser material. The intensity of light at

the surface of the cylindrical laser material will then be

K
I = EE (P—Po) (2-9)

where

d = the laser rod diameter

-~
"

a constant of proportionality which reflects efficiency
of the pump lamp and pump cavity for providing radiation

in the pump bands.

Let us now assume that the laser material is on the average optically thin
so that we may take I as the pump rajiation intensity throughout the laser

materlial. The pumping rate per unit volume is then:

2k Nl
WNI = dp 1 Nl = T4 (P-Po) (2-10)

where

= the average cross section for pumping

10.
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Substituting Equation (2-10) into Equation (2-8)

kN, 7 (P-P ) 0T,

t
T d
- -1 (2-11)
out 20 Ttot o
Ahy

Comparing Equation (2-11) with Equation (2-5) we see that we have developed
scaling laws for the constants in Equation (2-5) in terms of the laser material

properties

201
2 hvA
¥. not N
K = tot 1 (2-12)
d
¢ -
Substituting into Equation (2-6)
od
P =P 4+
th 0 kﬂ':r‘rtot N1
(2-13)
Tkn N1 hyA
49 = 7 2da

Equations (2-13) express the threshold and slope efficiency for
continuous lasers. We can use these equations to predict continuous perform—

ance of the liquid laser based upon results with the Nd:YAG laser.

11




Time dependent analysis of pulsed lasers is very difficult and

depends upon the time history of the pump pulse. A good approximation can

be made by assuming steady state (or average) condition: during the pulse

width. Most pulsed laser data is presented in output pulse energy versus

input energy form. We convert our equations to pulse energies by multiply-

ing the steady state power by the pulse width.

For pulsed lasers, Equation (2-5) becomes

TK o
Est =~ Ba [E (Eq * tpK’] (2-14)
where
EOut = laser output pulse
E = laser input pulse energy
tp = pulse width
Eo = POtP(EO = 0.1J and may be neglected in most pulsed laser
calculations)
Equations (2-6) becone
= &
Etn T B T T
P
(2-15)
n, = X
d Ba
Equations (2-13) become
od
E, = E +
th o l?normt Ny tp
(2-16)°

Tkn N1 hvd
Ng = = 2dx




It should be noted in Equations (2-13) and (2-16) that the threshold
depends inversely upon the product of the upper state total lifetime and the
cross section for stimulated emission Tiot® but the slope efficiency does not.
The threshold depends inversely upon the pumping efficiency k , the quantum
efficiency n , and the ion deping density Nl' The slope efficiency varies
directly with these factors. The threshold depends directly and the slope

efficiency inversely upon the laser material diameter d .

These equations agree with what one would estimate from intuition.
The variation with d is probably the most questionable because of effects of
nonuniform absorption of pump radiation and multiple passes in the pump cavity.
We have found the d variation to be approximately correct for scaliag CW Nd:YAG
rods of 0.15 inch and 0.25 inch diameter.

The pulsed laser equations are much more questionable than the W

because of the steady state assumption in the derivation.

In Table 2-1 we have collected estimated values for the various

parameters for Nd:YAG, Nd:ED-2 Glass, and Nd:POCl3:ZrCl4.

Table 2-1, Laser Parameters for Nd:YAG, Nd:ED-2 Glass and
Nd:POClS:ZrCl4

MATERIAL Ny ? 7 K
ions/cm3 cm?2 Microsec REFERENCE
Nd:YAG 1.4x10%0 | s.7x1071? 240 1.0 14, 15
Nd:ED-2 Glass 2.7x10%% | 3x107% 300 0.5 14, 16
_ 20 ~20
N&:POCl:ZrCl, | 1.8x 10 6 x 10 330 0.5 17
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2.1 Continuous Uperation of the Nd:POCl3 Laser

Let us first consider CW operation of the Nd:POCl3 liquid laser. .

The equations (2-13) are probably quite accurate for this case. The increase
in the dissipative loss, g due to flow is difficult to forecast. We will
lump this loss in with the scattering and absorption less and will consider

1, a8 a variable. From experimental measurements of kr arc pumped Nd:YAG

laser performance, kquations (2-13) and the laser parameters, we can estimate
the CW performance of Nd:POCl3 liquid lasers. We will assume a 3/4-inch dia-
meter, lZ-inch long Nd:POCl3 laser cell pumped with a Kr arc with a rated power
of 30 kW (these conform to our liquid laser design). The pump absorption bands
of Nd:POCl3 are more like those of Nd:Glass than those of Nd:YAG. We will

assume kPOCl./kYAG = 1.6 based upun pulsed experimental comparison of Nd:YAG
ard Nd:Glass’

The resulting prediction of laser output power as a function of
dissipative loss in the laser liquid is shown in Figure 2-1. The strong de-
pendence upon the loss should be noted. Present estimates of the loss in
Nd:POClB:ZrCl4 by GTE Labs is 0.16 percent per cm. If this is true, a con-
tinuous output of 900 W is predicted. There is, therefore, hope of very
high power operation depending very much upon the scattering and absorption '

loss in the flowing laser liquid.

o
[S]

Long Pulse Operation of the Nd:PUC1

3 Laser

Our basis for predicting the long pulse performance of the Nd:YAG
ts less accurate than was the CW due to the steady state assumption in deriv-

ing Equations (2-16). We do, however, have more experimental results on which

to make predictions.

-

Let us consider a long pulse comparison of Nd:YAG with Nd:ED-28
Glass to check Equations (2-16). The experimental results are shown in

L}

Figure 2-2, Uonsidering the threshold first and assuming 4

Glass  “YAG®
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Equations (2-16) gives

Eth class _ ¥vac MN%Todvac _ . . Kvac

- 15.5
Emvac  Kglass MN1%Tiot!Glass KGlass

The measured ratio of thresholds is 9.57. The value of k /kY = 1.6
Glass' YAG

for the theory and experiment to agree. This seems like a reasomable ratio
for the k's since the pump bands of the glass are wider than YAG. We con-

clude that the theory is accurate for the threshold prediction.

Considering the slope efficiency, Equations (2-16) predict

" Glass - KGlass MN1)Glase

"avac  ¥yac MNiyac

= 1.54

The experimentally measured value for the slope efficiency ratio was 0.65.
We have a significant difference between theory and experiment. An estimated

reason for this is that o is power dependent due to the greater thermal ef-
fects in Glass.

Let us now consider the predictions from Equations (2-16) for a
3/4~inch diameter by 12-inch Nd:POCl3 liquid laser. Assume kp,.; /k
o = 0.16, a, = 0.01, and T

°Poc13 . YAG . ] Pocl,

1/4-inch diameter Nd:YAG results shown in Figure 2-2. Then using equations
(2-16) we have

YAG = 1.6,
= 0.7; and base the prediction on the

_[%pocig) [dpociz ) [ ¥yag | N9 Tiet)vac e
th) ol & K MNOT) Eth) = 238 joules
poct, \ °vac / \ %vac | \*pocig) M™% %etpoct; P vac
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Similarly using tquations (2-6) to predict the slope efficliency

T (MNy)
Fpocts\ fkpociz) f4pocis) [ %yag 1’PoCl,

d) \ T k

. 5 N 0. 04
pOCt, YAG YAG YAG POCl4 MV pyac

]

=

Ny
d YAG

The estimated long pulse performance of the Nd:POCl, liquid laser is shown

in Figure 2-3. This prediction agrees quite well with the GTE results on a
similar diameter laser shown in Figure 19 of reference 7. The GTE results do
show a lamp saturation effect at higher powers. Nevertheless, we can con-
fidently predict 50 J long pulse output at close to 3 percent overall efficiency.

2.3 Q-Switched Operation of the Nd:POCl3 Laser

Q-switched performance of the Nd:POCl, laser will be determined by

peak power damage considerations and nonlinear 2ptical interactions such as
stimulated Brillouin and Raman scattering in the laser liquid. Damage and
nonlinear optic effects are dependent upon peak power density. The maximum
peak output power is therefore dependent upon the cross sectional area of the

laser cell.

Nonlinear optical interactions may limit the peak Q-switched power
capabilities of an oscillator because they form an effective loss within the
cavity. These effects may lengthen the Q-switched pulse length without ser-

fously reducing pulse energy which may be useful for some upplications.

Experiments have been performed at GTE Labs19 to determine the
threshold power densities for SBS, SRS, and self-focusing. The experiments
used a ruby laser to probe a 50-centimeter cell of P0C13. No evidence of
self-focusing was found for power densitles in excess of 170 MW/sz. The

threshold for SRS was found to be approximately 110 MW/cmz. The threshold

for SBS was found tov be 35 .‘IW/cm2 for the ruby laser probe. However, SBS is
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dependent directly on the wavelength of the radiation.20 Therefore, the

threshold for SBS should be increased by the factor 1.06/0.69 to yileld

5% Mw/cmz. Furthermore, the threshold for both20 SRS and SBS depends in-

versely on the length of the active medium. The resultant thresholds, there- -
fore, for stimulated Raman and Brillouin scattering are approximately 185 MW/cm2

and 90 MW/cmZ, respectively, for a 30-centimeter cavity.

Table 2-2 gives the estimated values for onset of damage in various

materials or onset of various nonlinear effects in POC13.

Table 2-2. Peak Power Densities for Damage of Various Materials
and for Onset of Significant Nonlinear Effects in

POCl3 Cell 30 cm Long.
AT TR POWER DENSITY
MATERIAL OR EFFECT MW /em?2 REFERENCE
[dNqu 18 21
KD*P 100 16
Calcite 100 16
Quarty ‘ 1000
Brillouin Scattering 90 .
Raman Scattering 185

If we eliminate LiNbO3 from consideration as a Q-switch material,
we see that we should be able to operate the Q-switched Nd:POCl3 laser at
least up to power densities of 90 MW/cmz. For a 3/4-inch diameter laser cell
with 2.84 cm2 of area a minimum of 10 J of peak Q-switched energy should be
ottained with 45 nsec pulse width.




— L

3. FLOWING LIQUID LASER DﬁSIGN

3.1 Laser Cell Design

A transverse flow configuration was chosen. The motivation for
this approach was the rapid heat removal from the laser region which can
be obtained even at moderate flow velocities with low pressure head loss.
Transverse flow devices should be extendable to extremely high repetition

rates and high average power operation, before pressure losses in the laser
cell become significant.

The transverse flow cell design 1s shown in cross section in
Figure 3.1. Laser liquid enters at the bottom, goes through a row of
straightening fins and into the laser cell. The laser cell has sharp
edged nozzles at the inlet and outlet and has a cylindrical configuration,
3/4 inch in diameter and 12 inches long. This design has a very small light
leakage path from the cptical pump cavity, and the sharp edge nozzles cause

flow separation that induces turbulence and promotes mixing and liquid uni-
formity.

The pump cavity is of the close coupled type with a wedge cecn-
denser and a cylindrical condensing lens concentrating pump light into the

laser cell. The arc lamp is cooled with axial water flow in a concentric

annulus around the lamp.

Materials utilized in the design are not corroded by the laser
liquid. The main structure is made of pure nickel 200. The pump cavity
window is made of fused quartz. '0'" rings for sealing are wade of teflon

with rubber central cores.

22
The head losg tLrough the liquid laser cell was calculated step
by step through each of the transitions from the inlet pipe to the outlet
pipe. The calculated head loss was 2 feet of liquid at 20 gal/min flow

rate. As a function of flow rate, Q, in gal/min the cell head loss, hc. in
feet was

hC - O.OOSQ2 {3-1)

21.
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The transverse flow cell design was t~sted with a hydrodynamic

model prior to fabrication to establish the interferometric quality of the

cell design and to measure the head loss. The model is shown in Figure 3-2.

A Twyman/Green interferometer was constructed to measure the optical
path distortion in the liquid cell during flow. The interferometer with the
liquid cell in position is shown in Figure 3-3, The beam from a He-Ne laser
is expanded in diameter, split in a solid cube beam splitter, and makes a
double transverse of vach of the legs of the interferometer. One of the
interferometer legs contaius the liquid cell. The two beams recombine at the

beam splitter and the interference pattern is photographed with a camera.

Water-ethylene glycol mixture with a Reynolds number equivalent
to POCl3 was circulatea through the cell. Three centrifrigal pumps were used
to provide continuously variable flow up to 20 gal/min. The pump arrangement i
is shown in Figure 3-4. Measured head loss at 20 gal/min flow was 1.6 feet

which was very close to the calculated 2 feet. J

Interference fringe photographs for various flow rates are shown

in Figure 3-5. No significant distortion was found at any flow rate. The

fringe visibility was worse at higher fiow ratec due to fringe motion. This
was due to greater mechanical vibration and tempevature variations in the liquid
and air paths during flow. Optical path distortion is our coancern and average

path change is of little importance.
These results were very encouraging and though there was ro pumping
heat load they indicate that the cell design produces interferometer optical

quality liquid in the cell.

3.2 Liquid Laser Circulation

The liquid laser cavity and cooling system have been designed
totally of nickel which is not corroded by the laser liquid. Teflon which is
similarly not corroded has been used for seals and for some valves and pipes.

A flow diagram is shown in Figure 3-6. Tae laser liquid is circulated through

the laser and then a heat exchanger by & centrifugal pump. The liquid flow
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Figure 3-4.

Liquid Pumping Arrangement.
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a. No Flow b. 10 gal/min.

c. 13 gal/min, d. 15 gal/min.

! NOT REPRODUCIBLE

¢. 20 gal/min.

Figure 3-5. Twyman/Green Interferometer Fringes Through Model Liquid Laser with
Flowing Water - Ethylene Glycol Mixture Matching Reynelds Number

of POCI3
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rate is approximately 20 gal/min. This rate ensures new liquid every pulse
at 10 pps rate. A small portion of the liquid is continuously bypassed and
filtered. A spring loaded piston is provided on the heat exchanger to main-
tain a positive pressure in the system and to compensate for liquid volume

changes. Cooling water flows through the tube side of a shell and tube heat

exchanger and then around the pump lamp.

The completed liquid laser system is shown in Figures 3-7 and 3-8.
Liquid flows from the centrifugal pump into the bottom of the laser cell.
It then flows out the top of the cell through the heat exchanger and back to
the inlet of the pump.

All tubing was 1.37" I.D. x 1.50" 0.D. nickel 200. The pump
selected was modified from a 1 1/4" P.T. inlet and 1" P.T. outlet to mate with
the 1.50" 0.D. nickel tubing. One joint in each run of tubing was made using
nickel flanges, teflon covered silicon rubber "O0" ring and 'Vee'" band clamps.
This allowed freedom of rotation about one axis during assembly. The second
joint 1in each run of tubing was made with teflon tubing of 1.50" I.D. x .040
wall thickness. A machined teflon collar was fabricated with the same wall
thickness as the nickel pipe and inserted before sliding the teflon tubing
over the nickel tubing ends. The teflon tubing was clamped in place using
ordinary hose clamps lined with neoprene for equal distribution of force on
the teflon. No significant problem was encountered with either type of joint
although the "V" band connected joints are much simpler to assemble and will

withstand considerably higher internal pressure.

The total fluid system was designed to produce turbulent flow in
all parts of the system, including the interconnecting pipe. The critical
lower value for transition from laminar or streamline flow to turbulent
flow is at a Reynolds number of approximately 2000, where the dimensionless

Reynolds number22 is as follows:

29.
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o
n

inside diameter of conduit in feet

V = average velocity in feet per second
p = density, lbs. fluid per cubic foot
u = absolute viscosity of fluid 1b/sec feet

The Reynolds number in the piping used for this system is 15,400
at a flow rate of 20 gpm through 1.37" I.D. pipe. This is well into the

turbulent flow range.

Th

[+]

entire fluid flow system was designed for minimum pressure
drop and high velocity flow rates. The interconnecting tubing was sized to
limit flow velocities to 6 feet per second which is a commonly accepted

fluids engineering value resulting in reasonable pressure losses and low

acoustic levels.

The head loss in the piping was calculated to be 1.54 feet of
liquid at 20 gal/min flow rate. As a function of flow rate, Q, in gal/min

the piping head loss, hp, in feet was:

hp = 0.0039Q2 (3-3)
3.2.1 Heat Exchanger

The heat exchanger was designed around the following requirements:

1. Digsipate 3 kW of heat from the laser liquid.

2, Cooling water flow rate 10 gal/min with 60°F inlet water

temperature.

3. Laser liquid flow 20 gal/min.

o~

Minimum pressure drop on the laser liquid side.
5. Laser liquid temperature to be less than 75°F.

6. Minimum volume on laser liquid side of hcat exchanger.

~d
.

Maxf{mum exclusion of water from mixing with the laser liquid.

8. Previsiops for syvstem volume changes due to thermal expansion

ot the laser liquid.

3.
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A shell and tube heat exchanger was chcsen as the best solution
to the problem because of the proven design technique, the availability of
nickel tuybing and pipe and the relative ease of construction. The actual
design has six baffled shell passes and two tube passes. The laser liquid
was routed through the shell side since it was the more viscous and had the

more severe limitation on pressure dropzz.

The design of a heat exchanger is an iterative process whereby
some log mean temperature difference, approximate surface area, and over-
all heat transfer coefficient are assumed and the resultant configuration
checked to see if it agrees with the assumptions. The heat transfer co-
efficient is based on a series of resistances consisting of éhe outer film
coefficient on the tube, the tube material resistance, and the inner film
coefficient. In this design the fairly high conductance of nickel results
in the inside and outside film coefficients being the factors of prime

importance.

A typical film coefficient for water inside clean tubes would
be based on the following formula23

v -8
h, = 160 (1 + .012 T,) = (3-4)
i f 2
D
i
hi = internal tube heat transfer coef. in BTU/hr/ftz/OF
t+t
tf = 7 and

t = bulk liquid temp., °F

o
tv = wall temp., F
V_ = average velocity, f.p.s.

D = inside tube dia., inches

This is correct if the Reynoclds number is greater than 7000, the

velocity and tube diameter was selected to meet or exceed this criteria.
The length/diameter ratio of the tubes was such that they could be considered

long tubes using velocities of 6 f.p.s. and 1/4" nominal tubing with .032
2
wall gives values for hi between 1500 - 2000 B1t/hr/ft“/°F.

33.
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A typical film coefficientzz for the flow of liquids (P0C23) out-
side staggered tubes with Reynolds numbers greater than 2000 is given by:
K, c ' o c )
h = — .33 -B— . (3-5)
o D k u
o f
h, = external tube coefficient BTU/hr/ftzloF
where Kf = thermal conductivity of fluid,
(this was calculated as .100 BTU/f:z/OF
hr ft
DO = outside diameter of tube, feet
C, = specific heat BTU/1b °F
(calculated from Kopp's rule as .244 BTU/1b. °F)
i = absolute viscosity of fluid lb/sec. ft.
(0 = .000672 x viscosity in centipoises)
(5.4 centipoises for laser liquid)
C lax = mass velocity, lb/sec. ft2 of cross section
“f = absolute viscosity of fluid at the wall or film.

Typical values for the tube sizes and spacings selected gives value
of h of approximately 1000. This was reduced by 30X to a value of 700 to
(&
account for leakage of some fluid by the baffles. The overall coefficient of

heat transfer is then:

Overall
coefficlient = —=om— =

—
| =

(3-6)

4
>
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The overall coefficient was determined for an outside tube area

of 1 ft2 and using the formu1323:

Q = (UA) AT

where Q tctal heat flux, BIU/hr

UA = overall coefficient x area = BTU/hr 'F

AT = temperature difference between laser liquid and cooling

o]
water, F.

The total heat flux was known (3000 watts) and AT was to be some
value between 10—15°F, the quantity UA could be adjusted by increasing the
surface area, in this case making the water flow tubes longer by increasing
the heat exchanger length. The end result was a surface area of slightly
over 2.1 ft2 on the outside of the tubes, an overall U of 500 resulting in
a AT between laser liquld and cooling water of 10°F. The overall dimensions

of the heat exchanger were approximately 3" in diameter by 18" long.

The tube bundle and the pressure compensation piston for the
final heat exchanger are shown in Figure 3-9. The completely assembled

heat exchanger is visible in Figures 3-7, 3-8, and 3-9.

Pressure head loss through the shell side of the heat esxchanger
was calculated22 in a stepwise manner. The calculated head ioss was 4.3
feet of 1liquid at a flow rate of 20 gal/min. As a function of flcw rate,

Q, in gal/min, the head loss, he’ in ft. was:

he = 0.0108 Q2 (3-7)

3.2.2 Pump

A commerclal corrosion resistant nickei puap manufactured by the
R. S. Corcoran Co. was modified for use with the laser liquid. A Urane
face seal was used to se:! the pump shaft. This seal was flooded with mer-

cury to prevent water vapor fream reaching laser liquid at the scal. A
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sc' matic cross section of the seal is shown in Figure 3-10.

A nickel ring was welded inside the pump to form a cavity in the
high pressure area between the seal and the impeller. Liquid was continuously
drawn from this cavity into the filter. Any particles produced by wear at the
face seal should be immediately deposited in the filter.

One rubbing face of the seal was made of alumina. This alumina was
bonded into the nickel housing using an epoxy which is quite resistant to the
liquid (Epoxylite #5403). The second rubbing face is of either carbon or
glass filled teflon. A spring-loaded conical piece of teflon mates with the
back of this material to seal to the pump shaft. A housing surrounding the
seal assembly provides the chamber to hold the mercury. An '"0" ring seal
holds the mercury. A chamber filled with oil provides lubrication for this
seal. The "0" rings are made of viton which is not afiected by laser liquid

vapor.

The pump was driven by a one horsepower Minarik speced control
motor. The pump characteristics as a function of motor control setting in
percent are snown in Figure 3-11. Also shown is the system lcad line which

is represented by the sum of the head losses in equations 3-1, 3-3 and 3-7:

_ 2
htotal = 0.02 Q (3-8)

The system will flow almost 40 gal/min through the laser cell at
the maximum pump speed setting. This corresponds to new liquid in the cell

29 times per second.

3.3 Power Supply

The power supply for the liquid laser is shown in Figure 3-12.
Single phase 480 volt, 60 Hz power enters a contactor. This power is applied
to a variable transformer which controls the voltage applied to a '"step up"
transformer. SCR's are provided in the primary circuit to restrict the

recharging time and prevent continuous arc over in the laser flash lamps.

37.
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Figure 3-12,

Liquid Laser Power Supply.
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The output from the secondary of the transformer is rectified and used to

charge the capacitbr bank.

The power supply 1s fully safety interlocked for cooling water flow

and the cabinet doors.

A schematic of the lamp firing circuit is shown in Figure 3-13.
The charged capacitor bank, C, is discharged through the laser pump lamp by
breaking down the lamp with a high vcltage pulse {rom the series trigger
transformer. The inductance and capacitance are chosen to give the desired
pump light pulse length and to provide a near critically damped discharge
of the capacitors into the flash lamp23. The network for the liquid laser

was designed to give a pump lamp pulse 300 usec long.

3.4 Q-Switching

Two mechanical Q-switching arrangements were designed and fabri-
cated for the liquid laser. These are shown in Figure 3-14. The arrange-
ment shown in Figure 3-14a utilizes a simple rotating Porro prismzs. This
rotating Porro prism Q-switch is shown in Figure 3-15. A 24,000 rpm
synchronous motor powers the carefully balanced prism assembly through a
flexible coupling. A lignt and photocell combination pvovides a suitable lead

time fire signal from a stripe painted on the rotor.

Figure 3-14b shows the second mechanical Q-switching arrangement.
This utilizes a rotating Brewster's angle tctally internally reflecting prism
and a stationary Porro prism. Figure 3-16 shows the assembled rotating

Brewster's angle prism.
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ROTATING T LIQUID LASER CELL OUTPUT MIRROR —.
\

PORRO PRISM x
3.
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N
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Figure 3-14. Mechanical Q-Switching Arrangements
for the Liquid Laser.
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4. ASSEMBLY AND FILLING OF THE LIQUID LASER

4.1 Assembly Proceedure

Assembly of the laser cell is shown in Figure 4-1. Successful
achievement of this assembly proved to be a difficult problem. The longi-
tudinal teflon "0" rings which sealea the side window of the
cell would not seal properly. The major problem was at the ends of the
seals where a collar and plug arrangement mated with the rubber-fillea
teflon tubing "0" rings. A series of assembly attempts were made with in-
creasing preload on the teflon seals. The lijuid leakage continued to
decrease and was essentially eliminated when the quartz window began to
break due to the seal pressure. Calculations showed the quartz stress
was approximately 1000 psi tension at the point where the break was initiat-
ing. The laser cell could be successfully assembled in a leak free condition
and after several hours the quartz would break. This of course is what is
expected from a brittle material subjected to sufficient stress for crack

nucleation and growth.

Altogether, the system was assembled over 25 times with either
leaks or breaking of the quartz window. Successful assembly appeared im-
possible. Materials testing had continued throughout this period, however,
and a material with good resistance to the laser liquid was found which
could be used as an suxiliary sealant. This was Dow Corning Fluorsilicone
Silastic 733 RTV. The material is very similar to silicone rubber in ap-
pearance. It does not seem to affect the laser liquid even after long ex-
posure. It does slowly break up if completely exposed to the POCI3 laser
liquid but with lim:ted exposed material in a seal scems to last for long

periods.

Use of a very small portion of the 733 scalant at the critical
points solved the leakage problem and allowed reductions in the secal pres-
sures which solved the window breakage problem. The laser liquid cell was

then successfully assembled.
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e wele Assenmbly ot the Transverse Flow Liquid Laser Cell.
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Ihe laser cell side window was designed to have support so that
it would withstand the fluid pressure at high flow rates. This support
was provided by three glass spacers on the glass lamp flow tube. These
spacers transferred the force from the laser cell window to the flow tube.
The flow tube in turn was supported by adjustable spacers in the back re-
flector of the pump cavity. Each of these spacers was adjusted during the

assembly.

4.2 Filling vrocedure

Before assembly each of the metal flow system parts was chemically
cleaned. The assembled system was therefore in a clean condition before

filling.

All water must be removed from the system before filling. This
was attempted by purging the system for twenty-four hours with a flow of
dry nitrogen before filling with the Nd:POC]3;erl4 laser liquid.

The laser liquid was manufactured by the Chemical and Metallurgical
Division of GTE Sylvania, Towanda, Pa., where it is commercially available.

The liquid was supplied in sealed botitles.

The system was filled by applying dry nitrogen pressure to a
bottle and forcing the liquid up through a glass pipe which terminated at
the bottom of the bottle and was connected by teflon tubing to the system.
With this technique, the liquid was never exposed to atmospheric water vapor.

The bottle was enclosed in a stainless steel container for safety

Once the system was filled, it was necessary to remove any gas
that was trapped in the system. The pump was slowly rotated to flow the
fluid and pick up the gas as bubbles in the liquid. The filter system
proved to be an effective gas elimination system. Gas would collect at the

pump outlet to the filter and at some low pressure teflon tubing locations.
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[his gas was tiwn bled from the top of the ygystem as additional liquid
wis introduced from the filling bottle. During this operation the liquid
was allowed to rise in temperature up to about 120°F by the energy in-
put from the pump. The higher temperature facilitated removal of the gas
by reducing the gas solubility in the liquid. After about an hour the

liquid became completely gas free.

when the system is first filled the laser cell is very clear
and transparent. As the gas becomes entrapped in the liquid the scattering
loss becomes so high that the cell is essentially opaque. After the gas

is removed from the liquid, the liquid again becomes clear and transparent.
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5. EXFERIMENTAI KESULTS

5.1 First Series of Experiments

The system is shown in Figure 3-1 and is described in Section
4.2. The one exception in this first filling was the pump shaft seal.
A glass filled teflon rotating element and a stationary alumina face seal

was used without the mercury surrounding the outside of the seal.

After filling with iiquid, the pump was started and the degassing
operation begun. The face seal started to leak after about 30 minutes of
pump operation. The liquid was then drained from the system, the pump re-
moved frem the system and disassembled. The face seal was found to be
covered with particles precipitated from the laser liquid. These particles
had abraded the seal badly and caused the leak.

The pump was cleaned and reassembled with a carbon and alumina
face seal with mercury wetting the outside of the seal. The pump was heated
in an oven for 2 hours at 200°F to dry it out before reassembly to the system.
Upon reassembly and filling, the pump was found to have a small leak from its

main "0" ring seal.

The pump was again disassembled and found to be coated with a
white precipitate wherever it had contacted the liquid. The pump was cleaned
again and heated in the oven for 16 hours at 200°F. The system was then

reassembled and filled with no leaks.

Scattering in the liquid cell was quite bad compared to the
original condition. It was decided that static lasing experiments should
be run before flowing the liquid and possibly further increasing the scatter-
ing. The long pulse (300 usec) static liquid output energy versus input

energy results are shown in Figure 5-1.
The laser liquid was then degassed by flowing for about one hour.

A HeNe laser beam came through the flowing liquid very well. The scattering

losses were moderate.
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The laser was then operated at 10 Hz with flowing liquid at a
pump setting of 60 percent and 1000 J/pulse input. Threshold was just
obtained with an average output power of 40 mw. After about one half
minute of operation, the flow tube around the pump lamp broke, flooding
the area with water. Water pressure forced some water past the laser cell
seal and some reaction between the POCl3 and water took place. The liquid
was drained back into its bottle from which slight outgassing occurred for
several hours. Examination of the laser cell showed the cell window to
be cracked. This probably happened when the flow tube broke and removed

the support required for the window to resist the internal pressure.

The accomplishments of this first series of experiments included:
1. Operation of a transverse flowing iiquid laser with
10 KW input at a flow rate of 27 gal/min.
2. Successful single shot operation of the transverse
flow iquid laser cell at pulse input energies up to
3200 joules.
3. Operation of the mercury wetted pump face seal for

several hours without failure.

Problems noted were:

1. The piston pressure compensator became jammed due to

precipitation at the seal.

2. Scattering loss in the liquid was high. There were so
many particles that the filter quickly became plugged.

3. The pungent odor of the POCl3 quickly saturdtes a
person's sense of smell for a long period of time. It
is not toxic but it is certainly dangerous, as is any
acid.

4. Pure POCI3
{the laser liquid will not).

will destroy Dow Corning Silastic 733 RTV sealant

5.2 Second Series of Experiments

The system was cLleaned up and completely rebuflt. The pressure
compensation piston was remcved and the fluid flow path was shortened. Pres-

sure compensation for thermesl e..pansion of the fluid was provided by the gas
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pressure in the till bottle.  The rebuilt system is shown in Figure 5-2.

[he decision was made to follow a prudent course in the second
set ot experiments. Experiments were conducted in an order whereby those
least likely to damage the system were conducted first and Q-switching

experiments were glven high priority.

Figures 5-3 and 5-4 show the output pulses obtained with the
24,000 rpm rotating roof prism Q-switch and the static liquid. Input
energy was about 1000 joules. Prepulsing occurs with around 100 nsec:
pulse width due to the slow Q-switching. The final Q-switched pulse is
about 45 nsec pulse width and from 4 to 8 M watt peak power, essentially
independent of the Input pulse energy. The output energy in the last pulse
is 200 to 400 m'llijoules. The prepulse energy can be from 0O to several

joules depending on the input energy.

Figure 5-5 shows typical static liquid long pulse output results.

Input energy was 1000 joules and output energy was 2.7 joules. The output

pulse has considerable spiking with an increasing period between spikes.

The laser was operated at the 1000 joule input level for about
one month while testing the Q-switched operation with the rotating roof
prism. At the end of this time a static lnput output energy curve was run
with input energics up to 2500 joules. Even though the liquid was of very
good optical quality, the results were not as good as thosa shown in Figure
5-1 for the first series of‘experiments. For example the output at 2500

joules {aput was 7.5 jou'es compared to 10.5 joules in Figure 5-1.

The liquid wzs then flowed and outgassed using the proceedure in
Section 4.2. lhis tremendously increased the séatterinj loss in the liquid.
Static siangle shot experiments at 1760 joules finput producec an output of
U.8 joules compaced to 3 joules before flowing the systaem. Single shot
experiuents with the liguid flowing at 20 sal/min. produced 0.44 joules at

1700 joulus input. Continued flowing of the liquid slowly decreased the
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Figure 5-3. Rotating Roof Prism Q-Switch Results
for Nd:POC1, Liquid Laser. Scale is
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Figure 5-5 Long Pulse Results for Nd:POCl, Liquid Laser. Scale in
Relative Units Vertical and S0 .sve/fem Herizontal. Time
Increases from Left ro Right.




single pulse flowing liquid output. After about 6 hours it had been re-
duced to 0.28 joules.

It was decided to filter the liquid and inspect the pump cavity
reflectors. The gold plated reflectors were found to be badly pitted and
flaking. The POCl3 vapor appeared to have leaked past the liquid seal and
corroded the copper plating between the nickel body and the gold plating.
This copper is used to increase the adherance of the goid. Figure 5-6 shows

the pitted reflectors.

The effects of POCl3 vapor had been noted for some time by the corrosion
of any susceptible material in the area. One particular problem was the anti-
reflection coatings on the liquid laser cell end windows. These slowly be-
came flaked and discolored as the experiments proceeded even though they were

periodically cleaned.

The system was readied for high repetition rate experiments, but
the Jamp flow tube was twice broken and no further time nor funds were avail-
able to do the experiment. At this time, the system had been filled with the
Nd:P0C13:ZrC14 laser liquid for four months. No deterioration in the fluor-
escent lifetime of the liquid had occurred. The pump seal still worked
p::serly and would flow the liquid through the system with no liquid leaks
a: 20 gal/min. flow rate. (Flcws greater than 20 gal/min were not used in
the second series of experiments to insure that high internal pressures

would not break the laser cell side window.)

Accomplishments of the second series of experiments included:

1. Mechanical Q-switched operation at up to 8 MW peak power.

2. No leaks or flow syster failures for a four month
period.

Problems encountereg included:

1. POCl3 vapor leakage damaged the pump cavity reflectors
and the AR window coatings.

2. Scattering buildup in the liquid continued to be a
problem. Particles were so numerous that the small

bypass filter would be quickly clogged.
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6. CONCLUSIONS AND RECOMMENDATIONS

The corrosive properties and the scattering build up in Nd:P0C13:
ZrCla liquid laser solution are more difficult problems to handle than was
anticipated at the start of this program. In particular the construction
of a transverse flow system for this liquid is very difficult.

GTE Laboratories have solved many of the corrosion problems with
their longitudinal flow laser celllo. The much simpler and smaller seals
required for longitudinal flow are the reason this can be accomplisghed.

GTE Labs., has also found that much better system drying is required to
prevent scattering buildup. After flushing with dry nitrogen, several fills

of dry POCi, must be placed in the system until no trace of water is found

3
on spectrographic check of the POCl

3.

We have considered using a longitudinal flow cell with the liquid
circulation system developed on this program. Figure 6~1 shows the pump
characteristics aud the system load lines for the longitudinal and transverse
flow systems. Flow rates of 29 gal/min can be achieved with the longitudinal
flow system. This is sufficient for systems of 500 watts and less of average

power output.

We still feel that transverse flow liquid lasers have potential
of very high output powers. The material prcoblem we have had cause us to
recommend the longitudinal flow systems be perfected before further work on

trangverse flow is attempted, however.

The rotating prism Q-switches were too slow to effectively Q-switch
the liquid laser. We recommend that a flowing dye cell be used In conjunction
with the roof prism to increase the switching speed. This technique has
recently been shown to work.26 We do not recommend electro-optic Q-switches

because of surface burning problems.
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We recommend that a longitudinal flow Nd:liquid laser be developed

and tested. This laser should be made up of the following components:

1. The liquid flow system developed on this contract.
The longitudinal flow cell design developed at GTE Labs.
* 3. A flowing dye Q—switch(26).
4. The double elliptical pump cavity design of the GTE

Sylvania Model 612 200 watt Nd:YAG Laser.

These individually proven components should, in combination, provide a system,
whereby the great potential of the Nd liquid laser can be realized.
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